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Abstract 

Mine water chemistry and its evolution has been the focus of various studies. However, these 

studies were primarily based on data from underground mines, pit lakes and mining waste dumps. 

Backfilled opencast mines have received limited attention in this regard and were postulated to 

undergo an initial flush, in a similar fashion to underground mines. Previous work in the prediction of 

mine water quality focussed on the fitting of an idealised decay rate curve to existing mine water 

chemistry data, analytical calculations, simplified geochemical modelling approaches and numerical 

transport models. This study has taken components from these approaches to predict the evolution 

of mine water quality from backfilled opencast mines, during the initial flush, but with an additional 

component, defining it as a new approach. This component is calibration of geochemical modelling 

data and numerical flow and transport modelling data, with existing groundwater monitoring data 

over a short term, relative to the duration of the initial flush. Laboratory analyses were further used 

to augment the calibration process in various steps. Results obtained show that the initial flush in 

backfilled opencast mines is likely to last 20 to 100 years, depending on site specific conditions. To 

further understand this duration, speciation modelling and statistical analysis was undertaken to 

determine controlling mineral phases in solution at backfilled opencast coal mines. Pyrite, gypsum, 

calcite, kaolinite and possible smectite were identified as the major controlling mineral phases in 

mine water chemistry of backfilled opencast coal mines at the study sites used for this thesis. Based 

on the understanding of the controlling mineral phases in solution and the calibrated mine water 

quality predictions made, the study also proposed the maximisation of water addition to backfilled 

opencast coal mines as a means to accelerate the initial flush, potentially turning contaminated mine 

water into a resource. 
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1 Introduction 

1.1 Context of the study  

Post-opencast mining hydrogeological conditions in the Mpumalanga Coalfields are often associated 

with the release of contaminated mine water and transport of sulfate, acid and (semi-)metals (Bell et 

al., 2001). These contaminants can be sourced directly from backfill materials and pit walls that, 

even under the strictest rehabilitation criteria, continue to produce at least partial contamination of 

the surrounding Karoo aquifers (Pinetown and Boer, 2006). However, in many cases, only an 

indication of post-mining contamination potential can be provided, based on current geochemical 

analyses and applications in the South African context (Pinetown and Boer, 2006). With coal 

resources steadily becoming depleted in this area, increasing mine closures can be expected (Usher 

and Vermeulen, 2006). Therefore, advanced conceptualisation, quantification and management 

strategies will be required to ensure that the impact that collieries have on the groundwater 

environment, are kept to a minimum (Gomo and Vermeulen, 2013). Taking these factors into 

account, a novel method is presented in this study which combines various analytical and numerical 

approaches to the modelling of the initial flush in backfilled opencast coal mines. It has been 

compiled specifically from a consulting perspective by combining known methods/facts into a usable 

tool for situations where predictions are required with a restricted number of samples. This will 

ensure not only protection of water resources for future generations, but also water supplies for 

current groundwater users in the Mpumalanga Coalfields.  

The premise of this study is that short term monitoring data can be used to determine the 

geochemical behaviour of a source term i.e. a backfilled opencast mine, even if detailed source 

characterisation has not been performed. Monitoring data provides insight into the behaviour of the 

source and with a basic understanding of the source composition, a representative simulation of its 

geochemical behaviour can be performed if it is calibrated against existing monitoring data. This is 

not to say that the simulation is perfect or completely representative of the conditions on site. There 

could be hundreds of different input sets for the simulation which produce the monitoring results. 

However, if the simulation does reproduce the monitoring data successfully, it is a possible way of 

determining future data at least reasonably reliably. Therefore, a large amount of input data and 

source characterisation is not required. The more input data available from source characterisation, 

the more precise the input into the simulation, reducing the allowable variance. However, if limited 

data is available a larger variance may be applied within statistically calculated boundaries for the 

input data to simulate the system. Therefore, with source characterisation data available such as 

that provided in this study (leach tests and mineralogical analyses/ABA) the variance of input data 

for the simulation is already reduced. Limited source characterisation data is the norm in the 

hydrogeological consulting environment in South Africa. Combined with short term monitoring data 

the model could be calibrated reliably as the monitoring data provides insight into the behaviour of 

the source term. Therefore, long term estimations could be made about the evolution of mine water 

flowing from the backfilled opencast mine. This is the novelty of the study and addresses a gap in the 

knowledge currently available for the modelling of the initial flush. 

Further to this, the study addresses the modification of current backfill and rehabilitation methods 

for opencast coal mines. Current practice dictates that acid generating material is deposited at the 

base of the opencast mine and flooded as soon as possible while non-acid generating material is 

deposited at the top of the backfill spoil pile. While this proves effective in minimising contamination 
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and management of long term mine water evolution it does not address the accelerated depletion 

of a source which can lead to an exploitable resource. An additional novelty to this study is the 

exploration of a rehabilitation method to accelerate source depletion through the initial flush to 

return to a state of equilibrium as quickly as possible where the flooded mine can be exploited as a 

water resource.  

1.2 Problem Statement 

Quantification and understanding of contaminant release from rehabilitated opencast mines is 

extremely lacking in the South African context, even with advances in geochemical modelling 

techniques being made internationally such as the studies by Evans et al. (2003), Eriksson and 

Destouni (1997) or Banwart and Malmstrom (2001). The implementation and advancement of these 

techniques are imperative if accurate mine water quality calculations are to be made in the 

Mpumalanga Coalfields, ensuring proper aquifer management.  

Further to the lack of modelling of contamination is the quantification of mineral assemblages 

common to the Karoo aquifers. These mineral assemblages and their associated field scale 

weathering rates are poorly documented in literature. Additionally, as noted in various studies, field 

scale weathering rates could differ considerably from laboratory derived rates (Gzyl and Banks, 

2007). However, as a best estimate, laboratory derived weathering rates are still considered in 

geochemical modelling. This could potentially be improved by geochemical calibration, a currently 

emerging practice in geochemical modelling. 

Currently, oxygen ingress rates are mostly assumed to be as low as possible for backfilled opencast 

mining environments, rather than being measured. Again, oxygen can play a key role in the 

contamination released, especially in terms of pyrite oxidation. Therefore, improved estimates could 

be made by calibrating geochemical models and by basing assumptions and geochemical models on 

sound conceptual models. Advanced ground vapour surveys, to depth, are additionally proposed for 

further certainty, but will not be addressed in this study. 

One of the strongest controlling factors in contaminant release rates are the reactive mineral surface 

areas. Methods currently exist for quantification of this parameter such as the Brunauer, Emmett 

and Teller (BET) method (Brunauer et al., 1938). This parameter could also be estimated from grain 

size distribution using a shrinking core model as well as geochemical model calibration (Gautier et 

al., 2001). 

An improved understanding and quantification of the above-mentioned specifications, along with 

sensitivity analyses, could provide methods for potential manipulation of contaminant breakthrough 

curves. This can be achieved by using adaptive rehabilitation methods. In turn, the improved 

rehabilitation methods are likely to lower expenditures in both an environmental as well as 

operational context, potentially turning rehabilitated opencast mines into groundwater reservoirs. 

Selective placement of overburden material in decommissioned opencast mines could aid greatly in 

the management and prediction of the hydrogeochemistry from these mine sites (Deysel et al., 

2014, Betrie et al., 2013). Understanding of the mineralogy and geochemistry of backfill materials 

will aid in placement of these materials as well as the development of groundwater sampling 

programmes for backfilled opencast coal mines. This understanding could imply changes to current 

rehabilitation practices with regards to selective placement (acid generating base, non-acid 
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generating top) to accelerate the initial flush to return to background conditions as quickly as 

possible. This may serve as an alternative to long term mine water management. 

Further to this is the advancement of laboratory techniques to characterise waste materials. A 

simple example of this would be to determine oxidisable sulfur from backfill samples as opposed to a 

total sulfur analysis during ABA to give an indication of acid generation capacity as shown in the 

Modified Sobek method (Lawrence and Marchant, 1991). Simple modifications to current laboratory 

practices and methods may further advance the prediction of the initial flush in this way. 

1.3 Investigation Objectives 

In order to further explain the problem statement of the study, the following objectives are defined: 

 Improve the understanding of overburden mineralogy and geochemistry associated with 

coal mining overburden with respect to the Vryheid Formation 

 Assess the efficiency of a newly proposed methodology for modelling and prediction of the 

initial flush and transient release of contamination from a backfilled opencast coal mine with 

special focus on sulfate 

 Conduct a sensitivity analysis of modifications to the current rehabilitation practice of 

selective placement of backfill material (acid forming base, non-acid forming top) in order to 

manipulate the geometry of sulfate breakthrough curves from rehabilitated opencast mines. 

This will be based on the interpretation of available and acquired data as well as 

geochemical and transport modelling. 

 Develop a recommendation for the backfilling of opencast coal mines in South Africa. 
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2 Literature Review 

2.1 Introduction 

The following sections aim to provide a systematic description of opencast coal mining in the 

Mpumalanga Province in South Africa. They describe the geological setting, central coalfields, seams 

mined and the common mining methods of the area. Additionally, the hydrogeological and 

geochemical conditions likely to be associated with decommissioned opencast collieries are 

reviewed. 

2.2 Geological Setting of the Study Area 

2.2.1 Introduction 

Coal mining in South Africa occurs predominantly in the Karoo Supergroup sedimentary rocks 

(Pinetown et al., 2007). The major coalfields of the country are situated within this Supergroup 

(Figure 2), with the Mpumalanga Coalfields, which are the focus of this study, situated within the 

Ecca Group in the Mpumalanga Province (Pinetown et al., 2007, Jeffrey, 2005). The five coal seams 

of the Mpumalanga Coalfields are contained within the Ecca Group’s Vryheid Formation (Johnson et 

al., 2006) which consists mainly of sandstones and shales (Figure 1). A systematic description of this 

formation is given in the following paragraphs. The overlying Volksrust Formation is not discussed, as 

it is not developed or it is completely eroded in the Central Mpumalanga Coalfield. A brief 

description of the Underlying Dwyka Group is given, but the underlying Pietermaritzburg Formation 

is omitted from discussion as this formation is also undeveloped in the Central Mpumalanga 

Coalfield (Johnson et al., 2006).  

2.2.2 Coal Genesis in the Ecca Group 

Snyman (1998) ascribes the genesis of coal in the Ecca Group as a terrestrial deposition on a gently 

subsiding shelf platform, which is represented by fluviodeltaic sandstones. These sandstones 

eventually thin to mudstones and siltstone facies. The coal was formed in valleys in the Pre-Karoo 

basement, which were formed by glaciers and ice-sheets during the Dwyka Group deposition 

(Snyman, 1998). Upon the retreat of the glaciers and ice-sheets during the formation of the Ecca, 

these valleys were transformed into pro-glacial lakes and eventually swamps (Hancox and Götz, 

2014). There, the lower-most coal seams of the Ecca were deposited and the pre-Karoo topography 

strongly influences the distribution of the coal seams (Snyman, 1998). Due to shallowing of the 

valleys, meandering and bifurcating streams as well as deltaic sedimentary deposits were formed 

along with further coal seams (Ruckwied et al., 2014, Holland et al., 1989).  
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Figure 1: Stratigraphic column of the typical lithologies of the Dwyka and Vryheid Formations 
modified after Johnson et al. (2006) 

2.2.3 The Vryheid Formation 

The Vryheid Formation corresponds to the Mpumalanga Coalfields in the Karoo Supergroup and can 

be subdivided into two distinct intervals: a lower fluvial dominated deltaic interval and a middle 

fluvial interval (Johnson et al., 2006).  

The base of the lower fluvial deltaic dominated interval is characterised by an upward coarsening 

sequence of muddy siltstones deposited in anoxic shelf suspension conditions. This is overlain by a 

facies of bioturbated immature sandstones, siltstones and mudstones on a centimetre to decimetre 

scale. Above this facies, is a facies of mouth-bar sediments. Distal mouth-bar sediments are found in 

the form of laminated, medium-grained sandstone, followed by ripple cross-laminated fine grained 

sandstone and siltstone. The proximal mouth-bar sediments are present as cross-stratified medium 

to coarse-grained sandstones. This mouth-bar facies is overlain by coarse to pebbly feldspathic 

sandstone (Johnson et al., 2006). 

The middle fluvial interval includes up to six upward fining cycles which are typically sheet-like in 

geometry. Coarse-grained to pebbly immature sandstones can be found at the erosional base of this 

interval. These sandstones have an abrupt upward transition into fine-grained sediments and coal 

seams. Most of the economically important coal seams occur in this interval which grades into 

deltaic sediments in the southwest (Johnson et al., 2006). 
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2.2.4 The Dwyka Group 

The sediments of the Dwyka Group are the glacial precursor to the Ecca Group. This group is 

estimated to be of late Carboniferous to early Permian age (Tankard et al., 2009). The Dwyka 

consists, from base to top, of three diamictite facies: the massive diamictite facies, the stratified 

diamictite facies and the massive carbonate-rich facies, all of which are considered to have been 

deposited in a marine basin (Johnson et al., 2006, Tankard et al., 2009). Therefore, the predominant 

lithologies of this group are diamictite, tillite and varved sediments formed due to glacial and 

paraglacial conditions (Glasspool, 2002). Diamictite, varved-siltstones, pebbly mudstones, fluvio-

glacial gravel and conglomerates are common in this group (Zhao et al., 2010). 

2.2.5 Coalfields 

Coalfields in Mpumalanga are divided into three distinct areas, which also contain the mines 

investigated in this study (Figure 2): the Witbank Coalfield, the Highveld Coalfield and the Ermelo 

(Eastern Transvaal) Coalfield (Vermeulen and Usher, 2005, Snyman, 1998). Commonly, these 

coalfields contain five discernible coal seams within the Ecca Group, numbered No. 1 to No. 5 from 

deepest to shallowest (Cadle et al., 1993, Snyman, 1998). The environments forming the coal seams 

in this area from seam No. 1 to seam No. 2 are interpreted to have been of a paraglacial nature 

while the No. 3 to No. 5 seams were deposited in a deltaic environment. The distribution of the 

seams is controlled by the Pre-Karoo and Dwyka topographies, influencing continuity and 

depositional mode of the predominantly horizontally deposited coal seams (Glasspool, 2002, 

Snyman, 1998). The coal seams are disturbed by doleritic intrusions and faults (Johnson et al., 2006). 

These coalfields and their respective coal seams are described in the following paragraphs. 

2.2.6 The Witbank Coalfield 

The Witbank Coalfield stretches from Springs in the west, past Belfast and Carolina in the east of the 

Mpumalanga Province and contains approximately 16.2 Gt of coal. This coal is contained within the 

Vryheid Formation of the Karoo Supergroup (Glasspool, 2002). A description of the Witbank 

Coalfield coal seams after Jeffrey (2005) is given below: 

 The No. 1 coal seam is commonly 0 to 3 m thick and is patchily developed. This can be 

attributed to the undulating pre-Karoo topography. 

 The No. 2 coal seam is commonly 4.5 to 20 m thick. It contains up to 6 different coal 

quality zones and is the most economically important seam for steam coal export in the 

area. 

 The No. 3 coal seam is commonly 0.5 m thick and of a high quality. However, it is 

generally considered to be uneconomic to mine. 

 The No. 4 coal seam is generally split into three seams by mudstone partings. These 

seams are called the No. 4A, No. 4 Upper and No. 4 Lower Seams. The seams are of 

economic value but are generally of a lower quality than the No. 2 seam. 

 The No. 5 coal seam is the shallowest and is generally an erosional remnant. It is 

commonly between 0 and 2 m thick. 

The above-mentioned seams are generally flat lying to gently undulating and are intruded by dykes 

and sills of various thicknesses. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



7 

 

 

Figure 2: Extent of the Witbank, Highveld and Ermelo Coalfields including the locations of the 

investigated opencast coal mines in Mpumalanga, South Africa modified after Snyman (1998) 

2.2.7 The Highveld Coalfield 

The Highveld Coalfield of the Mpumalanga Province stretches from Springs in the west, past Bethal 

in the east (Glasspool, 2002). A description of the Highveld Coalfield coal seams after Jeffrey (2005) 

is given below: 

 The No. 1 coal seam is generally thin and predominantly discontinuous. 

 The No. 2 coal seam is generally 1.5 to 4 m thick and contains irregular shale partings of 

0.1 to 1 m thickness. No quality zonation is present in the No. 2 coal seam in this 

coalfield, as opposed to the Witbank Coalfield. 

 The No. 3 coal seam is commonly thin and discontinuous. It also commonly displays a 

poor quality. 

 The No. 4 coal seam is generally split into three seams by sandstone partings. These 

seams are called the No. 4A, No. 4 Upper and No. 4 Lower Seams. The total combined 

thickness of the No. 4 Upper and No. 4 Lower coal seams varies between 1 and 12 m. 

The No. 4 Upper coal seam commonly has a thickness varying between 1 and 4 m. The 

No. 4 Lower coal seam commonly has a thickness varying between 4 and 12 m. These 

seams commonly have a sandstone parting with a thickness varying between 2 and 15 

m. The No. 4A coal seam occurs above the No. 4 Upper seam in places, but is thin and 
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discontinuous. The seams are laterally continuous and of the highest economic value in 

the Highveld Coalfield. 

 The No. 5 coal seam is commonly 1 to 2 m thick. 

 Faults, dykes and sills commonly intruded the Highveld Coalfield. 

2.2.8 The Ermelo (Eastern Transvaal) Coalfield 

The Ermelo (Eastern Transvaal) Coalfield stretches from Hendrina in the west, past Ermelo and 

Carolina in the east of the Mpumalanga Province (Glasspool, 2002, Pinetown et al., 2007). Five coal 

seams are present in the Ermelo Coalfield, of which the nomenclature does not correspond to that 

of the Highveld and Witbank Coalfields. The Ermelo Coalfield coal seams are alphabetically 

numbered from A (top) to E (bottom) and the distribution of these coal seams are affected by the 

topography of the pre-Karoo basement and the present day erosional surface. A description of these 

coal seams after Jeffrey (2005) is given below: 

 The E seam is the deepest coal seam in the Ermelo Coalfield and is commonly 0 to 3 m 

thick. 

 The D seam is commonly 0.6 m thick. 

 The C seam is commonly split into two seams. These seams are called the C Lower seam 

and the C Upper seam. The C Lower seam is commonly 1.5 m thick with sandstone 

partings in its upper section. The C Upper seam is commonly well developed and varies 

between 0.7 and 4 m in thickness. Sandstone, mudstone and siltstone partings 

commonly split the C Upper seam into two to three partings. 

 The B seam is commonly split into two seams. These seams are called the B Lower seam 

and the B Upper seam. These seams may coalesce in the south of the Ermelo Coalfield 

and commonly have a combined thickness of 0 to 3 m. 

 The A seam, which is generally removed by erosion, is commonly 0 to 1.5 m thick. 

 The coal seams of the Ermelo Coalfield generally dip gently to the southwest and are 

intruded by dykes and sills. 

2.2.9 Mineralogy Associated with the Mpumalanga Coal Seams 

Based on studies by Zhao et al. (2010) coal in the Ecca Group most likely formed in fluvial conditions 

with the roof and floor sediments being delta-dominated deposits. This points to formation in a 

saline environment such as a sea shelf. Primary and secondary minerals in these strata as identified 

by Zhao et al. (2010), include calcite, dolomite, halite, gypsum, anhydrite, sylvite or sylvine, 

carnallite, hydrated chlorite and thenardite. They also found that sandstone and carbonaceous 

shales of the roof materials contain more leachable Na, especially to the southern parts of the 

Mpumalanga Coalfields. Effects of the above mentioned mineral phases on mine water chemistry is 

evident in the elevated total dissolved solids, alkalinity, SO4, Ca and Cl concentrations identified in 

samples  from the mining sites in Zhao et al. (2010) and Pinetown and Boer (2006). 

2.3 Surface Coal Mining in South Africa 

One of the most popular surface mining methods for coal is opencast or strip mining (Hartman and 

Mutmansky, 2002). Opencast mining entails the excavation of overburden material and casting of 

this material into adjacent mined-out panels. Therefore, the operation commonly consists of the 
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excavation of material and casting into a void by a single machine, which minimises material 

handling costs, maximises profit and also confines the mining operation to a much more localised 

space where rehabilitation can commence even during the life of mine. The typical dimensions of 

the opencast strip are: 30 to 60 m for the height of the highwall, 23 to 45 m for the width of the 

open cut, 60 to 70° for the slope of the highwall and 35 to 50° for the slope of the spoils. Overburden 

stripping and mining may be performed by using load and haulage equipment in smaller scale 

opencast mines, while larger scale opencast mines commonly use draglines for overburden stripping 

while load and haulage equipment is strictly used for mining of the seam. An additional method for 

overburden casting is cast blasting which, with proper blasting designs, can cast between 40 and 

60% of overburden material into adjacent voids, which may save costs (Hartman and Mutmansky, 

2002). 

The sequence of opencast mining can be described as follows: initial drilling takes place using the 

drilling equipment suitable to the type of overburden. After drilling, blasting takes place, commonly 

using ammonium nitrate emulsions which can be loaded into blasting holes by hand or in bulk by 

machine. This is followed by excavation of overburden by dragline or any other suitable method, 

followed by haulage, if required, to the area of deposition (Hartman and Mutmansky, 2002). 

Once this process is complete, the cleaning of the deposit commences using a rotary brush or dozer, 

after which drilling into the deposit takes place (Figure 3). This is followed by blasting or ripping, 

depending on the deposit. Excavation of the blasted deposit in South Africa then commonly takes 

place by load and haulage. Opencast mining of coal in South Africa is especially suited to the deposit 

due to most of the coal deposits being relatively flat, continuous and shallow (Hartman and 

Mutmansky, 2002). 

 

Figure 3: Opencast mine strip in Mpumalanga 

2.4 Rehabilitation of Opencast Coal Mines in South Africa 

2.4.1 Introduction 

The Minerals and Petroleum Resources Development Act of South Africa requires the holder of the 

prospecting permit or mining authorization to rehabilitate the surface of land concerned according 

to the following requirements (Department of Mineral Resources, 2002): 

 In accordance with the environmental management plan approved in terms of section 

39; 

 As an integral part of the prospecting or mining operations; 

 Simultaneously with those operations, unless the Director Mineral Development agrees 

otherwise and 

 To the satisfaction of the Director Mineral Development. 
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Therefore, the common remediation method applied to opencast mines in South Africa is concurrent 

rehabilitation, which is followed by restoration of soils. However, additional factors also commonly 

influence rehabilitation practice in South Africa in terms of the regeneration priorities. These factors 

are summarised below after Limpitlaw et al. (2005): 

 Restoration of the land surface should be performed to such a standard that the pre- 

mining land use can be supported 

 Restoration of the ecological function of the mined area should be performed. In the 

case of a degraded area, the ecological function should be improved after mining 

 Alternative use of mining infrastructure should be investigated if this is an economically 

justifiable option. If this option proves to be uneconomic, the mining infrastructure 

should be removed and the area should be rehabilitated to pre-mining conditions 

 Current and future impacts on water quality and water supply should be kept to a 

minimum 

 Stimulation of economic activity should be maximised in conjunction with education and 

subsequent job creation 

 Development projects must be implemented to enable equitable community 

participation and upliftment post-mining.  

 Skills and literacy training must be implemented to uplift communities.  

2.4.2 Rehabilitation Methods 

As described, South African law requires concurrent rehabilitation for opencast mines. Yet, as 

Tanner (2007) pointed out, very little technical information is available in South Africa, in terms of 

the methods used for rehabilitation to avoid or reduce acid rock drainage formation from 

overburden materials. However, international authors have published work in this regard.  

Skousen et al. (1998) compiled a hand book of various methods that can be employed to reduce the 

ARD production from overburden materials during and after backfilling of opencast mines. They 

suggested options such as the addition of bactericides, which are anionic surfactants that can be 

applied to freshly excavated materials in liquid form to minimise bacteriological activity and 

subsequent disulfide oxidation. Another method proposed is the addition of alkaline materials to 

backfill in order to raise pH and potentially prevent disulfide oxidation (Skousen et al., 1998, 

Wisotzky, 2001). Alkaline material may be added by blending the materials (Figure 4) or as stratified 

layers within overburden backfill material (Skousen et al., 1998). This is sometimes referred to as 

blending of the material and can also form precipitates which limit water movement through the 

material. 
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Figure 4: Mixing of Acid Generating Overburden Material with Lime to Minimise Acid Generation 
Modified After Wisotzky (2003) 

In a post-mining scenario, alkaline recharge structures may be constructed within the backfill 

material to allow for elevated recharge focussed in certain areas of the opencast mine. These 

structures are filled with alkaline material which will dissolve and enter the groundwater with the 

increased recharge, subsequently raising pH and reducing disulfide oxidation (Skousen et al., 1998). 

Calcium and magnesium oxides, as well as coal combustion by-products such as fly-ash, have also 

been successfully used to mitigate acid rock drainage in opencast mines. These materials are 

commonly distributed on opencast mine floors and substantially raise the pH of inflowing water, 

while forming sealing precipitates on the opencast mine floor. This reduces the ingress of oxygen to 

also prevent further oxidation of disulfides while providing alkalinity to inflowing water. This is 

performed before backfilling the mined void with overburden material (Skousen et al., 1998). 

Organic wastes and sewage sludge have been suggested as an additive to acidity producing backfill 

materials. The bacteriological activity in these materials is likely to generate reducing conditions 

within the backfill material, while also adding alkalinity, minimising disulfide oxidation and raising 

the pH (Skousen et al., 1998).  

Selective handling of overburden material is another method that can be considered (Betrie et al., 

2013), where acid producing materials are disposed of in such a manner that the material is readily 

inundated after mine flooding. This requires the segregation of acid producing material and non-acid 

producing material during mining, with acid producing material placed at the base of an opencast 

mine. This method is dependent on the speed of mining to be effective, where continuous mining 

and backfilling, with no intermissions of mining activities show the best results for ARD prevention 
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(Skousen et al., 1998). This method is often prescribed by hydrogeologists working in the opencast 

coal mining industry but is more likely to be effective when combined with additional measures 

(Cravotta et al., 1994, Sahoo et al., 2013). 

However, the most common method of minimising ARD formation is regrading and revegetation. 

This method promotes evapotranspiration by plants while reducing recharge and flows through 

pyritic spoils. Adding limestone to backfill material, along with this approach, may potentially 

improve mine water quality to the point of compliance with effluent limits (Skousen et al., 1998). 

Additionally, Tanner (2007) compiled guidelines based on existing knowledge at the time. He drafted 

a technical document, outlining methods of accepted soil and overburden stockpiling and 

rehabilitation, during and after coal mining in South Africa. 

As discussed, concurrent backfilling of the opencast mine should take place during mining. Spoil 

shaping usually takes place after mining, which is explained by Tanner (2007) as the reshaping and 

placement of the spoils to create the final desired topography. This topography should be free-

draining with slopes designed to ensure the minimisation of erosion, where slopes range between 

gradients of 1:5 to 1:7 for grazing land and 1:10 to 1:14 for arable land. It is imperative that the final 

topography design is also updated accordingly, as hard materials may expand by as much as 25% 

while soft materials may compact by as much as 15%, commonly referred to as the bulking factor. 

This has substantial implications for the original landform design, when the variation in the deposit is 

encountered and the volume of material to be removed varies accordingly. Therefore, continuous 

monitoring should take place during mining to ensure that the original landform design is adapted 

according to the volumes of spoil encountered. 

Another important factor of surface mine rehabilitation, as identified by Tanner (2007), is the 

replacement of the soil profile post-mining. This is performed after the establishment of the final 

post-mining topography and the soils should be replaced in the same sequence in which they were 

stripped. The current method for soil replacement in South Africa is by truck and shovel methods, 

replacing the soil in a single lift. Bowl scrapers can be used to assemble soil profiles in the correct 

sequence, but this is unfortunately not the current practice in South Africa. The following actions are 

considered to be best practice for soil rehabilitation in South Africa after Tanner (2007): 

 A plan should be drafted prior to mining, according to which the soils must be replaced. 

The soils must also be stripped and stockpiled according to form, prior to mining 

 A reserve of additional soils should be kept to repair areas of localised surface 

subsidence 

 Compaction of soils must be kept to a minimum. This can be achieved by using the 

appropriate equipment. Additionally, soils should be replaced to the greatest possible 

thickness in single lifts 

 Movement or transport of soils should be performed when the soil is in a dry state. This 

will aid in the minimisation of soil compaction. Wet soils should be moved strictly by 

truck and shovel methods 

 In the event of restoration of multi-layered soil profiles, compaction of lower soil layers 

by heavy equipment must be kept to a minimum 

 Compaction of soils during smoothing can be minimised by using dozers instead of 

graders 
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 Restored soils must be ripped to a sufficient depth for full root establishment of 

vegetation cover 

 In the event that the natural re-vegetation of the area is not feasible, the restored soils 

must be tilled in order to create a seed-bed for the selected plant species utilised for 

artificial seeding. 

Based on Tanner (2007), ponding of water on surface, increased groundwater make and surface 

cracking can be deduced in terms of rehabilitated land in South Africa and the associated challenges. 

Ponding of Water on Surface 

Ponding of water on the surface of a post-mining landscape is commonly dealt with using trenches 

and cut-off drains in the backfilled spoils and rehabilitated soils. The drains are inspected on a 

regular basis to ensure that residual subsidence is controlled and maximum efficiency is retained. 

Increased Groundwater Make 

Increases in groundwater make can be reduced by planting trees and additional vegetation to 

increase evapotranspiration. Additional to this is the drainage of surface water ponding as 

mentioned above. 

Surface Cracking 

Surface cracking is commonly associated with underground mining. This could also potentially be 

observed during subsidence of spoils in backfilled opencast mines. Cracking can be rehabilitated by 

infilling of these cracks with soil using an excavator. However, if the severity of cracking is low and 

deep cracks have not been developed, the surface could also be rehabilitated by deep agricultural 

ripping. 

2.5 Mine Water 

Wolkersdorfer (2008) describes mine water as water that enters mining sites and comes into contact 

with primary and secondary minerals under oxidising conditions. The water can then potentially 

dissolve certain elements from these minerals, given a suitable set of redox potential and proton 

activity conditions. In the presence of disulfide minerals such as pyrite, acidity may form in the water 

due to the oxidation of these minerals. The formed acidity may likely also dissolve other elements 

from mineral phases, liberating additional contaminants into solution. This type of solution, given a 

net-acidic character, is often referred to as acid rock drainage, acid mine drainage or acid mine 

water. Acid mine drainage commonly has a pH lower than, or equal to 6 (Wolkersdorfer, 2008, 

Nordstrom, 2011). When this water comes into contact with carbonate mineral phases, buffering 

reactions may occur, neutralising the formed acidity. This is commonly referred to as circumneutral 

mine water which may have a pH ranging between 6 and 8. Further buffering of the water may 

create possible alkaline mine drainage which commonly has a pH above 8. Wolkersdorfer (2008) also 

states that the importance of microbial activity in this system cannot be ignored. Although the first 

step in disulfide oxidation is inorganic, the subsequent processes are catalysed biologically by the 

metabolic processes of microorganisms. 
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2.6 Mine Water Management 

2.6.1 Introduction 

There are numerous systems available for mine water treatment and management (Table 1). These 

systems can be divided into two categories (Geller and Schultze, 2013, Wolkersdorfer, 2008, Younger 

et al., 2002): active systems and passive systems. They are described here to provide a compilation 

of potential treatment technologies, though the information is not explicitly used further in the 

thesis. 

Table 1: Comparison of Treatment Systems; from International Network for Acid Prevention (INAP) 
(2009) 

Criteria Active Passive 

Period in 

mine’s life 

cycle 

Exploration and operational phase ̶ a 

workforce is required on site for 

implementation, control and maintenance. 

Application in post-closure phase generally 

only feasible for large volume flows. 

Decommissioning, closure or post-closure 

phases as processes are largely self-

sustaining. 

Financial 

consideration 

High capital investment and operational cost. Medium capital cost and low operation 

and maintenance costs. 

Power supply Mechanical or electrical energy required. No external power supplies. Use of natural 

energy sources (solar energy and 

gravitational flow) 

Supervision High degree of operating supervision and on-

going maintenance. 

No operators or constant supervision 

although regular maintenance is required. 

Flow rates Can handle very high flow rates or water 

volumes depending on design. 

Optimum performance at lower flow rates 

of 0.1 – 2 ML/d. Unlikely to be considered 

for flow rates > 5 ML/d. 

Input material Generally requires ongoing addition of 

chemicals, power supply and equipment 

maintenance.  

Natural, prolonged and self-sustaining 

treatment materials, although certain 

process technologies will require ongoing 

addition of chemicals in passive mode. 

Treatment 

range 

Can treat any constituent of concern. Not applicable to all constituents of 

concern (e.g. Total Dissolved Solids, 

Electrical Conductivity, Na, Cl). Mainly 

applicable for acidity, metals and sulfate 

removal. 

Product Produces very high quality water. Process is 

more reliable in terms of its output due to 

control. Product is certain. 

Produces water of lower quality than 

active systems and of variable quality 

dependant on input water quality. 
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2.6.2 Active treatment technologies 

Active treatment technologies treat contaminated water through physical and chemical processes 

which may require system operators, make use of generated energy resources, are commonly of 

high cost to construct and maintain and treat volumes of over 5 ML/d (International Network for 

Acid Prevention (INAP), 2009). The active treatment technologies discussed below were identified in 

International Network for Acid Prevention (INAP) (2009) and Younger et al. (2002). 

Aeration units 

The principal metal of concern in mine water is commonly ferrous iron (Fe2+). Therefore, aeration is 

usually required to increase the oxidation of iron and manganese. This increases chemical treatment 

efficiency and lowers costs. Additionally, aeration of mine water releases dissolved carbon dioxide, 

which may increase the pH of the water and can reduce reagent usage (Younger et al., 2002). 

Aeration methods employed may include: cascade aeration, trickle filter aeration, in-line venturi 

aeration, mechanical aeration, biochemical oxidation and chemical oxidation (Younger et al., 2002). 

Neutralisation/Hydrolysis 

A variety of neutralisation materials are used for mine water treatment (Table 2) and are added to 

mine water as powders, slurries and liquids. 

Table 2: Alkali Materials and Compounds applied to ARD Treatment (from International Network for 
Acid Prevention (INAP), 2009) 

Alkali Compound/Material Alkali Requirements 
(t/t of Acidity) 

Neutralisation Efficiency 
(% of Applied Alkali Used) 

Relative Cost 
($/t) 

Limestone, CaCO3 1.00 30 – 50 10 – 15 
Hydrated Lime, Ca(OH)2 0.74 90 60 – 100 
Unhydrated (Quick) Lime, CaO 0.56 90 80 – 240 
Soda Ash, Na2CO3 1.06 60 – 80 200 – 350 
Caustic Soda, NaOH 0.80 100 650 – 900 
Magna lime, MgO 0.4 90 Project Specific 
Fly Ash Material Specific – Project Specific 
Kiln Dust Material Specific – Project Specific 
Slag Material Specific – Project Specific 

Metal removal 

The most widely used approach to metal removal from mine water is metal precipitation by 

chemical treatment. This forms metal precipitates which can then be separated from the mine 

water. Commonly observed insoluble metal precipitates formed with anions in solution include 

hydroxides, carbonates and sulfides. The process of metal precipitation commonly requires the 

addition of an alkali to reach a specific pH to selectively remove a metal of concern. Once the 

required alkali or chemical has been added to the mine water, it is commonly directed to 

sedimentation ponds to promote precipitation and settlement.  

Chemical precipitation for sulfate removal 

Desalinisation of mine water is commonly focused on the removal of sulfate, sodium and chloride. 

This is due to the predominance of those anions in mine water relative to other anionic species. 
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Commonly, limited sulfate precipitation takes place as gypsum during the addition of alkali materials 

such as lime, providing the required Ca. However, more effective processes such as the barium 

sulfate process or ettringite precipitation process, also referred to as the SAVMIN process (Younger 

et al., 2002), have been developed for the sulfate removal application. Barium sulfide treatment is 

based on the addition of a barium salt (Bosman et al., 1990). This is added to mine water to re-

precipitate sulfate from solution. The resulting precipitated sludge is then removed from the main 

process stream and barium is recovered from the sludge and reused in the process. Younger et al. 

(2002) describes the SAVMIN or ettringite precipitation process in a similar way. The process is 

based on the addition of Ca, in order to super-saturate the mine water with regards to gypsum. 

Precipitated gypsum can then be used as a sellable by-product while also removing metals such as 

Fe, Mn and Zn. After the maximum volume of gypsum is removed, Al(OH)3 is added under pH 

conditions between 11.6 and 12 to precipitate ettringite. This mineral is at equilibrium under very 

low sulfate concentration conditions in water, resulting in water that is potable. The ettringite sludge 

is then removed and decomposed using sulfuric acid, generating a fluid which is super-saturated 

with respect to gypsum and contains the released Al. Al is then reused in the ettringite precipitation 

process while the fluid that has been super-saturated with respect to gypsum, is added to the initial 

gypsum precipitation stream.  

Membrane Treatment 

Cartwright (2013) describes membrane treatment as the removal of solutes from water by forcing 

the water at high pressures through a membrane material. Crossflow is often employed in this 

process. These processes can be classified according to different pore sizes in filtration membrane 

materials used. Younger et al. (2002) classifies membrane treatments as follows: 

 Microfiltration: bacteria are often removed from water with this process. Membranes used 

have pore sizes ranging between 0.1 and 0.45 µm. 

 Ultrafiltration: colloids are removed from water using this process. Membranes used have 

pore sizes ranging between 0.01 and 0.1 µm. 

 Nanofiltration: colour is removed from water using this process. Membranes used have pore 

sizes ranging between 0.001 and 0.01 µm. 

 Reverse osmosis: solutes are removed from water using this process. Membranes used have 

pore sizes smaller than 0.001 µm. 

The application of a reverse osmosis membrane treatment system to mine water is likely to be 

challenging due the scaling potential of mine water, which commonly contains metals, carbonate 

and sulfate. Additional to this are the high costs to maintain the pressures in the system at which 

water is forced through the membranes. The membrane treatment process, as applied to mine 

water, commonly leads to the formation of sludge and brine, requiring treatment and disposal. 

