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ABSTRACT 

A fully distributed rainfall-runoff model was developed for the Wonderfonteinspruit catchment 

(± 1 600 km2), in order to accurately determine the rainfall-runoff and mass transport model’s 

hydrological components that may affect the natural water balance of the Wonderfonteinspruit 

catchment. The Wonderfonteinspruit catchment in the Gauteng and North-West provinces, is 

situated in a karst landscape with sinkholes and dolomitic aquifers. The catchment is also 

located in the mining region of the Witwatersrand, and extensive mining activities has taken 

place in the catchment for the past 120 years. These mining activities had a direct impact on 

the karstic landscape in the form of modifying the surface water and groundwater systems in 

the catchment. These modifications include: dewatering of the dolomites, drying up of the 

springs, changing the flow regime of the Wonderfonteinspruit, accelerating sinkhole 

occurrences, mining through impermeable dykes and water pollution. 

The EPA SWMM rainfall-runoff model was selected for this study, because of its ability to 

simulate pipelines and canals. The study area was divided into 7 092 subcatchments with 7 

317 conduits, 7 089 junctions, 4 storage units and 312 dividers. To ensure that the wetlands 

were more accurately modelled in the riverbeds, a flow accumulation raster was used to 

determine two categories of wetland response. This made it possible to change the wetlands 

individually for the different categories. To incorporate the sinkholes into the model, sinkhole 

area was calculated for each subcatchment. A Sinkhole Loss Modification Value was 

calculated from sinkhole area, which was used to determine the sinkhole infiltration rate. The 

diverter object in SWMM was used to model the sinkholes.  

Observed data, i.e. rainfall, flow and quality data were collected for 41 months (1989 – 1992), 

which was the time period when most flow and rainfall gauges had data available. The 

Wonderfonteinspruit catchment include a range of imperviousness areas (0% - 100%) and 

several land uses (e.g. urban, agricultural and mining). To manage the calibration process 

more efficiently an Integrated Model Controller was developed. This made relative parameter 

value adjustment across all 7 092 subcatchments an automated task.  

In calibrating the SWMM rainfall-runoff model, the SCS curve number, wetland Manning’s n, 

sinkhole infiltration rate, Manning’s overland flow and seepage were the key parameters.  Four 

flow gauges were used in the calibration process and their Nash-Sutcliffe Coefficient values 

ranged from good (0.75) – very good (0.95) and the Pearson correlation coefficient values 

(0.87 – 1.00), indicate a strong correlation between simulated and observed values.  
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Building on the response of the SWMM rainfall-runoff model, a water quality model was 

developed to simulate the sulphate (SO4) concentrations in the Wonderfonteinspruit 

catchment.  Available water quality data was collected for the same period as the rainfall and 

flow data (1989 – 1992).   Three flow gauges were used in the calibration process. Two were 

adequately simulated, their Nash-Sutcliffe Coefficient values ranged from satisfactory (0.61) 

to very good (0.80) and their Pearson correlation coefficient values were 0.81 and 0.90 

respectively. The last flow gauge in the hydrological network had an unsatisfactory Nash-

Sutcliffe coefficient of -4.48 and a Pearson correlation value of -0.01. 

To demonstrate the applicability of the rainfall-runoff model, two possible future scenarios 

proposed by various authors for the Wonderfonteinspruit catchment, were simulated. The first 

scenario is the proposed Mega-compartment scenario, which assume that instead of having 

multiple aquifer compartments created by the dykes, there will be only one mega 

compartment. The simulation showed that for a dry, wet and normal rainfall scenario, the 

Wonderfonteinspruit in the Mega-compartment scenario would be mostly dry. The second 

scenario is the Rewatered compartment scenario, which suggest the springs start flowing 

again, the simulation showed that for the dry, wet and normal rainfall scenario the 

Wonderfonteinspruit will continue to have a base flow after all mine discharges have ceased.  

The aim of this research to accurately determine the relevant surface hydrological network 

consisting of appropriate hydrological components that accurately describe the hydrology of 

the Wonderfonteinspruit catchment was achieved. 

Keywords: Wonderfonteinspruit; rainfall-runoff model; SWMM; dolomite; dewatering; mining; 

sinkholes; wetlands; water quality 
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1 INTRODUCTION 

1.1 INTRODUCTION 

South Africa is a country with various minerals deposits, a rich biodiversity but unfortunately 

also a country with inadequate water resources. The complexity that this country faces is that 

the numerous minerals that contribute to the economy, also impact on the biodiversity and 

water resources of this country. In the past, mining took priority over water resources and 

biodiversity and today South Africa faces the repercussions of decisions made in the past 

(Oelofse, 2008). 

When the rich mineral deposits of the Witwatersrand were discovered, gold mining 

commenced in 1886. The gold mining industry has contributed enormously towards the 

economic progress of South Africa. Small mining communities rapidly grew into towns and 

cities, as the mines and towns merged together (Durand, 2012). Although contributing 

economic wealth to the country, these mining industries have left a legacy of environmental 

problems in the form of surface and groundwater pollution, amongst others. In a water-

stressed country, water pollution is not only a major threat to the water supply in specific 

regions, but also to water supply as a crucial strategic pillar that can influence sustainable 

economic growth (Oberholster, 2010). 

1.2 PROBLEM STATEMENT 

The spatial distribution of rainfall over South Africa is irregular, resulting in the natural 

availability of water all over the country to be uneven, causing water to be a limited resource. 

Furthermore, the strong seasonality of rainfall over nearly the whole country, as well as the 

high in-season irregularity of rainfall and therefore runoff, result in stream flow in South African 

rivers to be at relatively low levels for most of the time, with sporadic high flows occurring. 

Without dams, stream flow availability is less reliable for use. There are only a few major 

groundwater aquifers that could be developed on a large scale to supplement the limited 

surface water resources. Various anthropogenic factors (mining, farming, informal 

settlements) are slowly polluting the already limited clean water resources that we have, to an 

extent that may give rise to a national crisis (Basson & Rossouw, 2003).  

According to Turton (2008), it is not only the availability of water that is an issue, but also the 

distribution of it. South Africa has allocated ± 98% of its natural surface water resources, 
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according to 1998 data. The implication of this is that South Africa has lost its dilution capacity, 

therefore all pollutants and effluent streams will need to be treated, even to higher standards, 

before being discharged into communal waters. The fact that South Africa has lost its dilution 

capacity, resulted in increasing water quality problems, of which four major concerns would 

become important: acid mine drainage, radionuclide and heavy metal contamination, 

salinisation and eutrophication.  

The historical mining region of the Witwatersrand in South Africa is famous for its gold mines. 

Today, several mines are abandoned, derelict and/or ownerless, but these legacy sites still 

release contaminated water. This problem is common to all countries where mining started 

prior to the promulgation of environmental legislation (Oberholster, 2010; Oelofse, 2008; 

Velleux et al., 2008). 

The unmanaged pollutant releases from upstream sources, their transport across the land 

surface and release into the stream networks can have a harmful impact on water quality and 

ecological systems. Pollutants released from urban and industrial areas, mining and intensive 

agriculture areas will have significant impact on the water quality of surface and groundwater 

(Oberholster, 2010).   

Surface sources of Acid Mine Drainage (AMD) that present the greatest threat to the 

environment are gold Tailings Storage Facilities (TSF), waste rock dumps, uranium TSFs, coal 

discard dumps and slurry dams. Subsurface impacts are generally associated with water 

entering underground mine workings, which may lead to dewatering of the groundwater source 

(often pristine) and in the post mining phase, providing a source of acid mine water for potential 

migration into the groundwater environment during rewatering. The potential long-term 

pollution threat may be the production of AMD continuing for many years after mines are 

closed and TSFs are decommissioned (Oelofse, 2008). 

Areas in South Africa that are heavily affected by deep level gold mining are the West Rand 

and Far West Rand (FWR) goldfields, where years of underground mining negatively changed 

the surrounding environment, especially the hydrology and geohydrology. Both goldfields are 

joined by the Wonderfonteinspruit whose headwaters are at the continental divide in the 

Krugersdorp area. It flows from Krugersdorp in the north-east in a westerly direction past 

Carletonville into the Mooi River that feed into Boskop dam (Figure 1.1). A section of the 

stream runs through dolomitic terrain overlying the deep, operational gold mines of the FWR 

goldfields.  Apart from goldmines, the major land use is agriculture and urban living(Coetzee 

et al., 2006). 
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Figure 1.1: The Wonderfonteinspruit Valley. 

A large region of the Wonderfonteinspruit Valley is underlain by extremely weathered and 

compartmentalised dolomite forming discrete karst aquifers known as dolomitic compartments 

separated from each other by near impervious selenite and dolomire dykes. These 

compartments used to feed large volumes of groundwater via karst springs into the 

Wonderfonteinspruit. When mining activities started in the Wonderfonteinspruit Valley, the 

dolomite compartments above the gold bearing ore created safety concerns for the mines. To 

extract the gold bearing ore in safety, the mines started dewatering the overlying dolomitic 

compartments. Since dewatering of the groundwater compartments started, the mines in the 

Wonderfonteinspruit catchment area have permanently impacted on the surface hydrology 

through increases in sinkhole incidences, the drying up of springs, diversion of stream flow 

and considerable reduction of surface runoff in sinkholes areas (Swart, James et al., 2003). 

Deep level gold mining also permanently changed the hydrogeological conditions 

underground, by mining through the near impervious dykes, linking individual groundwater 

compartments that may result in a super-compartment (Van Niekerk & Van Der Walt, 2006; 

Winde, 2010a). 

When the current active gold mines reach the end of their lifespan, dewatering of the dolomitic 

compartments will stop.  Various studies (Coetzee et al., 2006; Lin & Lin, 2014;  Wade et al., 
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2002; Winde, 2010a) have been conducted in the Wonderfonteinspruit catchment area to try 

and determine the extent and mechanisms of the impacts of the mining on the hydrology and 

the environment associated with it. Some of these studies (Lin & Lin, 2014; Schrader et al., 

2014b; Swart, James et al., 2003; Usher & Scott, 2001; Wolmarans, 1984) concluded that in 

3 - 60 years’ time, these compartments will flood and mine water outflow will start. The new 

groundwater level and outflow points are uncertain, but it is assumed to be at the lowest point. 

This may be at the dolomitic springs in the catchment. The mine water outflow may cause the 

reappearance and reactivation of sinkholes and water quality may be adversely affected 

(Swart, James et al., 2003).  

The Wonderfonteinspruit is a tributary of the Mooi River and the contamination by gold mining 

activities and associated infrastructure in the Wonderfonteinspruit catchment may result in 

degrading the water quality of the Mooi River downstream. Uranium pollution was detected, 

and apart from land issues in the proximity of the mines that were affected, it seems that the 

main source (Gerhard Minnebron Spring) of potable water for the Tlokwe Municipality may 

also be adversely affected (Winde, 2010a). Potchefstroom is currently reliant on the Mooi 

River as a water supply source for its residents (Fleisher, 1981; Van Niekerk & Van Der Walt, 

2006). 

Some of the problems concerning the Wonderfonteinspruit hydrology only became apparent 

in the last two decades, when some of the mine operations ceased. This allowed for some 

restoration of the natural hydrology and residents started to witness the mining impacts – 

uranium pollution, water pollution, transformed hydrology and reactivation of sink holes 

(Coetzee et al., 2006; Hobbs & Cobbing, 2007).  

No reliable estimate is currently available of how much water naturally occurs in the 

catchment. Historically, spring flow data is the best indication of the natural hydrology. While 

large datasets are available regarding different aspects of the matter, most are scattered 

among several institutions making it complicated to consolidate all relevant information into a 

central database. 

Problems related to water pollution and mining activities have raised issues about the impact 

of the mining activities on the water resources in the region of the Wonderfonteinspruit 

catchment. In the past few years this debate heated up and several articles were published in 

national and local newspapers (Winde, 2010a). In light of this ongoing debate and demand for 

improved water resources management in the future, there is a need to better understand the 

multifaceted water system in the Wonderfonteinspruit catchment.  
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To make sense of the complex world we live in, we rely on models to help us understand our 

world. Since the Wonderfonteinspruit catchment is very large and the drainage system 

information available in the literature is limited, there is a need to create a more detailed 

rainfall-runoff model to accurately evaluate the water balance in the Wonderfonteinspruit 

catchment.  

If the rainfall-runoff model support mass transport features, then the model could be used to 

assess the potential impacts that upstream pollution sources have on the downstream water 

quality. The model can then be used to address management issues and to steer mining 

pollution impact mitigation efforts by examining the load transported through the different 

areas of the Wonderfonteinspruit catchment. Furthermore, the model can also be used to 

assess potential remediation efforts of waste sites, to evaluate environmental management 

alternatives for a site where remediation has not yet begun, to assess potential pollution 

impacts, or to examine waste placement at active mine sites (Velleux et al., 2008; Velleux et 

al., 2006). 

1.3 RESEARCH QUESTION AND OBJECTIVES 

 

Although various studies were conducted to determine the extent of mining impacts on the 

Wonderfonteinspruit catchment and its flow paths, no detailed research were conducted on 

the hydrology and natural water balance of the Wonderfonteinspruit catchment e.g. 

“Although an attempt was made to use the strategically placed 

C2H069 weir …, the attempt had to be abandoned due to lack of 

adequate information on the complex upstream catchment… 

Since modelling these effects successfully would have to be 

preceded by extensive data gathering and evaluation, the more 

simplified approach of calibrating on Boskop Dam was adopted. The 

rationale was that all of the temporarily “lost” upstream point inputs 

would eventually report to Boskop Dam.” 

(Herold & Bailey, 2015: 5-51 & 5-52) 

In response to Herold and Bailey’s (2015) assessment, the aim of this research is to accurately 

determine the relevant hydrological network consisting of appropriate hydrological 
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components that accurately describe the hydrology of the Wonderfonteinspruit catchment.  To 

achieve this aim the following research question is postulated:  

How effective can a rainfall-runoff water quality model be used to assess potential future 

scenarios in the mine impacted Wonderfonteinspruit catchment area? 

To successfully answer the research question, the following objectives need to be achieved: 

a) Develop a fully distributed physically based numerical rainfall-runoff model to simulate 

the natural water balance of the mine impacted Wonderfonteinspruit catchment area. 

b) Calibrate and validate the rainfall–runoff water model for a mine impacted catchment 

underlain by a karst environment. 

c) Apply the rainfall-runoff model to simulate mass transport in the mine impacted 

Wonderfonteinspruit catchment area. 
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1.4 RESEARCH LAYOUT 

This thesis is divided into nine chapters and is briefly outlined in the description below: 

The first chapter provides some background information about the research, the research 

question, followed by an overview of the objectives for this research.  

The second chapter deals with the characteristics of the Wonderfonteinspruit catchment by 

reviewing some literature relevant to the study area. The aim is to understand the landscape 

of the catchment and the factors influencing the water resources. The history, physical and 

anthropogenic characteristics of the Wonderfonteinspruit catchment are discussed.  

The third chapter reviews existing rainfall-runoff theory and models that provide useful insight 

in developing and selecting a rainfall-runoff model. The selection criteria for the rainfall-runoff 

model are presented. Available datasets and their relevance to the research are also 

discussed.  

The fourth chapter describes the model development for the study area. The interface 

between the chosen model and additional model components and requirements are discussed 

in this chapter. 

The fifth chapter is a data analysis of all available datasets for the study area. The objective 

of this chapter is to collate all the relevant data sets that will be used in the rainfall-runoff 

modelling.  

The methods and process of parameterizing the rainfall-runoff model are discussed in the 

sixth chapter. The process of catchment discretization into subcatchments and a rainfall-

runoff model for the Wonderfonteinspruit catchment is also presented in this chapter.  

The seventh chapter focuses on the mass transport aspect of the Wonderfonteinspruit 

catchment. This chapter presents the parameterizing and calibration of the mass transport 

model based on the rainfall-runoff model discussed in chapter six. 

The eighth chapter presents the scenario analysis based on the model results. 

The ninth chapter provides an overall summary of the research conducted. Conclusions and 

recommendations based on the research are then discussed. 
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2 STUDY AREA 

2.1 INTRODUCTION 

The Wonderfonteinspruit catchment, also known as the Wonderfonteinspruit Valley (De Kock, 

1967; Swart, Stoch et al., 2003), is part of the historic mining district of the Witwatersrand 

region. The Wonderfonteinspruit catchment is located in two provinces (Gauteng and North 

West), spanning seven Local Municipalities, making the management of the catchment 

complicated (Figure 2.1).  

 

Figure 2.1: The Wonderfonteinspruit catchment with administrative boundaries. 

The Wonderfonteinspruit catchment is located in the quaternary catchments C23D, C23E, 

C23G and portions of C23F and A21F (Figure 2.2) that are part of the Mooi River tertiary 

catchment located in the Upper Vaal secondary catchment system (Middleton & Bailey, 2008). 

The Wonderfonteinspruit catchment covers an area of approximately 1600 km2 and the major 

urban areas are Randfontein, Westonaria and Carletonville.  
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Figure 2.2: Quaternary boundaries for the Wonderfonteinspruit catchment. 

 



 
10 

This chapter takes a brief look at the history of the Wonderfonteinspruit Valley, the physical 

properties of the Wonderfonteinspruit catchment, the anthropogenic factors and pollution 

found in the catchment and issues that may affect the rainfall-runoff model of the area. The 

boundary used for data extraction and some relevant data sources for the Wonderfonteinspruit 

Valley are also discussed.  

2.2 HISTORY OF THE WONDERFONTEINSPRUIT VALLEY 

According to De Kock (1967), the Wonderfonteinspruit Valley was a preferred place for 

humanity for many centuries, long before the Voortrekkers settled there and started farming. 

Some of the earliest descriptions of the area were from the journal of Rev. TF Burgers in 1871. 

He described the Wonderfonteinspruit Valley, including the caves, sinkholes and the eyes 

(springs) after his visit to the area (Engelbrecht, 1934). The abundance of spring water 

available in the Wonderfonteinspruit Valley were exploited through irrigation channels to 

establish a thriving farming community, with fruit, corn, meal, tobacco, skins, ostrich feathers 

and meat the main produce. The diverting of the water into the various irrigation channels 

reduced the Wonderfonteinspruit from a perennial stream to a non-perennial stream (Swart, 

Stoch et al., 2003). 

The farming landscape soon changed when George Harrison in 1886 found gold in the quartz 

conglomerates (traditionally referred to as reefs) on the farm Langlaagte. This discovery was 

considered the biggest gold deposit in the world and has brought about major changes in the 

Wonderfonteinspruit Valley, due to the mining and related activities that followed the discovery 

of gold and related minerals (Durand, 2012; Swart, Stoch et al., 2003). 

The mining sector expanded rapidly as more gold-bearing reefs were discovered and more 

people from around the world rushed to the area. The mining activities were limited to the 

outcrops, but as technology and mining houses developed, mining started to become deeper. 

In 1910 a shaft north of the Wonderfonteinspruit was sunk to about 30m. The water ingress 

became more than the pumps could handle and the shaft was abandoned. In 1934 the region 

known as the Far West Rand was discovered. A new cementation process allowed 

Venterspost Gold Mining Company to successfully sink a shaft through the dolomite in 1934. 

This was the start of mining activities (Figure 2.3) beneath the dolomite (Durand, 2012; Van 

Niekerk & Van Der Walt, 2006; Swart, Stoch et al., 2003). 
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Figure 2.3: Scanned image of an old map of the Wonderfonteinspruit Catchment (Smallholding Owner, n.d).   
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The new mines encounter water problems in the mine workings and effective dewatering 

started in the 1940’s. To ensure a safe environment for mineworkers, government gave 

permission to mining companies to legally dewater the dolomitic compartments they are active 

in. Since the 1950’s, the active dewatering campaign in the Far West Rand have resulted in 

the drying up of the dolomitic springs and widespread land subsidence and sinkhole formation 

(Durand, 2012; Van Niekerk & Van Der Walt, 2006). 

The Witwatersrand, once occupied by a farming community, was quickly transformed to a 

mining community. This region rapidly became the most densely populated area in Southern 

Africa. Johannesburg was established in 1886 after the discovery of the Main Reef. During 

the next few years other parts of the reef were located to the east and the west and resulted 

in the establishing of the cities Germiston and Boksburg to the east of Johannesburg and 

Krugersdorp (1887), Roodepoort, Randfontein and Klerksdorp were established to the west of 

Johannesburg. Over the next few decades, towns like Nigel, Brakpan, Carletonville (1948) 

and Westonaria were established (Durand, 2012).  

The towns along the Witwatersrand were originally formed to provide housing for the miners. 

These towns provided the stimulus for supporting industries to locate in the area, which 

attracted people from various professions. This has resulted in infrastructure development, 

including roads, railways, communications, electricity, gas and water. Within months, 

settlements grew from mining camps to municipalities and in a few decades into cities, e.g. 

Johannesburg (Durand, 2012). 

2.3 DIGITAL ELEVATION MODEL (DEM) 

The quaternary boundaries for the Wonderfonteinspruit include part of the Mooi River 

catchment (C23G) as well. To ensure only the Wonderfonteinspruit catchment area was used 

in the modelling process, the Wonderfonteinspruit catchment boundary was delineated in 

ArcGIS™. The delineation was done from the confluence between the Mooi River and the 

Wonderfonteinspruit. The boundary generated from the DEM differs from the boundary that 

could be compiled from the DWA quaternaries (Figure 2.4). The generated DEM boundary 

was used to describe the Wonderfonteinspruit Valley as a whole and to use as a mask to 

extract the necessary information.  
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Figure 2.4: Difference between DEM generated Catchment and DWA quaternary catchment for the 
Wonderfonteinspruit. 

The DEM is a digital representation of elevations in a rectangular grid format. The DEM of the 

Wonderfonteinspruit Valley was generated from the elevation contours and spot heights data 

from CD: NGI 1:50 000 Topographical Map series. The interpolation function TOPOGRID in 

ArcGIS™, were used to generate the DEM. TOPOGRID enforces constraints on the 

interpolation process that results in connected drainage structure and correct representation 

of ridges and streams. Vertical accuracy is frequently used to determine the accuracy of the 

DEM. The vertical accuracy is determined by statistically comparing DEM values with known 

elevations, usually obtained through highly accurate surveying techniques. To determine the 

vertical accuracy, the mean absolute error (MAError) and root mean square error (RMSE) were 

calculated using Equation 2-1 and Equation 2-2 respectively (Desmet, 1997; ESRI, 2013).   

𝑀𝐴𝐸𝑟𝑟𝑜𝑟  =  
∑|𝑥𝑖 −  𝑥𝑗|

n
 

Equation 2-1 

where, 

MAError = The mean absolute error 

xi = DEM elevation value at point i 



 
14 

xj = Reference point elevation at point j 

n = Number of reference points 

 

𝑅𝑀𝑆𝐸 = √
∑(𝑥𝑖 − 𝑥𝑗)²

𝑛
 

Equation 2-2 

where, 

RMSE = Root Mean Square Error 

xi = DEM elevation value at point i 

xj = Reference point elevation at point j 

n = Number of reference points 

The MAError for the DEM is 2.6 m and the RMSE is 3.9 m, indicating that the DEM accuracy is 

acceptable for the intended use. A DEM simulating landscape in the 1970’s is shown in Figure 

2.5 and Figure 2.6 shows a DEM for the current landscape.  

 

Figure 2.5: DEM of the Wonderfonteinspruit Valley in the 1970’s. 
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Figure 2.6: DEM of the current situation in the Wonderfonteinspruit Valley. 

The difference in the digital elevation models are primarily due to changes brought 

about by the mining industry through the large amount of material they move from the 

subsurface and then discard it on the surface. 

2.4 DATA SOURCES 

Before the data gathering could commence, it was important to define the study area so that 

only the relevant data is obtained (Table 2.1). Numerous studies (Bredenkamp, 1993; Coetzee 

et al., 2006; DWA, 2013b; Dill et al., 2007; Fleisher, 1981; Foster, 1988; Hobbs & Cobbing, 

2007; Lin & Lin, 2014; Schrader et al., 2014a; Schrader et al., 2014c; Swart, James et al., 

2003; Usher, & Scott, 2001; Van Niekerk, & Van Der Walt, 2006) have been done in the 

Wonderfonteinspruit Valley and the main focus was surface–groundwater related and the 

impact thereof. Through the years, many authors delineated the Wonderfonteinspruit Valley 

in many different ways. These delineations were depended on the focus of the study. The 

majority of the delineation boundaries were done in consideration of either the surface 

hydrology, the geological structures, or the mine boundaries. 
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Table 2.1: Data sources used in this research 

 

Name Source Scale Purpose 

1:50 000 Topographical Raster Maps CD:NGI 1:50 000 Show the topographical features and provide the backdrop for basic mapping and data capturing 

1:50 000 Topographical Vector Maps CD:NGI 1:50 000 
Show the topographical features and provide the basic data for mapping, including spot heights, 

contours, rivers, wetlands, dams, roads, canals, pipelines, shafts etc. 

2013 - 2014 Land cover dataset GEOTERRAIMAGE 1:75 000 Indicates the land use in the study area and provide some SWMM model input parameters 

Administration Boundaries Demarcation Board 1:250 000 To map the different administrative boundaries for the study area 

Aerial Photography CD:NGI 1:10 000 Use for data capturing and feature identification 

Digital Elevation Model Author 1:50 000 
Created from the spot height and contour data. Use for the delineation of: i] the study area; ii] flow 

direction; iii] flow accumulation & iv] backdrop for the maps 

Geology CGS 1:250 000 To map the geology, dolomitic compartments and the geological features in the study area. 

Groundwater Occurrence DWA 1:250 000 To map the occurrence of groundwater in the study area 

Hydrological data DWS 1:50 000 Provide the runoff data for the various gauges - flow, canal, pipe, springs and discharge. 

Hydrological data DWS 1:50 000 Provide the quality data for the various gauges - flow, canal, pipe, springs and discharge. 

Land types of South Africa: Digital Map. ARC - ISCW 1:250 000 To map the land type for the study area. 

Rainfall data SAWS 1:50 000 Provide the rainfall data use in the SWMM model 

Rainfall data DWS 1:50 000 Provide the rainfall data use in the SWMM model 

SCS Soils KZN 1:250 000 To map the hydrological soil groups for the study area 

Vegetation data SANBI 1:250 000 To map the vegetation present in the study area 

WR 2005 WRC 1:50 000 
Water management areas, quaternary catchments, rivers, dams and various other hydrological 

information that were used for the mapping and model parameter determination 
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As discussed in Section 2.5.1, the general consensus today is to divide the 

Wonderfonteinspruit Valley surface hydrology into an upper and lower section – Upper 

Wonderfonteinspruit and the Lower Wonderfonteinspruit (Figure 2.7). This division closely 

coincide with the Donaldson Dam (Coetzee et al., 2006; Krige, 2006; Swart, Stoch et al., 2003; 

Usher & Scott, 2001). The Upper Wonderfonteinspruit upstream boundary is the continental 

watershed south of Krugersdorp, and its downstream boundary is Donaldson Dam. The 

Donaldson Dam is the upstream boundary for the Lower Wonderfonteinspruit and the 

confluence with Mooi River as the downstream boundary. 

The Upper Wonderfontein comprises the headwaters of the Wonderfonteinspruit, with a small 

dolomite area. This area’s aquifer is mainly due to the extensive mining and is commonly 

known as the West Rand, which contain the West Rand goldfields. The Lower 

Wonderfonteinspruit is the area from Donaldson dam up to the confluence with the Mooi River, 

about 80km downstream. The Lower Wonderfonteinspruit consists mainly of the Far West 

Rand and Carltonville goldfields, and the compartmentalised dolomite is the main geological 

feature (Coetzee et al., 2006; Engelbrecht, 1986). 

 

Figure 2.7: The Upper and Lower Wonderfonteinspruit sub regions as determined by catchment 
delineation processes in ArcGIS™. 
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2.5 PHYSICAL CHARACTERISTICS 

2.5.1 Physiography 

The Wonderfonteinspruit Valley is situated in a region known as the Highveld of South Africa, 

consisting of generally flat slightly undulating terrain at elevations of between 1500 and 1700 

metres above sea level. The generally flat relief is characteristic of the dolomite terrain and 

the resistant quartzite of the Pretoria Group overlying the dolomite, which forms the hilly 

elevated country bordering the dolomite on the southern side (Figure 2.8). The granite ridge 

of the Hartbeesfontein anticline capped by the Black Reef Quartzite Formation formed the 

northern border of the dolomite (Fleisher, 1981; Usher & Scott, 2001). 

 

Figure 2.8: Morphology of the Wonderfonteinspruit catchment. 

The Wonderfonteinspruit Valley consists of an approximate area of 1600 km2, of which a 

significant portion has been impacted by mining. More than 17 mines (Figure 2.9) have been 

established in the area, with different economic lifespans and varying degrees of impact on 

the surface and groundwater resources.  
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Figure 2.9: Mine lease areas in the Wonderfonteinspruit Valley. 
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2.5.1.1 Climate 

The area experiences a warm sub humid climate with typical summer rainfall and dry winters. 

The average annual rainfall varies from 500mm in the west to 800mm in the east (Figure 2.10). 

The precipitation generally occurs in the form of convection thunderstorms and may show 

variations in daily amounts between adjacent rainfall stations. Up to 90% of the annual rainfall 

occurs during the warm to hot summer months between November and March. The winters 

are mostly dry and cold with frost. The average annual evaporation for the region is about 

1500 - 1700mm (Barnard, 2000; Usher & Scott, 2001). 

 

Figure 2.10: Mean annual precipitation over the study area (WR2005). 

2.5.1.2 Vegetation 

Fragments of the natural vegetation, shrubby Karee and thorn tree species are found mostly 

in higher-lying areas where there is no disturbance by mining and urbanisation, or clearing for 

cultivation that took place. In the lower lying areas, the Wonderfonteinspruit Valley vegetation 

consists of Carletonville Dolomite and Soweto Highland Grasslands and the Gauteng Shale 

Mountain Bushveld (Figure 2.11).  
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Figure 2.11: Vegetation types present in the study area (Mucina & Rutherford, 2006). 

The grasslands are part of the Dry Highland and Mesic Highland Grass Bioregion and the 

bushveld is part of the Savanna in Central Bushland bioregion. Some tree plantations are 

present in the Wonderfonteinspruit Valley, mainly for use in the mining activities in the area 

(Mucina & Rutherford, 2006; Usher & Scott, 2001). 

The Soweto Highveld Grassland supports short to medium-high dense, tufted grassland, and 

is classified as endangered. The Carletonville Dolomite Grassland is characterised by slightly 

undulating plains dissected by rocky chert ridges and is classified as vulnerable. The Gauteng 

Shale Mountain Bushveld vegetation is shorter than 6 m, semi-open thicket dominated by 

woody species, interspersed by a variety of grasses. The landscape is characterised by low 

broken ridges with varied steepness (Mucina & Rutherford, 2006).   

2.5.1.3 Soils 

The majority of the Wonderfonteinspruit Valley is covered in freely drained structureless soils, 

with a possibility of shallow soil depth, low base status, excessive drainage and erodibility 

(Figure 2.12.). The dominant soil type in the Wonderfonteinspruit Valley is made up of the 

Hutton Form soils (Hu24/Hu26). The dolomite outcrop area is covered in parts by accumulated 

hillwash and transported sediments. The soil texture range from sandy loam to sandy clay 



 
22 

loam in the Wonderfonteinspruit Valley and water retention is generally not good. Soils on the 

south facing slopes generally have a coarser texture than the north facing slopes. North facing 

slopes have more outcrops than the south facing slopes. The soil structure has no dominant 

soil class, and the texture is unstructured ranging from 7 – 25% (Pulles et al., 2005; Land Type 

Survey Staff, 2006). 

 

Figure 2.12: Soils present in the Wonderfonteinspruit Valley. 

2.6 METEOROLOGICAL DATA 

2.6.1 Rainfall 

The rainfall-runoff model primary data set is the rainfall (Pitman, 2011), as this is the driving 

parameter for the model. The major rainfall monitoring institutions responsible for rainfall data 

are the DWS and the SAWS. Since the 1970’s, available rainfall datasets are in decline (Figure 

2.13), making it difficult to obtain rainfall data for relevant time periods.  

Numerous weather stations exist in the Wonderfonteinspruit Valley area, but most of them are 

non-functioning stations. The bulk of these stations provide only monthly rainfall data, with a 

few exceptions that include a limited daily rainfall dataset. To improve the rainfall data time 

series, the SAWS rainfall gauges were also explored to get hold of more rainfall data (Figure 

2.14). 
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Figure 2.13: Number of useful rain gauges and flow stations per year (Pitman, 2001). 

From the DWS database, three rainfall gauges (C2E007, C2E009 and C2E011) were found 

in or in close proximity of the Wonderfonteinspruit Valley.  

 

Figure 2.14: Rainfall gauges within or in close proximity of the Wonderfonteinspruit Valley. 
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Three more rainfall gauges were identified (Table 2.2). The average monthly rainfall for the 

six rainfall stations are presented in Figure 2.15. 

Table 2.2: Comparison between DWS and SAWS rainfall gauges with monthly rainfall data. 

Date Months 474502 474680 475338 C2E007 C2E009 C2E011 

1965/01/01 - 1968/12/31 48       

1969/02/01 - 1970/06/30 16       

1970/07/01 - 1971/04/30 9       

1971/05/01 - 1971/05/31 1       

1971/06/01 - 1980/08/30 110       

1980/09/01 - 1987/10/31 85       

1987/11/01 - 1987/11/30 1       

1987/12/01 - 1989/04/30 17       

1989/05/01 - 1989/05/31 1       

1989/06/01 - 1991/06/30 25       

1991/09/01 - 1998/08/31 84       

 

 

 

 Figure 2.15: Average monthly rainfall for the time period 1965 – 2016. 
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2.6.2 Evaporation 

The influence of the DWS gauges is presented in Figure 2.16. The trend is from east (less 

evaporation, higher rainfall) to the west (higher evaporation, less rainfall). The evaporation 

exceeds the rainfall figures in the region. The average monthly evaporation for the 

Wonderfonteinspruit Valley is presented in Figure 2.17 and the station specific data in Table 

2.3. 

 

Figure 2.16: Evaporation areas delineated with the Thiessen polygon method. 

 

As shown in Figure 2.17, the evaporation rates correlate with the rainfall season. The highest 

evaporation is experienced over October to December and the lowest is in the dry season of 

May to July. The total average evaporation for this area is 1560 mm/a. Comparison between 

the different evaporation stations is presented in Figure 2.18.  
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Figure 2.17: Average monthly evaporation for the Wonderfonteinspruit Valley. 

 

Table 2.3: Monthly evaporation for four DWS stations in and close to the Wonderfonteinspruit Valley. 

Month C2E007 C2E009 C2E011 C2E018 
Average Monthly 

Evaporation (mm) 

January 161 188 144 172 166 

February 135 158 128 146 142 

March 123 148 114 140 131 

April 99 115 94 109 104 

May 84 96 87 89 89 

June 69 75 81 67 73 

July 77 83 89 74 81 

August 107 119 117 112 114 

September 144 157 143 144 147 

October 160 185 163 165 168 

November 159 186 161 166 168 

December 168 191 174 173 176 

Total 1485 1702 1495 1558 1560 
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Figure 2.18: Evaporation comparison between the different stations. 

2.7 GEOLOGY 

2.7.1 Regional Geology 

Due to large volumes of volcanic overflows and granite intrusions accompanied by severe 

folding, large relatively stable landmasses with thicker crust became merged together to form 

cratons. One of these cratons that formed, due to the volcanic overflows and granite intrusions, 

was the Kaapvaal Craton. The Kaapvaal Craton underlay the whole of the north-eastern point 

of South Africa. This Craton was covered in shallow ocean basins that filled up with sediments 

from the surrounding Archean mountains. One of these large sediment basins on the Kaapvaal 

Craton was the Witwatersrand basin. The sediment build-up occurred during an oxygen 

deficient period, resulting in the formation of conglomerate reefs rich in gold (Norman & 

Whitfield, 2006). 
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Figure 2.19: The Witwatersrand Basin, with the younger geology removed (from McCarthy, 2006). 

Extensive survey activities in the Witwatersrand Basin (Figure 2.19) has exposed a generally 

oval shaped sedimentary basin with a major axis of ± 350 km in a north-easterly direction, and 

a minor axis of ± 200 km, in a north-westerly direction. The oldest rocks are the volcanic 

sediments of the Dominion Reef, and then overlain by the sediments of the Witwatersrand 

Basin. This depression holds the Witwatersrand Supergroup and is approximately 7km thick, 

of which only a fraction is exposed as outcrops, the remainder being covered by younger 

rocks. The Witwatersrand Supergroup sediments are divided into the lower West Rand Group 

(± 5km thick) and the upper Central Rand Group (± 2km thick). Fragments of the West Rand 

Group are prevalent on the Kaapvaal Craton, but the Central Rand Group has a more confined 

extent (DWA, 2013b; McCarthy, 2006). 

On top of the Witwatersrand basin is the volcanic and interweaved sediments of the 

Ventersdorp Supergroup. The Dominion Reef, together with the Witwatersrand Basin’s 

sediments and the Ventersdorp Supergroup are all part of the same geological cycle, 

sometimes referred to as the Triad (Whiteside et al., 1976). The Ventersdorp Supergroup is 
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then overlain by the Transvaal Supergroup. The Transvaal Supergroup is covered by the 

Karoo Supergroup (Figure 2.20). All these geological sequences contribute to the complex 

geology of the Witwatersrand Basin (DWA, 2013b; McCarthy, 2006; Truswell, 1970). 

 

Figure 2.20: A Cross-section through the Far West Rand area (from Brink, 1979) 

The West Rand Group is subdivided into the Jeppestown Subgroup, Government Subgroup 

and Hospital Hill Subgroup. The Central Rand Group is subdivided into the Turffontein 

Subgroup and the Johannesburg Subgroup. The Central Rand Group along the northern 

portion of the Witwatersrand Basin is divided into distinct areas. These distinct areas (Figure 

2.19) became known as goldfields (e.g. East Rand Goldfields, Central Rand Goldfields and 

West Rand Goldfields) and were separated by tectonic breaks, referred to as ‘Gap’ or ‘Break’ 

areas. The stratigraphy of the major goldfields of the Witwatersrand Basin is presented in 

DWA (2013b) and McCarthy (2006). Robb & Meyer (1995) make the following statement about 

the uniqueness of the Witwatersrand Basin:  

“The major mineral deposits of the world form as a result of a fortuitous combination of events 

which is not often repeated in the course of geological history. Crustal processes occasionally 

interact at a particular point on the earth’s crust in such a way as to form metal concentrations 

that are virtually unique.” 
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2.7.1.1 Local Geology 

The Wonderfonteinspruit Valley geology is generally discussed in terms of the separate 

goldfields that were identified in the area, namely the West Rand and the Far West Rand. 

According to Robb & Robb (1998), the Panvlakte Horst is regarded as the boundary between 

the West Rand and the Far West Rand. However, McCarthy (2006) sees the division between 

the West Rand and Far West Rand goldfields not properly defined, and is of the view that the 

West Rand Fault is a suitable boundary (Figure 2.21).  

2.7.1.1.1 West Rand 

The West Rand Goldfield is a system of faults which defines the edges of a structural block 

known as the Witpoortjie – Panvlakte Horst or the Witpoortjie Gap. The West Rand Goldfields 

lies to the west and south of the Witpoortjie Gap, and east of the West Rand Fault (Figure 

2.22), and is situated along and to the southeast of the large, south-easterly plunging West 

Rand syncline. It is separated in the east from the Central Rand Goldfield by the Roodepoort 

and Witpoortjie Faults (Witpoortjie Gap) (DWA, 2013b; McCarthy, 2006; Tucker & Viljoen, 

1986). 

The Witwatersrand Supergroup strata have been folded into an open, basin like syncline, 

which drops to the southeast. The Witwatersrand Supergroup is divided into two groups, the 

lower West Rand Group (which contained little gold) and the Central Rand Group. The Central 

Rand Group reaches its largest thickness in the West Rand syncline, and then thins quickly 

towards the fringes. More than 20 reefs were mined within the Central Rand Group for either 

gold or uranium. The up-faulted Witpoortjie Horst consists of West Rand Group strata and was 

therefore not mined. (DWA, 2013b; McCarthy, 2006 & Lednor, 1986). 

The younger Ventersdorp Supergroup comprises primarily of lavas that overlie the 

Witwatersrand Supergroup (Figure 2.20). The Ventersdorp Supergroup is partially buried 

beneath the younger Black Reef and Malmani dolomite of the Transvaal Supergroup. The 

dolomite overlying the Black Reef in the syncline is mostly thin and weathered. Only isolated 

remnants of the original dolomite still exist (Figure 2.22), which is overlain by the Pretoria 

Group  (DWA, 2013b; Pulles et al., 2005).  
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.  

