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Variable water quality of domestic wells emphasizes the need 
for groundwater quality monitoring and protection: Stinkwater, 

Hammanskraal, Gauteng
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ABSTRACT
Groundwater is a critical water resource in many peri-urban areas without municipal water supply, a common situation 
globally, but especially in Africa. These areas contain multiple water pollution risks from various human activities, including 
small industry, dumping, stock and pet animals, and pit latrines. Stinkwater village, 40 km north of Pretoria in Gauteng 
Province, that has only partial municipal water supply, was sampled for water quality from municipal taps, boreholes and 
open hand-dug wells. The water quality varied greatly, with few obvious geographic or geochemical correlations, other than 
high bacterial counts in the open wells. The key health concerns were nitrate, f luoride and coliform bacteria (including E. 
coli), some at dangerous levels. Relatively subtle variations in land use, including water use and pollution sources, as well as 
vadose zone character, including depth to water table, permeability and recharge pathways, could account for much of the 
variation in water quality. The study reveals the risk of relying upon a single water quality analysis to determine groundwater 
conditions for an area. In areas with multiple possible pollution sources, thorough groundwater monitoring is needed to 
determine the usability of water resources.
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INTRODUCTION

Use of groundwater as a water supply, for agricultural, 
industrial and domestic use, has been on the rise globally 
(Villholth and Giordano, 2007). �is is due to the overuse 
and declining quality of surface water resources, as well as 
improvements in understanding and engineering methods 
to access groundwater resources. However, with increased 
use of groundwater and the increase in human population 
and activities, groundwater is now also subject to declining 
levels and quality in areas as far a�eld as Korea (Lee et al., 
2005) and India (Naik et al., 2008). �e situation in Africa is 
similar, and subject to even more intense pressures. Population 
growth, as a percentage, is the highest of all the continents, 
and urbanization was predicted to double between 2000 and 
2030 in sub-Saharan Africa, which currently has an urban 
population of around 250 million (Lapworth et al., 2017). 
Needless to say, the stress on water resources can only increase 
and as stated over 10 years ago: �e challenges of achieving 
sustainable development will be particularly formidable in 
Africa.’ (Cohen, 2006 p. 63).

Studies of groundwater quality across Africa are numerous, 
and include rural (Grimason et al., 2013), urban (Mangore and 
Taigbenu, 2004) and peri-urban (Mokuolu et al., 2017), as well 
as agricultural (Esterhuizen et al., 2014), industrial (Takem et 
al., 2015) and domestic (Vala et al., 2011) studies. Most of these 
studies reveal decreases in groundwater quality related to human 
activities at the surface. In most cases, even though baseline 
data is not available from prior to the commencement of the 
activity, the source of the contamination is obvious, as it carries 
the signature of heavy metals, synthetic nitrate fertilizers and 
other contaminants that do not occur naturally, or are orders of 

magnitude less abundant in natural groundwater. In particular, 
rural, industrial and agricultural settings have relatively clear 
sources of pollutants, whereas domestic or urban settings are 
more challenging, with multiple possible sources of pollutants.

�e need for groundwater monitoring is self-evident 
where groundwater is being used as a water resource. Without 
information on the quantity and quality of groundwater, both 
spatially and temporally, planning and management of the 
groundwater resource, to ensure its sustainable use, is not 
possible. �e state of groundwater quality assessment across 
Africa varies, from non-existent to fair. Much of the work done 
is either focused on a particular location at one site, such as 
a mine or heavy industry (e.g. Gomo and Vermeulen, 2014; 
El Khalil et al., 2008) or is of a broad, regional or continental 
scale using aggregated data and much statistical processing 
(e.g. Ouedraogo and Vanclooster, 2016; Lapworth et al., 2017). 
�e former information is o�en not available, being corporate 
and classi�ed (Coetser et al., 2007), and the value of the 
latter depends totally on the quality of the input data. Some 
governments (at local, regional or national scales) do perform 
regular groundwater monitoring, but the accessibility of this 
data is not always easy, and experts may be needed to interpret 
the data. All in all, understanding groundwater quality is a task 
beset by many di�culties, not the least of which are the lack 
of monitoring, the buried nature of much of the data and the 
complex mix of information available.

