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ABSTRACT  

Groundwater numerical modelling is used more and more in mining environmental applications, where 

contaminant plume development predictions at different phases of the operations, are required for various 

environmental applications. One such case is the application of numerical and mass transport modelling of 

an open pit mine in the Kalahari Manganese belt where a waste rock dump (WRD) is developed, as mining 

progresses. The numerical model was constructed and run using FEFLOW (DHI -Wasy). FEFLOW is a 

finite element numerical code, widely used for flow and mass transport modelling. FEFLOW was selected 

due to its flexibility and enhanced representation of geological and mining elements, enabling a full dynamic 

transient simulation of flow and mass transport. The historical monitoring data and rainfall (recharge) data 

were used for steady-state calibrations of the groundwater model. Once calibrated, the transient model was 

used in predictive mode to determine the changes in the groundwater regime and groundwater quality at 

the end of mining, 50 and 100 years after the start of mining. The chemicals of concern, boron (1.6 mg/l) 

and NO3
- (18.55 mg/l) were simulated over this time, with NO3

- undergoing two scenarios: with and 

without biodegradation. Model results showed migration of the plume in the general groundwater flow 

direction, but not further than 1.5 km downgradient of the mine site, therefore, remaining in relative 

proximity to the mine.  
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Chapter 1: Introduction  

1.1 Background  

Significant volumes of waste are generated through mining processes. Over time, identifying suitable 

storage and disposal locations becomes challenging and mines look to new ways of addressing the waste 

on site. One such way is in-pit waste deposition, where an open pit is backfilled with mine waste (i.e., waste 

rock and/or tailings). Mines tend to favour this option due to better safety factors and low costs in 

comparison to costs associated with the design and construction of tailings storage facilities (TSFs). 

Additionally, thereõs often a space limitation on mine sites, thus the fact that dense rock fragments efficiently 

fit together in a waste rock dump (WRD), make it a feasible option.  

After ore is mined, processed and sold, the mine waste is left to deal with. Disposing of the waste is an 

additional cost that must be taken on by the mine and therefore low-cost methods are sought. In the past, 

this resulted in varying environmental consequences, for example, waste rock facilities were positioned 

close to the mining pit, regardless of the implications in terms of ore sterilization, groundwater and other 

environmental aspects. This method is possible typically where large volumes of waste rock are generated 

and are deemed low in toxicity.  

Given the interconnected nature of surface and groundwater systems, any in-pit waste deposition could 

pose a contamination risk. Groundwater is a susceptible natural resource with regards to impacts from 

mining-related activities in South Africa. According to the Regulations regarding the planning and 

management of residue stockpiles and residue deposits from a prospecting, mining, exploration, or 

production operation (Government Gazette No. 39020, 2015), the identification and assessment of 

environmental impacts arising from residue stockpiles and residue deposits must be done as part of the 

environmental impact assessment (EIA) conducted in terms of the National Environmental Management 

Act, 1998 (Act No. 107 of 1998), if required. As part of the investigation and site selection for residue 

stockpiling and deposit, a hydrological investigation must include òthe geohydrological properties of the 

strata within the zone that could potentially be affected by the quality of seepage as well as the potential 

rate of seepage from the facility and the quality of the seepageó (Government Gazette No. 39020, 2015). 

As such, it is extremely necessary to understand the potential risk to groundwater within this context.  

The mine pertaining to this study is located along a significant manganese belt, namely the Kalahari 

Manganese Field (KMF). The KMF in the Northern Cape province of South Africa constitutes a giant 

manganese ore deposit, estimated at approximately 8 billion tons at grades between 20 and 48 wt % Mn 

(Beukes et al., 2003). This manganese deposit is deemed the biggest in the world, constituting approximately 

80 % of the worldõs manganese reserves (Beukes et al., 2016). As such, mining of this ore has long since 

been undertaken. The unprocessed liberation of these manganese wastes results in the spread of manganese 

(Mn) to groundwater, which may lead to chronic and acute exposure of this metal pollutant resulting in 

lethal consequences (Das et al., 2015). This is of significance as groundwater is used for domestic and 

agricultural purposes in the siteõs vicinity. Manganese has a toxic effect on human health and is specifically 
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detrimental to infants (Brown and Foos, 2009). Hafeman et al. (2007) noted significant mortality among 

infants in Bangladesh because of high concentrations of manganese in drinking water. Further, manganese 

is found to have a neurotoxilogical effect on children (Adhikari and Mal, 2021). A high concentration of 

manganese in drinking water may have a marginal effect on adults but is significant on embryos and 

neonates. Further, Xie et al. (2021) noted that long-term exposure to manganese could result in Parkinsonõs 

disease, pneumonia, and bronchitis.  

However, manganese is not the only potential contaminant that may emanate from manganese mining. 

Defective tailings facilities, spills, site activities such as blasting, etc, can also introduce chemical constituents 

into the groundwater system through the mine. Therefore, geochemical studies and waste assessments from 

such mines should be considered holistically.  

Any possible contamination of groundwater from the pit, would largely be governed by subsurface 

geological and hydraulic conditions, in addition to the speciation and attenuation processes that the 

contaminants undergo (Freeze and Cherry, 1979). Contaminant behaviour in groundwater flow under 

heterogenous conditions are more challenging to predict. To show the effect of simple layered 

heterogeneities on transport patterns, a cross-section flow-domain is represented in Figure 1-1. It is 

assumed that steady-state groundwater flow occurs through the cross section and that the flow domain is 

isotropic in respect of hydraulic conductivity. 

 

Figure 1-1: Effect of layers and lenses on flow paths in shallow steady-state groundwater flow systems. (a) 

Boundary conditions; (b) homogenous case; (c) single higher-conductivity layer; (d) two lower-

conductivity lenses; (e) two higher conductivity lenses (taken from Freeze and Cherry, 1979). 

To date, there is limited research completed on modelled contamination plume in a manganese mine setting, 

and even less so in a South African context. Numerical modelling is considered a relatively new field and 
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was only properly invested in since the mid-1960s when sufficient computing powers were possible. While 

there have been great strides made in the development, application and understanding of the methods to 

modelling groundwater flow, there is still much to be done. This furthers the need for the research 

proposed.  

1.2 Aim and objectives 

1.2.1 Aim  

The aim of this study is to further the knowledge and understanding of contaminant plumes, specifically 

within the setting of manganese mines. 

1.2.2 Objectives 

i. To develop an understanding of the hydrogeologic setting through the construction of a conceptual 

model. According to Rushton (2004) the model should include key flow processes relating to the 

system.  

ii. To design, calibrate, simulate, and verify a numerical model using FEFLOW (DHI, 2017). 

Additionally, to conduct geochemical modelling within the model via biodegradation. 

Geochemically modelled source terms are included as chemical species in a transient mass transport 

model.  

iii. To predict the development of a contamination plume emanating from the pit.  

iv. To recommend a groundwater management strategy relating to the in-pit waste disposal. 

1.3 Thesis outline  

Chapter 2 reviews the literature pertaining to governing flow equations and the use of numerical modelling 

methods in mining hydrogeological applications.  

Chapter 3 provides the climatic, geological and hydrogeological setting for the study and describes the 

methodology undertaken in terms of the data collection, software selection, groundwater conceptual model 

as well as numerical model construction, calibration, simulation and validation.  

Chapter 4 details the results of the conceptual model and numerical model in terms of scenario runs and 

the respective mass transport plumes.   

Chapter 5 as the penultimate chapter includes a detailed discussion and insights to the modelling results.  

Chapter 6 of the thesis is the final chapter and provides a concise conclusion of the research and presents 

recommendations based on the outcomes of the research.  
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Chapter 2: Literature Review 

2.1 Introduction  

Groundwater flow and contaminant transport are complex processes and vary across a heterogenous mine 

site. This chapter outlines the principles governing groundwater flow and contaminant behaviour in porous 

media as well as the techniques used to quantify and predict contaminant flow. Moreover, the chapter 

reviews existing coupled numerical and geochemical models and terminates with applications of modelling 

to mining (and manganese mining operations), including problems encountered.  

2.2 Water flow in porous media  

2.2.1 Governing equations  

Porous earth material is defined as openings or voids within sediments or hard rock settings, referred to as 

pore spaces (in primary aquifers) or cracks or fissures (in secondary aquifers). Unconsolidated material and 

rocks at the earthõs surface generally undergo various degrees of physical and chemical weathering 

processes, which increases, if not creates, porosity in the geological medium. Mathematically the porosity 

of earth materials may be defined by the following formula:  

ὲ
ρππὠ

ὠ
 

Where n represents the porosity in percentage, VV is the volume of void space in a unit volume of earth 

material and V is the unit volume of earth material (Fetter and Kreamer, 2022).  

According to Liu (2017) Darcyõs Law is the defining law informing modelled fluid flow in the subsurface. 

It is a linear flow law based on observations of steady-state conditions of water flow and is a critical concept 

for understanding flow and transport processes in porous media. Darcyõs Law states that, for a given type 

of porous media, the discharge rate (Q) of a fluid is directly proportional to the drop in hydraulic head (Dh) 

and the cross-sectional area (A) of the medium, and inversely proportional to the flow length difference 

(Dl). Where K, the proportionality constant represents the hydraulic conductivity, the mathematical formula 

for Darcyõs Law is expressed as: 

ὗ ὑ
DὬ

Dὰ
ὃ 

It is a consensus among the scientific community that Darcyõs Law is applicable to the following situations: 

saturated flow, steady state flow, transient flow, flow in heterogenous and anisotropic porous media and 

flow in granular media (Priscu and Mitri, 1997). It is important to note that the law is applicable to linear 

flow ð and no longer relevant when flow rates are very high (i.e., turbulent). These higher flow rates are 

more commonly seen in rock formations such as karstic limestones, dolomites and cavernous volcanic.   
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With regards to solute transport, the governing equation is referred to as the advection-dispersion equation 

and expressed below (Schumer et al., 2001):   

 Ћ#

 ‬ὸ
 ÖЋ#ЋØ  $Ћ#Ћὼ 

Where:  

C is the solute concentration  

v is the average linear velocity 

x is the spatial domain  

t is time  

D is a constant dispersion coefficient 

Bear (2013) notes that a significant number of tracer particles, initially located at a point source, will disperse 

in accordance with a limiting probability distribution, from which relative concentrations can be derived 

for any point in time. Therefore, the advection-dispersion equation indicates the probability function for 

the location of particles within the domain (Schumer et al., 2001).  

The mechanism of pollution migration in porous media is comprised of two processes ð physical and 

chemical. While physical processes move mass from one location to another, chemical and biological 

processes redistribute mass (Ahmadi et al., 2016). This mechanism is further explained as follows:  

¶ Advection  

Advection refers to the movement of dissolved solute or contaminants due to groundwater flow in porous 

media. It is a key mechanism by which contaminants are transported and is controlled by Darcyõs Law given 

that water serves as the transport medium of the contaminant. Since Darcyõs Law is a function of hydraulic 

conductivity (K) and the hydraulic gradient (
D

D
), it is critical to understand the magnitude and direction of 

the Darcy velocity to predict the transport of contaminants correctly. Darcy velocity is explained by Darcyõs 

Law as follows:  

ὠ ὑȢὑȢ—Ȣ
‬

‬
 

where (K) represents the hydraulic conductivity, (Kr) is the relative conductivity, (Ǧ) is the volumetric 

moisture content, and () is the head gradient in the x-direction. 

The main attributes of advection in contaminant transport are long distances, fast movement of water, 

highly permeable aquifers, reduced attenuation processes as well as the effect of flow direction. Given that 
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advection is driven by flowing water, many factors can contribute to it, such as natural hydraulic gradients, 

groundwater abstraction through boreholes as well as recharge events.   

¶ Dispersion  

Dispersion refers to the spreading or scattering of dissolved contaminants as they move through the porous 

media of the aquifer. It occurs due to two processes: molecular diffusion and mechanical mixing (Ahmadi 

et al., 2016). As groundwater flows through porous media, the velocity of the water fluctuates spatially due 

to the irregularities in the subsurface structure and the heterogeneity of the aquifer materials. As a result, 

dissolved contaminants tend to spread in different directions. Dispersion may be derived from Newtonõs 

law of viscosity which expresses that velocities within a single capillary tube follow a parabolic distribution, 

with the largest velocity in the centre of the pore and zero velocities at the walls. Molecular diffusion is the 

movement of dissolved contaminants at the molecular level due to random thermal motion. It is natural 

for contaminants to diffuse from areas of higher concentration to areas of lower concentration, leading to 

some degree of spreading of the contaminant plume. Molecular diffusion is expressed by Fickõs law as:  

Ὂ Ὀ
‬ὅ

‬ὼ
 

Where F is the mass flux, Dm represents the diffusion coefficient in unobstructed water media and  is the 

concentration gradient.  

