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Abstract 

Numerous mines have been operating in the East Rand Basin (ERB) since the 1940s. Most 

of these mining activities have since ceased and the mines are busy flooding . If decant of 

acid mine drainage takes place, treatment options will have to be implemented. A source of 

major complexity is the fact that these mines have become interconnected over the years. 

Furthermore, these mines have changed ownership numerous times since mining started. 

The apportionment of responsibility for the decanting mines has become a major 

management concern as a legacy issue is created in terms of determining who is 

responsible for what portion of the environmental degradation. 

An integrated modelling approach between mine water, groundwater and surface water is 

required to make predictions surrounding future water quality and quantity; and more 

importantly, who is responsible and what is the portion of that responsibility for each mine. 

The focus of this study is only on the development and configuration of an appropriate 

surface water model of the ERB to be interfaced with existing mine flooding and groundwater 

models of the area. This includes examining the effect on the flow rate brought about by the 

wetlands found in the river system of the study area and the incorporation thereof into the 

surface water model. 

Through a rigorous reviewing process, it was decided that the Storm Water Management 

Model (SWMM) would be used as the appropriate modelling platform. Although this model is 

generally used for urban storm water drainage modelling, it was successfully utilised in this 

study to model flows in a predominantly natural catchment. 

Satisfactory model calibration was achieved, although the lack of data necessitated various 

assumptions in the model setup. The application of the calibrated model for source 

apportionment is illustrated through the use of an example scenario. With additional data, 

this model can be utilised to represent the real world situation of the ERB more accurately, 

thereby providing even better outputs and resulting in the better management of the ERB. 

Key words: Mining , source apportionment, surface water model , SWMM, wetlands 
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1 INTRODUCTION 

1.1 PREAMBLE 

"Water is mining's most common casualty" - James Lyon (interview, n.d.) 

The mining industry is one of South Africa's key economic drivers and although it has played 

a major role in developing the country to the industrialised nation it is today, it has come at a 

substantial cost (Malherbe, 2000). This is especially true in terms of environmental 

degradation, more specifically looking at natural water resources. 

Gold was discovered on the Witwatersrand in 1886, with mining development and production 

in the East Rand peaking in the 1940s. At that time, 24 mines and 90 shafts were in 

operation (Figure 1) (Van Wyk & Munnik, 1998). As is the case with most underground 

mining operations, a constant battle with the water table, even further exacerbated by 

ingress of surface water into the mines, saw elaborate pumping schemes being implemented 

in order to keep operations going. This, however escalated operating costs to such an extent 

that it was no longer economically viable to continue mining and many of the mines were 

obligated to close (Van Wyk & Munnik, 1998). 

Location of mine shafts and open cast mines in the area 

Legend 

• Mine Shafts 

- Open Cast M ines 

Tailings 

Wetlands 

C] aoundary 

0 5 10 

28' 10'0"E 28' 2Q'O"E 28' 30'0"E 

20 30 

Figure 1: Location of mine shafts and open cast mines in the area 
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Water within a mine can be particularly troublesome. From a mining perspective, it has an 

economic and social impact in that production is hampered and safety issues are created. It 

is the environmental impact however, that is of greatest concern as water can potentially 

become highly contaminated when it comes into contact with the harmful chemicals used to 

extract the minerals (Lyon et al. , 1993; Straskraba & Effner, 1998). During operation, 

flooding within mines are prevented by means of pumping. However, when a mine's closure 

is finalised , pumping is stopped and flooding occurs. This can result in mine water decant 

(Johnson & Hallberg, 2005). 

Today, most mining activities have ceased in the East Rand Basin (ERB), with the exception 

of the reworking of a few tailing storage facilities. These mines are busy flooding and if 

decant takes place, acid mine drainage (AMO) will be introduced to the surface water. Both 

decant and groundwater seepage confluence at the surface streams and this is where 

treatment options will have to be implemented to address poor water quality. 

Of particular importance here, is the fact that the Blesbokspruit, which under the Ramsar 

Convention, was declared to have a wetland of international importance in 1986, runs 

through the heart of the East Rand (Van Wyk & Munnik, 1998). It is of socio-economic and 

ecological importance and if drastic measures are not taken to protect this wetland, the 

Ramsar status could be lost. 

There is still much debate on whether or not natural water resources have the abil ity to 

absorb the contamination caused by mine water without being damaged detrimentally 

(Pulles et al. 2005). The effectiveness of wetlands in this regard makes out a major part of 

this debate. It is widely accepted that wetlands act as natural filters by intercepting pollution 

and thereby improving water quality (Kotze, 2000). On the other hand, the capacity of these 

natural filters are still relatively unknown. Studies in this field are on the rise, however, 

because few results have been well documented, worst case scenario has to be assumed to 

ensure the protection of natural water resources. 

For this reason, mines in the ERB have to determine who is responsible for what part of the 

pollution by means of a source apportionment study. For this to be achieved, an integrated 

model needs to be developed which includes mine water, groundwater as well as surface 

water modelling. Combining these models into one integrated model allows for the factoring 

in of a whole range of influences from various sources. Once the integrated model is set up 

successfully, predictions can be made which will provide much needed answers for the 

mines in terms of responsibility. 
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1.2 PROBLEM STATEMENT 

A major complexity is the fact that these mines have changed ownership numerous times 

since mining started (Salgado, 2011 ). If one approaches this situation on the basis of the 

"polluter pays" principle, a legacy issue is created in terms of determining who is responsible 

for what portion of the environmental degradation. 

A problem that makes this situation even worse, is the fact that these mines have become 

interconnected over the years. The reason being twofold (Scott, 1995): 

• On the one hand, it was implemented as a matter of safety, as the 

interconnectedness created numerous exits in the event of an emergency. 

• The other reason was of financial importance in that the barriers that separated the 

mines initially, also contained gold reserves and was eventually mined out. 

In light of these interconnections, the allocation of responsibility for the decanting mines has 

become a major management issue. 

1.3 AIMS AND OBJECTIVES 

An integrated modelling approach between mine water, groundwater and surface water is 

required to make predictions surrounding future water quality and quantity; and more 

importantly, who is responsible and what is the portion of that responsibility for each mine. 

Mine flooding and groundwater models have already been developed for the ERB. The 

research done in this study only involves one part of the integrated modelling solution , 

namely the surface water model. 

The focus is on the development and configuration of an appropriate surface water model of 

the ERB to be interfaced with the existing models. As part of the study, an appropriate flow 

attenuation strategy will be applied and incorporated into the surface water model to account 

for the effects of wetlands on the flow rate of the river system. The model will be calibrated 

against historical flow data. 

Finally, source apportionment will be illustrated through the use of the surface water model, 

by means of an example. 

1.4 ASSUMPTIONS AND LIMITATIONS 

Rainfall data is a very important aspect in the development of an accurate surface water 

model. It is a known fact that there are a limited amount of rainfall stations and rainfall data 

are not readily available . Rainfall station locations in relation to the study area are a major 
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limitation. Ideally, a rainfall station should be located as close as possible to the area being 

studied in order to be representative of the rainfall inside the particular catchment. The 

model results will not represent the observed streamflow, if the rainfall is not representative 

of the real precipitation over the study area. 

Cross-section data were obtained from a previous study (Dennis, 2014) conducted in the 

study area. Only 10 cross-sections were done for the entire study area. The existing 90 

meters SRTM DEM proved insufficient to generate representative cross-sections, as a large 

proportion of the streams in the river system are less than 90m wide . 

Waste water treatment works (VVWTWs) are important contributors to stream flow and it is 

therefore important to incorporate the correct discharge volumes into the surface water 

model. For this study it is assumed that VVWTWs are discharging at full design capacity. This 

is based on a statement made by one of the VVWTWs management staff. 

Another important contributor to stream flow is the shallow groundwater system. Discharge 

from the shallow groundwater system to the stream was determined by means of field 

measurements. For this study it is assumed that discharge from this source will be the same 

on both sides of the river. 

Parts of the study area is characterised by karst regions which may include sinkholes. As a 

result of data availability, sinkholes were not specifically investigated in the study and 

therefore not included in the model. 

1.5 OUTLINE OF THE STUDY 

• The literature review related to this study, is discussed in Chapter 2. 

• A description of the study area follows in Chapter 3. Included in this chapter is a 

discussion regarding the physical characteristics of the study area, as well as 

anthropogenic factors, such as land use and pollution sources. 

• Chapter 4 covers the acquisition of both historic and field data, and the analysis and 

preparation thereof for input into the model. 

• Chapter 5 provides an account of the methodology followed to set up and calibrate 

the model. A sensitivity analysis is done to determine which parameters, used in the 

model, are most sensitive to change. The model is also validated and it is illustrated 

how the model can be applied for source apportionment. 

• In chapter 6 the study is concluded with recommendations . 
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2 LITERATURE REVIEW 

2.1 INTRODUCTION 

Hydrological modelling has become a very important science aiding in understanding the 

complexities of the earth's water systems and further helps to solve problems related to 

these water systems. One such problem for instance, which is of constant concern , 

especially in the urban environment, is the amount of direct surface runoff generated within a 

catchment from excess rainfall (Bedient & Huber, 2002) . 

Today, where the sustainable use of diminishing water resources has become a major 

priority, planning and management is key (Wheater et al. , 2007) . Equations of computational 

hydraulics within hydrological models are applied to real , natural and engineered or modified 

environments, which allows for better management and planning of real world systems 

(James, 2005) . However, these models will always remain a simplified version of reality, 

which by implication , means that there will always be some margin of uncertainty involved. 

The uncertainty is related to both the quality of data used, as well as the appl icability of the 

governing equations within the model, as they relate to assumptions and boundary 

conditions. 

Seven (2003) goes so far as to state that "rainfall-runoff modelling is an impossible problem!" 

This statement is probably based on the fact that there are so many unknowns and factors 

that needs to be taken into account within a complex hydrological system. It is indeed nearly 

impossible to develop a model that exactly simulates the real world scenario. Fortunately, 

depending on the objectives and outputs needed from a model , all these unknowns are not 

always required . 

Planning and management becomes a difficult task when there is only a limited amount of 

long-term hydrological data available (Brooks et al. , 2013) .This is especially true in the South 

African context due to flow-gauging stations and rainfall stations that are rapidly closing 

down (Figure 2) . 
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Figure 2: Flow-gauging stations and rainfall stations over time (Pitman, 2011) 

Hydrologists are therefore obligated to rely on approximations . Simplified models assist with 

these approximations by extrapolating the little data that are available (Chow et al , 1988). A 

simplified model might not be considered as very accurate, however, the development of a 

model can in a sense be seen as a never ending process, limited only in terms of time and 

money. 

If these two factors are ignored and a good understanding exist of how the system responds, 

a model can be modified and altered until there is very good correlation between the model 

output and the real world situation. Once this is achieved, fairly accurate predictions can 

indeed be made, even with a limited amount of data (Loucks & Van Beek, 2005). 

2.2 TECHNOLOGICAL ADVANCEMENTS 

Over the last few decades, hydrological science has become very much rel iant on 

technology to further its cause. Technological advancement has seen a plethora of software 

programmes, tools and models being developed to assist the modern day hydrologist in 

solving their everyday problems. The introduction of Geographical Information Systems 

(GIS), DEMs and software capable of doing complex calculations , have revolutionised the 

hydrological field of study (Bedient & Huber, 2002). With th is advancement, complex 

calculations have to a large extent become automated, enabling the hydrologist to work with 

large datasets in a time efficient and accurate manner. 
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For hydrological applications, topography is a very important factor that needs to be taken 

into account, as it directly controls the flow of water through a landscape. According to 

Peralvo (2004) , the most widely used data structure employed to store and analyse 

information about topography in a GIS environment is a raster DEM. It can therefore be said 

that an accurate DEM is of crucial importance when the outcome that is required should be 

accurate and reliable . 

High resolution DEMs for a specific area are not always readily available and are normally 

very expensive. There are instances where data are freely available, such as the National 

Aeronautics and Space Administration (NASA) Shuttle Radar Topographic Mission (SRTM) 

which comes as 3 arc-second DEMs and relates to a grid spacing of 90 meters. NASA has 

recently also released 1 arc-second data which relates to a resolution of 30 meters (Boggs, 

2015) . The 90 meters SRTM is available worldwide, whereas the 30 meters STRM data are 

only available for selected areas. The 90 meters SRTM data is widely used in South Africa 

(Dennis et al. , 2012) . 

In instances where accurate hydrological calculations needs to be done for a specific area, 

an accurate DEM is required . This is important, as it has an influence on the reliability of the 

calculations. Logic dictates that a more accurate DEM should result in more accurate 

calculations. Accurate hydrological calculations were required for this study. In this instance, 

the 30 meters SRTM data would greatly assist in accuracy. Unfortunately, the 30 meters 

SRTM data were not available for the study area and therefore the 90 meters SRTM data 

were used. 

2.3 HYDROLOGICAL MODELS 

The Stanford Watershed Model (SWM) was the very first computer based hydrological 

model to be developed in the 1960s. This model evolved from the need to improve 

hydrological calculations (Crawford & Burges, 2004) . Five decades onwards, the need is still 

ongoing with new models being constantly introduced, modified and enhanced as 

technology advances. 

The multitude of different hydrological models have required a classification system of sorts. 

Many hydrologists have made an attempt, albeit in terms of their own interpretations. The 

result is that models have been classified in various ways (Xu, 2002) . A comprehensive 

study by Jajarmizadeh et al. (2012) have found that literature on the classification of 

hydrological models are few and far between, yet knowledge thereof is crucial in 

understanding the capabilities of all the models that are available . 
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The reason for this is that many of the models have the same characteristics and some 

overlapping features, however, not all models can be utilised for the same purpose and 

therefore a process needs to be followed in order to determine which model will be best 

suited for any given project. 

Figure 3 shows a summary of the process followed to determine which model to use, which 

is modified after Beven (2003). 

• Define the objectives and the specific outputs needed from the model. 

• Secondly, data availability needs to be explored. Some complex models require a 

great deal of information, which would obviously not be suitable in the instance where 

very little data are available. 

• Only once the objectives are clearly defined and the circumstances surrounding data 

availability are known, can a suitable model be selected. Once selected, the available 

data will still have to be cross-referenced with the chosen model's parameters to 

ensure suitability. 

• The fourth step is to calibrate. Calibration is achieved by finding the best correlation 

between data measured in the field and simulated data generated by the model. 

• Validation follows and can be done in one of two ways: 

o Dependently - by relying solely on the calibrated model, or 

o Independently - by using the same data in another model and compare the 

results. 

If validation is found to be challenging, parameter values of the model will have to be 

adjusted and the model recalibrated. Where validation is found to be impossible, it might 

necessitate the need to use a different model (Beven, 2003). 
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The plethora of models available for hydrologic modelling necessitates the need for a review 

of these models in order to find the best suitable model for a study. By reviewing these 

different models, emphasis is placed specifically on the models' capabilities and data 

requirements and based on this, a comparison can be drawn with the data availability and 

the output required for a given study. 