�is paper aims to highlight the need for regular monitoring 
and simple, accessible reporting, by showing the great variations 
in groundwater quality in a small, peri-urban area where 
residents are dependent upon groundwater for water supply.

STUDY AREA

Stinkwater is about 40 km north of Pretoria and 13 km west of 
the N1 freeway as it runs through Hammanskraal, with access 
o� Lucas Mangope Drive (M21) (see Fig. 1). It forms part of the 
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City of Tshwane Metropolitan Municipality, within Gauteng 
Province of South Africa. �e Stinkwater settlement is part of 
the broader Hammanskraal-Shoshanguve area, a wide area of 
rural, low-density urban and industrial development within 
remnants of natural vegetation.

�e area has a mean elevation of 1 100 m amsl and the 
landscape is �at to very gently sloping, except for the notable 

rim of the 220 000-year-old Tswaing meteorite impact crater, 
about 5 km west of Stinkwater.

As shown in Fig. 2, the geology of the area comprises 
basement of the Nebo Granite of the Lebowa Granite Suite, part 
of the Bushveld Igneous Complex, nonconformably overlain 
by Ecca Group in the Springbok Flats basin of the Karoo 
Supergroup. �e Nebo Granite is coarse-grained rock, bearing 

Figure 1
Location map (raw data courtesy of Surveys and Mapping, RSA Government)

Figure 2
Geological map of the area (Geological Survey, 1978)
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alkali feldspar, quartz, minor ma�c minerals and accessory 
minerals, with rare primary plagioclase (Cawthorn et al., 2006).  
�e Ecca Group is represented here by the Hammanskraal 
Formation, which normally overlies the basal unit of the Karoo 
Supergroup, the Dwyka Group, not present in this locality. �e 
Hammanskraal Formation is a horizontal sequence of clastic 
sedimentary rocks, at the base mainly sandy with minor shaly 
coal, overlain by mudrock dominated layers that transition to 
micaceous sandstones, and �nally a coal-rich zone where major 
carbonaceous mudrock alternates with minor, but potentially 
economic bright coal seams. Signi�cant uranium is also present 
in the Springbok Flats Basin (Johnson et al., 2006).  

Cenozoic cover is generally thin, as the area is erosive, but 
weathered pro�les can be many metres thick. �e transported 
Cenozoic sediments found at the surface are predominantly 
sandy, as the other components are either weathered, in the 
case of feldspars and ma�c minerals in the granite, or are 
transported by wind and water in the case of clays and silts 
in the Karoo rocks. Stinkwater village itself lies above the 
weathered Nebo Granite and thin Cenozoic cover.

�e Nebo Granite has no primary porosity, so groundwater 
movement at depth is limited to fractures, which themselves 
diminish in frequency and aperture with depth. �e 
Hammanskraal Formation has minimal primary porosity and 
groundwater �ow is mainly through fractures associated with 
sandstones and coal seams (Fourie, 2016). Weathered pro�les of 
both the granite and the sedimentary rocks generally result in 
improved permeability as the porosity of the residual material 
increases with increasing quartz sand fraction (Dippenaar, 2014a).

�e area has a dry subtropical climate with cool, dry 
winters and hot, moist summers. Mean annual precipitation 
is about 600 mm, with most of this falling as thundershowers 

from October to March. Temperatures vary from daily 
maximums of 31°C and 21°C for summer and winter, to 
minimums of 21°C and 3°C, similarly (Meteoblue, 2017).

Stinkwater village has municipal water supply to some 
properties, from Magalies Water. It is generally not drunk 
due to taste, odour or colour concerns. Water is obtained 
from Rand Water tanker deliveries or from private boreholes.  
Sanitation is by pit latrine (‘long drop’ toilet) and grey-water is 
discarded or irrigated on surface.

METHODS

A walk around Stinkwater village was done to locate possible 
water sampling points. In the end, 8 boreholes and 3 hand-dug 
wells were sampled in Stinkwater. In addition, in the lead-up 
to selecting Stinkwater as a detailed investigation location, 3 
samples of tap water and 1 borehole water sample were taken in 
Hammanskraal. For details of the sampling locations, see Figs 1 
and 3 and Table 1.