Dispersion results in the spreading of a solute in directions adjacent to and parallel to the flow direction. 

This can be illustrated by two cases. In the first case (Figure 2-1), because of hydrodynamic dispersion, the 

concentration of a solute will reduce as its distance from the source increases, i.e., the longitudinal 

dispersion is greater than lateral dispersion (Fetter and Kreamer, 2022). The second case is where the 

contaminant is introduced as an instantaneous point source (Figure 2-2) and plume is developed in elliptical 

shapes. This can be attributed to the anisotropic nature of mechanical dispersion (Freeze and Cherry, 1979). 

In both cases described, dispersion is greatest in the flow direction.  

 

Figure 2-1: The spread of a contaminant dominant in the longitudinal direction, at different times with 
uniform flow, taken from Freeze & Cherry (1979).  
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Figure 2-2: Travel of a contaminant source at one-time point sources, taken from Freeze & Cherry (1979). 

The coupled effect of molecular diffusion and mechanical dispersion leads to the spreading of the 

contaminant plume, resulting in a wider and more diffuse distribution of contaminants downstream from 

the pollution source. It is also understood that key contributors to dispersion in contaminant transport are 

longitudinal and lateral spreading, attenuation, and advection interaction (Singh et al., 2021). Fetter and 

Kreamer (2022) further notes, that pore size, path length and friction in pores are contributing factors in 

pore-scale longitudinal dispersion.  

¶ Sorption and degradation  

Sorption can be described as the exchange of molecules and ions between the solid and liquid phase, 

including adsorption and desorption. It is possible for contaminants to be sorbed onto the surfaces of soil 

particles via various mechanisms, including electrostatic forces, van der Waals forces, as well as chemical 

bonding. The degree of sorption is dependent on factors such as the type of contaminant, aquifer material 

properties, and the contaminant concentration in groundwater. Bear (1979) gave the linear isotherm 

represented by:  

Ὓ ὑὅ 

Where ὑ  is the distribution coefficient.  

Radioactive decay as well as biodegradation is referred to as degradation which is characterised by the 

chemical or biological breakdown of contaminants into less harmful or less toxic substances. 

Biodegradation specifically, is one of the most significant degradation processes in groundwater. The 

process involves the activities of microorganisms (bacteria, fungi, etc.) that feed on contaminants, thereby 

breaking them down into simpler compounds of lower concern and in the process gaining energy from the 

oxidation of organic compounds or inorganic species. These species may include FeS2, Fe2+, Mn2+, among 

others (Rivett et al., 2008).   

Bear (1979) mentioned the rate of decay reaction:  

ὶ  ‗Ὑὅ 

Where Ὑ  is the retardation. The retardation factor represents a ratio of the contamination plume speed to 

the average linear velocity of the aquifer. This relates to cases where contamination is linear. In the context 
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of this equation, ‗ represents the decay constant which determines the rate at which contaminants decay in 

an exponential decay process. 

The rate at which biodegradation occurs is linked to factors such as the oxygen availability, nutrients 

present, temperature, as well as the presence of suitable microbial populations (Folino et al., 2020). In 

understanding the rate of decay, the concept of half-life is critical. Half-life (Ὕ) relates to the time it would 

take a contaminant to reduce to half of its initial value. The rate of decay equation in terms of half-life is 

expressed as:  

ὔὸ ὔέȢ
ρ

ς
 

Where N(t) is the quantity of time in t, 

 N0 is the initial quantity (at t = 0) 

Ὕ is the half-life of the contaminant 

The relationship between  Ὕ and ‗ is inversely proportional, i.e., a smaller decay constant leads to a longer 

half-life and vice versa, which provides insight into the rate at which contaminant quantities decrease in 

groundwater over time.  

2.2.2 Numerical methods describing groundwater flow 

Due to the complex nature of subsurface geometry, geology as well as complicated boundary conditions, 

mathematical models are deemed necessary in terms of flow modelling and prediction, for effective 

management of contaminated aquifers and the preferred choice of remediation techniques. The choice of 

remediation method largely depends on the accurate and precise simulation of flow and solute transport 

(Ahmadi et al., 2016). Moreover, simulating solute transport requires an understanding of the distribution 

of velocity within the solution domain, therefore mathematical models need to be developed based on 

governing flow equations.  

Despite flow simulation being heavily investigated and studied over the last few years to determine aquifer 

parameters, an accurate description of contaminant transport is also a critical component to the system. In 

terms of groundwater flow, an understanding of transport physics should be coupled with chemical and/or 

biological aspects, which often results in advective-diffusive-reactive transport equations. As such, various 

numerical methods have been employed to solve the issues relating to the accuracy of modelling, the 

interaction between advective, diffusive and reactive processes. Due to the applicability of these solutions, 

there is much interest in recent times regarding coupled flow and solute or contaminant transport.  

Currently the numerical solution of flow and transport equations are mainly based on finite difference, 

finite volume and finite element (Ahmadi et al., 2016). These are discussed separately below and graphically 

represented in Figure 2-3:  
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¶ Finite difference method (FDM) is an older, widely used methodology which is considered highly 

effective in groundwater flow modelling and forms an approach to computational fluid dynamics 

(CFD). One of the prerequisites of FDM is that the aquifer must be subdivided into a grid form 

and analyses the flows associated within a single zone of the aquifer of nodal grid. Igboekwe and 

Achi (2011) noted that the FDM could be used to predict the future direction of flow and particle 

location within the bounds of a simulation domain.  

¶ Finite volume method (FVM) is one in which the integral formulation of the conservation laws is 

discretized directly within the physical space. While the FVM shares similarities with FDM, it 

assesses the variables at discrete locations within the computational domain (Rapp, 2017). It is 

based on the integral form of the conservation laws as opposed to their differential form. Thus, a 

higher accuracy may be obtained when it is used in cases where there are steep gradients (i.e., 

significant derivatives) within a domain. As such, this method is better suited to irregular and 

complex geometries.  

¶ Finite element method (FEM) has become more popular in the last twenty years or so, compared 

to the methods discussed above as it allows for greater geometric flexibility (Ahmadi et al., 2016). 

This method achieves accurate results without compromising fine-scale features. Further, FEM 

allows for the use of varying spatial resolutions and different material properties across the model 

domain, which is essential for accurately capturing the flow behaviour in heterogeneous aquifers. 

Additionally, FEM can easily integrate other physical processes such as heat transport, solute 

transport and geomechanics, thereby increasing model accuracy.  

 
  

(a) (b) (c) 

Figure 2-3: The various numerical methods popularly used for (a) Finite Difference Method (FDM), (b) 
Finite Volume Method (FVM) and (c) Finite Element Method (FEM), taken from Ebrary (2023)   

The different methods discussed each have their own applicability to specific groundwater scenarios and 

hydrogeological settings. The choice of numerical method often depends on the complexity of the 

groundwater problem and specific requirements as well as on resources and data available.  

Since FEM divides the model domain into smaller elements like triangles, it supports unstructured grids, 

thereby offering flexibility in representing complex geometries and heterogeneous aquifers. FEM also 

allows for adaptive meshing, whereby a specified area can be further refined in terms of the mesh, which is 
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especially useful when assessing plume migration, seepage, etc. This also leads to greater accuracy, especially 

where irregular boundaries are concerned. However, the disadvantages of FEM are mainly related to 

complexity ð of the model but also the software. Higher complexity can also feed into high computational 

costs, depending on the modelling project. Further, FEM can also come with high licence costs to operate, 

thus it is not as widely used as FDM.  

FDM on the other hand, is well established and has a long history within the modelling community 

(Mazumder, 2015). The method is simple to use and implement ð making it very efficient for simple models. 

While FDM is regarded as relatively easy to use, it is associated with limitations. Grid limitations are 

regarded as one of the main issues in the fact that this method struggles in representing complex geometries 

and heterogenous aquifer systems. This inevitably leads to accuracy issues with an FDM model, especially 

in cases with irregular boundaries. Numerical dispersion and rigid grid challenges constitute further 

drawbacks of this method. FDM is suitable for simple models, however, accuracy decreases with complex 

hydrogeologic settings. Simple models with coarse grids carry low computational costs, which can easily 

increase as the need for detail and refinement increases.  

From all three methods, FVM is arguably the least used method in modelling groundwater flow. FVM 

strictly enforces conservation law, which is particularly useful in simulating mass transport (Morton and 

Suli, 1991). Like FEM, FVM can account for complex geological settings, using structured and unstructured 

grids. This method is robust and remains stable even with complex flow conditions. One of the drawbacks 

of this method is accuracy ð depending on the time of discretization selected, as well as complexity and 

software complexity. The complexity is balanced with reliability, specifically in the case of transport models. 

The method is computationally intensive but produces high accuracy. Table 2-1 provides a summary of the 

advantages and drawbacks of each method discussed.  

Table 2-1: Summary of advantages and drawbacks of the numerical methods discussed 

 Advantages Drawbacks 

FEM 

¶ Geometric flexibility  

¶ Accuracy  

¶ Adaptive meshing  

¶ Accounts for anisotropy well 

¶ Complexity 

¶ Software complexity  

¶ Computational cost 

 

FDM 

¶ Simplicity  

¶ Computational efficiency  

¶ Well-established history 

¶ Grid limitations  

¶ Accuracy issues  

¶ Numerical dispersion  

FVM 

¶ Conservation properties 

¶ Geometric flexibility  

¶ Robustness 

¶ Complexity 

¶ Software complexity  

¶ Accuracy 
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In terms of groundwater flow equations, transient flows and steady state flows have relevance. The transient 

flow is described as the movement of groundwater over time, where hydraulic conditions change as a result 

of factors such as recharge, abstraction through pumping wells, change in boundary conditions or other 

processes affecting groundwater. Conversely, steady state flow is usually required for scenarios where 

groundwater conditions are relatively stable, and the aim of the investigation relates to long-term average 

conditions. In steady state modelling, groundwater movement is simulated under conditions where 

hydraulic conditions remain constant with time.  

Within the model domain, boundary conditions are assigned to simulate the hydrological conditions and 

constraints that affect groundwater flow and contaminant transport processes. There are several boundary 

conditions that are relevant in terms of transient flow (Diersch, 2002):  

¶ Initial boundary conditions 

At the beginning of the transient simulation, the hydraulic head distribution within the model domain needs 

to be specified. These initial conditions represent the groundwater levels at the starting time of the 

simulation. In terms of mass transport, the initial conditions are typically applied to structures with defined 

source term concentrations, such as WRDs or tailings. The associated initial concentrations of identified 

source terms are informed by waste assessments or other types of geochemical studies regarding the mine.  

¶ Standard boundary conditions 

The standard boundary conditions refer to the common types of boundary conditions that are frequently 

used to define the interactions between the simulated system and its surrounding environment. The 

boundary conditions constituting these include: Dirichlet Boundary Condition, also referred to as specified 

head boundary, Neumann Boundary Condition, referred to as flux boundary, Robin Boundary Condition, 

referred to as mixed boundary, no flow boundary conditions and periodic boundary conditions. The most 

common types of boundary conditions include specified head, Neumann and mixed. They are expanded 

on below:  

o Dirichlet Boundary Condition/Specified Head Boundary Condition 

The Dirichlet Boundary Condition/Specified head boundary condition specifies a time-

constant of time-varying value per primary variable at each node in the mesh, i.e., 

concentration for mass transport, hydraulic head for flow, probability of exit and temperature 

for heat transport, etc. Most notably, the inflow or outflow to/from the model domain at the 

node can be calculated from the simulation result. This type of boundary condition is relevant 

to cases where surface water bodies such as rivers, streams, lakes, etc, interact freely with the 

aquifer (Figure 2-4).  
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Figure 2-4: (a) Surface water body interacting freely with the aquifer, and (b) showing the 
measured groundwater head (after Banik, 2021).  

o Neumann Boundary Condition/F lux Boundary Condition 

This boundary condition type is indicative of an in- or outflow of water/mass/energy at 

element edges (2D) or element faces (3D) (Figure 2-5). The condition is applied for at least 

two adjacent nodes (2D) or all nodes of a vertical or horizontal element face (3D) for it to be 

effective. The given value in flow simulations is a Darcy flux perpendicular to the boundary.  

 

Figure 2-5: Flux and transfer boundary conditions in a 3D FEFLOW model (taken from 
FEFLOW.com, 2024) 

o Robin Boundary Condition/Mixed Boundary Condition 

This boundary condition is a combination of the Dirichlet and Neumann boundary conditions 

and describes a head-dependant flux condition (Jazayeri and Werner, 2019). The Robin 

boundary condition applies to cases where the truncation of aquifers lie outside of the model 

domain and approximated in the modelling process.   

o No Flow Boundary Condition 

This type of boundary condition is relevant to cases where the flow of groundwater is restricted 

or altogether prevented. The no-flow boundary is used to simulate scenarios where water is 

unable to move across the boundary (Figure 2-6), e.g., a watershed, impermeable geological 

unit such as clay, river boundaries, faults, etc.  

