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ABSTRACT

Water quality has deteriorated in the upper Olifants River system, South Africa, as a result of land use activities which include mining, agriculture and
industries. A health risk assessment was conducted from 2009 to 2011 in the catchment to determine the possible risks local communities face from various
pollutants such as microbials, heavy metals and oestrogen in the river water and vegetation. Aluminium and manganese accumulated in plants and
vanadium and aluminium concentrations found in selective water samples posed significant health risks when consumed. A quantitative microbial risk
assessment revealed that the combined risk of infection ranged from 1 to 26 percent with the Norovirus posing the overall greatest health risk. The
anticipated disability adjusted life years resulting from drinking untreated water from these sites are in the order of 10,000 times greater than what is

considered acceptable. The oestradiol activity, caused by endocrine disruptin
Impoverished communities in the area, who partially depend on river water

compounds in the water, measured above the trigger value of 0.7 ng -1
r potable and domestic use, are exposed to immune-compromising metals

that increase their probability of infection from waterborne diseases caused by the excess microbial pathogens in the contaminated surface water.
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1. Introduction

The Olifants River has been described as one of the most
polluted rivers in southern Africa because of the impacts from
various water and land use practices in the catchment (Oberholster
et al, 2010). Coal mining, coal-fired power stations, industrial
activities and agricultural practices, combined with a general
decline in the efficiency of wastewater treatment facilities, have all
contributed to a steady decline in water quality in the catchment.
Many studies have shown that phytoplankton com-munities
(Oberholster et al., 2010), fish species (Watson et al., 2012) and
crocodile populations (Ashton, 2010) are being affected by the
mixture of acid mine drainage and increased nutrient levels
present in the Olifants River system. Guidelines to evaluate the
quality of drinking water are unsuited for monitoring untreated
river water, as authorities do not consider river water as drinking
water. Unfortunately in South Africa poor rural communities can be
exposed to the untreated river water either because of lack of
services or through accidental exposure. There is currently a
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knowledge gap in translating observed impacts on water quality
and ecosystem health into possible human health risks as well as
the implications of multiple threat exposure. Water has become
increasingly contaminated by microbial pathogens, heavy metals
and other chemical pollutants which include endocrine disrupting
compounds (Oberholster, 2011). Health risks associated with
polluted water include infectious diseases, acute or chronic che-
mical toxicity and carcinogenicity, amongst others.

Microbial pathogens present in untreated river water can cause
serious diseases in humans. Among the most common water-
related infectious diseases are gastroenteritis, amoebiasis, salmo-
nellosis, dysentery, cholera, typhoid fever, hepatitis-A and diar-
rhoea (Andersson and Bohan, 2001). The World Health
Organization (WHO) estimates that 88 percent of deaths caused
by diarrhoeal disease are attributable to unsafe water supply and
poor sanitation and hygiene (World Health Organization, 2004).
Pathogens (including opportunistic pathogens) are introduced into
the aquatic environment typically by surface and subsurface run-
off, wildlife excrement, septic tank systems and urban runoff
including storm water and sewage spills (Ksoll et al., 2007; Field
and Samadpour, 2007).

