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Executive Summary 

Acid Mine Drainage (AMD) is a low pH solution with increased levels of salts and heavy metals, and 

occasionally even high levels of radioactivity. Many of the AMD pollutants are known to have negative 

human health impacts.  In South Africa, it is known that AMD pollution is a major problem impacting 

the environment; however the impact on human health is not understood due to a lack of research. A 

two-year study was conducted in order to gain a better understanding of the current and potential 

human health impacts of AMD in South Africa by characterising the risk of human exposure to AMD 

and describing the potential resultant health impacts and risks. In order to characterise this risk, both 

a national assessment and community assessments were performed.  

The national assessment used a common methodology to assess risk for the entire nation in order to 

identify hot-spots where communities have the potential to be at risk of exposure to AMD pollutants. 

These hot-spots span across many different mining areas in South Africa.  From this national 

assessment, three at-risk communities were selected for further study.  

A health survey, environmental sampling and analysis, and a health risk assessment were performed 

in three at-risk communities and one reference community.  The reference community chosen is not 

impacted by AMD and is of a similar socio-economic status as the at-risk communities. The 

communities that were studied were the following: Khutsong, Coronation and Klarinet that were the 

at-risk communities, and Verena as the reference community.   

The community assessment indicated that there were three at-risk areas with evidence of AMD in the 

local surface water, while in the reference community no AMD in the surface water was observed.  In 

addition, elevated toxic metal concentrations were found in environmental samples, in particular the 

surface water and local vegetable samples, of the at-risk communities. From this study, it cannot be 

proven that the metals in the samples were from AMD source or another source (e.g., pesticide use or 

natural geological occurrence).  

The risk to human health from these elevated concentrations of toxic heavy metals was assessed in a 

human health risk assessment. The at-risk communities did have a higher calculated risk of negative 

health impacts (both cancer and non-cancer risks) than the reference site.  This risk was driven 

mostly by the elevated concentrations of toxic heavy metals in local vegetables. 

The health survey was a door-to-door survey of approximately 1 000 households in each study site.  

The survey asked questions on socio-economic status, demographics of the household, potential 

AMD exposure routes, general information on hygiene practices, and the occurrence of specific health 

symptoms that are associated with heavy metal exposure. From the survey results it was found that 

the at-risk communities were of poorer health than the reference community for the health symptoms 

probed.  

These findings are concerning as it has been found that the at-risk communities do have AMD in their 

surface water, do report higher levels of symptoms and illnesses related to heavy metals exposure, 

do have elevated levels of toxic heavy metals in their environment, and are at a higher calculated risk 

of negative health impacts from these elevated levels. Further research is needed to understand if the 

at-risk communities are actually exposed to the toxic heavy metals; this would be done through 

biological monitoring (e.g., blood, urine), and would provide information on whether at-risk 

communities did actually have higher levels of heavy metals in their body compared to a reference 

site. 

The best management option in order to prevent negative health impacts is to prevent formation of 

AMD or to contain AMD when it is formed. Unfortunately, as evident in this study, AMD can be found 

in the environment and there is a risk of exposure to AMD and risk of negative health impacts from 
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this exposure. Thus, this is a public health problem that requires the attention of several stakeholders 

to effectively mitigate the impacts of AMD on communities, and to protect public health. 
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1 Introduction to Project 

 

Acid Mine Drainage (AMD), also referred to as Acid Rock Drainage (ARD), occurs when reactive 

sulphide-bearing minerals (e.g. pyrite) are exposed to oxygen and water. In their natural state, 

exposure of these minerals to oxygen and water through weathering occurs at such a slow rate that 

any acid produced is readily neutralised.  When these minerals and areas are disturbed through 

activities such as mining, greater AMD production and release into the environment can occur.   

When produced, AMD is characterised by a low pH solution with increased levels of salts (such as 

sulphates) and heavy and trace metals, and occasionally even high levels of radioactivity.  As the 

AMD moves through the environment, its characteristics may change through processes such as 

neutralisation.  

 

Many of the pollutants in AMD (such as heavy metals) are known to impact on human health through 

contact or ingestion. Possible human health effects of AMD are numerous as are the possible 

exposure routes. People may be exposed to AMD via routes such as water, indirectly via the 

ingestion of food that has been irrigated with AMD contaminated water or through bioaccumulation 

through animal produce (fish, meat, eggs). Comprehensive studies looking at the human health 

impacts of AMD are extremely limited, and even more so in South Africa, with the majority of studies 

being very site- and chemical-specific (Stephens and Ahern, 2001). However, there is an indication 

that long-term exposure to AMD polluted drinking water may lead to increased rates of cancer; this is 

particularly important in South Africa where some AMD is known to contain high levels of radioactivity 

(Adler and Rascher, 2007; Ashan, 2004; Bellinger et al., 1992, Coetzee et al., 2005, 2006). Thus, it is 

critical to understand the potential risk of exposure of communities to AMD and the potential risk of 

health impacts.  

  

This project focused on characterising the risk of human exposure to AMD and describing the potential 

resultant health impacts and risks in South Africa. This aim was accomplished through a series of 

analyses and deliverables.  This final report compiles all the information from this project.   

 

Briefly, in order to characterise this risk, both a national assessment and community assessments 

were performed.  The national assessment combined information on the likelihood of mines to release 

AMD, with the likelihood of the AMD being transported through the environment, with the likelihood of 

communities being exposed to AMD. The national assessment used a common methodology to 

assess risk for exposure for the entire nation in order to identify hot-spots where communities have 

the potential to be at risk to be exposed to AMD pollutants. The national assessment was limited by 

available data and was a simplified, high-level analysis of the potential risk of communities being 

exposed. As such, the national assessment did highlight the importance of local data to better 

understand the risk of exposure to AMD. The community assessment collected such local data in 

three communities that were identified at-risk for AMD exposure and one reference community. The 

three communities determined to be at risk from AMD are i) Khutsong, outside of Carletonville in 

Gauteng, ii) Coronation, outside of Vryheid, KwaZulu-Natal, and iii) Klarinet, Witbank.  The Verena 

community in Mpumalanga Province, located in the upper reaches of a catchment upstream of any 

mines and mining activity, met the criteria for a reference community. These communities were 

chosen using information from the national assessment and through site visits. The local information 

from the community assessment was to describe if any elevated risks were found in the identified at-

risk communities; this helped to assess if the national assessment is highlighting areas that are at-risk 

from exposure to AMD.  

 

The community assessment focused on potential exposure routes to AMD pollutants in communities, 

potential health risks and self-reported prevalence of health outcomes and symptoms associated with 

heavy metal exposure in the communities, and identifying if there was a difference in the reported 
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health symptoms (though the health survey) or the health risks (from the health risk assessment) 

associated with heavy metal exposure in the at-risk sites versus the reference site communities. The 

health symptoms associated with heavy metals were the focus of the health impacts as it is the toxic 

heavy metals in AMD which will lead to the highest health risks.  In this study, the actual exposure of 

communities to heavy metals from AMD was not determined as a more in-depth study would be 

needed to measure exposure. Rather, the focus was on the risk of exposure, the risk to human health 

assuming exposure, and characterising the current health status of the community.  It was anticipated 

when starting this project, that if risks were identified, then further research would be needed to 

assess if the risks were realised. This information informed the potential management and mitigation 

measures discussed here, as well as the suggested future research needs. 
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2 Introduction to Acid Mine Drainage 

South Africa’s position in the global market is built largely on the huge economic benefit derived from 

some 120 years of mining. Unfortunately, this benefit is tempered by the perceived legacy of an 

industry that exerts potentially severe and pervasive impacts on surrounding communities and 

receiving environments. Apart from the physical scars left on the landscape, poorly controlled and/or 

managed acid mine drainage (AMD) causes the most visible impact on the downstream (receiving) 

aquatic environment. Also referred to as acid rock drainage (ARD) (SRK, 1989), AMD is one of the 

largest potential liabilities faced by the mining industry due to the potential scale of its threat to water 

resources, human health and the environment. 

Whilst the severity of the environmental impacts can be readily observed and quantified (Wells et al., 

2009), the same cannot be said for the potentially negative impacts on human health. This is partly 

attributed to the ostensibly greater complexity of the source→pathway→receptor route that informs 

human health impacts compared to the similar route that informs environmental impacts. For 

example, the cause→effect relationship between AMD passing down a river and consequent loss of 

aquatic ecosystems through continuous exposure is a considerably more visible, tangible and 

measurable impact compared to the much less obvious health impacts shown by humans from 

potentially less direct and constant exposure. In essence, proving a cause→effect relationship in the 

latter instance is more onerous and difficult than in the former. 

 

2.1 Sources of AMD 

The sources of AMD from mining operations include: 
 

 drainage from underground workings; 

 surface runoff from open pits; and 

 seepage from waste rock dumps, tailings and slimes deposits (also referred to as mine 
residue deposits). 

 
Acid mine drainage results from the chemical breakdown of pyrite (FeS2 or ‘fool’s gold’)

1
 and other 

reactive sulphide-bearing minerals, (e.g. marcasite (FeS2 – same formula, but different structure to 

pyrite), chalcocite (Cu2S), covellite (CuS), chalcopyrite (CuFeS2), molybdenite (MoS2), galena (PbS), 

sphalerite (ZnS) and arsenopyrite (FeAsS)) when exposed to air and water. In their natural state, 

exposure of these minerals to oxygen and water through weathering occurs at such a slow rate that 

any acid produced is readily neutralised. The primary mineral commodities associated with sulphide-

bearing strata in South Africa are gold, coal and base metals such as copper. Of these, the gold 

mining industry has experienced the most notable decline in production leading to the large-scale 

closure of Witwatersrand mines since the 1970s. Many of these mines were associated with large 

inflows of groundwater that required constant pumping to dewater the source aquifer(s) in order to 

make and keep the active underground mine workings safe and free from water. Under these 

conditions, the cessation of pumping upon mine closure has resulted in flooding. 

The phenomenon of ‘overflow’ from completely flooded mines is known as decant. This is readily 

observable when defunct mines flood to an elevation where water flows out onto the surface. Decant 

may, however, also occur in the subsurface when flooding reaches an elevation where AMD can 

enter groundwater-bearing strata (aquifers). The ‘invisible’ nature of subsurface decant renders this 

vector of AMD migration more difficult to quantify and manage. 

                                                      
1
 All compound names and element names referred to in the text are written out in the “Acronyms and Chemical 

Symbols” section at beginning of report.  In addition, Appendix 3 has a periodic table of elements. “Heavy metals” 
in this project refer to the collection of metals that were analysed due to their potential for negative health 
impacts, and it is acknowledged that this includes the trace metal aluminium. 
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The discharge of AMD to the environment is a concern since the water readily becomes acidic, which 

then can lead to elevated concentrations of salts [mainly sulphates (SO4)], heavy metals and, in some 

instances, radionuclides. There are various chemical reaction pathways that can produce acidic water 

(pH <5)
2
 from pyrite or other sulphur-bearing minerals. The generalised chemical reactions are: 

 2FeS2 (s) + 2H2O (l) + 7O2 (g)  → 2FeSO4 (aq)+ 2H2SO4 (aq)  (1) 
 4FeSO4 (aq) + O2(g) + 2H2SO4 (l) → 2Fe2(SO4)3 (aq) + 2H2O (l)  (2) 
 Fe2(SO4)3 (aq)+ 6H2O (l)  → 2Fe(OH)3 (aq)+ 3H2SO4 (aq)  (3) 
 FeS2 (s) + 14 Fe

3+
 (aq) + 8H2O (l) → 15 Fe

2+
 (aq) + 2SO4 

2-
 + 16H

+
 (aq) (4) 

 
Since the earlier reactions catalyse the later ones, it is difficult to stop the reaction series once it has 

started (Ashton et al., 2001). The oxidation reactions that generate sulphuric acid (H2SO4) and other 

minerals such as goethite [Fe(OH3)], are accelerated by bacteria, most notably Thiobacillus 

ferrooxidans. As the activity of these common bacteria produces more sulphuric acid, the pH can then 

decrease even further to <3. 

2.2 Neutralisation of AMD 

Reactions 1 to 4 above describe the mechanisms by which AMD is produced in a disturbed mining 

environment. However, there are also neutralisation mechanisms that may impact the pH of the mine 

drainage that is present. The primary source of neutralising alkalinity in mine drainage is the 

dissolution of carbonate rocks (Apello and Postma, 2009). Carbonate minerals such as calcite 

(CaCO3) represent an important component of many sedimentary rocks, especially dolomite and 

limestone, and to a lesser extent arenaceous (sandy) sandstone. Dissolution of these calcite strata 

adds acid-neutralising alkalinity to the groundwater system through the release of bicarbonate   

(HCO3
-
) according to the reactions below: 

 CaCO3 (s) + H
+
 (aq)   → Ca

2+
 (aq) + HCO3

-
 (aq)    (5) 

 CaCO3 (s) + H2CO3 (aq) → Ca
2+

 (aq) + 2HCO3
-
 (aq)    (6) 

 
Calcite, by reacting with an acid (represented by H

+
) and producing bicarbonate, increases the pH of 

the water. These reactions, however, show that solid calcium carbonate is dissociated into its 

aqueous components, leaving behind an open space. The obvious concern in this regard is that the 

‘removal’ of otherwise competent strata leads to the development of a void which, in a dolomitic 

environment, is undesirable due to the propensity for land subsidence and/or sinkhole development 

under such circumstances. 

A second main source of additional alkalinity in mine drainage is SO4 reduction / organic matter 

oxidation (Kirby and Cravotta, 2005). This releases bicarbonate to solution according to the reaction 

below, and once again raises the pH of the water. 

 2CH2O (s) + SO4
2–

 (aq)   →  H2S (g) + 2HCO3
-
 (aq)    (7) 

 (where CH2O is a generic formula for organic matter) 
 
The addition of an organic matter

3
 component to AMD therefore potentially promotes the in situ 

process of ‘natural’ bioremediation associated with the generation of alkalinity through bacteriological 

sulphate reduction (Knoeller et al., 2004; McCullough, 2008; McCullough et al., 2008; Strosnider and 

Nairn, 2010). This process reduces SO4
2-

 (sulphate) to H2S (hydrogen sulphide), which in turn reacts 

with metal ions such as Pb, Cu, Hg and As to form metal sulphides. The availability of excess iron 

                                                      
2
  Since natural waters with a pH value of >5 are not uncommon (e.g. the water in streams draining the quartzitic 

strata that build the Cape mountains commonly has a pH of ~5.5), a value of <5 is considered indicative of an 
unnatural acidity. Additional discussion on all environmental parameters discussed in the text is in Appendix 1. 
3
  e.g. nutrients in the form of nitrate (NO3-N) and phosphate (PO4-P), that are also reflected in elevated chemical 

oxygen demand (COD) values in impacted waters. 
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oxide may consume all H2S present in the groundwater (Appelo and Postma, 2009). The precipitation 

of these metal sulphides out of solution in a reducing (anaerobic) environment leads to a reduction in 

the concentrations of these metals in the water. 

It is evident from the preceding discussion, therefore, that the likely occurrence of AMD is promoted in 

the presence of sulphide-bearing strata as a principal source term in the generation of AMD. Further, 

that the presence of carbonate-bearing strata or organic matter in the mining and/or receiving 

environment serves an ameliorative function. It is therefore possible for certain mines to produce 

neutral or even alkaline mine drainage. In addition, as reported in McCarthy (2011), not all mineral 

deposits produce AMD, noting its absence at diamond, iron, manganese, chrome, vanadium and the 

majority of platinum mines. AMD is therefore not a ubiquitous product of mining and mine closure. 

2.3 Pollutants in AMD 

The acidification of water typically increases the solubility, mobility and bio-availability of metals, 

raising the concentration of these to unacceptable and often toxic levels. The most visual legacy of 

AMD, however, is undoubtedly the precipitation of ferric hydroxide [Fe(OH3)] and oxyhydroxide 

complexes FeO(OH) as a yellow or orange coating in stream channels (Figure 1). The formation of 

these precipitates, also known as ‘yellow-boy’, consumes oxygen that is dissolved in the water, 

leading to a reduction in dissolved oxygen (DO) concentrations in affected water bodies. This, in turn, 

leads to asphyxiation of biota that depend on this oxygen for their survival. The precipitated iron can 

also have abrasive and smothering effects on aquatic biota, and even clogs streambeds with the 

formation of a hard crust. 

 

 
Figure 1: Yellow-boy precipitates in AMD decant. 

 
The pollutants contained in AMD vary according to the mineral commodity and the geochemistry of 

the ore-bearing (host) strata. The pollutants are generally grouped into the following categories: 

 Those associated with inorganic elements that form salt complexes such as CaSO4 (gypsum) 
in solution. Gypsum typically contributes 80 to 85% of the total dissolved salts (TDS) 
concentration in ‘mature’

4
 raw mine water. The other major ions (Mg, Na, Cl and Total 

alkalinity) generally represent minor concentrations. 
 

 Those associated with trace/heavy metals. The principal heavy metals are iron (Fe) and 
manganese (Mn), followed in no order of relevance by nickel (Ni), aluminium (Al), cadmium 
(Cd), cobalt (Co), copper (Cu), mercury (Hg), lead (Pb), zinc (Zn) and the rarer metals thorium 
(Th), chromium (Cr), vanadium (V), arsenic (As), hafnium (Hf) and strontium (Sr). 

                                                      
4
  The chemistry of raw mine water changes with age, becoming increasingly acidic and more saline (i.e. 

developing a higher dissolved salt load) with age compared to water that has recently collected in mine workings. 
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 Those associated with radionuclides. The most common of these are uranium (
238

U) and its 
decay products (daughters) radium (

226
Ra) and radon (

222
Rn). 

  

2.4 Factors determining inherent risk of AMD 

The key role of sulphidic minerals in the generation of AMD has already been mentioned. There are, 

however, numerous other factors that determine the severity and magnitude of AMD occurrences. 

These include the following climatic and physical variables: 

 rainfall, since mines in wetter regions will generate greater volumes of decant than those in 
drier regions; 

 mine status, since active operations will generally be subjected to some measure of 
dewatering, whereas closed (defunct) operations may be left to flood and decant naturally; 
and 

 mine type and depth, since the decant characteristics of underground (shallow and/or deep), 
opencast/open-pit or a combination of these is a function of their void volume. 

 
Additional factors that inform the potential impact of AMD, apart from those that define the acidity, salt 

load and possible contaminants, include the following: 

 setting in the geomorphological landscape, since an elevated location is conducive to the 
drainage of contaminated water away from the mine site, whereas a basin-like setting is 
conducive to the collection and containment of water locally; 

 setting in the hydrological landscape, since a position in the headwaters of a catchment 
necessarily threatens a greater compass of water resources than does a position in the lower 
reaches of a catchment; and 

 the nature of weathering processes, which in broad terms distinguishes between 
o chemical weathering processes that dominate in wetter regions and promote the 

mobility of contaminants in these climates due to the greater availability of water as 
both a solvent and transport medium, and 

o mechanical weathering processes that dominate in drier regions where temperature 
extremes commonly promote the physical breakdown of strata and where the scarcity 
of water significantly curbs the mobility of contaminants in the environment. 
 

Thus, there are many factors that can impact the potential for AMD generation and release, as well as 

its characteristics, which in turn can lead to highly-variable and site-specific AMD situations. 

2.5 The AMD situation in South Africa 

AMD presents itself as a threat in numerous mining areas of South Africa. The more pertinent of 

these are listed as follows and their geographic location is shown in Figure 2. 

 The Witwatersrand, Free State, Far West Rand, Evander and 
Klerksdorp/Orkney/Stilfontein/Hartebeesfontein (KOSH) gold mining areas; 

 The Mpumalanga and KwaZulu-Natal coal mining areas; and 

 The Okiep Copper District. 
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Figure 2: Mining areas and minerals particularly susceptible to the formation of AMD:  1 = Coal 

[Witbank], 2 = Coal [Mpumalanga], 3 = Coal [KwaZulu-Natal], 4 = Coal [(a) Waterberg, (b) 
Mapungubwe, (c) Pafuri], 5 = Coal [Free State], 6 = Gold & Uranium (Witwatersrand), 7 = Gold & 

Uranium [(a) Free State, (b) North West], 8 = Platinum & Chrome [(a) Western Bushveld, (b) 
Eastern Bushveld], 9 = Gold [Limpopo], 10 = Copper & Phosphate [Phalaborwa], 11 = Gold 

[Barberton], 12 = Copper [Okiep].  Map from Hobbs and Kennedy (2011). 
 
The situation in South Africa is exacerbated by the large number of so-called “derelict, ownerless and 

abandoned” mines (also referred to as orphaned mines). The Auditor-General of South Africa (AGSA, 

2009) reports the official listing of 5906 abandoned mines (1730 ranked as high-risk) in South Africa 

as of the end of May 2008.  That report identified major risks associated with abandoned mines as 

including the following: 

 air pollution in the form of wind-blown dust; 

 combustion products from burning mine workings or dumps (that contribute to air pollution); 

 contamination of surface water and groundwater with acid, salts and metals (i.e. AMD); and 

 physical hazards represented by open shafts and unstable slopes. 
 
The environmental legacy of many of these mines has been inherited by the State. The cost of 

rehabilitating the abandoned mines is estimated at R30 billion (AGSA, 2009), and excludes the 

treatment of AMD through the construction and operation of mine water treatment plants. 

Construction of the latter alone could add a further R5 billion to this cost. The Inter-Ministerial 

Committee (IMC) on AMD was formed specifically in mid-2010 to meet the challenges faced by the 

Government in combating the threat of AMD to national security. The ‘Team of Experts’ convened 

from various government bodies (e.g. State Departments, Science Councils, etc.) submitted a report 

in November 2010 (IMC, 2010) that was accepted in February 2011. Although this report focused on 

the Witwatersrand Gold Field, it confirmed the wider geographic threat posed by AMD not only in 

other gold mining areas, but also in regions that host coal and base metal mining activities. 
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The flooding of the mine voids and/or AMD decant creates the following general concerns as listed in 

the IMC report: 

 contamination of surface drainages along substantial reaches, often extending many 
kilometres downstream and incurring serious and even devastating impacts on aquatic and 
riparian ecosystems; 

 intensively developed metropolitan business, industrial and residential areas could be placed 
at risk from rising mine water levels and associated geotechnical instability of surface 
infrastructure; 

 rising mine water levels could generate flow vectors directed away from the mine area and 
toward adjacent ‘clean’ groundwater resources, which may in turn become contaminated; 

 a possible increase in seismicity induced by rising mine water levels, raising concern for the 
safety of current subsurface mining operations and the structural integrity of surface and near-
surface infrastructure (Durrheim et al., 2006; Goldbach, 2009); and 

 sterilisation of as yet unexploited economically viable ore bodies and reefs. 
 
A glaring omission from the above list is the impact on the health of residents in communities where 

exposure to AMD is or may become a reality. This project aimed to characterise the risk of human 

exposure to AMD and describe the potential resultant health impacts and risks in South Africa.  

Following the introductory Sections 1 and 2, information on mining activities sourced from the mine 

database are described on a provincial basis in Section 3. A description of the possible negative 

health impacts follows in Section 4, and a national assessment highlighting hot-spots that are 

potentially at risk for exposure to AMD presented in Section 5, based on information from the mine 

database. The community assessment is described in Sections 6-9, subdivided into a community 

survey (Section 7), environmental monitoring (Section 8) and a human health risk assessment 

(Section 9). Management and mitigation strategies for protecting public health from exposure to AMD 

are discussed in Section 10. The concluding Section 11 summarises the findings of the study and 

recommends further research needs. 
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3 Mine Database – Risk of AMD Release to the Environment 

In order to highlight areas in South Africa where the mines are at risk of releasing AMD into the 

environment, a database was developed (Appendix 4). This database evolved from an existing 

framework developed by Hobbs and Kennedy (2011). It assesses mining regions in South Africa and 

assigns a qualitative assessment of the risk of a mine releasing AMD into the environment. The 

information from this database informed the national assessment (Section 5), in particular the 

“Simplified Potential for AMD due to Geology” and “Simplified Decant Risk” in Section 5.1. This 

section describes the database and highlights the findings from the database. 

3.1 Parameter and variable definitions 

The database comprises two main segments, i.e. an “upper” segment describing the basic 

characteristics associated with the physical mining of the various mineral commodities, and a “lower” 

segment describing the diagnostic variables associated with each commodity. The components that 

comprise each of these segments are described below. Since the combination of elements in each of 

the segments informs the likelihood of AMD occurrence, an overall (qualitative) risk for a specific 

mineral commodity releasing AMD to the environment based on these factors can been derived. The 

database has expanded on that conceived by Hobbs and Kennedy (2011) by broadening the list of 

mineral commodities and extending these at a provincial level. In this database, mining activities were 

characterised at a provincial level as the information needed was not readily available at an individual 

mine level.  In addition, the goal of this database is to describe the likely AMD occurrence at a 

national level, and as there are a great number of mines in South Africa, a comparison at a provincial 

level was considered more appropriate. 

Diagnostic information on rainfall (i.e. climatic conditions that inform water availability for mining) were 

generally obtained at a provincial level. 

The “upper” segment basic characteristics describe the following: 

 the mineral commodity — the major commodities of interest in this database are gold, coal, 
chrome, copper, diamond, iron-ore, manganese, platinum, and ferromanganese, which also 
reflects their relative abundance in South Africa as per the list of mines obtained from the 
Department of Mineral Resources (DMR); 

 the major areas of mining — the main areas of mining are identified by geographic location, 
which provides a wider description of potential impact area than specific town/city names, 
since the latter are too restrictive in terms of their footprint; 

 the age of mining — the age of mining was obtained from a study of material presented in 
Wilson and Anhaeusser (1998); 

 the activity status of the mine — the activity status of the mine distinguishes between “open” 
or “closed” as obtained from the DMR list of mines (DMR, 2010), and is based on data from 
April 2010; as per the DMR database, abandoned mines were not listed, thereby the above 
classification will be used exclusively: and 

 the type of mine — the type of mine is categorised as surface, opencast (OC), surface or 
underground (UG), or a combination of these as adapted from the DMR database (DMR, 
2010). 
 

The “lower” segment diagnostic variables describe the following: 

 the climate in terms of the mean annual precipitation (MAP) of the province — the three 
broad categories recognised are “moist” (MAP <500 mm), “wet” (MAP = 500 – 750 mm) and 
“very wet” (MAP >750 mm); 

 the basic water chemistry variables of pH, total dissolved salts (TDS), radioactivity — the 
assignment of values to the variables pH and TDS is based on a combination of available 
knowledge and experience, whereas radioactivity is categorised as either “0” (of no 
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concern), “1” (of low concern), “2” (of moderate concern) or “3” (of potentially significant 
concern);  
o normal pH levels for surface waters are 6-8; AMD would decrease pH <5 
o normal TDS levels for surface waters are <0.5 g/L; AMD would increase TDS levels 

to >2 g/L; 

 the likely problem elements — the listed elements are recognised from the mineral type(s) 
associated with the host rock, descriptions for the latter being sourced from Wilson and 
Anhaeusser (1998); 

 the availability of water for mining — the categories of “limited”, “moderate” or “high” also 
relate to MAP, with “limited” broadly equating to MAP <500 mm, “moderate” to MAP = 500 – 
750 mm. and “high” MAP >750 mm; 

 the volume of mine water produced — the categories of “low”, “moderate” or “high - very 
high” also relate to MAP as described above; and 

 the geology in terms of the mineral type(s) associated with the host rock — this information 
has been sourced from Anhaeusser (1997) and Wilson and Anhaeusser (1998). 
 

3.2  Synopsis of database by province 

3.2.1 Limpopo 

3.2.1.1 Gold 

Gold mining operations in the Limpopo Province date back as far as the late 1880’s. The gold 

deposits typically occur in association with greenstones that form geological structures termed 

“greenstone belts”, e.g. the Murchison, Giyani and Pietersburg greenstone belts. These structures are 

characterised by shear zones that deformed the generally very old rocks, formed by metamorphism of 

basic igneous rocks, following their genesis between 3450 and 2900 million years ago in the 

Archaean Eon. The gold mineralisation is typically associated with sulphide bodies that include pyrite 

and arsenopyrite. 

3.2.1.2 Diamonds 

Diamond deposits are classified as either primary as represented by intrusive kimberlite pipes and 

dykes, alluvial diamonds representing transported and depositional material in a terrestrial 

environment, or marine deposits. In the context of this study, only primary and alluvial deposits are 

considered. However, only a small percentage of kimberlites carry diamonds. The geological age of 

kimberlites varies considerably, ranging from 1200 to 65 million years old, with most South African 

kimberlites being of Late Jurassic or Cretaceous age (150 – 65 million years old). The diamonds 

included in the host rock (kimberlite) may be much older. The diamond deposits in Limpopo Province 

are mainly of the primary type as mined at Venetia. The Venetia deposit has been dated at 

approximately 500 million years old. The major water quality problem associated with diamond mining 

is total suspended solids (TSS), which contributes to the silt load carried in water. Since this is easily 

remedied by the use of settling dams, it is not seen as a problem element per se, and therefore not 

recorded in the database. 

3.2.1.3 Coal 

All of South Africa’s coal deposits are hosted in the sedimentary succession of Karoo Supergroup 

strata formed between 320 and 180 million years ago, extending from the Late Carboniferous to 

Middle Jurassic periods. Previously termed the “Coal Measures”, these deposits in Limpopo Province 

are located in six coalfields, namely the Tuli, Waterberg (formerly Ellisras), Mopane, Tshipise, Pafuri 

and Springbok Flats coalfields. Although characterised by a relatively low (<3%) pyrite content due to 

their formation from organic matter (e.g. peat) that accumulated in a fresh water rather than a sea 

water (saline) basin, South African coal and its mine waste product(s) nevertheless generate sufficient 

AMD to be a concern. The coal deposits of the Waterberg Coalfield are additionally characterised by 

the occurrence of uraninite (UO2) that raises concern for possible radioactivity associated with these 

deposits and the associated mine waste product(s) 
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3.2.1.4 Iron-ore 

The iron-ore mine at Thabazimbi produces high-grade (>56% Fe) lumpy haematite (Fe2O3) from both 

opencast and underground operations. The iron-ore mines at Phalaborwa produce high-grade (>70% 

Fe) magnetite (FeO·Fe2O3) as a by-product of copper mining from mainly opencast operations. The 

oxidic nature of the iron-bearing minerals, and their association with potentially neutralising minerals 

such as calcite, dolomite, carbonatite and carbonaceous matter, mitigates the potential for AMD 

generation. The mining of foskorite for phosphate production at Phalaborwa poses a greater concern 

for the release of nutrients into aquatic ecosystems than does contamination from AMD. 

3.2.1.5 Platinum 

The platinum mines in Limpopo Province are located on the north-western segment of the western 

lobe of the Bushveld Complex around Northam. Although geographically located in Limpopo 

Province, these mines are normally grouped with those located around Rustenburg and Brits in North 

West Province. These underground mines exploit mainly the pegmatoidal feldspathic pyroxenite 

associated with the Merensky Reef in the Rustenburg Layered Suite of the Bushveld Complex, the 

age of which has been placed at roughly 2050 million years. The mineralised zones of the Rustenburg 

Layered Suite contain the so-called platinum group metals (PGMs) identified as platinum (Pt), 

palladium (Pa), iridium (Ir), rhodium (Rh), ruthenium (Ru) and osmium (Os). The broader collection of 

platinum group elements (PGEs) includes chromitite. Sulphidic minerals in this assemblage include 

rhodium sulphide (RhS) and the base-metal sulphides chalcopyrite (CuFeS2), pyrite (FeS2), 

arsenopyrite (FeAsS) and galena (PbS). 

3.2.1.6 Copper 

The principal copper producing mine in Limpopo Province is located at Phalaborwa, where the 

carbonatite-hosted copper deposit in the 2050 million year old Phalaborwa Complex is mined by both 

opencast and underground methods. The depth of the opencast pit (~750 m) places its base at an 

elevation of ~360 m below sea level. Chalcopyrite (CuFeS2) is the dominant sulphide mineral present, 

although pyrite (FeS2), galena (PbS), sphalerite (ZnS) and marcasite (FeS2) also occur. 

3.2.1.7 Summary 

The main mineral commodities exploited in Limpopo Province are gold, diamonds, coal, iron-ore, 

platinum and copper. The age of mining is comparatively old (>50 years), with only diamonds (>20 

years) and coal (>30 years) representing ‘younger’ mining operations. The range of mine types 

encompasses both opencast and underground operations. The status of these mines includes both 

active and closed operations. 

The mean annual precipitation for the province as a whole is assessed as “wet” (MAP = 500 – 750 

mm) on the basis of a MAP that ranges from 285 to 1290 mm. Since the mining areas such as 

Venetia, Phalaborwa and Northam occur in the drier regions of this province, the volume of water 

produced by mining is typically categorised as “low”. The acidity of AMD is unlikely to drop below 4, 

and the TDS only likely to exceed 4 g/L in regard to coal mining. The presence of uraninite in the 

Waterberg Coalfield deposit raises a moderate concern for radioactivity associated with this 

commodity. 

Under these circumstances, the mineral commodities that pose the greatest risk of AMD generation 

and release, in order of significance, are coal, gold and copper. In these instances, the risk of AMD 

release is adjudicated as “moderate” to “low”. 
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3.2.2 Gauteng 

3.2.2.1 Gold and Uranium 

Gold mining operations in Gauteng Province date back as far as the mid-1870’s. The gold deposits 

typically occur in association with conglomeratic sedimentary rocks later altered and reworked by 

circulating hydrothermal fluids. The sedimentary strata collected in basins between 2900 and 2700 

million years ago in the Randian Epoch. The mineralogy of the Witwatersrand ores includes pyrite and 

uraninite (UO2), these minerals contributing to the AMD-generating potential and radioactive nature 

associated with these ores and their mining waste products. The relatively high concentrations (1 – 

4%) of mercury (Hg) in Witwatersrand gold represent a third important consideration. 

3.2.2.2 Diamonds 

The diamond mine at Cullinan exploits the primary Premier kimberlite deposit dated at 1180 million 

years old. This deposit has produced about 300 stones of >100 carats, and 25% of all the stones ever 

mined of >400 carats. 

3.2.2.3 Summary 

The principal commodity mined in Gauteng is gold, followed by diamonds. Both of these mining 

activities are old (>100 years), but whereas the gold mining operations comprise both opencast and 

underground (shallow and deep) operations, the diamond mining operations are principally of an 

opencast type. In the case of gold mining, many of the mines are closed, with relatively few still active. 

The mean annual precipitation for the province as a whole is assessed as “wet” (MAP = 500 – 750 

mm) on the basis of a MAP that ranges from 565 to 718 mm. The volume of water produced by gold 

mining is typically categorised as “high” to “very high”, since the water made during mining was also 

contributed by groundwater resources intersected by mining operations. The acidity of AMD 

associated with gold mining typically drops below 4, and the TDS exceeds 5 g/L.  The presence of 

uraninite in the gold deposits raises a significant concern for radioactivity associated with this 

commodity. Diamond mining activity in the province is not regarded to represent a risk of AMD. 

Under these circumstances, the mineral commodity that poses the greatest risk of AMD generation 

and release is gold. In this instance, the risk of AMD release is adjudicated as “very high”. 

 

3.2.3 North West 

3.2.3.1 Diamonds 

The diamond deposits in this province are mainly alluvial in nature, with only the deposit at 

Swartruggens recognised as a primary (kimberlite-hosted) deposit. The alluvial deposits are 

exclusively of an opencast type, being characterised as surface diggings. As such, they represent 

comparatively ‘young’ geological strata (<1.8 million years old) associated with the Quaternary Period. 

3.2.3.2 Platinum 

The platinum mines in North West Province are located on the south-western segment of the western 

lobe of the Bushveld Complex, extending in a clockwise arcuate pattern from Brits through Marikana 

and Kroondal to Rustenburg. Except for a few opencast mine workings between Brits and Kroondal, 

these mines are mainly underground operations that exploit primarily the pegmatoidal feldspathic 

pyroxenite associated with the Merensky Reef in the Rustenburg Layered Suite of the Bushveld 

Complex. Sulphidic minerals in this assemblage include rhodium sulphide (RhS) and the base-metal 

sulphides chalcopyrite (CuFeS2), pyrite (FeS2), arsenopyrite (FeAsS) and galena (PbS).  
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3.2.3.3 Gold 

Although gold mining operations in North West Province date back as far as the late-1880’s, the major 

producing mines in the Klerksdorp Goldfield only commenced operations in the 1950’s. The gold 

deposits are contemporaneous with those described for Gauteng Province, and therefore share a 

similar genesis, age and mineralogy. The mines in the Klerksdorp Goldfield are generally 

underground operations. 

3.2.3.4 Summary 

The principal commodities mined in North West Province are platinum and gold. Both of these mining 

activities are comparatively old (>50 years), and comprise both opencast and underground (shallow 

and deep) operations. In the case of gold mining, many of the mines are closed, with relatively few 

still active. 

The mean annual precipitation for the province as a whole is assessed as “wet” (MAP = 500 – 750 

mm) on the basis of a MAP that ranges from 304 to 718 mm. The volume of water produced by gold 

mining is typically categorised as “moderate”, since the water made during mining was also 

contributed by groundwater resources intersected by mining operations. By comparison, the platinum 

mines are generally “drier” and therefore categorised as producing “low” volumes of water. The acidity 

of AMD associated with gold mining typically drops below 4, and the TDS exceeds 5 g/L. Platinum 

mining activity in the province is not regarded to represent a risk of AMD. 

Under these circumstances, the mineral commodity that poses the greatest risk of AMD generation 

and release is gold. In this instance, the risk of AMD release is adjudicated as “high”. 

 

3.2.4 Western Cape 

3.2.4.1 Diamonds 

The diamond deposits of the Western Cape occur as alluvial deposits either side of the Olifants River 

mouth on the West Coast. As such, they represent the southern portion of the West-Coast onshore 

alluvial deposits. The major water quality problem associated with opencast diamond mining is total 

suspended solids (TSS), which contributes to the silt load carried in water. Since this is easily 

remedied by the use of settling dams, it is not seen as a problem element per se, and therefore not 

recorded in the database. The location of these mining activities on a comparatively sparsely-

populated coastline mitigates this situation even further. 

3.2.4.2 Iron-ore 

The iron mining activities in the Vanrhynsdorp area represent opencast operations exploiting the 

gossanous haematite deposits with an Fe2O3 content of 70%. The product is used in the cement 

industry. 

3.2.4.3 Summary 

The major commodity mined in the Western Cape is diamonds. The iron-ore mines are mostly closed, 

with very few remaining active, whilst the diamond mines in this province are either open and/or 

closed. 

The assessment of the mean annual precipitation for the province as “moist” (MAP <500 mm) is 

based on the location of the mining activities on the dry West Coast. The MAP for this province 

ranges from 97 to 1895 mm. The volume of water produced by mining is therefore readily categorised 

as “low”. The acidity of AMD associated with mining activities is unlikely to drop below 6, and the TDS 

unlikely to exceed 2 g/L. 
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Under these circumstances, mining activity in the Western Cape Province poses only a “low” to 

“minimal” risk of AMD generation. 

3.2.5 Eastern Cape 

The major commodities mined in the Eastern Cape are sand, quartzite, clay and gravel. These 

commodities are mined in numerous areas, some of which being Port Elizabeth, East London, 

Humansdorp, Cradock, Queenstown, Willowmore and Uitenhage. The deposits typically represent 

surficial weathered material excavated from quarries. 

The assessment of the mean annual precipitation for the province as “wet” (MAP = 500 – 750 mm) is 

based on the MAP range of 135 to 1278 mm. Since the commodities mined are inert materials, and 

the major water quality problem is associated with total suspended solids (TSS) that contribute to the 

silt load carried in water, mining activity in this province is considered to pose a “minimal” risk of AMD 

generation. 

 

3.2.6 Northern Cape 

3.2.6.1 Diamonds 

The diamond deposits of the Northern Cape represent both primary kimberlite-hosted deposits such 

as occur at Kimberley, Postmasburg and Barkly West, and alluvial deposits associated with the West-

Coast onshore deposits. Whereas the alluvial deposits are mined exclusively as opencast operations, 

the primary deposits are exploited by both opencast and underground operations. 

3.2.6.2 Manganese 

The manganese deposits in the Northern Cape Province are recognised as occurring in two fields, 

namely the Kalahari Manganese Field and the Postmasburg Manganese Field. The former represents 

carbonate-rich manganese deposits interbedded with banded iron formations (BIF), and the latter 

residual iron-rich manganese ores developed on dolomite.  

3.2.6.3 Iron-ore 

The iron-ore mine at Sishen produces high-grade (>60% Fe) lumpy haematite (Fe2O3) from an 

opencast operation. The oxidic nature of the iron-bearing minerals, and their association with 

potentially neutralising minerals such as calcite, dolomite and carbonaceous matter, mitigates the 

potential for AMD generation. 

3.2.6.4 Copper 

The copper deposits at Okiep in Namaqualand are associated with basic to intermediate rocks within 

gneisses and granites of the Okiep Group, Namaqualand Metamorphic Province. These strata are 

dated at between 1060 and 1030 million years old. The sulphidic minerals contained in these deposits 

include chalcopyrite and pyrrhotite (Fe1-XS). 

3.2.6.5 Summary 

The principal commodities mined in the Northern Cape are diamonds, manganese, iron-ore and 

copper. These mining activities are comparatively old (>50 years), and comprise both opencast and 

underground (shallow and deep) operations. In the case of copper mining, many of the mines are 

closed, with relatively few still active. 

The mean annual precipitation for the province as a whole is assessed as “moist” (MAP <500 mm) on 

the basis of a MAP that ranges from 28 to 433 mm. The volume of water produced by mining is 
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typically categorised as “low” in this generally arid environment. The acidity of AMD associated with 

manganese and copper mining typically drops below 4, and the TDS exceeds 3 g/L. 

Under these circumstances, the mineral commodities that pose the greatest risk of AMD generation 

and release are manganese and copper. In both instances the risk of AMD release are adjudicated as 

“low”. The iron-ore and diamond mining activities are not considered to pose a risk of AMD generation 

and release. 

 

3.2.7 Mpumalanga 

3.2.7.1 Coal 

The coal deposits in Mpumalanga Province are located in four coalfields, namely the Witbank, 

Highveld, Ermelo and Kangwane Flats coalfields. In common with all South African coal, their 

relatively low (<3%) pyrite content still generates sufficient AMD to be a concern. 

3.2.7.2 Gold 

Gold mining operations in Mpumalanga Province date back as far as the mid-1880’s. The gold 

deposits typically occur in association with greenstones, represented in this province by the Barberton 

Greenstone Belt. These structures are characterised by shear zones that deformed the generally very 

old rocks, formed by metamorphism of basic igneous rocks, following their genesis between 3500 and 

3100 million years ago in the Archaean Eon. The gold mineralisation is typically associated with 

sulphide bodies that include pyrite and arsenopyrite. 

3.2.7.3 Chrome 

The chrome deposits are associated with the eastern limb of the Bushveld Complex, and in particular 

with the UG2 Chromitite Layer in the Rustenburg Layered Suite of this complex. The sulphidic 

minerals include lead (Pb) and rhodium (Rh) sulphides, and chalcopyrite (CuFeS2). The chrome 

mines in Mpumalanga represent a comparatively recent mining activity (> 20 years old), compared to 

the age of other mineral commodities mined. 

3.2.7.4 Iron-ore 

The iron-ore mine at Roossenekal exploits the vanadium-bearing titaniferous magnetite associated 

with the Main Magnetite Layer in the Upper Zone of the Bushveld Complex. 

3.2.7.5 Summary 

The principal commodities mined in Mpumalanga Province are coal, gold, chrome and iron-ore. 

Except for chrome, these mining activities are comparatively old (>50 years), and comprise both 

opencast and underground (shallow and deep) operations. In the case of gold mining, many of the 

mines are closed, with relatively few still active. 

The mean annual precipitation for the province as a whole is assessed as “wet” (MAP = 500 – 750 

mm) on the basis of a MAP that ranges from 460 to 1334 mm. The volume of water produced by 

mining is typically categorised as “low”. The acidity of AMD associated with coal and gold mining 

typically drops below 4, and the TDS exceeds 4 g/L. Both chrome and iron-ore mines generate more 

neutral waters with TDS values not exceeding 3 g/L. 

Under these circumstances, the mineral commodities that pose the greatest risk of AMD generation 

and release are coal and gold. In the case of coal the risk of AMD release is adjudicated as “high”. 

This reduces to “moderate” for gold and “low” for both chrome and iron-ore. 
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3.2.8 KwaZulu-Natal 

The main commodity mined in KwaZulu-Natal is coal. The deposits are recognised as forming five 

distinct coalfields, namely the Klip River, Utrecht, Vryheid, Nongoma and Somkele coalfields 

extending from east to west across northern KwaZulu-Natal. Both opencast and underground mining 

techniques have been employed in the >100 year history of coal mining in this province.  

The mean annual precipitation for the province as a whole is assessed as “wet” (MAP = 500 – 750 

mm) on the basis of a MAP that ranges from 553 to 1355 mm. The volume of water produced by 

mining is typically categorised as “moderate”. The acidity of AMD associated with coal mining typically 

drops below 5, and the TDS exceeds 3 g/L. 

Under these circumstances, the coal mining is considered to pose a “moderate” risk of AMD 

generation and release. 

 

3.2.9 Free State 

3.2.9.1 Diamonds 

The diamond deposits in the Free State Province are mainly of the primary kimberlite-hosted type, 

with minor occurrences of alluvial deposits found along the Orange River at Aliwal North. 

3.2.9.2 Gold 

Gold mining operations in the Free State (Welkom) Goldfield date back to the mid-1940’s. The gold 

deposits are contemporaneous with those described for Gauteng Province, and therefore share a 

similar genesis, age and mineralogy. The Free State gold mines are underground operations. 

3.2.9.3 Coal 

The coal deposits in Free State Province are located in two coalfields, namely the Free State and the 

Vereeniging-Sasolburg coalfields. In common with all South African coal, their relatively low (<3%) 

pyrite content nevertheless generates sufficient AMD to be a concern. 

3.2.9.4 Summary 

The principal commodities mined in the Free State Province are diamonds, gold and coal. These 

mining activities are comparatively old (>50 years), and comprise both opencast and underground 

(shallow and deep) operations. In the case of diamond and gold mining, many of the mines are 

closed, with relatively few still active. 

The mean annual precipitation for the province as a whole is assessed as “wet” (MAP = 500 – 750 

mm) on the basis of a MAP that ranges from 290 to 1224 mm. The volume of water produced by gold 

and coal mining is categorised as “moderate”, and that associated with diamond mining as “low”. The 

acidity of AMD associated with coal and gold mining typically drops below 5 and 4 respectively, and 

the TDS exceeds 3 and 4 g/L respectively. Diamond mining generates a neutral water (pH = 7) with a 

TDS value not exceeding 2 g/L. 

Under these circumstances, the mineral commodities that pose the greatest risk of AMD generation 

and release are coal and gold. In the case of both mineral commodities, the risk of AMD release is 

adjudicated as “moderate”. 
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4 Human Health Impacts of AMD 

As mentioned in Section 2, AMD has the potential to negatively impact ecosystems and the 

environment through the release of acidic water that contains high concentrations of salts (such as 

sulphates) and heavy metals. However, AMD pollutants may also negatively impact on human health.  

Humans may be exposed to these pollutants through various exposure routes and pathways. This 

section therefore discusses the movement of these pollutants through the environment and describes 

the possible human health impacts in greater detail.  In addition, a summary of research on the health 

impacts of AMD is provided.  