(a) (b) 
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Figure 2-6: A groundwater divide acting as a no flow boundary, thereby restricting the flow 
of water 

o Periodic Boundary Conditions  

Periodic boundary conditions are used to simulate an infinitely repeating system within a finite 

model domain. This condition is applied to situations where there are repeating patterns in 

groundwater systems such as bedforms in rivers and streams, fracture networks, recharge and 

tidal influence on coastal aquifers. Huang et al. (2020) considered the periodic changes in 

groundwater level under three tidal boundary conditions (Figure 2-7). Commonly, cyclical 

recharge forms part of the periodic boundary condition in a model.  

 

Figure 2-7: Three periodic boundary conditions showing respective fluctuations in 
groundwater levels (Huang, et al. 2020).  
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¶ Drainage-gradient type boundary conditions 

This type of boundary condition is applied at boundaries where groundwater flow is directed towards or 

away from the model domain, typically representing locations where water is draining out of the system 

due to natural or anthropogenic causes.   

¶ Free surface boundary conditions  

Free surface boundary conditions represent the interaction between groundwater and surface water bodies, 

such as rivers, streams, dams, where the water level is not confined by overlying soil or geological 

formations. In these cases, the water surface is free to fluctuate and responds to changes in hydraulic 

conditions. 

¶ Seepage face boundary conditions  

These boundary conditions are relevant to the interaction between groundwater and open boundaries, such 

as mine benches, riverbanks, stream beds, or other exposed surfaces where water can seep into or out of 

the aquifer. These boundaries are characterized by unconfined flow conditions, where the groundwater 

level is directly exposed to the atmosphere or other water bodies. 

¶ Surface ponding boundary conditions  

Surface ponding boundary conditions represent the presence of surface water ponding or pooling on the 

ground surface. This condition is commonly applied to simulate situations where excess rainfall, infilling of 

the mine pit, flooding, or other surface water sources cause water to accumulate on the surface, forming 

temporary or permanent water bodies or pit lakes.  

2.3 Leaching from WRDs and associated geochemical reactions  

Metals and other potentially harmful chemical constituents have the potential to leach from WRDs in a 

mining environment, governed by chemical processes. Leaching can happen in acidic conditions and non-

acidic conditions, i.e., neutral pH conditions. Given the sheer volume of WRDs on the mine, the possible 

leaching effects could result in large scale impacts (Figure 2-8).  
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Figure 2-8: An example of a WRD on an open pit mine (Stantec, 2021)  

The characteristics of the WRD have a bearing on the geochemical reactions that have the potential to take 

place, as well as on the leachate concentrations detected at monitoring locations. In Figure 2-9, the three 

main flow components are shown. The first is run-off, which occurs on the surface of the WRD brought 

on by precipitation, the second is seepage which percolates through the WRD and flows laterally above the 

interface between WRD and the ground surface. Both paths may result in elevated concentration detected 

at the base of the WRD. The third flow component is groundwater, transported laterally to a groundwater 

monitoring point further downgradient.  

 

Figure 2-9: Three flow components in a typical WRD and respective detection points shown in red  
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To quantify what may leach from a WRD, specialised laboratory testing of waste materials is required. In 

South Africa, this includes but is not limited to: X-ray diffraction analysis (XRD), Synthetic Precipitation 

Leaching Procedure (SPLP) or Toxicity Characteristic Leaching Procedure (TCLP), Acid-Base Accounting 

(ABA) full Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) in addition to analyses for major ions, 

total alkalinity, etc. Some of these testing methods are broadly explained below:  

XRD is a common method in geochemical assessments of WRDs as it provides insight on the mineralogy 

of elements (Morales-Pérez et al., 2021). Chemical composition, crystal structure, crystal orientation, 

crystallite size, lattice strain, preferred orientation and layer thickness can be obtained through this non-

destructive method.  

SPLP and TCLP as the names suggest, are both leaching procedures used to determine the leaching 

potential of contaminants within unconsolidated soil material, WRDs, sediments, etc.  The main difference 

between the two is that SPLP is used for general leaching investigations, whereas TCLP is specifically used 

for hazardous waste.  

In ICP-MS is a process where trace elements in water samples are detected and quantified. The method 

makes use of high temperatures and a mass spectrometer where ions can be separated based on their mass 

charge ratio. This is widely used method in water analyses since it has a multi-element capability.  

In addition to XRD and ICP-MS methods, Foli and Peasah (2023) used a kinetic column test to 

geochemically characterise the waste rock of a gold mine in Ghana. The findings were that heavy metals 

such as iron, zinc, manganese and strontium had high concentrations throughout the experimentation 

period. The results were in line with the work of Al-Abed et al. (2008), where it was noted that in acidic 

settings, the predominant cause of heavy metal release is the acidic character of the waste.  

2.3.1 Solute transport and geochemical processes  
Based on the geochemical assessment carried out by Company C (2020) for the study site, there was an 

absence of sulphide minerals in WRD samples as well as in samples taken from other parts of the mine, 

i.e., < 0.3 % of the sample were constituted by sulphide minerals. In addition, Fe(III) was found in elevated 

amounts in the form of Fe2O3 (Company D, 2022). In the absence of in-field measurements of Dissolved 

Oxygen (DO) or Redox Potential (Eh), analysis of these redox-sensitive species mentioned above were 

used to determine that the groundwater system is of an oxidizing nature.  

When water infiltrates the subsurface it mixes with the soil horizon and by extension, the soil organic 

matter. This results in significant oxygen consumption and carbon dioxide production in the upper parts 

of a groundwater system. According to Freeze and Cherry (1979), below are some of the redox reactions 

where oxygen is used up. H+ ions are generated during the reactions and are subsequently consumed by 

reactions with minerals.  

Sulphide oxidation:              O2 + HS- = SO4
2- + H+ 
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Iron oxidation:                     O2 + Fe2+ + H+ = Fe3+ + H2O 

Nitrification:                        O2 + NH4+ = NO3- + H+ +  H2O 

Manganese oxidation:          O2 + 2Mn2+ + 2H2O = 2MnO2(s) + 4H+ 

Iron sulphide oxidation:      O2 + FeS2 (s)+ H2O = Fe(OH)3(s) + 2SO4
2- + 4H+ 

 Broadly, transport models can either be reactive or non-reactive. In reactive transport modelling, the 

models aim to describe complex chemical processes that occur during groundwater flow through an aquifer 

medium. These processes include mineral dissolution, precipitation, ion exchange, etc. To carry out this 

form of reactive transport modelling, a significant amount of chemistry data for the aquifers in question is 

required. This is due to the number of calculations involved in all relevant reactions within each element of 

the model. Furthermore, for accuracy, the model needs to be highly discretized. Thus, a significant level of 

detail is needed when attempting to understand the reactive contaminant transport through the model 

domain. On the other hand, non-reactive transport models seek to demonstrate physical transport of 

solutes with no significant chemical changes occurring. The model calculates the contaminant plume based 

on the mass transport rather than the interactions between the groundwater chemistry and contamination 

constituent. Therefore, this form of transport model is suitable for assessing the òworst caseó scenario, i.e., 

non-reactive modelling showing the maximum development of the plume.   

As previously mentioned in this chapter, biodegradation ð a geochemical process ð is one of the most 

significant degradation processes in groundwater. While metals cannot be destroyed, organic and inorganic 

constituents may react with enzymes or other biogenic compounds. In the biodegradation process, there is 

a transfer of electrons that occur, the occurrence of which is determined by the oxidative state of the 

environment in addition to the contaminant itself (WRC, 2008). NO3, Fe3+, Mn4+, SO4 and CO2 are known 

as electron acceptors.   

Biodegradation of nitrate in groundwater may occur through a process denitrification, which involves a 

series of redox reactions where nitrate is progressively reduced, ultimately releasing nitrogen gas into the 

atmosphere. Given that nitrogen gas is a relatively inert gas, denitrification effectively removes nitrate from 

the groundwater, reducing its mobility. Denitrification is considered the most significant biogeochemical 

process affecting nitrate mobility. For this process to occur, denitrification requires electron donors, 

typically organic carbon (Kwon et al. 2016). The availability of organic carbon is a critical factor controlling 

denitrification rates.    

Other electron donors, such as sulfide or iron, can also support denitrification 

NO3
- may be reduced to nitrite, then to nitric oxide, to nitrous oxide and eventually to dinitrogen gas 

(Kuypers et al. 2018). The order of NO3
- reduction, nitrite reduction, nitric oxide reduction and dinitrogen 

formation can be represented as:   



 
 

18 
 

NO3- + 2H+ + 2e- ­ NO2- + H2ONO2- + H+ + e- ­ NO + H2ONO + H + + e- ­ N2O + H2ON2O + 

H+ + e- ­ N2 + H2O 

Environmental conditions can influence biodegradation in a groundwater system. Bacteria that can survive 

at the same temperatures as humans (i.e., between 15̄C and 45̄C) are known as mesophilic bacteria. While 

there are microorganisms that exist above 45 ̄C (i.e., thermophiles) and below 15 ̄C (i.e., psychrophiles), 

mesophilic bacteria are relevant to most South African groundwater systems. Most of the knowledge 

pertaining to breakdown of compounds through reactions with microorganisms are based on neutral pH 

environments characterized by a pH range of 6 ð 8 (Cushman and Tartakovsky, 2016).   

2.3.2 Chemicals of concern  
In a geochemical assessment carried out by a neighbouring manganese mine in the Kalahari Manganese 

Belt, static Acid-Base Accounting (ABA), mineralogical testing as well as SPLP leach testing was used. The 

computer programme PHREEQC (pH Redox Equilibrium in C language) equilibrium modelling code was 

used in the geochemical modelling. The study showed the existence of highly soluble minerals such as 

calcite and dolomite which would lead to mine drainage with a neutral pH.   

In a 2019 geochemical study for this case study (Company B, 2019), it was determined that the main 

constituents with the potential to leach into the groundwater system are boron (B) and nitrate (NO3
-). In 

the case of B, it was deemed likely associated with geological material from which the waste rock and tailings 

are constituted. According to the same study, the recharge front through the Kalahari Formation mobilizes 

soil NO3
-, making it a common occurrence in areas stripped of vegetation or subjected to over-grazing. In 

a water monitoring report by another company, Company D (2022), the high NO3
- concentrations in 

groundwater were further attributed to geological NO3
- released during blasting and excavation processes, 

pit water and the use of ammonium-nitrate explosives, WRD facilities and various industrial nitrogen-

containing chemicals used in minerals processing, including nitric acid (HNO3), ammonium chloride and 

(NH4Cl) and ammonium hydroxide (NH4OH). No other source terms were determined through the 

geochemical and waste assessments.   

2.4 Applications of modelling to mining and manganese mining operations and 

problems encountered 

The most widely used method to mine manganese deposits is shallow open pit mining. While most mines 

around the world use this method, there are few exceptions, such as with the Chiatura Manganese Mine in 

the Imereti Region of Georgia, where open pit mining and underground mining take place concurrently 

(Bochorishvili et al., 2021).  

Conventional opencast operations are where topsoil and waste rock are removed to unearth the manganese 

ore body using truck and shovel methods. Topsoil is then transported by trucks to designated topsoil 

stockpile areas for later use as part of rehabilitation. Waste rock is stripped and transported to the designated 

WRDs. Waste rock can either be backfilled into the open pit or used to flatten the slopes of existing dumps. 
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Ore is then drilled, blasted, and hauled using front end loaders and shovels sometimes to the "in  pit" 

primary crusher. Crushed ore is conveyed to a product stockpile area (run-of-mine, i.e., ROM stockpile) 

near the mineral processing plant. Any excess ore is usually stored and crushed as required. 

At this point in the mining process, ore is trucked off site or further processing takes place through 

beneficiation processes. Further processing means that ore from the ROM stockpile is conveyed to several 

parallel circuits comprising scalping screens, cone crushers and doubledeck sizing screens and a horizontal 

dewatering screen at the designated processing plant. The product is conveyed to railway trucks via the load 

out section for sale to third parties. Slimes material from the processing plant is then sent to the TSF for 

disposal. The general process can be depicted by the graphic in Figure 2-10.  