However, under specific circumstances, reverse osmosis can be an attractive technology for water 

treatment. It is possible that membrane treatment can produce sellable volumes of precipitated 

salts from which costs can be recovered when high volumes of highly polluted water are treated 

(Younger et al., 2002). 
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Commonly, the membrane treatment process advances according to the following steps: 

 The mine water is treated with an alkali compound or material such as lime to precipitate 

metals and gypsum, which limits the scaling potential of the water. 

 The mine water is then pre-treated to remove the residual suspended solids. 

 After the removal of residual suspended solids, the pH of the mine water is adjusted and an 

anti-scaling agent is added. 

 The membrane treatment of the water now takes place, commonly using spiral wound 

reverse osmosis membranes or nano-filtration. 

 After the water is treated, a simple post-treatment of pH stabilisation is applied. 

Biological sulfate removal 

Biological sulfate removal is commonly performed in the following sequence (International Network 

for Acid Prevention (INAP), 2009): 

 The mine water is pre-treated to remove metals by precipitation, 

 An electron donor is then added to the water, commonly in the form of sugars, alcohols, 

hydrogen gas or even sewage sludge, 

 Nutrients for the microbial sulfate reducers are then added to the mine water in forms of 

nitrogen, phosphate, potassium and trace minerals, 

 Following all these steps, the mine water is then introduced into a biological reactor where 

sulfate is reduced to sulfide. This process is performed by sulfur reducing bacteria. 

Sulfide precipitation 

Sulfide precipitation is a process that converts soluble metals in solution into relatively insoluble 

metal sulfide precipitates. This is achieved by the addition of precipitating agents which include 

sodium sulfide, sodium hydrosulfide, ferrous sulfide and calcium sulfide. This process is effective 

over a wide pH range due to the high reactivity of sulfide with metals in solution. A resulting metal 

sulfide sludge must be removed from the treated water by flocculation, filtration or coagulation (Rao 

et al., 1993). 

2.6.3 Passive treatment technologies 

As noted by Younger et al. (2002), William Pulles defines passive treatment as follows: “Passive 

treatment is the deliberate improvement of water quality using only naturally-available energy 

sources, in systems which require only infrequent maintenance in order to operate effectively over 

the entire system design life”. Various passive mine water treatment technologies are available and 

are listed and described below (International Network for Acid Prevention (INAP), 2009, Younger et 

al., 2002, Watzlaf et al., 2004, Brown et al., 2002). 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



18 

Aerobic wetlands 

Aerobic iron removal commonly occurs in three steps: ferrous iron oxidation is followed by ferric 

iron hydrolysis where-after ferric oxyhydroxide solids are precipitated through sedimentation 

(Younger et al., 2002). Systems where this process can be achieved are aerobic wetlands. These 

systems are commonly constructed to remove selected metals and suspended solids from solution. 

The features associated with aerobic wetlands are: 

 Shallow water to allow aeration of mine drainage 

 Cascade structures to aerate mine water 

 Wetland vegetation which promotes aeration of substrates and promotes favourable flow 

conditions 

 Increased residence times to enhance treatment reactions 

 Promotes settling and accumulation of metal precipitates 

 Promotes the growth of algae and the subsequent increase in pH and manganese oxidation 

 Hydraulic controls managing the water levels in the individual wetland cells. 

Anaerobic wetlands  

Anaerobic wetland systems rely on reduction reactions to precipitate metals from solution and 

neutralise acidic conditions. This is achieved by the incorporation of reactants and microbes upon 

construction. Mine water is infiltrated through permeable organic material with a high biological 

oxygen demand due to microbial activity, causing anaerobic conditions. This reduces contaminants 

such as sulfate to a lower redox state such as hydrogen sulfide gas, while generating alkalinity. 

Several other mediating mechanisms also act in this system including metal exchange reactions, 

metal sulfide precipitation, microbially generated alkalinity and continuous carbonate alkalinity 

generation due to limestone dissolution. Commonly, the formation of iron sulfide and iron 

carbonate species can be observed in such systems (Younger et al., 2002).  

Anoxic limestone drains 

Anoxic limestone drains (ALD) are buried drains into which anaerobic mine water is introduced for 

treatment. The ALD is buried to minimize the ingress of oxygen into the drain and to attempt to 

accumulate the maximum carbon dioxide concentration in the system. ALDs are constructed to add 

alkalinity and raise pH of mine water while minimizing armouring of limestone by iron hydroxides. 

This is achieved by the reducing conditions in the ALD, preventing iron hydroxide precipitation. 

Commonly, a pond is constructed downstream of the ALD to capture the discharge from the system. 

Upon exposure to the atmosphere, iron hydroxides precipitate from the treated mine water and can 

accumulate in the constructed pond. Typically, the pond is succeeded by constructed polishing 

wetlands downstream from the system to further enhance mine water treatment. 
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Reducing and alkalinity producing systems (RAPS) 

In the event that mine water contains dissolved oxygen or ferric iron and aluminium, the use of a 

reducing and alkalinity producing system (RAPS) is preferred (Younger et al., 2002). These systems 

work on the principal of iron reduction in a relatively thin layer of organic material, to strip dissolved 

oxygen from the water and reducing ferric iron to ferrous iron. This step is followed by the addition 

of alkalinity and raising the pH of mine water. RAPS systems allow for the treatment of a wider range 

of mine water compositions in this way (Younger et al., 2002). Additionally, RAPS systems constrain 

the contact of all the treated water to the organic material and limestone drain, utilising a smaller 

area for treatment relative to compost wetlands (Younger et al., 2002). The system may also 

precipitate some metals as sulfides due to sulfate reduction, as well as possible hydroxides. A 

negative aspect to RAPS systems is that they require a driving head. However, clogging of the system 

is not frequently reported as metal hydroxides are suggested to be precipitated within the organic 

material layer (Watzlaf et al., 2002, Watzlaf et al., 2004).  

Open limestone drains 

Open limestone drain (OLD) systems are designed to introduce alkalinity into discharged mine water. 

OLDs are typically long channels of limestone used to discharge treated mine water to streams and 

other discharge points, after raising the pH and precipitating metals (Watzlaf et al., 2004).  

Passive sulfate removal 

Systems utilising passive sulfate removal technology (International Network for Acid Prevention 

(INAP), 2009) commonly work on the same principals as anaerobic wetland treatment systems. 

However, additional features to these systems include: 

 Selected organic materials are incorporated into the system to hydrolyse ligno-cellulose 

materials to sustainably produce volatile fatty acids. These acids drive the sulfate reduction 

process. 

 Following the sulfate reduction process, the mine water is passed through sulfide oxidizing 

reactors to partially oxidise hydrogen sulfide to sulfur. 

Manganese oxidation beds 

Manganese oxidation beds (MOB) can be used as the final step in mine water treatment in a 

successful passive treatment system treating circumneutral mine waters. These beds are typically 

filled with limestone which is not completely inundated by water to allow oxygen ingress and 

microbial oxidation of manganese. MOBs function as a polishing step in passive treatment systems 

as they are only effective if no ferrous iron is added to the system. Ferrous iron causes manganese to 

reduce and dissolve back into solution (Younger et al., 2002). 

Vertical Flow Reactors 

A vertical flow reactor (VFR) is similar in concept to an aeration cascade and settling lagoon 

combination, with the exception that vertical flow is induced in a much smaller surface area 

(Sapsford et al., 2006). To illustrate the design of these systems, an example is discussed from 

Sapsford et al. (2006). This study examined the efficiency of a vertical flow reactor at the pilot scale. 
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A galvanised steel tank was constructed, which was approximately 7 m long, 4 m wide and 2.5 m 

deep. The tank was sealed with bituminous paint and contained a gravel floor, which was supported 

by steel mesh and concrete support pillars. Therefore, a void space was present between the tank 

floor and the gravel bed. The mine water that fills the steel tank is then allowed to rise on the 

outside of a baffle wall and discharges through a weir which removes the treated mine water from 

the system. Fe2+ in the mine water is therefore oxidised upon discharge into the VFR. There ochre 

precipitation is promoted and subsequent Fe2+
 oxidation and surface complexation takes place, 

resulting in further ochre and, eventually, goethite precipitation.  

Dispersed Alkaline Substrates 

Dispersed alkaline substrate (DAS) treatment systems are based on flow through a reactor filled with 

a non-reacting material, typically of a coarse grading, mixed with a reacting alkaline material 

(Caraballo et al., 2009, Rötting et al., 2008a, Rötting et al., 2008b). Studies such as Rötting et al. 

(2008a) and Rötting et al. (2008b) used reactor vessels filled with coarse wood chips as a non-

reacting material, mixed with calcitic sand as the alkaline reacting material. These studies indicate 

metal removal can reach up to 100% if the reactor vessel is left open to the atmosphere and 

additional aeration and subsequent oxidation of metals take place. This is attributed to the 

accelerated dissolution of the alkaline substrate, before armouring of the material can take place. 

Additionally, the non-reactive material ensures that clogging of the reactor is kept to a minimum. 

Therefore, flow rates can be maintained in the long term with highly effective results. 

2.7 Common Backfill Mineralogy – Vryheid Formation 

Overburden and discard material is commonly used as backfill for opencast coal mines in South 

Africa (MacDonald, 2014). Therefore, understanding the mineralogy of this material is crucial in 

determining the possible effects on groundwater that may arise after mining. Based on studies by 

Bell et al. (2001), Deysel et al. (2014) as well as MacDonald (2014), the overburden material 

associated with coal mining in South Africa commonly has a mineralogy containing the following 

mineral phases: quartz, kaolinite, calcite, muscovite, possible siderite, possible rutile, pyrite, 

marcasite, hematite, possible apatite, pyrrhotite, feldspar and possibly jarosite. These minerals are 

commonly associated with the sandstones and shales, comprising the overburden material 

associated with coal mining in South Africa. 

2.8 Quantification of Mineral Reactive Surface Areas  

The general method for quantification of the specific surface area of a porous material is the 

Brunauer Emmett Teller (BET) method (Brantley, 1998, Gautier et al., 2001, White and Brantley, 

2003, Brunauer et al., 1938). This method is based on Langmuir adsorption of gas molecules onto 

solid surfaces and is used to calculate the specific surface area of a porous material. However, 

although this method provides the total surface area within the material, it also provides an 

estimate of the reactive surface area of the material. 

Gautier et al. (2001) found that the BET surface area of minerals increased by up to 5.6 times the 

original measured value during dissolution. However, within experimental uncertainty, reaction 

rates remained the same. This was explained by the deepening of etch pits in the mineral grain 

which may have unreactive faces, with no changes in etch pit density observed in the short term. 

Gautier et al. (2001) therefore proposed calculation of geometric surface areas based on grain size 
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distribution, to provide a more accurate estimation of dissolution rates, factoring reactive surface 

area into calculations. 

Similar findings were made by Brantley (1998) who compared porosity and the degree of weathering 

to surface area and BET surface area of porous materials. The study also states that the calculation 

of the specific surface area based on grain size distribution is preferred to BET surface area due to 

potential unreactive etch pits and precipitates. 

For the purpose of this study, BET surface areas are therefore not considered to be completely 

representative of the reactive surface area of the material. This is due to the reactivity of etch pits 

and precipitates which may alter the results of the BET method. Therefore, a roughness factor, as 

suggested by White and Brantley (2003) may provide a solution to a best estimate of initial reactive 

surface area based largely upon specific surface area calculated from grain size distribution. This may 

account for the dynamic reactive surface area forming on mineral surfaces during the weathering 

process. Current best estimation of reactive surface area is regarded as the calculation of specific 

surface area based on grain size distribution for fresh material such as overburden excavated from 

opencast mines. 

2.9 Hydraulic Properties of the Karoo Supergroup 

2.9.1 Introduction 

According to Botha et al. (1998), the hydraulic properties of Karoo aquifers are variable and 

complex, with their flow controlled by fractures on a local scale and dolerite dykes and 

hydrochemical action on a regional scale. Botha et al. (1998) further states that the storage 

mechanism in Karoo aquifers is the matrix of Karoo lithologies, due to the poor water storage 

properties of fractures in these rocks, which are more suited to flow conditions. Therefore, this 

section focuses predominantly on the typical hydraulic properties of fracture zones and rock 

matrices of the Karoo lithologies and the effect on groundwater movement and storage. 

2.9.2 Hydraulic Properties of Fractures  

The flow in a saturated fractured medium is largely controlled by the fracture dimension, orientation 

and aperture (Botha et al., 1998). The bedding plane fractures in Karoo aquifers are commonly 

horizontal and sparsely distributed, with large-scale vertical fractures not commonly observed. 

Therefore, the volume of water being transmitted through Karoo aquifers will be controlled by the 

aperture of bedding plane fractures, as well as the piezometric head gradient within the fracture 

(Botha et al., 1998). The data in Table 3, which lists common hydraulic properties of Karoo 

lithologies, illustrates the higher hydraulic conductivity of a fracture, relative to that of matrix blocks. 

Similar results were reported by Kruseman and de Ridder (1994) for fractured rock aquifers, with 

fractured sedimentary rock hydraulic conductivities commonly in the order of 10-7 to 10-5 m · s-1.
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Table 3: Typical Hydraulic Properties of Karoo Aquifers (Botha et al., 1998), Kh = Horizontal hydraulic 
conductivity 

Layer Depth, m Kh, m · s-1 

Upper mudstone layers 8 9.910 × 10-7 

10 6.538 × 10-6 

12 3.601 × 10-6 

Carbonaceous shale layer 14 8.796 × 10-7 

16 1.350 × 10-6 

Sandstone matrix of the main sandstone aquifer 18 4.055 × 10-5 

20 1.345 × 10-4 

Average depth of Mode 1 fracture 22 2.754 × 10-4 

Sandstone matrix of the main sandstone aquifer 24 7.878 × 10-5 

26 2.205 × 10-6 

Mudstone layers 28 2.309 × 10-7 

30 7.970 × 10-8 

32 4.440 × 10-8 

34 1.234 × 10-7 

36 1.564 × 10-7 

37 2.497 × 10-8 

38 1.740 × 10-8 

40 4.652 × 10-8 

42 1.745 × 10-8 

2.9.3 Hydraulic Properties of Matrix Blocks  

Matrix blocks in fractured rock aquifers act as storage from which groundwater is released to 

bedding parallel fractures upon dewatering (Kruseman and de Ridder, 1994). The lithologies of the 

Karoo Supergroup commonly consist of mudstones, shales and sandstones, which have an initial 

high primary porosity. However, this porosity was reduced substantially during cementation and 

compaction over time, reducing the porosity to small pores and microfractures (Botha et al., 1998). 

Therefore, these rocks provide limited storage, although present, but considering a large enough 

aerial extent, could release and store notable volumes of water (Botha et al., 1998). The sedimentary 

rocks of the Ecca Group commonly have porosities ranging between 2% and 10%, which could 

potentially store and release groundwater depending on the connectivity of microfractures and 

pores (Botha et al., 1998). 

2.10 Influences on the Initial Flush of Rehabilitated Opencast Collieries 

2.10.1 Introduction 

Wolkersdorfer (2008) noted that the initial flush was first named by Younger (1997). The initial flush 

phenomenon can be explained as the steep increase of contaminant concentrations in mine water, 

after flooding and possible discharge of a mine, followed by the gradual decrease in concentrations 

until a relatively stable concentration is reached (Wolkersdorfer, 2008, Banks et al., 1997).  

The initial flush phenomenon in mine water (Glover, 1983, Whitehead and Jeffrey, 1995) has been 

quantified by different authors (Appelo and Postma, 2005, Banks, 1994, Gzyl and Banks, 2007, 

Younger, 2001, Younger and Sapsford, 2004b, Younger and Robins, 2002) using a variety of methods. 

The focus of these studies has been on deep underground mines. However, certain principles of 
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these studies are also applicable to rehabilitated opencast mines. Factors influencing initial flush 

quantification are discussed below as well as the additional factors to be accounted for in 

rehabilitated opencast scenarios. 

2.10.2 Rehabilitation Status and Flooding Time 

The flooding time of rehabilitated opencast mines depends strongly on the volume of the mine, the 

volume of annual precipitation, the mine’s rehabilitation status and evapotranspiration. Common 

practice in South Africa, as mentioned in section 2.4.2, is concurrent rehabilitation during opencast 

mining. This works on the principal of mining a single boxcut at a time and using the following 

boxcut’s material to backfill the initial void. These steps proceed until the final void is reached and 

backfilled or, in some instances, left open to form a terminal sink. 

The effect of the backfill material and rehabilitation method on flooding cannot be overstated, as 

these are major determining factors of the amount of water that enters and exits the pit over time 

as concurrent rehabilitation is preferred (Table 4). Flooding is likely to be accelerated, relative to a 

pit lake approach. This is due to the decreased porosity to be filled by inflowing water, relative to the 

void, which existed prior to backfilling.  

Table 4: Factors Influencing the Flooding Rate of an Opencast Mine (Bredenkamp et al., 1995, Van 
Zyl, 2011) 

Factor Influencing 
Flooding Rate 

Description 

Thickness of 
unsaturated zone 

Recharge will be higher in areas where the strata outcrops and precipitation 
can move freely into fractures 

Composition of 
unsaturated zone 

Determines rate at which precipitation moves through the unsaturated zone 

Rainfall events Heavy rainfall contributes more to surface runoff than to aquifer recharge 
Topography Steep topographies contribute more to surface runoff, while gentle slopes 

favour aquifer recharge 
Land surface cover A surface densely covered by vegetation will favour evapotranspiration, while 

poorly covered land surfaces will favour aquifer recharge (assuming a flat 
topography) 

Evapotranspiration Areas with high evapotranspiration rates will receive less recharge because of a 
loss of water due to evaporation and transpiration  

Annual rainfall Areas that receive high annual rainfall will receive high recharge (if above 
mentioned factors are favourable) 

Permeability of the 
Rock Mass 

Permeability controls inflows from pit walls along with hydraulic gradients and 
play a significant role in controlling lateral inflows to the pit 

Fragmentation and 
Orientation of Structural 
Discontinuities 

Faults, joints and fissures depending on their aperture and orientation often 
act as the largest contributors of lateral inflows from pit walls 

In the Mpumalanga Coalfields, potential evaporation volumes commonly supersede rainfall volumes 

(Annandale et al., 2001). Therefore, reducing evaporation by backfilling of opencast pits ensures 

flooding, which is also controlled by the hydraulic conductivity of the surrounding aquifer as well as 

the volume of recharge entering the pit. As stated by Gzyl and Banks (2007), the flooding time of a 

mine is one of the factors that controls the duration of its initial flush. This could potentially be 

applied to rehabilitated opencast pits, as a volume to be flooded is also present. However, in the 

case of an opencast mine, the opposite of an underground mine’s initial flush is anticipated in terms 
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of time scale of the initial flush. This is due to a much larger reactive surface area in the backfill 

material and a decreased flow rate to dissolve vestigial minerals. Therefore, contaminant 

concentrations are expected to remain elevated for a protracted period, resulting in an extended 

flush peak. 

2.10.3 Pit Type 

When an opencast mine is remediated, different methods are employed. In a South African context, 

concurrent rehabilitation by backfill is the norm. However, in some cases, a pit lake is created, 

depending on the mine’s location in the topography, which is referred to as a final void in South 

Africa. 

Based on studies by Webster et al. (2006), two types of pit lakes exist: drainage lakes and seepage 

lakes. Seepage lakes can be further subdivided into recharge lakes, flow-through lakes and discharge 

lakes. This can similarly be applied to opencast mines (Figure 5). 

 

Figure 5: Potential rehabilitated Pit Types based on the model of Webster et al. (2006). Each of these 
types of opencast mines can also occur in relatively flat landscape. 

The type of pit lake is determined by the position of the opencast mine in the landscape and how the 

groundwater behaves in the pit. This also determines the method of contaminant release (Geller and 

Schultze, 2013). However, the same principles can be applied to completely backfilled rehabilitated 

opencast mines for the following reasons: 
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 Elevated recharge volumes (Hodgson and Krantz, 1998) causing seepage and potential 

discharge: potential pit types, based on the model of Webster et al. (2006), could be a 

recharge pit, flow through pit, discharge pit and drainage pit. 

 Seepage from the surrounding aquifer, filling and flushing backfill void space as well as 

discharge seepage from the rehabilitated pit to the aquifer: potential pit types, based on 

the model of Webster et al. (2006) could be a flow through pit or discharge pit if 

discharge and high levels of evaporation take place on surface. 

The type of pit plays a substantial role in the release of contamination to the aquifer as 

contaminants can travel (or stagnate) through different pathways. Increased recharge and seepage 

dissolves vestigial minerals, dilutes and mobilises potential contaminants and generates a hydraulic 

head potential, inducing flow. Seepage and discharge from the pit releases the contaminants to the 

aquifer and, eventually, surface water. These processes could potentially occur in flow-through pits, 

drainage pits and recharge pits. However, contamination could stagnate and concentrate due to 

seepage into the pit and evaporative losses upon low volume discharge in discharge pits. A pit that 

was mined in a valley bottom (Figure 5) illustrates that groundwater flow is towards the pit where 

groundwater and contamination may stagnate until groundwater discharge takes place. This exposes 

water to evaporation and subsequent precipitation of secondary minerals may occur in a discharge 

pit scenario. 

Increased seepage and recharge as well as discharge could result in lower levels of contamination 

released to the aquifer. Additionally, concentration and precipitation of contaminants and secondary 

minerals could result in stagnation and decreased release of contaminants to the aquifer, 

respectively. 

2.10.4 Groundwater Flow Rates  

Flow rate and residence time of groundwater in a rehabilitated pit controls the dissolution of 

minerals as well as the rate of release of contamination from the pit (Appelo and Postma, 2005). 

Flow, in turn, is controlled by the hydraulic gradient in and around the pit, recharge volumes, the 

porosity and hydraulic conductivity of the backfill material as well as the hydraulic conductivity of 

the surrounding aquifer systems (du Plessis, 2010). 

Hydraulic gradients in rehabilitated opencast mines are commonly very small, if not zero. This is due 

to the higher porosity backfill material decreasing the hydraulic head potential, due to a lower pore 

fluid pressure, as determined by the Bernoulli theorem (Craig, 2004). Therefore, flow in the backfill 

material is principally driven by the head potential difference in the surrounding aquifer system. 

Additionally, head potential may be caused by increased recharge volumes which, in some cases, 

may be the only water flushing through the mine. Common recharge values in an opencast mining 

environment are summarised in Table 5 (Hodgson and Krantz, 1998). These values are illustrative of 

the volume of water added to the system, purely by recharge. This increased water volume causes 

an increase in groundwater level, which in turn, contributes to the head potential differences driving 

flow. 

The hydraulic conductivity of the backfill material is highly heterogeneous, but in general, exceeds 

the hydraulic conductivity of secondary porosity aquifer systems (du Plessis, 2010). It can range 

between 1 m·d-1 and 100 m·d-1 which is typically 3 to 4 orders of magnitude higher than that of the 

surrounding bedrock (Younger and Sapsford, 2004b). A study at a rehabilitated colliery near Kriel, 
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Mpumalanga, suggested hydraulic conductivities ranging between 50 and 360 m·d-1 (Hodgson, 

1984). Additionally, the higher porosity of the material suggests that storage coefficients in the 

material are likely to exceed 0.01 and could reach values of up to 0.25 (Younger and Sapsford, 

2004b). 

Another factor influencing the flow rate, which is comparable to the porosity and hydraulic 

conductivity, is the grain size distribution in the backfill material. Due to the heterogeneous nature 

of backfill material, preferential flow zones can occur causing increased and decreased flow in the 

backfill material, affecting residence times (du Plessis, 2010). 

Table 5: Potential Recharge Percentages in Mining Operations from Hodgson and Krantz (1998) 

Sources which contribute water 
Water sources into 
opencast pits 

Suggested average 
Values 

Rain onto ramps and voids 20 – 100% of rainfall 70% of rainfall 

Rain onto unrehabilitated spoils (runoff and 
seepage) 

30 – 80% of rainfall 60% of rainfall 

Rain onto levelled spoils (run-off) 3 – 7% of rainfall 5% of rainfall 

Rain onto levelled spoils (seepage) 15 – 30% of rainfall 20% of rainfall 

Rain onto rehabilitated spoils (run-off) 5 – 15% of rainfall 10% of rainfall 

Rain onto rehabilitated spoils 
(seepage) 

5 – 10% of rainfall 8% of rainfall 

Surface run-off from pit surroundings into pits 5 – 15% of total pit water 6% of total pit water 

Groundwater seepage 2 – 15% of total pit water 10% of total pit water 

 

2.10.5 The Master Variables – pH and Redox 

As stated by Younger and Sapsford (2004b) “In essence, all of the environmental problems 

associated with opencast coal mining (including the disposal of the lithic wastes to which it gives 

rise) can be attributed to a single cause: the incompatibility between naturally ‘reduced’ coal-

bearing strata and the strongly oxidising surface / near-surface atmosphere”. This statement reflects 

the increase of the contamination potential from geological material prior to removal, to after 

backfilling of an opencast mine, with the main drivers being oxygen and water with a specific pH 

range and hydrochemistry. 

Therefore, the “master variables” controlling contaminant release, as identified by Stumm and 

Morgan (1996), are: 

 pH (proton activity), which will be determined by the balance between amounts and rates of 

proton generating reactions and proton consuming (alkalinity generating) reactions 
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 Eh (electron activity), determined by access to oxidizing species (e.g. oxygen) and access to 

reducing species (e.g. organic C) 

An example of a proton generating reaction is pyrite oxidation and subsequent metal hydrolysis, 

denoted by the following equations (Stumm and Morgan, 1996). 

 2FeS2 + 2H2O + 7O2 ↔ 2Fe2+ + 4SO4
2- + 4H+  (1a) 

 FeS2 + 14Fe3+ + 8H2O ↔ 15Fe2+ + 2SO4
2- + 16H+ (1b) 

 Fe3+ + 3H2O ↔ 3H+ + Fe(OH)3 (1c) 

Examples of proton consuming buffering reactions include the following (Stumm and Morgan, 1996): 

 CaCO3 + H+ ↔ Ca2+ + HCO3
- (2) 

 HCO3
- + H+ ↔ H2CO3 ↔ H2O + CO2 (3) 

 2NaAlSi3O8 + 2H+ + H2O ↔ 2Na+ + Al2Si2O5(OH)4 + 4SiO2(aq) (4) 

 Al2Si2O5(OH)4 +6H+ ↔ 2Al3+ + 2SiO2 + 5H2O  (5) 

In a rehabilitated opencast mine, the redox potential is firstly influenced by the rate of diffusion of 

oxygen through the saturated backfill material, which is orders of magnitude lower than that in air 

(Cussler, 1997). Appelo and Postma (2005) noted that the diffusion of a gas through unconsolidated 

material into the saturated zone depends on the porosity of the material as well as the saturated 

fraction of the porosity. Therefore, this diffusion rate can be linked to the degree of saturation of the 

backfill material. This, in turn, is determined by the degree of flooding taking place in a backfilled 

opencast mine, commonly determined by the pit type as discussed in section 2.10.3. 

The diffusion of a gas through unconsolidated geological material into the saturated zone depends 

on the porosity of the material as well as the saturated fraction of the porosity. This can be 

illustrated using one of the Millington-Quirk relations (Appelo and Postma, 2005): 

 De,a  =Da
ɛ

g

 2

/ɛ0.67 (6) 

Where Da is the diffusion coefficient in air (Da = 10-5 m2 · s-1), ɛg and ɛ are the fractions of gas filled 

and total porosity respectively (Appelo and Postma, 2005). In the case of a higher degree of 

saturation, the gas filled porosity decreases (ɛg) yielding a lower diffusion coefficient. Therefore, the 

assumption can be made that a recharge pit will provide a higher contaminant load than a flow-

through pit, which in turn, will provide a higher contaminant load than a drainage- or discharge pit, if 

di-sulfides are present in the material and oxygen is the main oxidant. 

2.10.6 Pre- and Post-Backfill Contaminant Release Potential 

The potential mineralogical composition of coal-associated strata is described in section 2.7. 

However, secondary minerals (Table 6) form due to mineral weathering during exposure to the 

atmosphere (section 2.10.5). These secondary minerals are the main contaminant release drivers in 

rehabilitated opencast mines (Younger and Sapsford, 2004b).  
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Table 6: Mineralogical Composition of Secondary Minerals with Contaminant Release Potential after 
Mine Backfilling; modified after Langmuir (1997) and Younger et al. (2002) 

Mineral or Solid Phase Formula 

Allophane [Al(OH)3]1-x[SiO2]x 

Aluminocopiapite Fe(II)Fe(III)2Al2(SO4)6(OH)2·20H2O 
Amorphous Al(OH)3 Al(OH)3(am) 

Alunite 
KAl3(SO4)2(OH)6 (am) 
KAl3(SO4)2(OH)6 (c) 

Alunogen Al2(SO4)3·17H2O 
Anglesite PbSO4 

Anhydrite CaSO4 
Aphthitalite NaK3(SO4)2 
Barite BaSO4 

Basaluminite 
Al4SO4(OH)10·5H2O (am) 
Al4SO4(OH)10·5H2O (c) 

Celestite SrSO4 
Copiapite Fe(II)Fe(III)4(SO4)6(OH)2·20H2O 
Coquimbite Fe2(SO4)3·9H2O 
“ferrosic hydroxide” 
(“Interlayered Green Rust”) 

Fe(II)4Fe(III)2(OH)12(SO4·3H2O) 

Gibbsite Al(OH)3 
Gypsum CaSO4·2H2O 
Halotrichite Fe(II)Al2(SO4)4·22H2O 
Jarosites: 
Hydronium jarosite 
Natrojarosite 
“Jarosite” 

 
(H3O

+)Fe3(SO4)2(OH)6 
NaFe3(SO4)2(OH)6 
KFe3(SO4)2(OH)6 

Jurbanite AlSO4OH·5H2O 
Kieserite MgSO4·H2O 
Kornelite Fe(III)2(SO4)3·7H2O 
Melanterite FeSO4·7H2O 
Pickeringite MgAl2(SO4)4·22H2O 
Rhomboclase (H3O

+)Fe(III)(SO4)2·3H2O 
Römerite Fe(II)Fe(III)2(SO4)4·14H2O 
Rozenite Fe(II)SO4·4H2O 
Schwertmannite Fe8O8(OH)6SO4 
Syngenite K2Ca(SO4)2·H2O 
Szmolnokite FeSO4·H2O 

A general increase in the contamination potential of waste material is observed from original 

excavation to mine backfill (Younger and Sapsford, 2004b), which is also illustrated by MacDonald 

(2014). The concentrations of contaminants released from the material are highly variable 

depending on the site-specific conditions. However, the release rate of contamination from backfill 

material is postulated to be always higher in the post-mining environment, relative to the release 

rate during mining. This is attributed to a higher secondary mineral abundance in the backfill 

material after prolonged exposure to atmospheric air and water. The contaminants generally 

associated with opencast coal mining include Fe, SO4
-2, Ca, Na, K, Cl, Mn and Al (Geller and Schultze, 

2013, Novhe et al., 2013). 
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2.11 Initial Flush Quantification 

2.11.1 Mine Water Chemistry Prediction – Underground Mines 

Different simplified approaches have been proposed for the quantification of the initial flush from 

abandoned underground mines. Initial flush quantification at opencast mines in this study can 

potentially build on some of these methods. Three of the approaches for the initial flush 

quantification from underground mines have been selected for discussion below. This will provide a 

background of the current methodology for the prediction of mine water quality evolution during 

the initial flush phenomenon. 

The first of these approaches involves the estimation of contaminant concentrations during the 

initial flush using an idealised decay rate curve (Mack et al., 2010). This study was based upon 

samples collected from 40 underground mines between 1968 and 2005 to study the rate of decay in 

acidity in discharging mine water. 

Results of the study showed a decrease in acidity in all studied mines. These results were also 

postulated to be applicable to sulfate concentrations, with acidity and sulfate concentrations both 

being linked to pyrite oxidation. Mack et al. (2010) showed that the underground mines followed 

acidity decrease rates of approximately 2% annually, similar to rates found by Demchak et al. (2001) 

and Ziemkiewicz (1994). However, some of the studied mines showed higher decreases in acidity, 

reaching up to 10% annually. Additionally, the study highlighted that due to changing 

hydrogeological conditions in the mines, the decay rates are likely to be dynamic with higher decay 

rates achieved in the initial stages of the initial flush, equilibrating at lower decay rates at later 

stages in the initial flush. This was attributed to fewer hydraulic and geochemical disturbances 

within the mining voids due to increased flushing. A basic methodology for the prediction of initial 

flush contaminant concentrations was highlighted by this study, based on measured values 

immediately after mine closure and could be used as a basic first estimation tool. Not only is it 

applicable in underground mines but could provide valuable estimates for rehabilitated opencast 

mines. However, it does not take factors such as varying flow rates, changing mineral reactive 

surface areas, mineralogical effects and oxygen ingress into account. Therefore, a more advanced 

method of estimation is required. 

Similarly, in a study by Gzyl and Banks (2007), the temporal concentrations of sulfate and chloride in 

discharging mine water were fitted with exponential decay curves to confirm the initial flush 

phenomenon. In their study, comparisons were made to the study of Frost (1979) as well as studies 

by Younger (2000) and Younger et al. (2002). The decay of iron concentrations [Fe] in mine water 

occurred exponentially after the initial flush (Frost, 1979): 

 log [Fe]=  1.684 + 0.102  log (Q) - 8.58 × 10-4t (7) 

Where Q is the discharge rate in m3/s and t is time in days. 

Younger (2000) favoured a more complex dispersive transport equation but found the 

parameterisation of such an equation to be too complex. However, Younger (2000), along with 

Younger et al. (2002), still proposed a simplified equation for the estimation of the duration of the 

initial flush in the following form (Wolkersdorfer, 2008): 
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 tf = f(acirem,rw,V,K,RGW) ≈ (3.95±1.2)tr  (8) 

Where tf denotes the flushing time; acirem denotes acidity removal; rw, denotes the weathering rate 

of acid containing minerals; V denotes the interconnected mine void volume being flushed; K 

denotes the hydraulic conductivities of the mine workings; RGW denotes groundwater recharge and tr 

denotes the flooding time of the mine. 

Based on the study by Gzyl and Banks (2007), equation 8 is not universally applicable. However, the 

quantification of a initial flush was expanded by a degree of parameterisation and the subsequent 

proposal of equations to estimate this decay based on specific rate controlling factors. These factors 

include the following, which are also potentially applicable to rehabilitated opencast mines: 

 Flooding rates which are applied as a “mixing tank model” – this factor was incorporated 

into a decay equation based on the assumption that a flooded mine has a finite volume, 

denoted by V, containing water with an initial solute concentration C0, and if it is being 

flushed by pure water at rate Q assuming perfect mixing throughout the reservoir, then the 

concentration (C) at time t is given by the following equation: 

 

 C = C0exp (
-Q

t

V
) (9) 

According to Gzyl and Banks (2007), equation 9 translates to 2.3 V/Q for the time to achieve a 90% 

reduction in the first-flush concentration. If the water through flow in the mine is constant, then V/Q 

is also the time the mine would have taken to flood, following abandonment. However, this study 

also states that flooding is a head dependent process and therefore, the time for the initial flush to 

take place may be extended. This is especially applicable in rehabilitated opencast mines where 

flooding is strongly head and porosity dependent as stated in section 2.10.4. 

 Influence of different flushing regimes in a single mine: The study by Gzyl and Banks (2007) 

suggests that differing flow rates in a single mine, besides the effect of head dependent 

flow, can affect the rate of flushing in different depths. In an underground mining 

environment, this could be due to mine water stratification and lower inflow volumes at 

depth versus higher inflow volumes, shallower in the mine. Similarly, this factor could be 

applied to rehabilitated opencast mines where many preferential flow paths exist in the 

backfilled rock matrix. This means that the entire backfilled opencast mine will not 

necessarily be flushed as a single hydrogeological unit, but could be flushed through 

different preferential pathways at different flow rates. Similar to an underground mine, the 

initial flush from a backfilled opencast could be composed of several different decay curves 

superimposed on each other as suggested in Gzyl and Banks (2007). 

 

 Influence of dewatered host rock: Dewatered host rock may have an influence on defining 

the volume which undergoes flushing. Frost (1979) proposed this factor as a control on 

contaminant release. In a mine where the wall rocks have partially been dewatered, a larger 

volume of water is required to flush the mine volume of vestigial- and juvenile acidity. This is 

due to blast fractures in wall rocks in the range of 2 m and sometimes reaching up to 8 m 

(Wolkersdorfer, 2008), increasing the volume of the mine and, subsequently, the volume of 
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water required for its initial flush. This is equally applicable to rehabilitated opencast mines 

where a volume of the surrounding host rock is dewatered during opencast mining, causing 

an increase of the volume to be flushed beyond the volume of the backfilled mine. This may 

also increase secondary mineral abundances in dewatered pore spaces, contributing 

partially to the contaminant load. 

 Mineral dissolution rates: The rate of dissolution of minerals in abandoned underground 

mines is postulated by Gzyl and Banks (2007) to contribute to exponential decay. How the 

rate of dissolution determines the concentration of a solute in mine water can be quantified 

by the following equation (Gzyl and Banks, 2007): 

 c = c0exp (-K
diss

t) (10) 

Where c0= kdissM0/Q and the initial mass of the secondary mineral phase in the mine is 

represented by M0, which is assumed to dissolve in pure water flowing at a rate denoted by 

Q. The rate of dissolution of the secondary mineral phase is given by kdiss in s−1. The solute 

concentration at a specific time t is denoted by c. 

The release of contaminants such as sulfate and iron into mine water post-mining is linked 

to secondary minerals, often referred to as vestigial acidity (Younger, 1997). Additionally 

influencing the release of contaminants into mine water are the disulfide minerals and 

dissolved metals in mine water, collectively referred to as juvenile acidity. The rate of this 

release could be explained by this equation and subsequently, its contribution to the initial 

flush. However, more detail is required on the mineral assemblage producing solutes that 

are released into mine water and multiple rate constants may be involved. Still, this remains 

a tool for initial flush estimation and can potentially be applied to rehabilitated opencast 

mines, where factors such as reactive surface areas of minerals as well as flow rates may 

increase concentrations. 