Continued mining, industrial and power generation activities in
the Olifants River catchment have led to a general acidification of
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the water system and the input and mobilisation of heavy metals
(Oberholster et al., 2010; Hobbs et al., 2008). Elevated levels of
heavy metals in an aquatic ecosystem pose a significant threat to
aquatic life and ultimately to human health, reaching considerable
concentrations in plants and biota through bioaccumulation. Heavy
metals are of particular significance in ecotoxicology because of
their high degree of persistence, and all have the potential to be
toxic to living organisms (Dyer and Belanger, 1999; Rashed, 2010;
Nagajyoti et al., 2010) above threshold concentra-tions. Endocrine
disrupting compounds (EDCs) are substances that can mimic or
interfere with the hormonal and homoeostatic systems which
regulate a variety of biological functions including development,
behaviour, fertility and normal cell metabolism (Crisp et al., 1998;
World Health Organization and International Program on Chemical
Safety, 2002; Miyamoto and Burger, 2003). Reduced fertility,
increased cancer risk (Soto and Sonnenschein, 2010) and increases
in spontaneous abortions have been linked to elevated
concentrations of EDCs in the environment (Robins et al.,, 2011).
The major sources of these compounds in surface waters are from
pesticides, agricultural runoff (Pedersen et al., 2003; Rahman et al.,
2009; Ternes et al., 1999) and wastewater treatment plant effluent.
In South Africa, varying concentrations of EDCs, more specifically
oestrogen mimicking compounds, have been found in surface
water and wastewaters (Aneck-Hahn et al., 2009; Bornman et al.,
2007; Slabbert et al, 2007). The most recent (2011) audit of
municipal wastewater treatment works in South Africa, presented
in the so-called “Green Drop report” (Department of Water Affairs,
South Africa, 2011), found that of the 821 facilities evaluated, 143
(17 percent) were performing poorly and 317 (39 percent) were in
a critical condition.

It is for these reasons that there is a need to monitor and assess
microbial and chemical contaminants in the upper Olifants River
catchment. This will lead to a better understanding of the
associated risks to human health and the management thereof.
In this study, a quantitative health risk assessment is provided that

affords a means of estimating the probability of adverse effects
associated with the levels of hazardous elements found in the
Olifants River water. The health risk assessment also serves as a
tool for predicting the extent of the combined potential or probable
health effects in the catchment. The methodology fol-lowed is
described by the USEPA (U.S. Environmental Protection Agency,
1987; U.S. Environmental Protection Agency, 1992) and the WHO
(World Health Organization, 2010), and is divided into four steps
namely (a) hazard identification, (b) dose response assess-ment, (c)
exposure assessment and (d) risk characterisation. The study
focuses on the health risks associated with human con-sumption of
the river water through drinking and ingestion of plants exposed to
the microbial, heavy metal and oestrogen mimicking compounds
detected in the river water at various locations in the catchment.
The results of this study can serve as a baseline for other
catchments with similar land uses and possible risks posed to the
local communities.

2. Materials and methods

2.1. Study area

Fifteen sites were selected along the Olifants River for the collection of water
and plant samples. The sampling site positions are shown in Fig. 1 and the various
stressors impacting on each of the sites is listed in Table 1. For the purposes of this
study, the stressors were limited to those which directly impact on water quality.
Potential indirect stressors, such as the impact of atmospheric deposition from coal-
fired power station emissions, were excluded because of the difficulty in quantifying
the impact from such a diffuse source on river water quality.

2.2. Sample collection

Surface water samples were collected on a monthly basis over a period of one
year. Duplicate samples (one for metals and microbial pathogen analysis and the
other for EDC analysis) were collected at each site in pre-acid washed 1-litre glass
Schott bottles. Water samples for EDC analysis were adjusted to a pH of 3 by adding
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Fig. 1. Location of the 15 sampling sites along the Olifants River (South Africa) selected for health risk assessment from exposure to contaminated river water.



sulphuric acid. The water samples were stored at 4 °C in the period between
collection and delivery to the analytical laboratory and analysis, where after
extracted samples were stored at —20 °C.

The plant species selected for evaluation were collected from the riparian
vegetation bordering on wetlands in the Olifants River. Wetlands acts as natural
filters, removing metals and nutrients from the river water (Schachtschneider et al.,
2010). Plants collected from this region will therefore serve as higher level
bioaccumulation indicators. Riparian vegetation species, Phragmites australis, Typha
capensis and Cynodon dactylon were sampled by separately placing 5 g of fresh shoot
and root material into labelled HDPE sample tubes and refrigerating the material
until analysis. Plant material was washed five times with Millipore de-ionised water
before metals analysis. The modified XP1500 method and inductively coupled
atomic emission spectrometry were used to analyse for metals in the plant tissue.

