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Nomenclature 

 
Amplification This process is used in PCR analysis and the process of amplification 

is used to make lots of copies of DNA strands 

Annealing A step within the PCR process where primers bind to the target 
DNA if the gene fragments are the same 

Assays An analytical method or procedure undertaken within a laboratory 

Bar This is a measure of pressure and equal to the atmospheric 
pressure at sea level and is defined as 100 kilopascals (kPa) 

Blackwater Wastewater from toilets containing faecal contamination and 
various pathogens 

Buffer solution An aqueous solution which resists changes to the pH when small 
quantities of an acid of alkali are added 

Centrifugation A method used for the separation of particles from a solution 
using centrifugal force 

Denaturation A step within the PCR process and is the stage of breaking apart of 
the hydrogen bonds between DNA strands  

Drainage basin The area of land where precipitation collects and runs off into a 
common outlet.  

Flocculation A process where a chemical coagulant is added to water and 
causes particles to clump together into a floc 

Gene A sequence of nucleotides in DNA or RNA and is measured in base 
pair (bp) units consisting of two nucleobases 

Gel electrophoresis A technique used to separate DNA fragments based upon their size 
and charge, using gel and an electric current 

Grey water Wastewater generated without faecal contamination from various 
sources including baths, showers, washing machines etc. They 
often contain food waste, grease, hair and cleaning products 

Informal settlement This research uses the UN definition of informal settlements 
defining informal settlements as residential areas where occupants 
have no security regarding tenure on the land as well as lacking 
basic municipal services such as water, sanitation, waste collection, 
storm drainage, paved footpaths, street lighting and roads for 
emergency access (UN, 2003) 

Primers Primers are short fragments of single stranded DNA and are 
required for the PCR reaction to occur. Primers and target DNA 
must have the same gene fragments for the PCR reaction to occur 

Stormwater runoff This runoff is water that flows over the ground surface from rainfall 
events or other precipitation such as snowfall 

Surface water runoff This runoff is water flowing over the ground surface to a drainage 
system from excess stormwater, meltwater or other sources  

Supernatant A liquid overlying solid material which has been as a result of 
settling, precipitation or centrifugation  

Water quality This refers to the condition of water determined by chemical, 
biological and physical characteristics. Often this is measured 
against water quality standards on a national or global scale 

Water quantity In this research the water quantity parameter examined the 
amount of rainfall (precipitation) which falls within the area of the 
informal settlement 
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Abbreviations 
 

BDL Below Detection Limit 

BLAST Basic Local Alignment Search Tool 

CAF Central Analytical Facility 

CFU Colony Forming Units 

CSA Critical source area 

CSO Combined Sewer Overflow 

DEM Digital Elevation Model 

DNA Deoxyribonucleic Acid 

DWAF Department of Water Affairs and Forestry 

ERC Enkanini Research Centre 

HPC Heterotrophic Plate Count 

LOD Limit of Detection 

mL Millilitre 

nd No date 

PAH Polycyclic Aromatic Hydrocarbon 

PCR Polymerase Chain Reaction 

qPCR Quantitative Polymerase Chain Reaction 

spp. Species Pluralis 

SSO Single Sewer Overflow 

SuDS Sustainable Drainage Systems 

TNTC Too Numerous To Count 

UN United Nations 

WHO World Health Organisation 
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Abstract 
 

Urbanisation and global population growth are increasing rapidly, particularly in Africa and Asia; 

as a result, the formation of informal settlements in peri-urban regions and corresponding social 

and environmental hazards within these settlements are becoming more prevalent. Stormwater 

runoff is one such risk, which is relatively unexplored within the context of informal settlements, 

both in terms of flooding as well as the spread of pollutants and related health and environmental 

issues. The aims of this thesis were to i) to investigate how stormwater quality within an informal 

settlement is influenced by anthropogenic and environmental factors, and ii) to understand the 

inter-relationships between the hydrology, geochemistry and microbiology of stormwater within 

a settlement. This research was undertaken at the case study site of Enkanini informal settlement 

(Stellenbosch, South Africa).  Water samples were collected and analysed during the wet winter 

seasons of 2016 and 2017 at six runoff sites: five sites within Enkanini informal settlement and 

one control site located outside the settlement in an area with little or no remote human activity. 

Sample site selection was based upon catchment analysis using DEM data to determine the most 

suitable and critical locations while also taking into account practical and logistic considerations. 

Data collection within Enkanini focused on two primary methodologies: water quality 

(geochemical and microbiological components) and water quantity (hydrological component). 

Key results include the measurement of significantly high levels of pollution in runoff water 

samples especially for the microbial indicator organisms, e.g., faecal coliforms ranged between 4 

× 103 - 1.9 × 108 CFU/100 mL as compared to water standard guideline of 130 CFU/100 mL which 

ensures no health impacts. The remaining indicator organisms, microorganisms detected through 

PCR analysis, and geochemical analysis of common chemicals all followed a similar trend of 

extremely high levels detected above South African water standard guidelines, indicating health 

and environmental risk from Enkanini stormwater runoff. Due to sampling limitations, it was not 

possible to definitively determine a correlation between hydrological influences upon the runoff. 

Results indicate that the predominant influencing factor in runoff contamination in informal 

settlements is anthropogenic, more specifically population density. The significant impact of 

anthropogenic influences should therefore be considered in development of mitigation measures 

to reduce pollutant levels in runoff in informal settlements.  
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Chapter 1: Introduction 

 

1.1 Background to the study 

 

“Billions of people still live and die in water and sanitation poverty.” (Prabasi, 2019) 

 

Urbanisation and population growth are occurring at an unprecedented rate. According to the 

UN, approximately 55% of the world’s population lives in urban areas and this is expected to 

increase to 68% by 2050 (UN, 2018).  Rapid and continued urbanisation has global effects on 

economic development and environmental well-being, from increased exploitation to 

consumption of natural resources, and human health (McDonald et al., 2014).  One significant 

natural resource which is impacted are global water supplies (Shi et al., 2019; Srinivasan et al., 

2013). There are many challenges associated with water and urbanisation; however, they can 

broadly be split into the threat of water scarcity driven by increased demand and climate change, 

increased flood risk and water pollution, commonly driven by anthropogenic activity (Karn and 

Harada, 2001; McDonald et al., 2014; Srinivasan et al., 2013; Al-Karabsheh and Ta’any, 2003; Luo 

et al., 2018). Both water quality and quantity can be influenced by changes in land-use, such as 

urbanisation, and the change from permeable to impermeable surfaces leading to changes in 

runoff and catchment morphology, impacting on the accumulation of pollutants and infiltration 

rates (Luo et al., 2018). In addition, anthropogenic influences include industrial and agricultural 

runoff, wastewater treatment plant discharge, untreated wastewater discharge and other factors 

(Al-Karabsheh and Ta’any, 2003; Manamela and Awofolu, 2018; Shi et al., 2019).  

 

Currently, urbanisation is occurring most rapidly within Africa and Asia; approximately 90% of the 

global urban growth in the coming decades will be concentrated within these two continents (UN, 

2018; Williams et al., 2019; Fink et al., 2012; UN, 2016). It is predicted that 40% of sub-Saharan 

African populations currently live in urban areas, though this is predicted to increase significantly 

over the next 15 years, doubling the population size to 760 million by 2030 (Hove et al., 2013; 

Ramin, 2009). There are a number of reasons for the surge in urbanisation in developing 

countries, including industrialisation, social and economic benefits to those migrating from rural 

to urban areas, and potentially increased employment opportunities (Armitage et al., 2009). 

Within low to middle income countries, one of the main drivers for the rural to urban migration 

is the assumption that living in urban areas leads to an improved quality of living and improved 

personal economic opportunities (Patel and Burke, 2009; Cohen, 2006; Armitage et al., 2009). 

However, often, the rate of urbanisation is increasing so rapidly that population levels are 
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overwhelming infrastructure in terms of housing, sanitation and facilities (Cohen, 2006; Williams 

et al., 2019). This can be exacerbated further as a result of socio-economic issues such as a poor 

economy, lack of financial resources to improve infrastructure, political unrest, and conflict, all of 

which may be concurrently occurring within countries (Moe and Rheingans, 2006; Patel and 

Burke, 2009).  These combined factors can result in the development of informal settlements, 

within urban and peri-urban areas (Cohen, 2006;  Patel and Burke, 2009; Williams et al. 2019). 

 

Polluted water from both point (i.e., localised) and non-point sources is a major health and 

environmental issue in settlements (Mara et al., 2010; Montgomery and Elimelech, 2007). 

Contamination of aquatic environments from microbial and chemical pollutants, such as trace 

metals and bacterial pathogens, can lead to poor ecosystem health and result in eutrophication 

as well as influencing water bodies and aquatic life directly (Manamela and Awofolu, 2018). 

Increasing degradation of these ecosystems, primarily via industrial runoff and wastewater, on a 

global scale impacts the populations who rely upon them (Rajaram and Das, 2008). Health issues 

related to contaminated water include the development, exposure to and transmission of many 

water-borne diseases including cholera, typhoid, yellow fever and diarrhoea as some examples 

(WHO, 2015;Manamela and Awofolu, 2018). There are 1.7 billion cases of diarrheal disease 

reported annually; 88% of these cases are the result of water contamination resulting from poor 

or non-existent sanitation or sewage facilities (Foppen and Kansiime, 2009; WHO, 2013).  

 

Poor sanitation, unsafe water and poor hygiene are all factors which can contribute to polluted 

water within informal settlements (Mara et al., 2010; Carter et al., 1999). Sanitation, which as 

stated by the WHO, is the provision of facilities for the safe disposal of human excreta, however, 

as of 2015 reports, 2.3 billion people still lack basic sanitation services, whilst 829 million people 

worldwide still defecate in the open (WHO, 2017). In addition to this, 2.1 billion people still do 

not have access to safe drinking water supplies, particularly in Sub-Saharan Africa and South East 

Asia, and 1.8 billion people use a drinking water source which is contaminated with faeces (UN 

Water, 2018).  

 

Slum is a term which the UN describe areas where living conditions are incredibly poor (Cities 

Alliance, 1999). Slums have various names, and include informal settlements within that bracket, 

ranging from city tenements to settlements which do not have legal recognition, but are all 

classified as a result of the poor living conditions (Cities Alliance, 1999). Informal settlements 

specifically refer to the development and use of land for ‘housing’ illegally often building with 

materials and to standards which are below the criteria (UN, 2003). The UN and other bodies 
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have multiple definitions regarding the different variations of slum, however within this research, 

the UN HABITAT definition of an informal settlement will be used. Informal settlements are 

residential areas where occupants have no security regarding tenure on the land as well as lacking 

basic municipal services such as water, sanitation, waste collection, storm drainage, paved 

footpaths, street lighting and roads for emergency access (Cities Alliance, 1999; UN, 2003). They 

are also often situated in geographically and environmentally high-risk areas (Cities Alliance, 

1999; UN, 2003). A dwelling within an informal settlement lacks one or more of the following: 1) 

access to improved water, 2) access to improved sanitation facilities, 3) adequate living area to 

prevent overcrowding within a dwelling, 4) structural quality of abode, 5) security of tenure (UN 

HABITAT, 2015). 

 
Contaminated water occurs from a variety of sources; however, the three predominant causes 

are industrial, agricultural and domestic effluent or runoff (Rajaram and Das, 2008). Whilst these 

are particularly prevalent as a source of polluted water in informal settlements and peri-urban 

regions, residents of these areas are also more vulnerable to the threat from polluted waters. 

More than a billion people live within informal settlements in extremely vulnerable and 

hazardous regions, both geographically and legally speaking (Jiutso and Kenney, 2015; Nassar and 

Elsayed, 2017).  Informal settlements are often built on land that is unstable, flood prone and/or 

contaminated in some aspect, as well as often illegally occupied and hence without regulation 

(Jiutso and Kenney, 2015). With the predicated growth in urban populations, this will also result 

in the growth in populations living in informal settlements  (Jiutso and Kenney, 2015). Therefore, 

the risk of water pollution impacting upon human health will become more of a pressing issue  

within these regions.  

 

Due to the challenges associated with sanitation in developing countries, and more specifically 

within informal settlements, varied research has been undertaken focussing on impacts in 

relation to health, such as interventions and management measures to reduce illness and disease 

such as diarrhoeal disease (Montgomery and Elimelech, 2007; Waddington et al., 2009; Mara, 

2003). Other sanitation research in developing countries focuses on themes which include: 

economic impacts of both unimproved sanitation and the cost of improving sanitation (Minh and 

Hung, 2011); development of sustainable sanitation programmes and new technologies (Carter 

et al., 2007; Paterson et al., 2007); and management and intervention strategies for improving 

sanitation (Fewtrell et al., 2005) . Sanitation focuses predominantly upon removal of excreta 

through provision of toilets and wastewater treatment infrastructure. Whilst wastewater within 

developing countries is often discharged into drainage channels with little to no treatment, and 

is  highly polluted and contaminated water (UN Water, 2017; Qadir et al., 2010) and, therefore,  
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should be a focus of research to improve the infrastructure in developing countries, a key area 

which has not had significant research is that of stormwater runoff.  

 

Surface water, often from rivers and streams, is often utilised as a primary water supply in 

informal settlements where there is no access to a potable water source (Manamela and Awofolu, 

2018; Venter et al., 1997). Residents within informal settlements, and also communities living 

downstream of informal settlements, often utilise contaminated surface water sources for 

drinking, domestic use, irrigation and recreation (Manamela and Awofolu, 2018; Venter et al., 

1997). Informal settlements when developing do not routinely include the construction of 

drainage infrastructure to manage runoff from stormwater and grey water. So, whilst 

infrastructure is sometimes added as informal settlements develop, this tends to focus on piped 

waste disposal for toilets and drinking water infrastructure rather than drainage of surface and 

stormwater (Armitage et al., 2009).  

 

Stormwater runoff is multifaceted and is comprised of multiple pollutant sources including 

greywater, raw sewage and stormwater (Jiutso and Kenney, 2015). Stormwater runoff has been 

studied in the context of various pollutants, both  chemical contaminants (Brown and Peake, 

2006; Sidhu et al., 2013) and microbiologically (Sidhu et al., 2013; McCarthy et al., 2012). In 

addition to this, various watersheds have been studied including in an urban setting (Lee and 

Bang, 2000; Brezonik and Stadelmann, 2002; Lee et al., 2004), in agricultural settings (McFarland 

and Hauck, 1998) as well as in developing countries to some extent (Jagals, 1997; Parkinson, 

2003). However there still exists a gap in the knowledge base of stormwater runoff in informal 

settlements in relation to water quality.  

 

Water quality in informal settlements has multiple influencing factors including anthropogenic 

factors such as population density and socio-economic backgrounds; land use such as industry 

and agriculture; and environmental impacts including catchment size to rainfall and climate 

influences (Collender et al., 2016; Liu et al., 2013; Khatri and Tyagi et al., 2015). The complexities 

of understanding the influences upon water quality are further exacerbated within an informal 

settlement due to challenging living conditions. In order to effectively manage water quality, it is 

necessary to fully understand the influencing factors and impacts upon stormwater runoff and 

the inter-relationships between these factors, before any mitigation strategies can be 

implemented (Venter et al., 1997). The need to develop an in-depth scientific understanding of 

contamination in stormwater runoff within informal settlements is vital to improve sanitation and 

health  (Nsubuga et al., 2004).  
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The knowledge gap within this topic has clearly been identified above, indicating the necessity 

for this research. Alongside the importance of the carrying out work in a new area of research, 

the potential health and environmental impacts which could arise from this research are an 

important motivating factor behind the project. Understanding runoff is vital to improving the 

living conditions of residents within informal settlements, across the settlement as a whole as 

well as improving the living conditions for individual households. This research will impact on a 

local scale in relation to the specific study site of Enkanini informal settlement, South Africa. There 

is also the broader goal of the research to impact on a wider scale in terms of using the data 

collected to inform slums and informal settlements on a global level, in relation to the 

improvement of mitigation and management of runoff based on the outcome of this project.  

 

1.2 Aims and Objectives 

 
The aims and objectives for this study are as listed below: 

 

Aims: 

• To investigate how stormwater runoff quality (chemical and microbiological) in an 

informal settlement is influenced by anthropogenic and environmental factors.  

• To understand the links between the hydrology, geochemistry and microbiology in a peri-

urban informal settlement 

Objectives: 

1. Establish a monitoring programme and undertake in-situ field measurements of water 

quality and quantity 

2. To characterise the temporal variations in pollutants in runoff between rain events 

3. To characterise the spatial variations with regard to varying locations around a catchment 

4. To identify the areas where high concentrations of pollution are generated within 

Enkanini informal settlement, through mapping the influencing environmental and 

anthropogenic factors upon stormwater runoff determined in this research 

 

1.3 Thesis outline 

 
The outline of the thesis will be provided below to give an understanding of the direction of the 

thesis layout. 
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In Chapter 2, a literature review is undertaken to synthesise all the literature in the area of 

stormwater runoff in informal settlements, including pathogen mobilisation and transport, and 

the anthropogenic and environmental influences on runoff, including rainfall and catchment 

characteristics. This chapter highlights the knowledge gap in the literature contextualising the 

frameworks employed in this thesis. 

 

Chapter 3 outlines the case study of Enkanini Informal settlement, providing the context and 

setting to the fieldwork site, as well as providing the sample location descriptions.  

 

Chapter 4 is a methodology section detailing Objective 1, which includes the methodologies of 

the field site sampling and laboratory methods used for microbiological analysis and geochemical 

analysis. In addition to this, the methods used for the development of a risk map are also be 

outlined. 

 

Chapter 5 is the initial results chapter, examining the water quality of stormwater runoff in an 

informal settlement. This results section compares and contrasts to other water quality research  

undertaken to determine how runoff from an informal settlement varies. A critical discussion of 

the results determined will also be undertaken.   

 

Chapter 6 is the second results chapter, examining the environmental and anthropogenic factors 

influencing stormwater runoff. This chapter is focussed on Objective 2: to characterise the 

temporal variations in pollutants in runoff between rain events, and Objective 3: to characterise 

the spatial variations with regard to varying locations around a catchment. A critical discussion of 

the results determined will also be undertaken.   

 

Chapter 7 is the final results chapter which builds upon Chapter 6 and identifies the area’s where 

high concentrations of pollution are generated within the settlement. This is achieved by using 

the influencing factors on runoff to develop a hazard map of Enkanini informal settlement 

(Objective 4).  A critical discussion of the results determined will also be undertaken.   

 

Chapters 8 is a conclusion chapter where the main results of the thesis summarised to determine 

whether the aims and objectives set out were achieved, as well as the discussion of future work 

which could arise from this research.  
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Chapter 2: Literature Review 
 

This chapter will review relevant literature to provide a framework for the research, generating a 

background and context to the work that this thesis will undertake and emphasis the gap in literature 

that this work aims to fill. The study of water quality and more specifically stormwater quality is very 

broad ranging from unsafe sanitation, waterborne diseases, climate change; influencing factors and 

water management (Arora and Reddy, 2013; Buttenheim, 2008; Black et al., 2003; Vairavamoorthy et al., 

2008; Armitage et al., 2009).  The literature review will focus on point and non-point sources of pollution; 

urban and rural runoff; various pollutants and the influencing characteristics upon runoff quality and 

quantity.  

 

2.1 Point and non-point sources of pollution 
 
Contaminants in stormwater runoff emanates either from point or non-point source pollution 

(Shen et al., 2014; Wu and Chen, 2013; Wu et al., 2012).  Point source pollution is a discharge of 

pollution into the environment from a specific and identifiable site, at which pollution rates can 

be monitored (Wu and Chen, 2013; Tabei and Droste, 2014). These tend to be sewage discharge 

points from wastewater treatment plants or industrial effluent from industrial wastewater, 

however it also includes mines and power plant emissions (Danz et al., 2007; Emongor et al., 

2005). Point source pollution can be monitored much more easily, and therefore predominantly 

focus is upon whether treatment of effluents and waste is effective prior to discharge into water 

bodies (Zhang and Jorgensen, 2005; Emonger et al., 2005).  Whilst it would be assumed that point 

source pollution would be much lower due to the ability to treat the effluent, however in many 

instances the treatment methods are not sufficient to deal with contaminants and pollutants 

found in the discharge, which are ending up in the environment and surface water bodies (Gomez 

et al., 2007; Jarvie et al., 2006). It should be noted that treatment of effluent in developing 

countries is often insufficient or in certain cases untreated (Naidoo and Olaniran, 2014; Kivaisi, 

2001). Point source pollution therefore is often a significant contributor to contamination in the 

environment and in surface water. Point source pollution can be mobilised within stormwater 

runoff and become non-point source pollution. 

 

Non-point source pollution however is considered a much greater threat to water quality 

deterioration (Shen et al., 2014). Non-point pollution originates from a  diffuse source and the 

influencing factors upon the contamination are unable to be assigned to one single source of 

pollution (Corbett et al., 1997; Shen et al., 2012). Non-point pollution can be generated within 

watersheds and catchments of different land use including agricultural, urban, residential and 

industrial (Tabei and Droste, 2014; Kim et al., 2007; Zhang and Jorgensen, 2005). Pollutants from 
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both natural and anthropogenic sources are mobilised by runoff from precipitation, snowmelt 

etc. and as such are much more difficult to quantify the pollutant loads and distribution of the 

pollutants (Shen et al., 2014; Shen et al., 2012). 

 

Due to the difficulty of identifying non-point source pollution, a significant amount of research is 

undertaken in modelling watersheds and catchment (Zhang and Jorgensen, 2005; Shen et al., 

2012; Borah and Bera, 2004). Various models have been developed and utilised with more 

common models including AGNPS (Agricultural non-point source pollution model); SWAT (Soil 

and Water Assessment Tool); HSPF (Hydrological Simulation Programme- FORTRAN) all of which 

to some degree can be utilised to model non-point source pollution through various techniques 

of sediment and contaminant loading; and fate and transport of pollutants (Nasab et al., 2018; 

Borah and Bera, 2004). A number of models were specific for agricultural watersheds, but the 

HSPF model examines both urban and agricultural basins (Borah and Bera, 2004).  Models are 

utilised predominantly for management practices to attempt to reduce the levels of 

contamination and pollutants within the water (Zhang et al., 2011).  

 

2.2 Urban and rural sources of pollutants in runoff 
 
For the purpose of this research, the focus will remain predominantly on non-point source 

pollution within stormwater runoff. Whilst a split between natural and anthropogenic sources of 

pollution can be made (Figure 2.1), natural causes are driven by weathering and geology. For this 

research the focus will be anthropogenic factors, and these can broadly be split into rural and 

urban sources of pollutants.   
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Figure 2.1 – Sources of water pollution (Taken from Khatri and Tyagi, 2015) 

 
 

Within rural regions, agricultural runoff  has been researched as a major anthropogenic source of 

pollution with research indicating that 55% of non-point source pollution in surface waters in the 

European Union comes from agricultural sources (Khatri and Tyagi, 2015; Zou et al., 2020; Volk 

et al., 2009). Stormwater runoff within rural areas is actually less researched and understood 

(Mallin et al., 2009). The anthropogenic influence of agriculture within rural regions is considered 

one of the primary threats to water quality (Shen et al., 2014; Wu and Chen, 2013).  Within 

agricultural areas, over fertilisation and use of commercial fertilisers and pesticides contributes 

significant levels of pollutants such as Nitrogen and Phosphorus into the watershed (Shen et al., 

2014; Zhang and Jorgensen, 2005; Shen et al., 2012). In certain regions these high levels of 

fertilisers are linked to an increase in agricultural productivity such as in China, as a result of 

agricultural reform, whilst in other regions it is simply due to increasing crop yields (McMillan et 

al., 1989). Nutrients and in particular nitrogen and phosphates are the predominant pollutants 

researched and tested for within runoff, as they are primary nutrients found within fertilisers  

(Pionke et al., 2000; Zhang et al., 2011). Runoff pollutants from agriculturally dominant rural areas 

are not solely pesticides, and research has also focussed upon soil erosion within agricultural 
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regions contributing to pollution levels (Entry et al., 2002). Other pollution sources include 

irrigation and livestock grazing, which can both lead to erosion and exposure of soils,  contributing 

to runoff contamination levels (Khatri and Tyagi, 2014). It should be noted that runoff in rural 

regions has also been examined in areas without agricultural influence, and in forested 

watersheds, pollution within runoff comprises predominantly of suspended solids from soil 

erosion and nutrients (Al-Mashaqbeh et al., 2014). 

 

In comparison urban pollution research studies often examine a larger range of non-point 

pollution sources including from industrial areas, residential, commercial areas and 

transportation (Khatri and Tyagi, 2014; Lee and Bang, 2000). Urban runoff contains various 

pollutants including microorganisms, sediment, nutrients and heavy metals (McCarthy, 2008; 

Gobel et al., 2007).  

 

Microorganisms in urban regions are primarily attributed to human sewage contamination, as a 

result of combined sewer overflows (CSO’s) and single sewer overflows (SSO’s) or failing 

infrastructure or pipes which are crossed leading to sewage mixing with stormwater (Sidhu et al., 

2013; Sauer et al., 2011). However, microorganisms also originate from animal sources, as well 

as from natural sources (Sauer et al., 2011). It is strongly dependent upon the urban region which 

sampling is being undertaken within, as sources of pollution vary, such as whether the location is 

in a developing country where infrastructure may be minimal (Pegram et al., 1999).   

 

Urban runoff also contains chemical pollutants, such as heavy metals along with surfactants such 

as oils and polycyclic aromatic hydrocarbons (PAHs), organic chemicals and suspended solids 

(Kayhanian et al., 2012). Pollutants in urban runoff vary in terms of what is being monitored and 

measured, and the location within an urban watershed often determines the expected pollutants 

found. Highway urban runoff for example contains significant levels of heavy metals and 

surfactants as a result of vehicular pollutants (Gobel et al., 2007; Helmreich et al., 2010). Whilst 

residential regions can contain various contaminants and pollutants from faecal matter and 

pathogens from animals to pesticides for use in residential green spaces such as gardens and 

parks (Khatri and Tyagi, 2014).  

  

Overall sources of pollution in urban and rural runoff are varied, however urban runoff has  more 

sources of pollution, due to the various activities and influences. This will be discussed in more 

detail later.  
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2.3 Microbial pollution 
 
Microbial pollution occurs in stormwater runoff from various sources, including animal faecal 

matter (both wild and domestic); issues relating to sewage from lack of sanitation through to 

poor infrastructure which has cross-connections (Galfi et al., 2016). Waterborne microbial 

pathogens include the major groups of bacteria, viruses, protozoa and helminths (Ramirez-

Castillo et al., 2015). 

 

Pathogens within water bodies are indicative of pollution, and indicator organisms are used to 

determine the overall water quality from recreational water bodies, drinking water sources and 

agricultural and irrigation use to name a few (Pandey et al., 2014; Kim et al., 2005). Faecal 

indicator organisms (Enterococcus spp. and Escherichia coli) are used to determine the presence 

and prevalence of faecal contamination within water sources, as these organisms are found 

within warm blooded animal intestines (Ahmed et al., 2019; Pandey et al., 2014).  

 

Indicator organisms are often used within stormwater runoff research to assess the microbial 

pollution and water quality specifically focussing on the presence of faecal matter (Sidhu et 

al.,2012; Ahmed et al., 2019). However often in stormwater runoff monitoring, testing for faecal 

indicator bacteria (Enterococcus spp. and Escherichia coli) is the only microbial pollution 

monitoring undertaken, but this only indicates the presence of faecal contaminants and does not 

necessarily relate to other pathogens and microorganism which might be present within runoff 

(Selvakumar and Borst, 2006; Ahmed et al., 2019). The various pathogens present within runoff 

water can be indicative of different pollution sources from point sources such as wastewater 

treatment plants  and combined sewer overflows to non-point sources such as leaking sewer 

systems, wildlife and livestock (Kim et al., 2005; Sidhu et al., 2012). Waterborne pathogens, 

bacteria, enteric viruses and protozoa can all be detected within runoff indicating various 

influences upon water quality and it is therefore very important to test for a broad spectrum of 

microbial indicators (Sidhu et al., 2012; Kim et al., 2005; Ahmed et al., 2019). Whilst indicator 

organisms provide evidence of overall water quality by indicating the presence or absence of 

pathogens, the inclusion of specific microbial pathogenic parameters provides a deeper 

understanding of the potential source of pollution, and potential health risks (Ahmed et al., 2019; 

Pandey et al., 2014; Sidhu et al., 2012; Harwood et al., 2005).   

 

Pathogens and microbial pollutants are numerous and are important in relation to management 

and understanding of stormwater runoff.  Stormwater runoff can mobilise, transport and carry 

pathogenic microorganisms and as a result, humans can become infected with diseases from 
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consumption or contact with contaminated water such as diarrhoea, skin irritations, as well as 

other diseases based upon the pathogen (Jamieson et al., 2004). Approximately 88% of the 

diarrhoeal disease in the world is a result of unsafe water, sanitation and hygiene (Ashbolt, 2004).  

 

There are numerous water-based diseases and pollutants, including Escherichia coli, Shigella spp., 

Cryptosporidium spp., Vibrio cholerae and Campylobacter jejuni to name a few (Drayna et al., 

2010; Ramirez-Castillo et al., 2015; Ashbolt, 2004). A range of these pathogens which are 

detected within water and have the potential to infect humans can be seen in Table 2.1.  

 

Table 2.1- Table containing a list of waterborne pathogens including bacteria, enteric viruses, protozoa 

and helminths. (Taken from Ashbolt, 2004) 

 

 

Data regarding pathogens in stormwater samples are relatively minimal, due to difficulties with 

sampling and collecting data throughout rain events (Ahmed et al., 2019).  Predominantly when 

examining runoff, the majority of papers utilise indicator organism as an overview of the microbial 
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pollution within samples (Kim et al., 2005; Tabei and Droste, 2014). However, research solely 

upon sewage contamination of stormwater runoff does provide insight into the water quality of 

stormwater runoff and the microbial pathogens detected. This ranges from use of genetic 

markers and source tracking markers  (Sauer et al., 2011; Sidhu et al., 2013) to modelling 

microbial pollutants within watersheds (Jamieson et al., 2004).  

 

The predominant research focus of microbial pollutants is in relation to health risks which arise 

from contaminated surface waters and stormwater runoff (Sidhu et al., 2012; Gaffield et al., 

2003). Stormwater runoff contaminated with microbial pollution has significant health risks, and 

therefore research is undertaken for the management of this, through understanding and 

improving the detection of specific pathogens to low impact management and mitigation 

strategies such as implementation of SuDS (Sustainable urban drainage systems) to remove 

pollutants (Gaffield et al., 2003; Sauer et al., 2011).  According to Ahmed et al. (2019), research 

on a broad range of microbial pollutants in stormwater runoff is lacking, especially related to the 

occurrence and concentration levels.  

 

2.4 Geochemical pollution 
 
Geochemical parameters are often the predominant characteristics tested in relation to 

stormwater runoff within urban areas. They are related to various sources but can generally be 

grouped into nutrients and heavy metals. When examining stormwater runoff in urban areas, the 

main characteristics and parameters tested include BOD, COD, Total Kjeldahl Nitrogen, 

suspended solids, Nitrogen, Phosphorus, and some metals such as Lead and Zinc (Lee and Bang, 

2000; Kim et al., 2007; Ballo et al., 2009).  

 
In relation to nutrients tested within runoff, these include Nitrogen, Phosphorus, as well as 

Nitrates and Nitrites (Zhang et al., 2011).  Runoff from urban areas are known to contribute to 

the contamination of aquatic environments (Kim et al., 2007; Wium-Andersen et al., 2013). One 

such method is runoff resulting in eutrophication in surface water bodies, as a result of excessive 

levels of Nitrogen and Phosphorus in runoff (Taylor et al., 2005; Tabei and Droste, 2004). 

Eutrophication results in the significant reduction of water quality and can cause numerous 

issues, including algal blooms, increased pH as a result of high photosynthesis, hypoxia and the 

production of toxins (Chislock et al., 2013). It not only impacts upon water quality influencing 

aquatic life but is also a health risk and can result in the growth of bacteria, which are harmful to 

humans (Nyenje et al., 2010; Chislock et al., 2013). One impact of eutrophication is that of oxygen 

depletion within water bodies, from the accumulation of dead organic matter, which both 

consumes oxygen and can produce harmful gases such as methane, which can mean fish and 
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other aquatic species die (Nyenje et al., 2010). This can lead to anaerobic conditions, which can 

result in the growth of bacteria such as Clostridium botulinum and algal blooms, both of which 

are harmful (Gaffield et al., 2003; Nyenje et al., 2010).  

 
Heavy metals in runoff are often associated with runoff on highways and roads, as a result of 

traffic and vehicles  emissions and particulates derived from wear of brake pads (Helmreich et al., 

2010; Kayhanian et al., 2012). Chemical contaminants originate from various diffuse sources such 

as vehicle tyres, road surfaces and vehicle emissions (Brown and Peake, 2006; Liu et al., 2015). 

Within research examining runoff heavy metals tested include Lead, Zinc, Copper, Iron and PAHs 

(Gobel et al., 2007; Helmreich et al., 2010). These are tested due to their prevalence within these 

locations, as well as the toxicity, which means they require monitoring. Geochemical pollutants, 

such as heavy metals in urban runoff, however, are not solely attributable to runoff from 

highways and surfaces, they can also originate from numerous sources such as dumpsites and 

mine waste (Odukoya and Abimbola, 2010). 

 

Stormwater runoff research examining microbial and geochemical parameters  encompasses a 

broad range of topics within literature. Research covers a range of topics from studies on runoff 

water quality as a general review, to examining specific parameters in the context of various case 

studies. However, an over-arching theme is that the majority of pollutants are studied due to the 

significant threat contaminated water quality can have to both health and/or the environment.  

 

2.5 Influencing factors upon runoff 
 
Stormwater runoff quality is influenced by pollutant build up and wash off, which is essentially 

the mobilisation and transport of pollutants within runoff, and therefore the water quality.  

 

Pathogen transport and mobilisation are complex processes, which comprise numerous 

pathways and mechanisms that influence movement of microorganisms around a catchment 

(Haydon and Deletic, 2006; Funari et al., 2012). Transport and mobilisation have been studied in 

a number of different ways: through computer modelling, mathematical frameworks, field-based 

assessments and lab simulations (Ferguson et al., 2007; Bradford et al., 2012; Ferguson et al., 

2007). 

 

Understanding pathogen transport is important to fully comprehend stormwater runoff. 

Pathogen movement around watersheds and catchments is comprised of two main processes, 

the accumulation of pathogens and the subsequent wash-off of pathogens (See Figure 2.2) 

(Haydon and Deletic, 2006). The accumulation of pathogens and wash off are influenced by both 
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rainfall characteristics and catchment characteristics, in a variety of different ways (Medema et 

al., 2003; Hevesi et al., 2009). 

 

 

 
Figure 2.2- Image showing pathogen mobilisation (Taken from Haydon and Deletic, 2006) 

 

 

2.6 Rainfall characteristics 

 
Rainfall characteristics which are often studied when assessing stormwater runoff include rainfall 

intensity, rainfall duration, volume, and period without rainfall (Liu et al., 2013). Rainfall 

characteristics influence the pollution in various ways.  

 

Firstly, the rainfall can influence the accumulation of pollutant build-up as  a longer period of dry 

weather prior to a rainfall (antecedent dry weather days) event often correlates to higher levels 

of pollutants within runoff (Li et al., 2007; Murakami et al., 2009; Chow et al., 2013). However, 

there many areas where there is no correlation (Deletic, 1998; Charbeneau and Barrett, 1998). 

Variations in this lack of correlation can be a result of anthropogenic activities such as sweeping 

of streets, which prevents the accumulation of pollutants (Tabei and Droste, 2004; Li et al., 2007). 

There are also other influencing factors, including catchment characteristics which are influential 

including catchment size, land use and site-specific characteristics such as road surfaces (Vaze 

and Chiew, 2002; Liu et al., 2013). Catchment characteristics influence the sediment and pollutant 

build-up, and the subsequent impact of variations in antecedent dry weather days influences 
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water quality (Goonetilleke et al., 2005). The influence of antecedent dry weather on runoff varies 

significantly (Wang et al, 2011).  

 

The antecedent dry weather days and the first flush effect is also a key area of research. The first 

flush effect can be seen throughout the literature as both increasing the concentration of 

pathogens within stormwater runoff, whilst other studies determined that the impact of the first 

flush effect was that of dilution (Bhavnani et al., 2014; Drayna et al., 2010). There are varying 

factors which are influential, including differences in pathogens or pollutants being observed and 

measured within the runoff, both in terms of the size and life cycle of pathogens, as well as the 

interaction pathogens have with sediment (Lee and Bang, 2000). Other factors determined to be 

influential include watershed characteristics, rainfall patterns, as well as socio-economic factors 

including land use (Lee and Bang, 2000; Vaze and Chiew, 2002; Tiefenthaler and Schiff, 2001). 

 
Rainfall characteristics predominantly included within runoff research focus upon rainfall 

intensity and rainfall duration  (Wang et al., 2011). In most reported literature it is highlighted 

that runoff quality is not solely influenced by rainfall characteristics (Liu et al., 2012; Wang et al., 

2011). Other factors such as catchment and land use can play a significant role, whilst various 

rainfall characteristics interact with the environmental and anthropogenic influences (Liu et al., 

2012). 

 

Rainfall intensity is often found to be an influencing factor in the mobilisation of pathogens from 

surfaces and is therefore often positively correlated to runoff pollutants (Chow et al., 2013; Vaze 

and Chiew, 2003). This is more significantly observed when rainfall intensity is linked to pollutant 

loads in the first 10-30 minutes of a rainfall event, the first flush event, where an increased 

intensity linked to an increase in pollution (Zhang et al., 2015; Li et al. 2015; Kim et al., 2007; Lee 

and Bang, 2000; Ballo et al., 2009). However, there are studies where rainfall intensity is not 

considered an influencing factor in pollutants (Parsons and Stone, 2006). This is most likely  

because of the influence of other characteristics upon runoff having more of an impact, as well 

as the inter-dependency of other rainfall characteristics (Chow et al., 2013)  

 

Rainfall duration is predominantly negatively correlated to runoff pollutant levels, due to the 

dilution effects that can occur, for longer rainfall events generating higher runoff volume, which 

arguably can dilute the levels of contaminants and pollutants (Liu et al., 2012). This is linked to 

the assumption that longer duration of rainfall increases the runoff volume, however again this 

is strongly dependent upon the catchment climate, in terms of pervious and impervious surfaces. 

However, this is not solely the case, as it is reliant upon the size of the rainfall event, with bigger, 
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as well as longer rainfall events leading to dilution (Chow et al., 2013). There are also variations 

in results, as with intensity, with certain studies indicating a positive correlation between duration 

and pollution with more pollutant mobilised (Zhang et al., 2015), whilst others indicate no 

correlation (Gan et al., 2008).  

 
As mentioned throughout this section, rainfall characteristics are inter-dependent, variations in 

rainfall events which can occur influencing runoff (Gnecco et al., 2005). Of greater significance is 

the influence of catchment upon the impact of rainfall characteristics, which influences the data 

and the correlations which can be detected.   

 

2.7 Catchment characteristics 
 
The predominant catchment characteristics which influence runoff are land use within a 

catchment and the impervious area within a watershed (Liu et al., 2013; Li et al., 2015; Lee and 

Bang, 2000; Jamwal et al., 2008). These factors influence both stormwater runoff quality and 

quantity. They are both interlinked often as the land use to a certain extent can predetermine 

the imperviousness of the catchment.  

 

Land use has to a certain extent been discussed within this literature already in relation to  

sources of pollution. Land use is an influencing factor in relation to water quality, predominantly 

because of the sources of pollutants in differing areas. Rural land use predominantly has 

pollutants and contaminants which are related to agriculture such as nutrients from fertilisers 

and faecal organisms and organic material from animal waste and surrounding vegetation (Mallin 

et al., 2009). In comparison, urban areas have a range of pollutants from wider range of sources, 

including industrial (heavy metals); residential (suspended solids and faecal organisms) and 

highways (heavy metals) (Lee et al., 2002; Wang et al., 2013; Li et al., 2015). However, whilst land 

use is often split into rural and urban, there are numerous studies which examine other land uses, 

including rapidly industrialising urban areas (Li et al., 2015); mixed land use areas which produce 

various impacts (Paule-Mercao et al., 2017). 

 

In relation to impervious areas of a catchment, catchments containing significant areas of 

impervious surfaces result in a greater proportion of rainfall becoming surface runoff, as well as 

runoff response being magnified for smaller rainfall events (Shuster et al., 2005; Paul-Mercado et 

al., 2017; Zhao et al., 2007). Rainfall infiltrates more easily into pervious surfaces and requires 

greater rainfall volume to generate runoff (Zhao et al., 2007). In catchments which have high 

percentages of pervious areas, these are dominated by soil surfaces, and these soils and 

sediments are often reservoirs of pollutants (Jamwal et al., 2008). Sediments, vegetated sediment 
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and soil particles are often linked to nutrients and chemicals within runoff, as a result of pollutants 

adsorbing to sediment particles (Entry et al., 2002; Brookes et al., 2004). Additionally, where 

pollutants accumulate within soils it requires much higher levels of precipitate intensity to 

mobilise these pollutants (Zhao et al., 2007; Zhang et al., 2003).  However, it can be argued that 

once sufficient rainfall intensity and volumes occur, then mobilisation occurs, as with runoff 

impervious areas. Whilst the predominant areas of pervious land use are often found in rural or 

agricultural regions, that is not always the case with compacted and arid regions having high 

percentages of impervious areas across the surface area of a catchment (de Winnaar et al., 2007). 

 

Broadly speaking within the literature research examining runoff in catchments with high 

percentage of impervious surfaces, focusses upon the topic of urbanisation and the increase in 

urban areas. Urbanisation results in the reduction of pervious surfaces and vegetation within a 

catchment (Goonetilleke et al., 2005; Braune and Wood, 1999). Impervious areas lead to changes 

in runoff volume and peak discharge which influences runoff quantity (Shi et al., 2007). In addition 

to this the mobilisation of pollutants, because of the lack of infiltration means that a smaller 

rainfall event will potentially result in high levels of pollutant loading (Li et al., 2015). 

 
Whilst anthropogenic influences are present through land use and pollution sources, 

anthropogenic activities themselves can influence water quality both positively and negatively. In 

the US and Canada, daily street sweeping was undertaken to reduce the COD load in runoff 

(Jamwal et al., 2008; Tabei and Droste, 2004). Street cleaning was also implemented in Iran, to 

reduce the contamination within runoff (Tabei and Droste, 2004). However, in other developing 

countries such as India, it was found that, the economic situation did not allow for street cleaning 

to be undertaken on a significant scale to have a noticeable impact (Jamwal et al., 2008). 

 

It should be noted however that whilst there are correlations found within the literature related 

to both rainfall characteristics and catchment characteristics, there were also significant 

variations at different watershed catchment scales based upon specific dominating parameters, 

and process mechanisms that were more influential.  

 

2.8 Stormwater runoff in Informal settlements 
 

Within the research on stormwater runoff, there is a gap in the literature studying runoff in 

informal settlements. Stormwater runoff in the context of informal settlements has been studied 

to some extent, however there is lack of research on runoff quality within an informal settlement.   
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Stormwater runoff is a major source of pollution in urban areas and should be considered as 

important as other forms of polluted water. It can be argued that with informal settlements in 

sub-Saharan Africa both increasing in density and number, the amount of wastewater, pollution 

and rubbish being discharged into the environment or being deposited on the surface is also 

increasing (Nyenje et al., 2014). It is therefore important to understand and manage the transport 

and movement of storm water runoff in catchments with informal settlements. Informal 

settlements are increasing in number and size in sub-Saharan Africa and with an increasing 

population and the increase in urbanisation understanding runoff within these areas is becoming 

a pressing issue (Nyenje et al., 2014). 