No Magalies scheme water was available from the taps 
in Stinkwater village, so the 3 samples from Hammanskraal 
were used. Boreholes were connected to pumps and samples 
were taken from a tap connected to the borehole water supply 
system. Hand-dug wells were sampled by means of a bailer 
attached to a rope. Water samples were placed in plastic bottles 
supplied by WaterLab and placed on ice until delivery to the 
laboratory on the same day.

Samples were analysed at Waterlab (Pty) Ltd in Pretoria. 
�e main analysis methods were inductively-coupled plasma 
mass spectrometry (ICP-MS) according to South African 
National Standard 11885:1996 (SABS, 1996) for most cations, 
including major and trace elements, and spectrophotometry 

Figure 3
Satellite image of Stinkwater showing sample locations (Google Earth, 2018)
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using a discrete analyser for most anions. Various other 
methods were employed for determination of pH, organics, 
micro-organisms, colour and other speci�c parameters, 
according to Waterlab’s methods list.

RESULTS

Fi�een water samples were analysed for a range of 43 di�erent 
parameters, including EC, pH, TDS, colour, major ions, trace 
elements, nutrients, organics and bacteria. Table 2 contains 
the results from this study. �e waters are low in salinity, with 
all concentrations falling well below 1 000 mg/L TDS (mean 
537 mg/L, standard deviation 147 mg/L). �e pH ranges from 
slightly acidic to slightly alkaline (mean 7.3, range 6.2–8.3).  

�e water chemistry is summarised in the Piper plot in 
Fig. 4. It shows a wide range of ratios of the major dissolved ions. 
�e Mg2+ concentration varies the least, staying below 20% of the 
cations, whereas Ca2+, and Na+ + K+, both have ranges of around 
80%. Variation amongst the anions is more even, with SO4

2- the 
lowest at 40% and HCO3

- + CO3
2- the most, at about 80%.

Tap water is seen to have a very consistent major ion 
composition and the shallow hand-dug wells moderately 
consistent, although this is probably related to the low 
number of samples (3). �e boreholes display a wide range of 
major ion composition. �e TDS and Cl- are well correlated, 
with a Pearson’s r value of 0.74, whereas TDS and alkalinity 
(as CaCO3) have r = 0.31, but with only one outlying point 
(HMS13) removed, the r value becomes 0.66. TDS and Na+ also 
show a good correlation, with r = 0.74, however, SO4

2- and K+, 
Mg2+ and Ca2+ show weak or non-existent correlations with 
TDS. �e major ion water chemistry is clearly complex.

Figure 5 shows several scatter plots of the more 
interesting or important analytes, in terms of pollution or 
health studies.  In these graphs it becomes apparent that 
there is a lot of variation in critical parameters that have 
environmental or human health consequences, yet there 
is little real correlation.  In Fig. 5.1, TDS and NO3

- show a 

very weak correlation, with a Pearson’s r value equal to 0.45, 
which is not considered significant.  The best correlation 
is seen in Fig. 5.2, where Cl- and NO3

- record an r value of 
0.63, which is a moderate positive correlation.  Coliforms 
and NO3

-, shown in Fig. 5.3, show a barely significant 
correlation with r of 0.55.  Lastly, in Fig. 5.4, F- and Cl- show 
no correlation, with r equal to −0.24.

TABLE 1
Sample site information.  Elevation is in metres above mean sea level.