Figure 2.21: West Rand and Far West Rand Goldfields. 
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Figure 2.22: Geology in the West Rand area of the Wonderfonteinspruit Valley. 
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2.7.1.1.2 Far West Rand 

According to Robb & Robb (1998), this goldfield can be separated into two parts by the Bank 

fault – the area east that seems to be a natural extension of the West Rand Goldfield, known 

as the Far West Rand Goldfield and the area west of the Bank Fault which is known as the 

Carltonville Goldfield. When referred to the entire region (Far West Rand and Carltonville 

Goldfields) it is called the West Wits Line (Figure 2.23), which is located between the West 

Rand Fault in the east and the Potchefstroom Gap in the west (McCarthy, 2006; Whiteside et 

al., 1976). 

In this area of the Wonderfonteinspruit Valley, the Witwatersrand Supergroup is a thick 

succession of shale quartzite and conglomerate and consists of the lower West Rand Group 

and the Central Rand Group. The gold reefs are mainly in the Central Rand Group. The 

Ventersdorp Supergroup overlie the Witwatersrand Supergroup, followed by the younger 

Transvaal Supergroup. The Karoo Supergroup overlie parts of the Transvaal Supergroup, 

especially the dolomites (Figure 2.20). Some of the dolomite outcrop area is also covered by 

accumulated hillwash and transported sediments. The Far West Rand has also experience 

gentle folding of which the main structure is the Bank Anticline. The most prominent 

characteristics of the Far West Rand goldfields area are the dolomites and its impact on 

human activities (McCarthy, 2006; Pulles et al., 2005).   

Malmani dolomites of the Chuniespoort Group of the Transvaal Supergroup (Figure 2.20), 

which overlie the Witwatersrand Supergroup, crop out over extensive areas of this goldfield. 

The upper layers of the Malmani dolomite, in which caves, open fissures and leached material 

occur, store vast quantities of water derived from natural precipitation over the Far West Rand. 

Water contained in these openings in the dolomite has caused several problems during 

mining. Mining in the Far West Rand has mainly been along the southern limb of the 

Hartbeesfontein Anticline (Brink, 1979; Engelbrecht, 1986; McCarthy, 2006). 
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Figure 2.23: The geology of the West Wits Line. 
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2.7.2 Hydrogeology 

2.7.2.1 Regional Hydrogeology 

The regional hydrogeology is controlled by outcropping quartzite rocks of the Witwatersrand 

Supergroup that form a continental divide separating rivers flowing northwards towards the 

Indian Ocean, from the rivers draining southwards to the Atlantic Ocean. None of the rock 

types described is considered as primary aquifers, except the Transvaal Supergroup dolomite 

(Figure 2.24). Most groundwater occurrences are restricted to the shallow weathered zones 

across all formations and structural features (dyke contacts, fractures and faults), which can 

be preferential groundwater flow paths (DWA, 2013b). 

Before mining activities started in the Wonderfonteinspruit Valley, the separate dolomitic 

compartments were recharged by surface runoff (rainfall), spring flow discharge over its 

eastern boundary dyke and stream flow (Swart, James et al., 2003). The dolomitic 

compartments were the result of several north-south trending syenite and diabase intrusions 

that took place during the Pilansberg age (De Kock, 1964; Usher & Scott, 2001). Mining 

impacts resulted in these compartments now recharging naturally and by artificial means.  

Today, the dolomitic compartments may be recharged through the following mechanisms 

(Swart, James et al., 2003): 

 Natural recharge from rainfall infiltration 

 Recharge from the Wonderfonteinspruit and dolomite springs under normal rainfall 

events 

 Recharge from the Wonderfonteinspruit and other drainage channels under extreme 

rainfall events 

 Leakage (inflow) through dykes from adjacent compartments 

 Recharge from mine dewatering operations 

Areas of subsidence or sinkholes in the various compartments could also contribute to direct 

recharge of the dolomitic compartments. Various authors (Bredenkamp, 1993; Enslin & Kriel, 

1967; Fleisher, 1981; Foster, 1988; Vegter, s.a.; Wolmarans, 1984) have investigated the 

dolomitic compartments’ recharge characteristics using different methods. Table 2.4 

summarises their findings. 
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Figure 2.24: Groundwater occurrence in the Wonderfonteinspruit Valley. 
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Table 2.4: Various recharge percentages for the different dolomitic compartments. 

Recharge % (MAP) 

Compartment Enslin & Kriel (1967) Fleischer (1981) Wolmarans (1984) Foster (1988) Bredenkamp (1993) Vegter (s.a) Average 

Zuurbekom 13 16.8 15 - 15.8 13.1 14.7 

Gemsbokfontein 7.5 12.8 5.3 - 27 12.8 13.1 

Venterpost 8.5 27 20 54.6 - 15.1 - 16.0 27.5 

Bank 5.8 24 16.3 27.3 - 7.4 16.2 

Oberholzer 3.6 - 18.3 12.9 - - 11.6 

Boskop - Turffontein - - 5.6 - - - 5.6 
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2.7.2.1.1 West Rand Hydrogeology 

Groundwater in the West Rand occurs in the weathered and fractured sedimentary rocks of 

the Witwatersrand strata. These shallow, water-bearing rocks are low yielding aquifers. 

However, there is a dolomite outlier within the syncline that represents an aquifer (Figure 

2.22). Groundwater flow in this shallow weathered aquifer mimics the topography and returns 

to surface water as springs (DWA, 2013b). According to Pulles et al. (2005), the major aquifer 

in the West Rand was created by the interlinked gold mines in the area resulting in an artificial 

aquifer (Figure 2.25). Therefore, the hydrogeological boundaries and the mining boundaries 

match. The various reef outcrops form the northern and western boundaries and the 

Witpoortjie Fault and the Witpoortjie Gap are the southern and eastern boundaries of the 

artificial aquifer.  

The interconnected gold mines cause the groundwater gradient to be flat. Since mining 

stopped, these mine voids started flooding at a rate, which is largely dependent upon the 

geological setting. Discharging of mine water in the West Rand took place in September 2002 

at three old shafts: No’s 17 (1679 mamsl) & 18 Winzes (1677 mamsl) and the Black Reef 

Incline (1669 mamsl). Water level measurements in the Central Vent shaft indicated that the 

water level in the mine void to be at 1671 mamsl (Figure 2.26). It is assumed that the 

Witpoortjie Horst will prevent any major groundwater flow from the West Rand aquifer to the 

Far West Rand dolomites  (DWA, 2013b; Pulles et al., 2005). 

2.7.2.1.2 Far West Rand Hydrogeology 

The Far West Rand is positioned on the southern side of the Hartbeesfontein Anticline. The 

Black Reef Formation outcrop on the crest of the anticline is the northern boundary of the 

groundwater area (Figure 2.20). The Transvaal Supergroup forms the southern limb of the 

anticline, dipping 6° to the south. The Pretoria Group, which has been removed along the edge 

of the Hartbeesfontein Anticline, exposing the Malmani dolomites along the length of the 

Wonderfonteinspruit, forms the southern boundary (Lin & Lin, 2014). 
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Figure 2.25: The extent of the manmade aquifer in the West Rand (from DWA, 2013b).
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Figure 2.26: Cross section of West Rand Goldfields showing the water levels and discharging points 
(from Pulles et al., 2005). 

The Malmani dolomites are part of the Chuniespoort Subgroup. The Chuniespoort Group is 

divided into seven formations of which the Malmani Subgroup consists of the lower five 

dolomite and chert-rich layers. The Chuniespoort Group together with the Black Reef Quartzite 

sediments cover the Witwatersrand Supergroup, including the gold bearing conglomerates. 

The Malmani Subgroup is between 1200 m and 1450 m thick in the Far West Rand area (Van 

Niekerk & Van Der Walt, 2006)  

Pulles et al. (2005) divide the groundwater in the Far West Rand into two types of aquifers: 

 Perched aquifers – are situated in the Karoo and Upper Transvaal geological strata 

and have a weathered zone 0 – 30 mbgl and a deeper fractured aquifer system to 

about 70 mbgl. The deeper fractured aquifer may be in hydraulic connection with the 

upper weathered aquifer. The water table in this aquifer fluctuates between 0 – 56 

mbgl. In certain areas this aquifer may be hydraulically connected to the dolomite 

aquifer, but in general the clay and shale successions in the Karoo and Transvaal 

prevent the downward percolation of groundwater 

 Dolomite aquifers – these are the principle aquifers in the Far West Rand. The 

geomorphological and structural processes together with weathering residues have 

significantly modified the original dolomite properties by increasing the porosity, 

storativity and conductivity of the dolomite (Lin & Lin, 2014). The dolomites that were 
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exposed to weathering are the upper 100 – 200 m, to the extent that significant storage 

capacity exists within this zone. 

Following the deposition of the dolomites, they were subject to several periods of tectonic 

movement associated with uplift, folding, tilting and fracturing of the different formations. A 

number of igneous intrusions in the form of syenite and diabase dykes, usually trending slightly 

east of north, spaced five to sixteen kilometres apart, divide the dolomite into seven major 

groundwater compartments (Figure 2.27). The seven major groundwater compartments in the 

Wonderfonteinspruit Valley are from east to west – Zuurbekom, Gemsbokfontein, Venterspost 

Sub-compartment (Ventersbok), Venterspost, Bank, Oberholzer and Boskop-Turffontein 

Compartments. The syenite and diabase dykes, that cut the dolomite, are impervious below 

the zone of weathering (Enslin, 1967; Morgan & Brink, 1984).  

The sizes of the compartments depend on the spacing of the dykes. There are different width 

estimates for the dykes. Swart, James et al., (2003), estimate the dyke widths between 12 – 

16 m wide, whereas Swart & Van Schalkwyk (2001); Morgan & Brink (1984) and Brink (1979) 

estimate the width from 6 – 60 m. The Basement granite of the Hartbeesfontein anticline forms 

the groundwater barrier at the northern end of these compartments, and the Pretoria Group 

the barrier to the south (Figure 2.20) (Enslin, 1967; Morgan & Brink, 1984). 

Groundwater is contained in each compartment in a network of fissures, solution channels 

and caves. These are usually interconnected and create reservoirs and conduit systems for 

the large quantities of ground water stored in the dolomite. The natural water flow, surface and 

subsurface, is from east to west. Under natural conditions the subsurface flow was obstructed 

by the dykes and pushed to the surface as a spring (locally known as an “eye”) (De Kock, 

1964).  

The natural level of the water table in each compartment has a tendency to be nearly horizontal 

and is controlled by the level of the spring, which emerges at the surface near where the 

Wonderfonteinspruit intersects the dyke on the western boundary of each compartment. The 

geology of each dolomitic compartment determines the storage and movement of groundwater 

within it. A compartment contains three main water bearing zones – upper leached zone, 

intermediate zone of weathered dolomite and a lower zone of dolomite with a lesser degree 

of weathering (Figure 2.28) (Enslin, 1967; Morgan & Brink, 1984).  
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Figure 2.27: Dolomite compartments in the Wonderfonteinspruit Valley.
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The outcropping dolomite experienced extensive weathering (karstification), along fracture 

and fault zones of chert-rich formations. This extensive weathering lead to the formation of a 

large cavernous zone extending to approximately 200 mbgl and consisting of a large network 

of interconnected underground cavities, caves, solution slots, channels and fractures (Figure 

2.28). Where the fault planes and fractures cut through the dolomite and the older Ventersdorp 

and Witwatersrand strata, they act as conduits for water to seep into the mining areas below 

the dolomite. Some mining activities took place at or close to the compartment forming dykes, 

resulting in damaged or punctured dykes. This created major water problems for the mining 

community and resulted in the dewatering of Gemsbokfontein, Venterspost, Bank and 

Oberholzer dolomitic compartments (Figure 2.27), by the mining community  (Enslin & Kriel, 

1967; Pulles et al., 2005).  

 

Figure 2.28: Karstification zones in the dolomite of the Far West Rand (from Schrader et al., 2014b). 
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Before mining, the compartments were discrete aquifers, recharged by surface runoff and 

spring flow discharge over its western boundary dyke. The compartments had differential 

water tables stepped across the dykes. It was assumed that the Wonderfonteinspruit was a 

perennial stream fed by the springs, before human intervention. 

The volumes extracted from the groundwater for domestic use was small (Swart, Stoch et al., 

2003). According to Swart, James et al., (2003), the pre-mining water level for each 

compartment was regulated by the elevation of the spring at the unweathered dyke (Table 

2.5). The original groundwater level in the dolomite compartments varies between 0 m and 

approximately 40 m below surface. 

When mining activities resumed after World War Two, more waterbearing fissures and faults 

were intersected, resulting in higher pumping volumes. There was a direct relationship 

between size of stoping areas and ingress volumes (Usher & Scott, 2001; Wolmarans, 1984). 

Eventually the mines obtained permission to dewater the dolomite compartment in which they 

were mining. This resulted in the mines pumping dolomitic groundwater from underground 

mine workings and discharging it outside the boundaries of the compartment, at rates that 

exceeded the natural recharge of the compartment (Wolmarans, 1984). 

Therefore, the groundwater table was gradually lowered, till a point was reached where the 

pumping rates matched the recharge rates of the compartment. Possible pumping rates in 

dewatered compartments are presented in Table 2.6. After several decades of constant 

pumping it can now be assumed that all compartments that are dewatered by mines have 

reached equilibrium between ingress and pumping (Swart, Stoch et al., 2003; Wolmarans, 

1984). 

Various authors estimate the groundwater level for the different dolomitic compartments as 

follows:   

 The water tables in the Gemsbokfontein, Venterspost, Bank and Oberholzer 

dewatered compartments were eventually lowered by average 100 m (Swart, James 

et al., 2003). 

 The groundwater table was lowered by between 47 – 732 m in the affected 

compartments (Schrader et al., 2014b) 
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Table 2.5: Pre-mining water levels for dolomitic compartments (Schrader et al., 2014b; Dill et al., S., 2007;  Swart, James et al., 2003;  Wolmarans, 1984). 

Water Level at spring (mamsl) Pre-mining 

Compartment Name Wolmarans (1984) Swart, James et al. (2003) Dill et al. (2007) Schrader et al. (2014) 

Gemsbokfontein (Spring) 1559 1562 1559 - 

Venterspost (Spring) 1539 1539 1539 1539 

Bank (Spring /Eye of Wonderfontein) 1502 1502 1502 1502 

Oberholzer (Spring /Wonderfonteinspruit Eye) 1471 1471 1471 1471 

Boskop-Turffontein (Turffontein Springs) 1417 1417 1417 1417 

 

Table 2.6: Pumping rates for the dolomite compartments in the Wonderfonteinspruit Valley (Swart, James et al., 2003; Smit, 2016). 

Compartment Pumping (Ml/d) 

Gemsbokfontein 77 

Venterspost 28 

Bank 41 

Oberholzer 25 

Boskop - Turffontein 8 
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 The maximum observed water levels depths for Oberholzer were 968 mbgl; Bank was 

540 mbgl and Venterspost compartment was 299 mbgl. In the Oberholzer 

compartment, the water level is less than 150 mbgl in some areas. Water levels on 

both side of the Oberholzer dyke are ± 35 - 40 mbgl from surface and it seems that 

there is a seepage from west to east  (Foster, 1988). 

The Venterspost mine started dewatering the dolomite compartments in the late 1940’s and 

the Venterspost Spring dried up 1947 (Fleisher, 1981; Wolmarans, 1984). Some mines did 

start pumping groundwater before 1955, but the water circulated back into the dolomite, 

sometimes within 24 hours (Foster, 1988). No official dewatering of dolomitic compartments 

took place before 1955. 

The groundwater in the dolomitic compartments has changed over time due to the mining 

activities. The dewatering of the Venterspost, Bank and Oberholzer dolomite compartments 

by the mines are illustrated by the borehole water level graphs in Figure 2.29; Figure 2.30 & 

Figure 2.31. 

 

Figure 2.29: Borehole water level graph for the Venterspost dolomite compartment. 
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Figure 2.30: Borehole water levels for the Bank dolomite compartment. 

 

Figure 2.31: Borehole water level for the Oberholzer dolomite compartment. 
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2.8 HYDROLOGY 

The hydrology of the study area is the main focus of the research presented in this thesis. 

Only an introductory overview is presented here and a detailed data analysis is discussed in 

Chapter 5. 

2.8.1 Hydrological Landscape 

Photographs dated 1892, show Randfontein as an empty treeless expanse of veld with several 

pans filled with water (Lednor, 1986). The hydrology of the Wonderfonteinspruit Valley is 

guided by climate and it is modified by the topography, physiography, geology and land cover 

characteristics. The Wonderfonteinspruit Valley is composed of a variety of surface waters in 

the form of streams, springs, wetlands and dams (Figure 2.32). 

Drainage density relates to the response of the catchment to rainfall and is associated with 

the time in which the runoff remains in the catchment (Vafakhah et al., 2014). The 

Wonderfonteinspruit Valley is drained by three major streams and some minor streams. The 

drainage density is 0.25 km/km², and the stream lengths total 416 km. The 

Wonderfonteinspruit Valley has a low drainage density, indicating a poorly drained catchment 

with slower runoff time, allowing more abstraction or infiltration.  

Karst is defined as terrain where soluble rocks are weathered above and below ground by the 

dissolving action of water that results in distinctive characteristics of relief and drainage. The 

karst area usually lacks surface drainage, has sparse soil cover, has enclosed depressions 

and support a network of subsurface features (Huggett, 2007). The Wonderfonteinspruit 

shows some of the characteristics of a typical karstic stream by having an unusual high bed 

loss, also observed by Burgers in 1871 (Engelbrecht, 1934). The streamflow in the 

Wonderfonteinspruit completely disappears and resurfaces further downstream.  There are 6 

springs (Figure 2.32), of which 4 are dry due to the mining activities (Bezuidenhout & Enslin, 

1970; Coetzee et al., 2006; Schrader et al., 2014a; Swart, James et al., 2003; Winde & 

Erasmus, 2011).  
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Figure 2.32: Topography and hydrology of the Wonderfonteinspruit Valley.
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Karst in the Wonderfonteinspruit Valley is developed on well-hardened dolostone belonging 

to the Malmani Subgroup. The carbonate rocks with numerous caves are part of the 

Wonderfonteinspruit Valley, especially on the south side (Gatsrand). The morphologic 

features of the Malmani Karst differ from classical karst in that naturally occurring dolines and 

sinkholes are not widespread in the Wonderfonteinspruit Valley. True karst morphology, such 

as disappearance of streams, dissolution sinkholes and depressions and solution grooves 

separated by sharp ridges, does occur, but not as frequently as in a typical karst landscape. 

On some of the flat surfaces in the Wonderfonteinspruit Valley, classic karst features like 

funnel shape sinkholes (dolines), poljes and dry valleys are present. The lack of a typical karst 

landscape, is due to insoluble impurities found in the rock, combined with the semi-arid climate 

of the region (Fleisher, 1981; Martini, 2006).  

The Wonderfonteinspruit origin is at the now dysfunctional Tudor dam at the continental divide 

in Krugersdorp. From Tudor dam it flowed past old mining areas to the Lancaster Dam (Figure 

2.33). From Lancaster dam it flowed past urban areas through some wetlands over a small 

dolomite inlier across the Witpoortjie Fault. The small dolomite inlier may be a possible ingress 

point into the Western basin mine void (Figure 2.34).  

 

Figure 2.33: Lancaster Dam (Dennis, 2011). 



 
51 

 

Figure 2.34: A Schematic representation of how the Wonderfonteinspruit flow may recharge into the 
Western Basin mine void (From Fourie, 2006). 

From the Witpoortjie Fault the Wonderfonteinspruit flow past the Flip Human WWTW of the 

Mogale City Local Municipality. From the Flip Human WWTW the Wonderfonteinspruit flows 

through a large reed bed into the Luipaardsvlei dam, which was constructed by the mines to 

reduce storm water for the middle section of the Wonderfonteinspruit. At the moment the 

Luipaardsvlei Dam outlet is not operating as designed, which adds a constraint to the runoff 

of about 7 Ml/d in the dry season and 25 Ml/d in the wet season (Van Biljon, 2016).  From 

Luipaardsvlei dam the Wonderfonteinspruit flow past some mining and agricultural land use 

activities before reaching the Donaldson Dam (Fourie, 2006). 

The Donaldson Dam comprises of two dams – upper and lower dam with a storage capacity 

of ±1000 Ml. The dam is the boundary of the Upper Wonderfonteinspruit subcatchment area. 

From the Donaldson Dam the water is diverted into a 750 mm diameter pipe connected to a 1 

m diameter pipeline (Figure 2.35). This pipeline diverts the water away from the dewatered 

dolomitic compartments, and is approximately 33 km long. The pipeline that carries the bulk 

of the runoff is to prevent the water returning to the groundwater aquifers below the 

Wonderfonteinspruit (Opperman, 2008; Schrader et al., 2014a; Swart, Stoch et al., 2003;  

Winde & Stoch, 2010).  
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Figure 2.35: Parsvel flume at the inlet of the 1 m diameter pipeline (De Klerk, 2018). 

The Lower Wonderfonteinspruit subcatchment begins at the Donaldson Dam, but receives no 

natural flow from the upper subcatchment, except when overflow at Donaldson dam takes 

place. However, the overflow from Donaldson Dam is lost to infiltration into the underground 

compartments through the numerous sinkholes that are present in the next 25 km section of 

the Wonderfonteinspruit (Figure 2.36 & Figure 2.37). The only natural runoff collected is that 

of the Lower subcatchment area for this part of the Wonderfonteinspruit.  

Just before the town of Carletonville, the 1 m pipeline together with some canals from the 

mines in the area, release water in the Wonderfonteinspruit (Figure 2.38). A canal with mine 

fissure water from the Driefontein mines mix with the water from the pipeline just after the 1 m 

pipe outlet. A short distance from this junction, the water is diverted into two canal (Figure 

2.39). The canal to the left channel water to Harry’s Dam (old irrigation dam) and the canal to 

the right channel water to the Midstream canal (use to prevent flooding of agricultural areas 

downstream).  The part of the Lower Wonderfonteinspruit to the north of Carltonville (north of 

the Oberholzer compartment), is identified as an endorheic area (Middleton & Bailey, 2008) 

(Figure 2.40). Endorheic areas (also known as pans) are numerous in South Africa. Endorheic 

areas are natural shallow depressions with no outlet. The precipitation is the only inflow, and 

evaporation and seepage is the only outflow. The precipitation that falls onto an endorheic 
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area will flow together into a wetland or pan that may be permanent or seasonal (Henri et al., 

2014; Cilliers & Bredenkamp, 2003). Therefore, it is assumed that there is no contribution to 

the Wonderfonteinspruit streamflow from this area of the Lower Wonderfonteinspruit.  

 

Figure 2.36: Sinkholes in the Wonderfonteinspruit (Swart, Stoch et al., 2003).  

 

Figure 2.37: Sinkhole in the Wonderfonteinspruit floodplain (Van Wyk, 2018). 
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Figure 2.38: 1 m pipe outlet at flow gauge C2H080 (De Klerk, 2018). 

 

Figure 2.39: Water outfall towards Harry’s Dam (Left canal) and bypass canal (Right canal) towards 
flow gauge C2H127 (De Klerk, 2018).



 
55 

 

Figure 2.40: Endoreic area in the Wonderfonteinspruit Valley.
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Past Carletonville, the Wonderfonteinspruit flow past the WWTW of Carletonville and 

Khutsong, through Harry’s dam, Abe Bailey Dam in a westerly direction towards Welverdiend. 

Outside Welverdiend, the Wonderfonteinspruit receives some water from the mine situated at 

the western side of the mine lease area. From there the water flows through some wetlands 

and Coetzee’s dam, past the Turffontein Springs to the confluence with the Mooi River (Figure 

2.41). Before human interference, the Lower Wonderfonteinspruit was a westerly draining 

perennial stream, with flow augmented by the dolomite springs. At the moment the 

Wonderfonteinspruit can be seen as a non-perennial stream (Swart, James et al., 2003).  

Before the impact of mining, the Wonderfonteinspruit flowed over the seven dolomite 

compartments up to its confluence with the Mooi River (Figure 2.27). These dolomite 

compartments all have dolomitic springs (eyes) that augmented the flow of the 

Wonderfonteinspruit (Table 2.7). Since dewatering of the dolomite compartments started, 

some of the eyes dried up, resulting in the current non-perennial status of the 

Wonderfonteinspruit (Bezuidenhout & Enslin, 1970; Coetzee et al, 2006; Schrader et al., 

2014a; Swart, James et al., 2003; Winde & Erasmus, 2011).   

The higher yielding dolomitic springs were not affected by periods of drought or excessive 

rains compare to the smaller springs. The average peak flow of a spring is generally less than 

double its low flow. Due to the very slow rate of movement of groundwater in the dolomite 

towards the spring, there could be a time lag of 6 to 24 months between a season with 

abnormal high rainfall and high groundwater recharge and the peak flow of the spring, or 

between the dry season and the low flow of the spring (Enslin, 1967). 

According to Fleisher (1979) the aquifer recharge is a two phase system, an immediate phase 

and a delayed phase. This results in a rainfall event affecting the aquifer in a delayed manner, 

first through direct recharge and again 4 to 6 months later due to a lag effect. The spring flow 

hardly exhibits any annual recession curve, because of this delayed recharge. Immediate 

recharge may occur through the fissures and fractured fault zones while the delayed recharge 

consists of rainwater slowly percolating through soil and rock of lower permeability. Specific 

local conditions (lateral permeability, aquifer confinement, storage volume, basin 

characteristics, unsaturated zone, etc.) at the spring system will influence the discharge 

pattern of the spring. Foster (1988) found that water recharge through the surface boreholes 

could reach underground mine workings within 24 hours. Research by the CSIR in 1956 

indicated that discharge water on the surface infiltrates back to the mine workings in a few 

days (Wolmarans, 1984). According to Van Biljon (2016), water recharge at Cooke 4 takes 

one month to reach the underground mine workings. 
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Table 2.7: Pre-mining spring flow for the different dolomite compartments springs. 

 Pre-mining spring flow (Ml/d) 

Name 
Wolmarans 

(1984) 
Usher & Scott (2001) Swart, James et al. (2003) Dill et al. (2007) 

Average 

Flow 

Gemsbokfontein Spring 9.2 8.6 8.6 8.6 8.8 

Venterspost Spring 21.5 20.9 20.9 20.9 21.1 

Bank Spring (Eye of Wonderfontein) 46.7 49.0 49.1 49.1 48.5 

Oberholzer Spring (Wonderfonteinspruit 

Eye) 
55.9 54.0 54.1 54.1 54.5 

Turffontein Springs 18.6 18.4 18.4 18.4 18.5 

Gerhard Minnebron Spring - 52.7 52.7 52.7 52.7 
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Figure 2.41: Hydrological features in the Wonderfonteinspruit Valley with some of the monitoring stations.
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2.8.2 Hydrological Data 

The Wonderfonteinspruit is a highly complex stream and the flow regime is influenced by 

natural and anthropogenic factors. The natural influences derive from the fact that it is a karstic 

landscape that consists of caves, springs, subsidence and sinkholes with a huge aquifer 

beneath it. The anthropogenic factors impacting the karstic landscape are the mining activities 

that lead to the introduction of pipelines and canals, the dewatering of the aquifer and 

acceleration of sinkhole development due to the dewatering process. This makes the 

Wonderfonteinspruit alternate between a losing and gaining stream all the way down to its 

confluence with the Mooi River.  

2.8.2.1 Flow Gauging Stations 

Finding flow stations to match a rainfall data series could be difficult due to the steady decline 

(Figure 2.13) of DWS’s flow stations since 1990 (Pitman, 2011). The important flow gauges of 

the study area are presented in Figure 2.44. For the Upper Wonderfonteinspruit, flow gauge 

C2H023 is used as representative of this subcatchment and in the Lower Wonderfonteinspruit 

the important flow gauges are the Oberholzer spring (C2H030) and the outflow represented 

by flow gauge C2H069 (Figure 2.42 & Figure 2.43). 

 

Figure 2.42: Flow gauge C2H069 (De Klerk, 2018). 
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Figure 2.43: Weir at flow gauge C2H069 (De Klerk, 2018). 

The annual flows for the abovementioned gauges are presented in Figure 2.45. Not all gauges 

have data over the same time period and C2H069 has the longest and most current flow 

records. Some basic observations based on the hydrograph are as follows: 

 A steady decline of the spring flow is observed for the available data due to the 

dewatering of the dolomitic compartment.  

 The drought of 1988 – 1992 and 2002 - 2005 is clearly visible in the C2H069 flow 

record during these time periods, as reduced flow volumes were recorded.  

 A 1 m diameter pipe was constructed in 1977 to convey water over the dewatered 

dolomitic compartments and the influence of this pipe line is clearly visible in the 

C2H069 historic flow record (a detailed discussion of the pipeline follows later in this 

chapter). 

 The period 1972 to 1977 sees a loss of water from C2H023 to C2H069, which is 

contributed to the sinkholes that formed in the area just below Donaldson Dam.  
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Figure 2.44: Significant gauges in the Wonderfonteinspruit Valley.
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Figure 2.45: Annual flow volumes between 1972 and 2017. 



 
63 

The annual average pH, TDS and SO4 values as obtained from the RQS database 

(www.dwaf.gov.za/iwqs) are presented in Figure 2.46, Figure 2.47 and Figure 2.48 

respectively. Note that not all gauges have water quality data over the entire period. The water 

qualities are presented against the SANS 241:2015 (SANS, 2015) drinking water guidelines 

only for reference purposes, where the green sections relate to acceptable limits and the red 

to unacceptable limits. The SANS 241:2015 standard refers to a treated water standard. 

A steady increase in pH is observed from 1980 to 1995 during which time the TDS and SO4 

shows a decline over the same period, specifically at C2H023. This behaviour is contributed 

to the fact that the SO4 precipitates as Gypsum (CaSO4) at higher pH.  

The driving source of SO4 during this period originates from the C2H023 gauge which is 

representative of the upper Wonderfonteinspruit. Mine discharges are limed (CaCO3) to 

elevate pH in order to keep metals from going into solution. The water is then exposed to 

dolomite (CaMg(CO3)2), which results in enough Ca being present to form the Gypsum 

precipitate.  

 

Figure 2.46: Average annual pH levels from 1975 – 2017. 
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Figure 2.47: Average annual TDS levels from 1975 – 2017. 

 

Figure 2.48: Average annual SO4 levels from 1975 – 2017. 

 

The TDS show the same trend as the SO4 due to the fact that the TDS comprise of a significant 

percentage of SO4 as shown in Figure 2.49. The Ca concentrations over the same period are 

shown in Figure 2.50, which confirms the decrease in Ca, as expected if Gypsum precipitates. 

Note that the Ca concentrations remain fairly constant for the dolomitic spring water (C2H030) 
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and the major decrease of Ca is at C2H023, similar to that of the SO4 response. It is important 

to note that the recorded water quality at C2H069 is subject to upstream water qualities and 

chemical processes. 

 

Figure 2.49: Sulphate as a percentage of TDS 1975 – 2017. 

 

 

Figure 2.50: Average annual Ca levels from 1975 – 2017. 
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2.8.2.2 Quaternary catchments 

The National Water Act, 1998 (Act No. 36 of 1998) requires that a national water resource 

strategy (NWRS) be established. Part of the NWRS is that water management areas must be 

established and their boundaries defined.  This study area is part of DWS’s Upper Vaal Water 

Management Area (Figure 2.51). The Upper Vaal Water Management Area was for practical 

reasons further subdivided into three subareas. The Wonderfonteinspruit catchment form part 

of the subarea “Downstream of Vaal Dam”, which comprises the area between the Vaal Dam 

and the confluence with the Mooi River (Basson & Rossouw, 2003). 

The country was initially subdivided into quaternaries of approximately equal in extent (± 300 

km2). However, for the 1994 water resource study, it was decided that it is preferable to divide 

the quaternaries according to the runoff. This resulted in quaternaries of different sizes, in the 

north-west of the country there are large size quaternaries and in the mountainous areas there 

are smaller quaternaries. Hence there are 1956 quaternaries with an average area of 650km2 

(Pitman, 1994).   

The Wonderfonteinspruit Valley consists of two complete quaternaries and part of three others 

(Figure 2.4). The DWS has some flow gauges in these quaternaries, but no flow gauge exists 

where the Wonderfonteinspruit and the Mooi River meet. It was therefore decided that to 

model the catchment more accurately the rainfall-runoff model will use flow gauge C2H069 as 

the outlet point (Figure 2.44). From flow gauge C2H069, the Wonderfonteinspruit flows almost 

19km to its confluence with the Mooi River. This part of the Wonderfonteinspruit Valley 

consists of agricultural land use, with grazing as the main focus. The parameters for the 

quaternary catchments that fall within the Wonderfonteinspruit boundaries are presented in 

Table 2.8. 

Table 2.8: Quaternary catchment parameters (Middleton & Bailey, 2008). 

Quaternary AREA (km²) MAP (mm/a) MAR (mm/a) MAE (mm/a) 

A21F 1001.0 677.3 25.0 1700.0 

C23F 510.0 605.4 23.5 1700.0 

C23E 850.0 630.6 25.9 1675.0 

C23D 613.0 663.5 29.5 1650.0 

C23G 1324.0 597.4 22.9 1700.0 
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Figure 2.51: Upper Vaal Water Management Area.
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2.8.2.3 Canals and Pipes 

The canals were originally constructed for the farming community to tap into the vast 

groundwater resource for irrigation and domestic purposes. The irrigation systems were 

upgraded in the 1920’s (Swart, Stoch et al., 2003). With deep level mining that started in 1934, 

successful dewatering followed in the 1940’s by not returning the extracted water to the 

dolomitic compartment it was pumped from. Water affected mines received permission from 

Government in 1949 to use the irrigation canals to discharged the dolomitic water outside the 

dolomitic compartment (Coetzee et al., 2006; Van Niekerk & Van Der Walt, 2006; Swart, Stoch 

et al., 2003).  

 

One of the canals constructed by the mines was the canal known as the Midstream canal. 

This canal was constructed in the Wonderfonteinspruit streambed to prevent flooding of 

adjacent farmland due to large volumes of water discharged into the Wonderfonteinspruit 

during dewatering of the dolomitic compartment (Winde, 2010a). The mines maintained the 

Midstream canal on a regular basis, but stopped in the late 1990’s. The canal soon silted up 

and adjacent areas are now prone to regular flooding. This may result in a higher evaporation 

loss in the affected area. Leakage from irrigation canals could also be as high 35 – 60 % 

(Enslin, 1967; Schrader et al., 2014a). Canals used to divert extracted dolomitic water from 

mines are likely to increase the amount of water losses through evaporation and leakages 

from broken canals or unlined canals (Coetzee et al., 2006). 

The dewatering of the dolomite compartments in order to allow mining to continue resulted in 

sinkhole formation, especially in the dewatered compartments. Returning the pumped 

groundwater to the catchment area, together with the normal runoff, caused the mines major 

problems as the surfaced water can reach the mining areas between 24 hours and a few days 

(Engelbrecht, 1986; Vegter & Foster, 1989; Wolmarans, 1984). The water inflow rate into the 

mine workings is determined by the number of post-dolomite faults and associated features 

which are intersected by the mine workings, the hydrological characteristics of the individual 

fault zones and the hydrostatic pressure of the water (Enslin et al., 1976).  

 

To control surface water flow, ponding and uncontrolled discharge that may cause stability 

problems and sinkhole formation in the dewatered compartments, a 1 m diameter pipeline was 

constructed in 1977. The mines made use of a combination of pipeline infrastructure and some 

of the irrigation canals to prevent surface water from entering the underlying dolomite and re-

circulating back into the mine workings. Irrigation canals not used by the mines have fallen in 
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disrepair, due to the dry springs (Coetzee et al., 2006; Schrader et al., 2014a; Swart, Stoch et 

al., 2003).  

 

The 1 m diameter pipeline carries the water overflow from the Donaldson Dam and mine water 

across the dewatered compartments into a system of concrete canals that discharges the 

water back into the natural stream channel of the Wonderfonteinspruit in the Boskop-

Turffontein Compartment, about 33 km downstream, so that groundwater recharge in the 

dewatered dolomitic compartments is restricted to a minimum (Figure 2.53). The 1 m pipeline 

has a maximum capacity of 130 Ml/day and has replaced the Wonderfonteinspruit from 

Donaldson Dam all the way to Carltonville. All the pipelines that were constructed in the 

Wonderfonteinspruit catchment were mainly in three diameter sizes: 610 mm, 700 mm and 

1000 mm (Coetzee et al., 2006; Swart, Stoch et al., 2003; Usher & Scott, 2001; Van Niekerk 

& Van Der Walt, 2006; Winde & Stoch, 2010).  

 

The Upper Wonderfonteinspruit runoff were only prevented from entering the Lower 

Wonderfonteinspruit area from 1977 when the 1m diameter pipeline was constructed to 

prevent surface runoff to infiltrate the dewatered Venterspost, Bank and Oberholzer dolomitic 

compartments (Swart, Stoch et al., 2003). The Cooke Attenuation Dam and Donaldson Dam 

are part of a system to manage stream flow from the Upper Wonderfonteinspruit into the 1 m 

pipeline. Under normal flow conditions about 30 Ml/d flow from Donaldson Dam into the 1 m 

pipeline via a 750 mm pipe and Parshall flume. During flood events, water frequently spills 

over the Donaldson Dam wall reaching the sinkhole-ridden Wonderfonteinspruit streambed.  

In the past, this has caused the 1 m pipeline to collapse, because of sinkholes developing 

underneath the constructed pipeline (Swart, Stoch et al., 2003). 

Since dewatering started, extra canals were constructed to link up with existing agricultural 

canals to supplement the irrigation water that were lost due to dewatering. Some authors 

(Enslin, 1967; Schrader et al., 2014a) estimated that up to 60% of the water in existing 

irrigation canals is lost by seepage. Canals in the Bank compartment alone were determined 

to provide approximately 18 Ml/d to the underlying karst aquifer. Canal leakage can trigger 

sinkholes (Figure 2.52) that further increase leakage rates from collapsed canals. Upgrading 

the canals can reduce the leakage up to 18%. 

Today most of the irrigation canals are disused, only those that are still used by the mines are 

in a relative working order. An additional issue with the canals is the possibility of high uranium 

contamination of the sediment dredge from the canals (Coetzee et al., 2006; Winde, 2006).  
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Figure 2.52: Sinkhole due to canal leakage, in the Welverdiend area (Anon, s.a). 

 

The pumping of fissure water results in artificial stream flow that fluctuates from the natural 

stream flow. These water discharges display distinctive day-night differences resulting in 

distinct 24-hour variations of discharge volumes and a decline in seasonal fluctuations. The 

seasonal variation of stream flow has changed, impacting on the natural ecosystem of the 

catchment. The water quality of the fissure water is different from that of the 

Wonderfonteinspruit, changing the conditions of the natural ecosystem even more (Coetzee 

et al. , 2006). Figure 2.53 shows the layout of the major pipelines and canals that impact on 

the Wonderfonteinspruit. 
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Figure 2.53: Some of the mining infrastructure in the study area.
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2.8.2.4 Dams 

Surface water bodies play an integral part in the Wonderfonteinspruit catchment. The major 

dams that influence the flow of the Wonderfonteinspruit are shown in Figure 2.54. Dams 

present in the Wonderfonteinspruit, include the following: Upper Wonderfonteinspruit – Tudor, 

Lancaster, Luipaardsvlei, Donaldson Dam; Lower Wonderfonteinspruit – Padda and Andries 

Coetzee’s dam. The dams that currently influence the Wonderfonteinspruit runoff are the 

Cooke Attenuation Dam, Luipaardsvlei Dam, Donaldson Dam and Padda Dam. The 

Donaldson Dam plays a pivotal role, in that it prevents water from the headwaters to flow over 

the sinkhole infested area of the dewatered dolomite compartment and in doing so prevents 

the rewatering of the dolomite compartments.  

The increased hydraulic pressure associated with raising water tables in dams may result in 

significant losses to an aquifer. The Donaldson Dam is located directly on dolomite (Rosin & 

Harley, 1985), so it is logical to presume that water loss from the dam significantly contributes 

to recharge of the underlying karst aquifer (Fleisher, 1981). Other dams in the study area that 

are situated on the dolomite are Andries Coetzee’s dam, Padda Dam and Harry’s Dam. 

Further losses from the dams are the evaporation from the water bodies. Some features of 

the important dams in the study area are presented in Table 2.9. 

