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ABSTRACT 

Groundwater quality is often an overlooked aspect and due to this oversight, groundwater 

remains vulnerable to contamination by such sources as wastewater treatment plants 

(WWTPs). Even though most WWTPs in South Africa are monitoring the contamination of 

groundwater for physicochemical and some microbiological parameters, contamination by 

Cryptosporidium and Giardia spp. are often disregarded. Using groundwater contaminated 

with enteric pathogens like Cryptosporidium and Giardia oo(cyst) for consumption, irrigation, 

and recreational activities lead to gastrointestinal illness in humans and animals. This 

research aimed to assess the abundance of Cryptosporidium and Giardia spp. in borehole 

water close to the eMbalenhle wastewater treatment plant and the associated impacts. 

Groundwater samples were collected from three boreholes located inside the eMbalenhle 

wastewater treatment plant in the period autumn to the summer season. The samples were 

collected and analyzed for the physicochemical and microbiological indicator parameters 

including the presence of Cryptosporidium and Giardia oo(cyst). The selected parameters 

were evaluated and compared with the South African National Standard for Drinking Water 

SANS241:2015, South African Water Guidelines (Irrigation, Recreational Activities, and 

Aquatic Ecosystem), and guidelines for drinking water as stipulated by the World Health 

Organization (WHO). The correlation between the physicochemical and microbiological 

parameters with the abundance of the oo(cyst) was determined using Microsoft Excel 

correlation analysis. 

Some physicochemical parameters of boreholes exceeded the recommended limits except 

the range of such parameters as total suspended solids (TSS) (21-157 mg/L), nitrates (17-

20 mg/L), phosphate (0.2 mg/L), and ammonia (0.1- 0.2 mg/L), which were below the 

SANS241:2015 specification of 1.5 mg/L. The results for (pH, conductivity, and chloride) 

showed a degree of conformance with all the standards. The E. coli and coliforms were 

present in all the boreholes throughout the sampling seasons, with E. coli in the range 7- 

900 cfu/100 mL and fecal coliform in the range 9 – 1100 cfu/100 mL. The highest counts 

were recorded in autumn. Cryptosporidium and Giardia (oo)cysts were detected by 

immunofluorescence and immunomagnetic separation. An analysis of groundwater samples 

from all the boreholes for Cryptosporidium detected oo(cysts) in autumn in one borehole. An 
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analysis for Giardia on all samples from the two seasons (autumn and summer) showed the 

presence of a Giardia cyst. In autumn, all boreholes tested positive for Giardia cysts and the 

highest count for the cysts were recorded in the same period. In summer cysts were detected 

in only one borehole. The findings of the study can be used by the Govan Mbeki Municipality 

to improve its existing groundwater quality and monitoring strategy. The microbial 

parameters exceeded acceptable limits and proved the borehole water to be unsuitable for 

human consumption, irrigation, recreational activities, and aquatic ecosystem. 

Keywords: Cryptosporidium and Giardia oo(cyst), Escherichia coli, fecal coliform, enteric 

pathogens, groundwater, wastewater treatment. 
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CHAPTER 1. 

INTRODUCTION 

1.1. Background 

Freshwater resources are increasingly becoming limited as water has become a scarce 

commodity (Gleick & Cooley, 2021; Dungeni & Momba, 2010). Groundwater is an alternative 

to potable water to balance the demand for available freshwater (Boretti & Rosa, 2019). 

Knowing the water quality of any source of water to be used for human consumption is key. 

Poor water quality has resulted in a 6.3% percentage of waterborne illnesses globally 

(Manetu & Karanja, 2021; Galal-Gorchev, 1993). Groundwater contamination occurs 

through the soil surface and seepages from waste disposal facilities, industries, wastewater 

treatment works (WWTWs), and cemeteries disseminating microbial contamination into 

groundwater (Li et al., 2021; Tredoux et al., 2004). Water leaching into the soil becomes a 

suitable transport medium for a host of micro-organisms including Cryptosporidium and 

Giardia spp. Leading to these organisms ending up in groundwater aquifers (Daniels et al., 

2018a).  

Determining groundwater quality is crucial-especially if the water is utilized for human 

consumption or irrigation of agricultural fields. Outbreaks of foodborne illness linked to the 

consumption of fruits and vegetables have often implicated viruses, parasites, but most 

importantly micro-organisms such as Escherichia coli, Salmonella, Campylobacter jejuni, 

and Vibrio cholera (Bintsis, 2017 ; Davis & Kendall, 2012). The origin of these organisms 

and viruses has been shown to be irrigation water. Due to the ability of vegetable roots and 

leaves to absorb and adsorb microorganisms from contaminated water used for irrigation, 

pathogenic organisms may accumulate on the plants leading to these organisms infecting 

humans when these vegetables are consumed without thorough cooking (Alegbeleye & 

Sant’Ana, 2022; Davis & Kendall, 2012; Pachepsky et al., 2011). Cryptosporidium and 

Giardia spp. have also shown the capability of penetrating the soil through irrigation by 

contaminated water leading to these organisms ending up in fruits and vegetables that are 

consumed raw (Javanmard et al., 2020; Pachepsky et al., 2011). 
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Cryptosporidium transmission route is, directly and indirectly, manifested in humans and 

animals. The direct route is the fecal-oral route and the indirect route is through contact with 

Cryptosporidium oocysts in the environments and contaminated hosts such as water and 

food (Robertson et al., 2020; Thomson et al., 2017; McLauchlin et al., 2000; Toze, 1997). 

Giardia is primarily transmitted through the fecal-oral route as a 10-12 μm long Giardia cyst 

due to poor hygiene infrastructure and occasionally through oral-anal contact during a 

sexual encounter (Daniels et al., 2018; Lyimo et al., 2014). Literature has shown that 

waterborne infectious diseases such as hemolytic uremic syndrome, cryptosporidiosis, 

giardiasis, hepatitis A, salmonella, and cholera are affecting communities, especially rural 

communities without water and sanitation services (Magana-Arachchi & Wanigatunge, 

2020; Delahoy et al., 2018; Ezeh et al., 2014; Lyimo et al., 2014; Andersson & Bohan, 2001). 

Groundwater has, for a long time, been considered safe. However, with time it has become 

evident that it is as much susceptible to contamination as surface water (Al-Hashimi, 2021; 

Bartram & Pedley, 1996).  

The World Health Organization (WHO) has issued guidelines and standards for groundwater 

quality intended for human consumption, these include the limits for the concentrations of 

Cryptosporidium and Giardia spp. for risk assessment and water-borne outbreak 

investigations (WHO, 2017; WHO, 2007;  Galal-Gorchev, 1993; Sayato, 1989). In South 

Africa, the National Norms and Standards provide details on the frequency of monitoring 

groundwater, especially where intended for human consumption (Department of Water and 

Sanitation, 2017). However, for Cryptosporidium and Giardia spp. the monitoring standards 

are only for treated water from the water supply systems South African National Standard 

(SANS) 241:2015, and South African guideline for domestic, nothing for groundwater 

abstractions for human consumption and irrigation (Sigudu et al., 2014; DWAF, 1996c). This 

has led to gaps in groundwater monitoring of Cryptosporidium and Giardia spp. the health 

risk assessment, and the impacts associated with these protozoans. 

Though the amount of groundwater contributing to freshwater reserves may be 0.61% 

compared to 80% from wastewater return flows and the present 2.5% surface water globally, 

there is a need to understand the presence of Cryptosporidium and Giardia spp. in 

groundwater as a contaminant (UNEP et al., 2008). With the water shortages that are being 
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experienced in areas like Cape Town and Port Elizabeth, to mention a few, groundwater is 

now considered the future source of fresh water in South Africa. This study will, therefore, 

determine the presence of Cryptosporidium and Giardia spp. contamination at eMbalenhle 

WWTW boreholes, and its significant health impacts. 

1.2. Problem statement 

Cryptosporidium and Giardia spp. have mainly been associated with waterborne outbreaks. 

It is estimated that Cryptosporidium is second only to rotavirus in the cause of moderate-to-

severe gastrointestinal diseases during the early years (0-24 months) of human life (Dhal et 

al., 2022 ; Putignani & Menichella, 2010). The Cryptosporidium and Giardia spp. parasites 

cause cryptosporidiosis and giardiasis infections resulting in gastrointestinal illness which 

can be life-threatening without medical treatment (Wang et al., 2023; Squire & Ryan, 2017). 

WHO indicated that more than 58 million children are affected by diarrhea globally (Fradette 

et al., 2022; Boschi-Pinto et al., 2008). According to zoonotic studies of Cryptosporidium, 

malnutrition and the prevalence of the Human Immuno-Deficiency Virus (HIV) exacerbate 

cryptosporidiosis and giardiasis infections in African countries (Robertson et al., 2020).In 

South Africa 18. 7% of the population is HIV positive, therefore, creating a suitable 

environment for the spread and prevalence of opportunistic pathogens such as 

Cryptosporidium and Giardia spp. (Stats SA, 2020). The other population group at risk of 

these pathogens are individuals with compromised immunity, transplant recipients, and 

chemotherapy patients (Deksne, 2022; Duhain, 2012; Grundlingh & De Wet, 2004).  

In India, 50% of rural households are dependent on untreated groundwater as their primary 

source of drinking and cooking, Cryptosporidium and Giardia spp. has been identified as a 

major course of child diarrhea morbidity in the area, even at low concentrations (Daniels et 

al., 2018). In London, North Thames, cryptosporidiosis epidemiology has transpired even 

though the quality of groundwater complied with the water treatment specifications, the 

outbreak was due to drinking water from the borehole (Willocks et al., 1998). Even though 

Cryptosporidium and Giardia spp. have been identified in groundwater studies, little attention 

has been paid to their monitoring (Fradette et al., 2022). Consequently, no standardized or 
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regulated method for monitoring Cryptosporidium and Giardia spp. in groundwater as well 

as the health hazards associated with these protozoans. 

1.3. Justification 

Monitoring groundwater microbial contamination potential by wastewater treatment plants 

(WWTPs) has been largely overlooked. The pathogens in groundwater pose a serious threat 

to public health globally (Odiyo et al., 2020; Kumar et al., 2014). Wastewater treatment 

sludge may contain pathogens such as Cryptosporidium and Giardia spp. due to the nature 

of wastewater received with human feces which is inadvertently transmitted to groundwater 

if not adequately treated. The removal of Cryptosporidium and Giardia (oo)cyst from 

wastewater sludge requires thermal sludge treatment processes (Ladeia et al., 2022 ; 

Rimhanen-Finne et al., 2004). 

According to Rimhanen-Finne et al., 2004 Cryptosporidium and Giardia spp. are not 

removed through conventional unheated anaerobic digesters (Al-Gheethi et al., 2018). In a 

study by Gericke, it was found that the transmission of protozoans normally occurs as a 

result of a failure in the water treatment process (Tram et al., 2022). The author further 

highlighted that conventional wastewater treatment methods are unable to decrease the 

Giardia cysts and Cryptosporidium oocysts population in the treated effluent. This could be 

the case for the eMbalenhle wastewater plant as it is not equipped with heated anaerobic 

digesters, which are an efficient system to treat Cryptosporidium and Giardia spp. 

Gericke et al., (1995) reported that in their study in South Africa, cryptosporidiosis outbreaks 

have been reported in areas where water has undergone extensive treatment. Their 

research outcome indicated that poor operational and disinfection programs in treatment 

plants were inadequate for the removal of the oocysts, which leads to the endemic 

occurrences of Cryptosporidium and Giardia spp. In a study conducted by Jarmey-Swan et 

al., 2001 in KwaZulu Natal on Cryptosporidium and Giardia spp. endemic occurrences, the 

protozoans were identified as causing diarrheal illness in 39% of children < 1 year old, and 

38.5% of children between 3-4 years (Jarmey-Swan et al., 2001). This research further 

identified potable water supply, lack of hygiene and sanitation, and lack of education as the 

main factors driving the transmission of these vectors.  
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Although groundwater is monitored in WWTPs for Helminth and Total coliforms as per 

Chapter 4 of the National water act, 1998 (Act No .36 of 1998) (National Water Act, 1998), 

Cryptosporidium and Giardia spp. are not monitored across most groundwater systems in 

South Africa (Water Research Commission, 2009; Dungeni & Momba, 2010). This study, 

therefore, looks at the prevalence of these enteric pathogens in boreholes near the 

eMbalenhle wastewater treatment plant and seeks to assess the abundance of (oo)cysts 

and advise on future monitoring of groundwater applicable to the plant. The data from the 

study will also add to water quality information in provincial and national water systems that 

will be useful for current and future water developments of standard monitoring procedures 

for Cryptosporidium and Giardia spp. in South Africa. 

1.4. Objectives  

1.4.1. Main objective: 

The focus of the study was to evaluate the abundance of Cryptosporidium and Giardia spp. 

in groundwater at eMbalenhle wastewater works in Secunda, Mpumalanga province in 

South Africa. 

1.4.2. Specific objectives of the study included: 

• Collect and analyse groundwater samples to determine the presence of 

Cryptosporidium, Giardia spp., and Escherichia coli. 

• Analyse physicochemical parameters such as pH, electrical conductivity (EC), nitrates 

as N, Free, and saline ammonia as N, phosphate as P, chloride as Cl, and total 

suspended Solids (TSS). 

• Determine the potential health impacts of Cryptosporidium and Giardia spp. on humans. 

• Statistically determine any correlations between the presence of Cryptosporidium and 

Giardia spp. with TSS, EC, nitrates (NO3-N), ammonia (NH3-N), phosphate, chloride, 

and Escherichia coli  
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• Make output-dependent recommendations about monitoring and the potential health 

impacts of Cryptosporidium and Giardia spp. in groundwater systems. 

1.5. Research questions 

• What are the levels of Cryptosporidium, Giardia spp., and Escherichia coli in the 

groundwater samples? 

• What is the concentration of the physicochemical properties in groundwater from the 

Embalenhle Wastewater Treatment Plant? 

• Are both physicochemical properties and microbiological concentration 

(Cryptosporidium, Giardia spp., Escherichia coli, and fecal coliforms) within permissible 

limits, using drinking water standards by WHO and South African Water Guidelines? 

1.6. Research limitations 

Although the research has more positive outcomes, there were a few limitations that were 

experienced. One of the limitations was the inability to conduct the laboratory analyses at 

the UNISA laboratories as per the initial plan. This was due to COVID-19 restrictions which 

led to delays being experienced thereby necessitating the use of Aquadoc Laboratory for 

analyses, albeit, at a high cost. Another shortcoming experienced was the delays during the 

sampling period of the eMbalenhle Wastewater Treatment. There were two instances where 

the planned sampling was rescheduled due to the plant not working because of vandalism. 

