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“It may be doubted whether there are many other animals which have played so important a part
in the history of the world as these lowly organised creatures”
Charles Darwin
1881
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SUMMARY

Mining has negative impacts on the environment, and is one of the main contributors to environmental
pollution. This holds a potential hazard for ecosystems surrounding mining areas and also for public
health in the surrounding communities. There is therefore a need for ecotoxicological research in order
to assess these possible risks and find ways to minimize the harmful effects. One way in which to
assess soil vitality are soil enzymes which are produced by plants and microorganisms and will therefore
be more abundant in healthy soils. Earthworms have been proven to be useful bioindicators for metal
contamination of soil, as they are able to accumulate metals from their environment into their body
tissue. The aim of this study was to use earthworm bioassays, neutral red retention time analysis (NRRt), enzymatic analysis and RAPD-PCR to determine the effect of mining activity on the environment.
This was done by assessing the ecotoxicity of tailings collected from three different mines, viz. gold-,
opencast chrome- and coal mines. The metals chosen for analyses included four (Cr, Co, Ni and Pb) of
the seven (Cd, Cr, Ni, Pb, Zn, Cu, Co) environmentally important trace elements as described for South
African soils. Arsenic was also chosen since it is associated with gold mine tailings. Tailings and soil
were collected from three sites at each of the mines which included unrehabilitated (TDF-U) and
rehabilitated (TDF-R) substrates from tailings disposal facilities (TDFs) and reference soils (RS) in close
proximity to TDFs. The physical and chemical properties of these different substrates were determined
in terms of pH, particle size as well as metal contents. In addition to this, they were analysed for
microbial community function by means of enzymatic activity, which has been proven to be useful in
evaluating contamination of soil.

The enzymes analysed in this study included dehydrogenase, ß-

glucosidase, acid phosphatase, alkaline phosphatase and urease. Earthworms (Eisenia andrei) were
exposed to different material for 28 days during which their biomass, reproduction, mortality and
lysosomal membrane stability were monitored weekly. Hereafter, they were removed from the material
while the cocoons were left behind for a further 56 days. The hatched and unhatched cocoons as well
as the juvenile worms were then counted to determine reproduction patterns in the materials. Metal
concentrations in the substrates and earthworm body tissues were compared to selected benchmarks.
Results indicated that when comparing the different materials from each mine, enzymatic activity proved
to be a very sensitive parameter. Enzymatic activity showed significant differences (p < 0.05) between
RS, TDF-R and TDF-U materials. Biomass was not a sensitive parameter (p > 0.05) for the worms
exposed to the gold and chrome mine tailings, but it was a sensitive parameter (p < 0.05) for the coal
mine exposed earthworms, showing early differences between the worms from the different sites (RS,
TDF-R and TDF-U).

The NRR-t assay was very sensitive (p < 0.05), indicating clear differences

between the worms from each investigated site. In terms of reproduction, the production of cocoons
showed clear differences (p < 0.05) between the different sites and could therefore be considered a
sensitive parameter. Hatching success however, was not a sensitive parameter. The reason being that
there were so little cocoons produced that it is not possible to determine the correct percentage of
viii

juvenile worms hatching from, for example, only one or two cocoons. Mortality was also not a sensitive
endpoint as it was only observed in the coal mine material. RAPD - PCR results indicated genetic
differences between earthworms exposed to the control- and the tailings materials, indicating either DNA
alterations due to possible genotoxic effects, or genetic variation between individuals of the same
species. Since mine waste materials often contain complex mixtures of metals that might be toxic on
their own or in combination with other factors, it is difficult to attribute any observed genotoxic effect to
any of the specific metals.

Keywords: bioassays, biomarkers, earthworms, mining, soil enzymes, tailings disposal facility
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OPSOMMING

Mynbouaktiwiteite het negatiewe impakte op die omgewing en is een van die hoof bydraers tot
omgewingsbesoedeling.

Dit hou ŉ potensiële gevaar in vir omliggende ekostelsels asook publieke

gesondheid vir gemeenskappe naby myne. Daar is dus ŉ behoefte vir ekotoksikologiese navorsing in
sulke gebiede om moontlike risiko’s te identifiseer en maniere te vind om negatiewe effekte te
minimaliseer. Een manier om grondgesondheid te bepaal is deur grondensieme wat hoofsaaklik deur
plante en mikroörganismes geproduseer word en gevolglik meer volop is in gesonde grond. Erdwurms
is ook bewese bioindikatore van metaalkontaminasie in grond en kan metale in hul liggame akkumuleer.
Die doel van hierdie studie was om bioevaluerings toetse, neutraalrooi retensietyd, ensiematiese analise
en RAPD-PCR te gebruik om die effekte van mynaktiwiteite op die omgewing te bepaal. Dit is bereik
deur die omgewingstoksisiteit te bepaal van uitskot van drie verskillende myne nl. goud-, oopgroef
chroom- en steenkoolmyne. Die metale wat gekies is vir analise (Cr, Co, Ni en Pb) is vier van die sewe
(Cd, Cr, Ni, Pb, Zn, Cu en Co) omgewingsbelangrike elemente in Suid-Afrikaanse grond. Arseen is ook
gekies omdat dit geassosieer word met goudmyn uiskot.

Uitskot en grond is versamel vanaf drie

terreine by elk van die myne en het ongerehabiliteerde (TDF-U) en gerehabiliteerde (TDF-R) substraat
van slikdamme (TDFs) en verwysingsgrond (RS) naby aan slikdamme ingesluit. Die fisiese en chemiese
eienskappe van hierdie verskillende substrate is bepaal ten opsigte van pH, deeltjiegrootte en
metaalkonsentrasies.

Die mikrobiese gemeenskapsfunksie is ook bepaal deur middel van

ensiemaktiwiteit wat ‘n nuttige manier is om grondbesoedeling te evalueer. Hierdie ensieme het die
volgende ingesluit: dehidrogenase, β-glukosidase, suur fosfatase, alkaliese fosfatase en urease.
Erdwurms (Eisenia andrei) is blootgestel aan die verskillende substrate vir 28 dae en gedurende hierdie
tyd is biomassa, voortplanting, mortaliteit en lisosoom membraanstabiliteit (NRR-t) weekliks gemonitor.
Hierna is die wurms verwyder vanuit die materiaal en die kokonne agtergelaat vir ŉ verdere 56 dae. Die
uitgebroeide en onuitgebroeide kokonne, sowel as die jongelinge wat uitgebroei het, is getel.
Metaalkonsentrasies in die substrate sowel as in die erdwurms se liggaamsweefsel is vergelyk teen
vasgestelde maatstawwe. Resultate het getoon dat wanneer die verskillende materiale van elke myn
vergelyk word, ensiemaktiwiteit ŉ sensitiewe parameter is. Ensiemaktiwiteit het beduidende verskille (p
< 0.05) getoon tussen RS, TDF-R en TDF-U substrate. Biomassa was nie ŉ sensitiewe parameter (p >
0.05) vir die erdwurms wat blootgestel is aan die goud- en chroommyn uitskot nie. Dit was wel ŉ
sensitiewe parameter (p < 0.05) vir die erdwurms wat blootgestel is aan die steenkoolmyn uitskot,
aangesien dit vroeë verskille getoon het tussen die wurms van elke substraat (RS, TDF-R en TDF-U). In
terme van voortplanting, het die produksie van kokonne duidelike verskille (p < 0.05) getoon tussen die
verskeie substrate en kon dus oorweeg word as sensitiewe parameter. Uitbroeisukses was egter nie ŉ
sensitiewe parameter nie. Die rede hiervoor is omdat daar so min kokonne uitgebroei het. Dit is dus nie
moontlik om die korrekte persentasie van uitbroeisukses te bepaal van slegs een of twee kokonne nie.
Mortaliteit was ook nie ŉ sensitiewe eindpunt nie aangesien dit slegs waargeneem is in steenkoolmyn
x

substraat.

Met betrekking tot RAPDs, het resultate variasie getoon tussen kontrole wurms en

mynmateriaalwurms, wat demonstreer dat daar óf DNA alterasies plaasgevind het, óf moontlike
genetiese variasie tussen individue van dieselfde spesie was.

Aangesien myn uitskot dikwels

komplekse mengsels van metale bevat wat óf op hul eie óf in kombinasie met ander faktore toksies mag
wees, is dit moeilik om enige waargenome genotoksiese effek aan enige spesifieke metaal te koppel

Sleutelwoorde: bioevaluerings toetse, biomerkers, erdwurms, grondensieme, mynbou, slikdam
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CHAPTER 1: INTRODUCTION
1.1 Mining and the environment

The mining industry played a key role in the development of civilization and the world’s infrastructure
(Mbendi Information Services, 2010). Since the late 19th century, the economy of South Africa has been
based on production and export of minerals; this contributed largely to the industrial development of the
country (Mwape et al., 2008). During that period South Africa was the largest producer of chromium and
vanadium, as well as a leading producer of gold and other minerals (Rank, 2010), while also being the
third largest exporter of coal (Coakley, 1999). The country’s global resources include nearly 90% of the
platinum group metals, 80% manganese, 73% chrome, 45% vanadium and 41% gold (Department of
Minerals and Energy, 2010).

The environmental impact of mining activities include water-, air-, noise-, and soil pollution, land
degradation, as well as associated human health problems (Kwolek, 1999). An estimate made by the
South African Department of Mineral and Energy Affairs in 1992 showed that more than 25 000 hectares
of land are taken up by waste dumps alone (Louw, 1992). In another estimate, taken just eight years
later by Fairbanks et al. (2000), the amount of land taken up by waste dumps had reached 175 420
hectares. Either the estimation by Louw (1992) was an underestimation, or this number really increased
with about 150 420 hectares in such a short time. The total soil lost through erosion in South Africa has
also been reported to be more or less 300 to 400 million tons per year (Department of Environmental
Affairs, 1992), while 0.14% of the country’s land surface is comprised of mines and quarries (Fairbanks
et al., 2000). According to Hunt (1983), active mines have an erosion tempo of more than 200 times that
of natural grasslands. Therefore, if mining wastes are not managed properly, there is a potential hazard
for ecosystems surrounding the area and also for public health in the surrounding communities (Van
Tonder, 2008). This is of concern since soil is non-renewable on a human time-scale (Tate, 2000) and
as a result, our present actions concerning the environment will have an effect for many years to come.

Soil is of critical importance to life and one of the most valuable natural resources. Without it, no living
organism would be able to exist. This is why serious concern exists regarding mining activities that
cause environmental degradation (Harris, 2003).
As was elegantly described by Eijsackers et al. (2006), soil is a vital system and the awareness of this
needs to become the basis of soil policy and -management. There is much more to soil, as all kinds of
living and non-living matter, each with its own part and function, can be found therein. This diversity is
necessary for the quality and fertility of the soil. Soil quality can be defined as “the capacity of a soil to
function within ecosystem and land-use boundaries, to sustain biological productivity, maintain
environmental quality and promote plant, animal, and human health” (Doran and Safley, 1997). Soil
fertility is “the ability of the soil to supply elements essential for plant growth without a toxic concentration
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of any element” (Foth and Ellis, 1996). Both these are extremely important factors. Soil plays a vital role
in all the natural ecological cycles, and provides a physical support system as well as nutrients to plants,
which in turn provide humans and animals with food, shelter and other necessities.

It is therefore

important to preserve our soil and to improve its quality and productivity where possible (Izquierdo et al.,
2005). The unfortunate reality is, however, that people are still ignorant of the fact that this valuable and
non-renewable resource (Cornu, 2008) is nearing its limit.

Numerous anthropogenic factors are

continuing to contribute to these problems with no viable alternative for destroyed soil (Shira, 2010).

The health and stability of soil can be damaged by structural changes as well as by changes in its
chemistry (Acton and Coote, 2010), which are both processes that occur during mining activity. Since
mining forms an essential cornerstone of South Africa’s economy, rehabilitation of mining sites should be
the leading method used to decrease the negative impacts of these activities. Soil protection in South
Africa was first considered a priority during the 1950’s, and only because of new laws compelling all
mines to take steps in minimising its amount of pollution (Marsden, 1985). Examples of laws protecting
the environment include the Constitutional Law of South Africa (Act 108 of 1996) giving all South
Africans the right to a healthy environment and the right to protect the environment, the National
Environmental Management Act (Act 10 of 1998) requiring the prevention or minimisation of damage to
the environment as well as the rehabilitation of already degraded environments and the Draft Integrated
Pollution and Waste Management Policy (White Paper) aiming to minimise the generation of waste and
pollution as well as the recycling and re-using of waste (South Africa, 1998).

The formation of soil and the re-establishment of soil biological functions are basic requirements for the
recovery of ecologically sensitive ecosystems as active and healthy soil microbiology has a lot of positive
effects. It is able to mineralize nitrogen and sulphur and also suppresses nematodes, bacterial- and
fungal diseases. These microorganisms actively decompose organic material, while also improving root
development. They assist in the recycling of nutrients, making it available for plants, and furthermore
they also improve soil physical and chemical conditions (Zhou et al., 2009). In order to improve the
quality of the post mining material, it is therefore necessary to have knowledge of the soil ecosystem and
its physical and biological composition (Claassens, 2007).

An important factor regarding soils is pH. The grade of acidity or alkalinity of soil is represented by the
pH value and it is used as an indicator of soil reactions. Most plants prefer a slight to moderate acidic
soil with a pH of between 5.5 and 7 and soil have a tendency to become acidic even under natural
conditions, mostly because of rainfall, microbial respiration and nutrient uptake by plants.

After

prolonged leaching, the pH of soil will therefore reach a pH of 5 - 5.6. Microbial respiration leads to the
release of CO2 that produces a weak acid when dissolved in ground water. Soil pH has a very important
effect on the availability of certain plant nutrients and the optimal pH for maximum nutrient availability
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varies depending on the nutrient. For example, at a pH of less than five, there will be aluminium and
manganese toxicity, but a calcium deficiency (Ashman and Puri, 2002).

Sand, silt and clay percentages of materials give an indication of the structure of the soils, but postmining material do not have the same structure or texture as normal soil. It is usually composed of a
uniform material with a specific particle size and structure. Mining activity causes an excess of fine or
coarse material, which is unfit for plant growth. It is especially a problem with slopes (Fox and Bryan,
1999). The success rate for rehabilitation is also lower for finer material since it is more susceptible to
erosion (Department of Industry Tourism and Resources, 2006).
1.2 Risk Assessments

National programmes and management strategies have been implemented by the South African
government. These include Strategic Environmental Assessments, Environmental Impact Assessments,
and Environmental Management Plans.

The aim is to ensure that the impacts of practices and

development are understood, that environmental damage is minimised and that rehabilitation is applied
to already damaged environments (DEAT, 2004). Risk assessments are therefore done on mining sites
in order to identify possible risks. Hazard identification is the first step in this process. The purpose is to
determine whether there should be concern for the environment or human health (USEPA, 1979;
Mensink et al., 1995; Hart et al., 1998), including the potential for neurotoxicity, reproductive toxicity,
mutagenicity and carcinogenicity. This process is important for the environment since it is included in
the regulation of toxic waste management, environmental emission control and contamination site
restoration (Hart et al., 1998; Vilanova, 1998). Ecotoxicology, which is a combination of the disciplines
toxicology, applied ecology and environmental chemistry, involves the interactions that exist between
environmental chemicals and biota. Consequently the main focus is on the effects at different biological
organization levels, which is a critical parameter for toxicity. Some soil fauna groups are used as
bioindicators, since they are very closely linked to each other and to the soil, plants and microorganisms.
If pollutants cause disturbances in the soil, the fauna will experience both quantitative and qualitative
changes. As a result soil functioning will also be affected (Cortet et al., 1999).

Biomarkers are suborganismal (cellular, tissue, physiological, etc.) changes in living individuals used as
early warning signs for imminent organismal effects (Newman, 2010).

Contaminated areas have

hazardous effects which occur from molecular level to ecosystem level, and since the function and
structure of the ecosystem will be affected, all the organisms in that ecosystem will also be affected. In
vitro cell systems used as biomarkers offer a rapid and sensitive solution to some of the limitations that
may exist for chemical analysis (Fent, 2003). Chemical analysis of soils might seem like an obvious
method to assess for example metal concentrations to give an idea on possible toxicity. This does,
however, not elude for the bioavailability of toxicants toward organisms.
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For this reason, sentinel

species such as earthworms can be used in toxicity studies, since the effects of contaminants can be
monitored on organismal level in these species.