 

 Slums and informal settlements are vulnerable locations for numerous reasons, however in the 

context of stormwater runoff, the lack of drainage and the numerous pollutant sources increase 

the risk to populations (Adegun, 2015). There are multiple sources of pollution including poor 

sanitation facilities and sewerage, exacerbated by the issue of open defecation which often 

occurs and is a contributing factor to runoff pollution (Jamwal et al., 2008). Concomitant to the 

varied pollutant sources is the lack of infrastructure to manage runoff, which results in exposure 

of residents to highly polluted stormwater runoff and surface water runoff (Parkinson and Taylor, 

2003; Jagals, 1997; Jiutso and Kenny, 2016). It is important to note that the movement of runoff 

through an informal settlement can be hazardous both at speed as well as slowly, as highlighted 

by Jiutso and Kenney (2016); as  slow drainage increases the potential the creation of temporary 

water bodies and therefore longer exposure to polluted water, whilst faster drainage could create 

flooding of homes from runoff (Jiutso and Kenney, 2016). 

 

Significant research has been undertaken examining the management of runoff within informal 

settlements (Parkinson, 2003; Goncalo et al., 2007; Adegun, 2015; Jiutso and Kenney, 2016). As 

a result of settlements developing both illegally and rapidly, infrastructure does not tend to 

develop during the initial formation of informal settlements (Armitage et al., 2009). This results 

in the necessity to implement management strategies post development of the settlement. 

Owing to the unplanned nature and irregularities within informal settlements, the use of 

structural management methods is not often considered as a solution within these areas 

(Parkinson, 2003). Instead the use of SuDs (sustainable urban drainage schemes) are posited as a 

way of improving stormwater runoff  (Fitchett, 2017). 

 

In addition, research indicates that a key method for implementing sustainable and durable 

runoff management techniques is the inclusion of local communities in the development and 
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implementation of techniques (Armitage et al., 2009; Adegun, 2015; Jiutso and Kenney, 2016; 

Fitchett, 2017). A number of case studies have shown that it is important for the success of 

schemes in relation to the maintenance and understanding regarding runoff and surface water 

management (Fitchettt, 2017; Jiutso and Kenney, 2016). Involving local communities’, results in 

trust developing between residents and officials who are implementing the schemes, ensuring 

that management which will address the issues within the settlement are addressed properly 

(Jiutso and Kenney, 2016; Fitchett, 2017). However, examples also show that the inclusion of local 

community members also can result in issues, as a result of miscommunication and mistrust 

between officials and local residents, as well as to a certain extent, individuals prioritising their 

own dwelling over the overall settlement, which can result in detrimental results to other 

residents (Armitage et al., 2009).  Overall, the inclusion of residents into schemes is useful to 

ensure effective implementation of mitigation schemes.   

 

Runoff quality assessments in informal settlements  is lacking within the literature. There is a basic 

understanding of water quality in these areas, because research has been done by measuring 

outflow points which drain settlements or surface water bodies downstream of settlements to 

determine runoff quality (Jackson et al., 2009; Arora and Reddy, 2013; Fatoki et al., 2001). These 

results indicate the high levels of contaminants in terms of coliform counts and nutrients in water 

samples (Fatoki et al., 2001; Pegram et al., 1999). Runoff in relation to analysing the effectiveness 

of runoff management schemes, has focused on testing water quality in terms of nitrates and 

phosphates, however not a broad spectrum of water quality for both microbial and geochemical 

parameters (Fitchett, 2017).  

 

Whilst to some extent runoff quality from informal settlements is understood to be highly 

polluted, because of the samples which have been monitored. However, stormwater runoff 

quality monitoring across an informal settlement and a broad range of parameters has not been 

undertaken.  As highlighted by Pegram et al., (1999), to effectively manage water quality, it is 

necessary to understand the full scale of the issue. This research gap within the literature in 

relation to understanding stormwater runoff quality and quantity within an informal settlement 

is what this research aims to address.  
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Chapter 3: Case Study- Enkanini Informal settlement 
 

The case study for this thesis will be based on Enkanini informal settlement, Stellenbosch in the 

Western Cape of South Africa (Figure 3.1). The reason for the selection of Enkanini informal 

settlement as the case study for this research project is due to a number of factors. Stellenbosch 

University (SU) has an ongoing working relationship with the Enkanini, enabling safe access to the 

area to undertake fieldwork.  In addition, the Enkanini Research Centre, which is located within 

the settlement, is part of the Sustainability Institute at SU and allows for both collaborations 

between the University and Enkanini, as well as a place for community engagement. This 

relationship with the informal settlement means that residents within the settlement are used to 

research being undertaken and therefore it was possible to carry out the necessary data 

collection with relative ease. In addition to this, Mr Yondela Tyawa, who works at the Enkanini 

Research Centre and is a resident within Enkanini, was able to provide valuable information and 

recommendations in relation to site selection.  

 

 

 

Figure 3.1- Map of South Africa, highlighting the location of Stellenbosch 
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3. 1 Geology and geography of Stellenbosch, South Africa  
 

South Africa has a diverse geography and geology. The Western Cape Province lies on the south 

western edge of the African continent, covering an area of approximately 130,000 km2 

(Bargmann, 2005). The city of Stellenbosch is located within the Cape Winelands, surrounded by 

the Hottentots-Holland Mountains, in the catchment area which includes Jonkershoek Nature 

reserve, Simonsberg Nature Reserve, with the Eerste and Plankenburg Rivers flowing through it. 

Stellenbosch was settled in the 1600s as a colonial settlement of the Dutch East India Company, 

named after Simon van der Stel who chose the site due to the proximity of the Eerste River 

(Burman, 1970). 

 

The Eerste River’s source is in the Jonkershoek Mountains, and is approximately 40 km long with 

a catchment area of 420 km2 (Meek at al., 2013; Ngwenya, 2006). The Eerste River has several 

tributaries which join it and influence the river, including the Plankenburg River which combines 

with the Krom River to join the Eerste River. The Plankenburg River is approximately 10 km long 

and flows through a catchment containing a variety of different land uses (Jackson et al., 2009). 

Upstream to the north of Stellenbosch, where the source of the river is, the area is predominantly 

agricultural, primarily vineyards, however once the river enters Stellenbosch it passes by the 

township of Kayamandi and the informal settlement of Enkanini (Jackson et al., 2009). Surface 

runoff from these areas drains into the Plankenburg River. The river also flows past numerous 

commercial and industrial sites and as a result of the varying land uses is a highly polluted river, 

which further contributes to the high pollution levels also found in the Eerste River (Barnes, 2003; 

Jackson et al., 2009). 

 

Stellenbosch has an average annual temperature of 16.5 °C, an average annual rainfall of 701.9 

mm and is classified as having a Mediterranean climate, according to the Köppen Climate 

classification (South African Weather Services, 2019; Conradie et al., 2002). The climate means 

that it has rainfall predominantly during the winter months, whilst the summer months are hot 

and dry (Sorensen, 2017). 
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Figure 3.2- Geological map of the Western Cape region of South Africa, 

including Stellenbosch (Kirsters, 2016). 

 

The underlying geology of the region of Stellenbosch is both Table Mountain sandstone and 

Malmesbury shale deposited under marine conditions, and Cape granite from volcanic activity in 

the region (Bargmann, 2005; Meek et al., 2013) (See Figure 3.2). Much of the soil of the region is 

clay-rich loams, with large amounts of clay kaolin, and this is also the case for Enkanini informal 

settlement, which has a clay soil geology (Bargmann, 2005; Tavener-Smith, 2012). The geology of 

the region, plus the high-water table levels in the Stellenbosch region means that there is low 

permeability of the soils resulting in high runoff rates (Sebitosi, 2012).   
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3.2 Location and description of the study site  

 
The informal settlement of Enkanini (Figure 3.03) is situated about 1.5 km to the northwest of 

Stellenbosch town across two hill slopes. The settlement has the township of Kayamandi 

bordering it to the north, to the south Papegaaiberg nature reserve, whilst agricultural and 

industrial land lie to the west and east of the settlement respectively (Seeliger and Turok, 2014). 

Enkanini was settled illegally on municipal land in 2006 (Taverner-Smith., 2012; Van der Heyde, 

2014; CORC, 2012). Initially Enkanini started as a squatter camp, before expanding in size and this 

changed to a site and service informal settlement (Smit et al., 2017). 

 

There are two main tracks running through the settlement, one which goes up the hill towards 

the border with Kayamandi, whilst the other runs through the southern part of the settlement. 

Enkanini is a settlement full of informal dwellings, often built from any material which can be 

found (e.g. corrugated iron, timber and tyres). When Enkanini was first settled, the construction 

of buildings needed to occur over night, as once a shack is built, the resident is protected by a 

constitutional right to fair trial prior to eviction. However, if the structure is not fully constructed 

it is often taken down (van Breda, 2016). The dwellings are divided by small footpaths which also 

turn into drainage channels and flow pathways during the rainy season. The settlement consists 

of informal dwellings as living quarters, as well as infrastructural features including a church, a 

gym and shops, all of which are run by residents in the settlement.  

 

In 2012, the population was estimated at around 4,200 people with 2,500 dwellings according to 

the Stellenbosch Municipality enumeration report. However, it is estimated that as of 2013, 

Enkanini is home to between 8,000 - 10,000 people (Taverner-Smith, 2012; Seeliger and Turok, 

2013). Current population figures are unknown, however as with other informal settlements, and 

having seen the  increase in the size of the settlement on satellite images these figures are likely 

to have increased since 2013. Images of Enkanini settlement can be seen in Figure 3.3 below. 

 

 

 

 

 

 

 



 40 

  

  

Figure 3.3- Above: Images of Enkanini Informal settlement (Source: O.C.Cooke).  Below: 

Location of Enkanini Informal settlement at coordinates 33° 55′ 26″ S, 18° 50′ 42″ E, 

Stellenbosch, South Africa (Image taken from Google Earth in 2016). 

 

The photos in Figure 3.3 highlight the population density and the lack of formal sanitation and 

service infrastructure such as waste disposal systems in the settlement.  

 

3.3 Enkanini social and economic background   
 

Enkanini is characterised as an illegal settlement, due to the takeover of municipal conservation 

land (Skåre, 2016; Tavener-Smith, 2012; Wessels, 2015). In 2006, a court order for the eviction of 

Enkanini was in place by Stellenbosch Municipality, which made residents vulnerable, living in the 

informal settlement as they had no legal right to be there. However, the eviction order was never 

enforced, and since then the settlement has grown in size (Wessels, 2015). Initially after the 

establishment of the settlement in 2006, Stellenbosch Municipality attempted to prevent 

Enkanini from increasing in size, by hiring a demolition team to destroy new dwellings which were 

being erected (Wessels, 2015). This led to new residents constructing settlements overnight, as 

the constitution protects occupants once a property is completed and lived in, with potential 
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evictions requiring a court order. “No one may be evicted from their home, or have their home 

demolished, without an order of court made after considering all the relevant circumstances. No 

legislation may permit arbitrary evictions” (Government of South Africa, 1996) (Wessels, 2015).  

 

In contrast to many informal settlements, where in-migration from rural areas is often the 

primary driving force of population increase, the residents of Enkanini are predominantly from 

Kayamandi township which borders Enkanini to the north (Seeliger and Turok, 2014; Stellenbosch 

Municipality, 2012). According to interviews with a community leader, this migration occurred as 

a result of two factors being i) that of a lack of money for rent in order to remain in Kayamandi, 

or ii) a lack of space within family houses in Kayamandi (Wessels, 2015; Skåre, 2016; Seeliger and 

Turok, 2014).  This means that the residents are predominantly from Kayamandi, the population 

structure is dominated by young persons, with over 50% of the population being below the age 

of 35 years old (See Figure 3.4) (Stellenbosch Municipality, 2012). This influences the informal 

settlement in that the majority of dwellings contain either one or two people (Stellenbosch 

Municipality, 2012). It also influences the growth of the settlement, as well as affecting the 

population structure. Natural population growth is the key factor in settlement expansion in 

addition to in-migration, as the younger population who initially settled Enkanini in 2006 start to 

have their own families and children, which is corroborated by Kovacic et al. (2016) through their 

data collection showing the population structure change. 

 

However, it is important to note that there are still people, moving to Enkanini from more rural 

areas to find better opportunities associated with residing in urban regions (Skåre, 2016). Over 

75% of the population in Enkanini are from the Western Cape, whilst the second highest 

percentage of the population come from the Eastern Cape Province at 21% (Stellenbosch 

Municipality, 2012).  
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Figure 3.4 - Population pyramid for Enkanini (Stellenbosch Municipality, 2012) 

 

According to Stellenbosch Municipality, the majority of residents in Enkanini are not fully 

employed, with approximately half the population either being unemployed or only employed 

part-time.  Data collected for the enumeration report of Enkanini, reported that the mean 

household income in Enkanini is R1031.11 ($65) per month, with 79% of expenditure going to 

clothes and food (Stellenbosch Municipality, 2012).   

 

Another social issue within Enkanini is the lack of community structures which Seeliger and Turok 

(2014) argue are found within Kayamandi township but are absent in Enkanini. This is a factor 

which leads to high crime levels (Seeliger and Turok, 2014). According to Wessels (2015) whilst 

there is not a group of representatives to represent Enkanini, there are other community led 

schemes which have developed within the settlement. There are a number of groups which have 

developed since the initial settlement, to try and counteract issues which occur from living in an 

informal settlement including “churches…gyms, communal garden organisations and creches” 

(Wessels, 2015). Governance is occurring within the settlement, which can, in some respects, 

reduce crime levels, through the policing of the areas individually or at street level, however other 

schemes include co-investment in the infrastructure in the settlement to try and improve the 

living conditions (Wessels, 2015).  
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The illegality of Enkanini is a source of tension with residents believing that the Municipality 

should deliver the basic services, that are provided to the rest of Stellenbosch (Seeliger and Turok, 

2014; Wessels, 2015). Stellenbosch Municipality is in a difficult position in that if they provide full 

services to the settlement, they are basically approving the legitimacy of the settlement, 

however, basic services must be provided as a human right (Wessels, 2015). Whilst in comparison 

residents of the town, see Enkanini as an illegal settlement, invading municipal land, and that it 

is a threat to the Papegaaiberg nature reserve which is a heritage site (Seeliger and Turok, 2014). 

Within this position there is still conflict as the location of Enkanini on steep slopes, and the 

uncoordinated construction of the settlement makes it difficult for any infrastructure to be 

implemented, for example power lines (Wessels, 2015).  

 

3.4 Infrastructure and services 
 

Enkanini, as is found in most informal settlements, has minimal amenities and limited 

infrastructure. However, there has been an increase in the facilities provided since the settlement 

has expanded (Seeliger and Turok, 2014). Table 3.1 below summarises information about 

Enkanini, and also provides information on the basic facilities existing within the settlement as of 

the 2012 census.  

 

Table 3.1 - Summary of infrastructure facilities existing within Enkanini as of 2012 (Stellenbosch 

Municipality, 2012) 
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The road infrastructure within the informal settlement consists of two main dirt tracks as the 

access points around the settlement, which are in poor condition (Seeliger and Turok, 2014). 

Between the houses are dirt tracks and footpaths. Both the roads and footpaths are unsurfaced 

and are prone to erosion. The settlement is very densely populated, in terms of the layout of the 

dwellings meaning access is even more difficult.  

 

Enkanini was connected to the water supply sewerage network (wastewater) in 2009, but the 

infrastructure and facilities in place are under pressure due to the expansion of the settlement 

since construction. New toilet blocks have been constructed since 2009, including one under 

construction as observed during  the fieldwork season in 2017. However, the sewage pipe 

network is unable to service an increased population, and this often results in sewage overflows, 

as pipe diameters did not account for the population size increase, and therefore do not have 

sufficient capacity (Tavener-Smith, 2012). Sewage overflow regularly occurs compounding the 

problem of contaminated runoff and material on the ground (Seeliger and Turok, 2014). Low 

pressure in the toilet system facilities, which affects toilet flushing, is particularly prevalent during 

the summer seasons when the water levels are low, or during the weekend when there are more 

people in the settlement (Tavener-Smith, 2012). Often this leads to blocked pipes and sometimes 

overflows of sewage.  

 

The sanitation and water supply facilities, recorded in 2014, consist of 32 communal taps, 80 

communal flushing toilets and 7 concrete waste bays (Van der Heyde, 2014; Seeliger and Turok, 

2014). The facilities are unevenly distributed around the settlement, with the newest dwellings 

in Enkanini, tending to be furthest away from facilities (Figure 3.5). According to Tavener-Smith 

(2012), the lack of even distribution, across the settlement, due to the ever changing nature of 

informal settlements, as well as the constant influx of people into the area, means that open 

defecation is likely, and evidence of this occurring in Enkanini has been noted (Tavener-Smith, 

2012).  
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Figure 3.5- Spider diagram showing the distribution of facilities in comparison to location 

of households. Taken from Enkanini Household Enumeration Report (Stellenbosch 

Municipality, 2012) 

 

A number of projects within Enkanini have been implemented aiming to improve the provision of 

sanitation, including pour-flush toilets which were connected to an anaerobic digester, as part of 

both research and a method of combating the lack of sufficient facilities available (Ambole et al., 

2016).  However, it is interesting to note that this project, was not successful due to cultural 

views. Xhosa cultural beliefs are against storing greywater for a period of time, according to 

interviews conducted, within Enkanini, as well as the fact that size of dwellings limiting the 

storage of greywater necessary for the purpose of a flush toilet (Ambole et al., 2016).  

 

3.5 Pollution sources in Enkanini 
 

There are multiple sources of pollution within Enkanini and residents are potentially vulnerable 

as a result of them. Enkanini, as with all informal settlement, is at risk to the threat of numerous 

health hazards, including polluted runoff. The UN defines informal settlements as places with 

‘inadequate access to safe water, inadequate access to sanitation and other infrastructure, poor 

structural quality of housing, overcrowding and insecure residential status’. These features, along 

with overcrowding means that there is a higher prevalence in the spread of infectious diseases, 

as well as diarrhoea (WHO, 2018). 



 46 

 

Within informal settlements excess runoff (in the form of flooding) is a threat to health of the 

residents, as the resulting stormwater is usually highly contaminated both as a result of greywater 

and from faecal bacteria (Adegun, 2015). There are numerous point and non-point sources of 

pollution within Enkanini which contaminate runoff. In terms of faecal pollutants, due to the poor 

sanitation and lack of sufficient infrastructure, a number of residents relieve themselves 

outdoors, in the bush  adjacent to the settlement, which is known as open defecation (Seeliger 

and Turok, 2014). There are also other sources of faecal pollutants from the use of the bucket 

system which a number of resident’s use. The bucket system involves storing a bucket in your 

house to use when in lieu of the toilet blocks, when late at night or toilets are inaccessible, and 

populations dispose of excrement and waste in neighbouring fields or ditches in the settlement 

(Currie et al., 2014).  Any drainage infrastructure that there is in place, often becomes blocked 

and overflows, which results in raw sewage flowing as runoff into the Plankenburg River during  

rainfall event (Sebitosi, 2012).  

 

In addition to this, other sources of pollution include the open dump sites around Enkanini. Waste 

disposal, recycling and collection services within the settlement are severely lacking, which leads 

to the build-up of waste at dumpsites around the settlement (von der Heyde, 2014; Seeliger and 

Turok, 2013). These dump sites are potential sources of pollution due to the disposal of various 

waste materials from food waste, to soft and hard plastics and sometimes the disposal of faecal 

matter from the bucket system.  

 

The high levels of contaminants from open defecation and other instances of  poor sanitation 

such as accumulation of waste, lead to high levels of vulnerability to diseases (Tavener-Smith, 

2012). This has a detrimental impact upon health. Within Enkanini, there has been high disease 

incidence, including both diarrhoea and skin rashes and sores, which particularly affect children 

who play near areas contaminated by runoff flows (Tavener-Smith, 2012).  

 

Whilst the focus of this study is  on the health hazard that arises from water-based sources, the 

nature of informal settlements means that there are a range of risks. One of these risks is that of 

the threat of dangerous electric cables and wiring (Seeliger and Turok, 2014). As Enkanini is not 

connected to the main electricity supply legally, often illegal overhead connections and 

installations occur, which can lead to dangerous wiring issues (Seeliger and Turok, 2014).  
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3.6 Sample site selection justification 
 

The sample site locations within Enkanini were selected for a number of reasons, both scientific, 

in terms of the hydrology and sub-drainage basins within the informal settlement, as well as 

health and safety reasons.  

 

The primary criterion – the presence of stormwater runoff to collect water samples from – was 

used to identify the initial locations where sampling could be undertaken. This was done using 

spatial data analysis of the informal settlement. The methodology for the spatial data analysis will 

be examined in greater detail in Chapter 4, however, the analysis indicated the pathways where 

the flow of water will most likely occur. This provided initial potential site location options where 

sampling could occur, where the potential for stormwater runoff and surface runoff was highest 

to enable collection of water samples.  

 
In conjunction with this, the other dominant criterion influencing the site selection was the safety 

of the sites around the settlement. Recommendations regarding sites were made by Mr Yondela 

Tyawa, a resident within Enkanini who resides at the Enkanini Research Centre and collaborates 

on numerous research projects between Stellenbosch University and Enkanini informal 

settlement. Site suggestions were made based upon the areas which had ease of access with a 

vehicle to ensure researchers within the settlement were as safe as possible. In addition to this, 

Mr Tyawa also provided insight into where most stormwater runoff occurs during rainfall events. 

Whilst the spatial data analysis provides the path of most likely flow of runoff, this is based upon 

the digital elevation data, and human interaction including the building of ditches and dwellings 

can alter this, and first-hand experience is therefore invaluable to decision making processes. It 

is important to note that whilst spatial data analysis indicated path of most likely flow of runoff, 

sufficient flow needed to occur for the water sampling process, as will be addressed in Chapter 

4. Water samples of four litres were necessary for microbial and geochemical analysis and 

therefore sites had to be practical to ensure sufficient water could be collected.  

 

Sample sites were identified across the informal settlement to try and select locations where the  

sub-drainage basins of each site would include runoff from as wide a range of the informal 

settlement as possible. Taking into consideration the safety precautions undertaken, as well as 

ease of access to sites, alongside the first-hand knowledge of a resident, the sample sites were 

spaced around Enkanini as much as possible to encompass the runoff from the whole settlement.  
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Other criteria considered included the practicalities of the sampling process. Sample sites 

changed between the first (2016) and second (2017) fieldwork seasons, with the addition of three 

runoff sites within Enkanini by 2017. This was based solely upon the practicalities of sampling and 

analysis. Microbial analysis is required to be completed within a timeframe to ensure accuracy 

within the results produced. During the first season, both the sampling process analysis took 

longer due to the unfamiliarity of the procedure, and therefore by the second season the speed 

of analysis had increased enabling more sites to be added. In addition to this, during the first 

(2016) season, water samples from rainwater tanks was collected, however it was determined 

that for this research project, this was not within the scope of the project, and the removal of this 

analysis enabled more stormwater runoff sites to be added.  

 

Finally, to some extent there were funding constraints preventing the addition of more sites. 

Whilst with ideal circumstances, numerous sites across the settlement would have been sampled, 

however geochemical analysis of the samples was outsourced to external laboratories and the 

budget therefore restricted the number of samplings which could be completed.  

 

 

3.7 Sample site descriptions 
 

A description of the specific sample sites where water quality was monitored within Enkanini are 

described below. In each description, a red arrow will be utilised on the photographs to indicate 

the approximate location of where the sample was collected.  Figure 3.6 indicates the location of 

the sample sites within Enkanini and the control site in Stellenbosch. 
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a) 

 

b) 

 

 Figure 3.6- Maps showing sample sites: (a) identifying runoff sample sites (1, 2, 4, 5, and 6); and 
(b) location of the control site (Site 3) in comparison to Enkanini 
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3.7.1 Site 1 
 
Site 1 was a sample site during the fieldwork seasons of 2016 and 2017. It lies along a gully which 

drains below one of the main tracks leading to one of the dumping sites in the settlement. The 

water course runs between dwellings, and during sampling it was noted that greywater 

containing food waste and other domestic wastewater is often dumped directly into the gully. In 

addition, there was an indication of the presence of livestock in this area, predominantly fowl 

(chickens), as well as cats and dogs. The site had some vegetation, mainly trees which can be seen 

Figure 3.7 below. This meant that there was often vegetation debris at the site location. Between 

2016 and 2017, new informal dwellings were constructed  close to the location of sampling on 

the edge of the gully.  

 

Sampling in this location occurred within the same 5-10 metre section, along the same transect, 

however variations occurred based upon where water samples could be collected, as on 

occasions waste accumulation required the sampling location to be moved up or downstream 

accordingly. Mid-way along the section of sampling there is a manhole cover for some of the 

piped drainage which is present within the settlement, and it was noted during one sampling 

session that this was over-flowing and mixing into the runoff.  
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a) 

 
b
) 

 
 Figure 3.7- Site 1 photographs (Source: O.C.Cooke). GPS coordinates 33° 55′ 27.34″ S, 18° 

50′ 43.34″ E (Red arrow indicates approximate sample location) 

 

3.7.2 Site 2 
 
Site 2 was a sample site during the fieldwork seasons of 2016 and 2017. It is located towards the 

entrance to Enkanini. The sampling site was part of the perennial stream which flows through the 

settlement containing runoff water. The site is located below a section with vegetation along the 

stream including reeds and shrubs. To one side of the site there is a steep slope upon which 

dwellings are built, whilst the other side of the site is much flatter, however also surrounded by 

dwellings. There is a cardboard/wooden bridge, as can be seen in Figure 3.8, which is used as a 

crossing point for residents. Between 2016 and 2017, new dwellings were constructed close to 

the location of sampling on the edge of the stream.  
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During sampling it was noted that there was often oil or petrol spills seen in the water and 

around the sampling site. In addition to this, there was also substantial rubbish and waste 

materials found within the area and in the actual stream.  Upstream of the location are reed 

beds and grass along the sides of the perennial stream. 

 

a) 

 

b) 

 
 Figure 3.8- Site 2 photographs (Source: O.C.Cooke). GPS coordinates 33° 55′ 27.13″ S, 18° 

50′ 50.35″ E (Red arrow indicates approximate sample location) 

 

 

3.7.3 Site 3 

Site 3 was a sample site during the fieldwork seasons of 2016 and 2017. This site was the 

control site for the research and was therefore located on an experimental farm away from 

Enkanini and characterised by little or no anthropogenic activity. The site is located below a dirt 

road, and in woodland which has nature trails running through it, so whilst the area was 

selected to try and be without anthropogenic influence, there is still likelihood of some 

influences, however it is as minimal as possible.  
 

The water samples were collected from a pipe outlet which channelled the natural stream 

below the road, due to ease of collection which can be seen in Figure 3.9.  
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a) 

 

b) 

 

Figure 3.9- Site 3 photographs (Source: O.C.Cooke). GPS coordinates 33° 56′ 49.20″ S, 18° 52′ 21.46″ 
E (Red arrow indicates approximate sample location) 

 

3.7.4 Site 4  
 
Site 4 was  sampled during the fieldwork season of 2017 only. It is located along a gully with steep 

side slopes. There is some vegetation present in the vicinity of the sample site which consists 

predominantly of shrubs and bushes along the slopes of the gully, as can be seen in Figure 3.10. 

On both sides of the slopes of the site there are dwellings constructed. There is significant rubbish 

found at the sample site, and further upstream of the site location is a dumping site containing 

mostly domestic waste, and soft and hard plastic. At this location there were animals identified, 

predominantly fowl.  

 

Sampling in this location occurred within the same 5-10 metre section, along the same transect, 

however variations occurred based upon where water samples could be collected, as at certain 

samplings waste accumulation occasionally required the sampling location to be moved up or 

downstream accordingly. In addition, on one side of the sample site location, there was a drain 

cover which was overflowing on a number of occasions during sampling.  
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a) 

 

b) 

 

Figure 3.10- Site 4 photographs (Source: O.C.Cooke). GPS coordinates 33° 55′ 28.06″ S, 18° 50′ 38.39″ E 
(Red arrow indicates approximate sample location) 

 

 

3.7.5 Site 5  
 

The Site 5 location was sampled during the fieldwork season of 2017 only. This location is situated 

on the edge of informal settlement, and as a result some of the sub-catchment draining through 

this site was from the nature reserve of Papegaaiberg which borders Enkanini. The site has shrubs, 

bushes and reeds in the location of where the samplings were taken. Upstream of the site there 

was more vegetation with some trees, which can be identified in Figure 3.11.  

 

This location was also noted to have some livestock around the site during some samplings, 

including goats and pigs. This site is relatively flat, and significant amounts of mud in the site 

location, therefore the sampling site varied in a 5-10 metre transect dependent upon where 

water samples could be collected.  
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a) 

 
b) 

 

 Figure 3.11- Site 5 photographs (Source: O.C.Cooke). GPS coordinates 33° 55′ 30.07″ S, 18° 50′ 
40.08″ E (Red arrow indicates approximate sample location) 

 

 

3.7.6 Site 6 
 
Site 6 was a sample site location during the fieldwork season of 2017. The sampling site was part 

of the perennial stream, which flows through the settlement, and was located at the upstream 

section of reed beds which lie along the stream. This site is situated next to one of the many shops 



 56 

located within Enkanini (See Figure 3.12) and various waste items were disposed around this area 

such as for example waste bottles and plastic to armchairs and other larger items.  

 

This location was also noted to have some livestock around the site during samplings, including 

goats, pigs and hens. This site is located downstream of Site 5.  

 

a) 

 
b) 

 
 Figure 3.12- Site 6 photographs (Source: O.C.Cooke). GPS coordinates 33° 55′ 29.63″ S, 18° 50′ 41.26″ 

E (Red arrow indicates approximate sample location) 
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Chapter 4: Methodology 
 

The methodology for this research comprises of a number of sub-sections including the sample 

site selection, sampling methodology, microbiology analysis including indicator organisms, DNA 

extraction, Polymerase chain reaction (PCR) analysis and geochemical analysis. The methodology 

has been split into two main sections, firstly describing the methods for fieldwork and those employed 

in the field and secondly the laboratory methodology for the analysis of the data collected. 

 

4.1 Field site Methodology 
 

This section will present the field methodology aspect of determining the sampling sites, the rain 

gauge and the methods employed to collect the data within the field site. 

 

4.1.1 Selection of sampling sites through spatial data analysis 
 

Prior to going to Enkanini, the sampling sites were determined through the use of geo-spatial 

analysis of elevation and land-use data as well as satellite pictures obtained from Google Earth. 

As only a limited number of locations can be sampled for practicality time constraints, the 

hydrology of the catchment was analysed to identify the most likely flow paths after rainfall, 

indicating the best locations for runoff sampling. 

 

Catchment geometry can be determined from elevation data using functions within QGIS to 

analyse Digital Elevation Model (DEM) data (Olivera and Maidment, 1999). The process used in 

this methodology uses the ‘flow direction’ function within QGIS, which determines the ‘direction’ 

of each cell based upon the steepness of the slope and this is done for each cell, to represent 

‘flow paths’ (Olivera and Maidment, 1999). Within QGIS, GRASS GIS modules tools are available 

for processing of geo-spatial data, including the ability to process the DEM data and determine 

the flow paths and flow accumulation, and ultimately delineate catchments. The analysis uses 

the elevation data to predict where the flow of water is most likely to occur.  

 

Figure 4.1 below shows DEM data imagery which covers the entire area of Enkanini informal 

settlement, with the green outline, showing the borders to the settlement. From the image you 

can see the different shades within the figure indicate elevation changes.  
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Figure 4.1- DEM data imagery at 5 metre resolution over the informal settlement with the 

green border delineating Enkanini. DEM values for the area of Enkanini informal settlement 

range between the elevation values 85 – 231 metres 

 

The 5-metre DEM data were obtained from the Centre for Geographical Analysis, Stellenbosch 

University covering the area of Stellenbosch and the study site of interest in this research (van 

Niekerk, 2010; van Niekerk, 2016). DEM images over the wider area of Stellenbosch, which included 

the control site, was a 30- metre resolution DEM obtained from EarthExplorer, USGS (USGS, 2018). 

The DEM data were re-projected and overlaid onto a satellite image layer to show the elevation of 

the study site. 

 

Once the DEM data were processed to show the flow paths this was then overlaid on the satellite 

map image layer to indicate the location of the potential paths of stream flow, which might develop 

during rainfall to determine where the most storm water runoff might be found within the 

settlement. Figure 4.2 indicates the potential paths of stream flow in Enkanini.  
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Figure 4.2- Path of most likely flow within Enkanini 

 

The potential sampling locations (sites) were discussed with Mr. Yondela Tyawa, at the Enkanini 

Research Centre who works with Stellenbosch University and who is himself a resident of Enkanini, 

as to where sites should be located. Safety issues and practicalities were identified and 

incorporated into the decision process when selecting the sampling site. Practicalities, which 

needed to be adhered to with site selection, included: i) the length of time required to process 

samples which adhered to microbial and chemical standards for analysis; ii) accessible by road to 

ensure safety in the event of any issues which might arise; and iii) sufficient water to enable 

sampling, as 4 litres of water as needed for the subsequent laboratory analysis. 

 

During the initial sampling season of 2016 (May – August), there were only two surface runoff 

sites within Enkanini; Sites 1 and 2. In conjunction with the runoff, sampling occurred at the 

control site (Site 3), located on Stellenbosch Berg in the nature reserve and, two rainwater 

harvesting systems installed within Enkanini by Stellenbosch University as part of an ongoing 

research project were also anlaysed for water quality. The water samples from rainwater tanks, 

however, were not used within this research as it was determined that they were not within the 

scope of the project, and this enabled more stormwater runoff sites to be added into the analysis 
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the following season. The sample site locations, including the rainwater tanks, are indicated below 

in Figure 4.3. 

 

 

Figure 4.3- Sites within Enkanini for the sample season of 2016 

 

During the  second sampling season of 2017 (May-August), surface runoff sites increased to a total 

of five within Enkanini, Sites 1, 2, 4, 5 and 6; and, as before, Site 3 is a control site, located on 

Stellenbosch Berg in the nature reserve. The sample site locations are indicated below in Figure 4.4, 

and as can be seen, Sites 1 and 2 remain the same locations as 2016 sampling. The control site 

location can be seen with the location compared to the informal settlement (Figure 4.5). 

 

The number of runoff sampling sites between the first season and second season varied simply 

based upon experience in the microbiological methods and techniques. In the first season in order 

to complete the collection of samples and undertake analysis of the samples collected within the 

required timeframe needed for microbial analysis, fewer samples were collected. In the second 

season, the microbiology methods had been perfected and therefore more samples could be 

collected and analysed within the timeframe. In addition, the removal of the sampling from 

rainwater tanks due to the determination this was outside the scope of the project enabled more 
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runoff sites within Enkanini to be included into the data collection.  

 

Figure 4.4 – Sites (1, 2, 4, 5, 6) within Enkanini for the fieldwork season of 2017 

 

Figure 4.5- Site 3 (control) location outside of the informal settlement (Enkanini outlined in 

green) 
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4.1.2 Rain gauge 
 

A tipping bucket rain gauge was installed within the informal settlement (33° 55' 26.1192'' S, 18° 

50' 47.2344'' E). The rain gauge used for this fieldwork was an ARG100 tipping bucket rain gauge 

(Campbell Scientific). Initially the rain gauge required calibration, and this was done in the lab by 

adding a predetermined amount of water over a set timeframe to the rain gauge and checking that 

the correct number of tips occurred. The calibration method was followed from the ARG100 manual. 

 

After calibration the rain gauge was installed within the informal settlement on the roof of a building 

(Figure 4.6). The location site was selected based upon practicality, security (theft) to avoid any 

objects blocking rain entering the rain gauge. To secure the rain gauge, screws are required and 

therefore it was not possible on a roof of one of the dwellings, as it would damage the property. 

The site chosen was therefore on the top of the Microbiology Department rainwater-harvesting 

tank next to the Enkanini Research Centre (ERC), and with the permission of Mr. Yondela Tyawa the 

battery and data logger kept inside the ERC. The tank is approximately the same height (2.5-3 

metres) as the ERC (Enkanini Research Centre), which it stands alongside. The potential sources of 

error to the rain gauge were considered as much as possible. The main potential source of error 

was the location of the satellite dish on the side of the house; however, this was an unavoidable 

factor.  This potentially could obstruct or influence rain and wind, and whilst it is not close to the 

rain gauge, it  should be considered when looking at the data to see whether there were values 

which appear to have been influenced This can be done by comparing the data to other rainfall data 

collected in the area. 
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Figure 4.6 – Tipping bucket rain gauge installed within Enkanini on rainwater tank  

(Source: O.C.Cooke) (33° 55' 26.1192'' S, 18° 50' 47.2344'' E) 

 

The rain gauge was connected to a CR200X data logger, which is powered by a BP7 12V 7Ah sealed 

rechargeable battery. The battery was changed every three visits to the settlement, with a spare 

battery kept in the lab in order to recharge one whilst the other is in use in the settlement. The rain 
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gauge continuously recorded data including values of no rainfall to provide a full dataset. The 

Campbell scientific software used was PC200W, which allows the user to create a program to collect 

and retrieve data from the data logger. The program created was done through QuickStart and the 

data was collected and downloaded from the data logger each time the battery was changed. For 

the first season, the rain gauge was installed on 23rd June 2016 and recorded until 27th August 2016. 

The second season, the rain gauge was installed on 10th June 2017 and was taken out of the 

settlement on 15th September 2017. It was not possible to leave the rain gauge recording 

permanently due to the need to charge batteries and download the data from the logger which was 

required on a monthly basis.  

 

Rainfall data were also obtained from the South African Weather Services, which provided daily 

rainfall, as well as daily ambient temperature. The closest location to Enkanini informal settlement 

was in Jonkershoek Nature Reserve, approximately 11 km away. The availability of additional rainfall 

data enabled a validation of the rainfall (See Appendix 3) collected by the rain gauge within Enkanini 

to determine whether the tipping bucket rain gauge was still working, and to also fill any missing 

rain data.  

 

4.1.3 Water sampling Methodology 
 

For the microbial and chemical analysis of the runoff sites, water samples were collected at the pre-

determined site locations within Enkanini and at the control site. There are various methods for 

collecting water samples in stormwater runoff including in situ measuring, on-site sampling, 

automatic sampling and grab sampling to name a few (Weiss et al., 2010). For this methodology, 

grab sampling was chosen, which is where a sample is collected manually in the field and then taken 

back to a laboratory for analysis (Weiss et al., 2010). This method was selected as it is considered 

an appropriate method when analysing water quality of samples (McCarthy et al., 2012). In addition 

to this, the cost of grab sampling is minimal which factored into the funding budget available, and 

also meant that as many samples could be collected as possible without the methodology costing 

excessive amounts (Weiss et al., 2010). For each site, 4 litres of water were collected with the sterile 

sampling bottle being submerged into the flow of water at sites 1, 2, 3, 4, 5 and 6 and directly under 

the collection tap placed on the rainwater tanks at sites RW1 and RW2. A total of six sampling 

sessions were conducted from June to August 2016 and nine sampling sessions were conducted 

from June to September 2017 [Site 1 (n = 15); Site 2 (n = 15); Site 3 (n= 15); Site 4 (n= 9); Site 5 

(n=9); Site 6 (n= 9); RW1 (n= 6); RW2 (n= 6)].  
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The frequency of sampling was dictated by various factors; including access to the settlement, 

availability of equipment and other researchers to collect data, however, the dominating factor was 

that of rainfall. The two fieldwork seasons were conducted between May to September as this was 

the ‘rainy’ season in the Western Cape, SA, however rainfall is not continuous and therefore 

sampling frequency was dictated by rainfall event frequency. In addition to this, access to the 

settlement limited the sampling sessions even further, as it was only possible to collect samples 

from Enkanini between 8 am-4 pm Monday to Friday due to safety precautions. A further safety 

precaution was that sampling within the site could not be done alone, and therefore other 

researchers were required to be available to help with data collection.  This meant that whilst the 

initial methodology planned was to sample during a rain event, these limitations imposed prevented 

sampling during each rainfall event.  Instead the methodology required adaptation and sampling 

for the rainfall events as undertaken as close as possible to a rainfall event within the parameters 

of these criteria. The aim was to ensure it was within 24 hours of a rainfall event, however this was 

not always the case. It should be noted that during the fieldwork seasons of 2016 and 2017 there 

was a drought ongoing and therefore there were fewer rainfall events than normal (Otto et al., 

2018). Therefore, within the limitations imposed, as many rainfall events were sampled as possible 

and as close to the rainfall event as possible.  

 

Research on stormwater runoff indicates that stormwater runoff samples need to be collected 

throughout a rainfall event to be able to be examining ‘runoff’ from that specific event (Ballo et al., 

2009; Sidhu et al., 2012; Lee and Bang, 2000; Li et al., 2012). Stormwater runoff is rainfall which 

flows over the ground surface and if sampling is not occurring during a rainfall event then it is not 

stormwater runoff. Whist the initial aim of the research was to research stormwater runoff due to 

the limitations on sampling described above, it cannot be determined that stormwater runoff was 

sampled for water quality analysis within an informal settlement. Instead a more accurate 

representation of the analysis is to say that surface water runoff within an informal settlement in 

relation to water quality monitoring was undertaken.  

 

Sampling was conducted by placing the container into the water flow facing upstream (Weiss et al., 

2010).  During the sampling when the flow of water was insufficient to allow for the easy collection 

of water, either water was collected at a slightly different location, for example during one sampling 

at site 1, the water was collected approximately 8 metres further downstream where it was easier 

to collect the water. In addition to this, a smaller collection bottle, which had been sterilised using 

70% ethanol spray and rinsed with water was also used to aid in the collection of water, and then 

siphoned into the sampling bottle as stated in the Standard Methods for the Examination of Water 
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and Wastewater (Baird and Bridgewater, 2017). 

 

After 4 litres of water was collected at each site, the pH and temperature of the sample was 

recorded, sterilising the hand-held pH meter (Milwaukee Instruments, Inc., USA) with inbuilt 

temperature gauge, between each sample (Weiss et al., 2010).  Sampling bottles were plastic 

bottles, which were sterilised prior to use using 70% ethanol and then rinsing with distilled water 

before drying in the 34°C oven (Baird and Bridgewater, 2017). Water samples were brought back 

to the lab and the initial stages of filtration and dilutions for cultures was processed within 4 hours 

of the sampling (Baird and Bridgewater, 2017). 

 

4.2 Laboratory Methodology 
 

After the water samples were collected, microbiological analytical methods were used for analysis. 

The methods employed included analysis of bacteria indicator organisms; DNA extraction and PCR 

analysis; DNA sequencing and qPCR techniques. The chemical analysis was undertaken at an 

external laboratory and were also processed. The chemical analysis of the samples examined the 

cation and anion concentrations. Each of the stages will be explained below. 

 

4.2.1 Enumeration of faecal indicators and heterotrophic  bacteria 
 
The initial stage of analysis is the processing of indicator bacteria. Indicator organisms are used 

to suggest the presence of pathogens, and the organisms used as indicators include Escherichia 

coli (E.coli), total coliforms, faecal coliforms, Enterococcus spp. and heterotrophic bacteria (HPC). 