2.3. Microbial analysis

Escherichia coli (E. coli) was used as an indicator of faecal contamination. Three
bacterial pathogens (Salmonella sp., Vibrio cholerea and Shigella sp.), two protozoan
parasites (Gardia sp. and Cryptosporidium sp.) and two enteric viruses (Enterovirus
and Norovirus) served the purpose of pathogen monitoring for microbial health risk
assessment.

For E. coli, the determination was made using the IDEXX Colilert™ Most
Probable Number (MPN) method carried out according to the manufacturer’s

Table 1
Land use stressors causing the main impacts on water quality at each of the
sampling sites along the Olifants River.

Agriculture Industrial Mining Sewage effluent Feedlots
Site 1 X x
Site 2 X x X
Site 3 X x x x
Site 4 x x x x
Site 5 X X x X
Site 6 x x
Site 7 x x
Site 8 X X x X
Site 9 x x
Site 10 x
Site 11 X
Site 12 X x
Site 13 x
Site 14 x x
Site 15 X
Table 2

Risk assessment formula and parameters.

protocol. All pathogen cells were harvested from their individual broths, and
DNA extracted using InstaGene Matrix (Biorad Technologies). Salmonella sp. was
detected by real-time PCR targeting the invA gene (Malorny et al., 2003). Shigella
sp. (virulent types) and/or E. coli EIEC was detected by real-time PCR targeting the
ipaH (invasion plasmid antigen) gene (Theron et al., 2001). The detection and gene
coding of all strains of V. cholerae was performed according to the procedures
described by Le Roux and Van Blerk (2011). The water samples were analysed for
the presence of Enterovirus and Norovirus according to methods described in Da
Silva et al. (2007), Fuhrman et al. (2005) and Loisy et al. (2005). Analysis for
protozoan parasitic (Giardia sp. and Cryptosporidium sp.) was carried out according
to the USEPA 1623 method (U.S. Environmental Protection Agency, 1999).

2.4. Metal analysis in raw water

Water samples collected from the various sites were filtered through 0.45 pm
pore size Whatman GF/filters and stored in polyethylene bottles that had been pre-
rinsed with dilute sulphuric acid (to pH 2.0). All metal analyses were carried out
according to standard methods (APHA, 1995) in an accredited analytical laboratory.

2.5. Endocrine disrupting activity

Endocrine disruption was measured in the water according to the protocol
described in Wilson et al. (2004) using the T47D-KBluc reporter gene assay. This
procedure, like most other bio-assays, is limited in that it is unable to detect pro-
oestrogens (compounds that are converted to oestrogens in vivo), or to conclusively
identify the causative chemical without chemical analysis. The assay only evaluates
the ability of the combined chemicals to modulate the activity of oestrogen-
dependent gene transcription. Adsorption, distribution, metabolism and elimina-
tion of these contaminants by the human body influence their toxicity, and these
processes are also only partly mimicked in the bio-assays used in this study.

2.6. Health risk assessments

For non-carcinogenic toxic effects of heavy metals, a hazard quotient (HQ) was
calculated, comparing the expected exposure to the agent to an exposure that was
assumed not to be associated with toxic effects. For the oral exposure of humans to
the consumption of contaminated water and plants, the Average Daily Dose (ADD),
determined from the measured concentrations, was compared to a Reference Dose
(RfD) as reported by the EPA. An HQ <1 was considered to be safe for a lifetime of
exposure. The risk parameters, formulae and symbols are given in Table 2.