ID Site Source
Location Elevation

South East m amsl

HMS 01 Jubilee District Hospital Tap 25° 24′ 09.16″ 28° 15′ 54.16″ 1 101 m
HMS 02 Hammanskraal household Tap 25° 22′ 38.78″ 28° 15′ 08.67″ 1 106 m
HMS 03 Temba Police Station Tap 25° 23′ 20.29″ 28° 15′ 36.83″ 1 104 m
HMS 04 Sekampaneng Primary School Borehole 25° 23′ 51.83″ 28° 14′ 04.60″ 1 124 m
HMS 05 Stinkwater household Borehole 25° 23′ 10.42″ 28° 09′ 50.23″ 1 107 m
HMS 06 Stinkwater household Borehole 25° 23′ 21.63″ 28° 09′ 48.10″ 1 109 m
HMS 07 Stinkwater household Borehole 25° 23′ 11.44″ 28° 09′ 37.34″ 1 105 m
HMS 08 Stinkwater household Borehole 25° 22′ 59.48″ 28° 09′ 25.62″ 1 101 m
HMS 09 Stinkwater household Borehole 25° 23′ 03.96″ 28° 09′ 17.60″ 1 101 m
HMS 10 Stinkwater household Borehole 25° 23′ 16.88″ 28° 09′ 16.84″ 1 104 m
HMS 11 Stinkwater household Well 25° 23′ 12.92″ 28° 09′ 20.35″ 1 104 m
HMS 12 Stinkwater household Well 25° 23′ 18.66″ 28° 09′ 33.58″ 1 106 m
HMS 13 Stinkwater household Well 25° 23′ 25.87″ 28° 09′ 08.34″ 1 099 m
HMS 14 Stinkwater household Borehole 25° 23′ 29.29″ 28° 09′ 17.91″ 1 103 m
HMS 15 Stinkwater household Borehole 25° 23′ 26.65″ 28° 09′ 36.11″ 1 107 m

Figure 4
Piper plot of all samples
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Figure 5 also shows the South African National Standard 
241-1:2015 (SABS, 2015) for drinking water limits. For NO3

-, 
the limit is exceeded in 4 of the boreholes and 2 of the hand-
dug wells. For the total coliform bacteria, the limit is exceeded 
in 5 of the boreholes and all 3 of the hand-dug wells. For 
E. coli (not plotted), the standard (which is any detection 
at all) is exceeded in 5 of the samples, 3 of which are the 
hand-dug wells.  Levels of bacteria in the 3 hand-dug wells 
are extremely high, constituting an acute health risk. For 
F-, the limit is exceeded in 5 of the boreholes, one of which 
is the Hammanskraal borehole. �e water clearly has some 
signi�cant health risks associated with drinking it, both for 
short- and long-term consumption.

DISCUSSION

Figure 6 shows the water quality of 7 parameters at the 
boreholes and hand-dug wells in Stinkfontein. �e most 
obvious thing about this image is the lack of geographic pattern 
in the distribution of any one of these seven water quality 

parameters. In fact, the degree of variation is remarkable given 
the similarity in geology beneath the site: it is all underlain by 
Nebo Granite. Furthermore, there are no strong co-variations 
between the parameters, as was partly outlined above in the 
results section by analysing the correlations using the Pearson’s 
r coe�cient.

Land use across the site is mainly residential, but, as seen 
in Fig. 3, there are a few other land uses, such as cemeteries 
and schools. �ere are also other operations, such as animal 
feedlots and open dump sites that may be potential sources 
of groundwater contamination, or at least have the ability to 
in�uence the groundwater hydrochemistry.

Unfortunately, information on borehole depth and 
construction was not available, and similarly for age of the 
borehole, historical and current usage of the groundwater, 
or even water levels, as boreholes were sampled from taps 
connected directly to the pump. Geological logs were also not 
available, so a detailed examination of the water quality data 
cannot be done in the context of the geology or hydrogeology.  
One can therefore only speculate on possible causes of the 

Figure 5
Scatter plots of several water quality parameters of environmental and health interest, including water quality guideline limits
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variation in water quality. As an example, the only borehole 
(HMS10) with detectable As (above 0.01 mg/L), which, at 0.18 
mg/L, was also above the SANS limit of 0.01 mg/L, is adjacent 
to a small cemetery. Cemeteries are not known to produce 
much groundwater pollution (Dippenaar, 2014b) although 
enrichments in certain trace elements, including As, have been 
reported (Amuno and Amuno, 2014).

�e most serious water quality issues revealed in this 
study are, in order of increasing severity: iron, nitrate, �uoride 
and coliform bacteria. Iron levels are of real concern only in 
the arsenic-bearing borehole and of minor concern at a few 
other sites, and are largely at the level of aesthetic concern 
regarding water taste. Nitrate is not an accumulative toxin and 
its danger to infants, pregnant mothers or normally healthy 
people is not well proven. Manassaram et al. (2006 p. 320) state: 
‘�e epidemiological evidence of a direct exposure-response 
relationship between drinking water nitrate level and adverse 
reproductive e�ect is still not clear.’ However, other studies 
have implicated nitrate, such as for colon cancer (Van Grinsen 
et al., 2010). �e topic is still very much open for further 
research and debate (Powlson et al., 2008).