Use of indicator organisms is a well-established methodology to test the microbiological quality 

of water and to provide an indication of the potential presence  of microorganisms in water 

(Ashbolt et al., 2001; Figueras and Borrego, 2010). There are three groups of microbial indicator 

organisms: i) process microbial indicators (total coliforms and HPC) and they indicate treatment 

efficiency in water quality treatment, as well as being a general indication of water quality and 

indicative of the potential presence of harmful organisms, (Ashbolt et al., 2001; Figueras and 

Borrego, 2010); ii) faecal indicators (faecal coliforms) which are indicative of faecal contamination 

within water (Figueras and Borrego, 2010; Payment and Locas, 2011); iii) index and model 

organisms (E.coli and Enterococcus spp.) look at specific species (Ashbolt et al., 2001; Figueras 

and Borrego, 2010).  There are limitations associated with testing water quality using indicator 

organisms including: the high die-off rate; they cannot be used to identify the source of 

contamination; and they do not accurately correlate to the occurrence of pathogens within water 

samples (Girones et al., 2010; Payment and Locas, 2011). However, they are  an accurate 
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representation of the indication of the presence or absence of pathogens within water sampling 

and therefore able to provide an indication of overall water quality (Harwood et al., 2005; 

Payment and Locas, 2011). As this project is examining the overall water quality in runoff within 

an informal settlement, the use of indicator organism assays is suitable for testing. This 

methodology followed standard methods and analysis techniques which are used in the field of 

microbiology for water sampling analysis and are found in various microbiological papers and the 

Standard Methods for the Examination of Water and Wastewater from the American Public 

Health Association (Dobrowsky et al., 2015, Dobrowsky et al., 2014, Ahmed et al., 2008; Sidhu et 

al., 2012; Baird and Bridgewater, 2017). Enumeration of faecal indicators and heterotrophic was 

carried out for each sample in duplicate to ensure the accuracy of the methods of spread plating 

and membrane filtration. Heterotrophic bacteria, faecal coliforms and Enterococcus spp. are 

enumerated using various media, after dilution, whilst E.coli and total coliforms are enumerated 

on media after membrane filtration. 

 

In order to enumerate the faecal coliforms, Enterococcus spp. and heterotrophic bacteria, dilutions 

of the water sample were made and spread onto different media shown in  Table 4.1. Dilutions 

were made with 9 mL of 0.9% NaCl (Sodium Chloride) inoculated with 1 mL of sample and the 

dilutions ranged from 10-1 to 10-4. The dilutions in addition to undiluted samples were then spread 

plated (pipetting 100 µl) onto the various agar in duplicate (Table 4.1) (Baird and Bridgewater., 

2017). For the enumeration of heterotrophic bacteria, samples were spread plated onto Nutrient 

Agar (Scharlau, Port Adelaide, South Africa) and incubated at 35°C ± 2°C for 24-48 hours; for 

Enterococcus spp. enumeration, samples were spread plated onto Slanetz and Bartley Agar (Oxoid, 

Hampshire, England) and incubated at 35°C ± 2°C for 44-48 hours; whilst faecal coliforms were 

enumerated on m-FC Agar plates (Merck, Darmstadt, Germany) and incubated at 35°C ± 2°C for 22-

24 hours (Dobrowsky et al., 2014b). 

 

4.2.2 Membrane filtration 

 

To obtain counts for both total coliforms and E. coli, membrane filtration was performed in 

duplicate for each sample. Sample serial dilutions were made using NaCl and ranged from undiluted 

to 10-5 dependent upon the sample site (presumed level of contamination). For the surface water 

samples, undiluted samples were analysed for the first two sessions, but the sample plates were 

overgrown with bacteria, producing a Too Numerous to Count value (TNTC) and therefore undiluted 

samples were only analysed for the rainwater tanks. A total volume of 100 mL (pristine sample and 

rainwater tanks: undiluted, 10-1 and 10-2; Stormwater samples: 10-3; 10-4 and 10-5) was filtered 
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through a sterile GN-6 Metricel® S-Pack Membrane Disc Filter (Pall Life Sciences, Michigan, USA) 

with a pore size of 0.45 µm and a diameter of 47 mm (Dobrowsky et al., 2015). The filtration flow 

rate was approximately ≥ 65 mL/min/cm2 at 0.7 bar (70 kPa) (Dobrowsky et al., 2015). The filters 

were then incubated on Membrane Lactose Glucuronide Agar (MLGA) (Oxoid, Hampshire, England) 

at 35 ± 2°C for 18 - 24 hours (U.S. Environmental Protection Agency, 2009). 

 

Table 4.1- Media for the cultivation of the different indicator bacteria (Adapted from 

Dobrowsky et al., 2014b). 

Organism Medium Temperature Duration of 
cultivation (hr.) 

Escherichia coli Membrane Lactose 
Glucuronide Agar 
(Oxoid, Hampshire, 
England) 

35°C ± 2°C 18-24 hours 

Total coliforms Membrane Lactose 
Glucuronide Agar 
(Oxoid, Hampshire, 
England) 

35°C ± 2°C 18-24 hours 

Faecal coliforms m-FC agar (Merck, 
Darmstadt, Germany) 

35°C ± 2°C 22-24 hours 

Enterococcus spp. Slanetz and Bartley 
Agar (Oxoid, 
Hampshire, England) 

35°C ± 2°C 44-48 hours 

Heterotrophic Plate 
Count (HPC) 

Nutrient Agar 
(Scharlau, Port 
Adelaide, South 
Africa) 

35°C ± 2°C 24-48 hours 

 

4.2.3 Extraction of DNA from water samples 
 
Total DNA extractions were performed for each of the samples collected as outlined in 

Dobrowsky et al. (2015) and Dobrowsky et al. (2014). To summarise, 2 mL of CaCl2 (Calcium 

Chloride) (1 M) and 2 mL of Na2HPO4 (Di-Sodium Hydrogen Orthophosphate) (1 M) was added 

to a 1 litre water sample. In order to aid the process of filtering, this was used as a flocculent to 

make the bacteria and other particles within the water settle faster. The mixtures were stirred 

for 5 minutes using a magnetic stirrer to mix the chemicals with the sample to allow for 

flocculation to occur. The initial stage of the process was to remove as much DNA and 

microorganisms from the water as possible. This was done using two methods: filtration and 

centrifugation. Centrifugation was used on samples collected from the surface water samples 

within Enkanini as these were the most highly contaminated, and filtering was not a practical 

option due to the likelihood of the filter blocking. Filtration was used on samples from Sites 3 
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and RW1 and RW2.  It is acknowledged that the use of filtration and centrifugation for the 

extraction of DNA is not ideal as they are different approaches on different samples, which does 

not constitute consistency in methodology, however they were the best methods for the 

differing water qualities encountered at the sites. They are both valid methods for DNA 

extraction and it was considered more important to extract as much DNA as possible from all 

the samples in the best way for the level of debris and particles found in the samples.   

 

To centrifuge the samples collected at runoff sites, the water was weighed into plastic bottles 

to balance the centrifuge (J2-21M Beckman). These bottles were then centrifuged at 7000 rpm 

for 20 minutes at 4°C. (Dobrowsky et al., 2015). The particles pelleted on the bottom of the 

sample bottle. The supernatant was then removed without disturbing the pellet and more water 

sample was added to the bottle to centrifuge again. This process was repeated until the entire 

litre had been centrifuged and a pellet had been accumulated. 

 

For Site 3 and the rainwater tanks, the 1 L sample was filtered through a 47 mm, 0.45 μm pore 

size non- charged mixed-ester membrane filter (Whatman GmbH, Dassel, Germany) at a flow 

rate of approximately ≥ 65 ml/min/cm2 at 0.7 bar (70 kPa) (Dobrowsky et al., 2015). Each 

membrane filter was transferred to a test tube containing 4 mL of 0.3 M citrate buffer (pH 3.5) 

and was allowed to soak for 3 min to remove the particles collected on the filter (Dobrowsky et 

al., 2015). The membrane filters were discarded, and the remaining citrate buffer solution was 

transferred to a 2 mL microcentrifuge tube which was centrifuged at 10,000 rpm for 10 minutes 

(Dobrowsky et al., 2015). The supernatant from these samples was also discarded leaving the 

pellet behind.  

 

Deoxyribonucleic acid was then extracted from the centrifuged and filtered samples using the 

Soil Microbe DNA MiniPrep™ Kit (Zymo Research, USA) as per manufacturer’s instructions.  The 

initial step was to re-suspend the obtained pellet in 200 μL phosphate-buffered saline and 

transfer the mixture to the ZR BashingBead™ Lysis Tubes (Zymo Research, USA). In simplified 

terms, the supernatant was then transferred to another tube within the DNA kit and centrifuged 

at 7,000 rpm again before being combined with a DNA binding buffer; using a DNA wash buffer 

to extract and clean the DNA. This was then combined with DNase/RNase free water and the 

eluted DNA was then used in PCR analysis. The DNA concentration of the samples was calculated 

using a NanoDrop ND-1000 (Nanodrop Technologies Inc., Wilmington, Delaware, USA).  
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4.2.4 Polymerase Chain Reaction (PCR)/ Molecular identification 
 
Polymerase Chain Reaction is a method, which is used for the identification of 

microorganisms in soils, sediments and waters (Silva and Domingues, 2015). There are both 

advantages and disadvantages to using PCR as a method for monitoring water quality in 

relation to microbiology (Silva and Domingues, 2015; Maheux, 2013). The standard PCR 

method provides much better specificity of identification compared to solely using culture-

based assays for analysis, as well as allowing for multiple pathogens to be detected (Silva 

and Domingues, 2015). However, there are disadvantages to this method as PCR does not 

differentiate between living and dead cells within the sample, as well as not being quantitative 

in relation to the population of the pathogens detected (Silva and Domingues, 2015; Ashbolt 

et al., 2001). In addition to this the assay volume used in PCR is very small (µL) alongside of 

which when undertaking PCR analysis, the amplification of  genes within a single reaction is 

often difficult (Ashbolt et al., 2001; Yang and Rothman, 2004). However, to ensure accuracy 

as much as possible, PCR primers which had previously been tested in other water quality 

monitoring were used. In addition to this to improve assay accuracy, positive and negative 

controls are used to check for contamination during the methodology process (negative) 

and ensure specificity of the PCR being tested (positive) to ensure identification of the target 

organism (Ashbolt et al., 2001; Yang and Rothman, 2004). 

 

Polymerase chain reaction (PCR) was used to detect and identify pathogenic bacteria, as 

well as those that are opportunistic in nature, in the DNA of each sample. PCR is a method, 

which ‘amplifies’, or copies DNA fragments from samples (National Health Genome 

Research Institute, 2015; Garibyan and Avashia, 2013). PCR only copies DNA which is already 

present and therefore to identify the DNA within water, PCR is used as a fast and cost-

effective method of detection (National Health Genome Research Institute, 2015). 

 

PCR occurs by taking the sample of DNA required for amplification and heating it to denature 

it and separate the DNA double helix into two separate strands (NCBI, 2014). Once the DNA 

has been denatured, primers are added for the process of annealing. Primers are strand of 

nucleic acid, which are specific to individual pathogens and bacteria, which are being 

detected in terms of their sequence of bases (Garibyan and Avashia, 2013). The annealing 

process binds the strands of DNA to the primers if they are both present in the sample (NCBI, 

2014; Garibyan and Avashia, 2013).  An enzyme called Taq polymerase, which synthesises 

new strands of DNA from the primers, is then added (NCBI, 2014). This process is repeated 
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numerous times to create many copies for detection (NCBI, 2014). 

 

The process of PCR can be seen in Figure 4.7 identifying the three main steps of denaturation 

of DNA, annealing of primers and extension of primers to generate new copies of the 

identified DNA (Yang and Rothman, 2004).  

 

 

Figure 4.7- Schematic showing the process of PCR. Diagram taken from Yang and Rothman, 

2004 

 

For this research, the bacteria to be tested using PCR were selected based upon the general 

indicators of microbial water quality and previous research studying surface water   (Saxena et 

al., 2015; Cabral, 2010; Ashbolt et al., 2001). A range of bacteria, protozoa and enteroviruses 

were tested to give an indication of the overall microbial water quality of surface water which 

was the purpose of this research. The organisms which were tested during PCR include: 

 

Adenovirus; Campylobacter spp.; E. coli; 3 virulent E. coli strains Enteroaggregative E. coli (EAEC), 

Enteroinvasive E. coli (EIEC) and Enterohemorrhagic E. coli (EHEC); Enterococcus spp.; Klebsiella 

spp.; Legionella spp.; Mycobacterium tuberculosis; Pseudomonas spp.; Salmonella spp.; 
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Staphylococcus spp.; Vibrio cholerae and Yersinia spp. The primers and PCR cycling parameters 

for the detection of the various microbial pathogens are indicated in Table 4.2 below. 

 

All PCR products were analysed by agarose gel electrophoresis in 1% agarose (Bio-Rad 

Laboratories, USA) containing 0.5 µg/mL ethidium bromide in 1× TAE buffer. Gel electrophoresis 

separates DNA based up the different size and different charge they possess (Garibyan and 

Avashia, 2013; Lee et al., 2012). Once the size of the PCR products had been confirmed, 

representative PCR products were purified and concentrated using the DNA Clean & 

Concentrator™-5 Kit (Zymo Research). The cleaned PCR products were sent to the Central 

Analytical Facility at Stellenbosch University for sequencing performed in accordance with the 

BigDye Terminator Version 3.1 Sequencing Kit (Applied Biosystems®, Foster City, USA). The 

chromatograms of each sequence were examined using FinchTV version 1.4.0 software and 

were aligned using DNAmanTM version 4.1.2.1 software. The sequence identification was 

completed using the National Center for Biotechnology Information (NCBI). The Basic Local 

Alignment Search Tool (BLAST) (NCBI, 2020), was used to find the closest match of local similarity 

between the isolates and the international database in GenBank, EMBL, DDBJ and PDB sequence 

data (Altschul, 1990). The sequences of representative isolates that showed > 97% similarity (< 

3% diversity) to organisms on the database were recorded. The use of sequence identification 

was used to ensure the accuracy of the PCR analysis and the PCR primers and products used in 

the analysis.  
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Table 4.2-  Primers and PCR cycling parameters for the detection of various microbial pathogens 

 Organism Primers 
Primer 

sequence (5’-3’) 
PCR Cycling 
Parameter 

Gene (bp) 
References 

 
Klebsiella spp. 

gryA-F 
CGCGTACTATAC
GCCATGAACGTA 

3 min at 95°C; 35 
cycles of 94°C for 1 
min, 50°C for 30 s, 
72°C for 30 s 

Gyrase A 
gene (383) 

Brisse and 
Verhoef 
(2001) 

gyrA-C 
ACCGTTGATCACT

TCGGTCAGG 

 
 

Legionella spp. 

JFP 
AGGGTTGATAGG

TTAAGAGC 
5 min at 95°C; 40 
cycles of 94°C for 1 
min, 57°C for 1.5 
min, 72°C for 1 min 

Attachment 
invasion 

locus gene 
(386) 

 

Jonas et al. 
(1995) 

 
JRP 

CCAACAGCTAGTTG
ACATCG 

 
Pseudomonas 

spp. 

PA-GS-F 
GACGGGTGAGTA

ATGCCTA 
2 min at 95°C; 25 
cycles of 94°C for 
20 s, 54°C for 20 s, 
72°C for 40 s 

16S rRNA 
(618) 

 
Spilker et al. 

(2004) 

PA-GS-R 
CACTGGTGTTCC 

TTCCTATA 

 
 

Salmonella spp. 

IpaB-F 
GGACTTTTTAAA 

AGCGGCGG 

2 min at 95°C; 35 
cycles of 94°C for 1 
min, 62°C for 1 
min, 72°C for 2.5 
min 

Invasion     
plasmid 

Antigen B 
(314) 

 
Kong et al. 

(2002) 
 

IpaB-R 
GCCTCTCCCAGA

GCCGTCTGG 

 
Staphylococcus 

spp. 

PanStaph 
F 

CAATGCCACAAA
CTCG 

5 min at 95°C; 45 
cycles of 95°C for 
30 s, 61°C for 30 s, 
72°C for 30 s 

 
Tuf gene 

(462) 

 
Sakai et al. 

(2004) 

PanStaph 
R 

GCTTCAGCGTAG
TCTA 

 

 
Yersinia spp. 

227Fmod 
GTCTGGGCTTTG 

CTGGTC 
5 min at 95°C; 40 
cycles of 94°C for 
20 s, 60°C for 20 s, 
72°C for 15 s 

 
ompF (428 - 

465) 

 
Stenkova et al. 

(2008) 
 

669R 
GCGTCGTATTTA 

GCACCAACG 

 
 

Adenovirus 

AQ1 
GCCACGGTGGGG 

TTTCTAAACTT 
2 min at 95°C; 35 
cycles of 94°C for 
30 sec, 55°C for 1 
min, 72°C for 1 
min 

 
Hexon gene 

(110) 

Heim et al. 
(2003); 

Rohayem et al. 
(2004)  

AQ2 

GCCCCAGTGGTC 
TTACATGCACAT 

C 

 
Campylobacter 

spp. 

IC-F 
CTAGAGTACAAA 
CTAATAAGTCTC 

3 min at 95°C; 30 
cycles of 94°C for 
45 sec, 52°C for 45 
sec, 72°C for 45 
sec 

 
ITS (700) 

 
Dobrowsky et 

al. (2014) 
 

IC-R 
ATTCTAAAACGC 
ATCACTTCCTTG  

 

Escherichia coli 

784 F GTGTGATATCTACC
CGCTTCGC 

95 °C for 10 min; 50 
cycles of 95 °C for 15 s, 
60 °C for 1 min; 

 
uidA 

 
Waso et al. 

(2018) 
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866 R AGAACGGTTTGT
GGTTAATCA

GGA 

Melting: 95 °C for 
10 s, 65 °C for 1 
min, 97 °C for 1 s 

 
Enterococcus spp. ECST784F 

AGAAATTCCAAA
CGAACTTG 

95 °C for 10 min; 50 
cycles of 95 °C for 15 s, 
60 °C for 1 min; 
Melting: 95 °C for 10 s, 
65 °C for 1 min, 97 °C 
for 1 s 

23 S rRNA  
Waso et al., 

(2018) 

ENC854R 
CAGTGCTCTACCT

CCATCATT 

 
Vibrio cholerae 

OmpWF 
CACCAAGAAGGT 

GACTTTATTGT
G 

3 min at 95°C; 30 
cycles of 94°C for 45 
sec, 52°C for 45 sec, 
72°C for 45 sec 

 
ompW 

 
Nandi et al., (2000) 

OmpWR 
GAACTTATAACC 

ACCCGCG 

 
Enteroaggregative   

E. coli (EAEC) 

AggRks1 
GTATACACAAAA 

GAAGGAAGC 
2 min at 95°C; 30 
cycles of 95°C for 1 
min, 48°C for 1 min, 
72°C for 1 min 

 
aggR (254) 

 
Ndlovu et al., 

(2015) 

AggRkas2 
ACAGAATCGTCA 

GCATCAGC 

 

Enteroinvasive 
E. coli (EIEC) 

IpaH1 
GTTCCTTGACCG 

CCTTTCCGATA
C CGTC 

2 min at 95°C; 30 
cycles of 95°C for 1 
min, 48°C for 1 min, 
72°C for 1 min 

 
ipaH (619) 

 
Ndlovu et al., 

(2015) 

IpaH2 
GCCGGTCAGCCA

CCCTCTGAGA
GT AC 

 
Enterohemorrhagic 

E. coli (EHEC) 

VTcom-u 
GAGCGAAATAAT 

TTATATGTG 
2 min at 95°C; 30 
cycles of 95°C for 1 
min, 48°C for 1 min, 
72°C for 1 min 

 
Stx (518) 

 
Ndlovu et al., 

(2015) 

VTcom-d 
TGATGATGGCAA 

TTCAGTAT 

 
Mycobacterium 

tuberculosis 

Pt8 
GTGCGGATGGTC 

GCAGAGAT 
5 min at 50°C; 40 
cycles of 94°C for 
1.5 min, 65°C for 2 
min, 72°C for 3 min 

 
orfA (541) 

 
Fox et al., (1994) 

Pt9 
CTCGATGCCCT 

CACGGTTCA 

* A final elongation step of 10 min at 72°C was included for each PCR assay 

 

4.3 Chemical Analysis 
 

The chemical analysis of the water samples was completed by sending water samples to  

two external laboratories for analysis of cation and anion concentrations. It was determined 

that the full range of cation and anion testing would be undertaken to get as broad an 

understanding on the geochemistry within the water samples as possible. There are many 

factors within the environment which could influence the water quality and therefore a full 

spectrum of testing was undertaken. Each sample from the sample sites was assayed in 

duplicate. The  external laboratories where the water samples were sent were Bemlab 
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(SANAS Accredited Testing Laboratory in accordance with ISO 17025:2005) (Strand, South 

Africa) and also Central Analytical Facilities (CAF),  Stellenbosch University. 

 

At the external laboratory of CAF, Stellenbosch University, the analysis on the water samples 

includes ICP-AES (Inductively coupled plasma atomic emission spectroscopy) and ICP-MS 

(Inductively coupled plasma mass spectrometry) complete, which is used for the detection 

of trace metals and some non-metals (Moor et al., 2001). This analysis of metals and non-

metals within the water samples was outsourced to CAF. For the analysis of water quality, 

Falcon™ 50 mL high- clarity polypropylene tubes containing polyethylene caps, were pre-

treated with 1% nitric acid before collecting water samples as requested by CAF, 

Stellenbosch.  

 

The metals and non-metals, which were included in the analysis, are: 

Sodium (Na), Phosphorus (K), Calcium (Ca), Magnesium (Mg), Barium (Ba), Boron (B), Silicon 

(Si), Lithium (Li), Beryllium (Be), Aluminium (Al), Vanadium (V), Chromium (Cr), Manganese 

(Mn), Iron (Fe), Cobalt (Co), Nickel (Ni), Copper (Cu), Zinc (Zn), Arsenic (As), Selenium (Se), 

Antimony (Sb), Molybdenum (Mo), Cadmium (Cd), Lead (Pb), Mercury (Hg). 

 

Water samples were also sent to Bemlab, as this lab provides numerous testing services in 

various aspects including water analysis. The chemical analysis undertaken includes: 

Nitrate (NO3), Nitrogen (N), Nitrite (NO2), suspended solids, Chemical Oxygen Demand 

(COD), Biological Oxygen Demand (BOD), Sulphate (SO4), turbidity, Chlorine (Cl), Phosphorus 

(P), Phosphate (PO4), Fluorine (F). 

 

4.4 Health and safety considerations 
 

In terms of the methodologies followed above, they were all followed from standard 

microbiological practices (Baird and Bridgewater, 2017). Health and safety precautions were 

exercised in all aspects of the fieldwork and lab work to as much an extent as possible.  

 

Stellenbosch University Microbiology Department Health and Safety guidelines were 

followed whilst at all times working in and using the laboratory facilities. A health and safety 

practical of the laboratory and department was undertaken at the start of fieldwork to 

ensure full comprehension of the issues which could arise. The Microbiology Safety 



 76 

guidelines can be seen online (Stellenbosch University , 2016).  General lab health and safety 

measures were followed with  examples including following all the standard operating 

instructions on machinery; use and knowledge of safety equipment; use of laboratory coat 

and protective wear when necessary; and being aware and shown various procedures in 

case of emergencies including but not limited to biohazard spills and chemical spills. In 

addition, procedures were followed on chemical and biological waste disposal, for example, 

when handling and disposing of ethidium bromide (EtBr) due to the fact that EtBr is a 

suspected carcinogen and mutagen. Every laboratory within the Microbiology Department 

at Stellenbosch University has a Health and Safety representative, as well as a Safety Officer 

and any issues or queries regarding health and safety within the laboratory or department 

was able to be raised safely and easily.  

 

Prior to undertaking fieldwork, a University of Bath Overseas Risk Awareness Form was 

completed along with a University of Bath Risk Assessment for Fieldwork form both of which 

can be seen in Appendix 1 and Appendix 2.  

 

Health and safety considerations for going out into the field and working within the informal 

settlement were undertaken based on advice and instructions from the Microbiology 

Department at Stellenbosch due to the previous experience of other researchers within 

Enkanini, as well as being aware of the University of Bath Risk Assessment completed. When 

going into the informal settlement, there were always a minimum of three people entering 

for safety purposes. In addition to this, there were restrictions applied to when accessibility 

to Enkanini informal settlement was permitted, which was limited to weekdays between 

8am until 4pm, as these hours where when more residents were working and therefore out 

of the settlement, making it a safer time to enter and collect data. In conjunction with this, 

the locations within the settlement for the suitability of sample sites was discussed with Mr. 

Yondela Tyawa, a resident of the settlement who collaborates on a number of research 

projects with the university and resides at the Enkanini Research Centre. Mr. Tyawa’s local 

knowledge and recommendations on where was safest to work were followed strictly, and 

as such the locations of the sites were close to the roads allowing the vehicle to be driven 

to the sites. It should be noted that during the research and collection of data within 

Enkanini, all residents and locals encountered were welcoming and friendly, however prior 

to the work being undertaken health and safety precautions were taken and employed to 

ensure the safety of all the researchers collecting data.  
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4.5 Limitations of methods 
 

It is important to note the limitations which were imposed upon the fieldwork and data 

collection, which restricted some of the data collected. The limitations and constraints for 

the data collection in Enkanini were based upon practicalities, feasibility and safety 

restrictions to ensure the safety of researchers. There are almost always limitations within 

field-based work,  which can limit what is realistic to research. For this project the main 

limitations are laid out below: 

 

i) Accessibility - Due to the research being undertaken within an informal settlement 

there were safety issues which needed to be considered for the researchers, which have 

been mentioned above. Access to the settlement was only permitted between 8am to 4pm 

Monday to Friday, which was a major limitation for the research aims initially planned. This 

limitation prevented the ability to collect water samples during a rainfall event, which is 

required for assessing stormwater runoff. To properly measure stormwater runoff pollution 

sampling needs to occur throughout a rainfall event, however due to the access restrictions 

this was not possible and therefore the initial aim of the research in relation to examining 

stormwater runoff could not be achieved. All water samples were collected as close to the 

rainfall events as possible contingent upon the safety measures. This resulted in the 

changing of the aim to examining surface water runoff quality instead of stormwater runoff 

within an informal settlement. 

 

ii) Time restrictions – Water samples when collected need to be analysed for some of 

the indicator organisms within a set time period, and the rest of the water sample is required 

to be refrigerated before any additionally testing continues. This time restriction limited the 

number of samplings which could be taken both for the time frame within the field, as well 

as the number of samples which could be analysed within the lab.   

 

Across the samples, 4 litre samples were taken at each site after a rainfall event to provide 

an idea of the water quality at each location around the settlement. Ideally sampling 

multiple times at the same site over a set time period would be the ideal scenario to ensure 

that the samplings provided an accurate representation of the water quality at those 

locations, however this was not possible. However one session of testing was undertaken 

to ensure that the sample results at each site were not anomalies, and this included 

collecting three samples 5-10 minutes apart at the sample sites to compare against each 

other as a simple method of testing the sample sites variability over time to broadly 
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determine that there is not significant differences at sampling, and that the samples taken 

are broadly representative of the water quality at each site.  

 

iii) Funding restrictions -  Analysis of each sample collected at the sites within Enkanini 

could only be completed in duplicate due to the cost of analysis, both undertaking 

microbiology analysis in the laboratory at Stellenbosch, as well the analysis at external 

laboratories.  

 

Overall the most significant restriction was that of access to Enkanini, which whilst valid, 

resulted in a significant alteration in terms of what was being sampled and hence the 

direction of the project. The aim of this research was to examine stormwater runoff and due 

to the limitations, which prevented sampling throughout a rain event, it can no longer 

arguably be determined that the water quality samples were testing stormwater and rather 

surface water runoff within an informal settlement was analysed.  
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Chapter 5:  Assessment of water quality of stormwater runoff from an informal 
settlement: microbial and geochemical characteristics 

 

5.1 Introduction   
 
Sanitation, safe drinking water and hygiene are vital aspects to human health. However, water is 

in danger both in terms of quality and quantity on a global scale. Approximately 1.2 billion people 

live in areas of water scarcity, which coupled with climate change will increase significantly over 

the coming years (UN, 2018). Additionally, the quality of water bodies is increasingly at risk, as 

water resources are becoming more polluted and contaminated as a result of both anthropogenic 

and environmental factors, including: urbanisation and resulting changes to drainage 

catchments; poor management of both wastewater and pollution sources; and overuse or a lack 

of management of water resources (Azizullah et al., 2011; WHO, 2018a). Water-related diseases 

are thus responsible for around 2 million deaths every year and often occur as a result of a lack 

access to safe water or adequate sanitation.  

 

In developing countries, contaminated water causes water-related diseases, through contact 

with contaminated drinking water, recreational water bodies, groundwater or surface water. 

Stormwater runoff is a major hazard because of the number of various pollutants found within 

the runoff, and this risk is often increased within developing countries, where there are more 

sources of pollutants and contaminants (Seis et al., 2016; Lundy et al., 2912). Stormwater 

pollutants include microorganisms, sediment, chemicals, heavy metals, surfactants and nutrients 

(Park and Roesner, 2012; Zhao et al., 2006). Sources of these pollutants within stormwater runoff 

vary and can include sewage overflows and dumping of raw sewage material, landfill seepage, 

geochemical spills and atmospheric deposition, are just some of the sources of pollutants (Kay et 

al., 2010; Seis et al., 2016).   Figure 5.1, in a diagram taken from Lundy et al. (2012) which 

highlights some of the sources of pollutants, as well as the types of pollutants; this figure also 

demonstrates the complexity of the nature of stormwater runoff.  Sidhu et al. (2012) argue that 

stormwater runoff could be used as a source of water, both potable and non-potable. However, 

the high levels of pollutants present in runoff water, pose considerable threat to public health, 

both within developed and developing countries.  
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Figure 5.1- Pollutant sources and types found in stormwater runoff ( Lundy et al., 2012) 

  

Many different aspects of stormwater runoff have been researched.  There have been studies 

reporting on runoff in rural areas, primarily in relation to agricultural activities through use of 

pesticides and fertilisers impacting runoff and water quality (Mallin et al., 2009; Jergentz et al., 

2004). Studies have also been conducted focussing on runoff in urban areas (Akora and Reddy, 

2013), pollutant loads and pathogens found in runoff (Zhao et al., 2007; Sidhu et al., 2012; Tabei 

and Droste, 2004; Ballo et al., 2009), influence of rainfall (Zhang et al., 2015; Liu et al., 2013) and 

the first flush phenomenon (Bach et al., 2010).  

 

There are common trends in the results found from research in different areas. Research into 

runoff from agricultural and rural areas indicate that high levels of P and N are key contaminants 

in surface runoff in these regions due to their presence in fertilisers, and the significant 

detrimental impact to water quality specifically eutrophication (Hart et al., 2004; Mallin et al., 

2009). However, PO4-P and NO3-N, do not only emanate in high quantities in rural regions, but 
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can have high concentrations in runoff in residential areas from atmospheric deposition, natural 

soil and sediments as well as fertilisers used within these areas (Yang and Toor, 2017).  

 

In urban areas principal parameters measured include heavy metals, BOD and COD and some 

indicator organisms, and key results in these areas are that heavy metals in urban and highway 

runoff originate from vehicle traffic (Prestes et al., 2006) and that land use places a key role in 

the concentrations of pollutants, with impervious surfaces increasing the wash- off of pollutants 

(Kumar et al., 2013; Yao et al., 2016). Pollutant loads of are higher in both rapidly developing 

countries and faecal contaminant concentrations are higher in countries or areas in developing 

countries where there is a lower standard of sanitation within the sub-catchment (Lee and Bang, 

2000; Solaraj et al., 2010). 

 
Despite these broad result trends, there were variations based upon the drainage basin within 

which runoff was sampled, and this was based upon country regulations upon effluent levels from 

wastewater treatment plants (WWTP) and industry; population and social factors; land use to 

name a few. Transport of pollutants is strongly controlled by environmental factors such as 

climate conditions and catchment factors including land use (Yang and Toor, 2017). 

 

Research overall implies that land use is a predominant factor in determining constituents within 

stormwater runoff due to the non-point sources of pollution which will vary based upon land use, 

as can be seen in the varying differences between rural and urban runoff (Goonetilleke et al., 

2005; Ellis et al., 2012). In addition to this the impacts of climate conditions upon the transport 

of pollutants. This point indicates why there is a strong necessity to examine runoff within an 

informal settlement because of the differences of land use within a peri-urban region compared 

to rural, urban or industrial.  

 

Despite the wealth of research  undertaken on runoff globally, the quality of stormwater runoff 

in peri-urban areas has not previously been investigated and runoff within informal settlements 

remains poorly researched. Research on stormwater runoff in informal settlements is important 

for numerous reasons. In informal settlements, the level of vulnerability is much higher because 

of the increased levels and varied degrees of risks present. As true for any environment, but 

particularly for rural and peri-urban regions, research on runoff is particularly important mainly 

in terms of management due to the impact the environment and the subsequent impacts upon 

communities and people. 
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Research into how changes in climate will affect rainfall and stormwater have been extensive. 

Studies over the past few years on rainfall in South Africa, indicate that there is significant 

variation in rainfall trends across South Africa with increases in annual rainfall in the west of South 

Africa, whilst decreases in annual rainfall in the north east, however the increase in annual rainfall 

excludes the Western Cape (Kruger and Nxumalo, 2017; Otto et al., 2018). Another trend, when 

examining rainfall data between 1921-2015, indicates that intensity of daily rainfall is increasing, 

however, there are irregular precipitation trends in the Western Cape (Kruger and Nxumalo, 

2017; Botai et al., 2018). However, an important trend is that there are periods of wetter and 

drier years within rainfall seasons that oscillate on a 20-year cycle (Plessis and Scholms, 2017). 

Analysis of rainfall patterns indicates that droughts in South Africa are a part of the rainfall trends, 

however the droughts are likely to become more frequent and intense (Botai et al., 2017). The 

most recent drought between 2015-2017 had 30-50% below average rainfall, which influenced 

stormwater runoff (Otto et al., 2018). 

 

Climate change coupled with population growth and the impact of urbanisation is another reason 

that studying runoff in peri-urban regions is crucial. Currently 55% of the global population live in 

urban regions and by 2050 it is projected that another 2.5 billion people will live in urban areas 

(UN, 2018).  The growth in urban regions is focussed in developing countries, with the majority 

being in Asia and Africa (UN, 2018). Urban growth results in less permeable surfaces meaning 

that there is more need for stormwater management, as runoff is less able to be absorbed and 

may instead increase in volume (Adegun, 2015).  Peri-urban regions are particularly susceptible 

owing to the rapid growth of these areas from rural-urban migration (Doan and Yaw Oduro, 

2012). In the majority of developing countries, urbanisation almost always results in the 

development of informal settlements and slums, this is particularly evident in peri-urban regions 

where rural to urban migration has resulted in the development of informal settlements, around 

the fringes of the urban regions of cities (Kulabako et al., 2010).  

 

According to a report by the Socio-Economic Rights Institute of South Africa (SERI) (2018), there 

were between 2.9-3.6 million people, which equates to 1.1-1.4 million households living in 

informal settlements in South Africa in 2011, however this is likely to be higher (SERI, 2018). More 

recent figures from 2016 estimate that 1 in 5 households lived in an informal dwelling within an 

urban or metropolitan area, however the Housing Development Agency predict that this data is 

a lower estimate of true figures due to the increase in informal settlements (SERI, 2018). There 

are a number of hazards facing residents of informal settlements, predominantly because of 

inadequate or no infrastructure in place from the rapid growth, of these unplanned settlements 
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(Muniz et al., 2010; Kulabako et al., 2010). They are often located on the periphery of a local town 

and  lack basic infrastructure such as safe and accessible drinking water, sanitation, drainage 

systems and electricity. Due to the lack of drainage infrastructure and because settlements tend 

to be built on geographically and environmentally vulnerable land, stormwater runoff is a major 

hazard facing residents and the environment (UN Habitat, 2015; Parkinson, 2003).  

 

Water quality characteristics of runoff vary significantly based upon catchment and land use types 

(Zhang et al., 2015; Liu et al., 2013). This is what makes the study of runoff in informal settlements 

so important and complex, owing to the wide range of land-use in settlements and therefore the 

variation in non-point and point pollutant sources. Stormwater may be contaminated by 

greywater, which is often generated from washing and bathing and can contain high levels of 

faecal bacteria (Adegun, 2015; Kulabako et al., 2010). In addition to this, wastewater and excreta 

can also contaminate runoff, containing significant levels of pathogens and faecal bacteria, along 

with industrial waste and high sediment loads (Parkinson, 2003; McCarthy et al., 2012).  As 

informal settlements develop without drainage structures, grey- and to a less extent black water 

is often discarded in open fields or makeshift street areas resulting in the formation of open 

channels (See Figure 5.2) and these are a hazard to residents and especially children who can play 

in them (Parkinson, 2003; Tavener-Smith, 2012).  
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Figure 5.2- Open channels which can develop from stormwater and surface runoff in Enkanini 
(Source: O.C.Cooke) 

 

In South Africa in 1994 the White Paper on Housing described the government’s plan for housing 

policy and building state funded houses, in the late 1990s the Upgrading of Informal Settlement 

Programme (UISP) was brought in to improve the living conditions of populations, focussing on 

in-situ upgrading to prevent disruption through relocating populations (SERI, 2018). The UISP 

aims to provide access to basic services, provide improved infrastructure, as well as providing 

security of tenure, which is what informal settlements do not have (SERI, 2018; Adegun, 2014). 

The National Department of Human Settlements has the aim of upgrading 750,000 informal 

settlement households between 2015-2019 (Department of Human Settlements, 2014). 

However, currently there are still numerous settlements which have not been upgraded. It is, 

therefore, important to understand the water quality of runoff in settlements as these areas 

continue to expand without infrastructure upgrading in response to growing social and economic 

pressures.  

 

Stormwater runoff is a significant hazard in informal settlements, as has been discussed above, 

however in terms of the risk to residents, it is important to consider that preparedness or 

mitigation measures to deal with this hazard will vary widely within and between informal 
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settlements (Parkinson, 2003). Therefore, it is essential to research and study the water quality 

of runoff in these settlements to determine how significant a risk the runoff is to both humans 

and the environment.  

 

5.2 Aim 
 
The aim of this chapter is to investigate the microbiological and geochemical characteristics of 

stormwater runoff and from this assess the potential health risks in an informal settlement using 

the case study of Enkanini informal settlement in South Africa. This chapter will address the 

following objectives:  

• Establish a monitoring programme and undertake in-situ field measurements of water 

quality and quantity  

• Determine the microbial and geochemical water quality of stormwater runoff in Enkanini 

informal settlement  

 

5.3 Methods  
 
The sampling and analysis methods used for this results chapter are described within the 

methodology section (Chapter 4) and therefore only a brief outline will be described in sections 

5.3.1 and 5.3.2 below, as context.  

 

5.3.1. Study area and sample collection 
 
The study was conducted in the informal settlement of Enkanini, Stellenbosch, South Africa, 

during the research period May 2016 - September 2016 and May 2017 - September 2017, 

constituting two rainy seasons. Enkanini is a densely packed informal settlement which has 

approximately 8000 inhabitants residing over an area of approximately 0.3 km2 calculated from 

satellite imagery.  Within Enkanini, the land use is varied, but the majority of the area is 

residential, consisting of approximately 4200 shacks. In addition, a number of social and 

economic activities takes place within Enkanini, including agricultural (poultry keeping, gardening, 

goats, pigs), industrial (car washes, shops, garage) and transport. There are also the neighbouring 

land uses to consider, which include residential from the bordering Kayamandi settlement, the 

Plankenburg Industrial estate, and the recreational Papegaaiberg nature reserve.   
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In this study, stormwater runoff samples were collected from five sites within the settlement,  

and one control site from outside the settlement, located on an experimental farm, to sample 

from an aquatic environment with as little human influence as possible.  At each site, runoff 

samples were collected through manual grab sampling using 5 litre bottles to collect a sample at 

each location at least one to three days after a rainfall event had occurred, dependent upon 

accessibility to the site in accordance with health and safety rules. According to McCarthy et al., 

(2012) single grab samples used for analysis are too low in resolution to identify intra-event 

trends. However, as samples were collected after events to analyse the water quality, single grab 

samples were considered sufficient. During sample collection, at times when the flow of water 

was low and unable to be collected directly into the bottle, a sanitised container was used to 

transfer the water samples into the bottle. Rainfall data was collected and recorded by a tipping 

bucket rain gauge and a data logger.  

 

5.3.2  Water quality analysis 
 

Microbial analysis was undertaken by testing for the presence of indicator organisms which were 

analysed through enumeration on agar either directly or using filtration technique. Opportunistic 

and pathogenic bacterial genera frequently detected in water sources were identified using PCR 

analysis, while qPCR was used to quantify the prevalent genera. The detailed method is outlined 

in Chapter 4.   

 

5.3.2.1 Microbial and chemical parameters  

 
A broad range of both microbial and chemical parameters were selected for a number of reasons. 

Firstly, as far as could be identified through a detailed literature search, stormwater runoff 

sampling within and across an informal settlement to analyse water quality has not been 

undertaken previously. It was therefore determined to select a wide range of parameters to test 

to get an understanding of the geochemical components of runoff. In addition, because of the 

widespread existence of non-point and point sources of pollution within Enkanini it was 

hypothesised that the sources of pollutants detected would likely be broad.  

 

In terms of microbial quality, indicator organisms (Table 5.1) were tested to provide an 

understanding of the overall quality of the water, and a range of micro-organisms which are often 

found within polluted water bodies were also tested.  
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Table 5.1- Description of indicator organisms 

Indicator organism  

Total coliforms This group of bacteria can include bacteria found in the environment 
naturally such as soil, water and vegetation, as well as human or 
animal waste 

Faecal coliforms Faecal coliforms a group within total coliforms which are found 
specifically within the gut and faeces of warm-blooded animals and 
are therefore an indication of human or animal waste 

E. coli E.coli is a major species within faecal coliforms. As it usually does not 
grow in the natural environment it is therefore considered the best 
indicator for the presence of faecal pathogens 

Enterococcus  They are bacteria which live in the intestinal tracts of warm-blooded 
animals and therefore indicate faecal pollution 

Heterotrophic 
bacteria 

Heterotrophs are organisms that require an external source of 
organic carbon for growth (Bartram et al., 2003) 

 

 
Micro-organisms tested in the water samples within Enkanini include: 
 

Adenovirus; Campylobacter spp.; E. coli; 3 virulent E. coli strains Enteroaggregative E. coli (EAEC), 

Enteroinvasive E. coli (EIEC) and Enterohemorrhagic E. coli (EHEC); Enterococcus spp.; Klebsiella 

spp.; Legionella spp.; Mycobacterium tuberculosis; Pseudomonas spp.; Salmonella spp.; 

Staphylococcus spp.; Vibrio cholerae and Yersinia spp. 

 

Geochemical parameters analysed were also part of a wide-ranging spectrum including  

chemicals, metals and non-metals. This followed a similar thinking to that of the selection choices 

for microbial parameters. Anions and cations which can be found within water samples were 

tested to determine an understanding of water quality within an informal settlement. 