The samples taken and the frequency of the borehole sampling period were limited due to 

budget constraints; with more samples and more sampling frequency, the results would 

have greater accuracy. The delays in the funding caused further delays in sampling. Even 

though an attempt was made to cover all four seasons, summer could only be covered at 

the beginning when rainfall was not heavy. As such determining the effect of heavy rains 

and seepages on groundwater contamination could not be done. Also, the autumn sampling 

was at the end of the season. 

The factors that could influence the findings of the study: 
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- Sampling delays. The delays in sampling reduced the variables that can be studied 

i.e. the beginning of summer seasons and end can give more data on the presence 

of microbes due to rain intensity, groundwater levels, and the water infiltration impact. 

- Cost of analysis, limited samples collected. The high cost resulted in limited samples 

being collected, which condensed the statistical range of the results. 

 

1.7. Ethical consideration 

As part of the ethical consideration and ensuring that the research adheres to UNISA policy 

on Ethics. The Govan Mbeki Municipality, Water and Sanitation Department were consulted 

and briefed about the details of the research, the length of the study, and how the findings 

of the study would be disseminated for the benefit of the Municipality. The formal letter to 

request access to research at eMbalenhle WWTW was sent together with the UNISA Ethics 

policy consent form. The letter was approved by the Govan Mbeki Municipality Head of the 

Department of Water and Sanitation. A response letter with the terms and conditions was 

received (Appendix A and B).  
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CHAPTER 2. 

LITERATURE REVIEW 

2.1. Introduction 

The chapter gives a concise and thorough review of the means by which microbial 

contaminants are transported into groundwater in a wastewater treatment. This is achieved 

by examining and evaluating various literature on groundwater contamination, focusing on 

Cryptosporidium and Giardia spp. Additionally, the review takes into consideration the 

objectives highlighted in Chapter one, wastewater treatment process and management. 

2.2.  Microbial Contamination of groundwater  

Microbial contamination is defined as unintended pollution by pathogens such as bacteria, 

fungi, protozoans, and viruses in water (Sharma & Bhattacharya, 2017). Microbial 

contamination negatively impacts the environment, including water resources, and has 

detrimental consequences both economically and in human health. Microbiological pollution 

is widespread domestically and can lead to waterborne disease outbreaks ( Landrigan et 

al., 2020; Genthe & Kfir, 1992). In the United States, it was discovered that a significant 

amount of waterborne outbreaks stem from contaminated groundwater that is linked to 

WWTPs (Pandey et al., 2014). 

Groundwater is water found in aquifers which are water deposits underneath a water table, 

submerged in the rocks and sediments of the earth's surface (Vahdat-Aboueshagh et al., 

2021; Chapman, 1996). The formation of groundwater contaminants is through precipitation 

infiltration and surface runoff (Li et al., 2021; Hamilton, 2005). The water table aquifers are 

closer to the earth's surface; as such issues like droughts and pollution easily affect them. 

Groundwater moves slowly in comparison to surface water- the slow movement affects the 

dilution rate of the contaminants which consequently form a plume within the aquifer (Akhtar 

et al., 2021; Singhal et al., 2010). The speed at which the contamination is released from 

the contaminant plume is dependent on the contaminant type, the velocity of the 

groundwater based on topography, and the density of the plume (Akhtar et al., 2021; Singhal 
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et al., 2010). Various microbial contaminants can be transmitted in the wastewater treatment 

plant as indicated in Table 1. 

Table 1. Pathogens in the wastewater treatment plant 

Pathogens Disease Source References 

 Salmonella  Typhoid fever 

Human and 

animal feces 

(Y. Chen et al., 

2020;Driscoll, 

1986; 

Department of 

Water Affairs, 

Department of 

Health, Water 

Research 

Commission, 

2002a)  

Shigella  Dysentery  

Vibrio cholerae  Cholera 

Enteric 

viruses 

Hepatitis A virus Hepatitis 

Rotavirus Gastroenteritis 

Adenovirus Gastrointestinal 

and respiratory 

illness 

Poliovirus Poliomyelitis 

Protozoan Cryptosporidium 

parvum 

Cryptosporidiosis 

Giardia lamblia Giardiasis 
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2.3. Factors affecting transportation of microbial contaminants into groundwater 

There are several factors and structural geology that contribute to the seepage and 

hydrologic transport of wastewater bacterial pathogens into groundwater, and their 

persistence thereof. The major transportation means of microbial contamination to 

groundwater aquifers are precipitation, soil characteristics, land cover, and slope of the land 

(Da’ana et al., 2021; Kanyerere et al., 2012; Hurst et al., 1980). 

2.3.1. Precipitation 

Water is an easy transport medium for bacterial contaminants through absorption and 

infiltration; heavy storms exacerbate the occurrence and transportation of the 

microorganisms (Da’ana et al., 2021; Jung et al., 2014; Hurst et al., 1980). Variances in 

precipitation (the length and intensity of rainfall) and climate change affect groundwater 

recharge (Dubois et al., 2022; Thomas et al., 2016). A study conducted by Godfrey et al., 

(2005) on the relationship between rainfall and microbiological contamination in 

groundwater elucidated that developing countries are experiencing water contamination 

outbreaks largely in high peak rainy seasons (Rohman, 2018). However, in contrast to this 

view, a study on the prevalence of diarrheal disease by waterborne pathogens conducted in 

KwaZulu Natal noted no correlation between the increased rainfall and the incidence of 

Cryptosporidium and Giardia (Wang et al., 2023; Jarmey-Swan et al., 2001). 

2.3.2. Soil characteristics 

Microorganism transportation in the soil is dependent on the variables that affect their 

carriage to the groundwater aquifers. The major transportation of pathogens includes the 

movement of sediments which normally carries contaminated waste particles and surface 

run-offs. In a WWTPs, suspended particles, including microbes can be deposited on the soil 

surface, acting as a filter, and trapping more contaminants (Crini et al., 2019). During heavy 

rains, the transportation of microbes through the soil to the aquifers is accelerated by cracks 

in rocks, root channels, and earthworm channels (Wendel et al., 2022; Bition & Harvey, 

1992). 
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The soil permeability is described as the ability of the soil to transmit any water through 

seepage-the greater the soil permeability, the more the seepage (Swanson, 2020; Thomas 

et al. 2016). The rate of water transmission in groundwater is also dependent on the space 

sizes in the soil. Sediments such as sand and gravel are highly permeable in comparison to 

clay and silt (Swanson, 2020). Even though the large pores in the soil increase the water 

transmission rate, it is ineffective in filtering out bacterial contamination (Wendel et al., 2022; 

Carty & Bourke, 1995). The groundwater whose aquifers are situated under coarse-textured 

soil is, therefore, more susceptible to microbial contamination than the aquifers under fine 

soil-which has more ability to screen out most microbes (Seaton et al., 2020; Sindelar, 2015). 

The deeper the soil filters, the more microbial pathogens in comparison to shallow soils. 

Soil saturation also plays a role in the retention of pathogens in groundwater. The microbial 

contamination is retained in saturated soils than in unsaturated soil (Madumathi et al., 2017; 

Balkhair, 2016). Studies by Brennan et al., & Banks et al., have indicated that the movement 

of microbes is increased in saturated soils. Pathogens in saturated soils are transported by 

mobile water and their pathogenic cells can intermingle with the solid phase resulting in 

temporary or permanent immobilization of the microorganisms (Michelon et al., 2023; Unc 

& Goss, 2004). These pathogens are then trapped and released during the rainy seasons, 

allowing them to migrate and reach aquifers, either by absorption or infiltration and ultimately 

contaminating the groundwater. 

2.3.3. Landcover 

The land cover has an important role in groundwater seepage. A denser land cover slows 

down the water runoff, thereby allowing time for seepage and groundwater recharge (DWAF, 

1996a). Land cover can have a negative and positive contribution to the transmission of 

microbial contamination. Land coverage can negatively affect the microbial quality of water 

when there is a waste influx in the surrounding area, which promotes the seepage of 

pathogenic bacteria to groundwater through deep plant roots (Cheng et al., 2022; Hurst et 

al., 1980). On the larger protozoa of (10 to 15 μm) during water runoffs, the land cover can 

filter the bacteria and prevent downward movement in the soil column (Wendel et al., 2022; 

McAllister & Topp, 2012). 
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2.3.4. Slope of the land 

The areas nearby pumping wells are more susceptible to contamination due to the area in 

relation to the original recharge (Asiwaju-Bello et al., 2020; Singhal et al. 2010). This 

phenomenon is also applicable to wells that are drilled in the proximity of water recharge 

bodies such as rivers and dams-the groundwater from the wells draws contaminants from 

the recharge bodies. The land slope of surrounding wells also affects groundwater 

contamination in that water on a steep slope runs off quickly and is less likely to be absorbed. 

Several studies have demonstrated that rivers downstream of cattle farms have high 

contamination of Cryptosporidium and Giardia (oo)cysts in comparison to upstream (Ladeia 

et al., 2022; Ong, Ross & Isaac-Renton,1996). 

2.4. Transportation routes of Cryptosporidium and Giardia (oo)cysts in water, soil, 

and food 

There are numerous routes of Cryptosporidium and Giardia transmission, direct and indirect 

routes. The fecal-oral route is the direct route for (oo)cysts, infecting the host after ingestion, 

and can be directly from humans (anthroponotic) or animals (zoonotic) (Watier-Grillot et al., 

2022; Fewtrell & Bartram, 2001). The indirect route involves contact with Cryptosporidium 

and Giardia-contaminated water or food sources (Martins et al., 2019; Abeywardena et al., 

2015). Several contaminated settings promote the indirect transmission of Cryptosporidium 

and Giardia through sewage sludge during agricultural activities (Daniels et al., 2018). Most 

gastrointestinal outbreaks of Cryptosporidium and Giardia still indicate water as the main 

transmission driver behind these outbreaks as indicated in (Table 2).  
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Table 2. Various waterborne outbreaks of Cryptosporidiosis and Giardiasis 

Source Year Country Organism Infected cases References 

Supply 

Network 

(sanitary 

sewage) 

1993 Milwaukee, 

Wisconsin (US) 

cryptosporidiosis 403.000 (Toledo et 

al., 2017) 

Contaminated 

water 

(deficiencies 

in the filtration 

process) 

2004 Norway giardiasis 1500 ( Robertson 

et al., 2021) 

Well water (on 

the farm) 

2011 

 

Michigan, USA 

 

cryptosporidiosis 20 (Centers for 

Disease 

Control and 

Prevention 

(CDC), 

2012) 

Tube wells 2012-

2013 

Puri District, 

Odisha, India 

cryptosporidiosis 

and giardiasis 

65.8% (3,385 

children) 

(Daniels et 

al., 2018a) 

 

River 

(possible 

discharge 

from 

wastewater 

effluent plant) 

2001 Pietermaritzburg, 

KwaZulu Natal, 

South Africa 

cryptosporidiosis 

and giardiasis 

Cryptosporidium 

(39.3%) in the <1 

year age group. 

Giardia 3 to 4-

year age group 

(38.5%) 

 

(Jarmey-

Swan, 

Bailey, and 

Howgrave-

Graham, 

2001) 

Predominantly, the transportation of wastewater pathogens containing Cryptosporidium 

oocyst and Giardia cyst can be transmitted through consumption (drinking), irrigation, food, 

and swimming (K. A. Hamilton et al., 2018). 
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2.4.1. Groundwater consumption 

Water shortage is a growing concern globally to the point that some countries experiencing 

water scarcity are reliant on groundwater for potable use (Boretti & Rosa, 2019). There is a 

misconception in most countries that groundwater is an uncontaminated water source, which 

does not cause any illness (Li et al., 2021). The shortage of drinking water has been 

reported, both at global and domestic scales that have reported supply and has been 

attributed to population increase and climate change. Recently, KwaZulu Natal and some 

parts of the Eastern Cape experienced extreme flooding that wreaked havoc and left people 

without water and electricity. The damage to water treatment and power plant stations 

caused people to start relying on alternative water sources for consumption, including 

groundwater (Pinto et al., 2022). In 2018, the city of Cape Town underwent a “Day Zero”, 

where the water level in supply dams had declined to below 10% which compelled the city 

to turn off the taps in residential areas. This extreme water shortage was due to 

uncontrollable meteorological factors in the region (Sousa et al., 2018). Such occurrences 

result in communities relying on borehole water with unknown quality for household uses 

including consumption. 

Contamination of surface and groundwater with fecal pathogens is a concern, especially for 

the public that uses untreated water without access to water treatment facilities (Daniels et 

al., 2018b). Very few countries have the luxury of treatment facilities for groundwater. 

According to the United States Environmental Protection Agency, (USEPA), 97% of the 

public water system in Michigan uses groundwater (Cabrera Marino, 2017). A study 

conducted in Michigan for the assessment of the prevalence of Cryptosporidium and Giardia 

in water systems indicated that most cases are detected in rural areas where the majority of 

the community is still dependent on groundwater, which is not treated or monitored for 

microbial contamination (Dreelin et al., 2014).  

An investigation conducted by Daniels et al. (2018) using multivariable modeling in 60 

villages in India elucidated that the Cryptosporidium and Giardia spp. sources are emanating 

from human fecal loading due to the use of latrines pits, damaged tube wells, and livestock 

which contaminates the local groundwater. These studies corroborate a study conducted by 

Jarmy-Swan in KwaZulu Natal on Cryptosporidium and Giardia endemic occurrences where 
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the protozoans were identified as causing diarrheal illness in 39% of children <1 year old, 

and 38.5% of children between 3-4 years of age. The study further indicated the route of 

protozoan transmission as potable water supply, lack of hygiene and sanitation, and lack of 

education in rural areas (Jarmey-Swan et al., 2001). 

2.4.2. Groundwater use for irrigation 

South Africa is a water-scarce country, and this does not only affect household consumption 

but the farming community's irrigation activities as well (Cabrera Marino, 2017). Most 

farmers ordinarily depend on untreated water for irrigation with unknown or poor microbial 

quality from dams, rivers, groundwater, and wells (Malakar et al., 2019; Pachepsky et al., 

2011). The irrigation of agricultural produce with water of poor microbiological content 

presents a risk to public health by transmitting pathogens to the produce. Contamination of 

the irrigation water generally occurs when rain, the runoffs carrying fecal contamination from 

a nonpoint source like sludge, and the discharge of effluents from the treatment of 

wastewater sources end up in rivers and wells. The concern is water with Giardia and 

Cryptosporidium (oo)cysts when used for irrigation can have a consequential effect on 

human health (Domenech et al., 2018).  