Fluoride has very speci�c health e�ects in bones and teeth, 
with optimal levels ensuring strength and �exibility, whereas 
�uoride concentrations that are too low or too high cause 
di�erent forms of �uorosis, resulting in discoloured, weak and 
brittle teeth and bones. �e optimal level varies according to 
the individual and their total �uoride exposure through diet 
and topical applications, such as toothpaste usage. Studies in 
South Africa (Chikte et al., 2001) and elsewhere (McGrady et 
al., 2012) indicate levels of around 0.5 mg/L in drinking water 

are suitable, whereas levels from 0.9 mg/L upwards are not 
ideal, suggesting that the SANS 241 limit of 1.5 mg/L is perhaps 
a bit high. Fluoride levels in 5 of the samples are too high for 
optimal health, 3 of which are at the level which will likely 
cause debilitating e�ects.

�e Escherichia coli bacterium was detected in 5 of the 8 
samples in which the coliform bacterial counts exceeded the 
SANS 241 guidelines. Note that any detection at all for E. coli is 
considered an exceedance, whereas for total coliforms, the limit 
is 10 per 100 mL. �ere are 4 samples where coliforms were 
detected, but at an amount below 10 per 100 ml. �ere are only 
3 samples (2 of which are tap water) where no coliforms were 
detected. �e real concern, however, is the 4 samples which 
have total coliforms well above 1 000 per 100 mL, one of which 
is above 10 000 per 100 mL. �e health e�ects of drinking such 
water are potentially fatal.

�e most obvious correlation is that the 3 hand-dug wells 
contain the worst water quality in terms of bacterial properties. 
�is is easily explained by their open nature, in which surface 
runo�, or soil inter�ow containing animal (including human) 
faecal matter is able to recharge the well water. Animals, 
including dogs, cats, goats and cattle, roam freely and humans 
use pit latrines for sanitation. �ese provide abundant sources 
of bacterial contamination.

�e common occurrence of high nitrate in the groundwater 
is also easily explained by the above array of possible sources; 
however, the lack of correlation between the bacterial and 
nitrate contamination demands another explanation. Katz et al. 
(2010), when researching groundwater in an area of abundant 
septic tanks, found highly variable depth pro�les of NO3

- and 

Figure 6
Map of Stinkwater with selected hydrochemistry depicted. The lack of spatial patterns in the data should be apparent. 

Results below detection limits are not shown.

https://doi.org/10.4314/wsa.v45i2.08
http://www.wrc.org.za
https://creativecommons.org/licenses/by/4.0/


https://doi.org/10.4314/wsa.v45i2.08
Available on website http://www.wrc.org.za
ISSN 1816-7950 (Online) = Water SA Vol. 45 No. 2 April 2019
Published under a Creative Commons Attribution Licence 223

Cl-, and concluded that water use and minor lithological 
di�erences in the unsaturated zone were probably causes of 
di�erences in hydrochemistry. �ey calculated that about 
25−40% of nitrate was denitri�ed during movement through 
the unsaturated zone. More speci�cally, Gill et al. (2008) found 
that di�erences in permeability controlled the denitri�cation 
rate, with more permeable soils resulting in less denitri�cation. 
It is possible that minor di�erences in water table depth, water 
usage and vadose zone permeability could give rise to the large 
range of nitrate concentrations measured. Greater depth to 
the water table, lower water usage and in�ltration at surface, 
and lower vadose zone permeability, may all contribute to 
increasing the residence time in the vadose zone, and therefore 
the denitri�cation potential.

CONCLUSIONS

In an area underlain by sandy soils derived from the Nebo 
Granite, large di�erences in water quality, speci�cally those 
with health implications, were detected in several nearby 
boreholes and open wells. �e main health concerns are 
related to high levels of nitrate, �uoride and coliform bacteria, 
in concentrations such that chronic, acute and potentially 
fatal e�ects could occur. Correlations, both geographic 
and geochemical, were few, suggesting a complex range of 
hydrochemical processes taking place in this small area. Likely 
causes of the complexity include the spatial distribution of 
pollution sources, the variety of possible sources, the quantity 
of water use at each sample location, permeability di�erences 
and variations in inter�ow and recharge pathways in the 
unsaturated zone, resulting in variation in potential for 
denitri�cation, adsorption and other processes to attenuate or 
mix the pollutants.