 

Elemental metal and non-metal analysis included: Sodium (Na), Phosphorus (K), Calcium (Ca), 

Magnesium (Mg), Barium (Ba), Boron (B), Silicon (Si), Lithium (Li), Beryllium (Be), Aluminium (Al), 

Vanadium (V), Chromium (Cr), Manganese (Mn), Iron (Fe), Cobalt (Co), Nickel (Ni), Copper (Cu), 

Zinc (Zn), Arsenic (As), Selenium (Se), Antimony (Sb), Molybdenum (Mo), Cadmium (Cd), Lead 

(Pb), Mercury (Hg).  

 

Anions and physico-chemical parameters included: Nitrate (NO3), Nitrogen (N), Nitrite (NO2), 

suspended solids, Chemical Oxygen Demand (COD), Biological Oxygen Demand (BOD), Sulphate 

(SO4), turbidity, Chlorine (Cl), Phosphorus (P), Phosphate (PO4), Fluorine (F). 
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5.4 Results 
 
The results of the water quality from both the control site and the stormwater runoff sites within 

Enkanini will be examined below. They will be divided into firstly microbial parameters looking at 

indicator organisms and then microbial organisms before the chemical parameters will be 

examined splitting into anions and cations. As mentioned above, the aim of this chapter is to 

quantify the water quality of runoff within an informal settlement. Results will be compared with 

both the control site to indicate the differences that anthropogenic activity has upon water 

quality, as well as comparing to other runoff water quality data from within literature to 

determine the relative pollution levels within the runoff of Enkanini.  

 

5.4.1 Rainfall data for fieldwork seasons 
 
Rainfall data was collected during the two fieldwork seasons and to provide some context of the 

rainfall events from which the water samples were collected, the daily rainfall for 2016 and 2017 

is presented which for the purpose of this research is between June and August. Rainfall data was 

collected continuously, however there were certain instances where rainfall data is missing, and 

for these periods, South African Weather Services (SAWS) rainfall data is used. The closest rain 

gauge to Stellenbosch was used, however it is  approximately 10 km from the installed rain gauge. 

Appendix 3 shows a comparison of the rainfall data to indicate the suitability of using SAWS data 

when necessary. Whilst there appears to be a slight lag in the SAWS rain gauge peaks in 

comparison to the Enkanini rain gauge peaks, this is likely due to the location difference. In 

addition to this, the rainfall rate for the SAWS rain gauge is bigger in comparison to the Enkanini 

rain gauge, and again this is linked to the location difference of the two rain gauges. However, 

the rainfall rates were comparable and therefore it was determined that the SAWS rainfall data 

could be used for the purpose of missing rainfall, as well as an indication of the relative accuracy 

of the rain gauge within Enkanini.  

 

During 2016 the highest accumulated rainfall total occurred during June with a monthly total of 

188 mm rainfall, with August having the lowest monthly rainfall of 118mm of the three months 

during which time the rain gauge was installed. Figure 5.3 shows the daily rainfall for the 2016 

season to indicate the rainfall patterns which resulted in the water sampling.   
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Figure 5.3 – Daily rainfall total for 2016 fieldwork season (June to August 2016) 

 

During 2017, the highest accumulated rainfall total occurred during June with a monthly total of 

158 mm rainfall, with July having the lowest monthly rainfall of 66mm of the three months 

during which time the rain gauge was installed. Figure 5.4 shows the daily rainfall for the 2017 

season to indicate the rainfall patterns which resulted in the water sampling.   
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The rainfall time series data in Figure 5.3 and 5.4 provide an indication of the daily rainfall which 

is impacting the water samples collected over 2016 and 2017, however more detailed analysis of 

rainfall is provided in Chapter 6 when the rainfall data is included within the analysis. This chapter 

is examining the water quality samples.  The importance of the rainfall data within this chapter is 

to reiterate, as indicated during the methodology in Chapter 4, that sampling did not occur during 

the rainfall events, so whilst the initial aim of the chapter was to examine stormwater runoff, the 

water quality sampled is instead classified as surface water runoff and will be referred to as such 

from herein.  
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Figure 5.4 – Daily rainfall total for 2017 fieldwork season (June to September 2017) 

 

 

5.4.2 Microbial contamination through indicator organisms 
 
Results for the indicator organisms will first examine the control site, before examining the 

indicator counts across the runoff sites within Enkanini, whilst comparing the data to other 

surface and stormwater runoff data found in literature. Data from both rainfall seasons, the first 

(10 June 2016 - 15 August 2016) and the second (9 June 2017 - 30 August 2017) will be examined 

concurrently.  
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The DWAF (Department of Water and Sanitation) guidelines for recreational water bodies were 

followed as residents predominantly come into contact with runoff when crossing over runoff 

channels or children playing in or near these areas. Therefore, it was determined that recreational 

guidelines were most applicable. The DWAF guidelines only indicate safe levels for E. coli (0- 130 

CFU/100 mL), Faecal coliforms (0- 130 CFU/100 mL) and Enterococcus spp. (0- 30 CFU/100 mL) 

and these concentrations indicate levels where there is the lowest risk to health. Alongside 

DWAF, WHO guidelines were also examined for recreational water bodies, with WHO volumes 1 

and 2 looking at both swimming pools and similar environments as well as coastal and fresh 

waters to provide guideline values (WHO, 2003; WHO, 2006).  For coastal and freshwater bodies, 

it is recommended that the least health risks, Enterococcus spp. require levels of less than 40 

CFU/100 mL (WHO, 2003). WHO guidelines for recreational coastal and freshwater bodies for 

E.coli, Faecal coliforms and HPC do not have sufficient data to develop guideline values, whilst 

total coliforms are difficult to determine values as they are not specific to faecal material (WHO, 

2003). For swimming water, HPC levels must be less than 200 CFU/100 mL (WHO, 2006). Both 

DWAF and WHO guidelines were used to be able to compare the results, as they are both world 

health standards, as well as South African standards.  

 

 5.4.2.1 Control site  (Site 3)  
 
Total coliform counts (Table 5.2) at the control site (S3) ranged between 11.15 × 102 – 25.85 × 

103 CFU/100 mL across both fieldwork seasons, but no DWAF guidelines exists for total coliforms 

within recreational water bodies, whilst WHO drinking water guidelines indicate levels should be 

0 CFU/100 mL. However, to gain an understanding of levels, these results were compared to 

values reported in the literature, for example surface water samples obtained within a 

recreational and agricultural catchment (2419 MPN (most probable number)/100 mL) and urban 

stormwater runoff in the USA (4.2 × 104 – 1.9 × 105 CFU/100 mL) (An et al., 2002; Selvakumar 

and Borst, 2006). Overall in the first fieldwork season, a decreasing trend is observed with total 

coliform counts reducing throughout the season, whilst a fluctuating trend for the second season 

(See Figure 5.5).  Observed concentrations of heterotrophic bacteria (HPC) (4.5 × 104 – 1.3 × 106 

CFU/100 mL; Table 5.2) followed the same overall decreasing trend that also characterised total 

coliforms, through both rainfall seasons. In comparison, concentrations measured in runoff in a 

tropical reservoir in Singapore (330 CFU/100 mL –  7.9 × 104 CFU/100 mL), the HPC counts were 

higher across the range (Kaushik et al., 2014).  
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Figure 5.5- Total coliform counts obtained from stormwater runoff within Enkanini (1, 2, 4, 5, 

6) and a control site (3). Samples collected over two rainfall seasons 

 

Focusing on faecal indicators, E.coli (21.5 – 3.95 × 102 CFU/100 mL); faecal coliforms (bdl – 5.85 

× 104 CFU/100 mL) and Enterococcus spp. (bdl – 4 × 103 CFU/100 mL), exceeded the safe levels 

defined in the DWAF guidelines by 103 at Sites 1, 2, 4, and 6, whilst only by 102 at Site 5 for E.coli 

whilst all sites exceeded the guidelines by 103 for Enterococcus spp. Site 3 was the exception in 

both cases with some samplings, as can be seen in the range of levels in Table 5.2, being below 

detection limits (bdl) and therefore below DWAF guidelines.  Compared to urban residential 

runoff case study results from the USA, faecal indicator organisms had similar counts. For 

example, faecal coliform counts were 5.6 × 103 – 2.2 × 104 CFU/100 mL in the USA urban 

watershed (Selvakumar and Borst, 2006). Whilst in comparison to freshwater runoff samples in a 

nature reserve reservoir in Singapore, faecal coliform counts ranged between not detected (nd) 

– 97.5 × 103 CFU/100 mL (Kaushik et al., 2014); and in surface water in forested and agricultural 

drainage basin ranged between nd –  97.5 × 103 CFU/100 mL (Kim et al., 2005).  However, E.coli 

levels were comparable to results in a rural and agricultural river basin (nd – 58 × 102 CFU/100 

mL) (Kim et al., 2005).  Overall the control site had slightly higher levels (albeit not significantly) 

of faecal indicator counts compared to observations from other rural regions reported in the 

literature. All three indicator organisms observed a similar trend in peak counts were on 16th 

August 2017, with a subsequent decreasing trend.  Faecal coliform counts had one sampling on 

14th June where the coliform counts were below detection limit, which is unusual and potentially 

an error with analysis testing, however both Enterococcus spp.  and E.coli had very low counts on 

the same sampling session 26th July being also below detection limit and 21.5 CFU/100 mL 
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respectively. Table 5.2 indicates the range of values per site for the indicator organisms for both 

seasons.  

   

Table 5.2 – Table showing the range of values per site and per indicator organism 

Sites Faecal 
coliforms 
(CFU/100 mL) 

HPC  
(CFU/100 mL) 

E.coli 
(CFU/100 mL) 

Enterococcus 
(CFU/100 mL) 

Total coliforms 
(CFU/100 mL) 

1 7.35 × 105  – 
1.93 × 108  

5.15 × 107  – 
1.06 × 109 

4.8 × 104  –  
6.5 × 106 

7.85 × 104  –  
5.7 x 106 

6.3 × 104  –  
18.7 × 106 

2 3 × 105  –  
8.2 × 107 

4.95 × 106  – 
2.75 × 108 

5.04 × 104  – 
4.05 × 106 

6.2 × 104  –  
2.81 × 106 

4.22 × 104  – 
1.84 × 107 

3 0  –  5.85 × 104 4.5 × 104  –  
1.3 × 106 

21.5  –  
3.95 × 102 

 0  – 4 × 103  11.15 × 102  – 
25.85 × 103 

4 1 × 105  –  
22.9 × 106 

1.75 × 106  – 
2.61 × 108 

3.5 × 104  –  
4.1 × 106 

6.25 × 104  –  
3.45 × 106 

12.6 × 104  – 
19.5 × 106 

5 0  –  5.5 × 106 1.7 × 106  – 
1.33 × 108 

2 × 103  – 
10.15 × 104 

1.25 × 104  –  
7.3 × 105 

3.45 × 104  – 
15.2 × 105 

6 4 × 105  –  
13.35 × 106 

2.5 × 106  – 
1.95 × 108 

2.6 × 104  – 
2.47 × 106 

1.6 × 104  –  
7.3 × 105 

13.2 × 104  – 
18.35 × 106 

                             

5.4.2.2 Enkanini runoff sites (Sites 1, 2, 4, 5 and 6) 
 

Overall the sites will be examined in order comparing to data in a range of literature which 

examine indicator organisms within their runoff sites.  

 
In terms of total coliforms (6.3 × 104 – 18.7 × 106 CFU/100 mL) (See Figure 5.5), the coliform 

counts were relative to runoff data from two studies both analysing sampling sites downstream 

from combined sewer overflow systems, one in an urban river basin in Korea with counts of 8 × 

104 – 14.8 × 106 CFU/100 mL detected (Kim et al., 2005), whilst the other in a residential 

watershed in the USA with counts of 1.6 × 104 – 1.5 × 106 CFU/100 mL (McGinnis et al., 2018). 

There were no obvious trends in total coliforms at Site 1, except that during the initial rainfall 

season there was an overall increase in counts indicating pollution levels increased, however this 

was not replicated in the second season.  

 
Focusing on HPC counts (See Figure 5.6) (5.15 × 107 – 1.06 × 109 CFU/100 mL), the counts are 

high even prior to comparing to other studies. In comparison to a site with only slight 
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anthropogenic influences in a reservoir, which ranged from 330 CFU/100 mL –  7.9 × 104 CFU/100 

mL, the counts in Enkanini are approximately 105 higher (Kaushnik et al., 2014). Similarly, the HPC 

counts observed in Enkanini exceed  concentrations observed in runoff from an urban catchment 

in South Africa, with residential and a sewage treatment plant outflow upstream of the sample 

sites where the counts were 1.3 × 105 CFU/100 mL –  9 × 105 CFU/100 mL (Jordaan and 

Bezuidenhout, 2016).  

 

Figure 5.6- Heterotrophic plate counts (HPC) obtained from stormwater runoff within Enkanini (1, 

2, 4, 5, 6) and a control site (3). Samples collected over two rainfall seasons. Red dotted line 

indicates WHO guideline levels 

 

Faecal indicators at Site 1 all had high counts for each organism. Enterococcus spp. (See Figure 

5.7) (7.85 × 104 – 5.7 × 106 CFU/100 mL) does not follow a trend across the sampling seasons.  

Comparing to literature Sidhu et al., 2012 and Sidhu et al., 2013 both focus on stormwater runoff 

in urban and residential areas and average Enterococcus spp. levels detected range between 4 × 

101  – 3 × 104 CFU/100 mL and 1.27 × 103 – 2.95 × 104 CFU/100 mL respectively.  Faecal coliforms 

(7.35 × 105  – 1.93 × 108 CFU/100 mL) are approximately 104 times the counts compared to other 

literature results in stormwater runoff in urban areas. A study by Jeng et al., (2005) examined 

how polluted stormwater runoff in Louisiana, USA was by measuring pollutant levels in the 

estuary after runoff is pumped into the lake from urban regions which ranged from 500- 9 × 104 

CFU/100 mL for faecal coliforms whilst runoff from an urban catchment of residential and 

commercial ranged in counts from 5.6 × 103 – 2.2 × 104 CFU/100 mL (Selvakumar and Borst, 

2006). Finally E.coli (4.8 × 104 – 6.5 × 106 CFU/100 mL) had similar counts when compared to 
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runoff sites which were downstream of combined sewer overflow sites in Korea (nd – 1.15 × 106 

CFU/100 mL) and USA (210 – 1.2 × 106 CFU/100 mL) (Kim et al., 2005; McGinnis et al., 2018). 

Urban runoff in Australia ranged between 4 × 101 CFU/100 mL –  7.2 × 103 CFU/100 mL (Sidhu 

et al., 2013).  

 

Figure 5.7- Enterococcus spp. counts obtained from stormwater runoff within Enkanini (1, 2, 4, 5, 

6) and a control site (3). Samples collected over two rainfall seasons. Red dotted line indicates 

DWAF and WHO guideline levels 

 

Results for Site 2 (Table 5.2), at the downstream end of the sub-drainage basin of Enkanini, 

indicate that for faecal coliform counts (Figure 5.8) (3 × 105  –  8.2 × 107 CFU/100 mL);  E.coli 

(5.04 × 104 – 4.05 × 106 CFU/100 mL) and HPC (4.95 × 106  – 2.75 × 108 CFU/100 mL), this site is 

the second most polluted of the runoff sites. As with Site 1, these coliforms counts are higher 

than any other values reported in the scientific literature focusing on runoff from an urban 

environment. However, both HPC and E.coli levels are comparable to runoff water quality in 

research undertaken in urban areas which are downstream from combined sewer overflow 

effluents as well as broad land use within the catchments (McGinnis et al., 2018; Kim et al., 2005; 

Jordaan and Bezuidenhout, 2016).  Total coliform counts at Site 2 had the highest range (4.22 × 

104  – 1.84 × 107 CFU/100 mL) across all the runoff sites.  
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Figure 5.8- Faecal coliform counts obtained from stormwater runoff within Enkanini (1, 2, 4, 5, 6) and 

a control site (3). Samples collected over two rainfall seasons. Red dotted line indicates DWAF 

guideline levels 

 

Sites 4, 5 and 6 were only sampled for one sampling season (9th June 2017- 30th August 2017). 

These sites, similar to Sites 1 and 2 discussed above, have counts of coliform much higher in 

comparison to runoff data recorded in the scientific literature. The runoff site in Enkanini with 

the lowest counts for all the indicator organisms is Site 5 (See Table 5.2).  However, it is still 

recorded much higher concentrations compared to the control site (Site 3); but 101 lower than 

the other sites in Enkanini. This can be seen looking at total coliforms where Site 5 which has 

counts ranging between 3.45 × 104  – 15.2 × 105 CFU/100 mL, whilst Sites 4 and 6 have counts 

ranging between 12.6 × 104  – 19.5 × 106 CFU/100 mL  and 13.2 × 104  – 18.35 × 106 CFU/100 

mL, respectively. There is much less of variation in terms of HPC counts within all Sites 4, 5 and 6 

having a range between 106  –  108 CFU/100 mL. In terms of faecal specific indicators, the similar 

range of coliform counts across sites, is more evident when examining E.coli counts (Figure 5.9), 

with Site 5 (2 × 103 – 10.15 × 104 CFU/100 mL) being 102 lower than site 4 (3.5 × 104  – 4.1 × 106 

CFU/100 mL) and Site 6 (2.6 × 104 – 2.47 × 106 CFU/100 mL). This is also true to some extent for 

faecal coliforms and enterococcus, but not to such an extent. Broadly looking at the range of 

indicator organism counts, it can be seen through Table 5.2 that Site 6 is slightly less polluted for 

all the indicator organisms than Site 4. 
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Figure 5.9- E.coli counts obtained from stormwater runoff within Enkanini (1, 2, 4, 5, 6) and a 

control site (3). Samples collected over two rainfall seasons. Red dotted line indicates DWAF 

guideline levels 

 

Overall Site 1 is the most polluted followed by Site 2, with the remaining sites being 4, 6 and 5 in 

the order of highest range of counts across the seasons. In addition to this, it can be concluded 

that surface water runoff within Enkanini is much more highly polluted both in comparison to 

runoff at the control site in Stellenbosch, indicating that anthropogenic activity plays a significant 

role in the pollution levels. Furthermore, in comparison to comparable studies in the scientific 

literature focussing on stormwater or surface water, concentrations observed in runoff from 

Enkanini is higher or at the higher end of the range when examining the indicator organism 

counts. This is more specific when focussing on the faecal indicator organisms, particularly true 

of E. coli. The E. coli counts within the informal settlement runoff are comparative to runoff sites 

which are downstream of combined sewer overflows (McGinnis et al., 2018; Kim et al., 2005; 

Jordaan and Bezuidenhout, 2016). This highlights the level of pollution within the runoff in 

Enkanini, with it having levels of indicator organisms similar to that of water containing sewage. 

These data also highlight the variation across the settlement in terms of indicator organism levels 

and therefore pollution, which are interesting for further examination. Due to the potential for 

the accumulation of organisms at downstream sites, it would have been expected that the highest 

counts of indicator organisms would have been detected at the downstream site (Site 2), however 
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this was not the case, and therefore indicates various influences upon runoff within the 

settlement.  

 

5.4.3 Microbial Analysis of genus specific PCRs  
 
In addition to specific indicator organisms, a more general assessment of the microbial quality of 

the runoff in Enkanini was assessed through a PCR analysis of selected organisms. The 

percentages of the various organisms tested and found present in the runoff samples in both 

2016 and 2017 are summarised in Table 5.3.  A range of micro-organisms were tested to examine 

the pathogens which can be detected within the runoff, and parameters selected were a range 

of organisms which would be a health hazard, as well as the organisms often tested for within 

water samples.  PCR analysis was used to detect the presence or absence of pathogens, and does 

not indicate concentrations of the pathogens, and can also detect dead DNA. The purpose of the 

PCR was to provide an understanding of the microbial quality in general within runoff in Enkanini.  

 

PCR assays (detection of pathogens) indicated that Salmonella spp. and Vibrio cholera were not 

detected at any of the sites during any of both rainfall seasons. Overall Campylobacter spp. 

yielded the lowest average frequency of detection (1%) across the runoff sites only being 

detected at Site 2, during one of the samplings.  

 

Adenovirus was detected at all sites within all the runoff sites as well as the control site, however 

at the stormwater runoff Sites 2, 4 and 6 detected in 100% of the samples with Site 1 having high 

detection levels at 86.6%. In comparison Site 5, which is at the top of the sub-drainage basin of 

Enkanini only had 11.1% detection of Adenovirus in the samples. The control had much lower 

detection levels than the majority of runoff sites, but higher than Site 2 at 20% detection. In 

comparison urban runoff in a residential and commercial catchment in the USA at locations 

downstream from combined sewer overflow effluent yielded detection ranges of 14 - 29% of 

Adenovirus (McGinnis et al., 2018).  
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Table 5.3 – Organisms isolated in samples and their frequency of detection throughout the 

sampling seasons for runoff sites in Enkanini (SW) and the control (C) site, showing the number 

of samplings (n) at each site 

Organism Water samples collected from fieldwork sites (%) Average 
 

Site 1 
(SW) 

(n=15) 

Site 2 
(SW) 

(n=15) 

Site 3 
(C)  

(n=15) 

Site 4 
(SW) 
(n=9) 

Site 5 
(SW) 
(n=9) 

Site 6 
(SW) 
(n=9) 

Adenovirus 86.6 100.0 20.0 100.0 11.1 100.0 69.5 

Campylobacter spp.  0.0 6.6 0.0 0.0 0.0 0.0 1.1 

E.coli 53.3 86.6 6.6 77.7 44.4 77.7 57.7 

Enterococcus spp. 93.3 93.3 40.0 100.0 55.5 100.0 80.4 

Klebsiella spp. 66.6 93.3 86.6 100.0 66.6 100.0 85.5 

Legionella spp. 73.3 86.6 80.0 100.0 100.0 100.0 90.0 

Mycobacterium 
tuberculosis 

80.0 86.6 93.3 100.0 88.8 100.0 91.5 

Pseudomonas spp. 40.0 46.0 33.3 11.1 0.0 0.0 21.7 

Salmonella spp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Staphylococcus spp. 73.3 80.0 53.3 100.0 66.6 44.4 69.6 

Vibrio cholera 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Yersinia spp. 100.0 100.0 80.0 100.0 55.5 100.0 89.3 

 

E.coli and Enterococcus spp. had low detection levels at the control site, comparative to the runoff 

sites, of 6.6% and 40% respectively. Enterococcus spp. levels across all the runoff sites were above 

90% detection with the exception of Site 5 where the detection level was 55.5%. E.coli at the 

runoff sites was much more variable in detection levels, however significantly greater detection 

than the control site. Site 1 (53.3%) and Site 5 (44.4%) had the lowest detection levels whilst the 

remaining runoff sites had detection levels above 75%. Whilst the pathotypes of E.coli were 

measured, for the purposes of this chapter E.coli  was the pathogen used analysis.  

 

Klebsiella spp. was detected at the control site (3) in 86.6% of the samples which was relatively 

high. In comparison when examining the runoff sites, as with E.coli and Enterococcus spp., Sites 

1 and 5 both had lower levels of detection with both at 66.6% of the samples. The remaining 

runoff sites (2, 4 and 6) had Klebsiella spp. detected in over 90% of the samples. In comparison 

to Klebsiella spp. occurrence in other studies of surface water, an example of river water in rural 

villages in India detected Klebsiella spp. in 90% of the water samples (Suthar et al., 2009).  
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The highest average frequency of detection across the samples were Legionella spp. (90%), 

Mycobacterium TB (91.5%) and Yersinia spp. (89.3%).  At the control site (3), these organisms 

were detected in 80%, 93.3% and 80% of the samples respectively which were relatively high 

levels of detection. Across the runoff sites within Enkanini the detection levels were very high, 

however Site 1 appeared to have the lowest detection for Legionella spp. (73.3%) and 

Mycobacterium TB (80%) in comparison to the other sites, however Site 5 had the lowest 

detection for Yersinia spp. (55%) compared to the other runoff sites. These organisms were 

clearly the most prevalent pathogens consistently across the runoff sites.  

 

Pseudomonas spp. was detected in 33.3% of the water samples at the control site, whilst 

examining the runoff in Enkanini, Sites 4, 5, and 6 had little to no detection within the water 

samples (11.1% at Site 4). Sites 1 and 2 had higher levels compared to the control site, however 

not significantly higher at 40% and 46% respectively.  In comparison surface water in a rural 

residential catchment in India detected Pseudomonas spp. in 55% of water samples (Suthar et al., 

2009). Staphylococcus was detected at all the runoff sites and the control site, however, runoff 

at Site 6 had the lowest detection at 44.4% of samples, whilst the control had 53.3 % detection 

of Staphylococcus. The other runoff sites ranged quite significantly in detection levels, however, 

Site 4 had the highest detection levels (100%).  

 

Overall the control site varied according to the micro-organism being tested as to the level of 

detection in the water samples, however it only had the lowest levels of detection for Adenovirus, 

E.coli and Enterococcus. Site 5 predominantly had the lowest detection levels across the runoff 

sites within Enkanini for the majority of organisms tested, often with lower detection levels than 

the control site.  Site 1 had the second lowest detection levels of the runoff sites.  

 

5.4.4 Geochemical contamination 
 
The geochemical data is split broadly into anions and nutrients and then cations, into the different 

tables to be able to examine the results. The tables are set out per site to represent the data as 

clearly as possible. It was determined that the most appropriate water standard guidelines to 

follow would be the DWAF recreational water guidelines as surface water runoff within Enkanini 

is not used for domestic or drinking water purposes. Instead the residents predominantly come 

into contact with the runoff through walking and recreational activities with children playing on 

the ground in the settlement. However, DWAF recreational guidelines only include  microbial 

contaminant levels, and do not include any levels for chemical contaminants. Therefore, to  

determine whether the chemical levels tested in the water  are found in high concentrations 
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compared to what is naturally occurring within surface water bodies, DWAF guidelines were 

taken other areas. WHO guidelines for chemical contaminants were also used, however the WHO 

guidelines were only for drinking water, as the chemical quality of recreational water does not 

represent a serious health risk in most scenarios, however the drinking water guidelines provide 

an indication level as a reference for international standards (WHO, 2003). As some of the runoff 

from the settlement will drain into the Plankenburg river which borders to the settlement, DWAF 

aquatic ecosystem  levels were used, as the runoff will affect the river ecosystem. Again, where 

there were no guidelines for this, other levels were used merely as a tool of comparison. In 

addition to this, examples in literature of surface or groundwater levels were looked at for 

comparison too, however sometimes the difficulty arose in that some chemicals are not often 

tested when researching surface water pollution. It is noted that here only a limited number of 

literature examples are used, but again the purpose is merely to gauge a level as to whether the 

values generated through this data are exceptionally high or comparable to other sites.  

 

5.4.4.1 Anion and Nutrients 
 
The control site or Site 3 (Table 5.4) was chosen as it is characterised by little or no human activity, 

thus allowing a comparison to the runoff values within the settlement. For the anions and 

nutrients, most of the levels are not significantly high compared to what you would expect in 

surface water bodies which are not very polluted. Chloride, Nitrite and Nitrate levels were 

determined to be so low that they were not tested for the second fieldwork season. Nitrite and 

Nitrate levels above 0.75 mg l-1 and 40 mg l-1 respectively cause stress to aquatic ecosystems, 

however the values at Site 3 are well below these levels, and Chloride levels in the water samples 

were within domestic water standards for DWAF (100 mg l-1). Other chemicals which were 

determined to be within levels that you would find in fairly clean surface waters were F, P, SO4 

and SS.  Values which were slightly higher were those of  BOD and COD levels  which ranged from 

4.76 - 61.9 mg l-1 and 7 - 91mg l-1, with the BOD values being significantly over the 0.01 mg l-1 

DWAF aquatic ecosystem guideline.  Similarly, PO4 levels ranged from 0 - 0.18 mg l-1 above the 

0.005 mg l-1 DWAF aquatic ecosystem guidelines and nitrogen levels  ranged from 5 - 13 mg l-1  

where surface water bodies normally contain 0.25 mg l-1 naturally (Lenntech, 2019).  

 

The runoff sites within Enkanini (Sites 1, 2, 4, 5 and 6) can be seen in  Tables 5.5 to 5.9 respectively.  

As with the control site  (S3), F, Cl, NO2 and NO3 were only tested during the first season for the 

runoff sites (S1 and S2) and were determined  to be low concentrations that were not indicative 

of significant pollution levels for these chemicals.  SO4 levels for all the runoff sites were below  

DWAF domestic standards, however, there was a difference between  the first season and second 
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season for Sites 1 and 2, with first season values being much higher, but the second season had 

the peak values were on 9th June 2017 for Sites 1 and 2 at 107 mg l-1 and 61 mg l-1 respectively. 

However, across all the runoff sites, the mean value of SO4 was highest at Site 5 at approximately 

48 mg l-1 compared to all other sites mean values below 30 mg l-1.  

 

Looking at P, PO4 and N chemical levels for all the runoff sites, the levels are all high to the point 

of having a negative impact upon the environment. Site 5 which is at the top of the drainage 

catchment of Enkanini has the lowest levels P (0.02 - 0.23 mg l-1), PO4 (0.06 - 0.37 mg l-1) and N (6 

- 23 mg l-1); then Sites 4 and 6, and finally S1 and S2 with the largest drainage areas within Enkanini 

have the highest values with S1 have levels of 20 - 698 mg l-1 for N; 0.65 - 9.81 mg l-1 for P; and 

1.99 - 30.02 mg l-1 for PO4.      
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Table 5.4 - Anion and nutrient concentrations obtained for the control Site 3 over two fieldwork seasons. Orange indicates where values are above DWAF or WHO values 
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Table 5.5 - Anion and nutrient concentrations obtained for the runoff Site 1 over two fieldwork seasons. Orange indicates where values are above DWAF or WHO values 
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Table 5.6 - Anion and nutrient concentrations obtained for the runoff Site 2 over two fieldwork seasons. Orange indicates where values are above DWAF or WHO values 
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Table 5.7 - Anion and nutrient concentrations obtained for the runoff Site 4 over one fieldwork season. Orange indicates where values are above DWAF or WHO values 
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Table 5.8 - Anion and nutrient concentrations obtained for the runoff Site 5 over two fieldwork season. Orange indicates where values are above DWAF or WHO values 
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Table 5.9 - Anion and nutrient concentrations obtained for the runoff Site 6 over one fieldwork season. Orange indicates where values are above DWAF or WHO values 
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In terms of the BOD and COD levels for the runoff sites, Site 1 (Table 5.5) has the highest levels 

for both seasons ranging from 50.34 - 1343.54 mg l-1 and 74 - 1975 mg l-1respectively. Site 2 (Table 

5.6) has the second highest range of values, whilst Sites 4 - 6 (Tables 5.7 - 5.9) are the lowest of 

the runoff sites, with a range of values for COD from 10 - 119 mg l-1 across the three sites which 

are still high levels for COD. Suspended solids and turbidity values are highest at Site 1, with an 

incredibly high peak of turbidity values on 11th July 2017 at 3436 NTU, and the lowest values of 

turbidity and suspended solids found at the bottom of the sub-catchment at Site 2. 

 

5.4.4.2 Cations 
 

In terms of the cations which were tested on the water samples, the cations Lithium, Beryllium, 

Cobalt, Molybdenum, Antimony, Barium and Nickel all had very low levels across the control and 

runoff sites and were determined to be levels found naturally occurring or not significantly high 

enough to cause issues to human health or the aquatic ecosystem, therefore these were not 

included in the tables for analysis.  

 

The other cations tested can be seen below, and the control site is examined first which can be 

seen in Table 5.10. At the control site, for the cations tested, Ca, K, Mg, B, Se, Cd, Sr, Mn, V and 

Na values were all below the DWAF guidelines for drinking water, domestic use or aquatic 

guidelines and were therefore determined to be in low concentrations and likely from naturally 

occurring levels.  

 

There were a few cations: chromium, mercury, arsenic and iron concentrations which were below 

the DWAF guidelines for most of the samplings, however there were for each cation one peak 

concentration at one sampling session. Cr at Site 3 had a peak value of 20.4 µg l-1 (16th August 

2017), whilst the rest of the values were around or below the DWAF aquatic ecosystem standard 

of 7 µg l-1. Similarly, for Hg there was a peak value of 0.18 µg l-1 (9th June 2017) whilst the other 

values were below 0.04 µg l-1 for DWAF aquatic ecosystem standards. As had a peak value of 36.4 

µg l-1 (16th August 2017), whilst the rest of the samples adhered to the 10 µg l-1 aquatic ecosystem 

standard. Finally, Fe had a peak value of 19,604 µg l-1 (16th August 2017) while the rest of the 

values were below DWAF irrigation levels of 5000 µg l-1.  

 

When looking at the remaining cations, Zn, Cu, Fe, Al and Si were all above the levels of the DWAF 

aquatic ecosystem standards. Zn levels ranged from 1.69 - 48.7 µg l-1 compared to the DWAF 

value of 2 µg l-1; Cu levels ranged from 0.35 - 22.6 µg l-1 compared to DWAF value of 0.3 µg l-1; Al 
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levels ranged from 555.8 - 30,804 µg l-1 compared to DWAF levels of 5 µg l-1; and Si levels ranged 

from 21.33 - 42.8 mg l-1 compared to DWAF industrial standards 5 mg l-1. 

 

In comparison to this, the runoff sites were also tested for all the same cations. The two cations 

tested which consistently had high levels across all the sites, significantly above any DWAF 

standards which we could find were Manganese and Aluminium potentially from the materials 

used for building shacks in the settlement. Site 1 (Table 5.12) ranged from 21.7 - 393,745.9 µg l-1 

with all the other sites having consistently high values, with the site containing the lowest range 

being Site 2 (Table 5.11) having concentrations of 9.13 - 53728 µg l-1 compared to DWAF levels of 

5 µg l-1 for aquatic ecosystems. Similarly, for Manganese the site containing the highest range of 

concentrations was Site 1 (43.6 - 6951.2 µg l-1) and the lowest was Site 6 (Tables 5.15) (85.6 - 

1202.9 µg l-1 ), but all the runoff sites had incredibly high levels of manganese. Fe was also a cation 

which was found in high concentrations compared to the DWAF standards and the literature 

comparison in the tables. The average concentration of Fe across the runoff sites ranged from 

5392.5 µg l-1 (Site 2) to 42,721.3 µg l-1 (Site 1).
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Table 5.10- Cation concentrations obtained for the control Site 3 over two fieldwork seasons. Orange indicates where values are above DWAF or WHO values 
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The site which was most polluted across all the cations tested was Site 1, with 85% of the highest 

level of pollutants there, whilst Site 2 (Tables 5.11) had the least high concentrations of the 

cations detected there. 

 

Runoff sites varied which dates had peak concentrations of the cations in them, however Site 1 

had peaks on 14th June 2017 with 70% of peak concentrations occurring on this sampling date. 

Site 4 (Tables 5.13) and 6 had peaks on 16th August 2017 (80% and 70% respectively) as well as 

on 2nd August, whilst Site 5 (Tables 5.14) had peaks on 9th June (52%) and 11th July (36%). Finally, 

Site 2 had the highest concentrations of each cation were on 16th August (50%) .  

 

There were a few cations which were below the DWAF standards for the sampling seasons at 

each site, and these varied per site, however Mg , B, Se, Sr  and K were consistently below the 

DWAF standards which  varied whether for aquatic ecosystems or industrial use of the water, but 

still it was assumed that the levels would be either lower than standards used for recreational 

purposes or approximately similar. 
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Table 5.11 - Cation concentrations obtained for the runoff Site 2 over two fieldwork seasons. Orange indicates where values are above DWAF or WHO values 
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Table 5.12 - Cation concentrations obtained for the runoff Site 1 over two fieldwork seasons. Orange indicates where values are above DWAF or WHO values 

 

Cation 10-Jun-16 23-Jun-16 25-Jul-16 29-Jul-16 04-Aug-16 15-Aug-16 09-Jun-17 14-Jun-17 11-Jul-17 17-Jul-17 26-Jul-17 02-Aug-17 16-Aug-17 25-Aug-17 30-Aug-17

DWAF (specific 

guidelines) & WHO 

(Drinking water)

Literature examples - Levels for comparison

Calcium as Ca (mg l
-1

) 105.60 59.08 9.74 79.38 56.40 82.46 152.90 269.40 158.10 116.90 147.30 183.10 124.30 120.00 138.60
32 mg l-1 (Drinking water) 2.3-  128 mg l-1 in surface water, Nigeria (dumpsites) 

(Odukoya & Abimbola, 2010)

Potassium as K (mg l
-1

) 46.10 56.26 8.73 33.82 41.30 40.53 81.20 140.10 92.70 52.30 61.90 118.40 70.10 87.00 82.40
50 mg l-1 (Domestic) 7.4 - 194 mg l-1 in surface water, Nigeria (dumpsite) 

(Odukoya & Abimbola, 2010)

Magnesium as Mg (mg l
-1

) 23.99 15.65 2.13 20.52 15.40 17.98 32.00 66.50 35.10 24.30 31.50 52.00 30.40 33.30 29.70
30 mg l-1 (Domestic) 0.5-63.1 mg l-1 in surface waters, Nigeria (dumpsites) 

(Odukoya & Abimbola, 2010)

Sodium as Na (mg l
-1

) 155.40 296.90 33.46 129.90 144.30 140.00 266.10 240.20 213.70 180.70 205.40 201.50 206.30 333.10 254.30
70 mg l-1 (Irrigation) 13.2-243 mg l-1 in surface water, Nigeria (mine drainage) 

(Odukoya & Abimbola, 2010)

Silicon as Si (mg l
-1

) 5.86 18.92 3.00 5.14 5.60 5.37 16.50 299.90 67.60 25.90 56.40 240.80 58.40 31.10 15.50
5 mg l-1 (Industry) 0.0024- 0.01 mg l-1 in surface water, Nigeria (mine drainage) 

(Odukoya & Abimbola, 2010)

Aluminium as Al (µg l
-1

) 46.19 2137.00 184.96 29.44 389.50 21.76 8531.00 393746.00 48968.00 15424.00 41511.00 381262.00 62397.00 25461.00 7193.00

5 µg l-1 (Aquatic ecosystems) 390-13800 µg l-1 in Mvudi River, SA (Edokpayi et al., 2016);  

300-13600 µg l-1 in Plankenburg River, SA (Jackson et al., 

2009)

Boron as B (µg l-1) 70.00 83.10 10.83 70.89 68.40 78.70 165.00 209.00 157.00 126.00 155.00 174.00 131.00 154.00 164.00
500 µg l-1 (Irrigation);                

2.4 mg l-1 (WHO)

1 - 2000 µg l-1 surface water (WHO, 2009); 160- 33,000 µg l-1 

in groundwater, Poland (Tomaszewska & Szczepański, 2014)

Iron as Fe (µg l
-1

) 110.00 2469.00 386.22 46.53 640.00 136.37 5569.00 274002.00 29749.00 10346.00 25936.00 231842.00 35964.00 18000.00 5625.00

5000 µg l-1 (Irrigation) 425–5070 µg l-1 in Mvudi River, SA (Edokpayi et al., 2016); 

300–48000 µg l-1 in Plankenburg River, SA (Jackson et al., 

2009)

Copper as Cu (µg l-1) 6.42 5.52 1.60 4.61 1.30 1.46 48.40 169.00 41.20 16.20 48.30 246.90 36.00 103.00 8.20
0.3 µg l-1 (Aquatic ecosystems);                       

2 mg l-1 (WHO)

11-570 µg l-1 in Mvudi River, SA (Edokpayi et al., 2016); 300-

2200 µg l-1 in Plankenburg River, SA (Jackson et al., 2009)

Zinc as Zn (µg l
-1

) 37.60 31.23 6.81 18.14 11.30 3.28 170.10 1533.50 327.90 86.40 281.30 1523.20 244.00 122.80 51.10

2 µg l-1 (Aquatic ecosystems) 1-550 µg l-1  in Mvudi River, SA (Edokpayi et al., 2016); 

bdl–1100 µg l-1 in Plankenburg River, SA (Jackson et al., 

2009)

Arsenic as As (µg l
-1

) 6.66 27.06 0.47 6.12 5.70 6.78 17.40 118.70 24.00 14.50 37.30 200.50 34.80 419.90 21.10

10 µg l-1 (Aquatic ecosystems);                    

10 µg l-1 (WHO)

5-400 µg l-1 in surface water, Argentina (Putoriero et al., 

2014); 18- 132 µg l-1  in surface water, Kenya (Jirsia et al., 

2013)

Selenium as Se (µg l
-1

) 0.52 1.76 0.30 0.49 0.40 0.85 1.37 8.15 2.04 1.06 1.56 7.39 1.88 1.54 0.81
2 µg l-1 (Aquatic ecosystems);                    

40 µg l-1 (WHO)

0.9-0.18 µg l-1 in surface water, Canada (Donner et al., 2018)

Lead as Pb (µg l
-1

) 0.06 3.12 0.23 0.11 0.80 0.13 7.20 167.00 22.60 10.80 23.10 173.80 29.70 13.50 4.70
0.2 µg l-1 (Aquatic ecosystems);                   

10 µg l-1 (WHO)

bdl–46 µg l-1 in Mvudi River, SA (Edokpayi et al., 2016); nd- 

90 µg l-1 in surface waters, Pakistan (Khan et al., 2011)

Mercury as Hg (µg l
-1

) < 0.01 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.16 0.17 0.06 0.03 0.06 0.17 0.03 <LOD <LOD

0.04 µg l-1 (Aquatic 

ecoystems);  6 µg l-1 (WHO)

1- 2 µg l-1 in surface water, Niger Delta (Rim-Rukeh et al., 

2007); 1 – 4 µg l-1 in groundwater, Niger Delta (Rim-Rukeh et 

al., 2007)

Vanadium as V (µg l
-1

) 2.52 12.19 0.52 2.15 4.20 2.96 15.20 524.00 73.70 26.90 65.00 514.10 92.90 43.10 13.40
100 µg l-1 (Irrigation) 10-200 µg l-1 in surface and groundwater, Niger Delta (Rim-

Rukeh et al., 2007)

Chromium as Cr (µg l
-1

) 1.86 28.44 0.49 1.22 2.90 1.65 16.30 391.10 56.50 21.30 66.80 500.30 65.30 126.50 16.40
7 µg l-1 (Aquatic ecosystems);                    

50 µg l-1 (WHO)

12-600 µg l-1 in Mvudi River, SA (Edokpayi et al., 2016); 0-20 

µg l-1 in surface waters, Pakistan (Khan et al., 2011)

Manganese as Mn (µg l
-1

) 317.14 415.19 43.64 237.76 497.90 766.49 1064.00 6951.00 1971.00 1749.00 2892.00 4822.00 2011.00 2409.00 1422.00
180 µg l-1 (Aquatic ecosystems) 30-700 µg l-1 in Mvudi River, SA (Edokpayi et al., 2016); 

bdl–400 µg l-1 in Plankenburg River, SA (Jackson et al., 2009)

Strontium as Sr (µg l-1) 550.00 417.57 53.70 506.55 345.90 580.98 873.40 1510.70 905.10 687.60 818.70 1110.50 753.80 838.90 842.70
4000 µg l-1 (Domestic USA) 20,000-670,000 µg l-1 in surface water, Nigeria (mine 

drainage) (Odukoya & Abimbola, 2010)

Cadmium as Cd (µg l-1) 0.07 0.06 0.00 0.04 0.00 0.00 0.29 3.14 0.51 0.18 0.71 3.21 0.51 0.22 0.14
0.15  (Aquatic ecosystems);                       

3 µg l-1 (WHO)

0.2-4 µg l-1 in surface water, SA (Edokpayi et al., 2016); 0-30 

µg l-1 in surface water, Pakistan (Khan et al., 2011)

Site 1
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Table 5.13 - Cation concentrations obtained for the runoff Site 4 over one fieldwork seasons. 
Orange indicates where values are above DWAF or WHO values  
  

 

Cation 09-Jun-17 14-Jun-17 11-Jul-17 17-Jul-17 26-Jul-17 02-Aug-17 16-Aug-17 25-Aug-17 30-Aug-17

DWAF (specific 

guidelines) & 

WHO (Drinking 

water)

Literature examples - Levels for 

comparison

Calcium as Ca.       