 

Figure 2-10: Generalized schematic illustrating lifecycle of manganese mining resulting in high-carbon 

ferromanganese (HC FeMn), silicomanganese (SiMn) and refined ferromanganese (Ref. FeMn) (taken 

from Westfall et al., 2016) 

Activities such as ore extracting, handling, storage of waste rock as well as beneficiation have the potential 

to result in the loss of groundwater resources, both to the environment and for third-party users, through 

contamination or depletion (i.e., cone of drawdown development). A further contributing factor is the 

interaction of surface water and groundwater, which mostly occurs through precipitation run-offs. Raman 
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et al. (2013) found that surface run-off into an underground seam affected the hydrogeochemical stability 

of the mine water at a specific mine dam. Precipitation (i.e., rainfall and snow, etc.) dissolve different 

chemical elements, including heavy metals, as they percolate through various soils and geological units to 

enter the underlying aquifers. As a result, the geochemistry of the groundwater could change and lead to a 

series of desorption and dissolution reactions thereby increasing the risk of groundwater contamination. In 

addition, pressure resulting from the percolation could influence groundwater flow.  

According to Parkhurst and Wissmeier (2015), reactive transport modelling is of interest due to its potential 

to predict the evolution of contaminant plumes over extensive periods, as well as its capabilities to simulate 

near-field processes, often used to improve safety in the design of confining structures and containers.  

Given the complexity of mining environments in terms of operational activities on the surface as well as 

mining processes within the subsurface, quantitative ways of understanding groundwater impacts and risk 

mitigation become crucial. As such, numerical models in calculations of groundwater flow model have been 

in use since the 1960s (Szczepiżski, 2019). Numerical models have since played a vital role in the various 

stages of mining operations:  

¶ Exploration of the manganese ore deposit and feasibility 

At this stage models aid in the assessment of local hydrogeological conditions of the mine area, support 

mine water inflow calculations, provide input regarding dewatering plans and procedures, determine the 

cone of depression as well as boundaries, further the impact assessment relating to surface and groundwater 

in each dewatering layer, delineate areas of environmental impact as well as indicate mitigation measures 

that would be useful in curbing any impacts found.  

¶ During mining  

At this stage model updates are done as well as predicting the mine water inflow intensity and the change 

of groundwater levels, emanating from changes in geotechnical conditions of slopes in time and space as 

mining progresses, in addition to understanding potential impacts on the local environment based on 

current data collected from frequent monitoring. 

¶ Decommissioning  

At mine closure phase, modelling provides essential information regarding the end of dewatering and either 

the formation of a pit lake, because of the water table rising and flooding occurring within the pit or 

backfilling of the pit. This assists with management regarding the pit as well as helps mitigate associated 

risks, given the final water level that would be established post-mining. Most importantly, modelling at this 

stage predicts quantitative and qualitative changes in the pit lake in addition to the environment during and 

after the infilling.  
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Mining pit lakes will form by allowing the mining pit to fill naturally through hydrological processes (Soni 

et al. 2014). These processes can take the form of a combination between groundwater seepage or influx, 

surface water run-off and direct precipitation. A pit lake can act as a hydrogeological sink, which may be 

considered a natural drain for groundwater and dependent on several factors. It is largely low permeability 

formations which usually inhibit the flow of groundwater causing pooling in areas.  Mining pits can retain 

water due to steep vertical pit geometries. Other typical examples of sinks include, fracture zones, geological 

unconformities with varying hydraulic properties, clay lenses and karst formations.  

Given the potential for acid mine drainage (AMD) and other environmental issues that may emanate from 

ore mines, coupled with the fact that excavated pits are not in a state of equilibrium following the cessation 

of mining, modelling becomes necessary for adequate management and remediation where necessary.  The 

water balance changes immediately after mining ends, with dewatering efforts also coming to an end. The 

water quality of a pit lake is also important, as Soni et al. (2014) notes, pit lakes developed from mining of 

iron ore, among other types, may contain other dissolved metal concentrations depending on the ore type. 

Thus a number of geochemical processes may occur within the pit lake over time, which include but are 

not limited to: leaching of soluble salts from weathered bedrock, oxidation, adsorption, mineral dissolution, 

subaqueous pyrite oxidation, algae growth and decomposition, denitrification, bacterial iron reduction, etc 

(Figure 2-11). The outcome of these processes results in geochemical layering of the pit lake water.  

 

Figure 2-11: The various chemical processes that occur in mining pit lakes (from Soni et al. 2014)  

2.5 Existing coupled flow and transport models  

Currently there is limited research relating to coupled groundwater flow and mass transport in a manganese 

mining setting. This furthers the need for research to be undertaken in this regard.  
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In the past few decades work in terms of coupled groundwater flow and solute transport has been 

undertaken by Neretnieks (1980), Wang and Narasimhan (1985) and Derradji et al. (2011), however, there 

is still significant work to be done to progress the understanding of the mechanisms behind coupled flow 

and solute transport modelling.  

Ahmed et al. (2019) created a 3D simulation model, combining the FDM model and the modular three-

dimensional transport model to locate a safe groundwater abstraction point away from the pollution 

sources. They predicted the distribution of heavy metal concentration with time and distance as well as 

determined the optimal location for abstraction boreholes. The outcome of their investigation was the 

positioning of boreholes approximately 113 m away from the leachate collection lake, thereby reducing the 

likelihood of abstracting pollutants therefrom.  

Amin et al. (2020) carried out an integrated numerical simulation of groundwater contaminant transport in 

porous media for a flat lying area in northern Iran. The numerical method used was FDM and appropriate 

boundary conditions were selected. The numerical model was verified successfully and showed that the 

lower the permeability of a model layer, the more the pressure head reduces if there is a discharge zone, 

which can be in the form of boreholes, a pit, etc. The transport model was constructed with both reactive 

and non-reactive pollutants, i.e., dried milk powder and Fluorescein sodium, respectively. Tracer testing 

results of the reactive pollutant indicated that due to dispersion, diffusion and other reactions in porous 

media, the peak contaminant concentration reduces in the boreholes with time. The non-reactive pollutant 

showed similar outcomes to the reactive pollutant, however, the decrease in contaminant concentration 

was less than that of the reactive pollutant, as the contaminant is not as reactive. The results showed the 

advection rate is the dominant phenomenon in the contaminant migration process. Moreover, the result 

shows the advection rate is significantly more than the dispersion and decay regarding both conditions, 

indicating the advection is the predominant process in the contaminant transport within the aquifers.  

Peng et al. (2006) assessed the geochemical constraints on impacts emanating from weathering WRDs in a 

manganese ore setting in Hunan, China. In this case, the waste rock was characterized by black shale which 

formed in anoxic deposition conditions and minor manganese carbonates. The results showed that when 

exposed to oxygen in the atmosphere, sulphide minerals including the likes of pyrite, chalcopyrite and 

galena undergo oxidation, while manganese carbonates undergo decomposition. During chemical 

weathering of the WRDs, major alkalies and alkaline elements, as well as major elements and heavy metals 

are released. Although the mobility of the alkaline elements is dictated by decomposition of manganese, the 

dispersion and release of heavy metals may be related to the breaking of sulphide minerals.  

In 2021, Xie et al. (2021) simulated manganese transport using Visual MODFLOW and MT3DMS for a 

manganese mine in Hunan province, Central China.  In this case study, the tailings dam was developed 

from solid waste generated from long-term mining. Through rainfall and leaching, heavy metal elements in 

tailings undergo a range of physical and chemical reactions, namely: diffusion, dispersion, desorption, 

complexation and dissociation. These residues form the pollution source of the tailings dam. Based on the 
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visualization capabilities, Visual MODFLOW was selected to carry out a three-dimensional simulation to 

predict the changes of manganese release over 20 years. The findings were that Visual MODFLOW is a 

useful flow modelling software as it demonstrated the change in groundwater quality in space and time. 

This was determined through model calibration and comparing simulated water levels with observed water 

levels. The average absolute error of 3.31 m means the results were deemed accurate. In addition, the 

reliability of using transport modelling using MT3DMS was found acceptable.  

While Xie et al. (2021) showed a methodology to study manganese regularity in groundwater to aid in 

solutions to groundwater pollution through mining, using FDM, further work is required in terms of 

modelling using FEM. Therefore, this adds to the novelty of the research being undertaken.  

2.6 Synthesis of studies 

Based on the recent works of Ahmed et al. (2019), Amin et al. (2020) and Xie et al. (2021), FDM is a 

commonly used method in simulating groundwater flow in manganese mining settings. In terms of coupling 

flow with transport, the studies varied significantly in the contaminant source terms, type of transport 

modelling, as well as reactions.  

Xie et al. (2021) only simulated manganese transport from the mine and did so in non-reactive mode due 

to the complexity of the system and many groundwater variables. While the study did not elaborate on the 

source term determination, it showed the distribution of the contaminant plume through space and time. 

In the same province, Peng et al. (2006) focused on geochemical processes affecting different constituents, 

such as oxidation and decomposition. The study specifically considered the WRD composition of black 

shale and minor manganese carbonates, without any other source terms determined. The simulation 

included reactive transport modelling and suggested that the leaching and spreading of heavy metals may 

be contingent on the breakdown of sulphide minerals.  

Amin et al. (2020) simulated reactive and non-reactive transport with the outcome being that the advection 

rate is the dominant phenomenon in the contaminant migration process. Ahmed et al. (2019) modelled the 

distribution of heavy metals, and the study focused largely on the extent of the contaminant plume. 

As previously mentioned, the studies considering coupled flow and transport modelling for the location 

investigated are limited, nevertheless, site-specific studies have been undertaken for the mine. In 2018, a 

hydrogeological assessment was commissioned by the mine (Company A, 2018) and included geochemical 

kinetic modelling as well as acid base accounting for the WRDs. The findings were that acid generation in 

the WRD and mine was minimal in the operational and post-operational periods. The most significant 

outcome was that manganese was not expected to leach at concentrations exceeding the regulated guidelines 

during the operational and post-operational phases, but NO3
- and B were. The explosives used at the mine 

were identified as a potential source of NO3
-, which are ammonium nitrate based.  

One of the more significant geochemical findings was by Company B (2019) where a geochemical 

assessment including waste classification was carried out. Geochemical modelling was done in PHREEQC 
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and included top-cut as well as composite WRD samples. The modelling determined B and NO3
- as 

geochemical source terms at concentrations of 1.6 mg/l and 18.55 mg/l, respectively. Thus, B and NO3
- 

were seen as having the highest potential to leach from the WRD. As mentioned earlier in the chapter 

(Chapter 2.3.2), B was linked to the geological material constituting the WRD and tailings, whereas the 

NO3
- was largely attributed to mining operations, specifically blasting and the use of industrial nitrogen-

containing chemicals, etc.  

In terms of SANS241 drinking water standards (SABS, 2015), the chronic health limit for B is 2.4 mg/l and 

acute health limit for nitrate-N is 11 mg/l. Regarding the Department of Water Affairs and Forestry 

(DWAF) limits for livestock watering (DWAF, 1996), B and NO3
- have a limit of 5 mg/l and 22 mg/l, 

respectively. Thus, the leachate concentration of NO3
- transgresses both these limits, while B does not. It 

should be noted that the integrated water use licence (IWUL) for the mine, also stipulates resource water 

quality objectives (RWQO) which must be adhered to for compliance purposes, however, this was not 

made available for this study. It therefore cannot be determined if the B concentration of 1.6 mg/l 

transgresses the IWUL RWQO.  

The 2019 geochemical assessment was followed by a groundwater study undertaken by Company B (2021), 

in light of the integrated Environmental Authorisation (EA) required at the time. Two potential impacts 

were identified in this study ð the first being a cone of drawdown developing due to pumping and mining 

in the pit and the second being groundwater contamination from mining and associated activity on the 

surface.  Mitigation measures were provided for all phases of the mineõs life cycle in this regard.  

Many years ago, Company C (2003) carried out a geochemistry study considering the study site, in addition 

to adjacent mining operations in the area. The study included x-ray fluorescence (XRF) on the Ongeluk 

Formation as well as the Hotazel Formation. The findings for the Ongeluk Formation were low Silica 

Dioxide (SiO2) and the presence of calcareous minerals in the samples. Analyses of a blast sample from the 

Hotazel Formation confirmed a high manganese content, which was expected since the samples was taken 

directly from the manganese ore. The same company was commissioned by the mine in recent years to 

update the geochemical assessment, this time with a focus on the WRD (Company C, 2020). The results 

showed that < 0.3 % of the WRD sample were constituted by sulphide minerals. The analyses provided 

insight into the chemical composition of the WRD.  

Company D (2022) provided a technical report based on drilling and testing of boreholes at the study site. 

The drilling aimed to expand the water monitoring network for the site, and pump testing as well as water 

sampling aided in understanding aquifer characteristics for the various geological units intersected. In 

addition, laboratory results from water sampling showed Fe(III) in elevated amounts in the form of Fe2O3 

ð among other factors, indicating that the aquifer was likely an oxidizing environment.  