The study by Gzyl and Banks (2007), similar to that of Mack and Skousen (2008), offers simplified 

prediction tools in the form of curve fitting which is quantified into a set of equations, to predict 

mine water quality. However, what sets this study apart from previous studies is the accounting for 

rate controlling factors, which further parameterise the proposed equations and provide a more 

rigorous and precise calculation method. These factors and equations could equally be applied to 

opencast mines in some situations. However, advanced parameterisation is not performed and 

geochemical modelling of the system is also not considered. Also, additional factors applicable to 

rehabilitated opencast mines must be added to quantify the initial flush in these environments. 

A more advanced approach is parameterisation by a simplified conceptual geochemical model, 

which is translated to a numerical model (Evans et al., 2003, Eriksson and Destouni, 1997, Banwart 

and Malmstrom, 2001). Numerical modelling has gained much attention as an improved method of 

mine water quality prediction. This can be attributed to the improved parameterisation through 

greater conceptual understanding and representation of mine water geochemical systems. 

Additional to this is the development of computer based models such as the PHREEQC (Parkhurst 

and Appelo, 2013) or Geochemist’s Workbench codes (Bethke, 2008). PHREEQC (originally known as 

PHREEQE) was developed by Parkhurst, Thornesten and Plummer (Parkhurst et al., 1980). The code 
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is able to solve multi component chemical reactions using thermodynamic databases, developed 

through years of research. 

The study by Evans et al. (2003), although not specifically focussed on the initial flush phenomenon 

from a mine itself, is an example of how water quality can be calculated within order of magnitude 

accuracy by parameterising a geochemical system using a conceptual model approach and 

translating this to a numerical model. The study focussed on the identification of processes and 

parameters governing the chemical evolution of discharges from Morrison Busty coal spoil heap, 

situated close to the village of Quaking Houses in County Durham, UK. The study also identified the 

effects of variation of input parameters, with respect to the calculated results corresponding with 

field observations, thereby identifying possible errors in initial assumptions with regards to discharge 

chemistry and elemental profiles. The study illustrates how the parameterisation of a chemical 

system, using a conceptual model and simplifying some parameters which cannot reasonably be 

determined directly, is an effective way to calculate results which are satisfactorily representative of 

the observations made in a field scenario. Even though the system is simplified using this approach, 

important parameters are taken into account. These parameters include chemical composition, 

mineralogy, reactive surface areas, dissolution rate constants, porosity, fluid flow velocity, oxygen 

availability and fluid to rock ratios. The mentioned parameters were not accounted for by idealised 

decay rate curve fitting, and are some of the most important factors controlling leachate chemistry. 

When applied to backfilled opencast mines or even defunct underground mines, mine water 

chemistry could likely be predicted using numerical models (Chen et al., 1999). The solutions 

calculated are likely to be of order of magnitude accuracy. This is under the assumption that the 

model is based on a well-defined and parameterised conceptual model and sensitivity analyses of 

input parameters within realistic boundaries. 

2.11.2 Mine Water Chemistry Prediction – Pit Lakes 

Prediction of pit lake geochemistry mostly follows laboratory approaches. This includes the 

estimation of wall-rock runoff from laboratory and field tests, mineral dissolution kinetics, 

estimation of wall rock leaching by oxidation modelling paired with laboratory leaching tests and 

batch tests with representative water compositions (Castendyk et al., 2015b).  

According to Castendyk et al. (2015b), humidity cells are commonly used to approximate wall-rock 

leaching in pit lakes. Their results are up-scaled to represent field conditions in areas of the pit lake, 

which have not been flooded. However, the degree to which these tests are representative depends 

strongly on the degree of weathering of the samples. Samples collected during the operation of the 

mine which have been exposed to weathering processes are more likely to provide representative 

results, relative to fresh core samples. A limitation to this approach is the quantification of the 

sample surface area. Common methods used to determine this parameter are the BET method on a 

microscopic scale while mapping using technologies such as LiDAR can be used to estimate the 

macro-scale surface area of the pit. The humidity cell method provides a best estimate of the total 

amount of leachable constituents over time (Castendyk et al., 2015b).  

A second approach to estimating runoff chemistry from wall-rocks is based on solute release rates 

based on mineral dissolution rates. According to Castendyk et al. (2015b), this approach utilises the 

quantification of wall-rock surface areas, mineral phase abundances and published mineral reaction 
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rates to determine the contaminant load being released by runoff into the pit lake. However, this 

approach is also limited by the quantification of the sample surface area, but also does not provide a 

complete estimation of the total concentration of potentially reactive elements in a sample.  

An approach to the estimation of wall-rock leaching, described by Castendyk et al. (2015b), is 

oxidation modelling, which is used to model the rate of disulfide mineral oxidation, as well as the 

depth of the oxidation rim in the wall-rock of the flooding pit. This method is commonly paired with 

kinetic testing in the form of humidity cells to determine the release rates of specific elements. A 

limitation to this methodology is that weathered material is often not available prior to the 

commencement of mining. Therefore, drill cores are the only feasible material for use in kinetic 

testing, which is not as representative of expected conditions. However, various studies using this 

methodology have shown that the flushing of 3 to 20 pore volumes of the oxidised rim around the 

pit is required to reach the background groundwater composition, depending on flooding time and 

wall-rock reactivity (Castendyk et al., 2015b, Geller and Schultze, 2013). 

Wall-rock leaching can also be simulated by batch tests, which are performed by mixing solutions 

with specific compositions which represent the various contaminant loads to the pit in a laboratory 

situation (Castendyk et al., 2015b). This is often referred to the “pit lake in a bucket” approach 

(Davis, 2003). After mixing, the precipitated secondary minerals and final solution composition are 

analysed and various scenarios can be simulated. This is an analogue test which incorporates the 

contributions of rainfall, stream-flow, wall-rock runoff and groundwater. This approach can also be 

used to confirm geochemical modelling simulations as a form of simplified calibration, as performed 

by Schafer et al. (2006). 

According to studies by Castendyk et al. (2015a), Geller and Schultze (2013) and Castendyk et al. 

(2015b), an important part of pit lake modelling, as with the modelling of contaminant release from 

other mine types and mining wastes, is a sound conceptual model (Evans et al., 2003, Eriksson and 

Destouni, 1997, Banwart and Malmstrom, 2001). This is viewed as equally important in the 

modelling of the initial flush from backfilled opencast mines. Processes identified by Castendyk et al. 

(2015b), which are also applicable to conceptual geochemical models for backfilled opencast mines, 

include gas phase exchange between the atmosphere and water surface, mineral precipitation in the 

flooded pit, dissolution and oxidation of submerged wall-rock minerals and adsorption of elements 

onto mineral surfaces. These processes play a vital role in the quantification of pit lake chemistry 

and are likely to be useful in the quantification of mine water quality of backfilled opencast mines. 

Additionally, as stated by Castendyk et al. (2015a), estimation can further be improved by calibrating 

short-term models against existing monitoring data.  
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3 Description of the Study Sites 

3.1 Introduction 

Three decommissioned opencast collieries across Mpumalanga Province have been selected for the 

study. The opencast mines are located near Carolina, eMalahleni and Arnot. Due to data sharing 

constraints, these mines have been renamed as C-Mine, E-Mine and A-Mine, respectively, in this 

study (Figure 2). Each site was selected based on access and data availability. The site locations, 

climatic settings, hydrological, geological and hydrogeological situations are described in the 

following paragraphs. 

3.2 Mine Locations 

C-Mine colliery is located approximately 5 km east of Carolina, Mpumalanga. The farms on which 

this colliery was operated are situated 20 km north of Chrissiesmeer and 30 km northeast of Breyten 

(Figure 2).  

E-Mine colliery is located approximately 20 km northwest of eMalahleni, Mpumalanga. The farms on 

which this colliery was operated are situated 30 km north of Ogies and 35 km east-northeast of 

Bronkhorstspruit (Figure 2). 

A-Mine colliery is located approximately 10 km northwest of Arnot, Mpumalanga. The farms on 

which this colliery was operated are situated 15 km northeast of Pullen’s Hope and 25 km southeast 

of Middelburg (Figure 2). 

3.3 Climatic Settings of the Mines 

3.3.1 C-Mine 

Climatic data measured over 54 years was obtained from the Department of Water and Sanitation’s 

weather station for the Nooitgedacht Dam area (Table 7). The rehabilitated mining site is located in 

the summer rainfall region of Southern Africa with precipitation usually occurring in the form of 

convectional thunderstorms. The average annual rainfall is in the order of 735 mm, with the high 

rainfall taking place in the months between October and March (Figure 6). 
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Table 7: Climatic Data for the Carolina Area (Nooitgedacht Dam) 

Month 
Average Monthly 

Rainfall, mm 

Mean Monthly 

Evaporation, mm 

January 122.9 195.3 

February 91.5 171.9 

March 78.2 161.9 

April 42.0 126.0 

May 12.8 108.0 

June 7.9 86.7 

July 4.3 95.8 

August 10.0 127.2 

September 25.0 169.2 

October 90.0 185.6 

November 129.9 178.9 

December 125.2 193.0 

Total Annual 735.8 1812.9 

 

Figure 6: Climatic Data for the Carolina Area Nooitgedacht Dam 

3.3.2 E-Mine 

Climatic data measured over 45 years, was obtained from the Department of Water and Sanitation’s 

weather station for the Witbank Dam (Table 8). The rehabilitated mining site is located in the 

summer rainfall region of Southern Africa with precipitation usually occurring in the form of 

convectional thunderstorms. The average annual rainfall is in the order of 703 mm, with the high 

rainfall taking place in the months between October and March (Figure 7). 
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Table 8: Climatic Data for the eMalahleni Area (Witbank Dam) 

Month 
Average Monthly 

Rainfall, mm 

Mean Monthly 

Evaporation, mm 

January 131.5 164.5 

February 91.8 138.4 

March 73.8 129.6 

April 39.3 97.4 

May 13.4 79.8 

June 7.0 65.3 

July 2.9 72.5 

August 7.9 98.8 

September 20.7 137.3 

October 78.3 163.7 

November 123.8 158.5 

December 116.7 163.6 

Total Annual 702.7 1476.2 

 

Figure 7: Climatic Data for the eMalahleni Area (Witbank Dam) 

3.3.3 A-Mine 

Climatic data measured over 35 years was obtained from the Department of Water and Sanitation’s 

weather station for the Middelburg Dam (Table 9). The rehabilitated mining site is located in the 

summer rainfall region of Southern Africa with precipitation usually occurring in the form of 

convectional thunderstorms. The average annual rainfall is in the order of 657 mm, with the high 

rainfall taking place in the months between October and March (Figure 8). 
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Table 9: Climatic Data for the Middelburg Area (Middelburg Dam) 

Month 
Average Monthly 

Rainfall, mm 

Mean Monthly 

Evaporation, mm 

January 121.5 191.4 

February 85.1 173.4 

March 75.0 161.3 

April 32.7 126.6 

May 10.7 106.0 

June 7.5 82.9 

July 2.9 91.9 

August 8.4 127.6 

September 19.9 171.2 

October 76.5 191.4 

November 111.2 186.6 

December 124.4 192.8 

Total Annual 656.6 1794.6 

 

Figure 8: Climatic Data for the Middelburg Area (Middelburg Dam) 

3.4 Hydrological Settings 

3.4.1 C-Mine 

Surface drainage at C-Mine is mainly directed to the east, draining into the stream on site, flowing 

from south to north. The opencast mine closest to the stream is currently discharging mine water at 

very low volumes and may contribute to the volume of runoff from the site into the stream (Figure 

19). 
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3.4.2 E-Mine 

Runoff at E-Mine drains to the southwest, northwest and to the east into various streams and rivers 

surrounding the site. The general flow direction of the streams surrounding this site is from the 

south to the north. Some backfilled areas are currently discharging mine water. However, the 

discharge is treated in a liming plant before reuse on site. Consequently, no mine water enters the 

surrounding streams (Figure 39). 

3.4.3 A-Mine 

Surface water runoff at A-Mine drains to the south, west and east into the surrounding streams. The 

stream to the north flows from east to west. The stream to the east flows from south to north. The 

stream to the south flows from east to west. All these streams join each other, surrounding the site 

almost completely. Mine water discharge is taking place at this site, but it is well managed using a 

pumped storage system. No discharge has been released to the surrounding streams (Figure 65). 

3.5 Geological Settings of the Mines 

3.5.1 C-Mine 

Sedimentary lithologies of the Ecca Group were encountered at C-Mine during exploration drilling 

(Figure 9). A sandy clay layer of approximately 4 to 6 m thickness is present on site which is 

underlain by highly weathered sandstones and shales. The thickness of the highly weathered 

sandstone and shale layer is approximately 8.5 m on average. This layer is underlain by a competent, 

fractured hard rock layer comprised of sandstone and shale. This layer was penetrated by drilling to 

an average depth of 8 m from the top of competent rock. The seams that were mined at the site 

include the B Seam and the C Seam. The B Seam was encountered at an average depth of 11 m while 

the C Seam was encountered at an average depth of 17 m. Based on the available drilling data for 

the site, as well as the geological map for the area (Figure 10), no doleritic intrusions or major faults 

are present on site (Huisamen and Naidoo, 2014). 

3.5.2 E-Mine 

At the E-Mine site, sedimentary lithologies of the Ecca Group, as well as the Dwyka Group were 

encountered during exploration drilling (Figure 9). A sand layer of approximately 3 to 11 m thickness 

is present across the site. This sand layer is underlain by slightly to moderately weathered 

sandstones with siltstone, mudstone and shale present in places. The thickness of this layer varies 

between 9 and 23 m. Below the weathered sandstone layer lies a competent, fractured hard rock 

layer comprised of sandstone, siltstone and mudstone, which was penetrated by drilling to depths 

between 2 and 30 m from the top of the competent rock. The No. 2 Seam was encountered during 

drilling with a thickness of up to 7 m, while the No. 1 Seam was encountered with a thickness of up 

to 2 m. Based on geological mapping data (Figure 11), doleritic intrusions as well as faults intrude the 

site in north-south, southwest-northeast and southeast-northwest strikes (Williams et al., 2012).  
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3.5.3 A-Mine 

Percussion drilling at the A-Mine site encountered sedimentary lithologies of the Ecca Group as well 

as igneous lithologies of the Pretoria Group (Figure 9). A sandy clay layer varying in thickness of 

approximately 1 to 4 m is present on site and is underlain by weathered sandstone and mudstone. 

The base of this weathered sandstone and mudstone layer varies between 15 and 18 m depth below 

surface. The weathered siltstone and mudstone layer is underlain by fractured, competent, hard 

rock comprised of sandstone and shale (Figure 12). During drilling, rhyolite and dolerite were also 

encountered. Drilling penetrated the fractured hard rock layers to depths between 20 and 30 m 

below the top of the hard rock layer. The No. 1 Seam and No. 2 Seam were mined at this colliery and 

were encountered at shallow depths and outcropped near the surrounding streams in places. Based 

on geophysical mapping data, minor doleritic intrusions and minor faults are present on site (Fourie, 

2013, Mabedla, 2015). 

3.6 Hydrogeological Setting 

Three common aquifer systems are encountered at C-Mine, E-Mine and A-Mine, as Ecca Group 

lithologies are found at each site (Huisamen and Naidoo, 2014, Botha et al., 1998, Fourie, 2013). The 

aquifer types include a shallow perched aquifer system, a shallow weathered aquifer system as well 

as a deeper fractured rock aquifer system.  

The shallow, perched aquifer systems are located in the regolith zone. These aquifers commonly 

contain water during high rainfall events but are generally unsaturated. Shallow, perched aquifers 

with thicknesses ranging between 2 and 10 m are associated with clay and ferricrete layers in the 

soil and feed local rivers and streams. These aquifers are recharged directly by rainfall. 

Shallow weathered aquifers at the study sites are comprised of highly weathered sandstone and 

shale bedrock and develop between the regolith and fractured rock sedimentary layers. The local 

groundwater level is generally encountered within this layer. Shallow weathered aquifers in the Ecca 

Group are generally 10 to 20 m thick and develop along weathered zones, bedding planes and 

fractures. These aquifers are generally connected to deeper fractured rock aquifers by fractures, 

dykes and faults.  

Deep fractured rock aquifers at the study sites are developed below shallow weathered aquifers and 

transmit groundwater through fractures and faults with limited flow taking place within matrix 

blocks. These aquifers are commonly thicker than 20 m and composed of sandstone and shale of the 

Ecca Group. They are connected to the overlying weathered aquifers by fractures, faults and dykes. 

Recharge of these aquifer systems occurs through the connecting fractures and faults from the 

shallow weathered aquifer systems. 
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Figure 9: Stratigraphic Columns for the Study Sites (Pers. Comm. Myburgh, 2015) 
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Figure 10: Geological Map of the Lithologies Encountered at C-Mine 

 

Figure 11: Geological Map of the Lithologies Encountered at E-Mine 
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Figure 12: Geological Map of the Lithologies Encountered at A-Mine 

3.7 Mining Activities 

3.7.1 C-Mine 

C-Mine Colliery was a small scale operation extracting coal by truck and shovel methods from four 

opencast mining sections. Rehabilitation commenced in the 1990’s with full rehabilitation and 

groundwater level recovery taking place early in the 2000’s. Opencast voids were backfilled with 

overburden material which was non-selectively placed and covered by topsoil and revegetated. Pit 

depths on site were approximately 20 m or less below surface level and no dewatering was required 

as groundwater inflows were purely evaporated. 

3.7.2 E-Mine 

Large scale mining operations are present at E-Mine Colliery with currently operational opencast 

mines as well as the rehabilitated pit to the north of the property. This pit was closed in the early 

1990’s and allowed to flood. Opencast mining in this area penetrated into a historic underground 

coal mine and mined out the pillars of the historic underground mine as well as the coal surrounding 

it. Backfill materials were not selectively placed and water in the backfilled pit investigated has a pH 

of 3.5 or less. 

3.7.3 A-Mine 

Large scale opencast coal mining commenced at A-Mine Colliery in the early 1970s. Two opencast 

pits were mined during the life of mine ending in the early 1990’s after which the mines were 
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backfilled and flooded. During 2006 discharge from the western opencast mine commenced. 

However, due to large inflow volumes during mining various final voids were left in the western pit 

during rehabilitation in an attempt to reduce mine water discharge volumes by evaporation. 

Additionally, mine water is currently recirculated between these voids to manage discharge along 

with a sprayer system to evaporate water which irrigates backfilled areas. 
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4 Methodology 

4.1 Introduction 

The methodology used for the modelling of the hydrogeochemical evolution of rehabilitated 

opencast coal mines is discussed in the following chapter. This chapter aims to answer the objective 

of a methodology for modelling the initial flush from a backfilled opencast coal mine with special 

focus on sulfate. It outlines the initial steps of conceptual hydrogeological model and conceptual 

geochemical model development and discusses numerical modelling, geochemical modelling as well 

as geochemical sensitivity analysis of the constructed models. 

4.2 Conceptual Hydrogeological Model 

A conceptual model is constructed as a simplified representation of reality (Diersch, 2014). It 

outlines the understanding of the hydrogeological and hydrogeochemical processes active at a 

specific site at a specific time (Figure 13). However, the conceptual model is a transient system and 

must be updated regularly as more data becomes available and understanding improves.  

For the study presented special focus was given to the post-mining hydrogeology of backfilled 

opencast coal mines. During mining groundwater flow is directed towards the opencast pit with 

groundwater inflows taking place from fractured and weathered Karoo aquifer systems. Pit 

dewatering is imperative for the continual safe operation of the mine during this stage with a single 

strip being mined and subsequently backfilled at any given time (Hartman and Mutmansky, 2002). 

After mining is completed at an opencast mine in South Africa the final strip is commonly backfilled 

with overburden material from the boxcut (Tanner, 2007). The material used to backfill the opencast 

mine will have undergone weathering and oxidation while exposed to surface conditions in 

overburden dumps (Marchand, 2002). This results in secondary mineral formation within the spoils. 

Once the mine is completely backfilled, the groundwater level will rise in the backfilled mine and 

flood it along with recharge from rainfall. As mentioned in section 2.10.4, the percentage of rainfall 

that could infiltrate unrehabilitated spoils could reach up to 20%. Also, backfill porosity and hydraulic 

conductivity are highly variable, but in general exceeds that of the surrounding aquifer systems, 

causing faster flow velocities than in the surrounding aquifer which promotes faster flooding. At this 

stage the secondary minerals will begin to weather and dissolve along with further oxidation of 

disulphide minerals until the backfilled mine is completely flooded when the process is decelerated. 

However, the resulting contamination will remain within the confines of the pit until steady-state 

hydrogeological conditions are reached. Steady-state hydrogeological conditions could also include 

mine water discharge on surface as the post-mining water level will differ greatly from the pre-

mining water level in the backfilled opencast mine. 

Once these steady state conditions are reached, the initial flush can begin. This could include 

discharge of mine water on surface as well as into the surrounding aquifer. Dissolved and dissolving 

secondary minerals and oxidising disulfides at this stage have generated and will continue to 

generate a contaminant load in the water in the pit. Contaminated water will therefore continually 

move into the aquifer and onto surface. As more water is added into the system via recharge from 

rainfall and inflows from the aquifer, the secondary minerals and disulfides will further dissolve as 

well as oxidise and weather. Over time, the surface areas and abundances of these minerals will 
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decrease which will gradually deplete the source. Therefore, contaminant loads entering the aquifer 

are likely to decrease on a logarithmic scale over time which is what is called the initial flush. This 

process continues until the contaminant source is depleted or until a chemical equilibrium is reached 

in the backfilled opencast mine. Until the contaminant source is depleted, contaminants generated 

undergo dispersion and advection into the surrounding aquifer which generates a contaminant 

plume which may reach sensitive receptors. 

 

Figure 13: Conceptual Hydrogeological Model of the Initial Flush in Opencast Coal Mines. Details are 

outlined in the text. 

4.3 Numerical Flow Model Construction 

4.3.1 Introduction 

Numerical groundwater flow models were constructed as a basis to understand the hydrogeology of 

the mining sites and to act as transport models using geochemical modelling results as input. 

Additionally, the purpose of the numerical models was to develop a tool than can be used to assess 

the various hydrogeological influences affecting the geochemistry of the source term as well as 

transport of contamination into the aquifer. Therefore, the constructed groundwater flow models 

were used to estimate flow volumes entering and exiting the rehabilitated opencast mines, 

groundwater flow directions and flow rates, potential future discharge volumes and plume 

migration.  
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4.3.2 Flow Model Setup  

For the purpose of this study, the hydrogeological situation of the investigated mine sites was 

envisaged to consist of the following hydrogeological units: 

 The upper few meters below surface consist of completely weathered material as shown in 

the various drilling logs and literature sources discussed. This layer is anticipated to have a 

reasonable high hydraulic conductivity and a seasonal water level is expected in this layer, 

especially after high rainfall events. Flow in this perched aquifer is expected to follow the 

surface contours closely and emerge as fountains or seepage at lower elevations.  

 The next few tens of meters can be subdivided into two aquifer systems, which are 

composed of slightly weathered, highly fractured sedimentary rock such as shale or 

sandstone with a low hydraulic conductivity and backfill material which has a high hydraulic 

conductivity. The permanent groundwater level resides in this unit and could range between 

5 to 20 meters below ground level depending on the site. The groundwater flow direction in 

this unit is influenced by the regional topography and is general from high lying areas to the 

surface drainage courses on site. This unit also contains the backfilled opencast mines which 

greatly influences the flow dynamics of the area. Backfilled opencast mines can be defined 

as artificial aquifer systems in this unit and terminate at average depths between 20 and 50 

meters. Materials used to backfill these opencast mines have the hydraulic properties similar 

to that of coarse gravel mixed with clay and sand in different proportions, creating highly 

preferential flow paths in the system with a heterogeneous hydraulic conductivity, generally 

one to two orders of magnitude higher than the surrounding aquifer.  

 Below a few tens of meters the fracturing of the aquifer is less frequent due to increased 

pressure. This results in an aquifer of lower hydraulic conductivity and very slow 

groundwater flow velocities.   

 Hydraulic conductivity in the constructed models was decreased by an order of magnitude in 

each successive layer. This was performed based on the work by Wang et al. (2009), Jiang et 

al. (2009) and Cheema (2015) which shows that hydraulic conductivity often decreases 

exponentially with depth. 

4.3.3 Fixed Aquifer Parameters 

Although the most relevant aquifer parameters are optimised by the calibration of the model, many 

parameters were calculated and/or judged by conventional means. The following fixed assumptions 

and input parameters were used for the numerical model of this area: 

 Recharge was calculated using the RECHARGE program created by van Tonder and Xu 

(2001).  

 Horizontal hydraulic conductivity was estimated using existing data received from the mine 

sites as well as literature data. 

 Hydraulic conductivity of the backfilled opencast mines was estimated from literature (du 

Plessis, 2010, Younger and Sapsford, 2004a, Hodgson, 1984).  

 Vertical hydraulic anisotropy (KH/KV) of the bedrock was estimated by model calibration as 

suggested by Anderson et al. (2015) and was calculated as a value of 10, which is commonly 

used in layered sedimentary rock (Anderson et al., 2015). 
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 The effective porosity value of the bedrock was estimated as 0.05 declining gradually to 0.01 

at a depth of 100-150 metres (Wang et al., 2009).   

 Longitudinal dispersion was determine based on model scale and ranged between 50 and 

100 m as recommended by Schulze-Makuch (2005). 

4.3.4 Model Boundaries and Discretisation 

Model boundaries were chosen to include the area where the groundwater pollution plume could 

reasonably be expected to spread. Wherever practical, natural topographical water divides were 

used as no-flow boundaries. Additionally, local perennial streams were also included as hydraulic 

boundaries if present. The modelling areas were discretised using structured grids which were 

refined at the mining areas.  

4.3.5 Calibration 

Water level and quality data as communicated in the monitoring data received from the mines was 

used to calibrate the numerical groundwater flow models and transport models. Results obtained 

from the water level calibration were used as initial conditions to simulate the transient post-mining 

water movement and contaminant transport. Head error ranges were defined based on 10% of the 

difference between the highest and lowest calculated groundwater head elevations. 

4.3.6 Modelling Scenario 

Numerical simulations were constructed for each mine to represent a period of 100 years after 

cessation of mining. This includes a time after flooding of the backfilled opencast, discharge as well 

as contaminant movement into the aquifer. 

4.4 Conceptual Geochemical Model 

A conceptual understanding of the active processes in a hydrogeochemical system is imperative to 

understand and model these processes. This is commonly conceptualised using a source-pathway-

receptor approach (Figure 14). As this study focusses on the evolution of rehabilitated opencast 

collieries, which are generally sources of contamination, an integration of the controlling factors on 

the source term is required. To conceptualise this source term, an integration of the following data is 

proposed: 

 Inflow volumes relative to backfill volumes in the form of groundwater and surface water 

inflow as well as recharge. 

 Gas phase exchange where oxygen fugacity in the system is assumed sufficient to at least 

partially oxidise disulfide minerals. 

 Mineral precipitation and dissolution. This is commonly observable near areas of discharge 

and within backfill material itself in the form of secondary minerals such as gypsum. 

 Character of the source term which is commonly a mixture of overburden and discard 

materials containing weathering mineral phases with reactive surface areas. These minerals 

have rates of dissolution which can be quantified. Additionally, the material will have a 

certain acid generation capacity and leachability. Also, a certain degree of flushing and 

reactive transport takes place in the material. 
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 Solution outflow chemistry which can be quantified from mine water discharge, 

groundwater outflow and mine water in final voids or pit lakes. The evolution of chemistry in 

these waters in the short term is an indicator of the long term chemistry, which can be 

calculated if the correct parameterisation is performed. 

 

 

Figure 14: Conceptual Model of Hydrogeochemical Source Characterisation of a Rehabilitated 

Opencast Mine 

4.5 Mineralogical Analysis 

Mineral phase abundances in the backfill material were quantified using X-ray powder diffraction 

analysis (XRD). XRD is an analytical technique primarily used for phase identification of a crystalline 

material (Young, 1999, Klein et al., 2008). The analysed material is finely ground, homogenised and 

the average bulk composition is determined (Figure 15). However, it is important to note that XRD 

can only report the crystalline phases present above an abundance of 1 weight%. Using this method, 

the weight percentages of identified crystalline minerals in a sample are reported.  

The XRD analysis method used in this study is as follows: 

 Samples are dried in a drying oven. 
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 The dried sample matrix is ground to a fine powder in a tungsten carbide vessel using a 

swing mill. 

 The samples are then prepared according to the standardised PANalytical back-loading 

system. 

 A sample is analysed using a PANalytical X’Pert Pro powder diffractometer in θ-θ 

configuration. 

 The powder diffractometer is equipped with an X’Celerator detector and variable 

divergence- and fixed receiving slits with Fe filtered Co-Kα radiation. 

 The subsequent diffraction traces are then analysed and mineral phase amounts are 

quantified using the Rietveld method (Young, 1999). 

 

Figure 15: Example of a diffraction trace (sample KDC1 collected from E-Mine) 

4.6 Reactive Surface Area 

Mineral reactive surface areas were calculated using geometric surface areas based on grain size, as 

proposed by Gautier et al. (2001).  

The average grain radius of an identified mineral is determined by an appropriate ruler in the field 

and, assuming spherical grains, such as in the assumptions used in Stoke’s law, the idealized volume 

of the grain calculated. Using the mineral density (Klein et al., 2008), the mass of the identified 

mineral grain is calculated by multiplying the density with the grain volume. Following this, the 

number of grains in 1 g of such a mineral is calculated for the identified grain radius. The surface 

area for the specific grain radius is then calculated, also assuming a spherical grain. Finally, the total 

surface area of the mineral at the identified grain radius, in 1 g of that mineral material, is 

calculated. This is performed by multiplying the number of grains in 1 g of the mineral material, with 

the surface area of one grain of that mineral. It is then assumed that the entire calculated surface 

area is available for reaction upon commencement of a chemical reaction. 

4.7 Mineral Reaction Rates 

Mineral reaction rates were taken from literature sources as an estimate (Hersman et al., 1995, 

Huertas et al., 1999, Oelkers and Schott, 1998, Oelkers et al., 2008, Gudbrandsson et al., 2014, 

Gautier et al., 2001, Marty et al., 2015, Malmström et al., 2006, Jeschke et al., 2001, Pokrovsky and 
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Schott, 2002, Pokrovsky et al., 2005). Reaction rates were identified for each mineral phase that was 

identified in the XRD analysis.  

4.8 Acid-Base Accounting 

Acid-base accounting results used from literature sources in this thesis (Huisamen and Naidoo, 2014, 

Williams, 2015, Fourie, 2013) were all obtained using variations of the Modified Sobek Method 

(Lawrence and Marchant, 1991). In this procedure total sulfur content is measured as well as sulfate 

sulfur which is extracted from the analysis sample with dilute hydrochloric acid. The difference 

between these concentrations provides the sulphide sulfur content of the sample which is of special 

interest in terms of acid generation potential (Lawrence and Marchant, 1991). Neutralisation 

potential of the sample is determined by titrating the sample with standardised HCl and performing 

a fizz test. Excess acid is then titrated with a standardised base to a pH of 8.3 to calculate the CaCO3 

equivalent of the acid consumed by the sample (Lawrence and Marchant, 1991). The difference 

between the Acid Generation Potential and the Neutralisation Potential provides the Net 

Neutralisation Potential of the sample which indicates if the sample is acid producing or acid 

consuming. A positive value indicates acid consumption while a negative value indicates acid 

generation (Lawrence and Marchant, 1991). 

Samples from C-Mine and E-Mine were both analysed using the methodology described in the 

preceding paragraph. Samples collected by Fourie (2013) were analysed using a variation of this 

methodology. Instead of only measuring acid generation potential and neutralisation potential, 

leachate generated during the test is also analysed for a range of elements using ICP methods. 

Additionally, the method used in the study by Fourie (2013) uses hydrogen peroxide instead of HCl in 

an attempt to only oxidise sulfide sulfur from a sample and measuring its concentration to calculate 

acid generation potential. This method assumes a closed system where little to no CO2 can escape 

and the resulting H2CO3 contributes to the final measured pH of an analysed sample. This method is 

comparable to the Modified Sobek method in that it attempts to isolate sulphide sulfur for reaction, 

albeit using a different approach to this part of the analysis. 

4.9 Leachate Chemistry 

Samples collected at the various study sites were subjected to distilled water leaching tests. This 

type of leaching test is named “Shake Extraction of Solid Waste with Water”, or the “Neutral 

Leaching Procedure”. The test method was developed by the American Society for Testing and 

Materials (ASTM) and assesses the leaching potential of solid waste (ASTM D-3987-85). To perform 

this leaching test, a specified mass of material is mixed with leaching fluid, in this case distilled 

water. The liquid to solid ratio for the test is 20:1 and the mixture is then agitated for approximately 

18 hours. Subsequently formed leachate is then separated from the solids and analysed. For this 

specific study, the inductively coupled plasma ̶ optical emissions spectroscopy analysis (ICP-OES) 

method was used to identify the metal cations in solution. Ion chromatography was used to identify 

anions in solution. 

4.10 Interpretation of Available Groundwater Monitoring Data 

Groundwater monitoring data for the investigated sites was made available by the various mining 

companies responsible for the sites. Data received include major ion analysis data as well as 
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physical-chemical parameters. Identification of trends as well as statistical analyses were performed 

on the data to identify various evolutionary stages in the flushing of the backfilled mines. This 

included fitting the data with trend lines and also calculating the minimum, maximum and average 

concentrations of selected elements and parameters, comparing various parameter sets and relating 

trends in the monitoring data to specific rehabilitation practices for each site. This data proved 

useful in construction of the conceptual hydrogeological and geochemical models as well as in the 

calibration of numerical models. This data formed an important part of the basis for the 

characterisation of the source term and was critical in calculating long term trends and their 

sensitivity to various rehabilitation practices. 

4.11 Statistical Analysis of Geochemical Data 

Statistical analyses were performed on the data of this study to determine obvious and “hidden” 

relationships as well as controlling parameters in the geochemical system using IBM’s SPSS 20. To 

identify these relationships, the data was correlated using a correlation matrix. All available XRD, 

leach testing and acid-base accounting results were used in the correlation matrix for bivariate 

regression analysis using the Pearson method with a two-tailed significance test. Significance levels 

used were 90 and 95%. This was performed to determine the relationships between parameters to 

establish potential cause-effect relationships between minerals and elements in solution. 

Relationships were also identified between elements in solution and the effect of this on mineral 

weathering and precipitation. 

Principal component analysis (PCA) was also performed on the data for comparison of analysed 

parameters and to further investigate controlling parameters in the geochemical system. 

Eigenvalues greater than 0.5 were identified using the method of principal components with no 

rotation of the eigenvectors specified. Interpretation of the PCA results showed which processes 

control the mine water chemistry to the largest extent and also shows which parameters should be 

the main focus of geochemical model calibration.  

Further to the principal component analysis was the construction of a dendrogram to identify 

hierarchical clusters of samples with similar parameters. Ward’s method was used as the cluster 

method with the measure interval specified by squared Euclidian distance with no transformation of 

values. Results of the dendrogram interpretation aided in the explanation of why specific samples 

and sites showed a specific geochemical behaviour and why this may be different to other sites or 

samples. 

4.12 Geochemical System Calibration 

4.12.1 Model Construction and Calibration 

The graphical user interface used to model and interpret geochemical data in this study is The 

Geochemist’s Workbench® version 9.0 (Bethke, 2008). The model defines the geochemical system 

using mineral abundances, mineral reactive surface areas, mineral reaction rates and subsequent 

water qualities. As an input to the model, the identified minerals in the collected samples were 

averaged. However, as some variance in the averaged mineral assemblage may occur, the standard 

error for each mineral’s average abundance was calculated and was then added as well as 

subtracted from the mean to define the upper and lower boundaries of the possible abundance of 

each mineral. These average mineral abundances were then defined in the model interface. 
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Following this step, the mineral reaction rates, as obtained from literature (section 4.7), were 

defined for each mineral. This was performed to create a kinetic geochemical model which may not 

necessarily reach equilibrium, as is the case in many geochemical systems. This is especially relevant 

in a laboratory analysis such as a leaching test, where minerals are unlikely to undergo complete 

reaction during leaching. Additionally, mineral reactive surface areas were calculated and defined as 

described in section 4.6.  

To define a data set used for model calibration, the leaching test constituent concentrations were 

averaged. Again, some variance is expected and the standard error was calculated for each analysed 

constituent. The standard error was then added and subtracted from the mean concentration of the 

specific constituent to define the upper and lower boundaries for the possible concentrations of 

each constituent. Additionally, during this simulation, the oxygen fugacity was fixed at 0.21, as the 

system is open to atmospheric pressure during the leaching procedure. 

The distilled water leaching test procedure (section 4.8) was simulated within the geochemical 

model. This entailed the reaction of the defined mineral assemblage with a distilled water leaching 

fluid. The final simulated concentrations were compared to the final leaching test concentrations. If 

the concentrations matched well with the average concentrations within the margins of the 

calculated standard error, the mineral assemblage was considered to be calibrated. However, if the 

results differed notably, the mineral assemblage, mineral weight percentages, reaction rates and 

reactive surface areas were revised. Each parameter, with regards to the defined mineral 

assemblage, was then varied within the acceptable boundaries to obtain a more representative 

simulated leachate. Parameters associated with the main controlling processes of the mine water 

chemistry, as identified during the statistical analyses, were favoured in this procedure. 