Table 2.9: Important dams identified by the WR90 study (Midgely et al., 1994). 

Dam Name Type Year Height (m) Capacity (Mm³) 

Luipaardsvlei Earthfill embankment (TE) 1989 8 2.1 

Donaldson Dam Earthfill embankment (TE) 1986 7 0.46 
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Figure 2.54: Major dams in the study area.
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2.8.2.5 Wetlands 

Wetlands play an integral part in the surface hydrology of the Wonderfonteinspruit. Wetland 

areas are present all along the Wonderfonteinspruit. These areas are characteristically 

underlain by poorly drained soils, favouring the growth of water loving plants. The majority of 

the wetlands in the Wonderfonteinspruit are either Palustrine or Endorheic wetlands (Parsons, 

2004).   Some of the wetlands are non-perennial because of the springs that dried up and the 

influence of the 1 m diameter pipeline that prevents surface water reaching them (Figure 2.55).  

Wetlands are considered an important contributor towards aquifer recharge, as well as water 

loss through the evapotranspiration process (DWA, 2013b; Wolmarans, 1984). The extent of 

the wetlands in the Wonderfonteinspruit catchment is approximately 2384.11 ha (23km2). 

There is about 704.9 ha (7.05km²) of wetlands within the Wonderfonteinspruit watercourse. 

These large wetlands are mainly on dolomite and can cause significant increase in pumping 

rates for mines operating underneath the wetlands, after flood or rainstorm events 

(Wolmarans, 1984). 

The water losses from wetlands occur from the water and soil (evaporation), as well as from 

plants (transpiration) within the wetlands. The two processes combined are termed 

evapotranspiration (ET), which is not always easy to determine. A simple calculation is: ET for 

wetlands with free water surfaces is roughly equal to lake evaporation, which is about 80% of 

pan evaporation. The Class A evaporation pan is a useful reference, because long-term data 

is available for South Africa (Kadlec & Wallace, 2009). 

Small wetlands will have much greater convective heat transfer that will amplify ET in small 

wetlands. Evapotranspiration in the growing season can be estimated as 0.70–0.85 times 

Class A pan evaporation. The Class A pan combines many of the meteorological variables, 

but not the advective effects. Large free water surface wetland evapotranspiration and lake 

evaporation are about equal, because plant transpiration offsets reductions in open water 

evaporation. Even so, the type of vegetation is not a strong factor in determining the water 

loss for large wetlands. ET varies seasonally, from minimum values in winter to maximum in 

summer  (Kadlec & Wallace, 2009). 
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Figure 2.55: Wetlands present in the study area.
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2.9 ANTHROPOGENIC FACTORS 

2.9.1 Land Cover 

The Wonderfonteinspruit Valley is mainly rural, with population concentrated in major towns 

that were established during the peak of the mining operations. The largest economic 

contributor is mining and mining related industries. The agricultural sector is playing an 

important role in the rural areas. From the 2013 - 2014 Land Cover data set (© 

GEOTERRAIMAGE 2014) for the Wonderfonteinspruit Valley (Figure 2.56), the major land 

covers are natural areas (53%), cultivation (29.6%), urban and industrial areas cover (4.2%), 

smallholdings (3%) and mining (2.4%). Woodlands cover 2.6% and wetlands 2.4% of the 

Wonderfonteinspruit Valley (Table 2.10). The natural areas are mostly grasslands used for 

grazing, thus making farming the largest land use activity in the study area. The urban areas 

are likely to change the infiltration and runoff characteristics of the catchment in their 

immediate vicinity. 

Table 2.10: 2013 – 2014 Land Cover statistics for the Wonderfonteinspruit Valley. 

Land Cover Class Area Km² % of Total 

Natural 888.8 53.3 

Cultivated Land 493.8 29.6 

Urban 67.2 4.0 

Smallholdings 49.8 3.0 

Woodland 43.3 2.6 

Wetland 40.0 2.4 

Mining 39.9 2.4 

Plantations 28.3 1.7 

Degraded 6.1 0.4 

Cemeteries and Recreation 3.7 0.2 

Industrial 2.9 0.2 

Water 2.6 0.2 

Orchards and Vineyards 0.3 0.0 

Total 1666.6 100.0 
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Figure 2.56: 2013 - 2014 Land cover for the Wonderfonteinspruit Valley (© GEOTERRAIMAGE 2014). 
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2.9.2 Agricultural 

Even though the Wonderfonteinspruit Valley is situated in a karst landscape that makes large 

areas unsuitable for development, agricultural activities may be able to increase in the area. 

Some of the agricultural activities currently in the Wonderfonteinspruit Valley are large scale 

commercial farming, intensive commercial farming (small holdings) and subsistence farming. 

Agricultural products are maize, grain sorghum, sunflowers, vegetables, chicken broilers, beef 

and milk. Agricultural land use as a non-point pollution source may create problems of 

waterlogging, desertification, salinisation and erosion. The water quality may deteriorate due 

to salts, agrochemicals and associated toxic leachates.  

 

Figure 2.57: An example of a crack and plant growth in a canal (C2H060) that may contribute to water 
loss (De Klerk, 2018). 
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Most springs in the catchment were mainly used for irrigation purposes and the irrigated land 

was generally on poor, pervious soils, because of the dolomite. The pervious soils in the 

Wonderfonteinspruit Valley resulted in a high percentage of irrigation water returned to ground 

water storage by seepage from furrows and irrigation plots (Figure 2.57). The returned flow is 

estimated between 35 – 60% (Enslin, 1967; Schrader et al., 2014a). 

2.9.3 Mining Related 

2.9.3.1 Background 

As mentioned in Section 2.2, the discovery of gold at the Langlaagte farm in 1886 transformed 

the Wonderfonteinspruit Valley landscape forever. Mining began from the surface on the 

outcrops that occur in the West Rand. Subsequently, mines worked reefs that are covered by 

younger geological strata and kept on following the reefs downwards. In the Upper 

Wonderfonteinspruit, the depth was greater than 1700 mbgl and in the Lower 

Wonderfonteinspruit, the depths exceeded 3900 mbgl. The lower West Rand Group strata 

contained little gold, but the upper Central Rand Group contained a host of gold-bearing 

conglomerate beds, which contained economic gold (DWA, 2013b;  Usher & Scott, 2001; 

Whiteside et al., 1976). 

However, it was not only the discovery of gold that impacted on the area, but also the discovery 

of radioactive metals in the gold-bearing conglomerates in 1915. The strategic importance of 

nuclear resources for weapons and power plants led to the construction of a pilot uranium 

oxide extraction plant at Blyvooruitzicht in 1949. The first plant to produce uranium 

commercially was then built at West Rand Consolidated Mines Limited in 1952. The life span 

of numerous mines ended during the last 35 years. Table 2.11 provides a summary of 

important mining related events that have occurred in the Wonderfonteinspruit Valley (Durand, 

2012; Winde, 2010a). 
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Table 2.11: Major events regarding the mining industry in the Wonderfontein Valley (Durand, 2012; Stoch & Winde 2010; and Swart, Stoch et al., 2003). 

Date Important Events Date Important Events 

1886 
Mainly a farming community untill 1886 (maize, tabacco, skins, ostrich feathers and 

meat the main produce) 
1958 1st big sinkhole developed on the Venterspost Dolomitic Compartment 

1886 Gold discovered at Langlaagte farm 1959 Oberholzer eye (spring) dried up 

1886 First mining company registered: Witwatersrand Gold Mining Company 1961 Venterspost mine pumping rate peaked at 58 Ml/day 

1887 Gold Fields of South Africa & Randfontein Estates Goldmining Companies registered 1962 Crusher plant with 29 people disappeared in large sinkhole 

1887 Shallow shafts sunk into Witwatersrand Supergroup 1963 
Government decided it is economically more beneficial to dewater the dolomitic 

compartments affecting the mining industry 

1888 Rand Mines Limited registred 1963 Driefontein Consolidated (West) Mine pumping rate peaked at ± 146 Ml/day 

1890 The MacArthur–Forrest cyanidation process invented to extract gold from ore 1964 Sinkhole fell in Westdene Residential area, killing 5 people 

1903 First reports of mine flooding caused by groundwater 1967 Concerns of uranium pollution was starting to surface 

1909 
Seven mining companies almagated to form Crown Mines Limited – largest gold 

producer in the world 
1968 Flooding occured in Driefontein Consolidated (West) mine 

1910 Pullinger brother’s shaft experieced influx of dolomitic water at 30m below surface 1969 Dewatering of Bank dolomitic compartment was started 

1913 Smaller mines starting to close down 1970 Pumping in Bank Compartment peaked at ± 340 Ml/day 

1913 
The three largest gold mines in the world were Crown Mines, ERPM and Randfontein 

Central 
1970 First sinkhole in Bank dolomitic compartment detected 

1915 Radioactive metals discovered in the goldbearing ore 1975 Sinkhole developed beneath the railway line between Bank and Oberholzer Station 

1922 Rand refinery became operational in Germiston 1977 Construction of 1 m pipeline started (Max capacity 130 Ml/day) 

1934 Venterspost Gold Mine sunk mineshaft through dolomite 1984 166 sinkholes already developed in the Venterspost compartment 

1936 Libanon mine started 1984 208 sinkholes already developed in the Bank compartment 

1937 Blyvooruitzicht Gold Mine started 1986 Gemsbokfontein West Compartment dewatering started 

1940's Effective dewatering of the dolomite started – although unlawful 1987 – 1988 Rehabilitation of sinkholes 

1946 Driefontein Consolidated (West) Gold mine started 1995 – 1996 Rehabilitation of sinkholes 

1947 Venterspost eye (spring) dried up 1998 Dewatering of mines in Krugersdorp en Randfontein stopped 

1949 Government gave permission to release pumped water into irrigation channels 1998 Sinkhole of 110m radius & 25m deep fell 3km south of Carltonville 

1952 1st uraniam plant established at West Rand Consolidated Mines Ltd 2001 Sinkhole survey – 231 new sinkholes since 1997 

1954 – 1958 Small sinkholes starting to develop in the Wonderfonteinspruit 2002 Decantted acid mine water from Randfontein mines flowed into the Tweelopie Spruit 
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2.9.3.2 Goldfields 

2.9.3.2.1 West Rand Goldfields 

This goldfield in the Upper Wonderfonteinspruit has historically exploited in the region of 35 

different reef horizons. The major mined-out areas have been on Randfontein Estates and 

West Rand Consolidated lease areas. These two areas are separated by an area of minimal 

mining. The Randfontein Formation has accounted for about 60% of the mined-out areas of 

the West Rand (Lednor, 1986). 

2.9.3.2.2 Far West Rand Goldfields 

There are still active mines in this region of the Wonderfonteinspruit Valley. The major reefs 

that are exploited in this region are the Carbon Leader, Middelvlei Reef, Ventersdorp Contact 

Reef and some smaller reefs. The dolomites of the Chuniespoort Group overlie most of these 

mines, and the water in the cavities has forced the mines to dewater these dolomitic aquifers. 

This led to stability problems at the surface (McCarthy, 2006). 

2.9.3.3 Gold mining 

Water quality and quantity are a major issue for mine water management at underground 

goldmines. The concerns with gold mining in the Wonderfonteinspruit Valley are the potential 

for pollution of the water resources regarding heavy metals, acidity, salts and radionuclides, 

as well as the formation of sinkhole after the mines have closed down. In the 

Wonderfonteinspruit Valley, water pollution and sinkholes are interrelated. Waste disposal 

from mines is sometimes in the form of sand heaps, rock dumps or tailing storage facilities 

(TSFs) (Pulles et al., 2005; Usher & Scott, 2001).   

The sand heaps are associated with the older mines in the northern part of the West Rand 

goldfield. Many were reworked to extract the remaining gold residue, because of the less 

sophisticated processes at the time of their creation. Rock dumps are the coarse rock waste 

created when shafts and underground access routes were created. These rock dumps may 

contain sulphide minerals, and the most common is pyrite (FeS2). When pyrite interact with 

oxygen and water it will oxidize and may pollute the water through above average acidity, very 

high sulphate concentrations and substantial dissolving of metals and radionuclides. 

Sometimes these rock dump areas are also used to dispose of household and industrial waste 

from nearby urban and industrial areas (Pulles et al., 2005; Usher & Scott, 2001).  



 
82 

TSFs are associated with the processing of the ore bodies to extract the metals. The TSFs 

have the potential to generate significant seepage to underlying formations. In the Department 

of Water Affairs’ Best Practice Guideline G4: Impact Prediction (DWAF, 2008), the guideline 

for percentage infiltration and evaporation from the top of the TSFs , are 22% and 78% 

respectively. The slime is confined in a dam where water evaporates, is siphoned off, or seeps 

away. To ensure the moisture is reduced efficiently, some mines have purposely constructed 

TSFs on top of the dolomite so that the seepage into the dolomite will enhance the drying of 

the TSF (Usher & Scott, 2001). About 16 TSFs are situated on fault lines. Fault lines are 

considered preferential flow paths for surface water to infiltrate. Pollution of the dolomite may 

be a reality, especially at older TSFs where environmental protection measures were not in 

place.  

The discovery of radioactive metals in the gold-bearing conglomerates in the 

Wonderfonteinspruit Valley led to the extracting of uranium together with the gold.  Therefore, 

numerous studies (Coetzee et al., 2006; Dill et al., 2007; Winde, 2009; Winde, 2010a; Winde, 

2010b) were undertaken to determine the extent of possible uranium pollution. When a limited 

radiological analysis of TSF material for uranium and radon from 13 mines (Table 2.12) was 

conducted, the results show that the Far West Rand TSFs have elevated concentrations of 

uranium (Dill et al., 2007). 

Table 2.12: Radiological analysis of gold mine tailings from the Far West Rand (Dill et al., 2007). 

Mine Total Tailings Produced (Tons) Uranium 238 (Bq/g) 

Doornfontein 52 683 000 1.314 

Blyvooruitzicht 79 365 000 0.394 

West Driefontein 93 540 000 1.558 

East Driefontein 52 005 000 1.455 

Deelkraal1 20 235 000 0.35 

Elandsrand1 26 316 000 0.42 

Western Deep Levels1 122 827 000 1.429 

Kloof 48 423 000 0.766 

Leeudoorn1 2 740 000 1.707 

Libanon 60 388 000 1.452 

Venterspost 69 184 000 1.22 

Elsburg1 4 881 000 1.707 

Western Areas 95 307 000 3.493 

Total 727 894 000  

Tons-weighted mean U238 activity 1.471 

1) Outside Wonderfonteinspruit Valley 
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In the Western Basin, it was found that the water discharging from mine voids improved over 

time. Uranium levels decreased from over 6000 g/l U down to less than 200 g/l U over a 

period of 9 years. This decrease may be caused by the natural flushing of contaminants as a 

result of mine void flooding after water degradation stopped. This may happen when there is 

a logarithmic decline in pollution concentration in the mine void (DWA, 2013b; Usher & Scott, 

2001). 

2.9.3.4 Mine Voids 

The mining of the gold-bearing conglomerate layers left a huge void, which is continuous 

where layers were well mineralised, broken only by dykes and smaller fault offsets that could 

not be mined (DWA, 2013b). Usher and Scott (2001), estimate the West Rand mine void 

volume to be approximately 206 Mm³. However, the mined-out  areas in the West Rand area 

may have collapsed, or in deeper levels, have closed due to the settling of the rock or rock 

falls, substantially reducing the void volume (Schrader et al., 2014a).  

In the Far West Rand the mine void will add significantly more water storage capacity below 

the aquifer. Dill et al. (2007) estimate the additional mine void for the Far West Rand at 1580 

Mm3. The active mines in the Wonderfonteinspruit Valley are currently increasing the mine 

void. The final mine void size will only be known after all the economically viable reserves 

have been mined out. The underground mining activities have increased the capacity of the 

compartments by excavating deeper lying connections (haulages and stopes) in the rock 

beneath the dolomite. When mining ceases, the mine voids will rewater, resulting in the 

formation of an artificial aquifer in the haulages, stopes and subsequent shafts (DWA, 2013b; 

Swart,  James et al., 2003). 

2.9.3.5 Water Levels 

The gold-bearing conglomerates are mainly at a level beneath the dolomite. As mining 

progressed deeper underground, the groundwater inflow into the mine workings also 

increased. The rate of groundwater flow increased as it is related to the frequency of faults 

and fissure intersections. Historically, water pumped to the surface re-entered the mining area 

between 24 hours to a few days. The Wonderfonteinspruit Valley shows characteristics of a 

typical karstic landscape, and therefore, the large volumes of water will infiltrate quickly back 

towards the mine workings. This led the mining companies to start dewatering the dolomitic 

compartment, by initially pumping the underground water to surface canals that let the water 

flow away into the Wonderfonteinspruit at the Turffontein dolomitic compartment. Large 
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volumes of groundwater were pumped from the Gemsbokfontein, Venterspost, Bank and 

Oberholzer dolomitic compartments  (Engelbrecht, 1986; Wolmarans, 1984).    

In 1977, a 1 m diameter pipeline was constructed to prevent the recharge of the dolomitic 

compartments above the mine workings (Figure 2.58). The pipeline is parallel to the Lower 

Wonderfonteinspruit and has a capacity of 130 Ml/day. The pipeline takes water from the 

Donaldson Dam in the east to the Boskop–Turffontein Compartment in the west, well clear of 

the four dewatered compartments’ catchments (Swart, James et al., 2003; Van Niekerk & Van 

Der Walt, 2006). 

A dolomitic compartment is considered to be dewatered when the inflow of water is equal to 

the withdrawal of water. Soon after dewatering of the dolomitic compartments had started, the 

stability of the ground surface was disturbed by the lowering of the water table, the 

development of surface depressions and sinkholes were detected (Figure 2.36). Research 

has shown that this is an area of concealed karst landscape, where the geomorphological 

evolution of dolomite is greatly influenced by the position of the water table in each 

compartment (Engelbrecht, 1986; Usher & Scott, 2001; Wolmarans, 1984)  

The springs were the result of the dykes that act as barriers for groundwater flow in the 

dolomite compartments. The dykes force the groundwater table to intersect with the surface 

just upstream from the western dyke near the valley bottom. The practice of strip mining to 

mine the gold-bearing conglomerates has destroyed some of these dykes, effectively 

cancelling out the compartmentalising effect. This has changed the integrity of the dykes and 

will have an impact on the leakage across dykes after mines have closed down. Even where 

there are no mining activities, like the Horst blocks, the overarching dolomite will help the water 

to move across these areas. The surface and groundwater flow pattern will also be different 

from the pre-mining flow pattern due to the mined-through dykes (Lin & Lin, 2014; Schrader 

et al., 2014a; Usher & Scott, 2001; Wolmarans, 1984).  
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Figure 2.58: 1m diameter pipeline in the Wonderfonteinspruit Valley. 
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The mined-through dykes have implications for future rewatering of the dolomite aquifers after 

all mining operations have ceased. Two main contrasting views of the post-mining scenarios 

are proposed by various authors:  

i. Instead of having multiple aquifer compartments created by the dykes, there will be 

only one mega compartment (Figure 2.59), with only the Turffontein springs as the 

groundwater control level (Usher & Scott, 2001; Wolmarans, 1984); 

 

Figure 2.59: Water levels in the dolomite compartment (from Wolmarans, 1984). 

ii. The post-mining groundwater level will return to its former level and the dry springs will 

start to flow again, but not as strong as the pre-mining flow. The springs may however 

stop flowing during low rainfall period (Dill et al., 2007; Schrader et al., 2014b; Swart, 

Stoch et al., 2003).  

In general, shallow groundwater mimics the topography, but due to the dolomitic aquifer this 

is not the case with the groundwater in the Wonderfonteinspruit Valley. Looking at the 

Wonderfonteinspruit channel, the gradient seldom exceeds 1:1250, which is flatter than the 

topographic surface (Schrader et al., 2014a). Figure 2.60 presents the historic and current 

borehole levels for the Gemsbokfontein West compartment. A distinct drop in water level is 

observed due to dewatering of the compartment. There is a low correlation between the 

measured water levels and the surface topography, as expected from a dolomitic aquifer.  The 

different groundwater levels (as estimated by different authors) for each compartment are 

presented in Table 2.13. 
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Figure 2.60: Historic and current water levels of the Gemsbokfontein Compartment.
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Table 2.13: Different groundwater level estimates from different authors. 

 
Pre-mining: Water level at spring (mamsl) 

Compartment Name Wolmarans 1984 Swart, James et al., 2003 Dill et al., 2007 Schrader et al., 2014a 

Gemsbokfontein (Spring) 1559 1562 1559 - 

Venterspost (Spring) 1539 1539 1539 1539 

Bank (Spring /Eye of Wonderfontein) 1502 1502 1502 1502 

Oberholzer (Spring /Wonderfonteinspruit Eye) 1471 1471 1471 1471 

Boskop-Turffontein (Turffontein Springs) 1417 1417 1417 1417 

 
Mining: Water level (mamsl) 

Compartment Name Foster (1988) Swart, James et al., 2003 Dill et al., 2007 Schrader et al., 2014a 

Gemsbokfontein - 58 level 1340 - 

Venterspost 299 1445 1400 1419 

Bank 540 952 790 801 

Oberholzer 968 471 680 799 

Boskop -Turffontein - 1417 1425 1423 

 
Post-Mining: Water level (mamsl) 

Compartment Name Wolmarans 1984 Swart, James et al., 2003 Dill et al., 2007 Schrader et al., 2014a 

Gemsbokfontein Spring 1457 1562 1559 - 

Venterspost Spring 1503 1539 1539 1539 

Bank Spring (Eye of Wonderfontein) 1478 1502 1502 1502 

Oberholzer Spring (Wonderfonteinspruit Eye) 1451 1471 1471 1471 

Turffontein Springs 1417 1417 1417 1417 
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2.9.3.6 Sinkholes 

Sinkholes and dolines are typical of karstic landscapes and the Wonderfonteinspruit Valley is 

no different with natural sinkholes marking the landscape through the years. A rapid decrease 

in the water level in the dolomites will increase the rate of sinkhole formation dramatically. This 

is due to the increase in instability of the material arching over voids, together with infiltrating 

water, that act as a mobilising agent. When the dewatering of the dolomitic compartments 

started in the Far West Rand, cones of depression formed at the dewatering sites. As the 

water level in the aquifer dropped, the cavities in the dewatered dolomite aquifer became 

unstable, until the arches (roof) of the cavities collapsed, resulting in the formation of a 

sinkholes (Brink, 1979; Buttrick & Van Schalkwyk, 1998; Dill et al., 2007). 

According to Dill et al., (2007), the occurrence of sinkholes in the Wonderfonteinspruit Valley 

is not uniform over the dolomitic compartments, but clustered around particular geological and 

geographical features (Figure 2.65). The average sinkhole density is 31 per km2. The 

sinkholes can act as sinks for surface water and provide preferred pathways for the vertical 

movement of the surface water into the subsurface. 

2.9.3.7 Pollution Sources 

Pollution sources include both point source pollution and non-point pollution sources. Pollution 

sources will include the urban areas, industrial areas and mining areas. The main chemical 

processes that may affect the water quality are solution, precipitation, leaching, oxidation, 

reduction reactions and surface processes. These processes are evident in dissolution of the 

dolomites, leaching and ion exchange in the clayey sediments of Karoo outliers and the 

Pretoria Subgroup producing more saline groundwater. Oxidation of sulphide minerals 

produce acid-mine drainage with associated high heavy metal concentration. Movement of 

such water into the dolomite improves the dissolution process (Usher & Scott, 2001).   

There are many point pollution sources in the Upper Wonderfonteinspruit. Pollution from 

mining, industries and urban areas may influence surface water quality entering the Lower 

Wonderfonteinspruit. The Wonderfonteinspruit stream between Gemsbokfontein and 

Oberholzer Dykes does not carry polluted water. Upstream of the Gemsbokfontein Dyke 

polluted baseflow of streams is diverted into the 1m pipeline, which traverses all three 

compartments to discharge to the west of the Oberholzer Dyke. Discharges and any other 

effluents from within the Venterspost, Bank and Oberholzer compartments are directed along 

channels and pipelines that discharge west of the Oberholzer Dyke (Foster, 1988; Usher & 

Scott, 2001). 



 
90 

2.9.3.7.1 Acid Mine Drainage (AMD) 

The definitive source of the AMD in the Wonderfonteinspruit Valley gold mines is the pyrite 

included in the gold-bearing conglomerates that are being mined. On exposure during the 

mining process, and with the addition of water and oxygen, the pyrite oxidises to sulphuric 

acid and iron hydroxide as explained by the following reaction (Younger, 2000): 

FeS2 +
15

4
O2 +

7

2
H2O → Fe(OH)3 + 2SO4

2− + 4H+ Equation 2-3 

The acidic water is aggressive so that as the water moves from the pollution source, other 

minerals go into solution – this neutralises the acidity but adds dissolved ions to the solution, 

which may be toxic to organisms using the water and results in increased TDS values (Usher 

& Scott, 2001).  

The likelihood for AMD from sand dumps is high, because they hold large amount of pyrite 

and their coarse grain size allows deep penetration of oxidising conditions and rapid circulation 

of water (Usher & Scott, 2001). The surface and subsurface seepage from sand dumps will 

be an aggressive polluting solution. AMD from rock dumps is relatively high because they also 

are coarse-grained and allow free circulation of oxygen and water. The potential from TSFs 

depends on the age of the TSF. The dams placed before 1940 will contain significant fine 

pyrite, which will have the potential to oxidise and so generate acid. TSFs that were developed 

from 1940 – 1980 may contain very little pyrite and will have little potential to generate acid. 

The reason: the demand for uranium was high at this time and part of the extraction process 

involved the leaching with sulphuric acid. Therefore, in this period there was a high demand 

for H2SO4 (Usher & Scott, 2001). 

Seepage from TSFs can be the largest source of diffuse water pollution by mining. TSF 

seepage frequently displays significantly high levels of heavy toxic metals, including uranium, 

and dissolved salts such as sulphates and chlorides. Sulphates in post-mining areas will 

increase due to the acidic water and so will chloride and sodium through dissolution. Water 

pumped from mines cannot be considered a potable water supply, because of high levels of 

TDS and sulphate (Foster, 1988;  Usher & Scott, 2001). 

The large surface areas and volumes of TSFs (Figure 2.61) generate large volumes of 

seepage, as indicated by the formation of wetlands at the base of TSFs. Seepage losses could 

be as much as the mean annual rainfall that the TSF receives, for decommissioned TSFs. For 
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active TSFs, where slurry water is added, seepage losses could be far more than the mean 

annual rainfall that the TSFs receives (Coetzee et al., 2006).   

The quantity of rainwater infiltrating into a TSF usually determines the subsequent volume of 

seepage from that TSF. The rate of seepage depends on various factors like climatic 

conditions and TSF characteristics (Winde & Sandham, 2004). The generally flat top with no 

real gravitational surface runoff; no losses to interception or transpiration, the conditions for a 

seepage rate of a significant percentage of MAP seems to be in order. Coetzee et al. (2006), 

conservatively estimate that a total volume of about 24 Mm³/a (760 l/s) undiluted seepage 

from all TSFs in the Wonderfonteinspruit Valley (± 40 km2) could be predicted. 

2.9.3.7.2 Waste Water Treatment Works (WWTW) 

According to the 2013 Green Drop Report (DWA, 2013a), there are five WWTWs in the 

Wonderfonteinspruit Valley that discharge into the Wonderfonteinspruit (Figure 2.61). A 

summary of the five WWTWs is presented in Table 2.14. The Flip Human WWTW near 

Krugersdorp, in the Upper Wonderfonteinspruit catchment, discharges its raw untreated 

sewage almost on a continuous basis in the Wonderfonteinspruit. Some of these WWTW are 

not maintained and managed well and may on a regular basis discharge untreated water into 

the river network. All of the WWTWs in the Wonderfonteinspruit have issues with poor quality 

effluent and non-compliance with some discharge standards e.g. microbiological, ammonia 

and faecal coliform (DWA, 2013a). 

Table 2.14: Waste Water Treatment Works in the Wonderfonteinspruit. 

 2013 (Ml/d) 2014 (Ml/d) 

WWTW 

Name 

Design 

Capacity 

Discharge 

(De Groen et al., 2013) 

Discharge 

(DWA, 2013a) 

Design 

 Capacity 

Discharge 

(DWA, 2013a) 

Flip Human 50 26 27 30 27 

Hannes van Niekerk 22 6 18 37 18 

Oberholzer 8 4  6 8.3 5 

Khutsong 7.5 5  4.5 7.5 4.2 

Welverdiend 1 - 1 1.2 0.5 
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Figure 2.61: Possible pollution sources in Wonderfonteinspruit Valley. 
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2.10 LAND COVER DATA 

The major land uses in the study area are predominantly agricultural, mining related and urban 

areas. The 2013 - 2014 land cover distribution is presented in Table 2.10. Land cover is an 

integral part of the rainfall-runoff model as it determines the total run-off and infiltration rates. 

Looking at Table 2.2, the best possible time series sequence for the rainfall-runoff modelling 

calibration, seems to be in the 1960’s – 1990’s. To show the land cover change in the study 

area, a land cover dataset was created for the 1970s based on historical maps and some 

aerial photographs dating in the 1970’s (Figure 2.62). The predominant land cover in the 

1970’s was natural areas (57%) and cultivated land (34%). Urban land cover was 1.4% of the 

area and mine related land cover was 1.6% (Table 2.15). The area and percentages for the 

2013 – 2014 Land Cover dataset are presented in Table 2.16. Natural and cultivated land 

remains the predominant land cover with 53% and 30% respectively.  

  

Table 2.15: Area and percentages of general land cover types for the 1970s. 

Land Cover Class 1970s Area (km²) % of Total 

Natural 957.5 57.4 

Cultivated Land 571.6 34.3 

Urban 24.0 1.4 

Smallholdings 42.9 2.6 

Woodland 12.2 0.7 

Wetland 7.4 0.4 

Mining 26.6 1.6 

Plantations 15.3 0.9 

Degraded 0.2 0.0 

Cemeteries and Recreation 3.3 0.2 

Industrial 0.8 0.0 

Water 3.6 0.2 

Orchards and Vineyards 1.5 0.1 

Total 1666.9 100.0 
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Figure 2.62: 1970's Land cover for the Wonderfonteinspruit Valley. 
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Table 2.16: Area and percentages of general land cover types for 2013 - 2014. 

Land Cover Class 2013/14 Area (km²) % of Total 

Natural 888.8 53.3 

Cultivated Land 493.8 29.6 

Urban 67.2 4.0 

Smallholdings 49.8 3.0 

Woodland 43.3 2.6 

Wetland 40.0 2.4 

Mining 39.9 2.4 

Plantations 28.3 1.7 

Degraded 6.1 0.4 

Cemeteries and Recreation 3.7 0.2 

Industrial 2.9 0.2 

Water 2.6 0.2 

Orchards and Vineyards 0.3 0.0 

Total 1666.6 100.0 

 

The area and percentage land cover change for the Wonderfonteinspruit Valley is presented 

in Table 2.17. Natural land cover has declined from the 1970s with 4% and cultivated land 

with about 5%. Urban cover has increased (2.6%) together with wetland areas (2%) and 

mining (0.8%). Woodlands (1.9%) and plantations (0.8%) have also increased.    

Table 2.17: Area and percentage land cover change from the 1970s to 2013/2014. 

Land Cover Class Change (km2) % Change 

Natural -68.6 -4.1 

Cultivated Land -77.8 -4.7 

Urban 43.1 2.6 

Smallholdings 6.9 0.4 

Woodland 31.1 1.9 

Wetland 32.6 2.0 

Mining 13.2 0.8 

Plantations 13.0 0.8 

Degraded 5.9 0.4 

Cemeteries and Recreation 0.4 0.0 

Industrial 2.2 0.1 

Water -1.0 -0.1 

Orchards and Vineyards -1.2 -0.1 
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2.10.1 Tailings Storage Facilities (TSFs) 

There are about 3639.6 ha (36 km²) of TSFs in the study area (Figure 2.53), making the 

possible ingress of water from these a significant contribution to groundwater recharge. 

Coetzee et al. (2006), estimate that ± 65.7 Ml/d of seepage into the underlying aquifers flow 

from all active and decommissioned TSFs in the study area. Many TSFs were deliberately 

constructed on dolomite areas to assist the drainage and stability of the TSF. Some of these 

TSFs were placed over pre-existing sinkholes (Wolmarans, 1984). 

2.10.2 Soils 

The soil properties that affect the runoff response after a rainfall event is the soil’s infiltration 

rate at surface and the soil’s permeability. The infiltration rate is affected by surface conditions 

and permeability rates are affected by properties of the soil profile. Four basic hydrological soil 

groups (A, B, C & D) were identified in the USA (Schulze, 2012).  Soils with higher clay content 

produce a higher runoff response than soils with lower clay content. The characteristics for 

the four hydrological soil groups are presented in Table 2.18. 

Table 2.18: Characteristics of the four basic hydrological soil groups (Schulze, 2012). 

Soil Group A Low stormflow potential. Infiltration is high and permeability is rapid in this group. 

Overall drainage is excessive to well-drained (Final infiltration rate ≈ 25 mm/h. 

Permeability rate > 7.6 mm/h) 

Soil Group B Moderately low stormflow potential. The soils of this group are characterised by 

moderate infiltration rates, effective depth and drainage. Permeability is slightly 

restricted (Final infiltration rate ≈ 13 mm/h. Permeability rate 3.8 to 7.6 mm/h). 

Soil Group C Moderately high stormflow potential. The rate of infiltration is slow or deteriorates 

rapidly in this group. Permeability is restricted. Soil depth tends to be shallow (Final 

infiltration rate ≈ 6 mm/h. Permeability rate 1.3 to 3.8 mm/h) 

Soil Group D High stormflow potential. Soils in this group are characterised by very low 

infiltration rates and severely restricted permeability. Very shallow soils and those 

of high shrink-swell potential are included in this group (Final infiltration rate ≈ 3 

mm/h. Permeability rate < 1.3 mm/h). 

Notes: The typical final infiltration and permeability rates given above both refer to a 

saturated soil; Final infiltration rates refer to soils with a short grass cover; 

Infiltration rate is controlled by surface conditions whereas permeability rates are 

controlled by properties of the soil profile. 
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South African soil and hydrological scientists agreed that the four basic hydrological soil 

groups were too unrefined for hydrological purposes in South Africa. Three intermediate soil 

groups were added to the existing four groups e.g. A, A/B, B, B/C, C, C/D, D (Schulze, 2012). 

The adjusted SCS soil groups with their respective curve number for selected lands uses are 

presented in Table 2.19.  

Table 2.19: South African SCS soil groups with associated curve numbers (from Schulze, 2012). 

  

From the seven SCS hydrological soil groups, only two (B & C) are present in the 

Wonderfonteinspruit Valley (Figure 2.63).  
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Figure 2.63: SCS hydrological soil groups for the Wonderfonteinspruit Valley.
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2.10.3 Sinkholes 

In the Upper Wonderfonteinspruit area, very few sinkholes or caves exist, because of the 

relative few dolomitic areas (Figure 2.65). Yet, other sources of ingress (mine shafts and 

quarries) exist that may also influence runoff in this part of the catchment. In the Lower 

Wonderfonteinspruit evidence of dolomite is common (Figure 2.64). More than 1000 sinkholes 

have developed in the Lower Wonderfonteinspruit catchment since the start of mining more 

than 100 years ago (Coetzee et al., 2006; Schrader et al., 2014a). Most of the sinkholes occur 

in the flow path of the Wonderfonteinspruit when dewatering of the dolomite compartments 

started in the 1950’s. The shallow depth of the original water table in the Wonderfonteinspruit 

streambed resulted in that most sinkholes occur in the Lower Wonderfonteinspruit 

subcatchment. These sinkholes provide a direct pathway for infiltrating rainwater to the 

dolomitic aquifer beneath (Coetzee et al., 2006;  Swart, Stoch et al., 2003). 

 

Figure 2.64: Presence of dolomite is evident (Dennis, 2011). 

According to Wolmarans (1984), until 1957 a total of 102 sinkholes were detected of which 88 

occur on or near TSFs. Since major dewatering started in 1958, a total of 589 sinkholes were 

detected up to 1981 (Figure 2.66). The most affected part was the 30km streambed from 

Donaldson Dam. In a 1987 survey for remediation purposes, a total of 271 sinkholes were 

detected with a total volume of 2 450 000m3. In a 1993 survey, 72 new sinkholes were 

detected, and in 2001 a further 231 sinkholes were identified in the Wonderfonteinspruit 

streambed. 
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Figure 2.65: Sinkhole locations in the Wonderfonteinspruit Valley. 
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This could be attributed to the frequently higher rainfall with associated storm flow and the 

excessive overflow from Donaldson Dam. The Wonderfonteinspruit streambed in the 

Venterspost compartment is the most affected and has nearly half of the total number of 

sinkholes (Swart, Stoch et al., 2003).  

 

Figure 2.66: Sinkholes in the Wonderfonteinspruit (Swart, Stoch et al., 2003; Wolmarans, 1984). 

The presence of sinkholes in the study area is of high importance. The sinkholes could present 

itself as a major point of ingress for rainfall runoff, e.g. the high number of sinkholes in the 

Venterspost compartment prevent any flowing water from reaching the Bank or Oberholzer 

compartment downstream (Figure 2.67). Most of the sinkholes formed in drainage lines, 

draining a large area, including non-dolomitic parts of the catchment. This provides direct 

runoff to sinkholes, which can result in an abnormally high groundwater recharge for such 

areas. The dewatered dolomite compartment is particularly sensitive to high recharge rates, 

as a large part of the sinkholes developed on top of these dewatered compartments (Swart, 

Stoch et al.,  2003). 

From Donaldson Dam there is a sinkhole approximately every 35 m in the stream channel, 

resulting in a sinkhole density of 30/km². According to Dill et al. (2007), the extent and depth 

of sinkholes depend mostly on the geology, with sinkholes ranging from a few meters up to 

200m in depth and between 0.5 m to 150 m in diameter opening. It seems that sinkholes will 

form in clusters associated with specific geological or physical features like dykes, drainage 

channels, or leaking reticulation. 
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Figure 2.67: Old sinkhole between 1 m pipe inlet and Westonaria (De Klerk, 2018).  

Foster (1988), estimates an effective 54% recharge rate in the Venterspost compartment, due 

to the sinkholes occurring over the compartment (Table 2.4). Some of these sinkholes are 

open and a direct recharge path for rainfall- and surface-runoff (Figure 2.68). Mines affected 

by the sinkholes have tried to minimise the ingress through the sinkholes by filling them with 

mixtures of waste rock and slimes material, then covering them with soil to assist natural 

vegetation growth (Dill et al., 2007). Between 1987 and 1988 some 270 sinkholes for a 30 km 

by 100 m wide stretch westwards from Donaldson Dam were filled. Some sinkholes’ filled 

material was lost to the underground cavities without filling the cavities. Rain, floodwater and 

erosion removed the filled material and reactivated some of the sinkholes. In 1995-1996 the 

mines started a second campaign filling sinkholes (Swart, Stoch et al., 2003). 
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Figure 2.68: Sinkholes near Carltonville (Dennis, 2011). 

It is not only the mines that contributed to sinkhole formation. The expansion of urban areas 

in the Wonderfonteinspruit catchment also contributed towards the formation of new sinkholes 

that increased rainfall-runoff ingress. The formation of new sinkholes is due to poor drainage 

of storm water and leakage from water reticulation systems. In addition, large subsidence of 

ground surface by 1 – 5 m over distances up to 1 km developed in the study area. These areas 

of subsidence are also major entry points for surface-runoff (Swart, Stoch et al., 2003). 

The karstification process in the Wonderfonteinspruit Valley not only led to subsidence or 

sinkhole development, but also to the development of several cave systems in the area 

(Wolmarans, 1984). Some of the longest cave systems known in South Africa are found in the 

Wonderfonteinspruit Valley. Most of these cave systems developed along tectonically induced 

joints and faults forming mostly NNE-SSW and WNW-ESE passages. The depths of some 

caves range from 15 to 185 m below surface and lengths vary between 5 and 12.4 km (Foster, 

1989; Swart,  Stoch et al., 2003).
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2.11 CONCLUSION 

In this chapter the history and some general features that make this catchment area so 

intriguing have been highlighted. The impact of about 100 years of mining on the natural water 

system in the Wonderfonteinspruit Valley is complex: the mining industry has altered the 

surface water by diverting the stream flow and has changed the character of the stream by 

the construction of canals and dams. The natural runoff coefficient had changed because of 

changes in the land use of the area (urban development, mining infrastructure and large-scale 

reticulation systems), which resulted in point and diffuse pollution in this area. 