4.1 AMD movement through the environment 

The heavy metals (e.g. lead, copper, iron, aluminium, zinc)
5
 contained in AMD can be present for 

extended periods in soil, groundwater, rivers or sediments (Bruyère et al., 2004; Mielke at al., 2005; 

Maldonado et al., 2008).  Elevated concentrations of these pollutants have a direct impact on 

ecosystems and water quality, thus impacting the environment and potentially human health (Williams 

et al., 1996a; 1996b; Klinck et al., 2002). Apart from the considerable heavy metal pollution of soil and 

surface and groundwater sources, mining processes release various forms of air pollution, including 

radioactive particles, into the broader environment (GJMC, 1999). However, this review is targeted on 

pollutants associated with AMD only. 

Internationally, the effects of AMD on streams have been documented for many years (Sams and 

Beer, 2000).  In 1906, Lewis published work on the large fish kills in the Allegheny River, a major 

tributary of the Ohio River in Pennsylvania.  Similarly, Koryak (1997) found that AMD precipitates on 

stream bottoms such as orange or yellow-brown iron oxide and white aluminium oxide are toxic to 

aquatic life such as benthic algae, invertebrates and fish.  Other reported effects on wildlife include 

eggshell thinning, tumours and other deformities (Saint-Laurent et al., 2010).  

AMD and heavy metal pollution of South African rivers (Fatoki and Awofolu, 2003; Odiyo et al., 2005) 

with resultant fish kills are also no new phenomenon (DWAF, 1999). The Olifants River in South 

Africa is one of the most impacted river systems in the country due to mining, industrial and 

agricultural activities.  However, the large fish kills in 2007 as well as the large number of crocodile 

deaths (de Villiers and Mkwelo, 2009; Ashton, 2010) associated with potential AMD and heavy metal 

pollution of the Olifants River of South Africa, caused major renewed concern for the environment and 

possible human health impacts.  This led to the establishment of the ‘Consortium for the Restoration 

of the Olifants Catchment’ initiative (Van Vuuren, 2009).  

AMD metals can be found in agricultural soils from processes such as irrigating with AMD polluted 

water. These metals can then be taken up and accumulate in plant tissues (Trueby, 2003).  Animals 

that feed on contaminated plants and drink the polluted waters show metal accumulation in their 

tissue.  Similarly it was found that marine animals that grow and breed in contaminated coastal waters 

had metal accumulation in their tissue (Duruibe et al., 2007).  Metal accumulation was also observed 

in the milk of lactating cows grazing in industrial areas with heavy metal pollution.  Environmental 

exposure of animals to lead (Pb) and the resultant levels of lead in milk obtained from these animals 

is a serious health concern in India (Swarup et al., 2005). Rajaganapathy et al. (2011) found high lead 

and cadmium (Cd) levels in the milk of cows grazing close to a lead - zinc smelter in India. Alonso et 

al. (2000) also found that toxic minerals contained in animal feed may be transferred to the animal’s 

milk.  A study conducted in Mexico City confirms that lead may be transferred to babies via mother’s 

milk. In this study, Ettinger (2004) found a correlation between the lead concentration in the breast 

milk of lactating mothers and the blood of their infants.  

                                                      
5
 “Heavy metals” in this project refer to the collection of metals that were analysed due to their 

potential for negative health impacts, and it is acknowledged that this includes the trace metal 
aluminium. 
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The impact of mining on ecosystems and the environment is well-known compared to the effect of 

AMD on human health.  To date, the risk of singular minerals or chemicals (e.g. lead) has been 

documented (e.g. Kumar et al., 1998; Tripathi et al., 2001; Gasana et al., 2006, etc.), but the 

combined behaviour and impact of the suite of pollutants associated with AMD on human health is not 

well-established, as most toxicological studies examine the effects of only a single chemical at a time.  

However, chemicals such as heavy metals can act additively and even synergistically (Soto et al., 

1994 cited in Kristensen et al., 1995; Carpenter et al., 1998; Vonier et al., 1996).  There is already 

evidence that suggests that the exposure to several chemicals may result in a combined response 

where the concentration of each individual chemical (e.g. arsenic, lead, cadmium) is below the 

concentration where any effects have been documented, but that the combined response of these 

chemicals may result in concentrations above the safe levels and negatively impact human health 

(Silva et al, 2002 cited in MRC/IEH, 2004).  Thus chemicals that alone are at “safe” levels, could be 

harmful when individuals are exposed simultaneously to many different pollutants (WHO, 2003; Zala 

and Penn, 1998).  As discussed above, AMD may contain a variety of heavy metals and other 

pollutants, rendering this an important consideration when determining the potential for negative 

health impacts. 

4.2 Human exposure pathways 

The First Nations Environmental Health Innovation Network reports that the acidity in AMD does not 

pose a direct risk to public health. However, the low pH of AMD promotes the solubilisation of various 

metals (e.g. iron, copper, aluminium), which then allows them to enter streams and rivers.  This 

indirect effect of the acidity of AMD can in turn cause problems downstream in fish, wildlife and 

drinking water, subsequently posing possible human health risks. UNEP (2010) reported that the 

extraction of minerals from the earth through mining is inherently dangerous to human health.  While 

various studies have been done to assess the occupational health impacts on miners (e.g. Donoghue, 

2004; Ross and Murray, 2004), few studies were found that investigated the ecological effects and the 

resultant impacts on human health to communities living near, downstream or even downwind from 

mines. 

Figure 3 illustrates how people may be exposed to mining impacts in general, either directly or 

indirectly through various exposure routes.  The exposure routes that are the most applicable to AMD 

are through ingestion of and dermal contact with soil, water, food and beverages. As can be seen 

from Figure 3, mining impacts (including AMD) are not only associated with surface and groundwater 

pollution; but are also responsible for the degradation of soil quality, for harming aquatic sediments 

and fauna, and for allowing heavy metals to seep into the environment (Adler and Rascher, 2007; 

Oelofse et al., 2007). While mining activities can also have a negative impact on air quality, including 

the spreading of dust laden with heavy metals throughout the surroundings, this impact and pathway 

is not generally defined as AMD since it does not involve aqueous chemistry as represented in the 

reactions 1-4 in Section 2 (Hamilton, 2000; Meza-Figueroa et al., 2009; Elena Moreno et al., 2010). 
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Figure 3: Conceptual exposure routes of pollution from mining to humans (Source WHO, 2010) 
 
 
Exposure of humans to AMD may be either through direct ingestion of contaminated water or soil, or 

through dermal absorption via water.  Indirect exposure to AMD is also possible through consumption 

of fish from water sources contaminated by AMD, or through food crops (e.g. fruits and vegetables) 

that have been contaminated by irrigation with AMD polluted water, or milk and meat from animals 

exposed to AMD (e.g. drinking AMD polluted water).  

AMD increases the accumulation of heavy metals in agricultural soil around mining areas. Uptake of 

the heavy metals by food crops is therefore a major threat to local communities (Adriano, 2001; 

McLaughlin et al., 1999; Pruvot et al., 2006).  McBride (2003) found that heavy metal uptake from 

contaminated soil via plant roots, as well as direct deposition of contaminants from the atmosphere 

onto plant surfaces may pose possible health risks to humans.  This was corroborated by Gupta and 

Gupta (1998), McBride (2007), as well as Monika and Katarzyna (2004), who found that accumulation 

of trace metals in edible plant parts may pose a risk to human and animal health.  Arsenic 

concentrations in soils and plants affected by mining activities have been frequently reported (Wild, 

1974; De Koe, 1994). Copper (Cu), zinc (Zn), arsenic (As) and aluminium (Al) concentrations were 

reported to be concentrated in leaves rather than roots of plants grown close to mining activities 

(Salem et al., 2000). Thus, animals and humans eating these plants may be affected. 

According to Akcil and Koldas (2006), every mine is unique in terms of its AMD potential.  They 

reported that the nature and quantity of the AMD, and the associated risk and feasibility of mitigation 

options, will vary from site-to-site. Based on this, the exposure pathways and potential human health 

impact would also differ vastly and be very site and chemical specific.  Additionally little research has 

been done to determine which human exposure pathway to AMD pollution would be more prominent 

or have more adverse health impacts.  

4.3 Pollutants in AMD that may impact human health  

AMD is mostly associated with low pH water (pH values of <3 have been associated with undiluted 

AMD) and contains a mixture of metals, mostly heavy metals, and other elements. As described in 

Section 2, the contaminants associated with AMD depend on various factors and are area-specific.  

 

Table 1 shows some of the main constituents associated with AMD and the human health impacts 

associated with these pollutants. 
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Table 1: List of elements and compounds that may be found in AMD and the documented 
health effects 

Contaminant 
of potential 
concern 

Water 
Quality 
Standards 

Reference 

Documented health effects*  

Toxic effects Carcinogenic 
effects 

Aluminium (Al) ≤300 µg/L 
(operational 
standard) 

SANS 241:1: 2011 Suspected causal link to 
Alzheimer’s but weight of 
evidence inconclusive; 
neurological effects and 
dementia in patients with 
renal failure and those 
receiving dialysis (dialysis 
encephalopathy). 

Class D: Not classifiable 
as to human 
carcinogenicity 

Arsenic (As) ≤10 µg/L 
(prevent 
chronic 
health 
effects) 

WRC, 1998; SANS 241:1: 
2011 

Chronic effects: skin 
lesions and hyper-
pigmentation. Arsenic can 
accumulate in the body.  
Acute effects: death from 
upper respiratory, 
pulmonary, 
gastrointestinal and 
cardiovascular failure. 
Nerve damage and 
sensory loss in the 
peripheral nervous 
system is a primary 
symptom of arsenic 
poisoning.  
Skin contact with 
inorganic arsenic may 
cause redness and 
swelling. 

Class A: Known human 
carcinogen. Causes 
cancer of the skin and 
internal organs. 

Cadmium (Cd) ≤3 µg/L 
(prevent 
chronic 
health 
effects) 

WRC, 1998; SANS 241:1: 
2011 

Severe renal damage and 
renal failure, acute 
gastroenteritis. 
 

Class B1: Probable 
human carcinogen - 
based on limited 
evidence of 
carcinogenicity in 
humans and sufficient 
evidence of 
carcinogenicity in 
animals.  

Chromium 
(Cr) 

≤50 µg/L 
(prevent 
chronic 
health 
effects) 

SANS 241:1: 2011 Stomach upsets and 
ulcers, convulsions, 
kidney and liver damage, 
and even death.  
Skin contact with certain 
Cr(VI) compounds can 
cause skin ulcers.  
Inhalation of Cr(VI) can 
cause irritation to the 
nose, such as runny nose, 
nosebleeds, and ulcers 
and holes in the nasal 
septum. 

Class D: Not classifiable 
as to human 
carcinogenicity (oral 
route)  
Class A: Human 
carcinogen (inhalation 
route). 
Cr(VI) compounds can 
increase the risk of lung 
cancer. 

Copper (Cu) ≤ 2000µg/L 
(prevent 
chronic 
health 
effects) 

WRC, 1998; SANS 241:1: 
2011 

Gastrointestinal 
disturbances and possible 
liver, kidney and red blood 
cell damage. 

Class D: Not classifiable 
as to human 
carcinogenicity.  
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Contaminant 
of potential 
concern 

Water 
Quality 
Standards 

Reference 

Documented health effects* 

Toxic effects Carcinogenic 
effects 

Cyanide (CN) ≤70 µg/L 
(prevent 
acute health 
effects) 

SANS 241:1: 2011 Highly toxic to humans.  
Short-term high level 
exposures result in brain 
and heart damage, can 
cause coma and death. 
Long-term exposure to 
lower levels results in 
heart pains, breathing 
difficulties, vomiting, blood 
changes, headaches and 
thyroid gland 
enlargement.  

Class D: Not classifiable 
as to human 
carcinogenicity. 

Iron (Fe) ≤2000 µg/L 
(prevent 
chronic 
health 
effects) 
≤300 µg/L 
(prevent 
aesthetic 
effects) 

WRC, 1998; SANS 241:1: 
2011 

Haemochromatosis 
(tissue damage) occurs 
as a result of iron 
accumulation.  
Poisoning by oral intake is 
rare, since excessively 
high concentrations of 
iron do not occur in water, 
except at very low (acid) 
pH.   

Not suspected to be 
carcinogenic. 

Lead (Pb) ≤10 µg/L 
(prevent 
chronic 
health 
effects) 

SANS 241:1: 2011 Continuous exposure to 
lead at even relatively low 
concentrations can cause 
neurological impairment in 
foetuses and young 
children leading to 
behavioural changes and 
impaired mental 
performance.  
Effects are less 
pronounced in adults, but 
may include anaemia and 
acute abdominal pain 
(“lead colic”).   

Class B2: Probable 
human carcinogen - 
based on sufficient 
evidence of 
carcinogenicity in 
animals. 
Causes renal tumours in 
rats. 

Manganese 
(Mn) 

≤500 µg/L 
(prevent 
chronic 
health 
effects) 
≤100 µg/L 
(prevent 
aesthetic 
effects) 

WRC, 1998; SANS 241:1: 
2011 

Neurotoxic effects may 
result from extreme 
exposure. Uptake is 
greater from food than 
water. 

Class D: Not classifiable 
as to human 
carcinogenicity.  

Mercury (Hg) ≤6 µg/L 
(prevent 
chronic 
health 
effects) 

SANS 241:1: 2011 Chronic neurotoxic 
effects, damage to 
nervous system. 
Neurological (organic Hg) 
and renal disturbances 
(inorganic Hg).  
Organically-bound Hg is 
more toxic than inorganic. 
Elemental Hg is volatile 
and exposure by 
inhalation may also occur. 
 

Class D: Not classifiable 
as to human 
carcinogenicity. 
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Contaminant 
of potential 
concern 

Water 
Quality 
Standards 

Reference 

Documented health effects* 

Toxic effects Carcinogenic 
effects 

Nickel (Ni) ≤70 µg/L 
(prevent 
chronic 
health 
effects) 

SANS 241:1: 2011 Decreased body and 
organ weights in animals. 

Class A : Known human 
carcinogen (inhalation of 
nickel compounds in 
smelter dust). 

Selenium (Se) ≤10 µg/L 
(prevent 
chronic 
health 
effects) 

SANS 241:1: 2011 Nutritionally essential 
element but toxic at high 
exposure concentrations; 
Short-term low-dose 
exposure may result in 
hair loss, muscle 
discomfort, skin rashes, 
swelling, nausea and 
fatigue. Higher short-term 
doses can lead to 
fingernail loss, changes in 
the nervous and 
circulatory systems and/or 
possible damage to the 
liver and kidneys. Long-
term chronic high doses 
of selenium can trigger 
the build-up of fluid in the 
lungs and lead to severe 
bronchitis. 
 

Class D: Not classifiable 
as to human 
carcinogenicity 

Sulphate 
(SO4

2-
) 

≤500 mg/L 
(prevent 
acute health 
effects) 
≤250 mg/L 
(prevent 
aesthetic 
effects) 

WRC, 1998; SANS 241:1: 
2011 

Extremely corrosive, 
causes severe irritation 
and burns to skin, severe 
lung damage, pulmonary 
edema (life-threatening 
accumulation of fluid in 
the lungs), irritation to 
permanent impairment of 
eyes and possible 
blindness, Long-term low 
level exposure may cause 
dermatitis (red, itchy and 
dry skin); ingestion 
through drinking may 
cause burns to mouth, 
throat, oesophagus and 
stomach. 

Class D: Not classifiable 
as to human 
carcinogenicity 

Uranium (U) ≤15 µg/L 
(prevent 
chronic 
health 
effects) 

SANS 241:1: 2011 Radioactive substance, 
intake of large 
concentrations can cause 
kidney disease (nephritis), 
possible reproductive 
effects 

Group V: inadequate 
data for evaluation of 
carcinogenicity. 

Zinc (Zn) ≤5 mg/L 
(prevent 
aesthetic 
effects) 

WRC, 1998; SANS 241:1: 
2011 

Gastrointestinal 
disturbances, nausea and 
vomiting. 

Class D: Not classifiable 
as to human 
carcinogenicity.  

* Documented health effects sourced from: EPA Integrated Risk Information System; ATSDR Toxicology 

fact sheets 
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As can be seen in Table 1, there are not only many different pollutants that might be found in AMD, 

but the related health impacts are also highly variable.  Additionally, some of these impacts may only 

be evident after chronic exposure to the pollutants.  As mentioned earlier, studies have shown that 

when chemicals are combined, the resultant health impacts from the same concentration may be 

worse than the chemicals in isolation.  These factors indicate that the resultant health impacts might 

be as site specific as the AMD itself. 

Some of the metals that are present in AMD are not only toxic, but are also carcinogenic. South Africa 

established a National Cancer Registry in 1986 in order to report on incidences of cancer.  Public 

reports of cancer incidence by gender are available since 1999. Due to patient privacy concerns, data 

are not available since 2001.  One of the purposes of the registry was to collect long-term information 

on cancer rates in order to detect changes in cancer patterns that may occur due to changes in 

environmental conditions. However, that goal has not yet been realised. Table 2 lists the top ten 

cancers from the 2001 study plus the rate of incidence for kidney cancer, which is included because 

arsenic (found in AMD) has been known to cause cancer in internal organs. These rates are not 

linked to any causes; however this type of information for all health effects documented above, 

particularly if disaggregated by area, would be invaluable for gaining a better understanding of the 

health impacts of AMD and other environmental factors. This information is not currently readily 

available for South Africa, and presents a challenge when researching health impacts of 

environmental factors. 

Table 2: Age standardised incidence rate of cancers (X per 100 000 people) in South Africa 
from 1999-2001 as reported by the National Cancer Registry. 

Site of cancer MALES  
Age standardised 
incidence rate per 100 000 
people 

Site of cancer FEMALES 
Age standardised 
incidence rate per 100 000 
people 

2001 2000 1999 2001 2000 1999 

BCC* 56.52 53.92 58.84 Breast  30.61 29.22 33.41 

Prostate 34.32 33.47 34.12 BCC* 27.35 27.64 28.52 

SCC
‡
 of skin 22.02 18.98 17.67 Cervix 25.53 25.45 28.69 

Primary site 
unknown 

12.50 12.34 13.92 Primary site 
unknown 

9.80 8.65 11.02 

Lung 11.46 11.30 13.56 SCC
‡
 of skin 9.66 8.40 8.79 

Oesophagus 10.01 10.92 11.33 Uterus 5.28 4.30 5.09 

Colorectal 8.50 8.66 9.74 Colorectal 5.45 5.24 6.61 

Bladder 7.93 7.73 8.24 Oesophagus 4.23 4.81 5.49 

Melanoma 5.91 5.62 5.55 Lung 3.66 3.62 4.42 

Stomach 5.20 5.85 6.01 Melanoma 4.26 4.02 4.17 

Kidney 1.76 1.74 1.72 Kidney 0.96 0.90 0.97 
 

* 
BCC = Basal-cell Carcinoma, a common type of skin cancer 

‡
 SCC = Squamous Cell Carcinoma 

Data sources: National Cancer Registry for 1999, 2000 and 2001, accessed through CANSA website 

 

4.4 Observed health impacts from AMD – literature review 

Although mining and public health has been a subject of various studies, most of the reports are 

largely focused on occupationally exposed individuals. As a result, there are few studies that address 

community health in relation to mining. Stephens et al. (2001) indicated that of the 996 studies on 

mining and health, approximately 80 were focused on community health. Some of these studies 

addressed mining pollution and human health focusing on specific exposure pathways, (e.g. 

inhalation, ingestion, dermal contact) and specific metals, or a mixture thereof.  Not many of these 

studies singled out AMD as a source of exposure to pollutants in mining communities.  
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UNEP (2010) reports that although human health effects from AMD have not been extensively 

studied, the high levels of exposure to metals such as arsenic and manganese can increase the risk 

of cancer and other illnesses in humans.  Comparisons with published national mortality statistics can 

provide useful preliminary indications of health risk anomalies in specific locations, although they 

cannot prove cause and effect. In addition, AMD may result in negative effects on the quality of health 

and lifestyle choices (e.g. recreational activities in parks) of surrounding communities, which can then 

manifest as physical or even emotional illness among individuals or substantial changes in the 

behaviour of entire communities (UNEP, 2010). A synthesis of recent literature on AMD and 

associated exposure and health impacts
6
 is presented in the rest of this section. 

 

4.4.1 Africa 

4.4.1.1 South Africa 

Only a few studies could be found in South Africa with a focus on human health (excluding 

occupational health) and AMD (Coetzee et al. 2005, 2006; Toens, 1998).  These studies conducted 

by the South African Council for Geosciences (CGS), concluded that AMD in some areas contains 

high levels of radioactivity (Coetzee et al., 2005, 2006; Winde, 2010 and references therein). It is well 

known that exposure to high levels of radioactive materials may increase the risk for cancer, 

decreased cognitive function and appearance of skin lesions in the exposed individuals (Adler and 

Rascher, 2007; Ashan, 2004; Bellinger et al., 1992).  As mentioned in Section 2.5, the recent IMC 

AMD report discussed many potential environmental impacts of AMD, but did not highlight the 

potential for human health impacts. This is an area of research in South Africa with a dearth of 

information, and thus it is necessary to begin to understand and document this risk.   

Although there has been research in South Africa on exposure to heavy metals and resultant health 

effects, many of these studies are not related to mining activities, and none probed AMD directly.  

This research does, however, provide a basis for understanding not only how South Africans are 

exposed to metals (that are also in AMD), but also what the health impacts might be.  In general, 

studies have focused on Mn, Pb and Hg exposure and have found sources including vehicle exhaust 

emissions (both Pb and Mn have been used as additives in petrol), industries and household 

materials (paint).  These studies have also probed various exposure pathways (e.g. inhalation, 

ingestion), and highlight the variety of ways that humans can be exposed to these toxic metals. 

 

4.4.1.1.1 Mercury studies in South Africa 

 
Dalvie and Ehrlich (2006) investigated exposure to mercury among residents of a Cape Town 

community living in close proximity to a waste disposal site and an industrial area. Urine samples 

were collected from the residents of this community (n = 90) and a control community (n = 90). A 

short questionnaire was also administered to capture demographics and additional exposure 

information from the study participants. The results indicated that while the median mercury 

concentrations in both communities were below the WHO reference level of 5.0 μg/g creatinine, 13% 

of the exposed community compared to 0% of the control community had urinary mercury levels 

above the WHO reference level.  Of the potential confounding factors considered, e.g. area of 

residence, possible job exposure, exposure to broken appliance/instrument containing mercury, 

number of dental amalgam fillings, etc., urinary mercury concentrations were significantly associated 

with exposure to broken appliances or instruments potentially containing mercury (p = 0.03) and area 

of residence (p = 0.000) (Dalvie and Ehrlich, 2006). The study concluded that the mercury levels 

found in this study were not a major concern regarding possible adverse health effects. The authors, 

however, recommended that environmental sampling (soil and air) for mercury and an information 

                                                      
6
 Appendix 2 contains definitions of human health parameters discussed in the text. 
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campaign targeted at residents concerning sources of mercury exposure should be conducted, and 

that South African reference levels for mercury exposure should be developed (Dalvie and Ehrlich, 

2006). 

Oosthuizen et al. (2010) investigated mercury exposure in a low income community in Mpumalanga 

Province, South Africa. Blood and urine samples were obtained from approximately 30 adults (>18 

years of age). A questionnaire concerning demographics, health information, potential exposure 

pathways and confounding variables was administered to study participants. The results indicated 

that while none of the study participants were employed in a formal gold mining industry, 15% of the 

study participants had blood mercury levels above the current South African guideline value (<10 

μg/L) for people who are not occupationally exposed. Urinary mercury levels exceeded the South 

African non-occupational reference level of <5.0 μg/g creatinine
7
 in 50% of the samples (Oosthuizen 

et al., 2010). Of the study participants, 67% consumed water from local rivers, 63% consumed fish 

from local waters, and 20% used coal for household energy purposes. However, total mercury levels 

in the river water and fish were below guideline values for human consumption (Oosthuizen et al., 

2010).  While statistically significant associations were not reported, possibly owing to a small sample 

size, elevated blood and urinary mercury concentrations were found in participants who, among other 

traits, had previous contact with mercury, those who reported having had an accident, those with 

difficulty concentrating and those who were smokers. Illegal small-scale gold mining was suspected, 

since there were gold mines within 5 km from this community (Oosthuizen et al., 2010).   

 

4.4.1.1.2 Lead, manganese and other metal studies in South Africa 

 
Von Schirnding et al. (2003) measured blood lead levels of children living in the lead mining town of 

Aggeneys in the Northern Cape Province of South Africa. These levels were compared to blood levels 

of children in the relatively poorer reference community of Pella, a town 40 km away. Mean blood Pb 

level in children living in the exposed community of Aggeneys was 16 μg/dl, which was higher than 

the 13 μg/dl for the poorer reference community of Pella. These levels for both communities were 

above the US Centers for Disease Control (CDC) minimal risk level of 10 μg/dL (CDC, 1991: 2005). 

Children with high Pb levels (i.e. >18 μg/dl) experienced significantly greater learning difficulties 

(school failure) relative to those with lower blood Pb concentrations (≤18 μg/dl) (p = 0.033). The study 

suggested that the socio-economically advantaged Aggeneys children were more exposed to Pb 

relative to those of the socio-economically poorer reference community (Pella). This finding runs 

contrary to observations that children of impoverished urban areas are more exposed to Pb than 

those of higher socio-economic status (von Schirnding et al., 2003). The authors indicated that more 

research into the Pb exposure confounding factors and stringent control measures concerning lead 

exposure in mining towns are required (von Schirnding et al., 2003).  

Röllin et al. (2009) evaluated prenatal exposure to heavy metals including As, Cd, Cu, Co, Hg, Pb, Zn 

and Se, using maternal and whole cord blood in several sites that comprised a mix of inland, coastal, 

industrial and rural sites in South Africa. The results indicated statistically significantly elevated Hg 

concentrations in coastal sites (Indian and Atlantic Ocean sites) relative to inland sites (p <0.001), 

particularly in maternal blood from the Atlantic Ocean coastal site, which had the highest median Hg 

concentration of 1.78 μg/l (range 0.44-8.82 μg/l). The Atlantic Ocean coastal site also had a 

statistically significantly elevated maternal blood Cd levels (mean 0.25 μg/l; range 0.05-0.89 μg/l) 

relative to all other sites (p <0.0032), industrial sites (p <0.004) and rural sites (p <0.001). The same 

site also had the highest Se concentrations relative to all other sites (p <0.001). While blood Cu, Se, 

and Zn concentrations were within normal ranges across the study sites, Hg cord blood 

concentrations were almost double the maternal blood concentrations, indicating high mother to child 

                                                      
7
 Please see Appendix 2 for a further explanation of this and other health parameters. 
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Hg transfer, a situation that has negative implications for cognitive development in children (Röllin et 

al., 2009).  The highest blood Cd concentrations were found in smokers. 

An urban site had the highest Pb concentrations for maternal blood (median 32.9 μg/l; range 16-81.5 

μg/l; p <0.003) and cord blood (median 23.9 μg/l; range 15-80 μg/l; p <0.004) compared to all other 

sites. Both the median maternal and cord blood concentrations, whilst below the CDC/ATSDR
8
 

minimal risk levels of 10 μg/dl, were in excess of the ATSDR normal blood Pb concentrations of 1.5 

μg/dl and 1.9 μg/dl for adults and children, respectively (ATSDR, 2007), suggesting elevated 

exposure.  Mn levels in both maternal and cord blood were in excess of the ATSDR (2000) normal 

level of 14 μg/l (Röllin et al., 2009).  

Generally, the metals in cord blood samples followed a similar pattern in terms of spatial spread and 

statistical significance to that of the mothers, suggesting that coastal sites have elevated prenatal 

exposure to heavy metals (Röllin et al., 2009). The study highlights the importance of considering 

location differences, exposure confounding factors such as behavioural attributes of populations of 

concern, in addressing prenatal exposure to heavy metal health impacts in the South African 

environment. This is particularly important in the light of evidence indicating that South African 

adolescents experience heavy metal associated health problems (Naicker et al., 2010).   

In this study, Naicker et al. (2010) probed the effects of Pb exposure on pubertal development in 725 

South African adolescent females who provided blood samples and pubertal development 

information. Pubertal development was assessed by two factors, namely the age of menarche (i.e. 

first menstrual cycle) and self-reported Tanner staging for pubic hair and breast development.  Of the 

study participants, 49% had blood Pb levels ≥5.0 μg/dl (mean 4.9 μg/dl; range 1.0-16.3 μg/dl). The 

average mernache age was 12.7 years (range 9-16 years). High blood Pb levels were associated with 

significant delay of onset of puberty (p <0.001), marked by delayed breast development and pubic 

hair growth and in the age of attainment of menarche (Naicker et al., 2010). Elevated Pb exposure to 

adolescent South African girls has significant public health implications for the country. As found in 

Röllin et al. (2009), these results are also suggestive of bioaccumulation of metals in the human body. 

Röllin et al. (2005) investigated the environmental and biological Mn levels for first-grade school 

children in Johannesburg and Cape Town, South Africa, following the introduction of 

methylcyclopentadienyl manganese tricarbonyl (MMT) as a petrol additive in Johannesburg only. Mn 

was sampled in water (n = 21), soils (n = 18) and classroom dust (n = 19) of the participating schools. 

Approximately 430 and 384 children provided blood samples for Mn analysis in Johannesburg and 

Cape Town, respectively. The results indicated statistically significantly elevated Mn in soils (p = 

0.0007) and classroom dust (p = 0.0071) of Johannesburg schools (n = 11) relative to Cape Town 

schools (n = 10) (Röllin et al., 2005).  

Schoolchildren in Johannesburg had statistically significantly elevated blood Mn concentrations (mean 

9.80 ± 3.59 μg/l) relative to Cape Town schoolchildren (mean 6.74 ± 3.47 μg/l), even after adjusting 

for confounding factors (p <0.0001).  For reference, the normal range for Mn in blood is 4-15 µg/l 

(ATSDR, 2010).  Blood Mn levels in schoolchildren exceeded the paper’s reference value of 14 μg/ l 

more in Johannesburg (12.5% of samples) than in Cape Town (4.2% of samples).  Blood Mn 

concentrations were statistically significantly associated with classroom dust (Rollin et al., 2005). The 

study suggests that children’s exposure to Mn is high in South African cities, and that appropriate 

mitigation measures are required.  

Röllin et al. (2007) followed up this 2005 study with a study where they investigated the blood Mn and 

Pb levels in 1282 schoolchildren living in four different regions, namely Johannesburg, Cape Town, 

Kimberley and rural Northern Cape. Soil, water and paint samples were collected and the Mn and Pb 

                                                      
8
 ATSDR is the Agency for Toxic Substances and Disease Registry, which is a part of the US Centers for 

Disease and Prevention (US CDC). 
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concentrations were measured. Study participants also provided blood samples for Mn and Pb 

analysis, and care givers of participating children answered a questionnaire concerning socio-

demographics and other potential risk factors of exposure.  

In this study, the median concentrations of Mn in environmental samples ranged from 0.0 to 1.9 μg/l in 

water samples and 9.9 to 436 μg/g in soil samples. Median Mn concentrations in paint were reported 

for only one site and were 33 μg/l (Röllin et al., 2007). Median concentrations of Pb which ranged 

from 0.6 to 1.9 μg/l in water samples, were within the South African domestic drinking water guideline 

value of ≤10 μg/l. The highest median soil Pb concentration of 436 μg/g (range: 18-436 μg/g) was in 

excess of the US EPA children’s playground soil Pb standard of 400 μg/g (US EPA, 2010).  However, 

the median concentrations of Pb in paint which ranged from 56-1171 μg/g in paint samples (Röllin et 

al., 2007), were within the US EPA Pb in paint standard of 5000 µg/g (US EPA, 2000; Mathee et al., 

2007).  

Mean blood Mn levels of the schoolchildren across the study area were lowest in Cape Town (6.75 ± 

3.47 μg/l) and highest in Aggeneys in Northern Cape (9.86 ± 2.63 μg/l). Mean blood Pb 

concentrations ranged from 6.44 ± 2.90 μg/dl (Onseepkans – Northern Cape) to 9.06 ± 3.11 μg/dl 

(Johannesburg). Overall, Cape Town had the lowest blood Mn and Pb concentrations. For reference, 

the normal range for Mn in blood is 4-15 µg/l (ATSDR, 2010) and the current minimal risk levels of Pb 

in blood is 10 μg/dl (CDC, 1991; 2005). The prevalence of children who had blood Pb concentrations 

≥10 μg/dl were highest in Johannesburg (34.7% of children tested), followed by Aggeneys (14.3%), 

Cape Town (10.1%), Kimberley (9.6%), Pella (9.1%) and Onseepkans (2.3%).  Blood Mn and Pb 

were found to be dependent on gender, race and whether there was paint peeling off exterior walls 

(Röllin et al., 2007). These are therefore important exposure modifying factors that need to be 

considered in investigating children’s metals exposure in South Africa, particularly in areas where 

guideline values are exceeded.  

Batterman et al. (2011) investigated exposure of schoolchildren in Durban to airborne Mn and Pb 

though air pollutant measurements and sampling schoolchildren’s blood Mn and Pb concentrations. 

Schools from both northern Durban (Ngazana, Briardale and Ferndale) and southern Durban 

(Wentowrth, Dirkie Uys, Assegai, Entuthukweni and Nizam) were studied. Samples of ambient 

particulate matter were collected at three sites (Nizam and Wentworth in the south and Ferndale in 

the north). Measurements of PM2.5 (particles with diameters ≤2.5 µm) mass concentrations were 

performed at all three sites and PM10 (particles with diameters ≤10 µm) mass concentrations were 

performed only in Nizam. In PM2.5 (particles with diameters ≤2.5 µm) samples, Mn concentrations 

averaged 16.8 ± 28.4 ng/m
3
 at Nizam, 22.5 ± 31.8 ng/m

3
 at Wentworth and 6.9 ± 5.2 ng/m

3
 at 

Ferndale. These average concentrations were below the WHO (2000) reference level of 150 ng/m
3
 

and the recently published US Centre for Disease Control (CDC) minimal risk level of 40 ng/m
3
 for 

airborne Mn (ATSDR, 2010).  However, at Nizam and Wentworth, the peak Mn values exceeded the 

CDC minimal risk value. Average Mn concentrations in PM10 samples taken at Nizam (48.7 ± 44.0 

ng/m
3
) were above the CDC minimal risk level as well. The average Pb concentrations measured in 

PM2.5 were 83.4 ± 100.4 ng/m
3
 at Nizam, 62.8 ± 62.3 ng/m

3
 at Wentworth and 86.7 ± 114.8 ng/m

3
 at 

Ferndale. In PM10 samples obtained at Nizam, Pb concentrations averaged 96.1 ± 84.2 ng/m
3
. All of 

the Pb levels were below the South African ambient air quality standard for the annual average of Pb 

of 500 ng/m
3
. 

The Pb and Mn body burdens were analysed in 408 blood samples of school children in the study 

areas. Mn concentrations averaged 10.1 ± 3.4 μg/l (range 3.0-25.0 μg/l) with 29 children (8.1%) 

having blood concentrations that exceeded the paper’s reference level of 15 μg/l (a level that is 

considered to be the high end of the “normal range”) (ATSDR, 2010).  It was found that children from 

the northern schools had higher blood Mn levels and were more likely to exceed the reference level 

(9.8% of samples exceeded the reference level) compared to the south (5.4% of samples exceeded 

the reference level). These average values were similar to the values measured for the Johannesburg 
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school children in Röllin et al. (2005), but lower than the Cape Town students in the same study (Mn 

has not been added to fuel in Cape Town). The average blood concentrations of Pb was 5.3 ± 2.1 

μg/dl (range 1.0-13.8 μg/dl), with only 12 children (3.9%) having blood Pb levels above the current 

CDC minimal risk level for Pb of 10 μg/dl (CDC, 1991; 2005). These levels were lower than in 

previous studies, which the authors ascribe to the phasing out of Pb in petrol. 

Overall these studies indicate that exposure to these metals in the South African environment, in 

agreement with international literature, occurs through inhalation of airborne particulate matter and 

ingestion of contaminated water, soils and fish from local water bodies.  Ingestion of peeling paint and 

soil (through hand-mouth contact) are also routes of exposure in children. The body burdens for these 

metals, particularly in children who were largely the focus of the reviewed studies, many times 

exceeded reference levels for these metals in the concerned study sites, suggesting bioaccumulation 

and increased potential for adverse effects in such locations is high. The few studies that investigated 

potential health implications indicated impairment of cognitive ability and pubertal development in 

children with high Pb exposure. It is also important to note that some studies do suggest that there is 

no safe level of exposure to lead (Gilbert et al., 2006; CDC, 2005), and that even at levels lower than 

the current benchmarks for Pb, adverse effects on cognitive development occur (Surkan et al., 2007). 

As a result a level of 2 μg/dl instead of 10 μg/dl is suggested (Gilbert et al., 2006).   

While these studies provide important information on metal exposure in the South African 

environment, their findings are constrained by small sample sizes (both environmental and biological), 

limited spatial spread (urban vs. rural), limited population distribution (largely children), exposure 

confounding factors considered (e.g. age, gender, occupational history and other socio-economic 

status variables) and exposure pathways (e.g. air, vegetables). This indicates that more research into 

exposure to metals and associated adverse effects in populations of concern are needed.  

Nevertheless, these studies do give a background on the health impacts that are already present in 

South Africa.  Research into the health impacts of AMD in South Africa, which will focus on heavy 

metals exposure, can build upon these earlier studies. 

The following literature review of international articles is constrained to those related to studies that 

focused on AMD exposure and resultant health impacts. 

 
4.4.1.2 Ghana 

 
Smedley et al. (1996) evaluated the impact of gold-mining processes on the health of local 

communities in the Obuasi gold mining area in Ghana by measuring arsenic (As) concentrations in 

water and human urine. Their study reported As concentrations that ranged from <2-175 μg/l in the 

local water bodies (streams, shallow wells and boreholes), and most were above the WHO As 

guideline value of 10 μg/l for drinking water (Smedley, 1996). The high As concentrations were 

associated with natural oxidation of sulphide minerals, particularly arsenopyrite/iron arsenide sulphide 

(FeAsS), found in the hard mine rock.  

Stream waters, which were also found to be of poor bacteriological quality, had the highest trivalent 

As (As III) and total As concentrations. In addition to As in input flow, the high concentrations could 

also have been influenced by biochemical transformation processes involving in-stream bacteria and 

algae (Smedley et al., 1996). Deeper groundwater (40-70 m) had concentrations that reached 64 μg/l. 

Although lower than surface water concentrations, these As concentrations were still above the WHO 

guideline for drinking water, and were thought to be influenced by As mobilisation in groundwater. The 

authors indicated that As mobilisation in groundwater in this region, was associated with groundwater 

with the following properties: high pH (5-6.8), high bicarbonate (HCO3) concentrations leading to 

longer As residence time in groundwater, low dissolved oxygen and moderate redox potential 

(Smedley et al., 1996).  
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Urinary As concentrations in the community that used the stream for drinking purposes were more 

than twofold the urinary As concentrations of the local suburban community that had access to a 

potable groundwater supply. However, the urinary As concentrations of the exposed community were 

below the typical background levels (for unexposed people) of <100 μg/l (ATSDR, 2007). The higher 

urinary concentrations in the stream-dependant community was likely the result of the high As content 

in the water and food stuffs common in this community (Smedley et al., 1996). While health impacts 

were not measured, it is possible that prolonged exposure for the community with higher urinary As 

would lead to the development of As associated health impacts (see Table 1 for potential effects).  

 
4.4.1.3 Democratic Republic of Congo 

 
Lubaba et al. (2009) investigated the exposure of a local mining community of Katanga to metals 

associated with mining activities in the African copperbelt, in the southeast of the Democratic 

Republic of Congo (DRC). Urinary samples collected from 351 subjects aged 2-74 years were 

analysed for 17 metals including As, Cd, Cu, Co, Pb and U. The results indicated statistically 

significantly (p <0.0001) elevated urinary concentrations of metals Se, Co, As, Pb and U in study 

participants that lived within 3 km of the mine and smelters, compared to those that lived further away. 

However, some urinary concentrations (i.e. Al, Zn, Mn, Mo, and Te) were statistically significantly 

more elevated in sites located 3-10 km away from the mine and smelters than at sites closest to the 

sources and the control community. Concentrations were found to be dependent on age, sex and 

occupation. While the exact exposure pathways were not examined, it was postulated that inhalation, 

ingestion, and diet could play a pivotal role in the exposure of these communities to mine operations. 

Interestingly, water was not listed as a potential source of exposure. Additionally, the health impacts 

of the exposure to heavy metals were not investigated. 

 

4.4.2 Asia 

4.4.2.1 China 

 
Liu et al. (2010) studied the exposure of a local community exposed to As through several exposure 

pathways [soil, water and food (rice, vegetables, fish) contaminated with AMD], and assessed body 

burdens of exposure through scalp hair and urine. This community was exposed to the tungsten 

mining operations which ceased in 1991 in Shantou city, southern China. The authors reported mean 

As concentrations of 2.18 ± 1.34 μg/l (range 1.13-4.22 μg/l) for tap water (n = 6), 2930 ± 10 300 μg/l 

(range 3.14-23 100 μg/l) for surface water (n = 31), and 43.8 ± 87.5 μg/l (range 1.04-325 μg/l) for 

groundwater (n = 14). Agricultural soils (n = 63) had mean As concentration of 129 ± 193 mg/kg 

(range = 3.5-935.0 mg/kg), a value ~4 times greater than the Chinese maximum allowable 

concentration of 30 mg/kg (CEPA, 1985). Mine tailings had mean As concentrations of 4640 ± 6790 

mg/kg (range 152.0-19500 mg/kg) (Liu et al., 2010).  

Mean As concentrations in various food stuffs ranged from 0.189-0.629 mg/kg fresh weight
9
 (fw). Leaf 

vegetables (n = 24) and non-leaf (n = 18) had mean As concentrations of 0.629 ± 0.428 mg/kg fw 

(range 0.230-2.380 mg/kg fw) and 0.381 ± 0.133 mg/kg fw (range 0.118-0.575 mg/kg fw), 

respectively. Brown rice (n = 33) had mean As concentrations of 0.564 ± 0.523 mg/kg dry weight
10

 

(dw) (range 0.152-1.094 mg/kg dw) and fish (n = 18) had mean AS concentrations of 0.189 ± 0.188 

mg/kg fw (range 0.013-0.596 mg/kg fw). These food stuffs, i.e. leaf vegetables, non-leaf vegetables, 

brown rice and fish, were 58.3%, 16.7%, 33.3% and 11.1% above the Chinese maximum allowable 

concentration, respectively (CEPA, 1985; Liu et al., 2010). 

                                                      
9
 Fresh weight is the weight of the specimen that includes its water weight 

10
 Dry weight is the weight of the specimen that does not include its water weight, dry weight is measured after 

heating the specimen to remove its water content 
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The body burdens profiled by hair (n = 136) indicated statistically significantly higher (p <0.05) As 

concentrations for males (mean 0.82 mg/kg; range 0.21-2.92 mg/kg) than females (mean 0.58 mg/kg; 

range 0.11-2.16 mg/kg). Urine samples (n = 61) also indicated statistically significantly higher (p 

<0.05) As concentrations for males (mean 48.8 μg/l; range 5.4-164 μg/l) than their female 

counterparts (mean 40.1 μg/l; range 1.9-149 μg/l).  The study indicated that the study site was 

severely contaminated with As associated with AMD from the local abandoned mine, and that the 

local population (particularly males) was exposed to high levels of As through various exposure 

pathways. As a result, the local community was likely to experience adverse effects associated with 

As exposure. However, the health impacts of the As exposure were not investigated. 

In another study, Chen et al. (2007) investigated the contamination of well water by AMD from the 

Guangdong Dabaoshan Mine in southern China. The results showed that the well water (n = 112) had 

Cd and Cu concentrations that exceeded the WHO and the Chinese National Standards for Drinking 

Water. Cd concentrations were 10 times more than the WHO Cd drinking water guideline value of 

0.003 mg/l (WHO, 2004a) and three times more than the Chinese national standard for drinking water 

of 0.01 mg/l (CEPA, 1985).   While slightly below the WHO Cu drinking water guideline value of 2 mg/l 

(WHO, 2004b), the maximum Cu concentrations in well water were above the Chinese national 

standard for drinking water of 1 mg/l (CEPA, 1985).  The implications for people who rely on this 

source of water would be that the potential to experience adverse health effects associated with Cd 

and Cu increases (see Table 1 for potential health effects). The authors suggested that the high 

mortality reported for the study area could potentially be influenced by the Cd, Cu and other metals 

found in local well waters. However, the direct health impacts from AMD were not quantified in this 

study.    

 

4.4.3 Europe 

4.4.3.1 Portugal 

 
Coelho et al. (2009) conducted a comparative study on the impacts of Cd and Pb exposure through 

surface water contaminated with AMD emanating from the Jales mining area in the Vila Real district 

of northeastern Portugal. Mining was abandoned in 1992 in this area. However, uncontrolled mining 

operations during the operational lifetime of the mines gave rise to AMD pollution and contamination 

of surface water, soil, wetlands and biota, with the heavy metals Mn, Cd, Pb and As being the main 

pollutants of concern. While the residents were consequently advised not to use private wells, other 

potential exposure pathways remained, namely locally grown food products (e.g. vegetables), animal 

produce and dust.  

The residents of Campo de Jales (n = 239), a town next to the mine, and residents of the comparative 

community, Vilar de Maçada (n = 234) situated approximately 45 km away from the Jales mining 

area, provided blood for Cd and Pb assessment and answered a questionnaire concerning health 

symptoms. Due to their distance from the mining area, the residents of Vilar de Maçada were 

assumed not to be impacted by the mining activities and therefore served as controls. The study 

participants from Campo de Jales had statistically significantly (p = 0.000) higher blood Cd and Pb 

concentrations than the residents in Vilar de Maçada. They also had a higher prevalence of 

respiratory symptoms including shortness of breath, coughing, sneezing, hoarseness and dry throat, 

itching, eye irritation and anosmia (loss of the sense of smell). However, the cause for these 

symptoms was not established in this study. 

Pereira et al. (2004) assessed heavy metal exposure in three mining communities living in areas 

affected by mine waste including AMD near the São Domingos mine in Portugal. Soil samples from 

near the mine, with pH values ranging from 6.4 ± 0.7 to 7.5 ± 1.0, had high concentrations of heavy 

metals (AS, Cu, Fe and Pb). Of these, As (<20-306 mg/kg dw), Cd (0.5-2 mg/kg dw) and Cr (114-288 
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mg/kg dw) were above the soil quality toxic benchmark criteria recommended by some European 

countries (Perreira et al., 2004). 

The authors found that the scalp hair of adults and children living in AMD affected areas had higher 

concentrations of the metals As, Cd, Zn and Cu relative to communities that were not affected by 

AMD. The study found that the individuals with the highest concentrations of metals in scalp hair 

consumed one or more of the following locally sourced products: water from wells, garden fruits and 

vegetables, beef and/or fish from local rivers. Those that consumed locally produced cheese, milk 

products and honey, also had higher concentrations of As and Mn in scalp hair (Pereira et al., 2004).   

The study indicates the importance of considering multiple exposure pathways when dealing with 

AMD impacts on human health. However, the direct health impacts of exposure to these heavy metals 

were not investigated. 

 

4.4.4 Central America 

 
4.4.4.1 Mexico 

 

In a pilot study to investigate exposure of children living around mine tailings in the Taxco mining 

district in southern Mexico, where large silver and gold mining operations occurred, Moreno et al. 