4.12.2 Simulation of the Natural Geochemical System 

Once the mineral assemblage was calibrated based on the leaching test data (section 4.12.1), it was 

simulated in the natural conditions expected to prevail in the opencast mine in a post-closure 

scenario. Therefore, an understanding of the recharge and groundwater volume in the backfilled 

opencast mine was required. These parameters were used to calculate the volume of fluid reacting 

with the calibrated mineral assemblage per time unit. For this study, these parameters were 

obtained from a pre-constructed numerical flow model as discussed in section 5.1.1, section 5.2.1 

and section 5.3.1. The numerical flow model provided a constant daily rainfall volume and 

groundwater flow volume through the backfilled opencast mine.  

Once these volumes were known, the ratio of the volume of water moving through the backfill 

material relative to the volume of the backfill material itself was calculated. This ratio was 

subsequently defined in the geochemical model with additional water being added to the 

geochemical simulation at the rate defined by the flow model. This scenario was then simulated in 

the geochemical model for the post-mining period in which groundwater monitoring data was 

available.  

4.13 Chemical Calibration of the Numerical Flow Model  

The data obtained from the simulation of the natural geochemical system (section 4.12.2) were 

integrated into a mass transport model, based on the solution of a numerical flow model. For this 

study, GMS® 10.0 was used as the graphical user interface for the MODFLOW® (McDonald and 
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Harbaugh, 2003) numerical code. Pre-constructed models were used to integrate the data using the 

MT3DMS® (Zheng and Wang, 1999) mass transport code.  

To integrate the data from the geochemical model, the numerical flow model was first constructed 

and calibrated to the post-mining situation. This was performed using water level monitoring data 

available from the time after mine closure, to obtain a calibration. Once the flow model was 

calibrated based on water level data, the geochemical model’s solution was integrated into the mass 

transport model.  

The concentration of sulfate over time was specified in the mass transport model using a specified 

time dependent concentration in the backfilled opencast mine, populated with concentrations 

obtained from the geochemical model. Various sulfate concentrations were specified using time 

steps and stress periods. After these concentrations were specified, using the data from the 

geochemical model, the mass transport simulation was performed. Resulting concentrations at 

observation wells were then compared to the available monitoring data within the mass transport 

model. Calculated concentrations must fall within a specified error range. If this was not the case, 

the geochemical model, numerical flow model and mass transport model parameters were reviewed 

and a gap analysis was performed on the conceptual model. Parameters were then adjusted within 

the acceptable statistical boundaries until an improved calibration was obtained. These parameters 

included recharge rate, fluid to rock ratios and inflow volumes into the backfilled opencast pit from 

the surrounding aquifer. Therefore, a trial and error approach was used, similar to the calibration of 

a numerical model using transient water level data, to obtain a “chemical calibration” of the 

transport model. Once this “chemical calibration” was obtained within the specified criteria, the 

transport model was assumed to be calibrated. 

This was followed by the simulation of the long term fluid-rock interaction in the backfilled opencast 

mine, using the geochemical model. The specified model term length was selected based on the 

project requirements. The solution obtained from the geochemical model was then integrated into 

the mass transport model as described for the “chemical calibration” procedure, and the long term 

contaminant transport was then simulated in terms of sulfate. 

Unfortunately, no redox measurements were made available for the mine sites investigated as part 

of the monitoring data. Redox profiles would aid greatly to ensure the correct sampling depth and to 

provide a better understanding of the hydrochemistry of the aquifer system. This data would be 

useful to determine possible mineral precipitation and dissolution along the flow path and could 

provide an indication of preferential flow paths for mine water. Additionally, mineral stability and 

weathering rates could be determined with greater accuracy. 

4.14 Geochemical Sensitivity Analyses and Implications for Rehabilitation 

Practices 

After calibration of the geochemical model, a trial and error sensitivity analysis was performed to 

determine the most sensitive parameters influencing the calculated solution. This was performed by 

varying parameters such as mineral weight percentages, mineral reactive surface areas, mineral 

reaction rates, gas fugacities and fluid to rock ratios. The sensitivity analysis was performed to 

determine which parameters have the greatest effect on the simulated solution. Therefore, if the 

conceptual model must be revisited at a later time to update the various models, the most sensitive 
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parameters can be assessed first. The sensitivity analysis provided an indication of which parameters 

should be assessed and quantified to the highest accuracy (Table 10). 

Table 10: Parameters Selected for Sensitivity Analysis of the Model Inputs and Their Relation to Site 
Conditions 

Parameter 
Varied 

Reason Relation to Rehabilitation Practice 

Oxygen 
Fugacity 

Oxygen in the backfilled 
opencast mine plays a critical 
role in the rate of disulfide 
oxidation and weathering as 
well as the concentration of 
sulfate released 

Oxygen ingress to the backfilled opencast mine can 
be related to the rate and degree of flooding of the 
backfilled opencast mine as well as the degree of 
covering and capping provided to the system by 
means of compaction and material placement. If 
the mine is not fully flooded and not well 
compacted, oxygen ingress rates are likely to be 
higher which will influence disulfide oxidation and 
weathering rates. 

Gypsum 
Mass 

The mass of gypsum in the 
backfill material of a backfilled 
opencast mine will contribute 
to the overall sulfate 
concentration in the mine 
water. 

Gypsum mass in the system may not directly be 
influenced by rehabilitation practices but is 
certainly a product of the weathering of disulfides 
in the backfill material. However, postponing 
flooding and improper compaction and 
minimisation of oxygen ingress to the backfill 
material is likely to cause a larger mass of gypsum 
to form within the material. 

Gypsum 
Surface 
Area 

The reactive surface area of 
gypsum in the backfill material 
of a backfilled opencast mine 
plays a role in regulating the 
rate of sulfate release. 

Gypsum reactive surface area in the system may 
not directly be influenced by rehabilitation practices 
but is certainly a product of the grading of the 
backfill material. If backfill material is not selectively 
placed taking grading into account fine grained 
material may be exposed to the most oxygen. This 
will cause the weathering of disulfides with larger 
reactive surface areas creating finer grained gypsum 
crystals with larger reactive surface areas. 

Gypsum 
Reaction 
Constant 

The reaction constant of 
gypsum in the backfill material 
of a backfilled opencast mine 
plays a role in regulating the 
rate of sulfate release. 

The reaction constant of gypsum is an inherent 
property of the mineral phase unrelated to 
rehabilitation practice. 

Pyrite 
Mass 

The mass of pyrite in the backfill 
material of a backfilled 
opencast mine will contribute 
to the overall sulfate 
concentration in the mine 
water as well as changes in pH. 

Pyrite mass in the system may not directly be 
influenced by rehabilitation practices but is an 
inherent property of the geology of the specific site. 
Postponing flooding and improper compaction and 
minimisation of oxygen ingress to the backfill 
material is likely to cause further weathering of 
these minerals. However, water plays an integral 
part in the oxidation of this mineral phase and it will 
therefore continue to weather at a specific rate 
depending on inflows to the pit as well as access to 
oxidising species.   
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Pyrite 
Surface 
Area 

The reactive surface area of 
pyrite in the backfill material of 
a backfilled opencast mine plays 
a role in regulating the rate of 
sulfate release. 

Pyrite reactive surface area in the system may not 
directly be influenced by rehabilitation practices but 
is certainly a product of the grading of the backfill 
material. If backfill material is not selectively placed 
taking grading into account fine grained material 
may be exposed to the most oxygen. This will cause 
the weathering of disulfides with larger reactive 
surface areas . 

Pyrite 
Reaction 
Constant 

The reaction constant of pyrite 
in the backfill material of a 
backfilled opencast mine plays a 
role in regulating the rate of 
sulfate release. 

The reaction constant of pyrite is an inherent 
property of the mineral phase unrelated to 
rehabilitation practice. 

Input Rate 
of Water 

The input rate of water into a 
backfilled opencast mine from 
recharge and groundwater 
inflows plays a major role in the 
rate of mineral weathering and 
contaminant release as well as 
the dilution of this 
contamination and its transport 
into the aquifer. It is also a 
major contributor to the 
depletion of the contaminant 
source. 

The input rate of water from recharge and inflows 
from groundwater are a function of the compaction 
of backfill material. Poorly compacted material is 
likely to allow higher volumes of water to enter the 
backfilled opencast mine. This will cause enhanced 
weathering and leaching of primary and secondary 
minerals potentially depleting the contaminant 
source at a faster rate but also causing higher levels 
of contamination. 

Based on this sensitivity analysis and the identification of the most sensitive parameters, changes in 

current rehabilitation techniques could be proposed such as selective placement of acid-generating 

materials at the top of the deposition sequence to promote leaching and source depletion. An 

example would be to increase oxygen ingress and water flow through the system to increase the 

weathering of disulfides which would be the stoichiometric limiting factor in the oxidation reaction 

of these minerals. This could lead to faster flushing of contaminants and acidity from the backfilled 

opencast mine. Therefore, the sensitivity analysis is imperative not only in determining the highest 

priority parameters for calibration and quantification but also in the planning of management 

measures and rehabilitation techniques. The sensitivity analysis acts as a guide depending on the 

liabilities preferred to determine post-closure scenarios that best suit a mining company’s finances 

and investment planning. It highlights parameters that can be influenced to determine a desired 

outcome in the resulting hydrochemistry after mine closure. 

4.15  Assumptions and Limitations  

Although all efforts have been made to base the research conducted on the most representative 

data and following a logical scientific approach (Figure 16), some limitations are recognised and 

certain assumptions were made: 

 It is recognised that pit geometry and backfill porosity are highly variable parameters and 

best estimates were used in the calculation of these parameters using available data. 
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 Inflow and outflow of the investigated pits was estimated using numerical modelling. 

Although this may not be perfectly accurate and only estimates based on available data, 

defensible results were obtained based on measured monitoring data. 

 It is recognised that some mineral phases are not detected by the chosen mineralogical 

analysis method. Abundances of some mineral phases were therefore estimated. 

 Mineral reaction rates were sourced from literature and may not be representative of site 

specific reaction rates. However, variance of no more than one order of magnitude was 

assumed to ensure defensible inputs. 

 It is recognised that the total surface area of each mineral is not necessarily available for 

reaction and that mineral grains are not spherical and in closest packing. However, based on 

the literature reviewed, calculation of reactive surface areas based on these assumptions 

still provide a defensible result when compared with the BET method. 

 It is recognised that static leach testing provides only a single potential result and is not 

suitable for kinetic prediction by itself. However, kinetic parameters were incorporated into 

the simulation of leach tests and the calibration of the simulated mineral assemblage, 

showing that a kinetic component is therefore shown to be present in these leaching tests. 

 Although limited sampling data is available for statistical analysis per site, the combined 

number of samples is deemed sufficient to perform at least indicative statistical analyses 

which are supported by an abundance of monitoring data. 

 It is recognised that the sampling method for the monitoring data may have varied between 

sampling events and sample depths are unknown. These unknown parameters may 

contribute to the cause of simulation inaccuracies but the amount of data available is 

deemed sufficient to determine general trends. This was determined by fitting data with 

exponential trend lines.   

Additional actions that could be further investigated to augment results include: 

 Quantification of oxygen fugacity profiles with depth in flooded and backfilled opencast 

mines. 

 Quantification of reactive surface areas and reaction rate constants in non-ideal conditions 

for minerals above and beyond best estimation and laboratory techniques, respectively.
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Figure 16: Flow-chart of steps in the modelling methodology 

 

Conceptual 
Model 

Formulation

• Waterbalance and solution chemistry (Literature Review and Results Sections)

• Gas exchange (Literature Review)

• Mineral precipitation and dissolution/weathering (Literature Review and Results Sections)

• Mineralogical composition, reaction rates and surface areas (Literature Review and Results Sections)

Mineralogical 
Analyses

• XRD (Results Section)

• Estimation from ABA and mine water chemistry (Results Section)

Distilled Water 
Leach Tests

• Distilled water leaching of the backfill material (Results Section)

• Leachate analyses by ICP and chromatography (Results Section)

Mineral 
Reaction Rates

• Published literature (Results Section)

• Kinetic testing (Williams, 2015)

Mineral 
Surface Area

• Calculated from grain sizes (Results Section)

Statistical 
Analysis

• Correlation matrix (Synthesis and Discussion Sections)

• Principal component analysis (Synthesis and Discussion Sections)

• Dendrogram interpretation (Synthesis and Discussion Sections)

Geochemical 
Model 

Calibration

• Simulation of leach test using geochemical model (Results and Synthesis Sections)

• Simulation results calibrated against leach test results (Results and Synthesis Sections)

Natural 
Geochemistry 

Simulation

• Calibrated mineral assemblage simulated in natural conditions (Results and Synthesis Sections)

• Calibrated mineral assemblage used as input to geochemical model (Results and Synthesis Sections)

• Simulated long term mine water chemistry results used as input to numerical model (Results and Synthesis 
Sections)

Numerical Flow 
Model Chemical 

Calibration

• Simulated long term mine water quality used to define source term for contaminant transport (Results and 
Synthesis Sections)

• Simulated contaminant transport concentrations calibrated against measured concentrations (Results and 
Synthesis Sections)
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5 Results 

5.1 C-Mine  

5.1.1 Numerical Flow Model 

The following parameters were specified within the numerical model (Table 11): 

Table 11: Input parameters to the numerical flow model for C-Mine 

Model Parameter Value Unit Reason 

Recharge to the 
aquifer 

0.0001 m/d Calculated 

Recharge to the 
backfilled opencast 
mine 

0.0004 m/d Hodgson and Krantz (1998) 

Evapotranspiration 0.005 m/d Calculated 

Boundaries 
Topographic 
water 
divides 

- 
Existing boundary conditions present at the site that would 
potentially include modelled impacts 

Refinement 20 m Based on the scale of the mining area 

Grid dimensions 427 x 484 
Cell 
count 

Product of the grid refinement 

Hydraulic 
conductivity 

0.01 m/d Existing hydrogeological report (Du Toit, 2010) 

Hydraulic 
anisotropy 
(vertical) 

10 - Anderson et al. (2015) 

Effective porosity 

5 declining 
to 3 with 
depth in 
each layer 

% Wang et al. (2009) 

Layers 4 Count Mining depth is 20m 

Longitudinal 
dispersion 

50 m Schulze-Makuch (2005) 

Mean residual head 
error 

1.5 m Head error statistics 

Head error range 10 m 
Calculated as 10 % of the difference between the maximum 
and minimum calculated head elevations 

Flow directions interpreted from the numerical flow model showed that flow is directed away from 

the backfilled opencast mines. Groundwater flow is expected to follow the topography towards local 

drainage channels (Figure 17) as shown by monitoring data. This was confirmed by the calibration of 

the model to transient monitoring data (Figure 18).  
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Figure 17: Groundwater flow directions at C-Mine Colliery 

 

Figure 18: Transient head calibration graph for the numerical model constructed for C-Mine Colliery 

Based on the calibrated model, the inflow rate into the backfilled opencast mines were estimated. 

Maximum inflow volumes calculated for the backfilled opencast mines on site ranged between 30 

and 40 m3/day. Assuming that the porosity of the backfill material in the backfilled opencast mines is 

30% and multiplying this with the pit surface area and average depth a volume was calculated for 

the potentially fillable void space within the backfill material. This equated to an initial fluid to rock 

ratio of 2.5 × 10-4:1 based on rainfall volumes with additional water being added to the system via 

inflows to the pit from the aquifer at a fluid to rock ratio of 2.5 × 10-5:1. 
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5.1.2 Mineral Abundances 

Samples collected from the backfilled opencast mines were composited to represent each backfilled 

mining area e.g ESG134 is a composite sample of ESG1, ESG3 and ESG4. The XRD analysis results for 

the backfill material samples collected from backfilled opencast mines at C-Mine (Figure 19) show 

that quartz, microcline k-feldspar, kaolinite and smectite are the predominant mineral phases 

present (Table 12). Minerals with a lesser abundance in the samples include hematite, plagioclase 

and muscovite.  

Table 12: Mineral Phases Identified During Analysis of Six Backfill Samples at C-Mine; Mineral Phase 
Abundances Reported as Weight Percentage 

Mineral Phase ESG134 ESG678 ESG91011 ESG17 ESG2021 Pembali Mining 1 

Hematite 1.33 0.37 1.17 0.36 1.04 0.36 

Kaolinite 25.07 5.34 21.69 9.97 24.52 12.78 

Microcline 13.44 9.15 14.50 8.66 10.91 8.57 

Muscovite 6.7 3.97 7.28 5.17 8.11 4.85 

Plagioclase - 10.14 - - - - 

Quartz 53.47 28.61 55.40 38.85 55.41 39.78 

Smectite1 - 37.98 - 37.0 - 33.67 

Smectite2 - 4.43 - - - - 

 

 

In addition to the mineralogical analyses, sulfide mineral abundances were estimated. Mine water 

chemistry (Table 14) and acid-base accounting analyses (Table 13) were used to estimate the rock 

type according to the method of Price et al. (1997) as well as the abundance of sulfide minerals in 

the backfill material (Huisamen and Naidoo, 2014). 
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Figure 19: Sample collection areas at C-Mine 

Table 13: Acid-base accounting results for backfill samples collected at C-Mine (Huisamen and 
Naidoo, 2014) – Neutralisation potential and Net Neutralisation Potential (NNP) expressed as CaCO3 

equivalent kg per ton 

Sample Number ESG134 ESG678 ESG91011 ESG17 ESG2021 
Pembali 
Mining 1 

Paste pH 5.8 7.0 6.6 6.0 6.1 6.1 

Sulfur (%) (LECO) 0.30 0.02 0.04 0.05 0.02 0.07 

Acid Potential (AP) (kg/t) 9.38 0.63 1.25 1.56 0.63 2.19 

Neutralization Potential (NP) 0.50 1.50 2.00 0.25 1.75 -0.50 

Net Neutralization Potential 
(NNP) 

-8.88 0.87 0.75 -1.31 1.13 -2.69 

Neutralising Potential Ratio 
(NPR) (NP : AP) 

0.05 2.40 1.60 0.16 2.80 0.23 

Rock Type I III III II III II 
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Table 14: Analysis results of C-Mine mine water discharge (Huisamen and Naidoo, 2014); 

concentrations presented in mg/L 

Analysed Constituent Concentration  

pH 7.66 

Temperature in °C 25 

Measured Electrical Conductivity in mS/m 47.2 

TDS Calculated (EC × 0.99:(Hubert and Wolkersdorfer, 2015)) 46.7 

Alkalinity as CaCO3 48.9 

Al <0.05 

Ca 31.5 

Fe 0.13 

K 6.15 

Mg 34.9 

Mn <0.05 

Na 16.8 

Si 1.13 

F 0.289 

Cl 9.77 

NO2 <0.2 

NO3 <0.3 

PO4 <0.8 

SO4 189 

Ion balance error (%) 2 

5.1.3 Distilled Water Leach Tests 

Six samples were collected from C-Mine Colliery and submitted for distilled water leach testing. The 
subsequent leachates were analysed using ICP-OES for major metal cations while anion 
concentrations were determined by ion-chromatography. Leachate pH is lowered by the material 
and the predominant leached constituent from the material is sulfate (Table 15).  
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Table 15: Leachate Analysis Results for C-Mine 

Analysed 
Constituents 

(mg/L) 
ESG134 ESG678 ESG91011 ESG17 ESG2021 

Pembali 
Mining 1 

Al 0.332 1.04 <0.100 <0.100 <0.100 <0.100 

Ca 38 4 7 3 <2 3 

Fe 0.045 0.751 <0.025 0.039 <0.025 0.028 

K 6.1 <1.0 4.67 4.22 1.85 4.47 

Mg 14 2 5 3 <2 4 

Mn 7.66 0.039 0.419 0.038 0.087 0.050 

Na 3 4 3 3 <2 3 

Si 4.20 9.50 3.57 3.88 3.57 4.86 

TDS Measured  322 61 52 51 51 59 

Alkalinity as 
CaCO3 

<5 <5 <5 <5 <5 <5 

Cl <5 6 <5 <5 <5 <5 

SO4 203 42 38 36 9 42 

NO3 <0.2 <0.2 0.4 0.4 0.2 0.5 

pH 4.4 6.4 4.7 4.5 4.9 4.6 

EC 42.9 6.4 13.5 9.7 4.0 10.9 

 

5.1.4 Mineral Reaction Rates 

Estimated mineral abundances were averaged based on XRD analyses, acid-base accounting and 

mine water analyses. The standard error and standard deviation were calculated for each mineral 

phase and the reaction constant for each phase was obtained from literature (Table 16). With the 

applicable references and assumptions the initial reactive surface area was also calculated based on 

the described methodology (Table 16).  
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Table 16: Calculated statistics, rate constants and reactive surface areas from the XRD results of six 
backfill samples from C-Mine  

Mineral Phase 
Based on 
Analysis Data 

Mean, 
mass % 

Standard 
Deviation, 
mass % 

Standard 
Error of mean 
mass % 

Initial Reaction 
Rate Constant, 
mol·cm-2·s-1 

Initial Reactive 
Surface Area, 
cm2·g-1# 

Hematite 0.77 0.46 0.19 5 × 10-11 a 57 

Kaolinite 16.56 8.32 3.39 1 × 10-17 b 58 

K-Feldspar 10.87 2.57 1.05 1.7 × 10-17 c 58.5 

Muscovite 6.01 1.59 0.65 2.9 × 10-15 d 53 

Plagioclase 2.03 4.53 1.85 1.0 × 10-16 e 55 

Quartz 45.25 11.15 4.55 5.0 × 10-14 f 22.5 

Smectite 36.22 2.26 0.92 3.0 × 10-15 g 60 

Pyrite 0.03 * n.a. n.a. 2.8 × 10-12 h 104 

Gypsum 0.05 * n.a. n.a. 1.3 × 10-04 i 26 

aHersman et al. (1995); bHuertas et al. (1999); cOelkers and Schott (1998); dOelkers et al. (2008); 
eGudbrandsson et al. (2014); fGautier et al. (2001); gMarty et al. (2015); hMalmström et al. (2006); 
IJeschke et al. (2001); *Estimated based on field observations, acid-base accounting, grain sizes and 

literature data; #Calculated from sample average grain size and mineral density, assuming entire 

surface is available for reaction (Brantley, 1998, Gautier et al., 2001, White and Brantley, 2003); n.a.: 

not applicable.  

5.1.5 Groundwater Monitoring Data  

A comparison of selected parameters was performed on the available groundwater monitoring data 

for C-Mine.  Results of this comparison are described below for each monitoring well. 

MW2 (Figure 20) 

Low concentrations of SO4 can be observed in the data collected from this well as well as a slightly 

alkaline pH indicating buffering reactions taking place. This is further supported by the high alkalinity 

concentrations observed in the data. Fe concentrations for this well are low and remain relatively 

stable due to the buffering effect of the high alkalinity concentration relative to that of sulfate.  

MW3 (Figure 21) 

Alkalinity concentrations in this well are elevated at the start of the monitoring period but are 

lowered by the end of 2011 which is also the case for the pH values observed. After this a fairly 

stable pH is observed with steadily increasing sulfate concentrations and decreasing alkalinity 

concentrations. Fe concentrations observed in this well vary by an order of magnitude or more per 

year of monitoring but do not exceed a concentration of 1 mg/L. 

MW4 (Figure 22) 

Sulfate concentrations below 20 mg/L are maintained in this monitoring well throughout the 

monitoring period with steadily decreasing and varying alkalinity concentrations. Also, a variable pH 

can be observed in the monitoring data corresponding to the alkalinity concentrations observed. Fe 
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concentrations in this monitoring well are highly erratic with a maximum concentration of 2.38 mg/L 

evident in 2006. 

MW5 (Figure 23) 

Elevated concentrations of SO4 can be observed at the start of the monitoring period in 2001 up to 

2004 where a lower concentration is maintained until the end of the monitoring period. Variable 

alkalinity concentrations are observed with a relatively stable and slightly alkaline pH value. Fe 

concentrations vary between 0.01 and 10 mg/L over the monitoring period and appear to vary 

seasonally. 

MW6 (Figure 24) 

Elevated sulfate concentrations can be observed in this monitoring well during 2002 and 2005 with 

Fe concentrations varying in a similar fashion. However, the slightly elevated concentrations of 

alkalinity remained fairly stable over the monitoring period never exceeding 140 mg/L CaCO3 

equivalents. A stable, slightly alkaline pH can also be observed throughout the monitoring period. 

MW8 (Figure 25) 

Variable sulfate concentrations can be observed in this monitoring well inversely corresponding to 

alkalinity concentrations indicating buffering of produced acidity. This is also reflected in the 

variations in pH and Fe concentrations. 

MW10 (Figure 26) 

A gradual decrease in sulfate concentrations over the monitoring period can be observed in this 

monitoring well with a starting concentration of around 600 mg/L. Low concentrations of alkalinity 

can be observed throughout the monitoring period but a gradual rise in pH can be observed from 

2010 to 2014. A gradual decrease in Fe concentrations over the monitoring period can also be 

observed. 

MW11 (Figure 27) 

A variable but gradually increasing concentration of sulfate concentrations can be observed in this 

monitoring well over the monitoring period. However, inversely corresponding alkalinity values can 

also be observed as well as a relatively stable, neutral pH value. A variable Fe concentration can also 

be observed over the monitoring period, gradually increasing over time. 

MW12 (Figure 28) 

A variable sulfate concentration is evident in this monitoring well, although gradually increasing over 

the monitoring period. However, a relatively constant pH value and alkalinity concentration is also 

present with Fe concentrations largely mimicking sulfate concentrations. 

MW13 (Figure 29) 

A fairly constant sulfate concentration and pH value can be observed in this monitoring well with 

gradually decreasing alkalinity concentrations starting at around 60 mg/L CaCO3 equivalents at the 
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start of the monitoring period. Variable Fe concentrations can also be observed displaying a 

decreasing trend. 

MW14 (Figure 30) 

Variable sulfate concentrations can be observed in this monitoring well showing a decreasing trend 

while alkalinity concentrations show an increasing trend. A variable, slightly acidic pH value can also 

be observed in this monitoring well with a steadily increasing Fe concentration over the monitoring 

period. 

MW15 (Figure 31) 

A decreasing alkalinity concentration can be observed in this monitoring well since early 2012 with a 

single concentration lowering observed in 2012. However, the sulfate concentration and pH value in 

this monitoring well remained relatively constant at low concentrations and slightly alkaline pH 

values. Fe concentrations in this monitoring well display an increasing trend since 2011. 

MW16 (Figure 32) 

Although a portion of the data for this monitoring well is missing, an increasing trend in sulfate and 

alkalinity concentrations can still be observed with a corresponding decrease in pH value. Fe 

concentrations show a similar increasing trend to sulfate concentrations over the monitoring period. 

MW 17 (Figure 33) 

A decreasing alkalinity concentration can be observed in this monitoring well since early 2012 with a 

single concentration lowering observed in 2012. However, the sulfate concentration and pH value in 

this monitoring well remained relatively constant at low concentrations and slightly alkaline pH 

values. Fe concentrations in this monitoring well display an increasing trend since 2011. 
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Figure 20: Groundwater monitoring data for MW2 at C-Mine (illustrating Fe, SO4, pH and Alkalinity) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Groundwater monitoring data for MW3 at C-Mine (illustrating Fe, SO4, pH and Alkalinity) 

4
5
6
7
8
9
10
11
12

0
20
40
60
80

100
120
140
160

0
1

.0
8

.2
0

0
2

0
1

.0
3

.2
0

0
3

0
1

.1
0

.2
0

0
3

0
1

.0
5

.2
0

0
4

0
1

.1
2

.2
0

0
4

0
1

.0
7

.2
0

0
5

0
1

.0
2

.2
0

0
6

0
1

.0
9

.2
0

0
6

0
1

.0
4

.2
0

0
7

0
1

.1
1

.2
0

0
7

0
1

.0
6

.2
0

0
8

0
1

.0
1

.2
0

0
9

0
1

.0
8

.2
0

0
9

0
1

.0
3

.2
0

1
0

0
1

.1
0

.2
0

1
0

0
1

.0
5

.2
0

1
1

0
1

.1
2

.2
0

1
1

0
1

.0
7

.2
0

1
2

0
1

.0
2

.2
0

1
3

0
1

.0
9

.2
0

1
3

0
1

.0
4

.2
0

1
4

p
H

 V
al

u
e

 

C
o

n
ce

n
tr

at
io

n
 in

 m
g/

L Selected Chemical Parameters for MW2 
SO4 (mg/L)

Alkalinity
(mg/L CaCO3
equivalents)

pH Value

0.01

0.1

1

10

0
1

.0
8

.2
0

0
2

0
1

.0
3

.2
0

0
3

0
1

.1
0

.2
0

0
3

0
1

.0
5

.2
0

0
4

0
1

.1
2

.2
0

0
4

0
1

.0
7

.2
0

0
5

0
1

.0
2

.2
0

0
6

0
1

.0
9

.2
0

0
6

0
1

.0
4

.2
0

0
7

0
1

.1
1

.2
0

0
7

0
1

.0
6

.2
0

0
8

0
1

.0
1

.2
0

0
9

0
1

.0
8

.2
0

0
9

0
1

.0
3

.2
0

1
0

0
1

.1
0

.2
0

1
0

0
1

.0
5

.2
0

1
1

0
1

.1
2

.2
0

1
1

0
1

.0
7

.2
0

1
2

0
1

.0
2

.2
0

1
3

0
1

.0
9

.2
0

1
3

0
1

.0
4

.2
0

1
4C

o
n

ce
n

tr
at

io
n

 in
 m

g/
L 

Date 

Fe (mg/L)

4
5
6
7
8
9
10
11
12

0

50

100

150

200

1
0

.0
8

.2
0

0
2

2
8

.0
2

.2
0

0
3

2
1

.0
8

.2
0

0
3

2
3

.0
2

.2
0

0
4

1
5

.0
8

.2
0

0
4

1
5

.0
2

.2
0

0
5

1
5

.0
8

.2
0

0
5

1
5

.0
2

.2
0

0
6

1
5

.0
8

.2
0

0
6

1
5

.0
2

.2
0

0
7

1
5

.0
8

.2
0

0
7

1
5

.0
2

.2
0

0
8

2
0

.0
8

.2
0

0
8

1
3

.0
2

.2
0

0
9

1
7

.0
8

.2
0

0
9

1
9

.0
2

.2
0

1
0

1
9

.0
8

.2
0

1
0

1
7

.0
2

.2
0

1
1

1
9

.0
8

.2
0

1
1

1
4

.0
2

.2
0

1
2

1
4

.0
8

.2
0

1
2

1
4

.0
2

.2
0

1
3

1
2

.0
8

.2
0

1
3

p
H

 V
al

u
e

 

C
o

n
ce

n
tr

at
io

n
 in

 m
g/

L Selected Chemical Parameters for MW3 
SO4 (mg/L)

Alkalinity
(mg/L CaCO3
equivalents)

pH Value

0.01

0.1

1

10

0
1

.0
5

.2
0

0
3

0
1

.1
1

.2
0

0
3

0
1

.0
5

.2
0

0
4

0
1

.1
1

.2
0

0
4

0
1

.0
5

.2
0

0
5

0
1

.1
1

.2
0

0
5

0
1

.0
5

.2
0

0
6

0
1

.1
1

.2
0

0
6

0
1

.0
5

.2
0

0
7

0
1

.1
1

.2
0

0
7

0
1

.0
5

.2
0

0
8

0
1

.1
1

.2
0

0
8

0
1

.0
5

.2
0

0
9

0
1

.1
1

.2
0

0
9

0
1

.0
5

.2
0

1
0

0
1

.1
1

.2
0

1
0

0
1

.0
5

.2
0

1
1

0
1

.1
1

.2
0

1
1

0
1

.0
5

.2
0

1
2

0
1

.1
1

.2
0

1
2

0
1

.0
5

.2
0

1
3

0
1

.1
1

.2
0

1
3

0
1

.0
5

.2
0

1
4C

o
n

ce
n

tr
at

io
n

 in
 m

g/
L 

Date 

Fe (mg/L)

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



68 

Figure 22: Groundwater monitoring data for MW4 at C-Mine (illustrating Fe, SO4, pH and Alkalinity) 

 

Figure 23: Groundwater monitoring data for MW5 at C-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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Figure 24: Groundwater monitoring data for MW6 at C-Mine (illustrating Fe, SO4, pH and Alkalinity) 

 

Figure 25: Groundwater monitoring data for MW8 at C-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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Figure 26: Groundwater monitoring data for MW10 at C-Mine (illustrating Fe, SO4, pH and Alkalinity) 

 

Figure 27: Groundwater monitoring data for MW11 at C-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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Figure 28: Groundwater monitoring data for MW12 at C-Mine (illustrating Fe, SO4, pH and Alkalinity) 

 

Figure 29: Groundwater monitoring data for MW13 at C-Mine (illustrating Fe, SO4, pH and Alkalinity) 

 

 

 

 

 

4
5
6
7
8
9
10
11
12

0

200

400

600

800

1000

1200

0
1

.1
1

.2
0

1
0

0
1

.0
1

.2
0

1
1

0
1

.0
3

.2
0

1
1

0
1

.0
5

.2
0

1
1

0
1

.0
7

.2
0

1
1

0
1

.0
9

.2
0

1
1

0
1

.1
1

.2
0

1
1

0
1

.0
1

.2
0

1
2

0
1

.0
3

.2
0

1
2

0
1

.0
5

.2
0

1
2

0
1

.0
7

.2
0

1
2

0
1

.0
9

.2
0

1
2

0
1

.1
1

.2
0

1
2

0
1

.0
1

.2
0

1
3

0
1

.0
3

.2
0

1
3

0
1

.0
5

.2
0

1
3

0
1

.0
7

.2
0

1
3

0
1

.0
9

.2
0

1
3

0
1

.1
1

.2
0

1
3

0
1

.0
1

.2
0

1
4

0
1

.0
3

.2
0

1
4

0
1

.0
5

.2
0

1
4

p
H

 V
al

u
e

 

C
o

n
ce

n
tr

at
io

n
 in

 m
g/

L Selected Chemical Parameters for MW12 
SO4 (mg/L)

Alkalinity
(mg/L CaCO3
equivalents)

pH Value

0.01

0.1

1

10

0
1

.1
1

.2
0

1
0

0
1

.0
1

.2
0

1
1

0
1

.0
3

.2
0

1
1

0
1

.0
5

.2
0

1
1

0
1

.0
7

.2
0

1
1

0
1

.0
9

.2
0

1
1

0
1

.1
1

.2
0

1
1

0
1

.0
1

.2
0

1
2

0
1

.0
3

.2
0

1
2

0
1

.0
5

.2
0

1
2

0
1

.0
7

.2
0

1
2

0
1

.0
9

.2
0

1
2

0
1

.1
1

.2
0

1
2

0
1

.0
1

.2
0

1
3

0
1

.0
3

.2
0

1
3

0
1

.0
5

.2
0

1
3

0
1

.0
7

.2
0

1
3

0
1

.0
9

.2
0

1
3

0
1

.1
1

.2
0

1
3

0
1

.0
1

.2
0

1
4

0
1

.0
3

.2
0

1
4

0
1

.0
5

.2
0

1
4C

o
n

ce
n

tr
at

io
n

 in
 m

g/
L 

Date 

Fe (mg/L)

4
5
6
7
8
9
10
11
12

0
10
20
30
40
50
60
70

0
1

.1
1

.2
0

1
0

0
1

.1
2

.2
0

1
0

0
1

.0
1

.2
0

1
1

0
1

.0
2

.2
0

1
1

0
1

.0
3

.2
0

1
1

0
1

.0
4

.2
0

1
1

0
1

.0
5

.2
0

1
1

0
1

.0
6

.2
0

1
1

0
1

.0
7

.2
0

1
1

0
1

.0
8

.2
0

1
1

0
1

.0
9

.2
0

1
1

0
1

.1
0

.2
0

1
1

0
1

.1
1

.2
0

1
1

0
1

.1
2

.2
0

1
1

0
1

.0
1

.2
0

1
2

0
1

.0
2

.2
0

1
2

0
1

.0
3

.2
0

1
2

0
1

.0
4

.2
0

1
2

0
1

.0
5

.2
0

1
2

0
1

.0
6

.2
0

1
2

0
1

.0
7

.2
0

1
2

0
1

.0
8

.2
0

1
2

p
H

 V
al

u
e

 

C
o

n
ce

n
tr

at
io

n
 in

 m
g/

L Selected Chemical Parameters for MW13 
SO4 (mg/L)

Alkalinity
(mg/L CaCO3
equivalents)

pH Value

0.01

0.1

1

10

0
1

.1
1

.2
0

1
0

0
1

.1
2

.2
0

1
0

0
1

.0
1

.2
0

1
1

0
1

.0
2

.2
0

1
1

0
1

.0
3

.2
0

1
1

0
1

.0
4

.2
0

1
1

0
1

.0
5

.2
0

1
1

0
1

.0
6

.2
0

1
1

0
1

.0
7

.2
0

1
1

0
1

.0
8

.2
0

1
1

0
1

.0
9

.2
0

1
1

0
1

.1
0

.2
0

1
1

0
1

.1
1

.2
0

1
1

0
1

.1
2

.2
0

1
1

0
1

.0
1

.2
0

1
2

0
1

.0
2

.2
0

1
2

0
1

.0
3

.2
0

1
2

0
1

.0
4

.2
0

1
2

0
1

.0
5

.2
0

1
2

0
1

.0
6

.2
0

1
2

0
1

.0
7

.2
0

1
2

0
1

.0
8

.2
0

1
2C

o
n

ce
n

tr
at

io
n

 in
 m

g/
L 

Date 

Fe (mg/L)

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



72 

Figure 30: Groundwater monitoring data for MW14 at C-Mine (illustrating Fe, SO4, pH and Alkalinity) 

 

Figure 31: Groundwater monitoring data for MW15 at C-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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Figure 32: Groundwater monitoring data for MW16 at C-Mine (illustrating Fe, SO4, pH and Alkalinity) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33: Groundwater monitoring data for MW17 at C-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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The calibration of the geochemical model for C-Mine was performed as described (Figure 34). 

Constituent concentrations obtained from the leaching tests were averaged and plotted on the 

abscissa of the graph. The simulated concentrations of the constituents, obtained from the 

geochemical model, were plotted on the ordinate. Additionally, each data point has an error bar in 

the horizontal direction, which represents the standard error calculated for the average of each 

constituent concentration. The calibration graph shows a coefficient of determination (R2-value) of 

0.988. Most of the calculated values have a residual error within the calculated standard error for 

the average analysed concentrations as showed by the horizontal error bars. 