Therefore, one of the research gaps addressed in this study is to understand how the geochemical source 

terms defined for a WRD in a manganese mine can move in the form of a contaminant plume. This is 
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based on the source term concentrations for B and NO3
-, as determined in the geochemical assessment 

(Company B, 2019). The second gap is determining the mechanisms of groundwater flow which can 

influence the way the contaminant plume migrates. Finally, the third gap assesses the geochemical reactions 

related to the contaminant transport.   
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Chapter 3: Methodology  

3.1 Introduction  

The simulation of groundwater flow and mass transport is complex by nature, and various inputs are 

required. These range from climatic factors such as rainfall and evapotranspiration, to aquifer 

characteristics, described by hydraulic conductivities, geochemistry, specific storage, etc. Thus, this chapter 

details the different components factored into the conceptual and numerical model, as well as the respective 

methodologies.  

3.2 Site description  

3.2.1 Location  

The mine site is in the region of Hotazel, within the Northern Cape province of South Africa (Figure 3-1). 

Due to the non-disclosure agreement with the mine for this research project, the exact location has been 

omitted. The area mainly services surrounding manganese mines which extract ore from the Hotazel 

Formation within the KMF. Farming makes up the second biggest economic activity in the area, as sheep 

and cattle farming is a popular agricultural prospect in this setting. Second to mining, this has been the 

mainstay of the local economy for many years, without many changes to land use activities.  

 

Figure 3-1: Location of the study area 
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3.2.2 Catchment and drainage  

The study site is located within the Lower Vaal Water Management Area (WMA) in the Northern Cape 

Province (Figure 3-2). The Vaal River system is divided into 3 catchments, where the Lower Vaal WMA is 

sensitive to activities and water management in the Middle Vaal and Upper Vaal WMAs.  

The Upper Vaal WMA flows into the Middle Vaal WMA which flows into the Lower Vaal WMA. From 

the Lower Vaal, surface water feeds into the Lower Orange WMAs that eventually discharges into the 

Atlantic Ocean at Alexander Bay, bordering South Africa and Namibia. The catchments have an 

interconnected nature, thus activities in each of them have a further reaching impact.  

The entire quaternary catchment in which the mine is situated has a net mean annual run-off (MAR) of 

more than 6 000 000 m3 (DWS, 2012). The mine itself is in the vicinity of minor rivers which form part of 

the tributaries feeding the Lower Vaal WMA. Due to the semi-arid nature of the region, these rivers systems 

are non-perennial in character.  

 

Figure 3-2: Topography and drainage of the study area and surrounds 

3.2.3 Topography and Land Use 

The terrain of the area is relatively flat and gently slopes towards the west. There are no characteristic 

topographical features. Thus, the topography has played a role in creating an environment where vegetation 

is sparse. Most of the study area and surrounds have been affected by farming but more significantly, 
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disturbed by intensive mining activities. WRDs, TSFs, and open pits have resulted in alteration of the 

natural topography of the area (Figure 3-2) 

3.2.4 Climate  

3.2.4.1 Temperature and Rainfall 

The study area is characterised as a semi-arid region making it a semi-desert environment. Summer months 

(i.e., December to February) is when the region experiences most of its rainfall. Furthermore, an average 

high of 32.2 ̄ C is typical during the same period. The study area receives mean annual precipitation (MAP) 

of 343 mm, making it one of the driest quaternary catchments in the WMA. Rainfall is measured monthly 

on site and Figure 3-3 represents long term trends (i.e. 1991 to 2021).  

Winters are cold and dry, averaging a low of 2.5 C̄ in July (Figure 3-3), per Climate-data.org (2024).   

 

Figure 3-3: Mean average monthly temperatures and precipitation for the study area over a 30-year period 
(i.e., 1991 to 2021) 

3.2.4.2 Evapotranspiration  

When water changes phase from a liquid to gas, the concept can be described by the process of 

evapotranspiration. Within the region, between 70 to 80 % of potential sunshine hours can be expected 

year-round, which when considered with other climatic data, results in relatively high average potential 

evaporation rates, i.e., 2 276 mm occurring on average annually (Company A, 2021). Further, based on the 

site characteristics and information obtained from WaPOR (2023), the actual evapotranspiration for the 

site is 120 mm/a. A considerable amount of water is expected to be captured on the mine site during 

occasional heavy rainfall, either in the pit ð which is later pumped out, or through the rest of the site where 

it eventually flows into stormwater features. This water therefore does not contribute to actual 

evapotranspiration. This is expected as the mine is deemed disturbed land.  
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3.2.5 Geology  

3.2.5.1 Regional geology  

The topography in Figure 3-2 is based on the geology of the Griqualand West basin in Figure 3-4. The 

Griqualand West basin in the study area is constituted by the Transvaal Supergroup, formed in the early 

Proterozoic eon, approximately 2 669 ±  5 Ma (Gutzmer and Beukes, 1998). Further, the supergroup itself 

is estimated to have a thickness of 8 km, having formed in an ancient shallow sea. The formations of the 

Transvaal Supergroup are within the Griqualand West basin and are gently folded in nature due to the 

various deformation events undergone between > 2 500 Ma and 1 100 Ma.  

The Transvaal Supergroup is made up of a sequence of basal carbonate rocks, which lie beneath extensive 

and economically valuable layers of manganese and Banded Iron Formations (BIFs). Shales and quartzites 

of the Olifantshoek Supergroup overlie the Transvaal Supergroup. The Olifantshoek Supergroup is overlain 

by Dwyka Formation which forms the basal part of the Karoo Supergroup. Table 3-1 sequentially shows 

the geological formations relevant to the study area. The Hotazel Formation is the actively mined formation 

due to the occurrence of the three ore bodies (see Section 3.2.5.2). Figure 3-5 shows a simplified regional 

cross section of the basin, graphically depicting the unconformities noted below.  

Table 3-1: Geological formations within the study area 

Supergroup Group Formation Geological description 

 Kalahari Group  
Kalahari sands, calcrete, clays 

& gravel beds 

Kalahari unconformity 

Karoo Supergroup   Dywka tillite 

Dwyka unconformity 

Olifantshoek 

Supergroup 

 Lucknow Formation White ortho-quartzite 

 Mapedi Formation 
Green, maroon and black 

shales and quartzites 

Transvaal 

Supergroup 

Postmasburg 

Group 

Voelwater 

Subgroup 

Mooidraai 

Formation 
Stromatolitic dolomite, chert 

Hotazel 

Formation 

Banded ironstone (upper) 

Upper manganese ore body 

Banded ironstone (middle) 

Middle manganese ore body 

Banded ironstone (middle) 

Lower manganese ore body 

Banded ironstone (lower) 

Ongeluk Formation Andesitic lava 
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Figure 3-4: Regional geological setting of the study area 

 

 Quartzite,  Argillites,  Mafic lava,  Acid lava,  Mafic tuffs and lava,  Diamictite, 

 Oolitic carbonate,  Cryptalgal laminated carbonates,  Clastic-textured carbonates,  Iron 

formation,  Ironstone,  Unconformity,  Chert-free dolomite with giant mounds,  Cherty 

stromatolitic dolomite,  Basement rocks 

Figure 3-5: A simplified depiction of the Transvaal supergroup in a SW-NE direction (i.e., Prieska to 
Thabazimbi), adapted from Cairncross and Beukes, 2013).     
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3.2.5.2 Local geology  

The KMF, which constitutes the worldõs largest manganese ore deposit, accounting for approximately 80 % 

of global manganese reserves, exists in three units interbedded with iron formation, i.e., upper manganese 

ore body, middle manganese ore body and lower manganese ore body as mentioned in Table 3-1. The 

extent of the KMF is far reaching, as seen in Figure 3-6, where a number of mines have been commissioned.  

 

Figure 3-6: The extent of the KMF showing the localities of major stratigraphic formations, key structural 
aspects and a few mines (taken from Astrup and Tsikos, 1998) 

Within the KMF there are three types of manganese ores:  

¶ Mamatwan-type, a low-grade ore with manganese content 20 ð 38 wt % (Taljaart, 1982). The main 

constituents of this type of ore are hematite, hausmannite, fine-grained braunite and kutnohorite.  

¶ Wessels-type, a high manganese grade with content 42 ð 60 wt %. This ore is confined to the north-

eastern area of the KMF, which is heavily faulted. As this ore is a primary alteration product of 

Mamatwan-type ore, the minerals forming part of it includes braunite, braunite-II, hausmannite, 

bixbyite and manganite among others.  

¶ High-grade supergene, an ore comprised of approximately > 40 wt % manganese (Du Plooy, 2002). 

The high-grade supergene type ore is located below the Hotazel-Kalahari unconformity and is 

composed of Mn4+ oxyhydroxides with lesser amounts of manganomelane.                                                                                                                                 
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At the study site, the lowest grade ore is mined (Figure 3-7) and is the least altered as well as the most 

carbonate rich ore from all the types making up the KMF. At the mine, the thickness of the lower 

manganese ore body is approximately 47 m (Vafeas, 2018). The lower manganese ore body is much more 

economically viable than the upper manganese ore body, due to it being thicker, highly mineralized and 

gradually dipping towards the north-west. Where the Olifantshoek Supergroup is overlain by Dwyka 

Formation, at the mine, this consists of tillite (diamictite) which is covered by sands, claystone and calcrete 

of the Kalahari Group. Unconsolidated quaternary Kalahari sands cover most of the area, as shown in 

Figure 3-4.  

 

Figure 3-7: Mined out manganese ore from the area showing quartz veins 

3.2.6 Structural geology  

The region is structurally complex, largely due to the intensive deformation events that took place between 

> 2 500 Ma and 1 100 Ma (Figure 3-8). The most significant of structures, is the Wessels-Nõchwaning 

Graben that extends in a north-south direction across the Wessels-type and Mamatwan-type ores. Further 

significant structures include the regional Black Ridge Thrust Fault, which has become stratigraphically 

duplicated due to thrusting (Cairncross and Beukes, 2013).  At another mine in the area, nappe and 

recumbent folds are evidence of this regional fault, along with other localised structures.   

Structural deformation is highly variable in the area and is more significant north of the mine site, 

particularly pronounced in a north-south orientation and believed to have been developed by extensional 

stresses. Company A (2021) reported a sill on the adjacent property to the study site, which appears to sub-

crop and potentially extend with a constant thickness towards the study site. According to the Company A 

(2018), the sill material appears to have similar characteristics to the older Ongeluk Formation, although it 

can at times be distinguished based on colour, feldspar shape, and the apparent absence of augite. When 

drilled using the rotary air percussion method, the sill was generally found to be resistant to drilling, and in 

most instances, fresh throughout. The observed core obtained from diamond drilling was typically 

unfractured, with rare fractures typically filled with secondary minerals.  
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Figure 3-8: Structural geology across the KMF in relation to the various types of manganese ore (after 
Vafeas et al., 2018) 

3.2.7 Hydrogeology  

3.2.7.1 Aquifer type and potential  
Regionally, the area is made up of minor and poor aquifers, with major aquifers further east (Figure 3-9). 

According to WRC (1998), a major aquifer is defined as hosting highly permeable formations with a known 

or probable presence of significant fracturing. A minor aquifer is described as fractured or potentially 

fractured rocks which do not have a high primary permeability, and a poor aquifer is characterised by 



 
 

34 
 

formations with negligible permeability and generally regarded as not containing groundwater in exploitable 

volumes. The classification is high level and is largely linked to the underlying geological formations.   

 

Figure 3-9: Aquifer classification of the study area  

Further, the site is classified as an intergranular and fractured aquifer with a regional yield of between 0.1 ð 

0.5 L/s (Figure 3-10). Thus, the aquifer potential is generally low. It should be noted that these ranges are 

compiled from large datasets and yields out of this range are also possible. Areas further north and east of 

the site have better aquifer potentials, i.e., 0.5 ð 2 L/s.  
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Figure 3-10: Aquifer type and yield map for the study area  

The mine is underlain by a shallow, primary Kalahari aquifer which is unconfined, as well as by a deeper 

fractured Hotazel aquifer. Based on studies undertaken by the mine, it is apparent that the following two 

zones exist:  

¶ Upper unsaturated zone  

From a groundwater risk assessment conducted by the mineõs subconsultants, it was understood 

that the depth of the unsaturated zone is approximately 45 m. The unsaturated zone lies within the 

Kalahari Formation and consists of sand, clay and limestone. 