(2010) measured a suite of metals including As, Cr, Cd, Cu, Ni, Ba, Co, Zn, Mn, Mo, Sr, Fe, and Hg, 

in blood and urine samples of 50 children residing in the study area. Ninety-four percent had blood Pb 

concentrations above the reference level (5 μg/dl)
11

. Approximately 100% of the children had urinary 

Ni, Ba, Mn, Cu, Cr and Co above reference levels. Urinary Cd, As, Cu and Hg occurred above 

reference levels in 91%, 86%, 66% and 30% of the children, respectively. Contrary to other studies, 

Moreno et al. (2010) did not find any significant difference in metals body burdens by important 

exposure factors such as gender, age, body mass index and parent’s job. This could have been the 

result of the small sample size. While the results of this study were preliminary, they indicated the 

need for further investigation of health impacts associated with metal exposure in the region, which 

can only be understood if all concerned exposure pathways are considered.  

 
4.4.4.2 Guatemala 

 

In a pilot study combining ecological and epidemiological approaches, Basu et al. (2009) investigated 

alleged human rights abuses on the indigenous Mam Mayan communities living near the Marlin Mine 

in Guatemala. The residents around the mine approached the Human Rights Office of the Archbishop 

of Guatemala with evidence (photographs of children) of alleged human health impacts including 

conditions such as skin rashes, hair loss and respiratory difficulties, as well as broad environmental 

degradation including water pollution and social unrest believed to have been caused by the nearby 

Marlin Mine. The residents indicated that their reliance on the surrounding environment, including 

local rivers, had been hampered by the pollution from the mine. For example, they indicated that they 

had stopped using the local rivers regularly because they considered them to be toxic. However, 

when taps failed to provide water, they reverted back to using water from the river. They also 

indicated that in the past 3-4 years their crops had not performed well, thereby affecting their access 

to food stuffs. The pollution from the mine was also alleged to have desecrated places of cultural and 

spiritual significance and interfered with other sources of their livelihood. This, according to the 

community, had led to the development of various health complications which were never found in 

their community before the mine began operating in the area. The residents also anticipated future 

deterioration of their health as a result of mining activities.  

                                                      
11

 Reference levels taken from various studies: Blood Pb and urinary Ba, Mn, Cu, Cr and Co from Heitland and 
Koster (2006); urinary Ni from Schultz et al. (2009). 
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The study focused on metal toxic exposures in which body burdens of the mine workers (n =5) were 

compared to non-occupationally exposed individuals (n = 18) in the local community. A questionnaire 

was also administered in which participants provided information on their health status. In addition, 

soil samples were collected from local schools, soccer pitches and agricultural fields. Water samples 

were collected from communal drinking water sources including taps, springs, a local vendor and from 

four local rivers. 

The results indicated that the levels of metals in the communal water supplies did not exceed the US 

EPA national drinking water quality regulatory limits. The levels of metals in soils were also in the 

region of background concentrations. The chemistry of local rivers, however, varied significantly 

concerning temperature, pH and electrical conductivity, which were elevated at sites located below 

the mine tailing dam. Statistically significantly (p <0.05) elevated levels of heavy metal contamination 

(Al, Mn, Co, As) were found in surface water of sites directly below the mine compared to sites further 

away. Levels of contamination in sediments were within the US regulatory benchmark values. 

The biomonitoring results indicated blood concentrations above reference levels for the US population 

(CDC, 2010) for Al, Mn and Co in the majority of the study participants, although there was no 

association with proximity to mine or occupation. However, distance affected the urinary levels of 

metals with individuals residing closest to the mine having elevated urinary concentration of As, Hg, 

Cu and Zn relative to those that lived further away.  Although tissue samples indicated elevated levels 

of metals, there was no apparent relationship between heavy metal exposure and the self-reported 

health of participants.  This could have also been influenced by the small sample size of the study. 

 

4.4.5 Summary of literature reviewed 

In general, results of the studies reviewed above, showed increased exposure to heavy metals 

attributed to mining activities, and sometimes AMD specifically, in communities living close to mines.  

However, the resultant health impacts are still not well understood. This could be due to a number of 

reasons, including the difficulty in isolating AMD exposure from other exposures, complex exposure 

pathways, and AMD specific diseases.  

Given the myriad of potential human exposure pathways to AMD, the studies suggest that all potential 

and multiple exposure routes (e.g. ingestion, dermal contact, etc.) should be considered when 

addressing AMD health impacts. Other factors including demographics (e.g. age, sex, gender), socio-

economic factors (e.g. occupation), physiological factors, pre-existing diseases and behavioural 

factors (e.g. alcohol consumption, smoking) should also be considered when analysing the potential 

health impacts from AMD, as most of the findings indicated that such factors influence the level of 

exposure and response of affected individuals and communities. In addition, study design aspects 

need careful consideration in the planning phases of the studies. Thus, the first real step in 

understanding the health risk of AMD is to understand the population’s exposure and exposure 

pathways. 

4.5 Health risks and perceptions 

While some research, such as that reviewed above, has been performed on the exposure of people 

living near mines to heavy metals from AMD, the effect that mining and the risk of AMD exposure has 

on their psychosocial well-being has received little attention in literature. However, it is well 

established that communities that live in close proximity to hazardous installations such as landfills, 

industrial complexes and dams have higher levels of psychosocial stress.   

For example, Peek et al. (2009) evaluated the relationship between exposure to a petrochemical 

installation and stress in a community living near an industrial complex in Texas, USA. They found 

that close proximity to the industrial complex was associated with the primary biological markers of 
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physiological stress [interleukein-6 (IL-6) and viral reactivation]
12

.  Respondents who lived close to the 

plant had higher levels of IL-6 than those that lived further away. Those that lived further away were 

also less likely (odds decreased by 21%) to test positive for one or more of viral reactivation markers 

[herpes virus simplex (HSV-1), Epstein-Barr virus-viral capsid antigen (EBV-VCA) and Epstein-Barr 

virus -early antigen (EBV-EA)]. They also found that subjective exposure, expressed as concern 

about petrochemical impact on health, was significantly associated with self-reported health 

indicators. It is therefore important to understand the psychological stress issues associated with 

mining activities in order to fully understand the public health implications of these mining activities. 

This is particularly important for AMD in the context of the South African population, due to the large 

amount of media and political attention the issue is currently receiving.  

While there is limited information on this internationally, a few accounts on perceptions of 

communities affected by mining elsewhere indicate that mining affects their lives in a negative manner 

despite contrary scientific evidence (Armstrong, 1994). For example, the residents of a local township 

near the Brukunga Pyrite mine in Australia associated health problems in their community to the 

mine’s tailings dam and acid treatment plant. This occurred despite local studies indicating evidence 

to the contrary (Armstrong, 1994). This finding reflects the biases often associated with stakeholders 

in mining and community health issues. However, others caution that both lay and scientific evidence 

should be taken into consideration when addressing mining and health or community concerns 

(Moffat and Pless-Mulloli; Peek et al., 2009; Scott and Barnett, 2009).  

Moffatt and Pless-Mulloli (2003) explored the health and environmental concerns and perceptions of 

parents of children living in close proximity to opencast mining in the UK. The study was conducted 

simultaneously with an epidemiological study with the aim of comparing findings between lay and 

scientific methods. Purposive sampling was adopted to identify and include children of parents who 

had complained of air pollution and potential health impacts in the study area. The survey results 

were in alignment with the findings of the epidemiological study, as both found a lack of an 

association between asthma and asthma exacerbation and opencast mining. However, the survey 

results, again in alignment with the epidemiologic findings, suggested increases in dust concentration 

and higher rates of general practitioner’s visits for other respiratory ailments in the study population.  

The results suggested the need to consider both lay and scientific evidence in addressing 

environmental disputes. 

4.6 Summary 

It is difficult to generalise potential AMD health impacts. Not only do the pollutants present in AMD 

vary from site to site, but also the exposure pathways via which people may be exposed and their 

amount of exposure, may vary from site to site.  However, AMD generally contains high 

concentrations of heavy metals, many of which have been linked to negative health impacts ( 

Table 1). As many of the studies reviewed above found that exposure levels in mining communities 

are high relative to reference communities, it is critical to understand the risk of AMD exposure to 

humans in South Africa.  

The literature review also identified key gaps in the research of health impacts and AMD. From the 

reviewed studies, it is clear that body burdens of AMD-related heavy metals in certain cases are high 

and exceed reference levels. What is not clear is the profile of background levels of metals and their 

contribution, relative to the exposure concentrations in the populations of concern. In addition, 

interactions between metals, and between metals and other chemicals in the human body which may 

be synergistic or antagonistic in nature, are not addressed in these studies.  The studies also highlight 

several potential sources of metals related to AMD in the environment, suggesting that exposure to 

these metals can be from a mixture of sources. However, while sources closest to populations of 

                                                      
12

 Please see Appendix 2 for a further explanation of this and other health parameters. 
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concern appear to be the main exposure drivers, other miscellaneous sources which were not 

evaluated may also have a substantial contribution to exposures observed in these studies. Their 

relative importance in terms of exposure or risk apportionment also need to be considered.   

In addition, many of the studies were not able to probe the impact that heavy metals from AMD had 

on human health, but rather focused on the exposure.  This may be due to the fact that in order to 

understand the health effects it is critical to first understand the exposure. Despite the focus on 

exposure presented in these studies, there is no consensus on what is the most relevant exposure 

pathway.  This may be due to the fact that the pathways are highly variable from community to 

community and, if so, then the previous research may not be fully applicable to a South African 

context. Bridging the gap between exposure and adverse effects remains a critical gap in the current 

body of knowledge on AMD and health impacts in exposed populations.  

Finally, in order to fully understand the health impacts of AMD, an understanding of the confounding 

factors (e.g. occupational history, proximity to source, behavioural attributes, etc.) and community 

perceptions are equally important. Both of these factors as well as those described above are all likely 

to vary greatly from community to community, and local data and information are therefore critical in 

order to fully understand the impact of AMD on human health in South Africa.  

This project aims to start informing some of the research gaps in a South African context.  
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5 National Assessment 

In order to understand the potential risk for health impacts from AMD, it is important to first 

understand which communities are at a greater risk of being exposed to AMD. It can then be 

assumed that those communities that are at a greater risk of exposure to AMD will also be those 

communities where the risk of negative health impacts is also greater. In order to begin to understand 

where the risk of negative health impacts from AMD might be greater, an atlas has been created to 

highlight the areas and communities in South Africa that are potentially at risk from being exposed to 

AMD. Through highlighting areas of potential risk of exposure to AMD, it is possible to collect local 

information on these areas to better understand and quantify this risk and the resultant health 

impacts.   

The national assessment describes the potential risk of communities to be exposed to AMD across 

the country.  The data were limited to that available at a national scale. Many details on local 

conditions needed to appropriately assess risk are lost in this assessment.  The national assessment 

applies a common methodology to highlight the “hot-spots” where communities have a high potential 

of exposure to AMD and suffer negative health impacts from this exposure. The main findings of the 

atlas (Appendix 5) are described in this section. 

5.1 Risk of mines releasing AMD  

In the national assessment, mines that may be at risk for producing and releasing AMD due to 

geological considerations (e.g. presence of reactive sulphide-bearing materials) and water availability 

were identified first.  These criteria are important because in order to produce AMD, reactive sulphide-

bearing minerals must react with water and oxygen. Additionally, in order for the resultant AMD to 

impact the environment and communities, it needs to be transported from the mine. Thus, water 

availability is important for both producing and transporting AMD.  In this assessment, mean annual 

precipitation (MAP) was used as an indicator of water availability.   

Mines were assessed by these two criteria and a “Simplified Decant Risk” assigned as shown in 

Figure 4.  The methodology begins by looking at a “Simplified Potential for AMD due to Geology,” 

which describes the potential to create AMD due to the presence of sulphide-bearing minerals.  This 

is then combined with the MAP values for the region.  The MAP levels were assigned as “low” for 

MAP <500 mm, “medium” for MAP = 500-750 mm and “high” for MAP >750 mm.  
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Figure 4: Method for calculating the Simplified Decant Risk of a mine in the national 
assessment 

 

Note that the “Simplified Decant Risk” is dominated by the “Simplified Potential for AMD due to 

Geology,” as even areas with low MAP have the ability to create and decant AMD.  It is the local 

conditions (e.g. proximity of communities to high risk mine, use of water by local communities, upkeep 

of individual mines and decant) that will dictate if a mine with a high “Simplified Potential for AMD due 

to Geology” does in fact have a high decant risk and potentially high impact for the local community.  

In addition, the status of the mine (e.g. active, abandoned) is not considered in the “Simplified Decant 

Risk” assessment because the decant risk depends on the maintenance and management of each 

mine, and such mine-specific information is not readily available. Besides, the very small scale of the 

national maps does not allow for local conditions to be portrayed or deciphered. In order to decipher 

local differences, the local characteristics, exposure pathways and communities must be analysed. 

Further, with the focus being on potential risk, the assessment was intentionally conservative. In 

addition, the assessment does not consider mitigation efforts by the mines. The actual and current 

situation may therefore be different from that described in the assessment, as some mines are 

actively managing their AMD and are thus mitigating their AMD impact.   

Figure 5 displays the calculated “Simplified Decant Risk” for all mines in South Africa. Mines found to 

have no “Simplified Decant Risk” are not shown. The risks are defined as “low”, “medium” or “high” as 

per Figure 4, with mines assigned a high “Simplified Decant Risk” coloured orange, red or pink. The 

mine database used for this assessment contained all mines in South Africa up to 2001. 
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Figure 5: Distribution of all mines in South Africa calculated to have a “Simplified Decant Risk” 
as characterised in the legend 

 

Figure 5 indicates that mines with a high “Simplified Decant Risk” are spread across the country and 

can be found in many district municipalities. In order to identify areas having a high concentration of 

mines with a high “Simplified Decant Risk”, the number of mines with a high “Simplified Decant Risk” 

were aggregated per catchment (Figure 6a) and per 25 km x 25 km grid (Figure 6b).  Figure 6a 

explores the association of AMD transport by water so as to understand which ecosystems and 

communities may be at greatest risk of impact on a catchment basis. Under circumstances where the 

impact of AMD may be greatest closer to source because of neutralisation and dilution as it moves 

through the environment, Figure 6b explores the density of mines with a high “Simplified Decant Risk” 

on a 25 x 25 km grid. This eliminates the bias associated with different sizes of catchments. It should 

be noted, however, that pollution can be transported great distances, so this assumption is not always 

true.  

Similar areas across South Africa are highlighted in both Figures 6a and 6b, e.g. Okiep and Witbank. 

Other areas such as Carletonville are more prominent using a constant area (Figure 6b). 
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Figure 6: Distribution of mines with a high “Simplified Decant Risk” aggregated a) per catchment and b)per 25 
km x 25 km grid. 
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5.2 Communities at risk 

Figures 5 and 6 only highlight areas in South Africa where there are mines that are at high risk for 

potentially producing and releasing AMD into the environment.  In order to highlight communities that 

may potentially be at risk of being exposed to AMD pollutants, South African Census 2001 data were 

integrated with the “Simplified Decant Risk” information.  

Figure 7 displays the number of households for only those sub-places that have one or more mines 

with a high “Simplified Decant Risk”.  A sub-place is a geographic area used by StatsSA to describe 

the Census data.  For reference, a sub-place is smaller than a Local Municipality. 

As described above, the mines that have a high “Simplified Decant Risk” have the highest risk of 

potentially releasing AMD into the environment, and thus potentially impacting both the ecosystem 

and communities. Areas shaded red represent the greatest number of households in a sub-place 

associated with mines assessed as having a high “Simplified Decant Risk”. This indicates a 

concentration of people who have the potential to be impacted by AMD due to their proximity to these 

mines. However, there are many other factors that may be important in describing the risk of a 

community to AMD.  Local information would be needed to adequately describe a communities’ risk.  

Figure 7 shows that the three areas selected for the community assessment in this study, namely 

Carletonville, Vryheid and Witbank (Section 6), have a high number of households per sub-place 

associated with a high “Simplified Decant Risk” mines. 

 

Figure 7: Number of households per sub-place with high “Simplified Decant Risk” mines 
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Proximity to mines is only one potential risk factor for a community to be exposed to AMD.  Health 

risks from AMD will occur only if people in a community in proximity to a mine are exposed to AMD 

pollutants.  As the principal medium for AMD transport, the key exposure route assessed was water. 

5.2.1 Water Supply 

Exposure of people to AMD may be either through direct ingestion of contaminated water, or through 

dermal absorption via contact with water.  Indirect exposure to AMD is also possible through ingestion 

of contaminated soil, through consumption of fish from water sources contaminated by AMD, through 

food crops such as fruit and vegetables that have been contaminated by irrigation with AMD polluted 

water, or through milk and meat from animals exposed to AMD (e.g. from drinking AMD polluted 

water).  However, for the national assessment, no data were available on pathways that lead to 

indirect exposure to AMD, so only the direct exposure route was assessed.   

In order to highlight areas that might be at risk of direct exposure, the household information on water 

usage from Census 2001 was used. The information from the census category “Main water supply” 

was used to identify households that do not use piped water, and therefore use potentially untreated 

water. The sources in the “Main water supply” category comprised i) piped water (tap) inside dwelling, 

ii) piped water (tap) inside yard, iii) piped water on community stand within 200 m, iv) piped water on 

community stand further than 200 m, v) borehole, vi) spring, vii) rainwater tank, viii) 

dam/pool/stagnant water, ix) river/stream, x) water vendor, xi) other, and xii) not applicable 

(homeless). 

The number of households that use water from sources that are vulnerable to contamination by AMD 

are identified in Figure 8.  These are recognised as households that access a “vulnerable water 

source” represented by one of the following Census 2001 “Main water supply” categories; i) borehole 

ii) spring, iii) dam/pool/stagnant water or v) river/stream.  The identification of such households serves 

to map those populations at greater risk of AMD exposure and associated health impacts. 
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Figure 8: Number of households per sub-place with high “Simplified Decant Risk” mines and 
that access “vulnerable water sources” 

 

Figure 8 reveals the areas around Vryheid in northern KwaZulu-Natal Province and in south-eastern 

Mpumalanga Province (around Piet Retief and Ermelo) as supporting the largest number of 

households that access “vulnerable water sources” as their main water supply.  

5.2.2 Communities potentially at risk 

The rather simple spatial association of households that access “vulnerable water sources” with high 

“Simplified Decant Risk” mines per sub-place (Section 5.2.1) only highlights areas where these two 

risk factors are both present.  However, in order to begin to assess the potential for risk, it is important 

to identify areas that have a larger number of mines and communities potentially at risk. This is 

obtained by multiplying the number of households per sub-place accessing “vulnerable water 

sources” by the number of mines with a high “Simplified Decant Risk” in that sub-place. The result is 

shown in Figure 9, where Figure 9a represents the numerical product per sub-place, and Figure 9b 

the numerical product normalised to a unit area of 1 km
2
. The latter formulation removes the bias 

associated with sub-places of different size. In both instances, however, a higher number equates to a 

greater density indicative of a greater potential for human exposure to AMD and associated negative 

impacts on human health. In both Figures 9a and 9b, the area around Vryheid appears as a hot-spot. 

Areas such as Okiep, Witbank, Carletonville and Barberton are more prominent in Figure 9a. The 

information provided by this assessment assisted in selecting sites for the community assessment.  
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Figure 9: Distribution of sub-places on the basis of density representing the numbers of 
households accessing “vulnerable water sources” and high “Simplified Decant Risk” mines a) 

per sub-place, and b) per km
2
 as characterised in the legend 
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5.2.3 Agriculture Risk 

People may be exposed to AMD pollutants through indirect exposure by eating food crops that are 

irrigated with AMD contaminated water. Agricultural areas in South Africa may be at risk due to their 

proximity to mines with high “Simplified Decant Risk” especially if they irrigate their plants with AMD 

contaminated water. Unfortunately, information on communities’ potential indirect exposure to AMD 

was not available through the Census. An assessment of the impact that AMD may have on 

agriculture is based on mapping agriculture areas identified by the National Land Cover (van den 

Berg et al., 2000) study in terms of proximity to high “Simplified Decant Risk” mines. The result 

(Figure 10) shows the close proximity of many agricultural areas to mines with a high “Simplified 

Decant Risk”, a situation that signifies a potential risk for exposing people to AMD pollutants through 

agricultural products.  However, local information on AMD and the use of water by the agricultural 

sector is necessary to understand the risk of AMD to the agricultural sector and the resultant impact 

on human health. 

 

Figure 10: Distribution of land use categorised as “cultivated land” in the National Land Cover 
(2000) study in relation to high “Simplified Decant Risk” mines 

 

5.3 Summary of National Assessment 

The integrated assessment of “Simplified Decant Risk” and population information indicates that there 

are communities that do have a high potential to be exposed to AMD and thus to have their health 
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negatively impacted by this exposure. Figure 9 in particular highlights hot-spots that have the potential 

to be exposed to AMD. 

As these are national maps, only data that were available at a national level was used and as a result, 

many details about local conditions are lost in these representations.  For example, the area of Okiep 

in many of the maps is shown as an area that has a high potential risk due to AMD.  The site selection 

exercise included a visit of Okiep to gain a better understanding of the local AMD situation and assess 

the suitability of the area as a candidate for site specific assessment.  Water samples were collected 

and the AMD situation discussed informally with employees of the mines, local residents and local 

government.  While AMD was found, exposure pathways to humans were not patently evident.  Mine 

management confirmed a commitment to maintaining AMD monitoring and containment activities at 

their closed mines.  The residents generally use municipal water, though some use boreholes. 

Groundwater samples from two boreholes were analysed, both showing no trace of AMD on the day 

sampled.  While a 1-day site inspection is insufficient to discount any risk to a community from AMD, 

Okiep was not selected as there were other areas where human exposure to AMD (including water 

quality indicators that suggested the presence of AMD) was more apparent during 1-day site visits.  

The Okiep experience highlights the need for local information when assessing risk.   

The maps presented in this section provide an analysis of the potential for AMD to impact 

communities in South Africa. The sample sites for the current study were selected, in part, by using 

the criteria and information in these maps. Closing the knowledge and information gaps for the 

selected sample sites, and evaluating the local data and information generated, facilitated validation 

of the methodology employed to display the potential risk to communities from AMD.  
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6 Community Level Assessment 

The national assessment (Section 5) highlighted areas in South Africa that are potentially at risk from 

exposure to AMD.  However, more detailed information is necessary to assess if this potential for risk 

is realised.  In order to assess this risk, four communities were chosen for in-depth community level 

assessment. Three of the communities were determined to be “at-risk” for AMD exposure, and the 

fourth used as a reference (control) site devoid of AMD exposure.  In each community, the local 

information needed to characterise the risk of human exposure to AMD and to describe the potential 

resultant health impacts and risks, was collected through a health survey and environmental 

monitoring. The environmental monitoring results were used in a human health risk assessment to 

quantify the health risks associated with the heavy metal concentrations found in the various sample 

materials. Approval for this study was given by the CSIR Research Ethics Committee (Ref 20/2011). 

The assessments aimed at answering the following four questions: 

i) What is the presence and use in each community of potential exposure routes to AMD 

pollutants (e.g. drinking potentially contaminated water, eating potentially contaminated 

vegetables)? Are any of these statistically significant risk factors for the reported health 

symptoms? 

ii) What is the prevalence
13

 of health symptoms associated with heavy metal exposure in 

each community? 

iii) What is the risk to human health from the heavy metal concentrations found in 

environmental samples? 

iv) Is there a difference in (a) reported health symptoms (through the health survey) and/or 

(b) the health risks (from the health risk assessment) associated with heavy metal 

exposure in the at-risk sites versus the reference site? 

The health symptoms associated with heavy metals were the focus of the health impacts as it is the 

toxic heavy metals in AMD which will lead to the highest health risks.  In this study, the actual 

exposure of communities to heavy metals from AMD was not determined as a more detailed study 

would be needed to measure exposure.  Rather, the focus was on the risk of exposure, the risk to 

human health assuming exposure, and characterising the current health status of the community.  It 

was anticipated at the start of this project that if risks were identified, then further research would be 

needed to assess if the risks were realised.  

The criteria used to identify communities at-risk included i) community close to a mining site, ii) mining 

site may potentially be releasing AMD into the environment, iii) potential for community exposure to 

AMD through use of contaminated surface and groundwater, and iv) lower socio-economic status. In 

addition, study sites were selected to represent a variety of mining areas and commodities as well as 

a variety of situations. Based on the national assessment, ten communities were selected to 

determine their suitability as study sites from reconnaissance field visits. 

 In Mpumalanga Province: Witbank/Klarinet, Middelburg, Ermelo, and Ogies/Phola. 

 In KwaZulu-Nata Province: Newcastle and Coronation (outside Vryheid). 

 In Gauteng Province: Carletonville/Khutsong and Westonaria/Bekkersdal. 

 In Northern Cape Province: OKiep/Springbok/Nababeep 

 Verena in Mpumalanga Province for a reference community. 

 

Each of the communities was visited to determine at first-hand what type of communities were in the 

area (e.g. suburbs, townships, informal settlements) in consideration of the hypothesis that 

communities with a lower socio-economic status are more likely to be exposed to AMD pollutants.  

                                                      
13

 Prevalence of a particular health outcome is the percentage of people who answered the survey who said that 

a member of their household has suffered from that particular health outcome.  
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The site visits included a cursory search of possible exposure pathways (e.g. are communities seen 

to be using water directly from polluted rivers for drinking or for irrigation, are livestock seen to be 

drinking from polluted water sources, etc.). In addition, representative water samples collected from 

around the communities were analysed for the presence of AMD pollutants and other indicators of 

water resource health (e.g. E. coli concentration). The samples were analysed for aluminium, copper 

(OKiep area only), iron, manganese, sodium and sulphate, as well as pH, electrical conductivity, total 

dissolved salts and E. coli. In addition, water quality data sourced from the Department of Water 

Affairs (as available) was interrogated to determine a possible presence of high sulphate and/or low 

pH values indicative of historical AMD pollution in the sampled water resources. 

 

From the site visits, four sites were selected for environmental monitoring and health surveys (Figure 

11). The three communities adjudicated to be at risk from AMD are i) Khutsong, outside of 

Carletonville, ii) Coronation, outside of Vryheid, KwaZulu-Natal, and iii) a township in Klarinet, 

Witbank.  The Verena community in Mpumalanga Province, located in the upper reaches of a 

catchment upstream of any mines and mining activity, meets the criteria for a reference community. 

 
Figure 11: The study areas, Verena, Khutsong, Coronation (KZN) and Klarinet, within in their 

water management areas and the local land use practice. 

 

The Coronation site supported no single community meeting the sample size of 1 000 households 

required for the health survey.  As a consequence, two communities represented by Coronation and 

Kengolana located <3 km apart were sampled. In the analysis it was useful, on occasion, to treat the 

two communities separately to examine any differences between them.  When analysed together, 

they are referred to as the “KZN site.”  

The KwaZulu-Natal site (Coronation) is rural and isolated, has coal mining in the area, and the 

communities appear more likely to not solely use municipal water sources. The Mpumalanga site 

(Klarinet) is a larger township near Witbank in a coal mining area and might be impacted by other 

pollution sources (e.g. industrial pollution) than just AMD. The Gauteng site (Khutsong) is a larger 

township in a gold mining area, and also has a history of public engagement around water pollution. 

The reference site, Verena, did not present any known or potential risk of exposure to AMD. 
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In the following sections, the study methods and results for the health survey, environmental 

monitoring and human health risk assessment are described. Section 7 describes the door-to-door 

community and health survey.  The environmental sampling and analysis are described in Section 8.  

The human health risk assessment is described in Section 9.  
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7 Community Health Survey 

In each of the site, a health survey was administered to approximately 1 000 households. As mention 

earlier, in the KZN site two adjacent communities were sampled to reach this number of households.  

The survey was performed by administering an electronic questionnaire that was piloted and 

translated into local languages. It included questions on socio-economic status, demographics of the 

household, potential exposure routes (e.g. water usage, consumption of local vegetables), general 

information on hygiene practices, and the occurrence of specific health symptoms that are associated 

with heavy metal exposure. The complete questionnaire is presented in Appendix 6. The purpose of 

the survey was, using a representative sample of the community, to determine the health status of the 

community for outcomes related to heavy metal exposure, to determine the potential for possible 

exposure routes to AMD, and to determine if there are any identifiable risk factors or behaviours (e.g., 

drinking surface water) related to the probed health outcomes.   

7.1 Administering the survey 

The detailed methodology for administering the survey and the data quality control measures are 

presented in Appendix 7.  Briefly, in order to administer the survey, the following steps were taken: 

1. Community and stakeholder engagement through communities meetings. 

2. Recruitment of local field workers. 

3. Training of local field workers. 

4. Data capture though administering the survey to the community by the field workers. 

5. Data quality control. 

The community and stakeholder engagement began with representatives from the NOVA Institute, the 

project partner who administered the survey, investigating the areas in the locally accepted manner in 

which projects of this type are introduced and implemented, and identifying relevant role-players. This 

was followed by a community meeting held in each study area to introduce the project and to ensure 

community acceptance, approval and participation.   

After the meeting, field workers were recruited and trained. Curricula vitae were requested from 

several persons in the target communities, including all invitees to the communication meeting. 

Applicants' suitability was evaluated in the light of the specific requirements set by the methodology 

for data collection. Membership of local communities, a fluency in English, a thorough understanding 

of cell phone functioning
14

 and experience in personal interviewing were, amongst others, 

fundamental requirements for contracting potential. After a shortlist of candidates was made, they 

were all interviewed and tested to see if their skills agreed with their submissions. Originally, twelve 

candidates for each implementation were chosen. In KZN, this group was later enlarged to fourteen 

due to community concerns. 

Training in each location was conducted over a five day period which included theoretical and 

practical training. The former included training on the background of the project, the role players 

involved, the specific aim of the project, a detailed analysis of each question and its possible answers, 

and general interviewing techniques. Practical training included training on cell phone usage to 

conduct the questionnaires, mock interviews with colleagues, and a pilot implementation on the last 

day of training. All but one of the candidates recruited (who received a long-term employment offer) 

completed the training satisfactorily. 

The sampling plan for administering the survey in each of the communities targeted households in 

close proximity to potential AMD sources, particularly surface water sources. However, a general 

                                                      
14

 The electronic questionnaire is stored on a cell phone and the answers to the questions are 
captured on the cell phone by the field worker. 
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representation of the communities was also obtained by including households further away from water 

bodies. The field worker administering the surveys started by interviewing households close to water 

courses and moved further away from the water courses until the desired sample size was reached.   

The data on the prevalence of health symptoms associated with heavy metal exposure from the 

health survey is the self-reported prevalence of disease. Medical records from local hospitals and 

clinics were not used and, as far as is known, many hospitals do not routinely collect health 

information related to heavy metal exposure. Thus, while every effort was made while administering 

the health survey to explain the health symptoms in non-technical terms, the answers may be biased 

by the respondent’s understanding of the health outcome.   

The quality control process entailed re-interviewing a sample (12.1%) of the study participants 

telephonically. This was made possible by the provision of telephone details by 75% of the 

respondents. In the quality checking process, the questionnaires were evaluated in two ways. Firstly, 

the reported data were evaluated to determine whether the interview did in fact take place. This was 

achieved by among others checking for phone numbers, submission totals, duplicate entries and 

verification of staff numbers against records received.    

Secondly, the accuracy in capturing the data was evaluated in the re-interview by following set criteria 

which included the re-asking of nine questions from different sections of the questionnaire during the 

re-interview. Discrepancies were rectified accordingly.  In general the quality of the data was found to 

be good for most records. However, questions relating to secondary water supply and consumption of 

fruit and vegetables in some communities showed a higher rate of discrepancies, particularly in the 

control site Verena. Records with discrepancies were excluded from the analysis. After this process, 

79% of the records were found useable. 

7.2 Statistical analysis methods 

The responses to the questionnaire were analysed in order to answer three of the aims highlighted in 

Section 6, namely: 

i) What is the presence and use in each community of potential exposure routes to AMD 

pollutants (e.g. drinking potentially contaminated water, eating potentially contaminated 

vegetables)? Are any of these statistically significant risk factors for the reported health 

symptoms? 

ii) What is the prevalence of health symptoms associated with heavy metal exposure in 

each community? 

iii) Is there a difference in reported health symptoms (through the health survey) associated 

with heavy metal exposure in the at-risk sites versus the reference site? 

Multiple analyses were performed in order to be able to answer these aims.  The general 

methodology is described here.   

7.2.1 Terminology 

An exposure factor is a variable that describes a specific characteristic that may either explain an 
increased prevalence of a health outcome (in which case it is referred to as a risk factor) or may 
explain a decreased prevalence in a health outcome (in which case it may be referred to as a 
protective factor). Examples of risk factors associated with diarrhoea may include “members of 
household do not wash hands before eating”. An example of a protective factor may be “wash water 
is thrown away after washing hands”. It is important to note that if these factors are considered 
together with all the other factors, the relationships may change because the relative importance of 
the specific factor may become more or less. 

The term significance level refers to a pre-chosen probability and the term "p-value" is used to 

indicate a probability calculated after a given study. If significance level is chosen as 0.05, and the p-
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value is <0.05, it means that there is less than 5% or a 1 in 20 chance of being wrong, given the data 

collected. An association or difference between different factors may therefore be regarded as 

statistically significant if the probability is less than the significance level, which was chosen as 0.05 

for this study. 

The Odds Ratio (OR) measures between two groups the odds (chance) of having a specific illness or 
a symptom in the one group compared to the other group.   
 

7.2.2 Descriptive statistics 

For each community descriptive statistics were compiled.  These are the statistics per area of the 

number of responses to each question in the questionnaire.  They provide information on the 

demographics and socio-economic status of the communities, the hygiene practices, the exposure 

factors and the prevalence of health symptoms. However, this information alone does not indicate if 

there are statistically significant differences in these variables between communities. To obtain an 

answer in this regard, the analyses were performed according to 7.2.3 – 7.2.5.  

7.2.3 Determining risk factors for self-reported health outcomes per area 

Phase 1 of this process determined exposure factors that were significantly associated with self-

reported health outcomes. For each community, cross-tabulations were performed for categorical 

exposure factors vs. self-reported health outcomes to determine if any of these potential risk (or 

protective) factors are associated with specific health outcomes in a statistically significant way. A chi-

square test of association was used in cases where the cell frequency was greater than 5. A Fisher’s 

exact test was used in cases where any of the variables in the cross tabulations had a cell frequency 

of 5 or less. Only Odds Ratios (ORs) of associations that were statistically significant at p <0.1 were 

reported (i.e. including factors that have less than 10% chance of being wrongly included). The 

outcome of this phase provided a list of exposure factors with statistically significant ORs (called 

crude ORs), each of which are on its own significantly associated with a specific health outcome. As 

the outcome of this (called univariate analysis) process did not consider the effect of interactions 

between different exposure factors, the next step was to assess the association between the 

combined list of factors selected in Phase 1, and the specific health outcome (multivariate analysis).  

The first step in the multiple logistic regression analysis entailed stepwise regression with the purpose 

of determining potential relationships between dependent and independent variables. Health 

outcomes were the dependent variables while various exposure factors including socio-economic, 

demographics and living conditions were the independent variables. These exposure factors were 

included or excluded in a step-wise fashion in order to determine which factors, for each health 

outcomes, are after accounting for the effects of interaction between factors, still significantly 

associated with the health outcome. These factors then constituted the final model for the particular 

health outcome, with the OR again indicating whether the included factor is a risk or protective factor 

for the particular health outcome. This analysis only looks at those factors that were in the 

questionnaire, while there are many factors that may impact the prevalence of health symptoms. 

7.2.4 Comparison of exposure factors between different areas 

Comparisons of prevalence of exposure pathways and factors were also done across areas. Logistic 

regression was performed, during which the prevalence of categorical exposure factors were 

compared against Verena as a reference site, to see if there is a statistically significant difference in 

the prevalence of the individual exposure factors. A reference community is one for which the 

considered risk factors are presumed to have a lower prevalence than the community it is compared 

to, meaning that the specific factor is more prevalent in the community of comparison (OR >1).  



63 
 

7.2.5 Comparison of health outcomes between different areas 

The prevalence of health outcomes in each community was determined using descriptive statistics as 

discussed in Section 7.2.2. In order to determine which health outcomes in at-risk communities were 

statistically significantly different from Verena, logistic regression was again performed. The odds 

ratios were calculated for those health outcomes that showed a statistically significant difference from 

Verena. 

In addition an analysis of variance (ANOVA) was used to test whether differences between study sites 

were statistically significant. A one-way analysis of variance tests for differences between group 

means. ANOVA was graphically represented using the diamond mean plots (Figure 12). The line near 

the centre of each diamond represents the group mean. The vertical span of each diamond 

represents the 95% confidence interval for the mean of each group.  

 
Figure 12: An ANOVA plot used for statistical comparison to compare datasets (Source 

http://www.gigawiz.com/diamond.html) 

 

The top and bottom of each diamond represent the (1-alpha) x100 confidence interval for each group. 

The confidence interval computation assumes that the variances are equal across observations. 

Therefore, the height of the diamond is proportional to the reciprocal of the square root of the number 

of observations in the group. The horizontal extent of each group along the x-axis (the horizontal size 

of the diamond) is proportional to the sample size for each level of the X variable. Therefore, the 

narrower diamonds are typically taller, because fewer data points results in a wider confidence 

interval.  The mean line across the middle of each diamond represents the group mean. Overlapping 

marks indicate that the group means are not significantly different at the given confidence level. 

Statistical differences were analysed by computing the Pearson correlation, p-values lower than 0.05 

were considered to be significant. 

7.3 Results 

The household survey provided results on the demographics of the community, the socio-economic 

status, potential exposure routes to AMD, general hygiene and water usage, nutritional aspects, 

energy usage and self-reported health symptoms. These data were needed to accurately describe the 

communities; in addition, all factors were analysed as described in Section 7.2 to assess whether they 

were risk factors in the health symptoms reported in each community.  Data on each of these 

questions are available for each community, and the complete dataset was delivered to MHSC on 31 

March 2012. Only the key findings will be highlighted here.   

7.3.1 Demographics 

In general, the communities were comparable in terms of socio-demographics profile. The household 

employment rate was 36.7%. Income generation for households was largely confined to self-

employment (5.1%), pension grants (14.2%), part-time employment (6.0%) and full-time salaried 
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employment (11.6%). The total monthly household income ranged from <R500 to >R2000 and was 

similar across the different communities, with the exception of Klarinet where the largest proportion of 

households were within the highest monthly income bracket of >R2000 (31.5%). For all sites, 

approximately 16.4% of households had members who had previously worked or were presently 

working in a mine. The largest proportion of a household with members who had or were working in 

mines were from Klarinet (21.2%), followed by Khutsong (20.1%), Kengolana (16.6%), Coronation 

(15.5%) and Verena (8.9%).  

7.3.2 Potential AMD exposure routes 

Questions on water use and consumption of locally grown produce and animal products were asked 

in the health survey in order to understand the potential exposure routes of the communities to AMD 

pollutants. When AMD enters the environment, it can increase the acidification and heavy metal 

content of the water and the soil. Soil acidification leads to even higher concentrations of heavy 

metals being bio-available to plants, which can then be consumed by animals and humans. Humans 

can therefore potentially be exposed to heavy metals from AMD through various routes which include: 

ingestion of AMD contaminated water, ingestion of plants irrigated with AMD polluted water, ingestion 

of animals which have grazed on the contaminated plants, and dermal contact. The health survey 

probed all of these exposure routes. Tables 3 and 4 display some of the information on exposure 

routes from the health survey. 

Table 3 highlights some of the information from the survey on water usage. The response for each at-

risk community was compared to Verena.  If there was no statistical difference between the 

percentages of households in the at-risk community compared to Verena for the exposure factor in 

Table 3, then the cells are coloured grey. If a statistically significant higher percentage of households 

had the exposure factor present compared to Verena, then that cell is coloured blue.  If a statistically 

significant lower percentage of households had the exposure factor present compared to Verena, 

then that cell is coloured green.  A statistically significant difference means that there is statistical 

evidence to prove a difference between a particular AMD at-risk community and the reference 

community (Verena). For example, when analysing the first result, “percentage of households that use 

surface water as primary source of water,” a higher percentage of households in Kengolana used 

surface water as a primary source (the cell is blue) than in Verena.  For the same question for 

Coronation, Khutsong and Klarinet, the differences in percentages of households for this question 

was not statistically significant (cell is grey); thus there is no real difference between those at-risk 

communities and Verena for this result. A lower percentage of households in Coronation, Khutsong 

and Klarinet use surface water for washing clothes than households in Verena (cells in green); and a 

higher percentage of households in Kengolana use surface water for washing clothes (cell in blue).  

From Table 3 it can be seen that there is no consistent pattern in the at-risk sites or Verena for the 

exposure factors.  Sometime at-risk communities have a higher percentage of households who have 

the exposure factor relative to Verena, sometimes Verena has a higher percentage of households that 

have the exposure factor compared to the at-risk sites, and sometimes an at-risk community is the 

same as Verena.  There is no real trend in exposure pathways for at-risk communities versus Verena; 

rather, there is variability in each communities’ exposure factor for water usage.  This is key because 

even though there are not consistent differences in these exposure pathways, there are differences in 

health outcomes (Section 7.3.5), with the at-risk communities being of poorer health than Verena. 

Thus, the reason that the at-risk communities are of poorer health is not because their water usage 

patterns put them at higher risk compared to Verena.  If this was the case, all the cells in Table 3 for 

at-risk communities should be blue. This suggests there could be other factors at play resulting in the 

observed differences between communities. 
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Table 3: Selection of key questions from the questionnaire that asked about potential 
exposure routes from water usage. The blue cells are for those factors that the at-risk 
community had a statistically significantly higher percentage of households with exposure 
factor compared to Verena, the green cells are for those that the at-risk community had a 
statistically significantly lower percentage with exposure factor compared to Verena, the grey 
cells are for those where the difference between the at-risk community and Verena was not 
statistically significant. 

Exposure factor 

% of households 

Verena Coronation Kengolana Khutsong Klarinet 

Reference 
community 

At-risk 
community 

At-risk 
community 

At-risk 
community 

At-risk 
community 

Use surface water (e.g., 
stream) as primary 
source of water 

0.11% 0.00% 1.74% 0.62% 0.00% 

Washing clothes in 
surface water 

18.37% 12.86% 43.31% 2.58% 3.74% 

Use surface water for 
drinking water 

7.39% 12.86% 3.20% 0.82% 0.39% 

Use surface water for 
livestock watering 

0.63% 3.10% 0.87% 0.62% 0.00% 

Use surface water for 
swimming  

0.11% 2.22% 7.56% 0.10% 0.13% 

Of those who use 
surface water, those that 
use surface water daily  

33.62% 94.44% 28.13% 0.00% 0.00% 

Members of hh do not 
use the surface water 

56.88% 68.42% 35.35% 94.1% 95.95% 

Use piped water as 
main source 

40.02% 96.23% 3.78% 49.53% 6.01% 

Use stand pipe or 
borehole in yard as main 
water source 

50.16% 2.66% 6.40% 12.67% 3.74% 

Use communal pipe or 
borehole as main water 
source 

6.02% 0.89% 87.79% 37.80% 0.13% 

Primary water supply 
unavailable >10 days in 
the last month 

50.16% 9.09% 6.40% 0.62% 0.52% 

Where water 
unavailable for >10days 
in the last month that 
use piped water as main 
source 

36.21% 97.56% 0.00% 100.00% 100.00% 

Use surface water as 
secondary water source 

11.73% 14.48% 14.23% 0.41% 4.50% 

Use borehole as 
secondary water source 

22.40% 12.0% 36.34% 0.10% 2.45% 

Water for drinking stored 
in house 

91.75% 92.24% 84.01% 77.11% 70.88% 

Taking >20 min to fetch 
water  

5.60% 0.22% 29.07% 4.43% 0.00% 

Do not have water in 
yard, that took >20 min 
to fetch water (number 
of households) 

58.24% 25.00% 32.36% 11.62% 0.00% 

 

Responses highlighted in Table 3 can help with possible mitigation measures.  For example, while 

small percentages of households in at-risk communities reported more than 10 days in the past month 
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when water was unavailable, those that did experience many interruptions were those that used piped 

water as main source of water (e.g. of those that had more than 10 interruptions in the last month in 

Coronation, 97.56% used piped water as main source).  When these interruptions occur, households 

need to use secondary sources of water such as surface water and streams that can potentially be 

contaminated with AMD. In Coronation, almost 15% of households use surface water as secondary 

source of water. Thus a possible mitigation option can be to decrease the occurrence of interruptions.  

Also, for example, in Kengolana a large percentage of households (87.79%) use communal pipe or 

borehole for their main water source.  In that community, a possible mitigation measure can be to 

insure that those water sources are not contaminated by AMD. This also highlights the importance of 

local information on exposure routes.  Although Coronation and Kengolana are only ~3 km apart, their 

water usage patterns were very different. 

7.3.3 Nutrition 

Good nutrition is critical for good health.  Thus, by asking how often the household eats fruit, 

vegetables and proteins is important to understand their level of nutrition.  However, as discussed 

previously, it is possible that food can be contaminated with AMD pollutants.  Thus it was also 

important to determine where the communities get their food from, and if that food could potentially be 

exposed to AMD pollutants through watering of gardens, fishing from contaminated surface water, 

livestock drinking potentially AMD polluted water, etc. (Table 4). Across communities there are 

different patterns of consuming produce and protein and of source of produce and protein. Low 

percentages (<3%) of households do grow their own food in all communities, except Coronation which 

is higher, though still less than a majority (16%). Many people do get their food from nearby stores.  

Thus it would be important to monitor the food from local stores for possible AMD contamination. It 

would also be critical to test local food for heavy metals, and to trace where it is sold. Of people who 

do have gardens or farms, the majority use tap water to water their gardens.  As discussed in Section 

9, the vegetables were still high in heavy metal concentration, suggesting the source of heavy metals 

is from the soil and not the water. 

Table 4: Responses to key questions on produce and protein consumption from survey 

Questions about produce and protein 
consumption 

% of households 

Verena Coronation Kengolana Khutsong Klarinet 

Example of questions on consumption 

Eat vegetables and/or fruit daily 18.69% 23.73% 6.98% 20.10% 33.25% 

Eat proteins daily 18.07% 42.83% 21.11% 25.84% 47.99% 

Eat proteins a few times a week 1.90% 16.00% 2.34% 1.15% 1.29% 

Examples of questions on source of produce and proteins 

Generally get produce from own garden 
or a communal garden 1.90% 16.00% 2.34% 1.15% 1.29% 

Generally get produce from nearby shop 69.34% 66.89% 58.48% 33.02% 84.02% 

Generally get produce from street 
vendor 2.96% 0.44% 0.58% 11.91% 1.16% 

Buy local maize 38.37% 80.71% 86.88% 59.11% 45.87% 

Slaughter own meat 0.42% 0.89% 13.95% 0.63% 0.13% 

Get milk from own cows 0.84% 8.20% 4.65% 0.63% 0.26% 

Get fish from local waters (catch their 
own) 0.00% 0.44% 0.29% 1.77% 0.52% 

Get eggs from own chickens 1.37% 3.55% 8.72% 1.77% 1.93% 

Example of questions on use of water for produce and proteins 

Use tap water to water vegetables 10.64% 27.87% 25.70% 21.89% 2.65% 

Use water from stream or river to water 
vegetables 1.24% 2.25% 7.04% 0.71% 0.00% 

Where animals graze close to local 
streams and rivers  25.00%  66.67%  51.28%  66.67%  0.00%  

Use surface water for livestock watering 0.63% 3.10% 0.87% 0.62% 0.00% 
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7.3.4 Risk Factors 

The health survey had questions on socio-economic status, demographics of the household, potential 

exposure routes (e.g. water usage, consumption of local vegetables), general information on hygiene 

practices, some of which are highlighted above in Tables 3 and 4.  In addition, there were questions 

on the occurrence of specific health symptoms that are associated with heavy metal exposure.  The 

relationship between the health symptoms and other questions were probed to see if any 

characteristics or activities increased a household risk for each specific health symptom (as described 

in Section 7.2.3).  For example, was a household more likely to have a member with dementia if they 

used the surface water for drinking water?  If so, then using surface water for drinking water would be 

a risk factor for dementia.   