1.3 Metal analysis
A heavy metal is defined as “any one of a number of elements that exhibit metallic properties, which
include transitional metals, lanthanides, actinides as well as metalloids Arsenic and Antimony” (Hogan,
2011). A list of potentially toxic elements has been compiled by the USA Clean Act Amendment of 1990
(Title III).

These include antimony (Sb), arsenic (As), beryllium (Be), cadmium (Cd), chlorine (Cl),

chromium (Cr), cobalt (Co), fluorine (F), lead (Pb), manganese (Mn), mercury (Hg) nickel (Ni), selenium
(Se), thallium (Th) and uranium (U) (Finkelman, 1994; Huggins, 2002). These elements have also been
assessed in some studies, including that of gold mine tailings, chrome mines and coal mines. A study by
Da Pelo et al. (2009) investigated the capability of toxic or harmful elements associated with a gold mine
tailings dam to be released into the environment through acid mine drainage. The elements studied
were As, Cd, copper (Cu), Cr, Co and Ni.

Another paper by Rashed (2010) also investigated some

potentially toxic elements by assessing the impact of tailings of an old gold mine on the heavy metal
pollution of soils near and surrounding the mine area. The metals assessed included silver (Ag), gold
(Au), As, Cd, Cu, Cr, Co, molybdenum (Mo), Mn, Ni, zinc (Zn), mercury (Hg), and Pb.

The metals associated with seepage water from chromite mine quarries are Cr, Ni, Fe, Co, Mn, Zn and
magnesium (Mg) (Dey and Paul, 2010). A study investigating metal contamination of soils around a
chromite mine found high levels of Cr, Co, Ni, Cu, Pb and As (Kien et al., 2010). Studies by Watten et
al. (2005) as well as Wilkin and McNeil (2003) have found that effluents containing significant
concentrations of metals such as iron (Fe), aluminium (Al), Mn, Cu, Zn and Pb, are produced by the
extraction of mineral coal, and they are hazardous to the environment. In another study, done on an
open cast coal mine in India, six metals were reported in high concentrations in effluent from the mine
(Mishra et al., 2008). These metals were Cu, Cd, Cr, Zn, Ni and Fe. In a study by Herselman et al.
(2005), baseline concentrations were drawn up for several environmentally important trace elements
specifically for South African soils. These environmentally important trace elements include Cd, Co, Cr,
Cu, Pb, Ni and Zn. For this study Cr, Co, Ni and Pb were quantified, as they were found to be prominent
pollutants in literature studied.

1.4 Soil enzymatic activity
Microorganisms are important in soil fertility and the degradation of organic matter (Renella et al., 2006).
They form part of all the systems that support life on earth and they conduct all known metabolic
reactions in the soil (Ashman and Puri, 2002). Furthermore, some are able to decompose pesticides,
preventing them from entering the water and becoming pollutants.
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The activity of these degrading

microorganisms depend on factors such as contaminant uptake and bioavailability, concentration,
toxicity, mobility, access to other nutrients, and activated enzymes. Soil enzymes are mainly produced
by plants and microorganisms and they are useful indicators of soil degradation and contamination
(Tabatabai, 1994). They have been used in previous studies as indicators on the influence of soil
treatments on microbial activity and soil fertility (Aon et al., 2001). It has been proposed that microbial
properties of soil are potential indicators of the impact that different management practices have on the
soil (Li et al., 2004). Enzymatic assays give an indication of the maximum enzymatic activity in the soil
(Tate, 2002), e.g. dehydrogenase, ß-glucosidase, acidic- and alkaline phosphatase and urease (Alef and
Nannipieri, 1995). These enzymes reflect the microbiological activity and are indicators of soil change
(Dick et al., 2000). Plants and microorganisms such as bacteria and fungi produce these enzymes (Aon
et al., 2001). Enzymatic activity affects soil fertility and is affected by pH which is one of the most
important soil properties (Dick et al., 2000).

Dehydrogenase activity in soil provides information concerning biological activity as well as microbial
populations in the soil. It also measures the microbial oxidative capacity of soil, which in turn acts as an
indicator of the viable organisms (Dick, 1994; Taylor et al., 2002). Dehydrogenase activity is mainly
localized in the plasma membrane of bacteria or in the mitochondrial membranes of fungi (Aon et al.,
2001). ß-Glucosidase is one of the enzymes involved in the saccharification of cellulose (Tabatabai,
1994) and it is commonly found in animals, plants and microorganisms (Dick et al., 1996).
Phosphatases and urease are synthesized and secreted extracellularly by bacteria or fungi (Aon et al.,
2001). Phosphatases are divided into two groups: alkaline phosphatase which is produced by soil
microorganisms, and acidic phosphatase which is mainly attributed to plant roots (Criquet et al., 2004).
Phosphatases transforms organic and inorganic phosphorus compounds in soil (Amador et al., 1997),
and because of its association with organic matter content, acidic phosphatase is a useful indicator for
the recovery of degraded soils (Gil-Sotres et al., 2005). Urease is found in all soils (Coyne, 2008) and
urease activity varies in different soils depending on the temperature, soil moisture, organic matter
content, soil texture and Chemical Electric Conductivity (CEC) of the soil (Coyne, 2008). It plays an
important role in the nitrogen cycle and has been found to be correlated with microbial biomass (Klose
and Tabatabai, 1999).
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1.5 Earthworms as bioindicators

Earthworms play an important role in the enhancement of soil structure, fertility and nutrient availability
(Little, 1990). They decompose dead and organic matter while recirculating the nutrients found in the
organic matter. Furthermore they also stimulate microbial activity, mix soil, and increase infiltration as
well as water holding capacity.

Earthworms also provide canals for root growth (Edwards, 1983).

Analyses of earthworm casts have shown that they contain several times more nitrogen, potassium,
phosphorus, magnesium and calcium than the surrounding soil. These worms also only partially digest
the matter, where after soil microorganisms can act on it to release available nutrients (Lapinski and
Rosciszewska, 2008).

Additionally, earthworms are also good biological indicators since they are

involved in the functioning of the soil ecosystem and are widely distributed. They migrate over short
distances and are easy to sample. Earthworms also have measurable responses such as pollutant
concentration in their body tissue.

This has been seen in previous studies where the earthworms

accumulated heavy metals from soil in their body tissue, therefore indicating environmental
contamination (Lapinski and Rosciszewska, 2008). Furthermore, they are not killed by low levels of
pollutants and they have similar responses to the same levels of pollution in different sites (Cortet et al.,
1999). Earthworm survival, growth and reproduction rates can also be monitored to give an indication of
the effects of the specific type of pollution (Haimi, 2000) as well as the degree of substrate contamination
(Lapinski and Rosciszweska, 2008; Christensen and Mather, 1990).

Of these three parameters,

reproduction is the most sensitive (Maboeta and Van Rensburg, 2002).

Apart from reproduction, biomass, survival and growth, the Neutral Red Retention Time (NRR-t) assay,
which is a biomarker, can also be used. The assay is very sensitive and provides a response before
biomass changes or mortality can be measured.

For this reason it is very useful in toxicity tests

(Maboeta et al., 2004). The NRR-t assay is used to determine lysosomal membrane stability, which is
one of the most integrative parameters for monitoring the adverse impacts of environmental pollutants on
cellular functions (Svendsen et al., 1996). Previous research has indicated that lysosomes have the
earliest detectable responses to both internally and externally imposed stress (Harding et al., 2004a;
2004b). There have been successful applications of this assay during field studies in terrestrial systems
on earthworms (Svendsen et al., 1996) and in aquatic systems on fish and molluscs (Lowe et al., 1992;
Lowe and Pipe, 1994; Svendsen and Weeks, 1995). The NRR-t assay is therefore a useful method to
evaluate earthworm responses to environmental, physiological, and mechanical stressors (Lowe and
Pipe, 1994; Svendsen and Weeks, 1995).

The capacity of the lysosomes to hold the neutral red dye is dependent on the maintenance of an
internal low pH, therefore on the efficiency of membrane-bound proton pumps (Seglen, 1983). The
NRR-t assay measures the retention time of the neutral red dye in the lysosomes. According to the cell’s
membrane integrity, the lysosomes will start leaking after a distinct time period. The dye will leak into the
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entire cytosol of the cell and produce a pink colour (Harreus et al., 1997).

The unstressed cells’

lysosomes will accumulate and hold the dye for a longer time. When the cell is destabilized by a stress
response, the dye will leak into the cytosol of the cell through the damaged lysosomal membrane
(Moore, 1980; Lowe et al., 1995a and 1995b) at a faster rate in stressed coelomocytes than in
unstressed ones. Therefore the rate of NRR-t can be correlated to the overall stress of the organism
(Harding et al., 2004a).

There may also be the need to evaluate the effects of certain contaminants such as heavy metals, on the
population level. For this purpose genetic techniques such as DNA fingerprinting methods may also be
used together with the previously mentioned assays.

These methods offer an approach to assess

changes in populations as a result of contaminants (Atienzar and Jha, 2006). Random Amplified
Polymorphic DNA Analysis (RAPD) is such a method. This assay could be used in genotoxicity and
carcinogenesis studies. Genetic effects caused as a result of chemical exposure include alterations to
the structure and function of DNA. This includes DNA adducts, DNA breakage, and also mutations and
is described as genotoxic effects (Theodorakis et al., 1999).

The original use of the RAPD assay

included genetic mapping, taxonomy and phylogeny (Williams et al., 1990; Welsh and McClelland, 1990;
Welsh et al., 1991; Bassam et al., 1992). Advantages of the assay are that it is suitable for work on
anonymous genomes, while it is also cost efficient (Hadrys et al., 1992). The RAPD assay is very useful
in experiments where different sampling sites are used, since it can help determine whether sampled
populations from the different sites possess a uniform genetic structure. This allows the comparison of
residues or other biological properties (Kautenburger, 2006). The RAPD technique employs short (10bp)
oligonucleotide primers of arbitrary sequence to produce multiple PCR products with different sizes that
are separated on agarose gel (Dupont, 2008). The amplification protocol is different from the standard
PCR conditions (Erlich, 1989) in the sense that only a single random oligonucleotide primer is employed
(Kautenburger, 2006).

1.6 Aim and objectives

The aim of this study was to determine the ecotoxicity of gold, chrome and coal tailings disposal facilities
(TDF). These included comparing reference sites (RS) to rehabilitated (TDF-R) and unrehabilitated
(TDF-U) tailings in an attempt to determine the effect of rehabilitation practices on ecotoxicity. Specific
objectives to achieve this were:



Evaluation of physical and chemical properties of the tailings to determine correlations between
the different results.



Metal analyses (Cr, Co, Ni, Pb) on material and earthworm tissue to determine its potential of
posing a threat to earthworms and soil microorganisms. Additionally, analysis of As on the gold
mine samples.
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Determine the effects of the different tailings on microbial activity i.e. dehydrogenase, βglucosidase, phosphatases and urease in order to assess its use in risk assessment studies.



Earthworm bioassays using Eisenia andrei to determine sublethal endpoints (growth and
reproduction) and biomarkers in the form of the neutral red retention assay.



Genetic characterization of earthworms exposed to tailings from different mining sites, using
RAPD - PCR analysis.
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CHAPTER 2: MATERIALS AND METHODS
Methodology given below is applicable to chapters 3, 4 and 5.
2.1 Sampling procedure and sites

Materials were randomly collected in triplicate from three sites respectively, from a gold mine tailings
dam, a chromium mine and a coal mine. A minimum of 1 kg from the top cover layer (15 cm) was
collected from each site and sealed in a Ziploc® bag. The samples were kept at 4 ˚C to preserve
biological properties for the enzymatic assays, which were carried out within 5 days of sampling.
2.2 Material properties

Samples obtained from the different sites were sealed in Ziploc® bags and transported to the EcoAnalytica laboratory in Potchefstroom where chemical analysis was done according to standard
procedures. A physical analysis of particle size distribution was done in order to determine gravel-like,
sand-like, silt-like and clay-like particles and also to determine pH.

2.3 Metal analyses

Metal analysis was done on the samples collected from each site. The samples from each tailings
disposal facility were oven dried at a maximum temperature of 40˚C and then sifted through a 2mm
sieve. The samples were prepared at the Eco-Analytica Laboratory in Potchefstroom according to the
United States Environmental Protection Agency (USEPA) method 3050 (Edgell, 1988). Two grams of
the material/soil samples, prepared as mentioned above, was weighed and 15 ml of nitric acid (HNO3)
was added to each sample. The samples were then heated for a minimum of 1 hour. After cooling
down, 10 ml of hydrogen peroxide was added to each sample, where after 10 ml of 3N HCl was added.
The samples were then heated for at least 1 hour. After this the samples were cooled and filtered and
then 50 ml of deionised water was added to each sample. The samples were then analysed by means
of Inductively Coupled Plasma Mass Spectrometry (ICP/MS) to determine the total metal concentrations
of the four metals analysed. For metal analysis of earthworm body tissue the following procedure was
used: Adult earthworms of Eisenia andrei were placed in jars containing the sampled material. After 28
days of exposure period, the adult worms were removed from the jars and placed on wet filter paper in
petri dishes for 24 hours in order for the earthworms to expel their gut contents. The worms were then
placed in small plastic tubes which were marked and sealed, and frozen in a -20˚C freezer. These
earthworm samples were then transported to the Eco-Analytica Laboratory in Potchefstroom, where the
tissue metal concentrations were determined.
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The earthworms were inserted in 2 ml pure nitric acid (HNO3) and kept in it overnight to dissolve. The
next day 1 ml of the overnight solution was extracted from each sample and 9 ml deionised water was
added to obtain a ten times dilution. This solution was then injected through a 45 µm filter, where after it
was analysed by means of the ICP/MS method for heavy metals. The heavy metals analysed were
cobalt (Co), chromium (Cr), nickel (Ni) and lead (Pb), on all the sampled material. The reason for these
specific metals was that they formed part of the seven environmentally important trace elements in South
African soils (Herselman et al., 2005). Arsenic (As) concentrations were also analysed on the gold mine
tailings material. New total investigation levels (TIL) and total maximum threshold levels (TMT), as
described by the above mentioned study, as well as other benchmarks as described by Efroymson et al.
(1997) were used to measure the samples against.
2.4 Soil enzymatic activities

Before the samples were analysed, they were passed through a 2 mm sieve. Tailings material was kept
at field water content (i.e. not air dried) for the dehydrogenase activity analysis while air dried samples
were used for ß-glucosidase, urease, acidic phosphatase and alkaline phosphatase analyses (Alef and
Nannipieri, 1995).

Since the purpose of the enzymatic assays was to give an indication of enzymatic activity of the
materials as they are in their environment, the same control as were used for earthworm assays were
not used for enzymatic assays. This assay focused only on the effects of heavy metals on the enzymatic
activity in the material. For each sample, material was weighed off in triplicate and placed in bottles
marked control, replica one and replica two. Each enzymatic assay had its own protocol on preparing
the controls. This will be discussed briefly. To determine the enzymatic activity in the materials, the
activity in the control of a specific sample was subtracted from replica one and two of that sample. The
average of the two replicas was then used to indicate the enzymatic activity in that sample.
2.4.1 Dehydrogenase activity

The method of Von Mersi and Schinner (1991) as described in Alef and Nannipieri (1995) was followed
for the dehydrogenase activity assay. The method is based on the incubation of soil with the substrate
iodonitrotetrazolium chloride (INT) at 40˚C for 2 hours followed by colorimetric estimation of the reaction
product iodonitrotetrazolium chloride-formazan (INF).

Field moist tailings material samples were

weighed (1 g), placed in a 100 ml Schott® bottle and mixed with 1.5 ml Tris (hydroxymethyl)aminomethane (THAM) buffer and 2 ml INT solution.

Controls were prepared with sterilized soil (autoclaved at 121˚C for 20 minutes), thus ensuring that
enzymatic activity is kept to an absolute minimum.