(mg l-1)
20.80 23.90 13.80 19.60 15.20 35.10 41.90 17.50 20.30

32 mg l-1 (Drinking 

water)

2.3-  128 mg l-1 in surface water, Nigeria 

(dumpsites) (Odukoya & Abimbola, 

2010)

Potassium as K 

(mg l-1)
8.30 12.20 6.90 17.30 9.00 38.80 34.20 16.80 11.70

50 mg l-1 (Domestic) 7.4 - 194 mg l-1 in surface water, Nigeria 

(dumpsite) (Odukoya & Abimbola, 2010)

Magnesium as 

Mg (mg l-1)
6.10 7.50 3.80 12.10 3.50 14.10 16.80 4.30 5.50

30 mg l-1 (Domestic) 0.5-63.1 mg l-1 in surface waters, Nigeria 

(dumpsites) (Odukoya & Abimbola, 

2010)

Sodium as Na 

(mg l-1)
35.70 44.80 29.50 28.60 33.70 106.90 77.30 53.40 55.80

70 mg l-1 (Irrigation) 13.2-243 mg l-1 in surface water, Nigeria 

(mine drainage) (Odukoya & Abimbola, 

2010)

Silicon as Si   

(mg l-1)
19.40 37.50 11.00 96.20 14.10 86.10 117.90 14.90 5.60

5 mg l-1 (Industry) 0.0024- 0.01 mg l-1 in surface water, 

Nigeria (mine drainage) (Odukoya & 

Abimbola, 2010)

Aluminium as 

Al (µg l-1)
15288.00 30346.00 5970.00 89707.00 9270.00 108295.00 163881.00 14477.00 2991.00

5 µg l-1 (Aquatic 

ecosystems)

390-13800 µg l-1 in Mvudi River, SA 

(Edokpayi et al., 2016);  300-13600 µg l-1 

in Plankenburg River, SA (Jackson et al., 

2009)

Boron as B       

(µg l-1)
33.00 51.00 19.00 26.00 28.00 54.00 65.00 29.00 25.00

500 µg l-1 (Irrigation);               

2.4 mg l-1 (WHO)

1 - 2000 µg l-1 surface water (WHO, 

2009); 160- 33,000 µg l-1 in 

groundwater, Poland (Tomaszewska & 

Szczepański, 2014)

Iron as Fe         

(µg l-1)
9283.00 18504.00 3864.00 55053.00 5459.00 59001.00 92333.00 8935.00 1898.00

5000 µg l-1 

(Irrigation)

425–5070 µg l-1 in Mvudi River, SA 

(Edokpayi et al., 2016); 300–48000 µg l-1 

in Plankenburg River, SA (Jackson et al., 

2009)

Copper as Cu 

(µg l-1)
24.90 147.50 12.70 51.00 8.40 59.40 89.50 12.40 24.50

0.3 µg l-1 (Aquatic 

ecosystems);                       

2 mg l-1 (WHO)

11-570 µg l-1 in Mvudi River, SA 

(Edokpayi et al., 2016); 300-2200 µg l-1 

in Plankenburg River, SA (Jackson et al., 

2009)

Zinc as Zn         

(µg l-1)
81.20 123.00 55.90 332.10 69.80 448.40 705.40 94.80 31.90

2 µg l-1 (Aquatic 

ecosystems)

1-550 µg l-1  in Mvudi River, SA (Edokpayi 

et al., 2016); bdl–1100 µg l-1 in 

Plankenburg River, SA (Jackson et al., 

2009)

Arsenic as As 

(µg l-1)
4.60 10.70 3.70 21.70 10.70 34.20 51.80 7.10 3.80

10 µg l-1 (Aquatic 

ecosystems);                    

10 µg l-1 (WHO)

5-400 µg l-1 in surface water, Argentina 

(Putoriero et al., 2014); 18- 132 µg l-1  in 

surface water, Kenya (Jirsia et al., 2013)

Selenium as Se 

(µg l-1)
0.44 0.77 0.28 1.41 0.37 1.91 3.33 0.60 0.33

2 µg l-1 (Aquatic 

ecosystems);                    

40 µg l-1 (WHO)

0.9-0.18 µg l-1 in surface water, Canada 

(Donner et al., 2018)

Lead as Pb       

(µg l-1)
8.20 15.20 5.00 43.60 52.50 52.20 77.20 7.30 3.20

0.2 µg l-1 (Aquatic 

ecosystems);                   

10 µg l-1 (WHO)

bdl–46 µg l-1 in Mvudi River, SA 

(Edokpayi et al., 2016); nd- 90 µg l-1 in 

surface waters, Pakistan (Khan et al., 

2011)

Mercury as Hg 

(µg l-1)
0.09 0.05 0.03 0.03 <LOD 0.05 0.04 <LOD <LOD

0.04 µg l-1 (Aquatic 

ecoystems);                    

6 µg l-1 (WHO)

1- 2 µg l-1 in surface water, Niger Delta 

(Rim-Rukeh et al., 2007); 1 – 4 µg l-1 in 

groundwater, Niger Delta (Rim-Rukeh et 

al., 2007)

Vanadium as V 

(µg l-1)
23.00 47.10 9.90 138.00 14.60 153.50 237.20 22.50 5.90

100 µg l-1 (Irrigation) 10-200 µg l-1 in surface and 

groundwater, Niger Delta (Rim-Rukeh et 

al., 2007)

Chromium as 

Cr (µg l-1)
19.00 36.20 7.80 101.80 14.20 107.50 166.60 15.80 5.40

7 µg l-1 (Aquatic 

ecosystems);                    

50 µg l-1 (WHO)

12-600 µg l-1 in Mvudi River, SA 

(Edokpayi et al., 2016); 0-20 µg l-1 in 

surface waters, Pakistan (Khan et al., 

2011)

Manganese as 

Mn (µg l-1)
265.00 366.00 126.00 777.00 277.00 1103.00 1227.00 344.00 214.00

180 µg l-1 (Aquatic 

ecosystems)

30-700 µg l-1 in Mvudi River, SA 

(Edokpayi et al., 2016); bdl–400 µg l-1 in 

Plankenburg River, SA (Jackson et al., 

2009)

Strontium as Sr 

(µg l-1)
115.60 131.80 82.70 128.40 82.10 207.90 287.50 100.50 117.60

4000 µg l-1 (Domestic 

USA)

20,000-670,000 µg l-1 in surface water, 

Nigeria (mine drainage) (Odukoya & 

Abimbola, 2010)

Cadmium as Cd 

(µg l-1 )
0.12 0.14 0.13 0.73 0.16 0.70 1.01 0.16 0.11

0.15  (Aquatic 

ecosystems);                       

3 µg l-1 (WHO)

0.2-4 µg l-1 in surface water, SA 

(Edokpayi et al., 2016); 0-30 µg l-1 in 

surface water, Pakistan (Khan et al., 

2011)

Site 4
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Table 5.14 - Cation concentrations obtained for the runoff Site 5 over one fieldwork seasons. 
Orange indicates where values are above DWAF or WHO values 

  
 

 
  

Cation 09-Jun-17 14-Jun-17 11-Jul-17 17-Jul-17 26-Jul-17 02-Aug-17 16-Aug-17 25-Aug-17 30-Aug-17

DWAF (specific 

guidelines) & WHO 

(Drinking water)

Literature examples - Levels for 

comparison

Calcium as Ca        

(mg l-1)
31.20 26.10 63.10 50.40 52.00 58.80 43.00 38.30 36.70

32 mg l-1 (Drinking water) 2.3-  128 mg l-1 in surface water, Nigeria 

(dumpsites) (Odukoya & Abimbola, 2010)

Potassium as K     

(mg l-1)
28.30 17.90 26.40 11.80 10.10 53.00 39.50 8.20 12.10

50 mg l-1 (Domestic) 7.4 - 194 mg l-1 in surface water, Nigeria 

(dumpsite) (Odukoya & Abimbola, 2010)

Magnesium as Mg 

(mg l-1)
68.80 57.00 61.40 47.60 44.20 56.60 43.60 38.70 41.10

30 mg l-1 (Domestic) 0.5-63.1 mg l-1 in surface waters, Nigeria 

(dumpsites) (Odukoya & Abimbola, 2010)

Sodium as Na        

(mg l-1)
240.60 220.70 153.80 158.00 151.50 201.60 165.60 157.20 167.00

70 mg l-1 (Irrigation) 13.2-243 mg l-1 in surface water, Nigeria (mine 

drainage) (Odukoya & Abimbola, 2010)

Silicon as Si (mg l-1) 170.80 95.20 168.30 40.50 38.40 77.10 42.40 23.30 31.10

5 mg l-1 (Industry) 0.0024- 0.01 mg l-1 in surface water, Nigeria 

(mine drainage) (Odukoya & Abimbola, 2010)

Aluminium as Al 

(µg l-1)
151006.00 78918.00 130266.00 14932.00 15090.00 71195.00 30805.00 5499.00 13040.00

5 µg l-1 (Aquatic 

ecosystems)

390-13800 µg l-1 in Mvudi River, SA (Edokpayi 

et al., 2016);  300-13600 µg l-1 in Plankenburg 

River, SA (Jackson et al., 2009)

Boron as B (µg l-1) 69.00 58.00 79.00 68.00 73.00 97.00 108.00 71.00 77.00

500 µg l-1 (Irrigation);               

2.4 mg l-1 (WHO)

1 - 2000 µg l-1 surface water (WHO, 2009); 160- 

33,000 µg l-1 in groundwater, Poland 

(Tomaszewska & Szczepański, 2014)

Iron as Fe (µg l-1) 87759.00 48376.00 81647.00 12523.00 11912.00 50535.00 18702.00 5035.00 8985.00

5000 µg l-1 (Irrigation) 425–5070 µg l-1 in Mvudi River, SA (Edokpayi et 

al., 2016); 300–48000 µg l-1 in Plankenburg 

River, SA (Jackson et al., 2009)

Copper as Cu (µg l-1) 50.20 49.70 52.30 11.20 7.60 31.00 26.40 4.10 19.90

0.3 µg l-1 (Aquatic 

ecosystems);                              

2 mg l-1 (WHO)

11-570 µg l-1 in Mvudi River, SA (Edokpayi et al., 

2016); 300-2200 µg l-1 in Plankenburg River, SA 

(Jackson et al., 2009)

Zinc as Zn (µg l-1) 539.60 331.90 221.00 54.50 40.80 139.10 85.40 21.30 36.40

2 µg l-1 (Aquatic 

ecosystems)

1-550 µg l-1  in Mvudi River, SA (Edokpayi et al., 

2016); bdl–1100 µg l-1 in Plankenburg River, SA 

(Jackson et al., 2009)

Arsenic as As (µg l-1) 35.30 21.50 41.50 7.30 7.60 28.80 11.60 5.20 6.80

10 µg l-1 (Aquatic 

ecosystems);                           

10 µg l-1 (WHO)

5-400 µg l-1 in surface water, Argentina 

(Putoriero et al., 2014); 18- 132 µg l-1  in 

surface water, Kenya (Jirsia et al., 2013)

Selenium as Se      

(µg l-1)
2.29 1.68 2.43 0.71 0.60 1.75 0.83 0.55 0.58

2 µg l-1 (Aquatic 

ecosystems);                           

40 µg l-1 (WHO)

0.9-0.18 µg l-1 in surface water, Canada (Donner 

et al., 2018)

Lead as Pb (µg l-1) 48.50 29.10 55.00 8.30 6.70 31.40 12.00 2.80 6.00

0.2 µg l-1 (Aquatic 

ecosystems);                           

10 µg l-1 (WHO)

bdl–46 µg l-1 in Mvudi River, SA (Edokpayi et al., 

2016); nd- 90 µg l-1 in surface waters, Pakistan 

(Khan et al., 2011)

Mercury as Hg.      

(µg l-1)
0.12 0.05 0.07 <LOD <LOD <LOD 0.04 <LOD 0.03

0.04 µg l-1 (Aquatic 

ecoystems);  6 µg l-1 (WHO)

1- 2 µg l-1 in surface water, Niger Delta (Rim-

Rukeh et al., 2007); 1 – 4 µg l-1 in groundwater, 

Niger Delta (Rim-Rukeh et al., 2007)

Vanadium as V      

(µg l-1)
211.10 113.40 216.40 30.50 28.30 130.50 54.80 12.50 23.80

100 µg l-1 (Irrigation) 10-200 µg l-1 in surface and groundwater, Niger 

Delta (Rim-Rukeh et al., 2007)

Chromium as Cr    

(µg l-1)
147.60 82.80 140.10 19.20 19.50 83.60 33.60 7.80 18.00

7 µg l-1 (Aquatic 

ecosystems);                           

50 µg l-1 (WHO)

12-600 µg l-1 in Mvudi River, SA (Edokpayi et al., 

2016); 0-20 µg l-1 in surface waters, Pakistan 

(Khan et al., 2011)

Manganese as Mn 

(µg l-1)
1684.00 1073.00 818.00 237.00 349.00 532.00 546.00 272.00 355.00

180 µg l-1 (Aquatic 

ecosystems)

30-700 µg l-1 in Mvudi River, SA (Edokpayi et al., 

2016); bdl–400 µg l-1 in Plankenburg River, SA 

(Jackson et al., 2009)

Strontium as Sr     

(µg l-1)
287.90 242.70 543.50 439.00 509.10 496.10 362.90 337.20 328.70

4000 µg l-1 (Domestic USA) 20,000-670,000 µg l-1 in surface water, Nigeria 

(mine drainage) (Odukoya & Abimbola, 2010)

Cadmium as Cd      

(µg l-1 )
0.49 0.26 0.20 0.05 0.07 0.12 0.09 0.08 0.09

0.15  (Aquatic 

ecosystems);                           3 

µg l-1 (WHO)

0.2-4 µg l-1 in surface water, SA (Edokpayi et al., 

2016); 0-30 µg l-1 in surface water, Pakistan 

(Khan et al., 2011)

Site 5
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Table 5.15 - Cation concentrations obtained for the runoff Site 6 over one fieldwork seasons. 
Orange indicates where values are above DWAF or WHO values 

 

 
  

Cation 09-Jun-17 14-Jun-17 11-Jul-17 17-Jul-17 26-Jul-17 02-Aug-17 16-Aug-17 25-Aug-17 30-Aug-17

DWAF (specific 

guidelines) & WHO 

(Drinking water)

Literature examples - Levels for 

comparison

Calcium as Ca ( mg l-1) 35.70 27.70 23.30 30.00 22.10 40.90 43.40 24.20 28.60
32 mg l-1 (Drinking water) 2.3-  128 mg l-1 in surface water, Nigeria 

(dumpsites) (Odukoya & Abimbola, 2010)

Potassium as K         

(mg l-1)
15.90 10.90 6.80 8.20 6.20 44.50 37.00 16.70 14.90

50 mg l-1 (Domestic) 7.4 - 194 mg l-1 in surface water, Nigeria 

(dumpsite) (Odukoya & Abimbola, 2010)

Magnesium as Mg     

(mg l-1)
16.90 12.20 13.00 17.00 10.60 19.80 23.00 10.90 16.90

30 mg l-1 (Domestic) 0.5-63.1 mg l-1 in surface waters, Nigeria 

(dumpsites) (Odukoya & Abimbola, 2010)

Sodium as Na (mg l-1) 60.30 62.10 58.30 73.70 50.20 128.20 88.20 65.20 83.90
70 mg l-1 (Irrigation) 13.2-243 mg l-1 in surface water, Nigeria (mine 

drainage) (Odukoya & Abimbola, 2010)

Silicon as Si (mg l-1) 65.20 13.10 9.60 18.30 13.00 93.70 133.70 25.90 29.70
5 mg l-1 (Industry) 0.0024- 0.01 mg l-1 in surface water, Nigeria 

(mine drainage) (Odukoya & Abimbola, 2010)

Aluminium as Al         

(µg l-1)
54841.00 6554.00 1290.00 7497.00 4566.00 118927.00 169848.00 24364.00 26611.00

5 µg l-1 (Aquatic 

ecosystems)

390-13800 µg l-1 in Mvudi River, SA (Edokpayi et 

al., 2016);  300-13600 µg l-1 in Plankenburg 

River, SA (Jackson et al., 2009)

Boron as B (µg l-1) 6477.00 43.00 24.00 61.00 2072.00 89.00 69.00 40.00 37.00

500 µg l-1 (Irrigation);               

2.4 mg l-1 (WHO)

1 - 2000 µg l-1 surface water (WHO, 2009); 160- 

33,000 µg l-1 in groundwater, Poland 

(Tomaszewska & Szczepański, 2014)

Iron as Fe (µg l-1) 35511.00 4570.00 1054.00 5114.00 3115.00 61219.00 91622.00 13930.00 15115.00

5000 µg l-1 (Irrigation) 425–5070 µg l-1 in Mvudi River, SA (Edokpayi et 

al., 2016); 300–48000 µg l-1 in Plankenburg 

River, SA (Jackson et al., 2009)

Copper as Cu (µg l-1) 31.50 8.80 14.60 4.10 9.40 56.40 78.20 13.60 34.50

0.3 µg l-1 (Aquatic 

ecosystems);                              

2 mg l-1 (WHO)

11-570 µg l-1 in Mvudi River, SA (Edokpayi et al., 

2016); 300-2200 µg l-1 in Plankenburg River, SA 

(Jackson et al., 2009)

Zinc as Zn (µg l-1) 215.10 43.70 31.50 64.50 33.80 424.30 607.80 149.90 112.40

2 µg l-1 (Aquatic 

ecosystems)

1-550 µg l-1  in Mvudi River, SA (Edokpayi et al., 

2016); bdl–1100 µg l-1 in Plankenburg River, SA 

(Jackson et al., 2009)

Arsenic as As (µg l-1) 16.40 5.10 2.60 4.30 3.10 33.20 48.10 10.30 9.50

10 µg l-1 (Aquatic 

ecosystems);                           

10 µg l-1 (WHO)

5-400 µg l-1 in surface water, Argentina 

(Putoriero et al., 2014); 18- 132 µg l-1  in surface 

water, Kenya (Jirsia et al., 2013)

Selenium as Se            

(µg l-1 )
0.99 0.47 0.38 0.38 0.26 2.05 2.92 0.64 0.79

2 µg l-1 (Aquatic 

ecosystems);                           

40 µg l-1 (WHO)

0.9-0.18 µg l-1 in surface water, Canada (Donner 

et al., 2018)

Lead as Pb (µg l-1) 26.10 3.90 2.00 6.30 2.60 50.50 68.50 17.10 13.50

0.2 µg l-1 (Aquatic 

ecosystems);                           

10 µg l-1 (WHO)

bdl–46 µg l-1 in Mvudi River, SA (Edokpayi et al., 

2016); nd- 90 µg l-1 in surface waters, Pakistan 

(Khan et al., 2011)

Mercury as Hg              

(µg l-1)
0.09 0.05 0.03 <LOD <LOD <LOD 0.05 0.03 <LOD

0.04 µg l-1 (Aquatic 

ecoystems);                                

6 µg l-1 (WHO)

1- 2 µg l-1 in surface water, Niger Delta (Rim-

Rukeh et al., 2007); 1 – 4 µg l-1 in groundwater, 

Niger Delta (Rim-Rukeh et al., 2007)

Vanadium as V             

(µg l-1)
90.50 12.50 3.20 13.50 8.30 163.10 239.50 38.80 40.30

100 µg l-1 (Irrigation) 10-200 µg l-1 in surface and groundwater, Niger 

Delta (Rim-Rukeh et al., 2007)

Chromium as Cr          

(µg l-1)
64.30 10.30 4.30 10.60 6.80 114.80 165.70 30.60 30.40

7 µg l-1 (Aquatic 

ecosystems);                           

50 µg l-1 (WHO)

12-600 µg l-1 in Mvudi River, SA (Edokpayi et al., 

2016); 0-20 µg l-1 in surface waters, Pakistan 

(Khan et al., 2011)

Manganese as Mn     

(µg l-1)
483.00 182.00 91.00 344.00 86.00 1203.00 1156.00 405.00 533.00

180 µg l-1 (Aquatic 

ecosystems)

30-700 µg l-1 in Mvudi River, SA (Edokpayi et al., 

2016); bdl–400 µg l-1 in Plankenburg River, SA 

(Jackson et al., 2009)

Strontium as Sr            

(µg l-1)
234.00 180.10 183.40 226.70 153.30 266.60 291.50 161.30 207.80

4000 µg l-1 (Domestic USA) 20,000-670,000 µg l-1 in surface water, Nigeria 

(mine drainage) (Odukoya & Abimbola, 2010)

Cadmium as Cd.          

(µg l-1)
0.26 0.05 0.08 0.09 0.06 0.66 0.78 0.26 0.27

0.15  (Aquatic 

ecosystems);                           3 

µg l-1 (WHO)

0.2-4 µg l-1 in surface water, SA (Edokpayi et al., 

2016); 0-30 µg l-1 in surface water, Pakistan 

(Khan et al., 2011)

Site 6
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5.5 Discussion 
 
This chapter is focussing on the assessment of surface water runoff within Enkanini in terms of 

the water quality looking at both microbial and chemical pollutants. There are three main 

discussion points which have arisen from the results presented including that water quality is 

highly polluted within Enkanini across all the runoff sites; there are multiple sources of pollution 

from point and non-point sources in the settlement; and there are clear variations in pollutant 

concentration levels implying influences upon the runoff within Enkanini. These will be discussed 

below.  

 

5.5.1 Water quality within Enkanini 
 

From the results analysed in this chapter it can be seen that runoff within Enkanini informal 

settlement is highly polluted across all sites, in comparison to other studies examining various 

parameters in surface and stormwater runoff, as well as comparing to the control site which have 

been laid out above. The microbial and chemical pollutants will be discussed below, splitting the 

discussion into indicator organisms, microorganisms and chemicals. 

 

5.5.1.1 Indicator organisms 
 
When examining the indicator organism concentrations overall, they showed highly 

contaminated water, at the higher end of the range of concentrations detected in literature 

examining surface or stormwater runoff. Primarily the indicator organisms relating to faecal 

contamination have the highest levels.  

 

Faecal coliform organisms indicate that faecal matter from human or animal waste has been 

detected within the stormwater runoff, and the levels across the runoff sites within Enkanini are 

comparable to runoff samples with informal settlements in the drainage basin.  

  

The runoff sites in Enkanini had high counts of faecal coliforms, with a range from 1 × 105 

CFU/100 mL – 1.93 × 108 CFU/100 mL, excluding Site 5, which had a larger count range from 

below detection limit  – 5.5 × 106 CFU/100 mL.  Faecal coliform counts in literature which were 

most comparable to the levels detected within Enkanini are those where sample sites are 

downstream of informal settlements (Jamwal et al., 2008; Paulse et al., 2009). Jamwal et al., 2008 

had indicator organism counts across the various sample sites in an urban watershed in Delhi 

from 3.2 × 104 MPN/100 mL – 1.2 × 108  MPN/100 mL. The site containing the highest faecal 

coliform counts was at a stormwater drainage outflow from an informal settlement called 
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Jahangirpur. Similarly, research sampling water just downstream of Mbekweni informal 

settlement detected counts up to 1.7 × 106  microorganisms/100 mL (Paulse et al., 2007). This 

comparison shows how polluted other informal settlements are similar to Enkanini. Paulse et al. 

(2009) also tested faecal coliform counts in surface water, however the authors sampled the 

Plankenburg River, just downstream of Enkanini informal settlement and runoff from the site 

drains into the river. Faecal coliform counts reached 1.7 × 106 microorganisms/100 mL at this 

site (Paulse et al., 2009). This research on the Plankenburg river is interesting, as it reinforces the 

pollution and the impact of pollutants from Enkanini on the environment. It should be noted that 

this research was conducted prior to 2009, and since this point Enkanini has expanded in size and 

grown in terms of population which would imply that faecal coliform counts in Enkanini today at 

the runoff sites should be higher than those sampled by Paulse et al. (2009) as there are more 

potential sources of pollution with an increased population. However, Enkanini was only 

connected to sanitation infrastructure in terms of sewage and water supply since 2009, which 

could mean that prior to this there was more likely to have higher faecal coliform levels because 

of a lack of sanitation and therefore an increased risk of open defecation or use of facilities which 

are not able to deal with sanitation well. Therefore, it could be suggested that runoff levels in 

Enkanini should be lower today than samples collected by Paulse et al. (2009), because of 

improved sanitation facilities, but potentially the impact of increased size and population, along 

with the facilities that come with that have more of an impact than just the presence of some 

sanitation services.  

 

Faecal coliform counts in the literature across various regions show that Enkanini has a high range 

of faecal pollutants comparatively. Mallin et al. (2009) had counts ranging between 1 CFU/100 

mL – 6 × 103 CFU/100 mL in rural and urban drainage basins in the USA; Manamela and Awofolu, 

2018 had counts between 1 CFU/100 mL – 3.4 × 105  CFU/100 mL in surface waters in South 

Africa; in an urban basin in India surface water counts were between 10 – 300 CFU/100 mL during 

monsoon season (Divya and Solomon, 2016); counts ranging between 5.79 × 104 – 2.11 × 106  

CFU/100 mL in urban runoff in India (Arora and Reddy, 2013) and finally counts between 1.5 × 

103 CFU/100 mL and 6.3 × 104  CFU/100 mL in runoff in Limpopo, South Africa (Obi et al.,2007).  

 

Similarly, for E.coli counts, which are a species within faecal coliforms, and are indicative of faecal 

matter present within water samples emanating from both human and animal waste, the runoff 

in Enkanini is very high. The E. coli counts detected within the runoff samples across all the sites 

in Enkanini are on a similar range to studies which are known to contain some level of sewage 

pollution. E.coli counts range between 4.8 × 104 – 6.5 × 106 CFU/100 mL which was a similar 
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range in comparison to E.coli counts detected in studies in surface water runoff in both urban 

sub-basins in Korea and an urban and residential area in USA of nd – 1.15 × 106 CFU/100 mL and 

210 – 1.2 × 106 CFU/100 mL respectively (Kim et al., 2005; McGinnis et al., 2018). The E. coli 

counts in the Plankenburg river also were between a similar range (Paulse et al., 2009). This 

implies that there is faecal pollution within the surface water runoff in Enkanini similar to 

pollution levels detected in sewage. Site 5 was the sole runoff site for E. coli contamination which 

did not have counts as high as the other runoff sites, however the runoff levels were still higher 

than those at the control site and highlights the variations across the site in runoff pollution, 

however, this will be discussed later.    

 

All the indicator organisms had high ranges of counts comparative to counts in surface and 

stormwater runoff in other studies. The total coliform and HPC counts in Enkanini have a higher 

range with some samplings higher by 102 than concentrations determined in literature and the 

lower end of the range are similar levels to those detected in polluted urban surface water from 

various non-point sources (Manamela and Awofolu, 2018; Obi et al., 2002; Divya and Solomon, 

2016).  

 

Overall the microbial indicator organism concentrations within Enkanini, specifically those 

relating to faecal contaminants, are all higher levels than those concentrations detected in other 

runoff or surface water samples and have comparable indicator organism counts to sites 

downstream of informal settlements or runoff containing some sewage pollution.   

 

5.5.1.2 Microorganisms  
 
As with the indicator organisms, the sites within Enkanini have relatively high detection levels of 

the micro-organisms that were tested, with some exceptions such as Salmonella spp. and 

Campylobacter spp. However, in comparison, when examining the detection of the various 

microorganisms, the control site also had similarly high detection levels along with the surface 

water runoff sites.  

 

Overall the control site varied according to the microorganism being tested as to the level of 

detection in the water samples, however, it only had the lowest levels of detection for 

Adenovirus, E.coli and Enterococcus. Predominantly Site 5 had the lowest detection levels across 

the runoff sites within Enkanini for the majority of organisms tested, often with lower detection 

levels than the control site.  Site 1 had the second lowest detection levels of the runoff sites.  
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In terms of why Site 3 had such high detection levels, it was likely due to the fact that the micro-

organisms tested, are not necessarily only associated with polluted or contaminated waters and 

a large number of micro-organisms are naturally occurring within the environment. Legionella 

spp. is commonly found naturally occurring within environmental water sources, such as rivers 

and lakes (Palmer et al., 1993). In quantities that occur naturally, there are no significant health 

risks, and therefore detected in regions free from anthropogenic influence, it is likely as a result 

of the naturally occurring micro-organisms. However, Legionella spp. can also be associated with 

sewage and found in sewage treatment plants (Palmer et al., 1993). Undertaking PCR analysis 

upon water samples does not determine the source of the pollutants and merely identifies the 

bacteria or pathogen within the water sample.  This highlights the importance of examining the 

sources and environment within which water samples are tested, to determine the likely pollution 

source.  

 

Further analysis could be undertaken to identify the specific species or strain of the various micro-

organisms, as well as undertaking qPCR (quantitative Polymerase Chain Reaction Analysis) to 

quantify the levels of microorganisms found within the water samples, however this was not 

within the scope of the project to undertake qPCR across all the microorganisms tested, to try 

and analyse whether the detection of pathogens. Instead the aim was to identify water quality 

through examining micro-organisms within runoff.  

 

PCR assays indicated that Salmonella spp. and Vibrio cholera and Campylobacter spp. (with the 

exception of one sampling session at one site) were not detected at any of the sites during any 

of both rainfall seasons. Certain microorganisms might expect to be detected within runoff such 

as  Salmonella spp. as it is often present within surface waters and within the animals and 

human’s gastrointestinal tract (Liu et al., 2018). However, the absence of detection does not 

necessarily correlate to the fact that there are no microorganisms within the runoff. It could  

simply be that it was not detected within the samples collected. In addition to this, certain 

bacteria do not thrive well in the proximity to one another, and dynamic interactions between 

various micro-organisms as well as between chemicals is something to consider in terms of both 

the presence and/or absence of detection within runoff samples (Leclerc, 2003).  

 

Across the runoff sites in Enkanini and the control site over 66.6% of all the microorganisms tested 

were detected to some level within the water samples. This indicated that stormwater runoff 

within Enkanini contained significant microorganisms. 
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An interesting focus of the detection of microorganisms was looking at the detection levels of the 

runoff sites for Adenovirus, E. coli and Enterococcus spp.. All three microorganisms had highest 

detection levels at the runoff sites within Enkanini, whilst the control site had detection levels of 

20%, 6.6% and 40% respectively. Surface water runoff detection levels of Adenovirus were above 

85% (with the exception of Site 5); E.coli levels were above 75% (with the exception of Sites 1 and 

5) and Enterococcus spp. levels were above 90% (with the exception of Site 5). These micro-

organisms are all indicators of faecal pollution and previous studies have consistently found 

Adenovirus present within sewage or within combined sewage overflow sites (McGinnis et al., 

2018). It is not definitively faecal pollution from human excreta as some research has shown that 

it is only detected in less than 50% of healthy adult excreta (McGinnis et al., 2018; Fong et al., 

2010). However, the presence of it does indicate faecal pollution which is a health risk, as 

Adenovirus are the second most important pathogen in the cause of infantile gastroenteritis 

(Fong et al., 2010).   

 

The presence of high levels of many of these microorganisms have health risks, and therefore it 

is important to classify the presence of them within the runoff. Another example is that of 

Pseudomonas spp. which is found naturally occurring within surface waters and soils, however 

wastewater is often a major source (Wang, 1992). Some of the health impacts of Pseudomonas 

spp. are infections of the skin and rashes can occur when in contact with the micro-organism. 

Reports of skin rashes on children within Enkanini after playing around drainage channels, could 

link to the detection of Pseudomonas spp. within surface water runoff or other micro-organisms 

(Tavener-Smith, 2012). 

 

Overall PCR assays were performed to gain a broad understanding of the water quality of runoff 

within an informal settlement and this was done by identifying the detection levels of various 

micro-organisms at the runoff sites throughout Enkanini and indicating a significant level of 

microbial pollutants within the surface water runoff.  

 

5.5.1.3 Chemical parameters  
 
Examining all the parameters tested, in the results it can be seen that within the runoff sites and 

the control site, concentrations within the water samples were detected for the majority of all 

the cations and anions tested. A large percentage of the chemical parameters had relatively high 

concentrations within the water samples. These were laid out in the results and can be seen in 

the various Tables; however, focus will be on a few of the different parameters of interest.  

 



 124 

BOD and COD are key indicators in water quality with high levels indicating a higher level of 

organic material present in the runoff implying it is more polluted (Lee et al., 2011). BOD and COD 

concentrations in the runoff sites were detected at concentrations relatively comparable to 

research of urban runoff in literature. However, there is a distinction between the runoff sites, 

with Site 1 and 2 both having higher BOD and COD levels compared to Sites 4, 5 and 6 within 

Enkanini.  

 

When comparing BOD concentrations in water samples from runoff sites within Enkanini against 

other stormwater runoff concentrations, the runoff from Enkanini has a higher range of 

concentrations  between 6.8 – 1343.54 mg l-1 overall. In comparison runoff from other research 

shows concentrations varying: an urban watershed in Korea which had a range of 6.3 – 324 mg l-

1 (Lee and Bang, 200); commercial urban sites in Malaysia with levels of 20-261 mg l-1 (Chow et 

al., 2011) and urban, suburban and rural sites in the US of concentration levels of 0.4 – 6.9 mg l-1 

(Mallin et al., 2009). Even in comparison to surface water BOD levels from urban runoff in the 

more developing region of Dhaka, which might predict higher levels of contaminants, the BOD 

detected ranged between 20 – 30 mg l-1 (Karn and Harada, 2001), which was approximately 40 

times lower. However it is important to note that in terms of BOD concentrations, Sites 1 and 2 

which were at the bottom of the sub-drainage basin,  had the highest concentrations in the range, 

whilst Sites 4, 5 and 6 located higher in the sub-drainage basin had ranges which were comparable 

to concentrations detected in other research.  

 

Similarly, when examining COD concentrations in Enkanini, Site 1 and 2 have much higher range 

of concentrations (27 – 1975 mg l-1) comparative of the runoff Sites 4, 5 and 6 (10 – 146 mg l-1). 

Research examining water samples at urban runoff sites from commercial urban, residential and 

highway runoff had higher ranges comparative to runoff Sites 4, 5 and 6 (Chow et al., 2011; Huang 

et al., 2007; Lee and Bang, 2000; Lee et al., 2011 and Robertson et al., 2019). Surface water from 

urban runoff in Kenya where pollutant levels ranged from 30 – 1278 mg l-1  and has a similar range 

of COD concentrations compared to Sites 1 and 2 (K'oreje et al., 2016).  

 

This variation with concentrations levels around the runoff sites within Enkanini is also true of  

microbial pollutants, however this will be addressed later. As with the microbial parameters 

discussed above, COD and BOD also follow the trend that Enkanini has high concentrations of 

pollutants within the runoff, as BOD and COD are indicative of the pollution levels, however the 

chemical parameters vary and are more comparable to urban runoff concentrations from various 

research topics.   
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Looking through the chemical parameters it can be seen that Nitrogen (N) concentrations across 

all runoff sites within Enkanini are much higher than in comparison to literature (Mallin et al., 

2009; Osibanjo et al., 2011; Kanownik et al., 2019). Often N levels are associated with agricultural 

pollution sources from fertilisers and pesticides, however within urban regions it is more often 

associated with faecal pollution. It should be noted that in terms of nitrogen concentrations, the 

control site (5 – 13 mg l-1) also had higher concentrations in comparison to concentrations 

detected within other research. The resultant high concentrations of nitrogen across all sample 

sites could be linked due to either high naturally occurring levels of nitrogen within the soils or 

atmospheric pollution because of the fact that the area of Stellenbosch is an agricultural region 

in South Africa. However high levels are likely to emanate either from fertiliser or faecal waste, 

which could apply to both Enkanini sites and the control. Enkanini borders a nature reserve and 

therefore fertiliser might be used within this region,  however in urban or peri-urban regions it is 

more likely that nitrogen source is from faecal waste. Similarly, the control site, whilst it was 

selected to be without anthropogenic influence, agricultural activity does border the site where 

samples are collected and therefore fertiliser might have leached into the runoff samples. 

However, it is also possible that nitrogen source at Site 3 could be from animal or bird waste.  

 

Nitrogen pollution causes eutrophication, which disrupts ecosystems and is toxic, impacting 

natural habitats, as well as influencing surface water bodies which are often utilised for drinking, 

irrigation or agricultural purposes (Xu et al., 2014). Therefore, high concentrations in all the runoff 

sites are an environmental hazard.   

 

Heavy metals are key chemical parameters which are often tested when analysing urban runoff, 

and that is due to the expectation that these metals will be present in runoff in urban areas, either 

from the presence of vehicle transport or pollution from industry within an urban region.  An 

example of this is Pb, which had concentrations in the samples across all runoff sites within 

Enkanini, however was at the lower end of the range of concentration (0 – 174 µg l-1) compared 

to runoff from a highway in Cape Town (36 – 316 µg l-1) (Robertson et al., 2019), as well as having 

lower levels than runoff within a residential and commercial urban area (2 – 890 µg l-1) (Lee and 

Bang, 2000). Metal pollution and other chemical parameters within Enkanini runoff have 

concentrations similar to those detected at dumpsites, industrial areas and highways, as well as 

certain urban regions. This is a key point to understand when comparing the literature in that 

concentrations you might expect at a dumpsite will likely prove a health hazard within a 

‘residential’ area.  
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Other heavy metals of interest within the runoff samples are Al and Mn. As mentioned in the 

results section above, Al had concentrations approximately three times higher than found in river 

water in two rivers in South Africa including the Plankenburg river downstream of Enkanini 

(Edokpayi et al., 2016; Jackson et al., 2009). This is also true of the Mn concentrations within the 

runoff site water samples. However, it was not only Enkanini water samples that had high 

pollution, the control site also had concentrations higher than those detected in surface waters 

in other research (Edokpayi et al., 2016; Jackson et al., 2009). Aluminium and manganese are 

both toxic to humans if ingested leading to damage to the central nervous system, and Mn is also 

toxic to the environment in high levels. 

 

There are a number of sources of metal pollution within Enkanini due to the varied land use in 

the surrounding areas, as well as potential sources throughout the settlement itself. Mn is often 

used in fertiliser, and bordering the settlement is the nature reserve, as well as wine estates to 

the west. In addition to this Mn is used to improve the properties of copper, and as copper wires 

are used within Enkanini as power lines, when electricity was connected to power lines in nearby 

Kayamandi. Another source of the Mn could be from the use of metal sheets within Enkanini for 

construction purposes. Mn is used in iron and steel production and there are large amounts of 

iron and steel used within shacks for construction purposes. This links into the sources of Al within 

Enkanini, as Al is also used in construction material, and it is assumed that Mn and Al 

concentrations are predominantly from the metal corrugated sheets used for roofing material 

and wall construction material. However, Al is also used in various packages including food tins. 

Within Enkanini there are dumpsites where waste is deposited, and whilst the rubbish should be 

collected, this is not the case and large dumpsites have developed. There are various sources of 

metal pollution within Enkanini, and this will be discussed further below, however overall metals 

constitute a large part of the concentration of chemical parameters detected within Enkanini 

which are toxic to humans and the environment.  There are potentially natural sources of metals 

within the settlement from the rock geology around Enkanini. The geology of this region forms 

part of the Cape Granite Suite and the Malmesbury Group with the respective igneous and 

metamorphic rocks influencing the geochemicals found within surface and groundwater to 

varying extents (Le Roux et al., 2019; Scheepers and Nortjé, 2000). For example, granite rocks 

within the area contain minerals and chemicals which can include those with high metal content 

including Alumina, Silica and Iron dependent upon the composition (Le Roux et al., 2019; 

Meadows and Compton, 2015) 

 



 127 

It is important to consider when comparing runoff within a specific site to other research, that it 

is difficult to undertake a direct comparison. Firstly, this is due to the fact that variations in land 

use strongly influence the pollutants found within runoff, and therefore it is difficult to directly 

compare indicator organism counts. Runoff within urban and industrial catchments will most 

likely vary quite distinctly in terms of the pollutants. Even within similar catchments for example 

urban runoff there are still variations which will have significant impacts. In a predominantly 

residential urban area will likely have different pollutants from varied sources such as fertilisers 

from garden and recreational areas whilst runoff from highways in urban areas will have a 

predominant focus on heavy metals from vehicle transport influences.  

 

Examining surface water runoff within informal settlements is therefore difficult to compare to 

other examples of literature, due to the fact that there is not much literature regarding runoff 

from an informal settlement, and none that tests the runoff within an informal settlement. 

Research has been studied on surface water and stormwater runoff from informal settlements 

predominantly at drainage outflow points, and the majority of research examines the impact on 

surface water of rivers which contain runoff and pollutants from informal settlements (Manamela 

and Awofolu, 2018; Venter et al., 1997; Paulse et al., 2009).  

 

From this it is also important to consider when comparing contamination levels of surface water 

runoff to other surface water bodies. Surface water runoff is not necessarily a continuous body 

of water and can rely upon rainfall dependent upon surface water bodies with differences 

between streams and lakes. The differences in the volume of water are likely to have an impact 

in terms of the mobilisation and transport of pathogens and chemicals. It could be argued that 

runoff mobilises bacteria and pathogens from the ground surface whether that is soil or pathogen 

deposits on the surface and therefore the contamination within surface water runoff will be 

different to ground water or other water bodies. 

 

Overall examining microbial and chemical parameter concentrations throughout Enkanini it can 

be determined that there are high concentrations of most chemical parameters and all indicator 

organisms within the surface water runoff water samples. The water quality within an informal 

settlement has not previously been sampled from what can be seen within literature and 

therefore this chapter has provided significant insight into the levels of contaminants within 

runoff in an informal settlement compared to urban runoff research. A main hypothesis prior to 

undertaking the research was that stormwater runoff (adjusted to surface water runoff) within 

an informal settlement would be very highly polluted, and the concentrations levels would be 
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above those of other studies in urban regions. Microbial contamination has very high counts of 

organisms detected within the samples compared to other urban runoff sites. Whilst chemical 

parameters do not tend to have higher concentration levels compared to other runoff research 

sites, they do have concentrations which are within a comparable range. It can be concluded that 

the surface water runoff within Enkanini is highly polluted both in terms of microbial and chemical 

parameters, which can have and does have significant health and environmental impacts.  

 

5.5.2 Microbial pollution sources 
 
As has been briefly mentioned throughout the discussion above, a key reason why both the study 

of runoff within Enkanini is important and also why it is difficult, is owing to the multiple sources 

of pollution in an informal settlement, and therefore the multiple sources of risk.  

 

As informal settlements have either no or basic infrastructure such as sanitation, the presence of 

high levels of faecal contamination is expected and in relation to this research clearly seen. Within 

Enkanini there are numerous potential sources explaining the high counts of indicator organisms. 