Cryptosporidium oocysts and Giardia cysts have been detected in irrigation water in several 

African countries (Squire & Ryan, 2017). The processes that contaminate crops with 

(oo)cysts are spraying of pesticides and herbicides, manure application, and farm workers 

packing produce with contaminated hands (Malakar et al., 2019; Mota et al. 2009). In a study 

conducted by Thurston-Enriquez et al. (2002) on the detection of Cryptosporidium oocysts 

and Giardia cysts and microsporidia in irrigation waters used for crop production, the 

researcher noted that 28% of irrigation water samples gave positive results for 

microsporidia, 60% for Giardia cysts, and 36% for Cryptosporidium oocysts. 

Determining groundwater quality is very important especially if it is utilized for consumption 

or irrigating food in agricultural fields, more so where some of the agricultural products are 

eaten uncooked e.g. lettuce (Al-Hashimi, 2021; Davis & Kendall, 2012). Due to the 

adsorption capacity of vegetable roots and leaves, if such contaminated water is used for 
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irrigation, pathogenic organisms may accumulate, allowing the microbes to contaminate the 

vegetables (Gavrilescu, 2021; Alam et al., 2015). 

In studies conducted for cryptosporidiosis and giardiasis, very limited cases are related to 

foodborne outbreaks caused by these protozoans, the reports are mostly linked to water 

contamination as the route for the Cryptosporidium and Giardia (oo)cyst transmission (Siwila 

et al., 2020; Squire & Ryan, 2017). A typical transmission of cryptosporidiosis and giardiasis 

is from contaminated water to produce that is generally eaten raw (Berrouch et al., 2020; El-

Said Said, 2012). The oo(cysts) are usually transmitted by the fecal-oral route, following the 

ingestion of contaminated food or water. Once the (oo)cyst is in the small intestine, it 

releases infectious sporozoites for Cryptosporidium and trophozoites for Giardia causing 

gastro illness in the host (Fradette et al., 2022). The irrigation of fresh produce by water 

contaminated with enteric protozoans is a common route for the transmission of the (oo)cyst 

to food, even though not well-researched (Abidelfatah M. Nasser, 2022; Duhain, 2012).  

Cryptosporidium and Giardia (oo)cysts are not easy to remove from leafy foods. It has been 

reported in a study conducted in Greece on the food of plant origin, that simple washing 

does not remove the (oo)cysts (Sakkas et al., 2020). In a study conducted on 

Cryptosporidium and Giardia spp. on bovines, it was found that the (oo)cysts can penetrate 

spinach leaves through the stomatal opening (Adeyemo, 2019; Abeywardena et al., 2015). 

Food contaminated with these pathogenic protozoans, eaten raw can cause illness in 

humans and animals. A study by Buyukyavuz et al. (2018) indicated that flies can 

contaminate raw fruits and vegetables with the (oo)cysts. A possible inactivation method of 

Cryptosporidium and Giardia (oo)cysts in raw vegetables is blanching (Koutsoumanis et al., 

2018). 

2.4.3. Swimming activities 

Swimming is a well-enjoyed recreational activity globally, even domestically. In other areas, 

swimming has been noted as potentially presenting some health risks to the public engaging 

in swimming either due to chemical or microbial pollution (Chalmers et al., 2021). The noted 

transmission route during swimming is ingesting water or being splashed with recreational 

water contaminated with the parasites (Omarova et al., 2018; Shields et al., 2008). A study 



17 

 

conducted by Ehsan (2015) in Bangladesh and Belgium on swimming water acknowledges 

the swimming pools as a crucial transmission route for Cryptosporidium and Giardia. Most 

swimming pools use chlorine to disinfect their pools, and studies have shown that 

Cryptosporidium and Giardia oo(cysts) are resistant to chlorine disinfectants (Adeyemo et 

al., 2019; Rose et al., 2002). 

In Atlanta, Georgia hundred and sixty (160) swimming pools filter backwashes were sampled 

to examine the presence of Cryptosporidium spp. and Giardia intestinalis at the end of the 

swim season (Omarova et al., 2018; Shields et al., 2008). The parasite was detected, even 

though it was challenging to ascertain the risk of transmission because the study did not 

measure the viability of the recovered protozoans. Another study was conducted in Beijing, 

China, for the prevalence of Cryptosporidium and Giardia in thirty-five (35) swimming pools 

and the results indicated that 16.7% and 15.0% of samples gave positive results for the 

abundance of Cryptosporidium and Giardia (oo)cysts, respectively (Xiao et al., 2017). 

2.5. Factors enabling the survival of Cryptosporidium Oocyst and Giardia cyst in 

the environment 

When Cryptosporidium and Giardia spp. is introduced into the aquatic environment due to 

microbial contamination caused by seepages, it adapts to survive (Fradette et al., 2022; 

Grundlingh & De Wet, 2004). The Cryptosporidium and Giardia (oo)cyst are more resistant 

to environmental stresses and chemical destruction because their (oo)cyst has a resting 

stage and is protected by an outer wall which gives them the ability to survive in the harsh 

and varying environment for a long time (Adeyemo et al., 2019). Once Cryptosporidium and 

Giardia spp. are presented to the environment, their viability in an environment is dependent 

on parameters such as pH, temperature, sunlight, and soil type (Javanmard et al., 2020; 

Alum et al., 2014). 

2.5.1. pH in soil and water 

The viability of many bacterial pathogens depends on the pH of the environmental aerosol 

(Liu et al., 2023; Hurst et al.1980). However, few studies have been conducted on the 

Cryptosporidium and Giardia (oo)cysts in varying pH in soil and water medium to ascertain 
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their survival capability (Wang et al., 2023; Barwick et al., 2003). In a study conducted by 

Robertson et al., (1992), the aluminum sulfate used as a flocculant in water treatment plants 

for flocculation and clearing turbidity was shown to be inefficient in curbing the persistent 

(oo)cysts. It was only when high concentrations of lime or ferric sulfate were added that the 

(oo)cyst population was reduced after prolonged exposure to high pH.  

The flocculant in the treatment process enables the small particles to agglomerate onto the 

large particles and settle to form sludge. However, some of the (oo)cysts remain suspended 

and the water gets to the next process with only a reduced concentration of (oo)cysts. 

Chlorine is then added at the following stage of the process to inactivate the microbes. 

However, it has been indicated that Cryptosporidium is resistant to chlorine and chloramines 

and therefore it is extremely difficult to inactivate. It is only when ozone  combined with 

chlorine dioxide or chlorine has been effective, with a pH of around 6 (Adeyemo et al., 2019; 

Yuan et al. 2006). In a study by Barwick et al., (2003), the Cryptosporidium oocysts appeared 

lesser in soil with neutral and basic pH, than in acidic media. The remaining sludge in the 

drying beds with some microbe or (oo)cyst can infiltrate and contaminate groundwater, 

especially if the drying beds are not lined or have cracks. 

2.5.2. Environmental temperature 

The concentration of any contaminant in water may vary once removed from its source of 

origin due to changes in such parameters as temperature (Liu et al., 2023; Alum et al., 2014). 

Temperature plays a vital role in the protozoan’s survival in various environmental 

conditions-a change in temperature influences its viability. The microorganisms have an 

optimum temperature at which they can remain viable or be able to function. 

Cryptosporidium and Giardia spp. have optimum temperature ranges where they can 

function and inactivate as detailed in Table 3.  

A study by Olson et al. (1999) on the investigation of the viability of Cryptosporidium and 

Giardia (oo)cysts in water, soil, and cattle feces was conducted. The outcome of the study 

monitored at the -4.4 °C to 25°C temperature condition for 7wk, indicated that at a warmer 

temperature of 25°C, the (oo) cysts are inactivated and survive the cold water of between -

4 °C and 4°C for a prolonged period. The temperature effect on the pathogens was further 
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investigated by Hamilton et al. (2018) the results indicated that Giardia is stable at 4°C, 

Cryptosporidium is stable between -4°C and 4°C, thus Cryptosporidium and Giardia spp. 

survive longer at lower temperatures.  



20 

 

Table 3. Inactivation of Cryptosporidium oocysts and Giardia cysts in environmental 

waters and feces 

Genera Suspending 

medium 

Temperature 

(°C) 

Time 

(days) 

Inactivation 

(%) 

References  

Giardia lamblia River water 12 to 20 3 to 8 90 (Robertson 

et al., 1992; 

DeRegnier 

et al., 1989) 

River water 2 to 5 14 to 143 90 

Cryptosporidium 

parvum 

Human 

stools 

4 178 41 to > 99 

Cow feces 5 to 10 176 60 to 72 

Tap water 5 to 10 176 96 to 99 

River water 5 to 10 176 89 to 99 

2.5.3. Exposure to solar radiation (UV) 

Sunlight, which provides ultraviolet (UV) radiation, has an impact on Cryptosporidium and 

Giardia (oo)cysts in the terrestrial and aquatic environment (Hamilton et al., 2018). UV light 

is known for its ability to inactivate microbial pathogens by damaging nucleic acids within 

the cell (Liu et al., 2023; Hijnen et al., 2006; Sinton et al., 1994). Cryptosporidium and Giardia 

(oo)cysts are equipped to resist UV light compared to viruses even though sensitive. The 

protozoans respond to light by either migrating to the lower darker depth of water or ducking 

direct exposure to sunlight by hiding in the soil (Sinton et al., 1994). In a study conducted by 

King et al., (2008) on the assessment of the Cryptosporidium parvum inactivation via 
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radiation in tap and environmental waters, a conclusion was drawn that UV can inactive the 

C. parvum rapidly in water. 

2.5.4. Soil type 

The clay soil favors the absorption of microbial pathogens by reducing the death rate and 

protecting their cells whereas on the sandy soil, the survival rate is low (Fongaro et al., 

2017). In a study by Peng et al. (2008) where oocysts were stored in dry soil for ten days at 

32°C and 15 °C in loamy soil for months respectively; the findings revealed that 

Cryptosporidium (oo)cysts can survive both conditions. 

2.6. Indicator parameters and the presence of Cryptosporidium and Giardia spp. 

presence in water  

2.6.1. Turbidity and Suspended Solids  

Turbidity is a measure of dissolved matter in water and the ability of optical characteristics 

of water that cause the scattering of light i.e. suspended solids (World Health Organization, 

2017). The turbidity in water is characterized by muddiness which affects the microbiological 

quality (DWAF, 1998). If the results of scattered light are high, that denotes high turbidity. 

The turbidity in water is characterized by muddiness which affects the microbiological quality 

(DWAF, 1998). Turbidity is often caused by industrial and domestic waste discharge (Yang 

Liu et al., 2020; Palmer et al., 2000). Highly turbid water has the potential to affect aquatic 

animals. A study on the occurrence of Cryptosporidium and Giardia spp. in the Brazilian 

public water-treatment system showed a correlation between high turbidity and the 

prevalence of (oo)cysts (Almeida et al., 2015). The discharge of wastewater effluent with 

high turbidity renders the receiving water unhealthy for human consumption and domestic 

use, reduces crop yield and ultimately harms marine life, (Rusydi, 2018). Cryptosporidium 

and Giardia spp. can evade removal in wastewater by attaching to solid particles. This is 

partly because water with high turbidity of more than 1 NTU has particles that can shield the 

microbes from the disinfection process resulting in these microbes being released into the 

receiving water bodies (Mhlongo et al., 2019). Sente et al. (2016) further established a 
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correlation between the presence of Cryptosporidium spp. with conductivity, pH, and TDS, 

while the correlation with Giardia spp. was on TDS only. 

2.6.2. pH 

The pH value expresses the acidity or basicity of the medium by having hydroxide (OH-) 

ions and hydrogen (H+) ions balanced in a solution. In a wastewater treatment plant, the 

extreme levels of pH are an indication of the accumulation of toxic chemicals, particulate 

matter, and a degree of pollution in the effluent (Khalid et al., 2018). The pH imbalance, 

either too low or too high in groundwater, affects microbial activity and hinders biological 

processes (DWAF, 1998). The pH changes are also dependent on the temperature 

variation, the organic and inorganic ions, and microbiological activity. The low pH level can 

exacerbate the development of toxic substances influencing species diversity and structural 

alterations for the species (Spurgeon et al., 2020).  

2.6.3. Escherichia coli (E.coli) 

E. coli has been used as an indicator for enteric pathogens. E. coli is bacteria that live in the 

intestines of humans and warm-blooded animals, it is an opportunistic pathogen that can 

survive in aquatic environments (Z. Chen et al., 2017). E.coli can be found in humans, cats 

dogs, and rodent feces and its occurrence in water is poor maintenance of wastewater 

treatment systems or spillage of fecal matter from pit latrines leading to microbial 

contamination (DWAF, 1996a; Abia et al., 2017). The presence of E.coli in water is used to 

evaluate the possibility of fecal contamination (DWAF, 1996c). Cryptosporidium and Giardia 

(oo)cysts are detected in the host(s) and water bodies contaminated with feces. The 

prevalence of E.coli in water can, therefore, be used as an indicator for the occurrence of 

enteric pathogens. 

2.7. Detection methods of Cryptosporidium and Giardia spp. in water 

Monitoring the quality of drinking, ground, and recreational water is essential due to the 

effect that contaminated water has on human health. Consequently, several methods are 

currently being developed for the detection of Cryptosporidium and Giardia (oo)cysts around 

the world as shown in Table 4 In South Africa, there is no standardized methodology 
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prescribed for Cryptosporidium and Giardia (oo)cysts in water (Miambo et al., 2019; 

Grundlingh & De Wet, 2004). In most studies conducted on the prevalence of these 

protozoans in the country, the US EPA procedure, Method 1623 is often used (Fradette et 

al., 2022; Dungeni & Momba, 2010). US EPA 1623 includes filtration and extraction of the 

(oo)cysts from a water sample using immunomagnetic separation (IMS), and 

immunofluorescence assay (FA) microscopy for identification. To verify the presence of 

(oo)cysts, staining carried out using 4', 6-diamidino-2-phenylindole (DAPI) and Fluorescein 

isothiocyanate FITC is conducted (EPA, 2005).  