19

The Schott® bottles were sealed and incubated at 40˚C in the dark for 2 h. After incubation 10 ml of
N,N-dimethylformamide:ethanol (1:1 v/v) extraction solution was added and the bottles were shaken
every 20 minutes for another hour. N,N-dimethylformamide:ethanol was added to terminate the reaction.
The tailings suspensions were then filtered through Whatman no. 2v filter paper and the absorbance of
the filtrate measured at 464 nm. The calibration curve was prepared by pipetting 0, 1, 2 and 5 ml of INF
standard solution into test tubes and adding 13,5 ml extractant solution to each tube. The contents were
then mixed thoroughly. The calibration concentrations were 0, 100, 200 and 500 μg INF per test. The
dehydrogenase activity is expressed as μg INF g-1 dwt 2 h-1 and calculated according to the following
relationship:

INF (μgg-1dwt2h-1)=

S1 – S0
dwt

Where S1 = INF (in μg) of the test
S0 = INF (in μg) of the control
dwt = dry weight of 1 g moist soil

2.4.2 ß-glucosidase activity

ß-glucosidase activity was based on the determination of the released p-nitrophenol after the incubation
of tailings samples with p-nitrophenol glucoside (PNG) solution for 1 h at 37˚C (Alef and Nannipieri,
1995).

For the ß-glucosidase assay, 1 g of each tailings sample was weighed and placed in a 100 ml Schott®
bottle where after it was mixed with 0.23 ml of toluene, 4 ml of Modified Universal buffers (MUB) (pH 6)
and 1 ml PNG solution. The bottles were sealed and incubated at 37˚C in the dark for 1 h. After
incubation 1 ml of 0.5 M CaCl2 and 4 ml of 0.1 M Tris (hydroxymethyl)-aminomethane (THAM) buffer (pH
12) was added to each sample.

The control was prepared by adding the PNG substrate after incubation and after adding the CaCl2 and
THAM buffer, but before filtration of the tailings suspension.

Samples were filtered through Whatman no. 2v filter paper and the absorbance of the filtrate measured
at 410 nm. A calibration curve was prepared with 1 ml of standard p-nitrophenol solution diluted to 100
ml with distilled water in a volumetric flask. Aliquots (0, 1, 2, 3, 4 and 5 ml) of the diluted standard
solution were pipetted into 50 ml Erlenmeyer flasks and the volume adjusted to 5 ml with distilled water.
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The ß-glucosidase activity is expressed as p-Nitrophenol g-1 dwt h-1 and calculated according to the
following relationship:

P-Nitrophenol (μg g-1 dwt h-1)=

Where C

Cxv
dwt x SW x t

= measured concentration of p-nitrophenol (μg ml-1 filtrate)

dwt

= dry weight of 1 g moist sample

v

= total volume of the tailings material suspension in ml

SW

= weight of samples used (1 g)

t

= incubation time in hours

2.4.3 Phosphatase (acidic and alkaline) activities

Phosphatase (acidic and alkaline) activities were based on the determination of the released pnitrophenol after the incubation of tailings samples with p-nitrophenol glucoside (PNG) solution for 1h at
37°C (Alef and Nannipieri, 1995).

The phosphatase assays differed from the ß-glucosidase assays in choice of buffers. For the
phosphatase assays, 1 g of each tailings sample was weighed and placed in a 100 ml Schott® bottle
where after it was mixed with 0.23 ml of toluene, 4 ml of Modified Universal buffers (MUB) (pH 6.5 for
assay of acidic phosphatase or pH 11 for assay of alkaline phosphatase) and 1 ml PNP solution. The
bottles were sealed and incubated at 37˚C in the dark for 1 h. After incubation 1 ml of 0.5 M CaCl2 and 4
ml of 0.5 M NaOH was added to each sample.

The control was prepared by adding the PNP substrate after incubation and after adding the CaCl2 and
NaOH, but before filtration of the tailings suspension.

Samples were filtered through Whatman no. 2v filter paper and the absorbance of the filtrate measured
at 410 nm. A calibration curve was prepared with 1 ml of standard p-nitrophenol solution diluted to 100
ml with distilled water in a volumetric flask. Aliquots (0, 1, 2, 3, 4 and 5 ml) of the diluted standard
solution were pipetted into 50 ml Erlenmeyer flasks and the volume adjusted to 5 ml with distilled water.
Phosphatase activity is expressed as μg of p-nitrophenol g-1 dry weight h-1 and calculated according to
the following relationship:

P-Nitrophenol (μg g-1 dwt h-1)=
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Cxv
dwt x SW x t

Where C

= measured concentration of p-nitrophenol (μg ml-1 filtrate)

dwt

= dry weight of 1 g moist sample

v

= total volume of the tailings material suspension in ml

SW

= weight of samples used (1 g)

t

= incubation time in hours

2.4.4 Urease activity

Urease activity was assayed according to the procedure of Kandeler and Gerber (1988) as described by
Alef and Nannipieri (1995). The method is based on the colorimetric determination of released ammonia
after the incubation of tailings material samples with urea solution for 2 h at 37°C. Air-dried samples (5
g) were mixed with 2.5 ml urea solution and 20 ml borate buffer in a 100 ml Erlenmeyer flask where after
it was incubated at 37˚C for 2 h. After incubation 30 ml of the KCl solution was added and the flask was
shaken for 30 minutes.

The suspension was filtered through Whatman no. 2v filter paper and the

filtrates were analysed for ammonium content.

Controls were prepared with 2.5 ml distilled water and the urea solution was added at the end of the
incubation, before the addition of the potassium chloride solution.

For ammonium determination 1 ml clear filtrate was added to a 50 ml Erlenmeyer flask and mixed with 9
ml distilled water, 5 ml sodium salicylate/sodium hydroxide solution, and 2 ml sodium dichloro-isocyanide
solution. The mixture was allowed to stand at room temperature for 30 minutes before measuring the
optical density at 690 nm. A calibration curve was prepared by diluting 0, 1.0, 1.5, 2.0 and 2.5 ml
ammonium standard solution Ι with 100 ml potassium chloride solution to prepare ammonium standard
solution II. 1 ml Ammonium standard solution II was diluted with 9 ml distilled water and the ammonium
determination performed as mentioned above. The ammonium concentrations were 0.1, 1.5, 2 and 2.5
μg NH4 – Nml-1.
Urease activity is expressed as μg NH4 – N g-1 dwt 2 h-1 and calculated according to the following
relationship:
μg NH4 – N ml-1
(μg NH4 – N g dwt 2h ) =
dwt x 5
-1

Where dwt

-1

= dry weight of 1 g moist tailings material

V

= total volume of the extract (52.5 ml)

10

= the dilution factor

5

= weight of soil used in the assay
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2.5 Earthworm assays

Eisenia andrei was used in this study as they can tolerate fluctuations in temperature, acidity and
moisture levels (Edwards, 1983), which makes them ideal for ecotoxicological tests. Tailings material
and soil were sampled as described in section 2.1. The material was then sifted through a 2 mm sieve
to homogenize the samples. Three replicates of each site were prepared. The material was then
moistened with distilled water, until it appeared crumbly and moist. Oversaturated medium would have
led to problems of aeration for the earthworms and survival would have been low.

Controls were prepared by filling the jars with horse manure (prepared by air drying the manure and
moistening it with distilled water). The substrates were then inserted into 500 ml jam jars and filled up to
75% of the volume. The lids were perforated for aeration purposes and plastic circles (cut out from
plastic bags) were inserted under the lids to prevent the worms from escaping and also to ensure
minimal moisture loss. The jars containing the material were then placed in an environmental chamber
set at a temperature of 25˚C for 48 hours during which the material stabilized. For the duration of the
experiment, the jars were also kept in the 25˚C chamber to prevent temperature fluctuations from
influencing the results. Ten adult earthworms of the species Eisenia andrei were individually weighed
and placed in each jar, containing the material collected from the mining sites and the control,
respectively. This was done in triplicate.

To weigh the worms, they were washed with distilled water, placed on tissue paper and then individually
weighed in a petri dish containing distilled water (to prevent the worms from drying out).

The

earthworms were removed from the jars and weighed every seventh day over a 28 day period to
determine their biomass. After weighing the worms, 4 g of dry horse manure were mixed with distilled
water and added to each jar.

At the end of the 28 day period, the mature earthworms were removed from the jars to be prepared for
metal analysis and RAPD-PCR analysis. The cocoons were left behind and the jars were placed back in
the environmental chamber (25˚C) where they remained for another 56 days (during which moisture and
manure levels were kept the same as during the experiment with the adult worms). After the 56 days,
the hatched and unhatched cocoons as well as the juveniles were counted in order to determine
reproductive behaviour and success of worms in the different materials (Hankard et al., 2005).

Mortality was also assessed in the replicates every week. Unresponsive earthworms were poked with a
syringe needle in the anterior side to determine response. If the earthworm did not respond by pulling
back or moving away from the needle, it was considered dead and removed from the substrate. In some
cases earthworms might become missing, which may occur as a result of either escaping or dying.
Missing earthworms were therefore considered to be dead.
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Neutral red retention times were taken every 7 days.

The NRR-t assay was used to determine

lysosomal membrane stability. The solutions used for this assay were prepared as follows:

Base solution was made up by measuring 0.5 ml of Dimethyl sulfoxide (DMSO) (C2H6OS) in an
Eppendorf container and adding neutral red dye (C15H17N4Cl) to the DMSO. The contents were then
shaken to dissolve.

Earthworm ringer solution was made up by weighing 2.72 g NaCl2; 0.1775 g KCl; 0.2088 g CaCl2; 0.1353
g MgSO4; 0.0272 g KH2PO4; 0.0213 g Na2HPO4; and 0.1764 g NaHCO3 on a scale. These chemicals
were placed in a 500 ml volumetric flask and 500 ml of distilled water was added. The solution was then
shaken to dissolve the chemicals. Earthworm ringer solution is used to keep the coelomocyte cells alive
while they are viewed under the microscope.

It was kept in a refrigerator for the duration of the

experiment and allowed to warm up to room temperature before it was used.
Working solution was made up by measuring 2.5 ml ringer solution and adding 10 μl of base solution.
This solution was made up every hour (or sooner if crystals started to form before an hour had passed).

Three earthworms of each replicate were cleaned with distilled water and dried on tissue paper.
Coelomic fluid was extracted from the region posterior to the clitellum of the mature earthworms by using
a 10 μl disposable syringe with a fine needle. Here after the worms were placed back in the material.
The coelomic fluid contains lysosome membranes and the NRR-t assay is used to determine the stability
of the lysosomal membranes when an organism is subjected to stress (Moore, 1980). 10μl of coelomic
fluid was mixed with 10 μl of ringer solution and placed on a microscope slide. The solution was left for
20 seconds to adhere to the glass and then 20 μl working solution was added and the slide covered with
a cover slip. The slide was immediately placed under a light microscope where counting proceeded.
The numbers of stained and unstained coelomocytes were counted within a 2 minute time period (Figure
1). Two manual counters were used respectively for stained and unstained coelomocytes. After the 2
minute period the slide was put in a Petri dish with wet towel paper for 2 minutes to keep it from drying
out. When 50 % of the total amount of cells was stained, observation was stopped and neutral red
retention time was noted.
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Figure 2.1. Coelomic cells, unstained (left) and stained (right) (Charné van Coller)

2.6 RAPD PCR analysis

The extraction of earthworm DNA was done using a peqGOLD Tissue DNA Mini Kit (peqLab, Germany).
Frozen earthworms exposed to the different treatments were crushed using a mortar and pestle, as well
as liquid nitrogen.

Thirty micrograms of the crushed tissue was used, and DNA was extracted as

described in the manufacturer’s protocol.

Random Amplified Polymorphic DNA (RAPDs) - Polymerase Chain Reaction (PCR) analyses were
performed to determine the genetic structure of earthworms. This allowed the comparison of residues
and biological properties from the different sampling locations (Kautenburger, 2006).

Isolated DNA was amplified in 25 µL RAPD-PCR mixtures containing the following final concentrations or
total amounts: 12.5 µL 2x PCR Master Mix (Fermentas Life Sciences, USA) (resulting in 0.4 mM of each
dNTP, 2 mM MgCl2 and 0.625 u Taq DNA polymerase in reaction buffer), 8 µL (1-30 ng/µl) of DNA
template, 1.5 µL (of a 100 pmol stock solution) primer (Inqaba Biotec, South Africa). An additional 2 µL
of a 25 mM MgCl2 was added, as well as 2 units of Kapa Taq (KAPA Biosystems, South Africa). The
final volume was adjusted to 25 µL using nuclease free water (Fermentas, USA).

Amplified products were separated via electrophoresis on 2 % (w/v) SeaKem® LE agarose gels (Lonza,
USA) in 1 x TAE buffer (40 mM Tris, 20 mM Acetic acid, 1 mM EDTA) for 90 minutes at 80 V. 1 µg/mL
EtBr was added to the gel prior to casting, enabling visualization under UV light. 20 µL of the samples
were loaded using 5 µL 6x Orange loading dye (Fermentas, USA). As a molecular weight marker, 2.5
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µL O’GeneRuler™ 1 kb DNA ladder was used (Fermentas, USA).

The Gene BioImaging System

(Syngene, Synoptics, UK) and GeneSnap software (SynGene) v6.08.04 was used to capture images
after electrophoresis for visualisation of the bands that formed.

Images were analyzed using GeneTools v 4.02 (Syngene, Synoptics, UK) to obtain data regarding the
band intensities, location and relative quantities. Table 2.1 shows details of the three primers used
during this experiment.
Table 2.1. Details of the primers that were used in the RAPD PCR analyses on the earthworm DNA samples

Primer

Sequence 5’-3’

C+G %

OPA 4

AAT CGG GCT G

60

OPA 16

AGC CAG CGA A

60

OPA 17

GAC CGC TTG T

60

The above mentioned primers were initially used only in RAPD analyses on control earthworms
numbered 1 to 9 in Figure 2.2. This was done to determine which of the three primers would work best
on the earthworms before RAPD analysis was started on the mine exposed earthworms, since samples
of exposed worms were limited. Between OPA 4, OPA 16 and OPA 17, the best quality bands were
observed (Figure 2.2) with OPA 16, as this primer gave consistency of amplified fragments between 245
and 799 bp. There was also a similar banding pattern observed between the control worms with very
little variation except in samples five and nine. The variation in lanes marked “5” and “9” could however
also be observed with the other two primers, and therefore it is not regarded as being related to the
primer. The primers OPA 4 and OPA 17 also gave variation between the control worms while OPA 16
showed very little variation. Therefore only results from primer OPA 16 were used in further analysis.
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Figure 2.2. RAPD PCR optimization on control earthworms (1 to 9), (A) OPA 16, (B) OPA 17 and (C) OPA 4
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2.7 Statistical analyses

Statistical analyses for soil properties, enzymatic activity and earthworm assays were done with the
SigmaStat® program (SigmaStat for Windows Version 3.11, 2004 Systat Software Inc). Differences
between sample groups were determined by using one-way analysis of variance (ANOVA). All the data
were presented as the mean ± standard deviation (SD). Mortality was determined by counting the
number of survivors and determining the survival rate every week over the 28 day period.

Material and earthworm body tissue were analysed for Co, Cr, Ni and Pb. The metal contents of each
sample were measured against different benchmarks.

The benchmarks described in the study of

Herselman et al. (2005) include TIL (the total investigation levels above which further site investigations
are recommended) and TMT (the total maximum threshold levels above which soils are considered to be
contaminated). Other benchmarks as described by Efroymson et al. (1997) were also used. Earthworm
benchmarks (E/W)(as derived from a number of acute toxicity tests that are used to benchmark
concentrations of chemicals toxic to earthworms), and SMO&MP (Benchmark concentrations for toxicity
to soil microorganisms and microbial processes as determined by effects on C-mineralization, Ntransformation and enzyme activities).