¶ Lower saturated zone  

The following four aquifers are present: 

o Ongeluk Formation: the older geological formation, it is primarily associated with 

weathered horizons and zones adjacent to regional structures. This formation is not 

preferred for water supply due to its relatively low yield.  

o Hotazel Formation: typically has a higher yield in the KMF, with the groundwater stored 

in voids which developed following bed separation, within faults and periphery fractures, 

and along the dolerite dykes that have partially filled regional faults. The formation is 

regarded as semi-confined on the mine prospects where it sub-crops at shallow depth. The 

higher aquifer yields are associated with the preferentially fractured, brittle BIFõs adjacent 
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to regional faults. However, with increasing depth, the Hotazel Formation aquifer can be 

confined, particularly when the overlying Kalahari Formation contains thick inter-beds of 

highly plastic red clay as observed along the southern edge of the mine property.   

o Mooidraai Formation: a dolomitic aquifer known for its high yielding characteristics (i.e., 

> 10 L/s) (Company B, 2021). There is no current evidence to imply that the formation 

has been recharged in recent years.   

o Kalahari Formation: regionally, this formation acts as a semi-confined aquifer hydraulically 

connected to aquifers in underlying formations at those sites where extensive red clay or 

clay-bearing Dwyka Formation beds are absent. While the aquifer is generally more porous 

than other site aquifers, the characteristic of the aquifer differs from site to site, thus yields 

vary significantly spatially. A paleochannel deposit has been identified to the north of the 

site, containing significant quantities of groundwater, however, this aquifer contains high 

NO3
- concentrations and therefore is not a preferred groundwater resource.                                                                                                                                                                                                                                                                                                                     

3.2.7.2 Groundwater levels  
Recent groundwater monitoring results obtained by the mine (December 2022) indicate that dewatering is 

occurring due to the open cast pit. The dewatering cone of the pit is most pronounced in the north to 

north-west of the site. Timeseries data (Figure 3-11) from 2002 show a variety of groundwater trends over 

time, namely stable, increasing water levels and decreasing water levels. The decrease in water levels (i.e., ~ 

20 m) is largely due to dewatering activity within the mining pits, which became more frequent in the latter 

years of mining operations.  

 

Figure 3-11: The groundwater level elevation (mamsl) timeseries for monitoring boreholes at the mine site 

3.2.7.3 Groundwater quality  

In terms of regional groundwater quality, the Department of Water Affairs (1999) has mapped the area 

mainly as having electrical conductivity (EC) between 70 ð 300 mS/m, which indicates slightly saline 

groundwater (Figure 3-12). Large areas to the east and west of the site have been mapped with an EC range 



 
 

37 
 

of between 0 ð 70 mS/m which is described as freshwater, ideal for domestic use in terms of EC. The only 

poorer aquifer quality are elongated sections described by EC ranges between 300 ð 1 000 mS/m.  

The groundwater quality of the area is influenced by several factors, including but not limited to, the 

geological formations of the area, natural water chemistry, potential contamination from nearby land use 

and associated groundwater management practices and water table fluctuations, among others.  

 

Figure 3-12: Groundwater quality map of the study area 

3.2.8 Geochemistry  
A geochemical study was undertaken by Company C (2003), where XRF was conducted on the following 

formations:  

¶ Ongeluk Formation 

o A debrite sample (lithology comprising lenticular and, in some cases, brecciated chert 

deposits within a dolerite-type matrix) indicates low Silica Dioxide (SiO2), relatively high 

Iron (III) Oxide (Fe2O3) indicating the debrite is mafic. Loss On Ignition (LOI) is relatively 

high, also indicating the presence of calcareous minerals in the samples; 

¶ Hotazel Formation  

o A blast face sample was obtained from the mine where a high manganese concentration 

was observed, as the sample was taken from the manganese ore. 
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3.3 Data collection  

Most of the input data were sourced prior to the research being undertaken, as part of the mineõs operational 

and compliance needs. This was in the form of regulatory environmental procedures, i.e., Environmental 

Impact Assessments (EIAs), their associated specialist scoping reports and regulatory compliance in the 

form of groundwater monitoring. The information used in this study was obtained from the mine as well 

as publicly available reports, including baseline hydrogeological information, hydrocensus and 

hydrogeological reports, groundwater monitoring reports as well as waste assessment results. In addition 

to most of this information remaining private and property of the mine, the study is also undertaken with 

a non-disclosure agreement in place, thus there are no direct references to the data and/or reports used.  

The methodologies carried out followed scientifically sound and accepted protocols. The following 

protocol was followed for groundwater level and water quality sampling of monitoring boreholes:   

¶ A groundwater level measurement was taken on arrival at the borehole, with a decontaminated dip 

meter. 

¶ The borehole was then purged (three well volumes) after calculating the appropriate volume of 

water to be removed, based on the respective casing dimensions, depth, and water level.  

¶ A bailer was then lowered into the borehole and sample retrieved.  

¶ Field parameters such as EC, pH, redox, temperature and TDS was then measured with a 

multiparameter probe.  

¶ A water sample was then collected for laboratory analyses, including quality control samples. 

Samples were taken quarterly as part of the routine compliance monitoring for the mine.  

¶ The time, date, sampling location and all other relevant information were captured on the field 

sheet accordingly.  

¶ All reusable field equipment was then rinsed with de-ionized water before being temporarily stored 

away and moving to the next borehole.  

¶ After all boreholes were sampled, the appropriate chain of custody was followed in terms of 

sending in the groundwater samples to the laboratory.  

3.4 Conceptual model   

A conceptual groundwater model is a simplified version of a groundwater system where assumptions and 

hypotheses are used to develop a hydrogeological understanding of the study site. The conceptual model 

was constructed using QGIS as well as Microsoft PowerPoint software for data analysis and presentation, 

respectively.  

3.4.1 Hydrostratigraphy 
As mentioned in Section 3.2.7, minor and poor aquifer systems mostly comprise the study area. Locally, 

there are two groundwater zones. This is represented by the upper unsaturated zone which encompasses 

sand, clay and limestone of the Kalahari Formation, a total of 45 m thick and the lower saturated zone 
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which encompasses the deeper stratigraphic units before the basement. This lower saturated zone consists 

mainly of lava, iron ore, manganese ore and dolomite of the Ongeluk Formation, Hotazel Formation and 

the Mooidraai Formation. The respective units are displayed in Table 3-2.  

3.4.2 Zones of hydraulic conductivity  

The hydraulic conductivities of the different geological units were determined based on the hydrogeological 

site characteristics and site-specific data through pumping test analyses and groundwater monitoring data.  

In line with the siteõs hydrostratigraphy, two hydraulic conductivity zones were delineated - the upper 

unsaturated zone mainly constituted by sand, clay and limestone of the Kalahari Formation, and the lower 

saturated zone formed by older units, characterized by lower hydraulic conductivities. Transmissivity (T) 

for each geology layer was calculated based on the below equation:  

T = Kb 

Where:  

K is the hydraulic conductivity  

b is the aquifer thickness 

Water level measurements from 2020, suggest that the water table was approximately 1 078 mamsl, which 

lies at the interface between the two zones.  

3.4.3 Recharge  

As mentioned in Section 3.2.4.1, MAP for the area is estimated to 343 mm/a. Aquifers in general are 

commonly recharged by percolation of rainfall or precipitation through the subsurface to the groundwater 

table. The mechanisms of this action are associated with direct recharge and transmission losses during 

rainfall events.   

Given that the study area lies within a semi-arid climatic region and is overlain by a relatively thick 

unsaturated hydraulic zone, the site is not conducive to active recharge. Thus, Company A (2018), calculated 

recharge from the MAP to be in the region of 1 % to 4 %. Based on this range, an average of 2 % was 

selected for inclusion in the conceptual model.  

3.4.4 Evapotranspiration  

Since the site experiences between 70 to 80 % of potential sunshine hours all year-round, a relatively high 

average potential evaporation rate of 2 276 mm occurs on average annually (Company A, 2021). In terms 

of groundwater modelling, actual evapotranspiration is used as input to the model, as it represents the actual 

amount of water that is evaporated and transpired under current conditions.  
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Several factors influence the actual evapotranspiration of an area, namely: solar radiation, air temperature, 

wind speed, humidity, soil moisture content, depth to water table, plant characteristics, soil properties and 

land cover (Pour et al., 2020).  

However, there is evidence that the mineõs footprint has altered the areaõs hydrologic response and, 

potentially, the catchment. The development of the mine and associated surface infrastructure means that 

beneficial vegetation was replaced by impervious surfaces, reducing the site's pre-developed 

evapotranspiration and infiltration rates. Further, based on the site characteristics and information obtained 

from (WaPOR, 2023), actual evapotranspiration of 120 mm was applied to the model and only partially 

accounts for system water losses.  

3.4.5 Conceptual model construction  

The conceptual model was developed within Microsoft PowerPoint after the mining contours were refined 

with GIS to generate a 3D image of the mining pit and adjacent WRD. 

Contour data (20 m) from year 2020 (i.e., the start of mining) were used to generate a DEM of the mine 

(Figure 3-13). Given that the pit bottom forms the deepest mined layer at the time, and the WRD depicts 

the highest elevation on site, it was deemed appropriate to intersect these features for the conceptual model 

(see cross section line A-B).  

The profile obtained is illustrated in Figure 3-14 showing a depth of 982 mamsl at pit bottom and 

1 148 mamsl at the top of the eastern WRD. The profile provides insight into the mining pit as well as the 

scale of the WRD in relation to the pit. It should be noted that there is a vertical exaggeration factor of 1.5 

in the conceptual model.  
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Figure 3-13: DEM of mining year 2020, showing cross section line upon which the conceptual model is 
based 
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Figure 3-14: Cut cross section of the DEM used in the conceptual model 

Following the creation of the profile, the geological sequence as well as associated depths were ordered and 

appropriately represented within the model, respectively. Aquifer units were then defined based on 

hydraulic properties of said units (Table 3-2) and represented within the model.    

Table 3-2: Table of hydraulic properties associated with the site geology 

Geology 
Hydraulic 

Conductivity: 
K (m/d)  

Transmissivity: 
T (m2/day)  

Specific Storage:  
SS (m-1) 

Hydraulic 
unit 

Kalahari Group Calcrete 0.005 0.1 0.001 

Upper 
unconsolidated 

aquifer 

Kalahari Group Sand 0.01 40 0.001 

Kalahari Group Conglomerate 0.05 20 0.005 

Dwyka Group Diamictite 0.001 0.2 0.0001 

Lower 
fractured 
aquifer 

Mooidraai Formation 
Dolomite 

0.009 2 0.001 

Manganese Ore body 0.0008 0.2 0.0001 

Hotazel Formation Banded 
Ironstone 

0.008 0.2 0.0001 

Ongeluk Formation Lava 0.0001 0.0025 0.0001 Basement 

 

Other factors discussed previously, that critically affect the groundwater system were then included, namely: 

evapotranspiration, groundwater recharge, general direction of surface water run-off and groundwater 

baseflow. Surface water was accounted for by considering the estimated recharge applied to the model. 

Baseflow is not explicitly calculated within the conceptual model, however the model structure makes 

allowance for baseflow through the hydraulic parameter inputs.    

A 

B 
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3.4.6 Conceptual Model  
Figure 3-15 presents the conceptual hydrogeological model developed for the site. As previously 

mentioned, the model is based on the contour data of 2020, i.e., the start of mining for the purposes of the 

model.  

3.4.6.1 Aquifer types and characteristics 
The model consists of an upper unconsolidated aquifer made up of the younger Kalahari Group and a 

lower fractured aquifer which overlies the basement. The local water table is approximately 1 078 mamsl, 

at the interface between the Kalahari Group Sand and Kalahari Group Conglomerate, due to the higher 

transmissivity of the upper unconsolidated layers.  The conglomerate with a hydraulic conductivity of 0.05 

m/day is the last geological unit of the upper unconsolidated aquifer, before water enters the lower fractured 

aquifer. The first unit of the lower aquifer is the Dwyka Group Diamictite with a lower hydraulic 

conductivity of 0.001 m/day. Thus, seepage below this level in the pit is expected to be active and water 

would be pumped out of the pit.  

3.4.6.2 Sources and sinks 
Groundwater baseflow and surface water runoff is expected to enter the mine site from the higher elevation 

in the south-east and exit the site at the lower elevation in the north-west. Surface water was accounted for 

through the estimated recharge applied to the model. Baseflow is not explicitly calculated within the 

conceptual model, however the model structure makes allowance for baseflow through the hydraulic 

parameter inputs. Based on the low MAP for the region, recharge of groundwater is expected to be very 

low in this respect (i.e. 2 %). Further, despite the mineõs footprint and disturbance of natural ground surface 

the evapotranspiration is expected to be minimal at approximately 120 mm/a, according to the WaPOR 

(2023) database.  

Based on the above hydrogeological understanding of the study site, the conceptual model is deemed a 

reasonable representation of the groundwater system 
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Figure 3-15:  Groundwater conceptual model for the study site
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3.5 Numerical model building methodology  

3.5.1 Selection of modelling code  

FEM was selected for the modelling undertaken, using FEFLOW software version 8.0 (update 2) by DHI-

WASY (Diersch, 2014). The code is globally accepted, and an industry standard modelling tool widely used 

in mining and environmental applications. FEFLOW handles a broad variety of physical processes for 

subsurface flow and transport modelling and simulates groundwater level behaviour indirectly by means of 

a governing equation that represents the Darcy groundwater flow processes that occur in a groundwater 

system. The added advantage of using FEFLOW is it allows for a more accurate representation of complex 

geology, mine pit geometries and other features.  