A standard method ISO 15553:2006 has been developed and published by the UK (Standing 

Committee of Analyst) and approved by the UK Drinking Water Inspectorate(SAI Global & 

Iso, 2006). The testing method is almost similar to Method 1623 by US EPA with the only 

difference being the staining and contrast technique (Fradette et al., 2022). The use of 

molecular biology (PCR-based detection) to detect Cryptosporidium and Giardia became 

popular in the 1990s (Fradette et al., 2022). Isothermal protocols and sequencing-based 

protocols came into effect to improve the identification and classification of the protozoa in 

aquatic samples (Sánchez et al., 2018). However, precision is critical when identifying the 

genetic targets and creating primers to avoid amplifying DNA from another source (Fradette 

et al., 2022).  
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Table 4. Advantages and disadvantages of microscopy-based methodology versus 

molecular biology. 

Method Disadvantage Advantages References 

(Microscopy) 

EPA Method 

1623 and 

ISO 15553:2006 

 

Low recovery. 

 

Costs associated with 

sampling large 

volumes. 

The large volume of water 

during filtration for better 

concentration of (oo)cysts. 

 

The use of the microscope 

for quantification avoids 

biases in comparison to 

PCR. 

 

The use of various dyes at 

the same time gives 

confidence in the 

identification. 

(Fradette et al., 

2022) 

 

(EPA, 2005) 

(Molecular 

biology) PCR 

based detection 

High chances of 

contamination because 

the test is DNA based. 

 

Few laboratories 

possess the latest 

equipment required. 

Higher presumptive 

detection. 

 

Quicker results compared 

to microscope based. 

(Sánchez et al., 

2018) 
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2.8. Wastewater treatment and Cryptosporidium and Giardia spp. 

2.8.1. Inactivation of Cryptosporidium and Giardia spp. in a wastewater treatment 

process 

The most important requirement of a safe environment for human beings is a sufficient water 

supply of acceptable and safe quality (SAHRC, 2000). Technological advancement and an 

ever-increasing population, especially in urban areas, have led to increasing volumes of 

wastewater with higher concentrations and diversity of pollutants(Tian et al., 2018; WRC, 

2009). Although nature has an inherent capacity to attenuate most of the microbiological 

pollution, the amount of water and microbes concentrations have intensified to such an 

extent that without mechanical or chemical intervention, nature cannot cope (Donnenfeld et 

al., 2018).  

Wastewater is water whose quality has been altered due to contamination by human 

activities with organic and inorganic particles, pathogens, toxins, and pharmaceuticals, to 

name a few (Crini et al., 2019). The purpose of the wastewater treatment plant is to 

decontaminate water of pathogenic microorganisms and toxic elements that can cause 

waterborne illness and to ensure that water is of acceptable quality i.e. clear, clean, and 

odourless. WWTWs can thus be considered a man-made system by which contamination 

attenuation mechanisms are developed to relieve the pressure on nature. Pathogens and 

fecal coliforms (amongst them dangerous species, such as the causative agents of cholera) 

are carried, fed, and maintained in the effluent (Crini et al., 2019). Viruses carried in the 

effluent are subsequently ingested by a suitable host. At WWTPs, these organisms are 

inactivated in the maturation pond and by the addition of chlorine (Yorkshire Environmental 

Alcontrol UK, 1998). As is well known, surviving organisms can cause outbreaks of 

dangerous diseases or even epidemics.  

The typical wastewater treatment process in South Africa involves screening (removal of 

solids for disposal), removal of grit (removing any rubbish or clogging substances), oxidation 

ponds (where waste is treated by UV), primary sedimentation, biological filters, aeration and 

activated sludge treatment, settling, maturation ponds, wetland polishing treatment, 

disinfection, sludge thickening, sludge drying beds, and anaerobic digestion (Naidoo, 2013). 
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The wastewater treatment process followed in most South African WWTPs is not adequate 

to inactivate the Cryptosporidium and Giardia spp. Chlorine disinfection is not adequate for 

the inactivation of the Cryptosporidium and Giardia spp. from effluent (Adeyemo et al., 

2019). The recommended method for the inactivation of these parasites involves 

ultrafiltration and UV radiation (Water Research Australia, 2016). 

The Water Act of 1998 (Act 36 of 1998) requires that water extracted from a river for 

domestic or industrial uses be purified and discharged to the same river at a quality that 

does not adversely affect the downstream users. The SANS241:2015 and WHO limits of the 

study determinants are indicated in Table 5. A heavy responsibility is placed on the 

shoulders of wastewater treatment plants (WWTP) to ensure that the facility is functional 

and operated optimally. A constantly functional WWTP ensures that the effluent discharge 

does not pose a health risk to humans and animals.  
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Table 5. List of selected parameters analyzed during the study and their limits 

Parameter and 

units 

SANS 

241:2015 

DWAF: 

Aquatic 

ecosystem 

DWAF: 

Irrigation 

DWAF: 

Recreational 

activities 

World Health 

Organization 

References 

pH 5.0-9.7 5.5-11 6.5-8.4 0-5 6.5 – 8.5 

SANS 

241:2015, 

(WHO, 2017; 

DWAF, 

1996). 

Electrical 

conductivity 

(EC) mSm 0-70 70-150 <6.5 n n 

Total 

Suspended 

Solids (TSS) 

mg/L n <100 n n n 

Chloride as Cl 

(mg/L)  ≤300 n n n 200-300 

Nitrate as N 

(mg/L)  0-11 <0.5 0-0.5 n 50 

Total 

Phosphate as P 

(mg/L) n ≤ 0.005 n n n 

Free and Saline 

Ammonia as N 

(mg/L) ≤1.5 0.025 n n n 

E.coli/100 mL 0 1000 0-1000 0-130 0 

Fecal 

coliform/100 mL 0 1000 0-1000 0-130 0 

Cryptosporidiu

m/10l 0 0 n n 0 

Giardia/10l 

0 0 n n 0 

n: no determinants or not stipulated 
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2.8.2. Detection of Cryptosporidium and Giardia spp. in treated wastewater 

The purpose of wastewater treatment is to remove harmful pollutants using a range of 

methods that are categorized into physical, chemical, and biological processes. Wastewater 

treatment ensures that the water is within acceptable limits since treated wastewater is 

discharged into the receiving water bodies(Jr & Orleans, 2020). The untreated pathogenic 

microorganism has the potential to affect the public if released into receiving water bodies 

used for domestic purposes and irrigation. Cryptosporidium and Giardia (oo)cysts have been 

reported in treated effluent in several countries (Table 6). The wastewater treatment process 

protocol in most treatment plants is effective in the treatment of other enteric pathogens 

such as bacteria and viruses except for Cryptosporidium and Giardia (oo)cysts (Ryu et al., 

2021; Ramírez-Castillo et al., 2015). 

Several studies have been conducted indicating the ability of Cryptosporidium and Giardia 

(oo)cysts to survive the conventional disinfection process used in most WWTPs (Hamilton 

et al., 2018; de Jong, 2017; Gericke et al., 1995). This is attributed to their (oo)cyst wall 

anatomy making it easy to escape the physical and chemical barriers in WWTPs 

(WHO,2006). Due to the (oo)cysts walls, Cryptosporidium and Giardia have been proven to 

survive chloride-based common and cost-effective disinfectants such as those used by the 

public for pools and households (Adeyemo et al., 2019). 

Dungeni & Momba, (2010) conducted a study in four WWTPs (Zeekoegat, Baviaanspoort, 

Rayton, and Refilwe Water Care Works) in Gauteng on the prevalence of Cryptosporidium 

and Giardia and revealed that uncontrolled sewage discharge and improperly maintained 

WWTPs were identified as key sources of water contamination. In all four WWTPs 

Cryptosporidium and Giardia (oo)cysts were detected as indicated in Table 6 Their 

conclusion was additional water purification procedures are necessary for effectively 

eliminating these pathogenic microorganisms.  
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Table 6. Frequency of detection and the concentration of Cryptosporidium and 

Giardia in treated Effluent 

Country 

Cryptosporidium Giardia 

References Tested samples 

(no. of positive 

samples) 

Tested samples (no. of 

positive samples) 

South Africa, 

Gauteng province 

Four WWTPs (all 

positive) 

Four WWTPs (all 

positive) 

(Dungeni & Momba, 

2010) 

Spain 108 samples 

(oocysts 1.38 to 

2.6/L) 

108 samples 

(0.6 to 1.7/L cysts) 

(Domenech et al., 

2018) 

Eastern Poland 10 L in municipal 

WTPs (oocyst 

detected in eight 

WTPs (61.5%)) 

10L in 13 municipal 

WTPs (cysts in eleven 

WTPs (84.6%)) 
(Sroka et al., 2013) 

South Africa, 

Vhembe District 

Six sewage 

treatment plants 

.155 samples. 

(59.3%) were 

positive 

- (Mashau, 2012) 

Italy Four WWTPs (rarely 

detected) 

Four WWTPs (positive for 

all plants) 
(Cacciò et al., 2003) 
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2.8.3. Wastewater treatment Sludge and transportation of Cryptosporidium and 

Giardia spp. 

The wastewater treatment sludge, which is a by-product of the treatment plant, has been 

repurposed for such areas as agriculture as part of cost-saving on waste disposal (Lamastra 

et al., 2018). However, for the sewage sludge to be used in other operations, waste 

characterization should be conducted. The typical sludge may contain heavy metals and 

other contaminants that might be detrimental to the ecosystem (Fijalkowski et al., 2020). A 

study conducted in three operational WWTPs, in Bekaa valley of Lebanon, evaluated the 

quality of sludge for agricultural purposes, looking specifically at the pathogenic 

microorganisms such as E.coli, Staphylococcus aureus, Salmonella, Helminth eggs, 

Ascaris, Acinetobacter. Their conclusion was that some pathogenic organisms, mainly E.coli 

could still be detected after treatment and their recommendation was to further treat the 

sludge before repurposing to reduce the microbial contaminants (Romanos et al., 2019). 

An investigation by Rimhanen-Finne et al., (2004) suggested that the Cryptosporidium 

(oo)cysts and Giardia cysts are sedimented into raw sludge during flocculation in a 

wastewater treatment plant process. If the contaminated sludge is used in the agricultural 

field, the protozoans are transmitted by the zoonotic cycle (Rimhanen-Finne et al., 2004). 

Martins et al. (2019) conducted a study on monitoring the occurrence of protozoans in raw 

and treated sewage samples from a wastewater treatment plant in Brazil and reported that 

water bodies that receive treated wastewater should be assessed for protozoal abundance 

prior to reuse water in agriculture, human and animal consumption. This is because the 

protozoans were detected on the effluents from the wastewater treatment plant. 

2.9. Health impact of Cryptosporidium and Giardia on groundwater users  

Many countries have reported outbreaks of Giardia spp. and Cryptosporidium spp., the 

illness involves moderate to severe gastrointestinal illness in humans and animals ( 

Robertson et al., 2020; Carmena et al., 2010). Cryptosporidiosis and giardiasis illness can 

cause morbidity in healthy people which can be detrimental to immunocompromised people 

and can often lead to fatality (Utami et al., 2020; Garcia, 2007). The characteristics and 



31 

 

resulting health symptoms of Giardia spp. and Cryptosporidium spp. are described in  

Table 7. 

Table 7. Characteristics of the intestinal protozoa (Giardia and Cryptosporidium) 

Protozoan Species  Infectious and 

environmental 

stage 

Disease  Source References  

Cryptosporidium parvum 

 

 

 

Oocyst diarrhea, 

fever, and 

muscle 

aches. 

cattle, 

domestic, 

and wild 

animal 

wastes. (Wolfe, 

1992; 

Garcia, 

2007; Rose 

et al., 2002) 

Giardia lamblia Cyst Acute 

diarrhea  

beavers  

Globally, in developed countries (Europe, North America, Australia) there have been 

reported cases of Giardia and Cryptosporidium even in areas where water complies with 

microbiological standards (Ongerth & Karanis, 2018). On the global front, of the waterborne 

outbreaks reported from 2004 to 2010, 60.3% are related to Cryptosporidium spp. (Cho et 

al., 2013). 

Squire & Ryan (2017), in their study of Cryptosporidiosis and Giardiasis outbreaks in Africa, 

discovered that malnutrition and HIV status also contribute to the prevalence of the 

epidemiology of these protozoa. The increase of outbreaks is expected to increase in African 

countries due to climate change and an increase in population which create a shortage in 

freshwater availability. In South Africa, particularly KwaZulu-Natal, Cryptosporidium, and 

Giardia are endemic, because of the rural areas that still depend on river systems for water 

consumption, the pathogens are transmitted through contaminated water (de Jong, 2017). 
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2.10. Regulations and monitoring of Cryptosporidium and Giardia in water systems  

Monitoring of the Cryptosporidium and Giardia spp. is conducted worldwide for risk 

assessment and the investigation of waterborne outbreak trends in countries. However, 

different countries use various assessment methods and different approaches (DWAF, 

1996a). The US EPA has regulated the monitoring of their water system monthly for 

Cryptosporidium, Giardia, coliforms, turbidity, and a variety of other parameters (EPA, 

2001). 

In South Africa, the monitoring of Cryptosporidium and Giardia spp. in all waterbodies is not 

uniformly conducted. In some water systems where the monitoring is done, it’s mostly on 

the final treated water for drinking (Sigudu et al., 2014). DWAF has not established the 

standard criteria for monitoring these protozoa in South African domestic water quality 

guidelines (DWAF, 1996). Without a standard procedure or regulated detection method, it 

creates a gap.  
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CHAPTER 3. 

RESEARCH METHODOLOGY 

3.1. Introduction 

This chapter describes the location of the eMbalenhle Township in the Mpumalanga 

Province of South Africa. It highlights major characteristics in the study area such as climate, 

soil, vegetation, and water resources. The chapter also describes the research design and 

methodology that was used to fulfill the objectives of the study, methods for data collection, 

and analysis as well as ethical considerations for the validity and reliability of the results.  

3.2. Study area 

3.2.1. Description of the study area 

The eMbalenhle WWTW was established in 1988 with a 9.6 ML/d design capacity, providing 

services to the eMbalenhle community (Govan Mbeki Municipality, 2019). The treatment 

works location is Latitude: 26°33'.20.19"S, Longitude: 29°04'16.07"E at the lower end of 

eMbalenhle Township; in Secunda. 

The study site is located in South Africa, 150 km east of Johannesburg and 300km 

southwest of Nelspruit (the capital city of Mpumalanga) under Govan Mbeki Municipality. 

The Municipality boasts both mining and manufacturing sectors, which include Sasol (the 

biggest chemicals and energy manufacturer in South Africa), Eskom, Exxaro, and other 

mines. Govan Mbeki Municipality is one of the seven local municipalities under the 

jurisdiction of the Gert Sibande District. Figure 1. shows the map of Gert Sibande District 

Municipality. 