The Wonderfonteinspruit catchment boundary delineated from the DEM versus the DWS 

quaternary catchment boundaries was discussed. The mining industry affected the 

geohydrology by large scale dewatering of dolomite compartments, therefore lowering the 

groundwater table, which impacted on spring flow and boreholes. Furthermore, the mining 

caused ground instability (subsidence and sinkholes), changed the geohydrological character 

by burrowing through the impermeable dykes and created large, deep aquifers.   

The relevant data sources were identified and processed according to the delineated 

catchment boundary. The important aspects of the meteorological and hydrological data were 

highlighted. The hydrological data that are important are the flow gauges, dams, wetlands, 

canals and pipes. Lastly, the important land cover such as urban areas, TSFs and sinkholes 

were identified.    

In the next chapter the different models that were considered and the model criteria will be 

discussed. 
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3 MODEL SELECTION 

3.1 INTRODUCTION 

The rainfall-runoff generation process is one of the most central processes in catchment 

hydrology. For successful catchment modelling and quantification of pollutant transport, it is 

important to know how much runoff occurs in a catchment, where water goes when it rains, 

how long does water and pollution remain in a catchment, the subsurface flow paths, and what 

routes water takes to the stream channel. These are the main issues addressed in the study 

of rainfall-runoff processes (Tarboton, 2003, Uhlenbrook et al., 2003). 

This chapter discuss the basic principles of hydrology, hydrological modelling, different 

rainfall-runoff model topologies and the criteria used to select an appropriate rainfall-runoff 

model for this study. 

3.2 HISTORIC AND EXISTING MODELS 

Before a new model for the Wonderfonteinspruit catchment was developed, was it necessary 

to looked at existing hydrological models for the study area. Insights into the development of 

a new catchment model could be gained from previous modelling attempts. A few hydrological 

and geohydrological models were developed for the Wonderfonteinspruit catchment or sub-

areas in the catchment as shown in Table 3.1.  

Most of the mines operating in the catchment developed water balance models and/or 

groundwater models for their lease areas and the immediate surroundings. Few of these 

hydrological models are for publication to the wider community. Some academic researchers 

developed hydrological models that focus mainly on the issues of water decanting and 

pollution after mine closure. The DWS, due to their mandate as custodians of the water 

resources in South Africa, also developed some hydrological models for the study area. The 

hydrological models that focus on the Wonderfonteinspruit catchment are presented in Table 

3.1. 
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Table 3.1: Some of the hydrological modelling done in the Wonderfonteinspruit catchment. 

 Author Date Institution Study Area Model Type Model  Document Name 

Usher & Scott 2001 WRC West Rand & 
Far West Rand 

Surface water; 
Groundwater & water 
quality 

AquaMod Report Post mining impacts of Gold mining on the 
West Rand and West Wits Line 

Swart, James, 
Kleywegt & Stoch 

2003 Various Far West Rand Groundwater Darcy's Law  Article The future of the dolomitic springs after mine 
closure on the Far West Rand, Gauteng, RSA 

Coetzee, Winde & 
Wade 

2006 WRC WFS Catchment Surface water quality Statistical Report An Assessment of sources, pathways, 
mechanisms and risks of current and potential 
future pollution of water and sediments in gold-
mining areas of the Wonderfonteinspruit 
catchment 

Middleton & 
Bailey 

2008 SRK Upper Vaal 
WMA 

Surface water Runoff Model 
(WRSM2000) 

Report WR2005 Hydrological Analysis: Upper Vaal, 
Middle Vaal, Lower Vaal and Upper Orange 
(C51 and C52) Water Management Areas  

Winde 2010 NWU WFS Catchment Surface water quality Schematic 
representation of 
water quality 
(Uranium) 

Article Uranium pollution of the Wonderfonteinspruit, 
1997 - 2008 Part 2: Uranium in water - 
concentrations, loads and associated risks 

Van Biljon 2013 Jones & 
Wagener 

Far West Rand Surface water; 
Groundwater & water 
quality 

GSSHA; 
MODFLOW, DMT 
Box Model 

Report SibanyeAmanzi Project: Integrated water 
modelling 

Lin & Lin 2014 CGS Far West Rand Groundwater Groundwater 
modelling (GIS-
PMWIN) 

Article The development of GIS-PMWIN and its 
application for mine-water modelling in the Far 
West Rand, South Africa 

Schrader, 
Erasmus & Winde 

2014 NWU Far West Rand Groundwater Theis Method;  
Stallman method & 
MLU for Windows 

Article Determining hydraulic parameters of a karst 
aquifer using unique historical data from large-
scale dewatering by deep level mining –  a 
case study from South Africa 

Schrader, Winde, 
Erasmus 

2014 NWU Far West Rand Groundwater Darcy's Law  Article Using impacts of deep level mining to research 
karst hydrology - a Darcy-based approach to 
predict the future of dried-up dolomitic springs 
in the Far West Rand goldfield (South Africa). 
Part 2: predicting inter-compartmental flow and 
final groundwater tables 
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3.3 HYDROLOGY 

The departing point for hydrological studies is the hydrological cycle (Figure 3.1), which can 

be seen as a theoretical model of how water transfers between the earth and atmosphere. 

The unique properties of water enable the movement of water between the land surface, 

groundwater, the oceans and atmosphere. This natural process is guided by the solar energy 

from the sun. Water is not destroyed or created in this process, it only changed form and 

location during the cycle process. The basic hydrological cycle contains five key components: 

Precipitation; Runoff; Surface and Groundwater Storage; Evaporation, Transpiration and 

Condensation (Cech, 2010). The conceptual model of the hydrological cycle can be 

represented as a mathematical equation (Equation 3-1). Almost all hydrological models 

attempt to solve this common mathematical equation for a given period (Davie, 2008): 

Q = P − 𝐸 − ∆𝑆 Equation 3-1 

where, 

Q = Runoff 

P = Precipitation 

E = Evaporation 

∆S = Change in storage 

 

  

Figure 3.1: The hydrological cycle (from Tarboton, 2003). 
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At a catchment scale, the hydrological cycle (Figure 3.2) could be further divided into sub-

components. The three principal processes are precipitation, evaporation and runoff or 

overland flow (Davie, 2008; Thompson, 1999): 

 Precipitation can be in the form of rainfall, snowfall and hail. At the catchment scale 

precipitation may be intercepted by vegetation. Intercepted water may evaporate back 

into the atmosphere or may drip or flow down plant branches to the surface. 

Interception from plants can lead to evapotranspiration.  

 Evaporation takes place from soil, rivers and dams. Water reaching the surface may 

flow across the surface as overland flow to stream channels, it may infiltrate the soil, 

or it may be retained as depression storage within surface irregularities. Water that 

infiltrates the soil, move in the unsaturated zone as interflow or in the saturated zone 

as groundwater. Groundwater flow in the saturated zone may finally daylight as 

baseflow in streams. 

 Runoff or overland flow occurs after a rainfall event. Some of the rainfall infiltrates into 

the ground and some rainfall may evaporate. The excess rainfall flows as a thin sheet 

of water over the land surface towards a stream channel. 

 

Figure 3.2 The catchment hydrological cycle (from Thompson, 1999). 
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The hydrological cycle (Figure 3.3) in a karst drainage system is divided into the surface 

(Epikarst) and near surface zones (Endokarst). The Epikarst includes the surface and soil, the 

regolith and widen fractures. The Endokarst includes the vadose zone of unsaturated water 

flow and the phreatic zone of saturated water flow. In the higher portion of the vadose zone, 

strings of water in the internal zone combine to form percolation streams, and this region is 

often called the percolation zone. Each zone has specific hydraulic, chemical and hydrological 

characteristics, but the zones change with time and cannot be accurately defined (Huggett, 

2007). 

For the Wonderfonteinspruit catchment, the hydrological cycle is influenced by the karst 

landscape features that were present before the anthropogenic factors change the catchment 

hydrological cycle. The dolomite is divided by north-south trending intrusive dykes that form 

barriers that result in groundwater compartments (Figure 2.27). The groundwater level in each 

compartment is controlled by a karstic spring at the western boundary of each compartment, 

situated near or in the stream channel of the Wonderfonteinspruit. The spring flow was 

responsible for almost all the groundwater discharge from the compartments into the 

Wonderfonteinspruit. Sinkholes and well developed cave systems are present in the 

Wonderfonteinspruit catchment (Schrader et al., 2014a; Swart, Stoch et al., 2003). 

 

Figure 3.3: Hydrological cycle for a karst catchment (from Huggett, 2007). 
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When the mining activities started in the Wonderfonteinspruit catchment, the runoff processes 

in the hydrological system was increasingly transformed. The biggest impact on the 

hydrological system e.g. dewatering of dolomite aquifers, acceleration of sinkhole 

development and mining through the compartment forming dykes, started in the 1930’s, when 

deep level mining started under the dolomitic strata. 

3.4 HYDROLOGICAL MODELLING 

To make sense of the intricate natural processes around us, we make use of models to simplify 

the complexity of reality, therefore a model is a concept of reality (Mulligan & Wainwright, 

2004). Any model that we create of reality must be able to reconstruct the reality within reason 

based on some assumptions. A catchment model is a useful tool to understand the dynamic 

connections between the elements of the hydrological process within a karst environment 

(Figure 3.4). Catchment models are important for calculating the quality, quantity and 

availability of water resources and predicting the influences of land use changes in a 

catchment. Catchment models can also assist to systematically analyze the link between 

human activities and conditions that exist in the receiving waterways (Singh & Woolhiser, 

2002). 

 

Figure 3.4: Conceptual model of hydrological components in a dewatered dolomitic compartment 
(from Schrader et al., 2014a). 
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The physically accurate representation of the surface runoff and flow routing processes in a 

catchment depends on numerous factors. The first step towards the hydrological modeling of 

a catchment is the creation of a conceptual model (Figure 3.5). From the conceptual model, a 

mathematical model is created that describes those essential processes contained in the 

conceptual model. The mathematical model approximates reality to help understand the 

catchment hydrological processes. 

The fact that the model is described as an approximation, imply that there are some basic 

limitations associated with models when compared to reality. Modeling representation can 

often be improved by calibration and verification of the model. Once a system is successfully 

modeled (including calibration and validation), it can be used to rapidly examine alternatives 

for watershed management and the comparison of various scenarios (Blansett, 2011 & Farver, 

2014) . 

When modeling a catchment, the hydrological system represented, must be as representative 

as possible. This starts with the surface description and delineation of the area, as topography 

plays a pivotal role in defining the catchment boundary. The size, slope, shape, soil types, 

storage capacity, land use and climatic variables all affect the shape and timing of the 

associated catchment hydrograph (Tarboton, 2003).  

Hydrological modeling in a karst catchment share common features with non-karstic 

catchments, but there are some unique karstic aspects to consider. Some of the complicated 

issues are that outflow may leave the catchment through multiple springs that may change 

over time with seasonal and storm scale variations in aquifer water levels; the recharge areas 

for many karst aquifers, in particular for extensive areas of autogenic recharge where rainfall 

lands directly onto exposed or soil covered karst landscape surfaces, cannot be delineated by 

surface topography alone. Therefore, it is important to determine the recharge area, before a 

water balance for karst flow could be determined (Groves, 2007).  

Another unique feature of a karst catchment is the connectivity between the surface and 

groundwater hydrology, which makes the separation between the two components more 

difficult than in non-karstic catchment areas. Water could move more rapidly in the subsurface 

areas of karst landscape than in a non karst landscape (Groves, 2007). 
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Figure 3.5: The modelling process for the Wonderfonteinspruit Valley (Adopted from Bevan, 2012).
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According to Blansett (2011), there are four major differences between a karst hydrological 

system and a conventional hydrological system: 

1. There is large storage capacity in closed karst valleys, 

2. There are stagnant areas within the open channel flow of a karst conduit system, 

3. There is virtually a direct open channel flow access from surface runoff to the 

groundwater through sinkholes, and 

4. There is direct open channel flow access from surface runoff to the groundwater 

through karst windows and closed karst valleys 

As stated by Mansell (2003), the transformation between rainfall and runoff depends on a 

number of factors, including: 

 The space-time distribution of precipitation and evaporation 

 Topography of the basin in terms of the direction and magnitude of slopes 

 Conductivity, porosity and storage capacity of the soil layers 

 Hydrogeological characteristics of the underlying rock strata 

 Vegetation, land use and agricultural practice 

The data for abovementioned factors must ideally be available for all points on the surface of 

the catchment and for some depth below the surface over the time scale of the model. In 

general, this is not feasible and so all models involve interpolation of input data.  

3.4.1 Hydrological Model Types 

There are various types of hydrologic models that can be organised according to a broad 

selection of characteristics and vary from simple to complex. As complexity increases, a 

corresponding increase in the data requirements, model cost and the knowledge of the 

modeller takes place.  

3.4.1.1 Lumped vs. Distributed Hydrological Models 

Models are usually either lumped or distributed. Lumped models assume that the entire 

catchment can be characterised by a single set of parameters implying that there is no 

variation across the catchment. Therefore, in a lumped model all parameters of the watershed, 

i.e. slope, land cover, soil characteristics, etc. are average over the entire watershed, at one 

spatial scale, either at catchment or sub-catchment level. The simplification of many 

watershed features may affect the modelling results (Bevan, 2012; Davie, 2008;  Mansell, 

2003).  

Distributed models take spatial variability into account. A distributed model breaks the physical 

area to be modelled into smaller, more homogenous areas. The parameters for a catchment 
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will change based on the location within the catchment, with parameter variables that 

represent local averages of storage, flow depth or hydraulic potential, by discretising the 

catchment into a large number of elements or grid squares.  Parameter values must also be 

specified for every element in a distributed model. The distributed model takes the hydrological 

process and catchment characteristics into consideration, that may result in better results than 

lumped models (Bevan, 2012;  Blansett, 2011). 

The disadvantages of distributed models are the complexity and high data input requirement 

for the models, therefore making it almost impossible to have a completely distributed model 

that changes in response to each small adjustment in spatial location. With distributed models 

spatial variations in rainfall or hydrological characteristics are accounted for, but there is still a 

level of approximation and smoothing, depending on the size of the grid (Farver, 2014;  

Mansell, 2003).  

3.4.1.2 Stochastic vs. Deterministic vs. Parametric 

A stochastic model takes randomness or uncertainty into account when modelling a catchment 

that may produce varied results from the same input parameters. According to Thompson 

(1999), the stochastic model cannot reproduce the actual time series of flows that are used to 

estimate the model parameters. Deterministic models allow only one result from a simulation 

with one set of inputs and parameter values. Parametric models include both deterministic 

and stochastic features (Bevan, 2012;  Farver, 2014). 

3.4.1.3 Event-based vs. Continuous 

Catchment models can be classified by the time frame applied to the models. Single event 

models can examine the behaviour of the catchment over a single rainfall-runoff event, while 

continuous models simulate the entire catchment behaviour over many sequential events, by 

continuously updating components and processes at each time step. (Farver, 2014; 

Thompson, 1999).   

3.5 RAINFALL-RUNOFF MODELS 

There are numerous hydrological models available for use, and finding the right model for the 

relevant application may be difficult. It is accepted by hydrologists that it’s not enough for 

rainfall-runoff model to produce a close fit between measured and simulated runoff data, as 

this alone does not ensure a correct reproduction of the internal hydrological processes 

(Uhlenbrook et al., 2003).  

The characteristic of the hydrological model determine what kind of input data are needed to 

run the model. There are two forms of input data – data for estimating model parameters and 
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data that drive the simulation. Parameters are values that describe physical characteristics of 

the hydrological system, set initial conditions for components, or function as rate constants for 

processes. There are two types of model parameters – physical parameters and process 

parameters. Physical parameters portray the models physical structure e.g. channel length 

and catchment area. Process parameters set initial conditions for components e.g. flow rates 

(Thompson, 1999). 

Some models are more sensitive to certain parameter than others. A sensitivity analysis may 

indicate which parameters are sensitive to value changes. The simulation is run with different 

values for the parameters and the different outputs are compared to see which parameter will 

influence the result more, if parameter values are changed. When an output does not change 

much when a parameter’s value was changed, then the model is not very sensitive to that 

specific parameters (Thompson, 1999). 

This research constitutes a sub-component of a larger study to develop a water management 

model for the Wonderfonteinspruit catchment. The hydrological model must be able to 

integrate the surface hydrology with a groundwater model. To allow model integration between 

the surface and groundwater model, the runoff model must provide the infiltration over the 

area for groundwater recharge and the groundwater model must provide the groundwater 

contribution to baseflow. A physical requirement for the model integration is that the 

groundwater model and surface water model boundaries must coincide to facilitate integration. 

When groundwater and surface water models are setup independently, different criteria are 

used to delineate the associated boundaries, resulting in different model domains. 

A range of catchment modeling methods is available for the hydrologist to select from. 

Hydrological models range from hydrograph / lumped parameter models to the more 

advanced, fully distributed physically based models. For the purpose of model selection, only 

hydrological models that have an infiltration component were considered. Existing water 

balance models for the study area does not adequately address all the hydrological 

components in the Wonderfonteinspruit catchment. It was therefore decided that a more 

integrated model must be developed to research the hydrology of the catchment.  

The following is a list of the hydrological models (with a brief description from their respective 

manuals) that were considered for this research:   

3.5.1 WRSM 2000 (Water Resources Simulation Model for Windows) 

The WRSM 2000 model as described by Pitman et al. (2008: viii; ix): 

“WRSM2000 is a mathematical model to simulate the movement of water through an 

interlinked system of catchments, river reaches, reservoirs, irrigation areas and mines. 
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WRSM2000 is of a modular construction (running under Windows), with five different types of 

module (runoff, reservoir, irrigation, channel and mine) linked by means of routes. The routes 

represent lines along which water flows, such as river reaches. 

WRSM2000 has been used to analyzed the hydrology on a monthly time scale for various 

applications that include calibration of streamflow records taking land use changes over time 

into consideration by comparing observed flows against simulated flows; regional assessment 

of water resources; the production of naturalized flow records; to estimate flows in ungauged 

catchments, for simple reservoir yield analysis; input to complex system models of water 

resources; input to water quality studies and input to ecological water requirement models. 

WRSM 2000 is totally modular. Each of the five modules contains one or more hydrological 

models that simulate a particular hydrological aspect. The modules are linked to one another 

by means of routes. Multiple instances of different modules, together with the routes, form a 

network. By choosing and linking several modules judiciously, virtually any real-world 

hydrological system can be represented. 

WRSM2000 simulates flows in a catchment and by comparing against observed flows, the 

user can analyze statistics and graphs of various water resource parameters and manipulate 

calibration parameters to achieve a good fit between observed and simulated flows. The model 

is not appropriate for flood design and for determining yields of dams in a complex system of 

competing water users. 

3.5.2 ACRU (Agricultural Catchments Research Unit) 

The ACRU model as describe by Schulze et al. (1989: 2-4): 

“ACRU is an agro-hydrological modelling system in which the fields of scientific hydrology and 

applied engineering and water resources related hydrology are integrated and interlinked with 

agro-hydrology in terms of the forcing functions and responses of the various components 

which make up the natural and anthropogenically influenced terrestrial hydrological system. 

The ACRU agro-hydrological modelling system is centred on the following aims: 

 It is a physical conceptual model, i.e. it is conceptual in that it conceives of a system 

in which important processes and couplings are idealised, and physical to the degree 

that physical processes are represented explicitly.  

 ACRU is not a parameter fitting or optimising model and variables (rather than 

optimised parameters) are, by and large, estimated from physical characteristics of the 

catchment. 
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 It is a multi-purpose model which integrates the various water budgeting and runoff 

producing components of the terrestrial hydrological system with risk analysis, and can 

be applied in design hydrology, crop yield modelling, reservoir yield simulation and 

irrigation water demand/supply, regional water resources assessment, planning 

optimum water resource utilisation and resolving conflicting demands on water 

resources. 

 The model uses daily time steps and thus daily rainfall input, thereby making optimal 

use of available data. Certain more cyclic, conservative and less sensitive variables 

(e.g. temperature, reference potential evaporation), for which values may have to be 

input at monthly level (if daily values are not available), are transformed internally in 

ACRU to daily values by Fourier Analysis.  

 The ACRU model revolves around daily multi-layer soil water budgeting and the model 

has been developed essentially into a versatile total evaporation model. It has 

therefore been structured to be highly sensitive to climate and to land cover/use 

changes on the soil water and runoff regimes, and its water budget is responsive to 

supplementary watering by irrigation, to changes in tillage practices or to the onset and 

degree of plant stress. 

 ACRU has been designed as a multi-level model, with either multiple options or 

alternative pathways (or a hierarchy of pathways) available in many of its routines, 

depending on the level of available input data available or the detail of output required.  

 ACRU can operate as a point or as a lumped small catchments model. However, for 

large catchments or in areas of complex land uses and soils ACRU can operate as a 

distributed cell-type model. In distributed mode individual sub-catchments (ideally not 

exceeding 30 km²) are identified, discretised and flows can take place from "exterior" 

through "interior" cells according to a predetermined scheme, with each sub-catchment 

able to generate individually requested outputs which may be different to those of other 

sub-catchments or with different levels of input/information. 

 The model includes a dynamic input option to facilitate modelling the hydrological 

response to climate or land use or management changes in a time series, be they long 

term/gradual changes (e.g. forest growth, urbanisation, expansion of irrigation project 

or climate trends), or abrupt changes (e.g. clear-felling, fire impacts, construction of a 

dam, development of an irrigation project, or introduction of new land management 

strategies such as tillage practices), or changes of an intra-annual nature (e.g. crops 

with non-annual cycles, such as sugarcane).” 

3.5.3 TREX (Two-dimensional, Runoff, Erosion, and Export watershed model) 

The TREX model as describe by Velleux (2005: 156): 
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“TREX, the Two-dimensional Runoff, Erosion and Export model, is generalized watershed, 

rainfall-runoff, sediment transport, and contaminant transport modeling framework. This 

framework is based on the CASC2D watershed model with chemical transport and fate 

processes from the USEPA WASP and IPX series of stream water quality models. TREX has 

three main components: 1) Hydrology; 2) sediment transport; 3) Chemical transport and fate. 

TREX does also not consider groundwater flow processes other than downward flow at the 

surface by infiltration or channel transmission loss and through defined soil and sediment 

layers.”  

TREX can be used to model precipitation, interception, surface storage, infiltration, overland 

runoff, channel flow, soil erosion, stream sediment transport and chemical fate and transport 

at the catchment scale. TREX has been applied to different size catchments ranging from 

small to large and has been classified as an event model as it simulates overland flow 

catchment response from a single event with no soil infiltration capability recovery between 

events (England et al., 2007).  

3.5.4 SWMM (Storm Water Management Model) 

The SWMM model as describe by Rossman (2010: 1, 2): 

“The EPA Storm Water Management Model (SWMM) is a dynamic rainfall-runoff simulation 

model used for single event or long-term (continuous) simulation of runoff quantity and quality 

from primarily urban areas. The runoff component of SWMM operates on a collection of sub-

catchment areas that receive precipitation and generate runoff and pollutant loads. The routing 

portion of SWMM transports this runoff through a system of pipes, channels, storage/treatment 

devices, pumps, and regulators. SWMM tracks the quantity and quality of runoff generated 

within each sub-catchment, and the flow rate, flow depth, and quality of water in each pipe 

and channel during a simulation period comprised of multiple time steps. 

SWMM accounts for various hydrologic processes that produce runoff from urban areas. 

These include: time-varying rainfall; evaporation of standing surface water; snow 

accumulating and melting; rainfall interception from depression storage; infiltration of rainfall 

into unsaturated soil layers; percolation of infiltrated water into groundwater layers; interflow 

between groundwater and the drainage system; nonlinear reservoir routing of overland flow; 

capture and retention of rainfall/runoff with various types of low impact development. 

Spatial variability in all of these processes is achieved by dividing a study area into a collection 

of smaller, homogeneous sub-catchment areas, each containing its own fraction of pervious 

and impervious sub-areas. Overland flow can be routed between sub-areas, between sub-

catchments, or between entry points of a drainage system. 
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SWMM also contains a flexible set of hydraulic modelling capabilities used to route runoff and 

external inflows through the drainage system network of pipes, channels, storage / treatment 

units and diversion structures. In addition to modelling the generation and transport of runoff 

flows, SWMM can also estimate the production of pollutant loads associated with this runoff.”  

3.6 CRITERIA FOR MODEL SELECTION 

The choice of a rainfall-runoff model depends on the research objectives, resource constraints, 

and temporal scale considered. A more complex hydrological model will represent the 

processes of the catchment better, but obtaining a solution may be more difficult. The initial 

criteria for the model selection are presented in Table 3.2. 

Table 3.2: Initial model selection criteria. 

Criteria Motivation 

Model must be readily available Available to all users 

Support fully distributed physically 

based parameters 

The model must be able to provide results that cover the whole 

study area, which will help to simulate the complex hydrological 

processes active in the study area  

Support mass-transport simulation Purpose of the study 

Simulate continuous events Purpose of the study 

Compatible with GIS Make data preparation easier and enhance results display 

Support pipe networks 
Pipes play a major role in the catchment, and need to be part of 

the modeling process. 

Calculate infiltration 

This study deals with the surface water, but the modeling 

process needs to seamlessly connect to the groundwater 

modeling process of the greater study. 

 

A brief review of catchment hydrological models was conducted to select an appropriate model 

for this research. The model that was initially selected was the Water Resources Simulation 

Model for Windows (WRSM 2000). In the model conceptualizing process, it was determined 

that mass transport simulation must be integrated in the modeling process. WRSM is not able 

to simulate mass transport. Therefore, it was excluded as a possible option early in the study. 

After further screening of hydrologic models were done. It was decided to test the TREX model 

(improved version of the CASC2D), but long-term continuous simulations were not possible. 

Further research into the study area has revealed that pipelines (Section 2.8.2.3), play a major 

role in the catchment. Due to the impact of the pipelines in the Wonderfonteinspruit catchment 
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it was decided that the hydrological model that will be used, need to be able to model the 

pipeline features in the study area. As there was no pipeline module in the TREX model, it 

was decided that the EPA SWMM model will be used. SWMM is an accepted model and 

frequently used by water engineers. This research took a practical approach towards the 

catchment modeling, so the application of SWMM in rainfall-runoff modeling by the hydrology 

community makes it an appropriate selection for this study (Blansett, 2011). 

SWMM do not have the necessary components to directly simulate water flow in karst 

features, wetlands and mining activities, but SWMM is able to simulate these features 

indirectly, by using the existing components (conduits, channels and nodes), to recreate the 

hydrological processes in these environments. To model these environments correctly it is 

necessary to have some understanding of these hydrological processes. Although SWMM do 

not have an integrated GIS component, it was decided that the other selection criteria were 

more important for the simulation process.  

The final criteria for model selection have been summarised in Table 3.3. Choosing which 

model to use depends on the study objectives and the capability of the model. Of all the criteria 

for model selection for this study, the most important is the ability to model continuous runoff 

flow, including that of pipelines.  

Once an appropriate model is selected, model development can begin by collecting data for 

parameterisation of the model. The values for most physical parameters are generally 

determined without difficulty, while determining the best value for process parameters may be 

more complicated. Finding the best value for a parameter is called parameter optimization 

(Thompson, 1999). 
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Table 3.3: Summary of final criteria for model selection. 
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3.7 CONCLUSION 

 

In this chapter the basic principles of the hydrology cycle were discussed in the global context 

and at the catchment scale. The components of a karst hydrology cycle were highlighted as 

these should be taken into account when developing a conceptual model for the 

Wonderfonteinspruit catchment. The classification of hydrological models was briefly 

discussed as well as the models that were considered for this study. The selection criteria for 

a hydrological model were presented and a model was chosen accordingly. The EPA SWMM 

model was selected and is a comprehensive hydrological model that is widely used in small 

or large catchments, in urban or rural settings. 

The next chapter will discuss the methodology used to setup a rainfall-runoff model for the 

study area. Particular attention will be given to the modelling features required e.g. sinkholes 

typical of the karst environment, which does not exist in the model of choice. 
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4 METHODOLOGY 

The selection of the SWMM rainfall-runoff model was discussed in the previous chapter, with 

specific reference to reasons behind the choice of model. When model selection was 

performed, some compromises were made and certain features do not exist in the model. This 

chapter discuss the methodology followed to implement features not supported by the SWMM 

model and aspects related to the development of the SWMM rainfall-runoff flow model for the 

Wonderfonteinspruit catchment area. 

4.1 INTRODUCTION 

The first step in applying SWMM to the Wonderfonteinspruit catchment is to develop an 

abstraction model of the physical catchment. The SWMM abstraction model consists of 

conduits, channels and nodes. To ensure that all hydrologic processes were taken into 

consideration, and to integrate with the groundwater model (developed separately), it was 

necessary to create the same number of subcatchments as the groundwater model. To be 

able to model the rainfall-runoff with a large number of subcatchments, a pre-processor was 

developed to facilitate the data inputs into the SWMM components.  

To enable SWMM to model the sinkhole and wetland hydrologic processes, a new approach 

to model these features in SWMM was created. From literature the new approach was 

developed and starting parameters values for the different components were selected for the 

first model run. A SWMM rainfall-runoff abstraction model was developed for the 

Wonderfonteinspruit catchment, with unique karst features (sinkholes and wetlands) 

incorporated into the SWMM model. 

4.2 MODEL INTEGRATION 

The model presented here, will formed part of an integrated model, that integrates with a 

groundwater model (MODFLOW) and a mine flooding model (EPANET). In addition, a 

geochemical model is responsible for the development of the source-term over time. An 

overview of the model integration is presented in Figure 4.1. For the purpose of this study only 

the development of the SWMM layer of the integrated model is discussed here. 
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Figure 4.1: Conceptual model integration scheme. 

4.3 STORM WATER MANAGEMENT MODEL (SWMM) 

According to Blansett (2011), SWMM has proven to be an appropriate and correct model in 

many different situations to simulate water quantity and quality. Various studies were done 

using SWMM – water quantity and quality in small urban catchments (Tsihrintzis & Hamid, 

1998; Temprano et al., 2006; Barco et al.,  2008);  effects of land use change on stream 

response (Jang et al., 2007); SWMM models in rural areas (Jang et al., 2007); effect of sub-

catchment resolution (Sun et al., 2014); groundwater flow in karst topography (Peterson & 

Wicks, 2006); areas that include wetlands (Tsihrintzis et al., 1998). 

The SWMM conceptual model conceptualises a drainage system as a sequence of water flow 

channels between main environmental entities. The atmosphere provides the rainfall that falls 

on the earth and generates runoff. Infiltrated water either returns to the atmosphere by 

evaporation or flows to an aquifer generating groundwater flow. Surface runoff is channeled 

to waterways that drain the catchment to an outlet (Erickson et al., 2010). Not all components 
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need to appear in a particular model. The main entities that are applicable to this study are 

summarised as (Rossman, 2010): 

 The Atmosphere component, from which precipitation falls and pollutants accumulate 

onto the land surface component. 

 The Land Surface component – represented by sub-catchments where the inflow is 

precipitation from the atmosphere component. Outflow leaves the land surface 

component and is sent to the groundwater component via infiltration, and to the 

transport component via surface runoff. 

 The Transport component – This component is made up of transportation elements 

including channels (natural and man-made, pipes, pumps, regulators) and storage / 

treatment units that transport water to outfalls and treatment facilities. Inflows come 

from surface runoff, groundwater and user-defined inflows. Elements of the transport 

component are modeled using node and link objects (conduits, junctions) 

SWMM allows for the division of the study area into a collection of smaller, uniform sub-

catchments, each with its own characteristics. Sub-catchments are hydrologic units of land 

whose topography and drainage system elements direct surface runoff to a single point. The 

drainage network is represented by junctions and conduits. Junctions are drainage system 

nodes that can represent the confluence of natural surface channels or manmade objects e.g. 

manholes or pipe connections. Conduits convey water between nodes and may represent a 

stream channel or a pipe network. The simulation is driven by the rainfall data and is 

represented in SWMM as rain gauges. Figure 4.2 illustrate these four main visual objects 

together with other visual objects that can be arranged together to model most types of 

drainage system. 

  

Figure 4.2: Example of the physical objects used to model a drainage system (from Rossman, 2010). 



 
126 

According to Rossman (2010), SWMM is a physically based, discrete time simulation model, 

which use principles of conservation of mass, energy and momentum wherever applicable. 

SWMM regards each sub-catchment surface as a nonlinear reservoir, where rainfall and 

selected upstream sub-catchments are inflows. The outflows are infiltration, evaporation and 

surface runoff. 

The volume of this “reservoir” is the maximum depression storage, which is the maximum 

surface storage provided by ponding, surface wetting and interception. Surface runoff per unit 

area, occurs only when the depth of water in the “reservoir” exceeds the maximum depression 

storage (ds), in which case the outflow is given by Manning’s equation. Depth of water over 

sub-catchment (d) is continuously updated with time by numerically solving a water balance 

equation over the sub-catchment (Figure 4.3). 

 

Figure 4.3: Conceptual view of surface runoff (from Rossman, 2010). 

4.3.1.1 Subcatchments 

Subcatchments are hydrologic entities of land whose landscape and drainage structure guide 

surface runoff to a single discharge point. Spatially variability in all hydrologic processes in 

SWMM is achieved by dividing a study area into a collection of smaller homogeneous sub-

catchment areas. The sub dividing is done in such a way that the hydrologic processes can 

be logically described by parameter averaged over the subarea (James et al., 2010). Sub-

catchments can be divided into pervious and impervious subareas. Surface runoff can infiltrate 

in the pervious areas, but not in the impervious areas (Rossman, 2010).  

The depth of depression storage for the impervious and pervious portion of the subcatchment 

is the depth for which precipitation can pool. The pooled precipitation thus does not become 

runoff.  Average depression depth for different land surfaces have been compiled by and are 

available in a table in the SWMM manual (Rossman, 2010). 
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The principle input parameters for a subcatchment (Rossman, 2010): assigned rain gage; 

outlet node or subcatchment; assigned land uses; tributary surface area; imperviousness; 

slope; characteristic width of overland flow; Manning’s n for overland flow on both pervious 

and impervious areas; percent of impervious area with no depression storage. 

4.3.1.2 Infiltration 

Rainfall can infiltrate the upper unsaturated soil zone in pervious areas. SWMM accounts for 

this hydrological process in three possible ways: Horton infiltration; Green-Ampt infiltration and 

SCS Curve Number infiltration (Rossman, 2010). SWMM does not use the CN as defined by 

the Soil Cover Complex method, but used CN as a term to calculate infiltration. SWMM defined 

infiltration (F) as a function of precipitation (P) and maximum retention (Smax) (Equation 4-1). 

 

𝐹 = 𝑃 −  
𝑃2

𝑃 + 𝑆𝑚𝑎𝑥
 Equation 4-1 

where, 

F = Cumulative infiltration 

P = Precipitation 

Smax = Soil maximum moisture storage capacity 

 

𝑆𝑚𝑎𝑥 =  
25,400

𝐶𝑁
− 254 (𝑆𝐼 𝑢𝑛𝑖𝑡𝑠) Equation 4-2 

where, 

CN = Curve Number 

 

Equation 4-1 is used at every time step to establish the infiltration needed to calculate the 

water balance and runoff for that time step (Blansett, 2011). 

4.3.1.3 Overland Flow 

Manning’s coefficient (Manning’s n) defines the resistance of an area to water flowing over it. 

The coefficient changes according to the surface type. SWMM assumes that the impervious 

portions of the subcatchment will have the same Manning’s n and similarly the pervious 

portions will have the same Manning’s n. Choosing which value to use, is based on a survey 

of the most common kinds of surfaces in the catchment and finding a comparable n value 

associated with that surface (Nakamura & Villagra, 2009). 
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4.3.1.4 Conduits 

Conduits are the links e.g. the pipes or natural channels through which flow is routed. Pipes 

and channels are the most commonly used conduit objects in the models. For open channel 

flow, SWMM is applying the Manning’s equation and for pipe pressure flow the modeller can 

use either the Hazen–Williams or Darcy-Weisbach equation (Rossman, 2010). The key 

properties for conduits are shape, maximum flow depth, length, and Manning’s roughness 

coefficient. The shape of the conduit can be specified or selected from standard shapes.  

4.3.1.5 Junctions 

Junctions are the system nodes that join the links together. They can represent the confluence 

of natural surface channels, manholes, pipe connections etc. The key properties defining 

junctions are invert elevation, maximum depth and ponded area. Nodes connect objects in the 

model and the invert elevation is the elevation at the junction (measured from a reference). 

The maximum depth is the distance from the ground surface to the junction invert, and is equal 

to the channel depth for open channel flow. In addition, the ponded area is area allowed to be 

flooded  (Blansett, 2011;  Rossman, 2010).  

4.3.1.6 Storage Units 

Storage units are the nodes that provide storage volume in the model. The volumetric 

properties of a storage unit are described by a function or table of surface area versus height. 

The key properties of storage units include: invert elevation, maximum depth, initial depth, 

evaporation potential and storage curve method. The maximum depth is the maximum depth 

of the storage unit and the initial depth allows the user to define a depth of water already in 

the storage unit (Rossman, 2010).  

4.3.1.7 Outfall Nodes 

These nodes are terminal nodes of the drainage system that is used to define the final 

downstream boundary. Only a single link can be connected to an outfall node. Boundary 

conditions could be described through stage relationships. The principal input parameters for 

outfalls include: invert elevation, boundary condition type and stage description and presence 

of flap gate to prevent backflow through the outfall (Rossman, 2010). 

4.4 SWMM AUXILIARY MODEL FEATURES 

Previous assessments of the Wonderfonteinspruit (Herold & Bailey, 2015; Schrader et al., 

2014a; Swart, James et al., 2003; Van Biljon, 2013) also concluded that there exist major 

losses to the dolomitic aquifer that is typical of the karst environment considered in this study. 
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An analytical model of the area (De Groen et al., 2013) estimated losses in the order of 110 

Ml/d (Figure 4.4).  

 

Figure 4.4: Wonderfonteinspruit downstream analytical model (De Groen et al., 2013). 

An initial attempt to model the Wonderfonteinspruit with SWMM has come to the same 

conclusion as the Liquid Gold analytical study (Figure 4.4), that a certain amount of water is 

lost to the karstic environment and that the initial SWMM rainfall-runoff model is not able to 

inherently account for these losses, but explicit water diversions was required to calibrate the 

model. An average diversion of 150 Ml/d was required to achieve reasonable model 

calibration. The problem with the aforementioned approach is that, the modeller does not 

necessarily know where to divert the water from or how (constant diversion or diversion 

through a hydraulic function).  This results in diversions where needed and often governed by 

existing gauging in the area. The initial semi-distributed SWMM model network consisting of 

30 sub-catchments is presented in Figure 4.5. 
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Figure 4.5: Initial SWMM model network (Van Biljon, 2013). 

In a study done by Herold and Bailey (2015), to model the Wonderfonteinspruit at flow gauge 

C2H069 as part of the Mooi River Catchment was cancelled as a result of a shortage of 

information. They identified the C2H069 catchment area as a very complex area because of 

the mining activities, dewatered dolomitic compartments and piped mine water and effluent 

discharges. To calibrate the model, Herold and Bailey (2015) select a more simplistic 

approach and the rainfall-runoff model (Figure 4.6), was calibrated outside the 

Wonderfonteinspruit catchment. Herold and Bailey (2015) assumed that all the temporarily 

lost upstream water for the Wonderfonteinspruit section would eventually report to Boskop 

Dam. Herold and Bailey (2015: 5-54) concluded that the unresolved complexities in the 

upstream system resulted in a “…correlation between modelled and observed flows as less 

than desirable.” 

It is evident from the abovementioned studies that the models have identified the issue of 

losses to the karst system. The analytical model estimates the losses through a water balance 

and the initial SWMM model has to explicitly divert water at selected model nodes to achieve 

calibration. 
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Figure 4.6: Extract from the WRSM/Pitman model showing the model components up to the Boskop 
Dam reservoir (from Herold & Bailey, 2015). 

To account for water loss to the karst system and additional losses via evapotranspiration, the 

proposed model should be able to model the effect of sinkholes and wetlands. Both these 

features are small in area in comparison to the total study area, but can be identified by remote 

sensing data and techniques.  Since the features of interest are on a small scale and the 

model has to interface to a distributed groundwater model (400m x 400m cell size), the SWMM 

model network requires to be translated to a fully distributed model. Furthermore, since the 

SWMM model does not explicitly account for any of these features, they were implemented 

as auxiliary features through the use of a pre-processor and existing SWMM components as 

discussed in the following sections. 
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4.4.1 Pre-Processor 

The SWMM GUI does not support GIS features and the SWMM model was never intended to 

be used as a fully distributed model. The MODFLOW active model cells over the study area 

amounts to 14 189 and hence the same amount of SWMM sub-catchments is required. This 

is not feasible by hand through the SWMM GUI and therefore a pre-processor called the 

Integrated Model Controller (IMC) was developed for this purpose. The IMC operates on the 

principal that the user provides all the required data in a specified text file format that the model 

controller then parses to produce a data tree with all the model elements as shown in Figure 

4.7. 