�e study revealed that, within a single village, 
groundwater quality can vary from drinkable to very 
dangerous, almost on a house-by-house basis. Reliance on a 
water quality analysis from a single borehole to determine the 
general state of groundwater would be inadequate. Without 
strict control of land use (dumping, stock animals, pit latrines, 
etc.), thorough and detailed groundwater monitoring is 
essential to ensure safe usage of the water resource. Considering 
the expense and expert input required for such monitoring, 
analysis and interpretation, water source protection measures, 
including land use and water use regulation, o�er the best 
solution to protecting human and environmental wellbeing.

ACKNOWLEDGEMENTS 

Dr Louis de Wet and Ms Kali Nkabinde of Waterlab in Pretoria 
for water quality analysis. Tshwane Municipality for permission 
to undertake the study. Blessing Mbonani for �eld work 
assistance.

REFERENCES

AMUNO SA and AMUNO MM (2014) Spatio-temporal variation of 
trace element contents in Rwanda necrosols. Environ. Earth Sci. 
71 659–674. https://doi.org/10.1007/s12665-013-2467-z

CAWTHORN RG, EALES HV, WALRAVEN F, UKEN R and 
WATKEYS MK (2006) �e Bushveld Complex. In: Johnson MR, 
Anhaeusser CR and �omas RJ (eds) �e Geology of South Africa, 
Council for Geoscience, Pretoria.

CHIKTE UM, LOUW AJ and STANDER I (2001) Perceptions of 
�uorosis in northern Cape communities. S. Afr. Dent. Assoc. J. 
56 528–532.

COETSER SE, HEATH RG and NDOMBE N (2007) Di�use pollution 
associated with the mining sectors in South Africa: a �rst-order 
assessment. Water Sci. Technol. 55 9–16. https://doi.org/10.2166/
wst.2007.066

COHEN B (2006) Urbanization in developing countries: 
Current trends, future projections, and key challenges for 
sustainability. Technol. Soc. 28 63–80. https://doi.org/10.1016/j.
techsoc.2005.10.005

DIPPENAAR MA (2014a) Towards hydrological and geochemical 
understanding of an ephemeral palustrine perched water table 
“wetland” (Lanseria, Midrand, South Africa). Environ. Earth Sci. 
72 2447–2456. https://doi.org/10.1007/s12665-014-3153-5

DIPPENAAR MA (2014b) Towards a multi-faceted Vadose Zone 
Assessment Protocol: cemetery guidelines and application to a 
burial site located near a seasonal wetland (Pretoria, South Africa).  
Bull. Eng. Geol. Environ. 73 1105–1115. https://doi.org/10.1007/
s10064-014-0635-3

EL KHALIL H, EL HAMIANI Q, BITTON G, OUAZZANI N and 
BOULARBAH A (2008) Heavy metal contamination from mining 
sites in South Morocco: Monitoring metal content and toxicity of 
soil runo� and groundwater. Environ. Monit. Assess. 136 147–160. 
https://doi.org/10.1007/s10661-007-9671-9

ESTERHUIZEN L, FOSSEY A and POTGIETER E (2014) Groundwater 
quality on dairy farms in central South Africa. Water SA 41 
194–198. https://doi.org/10.4314/wsa.v41i2.04

FOURIE FD (2016) Estimating the decant rate from a rehabilitated 
opencast colliery using a water balance approach. Mine Water 
Environ. 35 199–213. https://doi.org/10.1007/s10230-015-0362-4

GEOLOGICAL SURVEY (1978) Pretoria, 1:250 000 geological map.  
Government Printer, Pretoria.