3.2.2. Topography and drainage 

From the topographical standpoint, the biggest portion of the Gert Sibande District 

Municipality is situated on the Highveld Grasslands of Mpumalanga (Gert Sibande 

Municipality, 2015). The study area is relatively flat comprising shales and sandstone. The 

highest point of the site elevation is 1620 meters above sea level (Coetzee & Kisters, 2016; 
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Govan Mbeki Municipality, 2014). The eMbalenhle WWTW discharges at Trichardt Spruit, 

which further contributes to the Water Vaal Dam Catchment Scheme. 

 

Figure 1. Map of Gert Sibande District Municipality (ArcGIS, 2011) 
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3.2.3. Climate and Vegetation 

Gert Sibande District has dry, sunny summers with an average of 26.5  C and harsh winters 

coupled with heavy frost. The summer season is experienced in (October - February) and 

(April –August) the winter season. Govan Mbeki Municipality has a varied climate with an 

annual average rainfall of 670 mm (Govan Mbeki Municipality, 2014). The rainfall that occurs 

throughout the summer season is characterized by heavy thunderstorms. Gert Sibande 

District Municipality is currently the largest agricultural sector in Mpumalanga Province, with 

a ranging variety of vegetables (Gert Sibande District Municipality, 2017).  

3.2.4. Geology and soil 

The study area geology comprises sedimentary rocks from Ecca and Karoo Supergroups 

(Coetzee & Kisters, 2016). The rocks are dominated primarily by sandstones, coal, and 

dolerite (Govan Mbeki Municipality, 2014). 

Table 8. Geological formation in Govan Mbeki Municipality 

Geological 

Formation 

ha % References 

Arenite 134405.04 45.41 

(Govan Mbeki 

Municipality, 

2014) 

Dolerite 156699.83 52.94 

Granite 38.93 0.01 

Rhyolite 4868.37 1.64 

Total 296012.18 100.00 

Soils in the study area have been greatly altered over the years due to the historic formation 

of the Secunda Complex, in the 1970s, consequently resulting in a dolerite and ash mixture 

as indicated in Table 8 (Govan Mbeki Municipality, 2014). 

3.2.5. Water sources and sanitation 

Gert Sibande District Municipality like most regions in South Africa has limited water 

resources. Mpumalanga COGTA reported that the province has 65% surface water, 19% 



36 

 

water transfers, 6% groundwater and 10% industrial process return flows (MP COGTA, 

2018). The majority of boreholes used by farming communities are mostly not registered to 

the Municipality and the quality of water is unknown (Govan Mbeki Municipality, 2014). 

According to Mpumalanga COGTA in their Spatial Challenges and Opportunities Report, the 

water quality issues were elucidated as inadequate maintenance of the sewage system, 

mining, and agricultural activities (MP COGTA, 2018). These shortfalls inadvertently affect 

the water that flows to catchment dams which are used for irrigation by farming communities. 

The poor water quality, not only affect vegetation in the area but perpetuate diseases in 

animals and human (Gert Sibande District Municipality, 2017). 

With the increase in population, approximately 141,741 in eMbalenhle, directly or indirectly 

accelerates waste generation (Matooane et al., 2011). This consequently puts pressure on 

the wastewater treatment plant, with the receipt of toxic substances, which in other cases is 

difficult to eliminate (EPA, 1998). Figure 2. shows the aerial map of the study area, 

eMbalenhle WWTW. A study done by Green-Drop in 2014 in Mpumalanga province, in all 

Wastewater Treatment, Works indicated that most plants in the province are having design 

capacity issues to treat wastewater received from communities, and in other instances, the 

quality of effluent before discharge to catchments dams is poor (MP COGTA, 2018).  
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Figure 2. Aerial map of the study area, eMbalenhle Wastewater Treatment Works (Source: Google earth map, 2022) 
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3.3. Research design 

This research followed a quantitative research approach as a fundamental 

methodology for data collection and analysis. The quantitative research methodology 

involves numerical data analysis which includes data from experiments and surveys 

to provide evidence and link to the research questions (Basias & Pollalis, 2018; 

Apuke,2017). In the quantitative method, numbers are used to prove the theoretical 

information of the phenomena.  

Since the quantitative research approach is based on the cause-and-effect 

relationship between an independent and dependent variable and making predictions 

following the method by Apuke, (2017). The independent variable in this study was the 

pollutants in groundwater caused by the poor quality of the effluent from the 

Wastewater Treatment Plant seeping through the ground. The dependent variable was 

the influencing variable which is the borehole water in the plant. To give credible 

results concerning the determination of the Cryptosporidium and Giardia spp. in 

borehole water, laboratory analyses were conducted to quantify protozoans in water. 

Specific physicochemical parameters were also determined, in previous studies 

conducted on these protozoans, these parameters were indicators of microbial 

contamination. 

3.4. Methodology 

3.4.1. Sample collection 

The groundwater samples were collected at the Wastewater Treatment plant using a 

Micro-Purge sampling procedure by Vail, (2013). The boreholes were fitted with a 

pump and tap with a hosepipe for sampling convenience (Figure 3). The tap was 

opened and allowed to run for 5 min before the sample was taken, to purge the 

stagnant water. The mouth of the hosepipe was disinfected with 70% concentrated 

alcohol and afterward allowed the pump to run for another 3 min. The borehole 

sampling and preservation were done following the American Public Health 

Association (APHA), Standard Methods for the Examination of Water and Wastewater 

21st Edition, Method 2130B (APHA, 2002). 
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The borehole samples were then collected using sterilized bottles. The sampling for 

the microbiological analysis (E. coli) was done aseptically in a 1 L polypropylene, 

ensuring the sample was not contaminated by external influences that would 

contaminate the water sample and give unreliable results. Sampling for 

Cryptosporidium and Giardia was collected using 10 L polypropylene plastic 

containers following the methods by Ongerth & Karanis, (2018); EPA, (2005); and. 

EPA Method 1623 is an international method for the identification of Cryptosporidium 

and Giardia in the aqueous medium. EPA Method 1623 includes filtration of a 

minimum of 10 L, immunomagnetic separation of the oocysts and cysts, and counting 

of the protozoans. 

 

Figure 3. Borehole 1 water samples at WWTW eMbalenhle taken to Aquadoc 

laboratory 
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For physicochemical analysis such as pH, electrical conductivity (EC), Nitrates as N, 

Free, and Saline Ammonia as N, Phosphate as P, Chloride as Cl, and total suspended 

solids (TSS), 1 L HDPE Gamma sterilized plastic bottles were used for sampling. The 

bottles were filled to the top without leaving space and the cap was immediately 

replaced. The physicochemical samples were placed in a cooler box filled with ice 

cubes, to keep the temperature between 2-8 °C and taken to the Aquadoc laboratory 

for analysis. Cryptosporidium and Giardia samples were transported after collection at 

≤ 20°C, the cooling was only done during the last sampling round which took place 

when it was hot, ensuring the water does not freeze or exceed 20°C. 

3.4.2. Frequency of sampling 

The sampling of the boreholes at eMbalenhle WWTW took place from May to 

November 2022, in four sampling cycles. There were only three boreholes in the 

sample sites where samples were collected. The total number of samples (3) samples 

for Cryptosporidium and Giardia, (3) samples for microanalyses, and (3) 

physicochemical analyses in duplicates were collected each visit from the locations 

described in Table 9.  
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Table 9. Borehole sampling sites description 

Description of 

sampling sites 

Research study 

points 

Identification Condition of Boreholes 

eMbalenhle 

WWTW 

Located South of 

the clarifier 

Borehole 1 

 

BH 1 The borehole sampling 

site is paved, next to the 

compressor room (with a 

pump). The sampling 

site has an unpleasant 

odor. 

eMbalenhle 

WWTW 

Located North of 

the clarifier 

Borehole 2  

 

BH2 The sampling site is 

grassy, and the taps are 

in good condition 

eMbalenhle 

WWTW 

Located West of 

the clarifier 

Borehole 3 

 

BH3 The sampling site is 

grassy, and the taps are 

in good condition 
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3.5. Analytical Procedures 

Table 10. Physicochemical analysis 

Parameter and units 
Analytical methodology/Instrumentation 

pH (pH) pH meter. South African National Standard. 

Determination of pH. SANS 5011:2005  

Electrical conductivity (mS/m) 

Conductivity meter.  

South African National Standard. Determination of 

electrical conductivity. SANS 7888:2005.  

Total suspended solids 

Oven, analytical balance, and filters.  

TDS dried at 103 - 105⁰C. 2540D.APHA, AWWA, 

WEH.2012.  

Nitrate, NO3- (Nitrate/L) 
Colorimetric/spectrophotometric. instrument 

manual.  

 

Total phosphates 

4500-P. standard methods for the examination of 

water and wastewater.  

Chloride (Cl/L) 
Colorimetric/spectrophotometric. instrument 

manual.  

Ammonia (ammonia/L) 
Colorimetric/spectrophotometric. instrument 

manual.  
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Table 11. Microbiological analysis 

Parameter 
Analytical Methodology/Instrumentation 

Cryptosporidium spp. and 

Giardia spp. 

Method 9711 B.C. 22 nd Ed. 2012. EPA. Method 

1623: Cryptosporidium and Giardia by filtration 

IMS/FA  

Escherichia coli (E.coli) 
Microbiological analysis of water. South African 

National Standard. SANS 5221:2006. Ed 4.2.  

Fecal coliform 

SANS 5221: 2006. SANS 9308 -1: 2004 

Microbiological analysis of water. Water quality – 

Detection and enumeration of Escherichia coli and 

coliform bacteria. Part 1: Membrane filtration 

method 

3.5.1. Microbiological Analysis 

3.5.1.1. Isolation and detection of Cryptosporidium oocysts and Giardia 

cysts 

The isolation of Cryptosporidium and Giardia was done following the EPA Method 

1623: Cryptosporidium and Giardia in Water by Filtration/IMS/FA. Before groundwater 

sample filtration, the system was flushed with 2 L reagent water. The 10 L borehole 

water sample was filtered through a (1-micron membrane filter) Pall EnvirochekTM 

1μm HV, using a pump, the oocysts, cysts, and extraneous material were retained on 

the filter (0.8 µm pore size and 142 mm diameter). Material on the filter was eluted and 

the eluate was centrifuged (Grant Instrument Ltd, England) at 1100 x g for 16 min, to 

pellet the oocysts and cysts, and the supernatant fluid was then aspirated. The pellet 

was then transferred into a flat-side Leighton tube (Dehteq, Kyalami, South Africa) 

using cleaned pipettes. One (1) mL buffer was added to the samples of 100 μL of 

Cryptosporidium Dynabeads and 100 μL of Giardia Dynabead contained in Leighton 

tubes. The tubes were then placed on the mixer to rotate for 1 hour at room 

temperature. Immuno-magnetic separation was then carried out using MPC-1 and 
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MPC-S (Dehteq, South Africa). The samples were placed on the slide, fixed with 

methanol, and stained with 50 μL of Cryptosporidium FITC and 50 μL Giardia FITC 

stain. The samples were then placed in an incubator for 30 min at 37°C. The samples 

were taken out of the incubator, stained with 50 μL DAPI working solution, and left for 

2 min at room temperature. 

The scanning was done under a fluorescence microscope to identify the 

Cryptosporidium and Giardia. (Oo)cysts with apple green, fluorescent cell walls, and 

spherical were detected and classified as positive for FITC. The UV filter block was 

used for the DAPI analysis. (Oo)cysts that had been identified using the green filter 

were then examined under a UV filter for validation. Cryptosporidium and Giardia were 

identified as DAPI-positive if they display up to 4 distinctive sky-blue internal nuclei. 

The recovery rate of Cryptosporidium oocysts was calculated using the below formula: 

𝑪𝒓𝒚𝒑𝒕𝒐𝒔𝒑𝒐𝒓𝒊𝒅𝒊𝒖𝒎 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐲 (%) =
𝑪𝒓𝒚𝒑𝒕𝒐𝒔𝒑𝒐𝒓𝒊𝒅𝒊𝒖𝒎 𝐝𝐞𝐭𝐞𝐜𝐭𝐞𝐝

𝐍𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝑪𝒓𝒚𝒑𝒕𝒐𝒔𝒑𝒐𝒓𝒊𝒅𝒊𝒖𝒎 𝐢𝐧 𝐂𝐨𝐥𝐨𝐫 𝐒𝐞𝐞𝐝
× 𝟏𝟎𝟎

 Equation 3.1 

The Giardia cysts recovery rate will be calculated using the below formula: 

𝑮𝒊𝒂𝒓𝒅𝒊𝒂 𝐫𝐞𝐜𝐨𝐯𝐞𝐫𝐲 (%) =
𝑮𝒊𝒂𝒓𝒅𝒊𝒂 𝐝𝐞𝐭𝐞𝐜𝐭𝐞𝐝

𝐍𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝑮𝒊𝒂𝒓𝒅𝒊𝒂 𝐢𝐧 𝐂𝐨𝐥𝐨𝐫𝐒𝐞𝐞𝐝 
× 𝟏𝟎𝟎 Equation 3.2. 

3.5.1.2. Escherichia coli 

Escherichia coli (E.coli) presence in water was used as an indicator of possible fecal 

contamination and other waterborne pathogens(Wen et al., 2020; Santo Domingo & 

Edge, 2010). The analysis of Escherichia coli (E.coli) was conducted using the 

Membrane Filtration Technique for microbiological analysis of water samples as stated 

by SANS 5221 (2018) and; USEPA, (2006). Briefly, the method involved passing the 

groundwater sample through a membrane of filter size of 0.45 µm, the membrane was 

subsequently placed on a medium, (mTEC) Thermotolerant Escherichia coli agar 

(modified membrane) and finally incubated at 35 ± 0.5 °C for approximately 2 ± 0.5 h 

in an incubator. The targeted species on modified mTEC agar are red or magenta. 

The membrane was left to attain room temperature, the colonies were then counted 
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(SABS, 2011). The number of E.coli per 100 mL was calculated using Equation 3.3 

(USEPA, 2006). 

𝑬. 𝒄𝒐𝒍𝒊 𝟏𝟎𝟎 𝒎𝑳⁄ =
𝐍𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝑬.𝒄𝒐𝒍𝒊 𝐜𝐨𝐥𝐨𝐧𝐢𝐞𝐬

𝐓𝐡𝐞 𝐯𝐨𝐥𝐮𝐦𝐞 𝐨𝐟 𝐬𝐚𝐦𝐩𝐥𝐞 𝐟𝐢𝐥𝐭𝐞𝐫𝐞𝐝 (𝐦𝐋)
    Equation 3.3. 