 

Figure 4.7: The Integrated Model Controller (IMC) tree structure. 

4.4.1.1 Land Cover 

SWMM provides three options to estimate the amount of precipitation that infiltrates into the 

ground in the pervious areas of the catchment. The three options in SWMM are the Horton 

infiltration method, the SCS Curve Number method and the Green-Ampt method (Rossman, 

2010). For this study the SCS Curve Number method was selected, since it can be directly 

linked to land cover. The curve number is an indicator that uses a single number to replicate 

a collection of features that influence runoff potential from a given land surface. It is a 

combination of three key factors: Hydrologic Soil Group (HSG); Land use/land characteristics 

and Antecedent Moisture Conditions (AMC) (Farver, 2014). The CN values that were used 

were a compilation from various CN reference tables, reports or research articles. Table 4.1 
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presents the lookup table that are used by the IMC to select an appropriate CN based on the 

land cover class and the hydrological soils group.  

Table 4.1: CN values for the land cover classes in the sub-catchments (Adopted from Rossman, 
2010; Schmidt & Schulze, 1987). 

Land Cover Class A A/B B B/C C C/D D 

Cemeteries 39 51 63 68 75 78 80 

Cultivation 72 77 81 85 88 90 91 

Golf course 39 51 63 68 75 78 80 

Degraded / Rock dumps 77 82 86 89 91 93 94 

Industrial / Mine works 81 85 88 90 91 92 93 

Smallholdings 51 61 68 75 78 82 84 

Natural 49 61 69 75 79 82 84 

Open cast 77 82 86 89 91 93 94 

Orchards & Vineyards 39 44 53 61 66 69 71 

Plantation 48 58 68 73 78 82 85 

Sinkhole 0 0 0 0 0 0 0 

TSFs 98 98 98 98 98 98 98 

Urban 61 69 75 80 83 85 87 

Water /Water bodies 0 0 0 0 0 0 0 

Wetland 0 0 0 0 0 0 0 

Woodland 36 49 60 68 73 77 79 

 

In addition to the CN, the Manning’s n values for overland flow as presented in Table 4.2 is 

also used as a lookup table by the IMC. 
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Table 4.2: Manning's coefficient for overland flow (Adapted from Rossman, 2010; Kadlec & Wallace, 
2009; Otero & Zhao, 2005; Vieux, 2004; McCuen et al., 2002; McCuen, 1998). 

Land Cover Class Manning's n (overland flow) 

Cemeteries 0.06 

Cultivation 0.12 

Golf courses 0.27 

Degraded / Rock dumps 0.06 

Industrial /Mine Works 0.015 

Smallholdings 0.12 

Natural 0.27 

Open cast 0 

Orchards & Vineyards 0.12 

Plantation 0.6 

Sinkhole 0 

TSFs 0.024 

Urban 0.015 

Water / Water bodies 0 

Wetland 0 

Woodland 0.6 

 

4.4.1.2 Evaporation and Precipitation 

The IMC assumes monthly evaporation and continuous daily rainfall. The IMC automatically 

assigns the closest rainfall station to each sub-catchment, but this can be changed manually 

should the user require it. An example of the evaporation and precipitation data is shown in 

Figure 4.8 and Figure 4.9 respectively. 
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Figure 4.8: Example monthly evaporation (mm/d). 
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Figure 4.9: Example of continuous daily rainfall gauge. 
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4.4.1.3 Subcatchments 

The subcatchment data are generated through GIS and exported in the specified IMC format. 

The data required to generate a subcatchment is presented in Table 4.3 and an example of a 

selected subcatchment and associated properties are shown in Figure 4.10. 

 

Table 4.3: Sub-catchment parameters. 

Land Cover Class Unit 

X Coordinate meter 

Y Coordinate meter 

Elevation mamsl 

Slope % 

Land Cover Code - 

SCS Soil Type - 

Wetland Area m2 

Sinkhole Area m2 

Urban Area m2 

D8 Flow Direction - 
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Figure 4.10: Example sub-catchment properties. 

Examples of land cover, hydrological soils and D8 flow direction on the 400 m x 400 m cell 

model grid is shown in Figure 4.11, Figure 4.12 and Figure 4.13 respectively. 

Selected    
sub-catchment 

Sub-catchment 

properties 
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Figure 4.11: Model grid land cover class. 

 

Figure 4.12: Model grid hydrological soils group. 
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Figure 4.13: Model grid D8 flow direction. 

The D8 flow direction is used to connect individual catchments through associated nodes to 

ensure hydrological connectivity across the model domain. The connection between nodes 

are facilitated through the use of conduits with the same Manning’s n as the Manning’s 

overland roughness coefficient of the sub-catchment and a generic trapezoidal cross section 

is used for this purpose. The initial catchment width for each catchment is set to the physical 

cell width of 400 m, but the catchment width forms part of the calibration parameter set. 

4.4.1.4 Rivers and Pipes 

Rivers and pipes are created as conduits with appropriate cross-sections as specified by the 

user. Rivers are created as links between nodes associated with catchments defining the 

water course. The average catchment elevations are then assigned to the connecting nodes. 

As conduits require a continuous decrease in elevation from the start, it is important to check 

these criteria for each river section and correct elevations accordingly.  

Digital elevation models’ resolution may have an impact on surface analysis, because the 

resolution determines the level of details of the surface modelled. The resolution for most 

digital elevation models is inadequate to accurately determine the cross sections for the 

channels (Gichamo et al., 2012). Therefore, the DEM represent in most instances the surface 

area and not the actual channels. To accurately determine the channels pre- and post-
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processing of the DEM needs to take place, or expensive high-resolution LiDAR data must be 

obtained (Meija & Reed, 2011).  

As flooding was not a focus of this study, generic cross-sections were applied to links defining 

the watercourses and an appropriate Manning’s roughness coefficient was assigned. 

4.4.1.5 Reservoirs (Dams) 

Reservoirs or dams are included as storage nodes within the model network and the user 

must specify the location and storage curve. Generally, as is the case in this study, the storage 

curves of reservoirs are not readily available and the dams are modelled as a linear reservoir 

by making use of the surface area and depth as discussed in Section 2.8.2.4.  

4.4.1.6 Discharges and Spring Flows 

The discharges (mines and WWTWs) and spring flows can be specified either as time series 

data or as constant values with the option of a monthly pattern multiplier. Generally, the historic 

time series values are included for calibration purposes and constant values are specified for 

future scenario modelling in the absence of future time series data. 

4.4.1.7 Miscellaneous Features 

Not all SWMM features are supported through the IMC and if specific features require 

implementation e.g. flow diversion at a dam due to a physical obstruction, the user must 

currently implement these features manually within the SWMM project file or through the use 

of the SWMM GUI. 

4.4.2 Modelling Sinkholes 

Since the SWMM model does not explicitly account for sinkholes, the proposed model should 

implement sinkholes within the context of existing component and functionality. Sinkholes in 

the study area are associated with preferred flow paths to the subsurface and hence a high 

infiltration or seepage value should be associated with these features. For the dewatered 

segment of this study, the assumption was made that sinkholes and depression areas act as 

sinks for surface water during rainfall events, as indicated by some authors (Swart et al., 2003; 

Wolmarans, 1984). For the rewatered scenario, the assumption was made that sinkholes 

could fill with runoff and spill under certain conditions. 

The sinkholes occurrences in the Wonderfonteinspruit catchment are modelled by the SWMM 

diverter object component. Each sinkhole diverter has an associated flow diversion curve 

which is based on the applicable SMLV value.  
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4.4.2.1 Sinkhole model – Dewatered dolomitic compartments 

A study by Peterson and Wicks (2006) highlight the fact that it is difficult to consider the effect 

of sinkholes on the hydrological response of the system, due to the general lack of data that 

relate to the sinkholes. Virginia’s Department of Conservation and Recreation (DCR, s.a.) 

introduced the concept of a Karst Loss Modification Value (KLMV) based on the percentage 

karst present in the contributing drainage area, when considering the effect of a karst 

environment in flood hydrology. A similar approach is adopted in this study, by introducing a 

Sinkhole Loss Modification Value (SLMV).  

Upstream catchments related to a particular sinkhole are connected via a network of links. 

Link to the sinkhole node is a SWMM divider object. The divider removes surface water, the 

same way as a real sinkhole would remove surface water through infiltration. The drawback 

of this setup is that for sinkhole areas less than 100% of the subcatchment, the infiltration was 

not as effective as in real-life. To insure that all sinkholes remove surface water effectively, a 

power function was added to the equation (Equation 4-3). The power function ensure that the 

smaller sinkhole areas’ infiltration capacity have the same impact as the larger sinkholes. The 

power function range from 0 (biggest impact on surface water) to 1 (no impact on surface 

water), unless when sinkhole area is the same as the subcatchment, then it takes 100% water 

at n=1. This approach was taken in the absence of detailed information on the hydrological 

and geohydrological responses of the sinkholes in the study area (Figure 4.14). The SLMV 

was then applied to the general seepage value and the SLMV represents the area of the 

sinkhole relative to the catchment size (Equation 4-3). The SLMV value and power function 

form part of the model calibration parameters. 

  

𝑆𝐿𝑀𝑉𝐷𝑒𝑤𝑎𝑡𝑒𝑟𝑒𝑑 = (
𝐴𝑆𝑖𝑛𝑘ℎ𝑜𝑙𝑒

𝐴𝐶𝑎𝑡𝑐ℎ𝑚𝑒𝑛𝑡
)

𝑛

 Equation 4-3 

where, 

SLMVDewatered = Sinkhole Loss Modification Value for 

dewatered dolomitic compartments 

ASinkhole = Sinkhole area 

ACatchemnt = Sub-catchment area 

n = Power value 0 - 1 
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The distribution of sinkholes within the model grid is shown in Figure 4.14. The majority of the 

sinkholes occur near the floodplain of the Wonderfonteinspruit that overlay the dewatered 

dolomitic compartments (Figure 2.65). Sinkhole development has also taken place in the 

urban areas (leakage), and in agricultural areas (mainly due to irrigation activities in the 

Holfontein Compartment - Figure 2.65). 

 

 Figure 4.14: The extent of sinkholes in the model grid. 

 

4.4.2.2 Sinkhole model – Rewatered dolomitic compartments 

For the rewatered scenario where the groundwater returns to pre-mining levels, the sinkholes 

and depressions areas may not always function as sinks for surface water. Various studies 

(Lin & Lin, 2014; Swart, Stoch et al., 2003; Schrader et al., 2014b; Usher & Scott, 2001; Van 

Der Walt & De Roer, 2006) were done on the post-mining phase when dewatering will stop. 

No studies could be found on the hydrological function of the sinkholes and depression areas 

in the post-mining phase.  

Numerous studies in international literature indicate that sinkholes and depressions can act 

as storage and even under the right conditions may overflow and contribute to the surface 

water (Bailly-Comte et al., 2009; Bonacci et al., 2006; Bradley & Hileman, 2005; Campbell, 
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2005; Farrant & Smart, 2011; Gutiérrez et al., 2014; Najib et al., 2008; Pinault et al., 2005). 

Karst hydrology is very complicated to model, without a thorough understanding of the 

hydrological system, which include the groundwater-surface water interaction mechanisms. 

Since the groundwater system was outside the scope of this study, the assumption is made 

that the sinkholes and depression areas may sometimes act as storage and even overflow in 

certain circumstances in the rewatered compartment scenario. 

For this to happen, the following conditions need to be met: 

1) With global warming, rainfall events may be more intense and longer, which will exceed 

the capacity of the sinkholes and/or the depression areas; 

2) When the water table reaches it highest possible level, the infiltration rate in the 

sinkholes and depression areas slow down; 

3) It is assumed that the groundwater level will be close to the surface, e.g. especially in 

the Wonderfonteinspruit river bed area. These areas will be quickly saturated with a 

high intensity rainfall event and/or during an abnormal high rainfall period e.g. the 

period between 1975 and 1978 (Gutiérrez et al., 2014; Swart, James et al., 2003);  

4) Abnormal rainfall result in the water inflow rate exceeding the water outflow rate from 

the underground conduit system (Bradley & Hileman, 2005). This means that the water 

reaching the aquifer will exceed the volume of water loss through the pierced dykes 

and spring flow (Schrader et al., 2014b); 

5) The storativity of the epi-karst is much higher than the dolomite in deeper areas. It is 

estimated that the storativity decreases from 10% in the first 70 meters to 2% for the 

next 60m (Schrader et al., 2014). The extensive karst conduits in the epi-karst zone 

allows rainfall to quickly penetrate the saturated zone. When the karst conduit network 

capacity is reached, back flooding may occur that will result in sinkholes and 

depression areas flooding (Gutiérrez et al., 2014; Najib et al., 2008).  

6) Occasional sediment accumulation may result in a restriction of the karst conduit 

system capacity. If the high rainfall volume does not flush the sediment accumulation, 

the water may backup and flood the sinkholes and depression areas (Farrant & Smart, 

2011). 

7) Although the mine void may be seen as extra aquifer capacity, the reality is that the 

horizontal mining voids (stoping areas, haulage) may be reduced over time, because 

of the enormous pressure of the overlying rocks. Studies in South African gold mines 

have reported significant closure of the stopes over a period of time (Malan, 1999; 

Malan et al., 2007; Schrader et al., 2014a). 
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According to Buttrick and Van Schalkwyk (1998), sinkhole formation is a complex process 

influence by several factors (Figure 4.15). Sinkhole size is determined by the following: 

a) Total thickness of the blanket layer which determines the depth;  

b) The estimated angle of draw in the various horizons in the blanketing layer; 

c) The thickness of the various horizons within the blanketing layer. 

 

Figure 4.15: Sinkhole model showing various components that will determine the potential sinkhole 
size (from Buttrick & Van Schalkwyk, 1998).   

To model the sinkhole capacity, information regarding the sinkhole surface and depth is 

needed.  No sinkhole information was available for the different components as listed above, 

for the sinkholes in the Wonderfonteinspruit. The only sinkhole information that was available, 

were estimated sinkhole size and depth form secondary sources (Kleinhans, 2017; 

Richardson, 2013; Swart, Stoch et al., 2003 & Van Wyk, 2018).  According to Buttrick and Van 

Schalkwyk (1998), a sinkhole is generally cylindrical or conical in shape (Figure 4.16), 

therefore these secondary data were plotted to determine the correlation between the size 

and depth (Figure 4.17). From this information, the sinkhole storage capacity could be 

calculated. 
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Figure 4.16: Conical shape – Simplistic representation of a sinkhole. 

 

 

Figure 4.17: Correlation between sinkhole area versus sinkhole depth from secondary sources 
(Kleinhans, 2017; Richardson, 2013; Swart, Stoch et al, 2003 & Van Wyk, 2018). 

To calculate the potential volume of surface water that each sinkhole can store before the 

sinkhole will overflow, Equation 4-5 is used.  
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𝑟 = √
𝐴

𝜋
 Equation 4-4 

  

𝑆𝑀𝐿𝑉𝑅𝑒𝑤𝑎𝑡𝑒𝑟𝑒𝑑  = π𝑟2
(0.5536𝑟 + 3.9924)

3
 Equation 4-5 

where: 

SLMVRewatered = Sinkhole Loss Modification Value for 

rewatered dolomitic compartments 

r = Radius 

A = Height 

 

After each time step, the sinkhole volume reverts back to zero, and the sinkhole must fill up 

again before the sinkhole will flood. This is a simplistic approach due to the lack of sinkhole 

process information and actual data on sinkhole volume capacities in the Wonderfonteinspruit 

catchment. Preferably, for every sinkhole there must be a water balance.  

4.4.3 Modelling Wetlands 

An important part of the Wonderfonteinspruit catchment is the large area of wetlands present 

(Figure 4.18). Infiltration and evapotranspiration plays an important role in the volume of water 

present in a wetland. Evapotranspiration differ with seasonal peaks in summer and low rates 

in winter. The amount of water loss through evapotranspiration is dependent on climatological, 

physical and biological conditions in the wetland (Mitsch & Gosselink, 2007). Various studies 

as indicated by Mitsch & Gosselink (2007) and Kadlec & Wallace  (2009), shows that there is 

not an definitive influence on evapotranspiration by the type or presence of specific species of 

vegetation, e.g. Cattails or Sawgrass.  

Since wetlands are not a standard component in the SWMM modelling suite it requires 

implementation through existing components. Erickson et al. (2010), in their research modeled 

wetlands in SWMM by using channel attributes, such as channel width, slope, length and 

roughness with an outlet restriction to construct a channel that stores and conveys water like 

a wetland. Erickson et al. (2010) found that other aspects of wetlands such as bank storage 
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and channel seepage could not be modeled directly. The wetlands were modeled by splitting 

the functionality into surface processes and subsurface processes. The surface processes 

were modeled by controlling the channel characteristics to slow down the flow of water through 

the wetland. Subsurface processes were modeled by using SWMM’s groundwater 

component. 

 

Figure 4.18: The extent of wetlands in the model grid. 

Obropta et al. (2008) in their study found that SWMM shows the biggest potential to correctly 

model the hydrological processes occurring within an urban wetland with limited groundwater 

influences. Although the catchment characteristics is not the same as the Wonderfonteinspruit 

catchment, it is still of value to note that they model the wetlands by using weirs, diversion 

structures and pond objects. In their SWMM model, each wetland basin was simulated as a 

pond with storage defined by the topography.   

In the Virginia Water Resource Center’s report (Young et al., 2009) templates for modeling 

storm water runoff BMPs in SWMM are presented, including wetlands. The said templates are 

dependent on pumps to remove water from the system, which requires some knowledge of 

the wetland hydrological responses. Various authors have investigated the range of Manning’s 

coefficients that can be applied to channel flow to simulate the flow attenuation capability of 

wetlands. These value ranges vary greatly, because of the complex nature of the hydrological 
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processes and characteristics in wetlands. Some Manning’s n values for wetlands are 

presented in Table 4.4.  

From a literature review, it is clear that there is no exact Manning’s coefficient for wetlands. 

The Manning’s coefficient value is dependent on the wetland characteristics and vegetation 

type. According to Van Ginkel et al. (2011), the wetland plants that may be present in the study 

area wetlands are the Cattails, Bulrushes and Sawgrass species. The Manning’s coefficients 

as highlighted in Table 4.4 is for the wetland plant species present in the Wonderfonteinspruit 

catchment’s wetlands. The highlighted values in Table 4.4, represent a wide range of 

manning’s n values (0.16 – 2.50).  

Table 4.4: Different Manning's n values from various authors (Kadlec & Wallace, 2009; Otero & Zhao, 
2005; Paudel, 2011). 

Wetland Features Kadec & Wallace (2009) Otero & Zhao (2005) Paudel (2011) 

Wetlands - General 
 

0.21 - 0.35 
 

Cattails + SAV  (Submerged aquatic vegetation)  0.43 - 2.50 
  

Cattails  
 

0.70 - 1.20 0.46 

SAV 0.42 - 1.33 
 

0.07 - 0.15 

SAV 
  

0.30 - 1.00 

EAV (Emergent aquatic vegetation) 
  

0.80 - 1.30 

Dense bulrush 0.16 - 0.93 
  

Sawgrass 0.32 - 1.80  

0.73 - 1.25 

 

Sawgrass 0.33 - 1.20 
 

Sawgrass 0.32 - 1.20 
 

Sparse emergent 0.40 - 2.50 
  

Emergent 
  

0.67 - 1.00 

Mix 0.29 - 0.68 
  

Freshwater marsh 
 

0.65 - 1.1 
 

Mixed cattail & sawgrass 
 

0.73 - 1.25 
 

 

A simplified SWMM model (Figure 4.19) with similar parameters (sub-catchment and rainfall) 

was setup in SWMM to simulate the effect of the Manning’s roughness coefficient, to simulate 

the flow attenuation effect on wetland. The model consists of three upstream catchments (400 

x 400m) connected via a link network. Link J3-J4 and J4-J5 have a generic cross-section and 

the same Manning’s roughness coefficient associated with the sub-catchment overland flow 

coefficient (0.27). Link J6-Out was assigned a Manning’s n for open channel flow of 0.05. The 

rainfall applied to the model is an actual rainfall sequence from rain gauge C2E011. 
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Figure 4.19: Simplified SWMM model for wetland simulation. 

The mean and maximum flows in link J5-J6 were recorded for different Manning’s coefficients 

and the results for illustration purposes are presented in Figure 4.20. It is clear from the graph 

that significant attenuation starts after a Manning’s coefficient of 0.05 and about 30% 

attenuation is of mean flow is observed at a Manning’s n of 0.2. As expected, lower flows will 

attenuate more rapidly as compared to the higher flows. 

 

Figure 4.20: Normalised wetland flow simulation for Manning's n. 

Assumed  
wetland 
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The Manning’s n values in Table 4.4 were used to determine an initial Manning’s n value. It 

was decided that the average value of 1.50 will be used as the starting value for the wetlands 

Manning’s n. This general n value assigned to wetlands is also part of the calibration 

parameter set, and should actually be site specific based on the individual behaviour of each 

wetland. Since the aforementioned information is not available for the individual wetlands a 

general value is applied to all wetlands to obtain an overall best fit during calibration. 

4.5 CONCLUSION 

 

The model integration process was discussed and the SWMM concept model was developed 

for the Wonderfonteinspruit catchment. For the SWMM model to seamlessly integrate with the 

groundwater model, a 400 m x 400 m cell grid was developed that fit both the surface water 

model and the groundwater model. The 400m x 400m cell grid was used to divide the ± 1 600 

km2 study area into 400 m x 400 m size subcatchments. To be able to model the rainfall-runoff 

with such a large number of objects, a pre-processor (IMC) was developed to facilitate the 

data inputs into the SWMM components. 

The basic SWMM components with its respective requirements were briefly discussed. Extra 

model processes were developed to model the karst landscape features in the study area. 

The sinkhole hydrologic process was integrated into the SWMM model through the Sinkhole 

Loss Modification Value (SLMVDewatered) equation for the dewatered dolomitic compartments 

and the Sinkhole Loss Modification Value (SLMVRewatered) for the rewatered dolomitic 

compartments. The wetland hydrologic processes were integrated into the SWMM model by 

using the Manning’s roughness coefficient value. The initial Manning’s n value (1.50) was 

obtained from the literature.  

This next chapter presents the data analysis within the context of the model selection.   
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5 DATA ANALYSIS 

5.1 INTRODUCTION 

This chapter presents the data analysis within the context of the model selection as discussed 

in Chapter 3 and the methodology as described in Chapter 4. The availability of historic data 

with time, for the various gauge types (rainfall, evaporation and flow) is analysed. The 

geographical positions of the gauges discussed in this chapter are presented in Appendix A. 

5.2 METEOROLOGICAL DATA 

5.2.1 Rainfall Stations 

Precipitation data drive the hydrological cycle. A rain gauge is associated with a subcatchment 

or multiple subcatchments. The selected SWMM model allows a maximum time step of 24 

hours that enforces a constraint of daily rainfall records.  

 

Figure 5.1: Rain gauging in and around the study area. 
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This poses a challenge, because daily rainfall data are not readily available and monitoring 

stations in general are in decline (Figure 2.13). To improve the daily rainfall data time series, 

the SAWS rainfall stations were also explored to get hold of more daily rainfall data. The 

position of rainfall stations that have daily rainfall records available and are in close proximity 

to the study area is shown in Figure 5.1. A comparison of daily and monthly rainfall data for 

the selected rainfall gauges is shown in Figure 5.2 and it is clear that good continuous daily 

rainfall data for a particular time series is a challenge. Gauge C2E009 and C2E007 have long-

term continuous data for both monthly rainfall and daily rainfall, but the other stations not. This 

is a problem, because the model selection requires daily rainfall data. 

 

Figure 5.2: Availability of daily rainfall records for selected rainfall stations.  

When a rainfall data set is identified, it is important to analyse the quality of such a data set. 

Table 5.1 presents the quality parameters for the SAWS rainfall stations used in the study. 

Rainfall stations 474502 and 475338 have a high percentage of good continuous data for the 

time series as opposed to rainfall station 474680, which has a low percentage (53.5%) of good 

continuous data.  

Table 5.1: Quality aspects for rainfall data sets from SAWS used in the research. 

  
474502 474680 475338 

Code Description Count % Count % Count % 

1 Good continuous data 36707 93.9 18124 53.5 19202 96.0 

6 Drops 3 0.0 157 0.5 4 0.0 

80 Accumulated Reliable 57 0.1 2 0.0 21 0.1 

81 Wet day within accumulated rainfall 177 0.5 15 0.0 33 0.2 

151 Data Missing 1691 4.3 15520 45.8 428 2.1 

255 Data Missing 458 1.2 59 0.2 306 1.5 



 
154 

 

The quality parameters for DWS rain gauges used in the research are presented in Table 5.2. 

All the rainfall stations from DWS have a relatively high percentage of good continuous data 

for the time series of the research.  

Table 5.2: Quality aspects for rainfall data sets from DWS used in this research. 

  C2E007 C2E009 C2E011 

Code Description Count % Count % Count % 

1 Good continuous data 17693 88.0 12363 75.1 2785 75.0 

4 Unaudited 153 0.8 1858 11.3 0 0.0 

27 Good monthly reading 2271 11.3 2240 13.6 929 25.0 

 

Rainfall station C2E009 was not considered for the study area, as it contributes very little as 

a rain zone to the study area, when considering the Thiessen delineation based on rainfall 

station positions (Figure 5.3).  

 

Figure 5.3: Rainfall stations with their respective Thiessen polygon of influence. 

Continuous rainfall data are required for simulation purposes and therefore rainfall record 

patching is needed where gaps exist in the rainfall records. The method of rainfall patching 
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applied in this study is the nearest neighbour approach, where the rainfall record is augmented 

making use of the nearest rainfall station that has data over the period of interest (Figure 5.2).  

A cumulative plot of the continuous rainfall records (after patching) across all available rainfall 

stations from 1954 to 2010 is shown in Figure 5.4. The cumulative plot shows that C2E007 

records higher rainfall than 474502 over the same time period and this difference is equivalent 

to 160 mm/a.  The average difference between C2E007 and C2E011 over the 56-year period 

is 85 mm/a. 

 

Figure 5.4: Cumulative daily rainfall for the rainfall stations. 

5.2.2 Evaporation Gauges 

Since the highest resolution of evaporation data that the selected SWMM model can 

accommodate, is monthly data, an appropriate monthly evaporation sequence is required. The 

long-term monthly average evaporation data for various gauging stations were presented in 

Figure 2.18 and their spatial distribution was shown in Figure 2.16. It is clear that C2E011 is 

situated in the centre of the study area and represents the largest area when considering the 

Thiessen delineation. 

An area-weighted average based on the Thiessen delineation (Figure 2.16) was calculated for 

the study area according to the relative area percentages as presented in Table 5.3. 
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Table 5.3: Evaporation gauges relative area. 

Gauge Area (km2) Relative Area (%) 

C2E007 269 16 

C2E009 198 12 

C2E011 1108 66 

C2E018 93 6 

 

Figure 5.5 depicts the weighted average compared to the individual gauging stations, as well 

as the mathematical average. Gauge C2E009 generally exhibits higher evaporation rates than 

the rest of the gauges, but only represents a small portion of the study area (Table 5.3) and 

therefore does not contribute much to the area-weighted average. For the remaining gauging 

stations, significant variation is observed for the first four months of the year, after which the 

evaporation figures are very similar for the remainder of the year.  

The area-weighted average is assumed to be a better approximation of the monthly 

evaporation of the area as compared to the pure mathematical average, calculated making 

use of individual stations that contribute equally to the result. 

 

Figure 5.5: Area weighted average evaporation. 
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5.3 FLOW NETWORK 

In this section, the flow network is discussed with respect to the flow gauges obtained from 

DWS and discharge points (WWTWs and mine discharges). For the purpose of discussion, 

the study area is divided into three sections: upper, mid- (pipe section) and lower 

Wonderfonteinspruit.  

5.3.1 General  

5.3.1.1 Notation Used 

This section utilises the reference map shown in Figure 5.6 for discussion purposes and the 

associated data analysis. Gauges are indicated as follows: 

 Rain gauge – Circle with dot 

 Canal gauge – Square 

 River and spring flow – Circle 

The following naming convention is applied to gauge names: 

 Name preceded by “C2” – data originates from DWS (www.dwaf.gov.za/Hydrology) 

 Name preceded by “RQS” – data originates from RQS (www.dwaf.gov.za/iwqs) 

 Name preceded by “G” – rain gauge originates from SAWS 

5.3.1.2 Water Character Analysis 

Hydrochemical data is presented using Piper, expanded Durov and STIFF diagrams. These 

diagrams are also referred to as multivariate displays, simultaneously taking up to eight 

variables into consideration (Kovalevsky et al., 2004). Although generally applied to 

groundwater, the advantage of using these diagrams is their ability to plot multiple water 

analyses on a single plot, incorporating the classification of water according to its chemical 

characteristics based on the major ions. 

The plotting procedure and interpretation of Piper and expanded Durov diagrams are 

presented in Appendix B (please note the axis of the anion triangle shown in the plotting 

procedure of the Piper diagram is the opposite of the anion triangles presented in this thesis). 

The plotting procedure for the STIFF diagrams is also presented in Appendix B.  

http://www.dwaf.gov.za/iwqs
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Figure 5.6: Data analysis reference map. 
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According to McCarthy (2011), pyrite is related with the coal and gold deposits in the 

Witwatersrand Basin. With natural weathering, the acid from pyrite is generated at a very slow 

rate, which natural neutralisation processes are able to remove. Mining activities fuel the rate 

of acid production, which swamps the natural neutralisation processes so that large quantities 

of acidic water are released into the environment. In time, the water will become neutralised 

by dilution and reaction from stream sediment or various minerals in the soil. However, some 

elements maintain a relatively abnormal solubility and remain in the water, especially sulphate 

(SO4). For the purpose of this study, SO4 is considered conservative and because it is 

generally associated with mining activities, it can be used as a conservative tracer in the 

system. 

5.3.2 Temporal Data 

When comparing flow gauge data on a daily (Figure 5.7) versus monthly (Figure 5.8) basis it 

is evident that the daily data sets are more fragmented than the monthly data sets. When 

considering the monthly data sets, longer periods of overlap exist between the various sites. 

The SWMM model will be driven by daily rainfall, therefore only flow records that represent 

external inflows (not a rainfall-runoff response) are required in daily time steps. These external 

inputs for the study area typically include: 

 Discharges from mines through canals 

 Discharges of WWTW 

 Spring or eye discharges 

The challenge regarding the external inflow sequences is that even though they might be 

available during the calibration period, these inflow sequences are not available for future 

scenario modelling and are generally approximated by a constant inflow.  

Flow gauges used for calibration purposes can have monthly flow data, as the model will report 

simulated flows in daily time steps that can be converted to monthly flow volumes. Since the 

comparison of the daily (Figure 5.7) and monthly (Figure 5.8) flow sequences clearly indicates 

that more flow data are available on monthly time step, monthly data will be used as far as 

possible. 
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Figure 5.7: Monitoring stations with daily time series data available in the study area (1957 - 2016).
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Figure 5.8: Monitoring stations with monthly time series data available in the study area (1957 - 2016). 
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5.3.3 Upper Wonderfonteinspruit 

The upper Wonderfonteinspruit catchment does not have a representative flow gauge at the 

outlet. The only available flow gauge is C2H023 just below Luipaardsvlei dam as shown in 

Figure 5.9.  

Three WWTWs are identified in the catchment, of which only the Flip Human (located in the 

Mogale Local Municipality) has some information (Table 2.14). The unknown WWTWs are 

generally related to mine WWTW as obtained from the 1:50,000 topographical maps. It is 

assumed that all WWTW discharge to the upper Wonderfonteinspruit. Van Biljon (2013) 

reports a 1.5 Ml/d direct sewage discharge to Luipaardsvlei Dam. 

Discharge from Cooke #1 takes place before Luipaardsvlei Dam at an estimated 12 Ml/d. It 

should be noted that the total current discharge to the Wonderfonteinspruit is estimated at 35 

Ml/d, but a flow constraint of 26 Ml/d has been existing at the outflow of Luipaardsvlei for many 

years (De Groen et al., 2013). It is not clear when this constraint came about, but all flows 

exceeding the 26 Ml/d resulted in a spill at Luipaardsvlei Dam due to existing constraint. 

 

Figure 5.9: Upper Wonderfonteinspruit flow network. 

Flip Human WWTW 

Sewage 

Cooke #1 
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The last rating curve applied to C2H023 was implemented on 11 September 1986. The 

monthly flow of C2H023 together with the associated monthly rainfall at 0475338 are shown 

in Figure 5.10. Note that the data presented are from November 1970, although some flow 

data were available from 1957 to 1960 after which a 10-year gap exists. There is also a 12-

month gap in the data from March 1982 to March 1983. The 26 Ml/d constraint is also 

presented in Figure 5.10, which suggests that the constraint was not present in 1994 as higher 

flows than the 26 Ml/d were recorded during this period. The higher flows recorded in 1976 to 

1978 are related to the higher rainfall in the same period (Figure 5.10) and the converse is 

true for the low flow periods. 
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Figure 5.10: C2H023 monthly flow versus rainfall. 
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The monitoring sites in the upper Wonderfonteinspruit that have water quality monitoring 

points are shown in Figure 5.11.  

 

Figure 5.11: Water quality monitoring points in upper Wonderfonteinspruit. 

The associated TDS, SO4 and pH over time are presented in Figure 5.12. The decrease in 

SO4 with the increase in pH is contributed to Gypsum (CaSO4) precipitation at a high saturation 

index as discussed in Chapter 2. 

The time series graphs for the other major cations and anions are presented in Appendix C. 

Not all water quality sites have water quality data for the same period, and this makes 

comparison between gauge data difficult. Since C2H023 is considered a key flow gauge in the 

area and it is evident that the water quality was in a period of major transition between 1979 

to 1995 (Figure 5.12), it was decided to use the time period from 1995 to 2013 for average 

comparison of water qualities to ensure that C2H023 is also included in the analysis.   
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Figure 5.12: TDS, SO4 and pH time series of upper Wonderfonteinspruit.
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The average spatial SO4 distribution (1995 - 2013) is shown in Figure 5.13. The gauges that 

exceed the SANS:241 drinking water guideline for SO4 are: 

 C2H235 (872 mg/L) - Stormwater canal at Palmiet Ferrochrome 

 C2H135 (1056 mg/L) - Wonderfonteinspruit near Truk Shaft 

 

Figure 5.13: Upper Wonderfonteinspruit average SO4 spatial distribution (1995 – 2013). 

A SO4 concentration of 600 mg/L was reported for the Cooke discharge on 31 May 2013 (Van 

Biljon, 2013). The Piper and expanded Durov diagrams for the sites considered in Figure 5.13 

are presented in Figure 5.14 and Figure 5.15 respectively. The Piper diagram shows all data 

points for each gauge and the expanded Durov shows the gauge average over the period 

(1995 – 2003).  
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Figure 5.14: Piper diagram for upper Wonderfonteinspruit (1995 – 2013). 
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Figure 5.15: Average extend Durov diagram for upper Wonderfonteinspruit (1995 – 2013). 
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Only considering the gauge water characteristics within the upper Wonderfonteinspruit 

(ignoring the canal qualities), it is clear from the Piper diagram (Figure 5.14) that the cation 

ratios stay far more constant than compared to the anion ratios. From the anion triangle it is 

evident that the SO4 ratios change dramatically with time for the individual sites. The 

downstream water character is dependent on the upstream water character which also 

includes the canal discharges. A detailed hydrochemical analysis can only be done in 

conjunction with the discharge volumes and few of the water quality gauges have discharge 

volume information available. 

When considering results of the expanded Durov diagram (Figure 5.15) and following the 

monitoring sites from upstream (C2H152) to downstream (C2H154), the water character 

alternates between a typical mine water character and that of mine water that has been limed. 

The storm water canal at Bekkersdal (C2H248) is associated with an unpolluted water 

character, the discharge at Flip Human WWTW (C2H237) is associated with waste water 

character and the discharge at Palmiet Ferrochrome (C2H235) is associated with a mine water 

character. 

The Stiff diagrams for the monitoring sites (Figure 5.13) are available in Appendix C. The 

hydrochemical analysis confirms the mine impacts on the upper Wonderfonteinspruit as 

discussed in Chapter 2. 

5.3.4 Mid-Wonderfonteinspruit 

The flow network is presented in Figure 5.16. In this section the Wonderfonteinspruit is 

characterised by the 1 m diameter pipeline. C2H276 is the flow gauge at the start of the pipe 

and C2H080 is the outlet of the pipe. C2H024 is the flow gauge in the Wonderfonteinspruit 

just below Donaldson Dam. The start of the 700 mm diameter pipe that connects to the 1 m 

diameter pipe (C2H276) is in close proximity to the C2H024 gauge. Flow gauge C2H025 is 

situated close to C2H276 and measures flow in the Wonderfonteinspruit itself. The confluence 

of the Middelvlei Spruit (C2H026) and Kocksoord Spruit (C2H027) tributaries reports into 

Wonderfonteinspruit after C2H025. The Rietfontein Spruit (C2H028) tributary report to the 

Wonderfonteinspruit upstream of the Hannes Van Niekerk WWTW. Discharges from Hannes 

van Niekerk WWTW (6 Ml/d) (C2H239) and Kloof mining operations (36 Ml/d) are done directly 

into the 1 m diameter pipe. Two old canal gauges (C2H059 and C2H055) previously recorded 

discharges from Venterspost gold mine to the Wonderfonteinspruit. The Bank Eye (‘Eye of the 

Wonderfonteinspruit’) (C2H030) reports directly into the Wonderfonteinspruit itself. 
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Figure 5.16: Mid-Wonderfonteinspruit flow network.
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The monthly flow for all the gauges with flow data and the associated rainfall (G474680) are 

shown in Figure 5.17. The temporal distribution of data makes it difficult to select a 

representative time period where the majority of flow gauges have data. The old canal gauges 

C2H059 and C2H055 that recorded discharges from Venterspost gold mine only have 

significant flow data until October 1978, after which no significant flows were recorded for 

almost another year (July 1979) before gauge monitoring stopped (Figure 5.18). This is 

contributed to the fact that the Venterspost discharges were channeled to the 1 m diameter 

pipe soon after its construction. 

Catchment runoff for C2H026 (26 km2), C2H027 (6 km2) and C2H028 (31 km2) together with 

the associated rainfall are shown in Figure 5.19. The higher runoff recorded from 1976 to 1978 

is due to the higher rainfall during that period, similar to the flow response observed in the 

upper Wonderfonteinspruit over the same time period. 

The flows of the Bank Eye (C2H030) from 1957 to 2000 are shown in Figure 5.20 where a 

clear trend is visible that of how flows reduced over time with the dewatering of the 

compartment. Although various authors (Bezuidenhout & Enslin, 1970; Coetzee et al, 2006; 

Schrader et al., 2014a; Swart, James et al., 2003; Winde & Erasmus, 2011) indicate that the 

Bank Eye stopped flowing due to the dewatering, is it clear from the data that this was not the 

case. The Bank Eye was still flowing at the time of the data series. The increase in flow 

response due the higher rainfall period (1976 – 1978) is visible on the declining flow trend, 

with a delay associated with it as it is related to a groundwater response and not a surface 

runoff response. A gap in the flow record exists from September 1984 to January 1988. 