GILL LW, O’SUILLEABHAIN C, MISSTEAR BD, JOHNSTON 
P, PATEL T and O’LUANAIGH N (2008) Nitrogen loading on 
groundwater from the discharge of on-site domestic wastewater 
e�uent into di�erent subsoils in Ireland. Water Sci. Technol. 57 
1921–1926. https://doi.org/10.2166/wst.2008.336

GOMO M and VERMEULEN D (2014) Hydrogeochemical 
characteristics of a �ooded underground coal mine groundwater 
system. J. Afr. Earth Sci. 92 68–75. https://doi.org/10.1016/j.
jafrearsci.2014.01.014

GRIMASON AM, MORSE TD, BEATTIE TK, MASANGWI SJ, JABU 
GC, TAULO SC and LUNGU KK (2013) Classi�cation and quality 
of groundwater supplies in the Lower Shire Valley, Malawi – Part 1: 
Physico-chemical quality of borehole water supplies in Chikhwawa, 
Malawi. Water SA 39 563–572. https://doi.org/10.4314/wsa.v39i4.16

JOHNSON MR, VAN VUUREN CJ, VISSER JN, COLE DI, DE V 
WICKENS H, CHRISTIE AD, ROBERTS DL and BRANDL G 
(2006) Sedimentary rocks of the Karoo Supergroup. In: Johnson 
MR, Anhaeusser CR and �omas RJ (eds) �e Geology of South 
Africa. Council for Geoscience, Pretoria.

KATZ BG, GRIFFIN DW, MC MAHON PB, HARDEN HS, WADE 
E, HICKS RW and CHANTON JP (2010) Fate of e�uent-borne 
contaminants beneath septic-tank drain�elds overlying a karst 
aquifer. J. Environ. Qual. 39 1181–1195. https://doi.org/10.2134/
jeq2009.0244

LAPWORTH DJ, NKHUWA DCW, OKOTTO-OKOTTO J, PEDLEY 
S, STUART ME, TIJANI MN and WRIGHT J (2017) Urban 
groundwater quality in sub-Saharan Africa: current status and 
implications for water security and public health.  Hydrogeol. J. 25 
1093–1116. https://doi.org/10.1007/s10040-016-1516-6

LEE JL, CHOI MJ, KIM YY and LEE KK (2005) Evaluation of 
hydrologic data obtained from a local groundwater monitoring 
network in a metropolitan city, Korea. Hydrol. Process. 19 2525–
2537. https://doi.org/10.1002/hyp.5689

MANASSARAM DM, BACKER LC and DEBORAH M (2006) A 
review of nitrates in drinking water: maternal exposure and 
adverse reproductive and developmental outcomes.  Environ. 
Health Perspect. 114 320–327. https://doi.org/10.1289/ehp.8407

MANGORE E and TAIGBENU AE (2004) Land-use impacts on the 
quality of groundwater in Bulawayo. Water SA 30 453–464. https://
doi.org/10.4314/wsa.v30i4.5097

MC GRADY MG, ELLWOOD RP, SRISILAPANAN P, KORWANICH 
N, WORTHINGTON HV and PRETTY IA (2012) Dental �uorosis 
in populations from Chiang Mai, �ailand with di�erent �uoride 

https://doi.org/10.4314/wsa.v45i2.08
http://www.wrc.org.za
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s12665-013-2467-z
https://doi.org/10.2166/wst.2007.066
https://doi.org/10.2166/wst.2007.066
https://doi.org/10.1016/j.techsoc.2005.10.005
https://doi.org/10.1016/j.techsoc.2005.10.005
https://doi.org/10.1007/s12665-014-3153-5
https://doi.org/10.1007/s10064-014-0635-3
https://doi.org/10.1007/s10064-014-0635-3
https://doi.org/10.1007/s10661-007-9671-9
https://doi.org/10.4314/wsa.v41i2.04
https://doi.org/10.1007/s10230-015-0362-4
https://doi.org/10.2166/wst.2008.336
https://doi.org/10.1016/j.jafrearsci.2014.01.014
https://doi.org/10.1016/j.jafrearsci.2014.01.014
https://doi.org/10.4314/wsa.v39i4.16
https://doi.org/10.2134/jeq2009.0244
https://doi.org/10.2134/jeq2009.0244
https://doi.org/10.1007/s10040-016-1516-6
https://doi.org/10.1002/hyp.5689
https://doi.org/10.1289/ehp.8407
https://doi.org/10.4314/wsa.v30i4.5097
https://doi.org/10.4314/wsa.v30i4.5097


https://doi.org/10.4314/wsa.v45i2.08
Available on website http://www.wrc.org.za
ISSN 1816-7950 (Online) = Water SA Vol. 45 No. 2 April 2019
Published under a Creative Commons Attribution Licence 224

exposures – Paper 1: Assessing �uorosis risk, predictors of �uorosis 
and the potential role of food preparation. BioMedCentral Oral 
Health 12 16. https://doi.org/10.1186/1472-6831-12-16

METEOBLUE (2017)
https://www.meteoblue.com/en/weather/forecast/modelclimate/

stinkwater_southafrica_952097 (Accessed September 2017).
MOKUOLU OA, JACOB SO and AYANSHOLA AM (2017) 

Groundwater quality assessment near a Nigerian dumpsite. 
Ethiopian J. Environ. Stud. Manage. 10 588–596.