There are several sources available that can be consulted to assist with model selection. In 

particular, a study by Elliott and Trowsdale (2006), who compared models based on: 

• Intended use 

• Resolution and scale 

• Catchment and drainage network representation 

• Runoff generation and flow routing (Figure 4) 

• Contaminant generation, treatment and transport 

• User interface and integration with other software 

Table 1 shows the models that were included in the study as well as their intended use 

(Elliott & Trowsdale, 2006). 
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Table 1: Selected models and intended use 

Model 

MOUSE (Model for Urban Sewers) 

MUSIC (Model for Urban Stormwater 
Improvement Conceptualisation) 

P8 Urban Catchment Model 

PURRS (Probabi listic Urban Rainwater and 
Wastewater Reuse Simulator) 

RUNQUAL (Runoff Quality) 

SLAMM (Source Loading and Management 
Model) 

Storm Tac 

SWMM (Storm Water Management Model) 

UVQ (Urban Volume and Quality) 

WBM (Water Balance Model) 

MOUSE 
MUSIC 
P8 

PURRS 
RUNQUAL 
SLAMM 
StonnTac 

SWMM 
UVQ 
WBM 

Runoff Generation 

Intended Use 

Detail simulation of urban drainage 

Conceptual design of drainage systems 

Estimation of urban storm water pollutant load 

Single site water use model 

Preliminary planning or education 

Planning tool for load of contaminants 

Management of lake catchments 

Detail model for planning & preliminary design 

Integrated water cycle, water re-use 

Planning level assessment of water quantity 

Routing 

Figure 4: Runoff generation and routing methods (Elliott & Trowsdale, 2006) 

Of the ten models that were reviewed, MOUSE and SWMM are the most diversified. The 

only difference is that MOUSE is a commercial model and SWMM is in the public domain. 

20 



2.4 WETLANDS 

Apart from a wetland's buffering capability in terms of water quality, it also has an influence 

on the flow rate of a river system. Coincidently, a major part of the ERB's river system 

consists of wetlands (Figure 1 ). The main aim of this study is to successfully set up a surface 

water runoff model for the ERB and therefore the impacts of the wetlands are of particular 

importance for this study. 

In general, this matter has not received much attention in previous studies. The reason for 

this could be that these studies are very site specific. Channel characteristics and vegetation 

types for instance, plays a major role. 

As previously mentioned, the study area is characterised by wetlands. It comprises a large 

proportion of the drainage system and a fundamental understanding is requ ired regarding 

how these wetlands should be modelled in order to successfully set up the surface water 

model. 

Wetlands, and more importantly the vegetation found within wetlands, play a major role in 

altering the dynamics of water flow, as well as the quality of water within a river system. Sim 

(2003) divides the role of wetland plants into 6 categories as outlined in Table 2. 

Table 2: Roles of wetland plants 

Role of Wetland Qlants DescriQtion 

1. Physical • Reduces flow 

• Improves infiltration 
• Creates large surface area 

2. Soils hydraulic conductivity • Macrospores on roots improves contact 

between plants and pollution. 

3. Organic compound release • Provides food for denitrifying microbes 

4. Microbial growth • Provides a large surface area for microbial 

organisms 

5. Creation of aerobic soils • Transports oxygen into the substrate 

6. Aesthetic values • Provides habitat for wildl ife 
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For the purpose of this study, attention was given only to the physical influence that wetlands 

have on a river system. According to Ollis et al. (2013), wetlands can be classified into six 

categories, namely: 

• Floodplain wetlands; 

• Channelled valley-bottom wetlands; 

• Un-channelled valley-bottom wetlands; 

• Depression; 

• Seep; and 

• Wetland flats. 

The wetlands in the study area are classified as floodplain wetlands. By nature, these 

wetlands are topographically flat , which creates a large surface area where water comes into 

contact with the dense vegetation present in the wetland . This results in a reduced flow rate 

and subsequently improves infiltration. With the reduced flow, suspended sol ids and other 

constituents within the water are captured and together with microbial intervention, water 

quality may be enhanced (Kotze , 2000). 

One of the major challenges for this study was finding a way to integrate the reduction of 

flow, brought about by the wetland vegetation, into the surface water model that was being 

developed. Galema (2009) mentions three formulas that are used to determine vegetation 

resistance, namely Chezy, Darcy-Weisbach and Manning. Chow (1959) states that 

Manning's formula is unsophisticated in nature and offers acceptable results when applied in 

open-channel calculations. 

2.5 MANNING'S ROUGHNESS COEFFICIENT 

Manning's roughness coefficient, named after its founder Robert Manning, was presented for 

the first time in 1889. It quickly gained popularity as an empirical equation that expresses 

resistance with a single value which is based on physical channel characteristics that 

contribute to the reduction of flow (Hall & Freeman, 1994; Arcement & Schneider, 1984; 

Hodges, 1997). Manning's equation is presented in the following equation: 

(
1.00) 21 Q =VA = ---;;- A R 3{5 ( 1) 
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Where: 

Q = Flow rate (m3/s) 

V =Average velocity (m/s) 

A= Flow area (m2
) 

n =Manning's roughness coefficient (s/m113) 

R = Hydraulic radius (m) 

S = Channel slope (m/m) 

A study conducted by Hall & Freeman (1994) attempted to determine n for a wetland. A test 

facility was built with bulrushes as the predominant vegetation. Roughness was measured 

with bulrushes in low density and also in high density. The results indicated that there is a 

direct relationship between n and vegetation density. The roughness coefficient increases 

significantly as density of vegetation increases. An interesting fact to note is that it was also 

found that the n values measured in the study were between 2 to 5.4 times higher than the 

values recommended in the USGS guideline for vegetated channel roughness. This only 

holds true on condition that the ratio of the mean depth of flow to bed-material size is greater 

than 5 and less than 276, after which then value will not vary. 

One of the major focus points in a study by Hodges (1997) was to measure changes in 

velocity, based on n, resulting from variations in density and spacing of vegetation. The 

study also investigated height and form roughness of vegetation. As with the study 

mentioned above, the same results were obtained in that a correlation exists between n and 

density. 

Some studies also showed that different vegetation types can have a dissimilar influence on 

n-values. This mostly refers to skin friction which describes the roughness on the skin of 

vegetation (Hodges, 1997). Kadlec & Wallace (2009) tabulated values of n from various 

studies done on wetland roughness. These measured values were based on different 

vegetation types found within free water surface (FWS) wetlands. Table 3 shows some of 

the values obtained. 
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Table 3: Values of Manning's n measured for FWS wetlands 

Vegetation Velocity (mid) Manning's n Source 

Cattails 400 13.8 Unpublished data 

Cattails + Submerged 30-867 0.43-2.5 Unpublished data 

Aquatic Vegetation 

Submerged Aquatic 277-1562 0.42-1 .33 Unpublished data 

Vegetation 

Dense Bulrush 50-60 5.9-6.7 Dombeck et al. (1 998) 

Dense Bulrush 40-75 2.1-7.6 Dombeck et al. (1 998) 

Dense bulrush 2075-13400 0.16-0.93 Freeman et al. (1998) 

From Table 3 can be seen that depending on which reference is used, there are different 

values of roughness available for the same type of wetlands. It is clear that there is still much 

work to be done to understand the dynamics of wetlands and how it can influence a river 

system. 

Data obtained from research suggest that roughness cannot be deemed constant. The only 

constant is that roughness will constantly change. The reason for this is that a river system is 

an active system with many factors that play a role in changing its dynamics, which needs to 

be accounted for. These factors include vegetation density, vegetation type, skin friction, 

depth of water, seasonal effects and even the alignment of vegetation in relation to flow 

direction (Hodges, 1997; Arcement & Schneider, 1984 ). This is however very difficult to 

translate into a surface water model and therefore, the best representative roughness 

coefficient needs to be selected that provides the best calibration. Rossman (2010) offers 

base values of n for numerous channel types and channel characteristics. 

Cowen (1956) uses an approach in which the base value for n can be adjusted based on a 

number of given correction factors that may affect the roughness of a channel. These factors 

include the following: 
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• Degree of irregularity (smooth to severe); 

• Variation in channel cross section (gradual to alternating frequently) ; 

• Effect of obstructions (negligible to severe); 

• Amount of vegetation (small to very large); and 

• Degree of meandering (minor to severe) 

Each of these factors have a range of adjustment values to choose from . Each adjustment 

value is accompanied by a description of the physical condition the channel needs to be in 

for that value to be chosen. The subsequent formula for computing the final Manning's n, is 

given by Cowen (1956) as: 

where: 

nb = a base value of n 

n 1 = Surface irregularities 

n 2 = Channel variation 

n 3 = Obstructions effects 

n 4 = Vegetation density 

m =Degree of meandering 

n = Manning's n 

2.6 GROUNDWATER CONTRIBUTION TO SURFACE FLOW 

(2) 

According to Xu (2002) "groundwater flow represents the main long-term component of total 

runoff". If groundwater contribution is not accounted for in the surface water model, the 

simulated flow data could potentially show significant differences when compared to the 

observed flow data. 

A river can be characterised as either a losing or a gaining stream. This is determined by the 

direction in which the water flows, also termed as the water gradient. A losing stream is 

where the groundwater system receives water from the stream and a gaining stream is 

where the stream receives water from the groundwater system (Gordon et al., 2004). The 

type of stream is dependent on the level of the water table. 
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To determine how much the groundwater system is contributing to the river system, 

hydraulic conductivity has to be determined first. Hydraulic conductivity is "the measure of a 

soil's ability to transmit water" (Davie, 2008). For calibration purposes, it was necessary to 

determine in what way the groundwater system of the study area is contributing to the river 

system. 

2. 7 CONCLUSION 

Rainfall runoff modelling is a complex process in which there are many unknowns and 

factors that needs to be taken into account to successfully simulate a hydrological system. 

The reason for this complexity is the fact that a hydrological system is an active and dynamic 

system that is constantly changed by these factors . 

Wetlands for instance, which covers a large part of the study area, can influence a river 

system significantly in terms of flow rate. Finding a way to determine the effect thereof on the 

system can be challenging . Technological advancement however, sees the introduction of 

various software programmes, tools and models, which greatly assist in solving these 

intricacies. More detail of these aspects and how it is applied in the study will be provided in 

the chapters following. A description of the study area will follow in the next chapter. 
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3 DESCRIPTION OF THE STUDY AREA 

3.1 INTRODUCTION 

The ERB is situated in the Gauteng Province of South Africa and covers an area of 

approximately 768 km2 with the towns of Kempton Park to the north, Springs to the east, 

Heidelberg to the south and Alberton to the west of the study area (Scott, 1995). 
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Figure 5: Locality map of the ERB 
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A number of photos were taken to showcase the topography and vegetation surrounding the 

Blesbokspruit with in the study area. Starting at Heidelberg in the south and ending at 

Daveyton in the north. Figure 6 shows the respective locations where these photos were 

taken. 
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Table 4 shows the pictorial of the Blesbokspruit. From the pictures it can be seen that the 

Blesbokspruit is channelised in its southern part in comparison with the extensive wetlands 

that can be seen when moving to the north. 
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Table 4: Pictorial of the Blesbokspruit 
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3.2 PHYSICAL CHARACTERISTICS 

3.2.1 Climate 

The area is known for extreme temperatures varying from minimums as low as -1 o·c in 

winter to maximums as high as 35'C in summer. The average monthly temperatures for the 

study area are shown in Figure 7. 

30 

25 

E 20 

E 
"' ~ 15 ., 
Q. 

~ 10 ... 

B H 
25 

H H H 

·--~ ~2S ·---· 

21 

a/ 

~ 
i!' :;; 

.8 $ :;; 
"' 

.c :c >- ., z. ~ f f 
i? 2 i:' a. ~ 

c: ::> ., 0 e 
~ 2. .?. "' ~ 

., 
~ « ::> a g 8 "" ~ « ., 0 

"' 
z 

+ Average High Temp ('c) + Average Low Temp (' c) 

Figure 7: Average monthly temperatures (Dennis et al., 2012) 

Convection rainfall occurs primarily in the summer months and average rainfall ranges 

around 720 mm per annum (Department of Water Affairs, 2012) . Hailstorms also frequently 

occur during this time. Frost normally occurs from the month of April up until October. Figure 

8 shows the average monthly rainfa ll for the study area. 
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Figure 8: Average monthly rainfall for the study area (Dennis et al., 2012) 

Table 5 shows the average monthly evaporation for the study area. 
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Table 5: Average monthly evaporation (Dennis et al., 2012) 

Month Evaporation (mm/month) 
Jan 187 
Feb 155 
Mar 145 
Apr 109 
May 89 
Jun 72 
Jul 78 
Aug 113 
Sep 151 
Oct 179 
Nov 180 
Dec 193 

Total 1651 

3.2.2 Vegetation 

In terms of vegetation the study area consists predominantly of grassland as it falls within 

the grassland biome. These grasslands are mainly characterised by Cymbopogon-Themeda 

veld . The western and southern parts of the study area also consists of Bankenveld (Figure 

9). 
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Figure 9: Vegetation of the study area 

As mentioned in Chapter 2, the area is also characterised by wetlands. These wetlands 

consist mainly of dense reed vegetation , more specifically Phragmites sp. and Typha sp. 

(Figure 10) 

More commonly known as Common Reed Grass, Phragmites is an extremely invasive 

perennial plant that can spread throughout the year. Typha, better known as Cattail , is also 

described as a perennial plant. Both these plants are known to be found in abandoned 

mining areas (Sim, 2003) . 

Figure 10: Phragmites.sp. & Thypha sp. 

3.2.3 Soils 

Figure 11 shows the different soil groups present in the study area as defined by Schulze 

and Horan (2006). The study area only includes B, B/C, C, and C/D soils, with C type soils 

being most predominant over the area. No A and NB soils are present in the study area. 

Table 6 provides an explanation for the various soil groups found within the South African 

context. 
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Figure 11: SGS Soils for the study area 

Table 6: Definition of Soil Groups (Schulze, 2012) 

Soil Group A Low storm flow potential. Infiltration is high and permeability is rapid in this group. 

Overall drainage is excessive to well-drained (Final infiltration rate - 25mm/h. Permeability rate > 

7.6 mm/h). 

Soil Group B Moderately low storm flow potential. The soils of this group are characterised by 

moderate infiltration rates, effective depth and drainage. Permeability is slightly restricted (Final 

infiltration rate - 13mm/h . Permeability rate 3.8 to 7.6 mm/h). 

Soil Group C Moderately high storm flow 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 - 6mm/h. Permeability rate 1.3 to 3.8 mm/h). 

Soil Group D High storm flow 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 - 3.3mm/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 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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3.2.4 Hydrology 

Figure 12 shows that the study area falls within five quaternary catchments and is 

characterised by two drainage regions, namely the Blesbokspruit and the Rietspruit (Scott, 

1995). The Blesbokspruit , which is the main focus of this study, is situated on the eastern 

side of the study area. It is a hydrological important river as it covers over 60km2
, thereby 

draining a large area of Gauteng to the south where it eventually meets the Vaal River 

(WISA, 2006). The Rietspruit drains the western side of the study area. Both these rivers are 

perennial. 
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Middleton and Baily (2005) summarises the average hydrological values for each of the 

quaternary catchments in Table 7. Included in this table is mean annual precipitation (MAP) , 

mean annual rainfall (MAR) and mean annual evaporation (MAE) . 

Table 7 Hydrological values for the quaternary catchments of the study area 

Quaternary River Catchment MAP MAR MAE Baseflow 
Area (km2

) (mm/a) (mm/a) (mm/a) (mm/y) 
C21D Blesbokspruit 446 698 36 1625 7 
C21E Blesbokspruit 628 691 35 1625 6 
C21F Blesbokspruit 426 704 38 1625 7 
C22B Natalspruit 392 692 32 1630 7 
C22C Rietspruit 465 684 31 1625 8 
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3.2.5 Geology 

Geologically, the area is fairly simple. Over the history of this area, the entire sequence of 

rock has been intruded by mainly dolerite (WISA, 2006). The basin is relatively shallow with 

gentle, northwest-striking folds and two protruding anticlinal structures (Figure 14) (Johnson 

et al. , 2006). 