The inflow gauge to the 1 m diameter pipe (C2H276) and the outflow (C2H080) do not have 

overlapping flow data (Figure 5.21). The maximum flow rate for both the 1 m diameter and 

700 mm diameter pipes are indicated on the hydrograph. Since C2H276 is associated with 

the 700 mm pipe there is a data point that is considered suspect as it exceeds the maximum 

flow capacity indicated.  The average flow recorded for C2H276 and C2H080 is 26 Ml/d and 

73 Ml/d respectively, which indicate a gain of 47 Ml/d (if assumed the same flow response of 

C2H276 is present during the flow period of C2H080). The combined inflows from Hannes van 

Niekerk WWTW and Kloof is estimated at 42 Ml/d (De Groen et al., 2013), which results in 5 

Ml/d not accounted for. The DWA Green Drop Report (2013a) however, reports an average 

discharge volume for Hannes van Niekerk WWTW of 18 Ml/d compared to the 6 Ml/d reported 

by De Groen (2013). If an average is taken between these two then the total discharge to the 

pipe is 48 Ml/d, which compares well to the 47 Ml/d obtained from the pipe flow hydrograph.    
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Figure 5.17: Mid-Wonderfonteinspruit monthly flow versus rainfall. 
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Figure 5.18: Flow in the Venterspost gold mine canals. 
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Figure 5.19: Flow versus rainfall for C2H026, C2H027 and C2H028. 
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Figure 5.20: Bank Eye (C2H030) flows (1957 – 2000). 
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Figure 5.21: 1 m Diameter pipe flows (1986 – 2017). 
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The average spatial SO4 distribution (1995 - 2013) is shown in Figure 5.22 and it is clear that 

all sites with data comply with the SANS241:2015 drinking water quality guideline, as is the 

case for all the major anions and cations presented. The associated TDS, SO4 and pH over 

time are presented in Figure 5.23. The decrease of SO4 with the increase of pH is contributed 

to Gypsum (CaSO4) precipitation at a high saturation index as discussed in Chapter 2. The 

time series graphs for the other major cations and anions are presented in Appendix C. 

 

Figure 5.22: Average SO4 spatial distribution of the Mid-Wonderfonteinspruit (1995-2013). 

Not all water quality sites have water quality of the same period, and therefore make 

comparisons between gauge data difficult. For comparison purposes, the same time period 

(1995-2013) is used as applied to the analysis of the upper Wonderfonteinspruit. Only the pH 

values at Hannes van Niekerk WWTW drop below the recommended limit of 5 between 2007 

and 2009 (Figure 5.23). A SO4 concentration of 413 mg/L was reported for the Kloof discharge 

on 5 June 2013 (Van Biljon, 2013). The Piper and expanded Durov diagrams for the sites 

considered in Figure 5.16 are presented in Figure 5.24 and Figure 5.25 respectively. The Piper 

diagram shows all data points for each gauge and the expanded Durov shows the gauge 

average over the period (1995 – 2003). There is less of a change in SO4 ratios as compared 

to the upper Wonderfonteinspruit, although a definite SO4 variation is still evident (Figure 

5.24). The upper Wonderfonteinspruit water character is a definite influence on the water 

character of the mid-Wonderfonteinspruit. When considering the results of the expanded 

Durov diagram (Figure 5.25), gauge C2H030 and C2H026 exhibit a water character 

associated with unpolluted water, as expected of the spring flow and natural catchment runoff. 
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Figure 5.23: Time series TDS, SO4 and pH for the mid Wonderfonteinspruit.
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Figure 5.24: Piper diagram for mid-Wonderfonteinspruit (1995 – 2013). 
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Figure 5.25: Expanded Durov diagram for mid-Wonderfonteinspruit (1995 – 2013). 
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It is clear that C2H024, C2H025 and C2H080 have the same average water character as all 

three gauges are sourced from Donaldson Dam (RQS100361) and therefore exhibit a mine 

water character as expected. The C2H080 water character is also dependent on the mine 

water discharge from Kloof Operations and the Hannes van Niekerk WWTW (C2H239). The 

water character associated with C2H239 is that of mine water (Figure 5.25). 

The Stiff diagrams for the monitoring sites (Figure 5.16) are available in Appendix C. 

5.3.5 Lower Wonderfonteinspruit 

The lower Wonderfonteinspruit flow network (Figure 5.26) is characterised by wetlands, old 

irrigation canals from the Oberholzer Irrigation Board (OIB) and canals from mining areas. 

There is a great number of flow gauges listed for the canals, but very few of these canal 

gauges actually have data associated with them. The canal flow gauges with data mostly 

report from late 1950’s up to the 1970’s, therefore data for the calibration period are lacking. 

The pipe outflow (C2H080) flow into a canal and is joined by a canal carrying fissure water 

from the Driefontein Mines (C2H063). The canal network leading up to flow gauge C2H063 

has three other flow gauges (C2H155, C2H156 and C2H045). Only C2H045 has flow data 

available. The water flow is transported by canal in a westerly direction until it reaches gauges 

C2H077, C2H078 and C2H079 further downstream from the confluence of C2H080 (1 m 

diameter pipe outflow) and Driefontein canal (C2H063). Unfortunately, no data are available 

for gauges C2H077, C2H078 and C2H079. At gauge C2H079, the canal splits into two 

directions (Figure 5.27). The left canal feeds Harry’s Dam. This canal seems to be a precaution 

measurement to prevent overflow of the canal to the right. The right canal prevents water from 

entering the Wonderfonteinspruit and flows to gauge C2H107 and C2H057. 
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Figure 5.26: Lower Wonderfonteinspruit flow network. 

 

Welverdiend WWTW 

Khutsong WWTW 

Oberholzer WWTW 



 
184 

Selected gauging positions are shown in Figure 5.28 and the descriptions for the photo insets 

are as follows: 

A. Canal at C2H097 after blending of water from C2H080 and C2H063 (De Klerk, 2018) 

B. End of 1 m diameter pipe line at C2H080 (De Klerk, 2018) 

C. Road crossing of canal from C2H057 (De Klerk, 2018) 

D. Road crossing of canal (Midstream) from C2H107 (De Klerk, 2018) 

E. Harry’s Dam (Dennis, 2012) 

C2H057 was part of the old OIB canal system and water was provided to farmers along the 

Wonderfonteinspruit (Figure 5.27). Flow volumes exist for gauges C2H057 and C2H107. It is 

uncertain how the management of gauges C2H057 and C2H107 was conducted, but from the 

available flow data it seems that constant flow was diverted into canal C2H057 (presumed for 

irrigation purposes), and the rest into C2H107.  From C2H107 the water was conveyed via the 

Midstream canal to gauge C2H069. The Midstream canal was maintained to prevent flooding 

of the adjacent farming areas, up until about 1996. The lack of maintenance allowed the 

Midstream canal to silt up, and the water has since flooded the surrounding low-lying areas.  

The stream flows through large wetland areas and past Oberholzer WWTW, Khutsong WWTW 

and Welverdiend WWTW (Table 2.14). There is no information on the discharge volumes 

during the calibration period for these WWTW. The water then flows past the Welverdiend 

urban area until it reaches the canal inflow (C2H060) from the Blyvooruitzicht mining area. 

From this inflow point the Wonderfonteinspruit flows a short distance to reach flow gauge 

C2H069. This is the outlet point for the study area. The last rating curve applied to C2H069 

was implemented on 25 May 1971.  

The monthly flow for the lower Wonderfonteinspruit gauges and the associated monthly rainfall 

of G474680 are shown in Figure 5.29. The mine inflows from Driefontein (C2H063) and 

Blyvooruitzicht (C2H060), together with the pipe discharge (C2H080) is shown in Figure 5.30. 

It is clear from the presented flow records that the mine discharges are not purely a function 

of rainfall. The specific mining operation and aquifer recharge are likely factors driving the 

mine discharges. The flow volumes of Blyvooruitzicht and that of the outflow of the study area 

(C2H069) are presented in Figure 5.31 for the maximum period of overlap (July 1971 – March 

1993). It is clear that during this period, the flow of C2H069 is strongly controlled by that of 

C2H060. The average flows are 1.3 Mm3/month and 1.1 Mm3/month for C2H069 and C2H060 

respectively over this period.  
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Figure 5.27: Aerial photograph showing part of the Lower Wonderfonteinspruit land use in 1993 (NGI, 1993). 
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Figure 5.28 Aerial photograph showing part of the Lower Wonderfonteinspruit gauging positions. 
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Figure 5.29: Lower Wonderfonteinspruit monthly flow versus rainfall. 
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Figure 5.30: Lower Wonderfonteinspruit mine and pipe discharges. 
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Figure 5.31: Lower Wonderfonteinspruit outflow and Blyvooruitzicht flows. 
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What is peculiar, it the fact that C2H060 showed higher flows than those recorded at C2H069 

during the period of March 1981 to January 1984. This begs the question of the validity as to 

the gauging during that period. No information was available to substantiate the observed 

response in the gauging. 

The average spatial SO4 distribution (1979 - 2016) is shown in Figure 5.32. The average SO4 

concentrations complies with the SANS241:2015 drinking water quality guideline at the outfall 

of the pipe (C2H080) and at the associated inflows where blending takes place. The outlet of 

the study area (C2H069), however does not comply with the SANS241:2015 drinking water 

quality guideline as its SO4 concentration is largely driven by the water quality of 

Blyvooruitzicht (C2H060), as is the case with the flows at C2H069. 

 

Figure 5.32: Average SO4 spatial distribution of the lower Wonderfonteinspruit (1979 - 1994). 

The associated TDS, SO4 and pH over time are presented in Figure 5.33. The decrease of 

SO4 with the increase of pH is contributed to Gypsum (CaSO4) precipitation at a high saturation 

index as discussed in Chapter 2. This change in SO4
  and alkalinity is also visible in the spread 

of data points within the Piper diagram (Figure 5.34). The SO4 at C2H069 decreased in 1995 

to comply with the SANS241:2015 drinking water guidelines for the most part, although some 

exceedances still occurred as can be seen from Figure 5.33, due to the influence of C2H060. 

C2H060 generally exceeds the SANS241:2015 standard with respect to SO4 and TDS.  
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The expanded Durov diagram is presented in Figure 5.35 and all the sites exhibit mine water 

character due to the SO4 concentrations present. The blending of various waters at C2H079 

is evident from the central grouping on the diagram where C2H063 also feeds into. From here 

the water moves downstream to C2H069, although the quality and flows at C2H069 are largely 

governed by C2H060. The water character of C2H069 is very similar to that of C2H060 as 

indicated, which confirms the observation made previously. The time series graphs for the 

other major cations and anions together with the average Stiff diagrams are presented in 

Appendix C.  
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Figure 5.33: pH, TDS and SO4 for monitoring stations in the lower Wonderfonteinspruit (1979 - 2016).  
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Figure 5.34: Piper diagram for lower Wonderfonteinspruit (1979 - 2016). 



 
194 

 

Figure 5.35: Expanded Durov diagram for mid Wonderfonteinspruit (1979 - 2016). 
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5.4 CONCLUSION 

This chapter presented the data analysis in the context of the selected model and methodology 

from the previous two chapters. For the analysis, the Wonderfonteinspruit catchment was 

subdivided into three distinctive areas – upper, middle and lower Wonderfonteinspruit areas. 

The temporal distribution of data makes it difficult to select a representative time period where 

the majority of flow gauges have data.   

The upper Wonderfonteinspruit area is mainly the West Rand goldfield area. From the data 

analysis, only flow gauge C2H023 is suitable for rainfall-runoff calibration purposes. Not all 

water quality sites have water quality for the same period, which makes comparison between 

gauge data difficult. From the quality data, it seems that the Lancaster Dam area is still a 

pollution source. From the Durov diagram, we can observe that the water characteristics 

fluctuate between mine water, waste water and unpolluted storm water. From the 

hydrochemical analysis, we can see the mine impacts on the surface water. 

The mid-Wonderfonteinspruit area is mainly the upper section of the Far West Rand goldfield 

area. Streamflow in this area is mainly confined to the 1 m diameter pipeline. The temporal 

distribution of data for the pipe inlet and outlet makes it difficult to select a representative time 

period. Once again, not all water quality sites have water quality for the same period, which 

makes comparison between gauge data difficult for this area as well. The upper 

Wonderfonteinspruit water character is a definite influence on the water character of the 

middle Wonderfonteinspruit area. From the Durov diagram, we can see that the piped water 

has mine water qualities, while the spring flow and natural runoff the qualities of unpolluted 

water.  

The lower Wonderfonteinspruit area is mainly the lower section of the Far West Rand 

goldfields. Streamflow is confined to mainly two canals in this section. The outflow from the 1 

m diameter pipeline is augmented with fissure water from canal C2H063 and, further 

downstream, from canal C2H060. From the Durov diagram, we can see that blending of 

various waters takes place at C2H079. Downstream, the water character of C2H069 is similar 

to that of C2H060, which emphasise the importance of C2H060’s contribution to C2H069’s 

flow.       

The SWMM rainfall-runoff model development, calibration and model limits are presented in 

the next chapter.  
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6 WONDERFONTEINSPRUIT RAINFALL-RUNOFF MODEL  

 

“Although an attempt was made to use the strategically placed 

C2H069 weir …, the attempt had to be abandoned due to lack of 

adequate information on the complex upstream catchment… 

Since modelling these effects successfully would have to be 

preceded by extensive data gathering and evaluation, the more 

simplified approach of calibrating on Boskop Dam was adopted. The 

rationale was that all of the temporarily “lost” upstream point inputs 

would eventually report to Boskop Dam.” 

(Herold & Bailey, 2015: 5-51 & 5-52) 

6.1 INTRODUCTION 

In Chapter 4, the model integration process and the SWMM concept model were developed 

for the Wonderfonteinspruit catchment. To seamlessly integrate SWMM surface model with 

the MODFLOW™ groundwater model in future, the ± 1 600 km2 Wonderfonteinspruit 

catchment area was represented in SWMM as 400m x 400 m subcatchments. To be able to 

model the rainfall-runoff with such a large number of objects, a pre-processor (IMC) was 

developed to facilitate the data inputs into the SWMM components. The basic SWMM 

components with its respective requirements were discussed in Chapter 4. Extra model 

processes were developed to model the karst landscape features in the study area. The 

sinkhole hydrologic process was integrated into the SWMM model through the Sinkhole Loss 

Modification Value equations (Equation 4-3 & Equation 4-5). The wetland hydrologic 

processes were integrated into the SWMM model by using the Manning’s roughness 

coefficient value.  

The availability of historic data for the various gauge types (rainfall, evaporation and flow) was 

analysed in Chapter 5, within the context of the model selection as discussed in Chapter 3 

and the methodology described in Chapter 4. Furthermore, discussion points in Chapter 5 

include: the flow network through the catchment, the quantity and quality of the available data 

for the flow network and important aspects of the time series data. 



 
197 

In this chapter, the SWMM rainfall-runoff model setup and calibration will be discussed. 

6.2 MODEL DEVELOPMENT 

A summary of the number of SWMM model objects used for the Wonderfonteinspruit 

catchment is presented in Table 6.1. The different SWMM object types each requires their 

own set of input values. These different input values (parameters) were obtained from 

calculations, reference tables or actual field measurements in the area. 

Table 6.1: Summary of the number of the SWMM model objects used for the Wonderfonteinspruit 
catchment rainfall-runoff model. 

Components No of objects 

Subcatchments 7 092 

Conduits 7 317 

Junctions 7 089 

Storage units 4 

Dividers (Sinkholes) 312 

No. of modelled pollutants 1 

  

6.2.1 Subcatchments 

The Wonderfonteinspruit study area was divided into a grid of 400 m x 400 m cell size 

subcatchments, for a total of 7 092 subcatchments. Each grid cell’s node represents the 

subcatchment, incorporating all the important model parameters. This cell size made it 

possible to develop a fully integrated distributed model. The smaller size subcatchment 

allowed for more homogenous catchments that increase model efficiency. The rainfall input 

was provided by 5 rain gauges in and around to the catchment (Section 5.2.1). From the three 

different infiltration methods available in SWMM, the SCS CN was chosen in this study (Table 

4.1).  Some of the subcatchment model parameters were calculated with ArcMap™ software 

after the subcatchments were delineated. The important subcatchment model parameters with 

recommended value ranges and actual selected values are presented in Table 6.2. 

6.2.2 Overland flow, rivers and pipes 

The link between subcatchments represent the overland flow with its associated parameters. 

Thus, the 7 317 conduits between the subcatchments represent part of the subcatchment.   
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Table 6.2: Subcatchment model parameters for the Wonderfonteinspruit catchment SWMM rainfall-runoff model (Li et al., 2016; Rossman, 2010). 

 

Parameter Description Recommended 

range 

Initial values 

used 

Rain gauge Closest rain gauge is assign to the subcatchment ─ ─ 

Outlet The node name or catchment that receives the runoff ─ ─ 

Area (m2) Area of the subcatchment Model specific 160 000 

%Impervious Percent of land area which is impervious 25 0.0 - 50.0 

Width (m) Width of the overland flow path for sheet flow runoff Model specific 400 

%Slope Average percentage slope of the subcatchment Model specific 0.0 - 8.24 

N-Imperv Manning’s roughness coefficient (n) for overland flow over impervious areas of the subcatchment 0.011 - 0.015 0 

N-Perv Manning’s roughness coefficient (n) for overland flow over pervious areas of the subcatchment 0.05 - 0.8 0.0 - 0.60 

Dstor_Imperv (mm) Depth of depression storage on the catchment's impervious areas 1.27 - 2.54 1.91 

Dstor_Perv (mm) Depth of depression storage on the catchment's pervious areas 2.54 - 7.62 1.91 – 5 

%Zero Percent of impervious areas with no depression storage User defined 0 

RouteTo Choice of internal routing of runoff between pervious and impervious areas Imperv / Perv / Outlet Perv 

PctRouted Percent of runoff routed between subareas 0 - 100 100 

Curve Number Infiltration model based on the land cover and hydrological soil group 0 - 98 0 - 98 

Dry Time Time for fully saturated soil to completely dry 1 - 7 days 1 
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characteristics. To construct the overland flow across a subcatchment, a junction was place 

at the node of each subcatchment grid cell 

Conduits were placed between each cell node according to the D8 flow direction value of each 

cell (Section 4.4.1.1). The D8 flow direction was used to connect individual subcatchments 

together in a hydrological correct way and to ensure connectivity across the model domain. 

This enables the fully distributed model to simulate overland flow between catchments and 

ensure that the sinkholes and wetlands could be incorporated into the runoff model (Figure 

6.1). 

 

Figure 6.1: A small section of the Wonderfonteinspruit catchment SWMM model showing some of the 
model objects. 

To improve the overland flow processes and model the drainage lines more accurately 

between the subcatchments, an overland flow classification scheme was developed. A flow 

accumulation raster for the Wonderfonteinspruit was generated from the D8 dataset. This 

raster dataset calculates the number of upstream cells that flow to each cell. The flow 

accumulation raster classifies cells from 0 (ridgelines) to cells with high values (possible 

stream channels). The channel delineation process is controlled by the flow accumulation 

raster. To delineate the channel, a threshold flow accumulation value is used. A threshold 

value of 100 implies that each cell that forms part of the channel network must have a minimum 

Pipeline 

Rain Gauge 

Sinkhole 
Subcatchment 
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of 100 cells contributing to the flow. The higher threshold value result in a lower channel 

network density (Dixon & Uddameri, 2016; Vieux, 2004).  

There are various ways to determine the threshold value. The most often used method is to 

compare the delineated channel network with a highly detailed river network dataset (Dixon & 

Uddameri, 2016). For this study, the 1:50 000 river lines dataset was used to evaluate the 

raster channel network. From the 1:50 000 map sheet, two categories were identified namely 

areas with no channel network and the channel network. The Wonderfonteinspruit main 

channel was identified as a separate category from the rest of the channel network. The 

channel network coincides with Slope class of the wetland classification scheme and the 

Wonderfonteinspruit main channel with the Valley floor class in the Landscape Units section 

of the wetland classification scheme (Ollis et al., 2015). This separation makes it possible to 

distinguish between two types of wetland Manning’s coefficients.  The flow accumulation raster 

dataset was used to model the three drainage categories.  Table 6.3 show the second and 

third overland flow classes only, because the < 50 class refers to the Manning’s n values in 

the land cover dataset.. 

Table 6.3: The two overland flow classes with the initial values for the Wonderfonteinspruit.  

 

Parameters 50 - 499 500 + 

Manning 0.05 0.05 

Seepage (mm/hr) 0.0 0.0 

Wetland Manning 0.1 0.1 

 

Rivers and pipes were created as conduits with appropriate cross-sections as specified by the 

modeller.  

6.2.3 Reservoirs (Dams) 

Four dams (Luipaardsvlei, Donaldson, Harry’s Dam & Abe Bailey) were included in the SWMM 

model as storage nodes. Very little information is available about these dams, therefore the 

dams were modelled as a linear reservoir. The key properties for the storage nodes were spill 

depth, initial depth and evaporation. The initial storage node model parameters values are 

presented in (Table 6.4). 
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Table 6.4: Initial model parameters for the dams in the Wonderfonteinspruit catchment.  

Parameter Luipaardsvlei 

Dam 

Donaldson Dam Harry's Dam Abe Bailey 

Dam 

Elevation (m) 1 619 1 575 1 480 1 470 

InitDepth (m) 6.90 7.15 1 5.8 

SpillDepth (m) 6.90 7.15 1 5.8 

Surface Area (m2) 95 972 35 1917 25 853 388 108 

Evaporation Factor 1 1 1 1 

 

6.2.4 Discharges and Spring Flows 

In the Wonderfonteinspruit catchment there are some important discharges that influence the 

runoff. These discharges are from mines and WWTW in the study area. Eight discharge points 

and one spring flow were identified during the conceptual modelling stage (Table 6.5). Daily 

flow data were not available for all discharge points, except for the Bank spring flow (C2H030) 

and canal flow at C2H060. For flow gauge C2H063 only had monthly flow data available. 

Therefore, an average daily flow was calculated from the monthly flow. For the Flip Human 

and Hannes van Niekerk WWTW and Cooke 1 discharges, no daily or monthly flow data were 

available. The average discharge volume was therefore calculated from values obtained from 

available reports (De Groen et al., 2013; DWA, 2013a; Van Biljon, 2013). 

Table 6.5: SWMM model parameters values for the discharges and spring flow in the 
Wonderfonteinspruit study area. 

Parameter Discharge volume (cms) 

FH WWTW1 0.195 

Cooke 1 0.012 – 0.675 

HvN WWTW2 0.063 

Kloof 0.096 – 0.504 

C2H030 0.022 - 0.177 

C2H063 0.0 - 0.466 

C2H60 0.148 - 0.613 
  

1 Flip Human WWTW 
 

2 Hannes van Niekerk WWTW 
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6.2.5 Sinkholes 

An important part of this study area is the karst landscape and its effect on catchment runoff. 

There are no SWMM model objects that can directly model sinkhole processes. To incorporate 

the sinkhole features in the rainfall-runoff model, existing SWMM objects were used (Figure 

6.2).  

The distributed nature of the developed model, together with the high resolution obtained by 

the small cell (subcatchment) size allows for distinct placement of sinkholes with in the flow 

network. The sinkhole modelling process was explained in Section 4.4.2. 

 

 

Figure 6.2: Part of the “Sinkhole Valley” in the SWMM rainfall-runoff model.  

6.2.6 Wetlands 

Wetlands is an integral part of the Wonderfonteinspruit catchment. No direct SWMM objects 

for wetland modelling were available, and existing SWMM model objects must be used. The 

SWMM wetland model design was discussed in Section 4.4.3. The use of the D8 flow 

accumulation dataset to create a drainage classification scheme (Table 6.3), ensures that the 
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major wetland areas that are present in the mainstream could be modelled more accurately. 

From Table 4.4 the range of Manning’s n values in literature is very wide-ranging (0.07 – 2.50). 

Although the initial research into the wetland manning showed that a Manning’s n value of 1.5 

may be a reasonable value to start with, it was decided that with the drainage classification, a 

more conservative value will initially be used (Table 6.3). The drainage classification made it 

possible to increase the wetland Manning’s n only for wetlands in major drainage channels. 

6.3 MODEL CALIBRATION 

6.3.1 Introduction 

The reliability of any model depends on accurate data and the representation of the actual 

processes involved in the model. If observed data is not available, then the data must be 

obtained from alternative reliable sources as observed data is required for model calibration. 

Since many of the parameters can only be estimated, simplifying assumptions are made for 

these parameters, adjusting their values to give the best fit between simulated and observed 

runoff data. This practice is recognised as calibration. A suitable calibration is a blend of 

science, experience and instinct. The uncertainties and limitations in the hydrological models 

make the calibration an important part of the modeling process. There will be virtually unlimited 

combinations of parameter values that will give an acceptably close fit (Mansell, 2003). 

The practical calibration approach of trial-and-error was used instead of a sophisticated 

optimization scheme, due to the fact that non-standard model features like sinkholes and 

wetlands were introduced into the model. The advantage of the iterative process of the trial-

and-error approach, is that the modeler obtains a better understanding for the catchment 

process in the context of the off standard components introduced. Several model parameters 

are adjusted until the variance between simulated and observed runoff  is at the least possible 

value and within the calibration targets (Blansett, 2011; Erickson et al., 2010; Gülbaz & Melek, 

2013; Lee et al., 2012). 

The calibration objective was to match the measured flow response. Since flooding was not 

the focus of this study, peak flow timing was not considered critical in the calibration process. 

Previous studies were consulted, but none of them were in catchments with sinkholes present. 

The research of Blansett (2011), conducted in a karst landscape, indicates that the curve 

number (CN) was the most sensitive parameter. Therefore, the first parameter to be calibrated 

was the CN.  
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6.3.2 Calibration Evaluation Techniques 

According to Erickson et al. (2010), the spatial and time variability in rainfall will prevent a 

complete match between simulated and observed runoff flows. The hydrograph is a time 

series plot of simulated and observed runoff, which may help identify the differences in peak 

flow size and shape of simulated runoff. The visual comparison of the hydrographs is the first 

step in the calibration process. After visually matching the simulated runoff with the observed 

runoff, the rainfall-runoff model was evaluated. However, the visual evaluation of the simulated 

versus the observed can be subjective and may result in bias or error. A more objective 

analysis of the results is needed to ensure that any bias or error is reduced. Three statistics 

were calculated to quantify the goodness of fit between the simulated and observed runoff 

(Chow et al., 2012; Erickson et al., 2010):  

 Root Mean Square Error (RMSE) 

 Nash–Sutcliffe coefficient (NSC) 

 Pearson Correlation (PC) 

The RMSE is a frequently used error index, where it is commonly accepted that the lower 

RSME value represents a better model result than a higher RMSE value. 

 

𝑅𝑀𝑆𝐸 = √
∑(𝑝𝑖 − 𝑜𝑖)²

𝑛
 Equation 6-1 

where, 

RMSE = Root Mean Square Error 

pi = Predicted value at point i 

oi = Observed value at point i 

n = Number of reference points 

 

The Nash-Sutcliffe coefficient (NSC) is a widely used statistic to compare predictive capability 

of a hydrologic model – it shows how well a hydrologic model performs. The NSC compares 

both the volume and the shape of the runoff. The NSC provides a comparison between the 

efficiency of the chosen model and a description of the data as the mean of the observations. 

NSC ranges between negative infinity and 1. The optimal statistical value occurs when the 
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NSC is 1. If the coefficient is zero, the modeled runoff is as good as the average runoff of the 

time period. A negative coefficient indicate that using the average runoff would be better than 

the simulated runoff [inadequately calibrated model] (Chow et al., 2012;  Erickson et al., 2010;  

Li et al., 2016). 

According to Moriasi et al. (2007), general performance ratings for NSC are the following 

values of 0.75 < NSC ≤ 1.00 classified as Very Good, values between 0.65 < NSE ≤ 0.75 

classified as Good, values between 0.50 < NSE ≤ 0.65 classified as Satisfactory and values 

of NSE ≤ 0.50 as Unsatisfactory.  Therefore, an NSC value of 0.50 and greater implies a good 

agreement between the simulated data and the observed data, which could make it an 

adequately calibrated model. The NSC is calculated as follows: 

𝑁𝑆𝐶 = 1 −  
∑ (𝑂𝑖 − 𝑃𝑖)²𝑛

𝑖=𝑛

∑ (𝑂𝑖 −  �̅�)²𝑛
𝑖=𝑛

 Equation 6-2 

 

where,  

NSC = Nash-Sutcliffe Coefficient 

Pi = predicted value  

Oi = the observed values for the n observations 

Ō = the mean of the observed values 

 

The Pearson’s correlation coefficient (r) determines the degree to which two variables are 

linearly related. The Pearson’s correlation (r) is calculated as the covariance divided by the 

product of the standard deviations of observed data and simulated data. The results may 

range from -1 (negative linear relationship) to 1 (positive linear relationship), and 0 indicates 

no relationship present between the predicted data and the observed data. Positive or 

negative values above 0.70 are assumed as indicators of a strong correlation. The Pearson’s 

correlation coefficient (r) is calculated as follows: 
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𝑟 =  
∑(𝑂𝑖 − �̅�)(𝑃𝑖 − �̅�)

√∑(𝑂𝑖 −  �̅�)2 ∑(𝑃𝑖 − �̅�)2
 Equation 6-3 

where, 

Pi = predicted value  

Oi = the observed values for the n observations 

Ō = the mean of the observed values 

 

6.3.3 The Calibration Process 

When the SWMM rainfall-runoff model was constructed, certain assumptions were made 

regarding certain aspects in the Wonderfonteinspruit catchment (Table 6.6). 

For the SWMM model options, the flow units are CMS. Furthermore, the Kinetic wave flow 

routing were selected. The time step was 24 hours. Five rain gauges were selected for the 

catchment (C2E007; C2E011; 474502; 474680 & 475338). Due to the lack of continuous flow 

data, careful consideration was given to determine the calibration period. Studying Figure 5.2 

& Figure 5.8, the best possible time period with the most flow data available for the calibration 

process of the SWMM rainfall-runoff model was from 1989 – 1992. 

Runoff flow time series data were selected for four flow gauges that coincide with the rainfall 

time series data (Figure 6.3). These runoff data were monthly data. The rating tables for these 

flow gauges are all outdated and date in the late 1960’s or early 1970’s. The four flow gauges 

were, however, selected for their importance to the runoff process. Flow gauge C2H023 is the 

representative flow gauge for the Upper Wonderfonteinspruit catchment. The calibration 

process focuses on this flow gauge first, due to the fact that this catchment area has very few 

karst landscape features. This makes this catchment area an ideal “proof of concept” area to 

start the calibration process. C2H023 was used to test the IMC controller and gain some 

experience in the trial-and-error approach of calibration.  
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Table 6.6: Assumptions made regarding the Wonderfonteinspruit catchment that may influence the 
rainfall-runoff model. 

Assumption Calibration Period (1989 - 1992) 

Sinkholes 1) Sinkholes present during this time, especially in the Venterspost 

Compartment, result in a high runoff infiltration rate; 2) Surface water that 

flow into a sinkhole, infiltrate all into the groundwater; 3) The sinkhole data 

is representative of the sinkholes during the calibration period; 4) Only 

rainfall on the Lower Wonderfonteinspruit subcatchment infiltrates 

through the sinkholes. 

Dewatering 1) All dewatered dolomitic compartments are in equilibrium regarding 

dewatering; 2) The majority of the water flow from the Upper 

Wonderfonteinspruit are directed to the 1m diameter pipeline. All this 

water flow bypasses the dewatered compartments and discharge in the 

Wonderfonteinspruit on the Turffontein-Boskop dolomitic compartment. 

Wetlands & dams 1) The wetland and dam datasets created are assumed to be correct for 

this time period. 

Fissure / Discharge 

from mines 

1) Mine discharge is stable and at a rate as indicated in the literature for 

this time period. 

Irrigation canals 1) Irrigation canals were officially in use; 2) The mines released the 

pumped dolomitic water into the Wonderfonteinspruit through the network 

of irrigation canals; 3) Farmers used the dolomitic water for irrigation 

purposes; 4) Losses from irrigation canals are high due to evaporation 

and seepage. 

Spring Flow 1) Most dolomitic springs stopped flowing  

Land cover 1) The current land cover is assumed to be correct for this time period. 

 

Flow gauge C2H276 was the next flow gauge that needed to be calibrated. This flow gauge 

measured the volume of runoff that is diverted into the 1 m diameter pipeline across the 

dewatered dolomitic areas. This pipeline is an imported part of the catchment flow regime. To 

ensure that the runoff volume from the pipeline and discharge points along the way is 

simulated correctly, a virtual flow gauge was added after the 1 m diameter pipe outlet and 

before flow gauges C2H107 & C2H057. This virtual flow gauge represents the inflows from 

flow gauge C2H276, Hannes van Niekerk WWTW, Kloof mine water discharge and a mine 

discharge canal from C2H063. 
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Figure 6.3: Relevant hydrological features used in the rainfall-runoff model. 
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The virtual flow gauge helps to ensure that the water flow is calibrated after the 1 m diameter 

pipe outflow together with the canal discharges. In addition, the large number of sinkholes and 

wetlands in this section influence the runoff volumes and had to be incorporated into the 

calibration. At the virtual flow gauge, the flow is divided into two canals, to Harry’s Dam and to 

flow gauge C2H107. This split is modeled with a divider object, with a weir coefficient of 0.6.  

At flow gauge C2H107 most of the water is diverted into canal C2H057 for irrigation purposes. 

No operational information was available for management of flow in canal C2H057, however, 

the assumption was made that water for irrigation purposes was more important and only the 

excess water flowed down canal C2H107. To model this assumption in SWMM, a divider 

object with a diversion curve table was used. The rating curve values were determined by a 

power function fitted to the water flow values between C2H057 and C2H107. Today, canal 

C2H057 is not used anymore, and will not be part of the future scenarios. 

Flow gauge C2H069 was the last gauge to be calibrated. Between the virtual flow gauge and 

C2H069 are an influential canal discharge (C2H060) and some wetland areas. Flow gauge 

C2H069 is the catchment outlet 

The initial parameter values were based on the recommended ranges in the SWMM manual 

and relevant literature sources (Kadlec & Wallace, 2009; McCuen, 1998; McCuen et al., 2002; 

Otero & Zhao, 2005; Rossman, 2010; Schmidt & Schulze, 1987; Vieux, 2004). These initial 

parameter values are presented in Table 6.2, Table 6.3, Table 6.4 and Table 6.5. The first 

simulation run for flow gauges C2H023 and C2H069 are presented in Figure 6.4 and Figure 

6.5 respectively. From Figure 6.4 and Figure 6.5 it is clear that the simulated flow is greater 

than the observed flow, indicating that some of the initial parameter values may not be correct 

in addition to the influence of the sinkholes and wetlands on the surface runoff. The overall 

simulation representation has a reasonable agreement with the observed flow, supported by 

Pearson’s correlation coefficient of 0.67 and 0.70 respectively. The Nash-Sutcliffe coefficient 

for flow gauge C2H023 is -3.59 and -33.06 for flow gauge C2H069, clearly confirm that 

calibration was needed. 

Calibration was done by varying each parameter individually, while keeping the other model 

parameters constant. After all the model parameters values were set and a sense for the 

impact of the different model parameters on the runoff was gained, the final calibration effort 

was started. The following subcatchments parameters were available for calibration: 

subcatchment area, subcatchment width, catchment slope, Curve Number (Infiltration), 

depression storage for impervious area, depression storage for pervious area, Manning’s n 

overland flow for impervious areas, Manning’s n for overland flow for pervious areas, 
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percentage impervious areas, percentage of impervious areas with no depression storage, 

Manning’s n for open channel flow, wetland area, sinkhole area, urban area (Choi & Ball, 2002; 

Li et al., 2016). 

 

 

Figure 6.4: Uncalibrated simulation runoff for flow gauge C2H023. 

 

Figure 6.5: Uncalibrated simulation run for flow gauge C2H069. 
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The catchment area and characteristic width are parameters normally adjusted during the 

calibration process. In this case, the subcatchment area and width were fixed at 160 000m2 

and 400 m respectively, and therefore both parameters were not used as calibration 

parameters. The wetland, sinkhole and urban areas were calculated from the GIS datasets 

and were also not used in the calibration process. The rest of the subcatchment parameters 

are all reference values influenced by land use and hydrological soil groups. These parameter 

values were determined from look-up tables in various reports and manuals. The roughness 

coefficients were based on Manning’s n values found in the literature. 

The calibration process started with the CN, making small changes to the CN and keeping all 

other model parameters the same for the model run. After a range of CN values was tested, 

and its impact on the runoff volume and peak flow was noted, the model parameters were 

reset to the original values and the next model parameter (Manning’s n for overland flow for 

impervious areas) was adjusted in small increments and its impact on the runoff and peak flow 

was noted. The same process was followed for all the subcatchments model parameters.  

The model parameters that have a bigger impact were adjusted first. As the simulated runoff 

volume and peak flow came close to the measured flow, the calibration focused on the model 

parameters that have a smaller impact, to try and improve the simulated results. Although the 

subcatchment model parameters improve the original simulated runoff, the results were not 

satisfactory.  

After the subcatchment parameters were calibrated as best as possible, the drainage 

parameters were calibrated to further improve the simulation runoff results. Small changes to 

one parameter was made, while the rest of the parameters were kept constant. The drainage 

classes were calibrated individually, starting with the second class’s parameters. The wetlands 

values were adjusted according to the drainage classification scheme. The wetland parameter 

had a major influence on the simulated runoff volume, peak flow and peak timing and resulted 

in an improvement of the simulation results. 

The dams were next to be calibrated. Values for the initial depth, spill depth and surface area 

were adjusted to see if improvement could be made in the simulation runoff. The evaporation 

factor was also adjusted in the later stages of the calibration process. The evaporation factor 

was the most sensitive parameter for this mode. At some flow gauges the initial calibration 

runs resulted in low runoff volume. To improve the runoff volume the relevant discharge 

volumes were adjusted upwards to increase the runoff volume which improve the simulation 

runoff volume.  
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The sinkhole model parameter was calibrated last, as this parameter is only relevant for some 

sections of the catchment. The sinkhole model parameter was based on the Sinkhole Loss 

Modification Value (SLMV) (Section 4.4.2). The initial calibration factor was set at n=1 which 

had little effect on the runoff. To compensate for the large number of small sinkhole areas, n 

was decreased so that the smaller sinkholes remove more surface water. This parameter has 

a huge impact on the runoff flow between flow gauge C2H0276 and C2H069. These 

improvements in the sinkhole model result in an improvement in the calibration process of flow 

gauge C2H069. 

After each calibration attempt, the simulation result was compared to the observed runoff flow 

by using model performance statistics described in Section 6.3.4. If the simulation results were 

poor, the model parameters were adjusted and a new simulation run was started. As the 

calibration process moved from one flow gauge to the next, a stage was reached where model 

parameter adjustment done for one flow gauge, caused a calibration error increase for the 

previous calibrated flow gauge. It became increasing difficult to keep all flow gauges 

calibrated.   

6.3.4 The Calibration Results 

Several simulation runs were conducted to reach a result that show visually and statistically a 

good result – simulated runoff volume and peak flow in agreement with the observed runoff 

volume and peak flow. The calibration results are presented according to the calibration 

process of the different flow gauges. The final calibrated model parameter values are 

presented in Table 6.7. The simulated results are presented in Section 6.3.4.1. 

6.3.4.1 Flow gauges calibration results 

6.3.4.1.1 C2H023 

Flow gauge C2H023 represent the Upper Wonderfonteinspruit subcatchment. The initial 

parameters adjusted during the calibration process were the CN, pervious depression storage, 

Manning’s roughness coefficient for pervious areas, and Manning’s n for open channel flow. 

From the above mentioned model parameters, CN was the most sensitive parameter followed 

by pervious depression storage and Manning’s roughness coefficient for pervious areas. 

Although these standard model parameters did improve the simulated flow, the result was 

unsatisfactory. The increase of the seepage and wetland Manning’s n values for the 50 – 499 

drainage class, improved the simulation result. Next, the inflows from Cooke 1 mine discharge 

and Flip Human WWTW were adjusted. The last parameter that was adjusted, was the 
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evaporation rate increase for the Luipaardsvlei dam. The simulation result is presented in 

Figure 6.6. 

 

Figure 6.6: Simulated versus Observed flow for the calibrated flow gauge C2H023. 

The Nash-Sutcliffe coefficient was satisfactory at 0.53. The Pearson correlation indicate a 

strong correlation of 0.74 and the RMSE is 0.35.  

Flip Human WWTW and Cooke 1 are significant contributors towards the surface flow volume 

of C2H023. No daily time step discharges were available, only constant average discharges. 

At first, the average discharge was calculated as a constant inflow per day. Calibrating with 

the constant discharge values were difficult. It was important to have a very accurate simulated 

runoff volume and shape for flow gauge C2H023. The flow volume and shape from C2H023 

will influence downstream calibration, since the runoff flow into the 1 m diameter pipeline, 

which is a closed system. Any errors existing at this flow gauge will propagate and increase 

through the system towards the final flow gauge (C2H069). To improve the calibration for flow 

gauge C2H023, the discharge constant value of Cooke 1 was converted to a time series 

dataset. This drastically improves the shape calibration results. Table 6.7 and Table 6.8 

present the initial and calibrated model parameter values and Figure 6.7 presents the final 

calibrated simulated flow for this flow gauge.  
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Table 6.7: Summary of the calibrated SWMM subcatchment model parameters values for the Wonderfonteinspruit catchment. 