 

Figure 34: Left: Calibration graph for the geochemical model of C-Mine; averaged analysis 

concentrations vs. calculated concentrations; standard errors are shown in the horizontal direction. 

Right: logarithmic ordinate for improved illustration of lower concentrations and standard error 

values 

5.1.7 Simulated Natural Geochemical Conditions 

After calibration of the geochemical model, the natural geochemical conditions at C-Mine were 

simulated as described in the methodology section (Figure 35). Initial fluid to rock ratios used were 

approximately 2.5 × 10-4:1, based on rainfall volumes and infiltration at the site. Additional water 

was added to the system at a fluid to rock ratio of 2.5 × 10-5:1 every day of the simulation to 

simulate inflow of additional water into the system. A simulation lasted 40560 days (111 years), to 

account for long term changes in leachate chemistry, while also covering the period of available 

groundwater monitoring data. This simulation shows that a decrease in the release of SO4
2- is likely 

to take place from a concentration of approximately 2500 mg/L to a concentration of approximately 

44 mg/L.  
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Figure 35: Simulated contaminant concentrations in the leachate of C-Mine generated from the 

backfill material on site over time; logarithmic ordinate 

5.1.8 Numerical Flow Model Chemical Calibration 

The simulated concentrations of sulfate in natural conditions of the backfilled opencast mine 

obtained from the geochemical model were used as input for the numerical flow and transport 

model. The concentrations in the opencast C-Mine were specified using various time steps and stress 

periods in the transport model. This was performed to determine if the specified concentrations in 

the transport model are chemically calibrated, using monitoring data at representative groundwater 

monitoring wells (Figure 36). The graphs show the simulated sulfate concentrations with an error bar 

of 20 mg/L, along with the observed sulfate concentrations at each selected monitoring point over 

time. An error range of 20 mg/L was used as concentrations of sulfate observed in the monitoring 

wells are all below 100 mg/L. Additional to this is the South African drinking water standard of 200 

mg/L sulfate for the target water quality range. Therefore, a 10% error of the drinking water 

standard for sulfate was deemed applicable.  
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Figure 36: Chemical Calibration Graphs for the monitoring wells used in the C-Mine Numerical Flow 

and Transport Model, blue dots: simulated values; red diamonds: observed values. 
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5.1.9 Geochemical Parameter Sensitivity 

The parameters influencing the generation and decay of sulfate in solution were varied in the 

geochemical model (Table 17). This was performed as a model sensitivity analysis to determine the 

sensitivity of each parameter with respect to its influence on rate limitation and concentration 

limitation of sulfate. Parameters providing a rate limitation were deemed to influence the rate of 

sulfate generation or decay in solution. Parameters providing a concentration limitation were 

deemed to influence the maximum and final concentrations of sulfate in solution. 

Table 17: Sensitivity Analysis of Parameters Influencing the Generation and Decay of Sulfate in 
Solution at C-Mine Based on Geochemical Modelling 

Parameter 
Varied 

Orders of 
Magnitude 

Rate 
Limitation 

Change Observed in 
Sulfate Concentration  

Contaminant 
Concentration 

Limitation 

Change 
Observed in 

Sulfate 
Concentration, 

mg/L 

Oxygen 
Fugacity 

1 Yes 

Faster/Slower Peak 
Concentration and 

Faster/Slower 
Concentration Decay 

Yes 100 

Gypsum 
Mass 

1 No None Yes 30 

Gypsum 
Surface 

Area 
1 No None No None 

Gypsum 
Reaction 
Constant 

1 Yes 

Faster/Slower Peak 
Concentration and 

Faster/Slower 
Concentration Decay 

Yes 5 

Pyrite Mass 1 No None Yes 140 

Pyrite 
Surface 

Area 
1 Yes 

Faster/Slower Peak 
Concentration and 

Faster/Slower 
Concentration Decay 

No None 

Pyrite 
Reaction 
Constant 

1 Yes 

Faster/Slower Peak 
Concentration and 

Faster/Slower 
Concentration Decay 

No None 

Input Rate 
of Water 

1 Yes 

Faster/Slower Peak 
Concentration and 

Faster/Slower 
Concentration Decay 

Yes 30 to 400 

5.2 E-Mine  

5.2.1 Numerical Flow Model 

The following parameters were specified within the numerical model (Table 18): 
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Table 18: Input parameters to the numerical flow model for E-Mine 

Model 
Parameter 

Value Unit Reason 

Recharge to 
the aquifer 

0.0001 m/d Calculated 

Recharge to 
the backfilled 
opencast mine 

0.0004 m/d Hodgson and Krantz (1998) 

Evapotranspira
tion 

0.005 m/d Calculated 

Boundaries 
Topographic water divides north 
and south, Kromdraai spruit to 
the west, Brugspruit to the east. 

- 
Existing boundary conditions present 
at the site that would potentially 
include modelled impacts 

Refinement 20 m Based on the scale of the mining area 

Grid 
dimensions 

540 x 401 
Cell 
count 

Product of the grid refinement 

Hydraulic 
conductivity 

0.01 – 0.05 m/d Pers. comm. Myburgh, 2015 

Hydraulic 
anisotropy 
(vertical) 

10 - Anderson et al. (2015) 

Effective 
porosity 

5 declining to 3 with depth in 
each layer 

% Wang et al. (2009) 

Layers 4 Count 
Mining depth is 40m (Pers. comm. 
Myburgh, 2015) 

Longitudinal 
dispersion 

50 m Schulze-Makuch (2005) 

Mean residual 
head error 

0.7 m Head error statistics 

Head error 
range 

10 m 
Calculated as 10 % of the difference 
between the maximum and 
minimum calculated head elevations 

Flow directions interpreted from the numerical flow model showed that flow is directed away from 

the backfilled opencast mines. Groundwater flow is expected to follow the topography towards local 

drainage channels (Figure 37) as shown by monitoring data. This includes the Brugspruit to the east 

of the mine. This was confirmed by the calibration of the model to the latest available monitoring 

data (Figure 38).  
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Figure 37: Groundwater flow directions at E-Mine Colliery 

 

Figure 38: Head calibration graph for the numerical model constructed for E-Mine Colliery 

Based on the calibrated model, the inflow rate into the backfilled opencast mine was estimated. A 

maximum inflow volume calculated for the backfilled opencast mine on site ranges between 5000 to 

8000m3/day (Hodgson, 2014). Assuming that the porosity of the backfill material in the backfilled 

opencast mines is 30% and multiplying this with the pit surface area and average depth a volume 

was calculated for the potentially fillable void space within the backfill material. This equated to an 

initial fluid to rock ratio of 0.3:1 based on rainfall volumes with additional water being added to the 

system via inflows to the pit from the aquifer at a fluid to rock ratio of 1 × 10-4:1. 

5.2.2 Mineral Abundances 

XRD analysis results for the material samples collected from backfilled opencast mines from E-Mine 

(Figure 39) show that quartz, kaolinite and muscovite are predominant mineral phases present 
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(Table 19). Minerals with a lesser abundance in the samples include anatase and microcline k-

feldspar.  

Table 19: Mineral Phases Identified During Analysis of Five Backfill Samples at E-Mine; Mineral Phase 

Abundances Reported as Weight Percentage ( - not detected) 

Mineral Phase KDC1 KDC2 KDC3 KDN1 KDN2 

Anatase - 1.75 1.41 0.78 0.69 

Kaolinite 55.21 59.6 43.33 43.32 39.36 

Microcline - - 1.12 7.27 7.02 

Muscovite 4.61 4.81 3.81 4.33 4.13 

Quartz 40.18 33.83 50.33 44.29 48.8 

 

In addition to the mineralogical analyses performed on the samples, sulfide mineral abundances 

were estimated. Mine water chemistry (Table 22), acid-base accounting (Table 17) and field scale 

leach testing (Table 21) were used to classify the material according to the method of Price et al. 

(1997) as well as to estimate the abundance of sulfide minerals in the backfill material (Williams, 

2015). It should be noted that large ion balance errors exist for the mine water samples which is 

caused by the highly elevated sulfate concentrations in these samples (Nordstrom, 2011). 

 

Figure 39: Sample collection areas at E-Mine 
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Table 20: Acid-base accounting results for backfill material collected at E-Mine (Williams, 2015) – 

Neutralisation potential and Net Neutralisation Potential (NNP) expressed as CaCO3 equivalent kg 

per ton 

Sample Number E-Mine 2 

Paste pH 2.26 

Sulfur (%) (LECO) 1.25 

Acid Potential (AP) (kg/t) 20.6 

Neutralization Potential (NP) -14.5 

Net Neutralization Potential (NNP) -35.1 

Neutralising Potential Ratio (NPR) (NP : AP) 0 

Table 21: Analysis results of field scale leach testing on backfill material sampled at E-Mine (Williams, 

2015); concentrations presented in mg/L  

Analysed Constituent Concentration  

pH 1.30 

Temperature (°C) 19.1 

Measured EC (mS/m) 2610 

Alkalinity as CaCO3 Below Detection 

Al 857 

Ca 283 

Fe 22570 

K 1.25 

Mg 21.5 

Mn 8.5 

Na 6.1 

Si 58 

F - 

Cl 17.6 

NO3 4.3 

PO4 - 

SO4 44808 
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Table 22: Analysis results of E-Mine mine water discharge (Pers. Comm. Myburgh, 2015); 

concentrations in mg/L 

Analysed 
Constituent 

Sample 1  Sample 2 Sample 3 Sample 4 Sample 5 

pH 2.64 2.42 2.39 2.55 2.46 

Temperature 
(°C) 

18.6 20.7 19.7 22.3 21.5 

Measured EC 
(mS/m) 

469.19 558.31 501.2 403.47 427.27 

Measured TDS  7105 7033 6131 3565 4969 

Alkalinity as 
CaCO3 

0.00 0.00 0.00 0.00 0.00 

Al 260.63 245.71 235.96 175.30 90.97 

Ca 268.48 320.44 327.09 206.08 196.11 

Fe 552.25 447.45 367.19 196.71 60.50 

K 11.51 11.42 12.72 12.25 10.19 

Mg 166.07 188.12 181.34 137.76 125.44 

Mn 64.09 86.20 92.56 74.32 1.39 

Na 7.88 11.03 10.45 15.50 8.03 

F 0.01 0.01 0.01 0.01 0.00 

Cl 5.11 4.25 3.88 4.84 4.35 

NO3 0.09 0.00 0.00 0.39 0.22 

PO4 0.40 1.26 0.45 0.24 0.37 

SO4 5484 4988 4711 2521 3120 

Ion Balance 
Error (%) 

-71.85 -59.76 -56.62 -41.86 -53.9 

5.2.3 Distilled Water Leach Tests 

Five samples were collected from E-Mine colliery and submitted for distilled water leach testing. The 

subsequent leachates were analysed using ICP-OES for major metal cations and metals while anion 

concentrations were determined by ion-chromatography. The results show that the leachate pH is 

lowered by the material and the predominant leached constituent from the material is sulfate (Table 

23). 
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Table 23: Distilled Water Leach Test and Subsequent Leachate Analysis Results for E-Mine; b.d.l.: 
below detection limit  

Analysed Constituents, mg/L KDC1 KDC2 KDC3 KDN1 KDN2 

pH 3.64 3.71 6.23 4.16 5.33 

EC (mS/m) 25.32 23.93 1.52 16.34 9.09 

TDS Calculated 177.24 167.51 10.64 114.38 63.63 

Alkalinity as CaCO3 b.d.l. b.d.l. 2.70 b.d.l. 1.20 

Al 8.8 12.4 0.66 1.73 0.03 

Ca 6.1 4.24 0.8 11.2 6.37 

Fe 0.1 0.13 0.81 0.03 0.01 

K 0.79 0.7 0.57 0.77 2.71 

Mg 3.5 1.37 0.14 5.2 3.61 

Mn 1.66 0.81 0.03 2.26 1.18 

Na 1.18 0.88 1.98 0.63 0.76 

Cl 0.74 0.57 0.41 0.34 0.33 

NO3 0.38 b.d.l. 0.69 b.d.l. 1.1 

SO4 144.3 149.5 24.1 95.2 52.1 

 

5.2.4 Mineral Reaction Rates 

Estimated mineral abundances were averaged based on XRD analyses, acid-base accounting and 

mine water analyses. The standard error and standard deviation were calculated for each mineral 

phase and the reaction constant for each phase was obtained from literature (Table 24). The initial 

reactive surface area was also calculated based on the described methodology.  
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Table 24: Calculated statistics, rate constants and reactive surface areas from the XRD results of five 
backfill samples from E-Mine; b.d.l.: below detection limit  

Mineral Phase 
Based on 
Analysis Data 

Mean, 
mass % 

Standard 
Deviation, 
mass % 

Standard 
Error of mean 
mass % 

Initial Reaction 
Rate Constant, 
mol·cm-2·s-1 

Initial Reactive 
Surface Area, 
cm2·g-1 # 

Anatase 0.66 0.68 0.30 b.d.l. b.d.l. 

Kaolinite 34.40 8.73 3.90 1 × 10-17 a 250 

K-Feldspar 2.20 3.74 1.67 1.7 × 10-17 b 170 

Muscovite 3.10 0.39 0.18 2.9 × 10-15 c 200 

Quartz 31.06 6.71 2.99 5.0 × 10-14 d 250 

Calcite 0.04* n.a. n.a. 1.0 × 10-10 e 110 

Pyrite 6.5* n.a. n.a. 2.8 × 10-12 f 400 

Gypsum 0.04* n.a. n.a. 1.3 × 10-04 g 130 

aHuertas et al. (1999); bOelkers and Schott (1998); cOelkers et al. (2008); dGudbrandsson et al. 

(2014); eCubillas et al. (2005); fMalmström et al. (2006); gJeschke et al. (2001); *Estimated based on 

field observations, acid-base accounting and literature data; #Calculated from sample average grain 

size and mineral density, assuming entire surface is available for reaction (Brantley, 1998, Gautier et 

al., 2001, White and Brantley, 2003); n.a.: not applicable; n.d.: not defined – mineral phase 

abundance insufficient to affect geochemical modelling result. 

5.2.5 Groundwater Monitoring Data 

A comparison of selected parameters was performed on the available groundwater monitoring data 

for E-Mine.  Results of this comparison are described below for each monitoring well. 

KRW012 (Figure 20) 

Sulfate concentrations in samples from this monitoring well are mostly below 50 mg/L and show a 

seasonal variability with a rise in concentration starting May of 2012 and increase until the end of 

the monitoring period. Alkalinity concentrations show a corresponding inverse behaviour with a 

variable pH throughout the monitoring period. Fe concentrations in this monitoring well are highly 

variable and range between 2 orders of magnitude.  

KRW014 (Figure 21) 

pH values in this monitoring well are variable and range between 4 and 7 with a decrease in 

alkalinity concentrations after mid-2011 and an inversely proportionate increase in sulfate 

concentrations around this time until the end of the monitoring period. Fe concentrations follow a 

similar trend to sulfate concentrations in this monitoring well. 

KRW024 (Figure 42) 

Concentrations of sulfate and alkalinity in this monitoring well are highly variable but generally do 

not exceed 50 mg/L. Additionally, pH values are variable but generally below 7 with Fe 

concentrations ranging between 0.01 and 1. 
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KRW026 (Figure 43) 

Sulfate concentrations generally below 100 mg/L can be observed in the monitoring data for this 

monitoring well with a gradual increase during and after 2012. Alkalinity concentrations remain low 

for the entire monitoring period with a decrease in pH value during and after 2012. Fe 

concentrations are highly variable in this monitoring well ranging between 0.01 and 1 for the 

monitoring period. 

KRW027 (Figure 24) 

Alkalinity and sulfate concentrations in this monitoring well are generally below 50 mg/L and show a 

stable trend sulfate and alkalinity concentrations being inversely proportionate. pH values in this 

monitoring well are generally acidic with a raise in the pH value observed during 2004 and 2008. A 

similar trend to sulfate concentrations can be observed in the Fe concentrations in this monitoring 

well. 

KRW028 (Figure 25) 

Slightly acidic pH values are prevalent throughout the monitoring period of this monitoring well with 

low sulfate concentrations showing some variation and a potential increase after 2013. Alkalinity 

concentrations throughout the monitoring period are higher than that of sulfate but are much more 

variable with a decreasing trend in Fe concentration after 2007. 

KRW029 (Figure 26) 

Sulfate concentrations in samples from this monitoring well are mostly below 100 mg/L and show a 

seasonal variability with a rise in concentration starting in 2012 and increase until the end of the 

monitoring period. Alkalinity concentrations show a corresponding inverse behaviour with a variable 

pH throughout the monitoring period. Fe concentrations in this monitoring well are highly variable 

and range between 3 orders of magnitude. 

KRW030 (Figure 27) 

Slightly acidic pH values are prevalent throughout the monitoring period of this monitoring well 

showing a general decreasing trend with low sulfate concentrations showing some variation and a 

potential increase after 2013. Alkalinity concentrations throughout the monitoring period decrease 

from higher than that of sulfate to lower than that of sulfate after 2006 but are much more variable. 

A highly variable Fe concentration can be observed in this monitoring well. 

KRW031 (Figure 28) 

A variable sulfate concentration below 200 mg/L can be observed in this monitoring borehole with a 

stable pH which is close to neutral. Fe concentrations in this borehole are variable with no apparent 

trend in the monitoring period. 

KRW034 (Figure 29) 

Sulfate concentrations in samples from this monitoring well are mostly below 50 mg/L and show a 

seasonal variability with an increase in concentration starting 2010 and increasing until the end of 
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the monitoring period. Alkalinity concentrations show a corresponding inverse behaviour with a 

variable pH throughout the monitoring period which decreases after 2012 to the end of the 

monitoring period. Fe concentrations in this monitoring well are highly variable and range between 3 

orders of magnitude and show similar trends in concentration to that of sulfate. 

KRW035 (Figure 30) 

Sulfate concentrations in this monitoring well can be observed to remain below 100 mg/L over the 

entire monitoring period and showing some seasonal variation while alkalinity concentrations show 

an inversely proportionate variation to sulfate. Periodic lowering of the pH value in response to the 

increase in sulfate concentration is also evident with no discernible trend in the erratic Fe 

concentrations measured. 

KRW036 (Figure 51) 

Variable sulfate concentrations can be observed in the monitoring data for this monitoring well with 

an inversely corresponding pH value decreasing with every increase in sulfate concentration. PH 

values in this monitoring well are generally below 7. Alkalinity concentrations in this monitoring well 

are generally lower than the sulfate concentration with a maximum concentration of 150 mg/L. Fe 

concentrations vary between 0.01 mg/L up to 10 mg/L and show a decreasing trend. 

KRW038 (Figure 32) 

pH values in this monitoring well are highly variable and can values lower than 4 at various times in 

the monitoring period. Sulfate concentrations show a decreasing trend after 2005 with consistent 

low alkalinity concentrations. Fe concentrations vary between 3 orders of magnitude but display a 

decreasing trend during the monitoring period, especially after 2005. 

KRW039 (Figure 33) 

An increasing trend in sulfate concentration is evident in the monitoring data for this monitoring 

well from 2005 to the end of the monitoring period. Inversely proportionate to this a decrease in the 

alkalinity concentrations and pH values. A variably increasing trend in Fe concentrations can also 

observable from 2005. 

KRW040 (Figure 54) 

Sulfate concentrations in this monitoring well are generally below 50 mg/L but show an increasing 

trend after 2010. A decreasing pH value trend is also evident from 2010. Alkalinity concentrations in 

this monitoring well are generally below20 mg/L. Fe concentrations show an increasing trend from 

2010. 

KRW041 (Figure 55) 

Sulfate and alkalinity concentrations in this monitoring well are generally below 50 mg/L with a 

single spike observed in 2004. A relatively stable but slightly acidic pH value can be observed through 

most of the monitoring period with a variable Fe concentration. 
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KRW043 (Figure 56) 

Sulfate and alkalinity concentrations in this monitoring well are generally below 60 mg/L with spikes 

observed in 2003 and 2008. Highly variable pH values are also evident throughtout the monitoring 

period with Fe concentrations inversely corresponding to pH trends. 

KRW047 (Figure 57) 

Sulfate concentrations in samples from this monitoring well are mostly below 50 mg/L and show a 

seasonal variability with a rise in concentration starting in early 2011 and increase until the end of 

the monitoring period. Alkalinity concentrations show a corresponding behaviour with a variable pH 

throughout the monitoring period. Fe concentrations in this monitoring well are highly variable and 

range between 3 orders of magnitude. 

KRW049 (Figure 58) 

Sulfate concentrations in samples from this monitoring well are mostly below 100 mg/L and show a 

seasonal variability with a rise in concentration starting in late 2011 and increase until the end of the 

monitoring period. Alkalinity concentrations show an inversely corresponding behaviour with a 

variable pH throughout the monitoring period which is also lowered after 2012. Fe concentrations in 

this monitoring well are highly variable and range between 3 orders of magnitude but show a 

general decreasing trend. 

WP054 (Figure 59) 

An increasing trend in sulfate concentrations from 2009 to the end of the monitoring period can be 

observed in the data for this discharge point with concentrations reaching up to 7100 mg/L. 

Alkalinity is fully depleted in the samples collected from this monitoring point with pH values almost 

exclusively below 4. Fe concentrations in samples from this monitoring point reach concentrations 

above 1500 mg/L. 
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Figure 40: Groundwater monitoring data for KRW012 at E-Mine (illustrating Fe, SO4, pH and 
Alkalinity) 

 

 

Figure 41: Groundwater monitoring data for KRW014 at C-Mine (illustrating Fe, SO4, pH and 
Alkalinity) 
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Figure 42: Groundwater monitoring data for KRW024 at E-Mine (illustrating Fe, SO4, pH and 
Alkalinity) 

 

Figure 43: Groundwater monitoring data for KRW026 at E-Mine (illustrating Fe, SO4, pH and 
Alkalinity) 
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Figure 44: Groundwater monitoring data for KRW027 at E-Mine (illustrating Fe, SO4, pH and 
Alkalinity) 

 

Figure 45: Groundwater monitoring data for KRW028 at E-Mine (illustrating Fe, SO4, pH and 
Alkalinity) 
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Figure 46: Groundwater monitoring data for KRW029 at E-Mine (illustrating Fe, SO4, pH and 
Alkalinity) 

 

Figure 47: Groundwater monitoring data for KRW030 at E-Mine (illustrating Fe, SO4, pH and 
Alkalinity) 
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Figure 48: Groundwater monitoring data for KRW031 at E-Mine (illustrating Fe, SO4, pH and 
Alkalinity) 

 

Figure 49: Groundwater monitoring data for MW34 at E-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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Figure 50: Groundwater monitoring data for KRW035 at E-Mine (illustrating Fe, SO4, pH and 
Alkalinity) 

 

Figure 51: Groundwater monitoring data for KRW036 at E-Mine (illustrating Fe, SO4, pH and 
Alkalinity) 
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Figure 52: Groundwater monitoring data for KRW038 at E-Mine (illustrating Fe, SO4, pH and 

Alkalinity) 

 

Figure 53: Groundwater monitoring data for KRW039 at E-Mine (illustrating Fe, SO4, pH and 
Alkalinity) 
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Figure 54: Groundwater monitoring data for KRW040 at E-Mine (illustrating Fe, SO4, pH and 
Alkalinity) 

 

Figure 55: Groundwater monitoring data for KRW041 at E-Mine (illustrating Fe, SO4, pH and 
Alkalinity) 
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Figure 56: Groundwater monitoring data for KRW043 at E-Mine (illustrating Fe, SO4, pH and 
Alkalinity) 

 

Figure 57: Groundwater monitoring data for KRW047 at E-Mine (illustrating Fe, SO4, pH and 
Alkalinity) 

 

 

4
5
6
7
8
9
10
11
12

0

20

40

60

80

100

120
0

1
.1

2
.2

0
0

0

0
1

.0
8

.2
0

0
1

0
1

.0
4

.2
0

0
2

0
1

.1
2

.2
0

0
2

0
1

.0
8

.2
0

0
3

0
1

.0
4

.2
0

0
4

0
1

.1
2

.2
0

0
4

0
1

.0
8

.2
0

0
5

0
1

.0
4

.2
0

0
6

0
1

.1
2

.2
0

0
6

0
1

.0
8

.2
0

0
7

0
1

.0
4

.2
0

0
8

0
1

.1
2

.2
0

0
8

0
1

.0
8

.2
0

0
9

0
1

.0
4

.2
0

1
0

0
1

.1
2

.2
0

1
0

0
1

.0
8

.2
0

1
1

0
1

.0
4

.2
0

1
2

0
1

.1
2

.2
0

1
2

0
1

.0
8

.2
0

1
3

0
1

.0
4

.2
0

1
4

p
H

 V
al

u
e

 

C
o

n
ce

n
tr

at
io

n
 in

 m
g/

L Selected Chemical Parameters for KRW043 
SO4 (mg/L)

Alkalinity
(mg/L CaCO3
equivalents)

pH Value

0.01

0.1

1

10

100

0
1

.1
2

.2
0

0
0

0
1

.0
8

.2
0

0
1

0
1

.0
4

.2
0

0
2

0
1

.1
2

.2
0

0
2

0
1

.0
8

.2
0

0
3

0
1

.0
4

.2
0

0
4

0
1

.1
2

.2
0

0
4

0
1

.0
8

.2
0

0
5

0
1

.0
4

.2
0

0
6

0
1

.1
2

.2
0

0
6

0
1

.0
8

.2
0

0
7

0
1

.0
4

.2
0

0
8

0
1

.1
2

.2
0

0
8

0
1

.0
8

.2
0

0
9

0
1

.0
4

.2
0

1
0

0
1

.1
2

.2
0

1
0

0
1

.0
8

.2
0

1
1

0
1

.0
4

.2
0

1
2

0
1

.1
2

.2
0

1
2

0
1

.0
8

.2
0

1
3

0
1

.0
4

.2
0

1
4C

o
n

ce
n

tr
at

io
n

 in
 m

g/
L 

Date 

Fe (mg/L)

4
5
6
7
8
9
10
11
12

0

50

100

150

200

250

300

0
1

.1
2

.2
0

0
0

0
1

.0
7

.2
0

0
1

0
1

.0
2

.2
0

0
2

0
1

.0
9

.2
0

0
2

0
1

.0
4

.2
0

0
3

0
1

.1
1

.2
0

0
3

0
1

.0
6

.2
0

0
4

0
1

.0
1

.2
0

0
5

0
1

.0
8

.2
0

0
5

0
1

.0
3

.2
0

0
6

0
1

.1
0

.2
0

0
6

0
1

.0
5

.2
0

0
7

0
1

.1
2

.2
0

0
7

0
1

.0
7

.2
0

0
8

0
1

.0
2

.2
0

0
9

0
1

.0
9

.2
0

0
9

0
1

.0
4

.2
0

1
0

0
1

.1
1

.2
0

1
0

0
1

.0
6

.2
0

1
1

0
1

.0
1

.2
0

1
2

0
1

.0
8

.2
0

1
2

0
1

.0
3

.2
0

1
3

p
H

 V
al

u
e

 

C
o

n
ce

n
tr

at
io

n
 in

 m
g/

L Selected Chemical Parameters for KRW047 
SO4 (mg/L)

Alkalinity
(mg/L CaCO3
equivalents)

pH Value

0.01

0.1

1

10

0
1

.1
2

.2
0

0
0

0
1

.0
7

.2
0

0
1

0
1

.0
2

.2
0

0
2

0
1

.0
9

.2
0

0
2

0
1

.0
4

.2
0

0
3

0
1

.1
1

.2
0

0
3

0
1

.0
6

.2
0

0
4

0
1

.0
1

.2
0

0
5

0
1

.0
8

.2
0

0
5

0
1

.0
3

.2
0

0
6

0
1

.1
0

.2
0

0
6

0
1

.0
5

.2
0

0
7

0
1

.1
2

.2
0

0
7

0
1

.0
7

.2
0

0
8

0
1

.0
2

.2
0

0
9

0
1

.0
9

.2
0

0
9

0
1

.0
4

.2
0

1
0

0
1

.1
1

.2
0

1
0

0
1

.0
6

.2
0

1
1

0
1

.0
1

.2
0

1
2

0
1

.0
8

.2
0

1
2

0
1

.0
3

.2
0

1
3C

o
n

ce
n

tr
at

io
n

 in
 m

g/
L 

Date 

Fe (mg/L)

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



97 

 

 

 

 

 

 

 

 

 

 

 

Figure 58: Groundwater monitoring data for KRW049 at E-Mine (illustrating Fe, SO4, pH and 
Alkalinity) 

 

Figure 59: Groundwater monitoring data for WP54 at E-Mine (illustrating Fe, SO4, pH and Alkalinity) 

 

4
5
6
7
8
9
10
11
12

0

100

200

300

400

500

600

0
1

.1
1

.2
0

0
0

0
1

.0
7

.2
0

0
1

0
1

.0
3

.2
0

0
2

0
1

.1
1

.2
0

0
2

0
1

.0
7

.2
0

0
3

0
1

.0
3

.2
0

0
4

0
1

.1
1

.2
0

0
4

0
1

.0
7

.2
0

0
5

0
1

.0
3

.2
0

0
6

0
1

.1
1

.2
0

0
6

0
1

.0
7

.2
0

0
7

0
1

.0
3

.2
0

0
8

0
1

.1
1

.2
0

0
8

0
1

.0
7

.2
0

0
9

0
1

.0
3

.2
0

1
0

0
1

.1
1

.2
0

1
0

0
1

.0
7

.2
0

1
1

0
1

.0
3

.2
0

1
2

0
1

.1
1

.2
0

1
2

0
1

.0
7

.2
0

1
3

0
1

.0
3

.2
0

1
4

p
H

 V
al

u
e

 

C
o

n
ce

n
tr

at
io

n
 in

 m
g/

L Selected Chemical Parameters for KRW049 
SO4 (mg/L)

Alkalinity
(mg/L CaCO3
equivalents)

pH Value

0.01

0.1

1

10

100

1000

0
1

.1
1

.2
0

0
0

0
1

.0
7

.2
0

0
1

0
1

.0
3

.2
0

0
2

0
1

.1
1

.2
0

0
2

0
1

.0
7

.2
0

0
3

0
1

.0
3

.2
0

0
4

0
1

.1
1

.2
0

0
4

0
1

.0
7

.2
0

0
5

0
1

.0
3

.2
0

0
6

0
1

.1
1

.2
0

0
6

0
1

.0
7

.2
0

0
7

0
1

.0
3

.2
0

0
8

0
1

.1
1

.2
0

0
8

0
1

.0
7

.2
0

0
9

0
1

.0
3

.2
0

1
0

0
1

.1
1

.2
0

1
0

0
1

.0
7

.2
0

1
1

0
1

.0
3

.2
0

1
2

0
1

.1
1

.2
0

1
2

0
1

.0
7

.2
0

1
3

0
1

.0
3

.2
0

1
4C

o
n

ce
n

tr
at

io
n

 in
 m

g/
L 

Date 

Fe (mg/L)

4
5
6
7
8
9
10
11
12

0
1000
2000
3000
4000
5000
6000
7000
8000

0
1

.1
1

.2
0

0
0

0
1

.0
7

.2
0

0
1

0
1

.0
3

.2
0

0
2

0
1

.1
1

.2
0

0
2

0
1

.0
7

.2
0

0
3

0
1

.0
3

.2
0

0
4

0
1

.1
1

.2
0

0
4

0
1

.0
7

.2
0

0
5

0
1

.0
3

.2
0

0
6

0
1

.1
1

.2
0

0
6

0
1

.0
7

.2
0

0
7

0
1

.0
3

.2
0

0
8

0
1

.1
1

.2
0

0
8

0
1

.0
7

.2
0

0
9

0
1

.0
3

.2
0

1
0

0
1

.1
1

.2
0

1
0

0
1

.0
7

.2
0

1
1

0
1

.0
3

.2
0

1
2

0
1

.1
1

.2
0

1
2

0
1

.0
7

.2
0

1
3

0
1

.0
3

.2
0

1
4

p
H

 V
al

u
e

 

C
o

n
ce

n
tr

at
io

n
 in

 m
g/

L Selected Chemical Parameters for WP54 
SO4 (mg/L)

Alkalinity
(mg/L CaCO3
equivalents)

pH Value

0.01

0.1

1

10

100

1000

10000

0
1

.1
1

.2
0

0
0

0
1

.0
7

.2
0

0
1

0
1

.0
3

.2
0

0
2

0
1

.1
1

.2
0

0
2

0
1

.0
7

.2
0

0
3

0
1

.0
3

.2
0

0
4

0
1

.1
1

.2
0

0
4

0
1

.0
7

.2
0

0
5

0
1

.0
3

.2
0

0
6

0
1

.1
1

.2
0

0
6

0
1

.0
7

.2
0

0
7

0
1

.0
3

.2
0

0
8

0
1

.1
1

.2
0

0
8

0
1

.0
7

.2
0

0
9

0
1

.0
3

.2
0

1
0

0
1

.1
1

.2
0

1
0

0
1

.0
7

.2
0

1
1

0
1

.0
3

.2
0

1
2

0
1

.1
1

.2
0

1
2

0
1

.0
7

.2
0

1
3

0
1

.0
3

.2
0

1
4C

o
n

ce
n

tr
at

io
n

 in
 m

g/
L 

Date 

Fe (mg/L)

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



98 

5.2.6 Geochemical Model Calibration 

The calibration of the geochemical model for E-Mine was performed as described in the 

methodology section (Figure 60). Constituent concentrations obtained from the leaching tests were 

averaged and plotted on the abscissa of the graph. The simulated concentrations of the constituents, 

obtained from the geochemical model, were plotted on the ordinate. Additionally, each data point 

has an error bar in the horizontal direction, which represents the standard error calculated for the 

average of each constituent concentration. The calibration graph shows a coefficient of 

determination (R2-value) of 0.9993. Most of the calculated values have a residual error within the 

calculated standard error for the average analysed concentrations as showed by the horizontal error 

bars. 

 

Figure 60: Left: Calibration graph for the geochemical model of E-Mine; averaged analysis 

concentrations vs. calculated concentrations; standard errors are shown in the horizontal direction. 

Right: Logarithmic ordinate for improved illustration of lower concentrations and standard error 

values. 

5.2.7 Simulated Natural Geochemical Conditions 

After calibration of the geochemical model, the natural geochemical conditions at E-Mine were 

simulated as described in the methodology section. An initial fluid to rock ratio of 0.3:1 was used, 

based on water levels and mine water discharge at the site. Additional water was added to the 

system at a fluid to rock ratio of 1 × 10-4:1 every day of the simulation, to simulate inflow of 

additional water into the system, as groundwater and recharge from rainfall. The simulation time 

lasted 36500 days (100 years) (Figure 61), to account for long term changes in leachate chemistry, 

while also covering the period of available groundwater monitoring data. The simulation shows that 

a decrease in the release of SO4
2- is likely to take place from a concentration of approximately   

47500 mg/L to a concentration of approximately 300 mg/L.  
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Figure 61: Simulated contaminant concentrations in the leachate of E-Mine generated from the 

backfill material on site, over time; logarithmic ordinate 

5.2.8 Numerical Flow Model Chemical Calibration 

The simulated concentrations of sulfate in natural conditions of the backfilled opencast mine 

obtained from the geochemical model were used as input for the numerical flow and transport 

model. The concentrations in the opencast E-Mine were specified using various time steps and stress 

periods in the transport model. This was performed to determine if the specified concentrations in 

the transport model are chemically calibrated, using monitoring data at representative groundwater 

monitoring wells (Figure 62). These graphs show the simulated sulfate concentrations with an error 

bar of 50 mg/L, along with the observed sulfate concentrations at each selected monitoring point 

over time. An error range of 50 mg/L was used as concentrations of sulfate observed in the 

monitoring wells reach levels of over 500 mg/L in some areas. Additional to this is the field scale 

leach tests performed at E-Mine indicating potential sulfate concentrations of over 40000 mg/L from 

overburden material. Therefore, a 10% error of the monitoring concentrations for sulfate was 

deemed applicable.  
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Figure 62: Chemical Calibration Graphs for the monitoring wells used in the E-Mine Numerical Flow 

and Transport Model, blue dots: simulated values; red diamonds: observed values. 
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5.2.9 Geochemical Parameter Sensitivity  

The parameters influencing the generation and decay of sulfate in solution were varied in the 

geochemical model (Table 25). This was performed as a model sensitivity analysis to determine the 

sensitivity of each parameter with respect to its influence on rate limitation and concentration 

limitation of sulfate. Parameters providing a rate limitation were deemed to influence the rate of 

sulfate generation or decay in solution. Parameters providing a concentration limitation were 

deemed to influence the maximum and final concentrations of sulfate in solution.  

Table 25: Sensitivity Analysis of Parameters Influencing the Generation and Decay of Sulfate in 

Solution at E-Mine based on Geochemical Modelling 

Parameter 
Varied 

Orders of 
Magnitude 

Rate 
Limitation 

Change Observed in 
Sulfate Concentration  

Contaminant 
Concentration 

Limitation 

Change 
Observed in 

Sulfate 
Concentration, 

mg/L 

Oxygen 
Fugacity 

1 Yes 

Faster/Slower Peak 
Concentration and 

Faster/Slower 
Concentration Decay 

Yes 100 

Gypsum 
Mass 

1 No None Yes 5 

Gypsum 
Surface Area 

1 No None No None 

Gypsum 
Reaction 
Constant 

1 Yes 

Faster/Slower Peak 
Concentration and 

Faster/Slower 
Concentration Decay 

Yes 5 

Pyrite Mass 1 No None Yes 100 

Pyrite 
Surface Area 

1 Yes 

Faster/Slower Peak 
Concentration and 

Faster/Slower 
Concentration Decay 

No None 

Pyrite 
Reaction 
Constant 

1 Yes 

Faster/Slower Peak 
Concentration and 

Faster/Slower 
Concentration Decay 

No None 

Input Rate 
of Water 

1 Yes 

Faster/Slower Peak 
Concentration and 

Faster/Slower 
Concentration Decay 

Yes 200 to 2000 

5.3 A-Mine  

5.3.1 Numerical Flow Model 

The following parameters were specified within the numerical model (Table 26): 
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Table 26: Input parameters to the numerical flow model for A-Mine 

Model 
Parameter 

Value Unit Reason 

Recharge to 
the aquifer 

  0.0001 m/d Calculated 

Recharge to 
the backfilled 
opencast mine 

  0.0004 m/d (Hodgson and Krantz, 1998) 

Evapotranspira
tion 

  0.005 m/d Calculated 

Boundaries 

Topographic water divide east, 
Klein Olifants River to the west 
and south, Bosmanspruit to the 
north. 