Firstly, whilst the connection to the sewage system in Enkanini occurred in 2009, there are 

numerous sewage overflows, identified during this research and seen by other researchers within 

Enkanini, often as a result of the expansion of the settlement (Tavener-Smith, 2012). From a 

literature review, the overflows of sewage within the settlement have not been mapped. In 

addition to this, there is also the occurrence of open defecation which has been identified 

through literature on Enkanini. Open defecation occurs as a result of many factors including the 

expansion of the informal settlements resulting in greater distance between toilet blocks and 

dwellings, and the general lack of safety during night-time. However, organisms do not solely 

originate from faecal excreta and bacteria and pathogens also can occur in greywater, which 

includes water used for domestic use, containing food waste and laundry water, and all of this 

can result in high levels of faecal bacteria and total coliforms, as well as leading to the 

identification of specific microorganisms within the settlement (Jiutso and Kenney, 2016). Faecal 

bacteria are dangerous to human health due to the risk of diarrhoeal diseases and other diseases, 

and the multiple sources of microbial pollution increase the health risks. 

 
The presence of large dumpsites within Enkanini are also sources of geochemical and microbial 

pollutants. Dumpsites contain a wide and varied level of waste from food and faecal waste, to 

various commodities general rubbish waste, electronic equipment, oil cans, wood and metals, 

leading to leaching of cations and anions.  
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The materials used within settlements for construction of shacks are also sources of pollutants. 

The construction materials are incredibly varied, but they could be sources of pollution of heavy 

metals for example aluminium, zinc which is used to coat metal roofs to protect them from 

corrosion (Reyneke et al., 2017). Notwithstanding it should be highlighted that pollutants from all 

buildings also occur, however the use of heavy metals and other materials such as tyres can be 

sources of pollutants to the runoff which are not found in such high concentrations in other 

residential and urban areas.  

 

In addition to pollutant sources, specifically relevant to those within an informal settlement and 

more specifically Enkanini as that is the case study, there are also numerous other non-point 

pollutant sources which will impact runoff. An informal settlement is a peri-urban region, and 

therefore will contain non-point pollution sources which are found in other urban areas including 

heavy metals and oils from vehicle transport, domestic wastewater such as laundry water, waste 

from animals (dogs, goats, pigs),  food and plastic waste from shops. 

 

All of these sources of potential pollution, both indicate the reason why microbial and chemical 

concentration levels are so high, as well as why further research is needed to understand the 

interactions in informal settlement pollution. This will be discussed next.  

 

Whilst the multiple sources of pollution within Enkanini are a key factor in the level of 

contamination in surface water runoff quality, one of the more critical issues is the lack of 

infrastructure to deal with the pollution. This is a multi-faceted lack of infrastructure which 

impacts the water quality. The level of faecal contaminants is  high within runoff likely due to the 

lack of sufficient sanitation in the settlement to account for the  increasing growth of population, 

both in regard to ablution blocks, as well as the pipe diameters for the wastewater and this leads 

to high levels of microbial pollutants. In terms of the chemical parameters, it could be argued 

there is insufficient infrastructure to manage waste produced, hence the development of the 

dumpsites around Enkanini, however this more likely is a combination of factors. To some extent 

poor road infrastructure preventing removal of waste, however there will also be underlying 

social factors influencing this. However, overall the lack of infrastructure, correlates to high 

microbial and chemical concentration levels, and it is often the source or cause of the pollution. 

Nevertheless, many urban areas contain multiple non-point sources of pollution, and whilst in 

certain parameters the levels in Enkanini are higher, polluted surface water and stormwater 

runoff is relatively universal. But perhaps more pertinent is the lack of infrastructure available 

within Enkanini to deal with the polluted runoff that is a larger problem in this instance, as 
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opposed to the multiple sources of pollution itself. There is a necessity for infrastructure such as 

drainage channels which prevent contact with runoff as much as possible, as well as potentially 

reducing the runoff concentrations before runoff enters other environmental water bodies.  

 

5.5.3 Variation of concentrations within informal settlement 
 
One final point to discuss within this chapter is that the results for the chemical and microbial 

parameters show variations in concentrations across the settlement at the different sites. Site 1 

is often the most highly polluted site in terms of concentration of contaminants for the indicator 

organisms and chemical parameters. Initially it was expected that Site 2 would have the highest 

pollution concentrations, due to the fact that it is located at the bottom of the drainage 

catchment of Enkanini.  

 

However, Site 1 is located below one dumpsite in Enkanini, and this could be the reason why 

there are such high concentration levels, due to the waste within the dumpsite leaching chemicals 

and microbial parameters. Site 5 predominantly has the lowest concentrations of organisms and 

chemicals within the runoff water. This is likely due to the fact that this site is at the of the 

drainage catchment of Enkanini.  

 

This variation within the concentration levels across the runoff sites in Enkanini highlights the 

impact of the land use within Enkanini as influencing factors in runoff. Concomitant to this is the 

impact of environmental factors, with there being a clear and decisive link between rainfall and 

runoff which has been highlighted through research. This is particularly relevant in this case due 

to the fact that during the sampling of this research there was a drought ongoing in South Africa, 

which likely influenced the runoff water quality, however a longer-scale study would need to be 

implemented to determine the impacts of this.  

 

5.6 Link back to Chapter Aims 

  
As identified at the start of this chapter, the aim of the chapter was to investigate the 

microbiological and geochemical characteristics of stormwater runoff and from this assess the 

potential health risks in an informal settlement using the case study of Enkanini informal 

settlement in South Africa. This was to be done by addressing the following objectives:  

 

• Establish a monitoring programme and undertake in-situ field measurements of water 

quality and quantity  
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• Determine the microbial and geochemical water quality of stormwater runoff in Enkanini 

informal settlement  

 

As mentioned in the results section of this chapter at 5.4.1, the collection of water samples 

subsequent to rainfall events, means that the microbiological and geochemical characteristics of 

surface water runoff were investigated instead of stormwater runoff. Therefore, the main aim of 

the research was changed slightly due to the limitations imposed upon the data collection. 

However, taking into consideration this adjustment, both objectives were met with the exception 

that the runoff examined was classified differently. There is still a gap within literature examining 

any runoff within informal settlements, and the results determined the surface water within 

Enkanini. 

 

Overall pollution within the settlement of Enkanini is high, however a key fact to take away from 

this is that there are variations of pollution concentrations within the informal settlement with 

respect to the various parameters. This includes interactions between microbial and chemical 

parameters, which will not  be studied in further detail as it is outside the scope of the project, 

but more importantly the influence of environmental factors and land use and other factors.  This 

will be examined in Chapter 6.  



 132 

Chapter 6: Environmental and anthropogenic influences on stormwater runoff 
quality 

 

6.1 Introduction 
 
Runoff in Enkanini, as can be seen in Chapter 5, is polluted both in terms of microbial and chemical 

parameters. There are both health and environmental risks from the high levels of pollution 

within the runoff in the informal settlement. In order to mitigate these risks and manage the 

runoff and the resultant hazards they cause; it is necessary to understand the influences 

controlling the quality and quantity of runoff.  

 

Water quality, as well as quantity, is influenced by both natural processes as well as 

anthropogenic drivers (Li et al., 2015; Liu et al., 2013; Guan et al., 2016). Stormwater runoff is a 

delivery pathway of pollutants, as it mobilises and transport contaminants from various pollution 

sources, influencing pollutant build up and wash off (Pegram et al., 1999; Li et al., 2015). It is well 

researched that two key factors affecting stormwater runoff are rainfall and watershed or 

catchment characteristics (Li et al., 2015; Salim et al., 2019; Ran et al., 2012). Rainfall 

characteristics include intensity, volume and duration and they influence the hydrologic response 

of runoff, with higher runoff peaks occurring from rain events with higher intensity (Guan et al., 

2016; Ran et al., 2012). Infiltration rates is another factor that impacts the volume of stormwater 

runoff (Ran et al., 2012). Controlling watershed characteristics include topography, geology and 

soil, land use and slope to name a few (Paule-Mercado et al., 2017; Rai et al., 2014). Watershed 

characteristics or features are linked to the hydrologic response of a region include the 

permeability and movement of surface and groundwater throughout the drainage basin, which 

are related to soil type and topography (Arora and Reddy, 2013; Paule-Mercado et al., 2017; 

Abdulkareem et al., 2018).  

 

Though many catchment controls are environmental, urbanisation plays a significant 

anthropogenic role in altering catchments and drainage basin characteristics. Human influence 

(i.e., anthropogenic activities) can have as much of an impact on water quality as natural 

processes, through the various sources of contamination. Urbanisation is accelerating in many 

parts of the world, principally within developing countries, and is a leading influence on runoff 

water quality (Cohen, 2004; Adegun, 2015). Land use and land cover changes from urbanisation 

alter the pervious nature of a catchment, via altering vegetated areas into urban land cover 

(Verbeiren et al., 2013; Namugize et al., 2018). Increased impervious catchment cover has a direct 

correlation to greater volumes of runoff and is a predominant factor in terms of the reduced 
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infiltration rates; however, there are other issues including alteration of flow paths and changes 

to interception of water (Verbeiren et al., 2013; Khatri and Tyagi, 2015).  

 

Urbanisation not only influences runoff by altering the environment; it also leads to the 

deterioration in quality of the water both as a result of the changing demands of water as well as 

a change in pollution sources (Adegun, 2015; Khatri and Tyagi, 2015). With the variable nature of 

urban areas, the inclusion of anthropogenic activities is a critical influence on runoff quality and 

pollution concentrations (Mokaya et al., 2004; Hai et al., 2009; Simeonov et al., 2003). 

 

Stormwater quality is multi-faceted, and the complexities of runoff are difficult to encompass 

owing to the fact that pollution in these regions are from a wide variety of non-point sources (Li 

et al., 2015). Point source pollution is where pollutants come from an identifiable location and 

specific source, whereas nonpoint sources of pollution are when pollution originates from a 

diffuse location or region (Corbett et al., 1997; Tabei and Droste, 2004). Point sources of pollution 

include specific effluent discharges such as wastewater treatment plant discharge or treated 

industrial effluent, sources capable of being linked to a finite location.  Non-point sources of 

pollution include:  

• transport infrastructure including runoff from roads and railways, and from cars and 

other vehicles 

• recreational activities including boats, campgrounds, park waste 

• illegal dumping of waste 

• industrial waste effluent from disperse locations such as mining and quarries 

• atmospheric deposition from industry and agriculture 

• wastewater runoff from diffuse locations 

• residential pollution can include animal waste through to pesticides use in gardens 

Whilst rural catchments commonly have non-point sources of pollutants (e.g., excessive fertiliser 

use, poor arable and pastoral management), as do industrial watersheds (e.g., atmospheric 

deposition), it could be argued that urban catchments are much more complex due to the 

combination of point and non-point sources of pollution stemming from the diverse number of 

sources and pollutant types typically within these regions (Khatri and Tyagi, 2015). This is further 

exacerbated in urban and peri-urban regions in developing countries, where pollutant levels are 

often higher, and a lack of sufficient infrastructure can result in even more sources of pollution. 

Whilst studies have been undertaken in other areas such as management of stormwater runoff 

in informal settlements (Fitchett, 2017; Parkinson, 2003; Adegun, 2015), to this author’s 
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knowledge, a detailed study of factors on runoff within an informal settlement has not been 

undertaken to date.  

 

Informal settlements are predominantly located within peri-urban regions and are unusual in 

terms of the characteristics which are included within them as a drainage basin. As has been 

identified in the previous chapter, widespread and continuing rural to urban migration means 

that the increase in urban population size leads to the development of informal settlements and 

therefore an increase within these settlements is likely. These high pollution levels are a health 

and environmental hazard, however to mitigation and manage the polluted runoff, an 

understanding of the factors influencing runoff is required (Guan et al., 2016). Whilst previous 

research has been undertaken upon factors influencing runoff, and broad commonalities have 

been shown such as the influence of pervious surfaces on runoff, there are variations based upon 

different catchment due to the varying inputs which can differ dramatically between locations. 

 

This chapter examines the different influences, both environmental and anthropogenic, which 

may influence stormwater runoff quality within the Enkanini informal settlement. It is hoped that 

an understanding of the different factors which contribute to the high pollution levels measured 

across the site will facilitate improved runoff management and mitigate potential risks associated 

with it.   

 

6.2 Aims 
 
This chapter aims to answer these two objectives to better understand the factors influencing 

stormwater runoff quality in informal settlements:  

 

• Characterise temporal variations in runoff pollutants between rain events 

• Assess spatial variations in runoff pollutants in regard to varying locations within a 

catchment 

These two objectives will hopefully provide insight into the inter-relationships between the 

stormwater runoff quality, both the microbial and chemical pollutants, and the anthropogenic 

and environmental factors which influence these parameters. The first objective will create an 

understanding of how the different characteristics of each rainfall event across the fieldwork 

season impacts the quality. The second objective focuses upon how anthropogenic activity within 

Enkanini varies per sample site and subsequent influence on water quality.  
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6.3 Factors influencing stormwater runoff quality 
 
 As has been outlined environmental factors influence water quality, however anthropogenic 

factors also play a key role. Chapter 5 identified the methods undertaken to both i) collect 

stormwater runoff within an informal settlement, as well as ii) characterise pollutant 

concentrations in the collected runoff. Chapter 5 water quality data will be used when evaluating 

the controlling environmental and anthropogenic factors that potentially control this stormwater 

runoff quality in Chapter 6. The following section will be split into two sections, addressing the 

factors influencing runoff in Enkanini. Firstly, environmental factors will be examined including 

both catchment characteristics and rainfall characteristics. Secondly, anthropogenic factors will 

be identified and discussed. 

 

6.3.1 Environmental factors 
 

6.3.1.1 Rainfall data 
 
Rainfall data plays a crucial role in stormwater runoff;  rainfall data was measured a tipping bucket 

rain gauge which enabled rain data to be automatically measured throughout the rainfall season 

(Chapter 4). 15 rainfall events were sampled during the periods May 2016 to September 2016 

and May 2017 to September 2017 within Enkanini. Quantifiable rainfall data in terms of a tipping 

bucket rain gauge to provide flow rate  was continuously measured during the rainfall season; 

then following a rainfall event, stormwater runoff samples were collected for qualitative 

microbial and geochemical analyses (Chapter 5). As has been mentioned in Chapter 4, there were 

limitations to methodologies which could be undertaken with data collection in Enkanini. As a 

result, water quality samples were not measured during a rainfall event. Runoff samples were 

collected as soon after a rainfall event as possible, so each sample session occurred at the end of 

a rainfall event and therefore arguably the analysis of water quality was not of stormwater runoff 

and instead of surface water runoff within Enkanini. Rainfall event analysis was therefore 

retrospectively undertaken. Figures 6.1 and 6.2 show the daily rainfall data for the two sampling 

seasons of 2016 and 2017, with indications of when sampling occurred after each rainfall event, 

to show the various rainfall events which were analysed for various characteristics.  
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Figure 6.1 – Daily rainfall data for June until August 2016 with red arrows indicating the dates 

when sampling occurred 
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Figure 6.2 – Daily rainfall data for June until August 2017 with red arrows indicating the dates 

when sampling occurred 

 

As mentioned previously, sampling occurred as close to rainfall events as possible. To show the 

rainfall events and the relative sampling in greater detail, Figures 6.3 and 6.4 below show the 

hourly rainfall data. Figure 6.3 shows hourly rainfall data for the first rainfall event and sample 
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session in 2016 for 10th June. This rainfall event occurred during the week and overnight and 

therefore it was possible to go into the informal settlement the following day to collect water 

samples for analysis. Other rainfall events did not allow sampling to occur in such close proximity 

to rainfall events with Figure 6.4 showing  the rainfall event preceding the 15th August 2016 

sample session.  

 

 

Figure 6.3 – Hourly rainfall data for the rainfall event for 10th June 2016 sampling with a red arrow to 

indicate when water samples were collected 
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Figure 6.4- Hourly rainfall data for the rainfall event for 15th August 2016 sampling with a red arrow to 

indicate when water samples were collected 

 

Rainfall events were identifiable within the data, as the tipping bucket rain gauge data logger 

measured continuously including when no precipitation occurred. The start of a rainfall event was 

determined based on the determination of a specific threshold of rain and split up by rainless 

intervals of a set duration (Restrepo-Posada and Eagleson, 1982; Iadanza et al., 2016; Dunkerley, 

2008). Considerable research has been performed based upon how to define a rainfall event; 

based on the literature, it was determined for the purpose of this research that the distinction 

between rainfall and non-rain periods that would result in a flow was rainfall of more than 0.25 

mm per hour (Dunkerley, 2015; Arora and Reddy, 2012). Levels below this were determined not 

to yield sufficient runoff volume to be sampled. 

  

The rainfall parameters selected for analysis (Table 6.1) were identified as the parameters used 

within literature for evaluating the impact of varying rainfall characteristics (Owusu-Asante and 

Stephenson, 2006; Liu et al., 2013). It was only possible to measure rainfall at a single site within 

Enkanini; as a result, spatial variations in rainfall were not quantifiable. Rainfall intensity was 

calculated as total precipitation divided by rainfall event duration.  
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Table 6.1  – Rainfall characteristics as environmental factors 

Rainfall 

characteristics 

 

Antecedent dry 

weather days 

(ADWD) 

ADWD are linked to sediment and pollutant build up within a 

catchment (Tiefenthaler et al., 2014; Yuan et al., 2017)  

Total depth (mm) Influences the mobilisation and wash off of pollutants within a 

catchment (Le Boutillier et al., 2000) 

Total duration (hrs) Influences the mobilisation and wash off of pollutants within a 

catchment (Liu et al., 2013; Le Boutillier et al., 2000; Yuan et al., 2017) 

Rainfall intensity 

(mm hr-1) 

Influences the mobilisation and wash off of pollutants within a 

catchment (Liu et al., 2013; Yuan et al., 2017). Also influences the 

volume of runoff, impacting the infiltration and runoff rates. 

Maximum intensity  

(mm hr-1) 

Influences the mobilisation and wash off of pollutants within a 

catchment (Le Boutillier et al., 2000). Also influences the volume of 

runoff, impacting the infiltration and runoff rates. 

 

 

Rainfall characteristics for the two 2016 and 2017 seasons of fieldwork can be seen in Table 6.2. 

The rainfall data was predominantly taken from the data logged via the tipping bucket rain gauge 

installed within Enkanini. However, in the case of missing rainfall data due to error, rainfall data 

was also obtained from the South African Weather Service, using the nearest weather station in 

Jonkershoek nature reserve in Stellenbosch.  
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     Table 6.2- Rainfall characteristics for two fieldwork seasons (2016 and 2017) in Enkanini, South Africa 
 

Sample date Antecedent Dry 
Weather Days 
(ADWD) 

Total 
Depth 
(mm) 

Total 
Duration 
(hrs)  

Rainfall 
Intensity 
(mm hr-1) 

Maximum 
Intensity  
(mm hr-1) 

10/06/2016 8 66.2 13 5.09 18.2 

23/06/2016 3 53.0 41 1.29 7.2 

25/07/2016 4 54.9 103 0.53 10.7 

29/07/2016 1 101.6 82 1.24 11.0 

04/08/2016 4 40.0 12 3.33 10.2 

15/08/2016 7 46.4 58 0.80 7.4 

09/06/2017 2 61.6 85 0.72 7.6 

14/06/2017 0 11.6 72 0.16 1.6 

11/07/2017 8 23.8 49 0.49 8.8 

17/07/2017 5 27.0 39 0.69 6.0 

26/07/2017 5 11.8 147 0.08 1.7 

02/08/2017 6 9.8 45 0.22 1.9 

16/08/2017 3 12.0 29 0.41 4.1 

25/08/2017 4 56.0 96 0.58 9.2 

30/08/2017 4 7.0 28 0.25 6.6 
 

 

The observed rainfall depths range from 7 mm to 101.6 mm while the average rainfall intensities 

vary from 0.16 mm hr-1 to 5.09 mm hr-1. The storm durations have a wide range and tend to vary 

significantly from 12 hours to 147 hours. The antecedent dry weather days (ADWD), the number 

of days previous to a storm event with no rainfall, were all less than 8 days. 

 

It is important to note that during the time of this research in 2016 and 2017, there was a drought 

ongoing in the Western Cape of South Africa, particularly around Cape Town and the local regions 

including Stellenbosch (Otto et al., 2018; Archer et al., 2019). This resulted in lower than average 

rainfall than previous ‘wet seasons’; therefore, rainfall characteristics in previous, more wet 

seasons may have influenced runoff differently (Otto et al., 2018; Archer et al., 2019). However, 

the primary aim of this study is to examine how the characteristics impact runoff quality, and 

runoff quality collected correlates to the rainfall characteristic results, even during a drought.  
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6.3.1.2 Watershed characteristics  
 
Watershed (i.e., catchment) characteristics were determined based on parameters identified in 

the literature which were likely to impact runoff (Lee et al., 2002; Brezonik and Stadelmann, 

2002). Many watershed studies focus on general land use (e.g., agriculture) within a particular 

catchment or sub-catchment; however, because this research was completed in a specific region 

delineated by the boundaries of Enkanini, the general land use (residential) was the same across 

all sites and this characteristic was not used for analysis. Additionally, the estimated impervious 

percentage of an area is frequently used as a parameter. The nature of the environment within 

Enkanini made this difficult to calculate accurately; however, as the ground surface plus local 

geology of the site is predominantly a clay layer,  the assumption was made that the ground in 

Enkanini is relatively impervious (Tavener-Smith, 2012). 

 

As Enkanini is within a larger sub-catchment, sub-catchments were determined from the selected 

sample site locations to analyse the impact of various watershed characteristics. This was 

undertaken using spatial software analysis (QGIS). Chapter 4 explains the process used to 

determine sample site locations in areas where runoff was most likely to flow. From these points, 

analysis was undertaken to identify the sub-drainage basin, runoff sources, and drainage 

pathways through each specific site location.  The sub-drainage basins characterising the various 

Enkanini sample sites are seen below in Figures 6.5 - 6.9.  
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Figure 6.5- The sub-drainage basin influencing Site 1 
 

 
Figure 6.6 –The sub-drainage basin influencing Site 2 
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Figure 6.7 - The sub-drainage basin influencing Site 4 
 

 
Figure 6.8 -The sub-drainage basin influencing Site 5 
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Figure 6.9- The sub-drainage basin influencing Site 6 

 

The sub-drainage basin of Site 1 (Figure 6.5) drains the northern side of Enkanini informal 

settlement, as well as into the Kayamandi township which borders it. For Site 2 (Figure 6.6), the 

majority of Enkanini drains through this location, as it is the furthest downstream site. Part of 

Kayamandi township is encompassed within the sub-drainage area for Site 2, as well as the 

Papegaaiberg nature reserve to the south west of the settlement. Site 4 (Figure 6.7) 

predominantly drains the north-west slope of Enkanini, whilst Site 5 (Figure 6.8) largely 

encompasses drainage from the Papegaaiberg nature reserve. Site 6 (Figure 6.9) drains the north-

west and south-west areas in Enkanini as well as the Papegaaiberg nature reserve. 
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The watershed characteristics ultimately selected to be analysed for this study include depression 

storage, land slope and drainage area (Table 6.3).  

 

 
Table 6.3- Explanation of the watershed characteristics used for analysis 

Watershed 
characteristic 

 

Depression storage Depression storage is one of the key factors of hydrological losses, 

which can occur between rainfall and runoff occurring. This 

parameter quantifies the retention capacity of water on the 

surface, i.e., the storage volume of rainfall in depressions on the 

ground (Skotnicki and Sowinski, 2013; Rossi and Ares, 2012). This 

was tested with the assumption that a higher depression storage 

capacity, leads to less runoff volume. 

Land slope Slope impacts runoff through influencing the infiltration rate (Mu 

et al., 2015). It is assumed that an increase in slope will decrease 

the infiltration rate and therefore increase the runoff volume.  

Drainage area It is hypothesised that a larger drainage basin will impact the runoff 

quality, with a larger drainage area likely to accumulate more 

pollutants and contaminants. 

 

 
The watershed characteristics were calculated using spatial analysis software (QGIS) which 

enabled the drainage area and the slope gradient to be calculated using the DEM data, along with 

the sub-catchment basins which were calculated for each site. Depression storage (d) was 

calculated using an equation (Equation 1) from Butler and Davies, 2000 where: 

 

 
d= 

k1

√s 
 

 

 
(1) 

k1 coefficient depending on surface type (0.07 for impervious surfaces and 
0.28 for pervious surfaces (mm) 

             s Ground slope (-)  
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All watershed characteristics were calculated for the five runoff sites within Enkanini (S1, S2, S4, 

S5 and S6) and for the control site (S3), as shown in Table 6.4. 

 
 

Table 6.4- Watershed characteristics for all the sample sites 

Site Date sampled Drainage area 
(km2) 

Slope (%) Depression storage 
(mm) 

S1 2016 + 2017 0.08 13.16 0.02 

S2 2016 + 2017 0.38 3.91 0.04 

S3 2016 + 2017 0.28 11.62 0.02 

S4 2017 0.04 16.17 0.02 

S5 2017 0.19 5.88 0.03 

S6 2017 0.25 6.68 0.03 

 

 

6.3.2 Anthropogenic factors 
 
To determine the potential anthropogenic influences upon water quality, a combination of QGIS 

analysis and datasets were used. Data from ongoing research at the Stellenbosch University 

Sustainability Institute was obtained, which included GPS data coordinates of certain features 

within the settlement such as ablution blocks, taps for drinking water and dump sites (Research 

by  S. Smit, PhD research, provided by B. Wessels). In addition to this, a map of Enkanini was also 

provided (See Figure 6.10) which contained specific anthropogenic features based on economy 

and land-use within the informal settlement. Utilising this map along with first-hand knowledge 

from data collection within Enkanini, the features which were determined to potentially have 

significant influence upon water quality were selected as designated anthropogenic factors for 

analysis.   

 

Only a limited number of features with GPS coordinates were provided, and those with GPS 

coordinates were mapped within spatial software technology (QGIS). However, for the remainder 

of features they were mapped manually comparing satellite imagery to the details within Figure 

6.10. For this process, knowledge of the site was useful pairing with the map provided. In addition 

to the features within the site, all the residential shacks were identified and demarcated 

manually. Automated classification techniques within QGIS did not provide significant accuracy 

due to the reflectance levels of some of the building materials; therefore, it was determined that 

manual identification of shacks was necessary. It is important to highlight that whilst there will be 

some human error in relation to this manual process, the most recent satellite imagery available 

via QGIS was used in attempt to minimise the risk of error.  
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The number of houses per sub-catchment is shown in Table 6.5, as calculated from satellite 

imagery. 

 

Table 6.5 – Number of houses within each sub-catchment of the sites 

Sample site Number of houses 

Site 1 956 

Site 2 2950 

Site 3 (control) 0 

Site 4 638 

Site 5 282 

Site 6 1068 
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Figure 6.10 - Map of Enkanini containing all the features within Enkanini collected using GPS 

location points. Provided by Suzanne Smit, Stellenbosch University as part of PhD research 

 

The anthropogenic features selected as influential to runoff are identified in Table 6.6. For each 

of these features, distance to the sample site (maximum, minimum and average distance) was 

measured, as well as quantification of the number of features within each site’s sub-drainage 

basin.  
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Table 6.6 – Anthropogenic features identified within Enkanini likely to impact runoff 

Anthropogenic 

features 

Justification for inclusion 

Drinking taps - Flow of water when taps are turned on, and sometimes left running for 

a while, could contribute to the mobilisation of pathogens.   

- Often the standpipe taps are used to wash out buckets/collection 

buckets before filling them up. Any potential contaminants present from 

buckets used for domestic purposes such as clothes washing could 

contain contaminants and therefore around taps could potentially be a 

source of pollution  

Toilet/ablution 

blocks 

- Within Enkanini flush toilets are utilised, however at these blocks there 

is potential for contamination from overflowing or blocked toilets. In 

addition to this, rinsing and cleaning of the blocks which is usually done 

with a hose can mobilise pathogens around the area.  

Houses - Population and population density are closely linked to contamination 

Dump site - Dump sites vary in size around the informal settlement and contain all 

forms of waste from food waste, metals, plastics, domestic waste and 

also in some instances faecal waste. Dump sites are likely to contain 

multiple sources of pollutants and leaching is likely to occur during 

runoff.  

Motor vehicle 

repairs 

- The presence of gasoline and oil at this site is likely to incur spillage 

which will be a point source of chemical pollution 

Gas filling station - The presence of gasoline and oil at this site is likely to incur spillage 

which will be a point source of chemical pollution 

Laundromat - Runoff from laundry will likely occur, as wastewater will be disposed of 

onto the ground and domestic greywater can contain significant 

pollution levels 

Animal farming - Animal faecal matter will be produced with livestock within the 

catchment, and throughout the research goats, pigs and poultry were 

identified.  
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6.3.3 Statistical analysis 
 
The datasets obtained from the microbial and chemical analyses and the environmental and 

anthropogenic factors collated from rainfall and spatial data were assessed using the statistical 

software package R (RStudio 2009-2016. RStudio: Integrated Development for R. RStudio, Inc., 

Boston, MA, USA. Version 1.0.143). In order to determine whether there was a significant 

correlation between the different variables, Spearman’s rank-order correlation test was utilised 

(Gaal et al., 2015). It is a non-parametric measure of the relationship between two variables.  

 

6.4 Results 
 

For presentation of results of this chapter, firstly the environmental factors of both rainfall and 

watershed characteristics are examined against the microbial and chemical pollutant levels. Then 

a similar assessment is made using anthropogenic factors as compared to the microbial and 

chemical pollutant levels.  

 

6.4.1 Influence of environmental factors upon runoff quality 
 
Microbial and chemical parameters were evaluated with respect to the various rainfall 

parameters to determine whether there is a correlation, statistically, and what can be determined 

from these results.  

 

6.4.1.1 Rainfall characteristics 
 
ADWD (Antecedent Dry Weather Days) compared against microbial indicator organisms indicated 

that there was a slight trend. As can be seen in Figures 6.11 and 6.12, the indicator organisms of 

Faecal coliforms, E.coli and Enterococcus spp. appear to follow a slight positive trend overall 

which indicates that a longer period of dry weather prior to a rain event relates to a higher level 

of contamination across faecal organism parameters. There does not appear to be such a trend 

when looking at results for total coliforms and HPC. Across all indicator organisms, there is a 

decrease in contaminant concentrations once the threshold of seven days of antecedent dry 

weather days has passed. It should be noted, however, that only one sampling session had eight 

days of antecedent dry weather days and it is thus difficult to determine a trend.  Despite 

indications of a trend that ADWD correlated to indicator organisms, when analysing the data 

using Spearman’s rank correlation, results do not show a statistically significant correlation.  
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Figure 6.11- Box plot for the rainfall characteristic of ADWD (days) and Faecal coliform count 

(CFU/100 mL) across all sample sites 

 

 
Figure 6.12- - Box plot for the rainfall characteristic of ADWD (days) and E.coli count 

(CFU/100 mL) across all the sample sites 

 

 
When comparing all analysed chemical parameters (see Chapter 4 for list) against ADWD, there 

was no obvious correlation. A number of toxic metals (V, Cr, Co, Ni, Cu and As) all had a slight 

negative trend as indicated by the Rs value; however, for all of these correlations the trend was 
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not determined to be statistically significant. The two parameters showing statistical significance 

when testing the relationship between chemical parameters and ADWD were the metals 

Beryllium (Figure 6.13) and Mercury (Figure 6.14), with slight negative trends with Rs = -0.3. There 

was no correlation detected for the remaining chemical parameters assessed. 

 

 

 
Figure 6.13- Box plot for the rainfall characteristic of ADWD (days) and Beryllium 

concentration (µg l-1)  across all the sample sites 
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Figure 6.14 - Box plot for the rainfall characteristic of ADWD (days) and Mercury 

concentration (µg l-1) across all the sample sites 

 

 
Total depth of rainfall compared against microbial indicator organisms did not indicate a trend. 

However, when examining the chemical parameters, there appeared to be a negative trend 

between total depth and concentration level related to the heavy metal contaminants. Cations, 

including Si, Li, Be, B, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Ba, Hg and Pb, all indicated 

a negative trend correlation which was statistically significant with values between Rs = -0.2 to 

Rs= -0.6 when p < 0.05. Sample scatterplots of cations Ni (Figure 6.15) and Co (Figure 6.16) 

illustrate this negative trend. These results indicate that less rainfall leads to higher levels of 

chemical contaminants within stormwater runoff. There was no correlation with the remaining 

chemical parameters (anions) detected.  
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Figure 6.15- Box plot for the rainfall characteristic of Total Depth (mm) and Nickel (Ni) 

concentration (µg l-1) across all the sites 

 

 
Figure 6.16- Box plot for the rainfall characteristic of Total Depth (mm) and Cobalt (Co) 

concentration (µg l-1) across all the sites 

 

Rainfall intensity and maximum rainfall intensity compared against indicator organisms did not 

indicate a statistically significant relationship for any of the microbial parameters, thereby 

suggesting  that intensity does not influence the microbial patterns. When comparing chemical 
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parameters to rainfall intensity, similar results were observed to those of total depth as less 

rainfall intensity resulted in higher concentrations, suggesting a concentration (anti-dilution) 

effect. Most cations, including Si, Li, Be, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Ba, Hg and 

Pb, all indicated a negative trend correlation which was statistically significant with values 

between Rs = -0.2 to Rs = -0.6 where p < 0.05. See representative scatter plots in Figure 6.17 and 

6.18. 

 

 
Figure 6.17- Box plot for the rainfall characteristic of Rainfall Intensity (mm hr-1) and 

Vanadium concentration (µg l-1) across all the sites 
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Figure 6.18- Box plot for the rainfall characteristic of Maximum Intensity (mm hr-1) and Iron 

concentration (µg l-1) across all the sites 

 

 
In summary, total rainfall depth does not appear to play a role in influencing the water quality of 

runoff, as there was no significant statistical relationship to any of the microbial or chemical 

parameters observed within the scatter plot graphs. In terms of the rainfall characteristics, ADWD 

appears to have some relationship with a slight positive trend between the faecal indicator 

organisms of E.coli and Faecal coliforms, with an increase in the number of ADWD correlating to 

an increase in contamination levels. Whilst total duration and intensity of rainfall have a negative 

trend with chemical parameters, which are predominantly toxic metals, indicating a statistically 

significant correlation with an increase in intensity and duration of rainfall leading to higher 

concentrations of contaminants. 

 

6.4.1.2 Watershed characteristics 
 
The watershed characteristics of both depression storage and slope did not appear to have an 

impact upon water quality as no correlation determined. Drainage area, however appeared to be 

an influence via a statistical correlation between certain parameters. In terms of the microbial 

parameters, both HPC and total coliform counts had a negative correlation to the drainage area 

with  Rs = -0.3 (p=0.01) and Rs = -0.25 (p=0.03). Both relationships were statistically significant with 

p>0.05. The slight negative trend indicated that within a smaller catchment, concentrations of 

coliforms increased. However, the other microbial indicators of Enterococcus spp., E.coli and 

Faecal coliforms did not have any correlation with drainage area. 
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When examining chemical parameters with respect to drainage area, the metals which were 

found to have a statistically significant correlation where  p>0.05 include Ba, Cu, Zn (Figure 6.19), 

As, Cd, Sb, Ni, Co, Pb, Fe, Cr, V, Al with Rs  values between -0.32 to -0.49. In addition to these, 

physicochemical parameters Sr, Mo, Hg, Mn, Si (Figure 20), Se, Li, Be, K, P, Ca, suspended solids 

and turbidity also have statistically significant correlations relating drainage area to 

contamination levels; however, p values ranged between p>0.05 and p>0.1 yielding a weaker 

correlation although Rs  values between -0.2 and -0.49.  

 

Overall, drainage area was found to have a negative correlation with the chemical and microbial 

parameters, indicating that smaller drainage areas lead to higher contamination levels within 

runoff.   

 

 
Figure 6.19- Box plot for the watershed characteristic of Drainage area (km2) and Zinc 

concentration (µg l-1) across all the sites. The green boxplot indicates the control site 
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Figure 6.20- Box plot for the watershed characteristic of Drainage area (km2) and Silicon 

concentration (mg l-1) across all the sites. The green boxplot indicates the control site 

 

 

6.4.2 Influence of anthropogenic factors upon runoff quality 
 

6.4.2.1 Houses per sub-catchment 
 
The number of houses within the sub-catchment drainage area of each runoff site was compared 

to microbial parameters; for all indicator organisms, there was found to be a statistically 

significant correlation. Spearman’s rank correlation determined a positive correlation with faecal 

coliforms (Rs  =0.66), E.coli (Rs  = 0.72; Figure 6.21), HPC (Rs  = 0.61; Figure 6.22), total coliforms 

(Rs  = 0.6), and Enterococcus spp. (Rs  = 0.58), all of which have p values of p<0.05 meaning there 

is a strongly significant correlation between number of houses and microbial parameters. This 

correlation indicates that the greater the number of houses within the sub-drainage basin of each 

runoff site indicates a higher coliform count indicative of microbial pollution. 
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Figure 6.21- Box plot for the anthropogenic characteristic of number of houses and E.coli 

(CFU/100 mL) across all the sites. The green boxplot indicates the control site 

 

 
Figure 6.22- Box plot for the anthropogenic characteristic of number of houses and HPC 

(CFU/100 mL) across all the sites. The green boxplot indicates the control site 

 

In relation to chemical parameters, none of the heavy metals had a significant correlation to the 

number of houses . However, examining the nutrients and anions with respect to numbers of 

houses  indicated a positive trend, with a range in Rs values from 0.2 – 0.67 for S04, P04 (Figure 

6.23), COD (Figure 6.24), N, PO4, BOD, Ca, K, Mg, Na, P, and suspended solids; all of these 
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parameters were statistically significant with p<0.05. The positive trend observed in nutrients and 

anions followed that of the microbial parameters, indicating an increase in concentration levels 

as a result of increased population size as quantified by number of houses.  

 

 
Figure 6.23- Box plot for the anthropogenic characteristic of number of houses and PO4 (mg l-
1) across all the sites. The green boxplot indicates the control site 

 

 
Figure 6.24- Box plot for the anthropogenic characteristic of number of houses and COD (mg 
l-1) across all the sites. The green boxplot indicates the control site 
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6.4.2.2 Distance to and number of features within drainage basin 
 
In addition to number of houses, other anthropogenic factors were assessed including the 

average distance to various features (animal farming, gas filling station etc.), as well as the 

number of features themselves within each sub-drainage basin. This was to determine whether 

the proximity or number of features have an influence upon contamination levels. 

 

Analysis of the number of features existing within a sub-drainage basin relative to microbial and 

geochemical parameters yielded that, for the majority of features, there were too few 

occurrences within Enkanini informal settlement to be able to accurately predict a correlation. 

For example, there is only one gas filling station, one motor repair shop and two sites with animal 

farming. A comparably sufficient number of toilet blocks, taps and dump sites were able to be 

analysed; however, there was no statistically significant correlation found between the number 

of features and the water quality. Based on the relative numbers of features available for 

assessment in Enkanini, the features of toilet blocks, taps and dump sites were used in the 

evaluation of the influence of distance these features to runoff sites. 

 

In terms of average distance of dump site to sample sites, analysis indicated a statistically 

significant positive trend for all microbial parameters and most chemical nutrients. However, 

when examining the other chemical parameters such as heavy metals, there was no statistically 

significant trend which could be identified across any of the parameters. Figure 6.25 shows the 

average distance to dump site against COD (Rs = 0.6) and Figure 6.26 shows the average distance 

to dump site against faecal coliforms (Rs = 0.67). When examining the average distance to toilets 

and taps, results were similar to the average distance to dump sites in that there was a positive 

trend for microbial parameters and anions, whilst cations showed no correlation at all.  
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Figure 6.25- Box plot for the anthropogenic characteristic of average distance to dump sites 

against COD (mg l-1) across all the sites (C indicates control site out of settlement). The green 

boxplot indicates the control site  

 

 
Figure 6.26- Box plot for the anthropogenic characteristic of average distance to dump sites 

against Faecal Coliforms (CFU/100 mL) across all the sites (C indicates control site out of 

settlement). The green boxplot indicates the control site 
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6.5 Discussion  
 

The analysis of the environmental and anthropogenic factors against the microbial and chemical 

parameters revealed some extremely interesting results regarding the factors which influence 

stormwater or, more accurately for this data, surface water quality within Enkanini.  

 

6.5.1 Anthropogenic characteristics 
  
The main outcome of this research is identifying that the dominant factor influencing stormwater 

quality in Enkanini is population (as quantified by house number). Analysis of the data has 

indicated the significant impact that population has upon microbial contaminants within Enkanini 

runoff. A strong correlation was established between number of houses and indicator organism 

counts within runoff samples.  

 
The number of households can be directly linked to population size based on average household 

size data. The positive correlation indicates that a greater number of people yield higher 

contamination levels within runoff which is relatively logical. The analysis of data shows 

correlation with the indicator organisms and also some of the nutrient anions within the runoff 

water. Population density has been linked to higher levels of pollution within the literature, with 

a greater number of people increasing the pollutant levels within runoff such as COD and 

phosphorus levels (Tabei and Droste, 2004; Hurni et al., 2005). A larger population density leads 

to intensified land use, which can result in more erosion and contaminants within a smaller area. 

However, it is not always the case that population density and runoff contamination are linked as 

other characteristics can be more of a driving factor for runoff contamination depending upon 

catchment activities and varying social influences (Hurni et al., 2005). For example, within some 

countries, street sweeping is a common custom which can remove surface sediment and 

contaminants to a certain extent, thereby reducing pollutant load in runoff (Tabei and Droste, 

2004). Whilst street sweeping is not a factor within Enkanini, it is an interesting consideration 

when evaluating anthropogenic factors which might influence runoff.  Within Enkanini, results 

strongly support population density as a predominant influencing factor on runoff quality. 

Examining the boxplot results for microbial contamination against the number of houses, the 

uninhabited control site was identified as the lowest concentration of coliform counts within the 

runoff. This ‘anti result’ further emphasises the link between population and microbial 

contamination. 

 
The correlation observed between number of households and microbial contamination and also 

with nutrient  anion pollution in runoff establishes a linkage between chemical parameters and 
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microbial parameters. Nutrients such as nitrogen and phosphate, for example, can come from 

agricultural influences such as fertilisers or pesticides, but are also predominantly linked to faecal 

waste. Minimal agricultural activity occurs within the Enkanini settlement from site observations. 

Hence, the correlation between nutrients and the faecal indicator organisms potentially indicates 

the primary source of nutrients within Enkanini being from faecal waste matter.  

 
An interesting discussion point to identify from the boxplots (Figure 6.22), is that when looking at 

the figures, the second highest site in terms of households has slightly lower contamination levels 

than the two boxplots either side of it. This is from runoff Site 6 (1068 houses) within Enkanini. 

This trend may be because of several factors, including that the fact that Site 6 is located is 

relatively closely to the edge of the settlement. Hence, the drainage area for Site 6 includes runoff 

from the bordering nature reserve as well as from within Enkanini. This combination of runoff 

from the informal settlement and the nature reserve might mean that the resultant runoff levels 

are diluted due to the uninhabited nature reserve influence. However, another theory posited is 

that some natural removal of pollutants might occur due to the location of Site 6 within the 

informal settlement.  Site 6 is along a constant stream in Enkanini that is present almost 

continuously, regardless of if there is a rainfall event or not. This stream is surrounded by reeds 

and other vegetation. It could be hypothesised that the slight decrease in pollutants seen in 

Figures 6.23 and 6.24 could be linked to natural filtering of some pollutants from the runoff by 

the vegetation around the site. Vegetative filters are commonly used within sustainable drainage 

systems to improve water quality and there is potential for this to be naturally occurring within 

Enkanini (Fitchett, 2017). Vegetative filter efficacy can vary based upon the transport and 

characteristics of contaminants; however, it has been shown that in instances of non-point 

sources of pollution, pollutant removal can be relatively effective (Yu et al., 2019). The range of 

effectiveness and/or influence of vegetative filtering in Enkanini is debatable. Site 2 is also 

situated further downstream along the same constant stream as Site 6. If vegetation did slightly 

filter pollutants, it would be assumed that a similar effect would occur at Site 2 though with a 

potentially more pronounced effect as the runoff passes through a longer vegetated area. 