Parameter Description 
Recommended 

range 

Initial Values 

used 
Final value(s) 

Subcatchment model parameters 

Area (m2) Area of the subcatchment Cell Specific 160 000 160 000 

%Impervious Percent of land area which is impervious 25 0 0 

Width (m) Width of the overland flow path for sheet flow runoff Model specific 400 400 

%Slope Average percentage slope of the subcatchment Model specific 0.0 - 8.24 0.0 - 8.24 

N-Imperv Manning’s roughness coefficient (n) for overland flow over impervious areas of the subcatchment 0.011 - 0.015 0 0 

N-Perv Manning’s roughness coefficient (n) for overland flow over pervious areas of the subcatchment 0.05 - 0.8 0.0 - 0.60 0.0 – 1.2 

Dstor_Imperv (mm) Depth of depression storage on the catchment's impervious areas  1.27 - 2.54 1.91 1.91 

Dstor_Perv (mm) Depth of depression storage on the catchment's pervious areas  2.54 - 7.62 1.91 3.82 - 100.0 

%Zero Percent of impervious areas with no depression storage User defined 0 0 

RouteTo Choice of internal routing of runoff between pervious and impervious areas 
Imperv / Perv / 

Outlet 
Perv Perv 

PctRouted Percent of runoff routed between subareas 0 - 100 100 100 

Curve Number Infiltration model based on the land cover and hydrological soil group 0 - 98 0 - 98 0 - 98 

Dry Time Time for fully saturated soil to completely dry 1 - 7 days 1 1 

Maximum Depth (m) Maximum depth of the storage unit User defined 8 8 

Initial Depth (m) Water depth in storage unit at start of simulation User defined 1 – 7.15 1 – 7.15 

Evaporation Factor The fraction of potential evaporation from the water surface User defined 1 1 
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Table 6.8: Summary of the calibrated SWMM model parameters values for the Wonderfonteinspruit catchment. 

Conduit model parameters 

Roughness Manning's n for open canal runoff 0.0 - 0.40 0.0 - 0.05 0.0 - 0.05 

Seepage (mm/hr) Conduit seepage 1.3 - 7.6 0 0.0 – 2 

Wetland Manning Manning's roughness coefficient specifically for wetland areas 0.05 – 2.50 0.0 - 0.1 0.10 – 1 

Power Value To increase effectiveness of sinkholes with a small % area value User defined 1 0.05 

Storage 

Spill Depth (m) Level at which water must rise before passing over structure User defined 1 – 7.15 1 – 7.15 

Initial Depth (m) Water depth in storage unit at start of simulation User defined 1 – 7.15 1 – 7.15 

Evaporation Factor The fraction of potential evaporation from the water surface User defined 1 1 

Evaporation 

Scale factor Mechanism to adjust the evaporation values up or down User defined 1 1 

Evap_Dry only Option to let evaporation only occur in time of no rainfall User defined Yes Yes 
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In Figure 6.7, the simulated base flow was overall more accurate than the peak flow. The rising 

and falling limbs follow the observed flow closely. The predicted flow is very similar to the 

observed flow. The overall calibrated flow is in good agreement with the observed flow, 

supported by a very good NSC of 0.95, with a strong correlation, supported by Pearson’s 

correlation coefficient of 0.98 and a 0.13 Mm3/month RMSE value.  

 

Figure 6.7: Simulated versus Observed flow for flow gauge C2H023 after the discharge constants 
were adjusted to a time series sequence.  

A formal sensitivity analysis of the calibration parameters was not part of the study, but a 

sensitivity assessment was performed to determine the influence of various parameters on 

the simulated flow. The sensitivity assessment looked at the RMSE results, by changing one 

parameter according to a fix interval while holding the rest of the parameters constant. From 

the parameters that influence the simulated flow the most during the calibration period, the 

simulated flow’s RMSE is mostly sensitive to changes in SCS Curve Number and Wetland’s 

n values (Figure 6.8). 
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Figure 6.8: Sensitivity analysis for simulated flow at flow gauge C2H023 

 

6.3.4.1.2 C2H276 

When no further improvement in the simulated runoff and peak flow for gauge C2H023 could 

be made, the focus moved downstream to flow gauge C2H276. C2H276 is a short distance 

downstream from Donaldson Dam and measure flow at the start of the 1 m diameter pipeline. 

The calibrated runoff shape and peak flow show a good comparison with the observed runoff 

shape and peak flow (Figure 6.9). The simulated base flow is less than the observed base 

flow, especially for the last 12 months of the calibration period. The NSC is 0.89, indicating a 

very good model performance. There is a strong correlation between the simulated flow and 

the observed flow resulting in a Pearson correlation coefficient of 0.95 and a RMSE value of 

0.12 Mm3/month.   
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Figure 6.9: Simulated versus Observed flow for the calibrated flow gauge C2H276. 

6.3.4.1.3 Virtual Flow Gauge (C2H107 and C2H057) 

The 1 m diameter pipeline is an imported part of the catchment flow regime. To ensure that 

the runoff volume from the pipeline and discharge points along the way is simulated correctly, 

a virtual flow gauge was added downstream from the 1 m pipe outlet, but before flow gauges 

C2H107 and C2H057 (Section 6.3.3). The observed values for the virtual gauge was 

calculated by adding up the observed values from flow gauge C2H107 and C2H057. The final 

calibrated simulated flow is presented in Figure 6.10. The simulated hydrograph 

representation was very good, confirmed by the NSC of 0.95. The Pearson correlation shows 

a very strong correlation at 1.0 and the RMSE is 0.12 Mm3/month. The base flow was correctly 

simulated, with the representation accurately representing the observed flow and peak flow 

positions.  
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Figure 6.10: Simulated versus Observed flow for the calibrated virtual flow gauge.  

 

6.3.4.1.4 C2H069 

Flow gauge C2H069 was the catchment outlet, and was the most important flow gauge to 

calibrate for the study area. The parameters that had a major influence on the runoff, were the 

sinkhole infiltration value, the wetland Manning’s n and seepage. The curve number, pervious 

depression storage, and pervious overland flow had a minor influence on the runoff simulation. 

The sinkhole model parameter was based on the Sinkhole Loss Modification Value (SLMV) 

equations (Equation 4-3 & Equation 4-5), with the SLMV power value set at n=0.05.  

The NSC of 0.75 indicates a very good hydrological fit. The Pearson coefficient shows a strong 

correlation with a value of 0.87 and the RMSE value is 0.23 Mm3/month. From Figure 6.11, 

the base flow was accurately simulated, but the 1st and 2nd peak flow were less accurately 

simulated. It seems that the rainfall data influence these two peaks and not the mine discharge 

at C2H060. Particularly the second peak flow’s rising and falling limbs are less accurate than 

the observed.  
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Figure 6.11: Simulated versus Observed flow for the calibrated flow gauge C2H069. 

The sensitivity assessment of the RMSE for simulated flow, indicate that flow at flow gauge 

C2H069 is most sensitive to changes in SCS Curve Number and seepage values (Figure 

6.12). 

 

Figure 6.12: Sensitivity analysis for simulated flow at flow gauge C2H069. 
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6.3.5 Model Limits and Uncertainty 

6.3.5.1 Data 

There were not observation data available for all the flow gauges or discharge points. Available 

data from flow gauges may be inaccurate, as the rating tables for all of them are outdated (late 

1960’s and early 1970’s). Flow data from discharge points are mostly constant averages 

reported by the discharging organisations and these values could not be verified.  

The assumption in hydrological modelling is that the observed data is error free. The fact is, 

no measurement instrument is perfect and conditions surrounding the measuring instrument 

may change due to environmental impacts (e.g. floods, flow obstruction, silting) or 

anthropogenic impacts (e.g. lack of proper maintenance, tampering or theft of equipment). 

The rating tables for the flow gauges are not up to date, so uncertainty in observation flow 

data used to calibrate against may be between 5 - 25% (Di Baldassarre and Montanari, 2009; 

Harmel et al., 2006; Wessels and Rooseboom, 2009). This could have a significant impact on 

the flow simulation and adversely impact on the calibration values.  

6.3.5.2 SWMM Model 

The impact of the fixed subcatchment size is uncertain. During the calibration process it seems 

that most of the subcatchment parameters were ineffective when adjustments were made 

inside the value range. Abnormal high values were needed to make an impact on the 

simulated runoff. The opposite was true for the evaporation parameter. SWMM is known for 

large evaporation losses during continuous simulation (Rossman, 2010). The large number of 

SWMM objects used in the model construction may also contribute to even higher evaporation 

losses.  

6.3.5.3 Sinkholes 

The sinkholes in this study area are included in the SWMM model, but there is uncertainty as 

to how exactly sinkholes affect the runoff in reality.  

6.3.5.4 Wetlands 

There is uncertainty as to how the wetlands’ hydrological processes function in conjunction 

with the dolomites in the Wonderfonteinspruit catchment. Although the processes 

implemented in the model simulate the wetlands’ impact on the catchment runoff, is it still 

noticeable that the wetland hydrological process is not fully modeled.  
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6.4 CONCLUSION 

In this chapter the SWMM model development and calibration process were discussed. The 

calibration results were presented and challenges highlighted. The calibration process 

involved four flow gauges (C2H023, C2H276, C2H069 and a virtual flow gauge). The virtual 

flow gauge was inserted to ensure that the cumulative inflows into the 1 m diameter pipeline 

match the outflows from the pipeline.   

Throughout the calibration process it became evident that the model was sensitive to the curve 

number, pervious depression storage, pervious overland flow, sinkhole infiltration value, the 

wetland Manning’s n and the seepage drainage classes. The subdivision of the drainage into 

classes made it easier to assign Manning’s n values to the wetlands. The first drainage group’s 

influence was more pronounced on C2H023 runoff than on C2H069 runoff, which was more 

influenced by the second drainage group’s values. Wetlands in the Wonderfonteinspruit had 

a major influence on the simulated runoff for both flow gauges and as expected, the sinkholes’ 

main influence was at flow gauge C2H069.  

The final Nash-Sutcliffe coefficients for the four flow gauges vary between good (0.74) to very 

good (0.95), indicating that the calibrated runoff model will perform well in simulating the 

volume and profile of the runoff.  The final Pearson correlation range from 0.88 – 0.98, 

indicating that the calibrated model shows a strong correlation between the simulated flow and 

the observed flow. It appears that the SWMM quantity rainfall-runoff model was adequately 

calibrated and can simulate surface water flow effectively.   

In the next chapter, the SWMM quality model for the Wonderfonteinspruit will be presented 

and discussed. 
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7 WONDERFONTEINSPRUIT MASS TRANSPORT MODEL 

 

7.1 INTRODUCTION 

The land use in the Wonderfonteinspruit Valley consists of various activities (Figure 2.56), 

which could be a contributing factor to the pollution levels of the Wonderfonteinspruit. Land 

use activities that may contribute in a significant way are the agriculture sector, urban 

settlements (including wastewater treatment works and industrial zones) and the mining 

industry. The continuous release of potential pollutants into the surface water of the 

Wonderfonteinspruit catchment sparked numerous investigations. The major concern is the 

impact of deep level gold mining on the Wonderfonteinspruit hydrology (e.g. Coetzee et al., 

2006; Durand, 2012; DWA, 2013a; Fleisher, 1981; Usher & Scott, 2001; Winde, 2010a & 

Winde, 2010b). 

Domestic and industrial wastes are present in the Wonderfonteinspruit catchment. Not all of 

these waste sites are legal, placing a bigger demand on monitoring. Leaching from some of 

the waste sites is obvious and uninterrupted access to the subsurface is possible due to the 

removal of the topsoil, exploration trenches, outcrop mining and open pit mining (Usher & 

Scott, 2001). Urbanisation causes an increase in pollutant loads over natural catchment 

conditions. Typical pollutants include suspended solids, nutrients, biochemical oxygen 

demand, pathogenic organisms and trace metals (Tsihrintzis & Hamid, 1998). The agricultural 

sector’s major contributions to water quality issues are nutrient contamination, nitrogen and 

phosphorus from commercial fertilizer (Puckett, 1995).  

The spatial differences in water quality, which could be affected by several environmental 

influences e.g. climate, geology, weathering processes, vegetation cover and anthropogenic 

factors, make it difficult to model water quality without access to observed pollutant load data. 

It is the combination of these factors that produces significant water quality issues in a specific 

area (Davie, 2008).  

In this chapter, the water quality of the Wonderfonteinspruit catchment will be modelled based 

on observed sulphate values, making use of conserve mass transport. 
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7.2 DATA ANALYSIS 

South Africa’s Department of Water Affairs monitor the country’s dams and rivers with more 

than 2 000 sites that form part of a widespread monitoring programme, which started in the 

early 1970’s. This monitoring programme covers the whole country and although there is a 

decline in monitoring stations (Pittman, 2011), water quality data is still collected today. The 

water quality data include the following chemical variables: pH, electrical conductivity, total 

alkalinity and total dissolved solids, as well as the concentrations of the following ions (mg/l): 

sodium, potassium, calcium, magnesium, ammonium, silica, fluoride, orthophosphate, 

chloride, sulphate, nitrate and nitrite combined (Huizenga et al., 2013; Huizenga, 2011).     

Huizenga (2011) concluded that generally three factors dictated the surface water chemistry 

in South Africa: chemical weathering, chloride salinization and sulphate contamination. The 

inorganic chemistry of South Africa’s rivers is controlled largely by the chemical weathering of 

rocks, due to the poorly developed thin soil cover commonly found in South Africa. 

Correspondence analysis done by Huizenga (2011), found that chloride followed by 

bicarbonate and sulphate were the leading drivers of the overall water chemistry of surface 

water. 

An inorganic chemistry index (ICI) with three groups was identified for South Africa (Huizenga, 

2011). The index determines the percentage of the overall water chemistry that is derived from 

all sources excluding rock weathering. The first group: ≤ 30% is weathering dominated rivers. 

The second group: ≥ 70% is non-weathering dominated rivers. The third group has ICI values 

between 30 and 70%, indicating water chemistries that are affected by chemical weathering 

and other sources. From the Huizenga (2011) study, the Wonderfonteinspruit catchment falls 

in group 2 (primary catchment C). Group two water chemistry is dominated by chemical 

weathering, but with a higher concentration sulphate than chloride. The elevated sulphate 

concentrations can be ascribed to anthropogenic contamination, particular acid mine drainage 

associated with gold and coal mining; atmospheric sulphate caused by air pollution and the 

use of fertilizer (Barnard, 2000; Huizenga, 2011).  

Water pollution from mines includes pyrite oxidation in mine voids, fissure water, leaching from 

old mine rock dumps and slime dams. South African gold mines are classified as Category A 

mines due to the sulphide minerals in the ore bodies and waste deposits (Pulles et al., 2005). 

The most common sulphide mineral is pyrite (FeS2). The pyrite will spontaneously oxidize 

when in contact with oxygen, which may be a major pollution source at gold mines. Pyrite 

oxidation may cause the following in water: low pH, very high sulphates and high dissolved 
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metals and radionuclides. The abundant availability of pyrite in the catchment means there is 

a high potential for AMD to be present. Scott (1995) found in his East Rand Goldfields study, 

that sulphate is a reliable indicator of the mine influence on surface water. Usher and Scott  

(2001) found that in the West Rand and Far West Rand sulphate dominates the anions in 

water due to mining activity. Sulphur-isotopic compositions may also fractionate under 

environmental conditions, and can be used to identify deposition and mobilisation processes 

in contaminated waters. For this study, sulphate is considered a conservative tracer, and will 

be used as an indicator of pollution activity in the study area (Coetzee et al., 2006).  

  

7.3 MODEL DEVELOPMENT 

7.3.1 SWMM 

SWMM is a physically based, spatially distributed rainfall-runoff model for simulating all 

aspects of water quantity and quality. SWMM also simulate the quality of runoff process 

through the catchment. The runoff component in SWMM forms the basis for the quality 

modelling (Li et al., 2016). For further information on the SWMM conceptual model, the reader 

is referred to Chapter 4. 

According to the SWMM User manual (Rossman, 2010), SWMM has the capability to analyse 

the build-up, wash-off, transport and treatment of any number of water quality elements. 

SWMM uses numerous specialised objects and methods to characterise water quality in the 

catchment runoff (Gironas et al., 2009). SWMM is therefore able to simulate the generation, 

inflow and transport of any number of user defined pollutants and co-pollutants. The 

information needed by SWMM for each pollutant is: 

 Pollutant name 

 Concentration units  

 Concentration in rainfall 

 Concentration in groundwater 

 Concentration in direct infiltration / inflow 

 Concentration in dry weather flow 

 First order decay coefficient 

The land uses in the subcatchment areas determine the pollutant build-up and wash-off, and 

influence the spatial variation in pollutant build-up and wash-off rates within subcatchments. 
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SWMM allows three processes to be defined for each land use type: pollutant build-up, 

pollutant wash-off and street cleaning (Rossman, 2010). The first two processes may occur in 

the study area, but the third process (street cleaning) is only applicable when the catchment 

resolution include the detail to street level, which is not the case for the model network used 

in this study. SWMM can also model water treatment by assigning a set of treatment functions 

to a node. 

Pollution build-up accumulates within a land use type and the amount of build-up is a function 

of the number of preceding dry weather days (Li et al., 2016). SWMM compute build-up by 

four possible ways (Rossman, 2010): power function, exponential function, saturation function, 

external time series. Pollutant wash-off from a land cover category occurs during wet weather 

periods and SWMM represents it in three possible ways (Rossman, 2010): exponential wash-

off,  rating curve wash-off, and event mean concentration. This is not only for a single rainfall 

event, but also for continuous simulation (Gironas et al., 2009). 

Pollution loads vary depending on the catchment surfaces, from where the pollutants will travel 

to water ways and water bodies via surface runoff. In SWMM, the pollutant model has been 

developed and integrated with the runoff model. SWMM can simulate the production, inflow 

and transport of any number of user-defined pollutants. Pollutographs are simulated on the 

runoff volume and the catchment antecedent conditions (Chow et al., 2012; Temprano et al., 

2006). 

7.3.2 SO4 Concentrations  

For the quality model, pollutant concentrations depend on the point and non-point pollution 

data. For the point pollution concentrations, values were mainly obtained from two resources: 

observed data from DWS and data from reports e.g. WUL, Water resource studies and EIA 

reports. The non-point pollution concentrations were mainly calculated from observed data 

and adapted for the relevant land cover classes. The pollution concentrations are a 

contentious issue in the Wonderfonteinspruit (Winde, 2010a), therefore data accessibility was 

a challenge during the calibration process.    

For the overland flow pollutant concentrations, average SO4 concentrations at flow gauge 

C2H026 and C2H027 was applied to the land cover classes. The average SO4 concentrations 

was ± 20 mg/l. To compensate for the variances in the land cover classes, the initial SO4 load 

was fixed at 25 mg/l for all land cover classes, except Industrial, Open cast and TSFs. For 

these three land cover classes a heuristic approach was followed to determine the SO4 values. 

A 500 mg/l SO4 concentrations was selected for the industrial land cover. The SO4 
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concentration for the TSFs and open cast land cover were set at 3 000 mg/l. This value was 

chosen after an unpublished WUL report (Randfontein Estates Ltd, s.a) has indicated values 

of up to 3 890 mg/l. A summary of the various sampling points and their initial SO4 pollutant 

concentrations used in the quality model setup, are presented in Table 7.1. 

Table 7.1: Initial average SO4 values for the calibration of the SWMM quality model (Goldfields, 2003; 
Randfontein Estates Ltd, s.a).  

Site 
Initial SO4 

Values (mg/l) 
Source 

Rainfall 8.708 
Average value for Klippan and 

Sterkfontein monitoring gauges (DWAF, 
2008) 

Land cover: All classes except 
Open cast, TSFs & Industrial 

25 

Flow gauge C2H026 & C2H027 
observation values average 20 mg/l. 
These gauges are representative of a 

more natural environment 

Land cover: Open cast & TSFs 3 000 From unpublished WUL report (SO4 levels 
of up to 3 980 mg/L) 

Land cover: Industrial 500 Researcher discretion 

Flip Human WWTW 57 From unpublished WUL report 

Cooke 1 1 103 From unpublished WUL report 

C2H023 662.5* Observed data (DWS) 

Hannes van Niekerk WWTW 65 From unpublished WUL report 

Kloof  460 From unpublished WUL report 

C2H030 292* Observed data (DWS) 

C2H063 350 Observed data (DWS) 

C2H060 582* Observed data (DWS) 

C2H069 538*  Observed data (DWS) 

* Average for time series data 

7.4 MODEL CALIBRATION 

7.4.1 The Calibration Process 

After the calibration for the quantity simulation was completed (Section 6.3), the best possible 

hydrological parameters were used to calibrate and validate the water quality parameters. The 

parameters for wash-off were found from observed data and secondary sources. The 

parameters were manually adjusted by a trial-and-error approach, until a good fit was obtained 

between the measured versus observed values.   

The wash-off is the transport of pollutants on the surface of a catchment area during a runoff 

period. Three processes are available in SWMM to model the wash off in a subcatchment 



 
228 

(Rossman, 2010). For this study, the Event Mean Concentration was chosen to simulate the 

wash-off (Table 7.1). EMC assumes each pollutant has a mean runoff concentration 

throughout the simulation. If no sampling data is available, as in this study, then for practical 

reasons, the EMCs are the best approach to estimate non-point water quality concentrations 

in SWMM (Rossman & Huber, 2016).  

7.4.2 The Calibration Results 

The final calibrated model parameters (Table 6.7) for the runoff process were the input values 

to calibrate the water quality parameters. Table 7.2 presents the final calibrated SO4 

concentrations for the water quality model. The rainfall wash-off concentration was calibrated 

on 8 mg/l. The industrial land cover SO4 concentration was increase from 500 to 3000 mg/l 

and the urban land cover concentration increased from 25 to 1500 mg/l. The urban 

concentrations were scaled up considerably, because the majority of these urban areas 

contain TSFs that distribute dust particles with the wind. These concentrations should however 

be verified through additional studies. 

Table 7.2: Calibrated average SO4 values for the SWMM quality model. 

Site Initial SO4 
Values (mg/l) 

Calibrated SO4 
Values (mg/l) 

Rainfall 8.708 8.00  

Land cover: Cemetery; Cultivated; Golf Course; 
Degraded; Small Holdings; Natural; Orch_Viny; 
Plantation; Sinkhole; Water; Works; Wetland; 

Woodland 

25  25 

Land cover: Open cast & TSFs 3 000  3 000 

Land cover: Industrial 500 30 00 

Land cover: Urban 25  1 500 

Flip Human WWTW 57  65 

Cooke 1 1103 1 800*  

C2H023 662.5* 662.5* 

Hannes van Niekerk WWTW 65  65 

Kloof  460  500.4* 

C2H030 292* 292*  

C2H063 350  400 

C2H060 582* 582*  

C2H069 538*  538*  

* Average for time series data 
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7.4.2.1 C2H023 

The runoff quality for flow gauge C2H023 was calibrated by adjusting the SO4 concentrations 

for the land cover classes, the Flip Human WWTW and Cooke 1 discharges. To improve the 

calibration for flow gauge C2H023, the discharge constant SO4 concentrations value of Cooke 

1 was converted to a time series dataset, as in the case with the runoff calibration. The final 

simulated pollutograph is shown in Figure 7.1. The simulated concentrations follow the general 

trend of the observed concentrations. The 1st and 2nd second concentration peaks were less 

accurately simulated. The dilution effect of the rainfall on the SO4 concentrations is evident 

from the results in Figure 7.1. The falling limb at the end of the simulation indicate an 

intervention of some sorts may have been implemented, unfortunately no information was 

available to substantiate this observation. 

The model was able to simulate the SO4 concentration levels satisfactory with a NSC value of 

0.61. The Pearson correlation value of 0.81, show a strong relationship with the observed SO4 

concentrations. The predicted SO4 concentrations fluctuate between ± 262 - 920 mg/l. The 

SO4 concentrations in the calibration period exceeded the SANS241:2015 drinking water 

guideline of 500 mg/l. The drinking water guideline is used merely to put the water quality in 

perspective and has no bearing on target water qualities.  

 

 

Figure 7.1: Final calibrated runoff quality versus observed quality for flow gauge C2H023. 
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A formal sensitivity analysis of the calibration parameters was not part of the study, but a 

sensitivity assessment was performed to determine the influence of various parameters on 

the simulated runoff quality. The RMSE results were used to assess the sensitivity of the 

parameters, by changing one parameter according to a fix interval while holding the rest of the 

parameters constant. The simulated runoff quality RMSE is mostly sensitive to changes in 

SCS Curve Number and Manning’s Overland flow (Figure 7.2). 

 

Figure 7.2: Sensitivity analysis for simulated runoff quality at flow gauge C2H023. 

7.4.2.2 Virtual Flow Gauge (C2H107 and C2H057) 

 

The SO4 concentration levels from the 1 m pipeline influenced the runoff quality for Virtual 

flow gauge. This flow gauge was calibrated by adjusting the SO4 concentrations for Kloof 

discharge and mine water discharge at C2H063. The Hannes van Niekerk WWTW 

concentration levels constant at 65 mg/l. The final simulated pollutograph is presented in 

Figure 7.3. 
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Figure 7.3: Final calibrated quality versus observed quality for the Virtual flow gauge. 

From Figure 7.3, we see that the predicted SO4 concentration levels represent the observed 

levels very good, supported by a NSC of 0.80. The Pearson correlation value of 0.90, show a 

strong relationship with the observed SO4 concentrations. The predicted SO4 concentrations 

fluctuate between ± 167 - 587 mg/l. The SO4 concentrations in the calibration period exceeded 

the SANS241:2015 drinking water guideline of 500 mg/l. The drinking water guideline is used 

merely to put the water quality in perspective and has no bearing on target water qualities. 

7.4.2.3 Flow Gauge C2H069 

The runoff quality for flow gauge C2H069 was calibrated by adjusting the SO4 concentrations 

for the land cover classes the Hannes van Niekerk WWTW, Kloof, C2H030, C2H063 & 

C2H060 discharges. The final simulated quality is presented in Figure 7.4. The simulated 

concentrations follow the general trend of the observed concentrations. The concentration 

peaks were reasonably simulated, but the “valleys” were not accurately simulated. It seems 

that the dilution effect from rainfall have a significant influence on the SO4 levels by decreasing 

the SO4 concentrations during the rainfall events. The predicted SO4 concentrations fluctuate 

between ± 378 - 698 mg/l. There are periods of time that the SO4 concentrations are above 

the safe water drinking level of 500 mg/l which is merely stated for perspective and not as a 

water quality target.  

Although the general trend is visible, statistically, the model was not able to simulate the SO4 

concentration satisfactory. With a NSC value of -4.48, using of the average concentrations 

would be better than the simulated concentrations. The Pearson correlation value of -0.01 
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indicate a poor correlation between the simulated and observed concentrations. This poor 

performance by the simulation indicate the fact that more accurate calibration data is needed 

to model the Lower Wonderfonteinspruit catchment.  

 

Figure 7.4: Final calibrated runoff quality verses observed quality for flow gauge C2H069. 

The sensitivity assessment of the RMSE for simulated runoff quality, indicate that water quality 

at flow gauge C2H069 is most sensitive to changes in SCS Curve Number and seepage 

values (Figure 7.5). 
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Figure 7.5: Sensitivity analysis for simulated runoff quality at flow gauge C2H069. 

7.5 CONCLUSION 

 

The water quality model was more difficult to implement due to the lack of information 

regarding the significant pollution contributors and the SO4 concentration levels. The lack of 

water quality data increased the uncertainty regarding the water quality model. Pollutants 

loads are highly site dependent, and without a proper monitoring network, it turns out to be 

very difficult to determine the initial calibration parameters. 

The SO4 concentration levels for flow gauge C2H023 was satisfactory simulated, with a good 

correlation with the observed SO4 concentration levels. The simulated results indicate that the 

sulphate concentrations in the calibration period exceeded the drinking water guideline. The 

SO4 concentration levels for the Virtual flow gauge result in a very good representation of the 

observed levels, with a strong correlation with the observed concentration levels. The 

simulated results indicate that the sulphate concentrations in the calibration period exceeded 

the drinking water guideline.  

Flow gauge C2H069 SO4 concentration levels were not well predicted, with the NSC indicating 

that using the average sulphate concentrations would result in a better simulation. This poor 

performance by the simulation is currently a limitation of the model. To improve the 
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simulations, more accurate time series data is needed to model the Lower 

Wonderfonteinspruit. 

In the next chapter, the SWMM rainfall-runoff quality model for the Wonderfonteinspruit will be 

applied to two contrasting post-mining scenarios proposed by various authors (Dill et al., 2007; 

Schrader et al., 2014b; Swart, James et al., 2003; Usher & Scott, 2001; Wolmarans, 1984). 
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8 POSSIBLE FUTURE SCENARIOS 

8.1 INTRODUCTION 

Water resource managers are confronted with numerous and sometimes opposing demands 

together with uncertainties in natural water supplies due to climate change, consumer 

demands and land uses, which make it very difficult for water managers to plan. Water 

managers need to identify problems, solutions and opportunities in the management of their 

water resources. Modelling provides a method for water managers to identify problems, 

evaluate possible solutions and respond to opportunities. Modelling can help decision makers 

understand the impact of their planned decisions on the environment and the water consumers 

(Loucks & Van Beek, 2005).  

Modelling of the Wonderfonteinspruit catchment hydrological components in a rainfall-runoff 

water quality model may help water specialists, not only to understand the current situation, 

but perhaps also to understand the future situation better, when the last goldmine in the 

Wonderfonteinspruit catchment stop operating. A rainfall-runoff quality model for the 

Wonderfonteinspruit catchment (Chapter 6 & Chapter 7) was successfully developed. To 

highlight the model’s ability in modelling future scenarios, two possible scenarios from 

previous studies were selected.  

In this chapter, the rainfall-runoff model will be used to simulate the mega-compartment and 

restored compartment scenarios that may occur in the Wonderfonteinspruit catchment.  

8.2 BACKGROUND 

The groundwater level was lowered in the Wonderfonteinspruit Valley to accommodate the 

mining activities that have taken place underneath the dolomite (Swart, James et al., 2003). 

The affected dolomitic compartments are in dynamic equilibrium, because mines dewater at 

the same rate as natural recharge. Dewatering of the dolomitic compartments will stop when 

all mine activities end, resulting in the gradual flooding of the mine void and eventually the rise 

of the aquifer water level. At the moment, the mines’ dewatering effort is a major contributor 

to runoff volume and mine closure may significantly reduce the runoff volume. 

From the literature (Dill et al., 2007; Schrader et al., 2014b; Swart, James et al., 2003; Usher 

& Scott, 2001; Wolmarans, 1984), two main contrasting post-mining scenarios are proposed 

for future rewatering of the dolomite aquifers:  
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a) Instead of having multiple aquifer compartments created by the dykes, there will be 

only one mega-compartment (Figure 2.59), with only the Turffontein springs as the 

groundwater control level (Usher & Scott, 2001; Wolmarans, 1984); 

b) The post-mining groundwater level will return to its former level and the dry springs will 

start to flow again, but not as strong as the pre-mining flow. Some spring flow may 

even dry up during periods of low rainfall (Dill et al., 2007; Schrader et al., 2014b; 

Swart, James et al., 2003). 

8.2.1 The “Mega-compartment” scenario 

As discussed in Section 2.9.3.5, Wolmarans (1984) have shown that the practice of strip 

mining to mine the gold bearing conglomerates has degraded or destroyed some of the dykes. 

This has changed the integrity and characteristics of the dykes and the dolomitic 

compartments. According to Usher and Scott (2001) and Wolmarans (1984), the degraded or 

destroyed dykes will result in the interlinking of the dolomitic compartments. The dolomitic 

compartments from the Klipriversberg dyke to the Turffontein Dyke will be linked and act as 

one mega compartment (Figure 2.59). The water level of the interlinked compartments will 

equilibrate at the lowest spring (Turffontein Springs at 1 417 mamsl).  

The single, nearly horizontal water table level will start at 1 417 mamsl and slightly increase 

in elevation from Boskop-Turffontein Compartment eastward to Gemsbokfontein 

Compartment at a gradient of 1:1 250. The groundwater level for upstream compartments 

would be between 34 – 102 m below the original pre-mining groundwater level. The post-

mining groundwater table will be below the dolomitic springs and only the Turffontein Springs 

will flow. This will have an effect on the future surface and groundwater flow patterns (Usher 

& Scott, 2001; Wolmarans, 1984). 

8.2.2 The “Recovered compartment” scenario 

According to Swart, James et al. (2003) the dolomitic compartment will reach a state of 

equilibrium at water levels consistent with the pre-miming water elevation. This will take 

approximately 30 years after all water pumping has ceased. When the water level reaches the 

historic level, the natural springs in the Lower Wonderfonteinspruit will start flowing again 

(Table 8.1). 

Schrader et al. (2014a) are of the view that Swart, James et al. (2003) used unrealistic 

assumptions regarding the inter-compartmental groundwater flow model. An alternative 

mathematical model is proposed that allows for better quantification of the inter-groundwater 
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flow between compartments and therefore a more accurate prediction of the natural spring 

flow volumes after mining activities have stopped. 

Table 8.1: Predicted volumes (Ml/day) for the natural spring flow after mining activities have stopped 
in the Wonderfonteinspruit Valley.  

Springs Wolmarans 

(1984) 

Swart, James 

et al. (2003) 

Schrader et 

al. (2014b) 

Van Biljon 

(2016) 

Gemsbokfontein 0 8.64 - 12.8 

Venterspost 0 20.9 20 - 

Bank 0 49.1 43.6 - 

Oberholzer 0 54.1 53.3 - 

 

According to Schrader et al. (2014b), the influx of surface water recharging the aquifer will 

always exceed the amount of water lost through the pierced dykes. This will result in the dried-

up springs eventually being reactivated, although the discharge volumes (Table 8.1) will be 

reduced by the amount lost to the downstream compartments. The authors predict that the 

Bank spring flow may stop flowing in periods of extended dry spells, especially if the 1 m 

diameter pipeline remain part of the Wonderfonteinspruit. The Gemsbokfontein compartment 

was not included in their mathematical model.  

According to Van Biljon (2016), groundwater flow models for the Gemsbokfontein 

compartment, predict that the Gemsbokfontein spring will flow again. When all dewatering 

stop, the mine void and overlaying dolomite aquifer will re-water in a minimum of 6.5 years.   

The Gemsbokfontein spring will gradually start flowing to a predicted 12.8 Ml/day. 

For the simulations, the spring flow discharge values from the 2014 and 2016 studies were 

used (Table 8.1). 

8.2.3 Water Quality for the scenarios 

To simulate future water quality levels, a geochemical model for the groundwater and mine 

void is needed. A geochemical model was not a component in this study, therefore some 

assumptions were made regarding the water quality levels for the abovementioned scenarios. 

For this simulation, the focus would be on the fissure water only. The assumption is that the 

initial fissure water’s quality will be poor, because the fissure water will blend with the rising 

mine water when dewatering activities stop (Table 8.2). The water quality will then gradually 

improve due to the flushing effect that will eventually start after all the mining activities have 

stopped. To be able to model the future water quality levels, the assumption was made that 

the current fissure water SO4 levels would be the worst case scenario. The available SO4 
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levels for fissure water from different compartments (Table 8.3) were used to simulate the 

water quality.  

Table 8.2: SO4 levels for mine water in two dolomitic compartments (Van Biljon, 2016).  

Compartment Water Type SO4 Range (mg/L) 

Gemsbokfontein Mine Water 325 - 570 

Venterspost Mine Water 50 - 1225 

 

Table 8.3: SO4 levels for fissure water in three dolomitic compartments (Van Biljon, 2016). 

Compartment Water Type SO4 Range (mg/L) 

Gemsbokfontein Fissure Water 3 - 220 

Venterspost Fissure Water 38 - 56 

Bank Fissure Water 50 - 600 

 

8.3 SCENARIO DEVELOPMENT 

SWMM is a rainfall driven model, and therefore rainfall data is needed for the scenario 

modelling. No future rainfall data is available. To simulate the possible future rainfall 

distributions, the long term historical rainfall data was used to create a future rainfall dataset. 

Three rainfall datasets were created: a dry period, normal rainfall period and a wet period. The 

WR2012 monthly rainfall (1922 – 2012) dataset for the Wonderfonteinspruit quaternary 

catchments were used to generate a histogram of annual rainfall (Figure 8.1). From the 

histogram the mean annual rainfall value were selected as the normal rainfall and one 

standard deviation up and down from the mean were selected to represent the wet and dry 

periods. Based on these annual values, annual rainfall records within the existing set of rain 

gauges (Section 5.2.1) were identified which best represented these annual totals. The 

resulting mean annual precipitation (MAP) is presented in Table 8.4. 

Table 8.4: Predicted mean annual precipitation for the Wonderfonteinspruit Catchment. 

Season MAP (mm/a) 

Dry 461.6 

Normal 626.3 

Wet 791 
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Figure 8.1: Histogram for all the rainfall datasets from 1922 – 2012. 

In developing the SWMM model for the two scenarios, the following important assumptions 

were made: 

 The pipeline will still be in operation and maintained by the relevant authorities and/or 

institutions. 

 The canal from the pipeline outlet to flow gauge C2H107 will be maintained to prevent 

any flooding at the pipeline outlet. 

 When the mine activities stop, all water flow from the mines will be discontinued. 

 There will be no decanting from mine infrastructure.  

 Due to the loss of employment opportunities, urbanisation will slow down. Therefore, 

the WWTW discharge will be at the calibrated volumes. 

 The possibility exists that new sinkholes may form during the rewatering phase. The 

uncertainty of the number, location and size of the new sinkholes makes it difficult to 

incorporate into the scenarios. Therefore, the number of sinkholes in the calibrated 

model will not be adjusted. 

For this study, the assumption was made that sinkholes and depression areas act as sinks for 

surface water. During the dewatering phase, this assumption is correct as indicated by some 

authors (Swart, Stoch et al., 2003; Wolmarans, 1984). However, in the scenario where the 

groundwater returns to pre-mining levels, the sinkholes and depression areas may not always 

function as sinks for surface water. Numerous studies in international literature indicate that 

sinkholes and depressions can act as storage and even under the right conditions may 

overflow and contribute to the runoff (Bailly-Comte et al., 2009; Bonacci et al., 2006; Bradley 
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& Hileman, 2005; Campbell, 2005; Farrant & Smart, 2011; Gutiérrez et al., 2014; Najib et al., 

2008; Pinault et al., 2005).  

Karst hydrology is very complicated to model, without a thorough understanding of the 

hydrological system, which include the groundwater-surface water interaction mechanisms. 

Since the groundwater system was outside the scope of this study, the assumption is made 

that the sinkholes and depression areas may sometimes act as storage and even overflow 

when certain conditions are met (Section 4.4.2).   

8.3.1 Scenario 1: The mega-compartment.  

The mega compartment scenario (Usher & Scott, 2001; Wolmarans, 1984), indicates that all 

dolomitic springs will still be dry. The discharge volume for the following discharge points will 

be changed to zero: 

 Cooke 1 – Mine discharge 

 Kloof – Mine discharge 

 C2H030 – Spring flow 

 C2H063 – Mine discharge 

 C2H060 – Mine discharge 

The Flip Human and Hannes van Niekerk WWTW will discharge at the calibrated discharge 

volume. It is assumed that the 1 m diameter pipeline will discharge in the canal (C2H107) to 

prevent water flooding the adjacent road and properties. This will result in a large part (± 32 

km) of the Wonderfonteinspruit stream canal remaining mostly dry. 

The sinkhole infiltration rate was adjusted for the rewatered compartments, by specifying the 

days it will take for a sinkhole to flood. No information was available for this, so 7 days were 

selected. The Turffontein springs were identified as the discharge point, but fall outside the 

catchment and therefore the Turffontein springs discharge does not form part of the simulation.  

 The calibrated rainfall-runoff model from Chapter 6 was used to simulate the three predicted 

rainfall periods – dry, normal and a wet period (Table 8.4). The important hydrological features 

for this scenario are presented in Figure 8.2.  
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Figure 8.2: Hydrological features that form part of the mega compartment scenario. 
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8.3.1.1 Model Results 

To evaluate the mega-compartment scenario with three different rainfall periods, two flow 

gauges were used for comparison purposes: C2H023 and C2H069.   