For RAPD analysis, band positions as well as heights were used as a quantitative measure, within a
presence or absence table. Bands were subjected to both computerized and subjective comparison,
with a maximum of 5% difference in the estimated molecular weight as calculated by GeneTools
Software. This presence\absence table was exported to Statistica v10 (StatSoft, Inc., USA). Absent
values were adjusted to 0, after which a multivariate analysis was done using a weighted pair group
average approach.
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CHAPTER 3: UTILIZING EARTHWORM AND MICROBIAL ASSAYS TO ASSESS THE
ENVIRONMENTAL EFFECTS OF A GOLD MINE TAILINGS DAM

3.1 Introduction

Nobel Prize winner Dr. Alexis Carell, as quoted by Tompkins (1998), wrote in his book, “Man the
unknown”, that “soil is the basis of all life on earth”. Soil disturbances such as the ones caused by
pollutants, lead to both qualitative and quantitative changes in the soil fauna, which in turn affect soil
functioning (Cortet et al., 1999). A major cause of disturbance in soil is mining activities, which have
contaminated soil with metals throughout the world (Valery and Eugene, 1998).

Mining is South Africa’s largest industry (Geology Department, South Africa, 2000). The country was the
world’s largest gold producer up until 2007 when China took the lead.

However, there are great

environmental concerns associated with gold mining (Hilson and Murck, 2001). Over the years, it has
had a negative impact through ecological degradation, health costs, loss of agricultural potential, loss of
water, contamination of the surface and groundwater, atmospheric pollution and sinkhole formation
(Lieferink, 2007). The greatest concern however, is the disposal of the overburden (tailings) on tailings
disposal facilities (TDF) (Environmental Literacy Council, 2008), since this waste often contains high
metal concentrations which are generally toxic to biota (Ledin and Pedersen, 1996).

Furthermore,

cyanide solutions are used to dissolve and extract gold (Miltzarek et al., 2002), raising environmental
concerns, as large quantities are applied to the ore for this purpose (Clayton et al., 1997). Cyanide is a
fast acting poison and if tailings dams leak, break or overflow, the toxin is released into the environment
where it can have harmful effects on fauna and flora (Donato et al., 2007) and even lead to death
(Environmental Literacy Council, 2008). Cyanide spills associated with gold mining have led to fish and
wildlife kills as well as water pollution (Anane, 2006), and there have also been reports of the lethal
toxicity of a number of cyanide complexes to birds (Davis, 1981; Reece, 1997).

Another pollutant

associated with gold mining is sulphuric acid, which can also cause pollution in soil and water as well as
a low pH (Earthworks, 2007). A consequence of these contaminants is Acid Mine Drainage (AMD)
which is considered as the worst environmental problem associated with mining activities (Peppas et al.,
2000). It occurs when material that bears sulphide is exposed to oxygen and water, resulting in a
product characterized by a low pH as well as high concentrations of heavy metals and other toxic
elements (Akcil and Koldas, 2006). Recently AMD has been in the South African media when it reached
the Cradle of humankind, a World Heritage Site in Gauteng South Africa. This was as a result of the
increased rainfall over the previous months, which raised the level of acidic mine water of the
Witwatersrand (Mail and Guardian online, 2011). Ecotoxicological research on gold mine tailings have
been done in previous studies and on different types of fauna, e.g. in Canada where meadow voles living
in a tailings disposal facility area were captured. Biomarkers of exposure and effect were used to
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determine possible sub-cellular effects on them as a consequence of their dietary arsenic exposure
(Saunders et al., 2009). Another study (Zorita et al., 2006) focused on mussels as bio - indicators after
exposure to a copper site gradient, by selecting the digestive gland to serve as biomarker in the study. A
wide variety of soil organisms can be used for ecotoxicological research, and include (but are not limited
to) microorganisms, earthworms, enchytraeids, springtails, mites, insects and molluscs (Van Straalen
and Van Gestel, 1993; Van Gestel and Van Straalen, 1994; Løkke and Van Gestel, 1998; Cortet et al.,
1999; Oehlmann and Schutte-Oehlmann, 2003).

Based on this information, the aim of this study was to utilize earthworm assays to assess the
environmental effects of gold mining. Because of their close relationship to soil and their ability to
accumulate heavy metals from their environment into their body tissue (Lapinski and Rosciszewska,
2008), earthworms are ideal for the assessment of metal rich waste and tailings material. Furthermore,
the aim was to utilize microbial assays, since microbial activity is an indicator of the state of the soil or
mining material (Tabatabai, 1994). The specific objectives included an assessment done on the tailings
dam material which included revegetated tailings (TDF-R), unrehabilitated tailings (TDF-U) and a
reference site (RS). This was done to assess the current state of the gold mine area and also to
determine possible risks that may be present. A further objective was to assess whether earthworm
biomarkers could be utilized to assess metal contamination and its effects on organisms and the
ecosystem with regards to gold mining. The reason for this was to verify the bioavailability and the
presence of metals in the biota (Bucheli and Fent, 1996).
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3.2 Site description

Samples were taken from a gold mine tailings dam in the area of Klerksdorp, South Africa (Figure 3.1).
The area normally receives an average of 482mm rain per year, of which most rainfall occurs during
summer (saexplorer, 2008). An aerial photo of the TDF is shown in Figure 3.2 and Figure 3.3 shows a
part of the dam from the side. Unrehabilitated tailings material (TDF-U) was collected at the top of the
dam (Figure 3.4). Samples were taken from a naturally revegetated area (TDF-R) at the foot of the dam
(Figure 3.5) and reference site (RS) material was collected 100 meters away from the dam as shown in
Figures 3.2 and 3.6.

Figure 3.1 A map of South Africa showing the Klerksdorp area in the North West province (Nationsonline, 2010).
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Figure 3.2. An aerial photograph taken of the gold mine tailings dam in the Klerksdorp area (Google Earth, 2011).

Figure 3.3. A photograph taken of the gold mine tailings dam as viewed from the side (Charné van Coller).
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Figure 3.4. A photograph taken at the top of the gold mine tailings dam where unrehabilitated tailings (TDF-U)
were sampled (Charné van Coller).

Figure 3.5. The foot of the gold mine tailings dam, where revegetated tailings (TDF-R) was sampled (Charné van
Coller).
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Figure 3.6. The area next to the tailings dam where reference material (RS) was sampled (Charné van Coller).

3.3 Materials and methods

Refer to chapter 2.
3.4 Results

3.4.1 Material properties

Gravel-, sand-, silt- and clay-like particles of the material were analysed since TDF’s are not composed
of real soil. Particle size distribution of the different sites of the TDF are shown in Figure 3.7. Particle
sizes were compared between the reference site (RS) material, revegetated tailings (TDF-R) and
unrehabilitated tailings (TDF-U) samples. The grouped data was statistically evaluated against one
another within the group, and not over the whole graph.
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Figure 3.7. Particle size distribution (average ± SD) of the materials collected from the different areas [Reference
site (RS), revegetated material (TDF-R), and unrehabilitated material (TDF-U)] of a gold mining area.
a-c: Bars with the same letter were not statistically different from each other (p > 0.05).

All three sites consisted mostly of sand-like particles. The reference site consisted mostly of sand-like
particles with small amounts of clay-like, silt-like and gravel-like material. TDF-R consisted of the highest
amount of sand-like particles, with small amounts of silt-like, clay-like and gravel-like material. TDF-U
also consisted of a lot of silt-like material, some clay-like particles and very little gravel-like particles.
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Figure 3.8 indicates the pH levels measured in the control, RS, TDF-R and TDF-U samples.
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Figure 3.8. pH levels of the material [control, reference site material (RS), revegetated material (TDF-R), and
unrehabilitated material (TDF-U)] sampled from the gold mine tailings dam.
a-d: Bars with the same letter were not statistically different from each other (p > 0.05).

The material collected from all three sites (RS, TDF-R and TDF-U) had an acidic pH. Of the three sites,
TDF-U had the highest pH.

3.4.2. Metals

Results from earthworm tissue metal analysis compared to metal analysis on the tailings and soil are
shown in Table 3.1. These concentrations were compared to different benchmarks. Total investigation
level (TIL), above which further site investigations are recommended, and total maximum threshold
(TMT), above which soils are considered to be contaminated, are baseline concentrations that were
drawn up for South African soils (Herselman et al., 2005). A benchmark indicating the level at which
metal concentration in soil is toxic to earthworms, as described by Efroymson et al. (1997), is indicated
as E/W. Other benchmarks include SMO (benchmark concentrations for toxicity to soil microorganisms)
and MP (benchmark concentrations for toxicity to microbial processes) (Efroymson et al., 1997). Metal
concentrations were measured in parts per million (ppm). Earthworm body concentration over total soil
concentration was calculated to determine the bioconcentration factor (BCF).
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Table 3.1. Soil metal analysis for control, reference site material (RS), revegetated material (TDF-R) and
unrehabilitated material (TDF-U), as measured against the following benchmarks in ppm: Total investigation level
(TIL), total maximum threshold levels (TMT) (Herselman et al., 2005), benchmarks for earthworm toxicity (E/W),
benchmark concentrations for toxicity to soil microorganisms and microbial processes (SMO and MP), as described
by Efroymson et al. (1997).

Also bioconcentration factor (BCF) (i.e. Earthworm body concentration/total soil

concentration).
Cr

Co

TIL

80

-

TMT

350

-

E/W

0.4

-

SMO and MP

10

1000

Control

RS

TDF-R

TDF-U

Material

a

0.26±0.03

A

Ni

a

0.04±0.01

A

Pb

As

50

56

-

150

100

-

200

500

60

90

900

100

a

0.22±0.04

A

a

0.05±0.01

A

<0.01
A

E/w

0.06±0.01

0.16±0.02

0.08±0.02

0.03±0.02

BCF

0.23

4.00

0.36

0.60

Material

0.59±0.04b

1.16±0.43b

8.83±2.88b

0.10±0.01b

0.02±0.01a

E/w

0.16±0.05B

0.63±0.12B

0.99±0.37B

0.15±0.09B

1.26±1.20B

BCF

0.27

0.54

0.11

1.5

82.06

Material

0.49±0.05

E/w
BCF

c

6.42±1.51

0.13±0.05

B

0.70±0.23

0.27

0.11
d

c

19.08±4.01

c

0.21±0.03

B

0.33±0.09

C

0.02
c

d

1.12±1.10

c

0.01±0.00

0.07±0.04

B

2.74±1.34

0.33

336.89
d

b

C

Material

0.33±0.02

9.33±4.02

0.83±0.14

0.04±0.01

0.025±0.00c

E/w

0.13±0.07B

1.23±0.39C

0.60±0.32D

0.18±0.16B

4.27±1.43D

BCF

0.39

0.13

0.72

4.5

107.67

a-d: Statistical comparison of the control material with the material from the sites RS, TDF-R, TDF-U;
A-D: Statistical comparison of the worms from the control site with the worms of RS, TDF-R, TDF-U.
Values with the same letter in superscript were not statistically different from each other (p > 0.05).

Concentrations of Cr exceeded the benchmark for toxicity to earthworms in the RS and TDF-R materials.
The Co concentrations were higher than 1 ppm in all the mining material but far from the benchmark.
Lead bioaccumulated in the RS samples as well as in the TDF-U samples. Arsenic concentrations were
extremely high and bioaccumulation occurred in all the mine material.

3.4.3 Soil enzymatic activities

Figure 3.9 shows the enzymatic activities of five different enzymes in the samples collected from and
around the gold mine tailings dam. The amount of activity of each enzyme was compared between the
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different samples. The grouped data for each of the enzymes was evaluated statistically against one
another within the group, and not over the whole graph.
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Figure 3.9. Enzymatic analyses of the samples collected from and next to the gold mine tailings dam, showing
average microbial activity (± SD) in the material collected from the different areas including a reference site (RS),
revegetated tailings (TDF-R) and unrehabilitated tailings (TDF-U).
a-c: Bars with the same letter were not statistically different from each other (p > 0.05).

Dehydrogenase activity was higher in the RS material than in both the TDF-R and the TDF-U material.
Β-glucosidase activity differed significantly (p < 0.05) between the three sites with the most activity in the
RS material. Alkaline phosphatase activity also differed significantly (p < 0.05) between the three sites.
Urease activity was observed as having the same amount of activity in all three sites with no statistically
significant difference (p > 0.05) between the sites.

It was also observed as the highest of all the

enzymes over the three sites (RS, TDF-R and TDF-U). β-glucosidase, acid phosphatase and alkaline
phosphatase activity showed statistically significant differences (p < 0.05) between the sites, indicating
that RS > TDF-R > TDF-U.
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3.4.4 Earthworm assays

3.4.4.1 Biomass

Earthworm biomass over a 28 day period, as monitored weekly, is shown in Figure 3.10. The grouped
data (per day) was evaluated against one another within the group, and not over the whole graph.
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Figure 3.10. A histogram comparing earthworm biomass (average ± SD) between worms in the different sites
[reference site (RS), revegetated material (TDF-R) and unrehabilitated material (TDF-U)] over the 28 day period.
a-c: Bars with the same letter were not statistically different from each other (p > 0.05).

On day 1, before exposure to the material, the biomass of the earthworms placed in the material did not
differ significantly (p > 0.05). Over the following weeks biomass of earthworms exposed to RS material
were notably lower (although not always statistically (p < 0.05) lower). On days 21 and 28, the TDF-U
exposed earthworms had a significantly lower (p < 0.05) average biomass than those exposed to the
control, RS and TDF-R material.
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3.4.4.2 NRR-t

Figure 3.11 shows the results of NRR-t measured weekly on the earthworms exposed to the control
medium as well as the reference site (RS), revegetated tailings material (TDF-R) and unrehabilitated
tailings material (TDF-U). The grouped data (NRR-t differences per day) was statistically evaluated
against one another within the group, and not over the whole graph.
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Figure 3. 11. Comparison of earthworm lysosomal membrane stability measured in neutral red retention time
(±SD) between control worms and worms exposed to the reference site material (RS), revegetated material (TDFR) and the unrehabilitated material (TDF-U) over the 28 day period.
a-c: Bars with the same letter were not statistically different from each other (p > 0.05).

Before exposing the worms to the different materials, NRR-t analysis was done, showing no statistically
significant difference (p > 0.05) between the worms.

They were then placed in the material and

monitored weekly. On day seven, there was already a statistically significant difference (p < 0.05)
between the worms from the control, the RS material and the TDF material. The same pattern could be
observed up to day 28 of exposure, indicating that both of the TDF materials caused stress on the
earthworms. Statistically significant differences (p < 0.05) indicated that C > RS > TDF-R = TDF-U after
seven days up until 28 days of exposure.
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3.4.4.3 Mortality

No unresponsive or missing earthworms were observed during or after the 28 days of exposure to the
different materials.

3.4.4.4 Reproduction

After the 28 days of exposure, all the adult earthworms were removed from the material; the jars were
placed back in the environmental chamber for 56 days during which the moisture levels were
maintained. After the 56 days, all the juvenile worms and cocoons were counted. These results are
shown in Figure 3.12 (average ± SD). The grouped data was statistically evaluated against one another
within the group, and not over the whole graph.
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Figure 3. 12. Reproduction patterns of the worms in each site [control, reference site (RS), revegetated material
(TDF-R) and unrehabilitated material (TDF-U)] by comparing juvenile worms, hatched cocoons, unhatched cocoons
and total cocoons that were collected from the jars after the completion of the experiment. a-d: Bars with the same
letter were not statistically different from each other (p > 0.05).

The number of juvenile worms produced were statistically higher (p < 0.05) in the control compared to
that in the other material. Statistical data indicated significant differences (p < 0.05) as follows:
C > RS > TDF-U > TDF-R. From the results it is evident that the earthworms in the control and RS
produced significantly more cocoons (p < 0.05) than those in the TDF-R and TDF-U sites.
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3.4.5. RAPD PCR analysis

The DNA from the earthworm samples that were exposed to the different tailings types were analysed in
order to determine whether there were detectable differences in RAPD profiles between the control
samples and those that were exposed to the tailings (containing heavy metals).
RAPD analyses were done on 3 worms from each of the control, RS, TDF-R and TDF-U as shown in

MW

TDF-U(12)

TDF-U(11)

TDF-U(10)

TDF-R(9)

TDF-R(8)

TDF-R(7)

RS(6)

RS(5)

RS(4)

C(3)

C(2)

C(1)

MW

Figure 3.13. The details of the bands that formed were summarized in Table 3.2.

bp

Figure 3. 13. RAPD-PCR gel of gold mine samples [worms from the control material (C), the reference site
material (RS), revegetated material (TDF-R) and unrehabilitated material (TDF-U).]. MW indicates the use of a 1kb
Molecular Weight Marker (Fermentas, USA). Numbers in parenthesis next to sample names indicate the profile
number on the gel (excluding the MW).