The results were reported as E.coli CFU per 100 mL of sample. 

3.5.1.3. Fecal coliform 

The membrane filtration method was used to assess the quantity of fecal coliform per 

sample according to standard method SANS 9308 -1: 2004 Microbiological analysis 

of water described in the detection and enumeration of E. coli and coliform bacteria. 

m-Endo agar (Thermo Fisher Scientific, Johannesburg, South Africa) was used for 

fecal coliforms. The 100 mL dilution of samples was filtered through a membrane filter 

paper (0.45µm), and the filter was transferred into a petri dish with m-Endo agar, 

ensuring that no contamination is taking place. The dish was then placed in an 

incubator for 24 h, at 45 °C. After incubation, the number of colonies was counted and 

linked directly fecal content of the groundwater. Colony counts for fecal coliform were 

enumerated as CFU per 100 mL from the agar plates using the formula: 

𝑭𝑪 𝟏𝟎𝟎 𝒎𝑳⁄ =
𝐍𝐨 𝐨𝐟 𝐜𝐨𝐥𝐨𝐧𝐢𝐞𝐬 

𝑻𝒉𝒆 𝒗𝒐𝒍𝒖𝒎𝒆 𝒐𝒇 𝒕𝒉𝒆 𝒔𝒂𝒎𝒑𝒍𝒆 𝒇𝒊𝒍𝒕𝒆𝒓𝒆𝒅 (𝒎𝑳)
    Equation 3.4. 

The results were reported as fecal coliform per 100 mL of sample. 

3.5.2. Physicochemical Water Quality Variables 

3.5.2.1. pH 

pH meter with the readability of 0.01 pH units, HI 9829 Multiparameter Meter (HANNA 

instruments) with available GPS, logging probe, turbidity, and ion measurements, was 

used in the laboratory and field. The probe was used to measure the groundwater pH 

immediately after sample collection to minimize the microbiological decomposition of 

solids. The buffer solutions were used to calibrate the pH meter before conducting the 

analysis. The method that was used for pH is the Examination of Water and Waste 
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Water Method 4500-H B (APHA, 2002). pH imbalance, either too low or too high in 

groundwater affects microbial activity and hinders biological processes (DWAF, 1998). 

pH is considered an important parameter in the WWTP groundwater, which 

determines the viability of most microorganisms (Hurst et al., 1980). The pH 

measurements indicate the basicity and acidity in water. In the WWTP, the high values 

of pH signal the presence of ions, which can be chlorine in the treatment process, 

carbonates, and hydroxide, to mention a few (Wen et al., 2020; Leopold & Freese, 

2009). 

3.5.2.2. Turbidity 

 The turbidity was measured using EUTECH Turbidimeter TN-100 (Thermo Fisher 

Scientific, Johannesburg, South Africa). The intensity of light scattered by the sample 

being analyzed is compared with the intensity of light scattered by a calibration 

suspension under the same conditions. If the intensity of scattered light is high, that 

translates to higher turbidity in the sample. The method is derived from APHA 

Standard Methods for the Examination of Water and Wastewater. Turbidity was 

measured as soon as the samples arrived at the lab, to prevent temperature changes 

that affect the credibility of results and particle flocculation and sedimentation which 

changes the sample’s characteristics. 

3.5.2.3. Total suspended solids 

Total Suspended Solids (TSS) are part of the total solids in the water sample held by 

a filter that causes turbidity in water (DWAF, 1998). During TSS analysis, a recorded 

volume of well-mixed sample will be filtered through a glass fiber filter which was pre-

weighed. The residue and filter were oven-dried at 105 ± 5°C and then desiccated 

before weighing. Suspended solids are part of the total solids in the sample held by a 

filter. The method is derived from Standard Methods for the Examination of Water and 

Waste Water, methods 2540 D (APHA, 2002). 
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𝑇𝑆𝑆 (𝑚𝑔 𝐿⁄ ) =
(𝐴 − 𝐵) × 1000

𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿)
 

Where:  A is the weight of the filter and dried residue 

  B weight of filter before filtration 

3.5.2.4. Electrical conductivity 

Conductivity is the degree to which the aqueous solution carries an electric current. 

The capability relies on the presence of ions, movement, and temperature 

measurement to mention a few(DWAF, 1998). The conductivity of the sample was 

measured using Multiparameter Meter (HANNA instruments) in situ, calibration was 

done before analysis using (CRM) certified reference material. This method is based 

on APHA Standard Methods for the Examination of Water and Waste Water Method 

2510 (APHA, 2002).  

3.5.2.5. Inorganic compounds - Phosphate, nitrate, ammonia, and chloride 

The inorganic compounds will be determined using the Thermo Scientific Gallery 

Discrete Analyzer. The method is based on (1) EPA Method 325.2 (2) APHA Standard 

Methods for the Examination of Water and Waste Water Method 2510 (USEPA, 1983; 

(APHA, 2002). The sample was mixed with a specific reagent listed in Table 10 to form 

a complex. The resulting complex was measured spectrophotometrically at a 

wavelength of 480 nm for chloride, 660 nm for ammonia, 540 nm for nitrate, and  

880 nm for phosphate. Prior to analysis, calibration curves were plotted for each of the 

analytes, and the concentration of each compound was determined utilizing a 

calibration curve. 

(a) Phosphate (PO4-P) 

The orthophosphate anion reacts with ammonium molybdate and antimony potassium 

tartrate (catalyst) in the presence of the acid media resulting in a 12-

molybdophosphoric acid complex. The resulting compound was then reduced with 

ascorbic acid to form a blue hetero-poly complex. The compound was measured for 
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absorbance using a spectrophotometer at a wavelength of 880 nm and compared to 

the phosphate anion concentration using a calibration curve. The unit of measure is 

mg/L. 

b) Nitrate (NO3-N) 

The determination of total oxidized nitrogen and nitrate in groundwater was assessed 

using the gallery plus discrete analyzer. Nitrate was reduced by hydrazine under 

alkaline conditions. The resulting total nitrite ions were then reacted with 

sulphanilamide and N-(1-naphthyl)-ethylenediamine dihydrochloride resulting in a 

highly colored pink azo-dye. The solution was then measured using a 

spectrophotometer to determine the absorbance at a wavelength of 540 nm. This was 

then compared to the total organic nitrogen (TON) concentration by means of a 

calibration curve. The nitrate value was obtained by calculating TON as N. – Nitrite as 

N.  

c) Chloride (Cl) 

To determine the concentration of soluble chloride in groundwater, the chloride was 

reacted with mercury (II) thiocyanate which resulted in the non-ionic compound. That 

reaction resulted in thiocyanate ions being released which then reacted with an acid 

solution of iron (III) nitrate to form an iron (III) thiocyanate compound. The resulting 

complex was measured for absorbance on the spectrophotometer at a wavelength of 

480 nm and was compared to the chloride concentration by means of a calibration 

curve.  

d) Ammonia (NH4-N) 

To determine ammonia in groundwater, ammonia was reacted with hypochlorite ions 

generated by the alkaline hydrolysis of sodium dichloroisocyanurate to form 

monochloramine. This reacts with salicylate ions in the presence of sodium 

nitrosprusside at approximately pH 12.6 to form a blue-green indophenol complex. 

The resulting complex was measured for absorbance using a spectrophotometer at 
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the wavelength 660 nm and was compared to the ammonia concentration by means 

of a calibration curve. The unit of measurement is mg/L. 

3.6. Statistical analysis of microbial and physicochemical data  

The seasonal graph showing different parameters was done to cover all seasons in 

relation to water quality guidelines. Origin Pro and one-way ANOVA were used to 

determine the mean variation and comparison for the boreholes and the significant 

difference between means. The results were compared with SANS241:2015, South 

African Water Guideline, and WHO(DWAF, 1996c). Correlation analysis was 

determined using excel to examine the presence of Cryptosporidium and Giardia and 

the linear relationship with indicator parameters. 
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CHAPTER 4. 

RESULTS AND DISCUSSION 

4.1. Introduction 

This chapter shows the results of the study and discusses the trends that were 

detected. The results for physicochemical and microbiological test results are 

reviewed and compared with SANS241:2015, South African Water Guidelines, and 

WHO (DWAF, 1996; WHO, 2017). The guidelines provide the benchmark of 

acceptable quality limits for water for compliance, risk, and monitoring purposes. The 

borehole water analyses were performed to understand the impact that the 

eMbalenhle WWTW might have on the groundwater quality either due to operation 

issues or natural attenuation from the plant surroundings. The research data is 

presented in the form of tables and figures for effective data and results presentation. 

4.2. Results for physicochemical analyses 

4.2.1. pH results  

Figure 4 shows the pH mean values, mean variation, and mean comparison for the 

borehole sites from autumn to the summer season. The measured pH values from all 

the boreholes are in the range of 7.0 - 8.1 and are shown in Figure 5 (a). Based on 

the presented data, the average pH for the boreholes BH1, BH2, and BH2 is (7.325, 

7.475, and 7.375) respectively, which are all slightly alkaline with no significant 

variation between them. According to SANS 241:2015, the acceptable pH limit for 

irrigation standards should be 5 - 9.7 and 6.5-8.4 (DWAF, 1996). Figure 4 shows the 

comparison of the pH results for all the boreholes in the wastewater treatment plant 

with the SANS 241, indicating that all the results were within the permissible limits.  

pH is considered an important parameter in the wastewater treatment plant 

groundwater because it determines the viability of most pathogens (Yushuo Liu et al., 

2023; Hurst et al., 1980). The pH measurements indicate the basicity and acidity in 

water. In the wastewater treatment plant, the high values of pH signal the presence of 
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ions, which can be chlorine that is used in the treatment process, carbonates, and 

hydroxide, to mention a few (Leopold & Freese, 2009). 

 

Figure 4.Graphical presentation of boreholes pH values against SANS 

241:2015 standard 

During the autumn sampling season, the pH range for all three boreholes was in the 

range of 7.0 - 7, 1 which was slightly alkaline, Cryptosporidium and Giardia (oo)cysts 

were identified in the water samples during analyses. This study disagrees with the 

study conducted by Barwick et al. (2003) on Cryptosporidium and Giardia spp. which 

indicated that the (oo)cysts appear less in basic or neutral media but are resistant to 

acidic media. No major seasonal variations in pH among the sites were observed, 

except for BH2 where the pH was at 8.1 in spring, making BH2 slightly higher than 

that of BH1 and BH3. There were no other significant differences detected in seasonal 

trends for the sampling period. According to Figure 5 (c), the p-value is not less than 

α = 0.05 thus affirming the null hypothesis; there is no statistically significant difference 

between the pH means of the three boreholes. 
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Figure 5. (a) pH values for the borehole sites from autumn to summer, (b) Mean pH variation for the borehole sites from 

autumn to summer, and (c) Mean pH comparison for the borehole sites from autumn to summer. 
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4.2.2. Electrical conductivity results 

Electrical conductivity (EC) was measured at each of the borehole sampling sites to 

determine the level of dissolved substances and chemicals in the water. In WWTPs, 

the high conductivity is indicative of impurities, which can be attributed to a lot of 

factors (Golnabi et al., 2009). Figure 7 shows the conductivity mean values, mean 

variation, mean comparison, and standard deviation for the borehole sites from 

autumn to summer. The measured EC values from all the boreholes ranged from 120 

to 129 mS/m and as shown in Figure 7 (a).  

 

Figure 6. Graphical presentation of boreholes' electrical conductivity against 

SANS 241:2015 standard 

Based on the presented data in Figure 6, the comparison EC results of all the 

boreholes in the wastewater treatment with the SANS 241, indicates that all the results 

were within the permissible limits. The conductivity limit as prescribed in SANS 

241:2015 should be ≤170 mS/m at 25°C, ≤ 40mS/m for irrigation purposes (DWAF, 

1996d) 
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Figure 7. (a) Electrical conductivity values for the borehole sites from autumn to summer, (b) Electrical conductivity mean 

variation for the borehole sites from autumn to summer, (c) Electrical conductivity mean comparison for the borehole 

sites from autumn to summer 
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Even though all the results were within the prescribed SANS 241:2015 limits, the 

irrigation standard limits were exceeded, and there were variations throughout the 

sampling season. There was a reduction in all boreholes in the EC during the spring 

season, with the range of (120 –123 mS/m) which was followed by a slight spike in the 

summer sampling season, of 129 mS/m, which was the highest in the sampling 

season. The spike might be partly attributed to rain during the summer season, 

contaminants in the wastewater treatment plant surrounding area are dissolved, 

charging the groundwater, and ultimately increasing electrical conductivity. This study 

agrees with the concept by Joseph et al. (2010) which indicates that during the 

infiltration process, the amount of dissolved solids increases, resulting in water quality 

deterioration. According to Figure 7 (c), the p-value is not less than α = 0.05, and we 

fail to reject the null hypothesis. This means there is no statistically significant 

difference between the conductivity mean of the three boreholes. 

4.2.3. Total Suspended Solids results 

TSS are the portion of total solids in the sample retained by a filter that causes turbidity 

in water (DWAF, 1998). Studies have confirmed the correlation between TSS and 

turbidity; the higher the mass of retained solids, the more turbid the aquatic 

environment (Hannouche et al. 1996). Huey and Meyer (2010) indicated in their study 

that turbidity is a strong indicator of TSS as well as other enteric pathogens including 

Cryptosporidium spp. and Giardia duodenalis. Based on the presented data in  

Figure 8, the comparison of all boreholes in wastewater treatment with SA water 

guidelines indicates some of the boreholes exceeded the permissible limits. The TSS 

concentration as prescribed by South African water guidelines for the aquatic 

ecosystem is < 100 mg/L (DWAF, 1996b). Figure 9 shows the TSS mean values, mean 

variation, and mean comparison for the borehole sites from the autumn to the summer 

season. According to Figure 9 (c), the p-value is not less than α = 0.05, and thus we 

fail to reject the null hypothesis. This means there is no statistically significant 

difference between the TSS mean of the three boreholes. 
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Figure 8. Graphical presentation of boreholes conductivity against SA water 

guideline 

The measured TSS values from all the boreholes ranged from 21 to 157 mg/L and are 

shown in Figure 9 (a), with fluctuations in sampling seasons. In two sampling seasons 

(autumn and spring), the total suspended was above 100 mg/L. The autumn sampling 

season has the highest results, with all the boreholes exceeding the limit, this might 

be attributed to the rain that was received in autumn while the WWTW was not 

operational for a while, which resulted in untreated wastewater accumulation, 

consequently contaminating groundwater. The results are in agreement with the study 

conducted in Brazil in the public water treatment system, in their findings there was a 

correlation between the high dissolved substances and turbidity in water with the 

abundance of Cryptosporidium and Giardia spp. (Almeida et al., 2015). The winter and 

summer sampling results were within the SA guideline limits of < 100 mg/L, however, 

there were variations in the results.  
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Figure 9. (a) Total suspended solids values for the borehole sites from autumn to summer, (b) Total suspended solids 

mean variation for the borehole sites from autumn to summer, (c) Total suspended solids mean comparison for the 

borehole sites from autumn to summer 
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4.2.4 Chloride as Cl results 

Chloride in groundwater can be attributed to several factors in the wastewater 

treatment plant including, salt deposits from weathering, and the wastewater treatment 

process (WHO, 2018). Chlorine is naturally present in water however, an increased 

amount of chloride in the aquatic ecosystem will affect the mortality and reproduction 

of aquatic species due to increased acidity in water(Adeyemo et al., 2019; Brungs, 

1976). 