The Ventersdorp lava overlies the Witwatersrand rocks in the central part of the basin, but is 

limited in extent. The overlying Transvaal rocks consist of the Black Reef Formation (Pulles 

et al. , 2005). As these younger sedimentary rocks are covering the older formations, only a 

small portion of the Witwatersrand is exposed (Johnson et al. , 2006). However, the younger 

rock has been eroded along the course of the Blesbokspruit and the older rocks can thus be 

seen adjacent to the spruit (WISA, 2006). Figure 13 is a stratigraphic representation of the 

layers found in the study area. 
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Figure 13: Stratigraphic representation of layers (Dennis et al., 2012) 
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Figure 14: Geology of the study area 



Figure 15 and Figure 16 shows a cross section of the reefs through the area. 
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Figure 15: Cross section of reefs along western fault line (Dennis et al., 2012) 
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Figure 16: Cross section of reefs along the eastern fault line (Dennis et al., 2012) 



3.2.6 Hydrogeology 

The ERB is hydrogeologically different from the rest of the Witwatersrand area (Scott, 1995). 

This is because the ERB is positioned over arenaceous rocks rather than ca lcareous rocks. 

The study area is underlain by dolomitic aquifers (Figure 17). These are high yielding 

aquifers , capable of delivering more than 5 litre/s and according to the aquifer classification 

scheme of Parsons (1995) can be classified as major aquifers. 
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Figure 17: Aquifer Types 

The aquifer situated in the north eastern part of the study area is mostly responsible for 

inflow to the gold mines through fractures. It is believed that the structural lineaments that 

cut across the Blesbokspruit also plays a big role in terms of ingress as it links the surface 

water with groundwater (Pulles et al. , 2005). 

3.3 ANTHROPOGENIC FACTORS 

3.3.1 Land use 

According to WISA (2006) more than 50% of the ERB consist of agricultura l, mining and 

industrial land-use activities. The remaining land is urbanised as shown in Figure 18. 
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Figure 18: Land cover of the study area 

Water quality in the study area is a major concern as there are numerous factors and 

possible pollution sources that are impacting on the quality of water. These can be divided 

into non-point and point source pollution. 

Non-point sources may include, but are not limited to: 

• Open cast mines; 

• Mine dumps; and 

• Slimes dams. 

Point sources consist mainly of WWTWs. Numerous WWTWs are situated in close proximity 

to the banks of the Blesbokspruit as shown in Figure 19. 
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Figure 19: Possible pollution sources 

Having areas that are highly industrialised, the rivers in the study area have also been 

altered by inputs such as eutrophic water. This is the result of WWTWs that cannot keep up 

with industrialisation and are running over design capacity (Figure 20). 

Figure 20: Evidence of raw sewage being discharged into the river 
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Furthermore, mines have historically been discharging untreated water into the streams 

which have deteriorated the water quality in such a way that ecological diversity have been 

lost to some extent fYVISA, 2006). 

The geology in the study area also plays a role in the quality of water. Accord ing to Van Wyk 

and Munnik (1998) the geology of the reefs where gold is mined, is of such a composition 

that underground mine water may consist of any of the following constituents: 

• Low pH; 

• High TDS; 

• High sulphates; and/or 

• High levels of heavy metals. 

For this reason , the Environmental critical level (ECL) for the ERB has been set to 1280 

mamsl (Figure 21 ). ECL is defined as "the highest water level within the mine void where no 

water flows out of the mine workings into the surrounding groundwater or surface water 

systems" (Seath & Van Niekerk, 2011 ). The ECL has been implemented to protect the 

underground dolomitic aquifers as well as the surrounding environment, which is already 

under strain from further contamination . Further degradation of the water resource could be 

detrimental, should decant take place. 
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There are many ways in which to rectify point-source pollution . Non-point source pollution is 

of greater concern as it is very difficult to track where it is coming from and to determine the 

impact thereof. 

3.4 CONCLUSION 

The ERB is situated on the South Eastern part of the Gauteng Province. The area is known 

for extreme minimum and maximum temperatures and rainfall occurs during the summer 

months. Located within the grassland biome, the study area consists predominantly of 

grassland. The study area is further characterised by wetlands, occurring primarily in the 

northern parts . There are two drainage regions of which the Blesbokspruit is the main focus 

for this study. 

In a geological sense, the area is fairly simple and mainly intruded by dolerite. High yielding 

dolomitic aquifers underlies the study area and is mostly responsible for inflow into the gold 

mines. Should decant from the mines take place, water quality will be impacted significantly, 

which is already under tremendous strain from various other pollution sources found with in 

the study area. 

The study area is very dynamic in nature and has a multitude of influential factors that need 

to be taken into account when setting up a surface water model. In order to set up a reliable 

and accurate model , various datasets are required . 
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4 DAT A ANALYSIS 

4.1 INTRODUCTION 

According to the American Society for Testing and Materials (ASTM) (2002), the gathering of 

data that are needed to solve a problem, involves locating , collecting , and organising data 

from available published and unpublished sources into a manageable database. Such a 

database could include, but are not limited to: geomorphology, geology, geophysics, climate, 

vegetation , soils, hydrology, hydrochemistry/geochemistry, and anthropogenic aspects. 

To set up a surface runoff model, a number of the factors listed above are required as input 

parameters. Both historical data, as well as field data are required. Historical data were 

sourced from existing databases. 

4.2 METEOROLOGICAL DATA 

Rainfall data can be seen as the most important input into a surface water model , as it is the 

main driving mechanism for runoff calculations. For the model to provide accurate outputs, 

complete rainfall data sequences, without gaps, are required . 

Most of the rainfall data were sourced from the online public database of the Department of 

Water and Sanitation (2015) . Rainfall stations in and around the study area were analysed 

based on the continuity of the record length. Very few of the rainfall stations that were found 

in the area had useful data available, as most of the records are incomplete, with many gaps 

in the data. These gaps extend over several months and in some cases even years, making 

the possibility for the infilling of gaps impossible. As a result of this poor data quality, rainfall 

data were also extracted from the South African Weather Services (SAWS) stations. 

A total of 63 rainfall stations within the ERB were analysed (Figure 24) . Only 2 rainfall 

stations, namely 0476399W and 0476762W had adequate data. Both these ra infall stations 

are situated within quaternary catchment C21 D as shown in Figure 25. The data are 

represented in a daily time interval and measured in millimeters (mm). The longest 

continuous data stretched over a period of 9 years, from 2004 to 2012, as shown in Figure 

22. 
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Figure 22: Rainfall station data 

Flow data had to be sourced that stretched over the same time period as the rainfall data. As 

with the rainfall data, a similar situation was found in terms of historical flow data. From the 

number of available flow-gauging stations analysed in the area, only two, namely C2H133 

and C2H136, could be utilised. These flow-gauging stations are situated in quaternary 

catchments C21 F and C22C respectively (Figure 25). 

Flow data for C2H133 stretched over a period of five years from 2004 to 2009, although 

gaps are present in the data. Flow data for C2H 136 stretched over a period of only one year 

from 2011 to 2012 as shown in Figure 23. Flow data obtained is also in a daily time interval 

and measured in cubic meters per second (m3/s) . 
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Figure 23: Flow-gauging station data 
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4.4 RELIABILITY OF HISTORICAL DATA 

Data sourced from existing sources are supplemented by quality codes which provide the 

user with information regarding the quality of data. Table 8 shows the quality of the specific 

historic flow data used for this study. 

Table 8: Quality of flow-gauging station data 

Flow-gauging station: C2H133 Flow-gauging station: C2H136 

Quality Description Count Percentage Quality Description Count Percentage 

Code Code 

1 Good 605 22.1 7 Good 365 94.6 

continuous edited 

data unaudited 

2 Good 673 24.6 60 Above 21 5.4 

edited data rating 

7 Good 827 30.2 

edited 

unaudited 

60 Above 5 0.2 

rating 

64 Audited 474 17.3 

estimate 

170 Permanent 152 5.6 

gap 

Total entries 2736 Total entries 386 
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Figure 26 and Figure 27 shows the recorded runoff as a result of the rainfall , while the 

response reflects the time lapse between the two . 
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Figure 26: Catchment response in terms of flow-gauging station C2H133 
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4.5 FIELD MEASUREMENTS 

4.5.1 Surface sampling 

To determine the current status of the hydrological system, in terms of water quantity and 

quality, field measurements were obtained. Physical data measurements in the field took 

place over three different time periods. This was done to ensure that measurements were 

taken over a full hydrological year, thereby ensuring that at least one dry season and one 

wet season were included over the entire measurement period (Table 9). 

Table 9: Field sampling dates 

Date Classification 

November/December 2013 Wet 

March/April 2014 Average 

June/July 2014 Dry 

Several measurements were taken at ten different locations as shown in Figure 28. 
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Figure 28: Locations of sites where measurements were taken 

The locations where measurements took place were primarily governed by accessibility to 

these sites where cross sections and stage measurements could be taken. Table 10 

provides a pictorial of the sites where measurements were taken. 
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Table 10: Pictorial of sites where measurements were taken 

SW1 SW2 - --

SW3 SW4 

sws --c=> 

SW7 SW8 
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Figure 29 shows examples of sites that were unsuitable for taking measurements. 

Figure 29: Examples of unsuitable measurement sites 

Measurements that were taken at the 10 suitable sites included: 

• Cross-section surveys 

• Flow velocity measurements 

• Wetted perimeter area calculations 

• Water quality samples 

The first round of data measurements were obtained from a consulting company which 

gathered baseline hydrological data in November 2013 for the same ERB study area. In 

order to remain consistent with the way in which data were gathered in the first round, the 

same methodologies used by the consulting company had to be employed in the second and 

third rounds that followed. 

4.5.1.1 Cross-section surveys 

Cross-sections were surveyed by means of using a rope or cable and measuring tape 

across the river or stream. The river was crossed either by guiding a boat across or, where 

possible, by walking through the river with a wader. A gauge plate was used to measure the 

ground profile of the cross-section. Seven points were surveyed across each section as 

shown in Figure 30: 

• Points 1 and 7 were at the ends of the rope 

• 2 and 6 where the water level starts 

• 4 in the middle of the section 

• 3 and 5 at equal distances between point 4. 
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Figure 30: Cross section being surveyed at SW3 

Appendix 8.1 provides a summary of the cross-sections that were measured. 

4.5.1.2 Flow velocity measurements 

Flow velocity measurements were taken by means of an electronic flow velocity meter with a 

5m extendable handle of the impeller type. Velocity was measured at 3 points in each 

section. One in the middle and one on each side between the middle and the river bank. 

Measurements were recorded at 60% of the depth over a 40 second period. 

Three measurements were taken at each point and the average was calculated. The 

average velocity for the entire section was consequently adopted by taking the average of 

the three averages at the three measurement points as depicted in Appendix 8.2. Table 11 

summarises the final results. 

Table 11: Summary of measured flows (m 3/s) 

Blesbokspru it Nov-13 Apr-14 Jul-14 Rietspruit Nov-13 Apr-14 Jul-14 

SW8 0.16 0.15 0.17 sws 5.95 3.54 0.55 

SW9 0.47 0.89 0.74 SW1 0.00 0.10 0.15 

SW7 0.73 1.10 0.43 SW3 4.25 8.19 4.60 

SW10 0.39 0.4 0.36 SW4 30.33 31 .99 25.06 

SW2 0.65 2.62 1.43 

SW6 0.00 5.44 3.16 
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As already mentioned, it is believed that most of the WWTWs are operated beyond the ir 

specified design capacity. This is based on a statement made by one of the WWTWs 

management staff. Apart from the photographic evidence shown in Figure 20, no other data 

could be obtained as evidence to support this statement. The only data that could be 

obtained were the WWTWs design capacities. For the purpose of this study it was assumed 

that all these WWTWs are running at full design capacity. Table 12 shows the design 

capacities of WWTWs situated in the study area (Figure 19). 

Table 12: Discharge rates of WWTWs as per design capacity (ERWA T, 2015) 

Discharge 
Sample Plant name Latitude Longitude volume (Miid) 

TW 1 Daveyton -26 .135 28.462 16 

TW2 Rynfield -26.159 28.358 13 

TW3 JP Marias -26.167 28.394 15 

TW4 Jan Smuts -26223 28.374 10 

TW5 Welgedacht -26.191 28.472 35 

TW7 Anchor -26.299 28.503 32 

TW8 Carl Grundlingh -26.395 28.469 2 

TW9 Tsakane -26.377 28.363 10 

4.5.1.3 Wetted perimeter area calculations 

Wetted perimeter areas were calculated for each flow rate measured (three sampling runs 

over different periods). Areas were calculated for each individual section by dividing the area 

between the water level and the river bed on each cross-sectional diagram into areas of 

squares and triangles. The individual areas were accumulated to obtain the total area 

(Appendix 8.2) . 

4.5.1.4 Water quality samples 

Water quality samples were also taken at each of the measurement sites. Results obtained 

were plotted against the SANS 241 :2005 drinking water standards. Figure 31 and Figure 32 

indicates that the macro indicators pH and TDS for both the Blesbokspruit and Rietspruit fall 

within the acceptable range for drinking water quality. 
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Figure 32: Macro indicators for Rietspruit 
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Major anions and cations for both the Blesbokspruit and Rietspruit are presented by Figure 

33, Figure 34, Figure 35 and Figure 36. 
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Figure 33: Major anions for Blesbokspruit 
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Figure 34: Major anions for Rietspruit 
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Figure 35: Major cations for Blesbokspruit 
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Figure 36: Major cations for Rietspruit 
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It is evident from the figures above that all the results for both anions and cations fall within 

acceptable limits, except for sulphate at SW1 situated in the Rietspruit. 

Piper and expanded Durov diagrams are used to display hydrochemical data in a meaningful 

way where data can be grouped in terms of chemical composition and trends can be 
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identified (Kovalevsky et al. , 2004). The hydrochemical data collected for this study is 

presented in Figure 37 and Figure 38. These diagrams are not the focus of this study and 

therefore a detailed clarification of these diagrams is presented in Appendix 8.3 

Piper Diagram 
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Figure 37: Piper diagram for the study area 
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In the piper diagram, the four samples from the Rietspruit (indicated by red circle) plot in the 

calcium-sulphate dominant part of the diamond diagram. This indicates that these points are 

impacted by mine drainage. The samples from the Blesbokspruit (indicated by blue circle) 

still show high calcium, but with higher chloride and bicarbonate and less sulphate compared 

to the other samples. 
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Both the Blesbokspruit and Rietspruit indicates a water character associated with that of the 

coal and gold mining industry. A detailed water quality analysis is presented in Appendix 8.4 

4.5.2 Determination of groundwater contribution 

This study is only focused on the development of a surface water model. Groundwater 

contribution was therefore not specifically included in this model as it will be integrated with 

an existing comprehensive groundwater model that was developed separately. 

To support calibration, it was necessary to determine whether the groundwater system of the 

study area was contributing to the river system or not. To get a good representation of the 

groundwater contribution over the whole river system of the study area, four sites were 

identified which stretched over the entire study area (Figure 39) . More sites were identified 

initially, however, only these four sites were found to be suitable for the methodology that 

was followed . 