Table 3.2. A summary of RAPD analysis of gold mine related materials on average DNA banding profiles of
earthworms exposed to the control medium, reference site material (RS), revegetated material (TDF-R) and
unrehabilitated material (TDF-U)

Primer

Sequence

%G+C

Population

Total
Number
of Bands

Number of
Polymorphic
Bands

Bands range

OPA 16

AGC CAG CGA A

60

Control

32

7

208-931

RS

24

0

199-1194

TDF-R

22

1

199-938

TDF-U

27

2

241-1765
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Different numbers of polymorphic bands were detected in all the test sites with a total of 105 bands. In
the control samples, a total of seven polymorphic bands were detected in comparison to the zero
polymorphic bands from the RS samples, one in the TDF-R samples and two in the TDF-U samples.
The bands also differed in size ranging from 199 bp to 1765 bp. The largest band sizes were observed
in the RS and TDF-U samples while smaller band sizes were observed in the control and the TDF-R
samples.

Figure 3.14 depicts a multivariate analysis, using Statistica (v10 StatSoft, Inc., USA), on the presence or
absence table subjectively created with a 5% maximum overlap. Molecular weight, determined from the
molecular weight marker, was used as comparison method, whilst the peak heights of all the bands were

ii
I

Cluster II

Cluster I

selected as a quantitative measure in the weighted pair-group average analysis.

Figure 3.14. Dendrogram of gold mine RAPD analysis. The dendrogram can be divided into two clusters, marked
I and II. Cluster II can be further divided into two sub clusters, i and ii.

Within cluster I the controls are grouped, while in cluster II most of the samples are clustered together.
RS is scattered throughout the dendrogram, however 2 samples of RS and 2 of TDF-U are grouped
together (within sub cluster i). Two of the TDF-U samples are also grouped together within sub cluster ii
together with the remaining TDF-R sample.

45

3.5 Discussion

Tailings disposal facilities (TDFs) are environmental control structures with the purpose of providing safe
and permanent storage of mining residues (Minerals Council of Australia, 1996). Unfortunately this
purpose is not always achieved (Rossouw et al., 2010), causing them to have a negative impact on the
environment such as wildlife and bird deaths occurring as a result of interaction with the tailings (Donato
et al., 2007).

Post mining material is usually composed of material uniform in size (unlike soil), and in this case the
samples (collected from and next to the tailings dam) consisted mostly of sand-like particles, that has a
texture which causes it to have an excessive permeability (Agrawal, 1991) as well as a low water- and
nutrient- holding capacity (Ismail and Ozawa, 2007). Finer material is also very susceptible to wind
erosion which will furthermore cause dust pollution (Department of Industry Tourism and Resources,
2006), which is especially a problem when there is no vegetation cover.

It is well documented that the pH of soil is a main factor affecting the adsorption – desorption behaviour
and therefore the bioavailability of heavy metals in the soil (Wen et al., 2004). The pH was acidic in all
the material, which has been shown to not be ideal for earthworms as their chance of survival decreases
at low pH levels (Spurgeon and Hopkin, 1996; Ohno, 2001). Even though no mortality was observed
throughout the experimental period, the pH level of material may have had an effect on earthworm
reproduction as observed by Bengtsson et al. (1986). This correlates with the high reproduction success
in the neutral control medium in comparison to the lower reproduction in the acidic tailings material. A
previous study by Maboeta et al. (2007) also found an increase in earthworm reproduction with
increasing distance from a platinum TDF.

The metals chosen for this study were four of the seven (Cd, Cr, Ni, Pb, Zn, Cu, Co) environmentally
important trace elements as described in Herselman et al. (2005). Arsenic was also chosen since it is
associated with gold mine tailings. The BCF was determined by calculating the ratio of earthworm metal
concentration to material metal concentration.

In the control medium and earthworm body tissue, Cr concentration was lower than the benchmarks. In
the RS, Cr concentration of the material was 0.59 ppm, which exceeds the benchmark limit of toxicity to
earthworms. The TDF-R material was also above the Cr toxicity to earthworm level, with a concentration
of 0.49 ppm. However, no bioaccumulation of Cr took place. Cobalt results are hard to explain since no
benchmarks are available for Co in South African soils. Concentration of Co in the materials, were
higher in the TDF-U than in TDF-R. Although there was some Co bioaccumulation in the control, it was
the only medium in which Co bioaccumulation occurred.
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Nickel concentrations were low in the control and no bioaccumulation occurred. In the RS samples, Ni
was high with a concentration of 8.83 ppm. In the TDF-R material Ni was higher with 19.08 ppm.
Bioaccumulation of Pb occurred in the RS and the TDF-U samples. Arsenic bioconcentration factor was
high in the RS (82.06) but extremely high in the TDF-R (336.89), and in the TDF-U tailings (107.67).
Arsenic has been found to have a negative effect on enzymatic activity and in the studies of Wang et al.
(2011) and Fernández et al. (2005), were found that arsenic had a negative correlation with
dehydrogenase, phosphatase and urease activity.

Except for Cr and As, none of the metal concentrations in the sampled material were cause for concern
when looked at individually. It is however difficult to make conclusions due to the fact that the metals
were present in mixtures. This is said in the light of possible additive, antagonistic or synergistic effects
that metals in mixture might have on organisms (Khalil et al., 1996; Chaperon and Sauvé, 2007).

When looking at dehydrogenase, acidic- and alkaline phosphatases as well as β-glucosidase activity,
statistical data indicated that there was a significantly higher (p < 0.05) amount of microbial activity in the
RS than in the TDF-U material for these four enzymes. This might be explained by the vegetation cover
in the RS, which creates a niche environment for microorganisms to thrive in. Since acidic phosphatase
activity is mainly attributed to plant roots (Criquet et al., 2004), the significant differences between the
TDF-R and the TDF-U sites can also be explained by the fact that the TDF-R has established some
vegetation. Chemical and physical characterization have been combined with enzymatic activity results
(Antunes et al., 2011) in order to provide complementary information. In general, studies have also
shown that with an increase of metal pollution, comes a significant decrease of enzymatic activity (Lee et
al., 2009; Pereira et al., 2006; Papa et al., 2010).

From the earthworm biomass results it is evident that the tailings material had a substantial effect on the
worms as was also found in Berthelot et al. (2008) namely that metals have the potential to impair
earthworm growth, reproduction and even NRR-t times. After the 28 days of exposure, biomass of the
worms in the TDF-U material was significantly lower than biomass of worms from the other sites. A
similar effect was observed in studies of Malecki et al. (1982) and Neuhauser et al. (1984), indicating
that the body mass of earthworms decreased with an increase in metal contamination of the substrate.
This might be the reason why the worms in the TDF-U material had a lower body mass than the worms
in the RS material or those in the control medium, even though the worms were fed the same amount of
horse manure in all the treatments.

NRR-t analysis showed statistically significant (p < 0.05) changes from as early as 7 days of exposure.
The reason being that coelomocytes of the worms exposed to the tailings material, stained in half the
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time it took for coelomocytes of worms in the controls to stain (Harreus et al., 1997). NRR - times were
lower for worms exposed to unrehabilitated material than for those in control mediums.

This may be

observed as a result of metal pollution or another form of pollution as was found in a study by Booth et
al. (2005) during the evaluation of contaminated sites before and after rehabilitation. In this study, the
worms in the TDF material showed the most cellular stress by producing more stained coelomocytes in a
shorter period of time during the NRR-t assay. In a study done by Scott-Fordsmand et al. (1998) on
specifically Ni exposure (which was one of the metals with the highest content in all the material) over a
period of 4 weeks, the NRR-times also decreased with increasing Ni concentrations.

Reproduction results indicated a statistically significant (p < 0.05) difference between the amount of
juvenile worms found in all the material after the 56 days. In the control there was almost 40 worms
compared to the almost 30 in the reference material. The amount of juvenile earthworms were however
very low in the TDF-R and TDF-U materials.

Total cocoon production also showed statistically

significant (p < 0.05) differences between the different materials, with the most cocoons produced in the
control and then in the reference materials. Total juveniles and total cocoon production were sensitive
endpoints in this mine as they showed significant differences between the different sites. Due to the low
number of cocoons produced in the tailings materials, hatchling success was not a good endpoint to use
to make conclusions or recommendations. This was because with so little cocoons, it would be hard to
determine the amount of juvenile worms emerging from each cocoon.

RAPD-PCR detected genetic differences between the DNA of the control worms and the worms exposed
to the tailings material. This was observed as differences in polymorphic bands. Different numbers of
polymorphic bands were detected in all the samples (Table 3.2) with a total of 105 bands. In the control
samples, a total of seven polymorphic bands were detected in comparison to the zero polymorphic
bands from the RS samples, one in the TDF-R samples and two in the TDF-U samples. The bands also
differed in size ranging from 199bp to 1765bp. The RS and TDF-U samples produced the largest band
sizes, while smaller band sizes were observed in the control and the TDF-R samples. As demonstrated
in the dendrogram (Figure 3.14), the control samples grouped together while the mine samples were
scattered. The large polymorphic bands in the RS and TDF-U samples could be explained as genetic
variation due to genotoxic effects of the metals, since RS material was sampled in close proximity to a
road, which might have played a big role in pollution of the material.

Of the metals analysed, Cr

concentration of the RS material exceeded the benchmark limit of toxicity to earthworms while
bioaccumulation of Ni, Pb and As also took place. For this reason it is possible to assume that the RS
and TDF-U samples were most polluted, causing the most genotoxic effects.
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3.6 Conclusions

All of the samples had an acidic pH and consisted mostly of sand-like particles.

The metals Co and Ni were present at high concentrations in the material, as well as in the earthworms,
while the As concentration was high in the earthworm body tissue.

Although Pb had a high

bioconcentration factor, the bioaccumulation of As was higher than for all the other metals.
For dehydrogenase, β-glucosidase, alkaline phosphatase and Urease, enzymatic activity was higher in
RS material when compared to that in the TDF-R and the TDF-U materials. When comparing the tailings
material, enzymatic activity was higher in the TDF-R than in the TDF-U.

After 28 days of exposure, biomass was statistically lower (p < 0.05) in the TDF’s. NRR-times were very
low for the worms exposed to TDF-R and TDF-U materials. No mortality was observed over the test
period. Reproduction was higher in the RS material than in the TDF-R and TDF-U material.

RAPD-PCR analysis indicated several genetic differences between the DNA of the control worms and
the worms exposed to the tailings material. Differences in polymorphic bands may be as a result of
genotoxic effects as metals bioaccumulated in the exposed earthworms.
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CHAPTER 4: UTILIZING EARTHWORM AND MICROBIAL ASSAYS TO ASSESS THE
ENVIRONMENTAL EFFECTS OF A CHROMIUM MINE

4.1 Introduction

Soil is vital, either directly or indirectly, for plants, animals and humans to survive (Department of
Agriculture, 1999). It is however being contaminated by various activities, mining being one of the
biggest culprits. Furthermore, South Africa is the largest producer of ferrochrome as it holds about 70 %
of the total worldwide chrome reserves and produces 75 % of the ferrochrome needed by the global
industry (Mbendi Information Services, 2010). Chromium, which is produced from chromite ores, is a
vital and indispensable metal in the modern industry (Vermaak, 1986), some of its uses include the use
in ferro alloys, high temperature furnace linings, chemicals products, plating, and as coating on metals or
steels to protect against corrosion (Vermaak, 1986).
Mining operations have an undesirable impact on the environment (Chester et al., 1989), since the
industry is one of the main contributors to the deterioration of the environment in terms of land pollution
as well as water and air pollution (Godgul and Sahu, 1995). This can be seen in the increase in mining
and industrial activities in the late 19th and early 20th century, which have led to an increase in metal
pollution worldwide (Dey et al., 2007). Chromium specifically, has been found to be hazardous to fauna
and flora at elevated levels (Nriagu et al., 1988), including having detrimental effects on plant growth and
development (Shanker et al., 2005).

Ecotoxicological research done on chromium found that hexavalent chromium, Cr(VI), could have
genotoxic effects in vertebrates, including the formation of reactive oxygen species (ROS). These ROS
in turn have serious effects on the cellular system, damaging the DNA, and could therefore interrupt
cellular activity. The in vitro and in vivo exposure effects of earthworms to Cr(VI) was also examined by
Manerikar et al. (2008). The in vitro exposure was done to determine dose dependent DNA damage,
while the in vivo exposure was to determine at which concentrations of Cr(VI) DNA damage would occur
in the earthworms. Results showed that Cr(VI) affected DNA even at a low (1ppm) concentration.
These effects of Cr(VI) as observed using a comet assay in a study by Bigorgne (2010), showed that
491 mg.kg-1 was fatally toxic to 100% of individuals of the species, Eisenia fetida.

The aim of this study was to utilize earthworm assays to assess the ecotoxicity of Cr mining on the
environment.

The reasons being that earthworms are closely linked to their soil environment and

because they are able to accumulate metals from their environment into their body tissue (Lapinski and
Rosciszewska, 2008) making them ideal for the assessment of mining material and soil. Furthermore, to
utilize microbial assays, as microbial activity is an indicator of the state of the soil or mining material
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(Tabatabai, 1994). Samplings of all three materials were taken from different heaps and not from a
rehabilitated or unrehabilitated mine as such. The turf material is the material representative of the soil
in the area, and is also used as topsoil in the rehabilitation process. For this reason, it was used as the
reference soil. Pyroxenite is found in between the chromium bands and during the mining process those
two materials are separated from each other and placed on different heaps: a pyroxenite heap and a silt
heap. After mining, the quarries are filled up with the pyroxenite material and covered with topsoil. For
this reason and because silt and pyroxenite are both raw, unrehabilitated material, both will be referred
to as TDF-U. Silt will be referred to as TDF-U1 while pyroxenite will be referred to as TDF-U2.

The specific objectives included an assessment done on the material collected from the mining area.
This was done to get an indication of the state of the area while mining activity is going on, and also to
determine the current state of the chromium mining area as well as possible risks that may be present.
A further objective was to determine if earthworm biomarkers could be utilized to assess metal
contamination as well as its effects on organisms and the ecosystem with regards to chromium mining.
This was done by assessing the bioavailability of metals to be taken up by the biota (Bucheli and Fent,
1996). The bioconcentration factor (BCF), which is the ratio between the concentration of a certain
pollutant present within the tissue, of either a specific organ or the whole organism, and the
environmental concentration, is an import indicator in any ecotoxicological assessment.
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4.2 Site description

Samples were collected from different heaps of material at an opencast chrome mine in Rustenburg,
South Africa (Figure 4.1). Average rainfall of the area is 513 mm per year, mostly during midsummer
(saexplorer, 2010). Silt was collected from a heap as shown in Figure 4.2 and will from here on be
referred to as TDF-U1. Chromite occurs in a pyroxenite rock clast, where the chromite rich layers
alternate with silicate layers such as pyroxenite (Boyd and Meyer, 1979). Pyroxenite was collected from
another heap (Figure 4.3) and will be referred to as TDF-U2. Turf, which is used as topsoil in the area,
was collected from a heap next to the pyroxenite heap (Figure 4.3) and will be referred to as the
reference site (RS). Figure 4.4 shows the process of opencast mining, while the silt heap is shown in
Figure 4.5. The pyroxenite heap is shown in Figure 4.6 and the turf heap in Figure 4.7. In terms of
rehabilitation for this mine, the area is naturally rehabilitated i.e. holes are filled up with pyroxenite and
covered with turf, and then plants from the natural area are planted.

Figure 4. 1. A map of South Africa showing the Rustenburg area in the North West province (Worldmapnow,
2010).
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Figure 4. 2. The open cast chrome mining area showing the silt heap (TDF-U1) from above (Google Earth, 2010).

Figure 4. 3. The open cast chrome mining area showing the turf (RS) and pyroxenite (TDF-U2) heaps viewed from
above (Google Earth, 2010).
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Figure 4. 4. Mining activity taking place at the open cast chrome mine (Charné van Coller).