- 
Existing boundary conditions present 
at the site that would potentially 
include modelled impacts 

Refinement 20 m Based on the scale of the mining area 

Grid 
dimensions 

294 x 604 
Cell 
count 

Product of the grid refinement 

Hydraulic 
conductivity 

  0.01 – 0.05 m/d (Fourie, 2013) 

Hydraulic 
anisotropy 
(vertical) 

10 - (Anderson et al., 2015) 

Effective 
porosity 

5 declining to 3 with depth in 
each layer 

% (Wang et al., 2009) 

Layers   4 Count 
Mining depth approximately 20 to 
40m (Pers. comm. Myburgh, 2015) 

Longitudinal 
dispersion 

100 m Schulze-Makuch (2005) 

Mean residual 
head error 

  1.6 m Head error statistics 

Head error 
range 

10 m 
Calculated as 10 % of the difference 
between the maximum and 
minimum calculated head elevations 

Flow directions interpreted from the numerical flow model showed that flow is directed away from 

the backfilled opencast mines. Groundwater flow is expected to follow the topography towards local 

drainage channels (Figure 63) as shown by monitoring data. This includes the Klein Olifants River and 

Bosmanspruit to the west, south and north of the mine. This was confirmed by the calibration of the 

model to the latest available monitoring data (Figure 64).  
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Figure 63: Groundwater flow directions at A-Mine Colliery 

 

Figure 64: Head calibration graph for the numerical model constructed for A-Mine Colliery 

Based on the calibrated model, the inflow rate into the backfilled opencast mine was estimated. A 

maximum inflow volume calculated for the modelled backfilled opencast mine on site is 3000 to 

5000 m3/day (Fourie, 2013). Assuming that the porosity of the backfill material in the backfilled 

opencast mines is 30% and multiplying this with the pit surface area and average depth a volume 

was calculated for the potentially fillable void space within the backfill material. This equated to an 

initial fluid to rock ratio of 0.3:1 based on rainfall volumes with additional water being added to the 

system via inflows to the pit from the aquifer at a fluid to rock ratio of 1 × 10-3:1. 
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5.3.2 Mineral Abundances 

The XRD analysis results for the material samples collected from the backfilled opencast mining 

areas at A-Mine (Figure 65) show that quartz and kaolinite are predominant mineral phases present 

(Table 27). However, the sample named ARN3 shows an anomalous abundance of carbonate mineral 

phases which were identified as dolomite and siderite. Further to this is an anomalous microcline 

abundance identified in the sample named ARN1. A mineral with a lesser abundance in the samples 

is muscovite.  

Table 27: Mineral Phases Identified During Analysis of Three Backfill Samples at A-Mine; Mineral 

Phase Abundances Reported as Weight Percentage 

Mineral Phase ARN 1 ARN 2 ARN 3 

Dolomite/Calcite - 4.39 11.33 

Kaolinite 24.68 9.19 13.19 

Microcline 16.24 8.9 5.9 

Muscovite 7.1 - 3.1 

Quartz 47.25 77.53 15.14 

Siderite 4.72 - 51.35 

 

In addition to the mineralogical analyses performed on the samples, sulfide mineral abundances 

were estimated. Mine water chemistry (Table 30), acid-base accounting (Table 28) and leach testing 

(Table 29) were used to estimate the abundance of sulfide minerals in the backfill material (Fourie, 

2013). No results are presented for sample ABA 04 as it was misplaced by the laboratory, according 

to Fourie (2013). Based on the results, the material collected is strongly acid generating which 

indicates an abundance of disulphide minerals. 

Table 28: Acid-base accounting analysis results for backfill material collected at A-Mine (Fourie, 

2013) – Base potential and Net Neutralisation Potential (NNP) expressed as CaCO3 equivalent kg per 

ton 

Sample Number 
ABA 
01 

ABA 
02 

ABA 
03 

ABA 
05 

ABA 
06 

ABA 
07 

ABA 
08 

ABA 
09 

ABA 
10 

ABA 
11 

ABA 
12 

Initial pH 7.03 2.69 3.78 7.65 4.24 3.20 6.64 4.03 7.08 6.92 7.12 

Final pH 2.08 1.13 1.24 1.51 1.48 1.07 3.21 1.28 2.21 3.91 3.77 

Acid Potential 
(Closed) 

2.249 51.498 38.56 57.739 1.607 51.798 1.266 47.292 3.084 3.079 2.482 

Base Potential 4.103 -33.041 -25.71 32.206 -8.36 -24.872 2.393 -9.023 3.37 79.1 16.295 

NNP (Closed) 1.854 -84.539 -64.27 -25.533 -9.967 -76.67 1.127 -56.314 0.287 76.021 13.813 
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Figure 65: Sample collection areas at A-Mine 
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Table 29: Analysis results of leach testing on backfill material sampled at A-Mine, exactly reproduced from Fourie (2013); -: below detection limit 

Condition Sample Number Initial pH Al Ba Be Ca Cr Co Cu Fe K Li Mg Mn Mo Na Ni Sr Pb V Zn SO4
2-

ABA01 7.03 0.001 0.001 - 0.922 - - - - 0.090 - 0.282 0.010 - 0.112 - 0.007 - - - 3.225

ABA02 2.69 1.570 - - 3.598 0.001 0.001 - 3.876 0.033 0.002 0.169 0.007 - 0.053 0.002 0.034 - 0.001 0.004 21.85

ABA03 3.78 1.363 - - 5.400 - 0.001 - 0.241 0.039 0.004 0.259 0.011 - 0.036 0.001 0.026 - - 0.008 19.12

ABA05 7.65 0.001 0.002 - 0.489 - - - 0.001 0.044 - 0.096 0.001 - 0.084 - 0.013 - - - 1.095

ABA06 4.24 0.008 - - 0.199 - - - 0.017 0.086 0.001 0.145 0.013 - 0.065 - 0.002 - - 0.001 1.569

ABA07 3.2 0.772 - - 6.638 - 0.001 - 0.952 0.031 0.001 0.203 0.031 - 0.049 0.001 0.082 - - 0.003 20.8

ABA08 6.64 0.001 - - 0.220 - - - 0.001 0.098 - 0.132 0.003 - 0.035 - 0.002 - - 0.001 1.278

ABA09 4.03 0.133 - - 4.482 - 0.004 - 0.113 0.091 0.001 1.019 0.146 - 0.034 0.005 0.024 - - 0.009 14.84

ABA10 7.08 0.003 0.001 - 0.080 - - - 0.001 0.127 - 0.034 0.001 - 0.058 - - - - - 0.205

ABA11 6.92 0.002 - - 0.458 - - - 0.001 0.489 - 0.135 0.002 - 0.087 - 0.001 - - - 0.148

ABA12 7.12 - - - 0.001 - - - - 0.001 - 0.010 - - 0.020 - - - - - 0.001

Condition Sample Number Initial pH Al Ba Be Ca Cr Co Cu Fe K Li Mg Mn Mo Na Ni Sr Pb V Zn SO4
2-

ABA01 2.08 0.646 0.014 - 1.319 0.002 - 0.002 0.221 0.139 0.002 0.247 0.115 0.002 0.093 0.002 0.011 - 0.004 0.004 1.08

ABA02 1.13 0.862 0.011 - 0.003 0.001 - 0.001 6.275 0.172 0.001 0.067 - 0.002 0.164 0.001 0.027 - 0.001 - 24.72

ABA03 1.24 5.720 0.007 - 0.097 0.002 - 0.003 2.749 0.157 0.002 0.067 - 0.002 0.175 0.001 0.028 - 0.003 0.001 18.51

ABA05 1.51 0.899 0.020 - 8.185 0.002 0.001 0.004 7.948 0.086 0.001 3.172 0.044 0.002 0.238 0.005 0.088 - 0.002 0.008 27.71

ABA06 1.48 1.104 0.007 - 0.174 0.001 - 0.001 0.422 0.073 0.001 0.040 - 0.002 0.041 0.002 0.003 - 0.001 0.001 0.771

ABA07 1.07 1.372 0.013 - 2.197 0.002 - 0.002 7.083 0.179 0.001 0.063 - 0.002 0.211 0.001 0.107 - 0.004 0.002 24.86

ABA08 3.21 1.392 0.038 - 0.541 0.001 - 0.001 0.210 0.217 0.002 0.304 0.302 0.002 0.102 0.002 0.006 - 0.001 0.001 0.608

ABA09 1.28 2.360 0.014 - 0.369 0.002 - 0.002 8.381 0.132 0.002 0.137 0.049 0.002 0.198 0.002 0.012 - 0.003 - 22.7

ABA10 2.21 1.390 0.017 - 0.876 0.001 0.001 0.001 0.436 0.347 0.002 0.253 0.109 0.002 0.028 0.002 0.005 - 0.001 0.002 1.48

ABA11 3.91 0.150 0.003 - 5.597 0.004 0.001 0.004 0.059 0.407 0.001 0.695 0.066 - 0.795 0.003 0.006 - 0.009 0.019 1.551

ABA12 3.77 0.371 0.006 - 2.671 0.003 0.008 0.005 0.036 0.344 0.003 0.890 0.065 0.001 0.938 0.017 0.008 - 0.011 0.031 1.2

Condition Sample Number Initial pH Al Ba Be Ca Cr Co Cu Fe K Li Mg Mn Mo Na Ni Sr Pb V Zn SO4
2-

ABA01 1.77 2.560 0.001 - 4.080 0.003 0.205 0.030 3.847 0.293 0.004 0.756 0.220 - 0.281 0.151 0.066 0.001 0.004 0.006

ABA02 1.8 3.388 0.003 - 3.422 0.003 0.993 0.080 15.620 0.258 0.003 0.205 0.010 - 0.166 1.359 0.045 0.002 0.002 0.008

ABA03 1.89 8.043 0.001 - 5.603 0.004 0.001 0.002 2.857 0.177 0.007 0.343 0.011 - 0.123 0.002 0.037 0.001 0.002 0.014

ABA05 2.27 1.239 - - 6.749 0.001 0.003 0.004 3.792 0.136 0.002 3.550 0.042 - 0.190 0.003 0.086 0.001 0.002 0.009

ABA06 1.66 2.856 0.001 - 0.279 0.008 0.328 0.045 5.062 0.232 0.003 0.283 0.026 - 0.197 0.344 0.008 0.001 0.003 0.006

ABA07 1.57 2.269 0.001 - 5.893 0.002 0.001 0.004 5.755 0.190 0.003 0.229 0.020 - 0.268 - 0.088 0.001 0.003 0.006

ABA08 1.9 5.618 - - 1.512 0.004 0.006 0.006 3.689 0.464 0.004 0.851 0.680 - 0.116 0.003 0.013 0.001 0.004 0.009

ABA09 2.13 4.145 0.003 - 5.452 0.003 0.574 0.095 17.040 0.359 0.004 1.338 0.217 - 0.205 0.960 0.041 0.001 0.003 0.016

ABA10 1.86 4.069 0.001 0.001 1.954 0.004 0.010 0.010 4.647 0.769 0.005 0.752 0.272 - 0.165 0.008 0.010 0.001 0.004 0.024

ABA11 1.99 0.953 0.001 - 6.282 0.001 0.002 0.004 0.356 0.949 0.002 1.388 0.222 - 0.247 0.005 0.012 - 0.002 0.117

ABA12 2.56 2.377 0.001 - 4.731 0.001 0.043 0.032 5.398 0.433 0.003 1.931 0.443 - 0.201 0.105 0.021 - 0.004 0.023

No values - 

Sulphuric 

acid

used to 

acidify 

samples

Water soluble 

constituents

Constituents released 

during complete oxidation

Sulphuric acid soluble 

constituents

 

Ag, As, Cd, Sb, Se, Sn concentrations below detection limit for all samples 
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Table 30: Analysis results of A-Mine mine water discharge (Pers. Comm. Myburgh, 2015); 

concentrations in mg/L; b.d.l.: below detection limit 

Analysed 
Constituent 

Sample 1 Sample 2 Sample 3  Sample 4  Sample 5  

pH 7.91 8.08 7.78 7.93 7.44 

Temperature, 
°C 

21.86 22.00 21.70 25.62 24.10 

Measured TDS 5992 6078 5887 5996 5676 

Alkalinity as 
CaCO3 

257.62 407.96 191.47 376.19 206.22 

Al 0.00 0.14 0.00 0.01 0.00 

Ca 488.93 670.18 565.93 488.49 540.91 

Fe 0.02 0.07 0.00 0.01 0.00 

K 29.85 114.32 38.66 41.07 40.29 

Mg 519.64 833.32 650.38 497.38 614.05 

Mn 1.47 0.34 0.25 0.22 0.22 

Na 128.81 138.09 129.83 122.22 137.51 

F 0.20 0.13 0.33 0.34 0.29 

Cl 19.89 21.69 20.94 22.31 28.71 

NO3 b.d.l. 0.13 b.d.l. 0.17 b.d.l. 

PO4 0.26 0.29 0.34 b.d.l. 0.33 

SO4 2690 3315 2885 3270 3255 

Ion Balance 
Error (%) 

13.16 27.04 24.11 -4.98 11.73 

5.3.3 Distilled Water Leach Tests 

Three samples were collected from A-Mine colliery and submitted for distilled water leach testing. 

The subsequent leachates were analysed using ICP-OES for major metal cations and metals while 

anion concentrations were determined by ion-chromatography (Table 31). The results show that the 

leachate pH is raised by the material and the predominant leached constituent from the material is 

sulfate in two of the three samples. 
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Table 31: Leachate Analysis Results for A-Mine 

Analysed 
Constituents, mg/L  

ARN1 ARN2 ARN3 

pH 
 

7.81 7.57 8.46 

Measured Total 
Dissolved Solids  

83.2 163 90.6 

Alkalinity 
 

27.3 20 59.9 

Ca 
 

15 41.2 17.4 

Fe 
 

0.07 - 0.05 

K 
 

3.3 1.65 1.32 

Mg 
 

6.14 6.54 7.45 

Mn 
 

- - - 

Na 
 

5.2 2.01 1.81 

Cl 
 

0.49 0.9 1.19 

NO3  
- - - 

SO4  
27.5 88.8 3.92 

 

5.3.4 Mineral Reaction Rates 

Estimated mineral abundances were averaged based on XRD analyses, acid-base accounting and 

mine water analyses. The standard error and standard deviation were calculated for each mineral 

phase and the reaction constant for each phase was obtained from literature (Table 32). The initial 

reactive surface area was also calculated based on the described methodology, using the applicable 

references and assumptions. 

Table 32: Calculated statistics, rate constants and reactive surface areas from the XRD results of 
three backfill samples from A-Mine  

Mineral Phase 
Based on 
Analysis Data 

Mean, 
mass % 

Standard 
Deviation, 
mass % 

Standard 
Error of mean 
mass % 

Initial Reaction 
Rate Constant, 
mol·cm-2·s-1 

Initial Reactive 
Surface Area, 
cm2·g-1 # 

Dolomite 5.24 5.71 3.30 1 × 10-11 a 110 

Kaolinite 15.69 8.04 4.64 1 × 10-17 b 250 

K-Feldspar 10.35 5.32 3.07 1.7 × 10-17 c 250 

Muscovite 3.40 3.56 2.06 2.9 × 10-15 d 212 

Quartz 46.64 31.20 18.01 5.0 × 10-14 e 250 

Siderite 18.69 28.38 16.39 1 × 10-12 h 200 

Pyrite 2.00 * n.a. n.a. 2.8 × 10-12 f 400 

Gypsum 0.05 * n.a. n.a. 1.3 × 10-04 g 130 

aPokrovsky and Schott (2002); bHuertas et al. (1999); cOelkers and Schott (1998); dOelkers et al. 

(2008); eGudbrandsson et al. (2014);fMalmström et al. (2006); gJeschke et al. (2001);h(Pokrovsky and 

Schott, 2002); *Estimated based on field observations, acid-base accounting and literature data; 
#Calculated from sample average grain size and mineral density, assuming entire surface is available 

for reaction (Brantley, 1998, Gautier et al., 2001, White and Brantley, 2003); n.a.: not applicable. 
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5.3.5 Groundwater Monitoring Data 

A comparison of selected parameters was performed on the available groundwater monitoring data 

for A-Mine.  Results of this comparison are described below for each monitoring well. 

AW1 ( Figure 66) 

Elevated concentrations of SO4 can be observed in the data collected from this well as well as a 

slightly alkaline pH indicating buffering reactions taking place. However alkalinity concentrations 

observed in the data are lower than sulfate concentrations but follow a similar trend. Fe 

concentrations for this well are highly variable and do not show an apparent trend of decrease or 

increase.  

AW10 (Figure 67) 

Alkalinity concentrations in this well are higher than that of sulfate in this monitoring well but do not 

show an increasing or decreasing trend. However, a spike is observed in both concentrations during 

1998 with a corresponding lowering in pH value which is fairly stable and alkaline across the 

monitoring period. Fe concentrations are variable across atleast 2 orders of magnitude during the 

monitoring period and show no apparent trend. 

AW12 ( Figure 68) 

Sulfate concentrations in this monitoring well show a decreasing trend over the monitoring period 

with a fairly stable pH which is slightly alkaline over the monitoring period. Fe concentrations in this 

monitoring well is highly variable and show no apparent trend. 

AW13 (Figure 69) 

Sulfate concentrations in this monitoring well show a decreasing trend over the monitoring period 

with a fairly stable pH which is slightly alkaline over the monitoring period. Fe concentrations in this 

monitoring well show a decreasing trend and vary over 2 orders of magnitude. 

AW14 (Figure 70) 

Highly variable alkalinity concentrations were measured during the monitoring period in this 

monitoring well and do not show an apparent trend. However, sulfate concentrations in this 

monitoring well have increased over the monitoring period but no concentration exceeded 140 

mg/L. A variable pH is also observed in this monitoring well but remains fairly neutral. Fe 

concentrations in this monitoring well vary over 3 orders of magnitude and show a decreasing trend. 

AW15 (Figure 71) 

Although limited data exists for this monitoring well, a clear decreasing trend in sulfate 

concentrations can be observed with a corresponding rise in pH values as well as alkalinity 

concentrations. Fe concentrations decreased over the monitoring period. 
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AW18 (Figure 72) 

A decreasing trend in sulfate concentrations over the monitoring period can be observed in this 

monitoring well with early concentrations of around 2500 mg/L showing some variation and 2 peaks 

during the early and late 1990’s. Low concentrations of alkalinity can be observed throughout the 

monitoring period but a gradual rise in pH can be observed throughout the monitoring period. 

Variable Fe concentrations are observable in the monitoring data and follow a similar to the 

variations in concentration observed for sulfate. 

AW19 (Figure 73) 

A decreasing trend in sulfate concentrations over the monitoring period can be observed in this 

monitoring well with concentrations up to 1400 mg/L showing some variation and 3 peaks during 

1993, 1996 and 2000. Low concentrations of alkalinity can be observed throughout the monitoring 

period but a gradual yet variable rise in pH can be observed throughout the monitoring period. 

Variable Fe concentrations are observable in the monitoring data and follow a similar trend to the 

variations in concentration observed for sulfate. 

AW2 (Figure 74) 

An increasing trend in sulfate concentrations over the monitoring period can be observed in this 

monitoring well with concentrations up to 4500 mg/L showing some variation. Low concentrations 

of alkalinity can be observed throughout the monitoring period. Additionally, a stable and slightly 

alkaline pH can be observed throughout the monitoring period. Variable Fe concentrations are 

observable in the monitoring data but no trend is apparent. 

AW20 (Figure 75) 

An increasing trend in sulfate concentrations over the monitoring period can be observed in this 

monitoring well with concentrations up to 1500 mg/L showing some seasonal variation. Elevated 

concentrations of alkalinity can be observed throughout the monitoring period with a decreasing 

trend in concentrations. Additionally, an increasing alkaline pH can be observed throughout the 

monitoring period. Variable Fe concentrations are observable in the monitoring data with a 

decreasing trend. 

AW21 ( Figure 76) 

A decreasing trend in alkalinity concentrations over the monitoring period can be observed in this 

monitoring well with concentrations up to 450 mg/L showing some variation. Low concentrations of 

sulfate can be observed throughout the monitoring period and a gradual yet variable lowering in pH 

can be observed throughout the monitoring period. Variable Fe concentrations are observable in the 

monitoring data and follow a similar trend to the variations in concentration observed for sulfate. 

AW22 (Figure 77) 

A decreasing trend in sulfate concentrations over the monitoring period can be observed in this 

monitoring well with concentrations up to 350 mg/L showing some variation. Low concentrations of 

alkalinity can be observed throughout the monitoring period with a gradual yet variable rise in pH 
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can be observed throughout the monitoring period. Variable Fe concentrations are observable in the 

monitoring data and follow a similar trend to the variations in concentration observed for sulfate. 

AW23 (Figure 78) 

A decreasing trend in sulfate concentrations over the monitoring period can be observed in this 

monitoring well with concentrations up to 130 mg/L showing some variation. Low concentrations of 

alkalinity can be observed throughout the monitoring period with a variable pH observed 

throughout the monitoring period. Variable Fe concentrations are observable in the monitoring data 

and follow a similar trend to the variations in concentration observed for sulfate. 

AW24 (Figure 79) 

A decreasing trend in sulfate concentrations over the monitoring period can be observed in this 

monitoring well with concentrations up to 2500 mg/L. Decreasing concentrations of alkalinity can be 

observed throughout the monitoring period with a decreasing pH observed throughout the 

monitoring period. Variable Fe concentrations are observable in the monitoring data and follow a 

similar trend to the variations in concentration observed for sulfate. 

AW25 (Figure 80) 

A decreasing trend in sulfate concentrations over the monitoring period can be observed in this 

monitoring well with concentrations reaching 1600 mg/L. Increasing concentrations of alkalinity can 

be observed throughout the monitoring period with an increasing pH observed throughout the 

monitoring period. Fe concentrations follow a similar trend to the variations in concentration 

observed for sulfate.  

AW26 (Figure 81) 

A decreasing trend in sulfate concentrations over the monitoring period can be observed in this 

monitoring well with concentrations reaching 1700 mg/L. Increasing concentrations of alkalinity can 

be observed throughout the monitoring period with a fairly stable pH observed throughout the 

monitoring period. Fe concentrations follow a similar trend to the variations in concentration 

observed for sulfate. 

AW27 (Figure 82) 

A decreasing trend in sulfate concentrations over the monitoring period can be observed in this 

monitoring well with low concentrations reaching only 80 mg/L. Decreasing concentrations of 

alkalinity can be observed throughout the monitoring period with a variable pH observed 

throughout the monitoring period following a similar trend to alkalinity concentrations. Fe 

concentrations follow a similar trend to the variations in concentration observed for sulfate. 

AW28 (Figure 83) 

A decreasing sulfate concentration can be observed between the start of the monitoring period up 

to 2000 where an increase in sulfate concentrations occurs to the end of the monitoring period. Very 

low concentrations of alkalinity are prevalent throughout the entire monitoring period. pH values 
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follow an inversely proportionate trend to that of sulfate while Fe concentrations follow a similar 

trend to that of sulfate concentrations. 

AW3 (Figure 84) 

A decreasing trend in sulfate concentrations over the monitoring period can be observed in this 

monitoring well with concentrations up to 5000 mg/L. Decreasing concentrations of alkalinity can be 

observed throughout the monitoring period with an increasing pH observed throughout the 

monitoring period. Variable Fe concentrations are observable in the monitoring data and follow a 

similar trend to the variations in concentration observed for sulfate. 

AW30 (Figure 85) 

An increasing sulfate concentration can be observed between the start of the monitoring period up 

to 2000 after which a gradually decreasing sulfate concentration is evident which decreases from 

2100 mg/L to approximately 1500 mg/L. An inversely proportionate trend in alkalinity 

concentrations and pH values to sulfate can be observed throughout the monitoring period. Variable 

Fe concentrations inversely proportionate to pH values can be observed. 

AW31 (Figure 86) 

Variable decreasing concentrations of sulfate and alkalinity are evident in the monitoring data for 

this well with variable, slightly acidic pH values. Fe concentrations in this monitoring well do not 

show an apparent trend but vary across 2 orders of magnitude. 

AW32 (Figure 87) 

A decreasing trend in sulfate concentrations over the monitoring period can be observed in this 

monitoring well with concentrations up to 2000 mg/L. Very low concentrations of alkalinity can be 

observed throughout the monitoring period with slightly decreasing pH values observed throughout 

the monitoring period. Variable Fe concentrations are observable in the monitoring data but no 

trend is apparent. 

AW33 (Figure 88) 

A decreasing trend in sulfate concentrations over the monitoring period can be observed in this 

monitoring well with concentrations below 50 mg/L. Very low but increasing concentrations of 

alkalinity can be observed throughout the monitoring period with slightly decreasing pH values 

observed throughout the monitoring period. Variable Fe concentrations are observable in the 

monitoring data and follow a similar trend to the variations in concentration observed for sulfate. 

AW35 (Figure 89) 

A decreasing sulfate concentration can be observed between the start of the monitoring period up 

to 2000 where an increase in sulfate concentrations occurs to the end 2000 where after a decreasing 

trend can be observed. Alkalinity concentrations inversely proportionate to that of sulfate can be 

observed throughout the monitoring period with a decreasing trend in pH values observed. A 

decreasing trend in Fe concentrations is also apparent. 
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AW37 (Figure 90) 

A decreasing trend in sulfate concentrations over the monitoring period can be observed in this 

monitoring well with concentrations up to 850 mg/L. Increasing concentrations of alkalinity can be 

observed throughout the monitoring period with slightly increasing pH values observed throughout 

the monitoring period. Stable Fe concentrations are observable in the monitoring data. 

AW38 (Figure 91) 

Increasing trends in alkalinity and sulfate concentrations are evident in the monitoring data for this 

monitoring well with pH values ranging between 7 and 8. An increasing Fe concentration trend can 

also be observed. 

AW4 (Figure 92) 

A decreasing trend in sulfate concentrations over the monitoring period can be observed in this 

monitoring well with concentrations up to 1500 mg/L. Decreasing concentrations of alkalinity can be 

observed throughout the monitoring period with variable pH values observed throughout the 

monitoring period. Decreasing Fe concentrations are observable in the monitoring data and follow a 

similar trend to that of sulfate. 

AW5 (Figure 93) 

A variable concentration of sulfate can be observed in this monitoring well over the monitoring 

period with a decreasing trend after 1998 to the end of the monitoring period. Corresponding 

alkalinity values can also be observed as well as a variable pH value. A variable Fe concentration can 

also be observed over the monitoring period, gradually decreasing over time and partially 

corresponds to sulfate concentration trends. 

AW6 (Figure 94) 

A decreasing trend in sulfate and alkalinity concentrations over the monitoring period can be 

observed in this monitoring well. Increasing pH values are evident throughout the monitoring 

period. Decreasing Fe concentrations are observable in the monitoring data and follow a similar 

trend to that of sulfate. 

AW7 (Figure 95) 

An increasing sulfate concentration can be observed between the start of the monitoring period up 

to 2004 after which a gradually decreasing sulfate concentration is evident which decreases from 

2600 mg/L to approximately 500 mg/L. An inversely proportionate trend in alkalinity concentrations 

and pH values to sulfate can be observed throughout the monitoring period. Variable Fe 

concentrations inversely proportionate to pH values can be observed. 

AW8 (Figure 96) 

An increasing sulfate concentration can be observed between 2000 and the end of the monitoring 

period. An inversely proportionate trend in pH values to sulfate can be observed throughout the 
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monitoring period with alkalinity concentrations below 210 mg/L throughout the monitoring period. 

Variable Fe concentrations proportionate to sulfate concentrations can be observed. 

AW9 (Figure 97) 

An increasing trend in sulfate concentrations over the monitoring period can be observed in this 

monitoring well with concentrations up to 2000 mg/L. An inversely proportionate trend in pH values 

to sulfate can be observed throughout the monitoring period with alkalinity concentrations below 

210 mg/L throughout the monitoring period. Variable Fe concentrations proportionate to sulfate 

concentrations can be observed. 
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 Figure 66: Groundwater monitoring data for AW1 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 

Figure 67: Groundwater monitoring data for AW10 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 

4
5
6
7
8
9
10
11
12

0
500

1000
1500
2000
2500
3000
3500
4000

0
1

.0
6

.1
9

8
9

0
1

.0
3

.1
9

9
0

0
1

.1
2

.1
9

9
0

0
1

.0
9

.1
9

9
1

0
1

.0
6

.1
9

9
2

0
1

.0
3

.1
9

9
3

0
1

.1
2

.1
9

9
3

0
1

.0
9

.1
9

9
4

0
1

.0
6

.1
9

9
5

0
1

.0
3

.1
9

9
6

0
1

.1
2

.1
9

9
6

0
1

.0
9

.1
9

9
7

0
1

.0
6

.1
9

9
8

0
1

.0
3

.1
9

9
9

0
1

.1
2

.1
9

9
9

0
1

.0
9

.2
0

0
0

0
1

.0
6

.2
0

0
1

0
1

.0
3

.2
0

0
2

0
1

.1
2

.2
0

0
2

0
1

.0
9

.2
0

0
3

0
1

.0
6

.2
0

0
4

0
1

.0
3

.2
0

0
5

0
1

.1
2

.2
0

0
5

p
H

 V
al

u
e

 

C
o

n
ce

n
tr

at
io

n
 in

 m
g/

L 

Selected Chemical Parameters for AW1 
SO4 (mg/L)

Alkalinity
(mg/L CaCO3
equivalents)

pH Value

0.01

0.1

1

10

0
1

.0
6

.1
9

8
9

0
1

.0
3

.1
9

9
0

0
1

.1
2

.1
9

9
0

0
1

.0
9

.1
9

9
1

0
1

.0
6

.1
9

9
2

0
1

.0
3

.1
9

9
3

0
1

.1
2

.1
9

9
3

0
1

.0
9

.1
9

9
4

0
1

.0
6

.1
9

9
5

0
1

.0
3

.1
9

9
6

0
1

.1
2

.1
9

9
6

0
1

.0
9

.1
9

9
7

0
1

.0
6

.1
9

9
8

0
1

.0
3

.1
9

9
9

0
1

.1
2

.1
9

9
9

0
1

.0
9

.2
0

0
0

0
1

.0
6

.2
0

0
1

0
1

.0
3

.2
0

0
2

0
1

.1
2

.2
0

0
2

0
1

.0
9

.2
0

0
3

0
1

.0
6

.2
0

0
4

0
1

.0
3

.2
0

0
5

0
1

.1
2

.2
0

0
5

C
o

n
ce

n
tr

at
io

n
 in

 m
g/

L 

Date 

Fe (mg/L)

4
5
6
7
8
9
10
11
12

0
50

100
150
200
250
300
350
400
450

0
1

.0
9

.1
9

9
2

0
1

.0
2

.1
9

9
3

0
1

.0
7

.1
9

9
3

0
1

.1
2

.1
9

9
3

0
1

.0
5

.1
9

9
4

0
1

.1
0

.1
9

9
4

0
1

.0
3

.1
9

9
5

0
1

.0
8

.1
9

9
5

0
1

.0
1

.1
9

9
6

0
1

.0
6

.1
9

9
6

0
1

.1
1

.1
9

9
6

0
1

.0
4

.1
9

9
7

0
1

.0
9

.1
9

9
7

0
1

.0
2

.1
9

9
8

0
1

.0
7

.1
9

9
8

0
1

.1
2

.1
9

9
8

0
1

.0
5

.1
9

9
9

0
1

.1
0

.1
9

9
9

0
1

.0
3

.2
0

0
0

0
1

.0
8

.2
0

0
0

p
H

 V
al

u
e

 

C
o

n
ce

n
tr

at
io

n
 in

 m
g/

L 

Selected Chemical Parameters for AW10 
SO4 (mg/L)

Alkalinity
(mg/L CaCO3
equivalents)

pH Value

0.01

0.1

1

10

0
1

.0
9

.1
9

9
2

0
1

.0
2

.1
9

9
3

0
1

.0
7

.1
9

9
3

0
1

.1
2

.1
9

9
3

0
1

.0
5

.1
9

9
4

0
1

.1
0

.1
9

9
4

0
1

.0
3

.1
9

9
5

0
1

.0
8

.1
9

9
5

0
1

.0
1

.1
9

9
6

0
1

.0
6

.1
9

9
6

0
1

.1
1

.1
9

9
6

0
1

.0
4

.1
9

9
7

0
1

.0
9

.1
9

9
7

0
1

.0
2

.1
9

9
8

0
1

.0
7

.1
9

9
8

0
1

.1
2

.1
9

9
8

0
1

.0
5

.1
9

9
9

0
1

.1
0

.1
9

9
9

0
1

.0
3

.2
0

0
0

0
1

.0
8

.2
0

0
0

C
o

n
ce

n
tr

at
io

n
 in

 m
g/

L 

Date 

Fe (mg/L)

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



116 

 Figure 68: Groundwater monitoring data for AW12 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 

Figure 69: Groundwater monitoring data for AW13 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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Figure 70: Groundwater monitoring data for AW14 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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Figure 71: Groundwater monitoring data for AW15 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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Figure 72: Groundwater monitoring data for AW18 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 

Figure 73: Groundwater monitoring data for AW19 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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Figure 74: Groundwater monitoring data for AW2 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 

Figure 75: Groundwater monitoring data for AW20 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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 Figure 76: Groundwater monitoring data for AW21 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 

Figure 77: Groundwater monitoring data for AW22 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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Figure 78: Groundwater monitoring data for AW23 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 

Figure 79: Groundwater monitoring data for AW24 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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Figure 80: Groundwater monitoring data for AW25 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 

Figure 81: Groundwater monitoring data for AW26 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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Figure 82: Groundwater monitoring data for AW27 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 

Figure 83: Groundwater monitoring data for AW28 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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Figure 84: Groundwater monitoring data for AW3 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 

Figure 85: Groundwater monitoring data for AW30 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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Figure 86: Groundwater monitoring data for AW31 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 

 

Figure 87: Groundwater monitoring data for AW32 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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Figure 88: Groundwater monitoring data for AW33 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 

Figure 89: Groundwater monitoring data for AW35 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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Figure 90: Groundwater monitoring data for AW37 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 

Figure 91: Groundwater monitoring data for AW38 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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Figure 92: Groundwater monitoring data for AW4 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 

Figure 93: Groundwater monitoring data for AW5 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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Figure 94: Groundwater monitoring data for AW6 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 

Figure 95: Groundwater monitoring data for AW7 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 

 

4
5
6
7
8
9
10
11
12

0

500

1000

1500

2000

2500

0
1

.0
8

.1
9

9
0

0
1

.0
5

.1
9

9
1

0
1

.0
2

.1
9

9
2

0
1

.1
1

.1
9

9
2

0
1

.0
8

.1
9

9
3

0
1

.0
5

.1
9

9
4

0
1

.0
2

.1
9

9
5

0
1

.1
1

.1
9

9
5

0
1

.0
8

.1
9

9
6

0
1

.0
5

.1
9

9
7

0
1

.0
2

.1
9

9
8

0
1

.1
1

.1
9

9
8

0
1

.0
8

.1
9

9
9

0
1

.0
5

.2
0

0
0

0
1

.0
2

.2
0

0
1

0
1

.1
1

.2
0

0
1

0
1

.0
8

.2
0

0
2

0
1

.0
5

.2
0

0
3

0
1

.0
2

.2
0

0
4

0
1

.1
1

.2
0

0
4

0
1

.0
8

.2
0

0
5

p
H

 V
al

u
e

 

C
o

n
ce

n
tr

at
io

n
 in

 m
g/

L 

Selected Chemical Parameters for AW6 
SO4 (mg/L)

Alkalinity
(mg/L CaCO3
equivalents)

pH Value

0.01

0.1

1

10

100

0
1

.0
8

.1
9

9
0

0
1

.0
5

.1
9

9
1

0
1

.0
2

.1
9

9
2

0
1

.1
1

.1
9

9
2

0
1

.0
8

.1
9

9
3

0
1

.0
5

.1
9

9
4

0
1

.0
2

.1
9

9
5

0
1

.1
1

.1
9

9
5

0
1

.0
8

.1
9

9
6

0
1

.0
5

.1
9

9
7

0
1

.0
2

.1
9

9
8

0
1

.1
1

.1
9

9
8

0
1

.0
8

.1
9

9
9

0
1

.0
5

.2
0

0
0

0
1

.0
2

.2
0

0
1

0
1

.1
1

.2
0

0
1

0
1

.0
8

.2
0

0
2

0
1

.0
5

.2
0

0
3

0
1

.0
2

.2
0

0
4

0
1

.1
1

.2
0

0
4

0
1

.0
8

.2
0

0
5

C
o

n
ce

n
tr

at
io

n
 in

 m
g/

L 

Date 

Fe (mg/L)

4
5
6
7
8
9
10
11
12

0

500

1000

1500

2000

2500

3000

0
1

.0
1

.1
9

9
2

0
1

.0
9

.1
9

9
2

0
1

.0
5

.1
9

9
3

0
1

.0
1

.1
9

9
4

0
1

.0
9

.1
9

9
4

0
1

.0
5

.1
9

9
5

0
1

.0
1

.1
9

9
6

0
1

.0
9

.1
9

9
6

0
1

.0
5

.1
9

9
7

0
1

.0
1

.1
9

9
8

0
1

.0
9

.1
9

9
8

0
1

.0
5

.1
9

9
9

0
1

.0
1

.2
0

0
0

0
1

.0
9

.2
0

0
0

0
1

.0
5

.2
0

0
1

0
1

.0
1

.2
0

0
2

0
1

.0
9

.2
0

0
2

0
1

.0
5

.2
0

0
3

0
1

.0
1

.2
0

0
4

0
1

.0
9

.2
0

0
4

0
1

.0
5

.2
0

0
5

0
1

.0
1

.2
0

0
6

p
H

 V
al

u
e

 

C
o

n
ce

n
tr

at
io

n
 in

 m
g/

L 

Selected Chemical Parameters for AW7 
SO4 (mg/L)

Alkalinity
(mg/L CaCO3
equivalents)

pH Value

0.01

0.1

1

10

100

0
1

.0
1

.1
9

9
2

0
1

.0
9

.1
9

9
2

0
1

.0
5

.1
9

9
3

0
1

.0
1

.1
9

9
4

0
1

.0
9

.1
9

9
4

0
1

.0
5

.1
9

9
5

0
1

.0
1

.1
9

9
6

0
1

.0
9

.1
9

9
6

0
1

.0
5

.1
9

9
7

0
1

.0
1

.1
9

9
8

0
1

.0
9

.1
9

9
8

0
1

.0
5

.1
9

9
9

0
1

.0
1

.2
0

0
0

0
1

.0
9

.2
0

0
0

0
1

.0
5

.2
0

0
1

0
1

.0
1

.2
0

0
2

0
1

.0
9

.2
0

0
2

0
1

.0
5

.2
0

0
3

0
1

.0
1

.2
0

0
4

0
1

.0
9

.2
0

0
4

0
1

.0
5

.2
0

0
5

0
1

.0
1

.2
0

0
6

C
o

n
ce

n
tr

at
io

n
 in

 m
g/

L 

Date 

Fe (mg/L)

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



131 

Figure 96: Groundwater monitoring data for AW8 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 

Figure 97: Groundwater monitoring data for AW9 at A-Mine (illustrating Fe, SO4, pH and Alkalinity) 
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5.3.6 Geochemical Model Calibration 

The calibration of the geochemical model for A-Mine was performed as described in the 

methodology section (Figure 98). Constituent concentrations obtained from the leachate analyses of 

the leaching tests were averaged and plotted on the abscissa of the graph. The simulated 

concentrations of the constituents, obtained from the geochemical model, were plotted on the 

ordinate. Additionally, each data point has an error bar in the horizontal direction, which represents 

the standard error calculated for the average of each constituent concentration. The calibration 

graph shows a coefficient of determination (R2-value) of 0.9886. Most of the calculated values have 

a residual error within the calculated standard error for the average analysed concentrations as 

showed by the horizontal error bars. 