At each site, three holes were drilled in close proximity to the river by means of a hand 

auger. Each hole was drilled to a depth of two meters and the level of the water table was 

measured. From these measurements the groundwater gradient could be determined which 

indicated whether the river was a loosing of gaining stream. 
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In all four cases it was found that the river was a gaining stream. A slug test was done at 

each site to determine the hydraulic conductivity. With the river being a gaining stream, 

hydraulic conductivity was subsequently used to determine the discharge from the shallow 

groundwater system to the river system (Table 13). These sites were homogenous in nature 

on both sides of the river in terms of slope, vegetation and ground type. It was therefore 

assumed for this study, that discharge would be the same on both sides of the river. 

Table 13: Groundwater contribution 

Site 1 ·~ 
ggoo 9905 

·2960000 
P1 {1537.05) 

·2900000 • • "' (1537 .0 ~) 

Hydraulic 6.01 ·2950001 

conductivity (m/d) ·2950001 \ .2950002 

Gradient 0.1 ·2950002 

.2950003 

Length (m) 1 .2900000 P2 j1536.81 ) e 

·2950004 

Discharge (m3/d) 1.17 
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Site 2 - 0900 9005 9910 -- "'11558.2) -- • · ~3 1155e.1~2) 

Hydraul ic 5.57 -2900001 

·2900001 

\ conductivity (m/d) -2900002 

·2900002 

Gradient 0.03 ·2900003 

·2900003 --Length (m) 1 ·205000< P2 (1.!55.872) • 

·2950005 

Discharge (m3/d) 0.34 

Site 3 - 0900 9905 -- 1"1 (1588.05) -- • • ~311588.020) 

Hydraulic 6.09 ·2950000 

·2950000 

\ conductivity (m/d) -2900001 

·2060001 

Gradient 0.04 ·2060001 

·2900001 

·2900001 

Length (m) 1 ·2050002 Pl 11587.952) e 

·2950002 

Discharge (m 3/d) 0.48 

Site 4 - 0900 9905 9910 
·2060000 

P1 (1530.00I) 

.2950000 • "3 11530) • 
Hydraul ic 5.83 ·2060001 

conductivity (m/d) ·2900001 

·2950002 ' Gradient 0.01 ·2900002 

·2060003 

Length (m) 1 ·2900003 P2115211.H) e --
Discharge (m3/d) 0.14 

4.6 CONCLUSION 

Successfully setting up a surface water model that would accurately simulate real ity, 

required various data sources to be consulted. In areas where required data could not be 

obtained from existing sources, field measurements were taken. This included cross­

sectional measurements as well as water quality sampling . All data collected were organised 

into a manageable database for analysis. On analysing the data, it was found that large 

portions of the data were incomplete, which rendered it useless. This was especially true for 

both rainfall- and flow gauging station data, where many gaps were present in the historic 

records. Although this presented a challenge, enough useful data were obtained and 

reworked in such a way to be introduced into SWMM for modelling purposes. 
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5 MODELLING 

5.1 INTRODUCTION 

As described in Chapter 2, a review of all available models was done, however the following 

key requirements also played a decisive role in finding an appropriate model to use for th is 

study: 

• Data requirements - In this study a limited amount of data were available and a 

model had to be chosen that could utilise as much of the available data as possible in 

order to achieve the most accurate outputs possible. 

• Open source or public domain models - These were favoured due to budget 

constraints. 

• Technical support - It was imperative to find a model with sufficient technical support 

or documentation in order to assist in the event that problems with the model and 

modelling process arise. 

Following a systematic approach of reviewing all the available models from various sources 

and taking into account all the key features needed for th is study, SWMM was selected as 

the preferred model to be used. 

SWMM is a dynamic rainfall-runoff model which was developed in 1971 by the 

Environmental Protection Agency (EPA) as a more complex follow-up vers ion of the SWM 

model (Cervantes, 2004; Rossman, 2010) . It is mostly used to model single event or 

continuous runoff in terms of water quantity and quality in urban areas, although Nakamura 

and Villag ra (2009) has shown that SWMM can be utilised successfully in non-urban areas 

(Rossman, 2010) . 

Since its development, SWMM has been constantly updated and improved, leading to it 

becoming one of the most widely used models . The reason for this is that the programme 

structure is developed to be simplistic while still being able to solve complex problems. This 

is achieved by allowing the user to modify the model in such a way to select only the 

necessary computing processes (Jones, 1997; Cervantes, 2004) . SWMM was primarily 

chosen for its hydrological and water quality modelling capabilities. 

SWMM has extensive data requirements, however, it also has the capability to provide 

reasonable outputs with limited data. Table 14 provides an overview of the SWMM data 

requirements (Jones, 1997). 

60 



Table 14: Overview of data requirements for SWMM 

Data T~a~e Data reguired 

Basic characteristics Area, slope percentage impervious area, 

infiltration capacity, Manning's n 

Inlet characteristics Elevations, locations 

Rainfall characteristics Rainfall history in daily time step 

Pollution sources Constituents, concentrations, treatment 

devices 

5.2 MODEL CONFIGURATION 

5.2.1 Data processing 

SWMM has four main hydrologic/hydraulic processes, namely: precipitation, rainfall losses, 

runoff transformation and flow routing (Li et al. , 2014). An important parameter, that has an 

influence on all four of these processes, is the drainage area. As al ready mentioned, the 

study area is split into two main drainage regions with the Rietspruit on the western side of 

the study area and the Blesbokspruit on the eastern side (Figure 40). Both these rivers drain 

in a southerly direction towards the Vaal River. Based on the location of the two selected 

flow-gauging stations, it was decided that these would be assigned as the respective outlets 

for the two drainage systems in the surface water model. 
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A drainage area was determined by delineating the catchment of the study area. This 

surface water model will be integrated with other models and for compatibility purposes, the 

DEM and subsequent catchment delineation for this model had to be al igned with the 

existing catchment delineation of the other models. 

Accord ing to Rossman (2010) "SWMM conceptualizes a drainage system as a series of 

water and material flows between several major environmental compartments". SWMM 

allows for the entire catchment that will be modelled to be sub-divided into smaller 

catchments. The reason for this is to provide areas that are more homogeneous in character 

which makes for less assumptions to be made and therefore leads to a more accurate 

model. For this study these smaller catchments will be referred to as Hydrological Response 

Units (HRUs). 

Figure 41 indicates that the study area was sub-divided into 60 HRUs. The HRU areas 

ranged from 1.4km2 to 122km2
. The two flow-gauging stations, situated in HRU 48 and HRU 

56 respectively, are the only measureable outlets of the drainage system. HRU 57 to 60 , 

situated downstream of the outlets , would therefore no longer form part of the study area. 
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Based on the subdivided catchments, data were extracted by means of GIS and apportioned 

to each HRU. Table 15 conta ins a summary of the data that were compiled for each HRU. 

Table 15: Summary of data assigned to each HRU 

HRU Area Slope Imperviousness Flow Path SCS Soil Curve 
(km2

) (%) (%) Length (m) Number 
HRU1 48.1 0.68 4 6230 c 82 

HRU2 24.2 0.81 1.3 2980 c 80 

HRU3 63.1 0.64 1.5 10890 c 83 

HRU4 36 .1 0.95 2.1 4560 c 86 

HRUS 76.2 0.92 23 12560 c 83 

HRU6 122 0.88 8.8 13990 c 83 

HRU7 26.5 0.79 0.3 4150 c 80 

HRUS 3.7 0.69 0 1641 c 84 

HRU9 47.9 0.9 6.7 6780 c 84 

HRU10 57.7 1.08 21.5 8620 B 76 

HRU11 58.1 0.68 0.1 4990 c 83 

HRU12 35.3 1.31 12.8 3030 B 76 

HRU13 100.5 1.64 27.7 11980 B 74 

HRU14 22.5 1.25 40.4 3200 B 77 
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HRU Area Slope Imperviousness Flow Path SCS Soil Curve 
(km2

) (%) (%) Length (m) Number 
HRU16 19.9 0.84 0.4 5470 c 81 

HRU17 70 0.67 0.3 9070 c 79 

HRU18 12.1 0.61 0.8 3500 c 85 

HRU19 45.8 0.83 11 .7 7130 c 84 

HRU20 72.6 0.8 4.5 8400 c 81 

HRU21 1.7 0.77 52.3 1266 B/C 81 

HRU22 42.7 0.91 25.4 6380 c 84 

HRU23 25.7 0.72 1.3 3440 c 83 

HRU24 12.3 0.95 2.4 3180 c 86 

HRU25 85.1 0.65 5.8 15100 c 85 

HRU26 61 .2 0.83 0 9050 c 80 

HRU27 1.5 0.37 0 2840 CJD 89 

HRU28 71 .5 0.96 3 8010 c 83 

HRU29 10.9 1.08 0 2900 c 81 

HRU30 26.1 0.74 0 4390 c 79 

HRU31 26.8 0.8 3 5960 c 83 

HRU32 17.3 0.56 0 4570 c 84 

HRU33 74.7 0.82 4.7 10450 c 81 

HRU34 29.3 1.11 0 3600 B/C 82 

HRU35 73.3 0.72 0.5 12270 c 81 

HRU36 21 .5 0.4 3 5610 CID 88 

HRU37 35.1 0.96 0 4370 c 78 

HRU38 26.4 1.19 0.4 3480 c 79 

HRU39 29.9 1.04 0 4290 c 78 

HRU40 25.8 0.96 0.8 3750 c 82 
HRU41 12.6 0.79 0.2 3690 c 82 

HRU42 28.1 1.91 0.2 4500 CID 82 

HRU43 57.4 1.38 0 5540 B/C 74 

HRU44 47.6 3.55 0 7420 CID 79 

HRU45 51 .1 1.21 0.1 3390 B/C 73 

HRU46 11 .7 1.17 0 3300 B/C 72 

HRU47 16.8 1.76 1 3010 c 78 

HRU48 59.7 1.74 1.4 9270 c 80 

HRU49 22.8 0.97 0.5 5490 c 81 

HRUSO 38.3 1.06 2.4 6430 c 79 

HRU51 7.2 1.21 2.3 2990 c 79 

HRU52 22.7 1.88 0 2730 c 77 

HRU53 16 1.57 0 4200 c 77 

HRU54 11 .7 1.29 1.8 2300 c 77 

HRU55 23.8 1.48 0 3760 c 78 

HRU56 49.6 2.03 2.6 7180 c 78 
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5.2.1. 1 Slope 

The slope for each HRU was calculated by utilising the slope tool from the spatial analyst 

toolbox in ArcGIS. This tool measures the rate at which the z-value changes over the course 

of each catchment. The output is in percentage slope where 0% indicates a flat surface and 

100% indicates a 45 degree slope. Slope values in Table 15 indicates that the study area is 

relatively flat. 

5.2.1.2 Imperviousness 

Imperviousness was derived from the urban built up class of the 2009 Land Cover data 

(SANBI, 2009) and expressed as a percentage of the area of each HRU. The land cover 

data were also cross-referenced by means of a visual inspection. Aerial images were used 

to digitise all the impervious regions of a particular HRU and the area was determined as a 

percentage of the total area. An assumption was made that 60% of these regions are totally 

impervious. Results obtained correlated almost 100% with the land cover data. 

5.2.1.3 Flow path length 

The flow path length for each HRU was determined by measuring the distance from the 

hydrological most distant point in the drainage network of a particular HRU to the outlet 

thereof. 

5.2.1.4 SCS soils 

SCS hydrological soils of the study area were extracted from existing data using GIS (Figure 

11 ). For this study, it was decided that the most dominant hydrological soil group in each 

HRU would represent the entire HRU (Table 15). 

5.2.1.5 Land Cover 

Land cover data with seven classes were used for the study area (Figure 18). With the study 

area being sub-divided, land cover had to be determined for each HRU. Each land cover 

class was extracted by means of GIS and expressed as a percentage of the total area 

(Appendix 8.5). 
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5.2.1.6 Curve Number 

Based on the hydrological soil group and land cover, a curve number (CN) was assigned to 

each land cover class in each HRU (Appendix 8.6) . As each land cover class is represented 

as a percentage of the total area of a specific HRU, the CN value assigned would also only 

represent the percentage of that specific land cover class. The final CN value was therefore 

assigned to each HRU based on a weighted average (Appendix 8.5). 

5.2.2 Setting up the model 

SWMM provides a graphical user interface (GUI) where a hydrological network can be built 

as a representation of reality. It has a vast assortment of features that can be added to this 

network which are typically found in a storm water set up, such as weirs , pipes , pumps etc. 

However, runoff in the ERB is mostly diverted to streams, therefore the model for this study 

only consists of the following features: 

• Rainfall stations 

• Sub-catchments 

• Junctions 

• Conduits 

• Outfalls 

For ease of reference, a background map of the ERB was imported into SWMM before the 

hydrological network was built. The 56 HRUs, as determined by GIS, was drawn in the 

SWMM GUI. Note that SWMM refers to HRUs as sub-catchments (denoted by S). The two 

available rainfall stations as well as the two flow-gauging stations were also added. The flow­

gauging stations were assigned as outfalls for the system. Each HRU reports to a junction 

node (denoted by J). Junction nodes in turn, are connected to each other by conduits 

(denoted by C) which in this case represents streams and are added to the network in 

hierarchal order from upstream to downstream, with the last junction being connected to the 

outfall node. Figure 42 shows a screenshot from the SWMM program of the fully set up 

hydrological network of the ERB. 
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Once the hydrological network has been set up, data for each feature had to be entered into 

the system. 

5.2.2.1 Rainfall stations 

Data are added to each rainfall station by means of a pop-up window. Within this window, 

the rain format, time interval, rain units and coordinates are indicated (Table 16). 

67 



Table 16: Data required for each rainfall station 

Data reguired Descri 12tion 

Name User-assigned name 

X-coordinate X coordinate of sub-catchment centroid 

Y-coord inate Y coordinate of sub-catchment centroid 

Rain format Type of rainfall data recorded 

Rain units Units of rainfall data 

Time interval Data recording time interval 

Data source Source of rainfall data 

A file is also attached to each rainfa ll station which conta ins rainfall data for that specific 

station over a certain time period. The data is entered in a specific format (Table 17). 

Table 17: Example of the SWMM format required for rainfall data 

Name Year Month Da Rainfall mm 
0476399W 2004 07 04 14.5 

5.2.2.2 Sub-catchments 

To define sub-catchment characteristics, each HRU receives various input data. Data are 

also added by means of a pop-up window in SWMM (Table 18). 

Table 18: Data required for each sub-catchment 

Data reguired Descri12tion 

Name User-assigned name 

X-coordinate X coord inate of sub-catchment centroid 

Y-coordinate Y coord inate of sub-catchment centroid 

Rainfall station Assigned to sub-catchment 

Outlet Name of node that receives runoff 

Area Area of sub-catchment (ha) 

Width Width of overland flow path (m) 

%-slope Average surface slope (%) 

%-impervious Percent of impervious area (%) 

N-impervious Mannings n for impervious area 

N-pervious Mannings n for pervious area 

Infiltration Infiltration parameters 
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As shown in the previous chapters , most of the data used for input into the sub-catchments 

of the SWMM model were extracted from GIS. This includes the area of each HRU, % slope, 

% imperviousness and width , which is simply a ratio relating to the longest flow path and the 

area of the HRU. SWMM provides for infiltration to be determined by one of three methods: 

• Horton equation 

• SCS curve number or 

• Green-Ampt method 

The SCS curve number method was chosen for this project given the fact that land cover 

data and hydrological soil group data were readily available and the subsequent CN value, 

as derived from these data sets, could be apportioned to each HRU. Therefore the CN value 

was used as input parameter to SWMM in order to determine the infiltration rate for each 

HRU. 