NAIK PK, TAMBE JA, DEHURY BN and TIWARI AN (2008) Impact 
of urbanization on the groundwater regime in a fast growing city 
in central India. Environ. Monit. Assess. 146 339–373. https://doi.
org/10.1007/s10661-007-0084-6

OUEDRAOGO I and VANCLOOSTER M (2016) A meta-analysis 
and statistical modelling of nitrates in groundwater at the African 
scale. Hydrol. Earth Syst. Sci. 20 2353–2381. https://doi.org/10.5194/
hess-20-2353-2016

POWLSON DS, ADDISCOTT TM, BENJAMIN N, CASSMAN KG, 
DE KOK TM, VAN GRINSEN H, L’HIRONDEL JL, AVERY AA 
and VAN KESSEL C (2008) When does nitrate become a risk for 
humans? J. Environ. Qual. 37 291–295. https://doi.org/10.2134/
jeq2007.0177

SABS (South African Bureau of Standards) (1996) South African 
National Standard 11885: 1996 Water Quality -- Determination of 
selected elements by inductively coupled plasma optical emission 
spectroscopy (ICP-OES).  South African Bureau of Standards, 
Pretoria.

SABS (South African Bureau of Standards) (2015) South African 
National Standard 241-1:2015 2nd edition. Drinking water Part 1: 
Microbiological, physical, aesthetic and chemical determinands. 
South African Bureau of Standards, Pretoria.

TAKEM GE, KUITCHA D, AKO AA, MAFANY GT, TAKOUNJOU-
FOUEPE A, NDJAMA J, NTCHANCHO R, ATEBA BH, 
CHANDRASEKHARAM D and AYONGHE SN (2015) 
Acidi�cation of shallow groundwater in the uncon�ned sandy 
aquifer of the city of Douala, Cameroon, Western Africa: 
implications for groundwater quality and use.  Environ. Earth Sci. 
74 6831–6846. https://doi.org/10.1007/s12665-015-4681-3

VALA RM, TICHAGWA DE, MUSIBONO DE and LUKANDA VM 
(2011) Environmental and health concerns regarding the quality of 
water in a poor suburb of Kinshasa in the Democratic Republic of 
Congo. Water Sci. Technol.: Water Supply 11.3 266–273. https://doi.
org/10.2166/ws.2011.044

VAN GRINSEN HJ, RABL A and DE KOK TM (2010) Estimation of 
incidence and social cost of colon cancer due to nitrate in drinking 
water in the EU: a tentative cost-bene�t estimate. Environ. Health 9 
58. https://doi.org/10.1186/1476-069X-9-58

VILLHOLTH KG and GIORDANO M (2007) 17 Groundwater use 
in a global perspective – can it be managed? In: Giordano M and 
Villholth KG (eds) �e Agricultural Groundwater Revolution: 
Opportunities and �reats to Development. CABI, Wallingford, UK. 
https://doi.org/10.1079/9781845931728.0000

https://doi.org/10.4314/wsa.v45i2.08
http://www.wrc.org.za
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/1472-6831-12-16
https://doi.org/10.1007/s10661-007-0084-6
https://doi.org/10.1007/s10661-007-0084-6
https://doi.org/10.5194/hess-20-2353-2016
https://doi.org/10.5194/hess-20-2353-2016
https://doi.org/10.2134/jeq2007.0177
https://doi.org/10.2134/jeq2007.0177
https://doi.org/10.1007/s12665-015-4681-3
https://doi.org/10.2166/ws.2011.044
https://doi.org/10.2166/ws.2011.044
https://doi.org/10.1186/1476-069X-9-58
https://doi.org/10.1079/9781845931728.0000