Figure 4. 5. The heap at the chrome mine where silt/unrehabilitated material (TDF-U1) samples were collected
(Charné van Coller).
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Figure 4. 6. The heap at the chrome mine where pyroxenite/unrehabilitated material (TDF-U2) samples were
collected (Charné van Coller).

Figure 4. 7. The heap at the chrome mine where turf/reference material (RS) samples were collected (Charné van
Coller).

4.3 Materials and methods

Refer to chapter 2.
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4.4 Results

4.4.1 Physical and Chemical properties
The distribution of gravel, sand, silt and clay-like particle sized material
Gravel, sand, silt and clay-like particle distribution of the different sites’ samples is shown in figure 4.8.
Particle sizes were compared between RS, TDF-U2 and TDF-U1 samples. The grouped data was
statistically evaluated against one another within the group, and not over the whole graph.
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Figure 4. 8. Particle size distribution (± SD) of the substrates and soil collected from the different areas
[turf/reference material (RS), pyroxenite/unrehabilitated material (TDF-U2) and silt/unrehabilitated material (TDFU1) of a chromium mining area.
a-c: Bars with the same letter were not statistically different from each other (p > 0.05).

RS material consisted mostly of clay-like (<2 µm) particles but also of small amounts of silt-like (20-2 µm)
and sand-like (2-0.02 mm) material. TDF-U2 consisted mostly of sand-like particles and gravel-like
particles. TDF-U1 consisted mostly of sand-like particles and small amounts of silt-like material. Figure
4.9 indicates the pH of the control, RS, TDF-U2 and TDF-U1 samples.
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Figure 4. 9. pH of the various samples collected from an open cast chromium mine including control, reference
site (RS), pyroxenite/unrehabilitated (TDF-U2) and silt/unrehabilitated (TDF-U1) material.
a-c: Bars with the same letter were not statistically different from each other (p > 0.05).

RS material had the lowest pH and all three the materials had an alkaline pH.

4.4.2. Metals

Results from earthworm tissue metal analysis compared to metal analysis on the mining material are
shown in Table 4.1. These concentrations were measured against different benchmarks in ppm.
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Table 4.1. Soil metal analysis for control, reference site material (RS), unrehabilitated pyroxenite (TDF-U2) and
unrehabilitated silt (TDF-U1) measured against the following benchmarks in ppm: Total investigation level (TIL),
total maximum threshold levels (TMT) (Herselman et al., 2005), E/W (benchmarks for earthworm toxicity), SMO
and MP (benchmark concentrations for toxicity to soil microorganisms and microbial processes, described by
Efroymson et al. 1997), as well as bioconcentration factor (BCF) (i.e. Earthworm body concentration/total soil
concentration).

Cr

Co

Ni

Pb

TIL

80

-

50
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TMT

350

-

150

100

E/W

0.4

-

200

500

SMO and
MP
Control
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TDF-U2

TDF-U1

10
Material

1000
a

90
a

0.26±0.03

0.04±0.01

A

A
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a

0.22±0.04

A

a

0.05±0.01

A

E/w

0.06±0.01
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0.23
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b

0.08±0.09

B

Material
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E/w
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BCF
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c

a

0.50±0.09

0.47±0.39

B
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5.88

0.72
b

b

0.03±0.00b

B
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B
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a-d: Statistical comparison of the control material with the material from the sites RS, TDF-U2 and TDF-U1;
A-D: Statistical comparison of the worms from the control site with the worms of sites RS, TDF-U2 and TDF-U1.
Values with the same letter in superscript were not statistically different from each other (p > 0.05).

Chromium concentration was the highest in the TDF-U1 material, but no bioaccumulation took place.
Although the Co levels were below the benchmark, bioaccumulation of Co occurred in the worms from
the control, the RS, TDF-U2 and TDF-U1. The BCF was however the highest in the TDF-U materials.
Bioaccumulation also occurred for Ni in the TDF-U1 material. No bioaccumulation occurred for the other
metals.
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4.4.3 Soil enzymatic activities

Figure 4.10 shows the enzymatic activities of five different enzymes in the samples collected from the
chromium mine. The amount of activity of each enzyme was compared between the different samples.
The grouped data for each of the enzymes was evaluated statistically against one another within the
group, and not over the whole graph.
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Figure 4. 10. Enzymatic analyses of the samples collected from different heaps at a chromium mining area,
showing microbial activity (± SD) in the substrates and soil collected from the different areas [turf/reference (RS),
pyroxenite/unrehabilitated (TDF-U2) and silt/unrehabilitated (TDF-U1) material].
a-c: Bars with the same letter were not statistically different from each other (p > 0.05).

Dehydrogenase activity differed significantly (p < 0.05) between the RS material and the TDF materials.
ß-glucosidase activity was very low in all three materials and differed significantly (p < 0.05) between the
three heaps. Alkaline phosphatase activity was highest in the RS material and differed significantly (p <
0.05) between the three material types. Acidic phosphatase activity was also highest in the RS material
and differed significantly between the RS material and the TDF materials. Urease was the enzyme with
the highest activity of all the enzymes and differed significantly between the materials from all three
heaps.
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4.4.4 Earthworm assays

The same control was used for the gold and chromium mining sites as the experiment for both mines
were done at the same time, in the same conditions and started at the same time.

4.4.4.1 Biomass

The mean (± SD) biomass of earthworms that were exposed to the control material and the mining
material is shown. The grouped data (per day) was evaluated against one another within the group, and
not over the whole graph (Figure 4.11).
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Figure 4. 11. A comparison of earthworm biomass (± SD) between worms in the different sites [control,
turf/reference (RS), pyroxenite/unrehabilitated (TDF-U2) and silt/unrehabilitated (TDF-U1) material] every week
over the 28 day period. a–c: Bars with the same letter were not statistically different from each other (p > 0.05).

The biomass of the earthworms in all three sites (RS, TDF-U1 and TDF-U2) as well as the control
worms, increased over the 28 day period. From day 7, statistically significant differences (p < 0.05)
could already be observed between the biomass of the control worms and the worms exposed to the
other materials.
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4.4.4.2 NRR-t

Figure 4.12 shows the results of NRR-t measured weekly on the earthworms. The grouped data (NRR-t
differences per day) was statistically evaluated against one another within the group, and not over the
whole graph.
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Figure 4. 12. A graph comparing earthworm lysosomal membrane stability measured in neutral red retention time
(± SD) between worms in the different sites [control, turf/reference (RS), pyroxenite/unrehabilitated (TDF-U2) and
silt/unrehabilitated (TDF-U2) material] every week over the 28 day period.
a–b: Bars with the same letter in superscript were not statistically different from each other (p > 0.05).

The results of the NRR-t analyses are given in time (minutes) it took for the coelomocytes to stain red.
Results showed a statistically significant difference (p < 0.05) between the cellular stress of the control
worms and those of the worms in the different sites. Over the periods of 28 days, the NRR-times
became lower with exposure to the contaminated materials. After seven days and also after 28 days,
statistical analysis indicated that C > RS = TDF-U1 = TDF-U2.

4.4.4.3 Mortality

No unresponsive or missing earthworms were observed during or after the 28 days of exposure.
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4.4.4.4 Reproduction

The following figure shows reproductive success by indicating average amounts of juvenile worms
produced, hatched cocoons, unhatched cocoons and total cocoons. Results are shown as averages ±
SD. The grouped data was statistically evaluated against one another within the group, and not over the
whole graph.
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Figure 4.13. Reproduction patterns of earthworms placed in mining material from a chromium mine including
turf/reference (RS), pyroxenite/unrehabilitated (TDF-U2) and silt/unrehabilitated (TDF-U2) material, compared to
earthworms in a control medium, by looking at juvenile worms and number of cocoons produced.
a-c: Bars with the same letter were not statistically different from each other (p > 0.05).

From the results it is evident that the earthworms in the control samples produced significantly (p < 0.05)
more cocoons than those in the RS and the TDF materials. The total cocoons produced did not differ
significantly (p > 0.05) between the RS, the TDF-U1 and the TDF-U2.
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4.4.5. RAPD PCR analysis

Genetic variability based on RAPD profiles were observed between the mining area exposed worms and
the control sample worms. RAPD analyses were done on 3 worms from each of the TDF-U1, TDF-U2
and RS samples (Figure 4.14).

The bands that formed were then compared to determine genetic
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RS(6)
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RS(4) No
Reaction

Control (3)

Control(2)

Control(1)

MW

adaptation of the worms to the material.

bp

Figure 4.14.

RAPD-PCR gel of chrome mine samples [including the control, turf/reference site (RS),

pyroxenite/unrehabilitated (TDF-U2) and silt/unrehabilitated (TDF-U1) material exposed earthworms].

MW

indicates the use of a 1kb Molecular Weight Marker (Fermentas, USA). Numbers in parenthesis next to sample
name indicate the lane number on the gel (excluding the MW).

A summary of the banding pattern is given in Table 4.2.
Table 4.2. A summary of RAPD analysis of chrome mine related materials on average DNA banding profiles of
exposed earthworms

Primer

Sequence

%G+C

OPA 16

AGC CAG CGA A
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Total
Number
Population
of
Bands
Control
19
RS
18
TDF-U2
22
TDF-U1
20

Number of
Polymorphic
Bands

Bands range

6
3
2
2

245-799
251-1622
247-1830
250-1219

Different numbers of polymorphic bands were detected in all the test sites, totalling 79 bands. In the
control samples, a total of six polymorphic bands were detected in comparison to the three bands in the
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RS samples and two polymorphic bands at both the TDF-U1 and TDF-U2 samples. Differences in the
size of the bands were also apparent, with sizes ranging from 245 bp to 1830 bp. Large band sizes were
observed only in the TDF samples while bands from control samples were below 800 bp. Sample RS (4)
did not achieve any amplification, as can be seen in Figure 4.14. This might have been due to several
factors, including human error (i.e. pipetting error).

These results were used to compile a weighted pair-group average dendrogram (Figure 4.15). Peak
heights were compared within the same molecular weight ranges (5%). The controls grouped together,
as was expected. All of the other samples were scattered, with some similarity between TDF-U2 and

Cluster 2

cluster 1

TDF-U1 being observed. RS samples were the furthest removed from the control samples.

Figure 4.15. Dendrogram of chrome mine RAPD analysis. The dendrogram can be divided into two clusters,
marked I and II.

Within cluster I the controls are grouped together. Two samples of each TDF-U2 and TDF-U1 are
grouped within cluster I. Within cluster II the remaining samples are grouped together.
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4.5 Discussion

The opencast mining of minerals has a serious impact on the environment, causing the destruction of
natural soils and also by the extraction of volumes of important minerals (Vega et al., 2004). The
material that is formed after the extraction of minerals is unstable with an unfavourable texture and
structure, exposing it to erosion (Michelutti and Wiseman, 1995).

Physical analysis done on the samples showed that TDF-U1 consisted mostly of sand-like particles and
silt-like particles. TDF-U2 consisted mostly of sand-like particles and gravel-like particles. Reference
material consisted mostly of clay-like particles, but also small amounts of silt-like and sand-like particles.
It is believed that soils with high clay content can have higher concentrations of most trace metals, as
opposed to those with low clay content (McBride, 1994). Some studies have found that clay content
actually influences heavy metal bioavailability in soil, for example, minimizing the toxic effects that heavy
metals could have on soil and on soil fauna (Vega et al., 2004), and affecting bioavailability and toxicity
of metals such as Zn and Cu (Owojori et al., 2009; 2010) to earthworms.

The pH of all three materials (RS, TDF-U1 and TDF-U2) was alkaline, while the pH of the horse-manure
control was neutral. Since the control medium’s pH was neutral, it could not have had any effect on the
experiment.

Bioconcentration factor (BCF) was calculated as the ratio of earthworm metal concentration to material
metal concentration (Van Gestel et al., 2010). In the control material, Cr concentrations were lower in
both the material and the earthworms than the benchmarks. The bioconcentration factor was also below
1, since the concentration of Cr was lower in the earthworms than in the material. In the RS material, Cr
concentrations were higher than in the control (3.25 ppm). The Cr concentrations were lower in the
worms (0.23 ppm), with a BCF of 0.07. The Cr concentrations in the TDF-U2 material were lower than in
the RS material (0.75 ppm in the material and 0.17 ppm in the earthworms). The BCF was 0.23. The
TDF-U1 material had a high Cr concentration (30.56 ppm). At this concentration, the material has a
negative influence on SMO (soil microbial organisms). Chrome concentrations in earthworms averaged
0.19 ppm and therefore BCF was low at 0.01.

In the control material, the mean Co concentration was 0.04 ppm.

In earthworm body tissue, Co

concentration was 0.16 ppm. This resulted in a BCF of 4. In the RS material, the BCF was higher than
in the control, being 5.88. TDF-U2 and TDF-U1 had a high BCF of 30.5 and 11.5 respectively. Since
there are no South African benchmarks available for Co concentrations in soil, it is problematic to
interpret this data. According to the benchmark that is available and described by Efroymson et al.
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(1997) a Co concentration of 1000 ppm can be considered toxic to SMO and MP.

Thus, the Co

concentrations in RS, TDF-U2 and TDF-U1 samples are considered non-toxic to microorganisms.

In both the control medium and earthworm body tissue, Ni was observed in low concentrations. The
BCF was less than 1.00, implying that Ni did not bio-accumulate in the control medium (Falusi and
Olanipekun, 2007). In the RS material, the concentration of Ni was higher, but still below benchmarks
and a BCF of less than 1.00. In the TDF-U2 material the BCF was 0.89, and in the TDF-U1 samples, Ni
bio-accumulated, as the earthworms had a BCF of 1.62

In all the studied materials (RS, TDF-U2, TDF-U1) the Pb concentrations were lower in the material than
in the control, as well as lower in the earthworm body tissues than in the control worms’ body tissue.
Therefore, Pb did not bio-accumulate.

With regards to enzyme activity, dehydrogenase activity differed significantly (p < 0.05) between the RS
material and the TDF materials. Activity of β-glucosidase was very low in all three materials, and differed
significantly (p < 0.05) between the three tested sites. Alkaline phosphatase was highest in the RS
material, and differed significantly between the three materials, while acidic phosphatase activity was
also highest in the RS material and differed significantly between RS and TDF materials. Urease was
the enzyme with the highest activity of all the enzymes and differed significantly between materials from
all three heaps.

The overall enzymatic activity between the different sites as indicated by alkaline

phosphatase, urease and β-glucosidase statistically indicated that RS > TDF-U2 > TDF-U1. The RS
samples had overall the highest enzymatic activity, and therefore high levels of microbial activity (Alef &
Nannipieri, 1995). The RS is a representative material of the natural soil in the area surrounding the
mining site and is consequently used as topsoil in the mine’s rehabilitation process. The low enzymatic
activity and therefore low microbial activity in the TDF-U1 material correlated with previous studies (Rath
et al., 2010; Huang et al., 2009) which found a negative correlation between the soil microbial population
and metal concentration. The TDF-U1 and TDF-U2 materials had significantly lower enzymatic activity
as opposed to RS. This could be due to the possibility that RS had a larger surface, being mainly a claylike material type. It could also be due to the higher water retention capabilities of the RS material. Both
TDF-U1 and TDF-U2 were mostly sand-like particles, which decreases water retention capability,
therefore leading to a lower overall humidity and water fraction available to microorganisms.

Earthworm biomass as monitored on a weekly basis was the highest in the control group. This assay
was however not a sensitive endpoint for worms exposed the specific mine.
Results showed a statistically significant difference (p < 0.05) between the cellular stress of the control
worms and those of the worms in the different sites, as was also found in Van Gestel et al. (2009) and
Hankard et al. (2004). From day seven, NRR-t analysis showed no statistically significant difference (p >
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0.05) between the RS, TDF-U2 and TDF-U1 material. The time noted (in minutes) indicates how long
the coelomocytes took to stain red, hence how much the cell walls have been destabilized by a stress
response such as heavy metal contamination, therefore explaining why longer exposure time caused
more cell damage (Van Gestel et al., 2009).

Various factors such as soil pH, organic matter, soil texture and pollution have an effect on the
abundance of earthworms in the soil (Tu et al., 2011) and may cause earthworms to either escape out of
the material or to die. Among the earthworms placed in all of the site samples of the chrome mining
area, however, no mortality was noted throughout the 28 day test period.