A rainfall station with its particular rainfall data were also assigned to each HRU. SWMM 

allows for the allocation of only one rainfall station per HRU. An important factor to take into 

account here is the spatial variability of the available rainfall data, as it can have a direct 

impact on catchment response , which will ultimately determine the accuracy of the model. 

Various methods exist to ensure accurate spatial distribution of rainfall data. A study by Ly et 

al. (2012) found that the Thiessen polygon method was one of the most frequently used 

deterministic methods for rainfall distribution in hydrological modelling. Rainfall distribution 

for the ERB was subsequently defined by means of the Thiessen polygon method (Li & 

Heap, 2008). 

By using this method the study area was split into two rainfall distribution regions based on 

the locality of the two rainfall stations (Figure 43) . HRUs on the left side of the Thiessen 

polygon boundary were assigned to the 0476399W rainfall station and all the HRUs on the 

right side were assigned to the 0476762W rainfall station. These two rainfall distribution 

regions compares very well with the two drainage regions of the study area (Figure 40) . By 

implication , one rainfall station is assigned to each drainage region , thereby ensuring that 

rainfall is distributed in the best possible way over the study area. 
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Other values required as inputs for the HRUs, such as Manning's n for overland flow and 

depression storage values, were sourced from the SWMM user manual appendices wh ich 

provides guidelines in terms of values that can be used for generic areas (Rossman, 2010) . 

As a result, smooth asphalt with a Manning's n value of 0.01 were chosen for impervious 

areas and for pervious areas light underbrush was chosen with a Manning's n value of 0.4. 

Typical values for Manning's n is available in Appendix 8.7 . 

5.2.2.3 Junctions 

Junction nodes were only assigned with an elevation value at that specific node {Table 19). 

Elevations were derived from the DEM. 

Table 19: Data required for each junction 

Data Reguired Descri~tion 

Name User-assigned name 

X-coordinates X coordinate of sub-catchment centroid 

Y-coordinates Y coordinate of sub-catchment centroid 

Invert Elevation Elevation of the junction's invert (m) 
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5.2.2.4 Conduits 

Most of the conduit properties are derived from field measurements, such as cross-sections, 

and used as input data for that specific conduit within the hydrological network (Table 20). 

Only 10 cross-sections were measured in the field over the entire study area for the three 

data measurement periods (Figure 28) . The network that was set up in SWMM, however, 

has a total of 27 conduits. Thus, except for the length of each conduit, which could be 

derived from GIS, realistic channel characteristics could not be assigned to all the conduits. 

The trapezoidal channel shape provided by SWMM, were assigned to those conduits without 

field measurements. This was based on the fact that the 10 cross-sections that were 

measured in the field , were all trapezoidal in shape. 

Inlet and outlet nodes (in this case the junction nodes) were also defined for each conduit as 

this determines the direction of flow within the conduit based on the difference in elevation 

between the nodes. 

Table 20: Data required for each conduit 

Data reguired Descri~tion 

Name User-assigned name 

Inlet node Node on the inlet end of conduit 

Outlet node Node on the outlet end of conduit 

Shape Conduit's cross section geometry 

Max depth Max depth of cross section (m) 

Length Conduit length (m) 

Roughness Manning's roughness coefficient 

This surface water model accounts for channel roughness by means of Manning's n. The 

buffering of flow by wetlands in the study area was also accounted for by means of 

Manning's n. A lack of field data for the wetlands of the study area, in terms of velocity and 

hydraulic radius, made it difficult to determine the direct effects of these wetlands on the 

system. The procedure discussed in Chapter 2 was followed to determine the most 

appropriate value of Manning 's n that would best translate the flow reduction induced by 

wetlands into the surface water model. 

Base values of Manning's n for channels where wetlands were present were taken from 

Rossman (2010) and adjusted by using the correction procedure as prescribed by Cowen 

(1 956) . The final value of Manning's n, for the channels where wetlands are present, 
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equated to a value of 4. This is a high value for Manning's n, but it is still within acceptable 

limits when compared to literature, where Manning's n ranges from 0.1 to 13.8 for the same 

vegetation type. 

5.2.2.5 Outfalls 

As with the junction nodes, the outfall nodes were also only assigned with an elevation value 

as derived from the DEM. 

5.2.2.6 Climatological data 

In terms of climatology, SWMM provides for five different factors to be added into the 

system: 

• Temperature 

• Evaporation 

• Wind Speed 

• Snow melt and 

• Areal Depletion 

The only climatological data that were available for this study was evaporation. The available 

data stretched over a 49 year period from 1935 to 1984. The data were converted to a 

monthly average in SWMM (Table 21). 

Table 21 : Evaporation data for the study area 

Jan Feb Mar Jun Jul Oct Nov Dec 
3.4 3.1 2.6 1.7 1.9 3.8 3.6 3.6 

5.2.2. 7 Flow routing 

SWMM provides three flow routing models to choose from by which flow is calculated, 

namely: 

• Steady flow; 

• Kinematic Wave; and 

• Dynamic wave. 

Steady flow is the most simplistic routing model, which operates on the assumption that flow 

is uniform and steady. The kinematic wave routing model on the other hand allows for 

variation of flow and area both in space and time. The Dynamic wave routing model is the 
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most complex and accounts for effects like channel storage, backwater and flow reversal. 

(Rossman, 2011 ). 

The initial setup of the surface water model is complete once all the required data have been 

analysed and added to SWMM for simulation runs. After simulations are run successfully, 

the model needs to be calibrated . 

5.3 MODEL CALIBRATION 

Based on the limited amount of data available in terms of hydrological factors , the dynamic 

wave routing model was not considered. Both the steady flow and kinematic wave routing 

models were initially used to determine the best suitable routing model and associated 

calibration results . 

Flow-gauging station C2H133 is the outlet node of the Blesbokspruit and the historical data 

from this flow-gauging station is compared with the model output results for conduit 18 

(C18), which is the very last conduit before the outlet node (Figure 42) . In the same way, 

flow-gauging station C2H 136 is the outlet node of the Rietspruit. Historical data from this 

flow-gauging station is therefore compared with the model output results for conduit 27 

(C27) , being the last conduit in the Rietspruit. The model was run from 01/07/2004 until 

31/21/2009 and the resultant simulated flows were compared to the observed flow. Figure 44 

and Figure 45 shows a comparison of the calibration data against simulated data for both 

routing models from the first simulation in daily time step interval without calibration having 

been performed. 
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Statistical comparison of the simulated outputs of the two routing models does not show 

much variance in terms of correlation with observed values. The steady state model is only 

slightly sub-standard to that of the kinematic wave model, with R2 values of 53% and 55% 

respectively. 

A definite distinction between the two models can however be made where the steady state 

model hydrograph highlights that the simulated flow does not follow a natural progression. It 

displays a condition that can be described as "bottoming out", where the recession limbs are 

characterised by horizontal lines every time rainfall intensity subsides. This is especially true 

during dry periods, such as over the winter months. This can be ascribed to the fact that the 

steady state model does not allow flow in the conduits to fluctuate as rainfall intensity 

increases and decreases over time. The kinematic wave model on the other hand shows a 

more natural progression of flow, even during dry periods 

Due to the better performance of the kinematic wave model, it was the only flow routing 

model that was studied further with the aim of establishing the best calibration for the model. 

Rainfall did not form part of the calibration process as it is the only parameter that introduces 

water into the system. Assuming the rainfall data are correct, the focus was only placed on 

calibration of discharge. 

The model contains so many parameters and calculation functions that a rigorous calibration 

of the model is very difficult. According to Rauch et al. (2002), the "pragmatic solution" is that 

only a few key parameters which are labelled as being critical to the study need to be 

calibrated. To determine these key parameters, a sensitivity analysis was conducted. 
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5.4 SENSITIVITY ANALYSIS 

A sensitivity analysis can be seen as one of the key steps to work through when setting up 

and calibrating a model , as it gives an indication of the model's performance by assessing 

the effect of input parameters on the model's outputs (Li et al. , 2014). It entails a process 

whereby input parameter values are increased and decreased by a certain margin to see the 

response of the model in terms of the output generated. When a major response is seen, 

that specific parameter is sensitive to change and is therefore deemed to be a key 

parameter. 

For this study, initial input parameters identified to be subjected to the sensitivity analysis, 

were based on the fact that there is a margin of subjectivity in the way that the parameter 

values were obtained. The parameters that were subjected to the sensitivity analysis, 

included: 

• Evaporation (constant evaporation vs evaporation occurring only during dry periods); 
• Manning's n for wetlands; 
• Drying time of soils; 
• CN value; and 
• Width of HRU. 

The values of these parameters were increased (High) and decreased (Low) by a margin of 

10% and the results compared in terms of deviation from the average calculated flow. 

Results from the sensitivity analysis are shown in Figure 46. The CN values were found to 

be the most sensitive, with evaporation and Manning's n being less sensitive and HRU width 

and soil drying time even more so. Although the CN values are the most sensitive, its 

highest deviation from the average simulated flow is still only -0.45 m3/s. CN values were 

not adjusted to take the variation in the antecedent moisture condition of the catchment into 

consideration . This is allowed as a separate function in SWMM's simulation options. 
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5.5 MODEL RESULTS 

5.5.1 Blesbokspruit 

The final calibrated output for conduit 18 together with its correlation in terms of observed 

data are showcased in the following figures. The discrepancies seen in the cal ibration 

results between the observed flow and simulated flow can be the result of a number of 

different reasons, ranging from errors in field measurements to channel changes to 

instrument limitations. 
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Figure 48: Output of conduit 18 expressed as average monthly flow 

Goodness of fit statistics of average monthly flow (m 3/s) for conduit 18 is displayed in Table 

22 and the correlation between simulated and observed flows is shown in Figure 49. 
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Table 22: Goodness of fit statistics for conduit 18 

Simulated Flow (m3/s) Observed Flow (m3/s) 

Mean 2.69 3.04 

Standard Deviation 1.96 1.89 

Correlation: Mont hly (R2=0.7824} 
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Figure 49: Correlation of average monthly flows for conduit 18 

A good correlation of 78% was obtained. Figure 50 provides a good perspective in terms of 

comparing simulated flow with observed flow, in the form of a cumulative daily flow curve. 
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Figure 50: Output of conduit 18 expressed as cumulative daily flow 

Figure 50 shows that the simulated output compares very well with the observed data. 
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A slight over prediction of the simulated data is seen from 2007 onwards. The deviation 

between the simulated and the observed output could be ascribed to a physical change (e.g. 

extractions from the river) that took place in the system for which data are not available and 

therefore not accounted for. In light of the limited amount of data, this is the best possible 

calibration that could be obtained. 

5.5.2 Rietspruit 

The final calibrated output for conduit 27 together with its correlation in terms of observed 

data are showcased in the following figures. 
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Figure 51 : Output of conduit 27 expressed in daily time step 

Condu it 27 Output (Monthly) 

..... N N N N N N N N ..... ..... ..... '"";' '";' '"";' ":' 1 '"";' u c .Q (0 Q. > c Cl.O 

"' ~ "' "' ~ ~ ::> 
Q u.. ::E <{ ::E <{ 

- Simulated - Observed 

Figure 52: Output of conduit 27 expressed as average monthly flow 
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A discrepancy between simulated and observed flows can be seen in the peak flow of 

conduit 27. It is also evident from the resultant standard deviation values (Table 23). This 

can be attributed to a challenge that presented itself when calibrating conduit 27. The 

observed data readings are capped at 17.292m3/s as a result of the flow-gauging station 

being limited to maximum observed levels equal to 17.292m3/s. This means that any flows 

above this value were not recorded. 

Table 23: Goodness of fit statistics for conduit 27 

Simulated Flow Observed Flow 

Mean 4.85 4.53 

Standard Deviation 3.09 1.94 

An attempt was made to extend the rating curve of the particular flow-gauging station (Figure 

53) in order to adjust the observed flow data accordingly. 

Extended Rating Curve for C2H 136 
100 -VI 

;;;...... 80 
E 
aJ 60 
OJ) .... 40 ro 
~ 
u 20 VI 

0 
0 

0 C"I 00 I' \D LI'\ V rt'l N M C"I C"I 00 I' \D LI'\ V rt'l N M 00 C"I 00 I' \D LI'\ V rt'l N M I' C"I 00 
~~ ~~~~~~~o~~~~~~~~~~~~~~~~~~~N~~ 
000000000 0M MM MMMMM M M NNNNNNN NN 

Stage (m) 

Figure 53: Extended rating curve for C2H136 

A comparison was made between the stage and correspondent discharge from the extended 

rating curve, and the stage and discharge that was gathered from field measurements (Table 

24). The results could not be correlated satisfactorily. The attempt to extend the rating curve 

was therefore not successful as it did not provide accurate readings when extended. The 

reason for this can be ascribed to a change in the cross-sectional profile or the flow rate may 

be altered as a result of overbank flow, which may also change roughness coefficients. None 

of this information was available. 
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Table 24: Discharge comparison between field measurements and rating curve 

Stage (m) Discharge obtained from Discharge obtained from 

fie ld measurements (m 3/s) extended rating curve (m3/s) 

1.44 25.1 36.8 

1.65 31 .9 44.8 

1.83 30.3 52 .3 

In light of th is situation , cal ibration was only focussed on low flows where simulated va lues 

could be referenced against the observed data. In spite of the peak flows, a very good 

correlation of 95% was still obtained in th is way (Figure 54). 

Correlat ion: Monthly (R2=0.9517) 
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Figure 54: Correlation of average monthly flows for conduit 27 

Figure 55 indicates the cumulative flow curve and its associated correlation for the 

Rietspruit. The same response is seen as was found with the cumulative flow in the 

Blesbokspruit. This can again be ascribed to a lack of data availability with regard to the 

status of the system. 
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Figure 55: Output of conduit 27 expressed as cumulative daily flow 

Final model parameters are available in Append ix 8.8. 

5.6 MODEL VALIDATION 

2012/08/ 12 

To test the performance of the calibrated model in terms of whether or not the model can 

make accurate predictions, the model is subjected to a validation process. To validate the 

model , fie ld measurements for both the flow and TDS are plotted against simulated flow and 

simulated TDS as predicted by the model over the same time period. 

5.6.1 Blesbokspruit 

Field measurements of five sites in the Blesbokspruit are included in the validation process, 

namely: SW2, SW6, SW?, SW8 and SW10 (Figure 28). Figure 25 shows the validation 

results of each site from upstream to downstream. 
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Table 25: Blesbokspruit validation results 
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The observed flows and observed TDS from each site compares very well with the simulated 

values, although there is still a margin of error. Discrepancies in the simulated flows can be 

ascribed to errors in field measurements, as these were not done at formal weir structures. 

There may also be errors in calculated wetted perimeter as well as the resolution of the flow 

velocity meter. These errors in simulated flow will propagate to errors in the simulated TDS. 

5.6.2 Rietspruit 

Field measurements of three sites in the Rietspruit are included in the validation process, 

namely: SW3, SW4 and SW5 (Figure 28) . Table 26 shows the validation resu lts of each site 

from upstream to downstream. 

Table 26: Rietspruit validation results 
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As was the case with the Blesbokspruit validation results, there are also discrepancies in the 

Rietspruit validation results . The same reasons that were adduced for discrepancies in the 

Blesbokspruit results above, can also be stated here for the Rietspruit results . 