Microbial risk was calculated by entering the densities of the various pathogens
(number of micro-organisms per litre) in the water samples into the risk model.
This quantitative microbial risk assessment estimates the probability of infection
based on the average pathogen dose (Haas et al., 1993). The calculation of
probability of infection is a two-step process, comprising the combined probability
of exposure and probability of infection. Incorporating some simplifying

Quantitative microbial risk assessment

Chemical risk assessment

Daily risk of infection
Pi = 1-(1 + d(2/2=1)/Ns) a
(World Health Organization, 2001)

Pi—1-(1 +d/b)™ @
(Haas, 1996)
Pi=1-e™N (€]

(Haas, 1996)

where P; is the probability (risk) of infection, d the dose or exposure (number of
organisms ingested based on consumption of 1.2 L of water/day), g the parameter
characterised by dose-response relationship, a the parameter characterised by
dose-response relationship, N5 the median infectious dose, r the parameter
characterised by dose-response relationship

Exposure conditions

Non cancer toxic Effects, (HQ)

ADD = C(m) x IR x ED x EF/(BW x AT) @

HQ = ADD/RfD ®

where HQ is theHazard Quotient, ADD the Average Daily Dose (mg~'kg~'day™'),
RfD the Reference Dose, C(m) the Contaminant concentration (mg), IR the
Ingestion rate (kg day~'), BW the Body Weight (kg), ED the Exposure duration
(years), EF the Exposure Frequency (days year ~!), AT the Average Time (days)

Exposure parameters

Ratio of illness/infection 0.7
Severity or Disease burden 1.50 x 107>
Susceptibility fraction 100 percent

Reference dose (mg~" kg~' day ') (EPA)
Aluminium 1

Boron 0.2

Manganese 0.14

Events per year 350

BW 70 kg

Ingestion rate Water (2L day™!)
Ingestion rate Plant (0.1 kg day~") root
Plant (0.2 kg day™") shoot

Selenium 0.05
Vanadium 0.009
Zinc 0.3




Table 3

Measured chemical and microbial concentrations from each of the Olifants River sampling sites.

Risk Parameter Site 1 Site2 Site3 Site4 Site5 Site6 Site7 Site8 Site9 Site 10 Site 11 Site 12 Site 13 Site 14 Site 15
Metal concentrations in water (mg L")

Aluminium 0.53 433 0.17 017 012 6.36 64 0.21 0.12 - - 0.26 0.84 113 0.11
Boron 0.036 0119 0.04 0.046 0.021 0211 0.053 0.037 0.052 0.013 0.013 0.039 0.013
Manganese 0.68 3.39 0.03 0.01 0.01 4.7 27 0.2 113 0.06 0.07 0.24 0.02
Selenium 0.005 0.006 0.006 0.006 0.007 0.016 0.005 0.007 0.012 0.006 0.013 0.012 0.008
Vanadium 0.04 003 0.04 0.04 0.04 0.35 702  0.04 0.04 0.04 0.05 0.05 0.1
Zinc - 0.23 - - - 6.05 165 - 0.93 - - - - - -
Metal concentrations in plants (mg kg™')

Aluminium Root 8546 18,031 10,977 6549 75315 47996 11,111 8667 10,333 10,067

Aluminium Shoot 264.5 345.00 136 80 360 3961 640 1427 199 3904

Manganese Root 513 629 1820 683 2376.5 460 368.5 2572 411 253

Manganese Shoot 139 223.00 55 44 153 2375 5335 2935 58 104

Zinc Root 635 56 84 34 195.5 516 1875 172 290 47.5

Zinc Shoot 46 40.00 28 27 58 235 515 575 45 435

Cadmium Root 0.7 0.5 0.5 0.9

Microbial pathogen concentrations (counts per 100 mL of water)

E. coli («)average (MPN per 100 mL) 428 226 358 302 512 35,688 14,366 11,466 1881 994 170

Salmonella sp percent detected 1 4 4 3 2 2

Shigella percent detected 0 3 2 3 0 0

Vibrio sp. percent detected 0 1 2 5 3 3

Norovirus 0 162 48 830 0 0

Enteric viruses 0 1620 0 2800 O 0

Giardia sp. 0.5 0 0 0.25 7.5 1

Cryptosporidium sp. 0 0 0 0.25 12 0.25

Oestrogen activity (equivalents ng L™")