Reproduction results also could not explain the different effects of the three different sampled materials
as results showed no significant differences (p > 0.05) between the RS, TDF-U2 and TDF-U1 test
groups.

Cocoon production and -hatching were both very high in the horse manure control, but

extremely low in the samples collected from the mining area. These results did show a substantial
difference between the control and the mine samples, but since there are so little cocoons and juveniles
in all the sites, it is hard to interpret the data. Because of the low cocoon production, determining
reproductive success would give unreliable results and is therefore not a sensitive or reliable endpoint to
be used for discussion or recommendation purposes.

RAPD-PCR detected genetic differences between the DNA of the control worms and the worms exposed
to the tailings material since different numbers of polymorphic bands were detected in all the test sites,
comprising 79 bands in total. In the control samples, a total of six polymorphic bands were detected in
comparison to the three bands in the RS samples and two polymorphic bands at both the TDF-U1 as
well as TDF-U2 samples. Differences in the range of the bands were also apparent, with sizes ranging
from 245 bp to 1830 bp. The TDF samples exhibited large band sizes while bands from control samples
were below 800 bp. It cannot be claimed with certainty whether the bands were due to genetic variation
among the earthworm representatives or whether it was due to genotoxic effects of metals on the
worms. However, due to several definitive polymorphic regions which could be observed in the OPA
primer optimization procedure (Figure 2.2), but were absent from the chrome mine earthworm samples
(Figure 4.14), this could be an indication of possible genotoxic effects within the individuals.

It is

possible that the high Co BCF in RS samples as well as TDF-U2 and TDF-U1 samples had a genotoxic
effect on the DNA (De Boeck et al., 2003; Figgitt et al., 2010).
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4.6 Conclusions

From the results obtained in the study, the following conclusions could be made:

The pH levels of the RS, TDF-U2 and TDF-U1 materials were alkaline. TDF-U2 and TDF-U1 consisted
mostly of sand-like particles while RS consisted mostly of clay-like particles.

Metal bioaccumulation (BCF higher than 1) was observed for the metals Co in all the materials and for Ni
in the TDF-U1 material, although metal contents of worms and materials were below the benchmark
levels.

RS samples had very high enzymatic activity while lower enzymatic activity was observed in TDF-U2
and TDF-U1 samples. Urease activity was highest of all the enzymes.

Earthworm biomass was highest in the control medium although it was not considered as a sensitive
endpoint.

NRR-t showed the same pattern from day seven up to day 28, making it a sensitive parameter for the
worms placed in material from the chrome mine.

Reproduction in terms of hatching success was not considered a sensitive endpoint because of the low
cocoon production.

RAPD-PCR analysis indicated several genetic differences between the control- and the chrome mine
earthworms, indicating either DNA alterations as a result of possible genotoxic effects, or possibly a
genetic variation between individuals of the same species.
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CHAPTER 5: UTILIZING EARTHWORM AND MICROBIAL ASSAYS TO ASSESS THE
ENVIRONMENTAL EFFECTS OF A COAL MINE

5.1 Introduction

Mining is South Africa’s largest industry and in 2009 the industry employed 556 000 of the economically
active population of South Africa. Of these individuals, 12% (66 720) work within the coal industry
(MQA, 2009).

On an international scale, coal is the most extensively used primary fuel, and accounts for about 36% of
the total fuel consumption of the world’s electricity production (Department of Minerals and Energy,
South Africa, 2010). South Africa’s mineral industry, which is largely supported by gold, diamond, coal
and platinum group metals production, has made a significant contribution to the national economy over
the past century (De Wit, 2002). In terms of consumption, South Africa is dependent on coal for about
88 % of its total primary energy (Anon, 2010). While coal contributes largely to worldwide energy
generation, its environmental impact cannot be ignored.

The impact it has on the environment varies in severity depending on certain factors such as whether the
mine is active or not, the mining methods used, and the geological conditions (Bell et al., 2001). In the
process of surface coal mining for example, material has to be removed in order to gain access to the
coal resource, including topsoil, overburden and waste rock. The estimated land surface area that is
disturbed by coal mining is about four hectares for every million tons of coal extracted by opencast
mining (Ghosh, 1990). Slope failure, erosion, potential leaching of contaminants into ground water and
air pollution are some of the impacts that mining wastes may have on the environment (Bian et al.,
2010). Through the process of coal mining, large quantities of metal-rich industrial solid wastes have
been excavated from the underground to the surface of the earth. When natural weathering occurs, it
may cause the exposed coal mine spoils to break down into small particles that can be released into the
environment (Haigh, 1992).

Over the course of the past four decades, an increase in the number of publications on finding a proper
approach of assessing both the potential and actual impacts of metals in mining wastes has been
observed (Dang et al., 2002). Several metals have been associated with coal mining activities, including
Zn, Pb, Fe, Cu (Dang et al., 2002), Ti, Mn, As, Rb, Sr, Nb and Zr (Bhuiyan et al., 2010). Most of these
elements can be linked to genotoxic effects in various different species.
DNA damage was observed in studies performed on insectivore bats (Zocche et al., 2010), wild rodents
(León et al., 2007) and even humans (León-Mejía et al., 2011), all living near open coal mining areas.
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Acid mine drainage (AMD) is another problem associated with coal mining (World Coal Association,
2010), and is caused by the oxidation of sulphide minerals, and then the migration of these oxidation
products into solution (Pinetown et al., 2007). Acid mine drainage is partly the result of a microbial by
process, with Bacillus ferroxidans being the main culprit. The Loskop Dam and Olifants River Catchment
(in Mpumalanga, South Africa) was recently the focus of the national media’s attention regarding the
severe pollution seen in the area (Manders et al., 2009). This followed after crocodiles started dying off
in large numbers in the area, which has been a coal mining area since the 1890’s (Cameron, 2009).

Ecotoxicological research of coal include research on an abandoned coal strip-mine where fish
biomarkers were used to evaluate acute to semi-chronic heavy metal-induced toxicity in channel catfish
(Martin and Black, 1998). Biomarkers are the measurements of organismal or physiological changes in
cells or tissue or fluids, which then serve as indicators of environmental contamination (Theodorakis et
al., 1992). A wide variety of soil organisms such as earthworms, mollusks and even microorganisms can
also be used for ecotoxicological research (Van Straalen and Van Gestel, 1993; Van Gestel and Van
Straalen, 1994; Løkke and Van Gestel, 1998; Cortet et al., 1999; Oehlmann and Schulte-Oehlmann,
2003).

Based on the above mentioned information, the aim of this study was to utilize earthworm assays to
assess the effects of coal mining activities on the surrounding environment. Earthworms were used
because of their close relationship to soil and their ability to accumulate heavy metals from their
environment into their body tissue (Lapinski and Rosciszewska, 2008), which makes them ideal for the
assessment of mining material and soil. A secondary aim was to utilize microbial assays since microbial
activity is an indicator of the state of the soil or mining material (Tabatabai, 1994).

The specific

objectives included an assessment done on material collected from a rehabilitated area (TDF-R), an
unrehabilitated area (TDF-U), and then also from an undisturbed natural area close by (RS), to
determine the current state of the coal mine area and also possible risks that may be present. A further
objective was to assess if earthworm biomarkers could be utilized to assess metal contamination as well
as its effects on organisms and the ecosystem with regards to coal mining.

This is to verify the

bioavailability and bioaccumulation of metals in the biota (Bucheli and Fent, 1996). The purpose for
collecting and analysing material from these three sites were firstly to get an indication of the state of the
mining area and secondly to compare both the TDF-U and the TDF-R material to the RS material which
is representative of the natural state of the specific environment. These three sites together would then
give an indication of the state of the area.
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5.2 Site description

Samples were collected from a coal mine in Middelburg (Mpumalanga), South Africa (Figures 5.1 and
5.2) with an average rainfall of 572 mm per year, during summer (saexplorer, 2010). Unrehabilitated
(TDF-U) material was collected from an area as shown in Figure 5.3; rehabilitated material (TDF-R) was
collected from another area (Figure 5.4), and material from a reference site (RS) was collected from an
area (Figure 5.5) in close proximity to the TDF-R area.

Figure 5.1. A map of South Africa showing the Middelburg area in the Mpumalanga province (Nationsonline,
2010).

81

Figure 5. 2. The coal mining area in Middelburg from an aerial view (Google Earth, 2010).

Figure 5. 3. The area at the coal mine where unrehabilitated material (TDF-U) was sampled (Charné van Coller).
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Figure 5. 4. The area at the coal mine where rehabilitated material (TDF-R) was sampled (Charné van Coller).

Figure 5. 5. The undisturbed part next to the coal mining area used as reference soil (RS) (Charné van Coller).

5.3 Materials and methods
Refer to chapter 2.
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5.4 Results

5.4.1 Physical and Chemical properties

Gravel-, sand-, silt- and clay-like particle distribution of the different sites (RS, TDF-R and TDF-U) of the
mining area is shown in Figure 5.6. Averages were used to construct the graph. The grouped data was
statistically evaluated against one another within the group, and not over the whole graph.
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Figure 5. 6. Particle size distribution (± SD) of the material collected from the different areas [Reference site
material (RS), unrehabilitated material (TDF-U) and rehabilitated material (TDF-R)] of a coal mining area.
a-c: Bars with the same letter were not statistically different from each other (p > 0.05).

The materials from all three sites (RS, TDF-R and TDF-U) consisted mostly of sand-like particles
(<2mm). Reference site material also consisted of some gravel-like (>2mm) particles and very little siltand clay-like particles. Material from the TDF-R site consisted 90% out of sand-like particles while the
other 10 % was made up of gravel-like, silt-like and clay-like particles.

The TDF-U material also

consisted mostly of sand-like particles with some gravel-like particles and very small amounts of silt- and
clay-like particles. The pH of the materials were also measured and compared in Figure 5.7.
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Figure 5. 7. pH of the control and the sampled material from the three coal mine sites [reference material (RS),
rehabilitated material (TDF-R) and unrehabilitated material (TDF-U)].
a-c: Bars with the same letter were not statistically different from each other (p > 0.05).

The pH differed significantly (p < 0.05) between the materials. It was acidic in the reference site, neutral
to alkaline in the TDF-R material and neutral to acidic in the TDF-U material.

5.4.2. Metals

Results from earthworm tissue metal analysis compared to metal analysis on the mining material and
soil are shown in Table 5.1.

These concentrations were measured against different benchmarks.

Earthworm body concentration over total soil concentration was calculated to determine the
bioconcentration factor (BCF).
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Table 5.1. Soil metal analysis for the control, reference site material (RS), rehabilitated material (TDF-R) and
unrehabilitated material (TDF-U), measured against the following benchmarks in ppm: Total investigation level (TIL)
(Herselman et al., 2005), total maximum threshold levels (TMT) (Herselman et al., 2005), E/W (benchmarks for
earthworm toxicity), SMO and MP (benchmark concentrations for toxicity to soil microorganisms and microbial
processes, described by Efroymson et al. 1997).

The bioconcentration factor (BCF) (i.e. Earthworm body

concentration/total soil concentration) was also determined.

Cr

Co

Ni

Pb

TIL

80

-

50

56

TMT

350

-

150

100

E/W

0.4

-

200

500

SMO and MP

10

Control

RS

TDF-R

TDF-U

Material

1000
a

90
a

0.26±0.03

0.04±0.01

A

A

900
a

0.22±0.04

A

E/w

0.06±0.01

0.16±0.02

0.08±0.02

BCF

0.23

4.00

0.36
c

a

0.05±0.01

A

0.03±0.02
0.60

Material

c

235±11.46

30.83±1.44

89.92±0.63

55.83±11.27c

E/w

0.19±0.08B

1.39±0.30B

0.22±0.07B

0.12±0.04B

BCF

0.00

0.05

0.00

0.00

d

b

d

Material

303.33±11.81

10.56±0.40

35.33±4.02

21.33±0.80b

E/w

0.15±0.07C

1.60±0.84B

0.21±0.05B

0.06±0.05A

BCF

0.00

0.15

0.01

0.00

b

d

b

c

Material

205.83±6.29

47.67±1.01

85.67±7.84

65.17±3.30d

E/w

0.08±0.03D

1.57±0.42B

0.36±0.25B

0.06±0.04A

BCF

0.00

0.03

0.00

0.00

a-d: Statistical comparison of the control material with the material from the sites N, R and O;
A-D: Statistical comparison of the worms from the control site with the worms of sites N, R and O.
Values with the same letter in superscript were not statistically different from each other (p > 0.05).

All the metals were elevated in concentration. For Cr, the TIL value is 80 ppm. Chrome levels were 235
ppm in the RS material, 303 ppm in the TDF-R material and 205 ppm in the TDF-U material. The Cr
concentrations were below the benchmarks for toxicity to earthworms. The lack of benchmarks for Co is
problematic for the interpretation of the concentrations. Cobalt did however bioaccumulate in the control
worms. For Ni, the TIL value is 50 ppm. The RS material was high above that with 89.92 ppm, and also
very high in the TDF-U material with 85.67 ppm. Nickel concentrations were low in the earthworm body
tissue and the metal did not bioaccumulate. For Pb, the TIL value is 56 ppm. In the RS material it was
55.83 ppm and in the TDF-U material it was 65.17 ppm. Earthworm body tissue contained very low
concentrations of Pb and this metal also did not bioaccumulate.
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5.4.3 Soil enzymatic activities

Figure 5.8 shows the enzymatic activities of five different enzymes in the samples collected from a coal
mining area. The amount of activity of each enzyme was statistically compared between the different
samples.
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Figure 5. 8. Enzymatic analyses of the samples collected from the coal mining area, showing microbial activity (±
SD) in the substrates and soil collected from the reference site (RS), rehabilitated site (TDF-R) and the
unrehabilitated site (TDF-U).
a-c: Bars with the same letter were not statistically different from each other (p > 0.05).

The activity of all five enzymes was very high in the RS material and also high in the TDF-R material.
There was a statistically significant (p < 0.05) difference between the TDF-R material (which had
established soil fauna and flora) and the TDF-U material. Acidic phosphatase activity was the highest of
all the enzymes. This enzyme is associated with plant roots (Krämer and Green, 2000), thus explaining
why it would have such high activity in the RS material and the TDF-R material against the very low
activity in the TDF-U material.

Overall enzymatic activity showed statistically significant (p < 0.05)

differences as RS > TDF-R > TDF-U.
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5.4.4 Earthworm assays

5.4.4.1 Biomass

The mean (± SD) biomass of earthworms that were exposed to the control material and the mining
material are shown. The grouped data (per day) was evaluated against one another within the group,
and not over the whole graph (Figure 5.9).
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Figure 5. 9. Comparison of earthworm biomass (g) averages (± SD) between worms from the control material, the
reference site material (RS), rehabilitated material (TDF-R) and unrehabilitated material (TDF-U) every week over
the 28 day period.
a – c: Bars with the same letter were not statistically different from each other (p > 0.05).

Biomass of the earthworms placed in the different samples, started differing from day 7. After 28 days of
exposure, the biomass of the earthworms from the TDF-U material were significantly lower (p < 0.05)
than that of the worms from the other materials. In these materials, biomass was a sensitive parameter
of contamination effects.
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5.4.4.2 NRR-t

Figure 5.10 shows the results of NRR-t measured weekly on the earthworms: The grouped data (NRR-t
differences per day) was statistically evaluated against one another within the group, and not over the
whole graph.
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Figure 5. 10. A histogram comparing earthworm lysosomal membrane stability measured in neutral red retention
time (± SD) between worms in the control, reference material (RS), rehabilitated material (TDF-R) and
unrehabilitated material (TDF-U) every week over the 28 day period.
a–d: Bars with the same letter were not statistically different from each other (p > 0.05).

Results showed a statistically significant (p < 0.05) difference between the control worms and those of
the worms in the different sites, after seven days of exposure.

It furthermore showed that the

earthworms placed in the TDF-U samples experienced more cellular stress than the worms placed in the
other samples. There was a statistically significant (p < 0.05) difference between the NRR-times of the
worms in the RS material and those in the TDF-R material, as well as between the worms in the TDF-R
material and those in the TDF-U material.