5. 7 MODEL APPLICATION 

The application of the developed surface water model, in terms of source apportionment, will 

be demonstrated by means of a scenario related to a section of the Blesbokspruit. Consider 

a schematic layout of this particular section in Figure 56. 
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In this section there are five measurement nodes stretching over a distance of 52 km, with 

J3 being the furthest upstream node and J15 being the furthest downstream node. A mine is 

situated just upstream of J4 and there is a wetland between J4 and JS. Consider the 

following scenario: 

Pumping at the mine mentioned above is ceased , which can result in potential decant taking 

place. Decant from the mine into the Blesbokspruit is predicted at a rate of 18 ML/d with 

known sulphate concentrations of 4000 mg/L at the initial peak. This adds an additional 

sulphate load into the system. 

To determine the effect that this additional load, the new sulphate load will have to be 

determined for the system and compared with the old sulphate load of the system before 

decant took place. For this scenario, the data which were gathered in the field over the full 

hydrological year, will be considered to be a representation of the system before decant took 

place. The flow rates of the system after decant took place is obtained by introducing the 

additional flow from the mine into the calibrated surface water model. 

Figure 57 provides a comparison of the sulphate load at each node before and after decant 

took place. 
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Figure 57: Sulphate load profile before and after decant 

From the figure above can be seen that the mine has a significant influence on the sulphate 

load at its entry point into the system. What is interesting to note, is that the wetland also has 

a major effect on the load. This can be as a result of flow attenuation that occurs . Sulphate 

concentrations leaving the wetland are also lower, which may be attributed by the wetland's 

treatment function. Treatment did not form part of this study and therefore an exponential 

decay function for the sulphate concentrations was determined, based on the observed field 

response, which was implemented in the model. 
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On further assessment of the resultant load, the new sulphate load stabilises when reaching 

the downstream node at J15. It is expected that the new load will be proportionally higher 

than that of the previous load. In this case the load at J15 has increased by 108 g/s. That is 

a 32% increase in the sulphate load of the system. If, for example, a treatment plant should 

be established at this point, the mine would ultimately be responsible for 32% of the cost of 

treatment, should the decant volume and concentration remain the same. It is well known 

that the mine will exhibit a flushing effect and the sulphate concentrations will deplete with 

time, although the expected decant volume will stay the same. 

5.8 CONCLUSION 

SWMM was chosen as the most suitable model for this study, as it has the capability of 

utilising all the available data while taking into account all the key features needed for this 

study. A hydrological network was set up that would serve as a realistic representation of the 

study area. Data extracted from the database, were processed and compiled into the model. 

A lack of data related to wetlands made it difficult to determine the direct effects it has on the 

hydrological network. The buffering of flow by wetlands was however incorporated into the 

model through the use of roughness coefficients. No detail research was done on wetland 

treatment function . 

The kinematic wave routing model was utilised to establish the best calibration for the model. 

Key calibration parameters were identified by conducting a sensitivity analysis. The final 

calibrated output of the model showed a positive outcome with correlations of 78% and 95% 

obtained for the Blesbokspruit and Rietspruit respectively. Discrepancies does exist and can 

be attributed by reasons ranging from physical changes in the system , errors in field 

measurements and channel changes to instrument limitations. In spite of discrepancies, it is 

still considered that the best possible calibration for the model was obtained , based on the 

good correlation and taking cognisance of the limitations related to availability of data. 

The performance of the calibrated model was validated by comparing simulated and 

observed TDS. Although errors in simulated flows are propagated to errors in the simulated 

TDS, correlations against observed TDS were still found to be satisfactory. The application 

of the model was demonstrated through the use of a scenario where it was shown how the 

introduction of an external load will influence a downstream node where a possible treatment 

plant is considered. Apportionment can therefore be done based on the change in load. 

SWMM was successfully employed to set up a calibrated surface water model of the study 

area. The surface water model translates the gathered input data and provides predictions 

which can be utilised to do source apportionment calculations. 
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6 CONCLUSIONS AND RECOMMENDATIONS 

The effect that decanting mines could have on water quality which is already under 

tremendous strain , is a major concern in the ERB. This study aimed to develop and 

configure an appropriate surface water model as part of an integrated modelling approach 

that will assist with the complexities of source apportionment for the mining sector in the 

ERB. In its integrated format the surface water model forms the base from which source 

apportionment can be determined. 

With model outputs showing good correlation with observed data, it can be said that SWMM 

was successfully utilised to develop and configure a calibrated surface water model. It has 

the ability to translate the gathered input data into outputs which closely represent the real 

world situation . A scenario demonstrated the application of the model which indicates that it 

can effectively assist with source apportionment. 

When taking into account that SWMM is a storm-water model, specifically designed for 

urban drainage systems, this study has shown that it can be utilised for natural flow systems 

as well. This strengthens the findings from the study by Nakamura and Villagra (2009) that 

indicates that SWMM can be used successfully for non-urban applications. 

Successful modelling of an active and dynamic hydrological system that constantly changes 

is a complex process in the sense that there are various important factors that need to be 

taken into account. In this study, wetlands was one of those factors, as it makes out a large 

part of the study area. The effect on flow rate and subsequent flow attenuation brought 

about by the wetlands needed to be integrated into the model to ensure that reality was 

represented in the most realistic way possible. 

By the utilisation of appropriate roughness coefficients, the buffering of flow caused by the 

wetlands in the system was successfully simulated. Without this approach , val idation would 

have been impossible. The effect on flow characteristics have now been modelled , but no 

research was done on the treatment function of wetlands. More detailed work is needed to 

determine the actual water quality buffering capabilities of these wetlands. 

Based on the results , the model is shown to be fairly accurate, however it has to be stated 

that various assumptions had to be made as a consequence of limitations in data availability 

and other uncertainties. Three main issues will be discussed here. 

Firstly, the limited amount of rainfall stations and their location are a major source of 

uncertainty. Rainfall data were found to be only available over short periods of time and was 

mostly incomplete with many gaps in the data, which complicated the calibration process. 
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These gaps extend over several months and in some cases even years, making the 

possibility for the infilling of gaps impossible. 

Secondly, most hydrological models, including SWMM, assume a constant land use through 

the modelled period. With the study area being a highly industrialised area, it is highly 

unlikely that land use remained constant even over the short period that the model was run. 

Land use data from 2009 were used to determine the CN values. From the sensitivity 

analysis that was conducted , CN values were found to be the most sensitive parameter, 

which means that by using outdated land use data there is definitely a margin of error in the 

way in which the CN values were determined for this study. Accurate and up to date land 

use data are therefore needed to re-evaluate CN values for the model. 

Thirdly, as a result of limited data availability, a number of factors could not be accounted for 

in the model. The limited amount of cross sections measured in the field made profiling of 

the river system very difficult and as a result there are some areas of the hydrological 

system that are not accurately represented by the model. The 90m DEM could not be 

utilised to generate approximated cross-sections, as a large proportion of the streams in the 

river system are less than 90m wide. A detailed field survey is subsequently needed, where 

more cross-sections can be measured, in order to get a better representation of the river 

profile throughout the system. 

More calibration points is also necessary to get an improved calibration with a smaller 

margin of error. It is challenging to run a large catchment through only one ca libration point 

and may lead to errors in the output of the model. 

In conclusion, although the lack of data necessitated the need to make assumptions in this 

study, it provides a good base to build on . With more work and improved data, this model 

could represent the real world situation more accurately, thereby providing even better 

outputs and the better management of the ERB. 
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8 APPENDICES 

8.1 SUMMARY OF CROSS-SECTION MEASUREMENTS 

Cross-sections of Blesbokspruit 
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Cross-sections of Rietspruit 
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8.3 PIPER AND EXPANDED DUROV DIAGRAMS (KOVALEVSKY ET AL., 2004) 

Proceu/ng and presentation of data 

f igure 4.2 Time dependent p lot of water lev els. eleclrlcal conductivity and ralnlall 

.00 Mon'dy raint.IR (IMl) 
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.\1~ ""'---'~' 
I 1968-69 I 1970.79 

4.3 . ..J Specialised hydrochemicofdiogroms 

T!u'Ol1gh the years, many special displays that meaningfully present hyd.rochemical data have 
been devised Of these, six displays srand on t i:n terms of clality and significance. 

They are the Piper (Piper, 1944), Durov (Ourov, 1948), Expanded Dm·ov (Lloyd. 1965), 
SAR (Wilcox, 1955; Bower et al, 1968), Schoeller (Schoeller, 1962) and Stilf (Stiff, 1951) diagrams. 
All of these diag1·;uus are so-called mullivariale displays, simultaneously taking up to eight 
va1iables into consideration, often projecting these v;uiables to a single point on the diagr;uus. 
Ex;unples of the Piper a11d Expanded Durov diagr;uns, wi.U1 their plotting p rocedlU'es, are 
i.11cluded in Figures 4.3 and 4.4. 

Advantages of using these diagrams i.J.1.dud e: 

• the plotting ot mut1erous water ana lyses onto a si.J.1gle diag1«11n, 
• the dassification of waters according to their chemicalcharacterist:ics, 
• Ute identilkat:ion of trends. 
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Groundwater studies 

figure 4.3 Plotting procedures for the Piper diagram: Convert mg/ I to m"q/ f by division 

IJlo-100 

(Ca/ 20, Mg/12, Na/23, K/39. T.Alk.{50. S04/ 48,Cl/ 35.5, N03/02. Add Na +Kand Cl+ N03. 

Calculate percentage of cations and anions. Plot cationt by scallng oll Ca, then Mg. 

Plot anions by sealing oll T.Alk. then so4. Project cation and anion points lo triangle 

Chemistry of plotted water sa~le 
ca • '40% 
Mg • 40% 
Na•K • 20% 
T. AJk : 70% 
so. = 10% 
CL+NO, = 20% 

20 

ca. 'l. -T.Alk. 

Ca T. Alk.. Cl+ N03 
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ProceHing and preJentaflon of data 

figure 4.4 Plottl.ng procedures for the Expanded Ourov dlagrcm: Con11"rt mg/ I to m"q/I by division 

(Ca/20, Mg/ 12, Na/23, K/39, T.Alk ./50, S04/ 41l ,Cl/ 35.5, N03/62. Add Na +Kand Cl+ N03. 

Calculate perc.,nlag" of cations and anions. Plot cations by scaling off ca. then Mg. 

Plot anions by scaling oll T.Alk. then S04. Pro)., ct cation and onion points lo squar" 

Chemistry of plotted water sample 
Ca =40% 
Mg =40% 
Na•K •20% 
t Alk =70% 
so. c 10% 
CL + N03 :20% 

C8ti0ns 

Mg 

• 

--· -- --.-- ... -­. ,, ,. ,, ' 
,, \, t ' ,, 

As an example of the adv;m t<i ges of these diagr;uns, a data set from il co;il-minin.g environm~ut 
has been selected and plotted in Figures 4.5 .. 4.8. To demonstrate tlte kind of conclusions 
U1at m ay be derived from U1ese p lots, the following in.fonnation is provided: 
• Only about 30 per cent of t11e groundwater tllat has been sampled is 1mpolluted The 

latter is characterised by water of a calcium/ magnesimn bicarbonate composition. 
• The trend towards sodium eruiclunen t, as depicted in tlie cation hiangle, is due to 

cation exchange, as ground water tlo ws from 5'UlTOUitding ;iquifers to wards the mi.lie. 
• The LTend towMds sulphate emichment, 11s seen il1 the anion hi.angle, is due to pylite 

oxidation i.J.1 tlle coal-mine. This shows tl1e extent to which the gro1mdwater regime has 
already been polluted by milting. 
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Groundwater studies 

figure 4.5 Pipe r p lot o f groundwater chemistries lrom a mining environment 

Iii> 102 

A U~ grounctMUet 
B Sodium enrichment 
c c.iaum tMcllment 
o u~ grounclwatet 
E ~ entlclvnenl 
F CNorlde endct1menl 
G U~ groundwater 
H Calcium~ poloAion 

from mine 
Sodum entlc:Mlen1 due 
to ftow ol groundwaler 
IOWaldl mine 

J Sodium chlollde oontam- 20 
!nation from narural aooroea 

.A• { .. ... : ...... •i- ·<, . .. ·: 
... ~. : ·' .. ;j.~~~1, ... B .. ';~ .. ·~ . .. 
c . . : . , .: . ~ ...... 

ao 20 20 80 

Cl+ N03 

• The Durnv diagram is particularly handy because it also includes the electrical 
conductivity of the water, thus gi\>ing a reflection of salt corn:entt·ations in the water. rt 
suggests that the increase in the salt load is iissociated with mining activities. 

• The cakhm\ em idunent shown i.n the cation t1iangle of the trilinear diagrams 
originates from the neutralisation of acid water from the mine by calcitun carbonate in 
the ground 

• The nanmll groundwater and aquifer lrnve significant buffeting potential against 
acidification, since only a £ew samples plot in the low pH range in the 0lU'OV diagram. 

• The Expanded Durov diagram categorises waters into nine classes. For this reason, this 
diagrnm is for distillguishing between various grotmdwater populations, rather U1an 
for studying trends, as was the case for the diagrams discussed above. 

• The SAR diagram suggests that sodium haziml to plants is low. Salinities m·e in the 
merlhmt to high range. C..rops with some resist11nce to sali11ity and soils with a sandy ­
loam character, may be inigated successfully wiU1 the mine water. 

• Nitrate pollution, which is derived from fer tiliser application by tanners, is present in 
some borehole waters. This contamination cmmot successfully be demonsh·ated by 
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Processing and presentation of data 

figure 4.6 Durov plot plot of groundwater chemistries from a m ining environment 
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means of these diagrams, because of U1e dominance of oilier constituents. Other 
diagrams such as bar, line or scatter will have to be used for tltis pm·pose. 

• The above example demonstrates tlte ttsefo.J.ness and lintitations of these diagrams i.n 
the interpretation of hydrod1entical data. Oearly, many variations of the above may be 
used to indica te valu es or demonstrate trends. 

Tluough statistical metltods, sintilar inte1p1·etations are possible. These methods will be 
discussed in Section 4.4. Statistical evaluations of tlus kind are usually complex and only 
understood by those familiar with statistical tenniuology. Reports for management should 
tl1erefore always include diagrams, wltich may be backed up by statistical evidence if considered 
necessary. 
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Groundwater studies 

f igure 4.7 SAR plot of groundwater chemistries from a mining environment 
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Processing and pre1entation of data 

f igure 4.8 Expanded Duro11 plot of groundwater chemistries from a mining ernironmenl 

Ca 
T. Alk. 

.. . 

~ · 
""­

Na+K 
C1 

... ·~· . •) :.: 
-~f.=·.~ .. 

I 
·! 

Mg 

\ .. \ 

!
·· ... . -

.-:· : .•. · ~ 
. :v;,~ . ~.:··. ·· .... .. . 

. ... r·: 
· .. ' .. ,..;,; 

105 .... 

1 
l. 