In the FEM, the problem domain is subdivided into elements that are defined by nodes. The dependent 

variable (e.g., head) is defined as a continuous solution within elements in contrast to the FDM method 

where head is defined only at the nodes and is considered piecewise constant between nodes. The FEM 

solution is piecewise continuous, as individual elements are joined along edges.  

FEFLOW provides multiple iterative and two direct equation solvers. By default, the software uses iterative 

solvers as they are suited for problems of arbitrary size. Separate iterative solver types can be selected for 

the symmetric (flow) and unsymmetric (transport) equation systems.   

3.5.2 Model Domain 

The delineation of the model domain included a deep understanding of the hydrogeologic system and the 

local topography. As such, the model domain was selected given the local topography and the sub-

catchments identified on the topographic data. The western model boundary was chosen as a specified head 

boundary, where groundwater flow in- and out- the model domain is permitted during predictive 

simulations.  

The other boundaries are deemed òno-flowó boundaries and broadly represent water divides along the 

higher elevation in the area. The north-eastern boundary was also included as a òno-flowó boundary as it 

delineates two sub-catchments, to the north and south, where the mine is located.  

The model domain determined far enough from the study area, covers a complex mining area, with several 

open pit mines being present in proximity. From a groundwater flow point of view, all these mines could 

potentially have a cumulative effect on groundwater flow however this is heavily dependent on the 

individual activities taking place on each site. Due to a lack of permission in terms of data, the surrounding 

mines and associated potential impacts have not been taken into consideration.  

3.5.3 Pre-processing of data  

Topographic twenty-meter contour line data for the area were analysed in QGIS and later clipped to the 

model domain (Figure 3-16). These clipped contour data were then used to generate a digital elevation 

model (DEM) for the model domain (Figure 3-17). The DEM was interpolated using the Inverse Distance 
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Weighting (IDW) method, which uses a weighted average to determine elevation values for unknown 

elevation points between known elevation points ð this in turn provides a smooth elevation surface that 

aligns with the concept that closer points in the DEM likely share similar elevations. Given that the 

topography consisted of even data distribution (twenty-meter contour lines), IDW was deemed appropriate 

and provided a good visual representation of the siteõs topography.   

 

Figure 3-16: The use of a buffer (green) to clip contours (orange) within the model domain (red) 

 

Figure 3-17: DEM of the model domain showing higher elevation in red and lower elevation in pale blue 

Further processing was required in QGIS, in the form of re-digitizing of the contours relating to the mining 

itself (Figure 3-18). This is due to the original contours having many vertices which would translate into an 

excessive number of elements within the FEM, thereby creating a large and unnecessary delay in processing 

and simulation of the model. The re-digitization therefore, simplifies the data and allows for efficient use 
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within FEFLOW. The simplification of contours was completed for the following years of mining: 2020, 

2022, 2024, 2026, 2028, 2030, 2032, 2034, 2036 and 2037.  

 

Figure 3-18: Reduced vertices visible on a contour shaping the pit in year 2024 of mining  

From elevation data, the mining operations, i.e., deepening of the pit and expansion of the WRD is evident 

between 2020 and 2037 (Figure 3-19). The pit, at the lowest elevation, progresses in the north, deepening 

over time in the north-west area of the mine (seen in blue). While the WRD (in red), largely develops to the 

south of the mine and to a lesser extent, to the east. As the pit deepens, the water table becomes further 

exposed. Thus, the pit should infill, and pumping water out of the pit becomes necessary to secure dry 

mining operations within the pit. 
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Figure 3-19: Changes in the pit area and depth and WRD from 2020 to 2037 as mining progresses



 
 

49 
 

3.5.4 Model construction  

The various components part of the mining operations, i.e., WRD, elevation of the mining pit every two 

years, boreholes, etc. were digitized within FEFLOW. The digitized components were then used to create 

a 2-D supermesh, which is a finite-element mesh in FEFLOW. The mesh was generated using the triangle 

meshing method (Figure 3-20). Triangles were selected for the meshing due to its suitability for complex 

geometries as well as speed at which it generates the mesh. This is especially useful in cases where there are 

many nodes at this stage of the model which generates an element-heavy mesh.  

 

Figure 3-20: Digitized features and mining contours by year (left) and zoomed in supermesh generated in 
FEFLOW (right) 

Based on the geological stratigraphy within the open pit (Table 3-3), a thirteen-layer model was constructed 

(i.e., fourteen slices in FEFLOW). The elevations ranged from 1 220 mamsl at the highest elevation in the 

north-east and 550 mamsl at the lowest elevation in the west (Figure 3-21). In terms of the geology, layer 1 

to 8 are overburden layers (1 080 to 940 mamsl), while layer 9 (940 ð 920 mamsl) contains the manganese 

ore layer. Layer 10 to 13 (920 ð 650 mamsl) represent non-mining layers, with the Ongeluk lava forming 

the basement. Considering both horizontal and vertical discretization, the model consisted of a total of 

368 662 mesh nodes and 683 410 mesh elements.  
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Figure 3-21: Vertical discretization showing elevation differences with layer depths 

Appropriate aquifer parameters, such as hydraulic conductivity (K), were assigned to each of the model 

layers. While hydraulic conductivity varies between geological units, it also varies in directions and is 

influenced by a combination of factors, namely, grain size, sorting, porosity and viscosity. Hydraulic 

conductivity in the horizontal direction (Kh), vertical direction (Kv) as well as specific storage (Ss) were 

determined through pumping test analyses previously undertaken when boreholes were drilled and yield 

tested in accordance with SANS10299: Part 4 ð Test-pumping of water boreholes (SANS, 2003). Pumping 

tests provide insight into how the aquifer responds to pumping, thereby providing insight into the way 

water moves through the geological layer at a set depth and at a predetermined rate and duration.  

The K determined for the geological formations were calculated within the specialised software AquiferTest 

(Waterloo Hydrogeologic, 2020). The software uses statistical methods and mathematical formulas to 

determine aquifer parameters, based on the yield test data. Kx was determined as . Ss is a measure of the 

aquifer's ability to release water due to the compressibility of the water and the aquifer matrix. The analyses 

were undertaken as part of a previous study (Company D, 2022) and not discussed in further detail here. 

The longitudinal dispersivity used was 5 m, and transverse dispersivity 0.5 m, in line with the geological 

characteristics of the site.  
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Table 3-3: Aquifer parameters based on stratigraphy from model construction at respective depths 

Layer 
no. 

Layer (m) Stratigraphy 

Colour per 
conceptual 

model 
(Error! 

Reference 
source not 

found.) 

Aquifer parameters  

Kh 

(m/day)  
Kv 

(m/day)  
Ss  

(m-1) 

1 

1 080 ð 1 060 Kalahari ð Sands   

  
  
  
  

0.5 0.05 0.001 

2 0.01 0.001 0.001 

3 1 060 ð 1 040 Kalahari ð Calcrete  
  
  

0.005 0.0005 0.001 

4 1 040 ð 1 020 Kalahari ð Sands  
  
  

0.01 0.001 0.001 

5 1 020 ð 1 000 
Kalahari ð Clay, 
Conglomerate  

  
  

0.05 0.005 0.005 

6 1 000 ð 980  Dwyka ð Diamictite  
  
  

0.001 0.0001 0.0001 

7 980 ð 960  Mooidraai ð Dolomite  
  
  

0.009 0.0009 0.001 

8 960 ð 940  Hotazel ð BIF  
  
  

0.008 0.0008 0.0001 

9 940 ð 920  Mn ore layer, UG 
  
  

0.0008 0.00008 0.0001 

10 920 ð 900  Hotazel ð BIF  
  
  

0.008 0.0008 0.0001 

11 900 ð 800  Ongeluk Lava 
  
  
  
  
  
  

0.0001 0.00001 0.0001 

12 800 ð 750   Ongeluk Lava 0.0001 0.00001 0.0001 

13 750 ð 650  Ongeluk Lava 0.0001 0.00001 0.0001 

Kh: Hydraulic conductivity in the horizontal direction, Kv: Hydraulic conductivity in the vertical direction, Ss: Specific storage.  

Figure 3-22 presents a view of the model in FEFLOW, showing Kh values assigned to each of the model 

layers. From the image, it is apparent that Kh decreases with depth, which corresponds with the increasingly 

competent nature of the geological units deeper down in the sequence.  
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Figure 3-22: A 3-D view of the model showing various Kx values (i.e., Kh) by layer 

Nodes in slice one were selected and then brought into GIS, where elevation from the DEM (Figure 3-17) 

was merged with the nodes to create an elevation shapefile. This shapefile was applied to the model on slice 

one, forming the surface of the model. Further elevation shapefiles which account for the elevation change 

every two years from 2020 were also developed and brought into FEFLOW. These elevation shapefiles 

formed the basis of the time-series layers that were assigned thereafter.  

Hydraulic head boundary conditions were assigned to nodes in the pit at the respective mining years and 

seepage nodes were then assigned. Seepage nodes in the model are nodes that become active for a specified 

time in the simulation and allow water to be removed through the pit. As mining takes place, more of the 

ground surface area and depth, become exposed to the surface and thus serve as seepage pathways. Since 

the mining progression available for the study was in two-year intervals (see contours in Figure 3-20), 

seepage nodes were assigned to the model slices accordingly. In this way, the time-series was built, i.e., for 

the seepage nodes assigned to mining slices in 2020, it was active from day 0 to day 36 500, and so forth. 

Figure 3-23 shows the seepage nodes assigned to the model in (a) plan view for slice one and (b) in section 

view showing seepage nodes with depth in the mining pit.  
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Figure 3-23: Hydraulic head boundary conditions assigned to mining pit layers and associated seepage nodes 
(a) showing plan view of seepage nodes in plan view; and (b) showing seepage nodes in section view 
(northwest-southeast) 

Assigning a time-series to a numerical model is important in understanding groundwater system dynamics 

within a hydrogeological setting. As such, time-series files were prepared, for each of the mining years and 

assigned to the model, essentially relaying when nodes are active and inactive in time, as described 

previously.  

3.5.5 Geochemical process  
The geochemical component was incorporated within the FEFLOW software, through defining chemical 

species and reaction.  

At the early stages of the research, it was expected that a FEFLOW plug-in called piChem would be used 

to simulate the expected geochemical processes. The piChem plug-in acts as an interface version of 

PHREEQC as a reaction engine, which furthers FEFLOWõs reaction capabilities with the full set of 

geochemical reactions within PHREEQC. Geochemical modelling through piChem would have been able 

to calculate equilibrium conditions, based on input concentrations and the defined chemical system and 

simulate geochemical reactions.  

However, as the research progressed it was understood that the use of piChem would not be suitable based 

on a few reasons, namely: the plug-in requires a highly discretized model, a great number of boreholes and 

associated data is needed as well as a complicated reaction calibration process which is data-dependant. As 

such, this method is suitable where large amounts of data are available, as the software will attempt to 

calculate reactions for each of the elements within the model domain. Based on the information available 

for the study, it would not have been possible to successfully run the geochemical analysis through this 

means.  

Water quality data from quarterly water monitoring reports show elevated Fe3+ and low S2- within the 

system. In the absence of DO or Eh, it was determined that the groundwater system was most likely an 

(a) (b) 
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oxidizing one. With a closer look at the two chemicals of concern (i.e., B and NO3
-) in an oxidizing 

environment, the constituents are not expected to be highly reactive which negates the need for complex 

geochemical reactions to be predicted.   

Therefore, within FEFLOW, transient mass transport was opted for, and chemical species were specified 

with respective reactions assigned (Figure 3-24).  In addition to transport mechanisms such as advection, 

dispersion, molecular diffusion, sorption, etc., FEFLOW can simulate simpler reactions such as degradation 

(i.e., biodegradation). This is undertaken by defining kinetics of biodegradation reactions, which involves 

specifying the rate at which contaminants degrade, for example first-order decay where the degradation rate 

is proportional to the contaminant concentration. This is the simplest method and often used when the 

limiting factors are not well understood.  

Biodegradation is especially relevant in the case of NO3
- in an oxidizing environment. However, due to the 

data not being able to confirm the degree of biodegradation experienced in the system, two scenarios were 

simulated for NO3
-., i.e., with and without biodegradation. B is also not considered highly reactive within 

the study siteõs groundwater conditions; thus, no specific reactions were added to what the mass transport 

simulation would already consider.   

 

Figure 3-24: Chemical species settings window in FEFLOW showing species with respective chemical 
reactions assigned in the scenario where NO3

- undergoes biodegradation 

3.5.6 Model calibration  

Model calibration is a process whereby input parameters of the model in steady state are continuously 

adjusted to improve the modelõs accuracy and reliability. The process is iterative and there are a few widely 
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used methods. The traditional method is a manual process, where after a single value change is made to the 

model it is run and results compared with the observed data. The process continues in this manner with 

various parameters being altered, until an error of < 10 % or a reasonably small error percentage is achieved. 