Appendices 8-12 display all the statistically significant exposure factors for the reported health 

symptoms for each community.  In the end, no common risk factors were found across communities 

and across symptoms that were statistically significant; in other words there is no statistical evidence 

to prove a relationship between specific symptoms and risk factors across communities.   

There were some risk factors expressed for individual communities and symptoms. For example, in 

Kengolana if the household used the local stream water for swimming there was an increased risk 

that there would also be a member of the household with dermatitis.  This was not found in any of the 

other communities.  Interestingly, for some health symptoms in some of the communities, good 

nutrition in the household decreased the risk for certain symptoms.  However, this was not consistent 

across communities or symptoms either.  It does, though, highlight the complex relationship that 

eating vegetables, fruits and proteins has with the health symptoms probed.  Good nutrition is key to 

being healthy, however in the at-risk communities, was also found as a potential exposure pathway 

for heavy metals (discussed below in Section 9).  

The reason that no clear risk factors were found across communities and symptoms is due to the fact 

that there are so many factors that impact the health symptoms studied, that it can be very difficult to 

distil individual factors that increase a household’s risk.  The identified risk (and protective) factors do, 

however, provide key points to improve understanding of the importance of different exposure factors 

for AMD so that risk factors that are of higher concern may be targeted for mitigation purposes, and 

protective factors may assist in exploring issues pertaining to the ability of households to cope in the 

face of exposure to AMD. 

7.3.5 Health of at-risk communities compared to Verena 

The prevalence of self-reported health outcomes were evaluated per community through a health 

survey in all four communities. Verena was used as a reference site as there are no sources of AMD 

nearby, and no AMD was found in the environmental monitoring (Section 8).   

 

In the community survey the prevalence of illness or symptoms was determined (Table 5).  The 

prevalence in this study refers to the percentage of households in the community that reported the 

presence of a specific illness or symptom.  It is clear from   
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Table 5 5 that the prevalence of illnesses or symptoms in Verena was considerably lower than in the 

other communities for most of the health conditions.  
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Table 5: Results from Health Survey on the prevalence (%) of self-reported symptoms 
associated with heavy metal exposure. The cells are colour-coded on a colour gradient with 
the lowest prevalence of the disease for the four communities in green, the median (50

th
 

percentile) in yellow and the highest in red. 

Type of 
Symptom 

Health condition 
Prevalence of health symptoms in households studied (%) 

Verena Coronation Kengolana Khutsong Klarinet 

Central 
Nervous 
System 

Slurred speech 0.85 5.35 6.41 0.82 2.06 

  Slow reaction 1.37 10.24 19.83 2.27 3.60 

  Convulsions 0.00 3.33 3.78 2.06 0.77 

  Reduced touch 0.21 22.84 17.73 0.41 2.32 

  Hearing loss 4.75 17.74 24.42 10.31 5.67 

Cardiovascular Heart disease 2.01 10.42 13.08 5.67 4.25 

  
Peripheral 
vascular 

0.00 8.43 2.91 1.24 1.80 

  Hypertension 22.49 39.47 35.47 36.29 22.55 

Reproductive Infertility 1.27 1.55 4.07 1.65 1.93 

  Birth defects 1.48 1.55 0.58 1.03 0.77 

Gastrointestinal Nausea 1.06 2.00 7.56 1.03 1.16 

  
Inflammation of 
bowel 

0.21 10.20 6.10 6.49 3.48 

  
Abdominal pain & 
cramps 

3.38 18.85 18.60 5.88 9.79 

  Diarrhoea 3.91 29.71 26.16 1.86 10.82 

Mental Anxiety 0.00 14.63 13.08 1.96 1.03 

  Headaches 2.32 49.89 48.55 18.14 25.90 

  Dementia 0.84 3.10 5.81 1.86 0.52 

  
Aggressive 
behaviour 

0.84 5.10 11.63 10.21 6.19 

  
Poor 
concentration 

2.64 8.91 10.79 6.49 9.27 

  Poor memory 2.96 23.39 38.78 13.51 8.49 

Respiratory Asthma 3.06 16.19 22.09 5.98 6.70 

  Bronchitis 0.11 7.32 8.43 3.20 2.19 

  
 Pulmonary 
fibrosis 

0.21 0.44 0.58 0.21 0.26 

Immunity 
Decreased white 
blood cells 

0.11 8.43 6.40 2.68 0.39 

  
Autoimmune 
disease 

0.11 2.88 2.33 0.31 0.00 

  Anaemia 0.32 4.43 2.62 0.72 2.19 

Dermatitis   0.53 31.49 27.03 7.53 8.63 

Cancer  
(stomach, colon, 
rectum, pancreas) 

0.42 1.33 0.29 0.63 0.52 

Chronic fatigue   2.75 31.49 20.35 9.28 11.21 

Light sensitivity   7.81 12.64 24.13 23.40 18.56 

Sleep 
disturbance 

  1.90 43.68 43.31 13.92 10.57 
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Table 5 is colour-coded with the lowest prevalence of the disease for the four communities in green, 

the median (50
th
 percentile) in yellow and the highest in red. In general, Verena has the most 

symptoms where the prevalence was lowest (cells in green), and the KZN sites had the most in the 

highest percentages (cells in red).  

Overall, health outcomes with the highest prevalence (>30%) were hypertension (high blood 

pressure), headaches, sleep disturbance, poor memory, chronic fatigue and dermatitis. The KZN site 

reported the highest prevalence rates of the majority of symptoms, followed by Khutsong, Klarinet and 

the lowest prevalence of health symptoms found in Verena. This indicates that more households in 

the AMD affected communities reported to experience the illnesses and symptoms asked in the 

health survey. However, to test whether this observation actually is a pattern and is not just by 

chance, statistical tests were performed on the results. These analyses tested for the statistical 

significance of the different results between the communities both for total symptoms reported and for 

the individual reported symptoms. If results are deemed statistically significant, it means that there is 

statistical evidence to prove a difference between a particular AMD at-risk community and the 

reference community (Verena). 

 

An analysis of variance (ANOVA) was carried out to test whether the difference in total reported 

health symptoms was statistically significant between the at-risk communities and Verena (Figure 13). 

The reference site, Verena, was found to have a statistically significantly lower prevalence of reported 

total health symptoms compared to the other study sites impacted by AMD (p <0.0001). Thus, the at-

risk sites were on average poorer in health in regards to the symptoms that were probed in the health 

survey. Overall, the KZN site had the highest total prevalence of symptoms.  

 

 
Figure 13: ANOVA Total Reported Health Syptoms according to study site 

 

In addition, the statistical significance of the different symptoms between the communities was 

analysed and Odd Ratios (OR) were calculated for those symptoms where there was a statistically 

significant difference between the at-risk sites and Verena.  The OR measures between two groups 

the odds (chance) of having a specific illness or a symptom in the one group compared to the other 

group.  In the current study, this translates to the odds or chance of having a particular illness when 

from a household in one of the at-risk communities (i.e. KZN, Klarient and Khutsong) compared to the 

odds of having the illness when from a household in Verena. 

 

Figure 14a and 14b shows the ORs determined for each illness or symptom in each community 

compared to Verena. Figure 14a shows the odds ratio per study site, compared to Verena, for all 

health outcomes that were statistically significant. Because Figure 14a is dominated in the KZN sites 

by a few large peaks, Figure 14b shows the same results, but the y-axis has been zoomed in to 

highlight the OR below 20. The bars that are striped in Figures 14a and 14b have larger uncertainties  

P<0.0001 
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Figure 14: Odds Ratio (OR) for AMD at-risk communities compared to Verena for health 
symptoms from health survey. Only those health symptoms where the ORs were statistically 
significant are shown in this Figure. A and B display same results, B is zoomed in to highlight 
OR below 20.  The striped bars have larger uncertainties in the OR. 
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associated with their ORs than the other health outcomes.  This is because the prevalence of those 

health outcomes in Verena was very low.    

 

If the OR of an illness or symptom is higher than 1, it indicates that there is a greater chance of having 

that illness or symptom when from a household in that at-risk community compared to being from a 

household in Verena.  For example for chronic fatigue in Coronation, the OR is 16.28, indicating that 

the chance of having chronic fatigue if from a household in Coronation, is 16.28 times greater than the 

chance of having chronic fatigue if from a household in Verena.  

 

Overall, the three at-risk communities were of poorer health than Verena, considering the health 

symptoms asked in the health survey.  It can be seen from Figure 15a that people living in the KZN 

communities have a greater risk of having many of the health symptoms compared to Verena, 

compared to the other at-risk sites.  For example, the OR for dermatitis was 18 in Klarinet and 15 in 

Khutsong, but 87 in Coronation and 70 in Kengolana. The ORs for the KZN sites do have more 

uncertainty (they are striped in Figure 15), and thus there is uncertainty in what the exact number is 

for the OR; regardless, they are ~4 times higher than the other at-risk sites. 

 

An OR of 1 means that whether from an “at risk” site or the control site (Verena), there is no 

difference in the odds (chance) of having a specific illness. But, if the OR is above 1, the odds or 

chance of having the illness is higher in that community compared to Verena.  The higher the OR, 

then the greater the “chance” of having the specific illness if not living in Verena. The results found 

are concerning, as these OR values are very large, indicating that the chance of having a specific 

illness or symptom, in this case dermatitis, may be up to 87 times greater when from a household in 

Coronation compared to being from a household in Verena. 

 

7.4 Summary 

The health survey results focused on addressing three aims, namely: 

i) What is the presence and use in each community of potential exposure routes to AMD 

pollutants (e.g. drinking potentially contaminated water, eating potentially contaminated 

vegetables)? Are any of these statistically significant risk factors for the reported health 

symptoms? 

ii) What is the prevalence of health symptoms associated with heavy metal exposure in 

each community? 

iii) Is there a difference in reported health symptoms (through the health survey) associated 

with heavy metal exposure in the at-risk sites versus the reference site? 

Very low percentages of households in all four communities indicated that surface water was their 

primary source of water.  However, larger percentages of households in all communities did use 

surface water for other activities or as a secondary source.  Thus, there is still the potential for 

exposure to AMD pollutants through use of AMD-polluted surface water.  In addition, water 

interruptions were frequent in some of the communities, which might then lead to increased use of 

surface water and may increase the risk of exposure to AMD pollutants. 

In general, the use and prevalence of potential pathways for AMD exposure varied greatly across 

communities.  This highlights the importance of local information to understand the risk of exposure 

and to craft management plans to mitigate health impacts.  No risk factors were found to be 

consistent across communities for increasing the risk of reported health symptoms.  However, this is 
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not surprising as only those risk factors that were asked in the questionnaire were analysed, and 

many of the health symptoms probed can be impacted by many other factors.   

Overall, health outcomes with the highest prevalence (>30%) were hypertension (high blood 

pressure), headaches, sleep disturbance, poor memory, chronic fatigue and dermatitis. The 

prevalence of health symptoms associated with heavy metal exposure was higher in the at risk 

communities than in Verena.  Overall, the KZN site had the highest total prevalence of symptoms.  

And for many of the reported symptoms, the odds ratios were very high for the at-risk communities 

compared to Verena.  These results are concerning, as they do indicate that these areas are of 

poorer health than Verena. 
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8 Environmental Monitoring 

Environmental screening for AMD pollutants in the various media that were considered to be most 

likely to contain traces of AMD pollutants was performed.  Various environmental samples were 

analysed from each community for heavy metal concentration.  The types of environmental samples 

included water, sediment/soil, plants/vegetables and meat. Samples were collected on 4 occasions 

over an 18-month period to represent both dry and wet seasons. Metal concentrations were evaluated 

in water, soil, meat, eggs and a selection of vegetables grown in the respective study areas. Over 

10 000 results were determined from 302 environmental samples analysed for 27 inorganic 

parameters. The water samples were also analysed for 21 water quality variables and microbial 

concentration (i.e. E. coli and total coliform bacteria). The study area was sampled seasonally to 

determine if any significant trends in metals concentration would occur. The results were fed into a 

comprehensive human health risk assessment based on the digestive exposure route to heavy metal 

contamination.  

Given the data set and the amount of data generated for the study, the statistical relevance of the 

data was determined. The dataset was found to be statistically accurate and representative, hence 

the subsequent data interpretation and human health risk assessments are deemed extremely 

valuable in describing the true impact of AMD on water quality and human health.  

8.1 Methods 

8.1.1 Study area 

Figure 15 shows the respective study areas in their water management area (WMA) as well as 

established land use practices in the water catchments. Klarinet (Mpumalanga) is in the Olifants WMA 

and the community is close to coal mining activities. Verena, also in Mpumalanga, was considered to 

be the reference site, being rather undisturbed by land use activities, mostly agricultural practices. 

Khutsong is close to gold mines in Gauteng, whereas Coronation, in Kwa-Zulu-Natal Usutu WMA, is 

also located close to mining activities. The study area selection process, location and description of 

the selected communities is discussed in Section 6. A total of 62 sites were selected for 

environmental sampling, comprising 17 sites in Khutsong, 13 sites in Klarinet and 16 sites in each of 

Verena and KZN (Coronation and Kengolana). 
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Figure 15: Sampling sites within A) Khutsong, B) Klarinet, C) Coronation (KZN) and D) Verena 

in their respective water management areas. 

 

8.1.2 Sample collection 

The water quality and heavy metal concentration were investigated in various environmental samples 

collected from four study areas to determine the possible impacts of AMD in the water catchments 

Table 6 summarises the time of sampling, the types of samples collected, and how many of each 

sample was collected to best describe the levels of environmental contamination. 
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Table 6: Summary of sampling times, types and number of samples collected at each site 

KZN   Sep-11 Feb-12 Aug-12 Oct-12 Total 

Water 7 8 8 8 31 

Soil/sediment 0 9  7 8 24 

Biota 0 4 14 11 29 

Meat 0 4 2 2 8 

          92 

Klarinet  Dec-11 Jan-12 Jul-12 Oct-12 

 Water 6 6 7 8 27 

Soil/sediment 6 6 6 6 24 

Biota 

 

5 7 7 19 

Meat 0 0 1 1 2 

     

72 

Khutsong Jan-12 Feb-12 Aug-12 Oct-12 

 Water 5 5 5 5 20 

Soil/sediment 5 3 6 5 19 

Biota 4 0 12 10 26 

Meat 0 2 1 1 4 

     

69 

Verena Dec-11 Jan-12 Jul-12 Oct-12 

 Water 6 6 6 5 23 

Soil/sediment 5 4 6 5 20 

Biota 4 0 8 9 21 

Meat 0 3 1 1 5 
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Water samples were collected in 1-litre polyethylene bottles, placed on ice and sent to the accredited 

CSIR laboratory in Stellenbosch for analysis. Vegetables and meat produce were purchased from 

farmers within the study area and sent to the same laboratory. Soil and sediment samples were 

collected either within the riverbed where a corresponding water sample was obtained, or from the 

spot where the vegetables were grown. The standard chemical analysis procedures for all the water 

samples followed the approved analytical methods detailed in “Standard Methods for the Analysis of 

Water and Wastewater” (APHA, 1993). All of the collected samples were analysed for various heavy 

metals by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) instrumentation. 

Samples were analysed for the variables listed in Table 7. 

Table 7: Variables analysed for in water, soil, meat and vegetable samples. 

Major ions Metals Water quality 

parameters 
Potassium (K); Sodium (Na) 

Calcium (Ca); Magnesium 

(Mg); Sulphate (SO4); 

Chloride (Cl); Total Alkalinity 

(as CaCO3); Fluoride (F) 

Aluminium (Al); Boron (B ); Barium 

(Ba);  Beryllium (Be); Cobalt (Co); 

Chromium (Cr); Copper (Cu); Iron 

(Fe); Manganese (Mn); Antimony 

(Sb); Arsenic (As); Cadmium (Cd); 

Lead (Pb); Dissolved Molybdenum 

(as Mo); Nickel (Ni); Strontium (Sr); 

Vanadium (V); Zinc (Zn); Titanium 

(Ti ); Mercury (Hg ) Selenium (Se); 

Uranium (U) 

Hardness (as CaCO3); Total 

dissolved salts (TDS); pH; 

Dissolved organic carbon (DOC); 

Sodium adsorption ratio (SAR); 

Mg hardness; Ca hardness; 

Electrical conductivity (EC) Nutrients 

Nitrate + Nitrite (NO3+NO4); 

ortho-Phosphate (PO4-P); 

Ammonia (NH4) 
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8.1.3 Statistical analysis 

Statistical analyses were performed using the JMP 10.0.2 (SAS Institute Inc., 2012) statistical 

software package. Statistical evaluation was done making use of box and whisker plots, one-way 

ANOVA and Tukey-Kramer multiple comparison graphs. 

The box plot is a graphical summary of the distribution of data as illustrated in Figure 16. The middle 

line within the box represents the median sample value and the ends of the box the 75th and 25th 

quantiles. Each box has lines, called whiskers, that extend from the ends of the box to the outermost 

data point that falls within the distances computed as follows: 

3rd quartile + 1.5*(interquartile range) 

1st quartile - 1.5*(interquartile range) 

If data points fall outside these computed ranges, the points are represented as outliers  

 
Figure 16: A typical box and whisker diagram (Source http://web. 

anglia.ac.uk/numbers/graphsCharts.html) 

 

A one-way analysis of variance tests for differences between group means. Analysis of variance 

(ANOVA) was used to test whether differences between study sites were statistically significant as 

described in Section 7.2.5 and Figure 12. 
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The comparison circles plot (also referred to as Tukey-Kramer) is a visual representation of group 

mean comparisons. The external angle of intersection indicates whether the group means are 

significantly different and are demonstrated in the Figure 17.  

• Circles for means that are significantly different either do not intersect, or intersect slightly, so that 

the outer angle of intersection is <90°. 

• If the circles intersect by an angle >90° or are nested, the means are not significantly different. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Tukey-Kramer circle comparison plots for statistical comparison 

 

8.2 Results 

8.2.1 Water Quality  

The water quality data for each site are presented in Appendices 13-16, and definitions of water 

quality terminology presented in Appendix 1. The water presenting the lowest median total dissolved 

salts (TDS) was determined for Verena (median 118 mg/l). Verena also presented the lowest sulphate 

(<11 mg/l), chloride, nutrient and major cation concentrations. The pH range for Verena was between 

6.9 and 8.1, and the water also had a reasonably healthy alkalinity of 46 mg/l (DWAf 1996). Klarinet 

measured a median TDS of 384 mg/l and a median sulphate concentration of 280 mg/l. The average 

pH ranged from 6.2 to 7.8, with a single site in the Blesbokspruit with more acidic water (pH 3.6-5.6). 

The pH increased during the dry season, when less run-off and AMD leaching is likely to occur.  

Khutsong measured higher TDS values, but lower sulphate concentrations compared to Klarinet. This 

is likely due to higher alkalinity (median = 183 mg/) and more neutral to basic pH measurements (pH 

7.- 8.8). The highest TDS, sulphate, major cation and anion concentrations were measured in KZN. A 

maximum of 1729 mg SO4/l and 1728 mg/L TDS were measured in Coronation just below the old 

mines. The median concentrations of sulphate and TDS were 1010 mg/l and 1024 mg/l respectively. 

The maximum alkalinity measured for the study area was 8 mg/l and the median pH was 5.3. The pH 

decreased significantly moving upstream closer to the old mines. The sulphate, TDS and alkalinity 

concentrations for KZN all exceeded the South African recommended guideline values for domestic 

use (DWAf, 1996), and represented the area with the poorest water quality. 

The median, maximum and minimum values measured for each of the major anions and cations in 

the water samples collected from each of the sampling sites were used to generate Stiff and Piper 

diagrams.  Piper diagrams are graphical representations of the chemistry of water samples. In Piper 

diagrams, the cations and anions are shown by separate ternary (triangular) plots. The main purpose 

of these diagrams is to show clustering of data points to indicate samples that have similar 

compositions in the central diamond field. Piper diagrams are useful in showing distinct water quality 
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populations (Piper, 1944), and these populations can then be described according to their cationic 

and anionic distributions.  

As AMD is an anthropogenic exasperation of natural acid rock drainage, the geology of region will 

have a distinct influence on the chemistry of both the surface and ground water. Using this 

presumption, the following piper diagram (Figure 18) was constructed. The cationic distribution in the 

left ternary plot of Figure 18 indicates that the water draining from the geology in Khutsong, Klarinet 

and KZN are very similar, which indicates no significantly dominant rock-type weathering into the 

water resource. The geology around Verena is represented by hornblende granite and biotite granite 

of the Lebowa Granite Suite.  These strata impart a sodium and potassium signature to groundwater 

and surface water runoff. The anionic distribution (right ternary plot in Figure 18) clearly illustrates 

higher levels of sulphide oxidation and lower alkalinity measured in water collected from KZN and 

Klarinet when compared to the reference site of Verena. Higher bicarbonate concentrations at Verena 

indicate the dominance of NaHCO3 water type. From Figure 18 it can be concluded that the sampling 

sites in KZN have been the most impacted by AMD, followed by Klarinet and then Khutsong. The 

Khutsong water, possess a significant bicarbonate (HCO3) content, probably reflects the mitigating 

influence of dolomitic water with its natural buffering (neutralising) capacity. The water samples 

collected from sampling sites in Verena are likely being impacted by a higher than average amount of 

degrading organics – likely farming practices.  

 

 

Figure 18: Piper diagram based on the median values in surface water from Verena (n = 16), 
Khutsong (n = 9), Klarinet (n = 16) and KZN (n = 11) 

 

A Stiff diagram shows the patterns of anions and cations in water (Stiff, 1951). The diagrams require 

the major ion concentrations (normally given in mg/l) to be expressed in equivalent units (milli-

equivalents per litre, or meq/l) for direct comparison of element concentrations. These diagrams allow 

a quick visual inspection of the water chemistry based on the shape of the diagram (illustrating the 

concentrations of the different species relative to each other) and the width of the diagram (illustrating 

the absolute ionic activity concentrations). The diagram is a particularly powerful way to visually 
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compare the water chemistry of different sources or the variations within a single source in time and 

space. 

According to Figure 19 the total ionic charge was highest for KZN, followed by Klarinet, Khutsong and 

then Verena (note differences in scale). The extent to which the water chemistry has been altered in 

these natural resources increases from Verena to KZN. The water chemistry in Klarinet and KZN are 

impacted similarly, but to a greater extent at KZN sites. Low alkaline conditions and high sulphate 

concentrations indicative of AMD have impacted the water chemistry extensively and compromised 

the buffering capacity in Klarinet and KZN. Of the sites, Khutsong presents the highest buffering 

capacity and the least amount of variation between maximum and minimum observed conditions. 

Higher alkaline water conditions, draining over more potassium and sodium bedrock, and therefore 

lower hardness compared to other sites is observed for Verena. The primary differences in the 

minimum and maximum values observed at each of the sites is most likely due to seasonal changes 

and dilution in the rainy season, as the shapes of the water chemistry remain similar, but narrow.  

 

Figure 19: Stiff diagrams based on the median, maximum and minimum values in water from 
Verena (n =16), Khutsong (n =6), Klarinet (n = 16) and KZN (n = 11) 

8.2.2 Metal concentrations in the environment 

8.2.2.1 Water 

The total metal concentrations measured in water samples collected from each of the sampling sites 

decrease in the order KZN (7301 mg/l) > Klarinet (2743 mg/l) > Verena (1078 mg/l) > Khutsong (604 

mg/l). The environmental results are shown in Appendices 13-16, and the median concentrations 

determined for the study areas are summarised in Figure 20. The metals contributing most to the total 

concentrations are iron, manganese, strontium and aluminium. Arsenic, cadmium, mercury and 

uranium are heavy metals toxic at very low concentrations, and high concentrations of these metals 

are generally associated with mining practices. The median arsenic concentration in water ranged 

between 0.6 and 8 mg/l, with the highest concentrations measured in Khutsong. Cadmium 

concentrations were less than 3 mg/l for all sampling sites, and mercury was only found in Klarinet 

water at a median concentration of 12 µg/l. Uranium concentration ranged between 0.5 and 50 µg/l, 

with the highest concentration measured in Khutsong. The world mean concentration of uranium in 
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fresh surface water is 0.4 μg/l, and in sea water 3.2 μg/l. Depending on its speciation, chromium 

can either be toxic at very low concentration (Cr
6+

) or be an essential metal necessary for good 

health. The median Cr concentration was <2 mg/l for all of the sampling sites. The total Fe 

concentration in Verena, contributing between 25-90% of the total metal concentration, was 

significantly high compared to Khutsong which had less than 1% Fe concentration compared to its 

total metal concentration. The source of Fe in Verena is  unclear and may need to be investigated in 

the future by Fe3
+ 

versus Fe
2+

 speciation in order to determine whether it be from an anthropogenic, 

natural or agricultural source. 

 
Figure 20: Median metal concentrations in water collected from Khutsong, Klarinet, KZN and 

Verena 
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8.2.2.2 Soil 

The most abundant metals measured in soil from the various sites were aluminium, iron and 

manganese. The median concentrations of the remaining metals were below 1000 mg/kg.  The metal 

concentrations measured in the soil (dry weight) collected from the study areas are given in 

Appendices 17-19, and the median and maximum concentrations are shown in Figure 21. The highest 

median concentrations for the toxic metals uranium and mercury were measured at Khutsong (0.377 

mg U/kg) and Klarinet (0.31 mg Hg/kg). Mercury concentrations were below the detection limit in 

Verena and KZN. KZN soil samples also measured lower uranium concentrations (0.121 mg/kg) 

compared to the other sampling sites. Traces of uranium are found in all soils, typically in the 

concentration range of 0.7-9 mg/kg (world mean value), although relatively higher concentrations may 

be found in South African soils (DWA, 1996). No marked seasonal trends were observed in the soil 

samples, except for manganese increasing throughout the sampling period in Klarinet. The ratio of 

Al:Fe is approximately 1 for all of the sampling sites, indicating that the reported concentrations are 

from the geology (which includes mining activities) and provisionally eliminating external inputs of 

aluminium. Chromium concentrations ranged between 265 mg/kg (Khutsong) and 33 mg/kg (Verena). 

 
Figure 21:  Median and maximum metal concentrations in soil collected from Khutsong, 

Klarinet, KZN and Verena 

 

8.2.2.3 Meat 

The metal concentrations (wet weight) for livestock samples are given in Appendices 20 and 21, and 

the median and maximum concentrations summarised in Figure 22. The highest concentrations were 

observed for aluminium, iron and zinc in Khutsong, with values 251, 261 and 88 mg/kg, respectively. 

The lowest metal concentrations were for KZN.  

Of the toxic metals associated with mining activities, uranium and mercury measured below the 

detection limit for all of the sample sites, and arsenic was only measured in meat samples collected 

from KZN (median = 0.55 mg/kg). 

Strontium, found in very high concentrations in water, measured below 1 mg/kg in the meat samples 

collected from the same sites. Manganese concentrations ranged from 9.1 mg/kg in Khutsong to 1.6 

mg/kg in Klarinet. Chromium concentrations also reported quite low at 0.8 to 0.3 mg/kg. 
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Figure 22: Median and maximum metal concentrations in meat collected from Khutsong, 

Klarinet, KZN and Verena 
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8.2.2.4 Eggs 

The eggs assessed in this study were collected during a single sampling trip in August 2012, and the 

results are shown in Figure 23 and Appendix 22. The metal concentration in eggs collected from the 

various sampling sites had a similar metal concentration distribution. The highest metal 

concentrations were observed for aluminium, iron and zinc. Uranium and mercury were not analysed 

for in these samples, and the arsenic and cadmium concentrations were well below the detectable 

limits. The highest metal concentration was measured in Khutsong. Barium concentrations ranged 

between 1.3 and 5.9 mg/kg, and boron concentrations remained below 0.8 mg/kg. Strontium 

concentrations ranged between 0.7 and 2 mg/kg. The eggs returned metal concentrations well below 

those observed in meat and vegetables. 

 

 
Figure 23: Median metals concentration in eggs collected from Khutsong, Klarinet, KZN and 

Verena 

 

8.2.2.5 Vegetables 

A variety of vegetable types collected from the study areas were analysed for metals, for which the 

results are shown in Appendices 23-26. The median and maximum concentrations are summarised in 

Figure 24 and Figure 25, respectively. The total metal concentration measured in various vegetables 

collected from the study areas decreased in the order KZN (3370 mg/kg) > Verena (2497 mg/kg) ≈ 

Klarinet (2344 mg/kg) > Khutsong (1740 mg/kg). The highest metal concentrations were determined 

for aluminium, iron, manganese and zinc. Outlying concentrations were measured for silica in Verena 

(302 mg/kg) and Klarinet (485 mg/kg), and molybdenum in Khutsong (133 mg/kg).  Uranium was 

primarily found in the Verena and KZN vegetable samples, but these concentrations were generally 

low at 0.14 mg/kg (Verena) and 0.07 mg/kg (KZN). Mercury concentrations were also very low, with 

the highest median concentration found in vegetables from Klarinet and a single vegetable containing 

a maximum of 0.81 mg/kg from Khutsong. Median concentrations for chromium were below 3 mg/kg 

for all the study areas. 
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Figure 24: Median metal concentrations in vegetables collected from Khutsong, Klarinet, KZN 

and Verena 

 

 
Figure 25: Maximum metal concentrations in vegetables collected from Khutsong, Klarinet, 

KZN and Verena 

 

The various vegetables from each site were grouped together as follows: 

 Leafy vegetables (cabbage, marog, spinach and lettuce). 
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 Fruit-type vegetables (tomatoes, chillies and pumpkin). 

 Root vegetables (beetroot, potato, turnip and carrot). 

 Bulb vegetables (onions and garlic). 

 Legume-like vegetables (beans and corn). 

The Klarinet vegetable highest median metal concentrations, primarily for aluminium, iron, 

manganese and zinc, were measured in the order leafy > root> bulb vegetables (Figure 26). These 

metals were accumulated mostly in marog, spinach and cabbage. Arsenic, mercury and uranium were 

generally at undetectable concentrations except for 0.251 mg Hg/kg in onions and 0.05 mg Hg/kg in 

marog. 

 
Figure 26: Median and maximum metal concentrations in vegetables from Klarinet 
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The median and maximum metal concentrations in vegetables collected from Coronation and 

Kengolana in KZN are shown in Figure 27. The total metal concentration decreased in the order root 

> leafy > bulb vegetables. The main contributing metals were aluminium, iron, strontium and zinc. 

Vegetables that measured the highest total metal concentration were tomatoes (17.907 g/kg) and 

carrots (11.66 g/kg).  Uranium and mercury accumulated in selected leafy (cabbage and marog), bulb 

(onion) and root (beetroot) vegetables, and concentrations ranged between 2 and 9 µg/kg for Hg and 

70 and 160 9 µg/kg for uranium. Arsenic was found during a single sampling trip in a tomato, spinach 

and carrot, and ranged between 1.1 and 2.2 mg/kg. 

 

 
Figure 27: Median and maximum metal concentrations in vegetables from KZN 
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The major metals accumulated in vegetables collected from Verena (Figure 28) decrease in the order 

legume-like > fruit-type > leafy > root > bulb vegetables. Of the sites assessed, the vegetables from 

Verena showed similar metal concentrations, total metal concentrations ranging from 1708 to 2910 

mg/kg for all the vegetable types. The major contributing metals were aluminium, iron, manganese 

and zinc. Chromium presented higher accumulation in fruit-type vegetables, and the median 

concentrations ranged between 3 and 9 mg/kg for all vegetables. Arsenic and cadmium were below 

detectable concentrations for all vegetables. Mercury accumulated in spinach, chilli, onions, corn and 

beans, and ranged between 72 and 206 µg/kg. Uranium accumulated in the legume-like vegetables 

and in spinach with concentrations ranging between 99 and 387µg/kg.  

 
Figure 28: Median and maximum metal concentrations in vegetables from Verena 
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The median and maximum metal concentrations in vegetables collected from Khutsong are shown in 

Figure 29. The metals accumulated in Khutsong vegetables in the order fruit > root ≈ bulb > leafy 

vegetables. As with the other sites, the major contributing metals are aluminium, iron, manganese and 

zinc. Uranium and mercury accumulated in mostly leafy vegetables, marog, spinach and cabbage, 

and ranged between 91 and 169 µg U/kg and 197 and 207 µg Hg/kg. Tomatoes accumulated the 

most toxic metals with 3.9 mg As/kg, 4 mg Cd/kg and 814 µg Hg/kg. 

 

Figure 29: Median and maximum metal concentrations in vegetables from Khutsong 
 

8.2.3 Statistical analysis and comparison between study areas 

The box and whisker diagrams, ANOVA and Tukey-Kramer plots for aluminium, iron, manganese and 

uranium are shown in Figure 30 to Figure 33. Aluminium, iron and manganese were the primary 

metals determined in most of the collected samples. Depending on the Al:Fe ratio, aluminium and iron 

are generally leached out from the local strata either by natural rock drainage or anthropogenic rock 

drainage (i.e. AMD). Manganese is suggested to be transported by atmospheric deposition, and 

occurs in higher concentration close to anthropogenic sources such as power stations or freeways. 

Figure 33 illustrates the box and whisker diagram and statistical plots for uranium. Uranium occurs 

naturally and although low levels of uranium may occur in most sampling sites, ANOVA plots are very 

useful in illustrating the differences between the respective study areas. 

According to the box and whisker plots for aluminium in water, soil and vegetable samples (Figure 

30), the widest distribution in a dataset was found in water and specifically in KZN. The aluminium 

results for vegetables indicate that the concentrations of aluminium in the plants are likely not related 

to external stressors, as the ANOVA plot calculates a p value of 0.92. P values < 0.05 are considered 

to be significantly different. 
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Figure 30: Whisker and box plots and ANOVA statistical comparison of the aluminium 
concentrations A) water, B) soil and C) vegetables 

 

  



91 
 

The differences in the iron datasets from the study sites (Figure 31) are very low in water (p = 0.53) 

and vegetables (p = 0.93). The iron datasets measured for the soil samples showed the least variation 

within each dataset, but the greatest variation between groups (sites) with p ≤0.0001. The low p-value 

illustrates that environmental or anthropogenic factors unique to each study area impact on the soil. 

 

Figure 31: Whisker and box plots and ANOVA statistical comparison of the iron concentrations 
in A) water, B) soil and C) vegetables 
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The manganese datasets for water from each study area differ significantly from each other, also 

corresponding to significant data distribution within their own dataset [box plot (A), Figure 32], but 

Verena, KZN and Klarinet have comparative datasets in soil and in vegetables. Khutsong differs more 

from the other study areas, having a lower manganese concentration in water but significantly higher 

Mn concentrations in soil and vegetables. 

 

Figure 32: Whisker and box plots and ANOVA statistical comparison of manganese 
concentrations in A) water, B) soil and C) vegetables. 
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Datasets for uranium were quite small as many sites indicated levels below detectable limits (Figure 

33). The Khutsong uranium dataset differs significantly from the others in water, soil and vegetables. 

It is well-known that elevated uranium levels are expected in areas with gold mining activities. 

Although uranium is naturally occurring, there are significant differences in the soil and water 

concentrations measured for the study areas. The lowest occurrences and distribution in uranium was 

observed in KZN. 

 

Figure 33: Whisker and box plots and ANOVA statistical comparison of uranium 
concentrations in A) water, B) soil and C) vegetables 

 

ANOVA plots were also used to compare the metal concentrations of mercury, arsenic and chromium, 

which along with uranium, are some of the most toxic metals screened for in human health risk 

assessments.  
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Figure 34 shows the ANOVA plots for mercury as determined in water, soil and vegetables samples 

from the study areas. The datasets for mercury were small compared to the more abundant metals 

such iron and aluminium. Given the small datasets, the mercury levels that could be measured are 

not considered to be different between sites having p values between 0.56 and 0.64 for soil and 

water, respectively. Mercury was, however, more abundant in vegetables, with Khutsong having 

statistically significantly higher concentrations from the other study areas (p = 0.003).  

 

A) Mercury concentration in water µg/L (p 
=0.64) 

B) Mercury concentration in soil µg/Kg(p =0.56) 

  

C) Mercury concentration in vegetables (p = 0.003) 

 

Figure 34: Statistical comparison of mercury concentrations in A) water, B) soil and C) 
vegetables 
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The comparative statistical plots in Figure 35 show that the arsenic datasets for Khutsong water and 

soil are considerably different from the other study areas, the datasets for Klarinet, Verena and KZN 

being nested. Contrary to mercury, arsenic was less likely to accumulate in vegetables and had far 

smaller datasets, likely due to concentrations occurring below the detectable range. Arsenic is 

therefore likely to be occurring in Khutsong due to an external stressor. 

The chromium statistical analysis presented in Figure 36 illustrates significant comparability in data for 

water and vegetable samples from the study areas. The narrow distributions within the datasets 

themselves also indicate that external stressors/land use practices are unlikely to impact on the 

chromium concentrations in water and in vegetables. Khutsong and Klarinet show significant higher 

difference for soil compared to Verena and KZN, with Khutsong presenting the highest concentrations 

compared to background datasets. 

A) Arsenic concentration in watermg/L (p≤ 0.001) B) Arsenic concentration in soil mg/kg (p≤ 0.001) 

  
C) Arsenic concentration in vegetables mg/L (p=0.39) 

 
Figure 35: Statistical comparison of arsenic concentrations in A) water, B) soil and C) 

vegetables. 
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A) Chromium concentraions in water mg/L (p = 
0.78) 

B) Chromium concentraions in soil mg/kg (p ≤ 
0.001) 

  
C) Chromium concentrations in vegetables mg/kg (p=0.78) 

 
Figure 36: Statistical comparison of chromium concentrations in A) water, B) soil and C) 

vegetables. 

 

As sulphate concentrations in water are also an indication of AMD impact on a water resource, the 

statistical comparison between the collected datasets of sulphate in water is shown in Figure 37. It is 

clear that the datasets for each of the sites are significantly different (p <0.0001) and unlikely due to 

geological background inputs. KZN illustrates the highest significant difference and concentration of 

sulphate in water, and likely the most severely impacted water resource. Verena, the reference site, 

presents the lowest sulphate concentration, and likely the least impacted water resource. 

 

Figure 37: Statistical comparison of sulphate concentrations in water 
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8.2.4 Bacteriological quality 

The microbial quality of the water was assessed for contamination levels to establish the likelihood of 

an increased burden of disease to communities living in AMD-impacted areas. The mean E. coli 

levels in surface water from each sampling site in the study areas are summarised in Appendix 27 

and shown in Figure 38. The lowest mean values were found in KZN, increasing at Klarinet and 

Verena, and peaking at Khutsong. The total number of coliform bacteria are graphed in Figure 39. 

The maximum total coliform counts were again found in Khutsong, and followed a similar pattern as 

with E. coli counts, namely Khutsong > Verena > Klarinet > KZN.  The E. coli and coliform levels were 

generally higher in the wetter rainfall months of January and February, but many outlier events 

occurred. The maximum E. coli level was measured in Klarinet during the July 2012 sampling trip, 

(241 960 MPN/100 ml) corresponding with the maximum coliform count for the same sample. 

 

Figure 38: E. coli levels in water for each of the sampling sites in the respective study areas 
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Figure 39: Total coliform levels in water for each of the sampling sites in the respective study 
areas 

 

8.3 Discussion 

In 18 months, 302 environmental samples were collected from 62 sampling sites in 4 study areas to 

determine the possible impacts AMD is having on the water quality and the concentrations of heavy 

metals in the environment. These metal concentrations were evaluated in water, soil, meat, eggs and 

a selection of vegetables grown in the respective study areas. 

Diagnostic water quality diagrams indicated that the water quality in KZN was the most impacted by 

anthropogenic activities, most likely AMD. According to Piper and Stiff diagrams, Verena presents 

with almost pristine water, but the water quality is sensitive to minor events with low buffering 

capacity. The water quality is successively poorer at Khutsong and Klarinet, with KZN having the 

worst water quality. The most prominent metals detected in the water were iron, manganese, 

strontium and aluminium. KZN presented with more than then times the total amount of metals 

compared to Khutsong. Although Khutsong measured a low total concentration of metals, it presented 

the highest concentration of toxic metals (arsenic and uranium) commonly associated with mining 

practices. Statistical analysis of the aluminium and sulphate concentrations indicated that KZN values 

were also significantly higher and drastically different compared to the other study areas. Together 

with the water quality evaluation, it is concluded that the water in KZN appears subject to an external 

stressor, compromising the overall water quality and contributing to the significantly higher metal 

concentrations. 

The predominant metals in soil from the various sites were aluminium, iron and manganese. As seen 

in the water samples, the highest concentration of toxic heavy metals (uranium and mercury) were 

measured in Khutsong soil. As expected from AMD or mining impacted soil and water samples, the 

ratio of aluminium and iron are approximately 1:1, indicating that the metals are being leached from 

the geology and are not from an external input source. Statistical comparisons between the study 

areas show that Khutsong has major differences in datasets for soil samples especially iron, 
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manganese, arsenic, chromium and uranium. Statistical comparison suggests that disturbances in the 

soil chemistry of Khutsong, such as acidification from AMD, is increasing the likelihood of toxic 

metals, i.e. uranium, mercury and arsenic, in water or plants depending on the environment and the 

properties of the metal species. 

The highest metal concentrations in vegetables were measured for aluminium, iron, manganese and 

zinc. Although the highest median concentrations were associated with vegetables from KZN, most 

maximum concentrations and outliers were determined for Khutsong. A selection of vegetables grown 

in each study site were measured for heavy metals to provide an overall assessment of environmental 

levels of these metals, as well as to determine if any specific vegetables showed preferential 

accumulating of certain metals. The vegetable types included leafy, root, bulb, fruit-like and legume-

like vegetables. The results of analysing over 95 vegetables sourced on 4 separate sampling 

occasions indicated that none of the vegetables showed any predisposition to accumulating specific 

metals in any of the study areas. Only tomatoes appear to accumulate the toxic trace metals arsenic, 

cadmium and mercury, but with no real affinity for uranium. In many instances uranium and mercury 

accumulated in leafy vegetables, especially marog. 

Statistical evaluation of uranium was more complicated as many of the sampling sites measured 

uranium values below the detection limit. There was significant overlap in the uranium concentrations 

in soil and vegetable samples from the different study areas. As there are no mining or extractive land 

use practices in Verena, it is suggested that the uranium is likely from the geology of the region.  

The major metal species in meat and egg samples were aluminium, iron and zinc, with the highest 

concentration presenting in samples collected from Khutsong. Arsenic was only measured in very low 

concentrations in KZN. Results suggest that the heavy metals, especially the toxic metals such as 

uranium, arsenic and mercury, are far more likely to accumulate in plants than in livestock, and will 

therefore serve as the more likely route for human exposure.  

Microbial monitoring in the study areas revealed that Khutsong had higher E. coli and total coliform 

levels compared to the other sites, and KZN presenting with the lowest. Statistically Khutsong stood 

out as having a possible stressor aggravating the background counts, but many of the study areas 

had concentrations well above the recommended health limit of 100 counts/100 ml. This is most likely 

related to the size of the communities living around these areas. KZN mines have been abandoned 

for many years and the population in this area is decreasing, which reduces the amount of 

wastewater generated. Verena is likely being impacted by agricultural runoff from manure fertilized 

lands and abattoirs. Khutsong in Gauteng has the largest population of the study sites, which is also 

located in the most densely populated province in the country. 

Overall, environmental samples from Khutsong and the KZN sites were found to have the highest 

levels of metals in most environmental samples.  

  



100 
 

9 Human Health Risk Assessment 

People are exposed to possible health impacts related to acid mine drainage (AMD) through the 

ingestion of contaminated produce and water, inhalation of contaminated air and/or through 

absorption through the skin (dermal absorption) (Figure 43). Heavy metal contamination of produce 

by AMD is a primary concern (Adriano, 2001; McLaughlin et al., 1999; Pruvot et al., 2006). Heavy 

metals accumulate in plants through uptake via the root from the soil, atmospheric deposition onto the 

plant surface or by irrigation with contaminated water.  Many studies (e.g. Gupta and Gupta, 1998; 

McBride, 2007; Monika and Katarzyna; 2004) have found that accumulation of trace metals in edible 

plant parts may pose a risk to human and animal health. The accumulation of heavy metals in cattle 

and livestock bred for human consumption has also been reported (Mukesh et al., 2008; Skalicka et 

al., 2012; Rajaganapathy et al., 2011). Figure 41 describes the various routes of potential human 

exposure to acid mine drainage (GardGuide, 2010). The potential contamination of the ecosystem by 

AMD is widespread and can infiltrate the total environment of communities living in the vicinity of 

active and abandoned mines. The extent of infiltration or contamination is determined by many 

factors, the most important of which are the source of impact, the geology and hydrogeology of the 

region, local land-use practices and distance from the source. 

The human health risk assessment (HHRA) for this project evaluates the possible health risks faced 

by communities living in areas impacted by gold (Khutsong) and coal (Klarinet and KZN) mining 

practices, with the emphasis on pollutants from acid mine drainage. The HHRA is supported by data 

from the environmental monitoring (Section 8). Although it is currently assumed that the heavy metal 

HHRA is most likely due to AMD contamination, many other anthropogenic sources in the study areas 

may be contributing to the heavy metal load measured in the study environmental samples. A number 

of the sources are discussed in the following section. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 40: Conceptual exposure routes to humans (Source WHO, 2010) 
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Figure 41:  Schematic representation of human exposure potential to acid mine drainage 
(Source: GardGuide, 2010). The red boxes indicate “sources”, the blue arrows indicate 

“pathways” and the green circles indicate “receptors”. 

 

9.1 Qualitative analysis of potential non-AMD sources of heavy metal 
pollution 

The heavy metals found in the environmental samples may have sources other than AMD.  When 

these other sources of pollution are close to communities exposed to AMD, pollutants from these 

sources may increase the exposure of people in the community and thus increase the chance of 

health effects from these pollutants.    

Depending on the geology, soil can include metals such as aluminium, manganese, iron and others.  

Windblown dust may therefore expose people to these metals, especially in dry areas or areas 

disturbed by mining activities.  Particulate matter in the windblown dust may have diameters ≤10 µm 

(PM10) and therefore are inhalable. These particles may include metals, which will then be absorbed 

into the body, leading to an increase in the dose of these metals in the body.  

Metals may also be released through industries (using or producing metals) and farming activities 

(through pesticide use). For example, industries that manufacture aluminium (Al) beverage cans may 

emit aluminium (CDC, 2008a).  Coal-fired power stations and coal-burning as a domestic fuel emit 

metals that are present in the coal such as mercury (Hidy and Pennell, 2010).  As South Africa relies 

mostly on coal-burning for energy production, there is a risk of exposure to mercury through power 
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generation (Dabrovski et al., 2008). Pesticide manufacturing as well as metal smelters also emit 

metals (Hidy and Pennell, 2010).  Pesticides may include, amongst others, arsenic and manganese 

(CDC, 2008b). Exhaust fumes from motor vehicles also contains metals (Hidy and Pennell, 2010), for 

example those added to fuel as an anti-knocking agent such as lead or manganese (CDC, 2008b). To 

this effect, studies have found that 12% of the children in Johannesburg and 4% of children in Cape 

Town had higher concentrations of manganese in their blood than the upper normal reference value 

of 14 µg/l specified by the Centre for Disease Control (CDC) in the US (Röllin et al., 2005). 