8.4 DETAILED WATER QUALITY DATA 

mS/m 
Acceptable S<pH<9.7 o 

Allowable 170 

Un.cce table pH<4;pH>10 370 

Sample 

SW1 (2013111) 
SW1 (2014104) 
SW1 (2014107) 
SW10(201 3111) 
SW10 (2014/04) 
SW10 (2014107) 
SW2 (2013111) 
SW2 (2014/04) 
SW2 (2014/07) 
SWJ (2013111 ) 
SWJ (2014104) 
SW3 (201 4107) 
SW4 (2013111 ) 
SW4 (2014104) 
SW4 (2014/07) 

sws (2013111 ) 
sws (2014104) 
sws (2014107) 
sw; 12013111 ) 
sw; (2014/04) 
sw; 12014/07) 
SW7(2013/ 11) 

SW7 (2014/04) 
SW7(2014/07) 

SW8(2013/ll) 

SW8(2014/04) 

SW8(2014/07) 

SW9 (2013/ll) 
SW9(2014/04} 

SW9(2014/07) 

Acce pt able 

Allowable 

Unacc.e table 

Sample 

pH EC 

801 50.0 
7.96 1220 793.0 
7.52 145 0 942 5 
8.35 90.0 585 0 
7.47 57 0 370 5 
7 43 81 .0 526 5 
8.48 110.D 715 0 
7.87 58.0 Jn o 
7.86 77.0 500 5 
8.14 74 0 481.0 
7 52 71.0 461 5 
7.23 110 0 715.0 
8 15 59.0 383.5 
7.58 65,0 422 5 
7.30 72 0 468.0 
7 46 58.0 377.0 
7.07 46.0 299.0 
7.01 65.0 422.5 
8.41 90.0 585.0 
7.82 54 0 351 .0 
7 55 68.0 442 0 
8.11 60 .0 390.0 
7 .SS 40 .0 260.0 
8.07 57.0 370.5 
8.13 58 .0 377.0 
7.39 57.0 3705 
6.96 58 .0 377.0 
7 .89 48.0 312.0 
7.08 45.0 292.5 
7.29 70.0 455.0 

00190 
0 0000 0 0039 
0 0002 0 0057 
0 0000 0 1450 
0 0000 0 0060 
0 0002 00080 
0 0000 0 1630 
0 0000 0 0033 
0 0002 0 0055 
0 0000 0 1350 
0 0000 0 0035 
0 0002 0 0063 
0 0000 0 0630 
0 0000 0 0043 
0 0002 0 0068 
00000 00410 
0 0000 0 0048 
0 0002 0 0067 
o 0000 o 14so 
o 0000 o ooso 
00002 00071 
0 0000 0 0860 
0 0000 0 0052 
0 0002 0 0075 
00000 00570 
0 0000 0 0058 
0 0002 0 0079 
00000 00810 
0 0000 0 0060 
0 0002 0 0079 

SW1 (2013111 ) O.OOE+OO 2206-01 O.OOE+OO 1.60E-02 O.OOE+OO 4.706-04 
SW1 (2014/04) 3.60E-05 8 456-01 1 92E-02 1 956-02 1.706-05 2.756-04 
SW1 (2014/07) 4 56E-03 1.286-01 3.036-02 2.336-02 1.30E-05 1.45E-04 

SW10 (2013111) 8 OOE-02 2 30E-01 O.OOE+OO 1 246-02 O.OOE+OO 4.BOE-04 
SW10 (2014104) 3.36E-02 1.886-01 9.00E-06 2.906-05 4.JOE-05 3.24E-04 
SW10 (201 4/07) 1.466-02 4.38&02 1.196-03 3186-02 1.156-03 1.786-04 
SW2 (2013111 ) OOOE+OO 2 906-01 O.OOE+OO 8 BOE-03 O.OOE+OO 4.706-04 
SW2 (2014/04) 2.11E-03 2.706-01 1.60E-05 5.406-05 3.BOE-05 2.626-04 
SW2 (2014107) 6.87E-03 6.13E-02 6 70E-04 5.126-03 2106-05 1.696-04 
SWJ (2013111) O.OOE+OO 2.106-01 1.906-03 1.186-02 1.00E-04 4.306-04 
SVV3 (2014104 ) 3.50E-05 3.726-01 4.65E-04 6.166-03 3.306-05 1.996-04 
SWJ {2014/07) 4.30E-01 2 996-01 3.83E-03 6 526-02 8.41E-03 1.476-01 
SW4 (2013111 ) O.OOE+OO 1.606-01 3.206-03 1.905-02 O.OOE+OO 3.20E-04 
SW4 (2014/04) 1.706-05 3 216-01 3 63E-04 1.116-02 3 OOE-05 2.086-04 
SW4 (2014107) 1 nE-02 7.216-02 2.116-03 1.486-02 8.00E-06 1.60E-05 
SWS (2013111 ) 1.6'\E>OO 2.306-01 1 51E-01 2.026-01 2.106-03 1.976-01 
SWS (2014/04) 1.88E+OO 3.44E-01 1 09E-01 1.316-01 6.14E-03 4.196-01 
SW5(2014/07) 295E+OO 2066-01 1.1QE.01 1.276-01 1.416-03 3.966-01 
Sw;(2013111i O.OOE+OO 2206-01 OOOE+OO 9506-03 1 OOE-04 5.00E-04 
sw; (2014/04) 2 BOE-OS 2.416-01 1.BOE-05 6.406--05 3.BOE-05 2.75E-04 
SYv6(2014/07) 1.31E-02 7.736-02 7.17E-04 8.516-03 1.706-03 1.066-01 
SW7 (2013111 ) O.OOE+OO 1.606-01 O.OOE+OO 2.246-02 O.OOE+OO 4.70E-04 
SW7 (2014/04) 5 OOE-06 1.536-01 2.28E-03 1.0JE.02 2106-05 2.896-04 
SW7 (201 4/07) 1.02E--02 5 25E-02 5 276-03 2 88E-02 7.326-04 1.426-04 
SWB (2013111 ) 6 OOE-02 5.006-01 O.OOE+OO 0.00800 1.00E-04 4.BOE-04 
SWB (2014/04) S.OOE-05 1 81E-01 1 OOE-05 9.506-05 5 006-05 3.196-04 
SW8(2014/07) 1.32E-02 3.786-01 5.43E-04 3.156--03 1.296-03 1.756-04 
SW9(2013111) O.OOE+OO 1.606-01 O.OOE+OO 4.106-03 O.OOE+OO 4.506-04 
SW9(2014/04) 296E-02 1496-01 1.00E-06 5.806-05 9026-03 2.346-04 
SWS (201 4107) 2 40E-03 8.396-02 1.666-03 9.546-03 7.98E-04 1.10E-04 

21 .8 
65.2 
BO 1 
86.9 
40.0 
40.6 

1106 
39.0 
86.9 
60.3 
45.8 
n.4 
53.5 
50.9 
59.8 
28.8 
16 4 

28.1 
93.3 
42.1 
59.5 
64 .0 

27.9 
57.6 
48.0 
47.2 
576 
51 .5 
38.3 
85.4 

21 .0 0 0605 
469 0.0004 
62 7 0.0043 
18 0 00118 
12 8 0.0004 

9.3 00000 
242 00029 
133 00003 
19.7 0.0154 
17 8 0.0002 
18.2 0 0004 
288 01995 
12.9 0.0006 
16.9 0 0004 
18.5 0.0160 
12.1 00001 
14 0 0.0001 
20 8 0.0005 
18 7 0.0002 
139 00003 
168 00299 
12.0 0.0041 

9.7 0 0003 
13.8 0.0182 
7 6 0.0001 

101 00004 
9 4 0.0000 
9.9 0 0323 
9 4 0.0004 

11.8 0 0001 

5.00E-05 3.716-04 
4 56&04 1.186-04 
6.146-04 9.CXlE-06 
1 066-03 3 45E-04 
1.BOE-05 1.666-04 
2556-03 6.906-04 
5 906-05 3.SOE-04 
2.906-05 1.666-04 
5 BOE-04 2 70E-05 
6.906-05 3.706-04 
3.306-05 1.646-04 
7.006-06 280&05 
6.506-05 3.556-04 
3.JOE..05 1.78E-04 
5.006-06 3.406-05 
8206-05 3.716-04 
3.SOE-05 1 766-04 
1.00E-05 3.90&05 

6 OOE-05 3 64E-04 
3.106-05 1.746-04 
2 246-04 1.706-05 
1.226-03 3.68E-04 
3.776-04 1.76E-04 
4 776-03 2 206-05 
6.206-05 3.716-04 
3 BOE-05 1 81E-04 
7.00E-06 3.206-05 
3.306-05 3.706-04 
1.706-05 1.806-04 
3.006-03 3.306-05 

29.0 
70.2 
939 

120.3 
604 
54.5 

108 7 
63.8 
97 0 
84 8 
79.3 
865 
67.7 
75.5 
83 9 
27.6 
304 
67.1 

124 4 
57 2 
826 
921 
37.9 
72.8 
809 
77.8 

1062 
57,4 
53.5 

110.4 

6 7 4254 
7.6 111 5 

10.5 129 8 
12.4 5617 

7.2 31 07 
76 2624 

12.6 78.13 
8.7 38 77 

107 5792 
9.6 60 25 
8 6 51 47 

14.6 95.97 
10.1 39.08 
8 8 45 19 

10.9 48.96 
6 6 53 15 
4.4 37.09 
7.6 50.55 

12.2 60.46 
8.0 37.46 
9 7 47 53 

13.7 33.47 
61 2165 
9.6 32.76 

11.4 24.55 
9 8 2408 

13 8 22.52 
8.7 2704 
6 7 20.43 

15.4 27 77 

3 336-03 8 16E-02 
6 OBE-03 2 OBE-01 
7 72E-03 2 40&01 
1 OBE-02 1 69E-01 
6 73E-03 1.196-01 
7 JOE-03 7 81E-02 
1 30E-02 2 25E-01 
8 83E-03 1 23E-01 
1 OBE-02 1 67E-01 
7 76E-03 1 50E-01 
8 36E-03 1 44E-01 
1 48E-02 1 90&01 
7 92&03 1 17E-01 
7 n E-03 1.40E-01 

1 06E-02 1 33E-01 
6 07E-03 1 36E-01 
4 82E-03 1 27E-01 
9 49E-03 1 72E-01 
1 16E-02 1 82E-01 
8 33E-03 1 22E-01 
9 89E-OJ 1 45E-01 
1116-02 1.JSE-01 
6 09E-03 1 OSE-01 
1 OOE-02 1 29E-01 
9 35E-03 8 7DE-02 
9 43E-03 9 38E-02 
1 21E-02 8 39E-02 
7 10E-03 1 21 6-01 
6 24E-03 9 92E-02 
1 426-02 1 14E-01 

1 45E-03 7.606-05 2.SOE-05 
2 60E-05 2 OOE-05 5.71E-03 
2 766-03 5 07E-04 1 75E-03 
2 34E-03 1 326-04 2.JOE-05 
3 20E-05 8 40E-05 4.SOE-05 
2 46E-03 3 00&06 1.10E-03 
9 70E-04 1.136-04 2.20E-05 
2 3QE.05 7.406-05 3.976-04 
2 696-03 7.00E-06 1.88E-03 
1 496-04 1 296-04 3 20E-05 
2 BOE-OS 7 606-05 1.70E-05 
5 176-03 7 OOE-06 9.82E·03 
2 07E-03 9.106-05 2.SOE-05 
2 706-05 6.406-05 2.00E-05 
3586-03 OOOE+OO 1.18E-03 
8 OOE-06 1,366-04 3.SOE-05 
3 506-05 8 SOE-OS 340E-05 
2 216-03 1.406-05 6.276-04 
5 006-06 8.906-05 1.70E-05 
3 OOE-05 6 906-05 2.30E-05 
3 24E-03 3.00E-06 1.81E-03 
4 OOE-06 1 186-04 3 OOE-05 
3 406-05 7.206-05 3.SOE-05 
3 106-03 2006-06 1.21 E-03 
1 916-03 1 25E-04 3.SOE-05 
1 606-05 7.906-05 4 OOE-05 
4 046-03 1 OCIE-OS 1 18E-03 
2 406-03 1,JOE-04 2. 106-05 
1 BOE-OS 8.40E-05 3.70E-05 
4 71&03 8.00E-06 6.35E-03 

6 806-04 
5 96E-03 
2 23E-03 
9 10E.03 

2 53E-02 
2 72E-02 
1656-03 
7 58E-03 
9 42E-03 
1 12E-03 
1 97E-03 
2 89E-03 
1 OSE-03 
1 79E-03 
2 29E-03 
7 03E:-04 
, 41E-03 

2 03E-03 
1 3SE-03 
6 12E-03 
7 20E-03 
2 32&01 
1 42E-01 
229E-01 
6 556-03 
3 36E-03 
5 37E-03 
2 166-03 
1 68E-03 
3 SOE-03 



Acceptable 

Allowable 

Unacce table 

Samp le 

SWl (2013/11) 

SW1 (2014/04) 

SWl (201 4/07) 

SW10(2013/ 11 ) 

SW10 (2014/04) 

SW10 (2014/07) 

SW2(20 13/11) 

SW2 (201 4/04) 

SW2 (2014/07) 

SW3 (2013/1 1) 

SW3 (201 4/04) 

SW3 (201 4/07) 

SW4 (2013/11) 

SW4 (2014104) 

SW4 (2014/07) 

sw.; 12013111) 

sw.; 1201 4104) 

sw.; 1201 4101) 

SIJl.6 (2013/11) 
SW6 (2014/04) 

SW6 (201 4/07) 

SW7 (2013/1 1) 

SW7 (2014104) 

SW7 (2014/07) 

SW9 (2013/1 1) 

SW9 (2014104) 

SW9 (2014107) 

SW9(2013/1 1) 

SW9 (2014/04 ) 

SW9 (2014/07) 

Acceptable 

Allowable 

Unatte table 

Sample 

SW1(2013/11 ) 
SW1 (2014104 ) 
SW1 (2014/07) 

SW10(2013/11 ) 
SW10 (2014/04 ) 
SW10 (2014107 ) 

SW2(2013/11 ) 

SW2 (2014/04 ) 
SW2 (2014/07) 

SW3(2013/11 ) 
SW3 (2014/04 ) 

SW3 (2014/07 ) 
SW4(2013111 ) 
SW4 (2014/04 ) 
SW4 (2014107 ) 
SW5(2013111 ) 
sws (2014104 ) 
SW5 (2014/07 ) 

SW6(2013/11 ) 
SW6 ( 2014/04 J 
SW6 (2014/07) 
SW7 (2013111 ) 
SW7 (2014/04 ) 
SINl (2014/07) 
SW8(2013/11 ) 

SWB (2014/04 ) 
swa (2014/07) 
SW9(2013/11 ) 

SW9 (2014/04 ) 

SW9 (2014/07) 

1.32E-04 5.lOE-05 2.77E-05 

1.30E-03 4.BOE-05 1.40E-05 

7.75E-04 2.50E-05 4.00E-06 

2.SSE-04 5.20E-05 2.72E-05 

4.23E-04 5.70E-05 1.60E-05 

5.92E-04 2.30E-05 4.00E-06 

3.63E-04 4.30E-05 2.74E-05 

6 .31E-04 5.60E-05 1.50E-05 

7.35E-04 2 .50E-05 4.00E-06 

2.32E-04 5. lOE-05 2.83E-05 

1.09E-03 5.70E-05 1.60E-05 

7.90E-04 2.40E-05 3.00E-06 

1.75E-04 5.00E-05 2.83E-05 

5.77E-04 5.BOE-05 1.SOE-05 

6.61E-04 2.30E-05 4.00E-06 

2.69E-04 5.10&05 2.56&05 
5.31E-04 5.70E-05 1.40E-05 
7 .17E-04 2.40E-05 J .OOE-06 
2.09E-04 5.10&05 2.82E-05 
3.95E-04 5.BOE-05 1.60E-05 