8.3.1.1.1 C2H023 Flow Quantity 

It is evident from Figure 8.3 that a good base flow of about 0.2 Mm3/month may be present at 

flow gauge C2H023. This is for all three rainfall scenarios, which implies it is the constant 

discharge from the Flip Human WWTW. It seems that discharge will be an important part of 

the Upper Wonderfonteinspruit base flow. Without the Flip Human WWTW discharge, the 

Wonderfonteinspruit may experience times of no flow, mostly during the winter season in 

possibly all three rainfall scenarios. 

 

Figure 8.3: Simulated runoff for flow gauge C2H023 for the predicted three rainfall periods. 

 



 
243 

The rainfall season is clearly visible, and shows that this subcatchment may be mostly rainfall 

driven for this scenario. The runoff peak flow is mainly confined to rainfall events in the summer 

season, with the maximum peak flow for normal rainfall about 1.6 Mm3/month and for a wet 

rainfall period 2.6 Mm3/month.  

Without the Flip Human WWTW discharge these sections of the Wonderfonteinspruit will be 

dry and wetlands in the streambed may diminish or disappear altogether.  The exposure of 

the dry sediments may cause oxidation that may lead to reactivation of the heavy metals in 

the sediments (Coetzee et al., 2006). The remaining wetlands will lose some of their wetland 

functions such as flood reduction and the ability to improve water quality by pollutants removal. 

The stream will also lose its dilution capacity and some of the ecological functions. If the Flip 

Human WWTW continue to discharge untreated water into the stream (DWA, 2013a), then 

the Upper Wonderfonteinspruit system will be at higher risk of being polluted beyond 

restoration. 

The mega-compartment scenario will not have a huge impact on the calibration scenario flow 

volumes in the Upper Wonderfonteinspruit, due to the fact that the mine activities did not 

contribute significantly to the surface water flow. This is because this subcatchment fall mainly 

outside the karst landscape, so no dolomitic springs or aquifers were impacted by mining 

activities. The only mine related water source that may disappear is the Cooke 1 discharge 

that currently contributes about 50% of the inflows. 

8.3.1.1.2 C2H023 Flow Quality 

The simulated SO4 levels for flow gauge C2H023 is presented in Figure 8.4. The predicted 

background sulphate values in the Upper Wonderfonteinspruit fluctuate between 63.8 mg/l for 

the dry rainfall period and ± 220 mg/l in a wet rainfall period. The sulphate background levels 

are closely linked to the rainfall cycles, with high concentration at low rainfall events.  

It seems that the Upper Wonderfonteinspruit will keep its dilution capacity within the dry rainfall 

period. The wetlands in the streambed should keep their functions such as flood reduction and 

the ability to improve the water quality by removing pollutants where applicable. 



 
244 

 

Figure 8.4: Simulated water quality for flow gauge C2H023 for the three predicted rainfall periods. 

 

8.3.1.1.3 C2H069 Flow Quantity 

The predicted runoff volume for flow gauge C2H069 is presented in Figure 8.5. No base flow 

is predicted for this scenario at this flow gauge. The mine and fissure water were the substitute 

for the dolomitic springs during decades of mining. When the mine activities stop, the mine 

and fissure water discharges will also stop. The removal of the mine discharge from C2H060 

has a major impact on the base flow at C2H069. In all three rainfall settings, the winter season 

will have no flow and the simulated runoff maximum peak flow is ± 2.06 Mm3/month during a 

wet rainfall period. With normal rainfall, the maximum peak flow is ± 1.0 Mm3/month. 
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Figure 8.5: Simulated runoff volume for flow gauge C2H069 for the three predicted rainfall periods. 

From Figure 8.5 is it clear that the Lower Wonderfonteinspruit will be mostly dry. This may be 

due to a combination of no base flow, sinkholes and wetlands in the streambed. The sinkholes 

and wetlands in the streambed will result in high infiltration and evapotranspiration rates, 

reducing the rainfall volume available for runoff to flow gauge C2H069.  

In the past, the dewatering of the dolomitic compartments hugely augmented the Lower 

Wonderfonteinspruit flow regime. With no mine water or dolomitic springs to feed the 

hydrological system, together with the huge number of sinkholes present, a minimal volume 

of water will reach flow gauge C2H069. In this scenario, the flow regime of the Lower 

Wonderfonteinspruit may change from perennial to non-perennial. 

8.3.1.1.4 C2H069 Flow Quality 

The predicted SO4 levels in the Lower Wonderfonteinspruit fluctuate between 0 mg/l and ± 

167.2 mg/l in a dry rainfall period. The sulphate background values are closely related to the 

rainfall cycles, with high concentration at low rainfall events. The simulated SO4 concentrations 

at flow gauge C2H069 is presented in Figure 8.6.  



 
246 

 

 

Figure 8.6: Simulated water quality for flow gauge C2H069 for the three predicted rainfall periods. 

With no base flow, wetland habitat loss may occur in the Lower Wonderfonteinspruit. With 

wetland loss and low runoff, the wetland functions such as flood reduction and the ability to 

improve the water quality by removing pollutants, will probably be greatly reduced. The stream 

will also lose its dilution capacity and some of the ecological functions, resulting in a rise of 

pollution levels in the Lower Wonderfonteinspruit. The low flow volume will result in the built-

up of background sulphate values in the flow regime. When the streamflow disappears in large 

part of the Wonderfonteinspruit, some of the existing wetland areas may diminish or disappear 

completely similar to the Upper Wonderfonteinspruit scenario (Coetzee et al., 2006).  

The low runoff volume will provide an insufficient dilution capacity for the inputs from the 

WWTW water that is discharged into the Lower Wonderfonteinspruit. The discharge from 

WWTW will continue and during a dry rainfall period the lack of dilution by uncontaminated 

water may cause high levels of waste water pollution to enter the stream. 
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8.3.2 Scenario 2: Recovered compartments 

According to Schrader et al. (2014b), the influx of surface water recharging the aquifer will 

always exceed the amount of water lost through the pierced dykes. This will result in the dried-

up springs eventually being reactivated, although the discharge volumes will be reduced by 

the amount lost to the downstream compartments. Van Biljon (2016) predicts that the 

Gemsbokfontein spring will start flowing and gradually increase over time. The dolomitic eyes 

that were not part of the calibrated model, were added to the network as discharge points. The 

discharge volumes for the springs were calculated from the information in Table 8.5. 

Table 8.5: Predicted values for future spring discharges (Ml/day) post- mining (Schrader et al.2014b; 
Swart, James et al., 2003; Van Biljon, 2016; Wolmarans, 1984). 

Springs Original Spring flow Range of predicted flow 

Gemsbokfontein 8.64 8.64 - 12.8 

Venterspost 20.9 20 - 20.9 

Bank 49.1 43.6 - 49.1 

Oberholzer 54.1 53.3 - 54.1 

 

The important hydrological features are presented in Figure 8.7 and it can be seen that all the 

dolomitic springs are situated in the Lower Wonderfonteinspruit. Therefore, the reactivation of 

the dolomitic springs will have no influence on flow gauge C2H023. The simulation results for 

the Upper Wonderfonteinspruit will be the same as the results presented in Section 8.3.1.1 

and therefore will not be repeated here. The mine water discharges were removed from the 

model. Therefore, the volumes from the following discharge points were changed to zero: 

 Cooke 1 – Mine discharge 

 Kloof – Mine discharge 

 C2H063 – Mine discharge 

 C2H060 – Mine discharge 

In this scenario the following spring discharge points were inserted into the SWMM model: 

 Gemsbokfontein spring – 12.8 Ml/day 

 Venterspost spring – 20 Ml/day 

 Bank spring – 43.6 Ml/day 

 Oberholzer – 53.3 Ml/day 
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Figure 8.7: Hydrological features for the spring reactivation scenario. 
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For the sinkhole infiltration rate, all the dolomitic compartments were adjusted as rewatered 

and 7 days were specified as the number of days it will take for a sinkhole to flood.  

8.3.2.1 Model Results 

8.3.2.1.1 C2H069 Flow Quantity 

The predicted runoff volume for flow gauge C2H069 is presented in Figure 8.8. The simulated 

runoff maximum peak flow is ± 5.1 Mm3/month in a predicted wet period, ± 4.1 Mm3/month in 

the normal rainfall period and a ± 2.9 Mm3/month in the dry period. A minimum base flow of ± 

0.1 Mm3/month is predicted for this scenario.  

 

Figure 8.8: Simulated runoff volume for flow gauge C2H069 for the Recovered Compartment 
Scenario for the three predicted rainfall periods. 

 

8.3.2.1.2 C2H069 Flow Quality 

The predicted background sulphate values for flow gauge C2H069 in the Lower 

Wonderfonteinspruit fluctuate between 64.1 mg/l for the wet rainfall period and ± 98 mg/l in a 
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dry rainfall period (Figure 8.9). The SO4 concentrations peak for the dry rainfall period at 184.1 

mg/l and 165.1 mg/l for the wet period. The sulphate background levels are closely linked to 

the rainfall periods, with high concentration at high rainfall events. This scenario has the same 

result as the mega compartment scenario. The dilution effect is visible because the dry rainfall 

period has a higher background sulphate value than the high rainfall period.   

 

Figure 8.9: Simulated water quality at flow gauge C2H069 for the three predicted rainfall periods.  

 

8.4 CONCLUSION 

The two scenarios discussed in Section 8.3.1 and Section 8.3.2 were simulated with the 

SWMM model developed in Chapter 6 & 7. To apply the Wonderfonteinspruit model and 

illustrate the difference between the two scenarios, hydrographs for the two flow gauges with 

a normal rainfall period were simulated. The results for flow gauge C2H023 were the same for 

both scenarios.  The simulated results for flow gauge C2H069 (Figure 8.10), were different 

between the two scenarios, because no spring flow occur within the model domain for the 

mega-compartment scenario.  
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The fact that there is no difference between the two scenarios at C2H023 confirm that the 

Upper Wonderfonteinspruit is mainly a rainfall driven subcatchment. The greatest impact of 

the mega-compartment scenario will be at flow gauge C2H069, with no base flow available. 

This emphasise the importance of the mines role in supporting the base flow by dewatering 

the dolomitic aquifers. Flow at flow gauge C2H069 will only be during the wet seasons, 

reducing for large the Lower Wonderfonteinspruit to a non-perennial stream. 

 

Figure 8.10: Comparison between the mega compartment and recovered compartment scenarios at 
flow gauge C2H069 with the medium rainfall series. 

 

For the rewatered compartment scenario, a minimum base flow of about 0.1 Mm3/month is 

predicted. This highlights the importance of the recovery of the aquifer water level and the 

reactivation of the springs for base flow at C2H069. Even with the reactivating of the dolomitic 

springs, three out of the four springs, will lose a large percentage of their discharge volume to 

the sinkholes in the streambed. Even though the sinkholes may have a huge impact on future 

runoff, we see that Oberholzer spring may be the main contributor to the base flow at flow 

gauge C2H069. Thus, sustaining the Wonderfonteinspruit as a perennial river. A maximum 

peak flow of 4.1 Mm3/month is predicted, which coincide with higher rainfall, at flow gauge 

C2H069.   
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By modelling both the quantity and quality of the two proposed scenarios based on literature, 

the distributed rainfall-runoff model developed proof that it can effectively simulate potential 

scenarios in the mine impacted karst landscape of the Wonderfonteinspruit catchment. The 

model is design in such a way that it can be implemented as is. The model is easy to update 

and to adjust for different scenarios, as the input files could quickly be updated (e.g. rainfall, 

evaporation, land cover, inflows) to represent future scenarios.  
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9 CONCLUSIONS AND RECOMMENDATIONS 

9.1 CONCLUSIONS 

The Wonderfonteinspruit Valley is a distinctive area with various natural processes and 

anthropogenic influence that combine to make this area unique. Before mining activities 

started about 120 years ago, the Wonderfonteinspruit Valley was unique with its karst 

landscape characteristics. The dolomitic features of the valley combined with its rich geological 

history and minerals ensure that this valley will always be of strategic importance to the 

country. The geological processes that helped to form the Wonderfonteinspruit Valley brought 

two important resources together – water and minerals. What makes this area interesting is 

that the water resources are mostly situated above the minerals in the form of dolomitic 

aquifers. For the past 120 years, this has led to some fascinating history and activities that 

were exceptional in South Africa. 

The fact that mining took place underneath the dolomitic aquifer necessitated that the natural 

hydrological processes found in a karst landscape had to be altered by the mining companies 

to ensure that the mining activities could proceed in relative safe and economic manner. The 

decisions of the mining companies with the support of the government of the day led to an 

increase and acceleration of depression and sinkhole formation, drying up of dolomitic springs, 

loss of valuable groundwater resources, pollution of water resources, loss of economic 

activities surrounding the mining activities, as well as health and safety issues.  

In the past, the loss of clean potable water did not seem such a huge problem, since water 

resources were abundant and rainfall variability triggered by climate change was not an issue. 

The revenue from mining houses was more profitable than the protection of the important 

dolomitic groundwater resource. Over time, the situation has changed and water resources in 

South Africa are seen as a scarce commodity. Increasing demands for water in semi-arid 

South Africa imply that existing water resources must be managed with increasing efficiency 

to minimise shortages and related public conflict. In this regard, computer simulations can be 

a powerful tool to assist in water resource planning and decision making.  

Most of the hydrological models previously developed for the Wonderfonteinspruit catchment 

were based on the lumped model approach where all the hydrological processes are 

aggregated. The aim of this research to accurately determine the relevant hydrological 

network consisting of appropriate hydrological components that accurately describe the 

hydrology of the Wonderfonteinspruit catchment was achieved with some difficulties, due to 
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the lack of accurate and appropriate data. Although a large amount of information exist for the 

Wonderfonteinspruit catchment, most of the information is not accessible to the public. This 

made it more challenging to develop the rainfall-runoff model for the Wonderfonteinspruit 

catchment, especially with the decline in rainfall and flow monitoring.  

Before the rainfall-runoff model could be developed, a study of all the Wonderfonteinspruit 

hydrological components and factors that may influence the hydrological model was 

conducted. From this study, a review of potential models was done to find the best suited to 

the problem. The most important components of the hydrological system that needs to be 

modelled are the sinkholes, wetlands, canals and pipelines. The SWMM model was identified 

as a suitable model for this research. To successfully conceptualise the reality into the model, 

a subcatchment grid with a cell size of 400 m x 400 m was developed (7 092 subcatchments 

with 7 317 conduits), which ensured that all the important features such as the wetlands and 

sinkholes were included in the model. The use of the high resolution grid was two-fold as the 

developed model will also interface with a groundwater model in future. 

The important parameters for calibration were the Curve Number, pervious depression 

storage, pervious overland flow, SLMV, the wetland Manning’s n and seepage for two defined  

drainage classes. The discharges from the mines and WWTW contribute significantly towards 

the baseflow component during the calibration period as spring flow has already ceased during 

this period. Considered flow gauges C2H023 and C2H069 were sensitive for discharge 

volumes from the mines and WWTWs. The flow volumes from some mines and WWTW flow 

volumes were only available as constant average estimates. To minimize error propagation in 

the flow network, the constant discharge from Cooke 1 were shaped to represent daily inflows. 

The lack of accurate flow data for some of the components in the model, made the 

parameterisation and calibration of the model challenging.  

The outlet for the Wonderfonteinspruit catchment rainfall-runoff model was considered as flow 

gauge C2H069. Three other flow gauges were used to assist with the calibration process. 

Flow gauge C2H023 represents the Upper Wonderfonteinspruit. This subcatchment 

calibration results were improved after the inflows were changed from a constant inflow to 

estimated daily flows. The calibration of flow gauge C2H023 was used as a basis from where 

the downstream flow gauges were calibrated. The simulated hydrograph was very good 

representation with a Nash-Sutcliffe coefficient of 0.95. The Pearson correlation coefficient 

showed a strong correlation at 0.98 and the RMSE is 0.13 Mm3/month. Flow gauge C2H276 

and a virtual flow gauge (C2H057 + C2H107) were used to assist with the calibration effort. 

The outlet flow gauge (C2H069) was calibrated at a Nash-Sutcliffe of 0.75, a Pearson 
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correlation of 0.87 and RMSE = 0.23 Mm3/month. Thus, the simulated hydrograph shows a 

good representation and a strong correlation between the simulated flow and the observed 

flow.   

After the flow volumes were satisfactory simulated, the water quality was simulated by 

considering SO4 concentrations. The SWMM quality model did not consider build-up, but 

wash-off was implemented with the EMC method. The same flow gauges were used for 

calibration purposes as in the flow volume simulation. The quality simulation accuracy for the 

flow gauge C2H023 was satisfactory, with the NSC of 0.61 and a Pearson correlation of 0.81. 

The Virtual flow gauge predicted values were very good, with the NSC of 0.80 and the Pearson 

correlation was 0.90. The quality simulation for the C2H069 was unsatisfactory with a NSC of 

- 4.48 and Pearson correlation of – 0.01. Although the simulated pollutograph has a good 

average representation of the observed shape, it was clear that deviation from the observed 

concentrations was due to the dilution effect of clean runoff water. 

To highlight the model’s ability in modelling scenarios, two possible future scenarios from 

previous studies were modelled with the calibrated rainfall-runoff quality model. The first 

scenario was the “Mega-compartment” scenario, which assume that instead of having multiple 

aquifer compartments created by the dykes, there will be only one mega compartment with no 

spring flow. The simulation indicates that the Wonderfonteinspruit will experience times of no 

flow. In the second scenario of “Recovered compartments”, the dolomitic compartments water 

levels will return almost to pre-mining levels and the springs will start flowing again. This 

scenario confirms how important the mine discharges is, and how important the reactivated 

dolomitic springs will be, for the baseflow of the Wonderfonteinspruit.  

From the simulated results, it can be concluded that an integrated rainfall-runoff water flow 

model for the complex Wonderfonteinspruit subcatchment can be successfully designed and 

effectively implemented to assess potential future scenarios in the mine impacted catchment 

area. The two scenario results have shown that this model can be applied to find variations in 

stream flow because of changes in the hydrological components. The integrated rainfall-runoff 

quality model results for the calibration and two scenarios indicate that more research is 

needed to improve the results. The challenge, however, is to obtain relevant and current data 

to validate the model calibration.    

Karst areas are complicated and together with the major anthropogenic impacts that have 

occurred in the study area, it is clear that more effort is needed to understand the complexity 

of the Wonderfonteinspruit catchment. This distributed rainfall-runoff quality model is the first 

step towards a fully integrated hydrological model for the Wonderfonteinspruit catchment. The 
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next step would be to develop a groundwater model that can connect to this distributed rainfall-

runoff model. The distributed rainfall-runoff quality model will help with the understanding of 

the complexities of the Wonderfonteinspruit catchment as it relates to its karst features and 

wetlands and can be an important tool for the efficient management and protection of the 

catchment’s water resources. The creative way of using the SWMM model for simulating 

sinkhole and wetland features in a large karst catchment, may help broaden the applicability 

of the SWMM software in karst landscapes. More research is required on how these karst 

systems interact with surface water features and this may very well differ from one karst 

system to another 

 

9.2 RECOMMENDATIONS 

From this research, the following recommendations can be made: 

1) A robust water-monitoring network must be established to ensure that accurate data 

is available for modelling purposes. More accurate flow measurements at key points 

are required. All research must be coordinated to prevent the current fragmented 

approach. 

2) Karst landscape research must be promoted, especially for the Wonderfonteinspruit 

area, to help understand the landscape processes together with how sinkholes 

function and their role in the hydrological process – now and in the future. In this study, 

a basic sinkhole hydrological process model was implemented, although it is 

acknowledged that the process is much more complex.  

3) A lot of research has been done on wetlands, but to include wetland processes in 

hydrological models is still difficult. There is a need to unpack the hydrological functions 

inside wetlands and how their operation can be translated to hydrological modelling 

e.g. Manning’s roughness coefficient or wetland-groundwater interaction, especially in 

a karst landscape. 

4) To improve the Wonderfonteinspruit rainfall-runoff model, research on the sensitivity 

of the model components are necessary. This will provide insight into the different 

hydrological components’ impact on the hydrological system.  

5) The Wonderfonteinspruit catchment is a very complex system, and to fully understand 

the interaction between the surface water, groundwater and mine water, a fully 

integrated distributed hydrogeological model needs to be developed. Understanding 



 
257 

the connectivity between surface water, groundwater and mine water is paramount to 

successful model development. 
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APPENDIX A – GAUGE DESCRIPTION FOR GAUGES IN THE WONDERFONTEINSPRUIT VALLEY 

 

Site Name Description Xcoord Ycoord Zcoord Comment 

C2E007 Zuurbekom at Rand Water Pump Station 27.813810 -26.300830 1572.0 Rain Gauge 

C2E009 Naauwpoort at Boskop Dam 27.118000 -26.571330 1392.7 Rain Gauge 

C2E011 Eye Of Wonderfontein 27.478880 -26.300520 1505.4 Rain Gauge 

C2H013 Turffontein Upper Eye at Turffontein 27.739690 -26.224420 1607.1 River 

C2H023 Luipaardsvlei on Wonderfontein Spruit 27.740000 -26.223889 1608.1 River 

C2H024 Wonderfontein Spruit at Gemsbokfont. Downstream from Donaldson Dam 27.679970 -26.284720 1566.9 River 

C2H025 Wonderfontein Spruit No 7 at Gemsbokfontein 27.669220 -26.288830 1560.1 River 

C2H026 Middelvlei Spruit at Middelvlei 27.668860 -26.233030 1613.7 River 

C2H027 Kocksoord Spruit at Middelvlei 27.652180 -26.233860 1627.7 River 

C2H028 Rietfontein Spruit at Rietfontein 27.589690 -26.248330 1600.0 River 

C2H030 Wonderfontein Eye at Wonderfontein Spruit (Canal) 27.487440 -26.314830 1505.1 Eye (Bank) 

C2H031 Mooirivierloop at Wonderfontein Spruit 27.414380 -26.323830 1487.6 River 

C2H032 Mooirivierloop (River) at Wonderfontein Spruit 27.392170 -26.317220 1477.1 
Eye 

(Oberholzer) 

C2H033 Buffelsdoorn Spruit at Doornfontein 27.326127 -26.439585 1554.5 River 

C2H035 Mooirivierloop at Welverdiend 27.254660 -26.369410 1458.6 River 

C2H044 Oberholzer Canal South at Wonderfontein Spruit (New) 27.387540 -26.334880 1497.1 Canal 

C2H045 Driefontein canal from Driefontein mine 27.430580 -26.348560 1522.0 Canal 

C2H055 Canal from Venterspost Silt Dam 2 @ Venterspost 27.614380 -26.305520 1554.6 Canal 

C2H056 Wonderfontein Spruit at Eye of Wonderfontein Spruit 27.514380 -26.302220 1514.5 Canal 

C2H057 West Driefontein Canal at Wonderfontein Spruit 27.389050 -26.315750 1470.5 Canal 

C2H058 Lower Bank Canal at Wonderfontein Spruit 27.365270 -26.342720 1496.6 Canal 

C2H059 Gemsbokfontein Canal at Venterspos 27.612190 -26.300520 1541.7 Canal 
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C2H060 Doornfontein Canal at Blaauwbank 27.252759 -26.371168 1458.3 Canal 

C2H063 West Driefontein Transfer Canal at Rooipoort 27.428330 -26.341190 1513.4 Canal 

C2H069 Mooirivierloop (River) at Blaauwbank 27.248110 -26.370220 1449.5 River 

C2H074 Furrow at Tarred Road North of Welverdiend 27.268201 -26.364578 1459.3 Canal 

C2H075 Mooirivierloop at Blaauwbank Welverdiend (Railway Bridge) 27.253192 -26.370242 1456.7 River 

C2H077 Confluence from West & East Driefontein GM Canals at Wonderfontein Spruit 27.404330 -26.327570 1495.5 Canal 

C2H078 Confluence: Canal from Venterspost GM at Wonderfontein Spruit 27.404290 -26.327200 1495.0 Canal 

C2H079 Mixed Water of Canals C2H077 & C2H078 at Wonderfontein Spruit 27.404200 -26.327160 1494.3 Canal 

C2H080 
End 1m Pipeline from Donaldson Dam / Venterspos GM at 
Wonderfonteinspruit 27.407287 -26.328242 1495.8 Canal 

C2H081 Canal to Which 1m Pipe (C2H080) Drains at Wonderfonteinspruit 27.407130 -26.328230 1496.2 Canal 

C2H082 Inlet canal to Nature Reserve at Rooipoort 27.425690 -26.328340 1501.7 Canal 

C2H083 Outflow from North Canal  to Nature Reserve at Wonderfontein Spruit 27.329434 -26.337237 1466.9 Canal 

C2H105 Oberholzer Canal - South (Little) at Wonderfontein Spruit 27.387520 -26.334860 1497.1 Canal 

C2H107 Canal from West Driefontein at Wonderfontein Spruit 27.388970 -26.315750 1470.4 Canal 

C2H151 Oberholzer Canal - South at Wonderfontein (New) 27.390440 -26.333470 1498.5 Canal 

C2H152 Wonderfontein Spruit at Railway Bridge near Turk Shaft 27.765739 -26.140110 1671.1 River 

C2H153 Wonderfontein Spruit at Randfontein Azaadville Bridge 27.766942 -26.164794 1653.0 River 

C2H154  Luipaardsvlei at Doornkop Road Bridge at Wonderfontein Spruit 27.699130 -26.266360 1578.5 River 

C2H155 West Driefontein GM Fissure water down stream of Nor 27.472460 -26.364130 1560.7 Canal 

C2H156 West Driefontein GM Process water at Road Bridge 27.433218 -26.357921 1533.7 Canal 

C2H157 Wonderfontein Spruit at Low Water Bridge to Abe Bailey Nature Reserve 27.353840 -26.324130 1466.0 Canal 

C2H158 Blyvooruitzicht GM Fissure water Pipe Line Disc 27.373010 -26.388020 1576.0 Canal 

C2H159 Doornfont GM Fissure water Gold Plant Discharge In 27.336340 -26.375790 1527.7 Canal 

C2H160 Doornfontein GM Fissure water No 3 Shaft Discharge 27.350230 -26.425230 1603.5 Canal 

C2H163 Varkenslaagte Spruit at the Farm Bridge downstream from Western D 27.339120 -26.435510 1580.8 River 

C2H164 Western Nursery Dam Overflow at Elandsrand GM 27.343674 -26.446992 1580.7 River 

C2H165 Deelkraal GM Recreational Dam 27.317730 -26.455510 1566.2 River 

C2H175 Wonderfontein Spruit at Harry's Dam Overflow 27.337170 -26.336630 1465.7 Canal 

C2H176 Varkenslaagtespruit at Doringdraai Dam Welverdiend 27.273840 -26.388850 1478.3 River 

C2H235 Stormwater Canal at Palmiet Ferrochrome's 27.758860 -26.132760 1714.0 Canal 

C2H237 Flip Human WCW Final Effluent at Rietvalei 241 IQ 27.770800 -26.181640 1644.4 WWTW Canal 
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C2H239 Final Effluent from Hannes Van Niekerk WCW at Venterspost 27.610790 -26.310520 1559.8 WWTW Canal 

C2H241 Final Effluent from Doornfontein G/M#3 at Doornfontein 27.345230 -26.425510 1606.5 Canal 

C2H242 Final Effluent from Doornfontein#1 G/M at Welverdiend 27.320062 -26.390357 1546.1 WWTW Canal 

C2H245 Final Effluent from WDL (North) GM at Western Deep GM 27.406580 -26.419410 1619.4 Pipe 

C2H248 Concrete Stormwater Canal at Bekkersdal 27.695429 -26.279167 1580.1 Canal 

C2H261 Final Effluent from Oberholzer WWTW at Wonderfontein Spruit 27.380790 -26.331080 1492.6 WWTW Canal 

C2H265 Final Effluent from East Driefontein at Phomolong 27.497160 -26.385220 1613.5 Pipe 

C2H266 Final Effluent from West Driefontein#4 at West Driefontein GM 27.424970 -26.330000 1503.7 Canal 

C2H267 Final Effluent from Khutsong WWTW at Welverdiend 27.308560 -26.384110 1519.5 Canal 

C2H268 Final Effluent from Welverdiend WWTW at Welverdiend 27.254654 -26.371465 1460.7 WWTW Canal 

C2H269 Varkenslaagtespruit at Doornfontein (Doorndraai Dam) 27.327450 -26.439680 1556.3 River 

C2H270 Luipaardsvlei on Wonderfontein Spruit outflow from dam 27.741910 -26.216640 1616.7 River 

C2H271  Luipaardsvlei at R559 Bridge on Wonderfontein Spruit 27.730800 -26.245250 1594.7 River 

C2H276 End of 0.75M Diameter Pipeline from Donaldson Dam 27.669220 -26.288830 1560.1 River 

G474502 SAWS 474502 27.280000 -26.380000 1475.4 Rain Gauge 

G474680 SAWS 474680 27.380000 -26.330000 1491.6 Rain Gauge 

G475338 SAWS 475338 27.720000 -26.130000 1706.2 Rain Gauge 

WMS100350 Venterspost GM 27.670520 -26.289970 1560.9 
Eye 

(Gemsbok) 

WMS100352 Wonderfontein 27.419120 -26.325520 1497.4 Canal 

WMS100353 Wonderfontein 2 27.392730 -26.319960 1478.2 Canal 

WMS100354 Wonderfontein 3 27.349502 -26.329480 1470.8 Canal 

WMS100355 Nature Reserve Dam 27.330230 -26.344960 1479.4 Canal 

WMS100356 Wonderfontein 27.274670 -26.369960 1459.3 Canal 

WMS100357 Welverdiend 27.256620 -26.369960 1457.7 Canal 

WMS100358 Canal at Welverdiend Dam 27.257170 -26.369960 1457.7 Canal 

WMS100361 Donaldson Dam 27.681910 -26.283030 1569.3 River 

WMS100362 Gemspost 27.670670 -26.290964 1560.0 
Eye 

(Gemsbok) 

WMS100363 Wonderfontein 27.490558 -26.314513 1504.6 Eye (Bank) 

WMS100366 Wonderfontein 27.252450 -26.371350 1458.5 Canal 

WMS100368 Westernaria Mine 27.701389 -26.359722 1712.7 Canal 



 
274 

WMS100386 Furrow Sewage 27.608020 -26.303580 1546.3 WWTW Canal 

WMS100493 Mooirivierseloop 27.774690 -26.132480 1680.0 River 

WMS100496 Krugersdorp Riool Werke 27.769970 -26.182760 1637.9 WWTW Canal 

WMS100497 Mooirivierseloop 27.730800 -26.245250 1594.7 River 

WMS100504 Bank Eye 27.408840 -26.327190 1489.4 Canal 

WMS100505 West Driefontein Canal 27.386990 -26.316937 1469.8 Canal 

WMS100602 Donaldson Dam 27.684459 -26.278561 1573.5 Dam 

WMS178874 Flip Human WWTW - Irrigated the 68ha Plot 27.774690 -26.178310 1668.0 River 

WMS191586 Rietvalei 241 IQ - Road Bridge at Wonderfontein Spruit 27.765500 -26.183773 1628.8 River 

WMS191589 Kagiso at Road Bridge over Wonderfontein Spruit Tributary 27.777723 -26.172872 1667.3 River 

WMS88559 ZLUIPAAR1 Plot 40 Luipaardsvlei - 35m from Farm House 27.746630 -26.235530 1618.9 Canal 

 

 

 

  



 
275 

 APPENDIX B – HYDRO-CHEMICAL DIAGRAMS 

There are many methods (statistical elevations, line or bar graphs) to display hydro-chemical 

data in a meaningful way. To better understand the underlying relationships between the 

variables, is it better to use multivariate diagrams that have the capacity to include up to eight 

variables and be able to plot these variables to a single point on a diagram. The advantages 

of such multivariate diagrams include: 

 The plotting of numerous water analyses onto a single diagram 

 The classification of waters according to their chemical characteristics 

 The identification of trends 

Some of these specialised chemical diagrams are the Piper, Expanded Durov and Stiff 

diagrams (Kovalevsky et al., 2004). 

The following descriptions are directly from the book “Groundwater studies. An international 

guide for hydrogeological investigations” (Kovalevsky et al., 2004). 

 PIPER DIAGRAMS 

Trilinear diagrams are used for the investigation of ions or groups of ions as a function of the 

concentration. On these diagrams the milli-equivalent percentages of the major cations and 

anions are plotted and it has been found that the point at which an analysis plots is of 

considerable diagnostical value. The Piper diagram is a combination of two trilinear diagrams 

that lie on a common baseline. The adjacent sides of the two triangles are 60° apart with a 

diamond shape field between them. In the diamond field the cations Ca2+, Mg2+, Na+ & K+ and 

the anions SO4
2-, Cl- and HCO3

- & CO2
2- are represented by a point. Cat- and anions are each 

represented separately in the trilinear diagrams.  

The Piper diagram makes it possible to track changes through space and temporal 

relationships for water analyses on the same diagram. The disadvantage of the Piper diagram 

is that it renormalised the concentrations. Four basic conclusions can be derived from multiple 

analyses plotted on the Piper diagram: water type, precipitation or solution, mixing and ion 

exchange.  

To create a Piper diagram you need to follow the following steps (Figure 0.1): 

a) In sample analysis the unit given is normally mg/L and must be converted to the unit 

milli-equivalents per litre. To calculate the concentrations, the quantities must be 
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divided by the molecular weight of the respective ion and its valence (Ca/20, Mg/12, 

Na/23, K/39, Cl/35.5, SO4/48, NO3/62 and Total Alkalinity/50). 

b) Add Na+K and Cl+NO3 

c) Calculate relative percentages for cations and anions by dividing the respective milli-

equivalent values by the sum of the milli-equivalent for the cations and anions 

respectively. 

d) Plot the percentages cations and anions in the trilinear diagrams (Plot cations by 

scaling of Ca then Mg. Plot anions by scaling of Total Alkalinity then SO4) 

e) Project the cations and anions points to the central diamond on the Piper diagram and 

make a mark where the two projections cross. 

Interpretation is as follows: 

a) The Piper diagram should primarily be used as visual displays, summarizing the 

chemistry of all samples taken at a site, or at many sites. 

b) Of particular value is the identification of pollution trends, through the aid of the Piper 

diagram. A comparison between plots of successive sampling exercises will clearly 

show whether or not trends in the chemistry of the water are developing. 

c) The Piper diagram divides the water into four basic types according to their placement 

near the four corners of the diamond. 

d) When a series of water analyses plotted on a straight line, and when extrapolated 

passes through the corner of one or both of the triangles, then it is possible that the 

trend is indicative of precipitation or solution. 

e) If two different waters mix, then the composition of the mixture will lie on a straight line 

joining the two end members. 

f) Water composition that are changed by ion exchange starts parallel and then curves, 

e.g. the replacement of calcium and magnesium in solution by sodium – the line start 

parallel to constant magnesium and then curves down to the sodium apex. 
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Figure 0.1: Piper diagram. 

Trends that may be observed are: 

a) Sodium enrichment – typical of processes such as waste water discharge, chemical 

extraction of minerals from ore, dewatering of deep mines, return flow from irrigation 

or natural deterioration of the groundwater quality by ion exchange within the aquifer. 

b) Sulphate enrichment – typical of most mining environments. 

c) Calcium enrichment – typical of lime dosing to neutralize acid water. 

d) Chloride enrichment – typical of leachate from domestic waste and dewatering of deep 

mines. 
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Figure 0.2: Typical plotting positions for various water environments on a Piper diagram. 

 EXPANDED DUROV DIAGRAMS 

The Expanded Durov diagram is similar to the Piper Diagram in that the cat- and anions are 

each represented separately in the trilinear diagrams. Trilinear diagrams are used for the 

investigation of ions or groups of ions as a function of the concentration. On these diagrams 

the milli-equivalent percentages of the major cations and anions are plotted and it has been 

found that the point at which an analysis plots is of considerable diagnostical value. The 

Expanded Durov diagram is a combination of two trilinear diagrams, a central diamond field 

and a square. In the diamond field the cations Ca2+, Mg2+, Na+ & K+ and the anions SO4
2-, Cl- 

and HCO3
- & CO2

2- are represented by a point.  

The sides of the triangles are 90° apart with the three corners of each triangle physically apart 

from each other. This leads to a square plot that is divided into nine cells. The nine cells 

categorise waters into nine classes. The Expanded Durov diagram is for distinguishing 

between various groundwater populations, rather than studying trends.  

To create an Expanded Durov diagram you need to follow the following steps (Figure 0.3): 

a) In sample analysis the unit given is normally mg/L and must be converted to the unit 

milli-equivalents per litre. To calculate the concentrations, the quantities must be 

divided by the molecular weight of the respective ion and its valence (Ca/20, Mg/12, 

Na/23, K/39, Cl/35.5, SO4/48, NO3/62 and Total Alkalinity/50). 

b) Add Na+K and Cl+NO3 
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c) Calculate relative percentages for cations and anions by dividing the respective milli-

equivalent values by the sum of the milli-equivalent for the cations and anions 

respectively. 

d) Plot the percentages cations and anions in the trilinear diagrams (Plot cations by 

scaling of Ca then Mg. Plot anions by scaling of Total Alkalinity then SO4) 

e) Project the cations and anions points to the square on the Expanded Durov diagram 

and make a mark where the two projections cross. 

 

 

Figure 0.3: Expanded Durov diagram. 
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Interpretation is as follows: 

a) The Expanded Durov diagram should primarily be used as visual displays, 

summarizing the chemistry of all samples taken at a site, or at many sites. 

b) Of particular value is the identification of various water populations, through the aid of 

the Expanded Durov diagram.  

The Expanded Durov diagram includes the electrical conductivity of the water, which is a 

reflection of the salt concentrations in the water (Figure 0.4). An increase in the salt load is 

associated with mining activities. 

 

Figure 0.4: Plotting positions for various water environments on the Expanded Durov diagram. 
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Trends that may be observed are: 

a) Sodium enrichment – typical of processes such as waste water discharge, chemical 

extraction of minerals from ore, dewatering of deep mines, return flow from irrigation 

or natural deterioration of the groundwater quality by ion exchange within the aquifer. 

b) Sulphate enrichment – typical of most mining environments. 

c) Calcium enrichment – typical of lime dosing to neutralize acid water. 

d) Chloride enrichment – typical of leachate from domestic waste and dewatering of deep 

mines. 

 STIFF DIAGRAMS 

A Stiff diagram uses four parallel, horizontal axes extending on each side of a vertical, zero 

axis. Four cations and four anions can thus be plotted on the left and right of the vertical axis 

respectively. The ions should always be mapped in the same sequence. Concentrations are 

in meq/l. The resulting points are connected to give an irregular polygonal pattern. The Stiff 

diagrams can be a relatively distinctive method of showing water composition differences and 

similarities. The size of the pattern is approximately equal to the total ionic content. Classically 

the pairs are sodium-chloride, calcium-bicarbonate, magnesium-sulphate and iron-carbonate. 

When comparing Stiff diagrams between different waters it is important to prepare each 

diagram using the same ionic species, in the same order, on the same scale. The Stiff diagram 

can only show one analysis per plot. 
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Figure 0.5: Example of a Stiff diagram. 

Stiff diagrams can be used:  

a) To help visualize ionic related waters from which a flow path can be determined, or 

b) If the flow path is known, to show how the ionic composition of a water body changes 
over space and/or time. 
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 APPENDIX C – HYDROCHEMISTRY PLOTS 

 UPPER WONDERFONTEINSPRUIT 

 

Figure 0.1: Time series data (1979 – 2015) for Sodium, Magnesium and Calcium for the Upper Wonderfonteinspruit.   



 
284 

 

Figure 0.2: Time series data (1979 – 2015) for Chloride, Carbonate and Bicarbonate for the Upper Wonderfonteinspruit. 
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Figure 0.3: STIFF diagram for the various monitoring stations in the Upper Wonderfonteinspruit. 
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 MID - WONDERFONTEINSPRUIT 

 

Figure 0.4: Time series data (1979 – 2015) for Sodium, Magnesium and Calcium for the Mid – Wonderfonteinspruit. 
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Figure 0.5: Time series data (1979 – 2015) for Chloride, Carbonate and Bicarbonate for the Mid – Wonderfonteinspruit. 
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Figure 0.6: STIFF diagram for the various monitoring stations in the Mid – Wonderfonteinspruit. 
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 LOWER – WONDERFONTEINSPRUIT 

 

Figure 0.7: Time series data (1979 – 2016) for Sodium, Magnesium and Calcium for the Lower – Wonderfonteinspruit. 
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Figure 0.8: Time series data (1979 – 2016) for Chloride, Carbonate and Bicarbonate for the Lower – Wonderfonteinspruit. 
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Figure 0.9: Average STIFF diagram for the various monitoring stations in the Lower – Wonderfonteinspruit. 

 