Other sources are landfill sites that may release metals from discarded consumer products such as 

cadmium from batteries (CDC, 2008c) and through the burning of refuse. In addition, consumer 

products may contain metal compounds that can be absorbed through the skin, as was shown in a 

study that investigated the presence of lead oxide in skin cleansers (Filon et al., 2006). 

The sites investigated in this study will be impacted by these non-AMD sources of heavy metal 

pollution. Many have some domestic fuel use and refuse burning, as well as farming activities and 

industries in the area.  In addition, mining activities may also release heavy metals through processes 

other than AMD (e.g. windblown dust).   

9.2 Methods and Materials 

9.2.1 Sample collection and study areas 

Details of the sample collection and study sites have been given in Section 8, and are briefly 

described here. Environmental samples included water, soil/sediment, biota (mostly vegetables), eggs 

and meat (beef and chicken) which were analysed for 22 heavy metals. Median and maximum 

concentrations of metals analysed in over 300 samples collected from 4 study areas, 62 sites 

sampled on 4 occasions were used in the human health risk assessment. Monitoring results indicated 

that metal concentrations did not vary significantly between sampled leafy, fruit-like, root and bulb 

vegetables. Thus, this human health risk assessment was carried out on the median value for all of 

the vegetables combined. 

As AMD may not be the only source of heavy metal contamination in the study environmental 

samples, a brief description is given of each study area to illustrate the environment the communities 

reside in and possible other sources of heavy metals in the community. 

9.2.1.1 Klarinet 

Klarinet is situated close to eMalahleni and can be considered a peri-urban area.  The area in and 

around eMalahleni is characterised by mining and industries.  Mining consists mainly of coal mining 

and several of the mine dumps around eMalahleni are smouldering, causing air pollution.  The 

industries in the area vary from light industries to coal-fired power stations, iron and steel 

manufacturing and chemical plants.  There is also farming in this area (Wright et al., 2011), therefore 

there is the potential of pesticide use. During the environmental sampling, littering and dumping of 

refuse were very noticeable.  It is also known that residents burn refuse.  In addition, various veld fires 

were observed, which may have started as a result of refuse burning.  During the community survey 

conducted as part of this project, it was found that electricity was mainly used for cooking (less than 

1% of households used domestic fuel for cooking).  The water was also found to be contaminated by 

sewage. 

9.2.1.2 Khutsong 

Khutsong is situated about 4 km from Carletonville. The river water was found to be contaminated by 

AMD pollutants and sewage.  There were noticeable signs of littering and dumping of refuse.  

Industries around Carletonville consist mainly of mining and industries supporting mining activities, 
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but there is also agriculture (crop and chicken farming) that may release pesticides.  The community 

survey showed that 42% of households use domestic fuel for cooking. 

9.2.1.3 KZN sites 

The two KZN sites are less than 3 km apart.  These areas are situated adjacent to three large mines 

that are no longer operational.  There is also farming in this area, which may be a source of 

pesticides.  The water was found to be contaminated with sewage and AMD pollutants, resulting in an 

acidic pH of ~3. Littering and refuse dumping were, however, not as noticeable here.  Only 7% of 

households in Coronation use domestic fuel for cooking, compared to 43% of households in 

Kengolana. 

9.2.1.4 Verena 

Verena served as a control area as it is situated more than 30 km from any industries.  Cattle farming 

is the main activity in this area. Thus, there is the possibility that pesticides are used, which may end 

up in air and water bodies.  During the environmental sampling exercise in the area, littering was not 

nearly as noticeable as in the other areas investigated in this project.  However, the community 

survey showed that 53% of households burn their waste and 26% use domestic fuel for cooking.   

9.2.2 Human health risk assessment 

The methodology followed in the human health risk assessment is described by the US 

Environmental Protection Agency (USEPA 1992) and the World Health Organization (WHO 2010). 

The health risk assessment is primarily divided into four steps: hazard identification, dose response 

assessment, exposure assessment and risk characterization. 

For non-cancer toxic effects of heavy metals, a Hazard Quotient (HQ) is calculated, comparing the 

expected exposure to the agent to an exposure that is assumed not to be associated with toxic 

effects. For the oral exposure of humans to the consumption of contaminated water and plants, the 

Average Daily Dose (ADD), determined from the measured concentrations, is compared to a 

Reference Dose (RfD), reported by the USEPA (2011) and Konz et al. (1989). Any HQ <1 is 

considered to be safe for a lifetime exposure. The ADD and HQ are determined with equations (1) 

and (2) with the risk parameters given in Table 8.  

For non-cancer risks (HQ), the ADD received during the period of exposure was calculated as 

follows: 

     
 ( )   

  
        (1) 

     
   

   
        (2) 

Where, 

HQ = Hazard Quotient  

ADD = Average Daily Dose (mg/kg/day) 

RfD = Reference Dose  

C(m) = Contaminant concentration (mg/kg) 

IR = Ingestion rate (kg/day) 

BW = Body Weight (kg) 

For the risk of carcinogens for exposures that last less than a lifetime (LADD), exposure is calculated 

as: 

         
  

   
       (3) 

          (      )       (4) 
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Where: 

ED = Exposure duration (years) 

Lft = Lifetime (years) 

 = oral potency factor (USEPA, 2011) 

 

Equation 4 was simplified and can be approximated using Equation 5.  

                   (5) 

The risk estimates represent the theoretical excess cancer risk. This is the risk of developing cancer 

in addition to the background cancer incidence. For example, if the cancer risk is found to be 1 x 10
-5

 

= 0.00001 = 1/100 000, then it can be said that there is an excess risk of developing cancer of 1 in a 

hundred thousand.  

The WHO (2003) defines the acceptable risk level as “an estimated upper-bound excess lifetime 

cancer risk of one additional cancer per 100 000 of the population ingesting drinking water containing 

the substance at the set guideline value for 70 years (life expectancy)”. Thus, the WHO (2004) and 

various countries world-wide have set their acceptable risk level at 10
-5

.   

 

Table 8: Exposure parameters used in the human health risk calculations 

Exposure parameter  

Events per year 350 

Body weight 70 kg 

Ingestion rate Water 1 l/day 

Vegetables  250 g/day 

Meat 40 g/day
 

Egg 60 g/day
 

 

9.2.3 Uncertainty analysis 

Uncertainty analysis was carried out through a Monte Carlo simulation to model the probabilistic 

outcome of the risks associated with exposure to AMD. This was carried out using the Excel add-in, 

@ Risk (Palisade). The hazard quotient was assumed to have a lognormal distribution and 10 000 

iterations were run. The outputs of the simulations provide the values where the HQ is expected to 

occur 90% of the time, as well as illustrating the expected or predicted mean, minimum and maximum 

values. 

9.2.4 Statistical analysis 

Statistical analyses were performed using the JMP 10.0.2 (SAS Institute Inc., 2012) statistical 

software package. Statistical evaluation was done using one-way analysis of variance (ANOVA) and 

Tukey-Kramer multiple comparison graphs. Statistical differences were analysed by computing the 

Pearson correlation; p values lower than p = -0.05 were considered to be significant. 

9.3 Results 

9.3.1 Non-carcinogenic risk of metals in water 

The hazard quotient (HQ) that each of the metal concentrations in the study areas represent are given 

in Appendix 28. The median and maximum HQs calculated for each study area are shown in Figure 

42 and Figure 43, respectively. Individually, only mercury in Khutsong and uranium in Klarinet 
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presented HQ values above the acceptable limit of 1. The sum total of the HQ for each site increased 

in the order Verena (0.28), KZN (1.0), Klarinet (1.7) and Khutsong (2.1).  In the worst case scenario, 

namely HQ based on maximum metal concentration measured (Figure 42), Verena still represents the 

lowest risk, with metal HQs remaining well below 1. The maximum HQ for uranium and arsenic were 

observed for water from Khutsong, whilst the highest manganese and mercury HQ were found in 

Klarinet. Overall, the highest risk factor was determined for iron (HQ = 12.93) in Klarinet. 

 

Figure 42: Hazard quotients resulting from exposure to median metal concentrations in water 
from Verena, Khutsong, Klarinet and KZN 
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Figure 43: Hazard quotients resulting from exposure to maximum metal concentrations in 

water from Verena, Khutsong, Klarinet and KZN 

 

9.3.2 Non-carcinogenic risk from exposure to soil (ingestion) 

The health risk posed by heavy metals through the ingestion of soil was determined to be fairly small 

(Figure 44 and Appendix 29). Even at maximum metal concentrations the total HQ determined for the 

study sites were well below 1 (the acceptable limit). The metals contributing to the overall health risks 

were uranium in KZN, mercury in Khutsong, chromium in Klarinet and iron in all sites save for 

Khutsong. 
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Figure 44: Hazard quotients resulting from exposure to maximum metal concentrations in soil 
from Verena, Khutsong, Klarinet and KZN 

 

9.3.3 Non-carcinogenic risk from exposure to eggs and meat 

The risk for exposure through the consumption of eggs was very small (well below 1) for all the metals 

analysed (Figure 45). Only aluminium, iron and zinc were measured in significant amounts in the 

collected samples, and presented approximately the same HQ irrespective of study area (Appendix 

30). 

The risk associated with exposure to median and maximum concentrations of metals in meat samples 

collected from the study areas are shown in Figure 46. Both median and maximum hazard quotients 

were significantly smaller than 1, except for a single event in which the HQ exceeded 1 as a result of 

higher iron levels (Appendix 31). 
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Figure 45: Hazard quotients resulting from exposure to metal concentrations in eggs 

 

 

Figure 46: Hazard quotients resulting from exposure to metal concentrations in meat 
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9.3.4 Non-carcinogenic risk from exposure to vegetables 

Although various vegetables were collected to evaluate the possible accumulation differences 

between vegetable species, it was found that no preferential accumulation occurred between the leafy 

versus root, bulb or fruit-like vegetables sampled. Median and maximum concentration were therefore 

considered for the collective vegetable matter, and not for the vegetable types individually. The 

hazard quotient calculated from median and maximum metal concentrations in vegetables collected 

from the study areas are given in Appendix 32, and are shown in Figure 47 and Figure 48. From the 

median metal concentration, hazard quotients from exposure to arsenic, cadmium, iron and mercury 

exceeded the acceptable level of 1 for vegetables collected from KZN and Khutsong. 

The high HQ for arsenic facing communities in both Khutsong and KZN is concerning. This is in part 

because the uncertainty factor for arsenic reference dose is very low (3). In order to calculate the 

“safe level” for exposure to a compound, the amount of uncertainty is considered through the 

uncertainty factor. Uncertainty factors (UF) are factors considered while calculating the reference 

dose from experimental data and account for 1) variation in individual sensitivity, 2) uncertainty in 

extrapolating from animal to human, 3) extrapolating data to cover a lifetime of exposure, 4) 

extrapolating from the lowest observed adverse effect level (LOAEL) rather than the no observed 

adverse affect level (NOAEL), and 5) extrapolating from an incomplete database. These uncertainties 

are generally assigned a 10-fold factor, the UF therefore increases 10-fold for every level of 

uncertainty. A value of 3 is very low. The low uncertainty obtained for arsenic is based on the lack of 

data to preclude reproductive toxicity as a critical effect, and to account for a low degree of 

uncertainty in whether the NOAEL of the critical study accounts for all sensitive individuals. This low 

UF of 3 indicates that there is little uncertainty in the level of arsenic that will have negative health 

effects.  Thus, the risk from arsenic is highly certain, and HQs over 1 are very concerning. The 

communities living in Khutsong and KZN are thus very likely to experience negative health impact 

from exposure to these levels of arsenic in their vegetables. 

 

Figure 47: Hazard quotients resulting from exposure to median metal concentrations in 
vegetables 
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Most maximum HQ events occurred in Khutsong in vegetables collected in the February 2012 

sampling trip. Concerning hazard quotients were determined for more abundant metals, aluminium 

and iron, generally leached from the soil due to increased acidification. Excess manganese, closely 

related to mining and industrial related practices, measured over 20 times of what is acceptable by 

the WHO (2010). Exposure to excess manganese may cause Parkinson-like symptoms (Gerber et al., 

2002; Erikson and Aschner, 2003), infertility in mammals and malfunctions in the immune system 

(Vartanian et al., 1999). Toxic trace metals (arsenic and mercury) were measured at levels exceeding 

acceptable levels in KZN and Khutsong (Figure 48). The health risks associated with chromium 

exposure were also exceptionally high, although the actual speciation of chromium is needed to 

determine the toxicity of the exposure. The presence of cadmium in a vegetable sample in Khutsong 

also produced a hazard quotient exceeding the acceptable limit. 

 

Figure 48: Hazard quotients resulting from exposure to maximum metal concentrations in 
vegetables 

 

9.3.5 Total non-carcinogenic health risk from exposure to heavy metals 

The HQ based on the median concentrations for each of the metals measured at the study sites are 

given in Figure 49. In Verena, none of the metals pose an individual health risk, and combined they 

pose a median HQ of 1.4. Thus this risk assessment suggests that the community in Verena are 

health-wise relatively “unaffected” by heavy metals associated with AMD. The mining communities 

are impacted by trace toxic metals as follows; arsenic in KZN, uranium and arsenic in Khutsong and 

excess mercury in Klarinet. Arsenic posed the greatest threat in vegetables, whereas uranium and 

mercury posed the most significant risk in water. 
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Figure 49: Hazard Quotient (y-axis) from the total median metal-specific concentrations 
determined in vegetables, meat and water for each site. Note the differences in the y-axis 

scales 

 

The total median and maximum HQ for each study area is shown in Figure 50. The highest median 

and maximum HQ was determined for Khutsong. Klarinet and KZN presented with comparable 

median and maximum non-carcinogenic risks, the major difference being that the highest risk was 

posed by the consumption of water in Klarinet versus the ingestion of vegetables in KZN. The 

reference site Verena had the lowest median and maximum hazard quotients, dominated by the 

accumulation of heavy metals in vegetables. 
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Figure 50: Total Hazard Quotient (y-axis) determined for the total metals measured in water, 
vegetables and meat collected from the study areas. The median HQ is the left-hand bar graph 

in each site and the maximum HQ is the right-hand bar graph 

 

9.3.6 Carcinogenic risks posed by exposure to meat, vegetables and water 

The only carcinogenic metal of interest found in most of the samples collected was arsenic. Only 

natural and inorganic uranium were considered in the current HHRA and no supplementary 

radioactive studies were conducted to investigate the carcinogenic risks posed by radioactive grade 

uranium. The median and maximum arsenic concentrations found in the three primary mediums are 

given in Table 9. The highlighted cells are those risk values higher than the acceptable risk limit of  

10
-5

. The highest risk is posed by vegetables, followed by meat and then water. Most samples 

collected from Verena and Klarinet presented arsenic concentrations below the measureable 

detection limits. The highest total carcinogenic risk was posed to people living in Khutsong, followed 

very closely by communities in KZN. 
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Table 9: LADD and carcinogenic risk determined for exposure to median and maximum 

concentrations of arsenic. BD is “below detection limit” 

 KZN 

median  

KZN max  Khutsong 

median  

Khutsong 

max 

Klarinet 

median  

Klarinet 

max 

Verena 

median 

Verena 

max  

Vegetables 

Concentration 

of arsenic 

(mg/kg) 

0.3 0.4 0.3 0.5 BD BD BD BD 

LADD 4.59E-04 6.12E-04 4.59E-04 7.65E-04 BD BD BD BD 

Risk 3.06E-04 4.08E-04 3.06E-04 5.10E-04 BD BD BD BD 

Water 

Concentration 

of arsenic 

(µg/l) 

1.95 4 7.35 22 0.95 7.16 0.6 1.4 

LADD 1.19E-05 2.45E-05 4.50E-05 1.35E-04 5.82E-06 4.38E-05 3.67E-06 8.57E-06 

Risk 7.96E-06 1.63E-05 3.00E-05 8.98E-05 3.88E-06 2.92E-05 2.45E-06 5.71E-06 

Meat 

Concentration 

of arsenic 

(mg/kg) 

0.15 0.2 BD BD BD BD BD BD 

LADD 3.67E-05 4.90E-05 BD BD BD BD BD BD 

Risk 2.45E-05 3.27E-05 BD BD BD BD BD BD 

Total 3.39E-04 4.57E-04 3.36E-04 6.00E-04 3.88E-06 2.92E-05 2.45E-06 5.71E-06 

 

9.3.7 Uncertainty analysis 

The environmental monitoring of the various sites stretched over 18 months and even though it 

represents quite a large dataset, there is still a level of uncertainty associated with it as it is not a 

comprehensive monitoring of all media for many years. Uncertainty analysis was carried out through a 

Monte Carlo simulation to model the probabilistic outcome of the risks associated with exposure to 

heavy metals. The model was based on the HQ and standard deviation determined from the total 

median metal concentrations in the various media.  

Monte Carlo simulations are generally used to model phenomena which contain a certain amount of 

uncertainty. They calculate integrals setting up boundary values, determine outliers and estimated 

maximum and median values. The hazard quotient was assumed to have a lognormal distribution and 

10 000 iterations were run on the input dataset. The outputs of the simulations which provide the 

values where the HQ is expected to occur 90% of the time, the expected or predicted mean, minimum 

and maximum values are illustrated in Figure 51 and Figure 52, and summarised in Table 10. 
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Figure 51: A Monte Carlo simulation illustrating the range of 90% certainty in HQ determination 
for KZN. The y-axis represents the mathematical lognormal, and the x-axis is the resulting HQ 

distribution. 

 



115 
 

 

Figure 52: Monte Carlo simulations based on the health risk assessment done for Khutsong, 
Klarinet and Verena. The y-axis represents the mathematical lognormal, and the x-axis is the 

resulting HQ distribution. 
 

According to the simulations, the widest HQ range with 90% certainty was observed in Khutsong, with 

the highest predicted maximum value. Khutsong therefore faces the highest possible HQ (with 90% 

certainty) compared to the other study areas, and will experience the broadest range of HQ during the 

sampling period. The predicted maximum and the observed maximum values were similar, indicating 
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that the model was fairly reliable in the calculation of the HQ upper and lower boundaries. The range 

of risk was also very similar between Verena and Klarinet, with Klarinet presenting the higher 

predicted (and actual) maximum. The uncertainty of the current study evaluations is relatively low and 

the resulting range of 90% certainty exceeds the recommended HQ (<1) in all study areas, but most 

notably in Khutsong.  

Table 10: The 90% occurrence range, and predicted maximum values for the Hazard Quotient 
Monte Carlo uncertainty analysis. 

Study area Range Measured Maximum Predicted maximum 

KZN 3.27-12.6 63.9 31.0 

Khutsong 3.00-26.0 174 118 

Klarinet 1.72-10.7 31.0 38.6 

Verena 1.88-8.07 36.3 20.6 

 

9.4 Discussion 

The community living in Khutsong face the highest combined (carcinogenic and non-carcinogenic) 

health risks related to the ingestive exposure of humans to heavy metals. KZN and Klarinet also 

present elevated health risks likely due to the ingestion of water and produce contaminated by heavy 

metals. The primary route of heavy metal exposure is from the consumption of home grown 

vegetables, followed by water. The exposure of humans to heavy metals through the consumption of 

eggs and soil are negligible. The amount of contamination was also found to be unselective in 

vegetable types.  

The environmental monitoring indicated that aluminium, iron and manganese are the most abundant 

contaminants in the study areas. The toxicity of these metals are, however, low compared to other 

more toxic metals such as arsenic with lower reference doses. Elevated iron events occurred in meat 

(HQ = 1.2), but more notably in vegetables collected from KZN and Khutsong (HQ up to 62).  Iron is a 

common contaminant of AMD and can have serious adverse health effects on both the water 

ecosystem and aquatic life. Iron is a dietary requirement for humans and healthy people are generally 

not affected by iron.  Iron is an essential element and deriving a risk assessment value for such 

chemicals poses a special problem in that the dose-adversity curve is "U-shaped". Thus, the risk 

value must be protective against deficiency as well as toxicity. Although iron absorption is regulated, 

excessive accumulation of iron in the body resulting from chronic ingestion of high levels of iron 

cannot be prevented by intestinal regulation, and humans do not have a mechanism to increase 

excretion of absorbed iron in response to elevated body levels (NAS, 1989, 2001).  Iron overload 

increases the levels of ferritin and other storage proteins, causing excessive iron build-up in the heart 

and liver leading to tissue destruction. The toxicity of iron is therefore governed by its absorption into 

the body. The absorption of iron is primarily determined by the individual’s dietary intake and basic 

health, but absorption is increased by the presence of organic acids, which may be abundant in many 

river waters. 

Elevated aluminium concentrations were measured in vegetable samples for Khutsong, KZN and 

Verena, resulting in hazard quotients up to 18 (Khutsong). Aluminium poisoning may lead to three 

types of disorders: aluminium-induced bone disease, microcytic anaemia (small and pale red blood 

cells) (Tria et al., 2007) and encephalopathy (brain disorders such as Parkinson’s disease) (Suarez-

Fernandez et al., 1999; Bondy, 2010), which is well known in patients with chronic renal failure. The 

biochemical mechanisms and chemical properties of consumed aluminium (Al) target pre-mature 

infants (Driscoll et al., 1997; Klein, 1998), the elderly (Ganrot, 1986) and HIV-positive people (Prolo, 

et al., 2007). Other human health risks linked to excess Al exposure are glucose intolerance 

(diabetes) (Klein, 2005) obesity (Mailloux et al., 2007) and cardiac arrest in severe cases. 
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The metals of concern are the toxic heavy metals occurring at lower concentrations, but with higher 

toxicity. These metals are arsenic, cadmium, uranium and mercury. 

Arsenic is classified as a Class A human carcinogen (IARC, 1978; US EPA, 2001; CSP2, 2003; 

WHO, 2010).  Arsenic is a by-product of either AMD or neutral pH leaching of mining waste from 

precious and base metal ore deposits (Thornton, 1994; Williams and Smith, 1994; Williams et al., 

1996a).  This is evident from the higher occurrence of arsenic close to Khutsong gold mines. Although 

it is generally accepted that water is the dominant exposure route to humans (Abernathy, 1993), it 

was found that the vegetables presented an overall higher arsenic health risk.  Apart from cancer, 

arsenic poisoning also causes non-cancerous health disorders (Williams et al, 1998).  These typically 

include: cutaneous (skin related) symptoms, polyneuritis (inflammation of several nerves), bronchitis 

(inflammation in lung tubes), gastroenteritis (inflammation of the stomach and intestines), rhinitis 

(inflammation of mucous membranes in the nose), and conjunctivitis (inflammation of the eyes). Other 

human health impacts associated with arsenic exposure are cardiovascular (related to heart and 

blood vessels) and cerebrovascular (blood vessels to the brain) diseases, Raynaud’s phenomenon 

(spasm of blood vessels), hepatopathy (liver disease), nephropathy (kidney disease) and malignant 

neoplasm (cancer) including Bowen’s disease (type of skin cancer). Inorganic arsenic can increase 

the risk of cancers (lung, skin, bladder, liver, kidney and prostate) (Sesieni and Cuzick, 1993, cited in 

Williams, 2001), while inhalation/breathing of inorganic arsenic cause sore throat, irritated lungs and 

lung cancer. Chronic arsenic exposure symptoms include hyperkeratosis, hyper pigmentation, skin 

malignancies and peripheral arteriosclerosis (blackfoot disease). Arsenic’s carcinogenic potency has 

been debated over the last decade and a half, with proposed slope factors ranging from 1.5 to a 

proposed potency (or slope factor) of 25.7 (Lewis et al, 2011), illustrating the belief that arsenic is 

more potent than previously thought. The analysis in the current study used the conservative slope 

factor of 1.5 to calculate the carcinogenic risk posed by arsenic exposure.   

Mercury and uranium also posed a health concern in Klarinet, Khutsong and KZN. Mercury is a 

neurotoxin used for the extraction of gold in the mining industry. Mercury is lost to the environment 

(e.g. soil, water) in the inorganic form which is later converted to organic compounds through the 

methylation process. These organic mercury compounds are then taken up into the food chain, mainly 

by fish and other aquatic life. Organic mercury is highly poisonous and is easily absorbed by humans 

via the gastric and intestinal organs, where it is carried by the blood into the brain, liver, kidney and 

even the unborn foetus. Inorganic forms of mercury have been linked to spontaneous abortion, 

congenital malformation and gastro intestinal disorders.  Poisoning by its organic forms, such as 

monomethyl and dimethylmercury, presents with an abnormal irritation or sensitivity of an organ or 

body part to stimulation, acrodynia (Pink disease, which is characterised by rash and desquamation of 

the hands and feet), gingivitis (inflammation of the gums), stomatitis (inflammation of the mucous 

membrane in the mouth), neurological (nervous system) disorders, total damage to the brain and 

central nervous system (CNS) and are also associated with congenital (present at birth) malformation 

(Ferner, 2001; Lenntech, 2004). 

Uranium is primarily genotoxic (can damage DNA). The primary organ at risk from uranium chemical 

toxicity is the kidney, while chronic radiation can cause damage to the lymph nodes and bones 

(United Nations Scientific Committee on the Effects of Atomic Radiation – UNSCEAR, 1988). 

Exposure to uranium causes genetic and genomic changes and therefore impacts most organs in 

mammals.  When inhaled or ingested, uranium’s radioactivity creates risks of lung and bone cancer. 

Because of the toxic properties of uranium it can also cause damage to the developing foetus and 

increase the risks of soft tissue cancers (Van Riet, 2009). Studies undertaken by various South 

African researchers highlighted the occurrence of uranium in aquifers (Van Wyk and Coetzee, 2008).  

All samples taken in South African Bushmanland and Namaqualand areas in 2007 exceeded the 

World Health Organisation’s drinking water guideline of 15 μg/l (0.015 mg/l). Uranium intake through 

drinking water is a serious health concern (Schnug and Haneklaus, 2008) and increases of uranium 
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through daily dietary intake results in accumulation of uranium in bone, liver and kidney (Thomas, 

2008). 

Only ingestive pathways as routes of exposure were considered in this study.  Dermal and inhalation 

exposure routes were not explored. Once-off evaluation of chicken lung tissue indicated a 

disproportionate amount of metals accumulated in the lungs, especially aluminium, iron, chromium 

and manganese. As humans breathe in almost 21 m
3
 of air a day, inhalation poses a significant 

exposure concern to humans and warrants future study to evaluate the total impact of mining 

practices.  
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10 Management of AMD and mitigation of health impacts 

Mitigation actions should be aimed at eliminating or reducing the risk from hazards, in this case AMD, 

to vulnerable communities. First and foremost, top priority should be given to preventing AMD 

formation and containment of AMD if formed. In some cases this responsibility rests with the mines; 

however, in the case of abandoned mines, the responsibility for AMD mitigation is more complex.  

 

Unfortunately, as evident in this study, AMD can be found in the environment and there is a risk of 

exposure to AMD by members of specific communities. This has become a public health problem that 

requires the attention of several stakeholders who may or may not have thought they were directly 

involved until now. To effectively mitigate the impacts of AMD on communities, the roles and 

responsibilities of stakeholders need to be identified and made explicit.   

 

10.1 Potential roles and responsibilities 

The national government is empowered to administer any of the laws which it has passed. The 

Department of Environmental Affairs (DEA) therefore has the mandate to administer all environmental 

laws, while Department of Mineral Resources (DMR) as lead agent for mining, has the responsibility 

of administering mining related laws. In addition, the Department of Water Affairs (DWA) as the 

custodian of water resources, has the mandate to administer all water related laws. The 

inconsistencies between the policy and strategy in terms of the roles of the different government 

departments relating to mining waste has given rise to an on-going debate (Godfrey et al., 2007). 

 

Applying the polluter pays principle, the cost associated with mitigating the impacts of AMD should be 

borne by the mines.  In terms of Sections 19 and 20 of the National Water Act (RSA, 1998), the clean-

up of the pollution (e.g. mitigation of the environmental pollution caused by AMD) is the responsibility 

of the polluter, i.e. the relevant mines.   

 

The Department of Health (DoH) must, in accordance with the national health policy, issue and 

promote adherence to norms and standards on health matters, including environmental conditions 

that constitute a health hazard (Section 21(2)(ii), National Health Act, 2004).  In this regard, the DoH 

has a responsibility to develop norms and standards relating to AMD exposure.  

 

10.2 Mitigation measures available 

Mitigation measures involve actions directed at the threat (i.e. the AMD itself), and actions directed at 

the community’s vulnerability (Manitoba Health, 2002). The mitigation measures put in place will be 

guided by the type and severity of the impact and the coping resources at the disposal of the specific 

community.  The impacts experienced by a community can increase in severity along a continuous 

scale as illustrated in Figure 53.  This can range from “everyday” accidents affecting only one or two 

people, to extreme events of wide scale impact (Manitoba Health, 2002).   
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Figure 53: Establishing the disaster threshold for a community (Manitoba Health, 2002) 

 

The magnitude of impacts related to AMD is rated “…second only to global warming and stratospheric 

ozone depletion in terms of ecological risk” (EEB, 2000) and as the results from the health survey 

indicate, the health impacts associated with AMD exceed the at-risk communities’ normal coping 

resources.  

When considering the definition of disaster
15

 (RSA, 2002) and the coping abilities of impacted 

communities, AMD exposure/impacts could be viewed as a natural disaster in certain communities. 

This study therefore proposes that following a disaster management approach towards mitigating the 

impacts of AMD would be sustainable.   

10.3 Policies for strengthening resilience to natural disasters 

Laframboise and Loko (2012) suggest that designing a comprehensive policy framework for planning 

on how to deal with disasters should involve an assessment of the following core pillars: risk 

assessment, risk reduction, self-insurance and risk transfer. Ideally this framework should be 

developed jointly by the Department of Water Affairs, the Department of Mineral Resources and the 

Department of Health, and implemented now to deal with impacts now and into the future.  Roles and 

responsibilities for actions should be spelt out in the policy framework. 

Identifying and reducing risk beforehand are necessary to lower the impact of disasters once they 

occur.  The first pillar involves identifying risks by studying data on geographic, environmental and 

social vulnerabilities to highlight hot-spots for AMD exposure and negative health impacts.  The 

national assessment here provides a basis for such an assessment, though in-depth local 

assessments are needed to identify risks at community level. These assessments should be built into 

medium-term development plans. Risk reduction, the second pillar, involves structural and sectoral 

reforms to reduce vulnerabilities in the identified communities.  A possible reform could be that 

communities who are at risk of AMD exposure should be ensured a constant supply of potable water.  

Some of the at-risk sites have large numbers of interruptions of service, which might increase their 

                                                      
15

 “disaster” means a progressive or sudden, widespread or localised, natural or human caused occurrence which-  
a) causes or threatens to cause 

i. death, injury or disease; 
ii. damage to property, infrastructure or the environment; or 
iii. disruption of the life of a community; and 

b) is of a magnitude that exceeds the ability of those affected by the disaster to cope with its effects using their own 
resources. 
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risk of exposure.  In addition, environmental monitoring of water, food and soil in at-risk sites would be 

needed to indicate when the environment is contaminated with AMD.  Local clinics could also track 

symptoms associated with heavy metal exposure, to identify if communities are possibly being 

impacted. And in extreme situations, relocating communities from AMD affected areas may be a 

necessary reform.  

The third pillar is self-insurance; building sufficient savings and reserves in good times to draw upon 

in the event of a disaster. In the case of AMD, this refers to establishing a financial fund as a 

mechanism to support the rehabilitation of the environment impacted by AMD, or to provide 

assistance to the communities affected to minimise exposure. Section 30 of the National Water Act 

(RSA, 1998) provides for applicants of water use licences to give security in respect of any obligation 

or potential obligation arising from a licence to be issued under this Act (RSA, 1998).  

The fourth pillar is risk transfer or insurance, which transfers risk externally to capital markets and 

investors. This provides the best channel to reduce the cost of major disasters and provide rapid 

capital for reconstruction (Laframboise and Loko, 2012). In other words, a form of insurance is 

needed to ensure that enough money will be available when needed to mitigate the impacts of AMD. 

Implementation of an environmental levy as recommended by the Team of Experts in their report to 

the Inter-Ministerial Committee on AMD (IMC, 2010), will serve this purpose.  

10.4 Principles to inform mitigation 

Measures to mitigate the impact of AMD on human health in affected communities should therefore 

include: 

 Minimisation: Prevention of the formation of AMD at source.  

 Containment: Prevention of the migration of AMD into the environment. 

 Remediation of environmental pollution caused by AMD. 

 Prevention of exposure to AMD by mitigating exposure pathways. 

 Awareness creation on; 

o health effects caused by AMD, 

o exposure pathways, and 

o how to avoid exposure to AMD. 

 Treating the actual health impacts caused by AMD, especially the mitigation of health 

symptoms experienced in the community. 

 

The choice of mitigation measures to apply to a specific area or community will have to be determined 

on a case by case basis and should be informed by the severity and extent of the impacts. Prevention 

of the formation of AMD will be the first prize and potentially also the cheapest. However, in many 

instances a multi-faceted approach will be required to mitigate all the impacts associated with AMD.   

 

10.5 Mitigating the formation of AMD 

Currently, AMD is being produced by mines in South Africa.  In order to mitigate negative health 

impacts, AMD needs to be contained and/or treated. However, as every mine is unique in terms of its 

AMD potential, the nature and size of the associated risk and feasibility of mitigation options will also 

vary from site-to-site. In addition, the mitigation options will depend on the final use of the AMD water; 

a treatment plant that aims to transform AMD polluted water into potable water would have different 

considerations than a mine that aims to contain its AMD.  

Typical sources of AMD can be divided into primary and secondary sources as indicated in Table 11, 

which is an elaboration on the sources identified in Section 2 (Akcil and Koldas, 2006).  
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Table 11: Primary and secondary sources of AMD (Akcil and Koldas, 2006) 

Primary sources Secondary sources 

Mine rock dumps  Treatment sludge pounds 

Tailings impoundments Rock cuts 

Underground or open pit mine workings Concentrated load-out 

Pumped or natural discharged underground 
water 

Stockpiles 

Diffuse seeps from replaced overburden in 
rehabilitated areas 

Concentrate spills along roads 

Construction rock used in roads, dams, etc. Emergency ponds 

 
There are no standardised methods for ranking, measuring and reducing the risk of AMD because of 

the variability of AMD discussed throughout this paper (Akcil and Koldas, 2006).  The environmental 

health impacts, however, can be minimised at three levels when considering mitigating the formation 

and transport of AMD:  

1. Primary prevention of the acid-generating process. 
2. Secondary control, which involves deployment of acid drainage migration prevention 

measures. 
3. Tertiary control, or the collection and treatment of the AMD. 

 

10.5.1 Primary prevention and secondary control of AMD 

At-source control methods treat the acid-producing rocks directly and stop or retard the production of 

acidity (Skousen et al., 2000). These methods include: 

 Alkaline amendment to active mines:  Acid-base accounting is done to identify the required 
alkalinity for neutralisation of pyritic materials. The accuracy of predictions of a particular alkali 
to add in a particular situation has significant cost and long-term liability implications. 

 Alkaline recharge trenches: These are surface ditches filled with alkaline materials, 
minimising or eliminating acid seeps through an alkaline-loading process of surface infiltrating 
water.  

 Bactericides: Anionic surfactants are used to control bacteria that catalyse the conversion of 
Fe

2+
 to Fe

3+
 (e.g. Thiobacillus ferrooxidans as discussed in Section 2.1), which can thereby 

control pyrite oxidation.  This method is usually used where immediate control of AMD 
formation is important and is most effective on fresh, unoxidised sulphides. 

 Dry barriers: Barriers are constructed from materials that retard the movement of oxygen and 
water into areas containing acid-producing rocks.  Barriers are successful in reducing the 
movement of water through piles, but generally do not control AMD completely.  Plastic 
covers are rarely used in mining because covering the large volumes of waste is usually too 
expensive. 

 Wet covers: Disposal of sulphide tailings under a water cover, such as a lake, is another way 
to prevent acid generation by excluding oxygen from sulphide minerals.  Wet covers also 
include flooding of above-ground tailings ponds.  Deposition of sulphide tailings under water 
has been used at various mines in Canada (Skousen et al., 2000). 

 
Given the practical difficulties entailed in inhibiting the formation of AMD at source, often the only 

alternative is to minimise the impact that this polluted water has on receiving streams, rivers and the 

wider environment. Such an approach involves “migration control” measures (Johnson and Hallberg, 

2005). 

Water is the basic transport medium for the contaminants associated with AMD and consequently, all 

measures aimed at AMD migration control are concerned with the control of water flow. According to 

Akcil and Koldas (2006) water entry into the site of acid formation may be controlled by: 

1. Diversion of surface water flowing towards the site of pollution. 
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2. Prevention of groundwater infiltration into the pollution site. 
3. Prevention of hydrological water seepage into the affected areas. 
4. Controlled placement of acid-generating waste. 

 
Diversion of surface water is most commonly achieved by the construction of ditches, which are 

difficult to maintain for long periods of time, despite their easy initial construction (Akcil and Koldas, 

2006). Prevention of groundwater infiltration is also very difficult to achieve. Under-drains can be 

installed in locations of dumps, and the infiltration by hydrological water can be retarded through the 

use of sealing layers (Akcil and Koldas, 2006). 

Several methods exist for the treatment of AMD in open pit mines. Specifically, these include flushing, 

containment and evaporation, discharge (through wetlands), neutralisation and precipitation, and 

desalination. Flushing is the process of rapid water draining from spoils heaps
16

 to prevent water 

accumulation to high levels. Ferrous iron (Fe
2+

) may be removed before it is oxidised, thus preventing 

reaction with pyrite (FeS2) and the precipitation of ferric hydroxide (Fe(OH)3) (see equations 1-4 in 

Section 2.1). A major disadvantage inherent with this approach is the generation of acidity outside the 

spoil by oxidation and precipitation of the dissolved iron (Akcil and Koldas, 2006).  

Another option is containment, which involves flooding as much area of the spoils as is possible, 

thereby preventing oxidation. The spoil water is then contained and prevented from being released 

into the environment. This method, however, has not been successful due to the difficulties 

associated with water level management in pits (Akcil and Koldas, 2006).  

10.5.2 Tertiary control 

Chemical neutralisation methods are often the only option where AMD cannot be prevented or 

contained. Treatment of mine effluent requires the establishment of a collection system capable of 

intercepting both surface run-off and groundwater flows. The former is readily achieved through the 

use of ditches but subsurface flow may require the installation of cut-off walls, trenches or wells (Akcil 

and Koldas, 2006). 

The collection and isolation of AMD can be problematic and difficult to implement. In order to mitigate 

environmental and health impacts, treatment of AMD includes neutralisation of acidity and 

precipitation of metal ions (Skousen et al., 2000; Ritcey, 2005). Enough alkalinity must be added to 

raise the pH so that insoluble metal hydroxides will form and settle out of the water.  Therefore, the 

types and amounts of metals in the water heavily influence the selection of an AMD treatment system. 

Six chemicals are used for the treatment of AMD (Skousen et al., 2000), namely: 

 limestone; 

 hydrated lime; 

 pebble quicklime; 

 soda ash; 

 caustic soda; and 

 ammonia. 
 
The best choice among alternatives depends on both technical and economic factors (Skousen et al., 

2000).  The technical factors include acidity levels, flow and the types and concentrations of metals in 

the water.  The economic factors include the process of reagents, labour, machinery and equipment, 

the number of years that the treatment will be needed and the interest rate (Skousen et al., 2000).   

Other methods include the use of biological methods in which bogs and wetlands may be considered 

(Ritcey, 2005).  Some natural wetlands can remove iron, manganese and other metals from AMD 

(Akcil, and Koldas, 2006). The metals are either deposited in the sediments of the wetlands or taken 

up by the plants through their root systems (Akcil and Koldas, 2006).   

                                                      
16

 Spoils heap: residue stock piles or waste rock heaps 
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A study to assess the impact of treated mine water discharged on the sediment quality and the fate of 

trace metals in the environment was conducted in the Blesbokspruit, a Ramsar certified riparian 

wetland in South Africa (Roychoudhury and Starke, 2006). Although the treated mine water 

discharged trace metals directly into the stream, the mobility of trace metals was relatively low in the 

studied area. The tailings dams and mine dumps associated with historic mining activities posed a 

greater risk in promoting the dispersion of trace metals in the local environment, both through the 

seepage of acidic waters and from atmospheric deposition. This was confirmed when the highest 

metal pollution index values were found at sites that were close to tailings dams (Roychoudhury and 

Starke, 2006).  This highlights the difficulty that can be encountered with treating AMD.  Since AMD is 

already being produced in South Africa, however, it is currently necessary to treat the mine water. 

10.5.3 Mine water treatment technologies used in South Africa 

The release to the environment of mining waste, including AMD “...can result in profound, generally 

irreversible, destruction of ecosystems” (EEB 2000). In many cases, the polluted sites may never be 

fully restored, for pollution is so persistent that there is no available remedy (EEB, 2000).  In South 

Africa, huge volumes of water (208 Ml/day for Witwatersrand basin alone (IMC, 2010)) are currently 

rendered unfit for use due to AMD, with potential human health implications.  This is not acceptable in 

a water scarce country such as South Africa. Therefore, customised treatment technologies suitable 

to local conditions are required to treat the AMD to a quality fit for use by other water users.  The 

desired end quality of the treated water will depend on the requirements of the users; ecosystems, 

domestic, industrial or agricultural use. 

Locally applied treatment technologies include biological, physical and chemical treatment methods. 

These are discussed in more detail below. 

10.5.3.1  Chemical treatment methods 

10.5.3.1.1 The CSIR Neutralisation technology 

 
The CSIR-developed neutralisation technology has come to fruition after approximately 20 years of 

research. Since the early 2000s, several full-scale neutralisation plants have been constructed, of 

which the first one is located in Empangeni on the northern KwaZulu-Natal coast (Figure 54). This 

plant makes use of a combination of limestone and lime treatment. Two limestone plants have been 

erected in Witbank at the Navigation and Kromdraai Collieries. Further full-scale implementation 

continues, both in South Africa (Namaqua Sands, Northern Cape) as well as abroad (Botswana, 

Australia). Although this technology has found market acceptance, research is still continuing, aiming 

to improve on the challenges of sludge recycling, treatment and settleability, to render the technology 

even more efficient and cost-effective. When limestone is used rather than lime, the operational costs 

of treatment are reduced by approximately 40-50%.  

When acidic water is neutralised in a lime treatment plant, the metals are precipitated as metal 

hydroxides, which form a sludge that is often associated with large amounts of gypsum. The sludge 

must be stored and managed to prevent heavy metals from re-dissolving and re-entering the 

environment. Lime treatment essentially transfers the heavy metal contaminants from one medium 

(water) to another medium (sludge), which still requires containment. Storing of the gypsum formed 

creates environmental problems, as gypsum can potentially leach into the surroundings through 

normal rainfall, and be carried by winds in the dry months. 
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Figure 54: Limestone/lime treatment system at Empangeni 

 

10.5.3.1.2 Implementation of reverse osmosis (RO) system as a joint 
Anglo/Billiton/Emalahleni venture  

 
A physical treatment plant has been built by Anglo Coal and BHP Billiton, where the mine effluent 
from two Anglo mines and one Ingwe/Billiton mine are treated with reverse osmosis (RO) membrane 
technology. The realisation of the plant took a decade of planning, design, implementation and 
negotiation, mainly initiated by Anglo Coal, with the aim to manage mine water decants in a 
sustainable manner.  
 
The newly built plant (Figure 55) can treat 20 Ml/day of underground mine water, resulting in a 99% 

water recovery and a waste (brine) that over the next 20 years is estimated to cost R300-million to 

manage. This brine contains metals and other salt residuals, e.g. gypsum (CaSO4.2H2O). The 

patented GypSLiM process has been developed to convert gypsum into sulphur, limestone and 

magnesite, thus turning waste into saleable products. The pureness of the water produced by the RO 

system requires that a very small part of the brine has to be added back into the treated water to 

provide it with the metals needed in drinking water (personal communication, P Günther). The treated 

water is delivered to the Emalahleni Local Municipality at a cost of R3.90/kl (this price may not 

necessarily reflect the true cost of treatment), and the tariff is linked to the consumer index price 

(Hobbs et al., 2008). Part of the projected R269.3 million cost of constructing the plant (Mining 

Weekly, 2007) will be recovered by the sale of potable water to the Emalahleni (Witbank) Municipality, 

which has experienced a growth in water demand of 3.5% per year over the past 6 years (Günther, 

2006).  Similarly, the Middelburg area is also experiencing a shortage of potable water, and plans are 
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underway by Anglo Coal and BHP Billiton to also treat the mine decant water of the Middelburg mines 

according to the same protocol.  

The RO process of mine water treatment is very attractive from a water management point of view, 

since worthless polluted water can be rendered potable for human consumption. From an energy 

point of view, this technology is less attractive since an RO system is very energy demanding. In 

essence, new coal needs to be mined to supply the energy demand for this treatment technology.  

 
 

 
Figure 55: Aerial photograph of the Emalahleni Water Reclamation Plant (photo courtesy of 

Anglo Coal, taken from: Hobbs et al., 2008) 
  

10.5.3.1.3 Brugspruit Water Pollution Control Works 

 
A number of defunct and flooded underground coal mines commenced decanting in the mid-1990s, 

contributing to pollution of water resources in the upper Olifants River catchment, upstream of Loskop 

Dam.  The Department of Water Affairs (DWA) took responsibility for these mines along the northern 

margin of the Witbank Coalfield, and constructed the Brugspruit Water Pollution Control Works 

(BWPCW) in 1997 at a cost of R 26.5 million (DWAF, 1997). This treatment system (10 Ml/d) is based 

on lime neutralisation. The BWPCW was constructed with the aim to protect the Loskop Dam from the 

impacts of AMD due to the already limited buffer capacity in the dam (DWAF, 1997). The design 

function of the plant was to treat undesirable AMD to a quality acceptable for discharge to a receiving 

environment that included the Loskop Dam. 

10.5.3.1.4 GYP-CIX technology 

 
The GYP-CIX technology was piloted for the treatment of AMD at the Western Areas Gold Mine 

(Grootvlei Mine) about 15 years ago (Robinson, 2003) and by Anglo Coal about 10 years ago 

(personal communication, J. Maree). The GYP-CIX process, which uses a counter-current fluidised 
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bed ion exchange method and a single fluidised bed bath regenerator, was specifically developed for 

the desalination of AMD effluent.  

Previously, the limitation on the resin ion exchange process technology was the scaling or fouling 

effect during regeneration caused by the calcium sulphate contained in a neutralised AMD solution. 

This fouling has been chemically engineered out of the system, and the precipitation does not destroy 

or limit the performance of the resin (Robinson, 2003). The main product is water that can be used for 

irrigation purposes.  

10.5.3.1.5 Mintek SAVMIN Process 

 
Mintek’s novel SAVMIN technology for purifying sulphate-polluted mine drainage through the 

precipitation of heavy metals and of calcium, magnesium and sulphate has been selected to prove the 

technology at demonstration level on the West Rand, treating AMD originating from gold mines (at 

Ashanti Gold Mine) around 10 years ago. It was projected to be implemented in the Brugspruit 

Catchment treating a flow of 5 Ml/d (Golder, 2004). The waste products of this technology, estimated 

to be 38 tons of total dissolved salts per day, included metal-hydroxide, gypsum sludge and calcite 

sludge. The capital expenditure was calculated to be R19 million at the price indices of January 2002. 

The SAVMIN process is presently piloted at Harmony Gold Mine, treating 5 m
3
/h of mine water 

(personal communication, J. Maree, 2008).  