Estradiol (EEQ) 0.04 0.66 142 8.88 0.99 8.27 242 0.79 0.14

STDEV 0.03 - - 022 012 231 - 0.36 218 0.27 0.21 0.06 - - -

assumptions in the relationship between numbers of organisms ingested and
infection, a simple dose-response relationship referred to as the Beta Poisson was
derived. This holds when g >1 and a<p. The risk parameters, formulae and symbols
for the microbial health risk assessment are given in Table 2. The pathogen
parameters (Nso, a, # and r) for the pathogens investigated in this study were taken
from Haas et al. (1993), Strachan et al. (2005), Fankem Mingo (2008), Haas et al.
(1999) and Teunis et al. (1996).

3. Results and discussion
3.1. Health risk assessment for exposure to metals

The riparian plant species collected for analysis are grazed by
livestock destined for human consumption. The average metal
concentrations in the plant samples provide an estimate of metal
concentrations that might be found in plants edible by humans. The
USEPA (U.S. Environmental Protection Agency, 1992) notes that the
risk of exposure to metals through direct or indirect plant
consumption is high if the plant roots and shoots, in particular, are
consumed. The prediction of toxicity from dietary exposure to
inorganic metals is complicated by the wide variation in the
bioavailability and toxicity of metals. Further, the exposure of a
specific community to a contaminant requires knowledge of diet-
ary preferences, trophic structure of the community, and ingestion
and absorption rates. The most common route of metal uptake in
plants is from the soil through the roots. lons and organic
molecules contact roots via the transpiration stream and diffusive
and microbe-facilitated transport. The plant species sampled
showed overall increased aluminium and manganese absorption in
their roots compared to their shoots (Table 3). Restricted
translocation of metals from roots to shoots is common and
believed to be a strategy to avoid high metal concentrations in
photosynthetic tissue, where total chlorophyll concentrations and
plant growth are negatively affected (Abdel-Basset et al., 1995;
Manios et al., 2003 and Bragato et al., 2006).

The risk parameters given in Table 2 were used to determine
the resulting risk quotients for each of the sampling sites in Fig. 2.

The average individual metal concentration measured in the plant
and water samples was used to determine the health risk,
expressed as a hazard quotient (HQ), posed by each of the metals
(Fig. 2). Aluminium and manganese exposure presented the high-
est risk in plants at all of the sampling sites. The elevated
aluminium risk is due to the acidity which mobilises aluminium
into the water (Krewski et al., 2007). Although the region is known
to have a more acidic natural geology, acidification of the soil is
intensified by mining practices, especially acid mine drainage
(Winterbourn et al., 2000; Younger et al., 2002). The impacts of
mining on the aluminium health risks associated with the con-
sumption of plants in the region are especially evident at sites 2
and 6. The most profound known adverse health links ascribed to
Al toxicity are bone diseases and neurological disorders (Suarez-
Fernandez et al., 1999; Bondy, 2010). Premature infants have been
found to be the most sensitive to Al exposure (Hellstrom et al.,
2008; Driscoll et al., 1997). Aluminium is exponentially accumu-
lated in the body with ageing and can trigger excess apoptosis (cell
death) (Ganrot, 1986) which impairs certain cellular immune
responses (Prolo et al., 2007). These impacts are of special concern
in South Africa, where the elderly and HIV infected persons already
suffer from compromised immune systems making them even
more vulnerable to other serious infections (Hellstrém et al., 2008).
According to the 2008 National Health Survey, 10.9 percent of 50
million South Africans are HIV-positive, of which 16.9 percent are
between the ages of 25 and 49 (Statistics South Africa, 2010).

The health risk posed by manganese is widespread, with the
Klein Olifants River between sites 5 and 8 posing the highest risk.
The overall occurrence of this elevated health risk is likely due to
the atmospheric deposition of manganese (fossil fuels and coal-
fired power stations) on soil and water (Lytle et al., 1995) and from
acid mine drainage. Exposure to excess manganese may cause
Parkinson-like symptoms (Gerber et al., 2002; Erikson and Aschner,
2003), infertility in mammals and malfunction of the immune
system (Vartanian et al., 1999).
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Fig. 2. Hazard Quotients derived metals contained within the plant materials and water samples collected from each of the selected sites during 2010. Hazard quotients only
shown for metals with established reference doses (World Health Organization, 2010).