In the case of the groundwater model, computed hydraulic head values are compared with observed 

hydraulic head values. This method can be drawn out depending on the nature and complexity of the model.  

The newer method is PEST, or FePEST (i.e., FEFLOW Parameter Estimation) which is a FEFLOW-

specific software tool that streamlines model calibration. FePEST serves as a user interface for PEST which 

is model-independent and the prediction made is only one of multiple outcomes. PESTõs goal is to assess 

these uncertainties and gives an indication of the model confidence. This is carried out by directly using the 

model FEM file and automatically creating configuration files. Given that this method reduces the time of 

manual calibration and risk of human error, it was preferred over the traditional model calibration method.  

In FePEST, the parameter type could be any time-constant material and in this case hydraulic conductivities 

in all three dimensions were selected and the assignment method was made to be zonally constant.  In terms 

of regularization, Tikhonov Regularization was selected for PEST to produce numerous information 

equations which establishes the initial value of each parameter as the preferred value. This type of 

regularization lessens the amount of possible parameter sets which make up a calibrated model, to ensure 

only parameters that influence the results are varied during calibration.  

The FePEST results showed a suitable fit between the computed and measured hydraulic head values. Table 

3-4 presents the quantified calibration considering computed and measured values. The relationship 

between computed head and observed head is shown graphically in Figure 3-25. Although the Normalised 

Root Mean Square Error (NRMSE) is 14.15 %, i.e., higher than the generally accepted 10 %, it is deemed 

appropriate given the data and the site (ASTM D5490-93(2014)). The NRMSE is a universally accepted 

metric used to assess how accurate a model is, based on the predictions verse the actual observed data.  

While there could be several reasons for an elevated NRMSE, in this case it is confined to a few. The first 

reason can be attributed to limited and sparse data points (i.e., boreholes), making robust calibration 

difficult. Another reason is attributed to model complexity and the possible oversimplification of the 

groundwater system and site based on data provided. Furthermore, there could be missing processes 

brought on by potential groundwater interference from other mines within the model domain. If pumping 

was taking place at even one of these sites, it could possibly influence the calibration for the study site mine. 

Due to permissions, these mines were not incorporated in any way into the model. Lastly, spatial variability 

in terms of aquifer parameters and boundary conditions have the potential to hinder calibration. Due to 

the limited amount of data available for the study, it is not possible to confirm how significant spatial 

variation could be within the model domain.  
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Table 3-4: Summary of model errors for the simulated and observed hydraulic heads 

Name 
Observed Head 

(mamsl) 
Computed Head 

(mamsl) 
Head 

difference 
Head difference 

squared 

BH4 1 087.83 1 086.31 1.52 2.31 

BH5 1 084.99 1 085.50 -0.51 0.26 

BH6 1 083.79 1 084.67 -0.88 0.78 

BH7 1 077.55 1 081.82 -4.27 18.24 

BH19 1 092.54 1 093.50 -0.96 0.92 

RMSE 2.12 % 

NRMSE 14.15 % 

 

 

Figure 3-25: Steady state calibration computed head vs observed head.  

Based on the results from FePEST, three distinct recharge classes were also discovered in the calibration 

process (Figure 3-26). Recharge is greatest in the higher elevation area situated in the south-east section of 

the domain (5.98e-05 m/day), with an intermediate zone of approximately 1.85e-05 m/day and most of the 

domain is assigned a much lower recharge of 7.48e-07 m/day. The three recharge zones are further displayed 

monthly, over the period of 1 year in Figure 3-27. The model therefore used these recharge zones cyclically 

in the 100-year simulation period, which were assigned through time series.  
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Figure 3-26: FePEST determined recharge classes (m/day) overlayed with the mine pit (yellow) and WRD 
(blue) 

  

Figure 3-27: Graphical representation of one year of recharge for the three recharge classes determined 
through FePEST 

Day 
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Groundwater quality could not be calibrated mainly due to the unfavourable borehole locations as well as 

a lack of sufficient data to make calibration meaningful. The current network of boreholes on the study site 

is largely concentrated in the southeastern areas of the site, thereby reflective of upgradient pit and WRD 

conditions. There is a lack of boreholes in the northwestern areas, i.e., downgradient of the mining pit., 

which makes groundwater quality calibration challenging. Additionally, only a few boreholes form part of 

the mineõs monitoring network, with boreholes further afield being privately owned and inaccessible for 

frequent monitoring.  

To this end, the model relied on the groundwater flow calibration and assumes that the advection transport 

mechanism reasonably accounts for the groundwater chemistry. This approach is deemed appropriate given 

that the groundwater flow component of the model was calibrate under steady state conditions only (see 

Figure 3-25) and that the contaminants were simulated in non-reactive mode. Thus, chemical reactions that 

have the potential to alter the form and mobility of contaminants did not form part of the simulations.  

3.5.7 Predictive scenarios 

Two predictive scenarios were simulated for the numerical flow and mass transport model. In Scenario 1, 

together with groundwater flow, B and NO3
- were simulated for 100 years with no biodegradation occurring 

with respect to the NO3
-. The simulation period started at year 2020 and ended by 2120. Scenario 2 followed 

the same structure; however, NO3
- was simulated with biodegradation occurring.  

According to the geochemical study done for the site (Company B, 2019), the modelled source term 

concentrations of B and NO3
- were 1.6 mg/l and 18.55 mg/l, respectively. Thus, these were the initial 

concentrations input into the model and applied to the WRDs. In the absence of groundwater quality 

calibration, the model relied on the mechanism such as advection in FEFLOW to account for the 

movement of chemical constituents within the groundwater system. Given that the groundwater flow 

component was calibrated, this approach was deemed reasonable.  

The preferred closure option for both scenarios is the formation of a pit lake in terms of the mining pit. At 

the end of mining, i.e., 2037, there will be no further pumping of water out of the pit, and it will be allowed 

to naturally fill with groundwater and direct precipitation.  

The model was converted to transient at this point and a time series assigned to each mining layer per year. 

Time series were developed for three aspects ð namely ð seepage nodes within the pit (Figure 3-28) assigned 

to pit nodes, recharge zones per the calibration results assigned to corresponding elements, and 

contaminant concentrations assigned to the WRD as it progresses (i.e. 1.6 mg/l of B and 18.55 mg/l of 

NO3
-). Seepage and contaminant concentrations were seen as continuous sources of contamination and 

assigned using boundary conditions. In the case of seepage, the nodes of these boundary conditions remove 

water from the model during the specified period in the time series, as mentioned previously.  

Like the way the seepage nodes were assigned in the pit, the contaminant concentrations followed suit with 

the WRD. The contaminant time series was built based on the elevation changes in the WRD every two 
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years, from 2020 to 2037. As mining progresses, and the pit changes, so does the WRD. Thus, the WRD 

was made active from day 0 to day 36 500 for nodes in slice one. Thereafter, the additional section of WRD 

represented by a change in elevation, was assigned as the next item in the time series, i.e., active from day 

730 to 36 500, and so forth. Figure 3-28 (a) shows the contaminant time series on slice one and (b) shows 

the area in red zoomed in. The different numbers represent periods when nodes are active in the time series.   

   

Figure 3-28: Nodes representative of contaminant boundary conditions within the WRD to which time 
series were assigned, (a) plan view in slice one with red indicating the zoomed in area shown in (b). time 
series numbers shown on each node associated with the boundary condition.  

 

(a) (b) 
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Chapter 4: Results 

The results of the numerical model are presented in this chapter. The chapter focuses on the flow and mass 

transport components of the numerical model in relation to the scenarios simulated. The two chemicals of 

concern which were assigned to the WRD as it progressed with mining, were B and NO3
-. The NO3

- plume 

was simulated both with and without the geochemical process of biodegradation in two different scenarios.   

4.1 Hydraulic head response to mining 

Figure 4-1 shows the hydraulic head across the domain prior to the start of mining. Hydraulic head is 

highest in the eastern corner of the model domain (i.e., 1 218 mamsl) and lowest in the north (984 mamsl). 

At this point hydraulic head is not influenced by mining operations as this would be the start of operations, 

and no pumping has yet taken place.  

 

Figure 4-1: Hydraulic head at start of mining in 2020, i.e., 0 years of mining, with general groundwater flow 
direction indicated by the arrow 
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At the end of mining ð 17 years after the start ð a significant change occurs (Figure 4-2). The hydraulic head 

in the pit goes from 1 070 mamsl to 1 020 mamsl, indicating a 50 m drawdown. Model results indicate that 

the area of influence is confined to the immediate area outside the mining area.  

 

Figure 4-2: Hydraulic head at end of mining in 2037, i.e., 17 years of mining 

In year 2070 which is 50 years after the start of mining and 33 years after it ended, water levels have started 

to recover however residual drawdown of approximately 10 m can still be seen around the mining area 

(Figure 4-3).  
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Figure 4-3: Hydraulic head in 2070, i.e., 50 years after mining started and 33 years after it ended  

In year 2120, i.e., 100 years after the start of mining and 83 years after it ended, although there is some 

recovery south-east of the pit, the approximate 10 m residual drawdown remains for the mining area (Figure 

4-4).  



 
 

63 
 

 

Figure 4-4: Hydraulic head in 2120, 100 years after mining started and 83 years after mining ended 

The changes in the hydraulic head from year 0, year 17 and year 100 are compared in section view in Figure 

4-5. A marked drop in hydraulic head around the mining area is distinct at year 17. The residual effects at 

100 years on, can still be seen. It will thus take more than 100 years for the system to fully recover (if at all).  
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Figure 4-5: Visual depiction of hydraulic head changes between 0, 17 and 100 years 
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4.2 B contamination plume  

The mass transport was simulated for 17 years from the start of operations, in terms of B at concentration 

of 1.6 mg/l. The concentration boundary conditions were applied to the WRD, and a time-series applied. 

The concentration of 1.6 mg/l was determined through geochemical modelling which formed part of the 

geochemical assessment for the WRD and site (Company B, 2019). The B has been linked with geological 

material from which the waste rock and tailings are constituted, which is assumed to be higher than the 

background B concentration of the surrounding geology within the model domain.  

The resulting plume for B after 17 years is presented in Figure 4-6. The plume moves outwards from the 

WRD in all directions and enters the pit at the highest concentration (1.6 mg/l). The plume does not 

transgress the centre of the mining pit due to active seepage inside the pit, where water exits the system. 

The reason for the concentrated plume migration beyond the WRD sites may be attributed to a number of 

factors, including but not limited to: insufficient resolution, inaccurate dispersivity value, data quality issues, 

etc.  

In the time step of 50 years after the start of mining operation, the plume is expected to travel further 

(Figure 4-7). The plume is seen extended further south as well as further west into the pit. At 100 years, the 

plume is shown to move further north and further east, which follows the groundwater flow direction 

(Figure 4-8). At this point the plume moves just beyond the mining pit, but not anywhere close to the river 

in the far east or to the model domain boundary in any direction. 

 

Figure 4-6: B contamination plume after 17 years, with general groundwater flow direction indicated by the 
arrow 
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Figure 4-7: B contamination plume after 50 years 

 

Figure 4-8: B contamination plume after 100 years 
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4.3 NO 3
- contamination plume without biodegradation 

NO3
- at a concentration of 18.55 mg/l was simulated in the model for 17 years (Figure 4-9). As with B, the 

NO3
- concentration was applied to the WRD as part of the time series for the mass transport component 

of the model and was determined through geochemical modelling carried out by Company B (2019).  

The NO3
- plume is different to B as it has dispersed further in all directions after the same amount of time 

and at higher concentrations. This can be attributed to the fact that B is a relatively stable, conservative 

element and less susceptible to transformations in groundwater, as opposed to NO3
-. To the north, east 

and south-west, the highest NO3
- concentration emanating from the WRD is 18.55 mg/l, with lower 

concentrations following closely. While NO3
- appears to be relatively mobile in the groundwater system, 

the plume still does not extend beyond the pit at this stage, due to active seepage nodes within the pit. At 

50 years after the start of operations, the plume migrates outwards in all directions (Figure 4-10). This again 

alludes to how mobile NO3
- is in this groundwater environment. At this point, the plume would have 

moved through most of the pit. At 100 years (Figure 4-11), like at 50 years, the plume extends out in all 

directions. However, it now also moves past the pit, even at the highest concentration. Despite the more 

mobile nature of NO3
- in comparison to B, the plume is still relatively within the vicinity of the mine site 

and does not extend close to the model domain boundaries.  

 

Figure 4-9: NO3
- contamination plume after 17 years (no biodegradation) 
