 

Figure 10. Graphical presentation of borehole's chloride as Cl concentration 

against SANS 241:2015 standard 

Figure 11 shows the Chloride mean values, mean variation, mean comparison, and 

standard deviation for the borehole sites from autumn to summer. The measured 

Chloride values from all the boreholes ranged from 54 – 64 mg/L and are shown in 

Figure 11 (a). Based on the presented data in Figure 10, the comparison of Chloride 

results of all the boreholes in the wastewater treatment with the SANS 241, indicates 

that all the results were within the permissible limits. The chloride limit as prescribed 

in SANS 241:2015 should be 300 mg/L at 25°C. According to  

Figure 11 (c), the p-value is not less than α = 0.05, and we fail to reject the null 

hypothesis. This means there is no statistically significant difference between the 

conductivity mean of the three boreholes. 
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Figure 11. (a) Chloride as Cl values for the borehole sites from autumn to summer, (b) Chloride as Cl mean variation for 

the borehole sites from autumn to summer, and (c) Chloride as Cl mean comparison for the borehole sites from autumn to 

summer.
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4.2.4. Nitrate as N results 

Nitrates in the aquatic ecosystem can be coming from various sources including 

fertilized soil, wastewater, anthropogenic causes, and septic system (Ward et al., 

2018). Even though plants require some nitrate for a better production yield, the 

excessive amount of nitrates end up building up in the soil and some leach through 

groundwater, the accumulation of nitrates in plants is harmful to human health  

 

Figure 12. Graphical presentation of boreholes Nitrate as N against SANS 

241:2015 

Based on the presented data in Figure 12, the comparison of all boreholes in the 

vicinity of the wastewater treatment plant with SANS241:2015 indicates in all the 

boreholes nitrate concentration exceeded the permissible limits during all sampling 

seasons. The nitrate concentration as prescribed by SANS 241 is ≤11 mg/L, 0-100 

mg/L for agricultural purposes, without adverse effects on livestock (DWAF, 1996d). 

According to  

Figure 13 (c), the p-value is not less than α = 0.05, and we fail to reject the null 
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hypothesis. This means there is no statistically significant difference between the 

Nitrate mean of the three boreholes. 
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Figure 13. (a) Nitrate as N values for the borehole sites from autumn to summer, (b) Nitrate as N mean variation for the 

borehole sites from autumn to summer, (c) Nitrate as N mean comparison for the borehole sites from autumn to summer. 
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Figure 13 shows the nitrate as N mean values, mean variation, and mean comparison 

for the borehole sites from autumn to the summer season. The measured Nitrate 

values from all the boreholes in sampling seasons ranged from 17 – 20 mg/L as shown 

in Figure 13 (a). In all the boreholes, there was not much fluctuation throughout the 

sampling season. These elevated nitrates concentrations in the wastewater treatment 

boreholes might be attributed to wastewater that is not adequately treated 

consequently infiltration of the groundwater. Berndt, (1990) study in Florida on the 

distribution of nitrate in groundwater concludes that municipal sewage treatment plant 

effluent is one of the major sources of high nitrates in groundwater.  

4.2.5. Total phosphate as P results 

Phosphorus in aquatic ecosystems occurs as a dissolved orthophosphate (PO4), 

rarely as phosphorus (P) (Baldwin, 2013; Kotoski,1997). Phosphate is considered a 

crucial nutrient in the aquatic environment. It originates from surface runoff, 

wastewater, and fertilizers by attaching itself eventually getting to the water bodies 

(Correll, 1999). Based on the presented data in Table 12, the comparison of all 

boreholes in wastewater treatment with SA water guidelines indicates in all the 

boreholes phosphate concentration exceeded permissible limits during all sampling 

seasons. The orthophosphate concentration level as prescribed by South African 

guidelines is recommended to be ≤ 0.005 mg/L in oligotrophic conditions, 0.005-0.025 

mg/L in mesotrophic, 0.025-0.250 mg/L and > 0.250 mg/L in hypertrophic conditions, 

without causing a nuisance to aquatic ecosystem inhabitants (DWAF, 1996b).  
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Table 12. Phosphate as P concentration of the boreholes against South African 

Water Guidelines: Aquatic ecosystem 

Seasons BH1 BH2 BH3 SA Water Guidelines 

Autumn  0,2 0,2 0,2 0.005 

Winter 0,2 0,2 0,2 0.005 

Spring 0,2 0,2 0,2 0.005 

Summer 0,2 0,2 0,2 0.005 

According to Figure 13 (c), the p-value is not less than α = 0.05, thus we fail to reject 

the null hypothesis. This means there is no statistically significant difference between 

the Nitrate mean of the three boreholes. Figure 14 shows the Phosphate as P mean 

values, mean variation, and mean comparison for the borehole sites from autumn to 

the summer season. The measured Phosphate values from all the boreholes in 

sampling seasons was 0.2 mg/L as shown in Figure 14 (a). 

In all the boreholes, there were no variations throughout the sampling season. The 

high concentration of phosphate could indicate that there was contamination from the 

surrounding resulting in infiltration into the groundwater. These excessive amounts of 

phosphorus have an impact on the microorganisms in water and facilitate the algal 

bloom in water bodies due to the eutrophication process (Feng et al., 2023; Carpenter, 

2005). Hence, groundwater with elevated levels of phosphate can potentially alter the 

species and introduce toxic and nuisance species in water bodies (Alexander et al., 

2017) 
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Figure 14. (a) Phosphate as P values for the borehole sites from autumn to summer, (b) Phosphate as P mean variation for 

the borehole sites from autumn to summer, (c) Phosphate as P mean comparison for the borehole sites from autumn to 

summer. 
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4.2.6. Free and saline ammonia results 

Ammonia naturally occurs in water bodies as free and saline ammonia which can be 

converted to nitrite (NO2) and nitrate (NO3) by bacteria (WHO, 1996). The ammonia 

originality in the aquatic environment is diverse, stemming mainly from the 

decomposition of nitrogen in wastewater from domestic, industrial, and agricultural 

practices, its presence indicates sewage and animal feed contamination (Corral, 2021; 

Roch & Maine, 2015; EPA, 1999 ). 

 

Figure 15. Graphical presentation of boreholes Free and saline ammonia as N 

against SANS 241:2015 

Figure 15 shows the Free and saline ammonia as N mean values, mean variation, and 

mean comparison for the borehole sites from autumn to the summer season. The 

measured free and saline ammonia as N values from all the boreholes in sampling 

seasons ranged from 0.1 – 0.2 mg/L as shown in Figure 16 (a). In all the boreholes, 

there was not much fluctuation throughout the sampling season. According to  

Figure 16 (c), the p-value is not less than α = 0.05, and we fail to reject the null 

hypothesis. This means there is no statistically significant difference between the free 

and saline ammonia as the N mean of the three boreholes. 
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Figure 16. (a) Free and saline ammonia values for the borehole sites from autumn to summer, (b) Free and saline ammonia 

mean variation for the borehole sites from autumn to summer, (c) Free and saline ammonia mean comparison for the 

borehole sites from autumn to summer 
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Based on the presented data in Figure 15, the comparison of all boreholes in 

wastewater treatment with SANS241:2015 indicates in all the boreholes free and 

saline ammonia as N concentration is within the permissible limits during all sampling 

seasons. The free and saline ammonia as N concentration as prescribed by SANS 

241 is 1.5 mg/L and 0.025 mg/L according to aquaculture (DWAF, 1996b). Therefore, 

even though the concentration of 0.1 mg/L reported during the sampling season is 

within the drinking water level, the limit reported is not fit for the aquatic ecosystem. 

Excessive levels of ammonia can alter water bodies leading to eutrophication. The 

high amount of ammonia in groundwater in a wastewater treatment plant can be 

attributed to poorly treated wastewater effluent leading to salinity. Several studies have 

been conducted indicating the cause of extreme levels of free and saline ammonia in 

the aquatic system as sewage leaks increasing fecal contamination and inadequately 

treated effluent (Roch & Maine, 2015; Dube et al., 2010; WHO, 1996 ). 

4.2.7. Faecal coliforms results 

Faecal coliforms was measured at each of the borehole sampling sites to determine 

the presence of fecal contamination. The high prevalence of these pathogenic bacteria 

in the borehole water samples is an indication of fecal contamination, which can be 

attributed to some leakage in the WWTWs (Dey et al., 2022; Leifels et al., 2019). 

Based on the presented data in Figure 17, the comparison of fecal coliform results of 

all the boreholes in the wastewater treatment with the SANS 241 indicates that all the 

results exceeded the permissible limits. The fecal coliform limit as prescribed in SANS 

241:2015 should be 0 cfu/100 mL, 10 cfu/100 mL for operations,  

0-150 cfu/100 mL for recreational uses, like swimming, and 10 000/100 mL for 

irrigation purposes (DWAF, 1996b). Figure 18 shows the fecal coliform mean values, 

mean variation, and mean comparison for the borehole sites from autumn to the 

summer season. 
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Figure 17. Graphical presentation of borehole's fecal coliform against SANS 

241:2015 standard 
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Figure 18. (a) Fecal coliform values for the borehole sites from autumn to summer, (b) Fecal coliform mean variation for 

the borehole sites from autumn to summer, (c) Fecal coliform mean comparison for the borehole sites from autumn to 

summer.
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According to Figure 18 (c), the p-value is not less than α = 0.05, and we fail to reject 

the null hypothesis. This means there is no statistically significant difference between 

the conductivity mean of the three boreholes. The measured bacterial counts from all 

the boreholes ranged from 9 cfu/ 100 mL to 1100 cfu/ 100 mL and are presented in 

Figure 18 (a), with fluctuations throughout sampling seasons. During the first sampling 

season in autumn, the plant was not functioning for a couple of weeks due to 

vandalism, this might have contributed to the highest results for the sampling season 

due to the accumulation of untreated wastewater, resulting in overflows to the ground.  

The results obtained in this study are in line with other studies in waterbodies on the 

prevalence of fecal coliform, the bacterial counts are exceedingly high after the rainfall 

seasons (Tornevi et al., 2014; Hill et al., 2006; Shehane et al., 2005). The presence of 

these bacteria poses a health risk to humans if the groundwater is utilized for 

consumption or agricultural purposes without treatment. The fecal coliform evaluation 

aim was used as an indicator of the prevalence of Cryptosporidium and Giardia spp. 

in groundwater in this study. In autumn when the excessively high bacterial counts of 

fecal coliforms were reported, the Cryptosporidium and Giardia spp. were also 

confirmed. Literature has confirmed the correlation between fecal coliforms 

prevalence of Cryptosporidium and Giardia spp. (Ongerth et al., 2018; Prystajecky et 

al., 2014;Ratnayaka et al., 2009). 

4.2.8. E. coli 

Figure 19 shows the E.coli mean values, mean variation, and mean comparison for 

the borehole sites from autumn to the summer season. The measured bacterial counts 

from all the boreholes ranged from 7 CFU/100 mL to 900 CFU/100 mL and are shown 

in Figure 20 (a). Based on the presented data, the average bacterial counts for the 

boreholes BH1, BH2 and BH3 are (206.25 CFU/100 mL, 176.5 CFU/100 mL, and 

416.5 CFU/100 mL), with significant variation between them. BH3 had the highest 

levels with 900 CFU/100 mL for the sampling season. The acceptable limit of E. coli 

in drinking water is 0 CFU/100 mL according to SANS 241:2015, South African water 

regulation 0 CFU/100 mL for irrigation and 0-130 CFU/100 mL for recreational 

purposes (DWAF, 1996b). Figure 19 shows the comparison of E.coli results of all the 
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boreholes in the wastewater treatment with the SANS 241, indicating that all the 

boreholes exceeded the permissible limits.  

 

Figure 19. Graphical presentation of borehole's E.coli against SANS 241:2015 

standard 

According to Figure 20 (c), the p-value is not less than α = 0.05, we fail to reject the 

null hypothesis. This means there is no statistically significant difference between the 

E.coli means of the three boreholes. E.coli is considered an important indicator of fecal 

contamination in aquatic ecosystems, and other waterborne pathogens abundances 

like Cryptosporidium and Giardia spp. (Rochelle-Newall et al., 2015; Odonkor & 

Ampofo, 2013). In the wastewater treatment plant, the high bacterial counts in the 

groundwater can be attributed to plant operational challenges resulting in overflows in 

the plant and seepages of wastewater, and leakages amongst other things 

(Bezuidenhout C, 2013). With shortages of water supply, treated wastewater, borehole 

water, and water from ponds and rivers are becoming an option, however, if not treated 

adequately, it can present risks. The prevalence of E.coli in drinking water, water used 

for irrigation, and recreational activities such as swimming presents a health risk to 

humans and animals exposed (Bonetta et al., 2022; Balkhair, 2016) 
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Figure 20. (a) E. coli values for the borehole sites from autumn to summer, (b) E. coli mean variation for the borehole sites 

from autumn to summer, (c) E.coli mean comparison for the borehole sites from autumn to summer. 
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4.2.9. Cryptosporidium results 

Cryptosporidium is an enteric pathogenic protozoan that causes gastrointestinal 

illness in humans and animals (Lam et al., 2014). It is found mostly in an aquatic 

environment, which makes it possible for their oocyst to survive (Cho et al., 2013). 