10.5.3.1.6 AMANZI Project 

 
The French consulting firm Degrémont designed an RO plant which was piloted for a number of years 

at Randfontein Mine. The operation of the pilot scale plant was completed several years ago, and 

although the technology was successful, the AMANZI project was never implemented on a 

commercial scale because of the high costs associated with the technology. It has been suggested 

that the running costs amounted to R5/m
3
 of treated water, which would result in an operational cost 

of R2.5 million per day. The Rand Water Board and several government departments responsible for 

executing the AMANZI project decided not to go ahead with this French design (Robinson, 2003).  
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10.5.3.1.7 Comparison in the Vaal barrage 

 
Research has continued into managing the salt load entering the Vaal barrage from mining 

operations. A study report titled “An economic and technical evaluation of regional treatment options 

for point source gold mine effluents entering the Vaal barrage Catchment” (WRC, 2000) established 

that 26% of the salt load was contained in 5% of the flow entering the barrage. When the salt load 

emanating from each of the gold mines (Grootvlei, DRD, WAGM and ERPM) was compared, it was 

evident that Grootvlei contributed a disproportionately large salt load to the Barrage. The study 

compared different treatment methods, namely Aqua-K, ASTROP, Biosulphate, EDR, GYP-CIX, RO, 

SAVMIN and SPARRO. Grootvlei Gold Mine management has in the meantime opted for the 

construction of a biological sulphate removal plant discussed in Section 10.5.3.2. 

 
10.5.3.2 Biological treatment methods  

10.5.3.2.1 The Biosure/Erwat biological treatment plant 

 

The BioSure plant developed at Rhodes University (Rose, 2000) was commissioned in 2006 at 

Grootvlei Gold Mine, with the aim to treat 10 Ml/d of mine water at a capital cost of R15 million. 

Grootvlei Mine is close to ERWATs Ancor Wastewater Treatment Works (WWTW). The polluted mine 

water is piped by gravity to a part of the Ancor sewerage works, which has been re-built to 

accommodate the BioSure plant comprising six Dortmund reactors. The AMD is brought into contact 

with primary sewage sludge for the sulphate reduction to take place. The sulphide produced as 

reduction product from the biological sulphate reduction is treated with iron from the high density 

sludge (HDS) plant and precipitated as iron sulphide (FeS). The treated water, after sulphide removal, 

is then directed to the Ancor WWTW for the residual chemical oxygen demand (COD) removal.  

Although the Rhodes Biosure Plant is an elegant biological sulphate removal technology, it has to be 

considered that not many mines are close enough to sewerage plants to make this technology 

generally feasible. The BioSure Plant has taken 10 years to develop by many scientists from different 

universities, mainly funded by the Water Research Commission and the Innovation Fund. Presently, 

not enough sewage sludge is available at Ancor, and the BioSure plant has to be supplemented with 

abattoir and dairy effluents as carbon and energy sources for the biological processes. This is a win-

win situation for this area, as the waste of the one industry (e.g. sewage works) becomes the energy 

source for another process (e.g. AMD treatment).  

10.5.3.2.2 CSIRoSure Biological Demonstration Plant (Anglo Coal) 

 
A biological sulphate removal demonstration plant as described by Maree et al. (2004) was in 

operation from 2000-2004 at Navigation Mine (Witbank, South Africa), using ethanol as the carbon 

and energy source (instead of sewage as above) to which sugar was added, achieving a sulphate 

removal rate of 12 g SO4/l/d (Figure 56). Greben et al. (2002) indicated that adding 0.25 g/l of sucrose 

to technical grade ethanol (96%) (1 ml ethanol/l feed water) as the carbon and energy source, 

resulted in an improved sulphate reduction rate as well as in biomass growth. The CSIR 

demonstration plant comprised a single-stage completely mixed reactor system. Although the plant 

operated well during the summer months, it proved to be difficult to maintain the biological processes 

in the reactor during winter when the temperatures on the Highveld drop below 10 °C, a temperature 

not conducive for high-rate biological processes. 
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Figure 56: The CSIR biological single-stage demonstration plant Navigation Mine, Witbank 

 

10.5.3.2.3 Biological sulphate removal technology using grass cuttings and rumen fluid 

 
Greben et al. (2007) have described a novel biological sulphate removal process using the 

degradation products of grass-cellulose as the carbon and energy sources. A single-stage hybrid 

reactor system is used in which the cellulose degradation is followed by sulphate reduction. It is 

hypothesised that a close symbiosis exists between the cellulose-degrading, hydrogen-producing 

microorganisms and the hydrogen-utilising sulphate reducing bacteria. The system has been adapted 

to operate at room temperature, achieving a >90% sulphate removal efficiency and reducing sulphate 

from a concentration of 2 500 mg/l to <200 mg/l consistently, as long as grass cuttings are added 

regularly to maintain a constant COD concentration in the reactor. The hydrogen sulphide produced 

as the reduction product from sulphate can be oxidised biologically to sulphur, while the nutrient- and 

carbon-rich water after sulphate/sulphide treatment can be used for irrigation.  

In contrast to sewage (primary) sludge as used in the Biosure process, grass is usually easily 

available at mining operations where it is grown on land adjacent to the mining sites. Furthermore, 

grass cuttings are a waste product, ending up mostly in a household’s waste bin and ultimately in 

landfills where it can cause leachate and methane (gas) production. In principle, grass cuttings could 

be collected from parks and gardens and transported to mining sites. In this way, waste utilisation, 

rather than treatment, reduces waste pollution and, in addition, provides a source of energy (Sonakya 

et al., 2003). 

10.5.4 Comparing treatment methods 

The advantages and disadvantages of active biological and chemical (neutralisation) treatment 

systems are summarised in Table 12.  
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Table 12: Comparison of active chemical and biological treatment systems 

Parameter Biological treatment AMD Chemical treatment AMD 

Sulphate removal Can remove SO4 to values 
<200 mg/l 

Can remove SO4 to values as low 
as 1 500 mg/l.  Total sulphate 
removal can be achieved when 
Barium is used in the process. 

Input requirements Needs carbon and energy 
source 

Needs chemicals (CaCO3/CaOH)  

pH adjustment pH increase due to alkalinity 
produced 

pH increase due to neutralisation 

By-products Metal precipitation due to 
sulphide production 

Produces gypsum (CaSO4) sludge 

Sludge quality Produced sludge can be used 
as soil improvers 

Produced sludge is chemical waste 
product which requires further 
neutralisation through metal 
recovery   

Cost of treatment Relative simple system with 
low operational costs 

High capital investment/operational 
costs 

 
As shown in Table 12, the advantage of the biological sulphate removal technologies 
chemical sulphate reduction process is that except for the increase in pH of the treated water, 
cases the sulphate concentration is reduced to below 500 mg/l or even as low as 200 mg/l, and 
metals are removed due to metal sulphide precipitation. When the mine water is neutralised 
with lime or limestone, or a combination of the two, no metals such as iron and manganese are 
removed and the sulphate concentration can only be reduced to ~1 500 mg/l, the solubility 
gypsum (CaSO4.2H2O). Thus, although the water is neutralised, the sulphate concentration in 
areas may still be a concern depending on the user quality requirements, e.g. from  

Table 1 sulphate levels in domestic drinking water should be ≤500 mg/l to prevent acute health 

effects. Therefore, after the water is neutralised, the biological sulphate removal technology can form 

a second treatment stage. A combined chemical/biological treatment system therefore appears to 

provide optimum treatment results, which would then be considered an integrated mine water 

treatment system (Maree et al., 2004).  

10.6  Mitigating human health impacts associated with AMD 

As discussed above, in order to protect human health from AMD exposure, the ideal is to minimise 

the formation and transport of AMD. However, it is clear that AMD is released into the environment, 

and thus actions are needed to minimise human exposure and negative health impacts from potential 

exposure.  As described earlier, a disaster management approach to this mitigation should be taken.  

Taking a disaster management approach, the need for preparedness is extremely important even 

before communities are exposed to AMD.  Building local capacity about health impacts and how to 

prevent exposure is the most cost-effective way to improve the quality of the response to the impacts. 

According to the Disease Control Priorities Project (2007), disaster preparedness is primarily a matter 

of building institutional capacity and human resources. Developing preparedness includes: 

 identifying the vulnerability of the community to AMD; 

 building simple and realistic health scenarios of a possible and probable occurrence; 

 initiating a participatory process among the main actors to develop a basic plan that outlines 

the responsibilities of each actor in the health sector, identifying possible overlaps or gaps 

and building a consensus; 

 maintaining close collaboration with these main actors; and  

 sensitising and training the first health responders and managers to face the special 

challenges of responding to AMD impacts. 
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These preparedness measures would involve stakeholders from across all levels of government.  The 

assessment of the vulnerability of the community to AMD should be performed for all hot-spot areas 

identified in the national assessment.  If a risk of exposure is found to be possible, as it was in the 

three at-risk sites in this study, then it is critical to develop capacity as described above and to plan 

how to mitigate health impacts. The basic principles to consider in mitigating human health impacts 

include:  

 exposure monitoring (ingestion as well as dermal exposure); 

 health surveillance (including health information systems); 

 early notification of exposure potential, symptoms or disease; 

 early provision of first aid;  

 access to quality medical care; 

 compensation; 

 management of the impacts of being exposed; 

 support for recovery of affected individuals; and 

 appropriate management of any AMD-related fatalities. 

 

Surveillance and monitoring systems should be established in at-risk areas to indicate when AMD is 

released into the environment, and when it may be a risk for surrounding communities.  With early 

notification of risks, the communities can then implement their disaster plan to mitigate any potential 

health impacts.   

 

In addition to the mitigation of health impacts, it is necessary to inform the communities of their risk in 

order to prevent exposure.  Recommendations of management actions to address AMD exposure risk 

in at-risk communities include: 

  

 Establish a public health centre to coordinate surveillance activities and respond to acute 

public health issues and prevent disease.  Public health activities should focus on; 

o providing advice on treatment of health effects associated with AMD, 

o prevention of exposure to AMD, 

o monitoring water quality for AMD contamination, 

o monitoring water availability to the community on order to ensure availability of safe, 

potable water at all times, and 

o assessing environmental health risks 

 Ensure security of water supply to areas affected by AMD to; 

o avoid storing of water in unsanitary conditions, and  

o limit use of secondary sources.   

From this study, it is clear that AMD is being released into the environment and is reaching 

communities.  At-risk communities where AMD is present do have a higher calculated risk for negative 

health impacts, and do report increased health symptoms related to heavy metal exposure.  Thus, 

these management and mitigation options need to be developed and implemented in at-risk 

communities as soon as possible in order to protect the health of citizens. 
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11 Conclusions and future research need 

This study aimed to characterise the risk of human exposure to AMD and describe the potential 

resultant health impacts and risks.  In the national assessment (Section 5), two criteria were used to 

assess the potential for risk, namely the number of mines with a high “Simplified Decant Risk”, and 

the number of households using “vulnerable water sources”. The assessment found that communities 

across provinces were identified as areas that were potentially at risk for exposure to AMD and 

associated negative health impacts.  In this study, the health symptoms associated with heavy metals 

were the focus of the health impacts, as it is the toxic heavy metals in AMD which will lead to the 

highest health risks.  

Table 1 in Section 4 describes the potential health impacts, which are numerous.  The questionnaire 

used in the community assessment probed the prevalence of a range of symptoms associated with 

heavy metal exposure in both the at-risk and the reference communities. 

11.1 Community assessment 

Table 13 summarises the results from the community assessment. The assessment found that the 

three at-risk communities did have evidence of AMD in the local surface water and the reference 

community did not.  In addition, elevated toxic heavy metal concentrations were found in 

environmental samples, in particular the water and local vegetable samples, of the at-risk 

communities. From this study, it cannot be proven that the heavy metals in the samples came from 

AMD and not from another source (e.g. pesticide use).  

The risk to human health from the elevated concentrations of toxic heavy metals was assessed in a 

human health risk assessment. The at-risk communities did have a higher calculated risk of negative 

health impacts (both cancer and non-cancer risks) than the reference site.  This risk was driven 

mostly by the presence of toxic heavy metals in local vegetables. Klarinet and Verena did have similar 

calculated HQ values, however the Klarinet HQ was driven by the concentrations of mercury found in 

the samples and in Verena it was driven by the iron found in the samples. Iron is a dietary 

requirement for humans and healthy people are generally not affected by iron, though excess iron can 

have negative health impacts.  Mercury, on the other hand, is a neurotoxin that can have large 

negative health impacts on health. 

The health survey was a door-to-door survey of approximately 1 000 households in each study site.  

The survey asked questions on socio-economic status, demographics of the household, potential 

AMD exposure routes, general information on hygiene practices, and the occurrence of specific health 

symptoms that are associated with heavy metal exposure. From the survey results it was evident that 

the at-risk communities were of poorer health than the reference community for the health symptoms 

probed. 

Comparing odds ratios calculated for the reference site Verena, KZN reported the highest number of 

symptoms with odds ratio >2 (i.e., the at-risk sites have more than twice the odds of exhibiting a 

health symptom than a resident in Verena; Table 13). The majority of the symptoms are neurological, 

but KZN also presented with the highest significance (OR) in immune disorders when compared to 

Verena. Although it would be difficult to make a definite link between metal concentrations in these 

catchments and the reported health effects, it is evident that the regions with the highest metal 

concentrations experience a significant difference in human health compared to the un-impacted site, 

Verena. Also, all three at-risk communities had some symptoms with odd ratios >10, which means 

that a resident in that community has a 10-fold greater chance of exhibiting a health symptom than a 

resident of Verena (underlined in Table 13).  As discussed above, these high odds ratios are 

concerning.   
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Table 13: Summary of the results for the environmental monitoring, health risk assessment and odd ratio calculations for the health survey 
(compared to Verena). CARD – cardiovascular; NEU – neurological; MUS – musculoskeletal; IMM- immunological; DERM-dermatological; GAS-
gastrointestinal; RES – respiratory. 

 

Water Quality Stiff diagrams

Piper classification Not impacted by AMD Impacted by AMD Heavily impacted by AMD Impacted by AMD

Environmental 

monitoring

Median > 500 ug/L Fe Mn Al, Mn, Sr

Max > 5 mg/L Al, Fe Al, Fe, Mn Al, Fe, Mn, Sr

Vegetables Median > 500 mg/kg Al, Fe Al, Fe Al, Fe Al, Fe

Max > 5 g/kg Al Al, Fe Al, Fe, Mn

Human Health Risk

HQ>1 for median conc Hg, Total Total U, Total

HQ>1 for max conc Total Fe, Hg, Mn, Total Fe, Mn, Total As, U, Total

Carcinogenic (As) 3-4 X10-4 3-5 X 10-4

Affecting systems CARD, NEU, MUS, IMM, CARD, NEU, MUS, IMM, RES, GAS, DERM

HQ>1 for median conc Fe, Total Total As, Total As, Cd, Fe, Hg, Total

HQ>1 for max conc Fe, Total Fe, Total Al, As, Cr, Fe, Total, V Al, As, Cr, Fe, Mn, V, Mo, Total

Carcinogenic 3 - 4.5 X10-4 3-6 X 10-4

Affecting systems CARD, NEU, MUS CARD, NEU, MUS DERM, GAS, CARD, IMM, NEU, MUS CARD, MUS, NEU, IMM, DERM, GAS

Health survey Odds ratio (>2) 

(underlined >10)

Abdominal Pain and Cramps; 

Bowel Inflammation; Diarrhoea;  

Chronic Fatigue;  Reduced 

Touch; Sleep Disturbance ; Light 

Sensitivity;  Recurrent 

Bronchitis; Heart Disease;  

Dermatitis; 

Abdominal Pain and Cramps; 

Bowel Inflammation; Diarrhoea; 

Nausea; Auto-immune Disease; 

Decreased White Blood Cells 

Count; Chronic Fatigue; Dementia; 

Hearing Loss; Reduced Touch; 

Sleep Disturbance; ; Light 

Sensitivity; Recurrent Bronchitis; 

Heart Disease; Hypertension; 

Infertility; Dermatitis; 

Bowel Inflammation; Decreased 

White Blood Cells Count; Chronic 

Fatigue; Dementia; Hearing Loss; 

Sleep Disturbance; Light 

Sensitivity;  Recurrent Bronchitis; 

Heart Disease; Dermatitis; 

Water 

Water

Vegetables



 

 
 

The health survey results indicate that the communities reflect comparable socio-demographic 

profiles, reducing this characteristic as a factor to explain differences in the prevalence of disease. For 

all sites, over 16% of households had members who had previously worked or were presently working 

on a mine. The largest proportion of a household with members who were or had been a mine worker 

were from Klarinet (21.2%), followed by Khutsong (20.1%), Kengolana (16.6%), Coronation (15.5%) 

and Verena (8.9%). The mining communities generally face health risks through occupational hazard, 

ingestion of contaminated produce and water, dermal absorption and inhalation. However, 

households having members who have worked on/in mines was not seen as a risk factor in any of the 

communities for the health symptoms probed.  Consequently, the reasons for the differences in health 

symptoms and odds ratios are much more complex, and would need further research to fully 

understand. 

From the current assessment it is clear that the heavy metals can result in serious potential health 

risks, especially from the ingestion of vegetables and water. Although it has been established that 

communities from Khutsong face the largest potential ingestion risks associated with heavy metals, 

the KZN communities suffer almost double the prevalence of symptoms. Possible explanations for 

this ‘disconnect’ are discussed below. 

1. The risk parameters calculated in the health risk assessment may be under-estimated for 

communities living in KZN, and over-estimated for Khutsong. The consumption of vegetables 

was taken at an average of winter and summer vegetables consisting of 0.250 kg/d of 

contaminated vegetables grown locally. KZN is, however, much more rural compared to 

Khutsong, which is closer to urban areas where communities can purchase vegetables. 

Communities living in Khutsong may be purchasing a larger proportion of the vegetables they 

consume, and the purchased vegetables may not be contaminated. 

2. The environmental monitoring report indicated that KZN had poorer overall water quality 

compared to the other communities. In general, consumption of water of poor quality 

compromises the immune system, making the communities even more susceptible to the 

impacts of heavy metal poisoning. 

3. There may have been differences in the self-reporting of health symptoms between the 

communities participating in the health survey.  The prevalence of diseases from medical records 

could not be compared between the communities, as many clinics do not capture the necessary 

data to track heavy metal-related diseases.   

4. Only ingestive pathways as routes of exposure were considered in this study.  Dermal and 

inhalation exposure routes were not explored. Once-off evaluation of chicken lung tissue 

indicated a disproportionate amount of metals accumulated in the lungs, especially aluminium, 

iron, chromium and manganese. As humans breathe in almost 21 m
3
 of air a day, inhalation 

poses a significant exposure concern to humans and warrants future study to evaluate the total 

impact of mining practices. 

11.2 Implications for national assessment 

The results from the community assessment indicate that the health risks and the reported health 

symptoms associated with heavy metal exposure are greater in the at-risk communities, and that 

AMD was found in the water sources of the at-risk communities. In the context of the aim of the study, 

namely to “…characterise the risk of human exposure to AMD in South Africa,” there is certainly a risk 

of exposure to AMD in at-risk communities in South Africa.  The communities selected for assessment 

were identified as “at-risk” using information from the national assessment. This suggests that the 

overall methodology employed in the national assessment successfully identified areas of concern.  It 

is recommended, therefore, that local information be obtained for the other areas identified in the 

national assessment as “at-risk” (refer Figure 9).  
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Local information such as heavy metal content of water and vegetables, and possible use of exposure 

routes would be an invaluable first step in assessing the health risk of other communities.  A more 

detailed analysis of the communities would be needed if AMD pollutants were found and/or if 

exposure pathways existed in communities deemed to be at-risk from AMD pollutants. As already 

mentioned, it is not the metals such as aluminium and iron that were found in the highest 

concentrations in the water and vegetables that led to the highest health risk in the communities, but 

rather the more toxic metals (e.g., arsenic) that were found in relatively lower concentrations, yet due 

to their toxicity led to higher health risks.  It is recommended, therefore, to analyse the suite of heavy 

metals in this study in all media to assess the health risk to the community from the measured levels 

through both inhalation and ingestion. This study was unable to determine whether AMD caused the 

health symptoms, as it was designed to only assess risk and prevalence of self-reported health 

symptoms associated with heavy metal exposure through ingestion. Nevertheless, the risks 

calculated for exposure to heavy metals through ingestion and the health symptoms found in at-risk 

communities are concerning, and it is clear that there is a need to mitigate the impacts on health of 

exposure to AMD. 

11.3 Further Research Needs 

It is clear from the study results that the at-risk communities identified through the national 

assessment, are at a higher risk for negative health impacts from heavy metals, and experience 

increased prevalence of health effects from heavy metal exposure. The difference in observed self-

reported health symptoms suffered by the mining communities and predicted risks assessment lies in 

unexplored exposure routes to heavy metals, the lack of knowledge in the accumulation of these 

metals in the human body, and potential underreporting of health symptoms from participants in the 

survey. In order to determine how much of what people are exposed to actually breaches the body's 

defence mechanisms and reaches target organs resulting in health effects, a study would need to be 

conducted to confirm these results through biological monitoring (e.g. blood and urine) of the 

communities.  Such a study is critical as it will help to understand whether mining communities are 

actually exposed to and ingest and/or absorb higher levels of heavy metals. 

In addition, while the environmental monitoring in this study did analyse over 302 samples, it should 

only be considered a survey of heavy metal content in selected media from the study sites. Additional 

long-term sampling is needed to determine the level and extent of heavy metal pollution, especially in 

vegetables.  The study found no single vegetable type that showed a preferential uptake of heavy 

metals compared to other vegetable types. However, previous studies have found preferential 

accumulation in different parts of plants (e.g., Salem et al., 2000). A larger sampling effort of more 

locally grown vegetables of all types is needed to investigate this further. Vegetables found to 

preferentially accumulate heavy metals might trigger a management strategy that discourages the 

cultivation of those vegetables near mining or AMD-impacted sites. 

This study used self-reported health symptoms to determine the health of selected communities.  As 

already cautioned, this may introduce bias where respondents report on the health of their household 

differently.  As health risks and negative health impacts were found, it would be important to work with 

local clinics and hospitals to ensure that symptoms and illnesses associated with heavy metals are 

recorded and tracked. This will increase an understanding of the health of the communities, and can 

also inform management and mitigation efforts as discussed in Section 10. 

In order to assess the health risk of a community to mining practices, all exposure routes must be 

considered.  With AMD as the focus, this study considered only the ingestive pathway.  However, to 

assess total risk, all pathways (i.e., inhalation, dermal and ingestion) must be considered. 

The study results are concerning as it has been found that the at-risk communities do have AMD in 

their surface water, do report higher levels of adverse health symptoms and illnesses related to heavy 

metals exposure, do have elevated levels of toxic heavy metals in their environment, and are at a 
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higher calculated risk of negative health impacts from these elevated levels. Further research is 

critical to better understand the impact of AMD on human health and to mitigate potential negative 

health impacts on citizens.  
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13 Appendices 

Appendix 1: Definition of environmental parameters discussed in text 
 

Environmental parameter: Electrical Conductivity (EC) 

 Definition: EC is the measure of the ability of water to conduct an electrical current. 

 Unit of measure: The accepted unit of measure in South Africa is milliSiemens per metre 

(mS/m), although the unit microSiemens per centimetre (μS/cm) is used elsewhere, e.g. in 

the USA and UK. 

 Reference values: 

o The target water quality range
17

 (TWQR) for a Class 1 drinking water (i.e. for 

domestic use) is <70 mS/m. 

o The recommended operational limit
18

 for a Class 1 drinking water is <150 mS/m. 

o Levels in soil: Highly variable depending on soil type and whether natural, grazed, 

tilled, irrigated, etc. 

 Application: Since the ability of water to conduct current is a function of the salinity of the 

water, i.e. fresh water being a much poorer conductor than salt water, the EC value is a 

measure of the total dissolved salts (TDS) concentration in water; the higher the EC (TDS) 

value, the more ionic salts such as chloride or sulphate are in solution, which in turn indicates 

the possible presence of contamination such as by AMD. 

 

Environmental parameter: pH 

 Definition: pH is a measure of the acidity or alkalinity of a substance, expressed as the 

negative logarithm (base 10) of the hydrogen ion (H
+
) activity, i.e. –log10[H

+
], and ranges from 

a value of 0 (extremely acidic) through pH = 7 (neutral) to a value of 14 (extremely alkaline). 

The logarithmic form of this expression implies that a pH value of 4 is ten times more acidic 

than a pH value of 5. 

 Unit of measure: Dimensionless. 

 Reference values: 

o The pH of most raw water lies in the range 6.5 - 8.5. 

o The target water quality range (TWQR) for a Class 1 drinking water is in the range 6.0 

- 9.0. 

o The recommended operational limit for a Class 1 drinking water is 5.0 – 9.5. 

o Highly variable depending on soil type and whether natural, grazed, tilled, irrigated, 

etc. Neutral soils in the range 6.6 - 7.3, although many natural soils are not neutral. 

 Application: AMD typically has a pH <5 assuming that no natural neutralisation has occurred.  

However, processes other than AMD may cause water or soil to be acidic. 

 

Environmental parameter: Sulphate 

 Definition: Sulphate is the anion (negatively charged ion) SO4
2-

 

 Unit of measure: Milligrams per litre (mg/l). 

 Reference values: 

o The target water quality range (TWQR) for a Class 1 drinking water is <200 mg/l 

o The recommended operational limit for a Class 1 drinking water is <400 mg/l. 

 Application: Since the reactions that produce AMD also produce sulphate, elevated 

concentrations of SO4
2-

 in water indicate the possible presence of AMD. 

  

                                                      
17

  Department of Water Affairs and Forestry, 1996. South African Water Quality Guidelines (second edition). 
Volume 1: Domestic Use. Pretoria. 
18

  Standards South Africa, 2006. South African National Standard: Drinking Water (SANS 241:2006). Edition 6.1. 
South African Bureau of Standards. Pretoria. 
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Environmental parameter: Temperature 

 Observation: The ambient temperature of surface water exhibits a seasonal variation that 

reflects the variation in ambient air temperature between summer and winter. Surface water 

temperatures in winter typically drop to ~12 °C, compared to typical values of ~20 °C in 

summer. 

 Application: The temperature of water can indicate the source thereof. For example, a higher 

than ‘normal’ water temperature in winter might indicate a contributing subsurface source 

such as natural groundwater or an underground mine. 

 

Environmental parameter: Total alkalinity 

 Definition: The carbonate species that represent the partitioning of carbon dioxide (CO2) 

dissolved in water, which is a function of pH as follows; below pH = 5, the dominant carbonate 

species is carbonic acid (H2CO3), in the pH range 7 – 9 the most abundant species is 

bicarbonate (HCO3
-
), and at pH >10 carbonate (CO3

2-
) is the dominant species. Determined 

by titrating with acid down to a pH of ~4.5, it generally represents the sum of the molar 

concentrations of bicarbonate (HCO3
-
) and carbonate (CO3

2-
) in ‘normal’ water. 

 Unit of measure: Milligrams calcium carbonate per litre (mg CaCO3/l). 

 Reference values: None 

 Application: Indicates the acid neutralising capacity of a solution. 

 

Environmental parameter: Total dissolved salts (TDS) 

 Definition: TDS is a measure of the amount of inorganic salts that are dissolved in the water. 

It is roughly proportional to electrical conductivity (EC) in the ratio of 7:1, i.e. a TDS of 70 mg/l 

is roughly equal to an EC of 10 mS/m. 

 Unit of measure: Milligrams per litre (mg/l). 

 Reference values 

o The target water quality range (TWQR) for a Class 1 drinking water is <450 mg/l. 

o The recommended operational limit for a Class 1 drinking water is <1000 mg/l. 

 Application: Elevated TDS concentrations indicate unnaturally high levels of dissolved salts in 

water, which in turn suggests the presence of highly mineralized water such as AMD. 
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Appendix 2: Definition and description of human health parameters discussed 

in text 
 

Antigen: is a substance/molecule (e.g. pollen, bacteria, virus, etc.) that, when introduced into the 

body, triggers the production of an antibody by the immune system, which will then kill or neutralize 

the antigen.  

Body burden: is the total amount of a chemical, metal or radioactive substance present at any time 

after absorption into the body of a human or animal.  

Biomarker: is a chemical or its metabolites, susceptibility characteristics, or molecular or cellular 

changes in the body related to chemical exposure. A biomarker is a specific exposure indicator or 

signature. It is used to determine if exposure to that particular chemical has actually occurred and 

sometimes which exposure pathways and exposure routes, were involved. It is also used to link that 

specific exposure to a health outcome.  

Capsid: is a protein shell of a virus that surrounds its nucleic acid. 

Creatinine: is the byproduct of the creatine phosphate break down, which is used in muscle 

contraction. It is produced and removed at a fairly constant rate in the body. Creatinine is excreted 

from the body through kidneys, and as such it is related to renal or kidney function. High levels of 

creatinine in blood or urine are indicative of diseases of the urinary tract or kidney disease. In metal 

toxicology, the ratio of metals to creatinine is used to indicate excessive metal exposure, e.g. high 

mercury/creatinine ratio is usually observed following acute or chronic exposure to mercury. 

Epstein-Barr virus (EBV): is one type of the herpes virus that causes infectious mononucleosis 

(commonly known as glandular fever, Pfeiffer’s disease or Filatov’s diseases and sometimes a kissing 

disease). The disease may present with flu-like symptoms, e.g. headache, fever, sore throat, malaise 

and lymphodenopathy. 

Effect level: The level of exposure at which adverse effects occur.  It can sometimes be applied as 

lowest adverse effect level (LOAEL), which is the lowest level of exposure at which adverse effects 

start to occur following exposure to a chemical.  

Herpes virus simplex-type 1 (HSV-1):  is a virus that causes what is commonly known as cold sores. 

These may present as watery blisters in the skin or mucous membranes of the mouth and lips. 

Interleukin-6 (IL-6): is an immune protein monomer of 184 amino acids produced by T-cells, 

macrophages, and endothelial cells. It is released in response to infection, burns, trauma, and 

neoplasia.  

P-value: is the probability of getting a value of the test statistic as extreme as or more extreme than 

that observed by chance alone, if the null hypothesis is true. It is the probability of wrongly rejecting 

the null hypothesis (such as, there is no relationship between the parameters studied) if it is in fact 

true. The p-value assumes a number ranging from 0 to 1. In simple terms, it is used in statistics to 

describe how much evidence there is against the null hypothesis. The smaller the p-value, the more 

evidence there is against the null hypothesis. A large p-value suggests no contrary evidence to the 

null hypothesis. However, p-values need to be interpreted in the context of study design, mainly with 

the power calculation and confidence interval associated with the test statistic. 

Significance level: It is the fixed probability of wrongly rejecting the null hypothesis (often written as 

Ho, to represent, on average, a no change or no effect or no difference between populations), if it is in 

fact true.  

http://www.biology-online.org/dictionary/Total
http://www.biology-online.org/dictionary/Chemical
http://www.biology-online.org/dictionary/Metal
http://www.biology-online.org/dictionary/Radioactive
http://www.biology-online.org/dictionary/Substance
http://www.biology-online.org/dictionary/Present
http://www.biology-online.org/dictionary/Time
http://www.biology-online.org/dictionary/Absorption
http://www.biology-online.org/dictionary/Body
http://www.biology-online.org/dictionary/Man
http://www.biology-online.org/dictionary/Animal
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Statistically significant: a result is called statistically significant if it would not have occurred by chance 

alone.  

Subjective exposure: perceived exposure. It is based on people’s view, feelings or emotions. 

Viral antigen: is an antigen with multiple antigenicities that is protein in nature, strain-specific, and 

closely associated with the virus particle.  

Viral reactivation: The mechanism by which latent viruses become active again. 

 

Sources 

American Association for Clinical Chemistry. Creatinie. Available at: 

http://labtestsonline.org/understanding/analytes/creatinine/tab/test. Accessed 14/07/2011. 

 

GLA. Statistics glossary. Available at: http://www.stats.gla.ac.uk/steps/glossary/alphabet.html. 

Accessed 7 July 2011. 

 

NIEHS. Biomarkers. www.niehs.nih.gov/health/topics/science/biomarkers/index.cfm. Accessed 

12/07/2011.  

 

ReferenceMD. Available at: http://www.reference.md/files/D036/mD036022.html. Accessed: 

12/07/2011. 
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Appendix 3: Periodic Table of the Elements 

 
 
 

 
 

Source: http://www.click4information.net/periodic-table-explanation-periodic-table-illustration-pictures-periodic-table-visual-
examples/ 
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Appendix 4: Main mining areas in South African and their risk of releasing 

Acid Mine Drainage (AMD) 

Excel sheet attached of database. 
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Appendix 5: Acid Mine Drainage Atlas: Describing Risk and Risk Factors of 

Acid Mine Drainage in South Africa 

Attached pdf is the atlas.  The GIS shape files were sent to MHSC with this atlas as a deliverable on 

31 August 2011. 
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Appendix 6: Questionnaire for community assessment 

The pdf is the English version of the questionnaire that was administered to ~1000 households in 

each of the study sites.  
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Appendix 7: Final data delivery report from NOVA Institute 

The attached pdf is the finalised data delivery report from the NOVA Institute.  The NOVA Institute 

was a sub-contractor on the project and administered the survey in the four communities.  This 

report describes their work to communicate with the communities, recruit and train fieldworkers, 

administer the survey and quality check the data.  In addition, they give a brief description of the 

data that was collected.  
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Appendix 8: Health Outcomes and Statistically Significant Modifiable Risk Factors for Coronation 

Health outcome Other health outcomes likely reported 
by the same household 

Modifying factors for health outcome Protective/exacerbates risk  of the 
health outcome 

Abdominal pain and cramps Bowel inflammation, diarrhoea   

Bowel inflammation Abdominal pain and cramps   

Heart disease Headaches, anaemia   

High blood pressure  Disposal of waste in a pit in the yard Exacerbates risk of high blood pressure 

Anaemia Headaches, heart disease   

Anxiety Chronic fatigue, sleep disturbance   

Headaches Depression, sleep disturbance, anxiety   

Aggressive behaviour Depression Smoking tobacco indoors Exacerbates risk of aggressive 

Depression Sleep disturbance, anxiety   

Sleep disturbance  Low education status Exacerbates risk of sleep disturbance 

 Longer length of stay in the community Exacerbates risk of sleep disturbance 

 Consumption of milk Protective against sleep disturbance 

 Burning waste outside the yard Protective against sleep disturbance 

Pulmonary fibrosis Asthma Using the stream for swimming Exacerbates the risk of pulmonary fibrosis 

Hearing loss  Longer length of stay in community Exacerbates risk of hearing loss 

Auto-immune disease Anxiety, low white blood cells count   

Dermatitis  High number of females in the household Exacerbates risk of dermatitis 

 Consumption of home grown eggs Exacerbates risk of dermatitis 

Cancer Depression   
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Appendix 9: Health Outcomes and Statistically Significant Modifiable Risk Factors for Kengolana 

Health outcome Other health outcomes likely reported 
by the same household 

Modifying factors for health outcome Protective/exacerbates risk  of the health 
outcome 

Abdominal pain and cramps Bowel inflammation, nausea, diarrhoea   

Nausea  Consumption of herbs Exacerbates risk of abdominal pain and 
cramps 

 Consumption of protein foods Protective against nausea 

Bowel Inflammation Abdominal pain and cramps, diarrhoea   

Heart disease High blood pressure, anaemia   

High blood pressure   Longer length of stay in community Exacerbates risk of high blood pressure 

Anaemia Heart disease, auto-immune disease High proportion of the elderly in the 
household 

Exacerbates risk of anaemia 

Consumption of local maize Protective against the risk anaemia 

Anxiety Headaches   

Headaches Aggressive behaviour, depression, sleep 
disturbance, anxiety 

  

Aggressive behaviour Headaches Increased frequency of stream use Protective against aggressive behaviour 

Depression Anxiety   

Sleep disturbance Anxiety   

Asthma Bronchitis, hearing loss, abdominal pain 
and cramps, diarrhoea 

Large household size Exacerbates risk of asthma 

Auto-immune disease Asthma, reduced touch, anaemia   

Dermatitis  High proportion of females in the 
household 

Exacerbates the risk of dermatitis 

 Using the stream for swimming Exacerbates the risk of dermatitis 
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Appendix 10: Health Outcomes and Statistically Significant Modifiable Risk Factors for Khutsong 

Health outcome Other health outcomes likely reported by 
the same household 

Modifying factors for health outcome Protective/exacerbates risk  of the health 
outcome 

Abdominal pain and cramps Diarrhoea, nausea Storing drinking water in open 
containers 

Exacerbates risk of abdominal pain and 
cramps 

Heart disease High blood pressure, peripheral vascular 
disease 

  

Anxiety Depression   

Aggressive behaviour Dementia, sleep disturbance   

Dementia Aggressive behaviour   

Headaches Aggressive behaviour, sleep disturbance   

Depression Anxiety, sleep disturbance   

Sleep disturbance Depression, chronic fatigue Having a larger proportion of females in 
the household 

Exacerbates risk of sleep disturbance 

Storing drinking water Protective against risk of sleep disturbance 

Asthma Chronic bronchitis, abdominal pain and 
cramps, diarrhoea, hearing loss 

 

High proportion of elderly persons in the 
household 

Exacerbates risk of asthma 

Auto-immune disease Convulsions None  

Consumption of potatoes Exacerbates risk of light sensitivity 

Cancer Bowel inflammation   
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Appendix 11: Health Outcomes and Statistically Significant Modifiable Risk Factors for Klarinet 

Health outcome Other health outcomes likely reported by the 
same household 

Modifying factors for health outcome Protective/exacerbates risk  of the health 
outcome 

Abdominal pain and cramps Bowel inflammation, diarrhoea Consumption of meat bought from a 
local shop 

Protective against abdominal pain and 
cramps 

Disposal of waste in a pit in the yard Protective against abdominal pain and 
cramps 

Bowel inflammation Nausea, abdominal pain and cramps   

Heart disease High blood pressure, peripheral vascular 
disease, asthma, bronchitis, headaches 

Consumption of protein (meat eggs) 
from local shop 

 
Exacerbates risk of heart disease 

Heart disease  Consumption of milk Protective against heart disease 

Anaemia Headaches Low education status, Long length of 
stay in community 

Exacerbates risk of anaemia 

Headaches Aggressive behaviour, depression 
sleep disturbance 

  

Depression Chronic fatigue, sleep disturbance   

Sleep disturbance Chronic fatigue, depression   

Cancer Bowel inflammation   

 

 

 

 

 



162 
 

 

Appendix 12: Health Outcomes and Statistically Significant Modifiable Risk Factors for Verena 

Health outcome Other health outcomes likely reported by the 
same household 

Modifying factors for health 
outcome 

Protective/exacerbates risk  of the health 
outcome 

Abdominal pain and cramps Diarrhoea  Using the stream for washing 
clothes 

Exacerbates risk of abdominal pain and cramps 

 Consumption of fruit and vegetables 
obtained from local vendors 

Protective against abdominal pain and cramps 

 Rinsing of vegetables before 
consumption 

Protective against abdominal pain and cramps 

Diarrhoea  Consumption of herbs Exacerbates risk of diarrhoea 

 Using the stream for drinking water Exacerbates risk of diarrhoea 

Nausea  Using the stream for drinking water Exacerbates risk of diarrhoea 

Heart disease Headaches Consumption of tubers (e.g. 
potatoes 

Protective against heart disease 

High blood pressure  Increasing proportion of females in 
the household 

Exacerbates the risk of high blood pressure 

 Household has at least one member 
who had ever worked in the mines 

Exacerbates the risk of high blood pressure 

Dementia Headaches, chronic fatigue   

Headaches Depression   

Aggressive behaviour Sleep disturbance  Consumption of green and leafy 
vegetables 

Protective against aggressive behaviour 

Depression Chronic fatigue   

Sleep disturbance Chronic fatigue    

Depression   
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Appendix 13: Water quality parameters and metal concentrations in water samples collected from KZN from November 

2011 to October 2012. 

 

 

Samples date 18-Nov-11 18-Nov-11 18-Nov-11 18-Nov-11 18-Nov-11 17-Feb-12 17-Feb-12 17-Feb-12 17-Feb-12 17-Feb-12 24-Oct-12 24-Oct-12 24-Oct-12 24-Oct-12 24-Oct-12 24-Oct-12

Sample ID KZN01 KZN02 KZN04 KZN06 KZN07 KZN01 KZN02 KZN04 KZN06 KZN07 KZN01 KZN02 KZN04 KZN05 KZN06 KZN07 Median STDEV

Potassium as K Dissolved mg/l 6 5 5 4 11 5 6 6 4 4 8 5 2.09

Sodium as Na Dissolved mg/l 109 124 141 24 41 82 108 123 113 26 34 108 44.42

Calcium as Ca Dissolved mg/l 140 158 178 247 130 165 191 210 93 219 165 165 43.59

Magnesium as Mg Dissolved mg/l 54 58 65 126 75 59 71 79 39 113 95 71 26.18

Ammonia as N mg/l <0.1 <0.1 0.2 0.4 7.3 0.5 0.5 0.6 0.3 0.5 0.7 0.5 2.28

Sulphate as SO4 Dissolved mg/l 760 860 1022 1729 835 844 1010 1110 462 1400 1120 1010 336.84

Chloride as Cl mg/l 12 7.8 6.2 1.1 19 10 6 5 9 2 8 7.8 4.91

Alkalinity as CaCO3 mg/l 86 95 92 0 0 6 3 1 122 <0.5 <0.5 6 51.95

Nitrate + Nitrite as N mg/l 0.8 0.1 0.2 <0.1 <0.1 1.5 0.7 0.6 0.9 <0.1 0.6 0.65 0.43

ortho Phosphate as P mg/l <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Fluoride as F mg/l 0.5 0.4 0.4 0.7 0.6 0.2 0.3 0.4 0.3 0.6 0.5 0.4 0.15

Dissolved Organic Carbon mg/l C <1 <1 <1 <1 <1 2 2 1 1 3 2 1 <1 2 <1 <1 2 0.71

Electrical Conductivity (25°C) mS/m 150 160 180 270 145 142 156 170 106 205 170 160 41.84

pH (Lab) (20°C) 7.9 8 8.1 3 4.4 5.8 5.3 4.7 7.5 3.1 3.3 5.3 2.04

Saturation pH (pHs) (20°C) 7.5 7.5 7.4 - - 8.6 8.9 9.3 7.6  - -  - - 7.6 0.79

Total dissolved solids (Calc) mg/L 960 1024 1152 1728 928 909 998 1088 678 1312 1088 1024 267.81

Hardness as CaCO3 mg/l 571 634 711 1133 631 655 769 850 393 1012 803 711 206.26

Mg Hardness as CaCO₃ mg/L 243 292 325 161 465 391 308.5 107.50

Ca Hardness as CaCO₃ mg/L 412 477 524 232 547 412 444.5 113.57

Sod Ad Ratio - (SAR) 2 2.1 2.3 0.3 0.7 1.4 1.7 1.8 2.5 0.4 0.5 1.7 0.81

Ryznar Index 11.4 12.5 13.9 7.7   -   - 11.95 2.66

% Difference 3.7 2.6 1.8 2 15.3 14.1 3.15 6.33

CATIONS meq/L 16.8 20.3 22.5 12.9 21.5 17.8 19.05 3.55

ANIONS meq/L 18.1 21.3 23.3 12.4 29.2 23.6 22.3 5.68

Abs Difference 1.28 1.07 0.81 -0.49 7.75 5.83 1.175 3.28

Silver (Ag) µg/l

Aluminium (Al) µg/l <20 <20 <20 44718 7324 30 49 748 45979 5951 97 456 3010 23 33000 21800 3010 16126.33

Arsenic (As) µg/l <1.0 <1.0 <1.0 <1.0 <1.0 <1 <1 <1 4 1 <0.5 <0.5 <0.5 <0.5 2.2 1.7 1.95 1.28

Boron (B) µg/l <20 <20 <20 <20 <20 22 22 23 15 33 27 26 28 22 17 36 23 6.27

Barium (Ba) µg/l <50 <50 <50 <50 <50 47 41 35 15 44 57 50 32 52 17 32 41 13.70

Berylium (Be) µg/l <10 <10 <10 21 <10 <10 <10 <10 53 13 2 4 9.8 <0.1 41 28 17 19.62

Bismuth (Bi) µg/l 88.2 67.5 29.5 15.1 43.7 19 17 19 11 29 24 6.48

Cadmium (Cd) µg/l <0.5 <0.5 <0.5 0.8 <0.5 <0.5 <0.5 <0.5 2.9 0.6 0.2 0.2 0.3 <0.1 1.2 1 0.7 0.96

Cobalt (Co) µg/l <10 <10 42.6 432 109.8 <10 <10 54 388 131 78 98 113 21 292 212 111.4 120.40

Chromium (Cr) µg/l <1 <1 <1 2.4 <1 <10 14 <10 <10 <10 0.6 0.7 <0.5 0.5 4.3 3.4 2.4 5.20

Copper (Cu) µg/l <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 5 3 8 <1 15 16 8 5.86

Iron (Fe) µg/l 9.8 22.6 9.7 16929 17.3 211 192 786 19232 437 90 739 42 72 15200 6180 201.5 6863.27

Mercury (Hg) µg/l <6 <6 <6 <6 <6 <6 <6 <6 <6 <6 <1 <1 <1 <1 <1 <1

Lithium (Li) µg/l 77.5 90.4 113.1 196 186.9 70 82 105 161 125 109.05 36.14

Manganese (Mn) µg/l 0.3 529 3569 17381 7492 92 361 3701 17915 7897 4660 5550 5600 1590 12600 8890 5105 5388.24

Molybdenum (Mo) µg/l <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <0.5 <0.5 <0.5 <0.5 108 <0.5 108

Nickel (Ni) µg/l <10 16.1 75.6 778 203 <10 16 112 817 228 174 215 245 45 604 405 209 254.11

Lead (Pb) µg/l <0.5 <0.5 <0.5 4.8 <0.5 0.5 <0.5 2.8 2.8 0.6 <1 <1 <1 <1 3 4 2.8 1.41

Antimony (Sb) µg/l <1.0 <1.0 <1.0 <1.0 <1.0 <1 <1 <1 <1 <1 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Selenium (Se) µg/l <1.0 <1.0 <1.0 <1.0 <1.0 12 16 10 3 3 <1 <1 1 <1 6 5 5.5 5.18

Silica (Si) µg/l 7062 7883 10361 34382 15844 9306 10083 12952 35682 17874 11656.5 10874.84

Tin (Sn) µg/l <10 <10 <10 <10 <10

Stronsium (Sr) µg/l 4553 5343 5969 4430 1778 4258 4894 5692 4096 1731 3830 4540 5160 2110 3090 2140 4344 1336.50

Titanium (Ti) µg/l <50 <50 <50 <50 <50 <10 <10 <10 <10 <10 <1 <1 <1 <1 <1 <1

Uranium (U) µg/l <15 <15 <15 <15 <15 <15 <15 <15 <15 <15 0.3 0.4 1.1 0.6 3.1 2 0.85 1.10

Vanadium (V) µg/l <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <1 <1 <1 <1 <1 <1

Zinc (Zn) µg/l <10 <10 10 557.1 273.6 278 297 259 1473 389 185 234 275 18 1280 879 276.5 480.85

Kw azulu Natal Kw azulu Natal
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Appendix 14: Water quality parameters and metal concentration in water samples collected from Klarinet from November 2011 to 

October 2012. 