Notwithstanding, Site 2 does have a much larger drainage area, with arguably more pollutants, 

and therefore the filter effect may simply not be identifiable. It is difficult to conclusively 

determine one way or the other the influence of vegetative filtering within the scope of the 

current study, though results do suggest its influence.  Future studies including specific testing 

along the stream bed are a possibility for more finite determination, however, as well as 

identifying a potential management tool in relation to mitigation within Enkanini.  
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In comparison to microbial parameters and nutrient anions, the heavy metals and other cations 

tested in the runoff water did not correlate to population levels. The link between population and 

both indicator organisms and nutrients are the pollution which humans cause. Specifically, 

indicator organisms and nutrients are typically found in faecal waste, domestic water and 

greywater to name a few sources, all of which are associated with anthropogenic influence. 

Conversely, heavy metals and the other chemical parameters which were tested are not linked 

so directly strongly to populations. One hypothesis investigated was that there might be a 

correlation between heavy metals and number of houses , owing to the relationship between 

chemicals and the materials used to construct the houses within Enkanini. Leaching can occur 

significantly from roof materials, with a potential for long term release (Clark et al., 2008). 

According to the enumeration report in Enkanini, 96% of roof material is corrugated iron or zinc, 

whilst 30% of walls are constructed from corrugated iron or zinc, with other materials including 

plastic, concrete, wood or brick to name a few (Stellenbosch Municipality, 2012). Whilst some of 

the metal contaminants within the runoff is likely to be from the materials used in construction, 

no correlation was discernible within the Enkanini data.  

 
In terms of the other anthropogenic factors tested to determine whether they impacted runoff 

quality, a clear correlation between them cannot be identified. Distance from each runoff sample 

site to the nearest anthropogenic feature was analysed due to the fact that the features identified 

from Figure 6.06 were determined to be potential pollutant sources. The assumption was that a 

decreased distance from a feature to a runoff sample site would result in a higher level of 

contamination due to concentrated flow paths of contaminants. For example, it was assumed 

that a smaller average distance to one of the dump sites would increase the pollutant levels within 

a water sample and, therefore, potentially identify a correlation and the possibility to identify 

dump sites as a pollutant source. Sites further away would have less pollutants due to the 

dispersal of pollutants throughout the settlement from runoff, with some pollutants being 

deposited before the sample site.  However, the testing of distance could only occur for features 

up stream and within the drainage areas for each sample site location and, furthermore, pollutant 

dispersal is frequently not distributed evenly around a site. It was therefore difficult to identify a 

relationship. When analysing data for distance from features of taps, toilets and dump sites, there 

was no discernible correlation identified. Potentially, it would be better to test the various 

potential sources of pollution at each feature (e.g., tap, toilet) location to determine influence in 

future work. The distance between a site and sample site does not necessarily establish a 

relationship to runoff quality, as indicated by results.  
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Similarly, the analysis of quantified number of features within each sub-drainage basin did not 

determine a correlation between the anthropogenic features and contamination levels. This was 

likely a result of the relatively small size of Enkanini, as the number of features within the 

settlement as a whole and also within each drainage basin per site were limited. The majority of 

features only had one or two locations within Enkanini, such as petrol filling station and animal 

farming. This made it difficult to determine a relationship between runoff quality and number of 

features. Even when focussing on the most prevalent features of taps, toilets and dump sites, it 

could be argued that a greater number of facilities are linked to an increase in population density, 

with more facilities in the areas where the majority of the population is based. However, this 

point is contentious due to the fact that one common element of informal settlements is that the 

distribution of features is not even or fairly allocated across the area. Due to the unique way 

settlements develop, the facilities present are not always located where there are the largest 

numbers of people and/or homes. Within Enkanini, e.g., expansion of the settlement is currently 

occurring across the existing border into the nature reserve; however, there are less facilities 

within this region.  

 
In summary, the distance and number of facilities are interesting features to consider in relation 

to runoff quality and general anthropogenic activity, particularly in regard to how people are 

exposed to the runoff; however, they are difficult to assess in terms of a definitive correlation. In 

the instance of distance to toilet blocks relating to runoff quality, for example, viewing the toilet 

block solely as a source of pollution either from overflowing or blocked toilets might indicate a 

correlation between the two parameters; however, social and anthropogenic dynamics in 

settlement environments add a layer of complexity. Within Enkanini, open defecation occurs for 

a range of reasons, one of them being that in some areas facilities such as ablution blocks are a 

long distance from residences or other public areas. This might lead to a higher incidence of open 

defecation at night when walking to facilities might be unsafe. In this eventuality, the higher levels 

of pollutants might be furthest from toilet blocks and therefore contamination would correlate 

to the distances people have to walk to facilities. Other social and cultural influences include the 

proclivity for disposal of greywater immediately after use for various activities including cooking 

and cleaning due to Xhosa cultural reasoning within Enkanini. Such influences would be difficult 

to measure in terms of correlation against runoff quality but would be another potential influence 

on contamination (Ambole et al., 2016). Inclusion of anthropogenic factors within analysis of 

runoff quality is important, however it is difficult to analyse due to the wide variety of factors to 

account for and include. 
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6.5.2 Environmental factors 

 
The analysis of rainfall characteristics against the microbial and chemical parameters yielded are 

two main observations which can be taken from the data. First, total depth and rainfall intensity 

are correlated to concentration levels of heavy metals within runoff. Secondly, ADWD was found 

to be slightly linked to faecal indicator organisms.  

 
Total depth of rainfall relates to how much rain falls within each rain event through the sample 

seasons. The results of the analysis indicate that a smaller depth of rainfall correlates to  higher 

concentrations of chemical pollutant within the runoff. Prior to analysis, the assumption would 

be that a smaller rainfall depth would not have sufficient runoff volume to transport the 

pollutants within the runoff volume. Research in other studies indicates that greater rainfall 

depths tend to lead to higher levels of concentrations within runoff (Li et al., 2015). However, the 

reasoning for the negative correlation observed in the current research could be due to the fact 

that a smaller amount of rainfall means that any pollutants mobilised will be more concentrated 

within the flow due to decreased volume of runoff.  

 
Rainfall intensity is the amount of rain which falls during a given time period. The correlation 

found within Enkanini runoff shows a negative correlation between intensity and heavy metal 

concentrations, indicating that lower intensity of rainfall leads to higher concentrations of 

contaminants found within runoff. Similarly, as with total depth there would be the assumption 

that rainfall intensity and runoff contamination would have a positive correlation with greater 

intensity increasing the mobilisation of pollutants within the runoff. Other research supports this 

trend that rainfall intensity has a positive correlation to pollution loads, with a higher intensity 

mobilising more pollutants within runoff (Maniquiz et al., 2010; Shigaki et al., 2007). It is not 

always the case, however, with low intensity rainfall affecting runoff pollutant levels differently 

based upon various physical and chemical properties (Charters et al., 2016). The impact of 

intensity is influenced by external, independent factors such as surface; in the instance of 

Enkanini, the impervious nature of the ground might mean that lower intensity rainfall mobilises 

pathogens more effectively. It is also interesting to consider that this correlation relates solely to 

heavy metals and earth metals within the chemical parameters. There is no correlation between 

rainfall parameters and either microbial parameters or nutrients. This could be due to the fact 

that persistence rates of chemicals and microbes vary within the environment, as well as the 

variation between potential sources of pollutants.  

 
Antecedent dry weather days (ADWD) were defined as the number of days without rainfall before 

a rain event occurs. ADWD was analysed against water runoff quality and whilst microbial 
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parameters did not indicate a statistically significant correlation, a potential trend was indicated.  

Results show that faecal coliforms and E.coli had a slight positive trend in relation to antecedent 

dry weather days. This result is in line with what would be hypothesised, with a greater number 

of days prior to a rainfall event leading to higher concentration levels. It would be assumed that 

a build-up of pollutants on the surface would accumulate and result in increased contaminant 

concentrations as a function of longer numbers of ADWD. This can be seen in a number of studies 

where ADWD is a determining factor in runoff loads; however, it is often dependent upon the 

catchment and climate, with drier catchments experiencing a more positive correlation between 

ADWD and contaminant concentrations (Li et al., 2007; Yang and Toor, 2018). 

 
Despite analysis and discussion highlighting the correlations which were determined from rainfall 

characteristics, it cannot be established that there is substantial correlation between water 

quality and rainfall characteristics. Due to the methodology used during the research for 

collecting water samples, it is difficult to actively correlate factors to one another due to the time 

lag between the rainfall event and the samples collected. As mentioned within the methodology, 

this was unfortunately a limitation which was necessary for health and safety and access to 

Enkanini and the runoff sites during sampling was often not possible during rainfall events. All 

samples were collected as close to rainfall events as possible; however, as sampling did not 

actually occur during the rainfall event it is difficult to definitively conclude whether relationships 

identified are completely accurate or not. The inability to collect samples during a rainfall events 

not only means no correlation could accurately be drawn between rainfall characteristics and 

water quality, but as mentioned earlier in the chapter impacts the water sampled. Due to not 

sampling during a rain event, the conclusion drawn is that the water sampled cannot be 

accurately called stormwater runoff and is instead surface water runoff after a rainfall event.  

 
It is interesting to compare results from this study on rainfall characteristic analyses to those 

found in other literature and research results. Predominantly within other runoff-focused 

literature, rainfall intensity and total depth of rainfall were expected to have a positive correlation 

with runoff concentration due to the role they commonly play in the mobilisation, wash-off and 

transport of pollutants (Deletic, 1998; Maniquiz et al., 2010; Shigaki et al., 2007). However, as is 

highlighted throughout this chapter 6, the influence of rainfall characteristics may often be 

dependent upon other factors as well including imperviousness of the surface. Despite rainfall 

duration not having any correlation based upon the data from Enkanini, results from other studies 

show a frequent negative correlation between duration and concentration of contaminants due 

to larger storms diluting the concentration of runoff, i.e., the ‘dilution effect’ (Kim et al., 2005). 

Finally, in various studies, ADWD correlation to runoff concentrations is found to be variable and 
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influenced by several different factors including climate, catchment and anthropogenic 

interventions (Kim et al., 2005; Vaze and Chiew, 2002). 

 
Overall, it cannot be specifically concluded whether rainfall characteristics impact upon runoff 

within Enkanini due to sampling restrictions. However, results do indicate a negative correlation 

between both total depth and rainfall intensity relating to water quality, whilst ADWD and water 

quality indicate a positive correlation for faecal microbial parameters. 

 

6.5.3 Watershed characteristics  

Watershed characteristics have the potential to play a strong environmental influence upon 

water quality. Drainage area is the only watershed characteristic that was found to correlate with 

water quality. The hypothesis is that larger drainage areas will likely accumulate more pollutants 

and contaminants, as the runoff is moves over a larger area with the potential for a greater 

number of pollution sources as well as a wider area for pollutant build up and wash off to occur. 

However, the correlation only occurs between drainage area and certain heavy metals and 

chemical parameters. As touched on earlier, this could be owing to the fact that many metals are 

found within soils, both naturally occurring and as deposits; therefore, a larger drainage area 

provides more of a surface for runoff to mobilise metals from the soils. Conversely, there is no 

identifiable correlation between microbial pollutants and increased area which was potentially 

expected based upon the conclusion that a larger area provides more surface for runoff to 

mobilise pollutants. These results potentially support the variation in pollutant sources between 

different contaminants and different influencing factors upon pollutants, to a certain extent. 

Whilst this comparison was valid, the variation in size of the drainage areas is not very significant 

ranging between 0.04 km2 to 0.38 km2, along with the fact that whilst the land use in each 

catchment area is mostly informal settlement, the variation within that, alongside the variations 

in land use from outside the settlement in some of the drainage areas makes it difficult to directly 

compare them.  

 

Overall, the conclusion that can be drawn from the analysis of environmental and anthropogenic 

factors upon water quality within Enkanini is that the number of houses influences the microbial 

indicator organism concentrations as well as the nutrients from chemical parameters. Results 

indicate that areas with a greater number of houses or higher population density have higher 

pollutant levels in runoff. There are some correlations between drainage area and runoff quality 

focussing upon chemical parameters. However, because of the limitations imposed on sampling, 

there is not a definitive conclusion which can be drawn from the rainfall characteristics within 

Enkanini which influence the runoff. As has been stated previously, stormwater runoff is a very 
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complex entity. Whilst much research has been undertaken upon both the watershed and rainfall 

characteristics, as well as the land use and land cover, runoff quality and quantity are still very 

difficult to understand (Namugize et al., 2018). This is especially true within an informal 

settlement, where land use, pollution sources, as well as the various social challenges, impact 

understanding of the various processes upon the community and the environment.  

 
It is important to see the wider implication of these results in terms of other informal settlements. 

Whilst the results from these data are specific to Enkanini informal settlement, the result that 

population plays a critical role in microbial pollutants is something which is likely applicable to 

other informal settlements globally. It is difficult to determine whether the factors which 

correlate to water quality in Enkanini would necessarily be the same within other informal 

settlements; however, there is potential that in regions with similar watershed characteristics 

and climate, the influences upon water quality might follow similar trends. Whilst environmental 

factors between settlements are likely to vary, the anthropogenic influences are more likely to 

be applicable to other informal settlement communities. Informal settlements are similar in that 

they all lack or have insufficient infrastructure, including sanitation, roads, water supplies and 

drainage, and the majority of households belong to the lower income groups of a country. These 

similarities make it easier to compare influences upon runoff quality. However, importantly, the 

variation in social and cultural practices between and within different communities potentially 

might have a significant and currently unmeasured influence upon the water quality and 

environmental and social health.  The variations within informal settlements and, for that matter, 

within any watershed or drainage basin mean direct comparison of anthropogenic factors is quite 

difficult. 

 

In summary, however, the results and basic conclusions that have been drawn here have 

potential to be utilised on a broader, more global scale, as opposed to solely on the small scale 

within Enkanini. The implications of these results can link into mitigation and management of 

runoff, as mentioned in the introduction. An understanding of the influences upon runoff quality 

are required before management and intervention can be designed and implemented. The level 

of pollutants within Enkanini runoff indicates the critical need for management of stormwater 

runoff, and an understanding of the complexities of influences upon runoff is needed to make 

management effective. These important points will be discussed further in Chapter 7.   
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6.6 Link back to Chapter Aims  

 

As laid out at the start of this chapter, the aim was to better understand the factors influencing 

stormwater runoff quality in informal settlements by to answering these two objectives:  

 

• Characterise temporal variations in runoff pollutants between rain events 

• Assess spatial variations in runoff pollutants in regard to varying locations within a 

catchment 

As addressed above in the discussion, the objective of characterising temporal variations in runoff 

pollutants between rain events could not be accurately analysed. Despite the analysis of rainfall 

events, and the subsequent comparison of water quality and rainfall characteristics, sampling was 

not undertaken during the rainfall events and therefore conclusions could not be drawn linking 

the runoff pollutants with the rainfall characteristics. However, the spatial variations in runoff 

pollutants highlighted the impact that anthropogenic activity within Enkanini informal settlement 

had upon the water quality.  

 

Overall as addressed above, the level of pollutants within the surface water runoff within Enkanini 

highlights the importance of surface water management and mitigation, due to the health and 

environmental hazard it poses.  
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Chapter 7: Development of pollution hazard map within Enkanini 
 

7.1 Introduction 
 
Stormwater runoff is a significant hazard to environmental and human health, as was addressed 

in Chapters 5 and 6, especially within informal settlements and, more specific to this research, 

Enkanini informal settlement near Stellenbosch, South Africa.  

 
Stormwater runoff consists not only of natural rainwater and subsequent surface runoff, but also 

greywater and blackwater (Jiutso and Kenney, 2014). Greywater is water which is considered to 

be toxic within 24 to 48 hours after production according to the WHO (2006). It consists of water 

from domestic use including bathing, laundry or cooking. Often greywater contains contaminants 

either from food remnants used in cooking and washing of cooking utensils or faecal matter from 

clothing (Carden et al., 2007). Blackwater consists of wastewater or sewage. Poor or non-existent 

sewage drainage can lead to either over-flowing or leaking toilets, and during periods of rainfall 

this can mix into stormwater runoff (Armitage et al., 2010). In addition, often within informal 

settlements, open defecation occurs when use of toilet blocks is either too dangerous or 

impractical to use in terms of distance or accessibility (Simiyu et al., 2017; Jiutso and Kenney, 

2014). In certain cases, ‘flying toilets’ or human waste disposed into bags also occurs as another 

alternative to open defecation; these bags end up in dump sites or drainage channels in the 

settlements and also contaminate the runoff (Jiutso and Kenney, 2014).  Runoff washes off and 

mobilises toxic pollutants and other contaminants of both greywater and blackwater during 

rainfall events, as well as any additional pollutants on peri-urban surfaces.  

 
As seen from previous chapters, the level of contamination, both microbial and chemical, in 

Enkanini runoff is high. Within developing country settlements, runoff is an acknowledged hazard 

and most likely also has high levels of contamination (Pegram et al., 1999; Armitage et al., 2009). 

The research presented here is the first of its kind to specifically evaluate the threat posed to 

these communities by stormwater or more specifically surface water runoff pollution. However, 

it is not only the contamination in runoff which causes health and environmental risk to 

populations. A lack of basic infrastructure within informal settlements makes them more 

vulnerable to natural hazards and disasters (SERI, 2018). Whilst the level of contamination within 

Enkanini is hazardous itself, one of the risks emanates from the fact that there is little or no 

drainage to separate runoff from residents (Alder, 1995; Armitage et al., 2005).  In informal 

settlements and peri-urban where there is drainage present, it is often in the form of open drains 

which get blocked with refuse waste and do are liable to overflow (Alder, 1995).   
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As discussed previously, informal settlements are often established with little or no planning for 

infrastructure, partly because of lack of money but also  a result of the way in which they develop 

and expand (SERI, 2018; UN-Habitat, 2006). Various infrastructure gets built as settlements 

develop and population needs grow. In some cases, the government is forced to provide basic 

infrastructure needs for the settlement including drinking water taps or toilets. In regard to 

drainage for stormwater runoff, sometimes drainage systems are constructed; however, this 

often occurs as a result of implementation by individual residents in the settlement rather than 

via a coordinated, planned effort (Jiutso and Kenney, 2014; Armitage et al., 2010). Focus is often 

on ensuring that drainage solely moves surface water and stormwater runoff away from shacks 

and houses of the residents to prevent the runoff from entering the dwellings, with minimal effort 

or thought put into where the runoff actually then goes (Adegun, 2015). In many cases, the risk 

of flooding of shacks and houses in informal settlements is dangerously high, with research 

suggesting that up to 20% of all residences across a wide range of informal settlements in South 

Africa are located in areas of high flood risk (SERI, 2018). As settlements continue to develop, 

sustainable drainage management strategies are feasibly planned or implemented, although 

drainage can be provided following settlement construction. These attempts often fail due to 

varied reasons ranging from not including residents in construction plans to constructing drainage 

which is not relevant for the area (Armitage et al., 2010; Parkinson et al., 2003). 

 
Stormwater and surface water runoff can, therefore, be hazardous in multiple senses. In the 

context of Enkanini, the risk emanates from human contact with the contaminated water and 

pollutants. There are incidences of both chronic and acute diseases as a result of contact with 

runoff in Enkanini including skin rashes on children, as well as reports of diarrhoeal diseases 

(Tavener-Smith, 2012). Additionally, coupled with being in contact with contaminated runoff, the 

risk of flooding of dwellings in certain areas of Enkanini is relatively high (Figure 7.1). Based on 

disease reports (Tavener-Smith, 2012) and research results presented in preceding chapters, this 

floodwater may often be highly contaminated. 
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Figure 7.1 – Image of flooding in some of the dwellings in Enkanini informal settlement in the 
rain season August 2017 (Source: O.C.Cooke) 

 

When this issue is applied on a broader scale to other countries and informal settlements, the 

lack of drainage and management of runoff could be even more of a hazard. For informal 

settlements within poorer countries and regions relative to South Africa, sometimes even basic 

infrastructure to provide improved drinking water sources or sanitation is not present. 

Unimproved drinking water sources include surface water bodies or unprotected springs and 

wells, which can all be accessed and utilised within the settlement but can be prone to 

contamination (Adams, 2017).  In areas where surface water is a key source of drinking water or 

even domestic use, the risk from contaminated runoff dramatically increases risks to human 

health (Takem et al., 2010). There is also risk to populations and environments in the non-

immediate vicinity, including runoff into surrounding surface and groundwater bodies affecting 

local aquatic ecosystems and also influencing populations downstream that rely on rivers and 

streams as potable water sources, for irrigation and domestic use, to name a few (Venter et al., 

1997). The immediate risk to human health as well as to the environment makes it incredibly 

important to mitigate and manage the risk from runoff across all informal settlements.   

 
In order to protect against the impacts of runoff within Enkanini specifically and also on a broader 

scale, effective mitigation and management is required. One popular method in various literature 

used to focus the implementation of mitigation is risk or hazard maps (Ellis et al., 2012; Babaei et 

al., 2019). Developing and identifying areas which are vulnerable to certain factors or identify key 

areas can improve the targeting of the populations most exposed to stormwater runoff (Asare-

Kyei et al., 2015).  The importance of identifying high risk areas is vital to focus mitigation features, 
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particularly within developing countries and informal settlements as these areas have limited 

resources (Curtis et al., 2019). Hazard maps and risk maps can take various forms. These can vary 

from identifying areas which are most vulnerable to contamination, through to identifying regions 

or critical source areas (CSAs) which contribute the most pollutants within a catchment or 

drainage basin (Niraula et al., 2013; Michalipoulos and Dimitriou, 2018). Therefore, to utilise the 

limited resources available as effectively as possible and to ensure any mitigation is focussed on 

the most critical locations, mapping of these areas is key (Michalipoulos and Dimitriou, 2018; 

Trevisan et al., 2010). 

 

In terms of the available data paired with identification of the factors (Chapter 6) influencing 

runoff within Enkanini, it was determined to develop a map identifying the critical source areas 

which contribute the greatest levels of pollutants to stormwater runoff. It is hoped that 

identification of these areas will provide a basis for future research into mitigation and 

management strategy. On a global scale, the risk which populations can experience from runoff 

in peri-urban regions, informal settlements and even in refugee camps is a serious issue. Effective 

identification of areas within Enkanini which need management will hopefully be able to be 

transferred to other settlements and peri-urban regions which require focussed mitigation and 

management methods.  

 

7.2 Aims 
 
The aim of this chapter is to identify the pollution source areas within Enkanini from both 

microbiological and geochemical perspectives. This will be achieved by  

 

• Identifying the areas where high concentrations of pollution are generated within 

Enkanini informal settlement, through mapping the influencing factors upon stormwater 

runoff identified in the previous Chapter 6. 

 

From analysis and assessment, the development of a hazard map will be undertaken, to identify 

the areas within Enkanini which produce, or are most likely to generate, the highest levels of 

pollution. This map aims to be used for mitigation and management strategies in future research 

to improve runoff quality within the informal settlement.  
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7.3 Methods 
 
The methods used to develop the hazard map follow on from Chapter 6. The predominant factor 

which correlated to runoff quality was established as number of households, indicative of 

population density.  

 

As population density was the only factor which could be definitively linked to the runoff results 

from Enkanini, this was included as a layer in the hazard map. In addition, suspended solids was 

also included within the map as an influencing factor as this parameter is often linked to pollutant 

levels (Bilotta and Brazier, 2008). As a result of the analysis of environmental factors not indicating 

any statistically sound correlations, it was determined to include another factor which influences 

runoff quality. Through various literature sources (Rossi et al., 2013; Song et al., 2010) the 

influencing role of suspended solids in water quality has been identified. Whilst this was not an 

anthropogenic or environmental factor tested for correlation within Chapter 6, analysis of 

suspended solids was undertaken to determine whether it was an influencing factor in water 

quality in runoff in Enkanini, and if so, would be included in the development of the map. Methods 

for the hazard map development will be split into three sections, focussing on discussion of the 

factors identified to influence risk, i) number of households and ii) suspended solids, as well as iii) 

explanation of the map development.  

 

7.3.1 Suspended solids/Topography layer 
 
The strong link between suspended solids and water quality has been studied extensively and 

research in the literature has shown that suspended solids play a significant role in the 

mobilisation of contaminants (Rossi et al., 2005; Song et al., 2010; Rossi et al., 2013; Bilotta and 

Brazier, 2008). Pollutants are often adsorbed onto suspended solids and particles; therefore, 

suspended solids can be used as an indication of pollution load within water bodies (Rossi et al., 

2005; Collender et al., 2016). A significant percentage of various compounds such as nutrients 

and toxic metals can be linked to suspended solids during rainfall or other wet-weather events 

(Rossi et al., 2005). As the relationship between runoff pollutant loads and suspended solids has 

been identified across various literature, it was determined to test suspended solids against the 

microbial and chemical parameters in the runoff samples across the runoff sites in Enkanini to 

determine whether there was any correlation identified here. Analysis of suspended solids 

identified a strong positive correlation with all the microbial and chemical parameters tested 

where p<0.05 for all the Spearman’s rank correlation tests. As can be seen in Figures 7.2 and 7.3, 

the correlation indicated that with greater concentrations of suspended solids within the runoff, 

the higher the concentration of microbial and chemical contaminants within the water.   
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Figure 7.2- Suspended solids (mg l-1) against HPC (CFU/100 mL) ) for all the runoff sites 

 

 
Figure 7.3- Suspended solids (mg l-1) against Nitrogen (mg l-1) for all the runoff sites 

 

 
Suspended sediment is eroded material from soils and surfaces, which are mobilised into runoff 

during rainfall events. Sediment and erosion are linked, with generally results indicating that 

higher levels of erosion produce more sediment (Walling and Webb, 1996; Benavidez et al., 
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2018). Therefore, in order to identify the areas where there will be more suspended sediment, 

and therefore higher levels of pollutants, the regions which experience highest levels of erosion 

were determined to be of high risk as sources of pollution. Slope gradient is one of the most 

important factors influencing erosion, with a steeper gradient linked to increasing erosion rates, 

as the surface and soil erosion-resisting capacity decreases when slope gradient increases (Liu et 

al., 2001). However,  research indicates that a critical gradient can be reached at which point the 

erosion rate decreases (Liu et al., 2001). Predominantly, however slope increases erosion, and 

therefore it could be concluded that areas within Enkanini with steeper gradients will have higher 

erosion rates and this is where higher levels of suspended sediment will originate.  

 

In order to analyse slope and topography for the process of creating a hazard map, the digital 

elevation data will be utilised within spatial software technology. DEM data can be utilised in QGIS 

to calculate numerous topographic features. The terrain analysis tool function within QGIS 

enables topographic analysis to be undertaken and create a layer of topography across the whole 

of Enkanini.  As identified earlier, topography is representative of erosion and suspended solids. 

The areas which have the steepest topography are likely to have higher soil erosion levels, and 

therefore produce higher concentrations of suspended solids, which in turn leads to higher 

concentrations of pollutants.  

 

7.3.2 Population density 
 
The other main factor highlighted from results in Chapter 6 is that population is strongly 

correlated to levels of pollution, specifically microbial and anion pollutants. Greater numbers of 

houses related to higher levels of contamination in runoff. In order to create a quantifiable 

measure related to the number of households within Enkanini, the method of point density was 

utilised within QGIS software. Firstly, the visual identification of every dwelling in Enkanini was 

required, as shown in Figure 7.4, which enabled the development of a vector layer for analysis.  
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Figure 7.4 – Every individual dwelling within Enkanini using satellite imagery was identified 

manually using the vector point tool 

 
In order to determine the point density from this data, a vector grid (Figure 7.5) was created over 

Enkanini at various grid sizes of between 5 - 20 m2. Analysis was undertaken to calculate the 

number of points within each grid square by overlaying the vector point data of dwellings onto 

the grid layer. This calculation of density of points could then be calculated and values for each 

of the grid squares showed the density within Enkanini. As depicted in Figure 7.6, the greater 

number of dwellings within each grid square, the darker the colour from yellow to red.  
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Figure 7.5- Vector grid over the informal settlement of Enkanini 
 

 
Figure 7.6- Density of dwellings within Enkanini calculated in QGIS from low (yellow) to high 

(red) 
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Whilst the point density grid method provided an initial visualisation of the population density 

results, for the hazard map it was determined to use the Heatmap tool within QGIS to create a 

raster layer which had the best method for mapping the density of dwellings. Heatmaps enable 

point data to be visualised more easily compared to the point density grid. A general overview of 

the heatmap tool is that a radius is chosen to identify the size of area around each point where 

that specific data point will have an influence on the surroundings.  Because the data reference 

dwelling density, the radius was determined to be relatively small as the presence of the dwelling 

does not impact other dwellings. The heatmap provides a map identifying the areas where the 

densest areas of Enkanini are located.   

 

7.3.3 Development of pollution risk map 
 
The development of the pollution risk map incorporated separate layers for the two parameters, 

topography and population density, which contribute to runoff pollution levels within Enkanini. 

In order to create the map, and ultimately identify the locations of low, medium and high hazard 

levels of pollution concentrations, a range of colours were used to visualise results (Figure 7.7). 

To identify the critical source areas for the two layers of topography and population density both 

utilised the colour scheme from lowest to highest risk . 

 

 

Figure 7.7 – Risk colour scheme to visualise the various hazard levels within the map layers 

 

 

7.4 Pollution map results 

 
The pollution risk map was created and used to identify areas where pollutants are most likely to 

occur within Enkanini, thereby increasing risk to the population and environment. There were 

fewer layers included in the map than initially anticipated because of a lack of definitive 

correlation within the influencing factors in Chapter 6. Ultimately, the two layers included were 

slope or topography of Enkanini as related to sediment and population density, respectively. 

These layers were created based on the identification of these factors as most likely to have the 
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highest influence on pollutant contamination in stormwater runoff, based on the available 

sampling and monitoring scheme defined by this research. 

 

In order to test and verify the accuracy of the developed pollution map, average concentration 

levels for both microbial and chemical pollution parameters were taken across all seasons and at 

each runoff site. The parameters were divided into anions, cations and microbial parameters and 

each of these averages for individual parameters were averaged again to obtain a general 

determination across the three groups of parameters as to which site had the highest 

concentrations of pollution overall. The resulting maps show the levels of pollution from lowest 

concentrations (yellow) to highest (red) within the drainage basins of each runoff site. Three 

separate maps were created the average concentrations for anions (Figure 7.8), cations (Figure 

7.9) and microbial (all indicator organisms) (Figure 7.10).  

 

 

 
Figure 7.8- Average pollutant levels across the sampling seasons for anion parameters 
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Figure 7.9- Average pollutant levels across the sampling seasons for cation parameters 
 

 
Figure 7.10 - Average pollutant levels across the sampling seasons for microbial parameters 

 

 
These results show that on average for all samplings, Site 1 had the highest concentrations for 

anions, cations and microbial parameters. Site 2 had the second highest concentrations for anions 
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and microbial parameters, whilst Site 5 had the second highest concentrations for cations.  The 

lowest concentration levels on average varied by parameter group with Site 2 having the lowest 

levels of cation concentrations, despite having a drainage basin which encompasses the entire 

settlement. For microbial parameters, Site 5 had the lowest concentration levels, whilst Site 4 

had the lowest concentrations of anions. These results will be used as a comparison for both 

layers of the pollution map, to determine how risks associated with population density and 

topography compare and to indicate the accuracy of the pollution map.  

 

7.4.1 Population density map 
 
The population density map of Enkanini informal settlement can be seen in Figure 7.11. The red 

indicates the areas of highest density, whilst the light yellow indicates the least dense areas of 

dwellings of population within Enkanini.  

 
Figure 7.11- Population density map 

 
This map indicates that there are two main areas of very dense population within Enkanini, the 

south east side and the north west side. The densest areas are grouped to either side of the hills 

which Enkanini lies amongst.  
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7.4.2 Slope map 
 
The topographic map of Enkanini is seen below, identifying the areas where most erosion is likely 

to occur in Figure 7.12. Predominantly, this shows the most hazardous areas to be located upon 

slopes in the region. Due to the link between water quality and slope, red areas designate the 

steepest slopes; therefore, the red regions indicate where most erosion is likely to occur and from 

where the sediment contributing to suspended solids is likely to originate. 

 

 

 
Figure 7.12- Topographical map of Enkanini 

 

 
 
  



 187 

7.4.3 Pollution hazard map 
 
These two maps were layered upon each other using QGIS to develop the final overall pollution 

map presented in Figure 7.13, identifying the areas within Enkanini where the highest pollution 

levels are likely to originate.  

 

 
Figure 7.13- Pollution map identifying the areas where pollutants are most likely to originate 

in Enkanini 

 
This map indicates that there is a relatively high level of risk across the centre of Enkanini, with 

the lowest risk around the edges of the settlement. The predominant areas of risk are still in two 

main regions within Enkanini, to the north west and south east of the settlement.   

 

In order to examine the results in more detail,  anthropogenic features and drainage basins for 

each individual sampling site were incorporated and assessed. Figure 7.14 and 7.15 show the sub-

drainage basins of Site 1 within Enkanini. As can be seen in Figure 7.14, the drainage basin of Site 

1 includes an area of Enkanini which is considered high risk within the map, as well as draining 

part of Kayamandi settlement. In addition to the areas determined to be high risk, there are a 

number of anthropogenic features within the Site 1 drainage basin, predominantly toilet blocks 

(three) and dumpsites (two). In addition to this, a laundromat and motor shop are located directly 

on the border of the drainage basin.   
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Figure 7.14- Sub-drainage basin of Site 1  
 

 
Figure 7.15- Sub-drainage basin of Site 1 with anthropogenic features included 
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Figures 7.16 and 7.17 show the risk map with the drainage area for Site 2 delineated (7.16), as 

well as the anthropogenic features across the settlement (7.17). Figure 7.16 shows that the 

drainage basin for Site 2 encompasses predominantly the entire area of Enkanini and contains all 

areas where hazard level of pollution is highest. As can be seen from Figure 7.17, the Site 2 

drainage basin also encompasses most of the anthropogenic features from toilet blocks to animal 

farming sites, all of which are located the drainage basin of Site 2.  

 

 
Figure 7.16- Sub-drainage basin of Site 2 

 



 190 

 

Figure 7.17- Sub-drainage basin of Site 2 with anthropogenic features included 

 

 
Site 4 drainage basin encompasses a similar area to that of Site 1, which drains runoff from the 

region of high risk on the north west slope of Enkanini (Figure 7.18). The anthropogenic features 

within the area include toilet blocks (three) and taps (two), as well as the motor shop on the edge 

of the Site 4 drainage basin (Figure 7.19).   

 



 191 

 
Figure 7.18- Sub-drainage basin of Site 4 
 

 
Figure 7.19 - Sub-drainage basin of Site 4 with anthropogenic features included 

 
Evaluating the drainage basin of Site 5 reveals relatively low levels of pollution risk for this area 

(Figure 7.20). In support of this low risk, there are minimal anthropogenic features within this 



 192 

drainage basin, with only two taps and one site of animal farming (Figure 7.21). There is a small 

region of high-risk influencing Site 5 runoff along the northern boundary of this drainage basin. 

 

 
Figure 7.20 – Sub-drainage basin of Site 5 
 
 

Figure 7.21- Sub-drainage basin of Site 5 with anthropogenic features included 

 
 



 193 

Finally, Site 6 has a drainage area which encompasses the high-risk region on the north-west slope 

of Enkanini, as well as the lower risk regions around the edge of the settlement (Figure 7.22). 

There are a wide range of anthropogenic features within this drainage area including toilets 

(three), dumpsites (two), taps (five) and an animal farming site (Figure 7.23).  

 

 
Figure 7.22 - Sub-drainage basin of Site 6 
 
 

Figure 7.23- Sub-drainage basin of Site 6 with anthropogenic features included 
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Each of the six drainage basins within Figures 7.14 to 7.23 encompass at least some portion, if 

not a dominant component, of high-risk area within Enkanini in the developed hazard map. The 

predominant risk area is along the north-west slope which influences the runoff of Sites 1, 2 and 

4 whilst the other major high-risk area encompassing the south east section of Enkanini only has 

influence on Site 2 drainage. A summary risk map of the whole region of Enkanini is presented in 

Figure 7.24, which includes topography-derived zones of erosion, anthropogenic sites and 

primary drainage streams included within the settlement. This map clearly identifies and 

highlights the patterns in which runoff pollutants are mobilised around the settlement and the 

resulting regions of high risk to the Enkanini residents. 

 
 

Figure 7.24 – Summary hazard map of Enkanini including the anthropogenic features and sample 
sites, as well as the path where stormwater is most likely to flow 
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7.5 Discussion 
 
The main aim of this chapter was to identify pollution source areas and regions of increased risk 

of contaminated runoff within Enkanini. The resulting hazard map shows that pollutant risk was 

very high across the central area of Enkanini, whilst the perimeters of the settlement had the 

lowest risk. This is linked to the fact that expansion of the informal settlement occurs around the 

boundaries and, therefore, this region is the least dense with only new dwellings starting to 

develop there.    

 

In order to test the accuracy of the map to some degree, comparisons between the average water 

quality from the different runoff sites, as quantified via water sampling data (Chapters 5 and 6) 

and the areas estimated to have the highest levels of pollution as defined by the hazard map were 

made. From these comparisons, conclusions can be drawn about runoff and pollution sources in 

Enkanini.  

 
First, as determined from statistical analysis in Chapter 6, microbial concentrations within 

stormwater runoff are strongly linked to population density. This is also identifiable from the 

hazard map, when comparing high-risk zones to the average concentration levels of microbial 

parameters across the sites as seen in Figure 7.10. The drainage sites with the highest average 

concentration levels were Site 1, 2 and 4 in that order. All three of these sites’ drainage areas 

encompassed areas of high pollution risk located on the map.  

 
It is interesting to note that the location of toilet blocks or ablution blocks does not necessarily 

link to the areas of highest population density. There are toilet blocks within these areas; 

however, they are not located solely within these regions. This implies that the correlation 

between microbial parameters and population density is most directly related to human 

activities, such as disposal of domestic water and greywater from laundry and food and not 

predominantly related to sewage. Nevertheless, the correlation between indicator organisms and 

raw sewage cannot be discounted in relation to the pollution hazard map. Open defecation within 

Enkanini still occurs to some extent and, as a result, areas which have denser populations will 

likely have higher levels of faecal organisms detected within these areas. Additionally, there are 

numerous overflowing sewage pipes and drains which were not included in the various 

anthropogenic features due to lack of available data. This is likely a relatively considerable factor 

contributing to microbial pollution within the settlement. However, the toilet blocks themselves 

do not correlate to the population density and, thus, are potentially not a primary source of 

microbial pollution. Overall, it can be concluded that microbial pollution correlates strongly to 
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population density, and the sites with drainage basins encompassing the highest risk of pollution 

regions had the highest levels of microbial pollution on average.  

 
It should be noted that the drainage basins for Site 1, Site 2 and Site 4 include part of the 

neighbouring township of Kayamandi. It was not possible within the scope of this project to 

include sampling or data from this township; however, it would be interesting to have analysed 

runoff samples within this area as well to determine whether runoff from Kayamandi is 

significantly increasing the microbial pollutant loads within Enkanini. Whilst Kayamandi is a 

developing township and not an informal settlement, the influence on runoff concentrations in 

Enkanini might be a relatively significant, albeit currently unaccounted for, parameter.  

 
Second, cation concentrations within stormwater runoff in Enkanini are found to be strongly 

linked to suspended solids. According to the average cation concentrations in runoff, Site 1 and 

Site 5 are the highest and second highest values, whilst Site 2 has the lowest concentrations 

detected. Conversely, preliminary logic suggested that as the drainage area of Site 2 encompasses 

the whole of the settlement, this region would have high levels of concentrations of the various 

parameters on average.  

 
The observed variation in averages may, however, be attributed to the topographical layer of the 

hazard pollution map which relates to erosion levels and suspended solids. Site 2, whilst at the 

bottom of the drainage basin for most of Enkanini, receives most runoff along a channel which 

follows the relatively flat drainage area of Enkanini between the two slopes. The drainage channel 

can be identified as an area of lower risk when examining the topography layer of the hazard 

map.  Due to the relatively flat topography along this drainage channel, there is potential for 

sediment particles to be deposited along the channel if runoff volume is not high enough for 

particles to remain mobilised within the flow. Indeed, when examining average suspended solids 

concentrations, Site 2 has an average of 142.2 mg l-1 compared to 819 mg l-1 for Site 1; 274 mg l-

1 for Site 4; 546.6 mg l-1 for Site 5 and 282.5 mg l-1 for Site 6. The concentrations of average 

suspended solids correlates to the average cation concentrations per site. Heavy metals in 

particular adsorb to sediment and particles; these pollutants are then subsequently mobilised 

through runoff (Wuana and Okieimen, 2011). The suspended solids-cation relationship can be 

used to explain why cation concentrations  are so low, on average, at Site 2, when it was expected 

that they would be highest due to the expanse of the settlement within this site’s catchment. It 

would be interesting in future testing to measure water quality along the main runoff channel to 

determine whether this assumption is correct. The map indicates a high risk of pollution in 

relation to the topography layer within the Site 1 drainage basin which further substantiates the 
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link between cations and suspended solids. In terms of Site 5, it is difficult to fully link the hazard 

risk indicated by the topography layer to pollution concentration, as the majority of the drainage 

basin for Site 5 is actually outside of Enkanini settlement and is within the bordering nature 

reserve region. The topography of the area bordering Enkanini, which is encompasses within the 

sub-drainage basin for Site 5 was not measured, however the average concentration of 

suspended solids within the water quality at Site 5 indicates that there was a strong topographical 

influence relating to suspended solids.  

 
Additionally, Site 5 results suggest that cations measured in this area do not solely originate within 

Enkanini but instead could have resulted from runoff from the nature reserve and bordering land. 

Whilst the drainage area of Site 5 does encompass the high-risk area on the north west slope of 

Enkanini, sources from outside the settlement are quite likely to contribute to the pollutant levels 

as well. As with microbial parameters, these could originate from neighbouring Kayamandi. One 

additional potential source of cation contaminants within Enkanini on a catchment scale is from 

atmospheric pollutants due to nearby industrial regions, as well as runoff from agricultural land. 

Overall, it can be concluded that the hazard risk of the topographic layer correlates strongly to 

cation parameters, identifying the critical source areas; however, further analysis into 

surrounding areas would be interesting.  

 
In relation to anions, the hazard map indicates both population density and topography influence 

the concentration levels of anions within runoff. Anion concentrations can be linked to faecal 

contamination in terms of certain pollutants, for example, nitrate and phosphate. The anion 

parameters linked to faecal contamination may also be directly linked to population density which 

would account for the highest concentration of pollutants occurring at Site 1 and Site 2. 

Conversely to these Site 1 and 2 results and to observed trends in cation pollution, Site 5 has the 

third highest anion pollutant concentrations, which could be indicative of a number of things. 