 

Figure 98: Left: Calibration graph for the geochemical model of A-Mine; averaged analysis 

concentrations vs. calculated concentrations; standard errors are shown in the horizontal direction. 

Right: Logarithmic ordinate for improved illustration of lower concentrations and standard error 

values 

5.3.7 Simulated Natural Geochemical Conditions 

After calibration of the geochemical model, the natural geochemical conditions at A-Mine were 

simulated as described in the methodology section 0. An initial fluid to rock ratio of 0.3:1 was used, 

based on water levels and mine water discharge at the site. Additional water was added to the 

system at a fluid to rock ratio of 1 × 10-3:1 every day of the simulation to simulate inflow of 

additional water into the system, as groundwater and recharge from rainfall, as well as recirculated 

mine water that is pumped back into the system from discharge points around the mine. A 

simulation lasted 36500 days (100 years), to account for long term changes in leachate chemistry, 

while also covering the period of available groundwater monitoring data (Figure 99). The simulation 

shows that a decrease in the release of SO4
2- is likely to take place from a concentration of 

approximately 17500 mg/L to a concentration of approximately 300 mg/L.  
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Figure 99: Simulated contaminant concentrations in the leachate generated from the backfill 

material on site over time; logarithmic ordinate 

5.3.8 Numerical Flow Model Chemical Calibration 

The simulated concentrations of sulfate in natural conditions of the backfilled opencast mine 

obtained from the geochemical model were used as input for the numerical flow and transport 

model. The concentrations in the opencast A-Mine were specified using various time steps and 

stress periods, in the transport model. This was performed to determine if the specified 

concentrations in the transport model are chemically calibrated, using monitoring data at 

representative groundwater monitoring wells (Figure 100). These graphs show the simulated sulfate 

concentrations with an error bar of 200 mg/L, along with the observed sulfate concentrations at 

each selected monitoring point over time. An error range of 200 mg/L was used as concentrations of 

sulfate observed in the monitoring wells reach levels of over 2000 mg/L in some areas. Therefore, a 

10% error of the monitoring concentrations for sulfate was deemed applicable.  
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Figure 100: Chemical Calibration Graphs for the monitoring wells used in the A-Mine Numerical Flow 

and Transport Model, blue dots: simulated values; red diamonds: observed values. 
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5.3.9 Geochemical Parameter Sensitivity  

The parameters influencing the generation and decay of sulfate in solution were varied in the 

geochemical model (Table 33). This was performed as a model sensitivity analysis to determine the 

sensitivity of each parameter with respect to its influence on rate limitation and concentration 

limitation of sulfate. Parameters providing a rate limitation were deemed to influence the rate of 

sulfate generation or decay in solution. Parameters providing a concentration limitation were 

deemed to influence the maximum and final concentrations of sulfate in solution.  

Table 33: Sensitivity Analysis of Parameters Influencing the Generation and Decay of Sulfate in 

Solution at A-Mine based on Geochemical Modelling 

Parameter 
Varied 

Orders of 
Magnitude 

Rate 
Limitation 

Change Observed in 
Sulfate Concentration  

Contaminant 
Concentration 

Limitation 

Change 
Observed in 

Sulfate 
Concentration, 

mg/L 

Oxygen 
Fugacity 

1 Yes 

Faster/Slower Peak 
Concentration and 

Faster/Slower 
Concentration Decay 

Yes 1000 

Gypsum 
Mass 

1 No None Yes 5 

Gypsum 
Surface Area 

1 No None No None 

Gypsum 
Reaction 
Constant 

1 Yes 

Faster/Slower Peak 
Concentration and 

Faster/Slower 
Concentration Decay 

Yes 5 

Pyrite Mass 1 No None Yes 1000 

Pyrite 
Surface Area 

1 Yes 

Faster/Slower Peak 
Concentration and 

Faster/Slower 
Concentration Decay 

No None 

Pyrite 
Reaction 
Constant 

1 Yes 

Faster/Slower Peak 
Concentration and 

Faster/Slower 
Concentration Decay 

No None 

Input Rate 
of Water 

1 Yes 

Faster/Slower Peak 
Concentration and 

Faster/Slower 
Concentration Decay 

Yes 200 to 3000 
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6 Synthesis 

6.1 Mineralogy and Geochemistry at the Study Sites 

6.1.1 Comparison of Mineralogical Data between the Study Sites 

The mineral phases encountered at each of the study sites show that quartz and kaolinite were 

found in all the collected overburden samples (Table 34). It can therefore be concluded that these 

mineral phases form an important part of the Ecca Group lithologies associated with opencast coal 

mining overburden. Based on this comparison, these mineral phases are likely to be found in the 

overburden material of similar mines in Mpumalanga. Additionally, as indicated by the stability 

diagram of the Si-Al-O-H system (disregarding the kinetics of the real system, as kyanite is unlikely to 

form in these conditions), these minerals are likely to be stable in a hydrogeological environment 

where low concentrations of metals are found in groundwater (Figure 101).  

Microcline feldspar and muscovite were found in almost all samples and were interpreted as 

precursors to quartz and kaolinite as weathering products (Banfield and Eggleton, 1990). Based on 

the sample data, it is likely that these minerals will be encountered in Ecca Group lithologies 

associated with coal mining overburden.  

Plagioclase and smectite were encountered in a single sample collected from C-Mine. Smectite-

group clay in this sample was interpreted as a possible weathering product of plagioclase. However, 

both minerals may have been transported from a different source area to the specified sampling 

locality during deposition of the sedimentary rock.  

Siderite and dolomite are present in two samples from A-Mine only as both minor and major mineral 

phases. These phases are anomalous when compared to the lithologies encountered during drilling 

on site as well as the samples from E-Mine and C-Mine. Hematite was only encountered in the 

samples collected from E-Mine as a minor mineral phase. However, the siderite and hematite phases 

may be interpreted as indicators of chemical conditions present during the diagenesis of these 

lithologies. When the stability diagram for iron is considered (Figure 102), a large stability field is 

present for hematite. When bicarbonate is present in the system, an additional stability field is 

present for siderite, which is also relatively large compared to that of hematite. These minerals could 

indicate the redox conditions during diagenesis of the lithology. Elevated Eh is required for the 

formation of hematite, while lowered Eh and dissolved bicarbonate is required for the formation of 

siderite. This can be linked to e.g. the presence or absence of pyrite.  

Pyrite formation in the sediment is controlled by the availability of organic matter, dissolved sulfate 

in solution and the availability of detrital and reactive iron minerals (Berner, 1984), while the mineral 

itself is stable in lowered Eh values (Figure 103). When comparing Figure 102 and Figure 103, it can 

be observed that the stability fields of pyrite and siderite are likely to overlap, while that of hematite 

and pyrite are less likely to overlap. Therefore, siderite and hematite may act as indicator minerals 

with regards to pyrite content estimation in lithologies with appreciable abundances of carbonate 

minerals, which were deposited in reducing conditions. 
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Table 34: Comparison of Mineral Phases Encountered at the Study Sites (● shows major mineral 
phase present; ○ shows minor mineral phase present; - shows mineral phase not present) 
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Figure 101: Stability diagram constructed for a high [Si], low [Al] groundwater solution, indicating 
stability of quartz and kaolinite. Please see text with regards to kyanite stability. 
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Figure 102: Stability diagram constructed for Fe with HCO3 present in the groundwater solution, 

indicating stability of hematite and siderite 

 

Figure 103: Stability diagram constructed for a concentration of 0.01 mol SO4 with Fe present in the 

groundwater solution, indicating stability of pyrite in reducing and low pH conditions 
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6.1.2 Comparison of Acid-Base Accounting Data  

Acid-Base Accounting analysis results show Sulfide-Sulfur Weight Percentages ranging between 0.02 

and 1.25 wt% (Table 35), which is in agreement with the study by Pinetown and Boer (2006). 

However, for unknown reasons, methods used for acid-base accounting at A-Mine in previous 

studies by Fourie (2013), did not provide Sulfide-Sulfur Weight Percentages. Therefore, Sulfide Sulfur 

Weight Percentages were extrapolated based on the Acid Generation Potential (Figure 104). This 

figure illustrates the correlation between the Sulfide-Sulfur Weight Percentages and Acid Generation 

Potential, as well as the regression line of the data. Sulfide-Sulfur Weight Percentages for A-Mine 

were thus calculated by dividing the Acid Generation Potential values for these samples by the slope 

of the regression line as a coefficient of determination (R2) of 0.99 was observed. This calculation 

changes the maximum Sulfide-Sulfur Weight Percentage observed to approximately 1.9 wt% (Figure 

104).  

When comparing the C-Mine data with that of E-Mine and A-Mine, it can be observed that higher 

weight percentages of Sulfide Sulfur are present in the E-Mine and A-Mine samples. Based on the 

samples collected, this shows a more sulfur rich character for the Witbank Coalfield compared to 

that of the Ermelo Coalfield. These results, therefore, show higher amounts of sulfide minerals 

present in the Witbank Coalfield, than in the Ermelo Coalfield which is further substantiated when 

comparing the paste pH values of the samples collected from C-Mine with that of A-Mine and E-

Mine. However, based on alkalinity values observed, it is also possible that samples from C-Mine 

have already been leached of the majority of their carbonate minerals. 

If the Sulfide Sulfur Weight Percentages in these samples are considered to represent only sulfur in 

the form of sulfide minerals, the disulfide mineral content can also be estimated from these 

analyses. Due to disulfides containing two moles of sulfur, the disulfide mineral weight percentage is 

roughly half of the Sulfide Sulfur Weight Percentage value in the sample. 

Net Neutralisation Potentials of the samples collected show negative values for 13 samples. 

However, eight of the twenty one samples showed positive Net Neutralisation Potential values, 

indicating the presence of carbonate minerals such as calcite or dolomite. Therefore, the material 

has a variable acid generation potential. This variation is attributed to the variations in lithology at 

each site and the fact that the backfill material was not selectively placed. Therefore, it is likely that 

both acid generating and acid neutralising material was sampled as the distribution of both is 

random and unknown. 
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Table 35: Compilation of Acid-Base Accounting Results from the Study Sites (Total S Values* are 

Extrapolated Based on the Acid Generation Potential of the Samples); description in text. 

 
Sample ID 

Paste 
pH 

Total S 
wt% 

Acid Generation 
Potential in kg 

CaCO3/t 

Neutralisation 
Potential in kg 

CaCO3/t 

Net Neutralisation 
Potential in kg 

CaCO3/t 

C
-M

in
e 

ESG134 5.8 0.3 9.38 0.5 -8.88 

ESG678 7.0 0.02 0.63 1.5 0.87 

ESG91011 6.6 0.04 1.25 2 0.75 

ESG17 6.0 0.05 1.56 0.25 -1.31 

ESG2021 6.1 0.02 0.63 1.75 1.13 

ESGTSH 6.4 0.09 2.81 -1.75 -4.56 

Pembali 
Mining 1 

6.1 0.07 2.19 -0.5 -2.69 

E-
M

in
e KROM-1 2.53 1.15 34.7 -8 -42.7 

KROM-2 2.26 1.25 20.6 -14.5 -35.1 

KROM-3 3.68 0.25 2.8 -2.3 -5.1 

A
-M

in
e 

ABA01 2.08 0.07* 2.24 4.1 1.85 

ABA02 1.13 1.7* 51.5 -33.04 -84.53 

ABA03 1.24 1.28* 38.56 -25.71 -64.27 

ABA05 1.51 1.91* 57.74 32.21 -25.53 

ABA06 1.48 0.05* 1.61 -8.36 -9.97 

ABA07 1.07 1.71* 51.8 -24.87 -76.67 

ABA08 3.21 0.04* 1.27 2.39 1.13 

ABA09 1.28 1.56* 47.29 -9.02 -56.31 

ABA10 2.21 0.1* 3.08 3.37 0.29 

ABA11 3.91 0.1* 3.08 79.1 76.02 

ABA12 3.77 0.08* 2.48 16.3 13.81 
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Figure 104: Correlation Graph Illustrating the Correlation between Sulfide Sulfur Wt% and Acid 

Generation Potential in Collected Samples (red dots) with Potential Outliers KROM-2 and KROM-3 

(blue dots) excluded from the Regression Calculation 

6.1.3 Comparison of Leaching Test Data  

The leachable constituents encountered at each of the study sites show pH values varying between 

3.64 and 8.46 with lower values encountered at C-Mine and E-Mine (Table 36). Alkalinity was not 

detected in most of the analysis results with values only available for the samples from A-Mine and 

two samples from E-Mine. When considering the Acid-Base Accounting results, these results may 

show either an acid generating character for the material or that the material has undergone 

extended leaching of the sulfide and carbonate minerals.  

Al was detected in most of the samples from E-Mine and C-Mine. This is explicable based on the 

lowered pH values of the leachates, mobilising Al into solution, as well as lowering the stability of Al 

bearing mineral phases. Fe and Mn were detected in most samples where a lowered pH was 

observed, indicating mobilisation from minerals at lowered pH conditions and a range of Eh 

conditions (Figure 105 and Figure 106).  

Elevated sulfate concentrations were detected in the samples with lower or depleted alkalinity 

concentrations (Figure 107). This shows that the acidity generated by sulfide oxidation reactions is 

likely to have depleted the buffering capacity of carbonates in the natural system, subsequently 

leading to further and faster oxidation of sulfide minerals. This is especially evident in the E-Mine 

and C-Mine samples, where alkalinity was only detectable in one sample, versus that in the A-Mine 

samples. Lower sulfate concentrations were therefore observed in the leachates generated by the A-

Mine samples. This is in contrast to the results of the Acid-Base Accounting results of the study by 

Fourie (2013). However, some of the samples collected by Fourie (2013) for Acid-Base Accounting 

represent discard coal, rather than backfilled overburden material. 
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 Table 36: Compilation of Distilled Water Leaching Test Leachate Analyses. Results are presented in mg/L, with the exception of pH, “-“: Below detection 

limit; N/A – not analysed 

 

 
pH 

Total 
Dissolved 

Solids 
(Measured) 

Alkalinity 
(CaCO3) 

Al Ca Fe K Mg Mn Na Cl NO3 SO4 

C
-M

in
e 

ESG134 4.4 322 - 0.33 38 0.05 6.1 14 7.66 3 - - 203 

ESG678 6.4 61 - 1.04 4 0.75 - 2 0.04 4 6 - 42 

ESG91011 4.7 52 - - 7 - 4.67 5 0.42 3 - 0.4 38 

ESG17 4.5 51 - - 3 0.04 4.22 3 0.04 3 - 0.4 36 

ESG2021 4.9 51 - - - - 1.85 - 0.09 - - 0.2 9 

Pembali 
Mining 1 

4.6 59 - - 3 0.03 4.47 4 0.05 3 - 0.5 42 

E-
M

in
e 

 

KDC1 3.64 177 - 8.8 6.1 0.1 0.79 3.5 1.66 1.18 0.739 0.378 144 

KDC2 3.71 168 - 12.4 4.24 0.13 0.7 1.37 0.81 0.88 0.567 - 149 

KDC3 6.23 10.6 2.7 0.66 0.8 0.81 0.57 0.14 - 1.98 0.414 0.685 24.1 

KDN1 4.16 114 - 1.73 11.2 - 0.77 5.2 2.26 0.63 0.342 - 95.2 

KDN2 5.33 63.6 1.2 - 6.37 - 2.71 3.61 1.18 0.76 0.33 1.1 52.1 

A
-M

in
e ARN1 7.81 83.2 27.3 N/A 15 0.07 3.3 6.14 - 5.2 0.49 - 27.5 

ARN2 7.57 163 20 N/A 41.2 - 1.65 6.54 - 2.01 0.9 - 88.8 

ARN3 8.46 90.6 59.9 N/A 17.4 0.05 1.32 7.45 - 1.81 1.19 - 3.92 
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Figure 105: Stability Diagram for a concentration of 0.01 mol Fe and 0.01 mol Mn in solution 

 

Figure 106: Stability Diagram for a 0.01 mol solution of Mn 
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Figure 107: Piper diagram of leachate chemistry and mine water discharge chemistry at the study 
sites 

6.2 Solution Speciation and Controlling Mineral Phases 

Speciation calculations were performed using The Geochemist’s Workbench v. 9.0 (Bethke, 2008) 

with the analysis data obtained from the mine sites and collected samples. These calculations aided 

in the understanding of the controlling mineral phases for each solution and how they could be 

traced to minerals identified during XRD analysis. Additionally, the calculations were used to verify 

laboratory analysis data and to determine the correspondence between mine water discharge 

chemistry and leach test chemistry. Speciation calculations show that the discharge water type for C-

Mine is Mg-SO4, which is in agreement with four of the six leaching test analyses. This shows water 

that has been influenced by mining related contamination. The calculations show that the 

predominant constituents in solution for the leach tests are SO4, Mg, Ca and Na. Based on saturation 

calculations, the theoretical controlling mineral phases for these constituents are gypsum, anhydrite, 

epsomite and halite. However, these are secondary minerals and were not necessarily detected in 

the XRD analyses (section 5.1.1). Therefore, mineral phases that could weather and produce the 

calculated secondary minerals were identified from the XRD analyses. These minerals were then 

presumed to be the precursors to the potential calculated controlling phases in solution. Based on 

this comparison, pyrite, gypsum and anhydrite, which were observed on site, were concluded to be 

the controlling phases for Ca and SO4 in solution. Furthermore, smectite was identified as another 

source of Ca as well as Mg. Halite was identified as a potential source of Na and Cl, as it is likely to 

precipitate in the mine spoils due to evaporative effects. K-feldspar and quartz were identified as 

potential sources of K and Si in solution, respectively (Table 37).  
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Speciation calculations show that the discharge water type for E-Mine is variable over time and 

includes Fe-SO4, Ca-SO4 and Mg-SO4 which is in agreement with three of the five leaching test 

analyses. This shows water that has been influenced by mining related contamination. The 

calculations show that the predominant constituents in solution for the leach tests are SO4, Mg, Ca, 

Fe and Al. Based on saturation calculations, the theoretical controlling mineral phases for these 

constituents are gypsum, anhydrite, epsomite, melanterite, siderite and calcite. However, these are 

secondary minerals and were not necessarily detected in the XRD analyses (section 5.2.1). Therefore, 

mineral phases that could weather and produce the calculated secondary minerals were identified 

from the XRD analyses. These minerals were then presumed to be the precursors to the potential 

calculated controlling phases in solution. Based on this comparison, pyrite, gypsum and anhydrite, 

which were observed on site, were concluded to be the controlling phases for Ca and SO4 in solution. 

Furthermore, smectite was identified as a potential source of Ca, as well as Mg. However, no Mg 

bearing phases were identified during the XRD analyses, making the identification of the Mg 

controlling phase inconclusive for this site. Halite was identified as a potential source of Na and Cl, as 

it is likely to precipitate in the mine spoils due to evaporative effects. K-feldspar, muscovite and 

kaolinite were identified as potential sources of K, Al and Si in solution. The presence of Fe in 

solution was attributed to possible pyrite weathering and oxidation, but may also be attributed to 

goethite, as observed on site (Table 38). 

Speciation calculations show that the discharge water type for A-Mine is Mg-SO4 which is in 

disagreement with the leaching test analyses. However, one leach test sample shows a Ca-SO4 water 

type, which is in partial agreement with the discharge water type. This shows water that has been 

influenced by mining related contamination. The calculations show that the predominant 

constituents in solution for the leach tests are SO4, Mg, Ca and HCO3. Based on saturation 

calculations, the theoretical controlling mineral phases for these constituents are gypsum, anhydrite, 

dolomite, magnesite, siderite, aragonite and calcite. However, these are secondary minerals and 

were not necessarily detected in the XRD analyses, with the exception of dolomite/calcite (section 

5.2.1). Therefore, mineral phases that could weather and produce the calculated secondary minerals 

were identified from the XRD analyses. These minerals were then presumed to be the precursors to 

the potential calculated controlling phases in solution. Based on this comparison, pyrite, gypsum and 

anhydrite, which were observed on site, were concluded to be the controlling phases for Ca and SO4 

in solution. Furthermore, dolomite, siderite and calcite were identified as potential sources of Ca, as 

well as Mg (Table 39). 

6.3 Statistical Analysis of Geochemical Data 

Statistical analysis with IBM SPSS 20 was performed on the data to determine the main influences on 

the geochemistry of coal mining overburden in the Mpumalanga Province. Correlation matrix data 

(Appendix A) showed correlations between parameters and the 0.95 and 0.99 significance levels are 

indicated. Positive correlation coefficients on the 0.95 and 0.99 significance levels were observed 

between hematite, muscovite, microcline and K in solution, while a negative correlation was 

observed between hematite and proton activity. Kaolinite was further shown to correlate positively 

with proton activity, Fe and Al in solution. TDS showed a positive correlation with estimated pyrite 

content, Ca, Mg, Mn, SO4, Total S and Acid Generation Potential. 
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Principal component analysis was also performed on the data (Table 40) to determine which 

parameters cause the most variance in the data, thereby illustrating a control on the mine water 

solution. Principal component analysis of the geochemical parameters analysed shows that SO4, 

Total S, Acid Generation Potential, Ca, Mg, TDS, K, Paste Proton Activity and Fe cause the most 

variance within the data and constitute principal component 1 of the dataset. Principal component 2 

of the dataset is shown to consist of muscovite, quartz, Neutralisation Potential, kaolinite, hematite 

and microcline. Only K and Na were found to constitute principal component 3 of the dataset. As 

illustrated by the correlation matrix, Na and K in solution are related to the microcline, hematite and 

kaolinite content of the material. 
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Table 37: Speciation Summary for Discharge Mine Water and Leach Test Analysis Results for C-Mine 

C-Mine Calculated Controlling Mineral Phases in Solution Possible Controlling Mineral Phases in XRD 

Sample 
Water 
Type 

Predominant 
Species 

Possible 
Precipitates 

Controlling 
Phase 

El
em

en
t 

Controlling 
Phase 

El
em

en
t 

Controlling 
Phase 

El
em

en
t Possible 

Controlling 
Phase El

em
en

t Possible 
Controlling 

Phase El
em

en
t Possible 

Controlling 
Phase El

em
en

t 

ESG134 Ca-SO4 SO4, Ca, Mg None 
Gypsum, 

Anhydrite 
SO4, 
Ca 

Epsomite Mg     
Pyrite, 

Gypsum, 
Anhydrite 

SO4,  
Ca 

Smectite Ca Smectite Mg 

ESG678 Ca-SO4 SO4, Na, Cl, SiO2 Quartz 
Gypsum, 

Anhydrite 
SO4 Halite Cl 

Halite, 
Mirabilite 

Na 
Pyrite, 

Gypsum, 
Anhydrite 

SO4,  
Ca 

Halite 
Na, 
Cl 

    

ESG17 Mg-SO4 SO4, Na, Mg None 
Gypsum, 

Anhydrite 
SO4 Epsomite Mg Halite Na 

Pyrite, 
Gypsum, 

Anhydrite 

SO4,  
Ca 

Smectite Mg Halite Na 

ESG2021 Mg-SO4 SO4, SiO2, K None 
Gypsum, 

Anhydrite 
SO4 Quartz Si Kalicinite K 

Pyrite, 
Gypsum, 

Anhydrite 

SO4,  
Ca 

Quartz Si K-feldspar K 

ESG91011 Mg-SO4 SO4, Mg, Ca None 
Gypsum, 

Anhydrite 
SO4, 
Ca 

Epsomite Mg     
Pyrite, 

Gypsum, 
Anhydrite 

SO4,  
Ca 

Smectite Mg     

PembaliMining 1 Mg-SO4 SO4, Mg, Na None 
Gypsum, 

Anhydrite 
SO4 Epsomite Mg Halite Na 

Pyrite, 
Gypsum, 

Anhydrite 

SO4,  
Ca 

Smectite Mg Halite Na 

C-Mine Discharge Mg-SO4 SO4, Mg, Na 
Dolomite/ 

Calcite 
Gypsum, 

Anhydrite 
SO4, 
Ca 

Epsomite Mg Halite Na 
Pyrite, 

Gypsum, 
Anhydrite 

SO4,  
Ca 

Smectite Mg Halite Na 
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Table 38: Speciation Summary for Discharge Mine Water and Leach Test Analysis Results for E-Mine 

E-Mine Calculated Controlling Mineral Phases in Solution Possible Controlling Mineral Phases in XRD 

Sample 
Water 
Type 

Predominant 
Species 

Possible 
Precipitates 

Controlling 
Phase 

El
em

en
t 

Controlling 
Phase 

El
em

en
t 

Controlling 
Phase 

El
em

en
t 

Controlling 
Phase 

El
em

en
t Possible 

Controlling 
Phase El

em
en

t Possible 
Controlling 

Phase El
em

en
t Possible 

Controlling 
Phase El

em
en

t Possible 
Controlling 

Phase El
em

en
t 

KDC1 
Ca-
SO4 

SO4, Ca, Mg None 
Gypsum, 

Anhydrite 
SO4, 
Ca 

Epsomite Mg         
Pyrite, 

Gypsum, 
Anhydrite 

SO4,  
Ca 

Possible 
Smectite 

Mg         

KDC2 H-SO4 SO4, Ca, Mg None 
Gypsum, 

Anhydrite 
SO4, 
Ca 

Epsomite Mg         
Pyrite, 

Gypsum, 
Anhydrite 

SO4,  
Ca 

Possible 
Smectite 

Mg         

KDC3 
Na-
SO4 

Na, HCO3, 
SO4 

None 
Gypsum, 

Anhydrite 
SO4 

Siderite, 
Calcite 

HCO3 Halite Na     
Pyrite, 

Gypsum, 
Anhydrite 

SO4,  
Ca 

Calcite HCO3 Halite Na     

KDN1 
Ca-
SO4 

SO4, Ca, Mg None 
Gypsum, 

Anhydrite 
SO4, 
Ca 

Epsomite Mg         
Pyrite, 

Gypsum, 
Anhydrite 

SO4,  
Ca 

Possible 
Smectite 

Mg         

KDN2 
Ca-
SO4 

SO4, Ca, Mg None 
Gypsum, 

Anhydrite 
SO4, 
Ca 

Epsomite Mg         
Pyrite, 

Gypsum, 
Anhydrite 

SO4,  
Ca 

Possible 
Smectite 

Mg         

Sample1 
Fe-
SO4 

SO4, Fe, 
AlSO4, Mg 

None 
Gypsum, 

Anhydrite 
SO4 Melanterite 

Fe, 
SO4 

Gypsum, 
Alunite 

AlSO4 Epsomite Mg 
Pyrite, 

Gypsum, 
Anhydrite 

SO4,  
Ca 

Pyrite Fe 
K-feldspar, 
Muscovite, 

Kaolinite 
Al 

Possible 
Smectite 

Mg 

Sample2 
Fe-
SO4 

SO4, Fe, Mg None 
Gypsum, 

Anhydrite 
SO4 Melanterite 

Fe, 
SO4 

Epsomite Mg     
Pyrite, 

Gypsum, 
Anhydrite 

SO4,  
Ca 

Pyrite Fe 
Possible 
Smectite 

Mg     

Sample3 
Ca-
SO4 

SO4, Ca, Mg None 
Gypsum, 

Anhydrite 
SO4, 
Ca 

Epsomite Mg         
Pyrite, 

Gypsum, 
Anhydrite 

SO4,  
Ca 

Possible 
Smectite 

Mg         

Sample4 
Mg-
SO4 

SO4, Mg, Ca None 
Gypsum, 

Anhydrite 
SO4, 
Ca 

Epsomite Mg         
Pyrite, 

Gypsum, 
Anhydrite 

SO4,  
Ca 

Possible 
Smectite 

Mg         

Sample5 
Mg-
SO4 

SO4, Mg, Ca None 
Gypsum, 

Anhydrite 
SO4, 
Ca 

Epsomite Mg         
Pyrite, 

Gypsum, 
Anhydrite 

SO4,  
Ca 

Possible 
Smectite 

Mg         
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Table 39: Speciation Summary for Discharge Mine Water and Leach Test Analysis Results for A-Mine 

A-Mine Calculated Controlling Mineral Phases in Solution Possible Controlling Mineral Phases in XRD 

Sample 
Water 
Type 

Predominant 
Species 

Possible Precipitates Controlling Phase 

El
em

en
t 

Controlling 
Phase 

El
em

en
t 

Possible 
Controlling Phase 

El
em

en
t 

Possible 
Controlling Phase 

El
em

en
t 

ARN1 Ca-HCO3 HCO3, Ca, SO4 None 
Siderite, Dolomite, 

Aragonite, Magnesite. 
HCO3, Ca 

Gypsum, 
Anhydrite 

SO4, 
Ca 

Siderite, 
Dolomite, Calcite 

HCO3, 
Ca 

Pyrite, Gypsum, 
Anhydrite 

SO4,  Ca 

ARN2 Ca-SO4 Ca, SO4, HCO3 None 
Calcite, Aragonite, 

Dolomite. 
HCO3, Ca 

Gypsum, 
Anhydrite 

SO4, 
Ca 

Siderite, 
Dolomite, Calcite 

HCO3, 
Ca 

Pyrite, Gypsum, 
Anhydrite 

SO4,  Ca 

ARN3 Ca-HCO3 HCO3, Ca, Mg Dolomite/ Calcite 
Calcite, Aragonite, 

Dolomite. 
HCO3, Ca, 

Mg 
        

Siderite, 
Dolomite, Calcite 

HCO3, 
Ca, Mg 

Sample1 Mg-SO4 SO4, Mg, Ca Dolomite/ Calcite 
Calcite, Aragonite, 

Dolomite, Magnesite. 
Ca, Mg 

Gypsum, 
Anhydrite 

SO4, 
Ca 

Dolomite, Calcite Ca, Mg 
Pyrite, Gypsum, 

Anhydrite 
SO4,  Ca 

Sample2 Mg-SO4 Mg, SO4, Ca 
Dolomite/ Calcite/ 

Magnesite/ 
Gibbsite 

Calcite, Aragonite, 
Dolomite, Magnesite. 

Ca, Mg 
Gypsum, 

Anhydrite 
SO4, 
Ca 

Dolomite, Calcite Ca, Mg 
Pyrite, Gypsum, 

Anhydrite 
SO4,  Ca 

Sample3 Mg-SO4 Mg, SO4, Ca 
Dolomite/ Calcite/ 

Magnesite 
Calcite, Aragonite, 

Dolomite, Magnesite. 
Ca, Mg 

Gypsum, 
Anhydrite 

SO4, 
Ca 

Dolomite, Calcite Ca, Mg 
Pyrite, Gypsum, 

Anhydrite 
SO4,  Ca 

Sample4 Mg-SO4 
SO4, Mg, MgSO4, 

Ca 
Dolomite/ Calcite/ 

Magnesite 
Calcite, Aragonite, 

Dolomite, Magnesite. 
Ca, Mg 

Gypsum, 
Anhydrite 

SO4, 
Ca 

Dolomite, Calcite Ca, Mg 
Pyrite, Gypsum, 

Anhydrite 
SO4,  Ca 

Sample5 Mg-SO4 
SO4, Mg, MgSO4, 

Ca 
Dolomite/ Calcite/ 

Magnesite 
Calcite, Aragonite, 

Dolomite, Magnesite. 
Ca, Mg 

Gypsum, 
Anhydrite 

SO4, 
Ca 

Dolomite, Calcite Ca, Mg 
Pyrite, Gypsum, 

Anhydrite 
SO4,  Ca 
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Table 40: Principal Component Analysis Results with Qualifying Sample Values Above 0.5 
(Highlighted); [H+] used instead of pH 

Principal 
Components 

 

1 (58% of 
variance)   

2 (33% of 
variance)  

 

3 (8% of 
variance) 

 Estimated 
Pyrite 

1.000 Muscovite 0.984 Na 0.704 

 SO4 1.000 Quartz 0.978 K 0.523 

 Total S 0.995 Neutralisation 
Potential 

0.917 Microcline 0.448 

 Acid 
Generation 
Potential 

0.995 Kaolinite 0.905 Neutralisation 
Potential 

0.158 

 Ca 0.988 Hematite 0.870 Mg 0.141 

 Mg 0.988 Microcline 0.782 NNP 0.118 

 TDS 0.984 NNP 0.243 Hematite 0.072 

 K 0.798 Ca 0.152 Quartz 0.022 

 H+ 0.783 TDS 0.114 Ca -0.005 

 Fe 0.712 Mg 0.059 SO4 -0.017 

 Hematite 0.487 Estimated 
Pyrite 

0.021 Estimated 
Pyrite 

-0.017 

 Na 0.430 SO4 0.021 Total S -0.087 

 Microcline 0.430 Acid 
Generation 
Potential 

-0.005 Acid 
Generation 
Potential 

-0.087 

 Kaolinite 0.374 Total S -0.005 TDS -0.140 

 Quartz 0.203 Paste [H+] -0.261 Kaolinite -0.146 

 Muscovite -0.039 K -0.298 Fe -0.156 

 Neutralisatio
n Potential 

-0.264 Na -0.562 Muscovite -0.161 

 NNP -0.957 Fe -0.637 Paste H+ -0.547 

 

Further to the principal component analysis, a dendrogram was constructed for the analysis data to 

determine which samples are likely to be related and to determine the reason for this relation or 

difference (Figure 108). Groupings can be observed between ESG17, Pembali Mining 1 and 

ESG91011. Similarly, a grouping can be observed between KDN2, ESG2021 and KDC3. All these 

samples fall under one grouping when compared to ARN3 which subsequently forms part of another 

grouping with the previous samples when compared to ARN2. The above-mentioned samples were 

interpreted to generate less acidity upon weathering and leaching as compared to a grouping of 

KDC1, KDC2, KDN1 and ESG134, which were interpreted to be more acid-generating. This acid-

generating group can be further split into a grouping of KDC1 and KDC2 when compared to KDN1 

while all the mentioned acid-generating samples can be grouped together when compared to 

ESG134. A 25% variance was observed between the more acid-generating and less-acid generating 

samples. 
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Figure 108: Dendrogram Relating All Analysis Data between the Collected Geochemical Samples at 

the Study Sites using Leaching Test Constituent Concentrations and XRD Identified Mineral Phases 

6.4 Statistical Analysis of Hydrochemical Data 

Statistical analyses were performed on the monitoring data for C-Mine to determine the maximum, 

minimum and average element concentrations in the data. Additional to this is the cross-correlation 

of sulfate with pH to determine if sulfide oxidation is the controlling mechanism on sulfate 

generation which would indicate early stages of the initial flush. A 3D graphical representation of the 

temporal data was also performed to determine which monitoring wells have been affected by the 

initial flush.  

Descriptive statistics (Table 41) show that the minimum sulfate concentration measured during the 

monitoring period is 0.8 mg/L while the maximum is 1590 mg/L. An average sulfate concentration of 

approximately 77 mg/L can also be observed.  

Cross-correlation of the sulfate concentrations measured with the pH values measured (Figure 109) 

show that sulfate concentration is inversely correlated with the pH values measured across the site. 

This shows that the initial flush from the backfilled opencast mines on site is still in an early stage 

and active sulfide oxidation is taking place. The associated minimum and maximum pH values are 1.1 

and 9.5 respectively. 

From the groundwater monitoring data graphically illustrated in Figure 110 it is evident that MW10, 

MW11, MW12, MW16, MW3, MW5, MW6 and MW8 have been affected by sulfate contamination. 