 

 

Samples date 14-Dec-11 14-Dec-11 14-Dec-11 14-Dec-11 08-Feb-12 08-Feb-12 08-Feb-12 08-Feb-12 25-Jul-12 25-Jul-12 25-Jul-12 25-Jul-12 25-Jul-12 25-Jul-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12

Sample ID Klarinet Site1 Klarinet Site2 Klarinet Site3 Klarinet Site4 J1 J2 J3 J4 JO1 JO2 JO3 JO4 J10 J11 J01 J02 J03 J04 J10 J11 Median STDEV

Potassium as K Dissolved mg/l <2 6 4 6 4 12 16 11 12 <2 <2 12 <2 7 8 <2 8 3.96

Sodium as Na Dissolved mg/l 26 49 33 48 44 63 64 60 65 3 50 70 41 74 65 4 50 21.75

Calcium as Ca Dissolved mg/l 27 45 25 78 26 70 44 83 85 1 39 57 26 68 77 1.9 44 27.84

Magnesium as Mg Dissolved mg/l 14 28 19 46 16 41 28 48 48 1 22 39 20 49 50 1.2 28 16.91

Ammonia as N mg/l <0.1 11 <0.1 13 1.7 16 42 16 16 <0.1 <0.1 <0.1 <0.1 1.5 <0.1 <0.1 14 12.60

Sulphate as SO4 Dissolved mg/l 106 242 71 582 150 380 140 520 510 <0.5 188 230 61 467 488 8 230 195.41

Chloride as Cl mg/l 23 47 35 46 47 53 46 53 54 2 51 49 31 57 61 2 47 18.05

Alkalinity as CaCO3 mg/l 41 71 92 - 7 103 318 2 61 4 21 210 127 3 27 3 41 89.81

Nitrate + Nitrite as N mg/l 0.1 <0.1 0.2 0.1 0.7 <0.1 <0.1 0.3 0.5 3.4 <0.1 0.3 <0.1 2 0.1 3.2 0 1.26

ortho Phosphate as P mg/l <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 4.8 <0.1 <0.1 <0.1 <0.1 <0.1 0.4 0.6 0.5 <0.1 1 2.15

Fluoride as F mg/l 0.3 0.6 0.3 1.0 3.5 0.6 0.5 0.9 1.1 0.2 0.5 0.2 0.3 0.5 <0.1 0.4 1 0.82

Dissolved Organic Carbon mg/l C 3 6 3 3 2 6 74 4 4 <1 3 10 4 4 6 <1 4 18.69

Electrical Conductivity (25°C) mS/m 40 84 46 43 56 112 108 130 128 4 64 104 46 118 41 4 60 41.96

pH (Lab) (20°C) 7.3 6.9 7.8 3.6 6.3 6.6 7.1 5.6 5.5 6.2 6.4 7.1 7.4 4.9 6.3 5.6 6 1.07

Saturation pH (pHs) (20°C) 8.7 7.5 8.1 9.3 8.3 10.7 9 1.12

Total dissolved solids (Calc) mg/L 253 538 294 276 358 717 691 832 819 26 410 666 294 755 262 26 384 268.49

Hardness as CaCO3 mg/l 125 228 140 384 131 344 225 405 410 7 188 303 147 372 398 10 227 138.58

Mg Hardness as CaCO₃ mg/L 91 161 82 202 206 4.9 126 79.01

Ca Hardness as CaCO₃ mg/L 97 142 65 170 192 4.7 120 70.16

Sod Ad Ratio - (SAR) 1.0 1.4 1.2 1.1 1.7 1.5 1.9 1.3 1.4 0.5 1.6 1.8 1.5 1.7 1.4 0.6 1 0.40

Ryznar Index 11 7.9 8.8 13.7 10.3 15.8 11 3.00

% Difference 0.9 2 1.8 1.3 3.9 12.2 1.1 5 0.1 3.1 6.4 18.3 3 5.42

CATIONS meq/L 4.8 11.1 10.7 12.1 12.5 0.3 5.9 9.4 4.7 10.9 11 0.4 10 4.43

ANIONS meq/L 4.8 11.5 11.1 12.4 13.5 0.4 5.8 10.4 4.7 11.6 12.5 0.5 11 4.76

Abs Difference 0.08 0.46 0.38 0.32 1 0.09 -0.13 1 0.01 0.69 1.49 0.16 0 0.49

Silver (Ag) µg/l <50 <50 61 <50 61

Aluminium (Al) µg/l 2991 322 18431 74 12369 9690 1077 19001 720 122 33 7430 3690 8 18 33 7 2560 58 27 421 5674.82

Arsenic (As) µg/l 1 <1 4 <1 7 1 3 2 0.7 0.7 0.8 1.7 1.8 <0.1 <0.5 0.6 <0.5 1.1 0.5 <0.5 1 1.85

Boron (B) µg/l <10 20 29 <10 530 338 1157 409 6 29 58 34 29 <5 10 34 10 36 35 <5 35 326.33

Barium (Ba) µg/l <50 <50 <50 184 1254 53 435 38 109 37 113 38 35 91 70 38 258 34 31 59 56 308.64

Berylium (Be) µg/l <10 <10 <10 <10 <10 <10 <10 <10 8.9 0.7 <0.1 6.3 4.8 0.3 0.2 <0.1 <0.1 3.7 0.2 0.1 1 3.27

Bismuth (Bi) µg/l <10 <10 <10 <10 <10 <10 <10 <10 <5 <5 <5 <5 <5 <5

Cadmium (Cd) µg/l <0.5 <0.5 <0.5 <0.5 0.7 <0.5 <0.5 <0.5 0.5 0.3 0.1 0.6 0.3 <0.1 <0.1 <0.1 <0.1 <0.1 0.4 <0.1 0 0.21

Cobalt (Co) µg/l 67 88 169 <10 89 51 <10 178 65 132 0.4 199 190 1.6 <0.1 20 <0.1 111 134 1.6 89 73.34

Chromium (Cr) µg/l <1 1 3 <1 52 13 <10 <10 0.7 0.6 1.3 1.1 1.2 2.9 <0.5 <0.5 <0.5 0.7 <0.5 <0.5 1 16.96

Copper (Cu) µg/l <50 <50 <50 <50 <50 <50 <50 <50 4 4 9 6 2 2 1 2 <1 2 <1 2 2 2.46

Iron (Fe) µg/l 22 <10 2382 103 271547 7758 7991 1286 11 12 124 60 39 25 <5 27 45 19 <5 <5 45 74967.47

Mercury (Hg) µg/l <6 <6 <6 <6 <6 <6 <6 <6 <1 <1 <1 <1 <1 2 <1 <1 <1 <1 <1 <1 2

Lithium (Li) µg/l 11 302 531 <10 <10 97 <10 284 190 132.20

Manganese (Mn) µg/l 1889 3592 6133 792 31810 2927 3705 7355 2130 3850 333 5450 5300 11 22 1630 14 4810 5180 4995 3777 7518.29

Molybdenum (Mo) µg/l <10 <10 <10 <10 <10 <10 <10 <10 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Nickel (Ni) µg/l 31 86 169 <10 1316 93 52 170 128 130 3.5 195 185 3 5.6 21 4 98 124 3.3 96 316.47

Lead (Pb) µg/l <0.5 <0.5 <0.5 <0.5 12.7 5.4 4.3 2.2 <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 4 4.59

Antimony (Sb) µg/l <1 <1 3 <1 <1 <1 <1 <1 <0.1 0.1 0.1 <0.1 <0.1 <0.1 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0 0.00

Selenium (Se) µg/l 1 <1 2 <1 <1 <1 <1 <1 2 <1 <1 4 4 <1 <1 <1 <1 2 <1 <1 3 1.15

Silica (Si) µg/l 3098 7937 12640 4122 2769 5713 4898 10797 5306 3402.99

Tin (Sn) µg/l <10 <10 <10 <10

Stronsium (Sr) µg/l 96 290 302 125 277 231 150 308 195 315 296 326 329 11 272 330 150 351 360 11 287 112.21

Titanium (Ti) µg/l 67 232 301 90 114 35 <10 <10 <1 <1 2 <1 <1 <1 <1 <1 <1 <1 <1 <1 35 57.54

Uranium (U) µg/l <15 <15 <15 <15 <15 <15 <15 <15 0.1 0.1 0.2 0.1 0.7 <0.1 0.1 0.2 0.1 0.2 0.1 0.1 0 0.18

Vanadium (V) µg/l <10 <10 <10 <10 55 <10 <10 <10 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 55

Zinc (Zn) µg/l 35 35 73 <10 364 518 432 360 181 198 8 332 299 8 8 4 <2 84 80 6 181 179.04

Klarinet
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Appendix 15: Water quality parameters and metal concentration in water samples collected from Verena from November 

2011 to October 2012. 

  

Samples date 14-Dec-11 14-Dec-11 14-Dec-11 14-Dec-11 14-Dec-11 08-Feb-12 08-Feb-12 08-Feb-12 08-Feb-12 08-Feb-12 25-Jul-12 25-Jul-12 25-Jul-12 25-Jul-12 25-Jul-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12

Sample ID V4 VA VB VC VE VA VB VC VE VF VA VB VC VE VF VA VB VC VE VF Median STDEV

Potassium as K Dissolved mg/l <2 <2 4 <2 9 6 3 6 6 16 10 6 6 4 17 6.00 4.53

Sodium as Na Dissolved mg/l 16 11 9 19 28 14 7 12 24 32 22 12 11 16 38 16.00 9.05

Calcium as Ca Dissolved mg/l 8 4 1 12 5 3.6 1.1 2.4 7.5 3 20 4 0.6 3.5 6.5 4.00 5.10

Magnesium as Mg Dissolved mg/l 3 1 1 3 4 1.2 0.4 1.4 2.1 2.2 6.3 0.8 <0.1 0.6 4 1.75 1.72

Ammonia as N mg/l <0.1 <0.1 <0.1 0.1 0.2 <0.1 <0.1 <0.1 <0.1 <0.1 0.69 0.5 0.2 0.3 <0.1 0.25 0.22

Sulphate as SO4 Dissolved mg/l 1 1 1 2 3.1 1.8 1.2 0.8 3.8 11 3.5 1.2 <0.5 4.2 4 1.98 2.68

Chloride as Cl mg/l <1 <1 7 5 19 2 <1 8 6 25 1 2 8 7 22 6.87 8.07

Alkalinity as CaCO3 mg/l 68 42 11 81 75 44 22 11 66 53 129 46 24 37 96 46.00 32.86

Nitrate + Nitrite as N mg/l <0.1 <0.1 3.7 <0.1 <0.1 <0.1 <0.1 5.9 <0.1 <0.1 <0.1 <0.1 0.9 <0.1 <0.1 3.67 2.50

ortho Phosphate as P mg/l <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Fluoride as F mg/l 0.4 0.7 0.1 1.4 0.8 0.7 0.3 <0.1 1.4 0.6 1.1 0.4 <0.1 0.9 0.9 0.72 0.40

Dissolved Organic Carbon mg/l C 7 7 <1 6 11 5 7 <1 6 6 10 9 4 7 12 7.00 2.36

Electrical Conductivity (25°C) mS/m 14 90 82 19 22 12 5 13 19 25 26 10 8 12 28 18.50 25.46

pH (Lab) (20°C) 7.4 7.3 7.0 7.8 7.9 7.3 6.9 6.3 7.8 7.2 7.2 6.9 8.1 7.1 6.9 7.20 0.47

Saturation pH (pHs) (20°C) 8.2 9.3 10.4 9.4 8.8 9.30 0.81

Total dissolved solids (Calc) mg/L 91 576 525 118 141 77 32 83 122 160 166 64 51 77 179 118.40 162.96

Hardness as CaCO3 mg/l 33 17 4.23 45 30 14 4 12 27 17 76 13 0 11 33 16.73 19.47

Mg Hardness as CaCO₃ mg/L 26 3.3 <0.4 2.5 16 9.65 11.22

Ca Hardness as CaCO₃ mg/L 50 10 1.5 8.7 16 10.00 19.03

Sod Ad Ratio - (SAR) 1.22 1.16 1.94 1.24 2.23 1.6 1.5 1.5 2 3.4 1.1 1.4 3.9 2.1 2.9 1.60 0.85

Ryznar Index 9.2 11.7 12.7 11.7 10.7 11.70 1.32

% Difference 1 5 1.1 2.7 2.3 0.2 2.3 6.5 1.4 1.3 1.85 1.95

CATIONS meq/L 1.1 0.5 0.9 1.8 2.1 2.7 1 0.7 1 2.7 1.05 0.81

ANIONS meq/L 1 0.5 0.9 1.7 2 2.7 1 0.8 1.1 2.7 1.05 0.79

Abs Difference -0.02 0.05 -0.02 -0.09 -0.1 0.01 0.05 0.09 0.03 -0.07 -0.01 0.06

Silver (Ag) µg/l 70 <50 <50 <50 <50 70.00

Aluminium (Al) µg/l 27 7 157 26 13 1054 517 639 3236 2056 61 97 8 566 480 <5 361 35 9600 98 157.00 2543.25

Arsenic (As) µg/l <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 0.4 0.4 0.1 0.6 0.8 0.6 0.7 <0.5 0.7 1.4 0.60 0.36

Boron (B) µg/l <10 <10 <10 <10 <10 1556 553 2265 368 1222 14 <5 <5 <5 <5 <5 <5 <5 7 6 460.55 844.93

Barium (Ba) µg/l 65 76 58 71 <50 81 167 75 84 73 27 29 151 41 56 112 62 4 38 56 65.00 45.00

Berylium (Be) µg/l <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <0.1 0.1 0.1 0.2 0.3 <0.1 <0.1 <0.1 0.5 <0.1 0.20 0.17

Bismuth (Bi) µg/l <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 7 <5 <5 <5 <5 7.00

Cadmium (Cd) µg/l <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Cobalt (Co) µg/l <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 0.2 0.4 0.4 0.2 0.1 <0.1 <0.1 <0.1 0.6 <0.1 0.30 0.18

Chromium (Cr) µg/l <1 <1 2 3 <1 <10 <10 <10 <10 <10 1.1 3.4 5.3 1.8 1.7 <0.5 0.7 <0.5 7.9 <0.5 2.00 2.63

Copper (Cu) µg/l <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 2 16 1 4 2 <1 <1 <1 2 <1 2.00 5.72

Iron (Fe) µg/l 123 311 403 18 <10 4430 11998 539 7279 5294 571 839 88 784 1530 402 3040 1460 2330 2500 839.00 3254.96

Mercury (Hg) µg/l <6 <6 <6 <6 <6 <6 <6 <6 <6 <6 <1 <1 <1 <1 <1 <1 <1 <1 1 <1 1.00

Lithium (Li) µg/l <10 <10 <10 <10 <10 <10 <10 <10 <10 <10

Manganese (Mn) µg/l 25 31 8 23 7 181 558 18 102 618 2.8 2.6 11 0.9 0.8 5.9 2 6.5 2 4.6 7.50 204.23

Molybdenum (Mo) µg/l <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 0.5 <0.5 <0.5 0.5 <0.5 0.5 <0.5 <0.5 2.7 0.8 0.50 0.96

Nickel (Ni) µg/l <10 <10 25 <10 <10 23 61 <10 33 25 2.7 3.7 1.2 3.1 5.6 3.5 14 7 14 12 12.00 16.41

Lead (Pb) µg/l <0.5 <0.5 <0.5 <0.5 <0.5 6.2 1.9 5.0 7.6 6.6 <1 <1 <1 2 2 <1 <1 <1 4 <1 4.50 2.27

Antimony (Sb) µg/l <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 0.1 0.1 <0.1 0.1 0.2 <0.5 <0.5 <0.5 <0.5 <0.5 0.10 0.05

Selenium (Se) µg/l <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1

Silica (Si) µg/l 14 97 24 10 31 11128 9697 13498 8810 9960 4453.56 1809.91

Tin (Sn) µg/l <10 <10 <10 <10 <10

Stronsium (Sr) µg/l 32 199 64 22 45 77 54 23 65 77 25 12 29 27 21 158 44 7.8 18 57 38.00 38.40

Titanium (Ti) µg/l 2378 10426 9310 11859 5276 <10 <10 <10 15 19 1 2 <1 2 3 <1 16 2 163 6 16.00 49.70

Uranium (U) µg/l <15 <15 <15 <15 <15 <15 <15 <15 <15 <15 0.1 0.1 <0.1 2.6 0.4 0.2 0.3 0.2 1.3 0.6 0.30 0.82

Vanadium (V) µg/l <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <1 <1 <1 1 3 <1 1 <1 4 1 1.00 1.41

Zinc (Zn) µg/l <10 <10 <10 <10 <10 156 213 234 351 1058 4 7 5 3 6 <2 <2 19 5 <2 13.00 303.46
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Appendix 16: Water quality parameters and metal concentration in water samples collected from Khutsong from November 2011 to 

October 2012. 

 

Samples date 21-Feb-12 21-Feb-12 21-Feb-12 21-Feb-12 23-Oct-12 23-Oct-12 23-Oct-12

Sample ID KK1 KK2 KK5 KK9 KK1 KK2 KK5 median STDEV

Potassium as K Dissolved mg/l 5.3 7.8 7.1 2.7 6 7 7 7 1.72

Sodium as Na Dissolved mg/l 61 63 61 8.7 67 68 66 63 21.21

Calcium as Ca Dissolved mg/l 75 71 73 17 75 70 74 73 21.25

Magnesium as Mg Dissolved mg/l 37 34 35 6 40 38 40 37 12.06

Ammonia as N mg/l 0.2 1 <0.1 <0.1 <0.1 <0.1 <0.1 0.6 0.37

Sulphate as SO4 Dissolved mg/l 265 237 253 15 214 206 224 224 85.06

Chloride as Cl mg/l 43 43 43 12 45 46 46 43 12.30

Alkalinity as CaCO3 mg/l 173 183 183 70 197 219 209 183 49.53

Nitrate + Nitrite as N mg/l 1.7 <0.1 <0.1 0.5 2.2 1.3 <0.1 1.5 0.92

ortho Phosphate as P mg/l 0.5 0.4 0.5 <0.1 0.4 <0.1 <0.1 0.45 0.24

Fluoride as F mg/l 0.4 0.4 0.4 0.2 0.3 0.3 0.2 0.3 0.09

Dissolved Organic Carbon mg/l C 3 4 3 4 4 6 5 4 1.07

Electrical Conductivity (25°C) mS/m 93 91 92 21 102 100 98 93 28.66

pH (Lab) (20°C) 8.2 7.8 7.7 8.1 8.3 7.6 7.7 7.8 0.28

Saturation pH (pHs) (20°C) 7.5 7.5 7.5 8.5 7.4 7.4 7.4 7.5 0.40

Total dissolved solids (Calc) mg/L 595 582 589 134 653 640 627 595 183.55

Hardness as CaCO3 mg/l 339 319 326 67 352 331 349 331 102.37

Mg Hardness as CaCO₃ mg/L 165 156 165 165 5.20

Ca Hardness as CaCO₃ mg/L 187 175 185 185 6.43

Sod Ad Ratio - (SAR) 1.4 1.5 1.5 0.5 1.6 1.6 1.5 1.5 0.39

Ryznar Index 6.5 7.2 7.1 7.1 0.38

% Difference 1.1 1.6 0.6 1.1 0.50

CATIONS meq/L 10.1 9.8 10 10 0.15

ANIONS meq/L 9.9 10.1 10.2 10.1 0.15

Abs Difference -0.22 0.32 0.12 0.12 0.27

Silver (Ag) µg/l

Aluminium (Al) µg/l 1439 241 15 29 32 16 5 29 529.16

Arsenic (As) µg/l 22 7 7 1 12 8.8 7.7 7.7 6.47

Boron (B) µg/l 84 78 82 14 60 66 63 66 23.95

Barium (Ba) µg/l 72 54 25 45 15 20 17 25 21.90

Berylium (Be) µg/l <10 <10 <10 <10 <0.1 <0.1 <0.1

Bismuth (Bi) µg/l <10 <10 <10 <10

Cadmium (Cd) µg/l <0.5 <0.5 <0.5 <0.5 0.5 <0.1 <0.1 0.5 0.19

Cobalt (Co) µg/l 85 <10 <10 <10 12 6.9 8.4 10.2 30.78

Chromium (Cr) µg/l <10 <10 <10 <10 <0.5 <0.5 0.5 0.5 0.19

Copper (Cu) µg/l <50 <50 <50 <50 2 1 <1 1.5 0.79

Iron (Fe) µg/l 2517 745 60 27 8 13 7 27 936.82

Mercury (Hg) µg/l <6 <6 <6 <6 <1 <1 <1

Lithium (Li) µg/l 18 15 16 <10 16 8.26

Manganese (Mn) µg/l 1692 247 47 14 0.8 0.6 <0.5 30.5 626.37

Molybdenum (Mo) µg/l <10 <10 <10 <10 2.6 1.5 1.3 1.5 1.04

Nickel (Ni) µg/l 335 19 13 <10 60 15 20 19.5 120.06

Lead (Pb) µg/l 7 <0.5 <0.5 <0.5 <1 <1 <1 7 2.65

Antimony (Sb) µg/l <1 <1 <1 <1 <0.5 <0.5 <0.5

Selenium (Se) µg/l 6 10 8 3 <1 <1 <1 7 4.18

Silica (Si) µg/l 8539 6891 7898 7410 7654 702.55

Tin (Sn) µg/l

Stronsium (Sr) µg/l 292 213 217 103 226 211 213 213 55.52

Titanium (Ti) µg/l <10 <10 <10 <10 <1 <1 <1

Uranium (U) µg/l 42 <15 <15 <15 49 18 17 30 20.45

Vanadium (V) µg/l <10 <10 <10 <10 1 2 <1 1.5 0.79

Zinc (Zn) µg/l 1243 359 111 185 7 2 2 111 447.20

Khutsong
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Appendix 17: Total dry weight metal concentrations in soil and sediment samples collected from Verena and Khutsong from November 

2011 to October 2012. 

  
 

Sample date 07-Dec-11 07-Dec-11 07-Dec-11 08-Feb-12 08-Feb-12 08-Feb-12 08-Feb-12 08-Feb-12 25-Jul-12 25-Jul-12 25-Jul-12 25-Jul-12 25-Jul-12 25-Jul-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12

Sample ID Total (Dry) VA VB V E VA VB soil VB sed VE VF VA VB VE VG VH VI VA SED VB SED VE SED VH SOIL VI SOIL Median STDEV

% Moisture 74.2 29.4 66.1 35.2 37.7 21.4 20 8.8 79 44 18 4 10 9 84 56 19 1 1 32.3 26.49

Aluminium (Al) mg/kg 9749 36726 9445 20330 3338 3391 13303 4904 24989 32419 8161 16929 28954 9078 36620 31190 9360 27060 16200 13303 12207.17

Arsenic (As) mg/kg 1.5 4.8 1.2 4.1 <1.0 <1.0 3 1.3 <1 <1 <1 <1 <1 <1 2 1 2 <1 1 1.75 1.34

Boron (B) mg/kg 2.8 2.4 <1.0 1.7 <1.0 <1.0 <1.0 <1.0 <2 <2 <2 <2 <2 <2 3 2 <2 <2 3 2.6 0.55

Barium (Ba) mg/kg 91 60 16 82 48 12 43 17 115 152 9 48 22 40 171 158 19 28 56 48 52.10

Berylium (Be) mg/kg 0.7 2 <0.5 2 <1.0 <1.0 1.6 <1.0 1 2 <1 <1 <1 <1 2 2 <1 <1 <1 2 0.52

Cadmium (Cd) mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Cobalt (Co) 2.5 10 2.4 6.1 0.9 0.7 2.9 1.2 5.0 4.3 1.2 3.0 5.0 1.2 2.45 3.19

Chromium (Cr) mg/kg 29.5 47.3 13.3 64 7 7 33 23 28 35 22 31 33 12 60 48 33 45 42 33 18.61

Copper (Cu) mg/kg 6.5 13 3.7 11.2 2.7 0.9 7.7 5.2 4.1 3.6 <0.5 5.6 5.3 1.7 15 8.8 4.8 11 12 7.7 4.35

Iron (Fe) mg/kg 8752 32854 8148 19347 2158 2205 12341 3599 18181 15021 8043 8924 15851 3543 19720 13670 9283 13970 8200 9283 8493.18

Mercury (Hg) µg/kg <50 <50 <50 <50 <50

Manganese (Mn) mg/kg 97 296 180 232 47 20 93 18 116 80 43 96 97 93 253 82 47 96 127 96 90.89

Molybdenum (Mo) mg/kg 1.2 3.2 <2.0 <1.0 <1.0 <1.0 <1.0 <1.0 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 2.2 1.41

Nickel (Ni) mg/kg 5.9 15.9 3.1 15.6 1.8 1 5.9 3.9 9.6 12 3.2 7.5 13 3.8 14 9.5 3.1 13 7.4 5.9 5.35

Lead (Pb) mg/kg 11.6 24.7 9.3 47.9 3.3 <2.5 16.5 7.7 10 13 5.9 11 9.7 3.9 21 20 7.8 12 13 12.5 11.76

Selenium (Se) mg/kg <5.0 <5.0 <5.0 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5

Silica (Si) mg/kg 265 331 66 265 137.95

Tin (Sn)

Strontium (Sr) mg/kg 16.3 <5.0 <5.0 26 5 <5 <5 <5 7.3 14 <5 26 <5 9.1 37 17 7.7 6.4 25 16.65 11.25

Uranium (U) µg/kg 1120 1911 4308 4293 2727 2727 1422.62

Vanadium (V) mg/kg 15.2 33.5 17.5 27 13 15 26 21 23 33 16 21 26 13 40 51 23 33 25 25 10.96

Zinc (Zn) mg/kg 29.4 59.8 12.7 82 17 5 22 11 35 16 7.1 49 68 18 65 24 14 42 66 24 25.48

%Lost on ignition 11.5 3.5 8.2 13.1 3.4 0.8 2.2 1.4 19.2 7.5 1.0 3.2 3.9 6.7 3.45 4.77

Sample date 08-Feb-12 08-Feb-12 08-Feb-12 07-Aug-12 07-Aug-12 07-Aug-12 07-Aug-12 07-Aug-12 07-Aug-12 07-Aug-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12

Sample ID Total (Dry) K1 K2 K5 K1 K2 K5 K4 K7 K8 K8 GARDEN K1 K2 K5 K2 SOIL K4 SOIL K12 SOIL Median STDEV

% Moisture 78.6 29.1 38.7 76 23 20 2 15 2 6 48 15 20 17 8 15 18.5 23.55

Aluminium (Al) mg/kg 20429 73296 54910 47626 54066 19001 31506 43456 45126 43151 27280 13990 36960 27545 28440 33470 35215 15516.52

Arsenic (As) mg/kg 20.3 18.7 13.5 45 9 11 1 <1 <1 4 24 40 39 8 6 9 12.25 14.29

Boron (B) mg/kg 2.6 1.9 1.4 152 2636 2323 932 630 621 1577 6 3 <2 5 6 6 6 895.31

Barium (Ba) mg/kg 111 1481 2087 2 2 1 <1 1 1 2 185 1316 6292 350 1102 1828 185 1649.01

Berylium (Be) mg/kg <1.0 <1.0 <1.0 13 5 <2 3 5 4 5 1 1 2 <1 1 2 3 3.46

Cadmium (Cd) mg/kg <0.5 <0.5 <0.5 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.5

Cobalt (Co) 165.8 42.4 48.5 297 45 53 19 19 19 34 43.7 89.29

Chromium (Cr) mg/kg 136 419 153 191 443 306 213 160 152 318 164 340 465 190 250 300 231.5 110.71

Copper (Cu) mg/kg 130.9 62 34.7 197 49 35 25 25 24 39 90 118 75 38 38 60 44 47.91

Iron (Fe) mg/kg 20682 73220 54904 41195 91235 75815 35205 34930 38925 59410 18180 89970 117800 33620 28680 36790 40060 28831.42

Mercury (Hg) µg/kg 177 4320 <50 <50 127 236 206.5 2070.48

Manganese (Mn) mg/kg 611 9486 20042 1612 9223 17645 7037 6013 5789 11550 1826 13340 45800 2454 8921 16290 9072 10958.44

Molybdenum (Mo) mg/kg <1.0 2 1.7 3 4 3 2 3 3 3 <2 <2 3 <2 <2 2 3 0.69

Nickel (Ni) mg/kg 658.3 73 80.7 1087 69 92 42 55 48 54 504 109 147 36 48 72 72.5 296.23

Lead (Pb) mg/kg 42.1 44.7 27.8 57 42 38 43 37 29 52 34 60 34 19 43 56 42.05 11.29

Selenium (Se) mg/kg <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5

Strontium (Sr) mg/kg 12 20 37 37 18 48 12 11 8.1 19 31 20 139 19 25 38 20 31.04

Uranium (U) µg/kg 13455 8408 1649 5892 864 864 3770.5 5081.85

Vanadium (V) mg/kg 39 120 86 54 144 87 62 69 74 97 44 82 193 82 78 102 82 38.61

Zinc (Zn) mg/kg 323 76 39 475 31 31 50 76 40 350 236 194 68 59 86 174 76 136.07

%Lost on ignition 11.1 5.7 13.2 13.4 4.7 3.3 3.3 3.8 4.1 6.9 5.2 4.07

Khutsong

Verena
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Appendix 18: Total dry weight metal concentrations in soil and sediment samples collected from Klarinet from November 2011 to 

October 2012 

.  

Sample date 06-Dec-11 06-Dec-11 06-Dec-11 06-Dec-11 27-Jan-12 27-Jan-12 27-Jan-12 27-Jan-12 27-Jan-12 27-Jan-12 24-Jul-12 24-Jul-12 24-Jul-12 24-Jul-12

Sample ID Total (Dry) Klarinet1 Klarinet2 Klarinet3 Klarinet4 J01 J02 J03 J04 J07 J09 JO1 JO2 JO3 JO4 

% Moisture 95.6 15.8 39.9 79.8 90.6 40.9 47.6 84.2 2 2.6 90 19 79 98

Aluminium (Al) mg/kg 17015 25202 4899 66638 52072 10037 25100 21703 14762 18010 56849 8922 24639 46759

Arsenic (As) mg/kg 6.4 4.5 1.5 9.7 8.9 1.5 2.9 2.2 2 2.9 <1 3 1 <1

Boron (B) mg/kg 4.5 1 3.9 5.7 3.5 <1.0 1.2 1.1 1.2 1.6 6 <2 7 5

Barium (Ba) mg/kg 106 38 188 1631 161 50 213 48 58 88 234 44 782 56

Berylium (Be) mg/kg 3.8 <0.5 0.9 1.5 2.6 <1.0 1.2 1.5 <1.0 <1.0 9 <1 <1 11

Cadmium (Cd) mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 5.5

Cobalt (Co) 67.7 4.3 5.7 64.4 47.2 7.2 13.2 32.2 4.9 4.4 72 4.2 23 25

Chromium (Cr) mg/kg 361.8 157.6 66 221.2 163 50 96 136 107 65 258 561 172 54

Copper (Cu) mg/kg 30.7 8.4 7.6 87.4 33.8 5.9 18.2 10.6 11.4 13.3 28 21 66 159

Iron (Fe) mg/kg 16589 24251 4444 63045 51969 9335 24220 20459 13651 16926 61821 32846 45691 7956

Mercury (Hg) µg/kg

Manganese (Mn) mg/kg 997 121 44 10627 1454 67 1023 137 371 156 2114 222 6037 199

Molybdenum (Mo) mg/kg 8.6 5 <2.0 7 1.8 <1.0 <1.0 <1.0 <1.0 <1.0 3 <2 <2 3

Nickel (Ni) mg/kg 25.5 7.3 18 38.2 51.2 9.1 18 39.9 8 16.9 96 12 25 20

Lead (Pb) mg/kg 14.1 10.8 11.2 24.2 30.2 5.1 12.6 9.1 10.9 13.3 18 11 16 7.5

Selenium (Se) mg/kg <5.0 <5.0 <5.0 <5.0 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5

Silica (Si) mg/kg 694 697 612 497

Tin (Sn)

Strontium (Sr) mg/kg <5.0 <5.0 <5.0 44.8 33 <5 12 <5 12 10 34 5.7 56 14

Uranium (U) µg/kg

Vanadium (V) mg/kg 84.9 44.2 25.2 87.2 117 22 46 48 38 52 120 42 71 20

Zinc (Zn) mg/kg 51.3 15.6 22.8 284 287 19 44 55 50 41 379 78 185 291

%Lost on ignition 54 0.9 4 19.6 23.3 0.7 6.2 34 3.5 3.3 30.1 2.4 NM NM

Sample date 24-Jul-12 24-Jul-12 24-Jul-12 24-Jul-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12

Sample ID Total (Dry) J10 J11 J14 J15 J01 SED J02 SED J03 SED J04 SED J10 SED J14 SOIL J16 SOIL Median STDEV

% Moisture 97 32 1 16 82 19 21 88 93 5 3 40.9 37.04

Aluminium (Al) mg/kg 156189 8127 16239 8127 41710 43080 7805 50300 102500 23850 12940 23850 25337.33

Arsenic (As) mg/kg <1 <1 <1 <1 8 6 4 <1 1 4 <1 4 2.82

Boron (B) mg/kg <2 <2 8 <2 11 6 3 6 6 2 <2 3.5 2.78

Barium (Ba) mg/kg 46 14 45 14 432 246 58 159 190 119 28 119 376.41

Berylium (Be) mg/kg 48 <1 <1 <1 1 23 1 12 25 1 <1 1.5 8.88

Cadmium (Cd) mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.8 <0.5 <0.5 <0.5 0.8

Cobalt (Co) 6.8 1.4 2.6 1.4 10.2 25.83

Chromium (Cr) mg/kg 65 48 47 48 219 165 151 154 233 157 70 154 78.15

Copper (Cu) mg/kg 10 2.5 4.7 2.5 35 29 16 127 44 15 9.7 16 32.07

Iron (Fe) mg/kg 46851 5621 12471 5621 34960 67420 20430 33370 86620 20710 8961 20710 23304.65

Mercury (Hg) µg/kg <50 <50 <50 564 55 <50 <50 309.5 359.92

Manganese (Mn) mg/kg 171 26 113 26 4214 1726 249 546 301 170 101 301 2613.11

Molybdenum (Mo) mg/kg 5 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 6 2.93

Nickel (Ni) mg/kg 13 6.5 12 6.5 59 48 9.8 75 47 16 11 18 20.87

Lead (Pb) mg/kg <2.5 <2.5 5.8 <2.5 16 19 13 16 19 14 6.4 13.3 6.19

Selenium (Se) mg/kg <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5

Silica (Si) mg/kg 653 93.98

Tin (Sn)

Strontium (Sr) mg/kg 5.6 <5 5.0 <5 22 23 12 32 17 17 13 17 10.85

Uranium (U) µg/kg 1264 10871 783 652 1732 2852 3601 1732 3589.43

Vanadium (V) mg/kg 26 20 35 20 87 91 41 72 120 66 41 52 29.96

Zinc (Zn) mg/kg 37 8.8 26 8.8 67 227 63 422 198 54 136 55 120.05

%Lost on ignition 26.9 1.9 2.9 5.1 5.1 17.77

Klarinet

Klarinet
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Appendix 19: Total dry weight metal concentrations in soil and sediment samples collected from KwaZulu Natal from November 2011 

to October 2012. 

 

 

Sample date 13-Sep-11 13-Sep-11 13-Sep-11 13-Sep-11 13-Sep-11 08-Feb-12 08-Feb-12 08-Feb-12 08-Feb-12 08-Feb-12 08-Feb-12 08-Feb-12 07-Aug-12 07-Aug-12 07-Aug-12 07-Aug-12

Sample ID Total (Dry) KZN01 KZN02 KZN04 KZN06 KZN07 KZN01 KZN02 KZN04 KZN06 KZN07 CoronB3 Nkong B6 KZN01 KZN02 KZN04 KZN05

% Moisture 23 22.5 39.8 97 37 26 17.7 32.4 23.4 23.8 10.8 11.4 45 28 37 28

Aluminium (Al) mg/kg 7341 14043 16384 99519 16744 8139 10359 13971 17847 15508 13473 8746 14106 33446 28301 16516

Arsenic (As) mg/kg <1.0 2.6 2.2 1.7 4.1 1.5 2.1 2.4 1.3 4.1 2.2 <1.0 <1 <1 <1 <1

Boron (B) mg/kg <1.0 7.3 <1.0 6.5 2.2 1.8 3.3 2.7 2.2 3 3.8 <1.0 3 8 4 3

Barium (Ba) mg/kg 70.6 244.6 118.1 458.7 243.6 80 242 217 94 310 181 147 124 316 168 152

Berylium (Be) mg/kg 1.1 1.9 6.1 6 2.2 <1.0 1.3 2.8 <1.0 1.5 <1.0 <1.0 <1 2 4 2

Cadmium (Cd) mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Cobalt (Co) 8.6 14.2 26.8 7.3 8.9 7.6 6.5 10.1 2.7 2.9 5 3.8 20 16 13 12

Chromium (Cr) mg/kg 15.9 33.6 17.8 37.8 27.4 17 29 22 35 25 40 21 17 43 45 17

Copper (Cu) mg/kg 3.5 11.6 6.3 38.8 8 4.2 10.3 6.6 5.1 7.3 14.9 7.2 5.2 9.9 7.6 5.1

Iron (Fe) mg/kg 7533 14505 16731 99019 16945 7739 10306 14133 18363 15459 13170 8881 10885 21155 22925 10195

Mercury (Hg) µg/kg 1 1 <1.0 2.5 <1.0

Manganese (Mn) mg/kg 343 969.8 539.1 230.5 46.6 452 228 240 56 45 143 78 1837 986 381 483

Molybdenum (Mo) mg/kg <2.0 <2.0 <2.0 <2.0 <2.0 <1.0 1.1 <1.0 <1.0 1 1.2 <1.0 <2 <2 <2 <2

Nickel (Ni) mg/kg 13.3 24.4 44 31.2 17.1 13.3 11.5 18.7 6 8 12.9 8.5 40 36 23 18

Lead (Pb) mg/kg 4.5 12.8 11 32 11.2 6 13 15 8 12 16 14 5.5 11 12 6.8

Selenium (Se) mg/kg <5.0 <5.0 <5.0 <5.0 <5.0 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5

Silica (Si) mg/kg 469 388 254 685 243

Tin (Sn) 6.6 12 14.9 86.2 15.2

Strontium (Sr) mg/kg 18.3 107 74.5 296 20.9 24 62 63 8 21 69 10 93 83 101 95

Uranium (U) µg/kg <0.1 <0.1 <0.1 <0.1 <0.1

Vanadium (V) mg/kg 11.7 30 14.3 20.5 17.2 13 24 19 15 16 33 18 15 40 33 18

Zinc (Zn) mg/kg 29.2 35.8 123.9 51.3 41 27 22 48 21 30 167 31 43 40 56 34

%Lost on ignition 1.4 5.7 6.7 50.4 6.1 1.1 9.2 5.9 1.3 2.7 7 4.5 4 11.4 5.4 12.8

Sample date 07-Aug-12 07-Aug-12 07-Aug-12 07-Aug-12 07-Aug-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12

Sample ID Total (Dry) KZN06 KZN07 KZN09 KZN 09 B KZN 11 KZN01 KZN02 KZN04 KZN05 KZN06 KZN07 KZN09 KZN13 KZN14 Median STDEV

% Moisture 22 29 23 14 13 23 30 35 31 28 23 20 18 19 23.6 15.517864

Aluminium (Al) mg/kg 22636 22596 31301 26336 31746 8815 19310 25200 31470 11910 12400 23880 28870 39730 17295.5 16965.352

Arsenic (As) mg/kg <1 <1 <1 <1 <1 <1 1 <1 <1 <1 1 2 3 <1 2.15 0.9817007

Boron (B) mg/kg <2 3 5 4 5 <2 8 3 3 <2 <2 4 7 6 3.8 1.9267208

Barium (Ba) mg/kg 3029 259 158 602 122 116 212 201 231 93 194 262 326 359 206.5 526.23731

Berylium (Be) mg/kg <1 2 <1 1 1 <1 1 2 3 <1 <1 <1 2 2 2 1.5008185

Cadmium (Cd) mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Cobalt (Co) 4.4 5.5 5.7 5 5.6 3.7 4.5 8.2 25 4.6 2 5.1 8.1 4.1 6.1 6.2994517

Chromium (Cr) mg/kg 95 39 41 35 49 34 24 22 30 29 17 34 34 25 29.5 15.191651

Copper (Cu) mg/kg 3.1 5.8 18 29 10 6.3 8.6 6.8 14 6.3 5.4 22 28 14 7.45 8.4615758

Iron (Fe) mg/kg 73775 14945 14460 12165 14915 13330 9835 13240 14950 18970 10990 11400 12860 9454 13731.5 19128.253

Mercury (Hg) µg/kg <50 <50 76 <50 <50 <50 <50 <50 <50 1.75 37.256711

Manganese (Mn) mg/kg 132 52 207 158 108 55 139 176 140 46 27 151 105 154 152.5 379.66231

Molybdenum (Mo) mg/kg <2 <2 <2 2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 1.15 0.4573474

Nickel (Ni) mg/kg 13 13 14 12 12 7.6 9.4 16 39 11 6.9 11 16 10 13.15 10.518586

Lead (Pb) mg/kg 11 6.8 22 28 9.5 8.8 14 16 18 9.1 13 30 29 32 12.4 8.0664482

Selenium (Se) mg/kg <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5

Silica (Si) mg/kg 388 181.51501

Tin (Sn) 14.9 33.284561

Strontium (Sr) mg/kg 16 23 32 24 53 33 131 87 77 37 34 62 92 62 62 55.113392

Uranium (U) µg/kg 108 122 149 125 204 109 113 80 121 121 34.554305

Vanadium (V) mg/kg 44 21 32 29 36 28 30 32 45 26 18 38 48 38 27 10.473108

Zinc (Zn) mg/kg 33 32 154 171 42 23 16 39 85 27 19 235 126 139 39.5 57.390255

%Lost on ignition 1.9 7.3 8.5 7.2 11 6.1 10.237106

KZN 

KZN 
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Appendix 20: Metal concentrations in livestock collected from Khutsong and Klarinet from February 2012 to October 2012. 

 

Sample date 28-Feb-12 28-Feb-12 28-Feb-12 13-Aug-12 23-Oct-12

BT  16018 meat BT  16018 liver BT  16018 heart

Sample ID Khutsong KK8 Khutsong KK8 Khutsong KK8 KHUTSONG K9 KHUTSONG K11-2(BEEF)

Al in mg/kg 41.5 251.7 290.2 1127 36

As in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5

B in mg/kg <2.5 <2.5 <2.5 19 <1

Ba in mg/kg <2.5 <2.5 <2.5 12 <2.5

Be in mg/kg <0.5 <0.5 <0.5 <1 <0.5

Cd in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5

Co in mg/kg <0.5 <0.5 <0.5 0.6 <0.5

Cr in mg/kg 0.8 0.4 0.5 1.5 0.9

Cu in mg/kg 2.6 61.3 18.5 4.5 1.4

Fe in mg/kg 44.6 275.9 261.7 518 65

Hg in mg/kg <50

Mn in mg/kg 2.9 25.7 9.1 15 1.6

Mo in mg/kg <1.0 3 <1.0 <1 <1

Ni in mg/kg <0.5 <0.5 <0.5 0.6 <0.5

Pb in mg/kg <1.5 <1.5 10 <1.5 <1.5

Se in mg/kg <2.5 <2.5 <2.5 <2.5 <2.5

Sr in mg/kg 0.5 0.5 <0.5 27 <5

U in ug/kg <50

V in mg/kg <0.5 <0.5 <0.5 1 <0.5

Zn in mg/kg 62.2 220.3 88.8 98 72

% Moisture Moisture 86.5 75.3 75.7 73 59

Sample date 28-Feb-12 28-Feb-12 28-Feb-12 28-Feb-12 28-Feb-12 28-Feb-12 13-Aug-12 23-Oct-12

BT  16012 Meat BT  16012 Heart BT  16012 liver BT  16015 meat BT  16015 heart BT  16015 liver

Sample ID Clarinet J6/1 Clarinet J6/1 Clarinet J6/1 Clarinet J6/2 Clarinet J6/2 Clarinet J6/2 KLARINET KL3 KLARINET J12-2(BEEF)

Al in mg/kg 50.1 261.1 385.7 32.6 146.2 489.6 <0.7 35

As in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

B in mg/kg <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <1 <1

Ba in mg/kg <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5

Be in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <1 <0.5

Cd in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Co in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Cr in mg/kg 0.8 0.3 0.3 0.4 0.3 0.3 <0.2 1.6

Cu in mg/kg <0.5 9 8.7 2.7 8.6 10.5 1.1 3.2

Fe in mg/kg 51.4 266.4 407.8 33.4 149.7 544.4 34 82

Hg in mg/kg <50

Mn in mg/kg 0.7 1.7 5.6 0.5 1.6 9.4 <0.5 1.2

Mo in mg/kg <1.0 <1.0 2.2 <1.0 <1.0 2.6 <1 <1

Ni in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.5

Pb in mg/kg <1.5 <1.5 <1.5 <1.5 <1.5 <1.5 <1.5 <1.5

Se in mg/kg <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5

Sr in mg/kg <0.5 <0.5 <0.5 0.5 <0.5 <0.5 <5 <5

U in ug/kg <50

V in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Zn in mg/kg 39.6 75.4 76.8 32.9 65.3 151.1 83 158

% Moisture Moisture 84 74.4 73 81.4 68.2 68.8 71 66

Khutsong  

Klarinet
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Appendix 21: Metal concentrations in livestock collected from KZN and Verena from February 2012 to October 2012. 

  
 

Sample date 28-Feb-12 28-Feb-12 28-Feb-12 28-Feb-12 28-Feb-12 28-Feb-12 13-Aug-12 13-Aug-12 23-Oct-12 23-Oct-12

BT  16009 meat BT  16009 liver BT  16009 heart BT  16021 Meat BT  16021 Liver BT  16021 heart

Sample ID Coronation B5 Coronation B5 Coronation B5 KZN B8 KZN B9 KZN B10 CORONATION KZN 10NKONGOLWANE KZN 12 KZN10-2(BEEF)  KZN12-2(CHICKEN)

Al in mg/kg 58.5 652.6 415 89.9 2057.5 517.8 17 6 4.1 5.9

As in mg/kg <0.5 <0.5 <0.5 0.5 <0.5 0.6 <0.5 <0.5 <0.5 <0.5

B in mg/kg <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <1 1 <1 <1

Ba in mg/kg <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 3 <2.5 <2.5

Be in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <1 <1 <0.5 <0.5

Cd in mg/kg <0.5 <0.5 <0.5 <0.5 0.6 <0.5 <0.5 <0.5 <0.5 <0.5

Co in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Cr in mg/kg 0.4 0.3 0.7 0.4 0.3 0.5 0.2 0.2 0.3 3.7

Cu in mg/kg 2.8 8.6 11.2 1.9 7.2 9.7 1.6 3.1 1.2 3.6

Fe in mg/kg 54.6 696.6 436.8 83.3 1978.9 451.4 43 61 47 25

Hg in mg/kg <50 <50

Mn in mg/kg 1.2 6.6 2.1 0.8 9.2 3.7 0.9 0.9 <0.5 <0.5

Mo in mg/kg <1.0 2.1 <1.0 <1.0 1.7 <1.0 <1 <1 <1 <1

Ni in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Pb in mg/kg <1.5 <1.5 1.9 <1.5 <1.5 <1.5 <1.5 <1.5 <1.5 <1.5

Se in mg/kg <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5

Sr in mg/kg <0.5 0.5 0.5 0.6 0.8 0.6 <5 <5 <5 <5

U in ug/kg <50 <50

V in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Zn in mg/kg 47.3 82.3 71.7 53.5 66.3 59 105 171 50 22

% Moisture Moisture 87.5 75.1 71.3 83.9 72.3 68.2 73 74 55 74

Sample date 28-Feb-12 28-Feb-12 28-Feb-12 28-Feb-12 28-Feb-12 28-Feb-12 13-Aug-12 23-Oct-12

BT  16024 meat BT  16024 liver BT  16024 heart BT  16027 meat BT  16027 heart BT  16027 liver

Sample ID Verena 2A Verena 2A Verena 2A Verena 2425B Verena 2425B Verena 2425B VERENA V5 VERENA VJ-2(BEEF)

Al in mg/kg 62.6 545.3 328 61.4 343.4 197.1 3 38

As in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

B in mg/kg <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <1 <1

Ba in mg/kg <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 2.9

Be in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <1 <0.5

Cd in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Co in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Cr in mg/kg 0.4 0.4 0.5 0.4 0.4 0.4 <0.2 5.6

Cu in mg/kg 3.1 11.5 9.3 2.1 12.2 3.2 1.7 6.8

Fe in mg/kg 56 469 287.7 55.5 304.6 176.5 58 93

Hg in mg/kg <50

Mn in mg/kg 1 11.3 3.3 0.8 2.8 2.3 <0.5 1.2

Mo in mg/kg <1.0 2.6 <1.0 <1.0 <1.0 <1.0 <1 <1

Ni in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Pb in mg/kg 3 <1.5 <1.5 <1.5 <1.5 <1.5 <1.5 <1.5

Se in mg/kg <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5

Sr in mg/kg 0.6 0.5 0.5 <0.5 <0.5 <0.5 <5 <5

U in ug/kg <50

V in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Zn in mg/kg 46.8 82.5 72.9 52.8 86.2 140.2 65 117

% Moisture Moisture 87 71.1 70.4 85 77.6 74.3 63 68

Verena 

Coronation/Nkonggulw ane
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Appendix 22: Metal concentrations (wet weight) determined in eggs collected from the study areas. 