5.4.4.3 Mortality

Mortality was noted after three weeks, with a total mortality of three worms in the rehabilitated samples
and one worm in the unrehabilitated samples. This has an effect on interpretation of the earthworm
biomass assay, as biomass was measured of all the worms and the average used in the data, therefore
giving unreliable results.
89

5.4.4.4 Reproduction

Figure 5.11 shows reproductive success by indicating the production of juvenile worms, hatched
cocoons and unhatched cocoons.

Results are shown as averages ± SD.

The grouped data was

statistically evaluated against one another within the group, and not over the whole graph.
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Figure 5. 11. Reproduction of the worms observed in the control, reference material (RS), rehabilitated material
(TDF-R) and unrehabilitated material (TDF-U) samples, by comparing juvenile worms, hatched cocoons, unhatched
cocoons and total cocoons after the completion of the experiment.
a-d: Bars with the same letter were not statistically different from each other (p > 0.05).

From the results it is evident that the earthworms in the control material produced significantly (p < 0.05)
more cocoons than those in the RS, TDF-R and TDF-U materials. Worms in the TDF-R produced more
cocoons than those in the other materials.
5.4.5. RAPD PCR analysis

Random Amplified Polymorphic DNA Analyses was done on three control worms and on 3 worms from
each of the TDF-U, TDF-R and RS samples (Figure 5.12). The bands that formed were then compared
between the different samples and summarized in Table 5.2.
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Figure 5. 12. RAPD-PCR gel of coal mine samples [worms exposed to the control (C), reference material (RS),
rehabilitated material (TDF-R) and unrehabilitated material (TDF-U). MW indicates the use of a 1kb Molecular
Weight Marker (Fermentas, USA). Numbers in parenthesis next to sample name indicate the sample number.

Table 5.2. A summary of RAPD analysis of coal mine related materials on average DNA banding profiles of
exposed earthworms

Primer

Sequence

%G+C

OPA 16

AGC CAG CGA A

60

Total
Number
Population
of
Bands
Control
19
RS
18
TDF-U2
22
TDF-U1
20

Number of
Polymorphic
Bands

Bands range

3
4
3
2

99-681
92-707
102-570
91-583

Polymorphic bands were detected in the samples with a total of 79 bands. In the control and TDF-U2
samples, three polymorphic bands were detected. In the RS four polymorphic bands were detected and
in the TDF-U1 samples, two polymorphic bands were detected. The band sizes ranged from 91bp to
707bp. Larger band sizes were observed in the control and RS samples than in the TDF-U samples.
Sample TDF-R (2) did not undergo any amplification, as can be seen in Figure 5.12. This might have
been due to various factors, including human error (i.e. pipetting error).

These results, together with a presence-absence table with peak heights, were used to compile a
weighted pair-group average dendrogram, Figure 5.13. Peak heights were compared within the same
molecular weight ranges (5%).
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cluster I
iI

cluster

cluster III

Figure 5. 13. Dendrogram of coal mine RAPD analysis. The dendrogram can be divided into three clusters,
marked I, II and III.

The results obtained from Figure 5.13 indicated a scattered linkage between the samples, with the
exception of RS samples which grouped together. Furthermore, the controls did not group together but
were distributed throughout the three clusters.
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5.5 Discussion

During the process of open-cast coal mining, massive disturbance is caused on the ecosystems since
large amounts of spoil material covering the coal layers are mined and dumped on spoil heaps (Baldrian
et al., 2008). This affects everything from microorganisms to structure of the material. Physical and
chemical analyses showed that all the material collected from the mining site consisted mostly of sandlike (< 2mm) particles. Reference soil had a pH of 4.4, while TDF-R had a pH of 7.45 and TDF-U a pH of
6.83. The pH levels have the potential to influence both metal solubility and speciation. Studies have
found that metal accumulation in earthworms were in some cases influenced by pH (Van Nostrand et al.,
2005; Spurgeon et al., 2006)

Bioavailability is the proportion of total metals that are available for incorporation into biota. Measuring
the total metal concentration does not necessarily correspond with measuring the metal bioavailability
within a soil. The control had a low concentration of Cr in both the material and the earthworms. The
BCF was also below 1, indicating that there was no bioaccumulation of Cr. In the RS material, Cr was
very high and even exceeded the South African TI (total investigation) level. The concentration is also
not far under the TMT benchmark, which is the concentration at which the material would be considered
to be contaminated. The BCF however, was lower than 1. Cr concentration in the TDF-R material was
very high, and also between the TIL and TMT benchmarks for South African soils. No bioaccumulation
took place however. In TDF-U samples, Cr concentrations were lower than in the TDF-R and RS
material, although it still exceeded the TIL benchmark. Chrome concentrations in the earthworms were
low and no bioaccumulation took place. The 3 sites (RS, TDF-R and TDF-U) exceeded the SMO and
MP benchmarks, indicating all these materials had a highly negative influence on the microorganisms.
This correlates with the enzymatic activity data indicating a statistical difference (p < 0.05) between the
control and the TDF materials.

Cobalt concentrations in the control medium as well as in the earthworm body tissue were low.
Bioaccumulation did however take place, giving a BCF of four in the control. In the RS material, Co
concentration was high, with a value of 30.8 ppm being observed. It was however low in the earthworm
body tissue, therefore giving a very low BCF of 0.05, indicating that no bioaccumulation took place. The
TDF-R material had a Co concentration of 10.56, while earthworm body tissue had 1.6 ppm Co. on
average. The BCF was below 1. Cobalt concentrations were high in the TDF-U site with an average
47.67 ppm in the material. No bioaccumulation took place though. Interpretation of Co is however very
difficult due to the lack of South African benchmarks.

Nickel concentrations were very low in the control medium and earthworm body tissue, giving a low BCF,
and indicating that no bioaccumulation took place.
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In RS material samples however, very high

concentrations of Ni were observed, both exceeding the TIL benchmark, as well as reaching the SMO
and MP benchmarks of toxicity to microorganisms. No bioaccumulation took place though. Although Ni
concentration was high in both the TDF-R and TDF-U materials, exceeding the TIL benchmark in TDF-U
material, bioaccumulation did not occur within the organisms. The SMO and MP benchmark was almost
reached within the TDF-U samples, indicating a negative impact on the microorganisms present in this
medium.

Lead concentrations were very low in the control. In RS material, a concentration of 55.83 ppm was
observed, almost exceeding the TIL benchmark.

No bioaccumulation took place in RS samples

however. TDF-U material exceeded the benchmark for TIL, and TDF-R was also on the higher side with
21.33 ppm being observed. No bioaccumulation took place in either the TDF-R or TDF-U material.

As discussed earlier, soil enzymes are mainly produced by plants and soil microorganisms, making them
useful indicators of soil degradation and contamination (Tabatabai, 1994). Enzymatic activity of all five
enzymes differed significantly between the three materials (RS, TDF-R and TDF-U). Dehydrogenase, βglucosidase, acidic phosphatase and also urease indicated a statistical difference (p < 0.05) of RS >
TDF-R > TDF-U among the sites. Activity of the enzymes was the lowest in the TDF-U material, and
high in the RS and TDF-R materials. The high phosphatase activity in the RS material and in the TDF-R
material can be explained by the lush flora that has been established in the areas, since acidic
phosphatase is associated with plant roots (Kramër and Green, 2000).

Earthworm biomass was monitored weekly. After seven days of exposure and again after 28 days the
statistical differences (p < 0.05) were similar. Biomass of the earthworms exposed to TDF-U material
was statistically lower than that of the worms exposed to the control, RS and TDF-R materials. Biomass
was a sensitive parameter in the coal mine exposed earthworms, showing early differences between the
worms from the different sites (RS, TDF-R and TDF-U).

The biomass results correlated with enzymatic activity results, as TDF-U gave negative results at both
endpoints. In terms of differences between the TDF-R and the TDF-U materials, there was a statistically
significant difference (p < 0.05) between the two materials in both biomass and enzymatic activity.

NRR-t analysis gives an indication of cellular stress and is measured in time it takes for a cell
destabilized by a stress response to stain (Moore, 1980). Lower NRR-times indicate that there is higher
lysosomal damage (Rocco et al., 2011). The NRR-t data indicated a negative effect of the TDF-U
material on the earthworms, as the time it took for coelomocytes to stain red decreased from day 7 right
up to day 28. There were statistically significant (p < 0.05) differences between NRR-times observed
among the worms from the control, RS, TDF-R and TDF-U materials.
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Reproduction of the earthworms placed in the coal mine material showed significant (p < 0.05)
differences between the different materials. The amount of juvenile worms was actually higher in the
TDF materials than in the RS material. Total cocoons produced were highest in the control and in the
TDF-R material.

For this mine, reproduction was a sensitive endpoint as it showed noticeable

differences between the materials.

Mortality was observed in the TDF-R (3 individuals of a total of 30) and in the TDF-U material (1
individual out of 30). This gives an indication of the negative effect of the material on soil fauna.

RAPD profiles for coal mine samples were distributed throughout the three clusters (fig 5.13). A possible
reason for this might be that little genetic variation existed between the sites. This is supported by a
similar number of polymorphic bands that showed little variation between the samples (Fig 5.12, Table
5.2).
5.6 Conclusions

From the results obtained, the following conclusions were made:
RS material had a pH of 4.4, while TDF-R and TDF-U had neutral pH values (7.45 and 6.83
respectively).

All three sites consisted mostly of sand-like particles.

RS, TDF-R and TDF-U exceeded the Cr benchmark for toxicity to microorganisms, while RS and TDF-U
exceeded TIL benchmark for Ni. RS also reached the SMO and MP benchmarks for Ni.

TDF-U

exceeded the TIL benchmark for Pb.

Enzymatic activity was high in both the RS and TDF-R materials, and low in TDF-U material.

Biomass can be correlated with enzymes, which in turn can be correlated with the NRR-t. Thus both
biomass and NRR-t were sensitive endpoints. In terms of reproduction, hatching success was however
not a reliable endpoint, due to the low cocoon production.

Mortality was observed in the TDF-R (3 individuals of a total of 30) and in the TDF-U material (1
individual out of 30).

In terms of RAPD PCR results, little variation is observed in number of polymorphic bands between the
samples, possibly explaining why samples clustered together.
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CHAPTER 6: GENERAL DISCUSSION AND CONCLUDING REMARKS

Unlike soil, post mining material is composed of only one sized particles. Our samples, if looked at as a
whole, were mostly composed of sand-like particles. This is mainly due to the mining activity in the
surrounding areas. The finer texture of the samples makes them excessively permeable and susceptible
to wind which may lead to dust pollution. The pH of material has an effect on bioavailability of metals
and may even have a negative effect on earthworm reproduction which is why reproduction was higher
in e.g. the neutral reference soil than the acidic tailings material.

Four of the seven (Cd, Cr, Ni, Pb, Zn, Cu, Co) environmentally important trace elements were chosen for
this study. Arsenic was also added in chapter 3 because it is associated with gold mine tailings. In the
gold mine tailings material Co and Ni were present at high concentrations in the material, as well as in
the earthworms, while Pb had a high bioconcentration factor.

In the chrome mine material, metal

bioaccumulation (BCF higher than 1) was observed for Co in all the materials.
bioaccumulated in the TDF-U1 material.
benchmark levels.

Nickel also

Metal contents of worms and materials were below the

In the coal mine, material from the RS, TDF-R and TDF-U exceeded the Cr

benchmark for toxicity to microorganisms, while RS and TDF-U exceeded the TIL benchmark for Ni. RS
also reached the SMO and MP benchmarks for Ni while TDF-U exceeded the TIL benchmark for Pb.
The fact that soils contaminated with mine waste often contain complex mixtures of metals that might be
toxic on their own or in combination with other factors, makes it difficult to attribute any observed
genotoxic effect to the specific metal.

For future studies I recommend analysing all of the

environmentally important metals mentioned above, to draw better conclusions regarding the metals
present in the materials. Since the metals were combined in a mixture in the material, a possibility for
future studies would also be to measure the metal concentrations in the materials, then take control
material and spike it with that concentration of metal and run the same experiment. By doing that,
factors such as pH and particle size of the material as well as other metals will not have an influence on
the results. In this way, clear results of the effect of each factor can be obtained.

Measuring enzymatic activity, gives an indication of microbial activity. Different enzymes are associated
with different factors e.g., dehydrogenase indicating viable organisms, phosphatase and urease being
associated with bacteria or fungi, β-glucosidase commonly found in animals, plants and microorganisms.
In comparing different materials, enzymatic activity is a very sensitive parameter since it gives an
indication of the quality of the material. With the comparison of materials from all three mines with each
other, the reference materials had the highest enzymatic activity every time. In the material collected
from areas where rehabilitation or revegetation took place, enzymatic activity was also higher.
Specifically acidic phosphatase activity, which is associated with plant roots, was high in these flora
covered materials. In the unrehabilitated samples from all the mines, enzymatic activity was the lowest
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of all the samples. For future studies I would recommend again measuring enzymatic activity after the
worms are removed from the material at the end of the experiment, in order to also get an indication of
the effect of the worms on the material.

Earthworm biomass was monitored each week and differences were observed between the earthworms
from each site. The earthworms from the control medium experienced an increase in biomass over the
course of the experiment. The worms placed in the reference materials showed better results in terms of
biomass than the worms placed in the TDF-U materials. This occurred even though all the worms were
given the same amount of manure and distilled water every week. There may be a few reasons for the
low biomass increases (or no increases) in the unrehabilitated material. Metal accumulation may have
had an effect. The biomass data correlates with the enzymatic activity data, indicating the difference
between reference material and unrehabilitated material.

Although biomass was not a sensitive

parameter for the worms exposed to the gold mine tailings dam from chapter 3, or the worms exposed to
the chrome mine from chapter 4, it was a sensitive parameter in the coal mine exposed earthworms,
showing early differences between the worms from the different sites (RS, TDF-R and TDF-U).

Neutral red retention time is a very sensitive endpoint for ecotoxicological studies as was observed in
this study. The assay indicates cellular stress and is measured in time it takes for a cell to stain as a
result of destabilization by a stress response. These times differed significantly between the different
sites and correlated with data from the previous discussed results indicating that TDF-U materials had
the most negative effect on the earthworms and therefore on the environment. Different stressors may
have had an influence, such as metal pollution or other forms of pollution. The pH may also have been
involved in causing a stress response in the acidic materials.

In material from all three mines,

differences in NRR-times could be observed from as early as seven days of exposure to the material.
The control worms stayed at the same time to stain over the 28 days of the experiment and did not show
a significant decrease in time for coelomocytes to stain. The RS material worms did however experience
a decrease in time of coelomocytes to stain from day seven up to day 28. The worms that were mostly
affected were the ones placed in the unrehabilitated materials, showing significant decreases in time for
coelomocytes to stain every week.

Reproduction results indicated a statistically significant (p < 0.05) difference between the number of
juvenile worms found in the control and the sampled material after the 56 days. The total cocoon
production also showed statistically significant (p < 0.05) differences between the different materials, with
the most cocoons produced in the control. For these reasons, total cocoon production and total juveniles
were sensitive endpoints in all three mines. Reproductive success however is not as reliable, especially
if so little cocoons are hatched. For this reason reproductive success was not a sensitive endpoint for
the purpose of making conclusions or recommendations. In future studies I recommend placing each
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cocoon in a plate on its own (still containing material and manure) over the 56 days in order to determine
the number of juveniles emerging from each cocoon and to avoid missing any cocoons or juveniles in a
big jar.

RAPD-PCR results indicated genetic differences between the DNA of the control worms and the worms
exposed to the tailings material, observed as differences in polymorphic bands. Differences in the range
of the bands were also visible, with band sizes differing between the different samples. This might be
explained by either genetic variation among the earthworm representatives, or by genotoxic effects of
metals on the worms. For future studies these bands could be cut out and sequenced to obtain more
detailed conclusions. RAPD-PCR analysis could also be done again, but with more primers and a larger
group of individuals. This will result in a statistically more sound method of applying RAPD technology to
the field of ecotoxicology. The problem with individuals of the same species not having exactly the same
DNA sequence can be overcome by using a non-lethal method of obtaining earthworm DNA, both before
and after treatments.
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