MW 10 shows a decline in sulfate concentration over time which suggests that it has been affected 

quite early in the initial flush process while MW11, MW12 and MW16 show increasing trends. This 
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shows that the afore-mentioned monitoring wells are in an earlier stage of contaminant transport 

through this portion of the aquifer and a decline in sulfate concentrations in these monitoring wells 

can only be expected at a later stage. However, this does show that contaminant plume movement 

is actively taking place away from the backfilled opencast mines which indicates source depletion 

along with MW10. MW3 and MW8 show much lower concentrations of sulfate which show possible 

contamination during the mining process with MW3 showing very early stage initial flush 

contamination by its increasing trend. MW5 and MW6 show very early stage contamination which is 

more likely due to contamination during mining and coal processing. 
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Table 41: Descriptive statistics for groundwater monitoring data at C-Mine 

 

Descriptive Statistics 

 N Minimum Maximum Mean Std. Deviation 

TDS 349 .0 2086.0 208.058 260.2957 

NO3 349 .0 15.3 .441 1.1892 

Cl 349 1.0 118.0 6.771 8.8403 

Alkalinity 349 5.0 247.0 74.716 35.6802 

F 349 .0 7.8 .392 .7174 

SO4 349 .8 1590.0 76.778 185.8159 

Hardness 349 2.0 1492.0 124.745 184.7083 

Ca 349 .0 296.0 24.815 31.0099 

Mg 349 .0 221.0 15.177 28.0516 

Na 349 1.3 97.7 14.579 13.2097 

K 349 .2 22.3 4.061 2.9438 

Fe 349 .0 54.4 .831 4.4927 

Mn 349 .0 51.6 .890 3.9391 

EC 349 2.9 233.0 29.849 30.3208 

pH 349 1.1 9.5 7.411 .6900 

Al 349 .0 3.9 .062 .2191 

Valid N (listwise) 349     
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Figure 109: Cross-Correlation of SO4 with pH in groundwater at C-Mine 
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Figure 110: Groundwater monitoring data at C-Mine illustrating SO4 affected boreholes (SO4 units = 

mg/L) 

 

Statistical analyses were performed on the monitoring data for E-Mine to determine the maximum, 

minimum and average element concentrations in the data. Additional to this is the cross-correlation 

of sulfate with pH to determine if sulfide oxidation is the controlling mechanism on sulfate 

generation which would indicate early stages of the initial flush. A 3D graphical representation of the 

temporal data was also performed to determine which monitoring wells have been affected by the 

initial flush.  

Descriptive statistics (Table 42) show that the minimum sulfate concentration measured during the 

monitoring period is 0.7 mg/L while the maximum is 7100 mg/L. An average sulfate concentration of 

approximately 153.23 mg/L can also be observed.  

Cross-correlation of the sulfate concentrations measured with the pH values measured (Figure 111) 

show that sulfate concentration is inversely correlated with the pH values measured across the site. 

This shows that the initial flush from the backfilled opencast mine on site is still in an early stage and 

active sulfide oxidation is taking place. The associated minimum and maximum pH values are 2.1 and 

11.7 respectively. 
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From the groundwater monitoring data graphically illustrated in Figure 110 it is evident that 

KRW012, KRW014, KRW026, KRW029, KRW034, KRW036, KRW038, KRW039, KRW047, KRW049 and 

the discharge point WP054 have been affected by sulfate contamination. WP054 shows an increase 

in sulfate concentration over time, especially after 2010, which shows that the initial flush is in its 

early tages and may have started during 2010 after discharge of contaminated mine water in this 

area. Elevated sulfate concentrations at this discharge point which are inversely correlated to the pH 

values as discussed show that active and continuous disulfide weathering is taking place in the 

backfilled opencast. An increasing sulfate trend in KRW012, KRW014, KRW026 and KRW029 after 

2012 show that the initial flush has reached these monitoring wells after flooding of the backfilled 

opencast but is still in a progressive stage and peak contaminant concentrations are likely to be 

reached later in the initial flush process. KRW034, KRW036, KRW038 and KRW039 show variable 

sulfate concentrations which were caused by contaminant release during mining and do not appear 

to be affected by the initial flush yet, with the exception of KRW034. This is due to the distance of 

these monitoring wells from the backfilled opencast mine. These monitoring wells are likely to show 

the effects of the initial flush only at a later stage. KRW047 and KRW049 show increases in sulfate 

concentrations after 2011 which shows that these monitoring wells have been affected by the initial 

flush but are still in the early stages of the initial flush and are likely to reach peak concentrations at 

a later stage. These wells are also located close to the backfilled opencast mines and are likely to be 

affected by contamination early in the initial flush development.  
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Table 42: Descriptive statistics for groundwater monitoring data at E-Mine 

Descriptive Statistics 

 N Minimum Maximum Mean Std. Deviation 

EC 1906 .1 929.0 32.430 71.4803 

Alkalinity 1896 .0 772.0 39.876 71.2839 

Fe 1905 .0 1657.8 9.837 67.7028 

Mn 1910 .0 162.6 2.643 12.1442 

pH 1898 2.1 11.7 5.723 1.2326 

Cl 1909 .1 540.0 5.572 14.1240 

Mg 1909 .0 344.9 9.774 24.5341 

Na 1904 .0 235.9 9.635 10.6134 

Al 1883 .0 415.4 5.624 29.8015 

Ca 1908 .0 979.2 24.332 57.2861 

SO4 1915 .7 7100.0 153.229 563.4019 

NH4 550 .0 30.7 2.033 4.1828 

K 1908 .0 55.0 3.490 4.1836 

NO3 522 0.7 41.9 1.292 3.4823 

PO4 549 0.9 10.2 .352 .5409 

Temp 1771 13.2 37.1 22.623 2.8284 

F 577 .0 20.2 .440 1.2153 

Valid N (listwise) 470     
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Figure 111: Cross-Correlation of SO4 with pH in groundwater at E-Mine 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



159 

 
 

 
Figure 112: Groundwater monitoring data at E-Mine illustrating SO4 affected boreholes (SO4 units = 

mg/L) 

 

Statistical analyses were performed on the monitoring data for A-Mine to determine the maximum, 

minimum and average element concentrations in the data. Additional to this is the cross-correlation 

of sulfate with pH to determine if sulfide oxidation is the controlling mechanism on sulfate 

generation which would indicate early stages of the initial flush. A 3D graphical representation of the 

temporal data was also performed to determine which monitoring wells have been affected by the 

initial flush.  

Descriptive statistics (Table 43) show that the minimum sulfate concentration measured during the 

monitoring period is 0.5 mg/L while the maximum is 5070 mg/L. An average sulfate concentration of 

approximately 647.72 mg/L can also be observed.  

Cross-correlation of the sulfate concentrations measured with the pH values measured (Figure 113) 

show that sulfate concentration is inversely correlated with the pH values measured across the site. 

This shows that the initial flush from the backfilled opencast mines on site is in a developed stage 

although active sulfide oxidation is taking place. The associated minimum and maximum pH values 

are 3 and 10.7 respectively. 
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From the groundwater monitoring data graphically illustrated in Figure 110 it is evident that AW1, 

AW19, AW2, AW20, AW24, AW25, AW26, AW3, AW30, AW32, AW36, AW37, AW6, AW7, AW8 and 

AW9 have been strongly affected by sulfate contamination. However, most of the affected 

monitoring wells show a decreasing trend in sulfate concentrations. This shows that peak 

concentrations have been reached in these monitoring wells which is interpreted as the 

intermediate to advanced development of the initial flush from the backfilled opencast mine on site. 

Further increases in sulfate concentrations are not expected and the recirculation of mine water 

through the backfilled opencast mine is likely to aid in the concentration decreases observed in 

these monitoring wells. Although the wells are at greatly varying distances from the backfilled 

opencast mine, the effect of the initial flush is readily observable as the closure of the mine took 

place in the 1980’s. This is a large enough timeframe for the mine to flood and notable contaminant 

transport to take place away from the backfilled opencast mine. 
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Table 43: Descriptive statistics for groundwater monitoring data at A-Mine 

 

Descriptive Statistics 

 N Minimum Maximum Mean Std. Deviation 

pH 1629 3.0 10.7 6.891 1.0051 

EC 1628 3.0 1832.0 152.564 194.6242 

TDS 1367 .0 7775.0 1267.311 1637.4471 

Alkalinity 1579 .0 5400.0 184.960 315.6692 

Ca 1602 .0 960.0 119.311 162.2853 

Mg 1602 .0 894.0 100.139 157.9347 

Na 1602 .4 2475.0 88.541 274.2191 

K 1601 .0 3930.0 69.772 407.1463 

SO4 1627 .5 5070.0 647.716 999.5780 

Cl 1614 .0 2072.0 51.430 204.3702 

F 1615 .0 53.0 .625 1.5610 

Fe 1549 .0 410.0 5.197 27.7324 

Mn 1558 .0 99.4 2.610 7.5833 

Al 1474 .0 136.4 1.078 7.4620 

Valid N (listwise) 1233     
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Figure 113: Cross-Correlation of SO4 with pH in groundwater at E-Mine 
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Figure 114: Groundwater monitoring data at E-Mine illustrating SO4 affected boreholes (SO4 units = 

mg/L) 

6.5 Geochemical Modelling Calibration  

Calibration results for the geochemical models show correspondence of modelled values with leach 

test concentrations. The coefficients of determination for the calibration graphs of C-Mine, E-Mine 

and A-Mine are all above 0.98, which shows a good correlation between simulated and analysed 

values. Calibration results for C-Mine show that calculated concentrations generally correspond to 

analysis concentrations within 10%. The average difference between calculated and analysed 

concentrations is less than 0.5 mg/L. The largest discrepancies between calculated and analysed 

concentrations are with regards to Si (difference of 3.3 mg/L – 12% error) and Ca (difference of 3.2 

mg/L – 1% error).  

Results obtained for the calibration of the E-Mine model show that calculated concentrations 

generally correspond to analysis concentrations within 17%. The average difference between 

calculated and analysed concentrations is less than 0.85 mg/L. The largest discrepancies between 

calculated and analysed concentrations are with regards to Al (difference of 1.5 mg/L – 20% error), 

Fe (difference of 0.2 mg/L – 23% error) and K (difference of 0.8 mg/L – 60% error). 

Calibration results for A-Mine show that calculated concentrations generally correspond to analysis 

concentrations within 15%. The average difference between calculated and analysed concentrations 
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is less than 0.46 mg/L. The largest discrepancies between calculated and analysed concentrations 

are with regards to Fe (difference of 0.04 mg/L – 90% error) and K (difference of 1.8 mg/L – 66% 

error). 

These results show that discrepancies between analysed concentrations and calculated values are 

likely to be model- and site specific. However, K and Fe seem to be problematic elements in total 

model calibration. This is due to the likely precipitation of Fe as iron(oxy)hydroxides from solution. 

Fe calibration is of interest as this is one of the more common contaminants in mine water (Geller 

and Schultze, 2013). K, on the other hand, is of lesser concern in terms of mine water contamination. 

However, with enough dissolved Fe, Al and SO4 in mine water the concentration of K is likely to 

influence the saturation index of minerals such as K-jarosite and alunite. This may directly affect the 

concentration of Fe, Al and SO4 in mine water. Additionally, the precipitation of Fe-sulfate minerals 

such as jarosite, rozenite and melanterite are unlikely to affect sulfate concentrations considerably, 

due to the low concentrations of Fe in solution, relative to SO4. This is due to K, Fe and Al 

concentrations limiting the precipitation of these minerals due to their concentrations generally 

being lower than that of sulfate, in mine water (Gzyl and Banks, 2007, Geller and Schultze, 2013, 

Annandale et al., 2001, Banks, 1994, Bullock and Bell, 1997). Precipitation of minerals such as 

goethite and iron(oxy)hydroxides are, however, likely to affect iron concentrations in solution as 

illustrated in section 6.1, by the poor correlations between Fe and SO4.  

Calibration of Ca concentrations, however, is postulated to have a larger effect on the calibration of 

sulfate values calculated, which is also supported by the calculations in section 6.1. This is due to the 

higher concentrations of Ca commonly encountered in mine water, relative to that of Fe, Al and K. 

Ca concentrations may differ from SO4 concentrations by only one order of magnitude (Gzyl and 

Banks, 2007, Geller and Schultze, 2013, Annandale et al., 2001, Banks, 1994, Bullock and Bell, 1997). 

This is postulated to generate up to a 10% error in the calculation of SO4 concentrations, as minerals 

such as anhydrite and gypsum may be precipitated from and dissolved into solution in notable 

quantities. 

6.6 Numerical Transport Modelling Calibration 

Simulated sulfate concentrations in the numerical transport model were compared to analysed 

sulfate concentrations obtained from monitoring data (Figure 36, Figure 62 and Figure 98), as 

described in sections 5.1.8, 5.2.8 and 5.3.8. Results obtained for C-Mine show a fit obtained within 

an error range of 20 mg/L. Although calibration was obtained from this transport model within the 

specified error, a clear trend in the data, in terms of concentrations, is not easily discernible. This 

may show results that are not fully conclusive and further groundwater monitoring data may be 

required to fully observe the effect of the initial flush. Additional to this is the role of the low 

concentrations of sulfate observed in the monitoring results, which add to the lack of discernibility 

of clear concentration trends. This shows that the proposed modelling method is less applicable to 

sites where low sulfate concentrations are observed in monitoring data. 

Although a slightly larger error range was used in the model results of E-Mine, calibration was 

obtained in terms of the modelled data, fitting observation data. Clearly discernible trends can be 

observed in the data and the calculated concentrations were within 50 mg/L of analysed sulfate 

concentrations. However, some discrepancies were still observed between modelled and analysed 

data. Due to imperfect conditions on site as well as possible sampling discrepancies and unknown 

temporal events, variations in data trends can be observed. However, the general trend of sulfate 
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concentrations can be identified. Therefore, the modelling method is interpreted as more applicable 

to sites with higher sulfate concentrations which show concentration peak trends.  

This finding is further supported by the results obtained for A-Mine. Due to the elevated 

concentrations of sulfate observed at A-Mine, an error range of 200 mg/L was used for the transient 

calibration. However, due to the extended time after closure of the opencast mine, clearly 

discernible concentration trends can be observed in the monitoring data. A good fit was obtained for 

the simulated values and most of the simulated concentrations are within 200 mg/L of the 

monitoring data concentrations. This is supported especially by monitoring data from the monitoring 

well AW24, which was drilled in the backfilled opencast mine, representing the decrease of sulfate 

input over time. However, discrepancies were again observed between monitoring data and 

simulated concentrations at A-Mine. Sources besides the backfill material are present at the mine, 

which are likely to influence the concentrations observed in groundwater, causing deviations from 

idealised concentration peaks. Additional to this are discrepancies caused by groundwater sampling 

and representativeness of backfill samples. Fewer backfill samples were collected at A-Mine due to 

access constraints, which could lead to errors in modelling results.  

6.7 Long Term Geochemical Behaviour and Contaminant Transport  

After chemical calibration of the various transport models constructed for the study sites, long-term 

simulations were performed to understand contaminant transport from the backfilled opencast 

mines. Based on the calibration of the models, as discussed in sections 5.1.8, 5.2.8 and 5.3.8, the 

results were considered to be representative within the specified error range for each transport 

model. The long-term modelling results for C-Mine show that completion of the initial flush is likely 

to take place within 25 years from the present situation (Figure 115), which is a relatively short 

period when compared to the other mine sites. This is attributed to the low contamination potential 

of these mines (section 5.1.3), as well as lowered recharge due to final rehabilitation being 

completed.  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



166 

 

Figure 115: Sulfate concentration contours for the long term contaminant transport simulation for C-
Mine 

Results for the long term contaminant transport simulation for E-Mine show a timeframe of 

approximately 75 years for the initial flush to decrease to potable sulfate concentrations (Figure 

116). However, the higher rate of water addition by inflow and recharge lowers concentrations due 

to dilution, dissolution and transport. Adding to this is the fact that E-Mine is currently discharging a 

notable volume of mine water, thereby removing contamination from the aquifer at a faster rate. 

Therefore, even though the contamination potential of the backfill material at E-Mine is higher than 

that of C-Mine (section 5.2) dilution, discharge and transport still favour the decrease of 

contaminant concentrations in the mine water.  
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Figure 116: Sulfate concentration contours for the long term contaminant transport simulation for E-

Mine 

Transport modelling for A-Mine shows a longer time frame. Based on the modelling results, the 

initial flush does not fully complete to potable sulfate concentrations in the A-Mine backfilled 

opencast mine within 100 years from the current situation (Figure 117). Even though groundwater is 

recirculated in the backfilled opencast mine, increasing the rate of sulfide mineral breakdown, mine 

water is not allowed to discharge at a constant rate. Additionally, the contamination potential of the 

backfill material is also higher than that of C-Mine. These may be reasons for the estimated 

prolonging of the initial flush. However, it should be noted that the water quality at A-Mine is 

calculated to reach lower sulfate concentrations (between 200 and 400 mg/L) within 50 years, which 

is a shorter timeframe than calculated for E-Mine. This shows the positive side of mine water 

recirculation through the backfilled opencast mine. 
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Figure 117: Sulfate concentration contours for the long term contaminant transport simulation for A-

Mine 

6.8 Model Sensitivity Analyses and Implications for Rehabilitation 

Sensitivity analyses were conducted on the geochemical models for each of the sites to determine 

the variation of modelled sulfate concentrations on account of specific parameters. The parameters 

included and varied in the sensitivity analyses were selected based on a potential influence on 

sulfate generation rates and/or concentrations. With each parameter variation, observations were 

noted with regards to the rate of sulfate generation and contaminant concentrations calculated.  

Oxygen fugacity variation by one order of magnitude in all the models showed an influence on the 

rate of sulfate generation. A higher oxygen fugacity showed that concentration peaks are reached 

faster, with concentrations lowering faster. A lower oxygen fugacity showed that concentration 

peaks are reached slower, with concentrations lowering more gradually. Subsequently, the final 

sulfate concentration at the end of each simulation was either higher or lower by 100 to                

1000 mg/L depending on the decrease or increase of the oxygen fugacity in the system. This shows a 

strong influence on the model results and the subsequent correspondence of simulated values with 

observed values.  

Gypsum mass in the simulation was not observed to have an effect on the rate of sulfate generation 

in any of the models. However, it did act as a limiting factor on the concentrations of sulfate 

generated, with a small influence of 5 to 30 mg/L variance beyond calculated values. Variation of 

gypsum surface area in each of the models did not show any notable changes in the rate of sulfate 

generation or the final concentration of sulfate in solution. However, the small variations can be 

linked to the dissolution rate constant of gypsum, which is a higher value than e.g. that of silicate 
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minerals. The variation of the rate constant for gypsum showed effects on the rate of sulfate release 

and the decrease of sulfate concentrations in solution, as well as the final simulated concentrations. 

Higher rate constants caused a slightly faster peak in sulfate concentrations as well as faster 

decrease in sulfate concentrations while lower rate constants did the opposite. Changes of 

approximately 5 mg/L were observed in the final simulated sulfate concentrations. 

Pyrite mass variations showed no influence on the rate of sulfate generation in solution. However, 

pyrite mass variation did show variations in the final concentrations of sulfate, ranging between 5 

and 1000 mg/L, depending on the pyrite content observed in the backfill material on site. However, 

changes were observed with regards to the decrease of sulfate concentrations in solution, as well as 

the peak concentration observed. No changes in the final concentrations of sulfate released were 

observed in any of the models for the investigated sites, upon variation of pyrite surface area and 

dissolution rate constant. These results show a notable influence of pyrite content, dissolution rate 

constant and surface area, on sulfate concentrations in solution.  

Variation of the inflow rate of water into the system showed a distinct influence on the peak 

concentration and the rate of decrease of the sulfate concentration in solution. An input rate of 

water, raised by one order of magnitude, showed a faster peak of sulfate at a lower concentration, 

as well as a faster decrease in concentration of sulfate in solution, over time, in all investigated sites. 

A slower input rate showed the opposite. Additionally variation of the input rate of water into the 

simulated system changed the final sulfate concentration in solution. Changes observed ranged 

between 30 mg/L and 3000 mg/L. Smaller changes were attributed to accelerated flow rates, while 

larger changes were attributed to slower flow rates. This is interpreted to be a function of the water 

volume entering and exiting the system, as well as the pyrite content in the backfill material at a site. 

To demonstrate the effect of parameter variation by adaptive rehabilitation methods on expected 

sulfate concentrations the geochemical modelling results were incorporated into the numerical flow 

model for each site after parameter variation (Figure 118, Figure 119 and Figure 120). Modelled 

concentrations calculated for variation of water flow and oxygen fugacity in the system were used 

for the simulation. An order of magnitude increase in flow volume and oxygen fugacity was applied 

for illustrative purposes which can be achieved through mine water re-circulation and selective 

placement of material (acid generating top, non-acid generating base). The simulations showed that 

an increase in water and air flow through the backfill spoil pile through selective placement and 

water re-circulation can achieve lower sulfate concentrations in a faster time in mine water. 

However, initial conditions of the initial flush showed higher sulfate concentrations as compared to 

current practice. A comparison of Figure 115 to Figure 117 with Figure 118 to Figure 120 shows that 

selective placement (acid generating top, non-acid generating base) and increased water flow to 

backfilled opencast mines accelerates source depletion and a return to background conditions. 
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Figure 118: Sulfate concentration contours for the long term contaminant transport simulation for C-
Mine with increased water flow and raised oxygen fugacity 

 

Figure 119: Sulfate concentration contours for the long term contaminant transport simulation for E-
Mine with increased water flow and raised oxygen fugacity 
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Figure 120: Sulfate concentration contours for the long term contaminant transport simulation for A-
Mine with increased water flow and raised oxygen fugacity 
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7 Discussion 

7.1 Geochemistry of Mining Overburden in the Mpumalanga Coalfields 

Based on the interpretation of the correlation matrix constructed for the geochemical parameters, 

the following observations can be made with regards to the geochemical behaviour of overburden 

material associated with coal mining. 

Anatase is positively correlated with kaolinite and Fe in solution which shows that it is likely to occur 

in the same formation as kaolinite and is also likely to be associated with Fe-poor and Al-rich strata. 

This is further supported by its negative correlation with hematite. Additionally, anatase shows a 

negative correlation with microcline (α = 0.95) which shows that it is likely to be a weathering 

product of microcline. Anatase is a secondary Ti-bearing mineral which is stable in a wide range of 

pH-values (Bowles et al., 2011, Klein et al., 2008).  

Hematite is interpreted to from part of the same strata as muscovite and microcline or at least 

precipitate more readily in these strata due to the weathering processes of muscovite and 

microcline based on correlations (α = 0.95). This interpretation is supported by the correlation of 

hematite with K in solution which illustrates a buffering effect on the solution from these minerals, 

subsequently precipitating hematite. Further support for this interpretation is shown by the negative 

correlation between microcline and proton activity. Muscovite and microcline are associated with 

shale in opencast coal mines in South Africa, which commonly show a red to black colour, indicating 

the presence of iron.  

Dolomite is positively correlated with siderite and solution alkalinity (α = 0.99), which can be based 

purely on carbonate content within the minerals and solution. The more abundant these carbonate 

minerals are, the higher the alkalinity of the solution will be. 

Kaolinite is shown to correlate positively with anatase, proton activity and Al (α = 0.95), while it 

correlates with Fe (α = 0.99). This is expected as anatase is associated with Al-rich strata, the 

composition of which shows high levels of kaolinite present. This mineral is stable at lower proton 

activity and weathers readily in conditions of high proton activity.  

However, kaolinite shows a negative correlation with microcline which shows that it is a weathering 

product of microcline which is positively correlated with hematite. Therefore, increased kaolinite 

would mean decreased microcline weight percentages which would lower the buffering capacity of 

the strata as discussed earlier, increasing proton activity in solution. Fe would subsequently be 

mobilised into solution from minerals such as hematite. This interpretation is further supported by 

the negative correlation between kaolinite and hematite. A negative correlation between kaolinite 

and Na can also be observed which is attributed to the negative correlation between kaolinite and 

microcline. Increased kaolinite weight percentages are likely to cause lower Na concentrations in 

solution as microcline as a source is depleted. 

Quartz content shows a negative correlation with siderite (α = 0.95) which shows that these minerals 

are present in different formations. 

As proton activity is positively correlated with the presence of kaolinite (α = 0.95) and negatively 

correlated with microcline (α = 0.99), further support is provided to the hypothesis that kaolinite is a 
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weathering product of microcline which acts as a buffer in solution. As pyrite weathering contributes 

strongly to proton activity, estimated pyrite abundances support the negative correlation between 

microcline and kaolinite due to a positive correlation with proton activity (α = 0.99) and a positive 

correlation with kaolinite. Further correlation of proton activity with Fe and Al concentrations (α = 

0.95) is interpreted as the weathering of microcline and kaolinite, as well as hematite, releasing 

these metals into solution. As proton activity is also correlated with SO4 in solution (α = 0.99), it is 

deduced that disulfide minerals are the primary control on this parameter which was also supported 

by the speciation calculations performed, with microcline and dolomite weathering decreasing 

proton activity in solution. This idea is further illustrated by the positive correlation of proton activity 

with paste proton activity, as well as its negative correlation with the Net Neutralisation Potential, 

both on the 0.99 level and associated with the S and CO3 content in the geological material, 

respectively. 

As TDS concentrations correlate positively with estimated pyrite content, Ca, Mg, Mn, SO4, Total S 

and Acid Generation Potential, it can be concluded that disulfide and carbonate mineral weathering 

are the main controls on TDS. This conclusion is supported by the correlations between pyrite 

content, SO4, Mn, Total S and Acid Generation Potential which are all associated with pyrite 

oxidation and weathering. This releases metals and SO4 into solution, thereby increasing TDS 

concentrations. Similarly, the weathering of dolomite is associated with the Ca and Mg in solution, as 

well as the negative correlation between TDS and Net Neutralisation Potential. This is interpreted as 

the depletion of carbonate minerals due to dissolution, subsequently releasing Ca, Mg and HCO3 into 

solution, further increasing the TDS concentration. A further interpretation from this is that pyrite 

content and subsequent SO4 in solution is the main control on TDS. 

Mn concentrations can be observed to be positively correlated with estimated pyrite content, TDS, 

Mg, SO4 and Total S (α = 0.95). Therefore, it can be concluded that this element is released into 

solution by pyrite weathering as well as dolomite dissolution, based on the interpretation provided 

for TDS. This is further supported by its negative correlation (α = 0.99) with Net Neutralisation 

Potential. 

Based on the PCA (principal component analysis) which compared geochemical parameters, the 

following can be deduced: 

Component 1 shows that the main control on the mine water quality is pyrite oxidation and 

weathering. This controls SO4 concentrations, proton activity, metal concentrations and TDS. 

Carbonate mineral phase weathering and dissolution also forms part of component 1, which acts as 

a buffer to acidity in solution. Ca and Mg concentrations in solution, which form part of component 

1, is evidence for this and are derived from dolomite weathering. Component 1 accounts for 58% of 

the variance observed in the geochemical data. 

Component 2 shows that the mineral assemblage present in the system is the secondary control on 

mine water chemistry. Major mineral phases which form component 2 are evidence of this 

secondary control. Component 2 accounts for 33% of the variance observed in the geochemical data. 

Component 3, represented by Na and K in solution, shows that weathering of the major mineral 

phases is the tertiary control on mine water chemistry. Component 3 accounts for 8% of the 

variance observed in the geochemical data. 
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Dendrogram interpretation of the geochemical data, which compares samples with each other, 

yielded the following observations: 

Two distinct groups of samples can be identified from the dendrogram. Group 1 (KDC1, KDC2, KDN1, 

ARN2 and ESG134) forms a distinct group as these samples are more acid generating while Group 2 

(ESG17, Pembali Mining 1, ESG91011, KDN2, ESG2021, KDC3 and ARN3) is less acid generating. Al 

and SO4 concentrations released during leach testing of these samples as well as the differences in 

proton activity illustrate this difference well. 

7.2  Geochemical and Numerical Transport Modelling 

Modelled constituent concentrations in the geochemical and numerical models corresponded well 

with measured concentrations within the identified error ranges at the sites with higher sulfate 

concentrations. This shows that the focus of this modelling method depends on the controlling 

parameters of the site geochemistry (Box, 1979). As demonstrated in section 7.1, pyrite oxidation 

and weathering, as well as carbonate mineral weathering are the main controls (Younger and 

Sapsford, 2004a) on solution pH and chemistry, with major the mineralogy playing a secondary role. 

Therefore, the calibration of pH and SO4 is essential for modelling representative values and was the 

main focus of the geochemical model calibration. As pyrite and carbonate mineral weathering are 

the primary controls on mine water chemistry in the Mpumalanga coalfields, the correspondence of 

the modelled and measured constituent concentrations is explicable. Further to the identification of 

the primary controls on the mine water chemistry is the enhancement of calibration accuracy with 

abundant measured data. As sites with larger monitoring data sets were available, it was deduced 

that monitoring data plays an essential role in the prediction of long term mine water chemistry. 

This observation is based on clearer concentration trends observed over longer periods, which gives 

a better indication of how calculated concentration trends should behave if they are based on 

defensible model inputs. 

As SO4 concentration forms a major part of component 1 (section 6.3), a larger standard error exists 

for this parameter, which makes its calibration, and the calibration of parameters associated with it 

(section 6.3), simpler. However, other geochemical parameters with less varied concentrations 

require more time and effort to calibrate, such as Fe and K. Upon further investigation (section 7.1) 

it can be observed that these parameters are strongly dependent on the mineral assemblage present 

and the level of data resolution and accuracy required for their calibration must be high. However, 

they play a lesser role in overall model calibration as can be observed in the third component of the 

PCA (section 6.3).  

7.3  Model Sensitivity and Implications for Current Rehabilitation Practice in 

South Africa 

Model sensitivity analyses indicated that the most sensitive parameters for model calibration include 

pyrite reaction rate constant, oxygen fugacity in the system and inflow rate of water. This is the case 

due to pyrite oxidation and weathering being the primary control on mine water chemistry, with 

pyrite oxidising and weathering more effectively in higher oxygen fugacities and in more water. This 

observation can be related to the stoichiometric balance of pyrite oxidation in water and air. 

Therefore, model calibration relies strongly on the quantification of these parameters which could 

have a notable effect on long-term predictions. It is essential that these parameters are measured in 
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the highest possible detail for a specific site if long-term mine water quality predictions are to be 

undertaken. However, model sensitivity analyses could also prove useful in terms of pit 

rehabilitation. If the optimum achievable water and oxygen addition rates are calculated, an 

accelerated initial flush can be engineered which could shorten the timeframe of reaching a 

sustainable groundwater supply, extractable from the backfilled opencast. 

Water addition to the backfilled opencast mine can be achieved by refraining from backfill 

compaction and re-establishment of soils in the early stages of the initial flush to maximise 

infiltration. This could even be achieved by constructing infiltration trenches within the backfill 

material. Also, re-circulation of mine water within the spoils could be considered using irrigation 

methods such as those used at A-Mine which would control mine water discharge volumes while 

accelerating weathering of disulphide minerals. 

Due to the loose, uncompacted nature of the backfill material in this setting airflow is likely to 

increase which could potentially boost oxygen ingress. However, this is unlikely to increase oxygen 

diffusion deep into the mine water in the backfill material. Therefore, higher levels of dissolved 

oxygen in infiltrating water will prove to be a better alternative. This can be achieved by channelling 

and cascading surface water flow towards the backfilled opencast mine to maximise the 

concentration of oxygen in the infiltrating water. A similar approach can be followed with 

recirculated water obtained from mine water discharge utilising infiltration trenches. 

Finally, selective placement of materials is likely to aid in the oxidation of disulfides. This is not 

meant as selective placement in the traditional sense of the word but rather as the complete 

reversal of current practice which is a backfill spoil pile with an acid-generating base and a non-acid 

generating top. If uncompacted acid-producing material is placed at the top of the backfill pile, the 

maximum amount of oxygen and water could reach disulphide minerals and maximise the 

weathering and oxidation rates of these minerals. Therefore, accelerated source depletion could 

take place in this manner as shown in the synthesis chapter (Morin and Hutt, 2001). Infiltrating 

acidic leachate would then be neutralised by a non-acid generating base which could incorporate 

lime upon initial backfilling. Although a very high environmental impact can be expected initially, 

treatment systems can be implemented to lower environmental risks. In this way, source depletion 

rates would increase dramatically which could leave backfilled opencast mines as groundwater 

reservoirs and areas of elevated recharge which would be an asset in arid regions where a strong 

agricultural sector is present, such as Mpumalanga. This method can be seen as a “high intensity” 

rehabilitation method which is likely to become a water supply in the future. 
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8 Conclusions 

Geochemical uncertainty and lack of data is commonly observed in hydrogeological and 

hydrogeochemical investigations associated with the overburden material used as backfill in 

decommissioned opencast mines. However, findings of the study presented here show that disulfide 

and carbonate mineral content are the major controls on pH which was shown to be the most 

important factor controlling mine water chemistry. Quantification of disulfide and carbonate mineral 

phases to determine possible future mine water chemistry is essential and should be the major focus 

of mineralogical analysis for environmental purposes. Mineral assemblages and their weathering 

play a lesser role in determining mine water quality and larger error ranges for mineral abundances 

may therefore be acceptable in analysis data. However, the study showed that specific minerals 

influence the precipitation and/or dissolution of others such as the relationship illustrated between 

microcline-feldspar, muscovite and hematite, which form a stoichiometric balance regulating Fe in 

solution, as well as buffering pH to an extent. Further support to disulfide content as a controlling 

factor was shown by statistical analyses where the parameter causing the highest percentage of 

difference between samples was shown to be pH, which was found to be controlled by the disulfide 

content. These findings have implications for fieldwork as well as modelling applications. They 

reiterate the importance of the measurement of field pH and redox conditions during groundwater 

sampling, the importance of the accurate quantification of pH during leaching tests and the accurate 

quantification of disulfide and carbonate mineral phases during mineralogical analyses. This is 

further supported by the presence of model deviations from measured values due to uncertain 

sampling and analysis conditions. 

However, even in light of these uncertainties, the proposed modelling method was shown to prove 

efficient in estimating long term mine water geochemical behaviour to acceptable accuracies in 

comparison to measured data in terms of sulfate. This is an improvement upon constant 

source/worst-case scenario simulations as the simulated values represent a scenario much closer to 

reality. Therefore, the implication of this finding is the prediction of mine water quality within 

acceptable error ranges using less geochemical data and reducing investigation costs while 

improving long-term water management cost estimations. Using this methodology, an estimate can 

also be provided of when a backfilled opencast mine may reach chemical equilibrium at lower 

concentrations. This might point towards backfilled opencast mines as future water resources 

instead of liabilities. It should be noted that the method was demonstrated to work well for sites 

that are highly contaminated and produces data that corresponds well with long term 

measurements. Unfortunately, the method is less effective in terms of estimating short term 

changes as compared to short term measurements. However, it should also be noted that the focus 

of the study was the estimation of long term trends rather than short term variations. Prediction of 

long term hydrogeochemical behaviour will aid in the determination of long term management costs 

which are far greater than short term damage control costs. 

With any scientific finding, however, comes a level of uncertainty, the quantification of which is 

essential. This study shows that mine water quality is highly sensitive to variations in oxygen 

fugacity, water volumes moving through the geochemical system and disulfide content of the 

material under investigation. Although variations of these parameters may cause variation in the 

predicted mine water quality and illustrate the importance of their accurate quantification, they also 

provide a view to manipulation of the initial flush by adapting backfill and rehabilitation practices. 
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Because the most sensitive parameters in the geochemical system are known, it is proposed that 

backfilling and rehabilitation methods are changed to suit specific needs. If a mining company 

chooses to accept a liability over a short period which is likely to change to an asset in the short 

term, a high intensity rehabilitation method can be considered (Figure 122), entailing the crushing or 

blasting of overburden material to the smallest economically viable grain size to increase disulfide 

reactive surface areas, increase recharge to the backfilled opencast mine by not compacting or 

replacing soils immediately and maximising airflow to the spoils. Also, acid generating material 

should be placed as high as possible in the backfill spoil pile to maximise its exposure to oxygen and 

water to accelerate disulphide depletion through weathering and oxidation. Subsequently, a rapid 

increase in sulfate concentrations can be expected as well as the lowering of pH conditions. 

However, the initial flush process will be accelerated in this way and depletion of disulfide minerals 

will occur at a much faster rate, implying that a shorter period of mine water management will be 

required until the mine water reaches acceptable qualities. From here the water can either be 

utilised for possible sale for farming or industrial purposes by the mining company or released to 

surface drainage if authorised to do so based on quality. An alternative to this rehabilitation 

approach is low intensity rehabilitation (Figure 121) which entails the blasting of overburden 

material to a maximum grain size which is economically viable, thereby decreasing the reactive 

surface area of disulfides and the reduction of recharge and airflow to the spoils. Accelerated 

induced flooding will also assist in this rehabilitation method as well as the placement of acid-

generating spoils at the base of the opencast mine prior to flooding. By implication a slower release 

of sulfate to groundwater can be expected and pH conditions which can be buffered sufficiently by 

the carbonate mineral phases present so as to maintain an acceptable water quality over the long 

term. This will also entail long-term management of the system to ensure that the required 

geochemical conditions are maintained. To improve the mine water quality at these sites in the 

future, opencast mine operations can also consider mixing alkaline materials such as lime with 

excavated overburden (Wisotzky, 2001, Wisotzky, 2003). These findings show that realistic estimates 

of mine water quality are achievable in the long term. In addition, rehabilitation practices can be 

modified to influence the initial flush to accelerate source depletion if current practices are 

reviewed. This implies that the reversal of current selective placement of backfill material in a 

backfilled opencast mine (acid generating base and non-acid generating top) can accelerate 

depletion of the contamination source and turn backfilled opencast mines into utilisable water 

reservoirs.  
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Figure 121: Low Intensity Rehabilitation Methods for Opencast Coal Mines 
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Figure 122: High Intensity Rehabilitation Methods for Opencast Coal Mines
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