7.09E-04 2.JOE-05 4.00E-06 
2.02E-04 5.10E-05 2.54E-05 

6.39E-04 5.706-05 1.40E-05 
8.BBE-04 2.20E-05 0.00800 

1.25E-04 5.10E-05 2 .81E-05 
3.82E-04 5.70E-05 1.60E-05 

6 .31 E-04 2.30E-05 4.00E-06 

3.21E-04 5.10E-05 2.78E-05 

4.33E-04 5.70E-05 1.60E-05 

6 .61 E-04 2 .20E-05 4.00E-06 

3.43E-03 

4.81E-03 

3.80E-03 

4.18E-03 

3.29E-03 

6.08E-03 

3.27E-03 

3.60E-03 

3.87E-03 

3.52E-03 

3.57E-03 

4 .08E-03 

3.54E-03 
3.37E-03 

3.98E-03 

3.70E-03 

329E-03 

3.79E-03 

3.37E-03 

3 .10E-03 
3.BSE-03 

4.67E-03 

3.48E-03 

4.86E-03 

3.39E-03 

3.07E-03 

3.84E-03 

3.70E-03 

3.37E-03 

5.25E-03 

1 70E-05 3.45E-03 4.56E-06 3.10E-05 

0.01860 

0.01602 

0.01226 

0.03490 

0.02691 

0.03337 

0.01370 

0.02655 

0.03684 

0.03473 

3.69E-02 

4.BBE-02 

6.57E-02 

5.31 E-02 

3.56E-02 

5.13E-02 
5.22E-02 

4.13E-02 
6.74E-02 

4.1 2E-02 
3.94E-02 

8.18E-02 
4.36E-02 

4.17E-02 
6.96E-02 

5.52E-02 

5.BBE-02 

8.77E-02 

4.49E-02 
4.04E-02 
7.06E-02 

3.24E-02 
3.64E-02 
6.12E-02 
2.00E-02 
2.29E-02 
4.56&02 
2.78E-02 

4.39E-02 
8. 10E-02 

1 20E-05 1 08E-02 6.07E-04 t60E-05 9.50E-05 1 36E-02 8.97E-03 
0 OOE+OO 3 13E-03 1.00E-06 6 OOE-06 4.70E-05 1 17E-02 2.386-02 
1 GOE-OS 3 38E-03 4.96E-06 3.10E-05 1.186-04 1 27E-02 4.32E-04 
1 JOE-05 5 39E-03 2.00E-06 1.90E-05 9.60E-05 1 23E-02 0.00800 
1 OOE-06 3 05E-03 tOOE-06 6.00E-06 4.906-05 1 16E-02 3.82E-03 
1 406-05 3 38E-03 1.81E-06 3.106-05 1.336-04 1 27E-02 1.83E-03 
1 20E-05 6 67E-03 2 67E-04 1 SOE-05 9.60E-05 1 28E-02 4.005-06 
1.00E-06 311E-03 1.00E-06 6 OOE-06 4.10E-05 1 17E-02 4.18E-03 
1 70E-05 3 42E-03 4.85E-06 3.10E-05 1.33E-04 1.27E-02 9.816-04 
1 20E-05 6 43E-03 1.04E-04 1.SOE-05 9.505-05 1 26E-02 1.14E-03 
0 00800 3 11E·03 1.00E-06 6.00E-06 6.00E-06 117E-02 2.68E-03 
1.40E-05 3 38E-03 4.73E-06 3.00E-05 1.29E-04 1 27E-02 1.00E-06 
1.30E-05 5.71E-03 3.10E-05 1.80E-05 920&05 125E-02 6.99E-04 
1 OOE-06 3 08E-03 1.00E-06 6 OOE-06 1.00E-05 1 17E-02 2.15E-03 
1 70E-05 3 65E-03 4.96E-06 3.00E-05 1 32E-04 1 27E-02 1.58E-03 
130E-05 564E-03 O.OOE+OO 180E-05 9.10E-05 124E-02 1.10E-04 
0 OOEtOO 311E-03 1 OOE-06 6 OOE-06 4.506-05 116E-02 9.83E-04 
1 60E-05 3 36E-03 4.91E-06 3. lOE-05 1.32E-04 1 27E-02 1.64E-03 
1.206-05 5 44E-03 1.00E-06 1 SOE-05 8.70E-05 1.24E-02 3.00E-06 
3 61E-04 3 07E-03 1.00E-06 6.00E-06 3.60E-05 1 16E-02 3.54E-03 
1 70E-05 3 44E-03 4.83E-06 3.10E-05 1.29E-04 1 27E-02 6.45E-03 
1 10E-05 5 51E-03 2.00E-06 1 90E-OS 1.01E-04 1 23E-02 2.27E-04 
1 OOE-06 3 22E-03 1.00E-06 6 OOE-06 3.70&05 117E-02 7.78E-03 
1 60E-05 3 35E-03 4.93E-06 3.10E-05 1.336-04 1 27E-02 6.00E-06 
1 30E-05 5.486-03 2.00E-06 1 90E-05 9.50E-05 1 23E-02 9.00E-06 
1 OOE-06 310E-03 1.00E-06 6.00E-06 5.10E-05 1.16E-02 3.136-04 
1.70E-05 337E-03 4.91E-06 310E-05 1.13E-04 127E-02 5.00E-06 
1306-05 540E-03 2.00E-06 190E-05 9.10&05 123E-02 7.00E-06 
1 OOE-06 3 08E-03 1.00E-06 6 OOE-06 3.80E-05 1 17E-02 9.01E-04 

mg/I 

0 

500 

600 

mg/I mg/I 

0 

1.5 

2 

mg/I 

0 

11 

20 

mg/I 

0 

0.9 

20 

mg/I mg/I 

SO• PO• NH• NO, N02 HCO, CO, 
Si.Jpl'llllllt f'tlospl\alll 

96.1 95 .0 56.5 62 .0 46.0 61.0 60.0 
158.4 0.11 0.27 7.40 69 5 0.0 
417.7 0.19 0.18 460 193 0 0.0 
475.8 0.2 1 4.91 8.91 210 0 0.0 
157.1 8.57 510 5 35 197 5 7.5 

106 93 3.03 0.92 0.21 1180 0.0 
68.9 0.75 1.10 0 99 82 5 0.0 

142.3 0.66 0 32 1 76 257 5 10.0 
89_1 4.11 0.07 0.11 145 0 0.0 

1379 0.76 123 013 172 5 0.0 
168.9 0.24 0.40 25.86 112 5 0.0 
184.3 0.83 0.13 14.73 112 5 0.0 
308 7 0.85 2 62 23 48 107 5 0.0 

98.1 0.49 1.61 13.33 107 0 0.0 
145 7 0.52 0 05 18 43 105 0 0.0 
174.5 0.50 1.44 21 .33 105 0 0.0 
255.0 0.01 4 29 4 13 35 0 0.0 

199 62 0.01 0.78 5. 19 27 5 0.0 
247.4 0.0 1 4.13 5.78 50 0 0.0 
139.1 1.00 067 1529 187.5 5.0 
83.5 2.31 0 13 2.68 127 5 0.0 

115.71 0.90 143 598 142 5 0.0 
77.4 0.07 0.34 2.58 115 0 0.0 
86.0 0.02 0 13 3.55 67 5 0.0 
99.2 0.27 1.03 4 26 105.0 0.0 

34 71 5.90 11.02 0.49 142 5 0.5 
45.9 3.31 7 04 0 56 60 0 0.0 
47.3 7.32 9.06 1.86 110 0 0.0 
27.3 7.55 1 55 3.61 120 0 0.0 

39.12 6.52 191 2 50 90 0 0.0 
42.1 10.68 9.72 8.51 162 5 0.0 
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.... moll moll moll moll moll moll moll 
Accep1;able 0 0 

Allow;able 0.07 0 .01 

Un.accaotable 0.07 0.07 

CN TAL THA TSS OIL Phen COD SAR 
Sample Tola! Toi.II 

ToUI 

°'"" 
c..- Sod km 

Cyanid1 
Alhllrl1y ... ,_ SUlijlerv.led o.- ....... 

""'~ AbMlrbslon 

Solid• °""""' ... 
SW1 (2013/11) 0.682 
SW1 (20W04) 1.306 

SW1 (201 4/07) 1.444 

SW10 (2013111 ) 2.582 
SWlO (201 4/04) 1.525 

SWlO (2014/07) 1.734 

SW2(2013111) 2.804 
SW2 (201 4/04) 1.378 

SW2(2014/07) 1.938 

SW3(2013111 ) 1.754 

SW3 (2014/04) 1.398 

SW3(2014/07) 1. 779 
SW4 (2013/11 ) 1.899 

SW4 (201 4/04) 1.639 
SW4 (2014/07) 1.847 

sw.; 12013111) 0 .928 
sw.; (201 4/04) 0.582 
sw.; 12014101) 0.840 
S1Mi(2013111) 2.689 
SIMi (201 4/04) 1.490 

S1Mi (2014/07) 1.889 

SW7 (2013/11) 2.418 

SW7 (201 4/04) 1.254 

SW7 (201 4/07) 2.129 

SIM(2013/11 ) 2.168 

SIM (201 4/04) 2.039 
SW8(2014/07) 2.572 

S'MI (2013111) 2.155 

S'MI (2014/04) 1.761 

S'MI (2014/07) 3.4 22 
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8.5 EXAMPLE OF HOW CN VALUES WERE DETERMINED 

Land Cover Class HRU1 HRU2 HRU3 HRU4 HRU5 

Natural 16.4% 46.5% 14.4% 12.9% 19.6% 

Cultivation 63.8% 29.8% 46.9% 13.8% 34.5% 

Degraded 0.3% 0.1% 0.1% 7.4% 0.1% 

Urban Built-up 5.0% 18.0% 29.0% 56.2% 36.4% 

Waterbodies 14.5% 5.4% 9.1% 7. 8% 3.5% 

Plantations 0.0% 0.2% 0.0% 0.0% 0.0% 

Mines 0.0% 0.0% 0.5% 1.9% 5.9% 

Soil Group c c c c c 
Natural 74 74 74 74 74 

._ 
Cu ltivation 80 80 80 80 80 Q) 

.c 
E Degraded 90 90 90 90 90 
::I 
z Urban Built-up 87 87 87 87 87 
Q) 

100 100 100 100 100 c: Waterbodies 
::I 

Plantations 71 71 71 71 71 u 
Mines 90 90 90 90 90 

Final CN (AVERAGE) 82 I 80 I 83 I 86 I 83 
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8.6 CN VALUES BASED ON LAND COVER AND SOIL TYPE (SCHULZE ET AL, 

1992) 

Land Con-r L aud Treatment/ Prnctice/Descriptiou Stonnllow Hydrnlogirnl Soil Group 

Class Potential A A/B B B/C c CID D 

Vdd (range) I = Veld/pasture in poor condition High 68 74 79 83 86 88 89 

and Pasture 2 = Vd cVpasrure in fair condirion Moderate 49 6 1 69 75 79 82 84 

3 = \ eld/pas ture in good condition Low 39 51 61 68 74 78 80 

4 = Pasture planted ou contour High 47 57 67 75 81 85 88 

5 = Pasnire planted ou conrour ~foderate 25 46 59 67 75 80 83 

6 = Pasnire plan ted on contour Low 6 14 35 59 70 75 79 

Irrigated Pasnire Low 35 4 1 48 57 65 68 70 

Meadow Low 30 45 58 65 71 75 81 

Woods and Scmb I =Woods High 45 56 66 72 77 80 83 

2 = Woods rv!oderate 36 49 60 68 73 77 79 

3 =Woods Low 25 47 55 64 70 74 77 

4 = Brus Ii - \l{ 111ter rainfall region Low 28 36 44 53 60 64 66 

Orch."U"ds I = Winter rainfall region, understory of crop cover 39 44 53 61 66 69 71 

Forests & I = Hmtu1s depth 25mm; Compacu1ess: compact 52 62 72 77 82 85 87 

Plan tations 2 = " " " moderate 48 58 68 73 78 82 85 

3 = .. " " loose/friable 37 49 60 66 71 74 77 

4 = Humus depth 50mm; Compactness: compact 48 58 68 73 78 82 85 

5 = " " " moderate 42 54 65 70 75 78 81 

6 = " " " looselfriable 32 45 57 62 67 71 74 

7 = Humus depth I OOmm ; Compactness: compact 41 53 64 69 74 77 80 

8 = " " " moderate 34 47 59 64 69 72 75 

9 = " " " loose/friable 23 37 50 56 61 64 67 

10 = Humus depth 150mm ; Compactness: compact 37 49 60 66 71 74 77 

11 = " " " moderate 30 43 56 61 66 69 Tl 

12 = " .. " loose/fri able 18 33 47 52 57 6 1 65 

Urban/Sub- 1 = Open spaces, parks, cemeteries 75% grass cover 39 51 61 68 74 78 80 

urban Land Uses 2 =Open spaces, parks. cemeteries 75% grass cover 49 61 69 75 79 82 84 

3 = Commercial/business areas 85% grass cover 89 9 1 92 93 94 95 95 

4 = Inch1strial district5 72% impeivious 8 1 85 88 90 91 92 93 

5 = Residential: lot size 500ru2 65% impervious 77 81 85 88 90 9 1 92 

6= .. " 1000ru2 38% impervious 61 69 75 80 83 85 87 

7 = .. " 1350m1 30"/o impervious 57 65 72 77 81 84 86 

8 = " " 2000ui1 25% impervious 54 63 70 76 80 83 85 

9 = .. " 4000m2 20"/o impervious 5 1 6 1 68 75 78 82 84 

10 = Paved parking lots, roofs. etc. 98 98 98 98 98 98 98 

11 = Streetsfroads: tarred, with stonn sewers, curbs 98 98 98 98 98 98 98 

11 = " grave-I 76 81 85 88 89 90 91 

13 = " dirt 72 77 82 85 87 88 89 

14= .. di.rt-hard surface 74 79 84 88 90 91 92 
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8. 7 MANNING'S N FOR GENERIC SURFACES (ROSSMAN, 2010) 

Manning 's n - Overland Flow 

I Surface I u 

I Smooth asphalt I 0.011 

I Smooth concrete I 0.012 

I Ordinary concrete lining I o.on 

I Good \Vood I 0.01 4 

r Brick with cement mortar I 0.014 

j Vitrified clay ro 01 5 

I Cast iron I 0.01 5 

I Cormgated metal pipes I 0.024 

I Cement mbble surface I 0.024--

I Fallow soils (no residue) I o.o5 

Cultivated soils 
Residue cover < 20% 0.06 
Residue cover > 20% 0.17 

I Ra11ge (natural) I o. 13 
-

~~5-Grass 
Short , prarie 
Dense 0.24 
Bermuda grass 0.41 

Woods 

~ Light nnderbmsh 
Dense underbmsh 0 

Manning's n - Open Channels 

I Channel Type I l\fanning n 
~<l Channels ·---~r-··-·- - -
I -A sphalt j 0.013 - 0"017 

~k TO:o~ o~ 
I -Concrete I 0.011 - 0.020 

I -Rubble or riprap j 0.020 - 0.035 

I -Vegetal I 0.030 -: o~ 
I Excavated or dredged ·r-
1 - Eanl1, straight and uniform I 0.020-- -0-0-30-

1 - Eanh, winding, fairly uniform .jTo25 - 0.040 

I-Rock fo 030 - o~ 
f-Umuamt~~---·----.. ----ro-050 - 0~4o= 

Natural channels (minor streams, 
top width at flood stage < 100 ft) 

I -Fairly regular section - fo.030 - 0.070-

1 - Irregular section with pools I 0.040 - 0.100 
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