Based on the presented data in Figure 21, the comparison of Cryptosporidium results 

of all the boreholes in the wastewater treatment with the SANS 241, indicates that one 

sampling season results exceeded the permissible limits. The Cryptosporidium limit 

as prescribed in SANS 241:2015 should be 0 cfu/10 l,  

0 cfu/10 L for domestic uses (DWAF, 1996c). Figure 22 shows the Cryptosporidium 

mean values, mean variation, and mean comparison for the borehole sites from 

autumn to the summer season. 

 

Figure 21. Graphical presentation of borehole's Cryptosporidium against SANS 

241:2015 standard 

The measured protozoan oocysts from all the boreholes were two (2) oocysts, 

detected in autumn, in BH2 and are presented in Figure 22 (a), with the other 

boreholes not reporting any Cryptosporidium oocysts throughout sampling seasons. 
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During the first sampling season in autumn, the plant was not functioning for a couple 

of weeks due to vandalism; this might have contributed to the detection of 

Cryptosporidium in one season only due to the accumulation of untreated wastewater, 

resulting in overflows to the ground.   
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Figure 22. (a) Cryptosporidium values for the borehole sites from autumn to summer, (b) Cryptosporidium mean variation 

for the borehole sites from autumn to summer, (c) Cryptosporidium mean comparison for the borehole sites from autumn 

to summer.
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The prevalence of the Cryptosporidium parasite in the borehole in WWTWs can be 

attributed to several factors including the ineffectiveness of chlorine to disinfect 

wastewater off the protozoan parasites to operational issues causing groundwater 

seepages of untreated water attenuation in the soil as identified in domestic and global 

studies of cryptosporidium in WWTW (Dungeni et al., 2010; Chique et al., 2020; King 

et al., 2017). Literature has pointed out that most wastewater treatment plant does not 

have adequate facilities to disinfect these enteric protozoan pathogens, which 

consequently end up in the public water supply (Watier-Grillot et al., 2022; Pignata et 

al., 2019).  

The abundance of Cryptosporidium spp. in drinking water, water used for irrigation, 

and recreational activities like swimming used without pre-treatment will result in 

cryptosporidiosis outbreak, causing gastrointestinal illness in humans and animals 

(Ongerth et al., 2018; Chique et al., 2020). According to Figure 22 (c), the p-value is 

not less than α = 0.05, and we fail to reject the null hypothesis. This means there is no 

statistically significant difference between the conductivity mean of the three 

boreholes. 

4.2.10. Giardia results 

Giardia is primarily transmitted through the fecal-oral route as a 10-12 μm long Giardia 

cyst due to poor hygiene in infrastructure, but most cases are due to ingestion of 

contaminated water or food (Dixon, 2021). Inadequately treated wastewater used for 

irrigation may transmit giardia cysts (A. M. Nasser et al., 2012). Giardiasis is caused 

by the Giardia parasite, lamblia which causes gastrointestinal illness (EPA, 2000).  
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Figure 23. Graphical presentation of borehole's Giardia against SANS 241:2015 

standard 

Based on the presented data in Figure 23, the comparison of all boreholes in 

wastewater treatment with SANS241 indicates that some of the boreholes exceeded 

the permissible limits. The Giardia concentration limit as prescribed in SANS 241:2015 

should be 0 cfu/10 l, 0 cfu/10 l for domestic uses (DWAF, 1996c). Figure 24. shows 

the Giardia mean values, mean variation, and mean comparison for the borehole sites 

from autumn to the summer season. According to Figure 24. (c), the p-value is not 

less than α = 0.05, and we fail to reject the null hypothesis. This means there is no 

statistically significant difference between the giardia mean of the three boreholes. 
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Figure 24. (a) Giardia values for the borehole sites from autumn to summer, (b) Giardia mean variation for the borehole 

sites from autumn to summer, (c) Giardia mean comparison for the borehole sites from autumn to summer
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The measured Giardia values from all the boreholes ranged from 1 to 3 cysts and are 

shown in Figure 24 (a), with fluctuations in sampling seasons. In two sampling seasons 

(autumn and summer), Giardia was detected, in autumn, all boreholes tested positive 

for Giardia, with the highest cysts, and in summer only BH3. The prevalence of these 

enteric pathogens in groundwater indicates that the water was polluted with fecal 

matter, which is most likely due to fecal matter accumulating in the ground due to the 

plant not functioning in autumn or leakage of wastewater (Sroka et al., 2013; Nasser 

et al., 2012; Dungeni et al., 2010). This study showed consistency with Pitkänen et al. 

(2015) whose findings indicated that high Giardia cysts are detected in groundwater 

in autumn after the summer rains which might be attributed to more infiltration taking 

place.  

4.2.11. Correlation analysis between protozoans, physicochemical and 

microbiological parameters 

Correlation analysis was determined by looking specifically at the parameters that 

were selected based on their relationship with Cryptosporidium and Giardia as 

indicated in numerous studies on the detection of protozoans in water. The parameters 

of interest, Total Suspended Solids, E.Coli, and fecal Coliforms exceeded the limits 

during the study. 

4.2.11.1. Total Suspended Solids 

The trend observed in Figures 25 and 26 reveals that TSS and Cryptosporidium in the 

BH2 borehole had a positive correlation, also TSS showed a positive correlation with 

Giardia in all borehole sampling sites. 
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Figure 25. Correlation graph between TSS and Cryptosporidium 
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Figure 26. (a) Correlation between total suspended solids and Giardia in BH1 (b) Correlation between total suspended 

solids and Giardia in BH2 (c) Correlation between total suspended solids and Giardia in BH3. 
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4.2.11.2. E. coli 

The trend observed in Figures 27 and 28 reveals that TSS and Cryptosporidium in the 

BH2 borehole had a positive correlation, also TSS showed a positive correlation with 

Giardia in all borehole sampling sites. 

 

Figure 27. Correlation graph between E.coli and Cryptosporidium 

4.2.11.3. Fecal Coliforms 

The trend observed in Figures 29 and 30 reveals that TSS and Cryptosporidium in the 

BH2 borehole had a positive correlation, also TSS showed a positive correlation with 

Giardia in all borehole sampling sites. 
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Figure 28. Correlation graph between fecal coliforms and Cryptosporidium 
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Figure 29. (a) Correlation between E. coli and Giardia in BH1 (b) Correlation between E. coli and Giardia in BH2 (c) 

Correlation between E.coli and Giardia in BH3. 
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Figure 30. Correlation between fecal coliforms and Giardia in BH1 (b) Correlation between fecal coliforms and Giardia in 

BH2 (c) Correlation between fecal coliforms and Giardia in BH3.
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CHAPTER 5. 

SUMMARY, CONCLUSION, AND RECOMMENDATIONS 

5.1. Introduction  

This chapter provides the summary, conclusion, and recommendations from the research 

study. The purpose of the study was to assess the abundance of Cryptosporidium and 

Giardia spp. in boreholes water close to the eMbalenhle wastewater treatment plant and 

associated impacts. To achieve the aim, the study used the three research questions below: 

 What are the levels of Cryptosporidium, Giardia spp., and E. coli in the groundwater 

samples? 

 What is the concentration of the physicochemical properties in groundwater from the 

Embalenhle Waste Water Treatment Plant? 

 Are both physicochemical properties and microbiological concentration 

(Cryptosporidium, Giardia spp., and Escherichia coli) within permissible limits, using 

drinking water standards by WHO and South African Water Guidelines? 

5.2. Summary  

There is a growing concern about potable water availability globally, groundwater is 

becoming a major source of freshwater due to shortages (Boretti & Rosa, 2019). The major 

contamination source for groundwater is anthropogenic activities which include wastewater 

treatment, and industrial activities (Li et al., 2021). Inadequately treated wastewater effluent, 

that is chemically, physically, or microbiologically contaminated has the potential of 

impacting the aquatic ecosystem, either via groundwater or other receiving bodies (Edokpayi 

et al., 2017). Enteric pathogens such as Cryptosporidium and Giardia spp. can use the 

groundwater as a transmission route ultimately causing potential illnesses to humans and 

animals (Chique et al., 2020b). 

This research project examined the quality of groundwater in the eMbalenhle wastewater 

treatment plant, comparing the concentration of the examined variables with the South 

African National Standard for Drinking Water SANS241:2015, South African Water 
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Guidelines (Irrigation, Recreational Activities, and Aquatic Ecosystem), and WHO. Eleven 

(11) parameters were examined, (3) samples for Cryptosporidium and Giardia, (3) samples 

for microanalyses, and (3) physicochemical analyses, in four sampling cycles, to cover four 

seasons, from autumn to summer.  

Based on the results obtained in comparison with the South African Water guidelines and 

WHO, the groundwater quality indicates contamination from the WWTWs. The values for 

pH, electrical conductivity, and chloride in the boreholes were within the SANS241, South 

African Water Guidelines, and WHO standards. Ammonia was within the SANS241 

specification of 1.5 mg/L. The values for TSS, phosphate, and nitrates in all boreholes 

throughout the sampling seasons exceeded limits. This might be indicative of metal traces 

and other anthropogenic activities seepages from around the WWTW.  

Fecal coliforms, E.coli, and TSS were selected as indicator organisms for the prevalence of 

Cryptosporidium and Giardia spp. in groundwater. Sente et al. (2016) established that turbid 

water is an indication of microbiological contamination. In the study conducted on the 

occurrence of Cryptosporidium and Giardia spp. in a public water-treatment system in Brazil, 

there was a correlation between high turbidity and the prevalence of (oo) cysts (Almeida et 

al., 2015). With TSS exceeding the limit and prevalence of Cryptosporidium and Giardia 

spp., fecal coliforms, and E.coli, in the study. The findings in this study are in agreement 

with many studies on the abundance of Cryptosporidium and Giardia spp. that also showed 

that Escherichia coli and turbidity are important indicators for the abundance of protozoans 

in water (Farrell et al., 2018; Smith et al., 2008; Hörman et al., 2004). 

5.3. Conclusion 

Many countries have reported outbreaks of Giardia and Cryptosporidium spp. Determining 

groundwater quality is crucial especially if utilized for consumption or irrigating the garden 

or agricultural fields. South Africa is a water-scarce country, and not only does that affect 

household consumption but the farming community for irrigation as well (Grewar, 2019); 

Cabrera Marino, 2017). Most farmers ordinarily depend on untreated water for irrigation with 

unknown or poor microbial quality from dams, rivers, groundwater, and wells. The WWTPs 
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discharge the treated water to the receiving bodies like rivers; if the water is inadequately 

treated and contains contaminants that consequently affect humans and animals. 

The abundance of microbial contamination by fecal coliforms, E.coli, Cryptosporidium, and 

Giardia in eMbalenhle wastewater treatment plant groundwater is of great concern since it 

indicates fecal contamination. The composition of bacterial seepage varied from sampling 

point to sampling point throughout the sampling season, which can be attributed to the 

location of the borehole and the contamination exposure. Undoubtedly, such levels of 

microbial contamination are due to infiltration of groundwater aquifers stemming from the 

treatment plant either due to overflow of contaminated wastewater, sewage pipe leaks, or 

inadequately treated effluent seepages to groundwater.  

The overall results obtained are revealing that there is a decline in the groundwater quality 

in the wastewater treatment plant. The borehole water at the eMbalenhle wastewater 

treatment plant is not suitable for drinking, aquatic ecosystem, irrigation, and recreation due 

to the high levels of fecal coliforms, E.coli, Cryptosporidium, and Giardia spp. which can 

have an adverse impact on humans and animals. 

5.4 Recommendations 

The groundwater quality is increasingly threatened by WWTPs, leaching contaminants into 

the aquifers. Based on the findings of this research, the following measures can be 

implemented to reduce the level of groundwater contamination in the eMbalenhle 

wastewater treatment plant. Recommendations include the following: 

 An improvement in the maintenance and operation of the wastewater treatment plant 

will reduce microbiological contamination and improve groundwater quality. The plant 

was not operational for weeks during the sampling seasons which might have 

contributed to high microbial contamination. 

 There needs to be continuous monitoring of the groundwater quality as there are 

indications of protozoans. The monitoring should include the assessment of enteric 

pathogens Cryptosporidium and Giardia on a defined frequency as part of risk 

management. 
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 Conduct bioassays on human cells once Giardia and Cryptosporidium have been 

isolated and identified to assess how long the human cells die or survive in the cells 

contaminated with the protozoans.  

 The presence of animals around the borehole that can also increase the risk of 

contamination as animals can carry Cryptosporidium and Giardia spp. in their feces, 

which can contaminate the water is worth exploring. 

 Boreholes far removed from contaminated sources may be studied as control and 

compared with boreholes that are located near agricultural areas or sewage 

treatment plants. 

 There is a need to further investigate the boreholes, and occurrence of 

Cryptosporidium and Giardia within the study using methods such as PCR method. 

Method 1623 which was used for the study has a well-documented low recovery rate 

of the (oo) cyst. The PCR will give a more precise quantification of the amount of a 

genetic target in the borehole samples. 
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Appendix B-Submitted letter to Municipality 

09 Shiraz, 14 St Michael  

New Redruth 

1447 

10 August 2020 

 

Att: The Manager: Water and Sanitation Department 

Govan Mbeki Municipality  

Horwood Street 

CBD Secunda 

2302 

 

Dear Sir/Madam 

 

Re: Request to Collect Research water samples from eMbalenhle Wastewater Treatment Works borehole 

I am studying for a Masters Environmental Science degree at the University of South Africa (UNISA). I am 

asking for permission to collect research water samples at the eMbalenhle Wastewater Treatment Works 

borehole starting from January 2021 to December 2021. 

 

The results of the water quality will be analyzed and reported as part of the thesis. The title of the thesis 

“Assessing the abundance of Cryptosporidium and Giardia spp.. in borehole water close to eMbalenhle 

wastewater treatment plant and associated impacts”. I am committed to respecting and protecting the 
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privacy of data collected and analyzed and to the ethical use of information. The results will be treated with 

the highest level of confidentiality. Photographs taken will not include people or private properties where 

consent and confidentiality will be required. There are no foreseeable risks in participating in this research. 

This complies with the provision of the UNISA CAES Research Ethics Policy. 

 

The study will add to the in-depth knowledge on the water quality of eMbalenhle Wastewater Treatment 

Works. It will also increase awareness to protect the water resources for the future generation, by 

implementing measures to prevent pollution. 

 

Should you have any concerns and questions about the study you may contact my Supervisor: Thandazile 

Mhlongo eshongtn@unisa.ac.za. 

 

Yours Sincerely 

 

Busisiwe Makhombothi 

mailto:eshongtn@unisa.ac.za