 

 

 

 

 

 

 

 

 

Sample date 21-Feb-12 21-Feb-12 21-Feb-12 21-Feb-12 21-Feb-12 21-Feb-12 21-Feb-12

Sample ID Clarinet J6 Egg Khutsong KK7-1 Egg Khutsong KK7-2 Egg Coronation B4 Egg Nkongolwane B7 Egg Verena A Egg Verena B Egg

Al (w et) in mg/kg 25.5 32.4 39.4 28.2 29.1 22.7 23.5

As (w et) in mg/kg <0.25 <0.25 <0.25 <0.25 <0.25 <0.25 <0.25

B (w et) in mg/kg 0.8 0.6 0.8 0.8 0.8 0.8 0.8

Ba (w et) in mg/kg 1.9 2.8 4.3 2.4 1.3 4.6 5.2

Be (w et) in mg/kg <0.25 <0.25 <0.25 <0.25 <0.25 <0.25 <0.25

Cd (w et) in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Co (w et) in mg/kg <0.25 <0.25 <0.25 <0.25 <0.25 <0.25 <0.25

Cr (w et) in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Cu (w et) in mg/kg <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

Fe (w et) in mg/kg 27.3 33.9 40 27.9 29 22.5 23.1

Mn (w et) in mg/kg <0.5 <0.5 0.5 <0.5 <0.5 <0.5 <0.5

Mo (w et) in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Ni (w et) in mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Pb (w et) in mg/kg <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

Se (w et) in mg/kg <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

Sr (w et) in mg/kg 0.8 <0.5 0.7 1 0.9 1.8 2

V (w et) in mg/kg <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

Zn (w et) in mg/kg 19.6 16.3 20.7 18 17.8 19.7 21.6
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Appendix 23: Total dry weight metal concentrations in vegetable samples collected from Khutsong from November 2011 to October 

2012. 

  

Sample date 08-Feb-12 08-Feb-12 08-Feb-12 08-Feb-12 13-Aug-12 13-Aug-12 13-Aug-12 13-Aug-12 13-Aug-12 13-Aug-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 Leafy Veg

Sample ID Total dry K4-1 Cabbage K4-2 Marog K6-1 Cabbage K6-2 Marog K4 CABBAGE K4 ALOE K7 CABBAGE K7 Spinach K8 Spinach K8 CABBAGE K4-2 CABBAGE K12-2 SPINACH K12-2 CABBAGE K12-2 MAROG Median

% Moisture 89 86 80 89 86 84 87 88 90 90 87.5

Al mg/kg 4182 1301 302 21848 5 628 856 549 1522 12 192 756 184 456 588.5

As mg/kg 1 <0.5 <0.5 2.1 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 1.55

B mg/kg 11 10.1 <5.0 <5.0 17 2 34 10 13 <1 17 10 9 8 10.1

Ba mg/kg 46 5.2 74.4 197.5 3 9 69 20 52 <2.5 26 82 47 35 46

Be mg/kg <2.5 <2.5 <2.5 <2.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Cd mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Co mg/kg 2.5 <0.5 <0.5 15.5 <0.5 <0.5 <0.5 <0.5 0.6 <0.5 <0.5 0.6 <0.5 <0.5 1.55

Cr mg/kg 17.3 4.1 2.2 162.2 0.2 2.8 2.4 1.3 3.5 <0.2 1.3 4.2 4.5 2.4 2.8

Cu mg/kg 6.3 4.2 1.7 20.3 3.3 0.8 11 4.4 4.9 2.1 4.3

Fe mg/kg 4230 975 392 22632 22 734 684 448 1273 40 237 1168 226 639 661.5

Hg µg/kg <50 197 207 <50 202

Mn mg/kg 1000 265 188 2602 186 101 898 117 196 <0.5 159 560 182 239 196

Mo mg/kg 2.9 <2.5 <2.5 <2.5 <1 <1 <1 <1 <1 <1 1 <1 1 1 1

Ni mg/kg 5.2 <2.5 <2.5 23.1 3.9 0.8 1.2 0.5 1.6 <0.5 0.9 3.1 1.6 1.7 1.6

Pb mg/kg 8.1 <5.0 <5.0 39.4 <1.5 <1.5 <1.5 <1.5 <1.5 <1.5 1.5 7.9 20 4.2 8

Se mg/kg <5.0 <5.0 <5.0 <5.0 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5

Si mg/kg

Sr mg/kg 21.9 9.9 21.2 <5.0 <5 <5 28 15 11 <5 54 37 107 49 24.95

U µg/kg <50 169 <50 91 130

V mg/kg 10 <2.5 <2.5 49.6 <0.5 2 1 1 3 <0.5 0.6 3.4 0.6 1.7 1.85

Zn mg/kg 58.2 87.8 63.8 186.3 19 7.2 71 41 18 137 26 105 61 55 59.6

Sample date 13-Aug-12 13-Aug-12 13-Aug-12 23-Oct-12 23-Oct-12 23-Oct-12 Bulb Veg 13-Aug-12 13-Aug-12 13-Aug-12 23-Oct-12 23-Oct-12 Root Veg 23-Oct-12

Sample ID Total dry K4 ONION K8 ONION K8 ONION K2-2 ONION K4-2 ONION K12-2 ONION Median K8 TURNIP K8 BEETROOT K8CARROT K12-2 BEETROOT K4-2 CARROT Median K12-2 TOMATO

% Moisture 82 86 81 91 85 90 85.5 87 79 87 92 89 87 86

Al mg/kg 2052 940 1275 121 54 27 530.5 1298 1907 4987 230 59 1298 2677

As mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 3.9

B mg/kg 97 18 12 5 5 9 10.5 15 14 11 17 28 15 12

Ba mg/kg 849 123 116 2.5 12 30 73 68 81 72 40 8 68 64

Be mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Cd mg/kg <0.5 <0.5 <0.5 1.4 <0.5 <0.5 1.4 <0.5 <0.5 <0.5 <0.5 <0.5 4

Co mg/kg 1.7 <0.5 <0.5 <0.5 <0.5 <0.5 1.7 0.6 0.8 3 <0.5 <0.5 0.8 1.1

Cr mg/kg 8.6 2 3 3 0.4 0.4 2.5 3.7 4.9 18 1.4 1 3.7 9.1

Cu mg/kg 20 7.3 3.5 7.3 8 10 9.1 9.1

Fe mg/kg 1968 750 1057 194 49 49 472 1167 1512 5348 312 93 1167 2182

Hg µg/kg 328 <50 <50 328 <50 <50 814

Mn mg/kg 4662 169 190 31 47 78 123.5 259 377 853 162 44 259 467

Mo mg/kg <1 <1 <1 1 <1 <1 1 <1 <1 <1 <1 <1 2

Ni mg/kg 10 2.1 2.1 1.4 <0.5 0.6 2.1 1.6 2.7 5.3 0.7 1.1 1.6 5.6

Pb mg/kg 8.2 <1.5 <1.5 11 <1.5 <1.5 9.6 <1.5 1.9 4 1.9 3.4 2.65 9.4

Se mg/kg <2.5 <2.5 <2.5 4.4 <2.5 <2.5 4.4 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5

Si mg/kg

Sr mg/kg 524 44 55 12 9 31 37.5 11 33 14 35 16 16 90

U µg/kg 401 <50 <50 401 <50 <50 <50

V mg/kg 4 2 2 0.5 <0.5 <0.5 2 3 3 12 0.7 <0.5 3 5.1

Zn mg/kg 242 52 70 81 22 45 61 33 75 54 56 45 54 114

Khutsong
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Appendix 24: Total dry weight metal concentrations in vegetable samples collected from Klarinet from November 2011 to October 

2012. 

  

 

Sample date 06-Dec-11 06-Dec-11 06-Dec-11 06-Dec-11 25-Jul-12 25-Jul-12 25-Jul-12 23-Oct-12 23-Oct-12 23-Oct-12

Sample ID Total dry Klarinet A Cabbage Klarinet A Spinach Klarinet  Ext3 Cabbage Klarinet Ext3 Spinach J14 -1 CABBAGE J15 -1COVO ZIM J15 -1TSUNGA ZIM J14-2 CABBAGE J14-2 SPINACH J16-2 MAROG 

% Moisture 92.6 91.7 78.2 87.3 83 84 93 87 84 85

Al mg/kg 1682 810 412 1247 1365 10736 6812 454 1176 1046

As mg/kg <1.0 <1.0 <1.0 <1.0 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

B mg/kg 15.6 11.7 6.9 8.5 15 17 28 19 30 13

Ba mg/kg <1.0 <1.0 <1.0 <1.0 14 29 42 25 21 13

Be mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Cd mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.6 <0.5 <0.5 <0.5

Co mg/kg <1.0 <1.0 <1.0 <1.0 0.5 1.6 1.4 <0.5 <0.5 <0.5

Cr mg/kg 10.1 3.7 3.8 7.8 4.7 40 26 1.8 3.1 3.5

Cu mg/kg 11.1 7 2.7 5.8 3.0 16 21

Fe mg/kg 1320 632 296 998 869 4745 3550 296 630 667

Hg µg/kg <50 <50 <50

Mn mg/kg 77 91 20 81 42 85 107 37 135 31

Mo mg/kg <2.0 <2.0 <2.0 <2.0 <1 <1 2 <1 <1 2

Ni mg/kg 2.7 1.3 <1.0 1.7 1.2 6.5 4.8 2.1 1.5 2.3

Pb mg/kg <5.0 <5.0 5.5 5.3 <1.5 5.8 16 <1.5 <1.5 2.7

Se mg/kg <5.0 <5.0 <5.0 <5.0 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5

Si mg/kg 699 270 22 1032

Sr mg/kg 22.8 15.5 8.2 7.4 38 32 46 98 47 93

U µg/kg <50 <50 <50

V mg/kg 7.5 <5.0 <5.0 5.9 5 20 21 1.3 2.4 2.6

Zn mg/kg 117.6 104.2 29 44.2 53 71 124 66 138 51

Sample date 41205 Leafy veg 41115 41115 41205 41205 Bulb veg 41115 41205 Root veg Fruit Veg

Sample ID Total dry J16-2 MAROG Median J14 -1ONION J15 -1 ONION J14-2 ONION J16-2 ONION median J14 -1 BEETROOT J16-2 POTATO median J14 -1SQUASH

% Moisture 83 86 88 81 89 90 89.5 78 96 96 98

Al mg/kg 3045 1111 751 10836 787 174 480.5 1043 1079 1079 300

As mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

B mg/kg 16 14.3 13 17 14 13 13.5 13 15 15 21

Ba mg/kg 14 17.5 8 42 21 3.9 12.45 11 11 11 7

Be mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Cd mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.7

Co mg/kg <0.5 <0.5 1.7 <0.5 <0.5 <0.5 <0.5 0.7

Cr mg/kg 6.2 3.75 1.9 32 2.5 1.1 1.8 2.6 2.8 2.8 1.9

Cu mg/kg 6.4 3.1 26 9.2 44

Fe mg/kg 1459 649.5 484 5240 525 125 325 658 466 466 248

Hg µg/kg 53 53 251 <50 251 <50

Mn mg/kg 24 57 16 96 43 7.2 25.1 32 13 13 22

Mo mg/kg <1 2 <1 3 <1 <1 <1 <1 <1

Ni mg/kg 2.6 2.1 <0.5 7.2 2.5 <0.5 2.5 0.7 2.2 2.2 4.8

Pb mg/kg 1.9 4 <1.5 14 2.2 <1.5 2.2 <1.5 <1.5 1.7

Se mg/kg <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5

Si mg/kg 484.5

Sr mg/kg 43 32.9 23 46 52 29 40.5 19 26 26 13

U µg/kg <50 <50 <50 <50

V mg/kg 4.7 3.65 2 24 1.7 0.5 1.1 2 4 4 1

Zn mg/kg 53 59.5 15 107 98 26 62 77 32 32 39

Klarinet
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Appendix 25: Total dry weight metal concentrations in vegetable samples collected from Verena from November 2011 to October 2012. 

  

 

Sample date 07-Dec-11 07-Dec-11 25-Jul-12 25-Jul-12 25-Jul-12 25-Jul-12 25-Jul-12 23-Oct-12 23-Oct-12 23-Oct-12 Leafy veg 25-Jul-12 23-Oct-12 Bulb Veg

Sample ID Total dry VG Spinach VH Spinach VG1 -  MAROG/SPINASH VG1 - MAROG/SPINASH VH1 - SPINASH VI 1 -SPINACH VI 1 - SPINACH VH-2 SPINACH VI-2 MAROG VI-2 SPINACH median VH1 - ONION VH-2 ONION Median

% Moisture 77.3 91.7 88 80 93 91 88 79 84 92 84 83 86 86

Al mg/kg 279 678 1968 23996 3980 5085 587 1269 2060 1465 1269 669 359 359

As mg/kg <1.0 <1.0 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

B mg/kg 11.6 23.7 29 43 24 21 20 15 35 19 19 4 5 5

Ba mg/kg <1.0 115 43 105 104 71 42 85 14 64 74.5 19 74 74

Be mg/kg <0.5 <0.5 <0.5 1 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Cd mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Co mg/kg <1.0 <1.0 <0.5 4.7 2.1 0.9 <0.5 0.5 <0.5 <0.5 0.5 <0.5 <0.5

Cr mg/kg 3 4.1 3.3 72 5.0 7.3 1.1 3 1.6 2.4 3 1.0 1.7 1.7

Cu mg/kg 4.5 8.6 8.2 26 7.7 5.2 3.2 6.55 2.9

Fe mg/kg 262 603 911 15414 1994 2087 284 1135 694 714 694 405 800 800

Hg µg/kg 97 <50 82 89.5 206 206

Mn mg/kg 30 94 69 246 62 126 253 348 40 35 40 18 67 67

Mo mg/kg <2.0 <2.0 3 3 1 2 <1 <1 7 1 4 <1 <1

Ni mg/kg <1.0 1.1 0.7 11 2.1 2.9 1.2 1.4 1.4 2.2 1.4 <0.5 4.8 4.8

Pb mg/kg <5.0 <5.0 1.8 22 1.6 2.3 <1.5 2.5 <1.5 2.3 2.4 <1.5 2.1 2.1

Se mg/kg <5.0 <5.0 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5

Si mg/kg <10 61 61

Sr mg/kg 16.5 12 162 86 46 43 31 33 46 96 33 14 32 32

U µg/kg 99 <50 155 127 <50

V mg/kg <5.0 <5.0 2 37 4 7 1 2.9 1.1 1.9 1.9 1 1.4 1.4

Zn mg/kg 53.7 105.4 48 179 121 48 59 239 43 69 69 129 103 103

Sample date 25-Jul-12 23-Oct-12 23-Oct-12 Root Veg 07-Dec-11 07-Dec-11 25-Jul-12 23-Oct-12 Fruit Veg 23-Oct-12 23-Oct-12 Legume Veg

Sample ID Total dry VH1 - BEETROOT VH-2 BEETROOT VH-2 CARROT Median Verena G Tomato Verena H Tomato VG1 - CHILLI VI-2 CHILLI Median VI-2 BEANS VI-2 MIELIE Median

% Moisture 82 76 83 79.5 56.3 68.1 59 81 68.1 89 76 82.5

Al mg/kg 903 1286 1001 1143.5 1324 3448 15 81 1324 1218 1842 1530

As mg/kg <0.5 <0.5 <0.5 <1.0 <1.0 <0.5 <0.5 <0.5 <0.5

B mg/kg 10 11 11 11 18.7 11.7 2 8 11.7 19 2 10.5

Ba mg/kg 31 72 17 44.5 25 221 <2.5 3 25 34 16 25

Be mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Cd mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Co mg/kg <0.5 <0.5 <0.5 <1.0 <1.0 <0.5 <0.5 <0.5 0.7 0.7

Cr mg/kg 1.1 1.3 0.8 1.05 7 12 <0.2 0.3 7 2.3 4.5 3.4

Cu mg/kg 5.3 7.2 9.8 1.4 8.5

Fe mg/kg 499 691 363 527 1212 3190 33 67 1212 793 872 832.5

Hg µg/kg <50 <50 65 65 76 72 74

Mn mg/kg 53 216 14 115 54 126 2.7 8 54 47 30 38.5

Mo mg/kg <1 <1 <1 <2.0 <2.0 <1 <1 1 32 16.5

Ni mg/kg 0.7 1.9 0.9 1.4 1.9 3.9 <0.5 <0.5 2.9 2.1 2.7 2.4

Pb mg/kg <1.5 <1.5 <1.5 <5.0 5.9 <1.5 <1.5 5.9 2.6 3.2 2.9

Se mg/kg <2.5 <2.5 <2.5 <5.0 <5.0 <2.5 <2.5 <2.5 <2.5

Si mg/kg <10 544 544

Sr mg/kg 11 14 5.9 9.95 59.9 45.8 <5 12 45.8 75 10 42.5

U µg/kg <50 <50 <50 127 387 257

V mg/kg 1 1.1 0.7 0.9 <5.0 11.8 <0.5 <0.5 11.8 2 3.3 2.65

Zn mg/kg 74 85 25 55 79.5 75.4 5.7 18 75.4 53 90 71.5

Verena
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Appendix 26: Total dry weight metal concentrations in vegetable samples collected from KZN from November 2011 to October 2012. 

  

 

 

Sample date 17-Feb-12 17-Feb-12 17-Feb-12 07-Aug-12 07-Aug-12 07-Aug-12 07-Aug-12 07-Aug-12

Sample ID Total dry Nkang B6 cabbage Nkang B6 tomato Coron B7 spinach KZN09 Spinach KZN09 CABBAGE KZN09 Spinach KZN09b Spinach KZN09b Spinach

% Moisture 74.7 71.6 82.3 87 90 93 92 87

Al mg/kg 1668 8543 6819 3711 754 1119 1489 542

As mg/kg <0.5 1.1 1 <0.5 <0.5 <0.5 <0.5 <0.5

B mg/kg 18 9 25 18 16 35 27 19

Ba mg/kg 222 121 101 36 24 22 16 5

Be mg/kg <2.5 <2.5 <2.5 <0.5 <0.5 <0.5 <0.5 <0.5

Cd mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Co mg/kg 3.1 4.9 3.6 5.1 1.2 2.3 2.1 0.8

Cr mg/kg 4.1 19.9 19.2 0.8 <0.5 <0.5 <0.5 <0.5

Cu mg/kg 2.2 11 14.9 9.4 3.9 8 8.2 8.7

Fe mg/kg 1761 8993 7180 1852 368 777 744 281

Hg µg/kg

Mn mg/kg 59 76 109 40 24 100 71 70

Mo mg/kg <2.5 <2.5 <2.5 <1 <1 <1 <1 <1

Ni mg/kg 3.6 10.8 8.4 2.1 <0.5 0.6 0.8 0.5

Pb mg/kg <5.0 14.4 9.7 4.2 <1.5 2.1 <1.5 <1.5

Se mg/kg <5.0 <5.0 <5.0 <2.5 <2.5 <2.5 <2.5 <2.5

Si mg/kg

Sr mg/kg 89 35 54 36 154 39 26 34

U µg/kg

V mg/kg 4 23 19 4 1 2 2 1

Zn mg/kg 48 45 147 78 89 257 189 72

Sample date 07-Aug-12 07-Aug-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 Leafy Veg

Sample ID Total dry KZN11 LETTUCE KZN11 CABBAGE KZN09 CABBAGE KZN09 Spinach KZN09 Spinach KZN13 CABBAGE KZN14- MAROG KZN14-2 - MAROG Median

% Moisture 95 91 92 95 93 93 95 94 92

Al mg/kg 375 2201 2646 2229 884 3154 4312 1473 2052

As mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 1.05

B mg/kg 10 20 18 13 14 14 15 18 18

Ba mg/kg 3 37 39 24 33 74 47 90 37

Be mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Cd mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Co mg/kg 0.7 3 0.7 0.7 <0.5 0.8 <0.5 <0.5 2.2

Cr mg/kg <0.5 <0.5 5.3 3 1.2 3.2 3.6 1.4 3.2

Cu mg/kg 11 9.5 14 15 6.6 5.2 7 8.5 8.7

Fe mg/kg 248 951 1228 1184 372 1216 1102 493 970

Hg µg/kg 1.7 <1.5 <1.5 2.2 5.6 1.7 1.95

Mn mg/kg 40 24 51 42 12 27 34 27 42

Mo mg/kg <1 <1 143 <50 <50 <50 91 <50 117

Ni mg/kg 1.1 0.6 5 <1 <1 2 <1 <1 1.55

Pb mg/kg <1.5 2 4 3.1 1 3.2 4.1 1.6 3.2

Se mg/kg <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5

Si mg/kg

Sr mg/kg 12 290 75 34 20 190 47 56 47

U µg/kg 68 <50 <50 62 163 <50 68

V mg/kg 1 3 2.6 2.3 1.1 3.1 3.3 1.2 2.6

Zn mg/kg 53 41 92 87 74 67 65 100 74

Coronation/Nkong
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Sample date 17-Feb-12 07-Aug-12 23-Oct-12 23-Oct-12 23-Oct-12 Root Veg 07-Aug-12 07-Aug-12

Sample ID Total dry CoronB7 carrot KZN 09 CARROT KZN13 BEETROOTKZN14 BEETROOTKZN14  POTATO Median KZN09 ONIONS KZN09b ONION

% Moisture 80.9 93 91 91 91 91 91 93

Al mg/kg 5375 4055 3235 562 3440 3440 2150 409

As mg/kg 2.2 <0.5 <0.5 <0.5 <0.5 2.2 <0.5 <0.5

B mg/kg 24 <1 10 14 10 12 12 15

Ba mg/kg 87 14 92 57 99 87 18 12

Be mg/kg <2.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Cd mg/kg <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

Co mg/kg 1.8 9.5 0.8 <0.5 0.7 1.3 3.2 0.7

Cr mg/kg 18.2 <0.5 3.3 0.7 2.2 2.75 0.6 <0.5

Cu mg/kg 13.1 24 7.5 7.8 3.7 7.8 8.4 6.1

Fe mg/kg 5856 1120 1095 195 830 1095 1134 244

Hg µg/kg 3.3 <1.5 2.2 2.75

Mn mg/kg 88 30 22 16 23 23 40 23

Mo mg/kg <2.5 1 <50 <50 <50 1 <1 <1

Ni mg/kg 7.3 4.1 <1 <1 <1 5.7 1.1 0.5

Pb mg/kg 11 <1.5 3.4 0.8 2.9 3.15 2.2 <1.5

Se mg/kg <5.0 <2.5 <2.5 <2.5 <2.5 <2.5 <2.5

Si mg/kg

Sr mg/kg 86 9.9 51 37 99 51 70 42

U µg/kg 130 <50 <50 130

V mg/kg 15 3 4 0.5 2.6 3 3 1

Zn mg/kg 74 129 60 65 83 74 257 152

Sample date 07-Aug-12 23-Oct-12 23-Oct-12 Bulb Veg 07-Aug-12 07-Aug-12 Fruit Veg

Sample ID Total dry KZN11 ONION KZN09 ONION KZN13 ONION Median KZN09 TOMATO KZN11 SQUASH Median

% Moisture 91 95 95 93 95 96 95.5

Al mg/kg 2710 1176 1519 1519 400 28 214

As mg/kg <0.5 <0.5 <0.5 <0.5 <0.5

B mg/kg 17 14 15 15 16 12 14

Ba mg/kg 33 14 37 18 <2.5 9 9

Be mg/kg <0.5 <0.5 <0.5 <0.5 <0.5

Cd mg/kg <0.5 <0.5 <0.5 <0.5 <0.5

Co mg/kg 3.2 <0.5 0.5 1.95 0.2 <0.2 0.2

Cr mg/kg 0.6 2 2.5 1.3 <0.5 1 1

Cu mg/kg 7 38 29 8.4 8 2.3 5.15

Fe mg/kg 1280 518 601 601 84 36 60

Hg µg/kg 2.1 2.9 2.5

Mn mg/kg 19 64 43 40 15 27 21

Mo mg/kg <1 173 133 153 <1 <1

Ni mg/kg 1.3 3 2 1.3 0.5 3.9 2.2

Pb mg/kg 1.8 2.9 2.3 2.25 <1.5 <1.5

Se mg/kg <2.5 <2.5 <2.5 <2.5 <2.5

Si mg/kg

Sr mg/kg 93 36 81 70 6.6 14 10.3

U µg/kg <50 73 73

V mg/kg 4 1.3 1.7 1.7 <0.5 <0.5

Zn mg/kg 41 156 53 152 19 21 20

Coronation/Nkong
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Appendix 27: The E. coli and total coliform levels in water collected from the study areas November 2011 to October 2012. 

 

  

Study area

Site VA VB VC VE VF VA VB VC VE VF VA VB VC VE VF VA VB VC VE VF

Sampling date 07-Dec-11 07-Dec-11 07-Dec-11 07-Dec-11 07-Dec-11 31-Jan-12 31-Jan-12 31-Jan-12 31-Jan-12 31-Jan-12 25-Jul-12 25-Jul-12 25-Jul-12 25-Jul-12 25-Jul-12 11-Oct-12 11-Oct-12 11-Oct-12 11-Oct-12 11-Oct-12

pH    ( on-site) 7.56 7.16 6.07 6.97 6.5 6.84 7.04 6.43 7.61 7.66 7.45 7.16 6.28 7.59 ? 6.79 7 8.42 7.42 7.03

E. coli count 

(MPN/100ml) 648.8 1986.3 110 10.9 96 980.4 325.5 0 410.6 51.2 0 145 200 1732.9 2 727 249.5 0 816.4 21.3
Coliform count 

(MPN/100ml) 241960 57940 54750 57940 36540 7380 9870 114.5 21050 26130 3320 7330 32550 6020 2280 6240 6770 3090 30760 34480

Study area

Site K01 K02 K05 KO1 KO2 K05 K01 K02 K05 K01 K02-2 K05-2 J01 J02 J03 J04 J01 J02 J03 J04

Sampling date 26-Jan-12 26-Jan-12 26-Jan-12 16-Feb-12 16-Feb-12 16-Feb-12 13-Aug-12 13-Aug-12 13-Aug-12 17-Oct-12 17-Oct-12 17-Oct-12 06-Dec-11 06-Dec-11 06-Dec-11 06-Dec-11 27-Jan-12 27-Jan-12 27-Jan-12 27-Jan-12

pH    ( on-site) 8.3 7.79 7.74 8.4 7.6 7.56 8.36 7.68 7.84 8.24 7.44 7.48 4.16 5.65 7 3.3 6.74 6.53 7.26 3.59

E. coli count 

(MPN/100ml) 1046.2 27550 30.1 1732.9 72700 24.3 172.5 3990 17.1 290.9 46110 24.3 2 461.1 63.8 45.5 488.4 2419.6 152.9 6630
Coliform count 

(MPN/100ml) 2419.6 129970 2419.6 24000 241960 5380 5380 36540 1732.9 34480 241960 5650 2419.6 4870 648.8 46110 2419.6 64880 18420 14390

Study area

Site J21 J22 J01 J02 J03 J04 J10 J11 J01 J02 J03 J04 J10 J11 KZN01 KZN02 KZN04 KZN06 KZN07 KZN01

Sampling date 27-Jan-12 27-Jan-12 24-Jul-12 24-Jul-12 24-Jul-12 24-Jul-12 24-Jul-12 24-Jul-12 08-Oct-12 08-Oct-12 08-Oct-12 08-Oct-12 08-Oct-12 08-Oct-12 13-Sep-11 13-Sep-11 13-Sep-11 13-Sep-11 13-Sep-11 08-Feb-12

pH    ( on-site) 7.07 7.13 5.77 5.14 7.58 5.04 5.69 5.36 7.16 7.1 7.04 7.18 6.59 5.17 7.86 7.46 7.59 2.97 4.67 7.95

E. coli count 

(MPN/100ml) 0 0 153.2 4.1 241960 12460 58.3 0 65.1 14830 1046.2 206.4 5.2 0 1299.7 410.6 108.5 0 83.6 18.7
Coliform count 

(MPN/100ml) 0 14.5 4280 290.9 241960 120330 920.8 108.6 36540 68670 41060 5040 686.7 248.1 6970 2419.6 1299.7 0 2419.6 1299.7

Study area

Site KZN02 KZN03 KZN04 KZN06 KZN07 KZN01 KZN02 KZN03 KZN04 KZN05 KZN06 KZN07 KZN01 KZN02 KZN03 KZN04 KZN05 KZN06 KZN07

Sampling date 08-Feb-12 08-Feb-12 08-Feb-12 08-Feb-12 08-Feb-12 07-Aug-12 07-Aug-12 07-Aug-12 07-Aug-12 07-Aug-12 07-Aug-12 07-Aug-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12 23-Oct-12

pH    ( on-site) 7.71 6.74 7.59 3.09 4.42 8 7.84 6.74 7.63 8.26 3.5 5.3 6.43 6.37 6.72 5.49 7.08 3.29 3.36

E. coli count 

(MPN/100ml) 1413.6 5.2 1413.6 0 1 547.5 410.6 0 86.2 19.3 0 11690 203.5 206.4 <1 5.2 218.7 2 0
Coliform count 

(MPN/100ml) 10670 387.3 6700 0 2720 2530 1203.3 0 816.4 325.5 <1 38730 13340 7480 3.1 866.4 8800 307.6 7.4

Verena

Khutsong Klarinet

Klarinet Coronation & Nkongolwane (KZN)

Coronation & Nkongolwane (KZN)
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Appendix 28: Median and maximum hazard quotient for heavy metals in water. Values greater than the acceptable level of 1 are 

highlighted. 

 

 

 

 

 

 

Study 

area

Reference 

dose 

(mg/kg/d)

Khutsong 

median 

n= 10

Klarinet 

median 

n=30

KZN 

median 

n=23

Verena 

median  

n = 27

Khutsong 

HQ

Klarinet 

HQ

KZN      

HQ

Verena 

HQ

Khutsong 

max

Klarinet 

max

KZN max Verena 

max 

Khutsong 

HQ

Klarinet 

HQ

KZN HQ Verena 

HQ

Al 1 22.5 222 456 97.5 0.000 0.003 0.007 0.001 1439 19001.02 45979 9600 0.021 0.271 0.657 0.137

As 0.0003 7.35 0.95 1.95 0.6 0.350 0.045 0.093 0.029 22 7.17 4 1.4 1.048 0.341 0.190 0.067

B 0.2 61.5 34.5 22 12.5 0.004 0.002 0.002 0.001 84 2718.75 36 2264.56 0.006 0.194 0.003 0.162

Ba 0.2 35.5 73.12037 41 58 0.001 0.001 0.001 0.001 72 1254.35 70 249.56 0.001 0.018 0.001 0.004

Be 0.002 0 0.7 17 0.2 0.000 0.005 0.121 0.001 0 8.90 53 0.5 0.000 0.064 0.379 0.004

Cd 0.001 0.5 0.4 0.7 0 0.014 0.011 0.020 0.000 0.5 0.72 2.9 0 0.014 0.021 0.083 0.000

Co 0.03 10.2 77.5 111.4 0.25 0.005 0.037 0.053 0.000 85 199.00 388 0.6 0.040 0.095 0.185 0.000

Cr 0.003 0.5 1.2 1.55 1.8 0.002 0.006 0.007 0.009 0.5 52.18 14 7.9 0.002 0.248 0.067 0.038

Cu 0.04 2 3.5 6.5 2 0.001 0.001 0.002 0.001 60 9.00 16 16 0.021 0.003 0.006 0.006

Fe 0.3 22 60 75 784 0.001 0.003 0.004 0.037 2517 271547 19232 11997.54 0.120 12.931 0.916 0.571

Hg 0.0001 0 11.71088 0 1 0.000 1.673 0.000 0.143 0 21.42 0 1 0.000 3.060 0.000 0.143

Mn 0.14 8.15 1630 2818 6.75 0.001 0.166 0.288 0.001 1692 31809.98 17915 618.06 0.173 3.246 1.828 0.063

Mo 0.005 1.4 0.8 54.45 0.8 0.004 0.002 0.156 0.002 2.6 1.40 108 2.7 0.007 0.004 0.309 0.008

Ni 0.02 17 41.60958 203 6.3 0.012 0.030 0.145 0.005 335 1315.90 817 60.72 0.239 0.940 0.584 0.043

Pb 7 5.183783 2.8 4.05467 7 12.74 4 7.56

Sb 0.0004 0 0.1 0 0.1 0.000 0.004 0.000 0.004 0 3.00 0 0.2 0.000 0.107 0.000 0.007

Se 0.005 6 2 5 0 0.017 0.006 0.014 0.000 10 4.00 16 0 0.029 0.011 0.046 0.000

Sr 0.6 212 307.7262 3090 57 0.005 0.007 0.074 0.001 292 418.00 5692 199 0.007 0.010 0.136 0.005

Ti 500 0 113.9406 0 16 0.000 0.003 0.000 0.000 0 301.00 0 12221 0.000 0.007 0.000 0.291

U 0.003 17.5 0.2 0.6 0.5 1.250 0.014 0.043 0.036 49 0.70 3.1 2.6 3.500 0.050 0.221 0.186

V 0.009 2 54.73274 0 3 0.004 0.112 0.000 0.006 2 54.73 0 4 0.004 0.112 0.000 0.008

Zn 0.3 60.5 82 266.3 19 0.003 0.004 0.013 0.001 1243 517.86 1473 1057.569 0.059 0.025 0.070 0.050

Total 493.6 2723.874 7173.25 1071.355 1.675 2.136 1.041 0.278 7912.6 329258.8 91823 38312.47 5.292 21.758 5.678 1.792

Median concentration in water (ug/L) Hazard Quotients Maximum concentration in water Hazard Quotients
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Appendix 29: Median and maximum hazard quotient for heavy metals in soil.  

 

 

 

 

 

 

Study 

area

Reference 

dose 

(mg/kg/d)

Khutsong 

(n=19)

Klarinet 

(n=24)

KZN        

(n =30)

Verena 

(n=19)

Khutsong Klarinet KZN Verena Khutsong Klarinet KZN Verena Khutsong Klarinet KZN Verena

Al 1 57 77.112 14 395 0.000 0.000 0.000 0.001 326 17782.5312 10953.54 23452.74 0.000 0.025 0.016 0.034

As 0.0003 0.1 0.464 1.674 0.13872 0.000 0.002 0.008 0.001 0.1 3.1752 2.583 2.352 0.000 0.015 0.012 0.011

B 0.2 0.4 1.202 0.215 4.03575 0.000 0.000 0.000 0.000 9.7 44.1045 5.694 47.6672 0.000 0.000 0.000 0.000

Ba 0.2 1.95 1.5 1.3 3.8 0.000 0.000 0.000 0.000 13.5 67.68 190.788 29.4 0.000 0.000 0.001 0.000

Be 0.002 0 0.06 1.386 0.511875 0.000 0.000 0.001 0.000 0 7.8408 3.66 0.98 0.000 0.006 0.003 0.001

Cd 0.001 0 0 0 0 0 0 0 0

Co 0.03 0.1 0.85392 6.622 0.99372 0.000 0.000 0.000 0.000 0.1 3.03408 16.08 4.9 0.000 0.000 0.001 0.000

Cr 0.003 0.11 8.2166 0.667 9.9372 0.000 0.004 0.000 0.005 0.7 363.528 26.208 28.5696 0.000 0.173 0.012 0.014

Cu 0.04 0.1 2.25 3.78 1.268365 0.000 0.000 0.000 0.000 0.3 13.608 9.048 6.37 0.000 0.000 0.000 0.000

Fe 0.3 31 34.35415 7.6 174 0.000 0.000 0.000 0.001 205 21284.208 11313.9 16098.46 0.001 0.101 0.054 0.077

Hg 0.0001 116 0 0.77 0 0.002 0.000 0.000 0.000 3670 0 0.78 0 0.052 0.000 0.000 0.000

Mn 0.14 2.3 13.9312 2.2 13.43525 0.000 0.000 0.000 0.000 74 425.08 756.444 145.04 0.001 0.004 0.008 0.001

Mo 0.005 0 0.14 0.39 0.31 0.000 0.000 0.000 0.000 0 3.528 0.39 1.568 0.000 0.001 0.000 0.000

Ni 0.02 0.35 1.03125 5.5885 2.15168 0.000 0.000 0.000 0.000 1.5 23 26.4 10.53 0.000 0.002 0.002 0.001

Pb 0.2 0.968 6.6 3.96716 0.2 7.62048 9.984 12.103

Se 0.005 0 0 0 0 0 0 0 0

Si 0 0 153.09 0 0 491.8032 361.13 162.19

Sn 0 0 8.94 0 0 0 9.576 0

Sr 0.6 0.5 0.4 2 1.01875 0.000 0.000 0.000 0.000 0.9 4.9005 83.46 23.9616 0.000 0.000 0.000 0.000

U 0.003 0.645 0 41.8 0 0.000 0.000 0.020 0.000 0.68 0 146.88 0.67 0.000 0.000 0.070 0.000

V 0.009 0.17 3.30955 0.615 6.1859 0.000 0.001 0.000 0.001 0.52 34.3035 23.4 21.06 0.000 0.005 0.004 0.003

Zn 0.3 0.4 1.75 0.36 1.8375 0.000 0.000 0.000 0.000 5.6 50.544 74.34 55.08 0.000 0.000 0.000 0.000

Total 211.325 147.54267 259.5975 618.59187 0.00 0.01 0.03 0.01 4308.8 40610.48946 24014.285 40103.6414 0.06 0.33 0.18 0.14

Median concentration in soil mg/kg Hazard Quotient Max concentration in soil (mg/kg) Hazard Quotient
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Appendix 30: Hazard quotient for heavy metals in eggs. BD indicates values below the detection limit. 

 

 

 

 

 

Study 

area

Reference 

dose 

(mg/kg/d)

Klarinet KZN Khutsong Verena Klarinet KZN Khutsong Verena

Al 1 25.5 28.65 35.9 23.1 0.022 0.025 0.031 0.020

As 0.0003 <0.25 <0.25 <0.25 <0.25 BD BD BD BD

B 0.2 0.8 0.8 0.7 0.8 0.003 0.003 0.003 0.003

Ba 0.2 1.9 1.85 3.55 4.9 0.008 0.008 0.015 0.021

Be 0.002 <0.25 <0.25 <0.25 <0.25 BD BD BD BD

Cd 0.001 <0.5 <0.5 <0.5 <0.5 BD BD BD BD

Co 0.03 <0.25 <0.25 <0.25 <0.25 BD BD BD BD

Cr 0.003 <0.5 <0.5 <0.5 <0.5 BD BD BD BD

Cu 0.04 <1.0 <1.0 <1.0 <1.0 BD BD BD BD

Fe 0.3 27.3 28.45 36.95 22.8 0.078 0.081 0.106 0.065

Mn 0.14 <0.5 <0.5 0.5 <0.5 BD BD BD BD

Mo 0.005 <0.5 <0.5 <0.5 <0.5 BD BD BD BD

Ni 0.02 <0.5 <0.5 <0.5 <0.5 BD BD BD BD

Pb <1.0 <1.0 <1.0 <1.0 BD BD BD BD

Se <1.0 <1.0 <1.0 <1.0 BD BD BD BD

SR 0.6 0.8 0.95 0.7 1.9 0.001 0.001 0.001 0.003

V 0.009 <1.0 <1.0 <1.0 <1.0

Zn 0.3 19.6 17.9 18.5 20.65 0.056 0.051 0.053 0.059

Total 0.169 0.170 0.208 0.171

Concentration in egg mg/kg Hazard Quotient
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Appendix 31: Median and maximum hazard quotient for heavy metals in meat. Values greater than the acceptable level of 1 are 

highlighted. BD indicates values below the detection limit. 

 

 

 

 

 

Study 

area

RfD 

(mg/kg/d)

Klarinet Verena Khutsong KZN Klarinet Verena Khutsong KZN Klarinet Verena Khutsong KZN Klarinet Verena Khutsong KZN

Al 1 46.5 31.35 62.1 10.9 0.027 0.018 0.035 0.006 152.5 157.6 305 570.1 0.087 0.090 0.174 0.326

As 0.0003 BD BD BD 0.15 BD BD BD 0.029 BD BD 0 0.2 BD BD 0.000 0.038

B 0.2 BD BD 5 0 BD BD 0.014 0.000 BD BD 5 0 BD BD 0.014 0.000

Ba 0.2 BD BD 3 BD BD BD 0.009 BD BD BD 3 0 BD BD 0.009 0.000

Be 0.002 BD BD BD BD BD BD BD BD BD BD 0 0 BD BD 0.000 0.000

Cd 0.001 BD BD BD 0.2 BD BD BD 0.114 BD BD 0 0.2 BD BD 0.000 0.114

Co 0.03 BD BD 0.2 BD BD BD 0.004 BD BD BD 0.2 0 BD BD 0.004 0.000

Cr 0.003 0.1 0.1 0.1 0.1 0.019 0.019 0.019 0.019 0.5 1.8 0.4 1 0.095 0.343 0.076 0.190

Cu 0.04 2.3 1.5 1.2 0.85 0.033 0.021 0.017 0.012 3.3 3.3 15.1 3.2 0.047 0.047 0.216 0.046

Fe 0.3 37.8 37.7 63.7 18.5 0.072 0.072 0.121 0.035 169.6 135.5 140 548.3 0.323 0.258 0.267 1.044

Pb BD 0.4 2.4 0.5 0 0.4 2.4 0.5

Mn 0.14 0.4 0.6 2.2 0.4 0.002 0.002 0.009 0.002 2.9 3.3 6.3 2.5 0.012 0.013 0.026 0.010

Hg 0.0001 BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD

Mo 0.005 0.7 0.7 0.7 0.5 0.071 0.071 0.071 0.051 0.8 0.7 0.7 0.5 0.082 0.071 0.071 0.051

NI 0.02 BD BD 0.2 BD BD BD 0.006 BD 0 0 0.2 0 BD BD 0.006 0.000

Se 0.005 BD BD BD BD BD BD BD BD 0 0 0 0 BD BD 0.000 0.000

Sr 0.6 0.1 0.1 0.1 0.1 0.000 0.000 0.000 0.000 0.1 0.1 7.3 0.2 0.000 0.000 0.007 0.000

U 0.003 BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD

V 0.009 BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD BD

Zn 0.3 20.75 22.7 27 19.6 0.040 0.043 0.051 0.037 53 37 54.3 44 0.101 0.070 0.103 0.084

Total 108.65 95.15 167.9 51.8 0.26 0.25 0.36 0.31 382.7 339.7 539.9 1171 0.75 0.89 0.97 1.90

Median concentration in meat mg/kg Hazard Quotient Max concentration in meat mg/kg Hazard Quotient 
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Appendix 32: Median and maximum hazard quotient for heavy metals in vegetables. Values greater than the acceptable level of 1 are 

highlighted. BD indicates values below the detection limit. 

 

 

Study 

area

Reference 

dose 

(mg/kg/d)

KZN   

(n=29)

Khutsong 

(n=26)

Klarinet 

(n=18)

Verena (n=21) KZN Khutsong Klarinet Verena KZN Khutsong Klarinet Verena KZN Khutsong Klarinet Verena

Al 1 185 88.5 90.64 172 0.66 0.32 0.32 0.61 2427 5032.1 504 1103.36 8.67 17.97 1.80 3.94

As 0.0003 0.3 0.3 BD BD 3.57 3.57 BD BD 0.4 0.5 BD BD 4.76 5.95 BD BD

B 0.2 1 2 1.518 2 0.02 0.04 0.03 0.04 5 17 5 8.228 0.09 0.30 0.09 0.15

Ba 0.2 2.5 6.5 2 7.1 0.04 0.12 0.04 0.13 56 152 3 70.72 1.00 2.71 0.05 1.26

Be 0.002 BD BD BD BD BD BD BD BD 0 0 0 0 BD BD BD BD

Cd 0.001 BD 0.35 BD BD BD 1.25 BD BD 0 0.6 0 0 BD 2.14 BD BD

Co 0.03 0.1 0.35 BD 0.15 0.01 0.04 BD 0.02 1.4 3.6 0 0.2 0.17 0.43 BD 0.02

Cr 0.003 0.2 0.5 0.5 0.3 0.24 0.60 0.60 0.36 5.7 37.4 1.014 3.84 6.79 44.52 1.21 4.57

Cu 0.04 0.7 0.95 0.674 2.0855 0.06 0.08 0.06 0.19 3.1 4.7 0.777 3.168 0.28 0.42 0.07 0.28

Fe 0.3 63 100.5 65.12 110 0.75 1.20 0.78 1.31 2554 5212.8 242 1020.8 30.40 62.06 2.88 12.15

Pb 0.2 0.95 0.4 0.4 4.1 9.1 1.21 1.888

Mn 0.14 2.2 28 4.9 7.1 0.06 0.71 0.13 0.18 22 834 22 73 0.56 21.28 0.56 1.86

Hg 0.0001 BD 26 18.5 7 BD 0.93 0.66 0.25 0 114 28 30 BD 4.07 1.00 1.07

Mo 0.005 0 0 0 0.5 0.00 0.00 0.00 0.36 0 0.4 0 8 BD 0.29 BD 5.71

Ni 0.02 0.1 0.2 0.221 0.3 0.02 0.04 0.04 0.05 3.1 5.3 0.4 1.248 0.55 0.95 0.07 0.22

Se 0.005 BD BD BD BD BD BD 0 0

Si BD BD 35.265 89.48 BD BD 134.16 174.08

Sr 0.6 4.6 3.45 3 4.6 0.03 0.02 0.02 0.03 25.1 93.7 14 26.356 0.15 0.56 0.08 0.16

U 0.003 5 20 0 6 0.01 0.02 0.00 0.01 12 36 0 92.88 0.01 0.04 BD 0.11

V 0.009 0 0 0 0 0.00 0.00 0.00 0.00 6.5 11.4 1 3.776 2.58 4.52 0.40 1.50

Zn 0.3 6.9 6.95 8.232 12.351 0.08 0.08 0.10 0.15 26 43 22 50 0.31 0.51 0.26 0.60

Total 5.55 9.01 2.76 3.67 56.32 168.73 8.48 33.61

Median concentration in vegetables mg/kg Hazard Quotient Max concentration in vegetables mg/kg Hazard Quotient