Primarily, it could indicate that the anions found within the runoff water samples are a mix of 

anthropogenic as well as environmental sources of pollutants. If the origin of anions were linked 

primarily to human influences, it would be expected that Site 4 would have a higher concentration 

of pollutants due to the hazard map indicating high risk within the drainage basin. However, as 

results instead show relatively high concentrations at Site 5, where the drainage basin 

encompasses a large nature reserve region and bordering agricultural land, there is considerable 

potential for runoff to be contaminated with agricultural pollutants. Alternatively, anions could 

be influenced by both population density and suspended solids, yet their transport may be 

dominated by  variations in properties of the chemicals, and whether they adsorb to sediment or 

not.  
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The anthropogenic features mapped within Enkanini appear to have correlation to the critical 

source areas where the hazard risk is highest. The drainage sites which are predominantly within 

a high-risk area include numerous anthropogenic features which are likely to be sources of 

pollution. Whilst the distance and number of anthropogenic features were not determined to be 

correlated with pollution levels in chapter 6 analyses, this absence of statistical relationship does 

not mean they do not have an effect on runoff pollution. Of all the features, the anthropogenic 

site most likely to have a significant influence on pollution levels is considered to be the 

dumpsites. Whilst toilet blocks, laundromats, motor shops, etc. can all be considered 

anthropogenic features which could be pollution sources, significant pollution levels are only 

likely to occur in the event of ‘failure’ or misuse of these features. Whilst microbes and chemicals 

will occur in small concentrations from use of these facilities, larger concentrations are only likely 

to occur from failure, for example, a blocked or overflowing toilet. In comparison, dumpsites are 

continuous pollutant sources by design and nature; during a rainfall event, pollutants can be 

rapidly mobilised within runoff in addition to natural, on-going leaching processes. Therefore, the 

presence of dumpsites within a drainage basin, particularly in high risk areas, would likely increase 

runoff contamination levels further.  

 
As mentioned previously, there are other known but unmapped anthropogenic features, such as 

the sewage pipe network within Enkanini, which influence pollution levels. Whilst features such 

as this could not be taken into account via this mapping research, they have potential to be a 

significant factor contributing to pollutant load within runoff. However, as these features are 

unmapped, they cannot be statistically correlated to the runoff and designated as influencing 

factors yet are still assumed on a more non-point level to be a source of pollution. 

 
In summary, the comparison of average concentrations of microbial and chemical parameters at 

the various runoff sites against the hazard map indicates that the map was relatively accurate in 

terms of identifying areas where pollutants were most likely to originate within the settlement. 

This map therefore has the potential to be used in relation to surface water and stormwater 

runoff mitigation and management. There are many options for runoff management applications; 

a method which is becoming more prevalent and could be applied successfully within informal 

settlements is sustainable urban drainage systems (SuDS). SuDs can be broadly split into three 

groups: i) vegetated areas, ii) pervious areas and iii) water storage (Fitchett, 2017). These three 

methods could potentially be utilised within Enkanini, in accordance with the areas identified on 

the hazard map to pre-emptively reduce the pollution levels from being mobilised within the 
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informal settlement, as well as to place focus on the areas within Enkanini which are most 

vulnerable to runoff.  

 

When implementing mitigation and intervention strategies within informal settlements, it is 

important to understand that these areas are diverse and varied in nature and social structure.  

As a result, there are important factors to consider which would not necessarily be considered in 

other regions (Jiutso and Kenney, 2014). In comparison to developed areas, the role residents 

play within implementation of urban drainage is high, influencing both the success and the 

maintenance of any system long-term. The hazard map has the potential to be used to effectively 

employ mitigation strategies, focussing interventions to the areas which are identified on the map 

as most hazardous in terms of critical source areas, where the most pollutants are likely to 

originate. This map, whilst focussing specifically on the area of Enkanini, can be utilised on a 

broader scale. Whilst anthropogenic and environmental factors vary between sites, and the 

impact that they have upon runoff will likely vary based upon the complex nature of informal 

settlements, the relationship between microbial parameters and population density, and 

chemical parameters and suspended solids, potentially is relevant within other informal 

settlements. Whilst sampling during rainfall events and trying to develop a statistical 

understanding of the influence of rainfall characteristics would provide a more in depth 

understanding, utilising this hazard map in other areas would provide a basis of where hazard risk 

is the highest to focus initial interventions. Additionally, the development of the map does not 

require significant data collection, with satellite imagery being the predominant data required. 

For areas which are difficult to monitor and access for data collection, this method of developing 

a hazard map is a relatively simplistic method to focus interventions. In order to determine the 

accuracy of a map within an informal settlement, runoff samples would need to be collected; 

however, the development of this map in areas with data scarcity provides an initial starting point 

and for mitigation and management strategies within informal settlements across the globe.  

 

7.6 Link back to Chapters Aims 
 

The aim laid out at the start of the chapter was to identify the pollution source areas within 

Enkanini from both microbiological and geochemical perspectives. This was by addressing the 

objective of  

 

• Identifying the areas where high concentrations of pollution are generated within 

Enkanini informal settlement, through mapping the influencing factors upon stormwater 

runoff identified in the previous Chapter 6 
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As with previous chapters, the objective focusing upon stormwater runoff could not be achieved 

due to the fact as laid out in Chapter 6 that surface water runoff was sampled as opposed to 

stormwater runoff. However, the development of a risk map identifying the areas where high 

concentrations of pollution of likely to be generated within Enkanini could arguably be used in 

relation to both surface water runoff and stormwater runoff as the two layers within the risk map 

were population density and slope. To assess the accuracy of the risk map in relation to 

stormwater runoff, water samples collected within an informal settlement during rainfall events 

would need to be collected, however anthropogenic influence alongside the influence of slope 

on suspended sediments is relevant for stormwater runoff, as well as surface water quality.  

 

Overall the aim to identify the pollution source areas within Enkanini from both microbiological 

and geochemical perspectives was successful, as a risk map was developed indicating the areas 

where most pollution is likely to originate from alongside the comparison of average 

concentrations  of microbial and chemical parameters which indicated the relative accuracy of 

the map, based on the data available.  
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Chapter 8: Conclusions 

The main aims of this research were to investigate how stormwater runoff quality (chemical and 

microbiological) in an informal settlement is influenced by anthropogenic and environmental 

factors; and to understand the links between the hydrology, geochemistry and microbiology in a 

peri-urban informal settlement. There were a number of objectives which were designed to 

answer these aims, each results chapter focused on different objectives. These will be discussed 

below.  

1. Establish a monitoring programme and undertake in-situ field measurements of water 

quality and quantity 

This objective was mainly addressed in Chapter 5 but was the driving factor behind the whole 

research project of examining water quality and quantity within an informal settlement. The 

objective was achieved by undertaking two seasons of fieldwork within Enkanini informal 

settlement collecting rainfall data and runoff samples at sites across the settlement to analyse in 

terms of level of pollution. The objective was to measure the water quality and quantity, and this 

enabled the analysis of the runoff quality within Enkanini.  As has been addressed throughout the 

thesis, the main focus of the research was on stormwater runoff, however due to sampling 

limitations, including restrictions to access of the informal settlement, none of the water samples 

were collected during rainfall events and therefore it cannot be accurately described as 

stormwater runoff and instead is more precisely quantified as surface water runoff.  

 

Both stormwater runoff and surface water runoff quality within informal settlements is a 

relatively unresearched area of study, and this research contributed by providing insight into the 

water quality levels within Enkanini. Microbial parameters showed high levels of contamination, 

above DWAF and WHO water guideline limits, and comparable across literature to surface water 

contaminated by sewage. Chemical parameters showed high levels of contamination as well, 

above DWAF and WHO guideline limits for aquatic ecosystems, irrigation and other guidelines, as 

well as being comparable in literature to surface water containing runoff from dumpsites or 

abandoned industrial sites.  

 

Whilst the focus of this objective was on stormwater runoff quality, the actual outcome of this 

objective and chapter was to elucidate on the contamination levels within surface water runoff 

providing quantifiable data of the pollution levels in surface water runoff is within an informal 

settlement, which was hitherto relatively unknown in research. This is important and potentially 

the key outcome of this research project as it provides a full data set of water quality from within 
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an informal settlement, which previously did not exist and is the major contribution of the thesis. 

There is a knowledge gap across understanding runoff within informal settlements, and the 

collection of a large dataset over multiple sites across two ‘rainy’ seasons with such a broad 

spectrum of microbiological and geochemical analysis is significant and has the potential to be 

used in future research. This data is a contribution to a research knowledge gap and outcomes 

from this can be to use the datasets within model calibration for surface water runoff models, as 

well as used at both a local scale within Enkanini informal settlement for further research projects 

or management of the surface water runoff, as well as on a broader scale in research regarding 

other informal settlements.  

 

2. To characterise the temporal variations in pollutants in runoff between rain events 

Objectives 2 was addressed in Chapter 6 and had the aim of determining the influence of various 

environmental factors upon runoff quality temporally, with a focus upon rainfall events and the 

rainfall characteristics.   

 

This objective was not successfully achieved during this thesis research. Analysis of all the data 

was undertaken and the results and data indicated there was a slight correlation between rainfall 

depth and rainfall intensity and various chemical parameters, as well as an indication that ADWD 

linked to microbial parameters. However, it was concluded that due to the time lag between the 

rainfall event and the samples collected, statistically significant correlations between the various 

rainfall characteristics and water quality could not be made, meaning temporal variations could 

not be analysed.  

 

As addressed throughout the thesis, the time lag between rainfall events and the water sampling, 

resulted in the change between the main aim and the actual outcome of the project from 

stormwater runoff to surface water runoff. In addition to this, the inability to use the rainfall 

characteristics removed the majority of the environmental factors (Section 6.3.1)  which 

potentially could have an influencing factor upon runoff. This is important as research across 

literature examining runoff indicates the importance of environmental factors (rainfall 

characteristics) within stormwater or surface water quality. Whether this is true within the 

context of runoff in an informal settlement still remains untested due to the limitations on 

sampling and the resultant inability to address this objective.   

 

An important outcome, despite the objective not being addressed, it that both the difficulties of 

sampling stormwater runoff within an informal settlement and simply the difficulties of sampling 
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stormwater runoff have been highlighted.  From this there is the potential for future research to 

focus on improving stormwater runoff sampling methodologies and techniques.   

 

3. To characterise the spatial variations with regard to varying locations around a catchment 

Objectives 3 was also addressed in Chapter 6. This objective had the aim of determining the 

influence of various anthropogenic factors upon runoff quality spatially examining different sites 

around Enkanini informal settlement.  

 

In relation to spatial variations within the catchment, this focussed on the water quality variations 

between the different runoff sites within Enkanini. This was addressed as well during Chapter 5 

by the identification of sample sites around the informal settlement to provide as large a range 

of spatial variability between sample sites as possible. The spatial variations of the sample sites 

also included the influence of anthropogenic features and the spatial variability of these features 

within the informal settlement to determine whether they impacted water quality.  

 

This objective was successfully addressed and the conclusion that could be identified was that 

population density significantly influences microbial pollutants within runoff. The outcome of this 

objective was that from the data analysis, population density is the dominant anthropogenic 

influencing factor on  spatial variations in runoff quality within Enkanini informal settlement.  

 

This is an important outcome for the research, as it identifies an influencing factor on water 

quality within Enkanini informal settlement. As mentioned above, there is a gap in data and 

knowledge regarding surface water runoff within informal settlements and this conclusion from 

the objective provides contributes to this research and addresses the knowledge gap to a certain 

extent. This also provides the potential for future work from this outcome, including directing 

mitigation strategies which could be generated from this research for Enkanini informal 

settlement or as a key consideration for other informal settlements, either for mitigation and 

management strategies or to identify a potential influencing factor to monitor in other areas.   

 

4. Identifying the areas where high concentrations of pollution are generated within Enkanini 

informal settlement, through mapping the influencing factors upon stormwater runoff 

identified in the previous chapter 

 

The final objective was addressed in Chapter 7.  A map identifying the areas within Enkanini which 

had the highest levels of pollutants was developed using the results from previous objectives 
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(Chapter 6), identifying the influencing anthropogenic factor of population density upon 

contamination levels. This was combined with the influence of suspended solids on pollutant 

levels, which was linked to topography of the region. These two factors  meant that a hazard map 

identifying the areas within  Enkanini where the highest levels of pollution are likely to be 

generated. The map was correlated to runoff quality data at the various sites and this indicated 

that the map produced was relatively accurate.  

 

The outcome of this objective is important as it has provided a key tool in the ability to identify 

high risk areas to use in the management of runoff within an informal settlement. The 

development of a risk map enables the direction of any mitigation and methods which potentially 

could be employed within Enkanini informal settlement. Within informal settlements, resources 

are not readily available to deal with issues which arise such as surface water runoff, and this risk 

map is significant in that it can focus any interventions employed within the informal settlement 

to try and improve the efficacy of any intervention in place.  

 

In addition to this an important outcome of this objective is that the development of a risk map 

and subsequent verification against runoff water quality data has highlighted a method to utilise 

within other informal settlements. There is the caveat  that assumes topography and population 

density will influence runoff across other informal settlements; however, it can be validated in 

the event future research in other informal settlements enables runoff water quality sampling. It 

is also an effective and efficient method for informal settlements where data is relatively scarce 

as an initial method for identifying areas which generate pollution to focus mitigation and 

management methods.  

 

5. Overall aims of thesis 

The research was successful, to an extent, in addressing the original aims of the research. The 

two aims of this research were to investigate how stormwater runoff quality (chemical and 

microbiological) in an informal settlement is influenced by anthropogenic and environmental 

factors; and to understand the links between the hydrology, geochemistry and microbiology in a 

peri-urban informal settlement.   

 

Stormwater runoff was the aim of the project, however the actual outcome from the fieldwork 

and the subsequent data analysis was that of surface water runoff being analysed in relation to 

water quality and quantity. This was the major aim which was not successfully achieved. However, 
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the analysis of surface water runoff quality and quantity within an informal settlement was just 

as valid and important and yielded a wide-ranging data set.  

 

Focussing on the aim of investigating how anthropogenic and environmental factors influence 

runoff quality (microbial and geochemical) in an informal settlement, the data and subsequent 

analysis indicated that population density and topography were the dominant factors. Whilst 

these results brought an outcome for the initial aim, the inability to link to the main 

environmental influence of rainfall, alongside the unaddressed  objectives makes it difficult to 

conclude an outcome regarding environmental parameters. In terms of the inter-relationships 

between microbiology, geochemistry and hydrology, the conclusion drawn from the data analysis 

is that it is a complex system. The inter-relationships between these parameters are complex 

prior to the influence of the environment, both geographically and socially, which will further 

influence the complexity of the system. In addition to the fact that rainfall data could not be 

included within the statistical analysis, resulted in this aim requiring further research to draw 

conclusions regarding the inter-relationships. 

 

Overall from this research, a wide ranging and detailed dataset has developed which is very 

important, alongside the conclusion from the resultant analysis, that within this case study, 

anthropogenic influence within Enkanini informal settlement is a key influential factor in surface 

water runoff quality.  

 

8.1 Contribution to research  

As has been discussed throughout the thesis, there is little research on stormwater runoff within 

informal settlements, and within literature there appeared to be a deficit of research water 

quality data taken from sites within an informal settlement. This research of two fieldwork 

seasons of data in Enkanini informal settlement has contributed to an area of research which was 

minimal. Whilst the quality of the runoff is specific to Enkanini, this data set can be used within 

various research from being used as a basis for understanding the levels of pollution within 

surface water runoff generated in an informal settlement environment to providing data for 

calibration within runoff models.  

In addition to this, this thesis has identified the anthropogenic and environmental factors which 

influence surface water runoff in a settlement, again an area which is unresearched. From this 

data a hazard map was developed specific to Enkanini informal settlement, which has the 

potential to contribute to improve the conditions of the settlement for residents and the 
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community of Enkanini. The risk map highlights areas where high levels of pollution are most 

likely generated, and this map could be used for management of pollution sources from small 

individual and resident scale up to larger community or municipality scale. The development of a 

risk map also has the potential to contribute to research in other areas and regions using similar 

methods for the development of hazard maps incorporating these two factors which can be 

applied in other informal settlements.  

Overall there were several outcomes which contributed to the area of stormwater runoff 

research, identifying a gap in the literature focusing upon informal settlements. However as has 

been seen through the results chapters there are still unknowns in terms of the environmental 

impacts upon runoff in an informal settlement. Alongside this, this research has highlighted the 

complex the interlinking relationships between anthropogenic and environmental factors. 

Informal settlements are themselves complex environments, with a set of unique socio-economic 

environments which has a considerable impact upon factors. In order to understand the 

pollutants and contaminants within runoff, the complexities of the informal settlement need to 

be fully understood. Whilst this PhD thesis has provided a significant data set and research within 

the topic of surface water runoff within informal settlements, which is an important contribution, 

it has also highlighted the need for much more research on the aims, which this study did not 

manage  address, in addition to further research topics which have arisen from this work.  

 

8.2 Future work 
 
As this work is very much inter-disciplinary and multi-faceted there are many different areas of 

future work which could be undertaken to expand and further develop the research which has 

been started.  

 

First, the follow-on area of research would be the implementation of the outcome of this research 

in relation to mitigation and management of the runoff within Enkanini. Whilst the research 

undertaken provides significant impact in relation to a gap in literature, the underlying future aim 

of this research was to mitigate the impacts that runoff has upon the residents within the 

settlement. The incidence of diarrhoea and rashes of children whilst not definitively correlated 

to runoff, are likely related to some extent, and the level of pollution within the surface water 

runoff is detrimental to both human health and the environment. A key area of future work which 

could be undertaken is to use the results from this research to alleviate the impact of runoff and 

reduce pollutant concentration levels to some extent. The hazard map has the potential to be 

used to identify key areas to target for the runoff, and as discussed within Chapter 7 the 
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incorporation of residents in decision making within settlements is necessary to implement a 

system that would succeed. Whilst some of the sources of pollutants from population density are 

intrinsically linked to social and cultural standings, and therefore are more difficult to mitigate 

such as disposal of greywater into runoff, the implementation of SuDs might alleviate some of 

the more significant impacts of runoff.  

 

In addition to this, future work within this area would be to undertake research on stormwater 

or surface water runoff in other informal settlements both in South Africa or on a global scale. 

Whilst the conclusions drawn from this research are specific to Enkanini, it is being posited that 

the results are applicable to other informal settlements. There are broad similarities between 

settlements, such as dense populations, lack of infrastructure, and the presence of potential 

pollutant sources such as dumpsites and open defecation, however informal settlements vary 

significantly due to the informality of the development of them which creates differing factors to 

consider. Therefore, to both expand upon what is known regarding influences upon runoff in 

informal settlements, as well as to test the factors determined within Enkanini, research in other 

settlements would be interesting.  It would be especially interesting if a much larger informal 

settlement were selected. Enkanini is a relatively small settlement, and catchment characteristics 

did not vary considerably because of the small area. Dynamics within an informal settlement 

might vary significantly on a much larger scale.  

 

Another area of future work would be to try and develop a methodology which enables collection 

of water samples throughout a rain event in an informal settlement. As highlighted by this 

research, and also in Chow et al., (2013), the collection of stormwater runoff samples is difficult, 

because of the required timeframe. Stormwater runoff water quality within an informal 

settlement is still an area of research which has not been addressed, as this research did not 

collect water samples during a rainfall event. The importance of stormwater runoff research has 

been highlighted throughout this thesis and remains a necessary and important area of research. 

To address the issues highlighted within this project,  water sampling could either be undertaken 

by a resident within the settlement, or in an informal settlement where access is possible 

throughout the day and night. The remote collection of water quality might also be possibility 

through water quality sensors; however, this would limit the parameters which could be analysed 

from the water samples.   

 

In conclusion, the research from this thesis provided significant insight into an area of research 

which was poorly known. The importance of the research is paramount because of the significant 
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health and environmental risks which emanate from runoff. Whilst runoff within informal 

settlements would naturally be hypothesised to have high contamination levels, the confirmation 

of the pollutant levels emphasises the need for management, as well as providing a significant 

database of microbial and geochemical data. The vulnerability of residents within informal 

settlements to runoff from physical contact on a daily basis, to flood risk potential makes it an 

important area for mitigation to be undertaken. The difficulty with highlighting surface water 

runoff as a hazard within informal settlements is the fact that within areas which have numerous 

hazards to face on a daily basis, runoff is not necessarily something which is considered a priority. 

The lack of sufficient infrastructure on a broad basis means that runoff is not necessarily 

considered a priority to focus on, especially within settlements which do not have sanitation or 

improved drinking water sources. Whilst it arguably is less important to manage runoff in 

comparison to providing drinking water or sanitation facilities, the impact of runoff can infiltrate 

other areas, such as groundwater sources for drinking or combining with floodwaters in areas 

which are vulnerable to flooding. More research and broader understanding of the complex inter-

relationships is required to understand stormwater runoff within informal settlements to develop 

the most simplistic methods of identifying pollution sources or areas which are most vulnerable 

to risk to enable mitigation strategies to be implemented in collaboration with residents.  

 

This research was successful to an extent in addressing the original aims of the research which 

were laid out, however there was some variation in the outcomes of the thesis. The main aim of 

the project examining stormwater runoff was adapted to address surface water runoff, due to 

methodological limitations, however microbial and geochemical data from surface water runoff 

within an informal settlement is a significant contribution to runoff research, as well as identifying 

the need for further work within the topic of both surface water and stormwater runoff. The 

contribution of such a broad dataset on a topic which is unresearched is very important research 

and a significant contribution to the knowledge gap which was highlighted in the introduction to 

this thesis. This research has highlighted the risk that both surface water and stormwater runoff 

pose to informal settlements on a global scale, and the impact that this research could have both 

at a local scale within Enkanini informal settlement, as well as applied to other settlements is far 

reaching.  
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Appendix 1 
 
This form below is the Overseas Risk Assessment form required by University of Bath to be 
completed prior to staff and students undertaking fieldwork abroad.  

 

This form is intended for use by all postgraduate students spending a period of time 
abroad either studying or undertaking research at a partner institution. 
 
Please note that if your plans or contact details change whilst abroad you must inform 
your supervisor, the University via SAMIS 
(https://www.bath.ac.uk/samis/urd/sits.urd/run/siw_lgn) and 
internationalpartnerships@bath.ac.uk. 
 
Please return the signed and completed form to internationalpartnerships@bath.ac.uk 
at least three weeks before your intended departure date.  
 

 Student Name and ID Number: Olivia Charlotte Cooke 
149502232 

 
 Bath Faculty/Department: Department of Architecture and Civil 

Engineering 

 
 
Programme of Study and Year: PhD on WISE CDT programme 

 
 Name of Supervisor: Dr Lee Bryant, Dr Thomas Kjeldsen and Dr 

Wesaal Khan 

 
 Student Contact Details UK: 
Telephone/email/ 
address 

Mobile phone number- 07546375103 
Address- 10 Portland Place, Bath, BA1 2RU 
Email- o.c.cooke@bath.ac.uk 

 
Student Contact Details Abroad: 
Telephone/email/ 
address 

 

Address- Waldenhof Accommodation, 
Hofmeyer Street, Stellenbosch 
Email- o.c.cooke@bath.ac.uk 

 
Start and End Dates of Visit: Saturday 14th May- Friday 2nd September 

 
 
 
 

Travel details  
Dates/times/transport mode/flight details etc. 

BA flight from Heathrow to Cape Town return- 
May 14th to 2nd September 

 
Location of Visit 
Country / region (include address where fieldwork will be carried 
out) 

Stellenbosch, South Africa is the location of 
my fieldwork. 
 
Fieldwork will be carried out in the informal 
settlement of Enkanini, Stellenbosch, whilst 
analysis through laboratory work will be 
undertaken at Stellenbosch University in the 
microbiology labs.  

 
Student Emergency Contact Details: 
Next of kin name/ Address/ email/ telephone 

 Filled in for University of Bath on SAMIS 
page.  

 
24 hr. Emergency Contact at University of Bath: +44 (0) 1225 383 999 

https://www.bath.ac.uk/samis/urd/sits.urd/run/siw_lgn
mailto:internationalpartnerships@bath.ac.uk
mailto:internationalpartnerships@bath.ac.uk
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Use this section to consider all problems you may encounter while you are away and 
to identify ways of dealing with them. 

Things to think about (using the title box and examples 

on the right hand side column, think about what you may 
encounter) 

 What to do  (using this column 

identify what you need to do e.g. health 
wise, for personal safety and security) 

   
Nature of the site at which you will study/do 
research 

 I will be undertaking fieldwork within an 
informal settlement in South Africa and 
therefore suitable precautions will be 
taken. I will be researching and working at 
two main sites in Stellenbosch.  
 
Firstly I will be working in the Microbiology 
Department at Stellenbosch University, 
both in an office environment and in a 
laboratory environment.  
 
The laboratory will contain hazardous 
chemicals and therefore laboratory health 
and safety precautions will be taken. Prior 
to the use of the laboratory a tour will be 
undertaken to show the protocol used 
within the lab, as well as instruction upon 
the equipment, which I will use. In addition 
to this safety precautions including 
wearing a laboratory coat, suitable clothing 
and footwear, protective gloves and 
eyewear and any other requirements will 
be undertaken.  
 
The fieldwork site will be an informal 
settlement close to Stellenbosch. There 
are a number of hazards associated with 
working within an informal settlement 
including high levels of crime. Hazards 
specific to my work could include 
dangerous environmental conditions such 
as steep slopes, heavy rainfall, polluted 
water and water bodies and risk of 
hazardous objects within the settlement 
and within the water. 
 
Similar to the laboratory situation, suitable 
precautions will be undertaken. The field 
site will only ever be visited with at least 
two other researchers and the work will 
only be carried out Monday-Friday 10am-
3pm as these are the safest hours. In 
addition the other researchers will be 
familiar with the area and with field site 
protocol. Prior to going out in the field I will 
be instructed in safety precautions and 
procedure from Stellenbosch University. 

 

Other institutions: school, college, university; laboratory, office, 
workshop, construction site, farm, remote areas, unlit areas, 
crime hotspots, open water, local infectious diseases etc. 
 
Include a full itinerary, i.e. schedule of all locations to be visited 
during your stay. Any changes during the trip should be 
recorded on the itinerary and be approved by your supervisor and 
recorded on or off the site.  
 
It is vital that knowledge of the site (especially for fieldwork) is 
gained prior to the trip. Where possible an assessment of the site 
should be undertaken before fieldwork starts, to assess any 
hazards and the suitability for the activities to be undertaken. 
 

Information must include: nearest local contact point(s) (such as 
a hospital and police station if possible).  
 

System for keeping contact, appropriate to the location. 

Supervision Arrangements/Study Pattern  My two supervisors from Bath will be 
coming with me for an initial two-week 
period to South Africa.  My third supervisor 
is a lecturer at Stellenbosch University, 
and I will therefore be supervised during 
my research whilst I am in Stellenbosch. 
 
I will also have Skype meetings with both 
my supervisors based in Bath every two 
weeks to ensure that I keep them updated 
of my progress and work. 
 

Please note that you must maintain regular contact with your 
Bath supervisor while you are away. 
Include details of agreed supervision arrangements for your stay 
(frequency, means of communication etc.).  
Consider the pattern of study/research while undertaking the 
activity, will you be working shifts, working at night, long hours, 
also consider potential of lack of sleep, exhaustion etc.  
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I will be working normal hours carrying out 
fieldwork and working at Stellenbosch 
University within the laboratory. Therefore 
my study and research should be not 
significantly different from that of my work 
in Bath. 

 

Process   -Working with polluted water: Gloves will 
be used during the process of sampling 
and subsequent to that hands will be 
washed thoroughly after the handling of 
the water 
-Working within a microbiology lab: Certain 
chemicals will be used within the lab for 
analysis and suitable lab protocol will be 
followed with regards to this process 
-Driving to the field site: In accordance 
with the FCO, I am able to use my UK 
driving licence to drive in South Africa. 
Similarly, the university provide cars for 
transport to the site and around and 
therefore once I have been instructed in 
the protocol of driving around the field site 
and any necessary special training, I will 
drive to the field site myself.  
 

 

Consider what the process involves and what the associated 
risks are– does it include:  
Operating machinery, electrical equipment 
Interviewing groups or individuals.  
Working with chemicals, animals. 
Manual Handling.  
Driving off road or driving specialist vehicles. 

Equipment  Equipment required for this fieldwork 
includes a rain gauge, flow propeller and 
water sampling bottles. Manual handling 
risks include the installation of the rain 
gauge, which could dependent upon 
location of installation, be heavy to lift. 
However installing the equipment with 
other people will prevent injury. 

What equipment is needed for the activities to be 
undertaken? Consider the associated risks:  
Machinery, tools.  
Specialist equipment e.g. climbing, sailing etc.  
Electrical equipment.  
Are there any manual handling risks? 

Accommodation  The accommodations where I will be 
staying for the duration of the research are 
visitor flats owned by Stellenbosch 
University. It is located on the university 
campus and is approximately a 5-minute 
walk from the Microbiology Department 
where I will be working. 

Consider its location with respect to where you are 
studying/doing research and the neighbourhood it is in. Is it 
shared, is it privately owned? 

 

Cultural considerations  A requirement as set out by the FCO is 
that you must always carry identification 
with you in the form of a copy of a 
passport. 
The FCO also recommends avoiding any 
large gatherings including gatherings and 
demonstrations 

Identify any cultural differences that may affect you and consider 
consequences of actions within the country e.g. religious 
differences, differences in laws, differences in food and drink, 
appropriate clothing, appropriate behaviour, attitudes to gender 
and sexuality, politically sensitive issues. 

Environmental conditions  I will be undertaking work in South Africa 
during the rainy season and working with 
water and collecting water samples from 
rivers and surface water.  
Waterproof clothing and footwear will be 
used during the research. In addition, 
warm clothing will be used, as the rainy 
season occurs during the winter in South 
Africa. 
Dependent upon the weather conditions, 
waterproof or sun proof clothing and 
protection shall be worn including sun 
cream and sunhat. 
 

Assess the local climate and weather conditions to identify 
suitable equipment and clothing and ensure this is available and 
worn. 
E.g. Potential weather conditions, extremes of temperature, 
altitude, exposure to sunlight, tidal condition, open water, rivers 
streams etc. 

Transport   Transport to and from the field site will be 
a vehicle, which is suitable for off road 
conditions. A UK driving licence can be 
used in South Africa for up to 12 months. 

Travel is one of the areas where most incidents happen 
during fieldwork, consider: 
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Details of transport to be used on a day to day basis e.g. public 
transport, own vehicles, licence requirements for the country. 
Transport to and from your study/research site. 
Please state if you are hiring a vehicle. 

Stellenbosch University has the suitable 
insurance required for these cars to be 
driven by multiple students. 

Personal Safety, Security and Violence 
Consider knowledge of country/ Foreign and Commonwealth 
Office (FCO) advice https://www.gov.uk/foreign-travel-advice.  

 According to the FCO website there are 
high levels of crime in South Africa, 
especially within townships. This risk will 
aim to be reduced by always travelling in 
groups of 3 or more people and always 
abiding by advice and regulations set out 
by Stellenbosch University. In addition to 
this, judgement will also be required in 
relation to situations, which seem 
particularly dangerous and avoiding 
locations, which seem to have a high risk. 
 
When walking around Stellenbosch itself, it 
is advised not to walk in remote areas 
alone or late at night. Avoid isolated 
locations and follow Stellenbosch 
University recommendations in terms of 
the safe locations with the town. 
  
Finally the FCO warns to be very vigilant in 
terms of vehicle hijacking and robbery. 
This includes not stopping along roads, 
avoiding unknown roads at night and 
driving to the speed limit.  
 

Consider the potential for violence, political or civil unrest. 
Consider the potential for psychological /emotional as well as 
physical harm. Violence can be encountered anywhere, but the 
chances are increased in urban environments. Violence can take 
the form of violent crime such as mugging or being caught up in 
local unrest such as political demonstrations.  
 
Violence could result from people misinterpreting why activities 
such as questionnaires are being carried out. This is more likely 
when working alone, dealing with particular high risk individuals 
and groups, or working in areas with high crime rates. 
 
Always seek Foreign Commonwealth office advice 
http://www.fco.gov.uk/en/ 

Personal Health  

You must indicate all medical/health considerations here. 
 Prior to going to South Africa a doctor will 

be consulted in relation to vaccinations 
required.  
 
Currently no malaria tablets are required 
for South Africa, as the only region to have 
malaria is on the border with Mozambique 
near the Kruger National Park.  
 
The vaccinations which have been 
recommended include cholera and rabies, 
and to check that my other vaccinations 
are up to date.  

Consider any health condition(s), i.e. physical, mental or 
psychological, or any other disabilities that may require 
medication or specific arrangements at the destination.  
 
Medical considerations: If taking medication you must ensure 
you have enough to cover the duration of the trip, with enough to 
cover in case of delay. You should also know the name of the 
medication, not just the trade name that is used as it is not 
always easy to obtain medication abroad and it may have a 
differing composition to that found in the UK.  
In some cases you may potentially be exposed to infectious or 
contagious diseases such as Tuberculosis, Hepatitis B and 
Malaria which may require immunisation or prophylactic 
medication to prevent infection or contraction. You may also be 
required to have proof of immunisation for the Country / 
Countries that are to be visited.  
Exposure to these diseases will depend on the area being visited. 
Advice is available from the Student Medical Practice (Students) 
or from your own General Practitioner. Further advice can be 
sought from advisory bodies such as the World Health 
Organisation (WHO) or NaTHNaC 

Insurance 
All employees and postgraduates are covered by the University 
travel cover for any trip outside the UK.  
 
Consider specific country requirements e.g. American campus 
insurance. 

 I have registered for University of Bath 
travel insurance and am checking to see if 
there are any country specific 
requirements for insurance. 

Please visit http://www.bath.ac.uk/insurance/travel.html for further 
advice on how to register for University travel insurance. 
 
Many insurance policies exempt countries and or regions where 
the FCO advise against travel. Professional advice must be 
sought in these cases. Contact Simon Holt, Tel: +44 (0) 1225 
385129; Email: S.C.Holt@bath.ac.uk. 
 

https://www.gov.uk/foreign-travel-advice
http://www.fco.gov.uk/en/
http://www.nathnac.org/travel/
http://www.bath.ac.uk/insurance/travel.html
mailto:S.C.Holt@bath.ac.uk
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Please confirm that you have registered for University travel 
insurance. 

Other Considerations 
Consider FCO advice, entry requirements such as visas, 
specified time remaining on passports, vaccination certificates for 
the country. Consider any further controls such as registration 
with the embassy or local authorities when entering a country.  
 
All accidents, incidents, and cases of ill health associated 
with the visit must be reported to Security Services at 
University of Bath  – 24 hr. emergency number +44 (0)1225 
383 999. 
 
When these incidents include fatalities, serious injuries such as 
broken bones, hospitalisation, or absence from work or study for 
more than seven days these must be reported as soon as 
practicable.  

  A visa application has been made to the 
South African embassy and currently I am 
waiting for my visa to be approved 

 
Form completed by: (student): 

I agree to comply with the arrangements set out in the risk assessment. 
I have registered for the University travel insurance and have checked the 
Foreign and Commonwealth Office travel advice for the intended country of 
travel.  

Name: 

Signature: 

Date: 

Approved by: (supervisor): 

Name: 

Signature: 

Date: 
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Appendix 2 
 
This form below is the Risk Assessment form required by University of Bath to be completed prior to staff and students undertaking fieldwork and lab work.   
 
Risk Assessment Guidance- The assessor can assign values for the hazard severity (a) and likelihood of occurrence (b) (taking into account the frequency and duration of exposure) 

on a scale of 1 to 5, then multiply them together to give the rating band: 

 
 

Hazard Severity  (a) Likelihood of Occurrence  (b) 

1 – Trivial  (e.g. discomfort, slight bruising, self-help recovery) 

2 – Minor  (e.g. small cut, abrasion, basic first aid need) 

3 – Moderate  (e.g. strain, sprain, incapacitation > 3 days) 

4 – Serious  (e.g. fracture, hospitalisation >24 hrs, incapacitation >4 weeks) 

5 – Fatal (single or multiple) 

1 – Remote  (almost never) 

2 – Unlikely  (occurs rarely) 

3 – Possible  (could occur, but uncommon) 

4 – Likely   (recurrent but not frequent) 

5 – Very likely  (occurs frequently) 
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Risk Assessment Record 
Risk Assessment of: 
Remote working for PhD fieldwork 

Assessor(s): 
Olivia Cooke 

Date:    
 
19th April 2016 

Overview of activity / location / equipment / conditions 
being assessed: 

This document contains an outline of factors to be considered for the undertaking of PhD lone-working 
fieldwork, in South Africa 
 

Generic or specific assessment? 
Generic risk assessment 

Context of assessment (delete as appropriate): Planning stage and a ‘desk-top’ exercise in consultation with my supervisors 

 

# 
 
Hazard(s) identified 

Persons 
affected 

 
Existing controls & measures 

 
A 

 
B 

 
A x 
B 

 
Additional controls required 

1 

Transport: 

- Travelling to and from the 

field site 

- Vehicle safety 

 

• Stellenbosch University has insured vehicles to travel to Enkanini which are 

suitable for the uneven terrain within the settlement. Possessing a UK 

drivers licence enables me to drive this vehicle. 

• In addition to this, fieldwork will be undertaken with other researchers from 

Stellenbosch and therefore there will be other correctly licenced and insured 

drivers 

4 2 8  

2 

Personal safety: 

- Risk from violence, 

mugging etc. 

 

• Abide by the advice provided by the Foreign and Commonwealth Office 

including avoiding demonstrations and protests 

• Abide by the advice provided by Stellenbosch University regarding student 

safety including not letting strangers into card secure buildings. 

• Be aware of potential natural disasters with information provided both by the 

FCO and local information 

 

3 3 9 

Take suitable 

precautions laid out to 

reduce risk 
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# 
 
Hazard(s) identified 

Persons 
affected 

 
Existing controls & measures 

 
A 

 
B 

 
A x 
B 

 
Additional controls required 

3 Accommodation  • Ensure the safety procedures used within the building are familiarised   2 1 2  

4 

Physical hazards: 

- Urban environment 

- Field location environment 

e.g. extreme weather, steep 

slopes 

 

• Site-specific and activity-specific risk assessments will be conducted once at 

the field site as part of the planning.  

• Suitable clothing including sturdy footwear, waterproof clothing 

• Stick to paths within the field site and take precautions in terms of steep 

slopes and the potential for unstable ground 

2 2 4  

5 

Biological hazards: 

- Poisonous plants 
- Bites, stings, etc. 

- Aggressive animals 

including snakes and other 

wild animals 

- Soil or water micro-

organisms 

- Local diseases 

 
 

• As with physical hazards, a site-specific risk assessment will be conducted 

at the field site prior to going out in the field.  

• There are potentially dangerous animals in Stellenbosch and the 

surrounding area including snakes. In addition to this there is the risk of 

insect and tick-borne diseases and bites. In these instances, precautions will 

be taken including wearing suitable clothing such as long trousers and 

boots. In the event of hiking appropriate caution will be exercised in 

unfamiliar locations and in areas where wild animals could be around.  

• As my work involves working with polluted water, I have had the cholera 

vaccination and when collecting water samples, I will wear gloves and use 

barrier cream to add an additional layer of protection against the bacteria. 

This is also true of soil microorganisms. 

• Tuberculosis is one of the serious health concerns within South Africa, along 

with water borne diseases such as schistosomiasis and tick and insect 

borne diseases. To control this risk having relevant injections and 

immunisations, as well as safety precautions, will be undertaken following 

health advice from a travel nurse prior to travelling. 

4 3 12 

Take suitable 

precautions laid 

out to reduce risk 
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# 
 
Hazard(s) identified 

Persons 
affected 

 
Existing controls & measures 

 
A 

 
B 

 
A x 
B 

 
Additional controls required 

6 

Chemical hazards: 
- Chemicals used within the 
microbiology laboratory 
- Contaminated soils and 
water 
 

 

• Laboratory health and safety procedures will be shown prior to use of the 

microbiology lab at Stellenbosch and these health and safety regulations will 

be followed during work.  

• In addition to this, suitable laboratory attire including goggles, lab coat, sturdy 

footwear  

4 2 8  

7 

Manual handling of 

equipment: 

- Equipment in the field 

- Laboratory equipment 

 

• Exercise judgement when lifting and installing the rain gauge and any other 

heavy equipment.  

• The majority of equipment used will be sampling bottles in the field; whilst in 

the laboratory any equipment used will involve suitable or required training.  

3 2 6  

8 

Emergency requiring means 

of summoning outside 

assistance 
 

• A first aid kit will be carried to and from the field site and location. 

• Emergency numbers for South Africa and Stellenbosch University will be 

noted and carried at all times both on a separate piece of paper and logged 

in a phone including numbers for the British Consulate in Cape Town,  

• Have a whistle readily to hand. (The international distress call is six short 

blasts repeated at one minute intervals.) 

4 1 4  



 243 

# 
 
Hazard(s) identified 

Persons 
affected 

 
Existing controls & measures 

 
A 

 
B 

 
A x 
B 

 
Additional controls required 

9 

Hazards of the country: 

- Health risks (prevalence of 

disease, food borne illness, 

distance from Medical 

Facilities) 

- Personal security (e.g. 

terrorism, crime, or 

aggression from members of 

the public) 

- Political stability 

- Religious or cultural 

sensibilities 

 

• The Foreign and Commonwealth Office website has been consulted in 

relation to information for health and safety considerations in South Africa.  

• There are high levels of crime in South Africa, and a majority of these occur 

in townships, and therefore precautions including never going to fieldwork 

alone, and only going to the field site between the hours of 10am-3pm as 

these are the safest hours 

• In addition, the other researchers will be familiar with the area and with field 

site protocol. Prior to going out in the field I will be instructed in safety 

precautions and procedure from Stellenbosch University. 

• Injections will be done prior to travelling to South Africa for fieldwork. This will 

be undertaken in consultation with a travel nurse. 

• Phone communication will be used when in the field in the event of an 

emergency. As a car will be used to travel between the university and the 

field location, this will also be used if an emergency occurs. 

• The contact number of Stellenbosch University, along with the British 

Consulate in South Africa has been noted in the eventuality of an 

emergency. In addition to this, prior to going out in the field, a person at the 

University will be notified as a contact.  

4 2 8  

10 

Lone working 

 

• Whilst lone-working will be undertaken in the laboratory environment, during 

analysis of field samples, fieldwork will never be carried out alone. There will 

be a minimum of three people to go into Enkanini to undertake the work to 

provide a higher level of safety. 

• Laboratory procedures will be demonstrated prior to undertaking any work, 

as well as safety procedures for fieldwork will be gone through prior to going 

out in the field.  

4 1 4  
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# 
 
Hazard(s) identified 

Persons 
affected 

 
Existing controls & measures 

 
A 

 
B 

 
A x 
B 

 
Additional controls required 

11 

Sudden changes to field 

conditions or circumstances 

 

• In the event of change of circumstances within South Africa including civil 

unrest or natural disasters, information and advice from both the Foreign and 

Commonwealth Office as well as the British Consulate within South Africa 

will be followed.  

• Changes to field conditions and circumstances will lead to the notification of 

the University of Bath and PhD supervisors. Advice from Stellenbosch 

University and my third supervisor will be followed.  

• Dynamic risk assessments will occur as conditions emerge 

3 1 3  
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Appendix 3 
 
This graph shows the comparison between the rain gauge installed in Enkanini and the South 

African Weather Service (SAWS) data from the closest rain gauge in Jonkershoek Nature Reserve 

(Approximate location: 33° 59' 2.9112'' S, 18° 57' 7.5348'' E). The SAWS rain gauge is 

approximately 12km away from the Enkanini rain gauge, and therefore there are likely to be some 

variations in the rainfall data, however the SAWS weather data was used when there was missing 

rainfall data from the Enkanini rain gauge data.  
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