From the HQ determined for metal concentrations (Table 3) i n
water samples collected from each of the sampling sites, only sites 6
and 7 showed increased health risks due to vanadium and aluminium
concentrations (Fig. 2). The most likely source of the vanadium is a
vanadium processing plant in this area. While elemental vanadium
does not occur in nature, vanadium com-pounds are found in fossil
fuels and exist in over 50 different mineral ores. The EPA reference
dose (RfD) for vanadium com-pounds (most commonly vanadium
pentoxide, V,0s5) i s 0.009 mg~! kg~! d~! with an uncertainty
of 100. Uncertainty factors provide a level of reassurance of safety
from the harmful effects of exposure to chemicals in the face of
limited information. A factor of 100 is considered a relatively “safe”
measure of uncertainty (Interdepartmental Group on Health Risks
from Chemicals, 2003). The RfD was set to provide protection for
unborn children and neonates (IRIS, 1996). Vanadium in V,0s5 has
been found to change hair cystine levels, but has not yet been
associated with adverse health effects (U.S. Environmental Protection
Agency, 2011).

The health risk associated with aluminium in water is greater at
site 7, where the impact of acidic mining tailings and decanting
coal mines is most pronounced. The HQ determined for boron and
selenium in water and cadmium and zinc in plants were negligible
(<0.5).

3.2. Microbial health risk assessment

3.2.1. Occurrence of faecal indicators

Indicator bacteria such as E. coli are valuable tools to determine
the occurrence and extent of faecal contamination in water
sources. These organisms act as indicators of faecal pollution, and
have similar fate, transport and survival characteristics to the
related pathogens they represent (Edberg et al., 2000). No single
indicator is accurate for the full spectrum of water-borne patho-
gens that may be present in a water source. Viruses, protozoan
parasites and bacteria all behave differently in the aquatic envir-
onment, where inter- and intra-group differences abound. For this
reason, seven specific human pathogens (representing all three
major groups) were enumerated. The microbial counts for E. coli
and various pathogens are given in Table 3.

From the E. coli results presented in Fig. 3, it can be seen that
sites 6, 8, 9 and to a lesser extent site 10, had high counts of E. coli,

indicating that the upper Olifants River system is heavily con-
taminated by faecal-derived microbes. The E. coli counts were
strongly related to the population density, being greater at sites
closer to larger cities such as Emahlahleni/Witbank and Middel-
burg. Faecal contamination at sites 6, 8 and 9 is largely attributed
to the runoff from informal settlements as well as the discharge
from wastewater treatment plants (WWTPs) in close proximity to
each of the sampling sites. The E. coli counts at sites 10 and 11 are
likely due to runoff from upstream cattle feedlots and livestock
farming land uses.

3.2.2. Occurrence of pathogens

The risk parameters, formulae and symbols for the microbial
health risk assessment are given in Table 2 and the resulting
probabilities of infection (Pi) are given in Fig. 4. Water from sites 1,
6,8,9,10 and 11 was subjected to analysis for a range of pathogens.
The results (Table 3) identify site 9 as the most contaminated site,
and site 1 as the least contaminated. Sites 6, 8, 10 and 11 all exhibit
the occurrence of pathogenic organisms. Salmonella sp. was found
at all six sites, V. cholerea (non-enter-otoxigenic) at five sites (6, 8,
9, 10 and 11) and Shigella sp. at three sites (6, 8 and 9). The
protozoan parasites Giardia and Cryptospor-idium, generally
associated with livestock farming and domesti-cated animals
(Thompson et al., 2008; Olson et al., 1997), were detected at site 9,
10 and 11, the latter two sites located immedi-ately down-stream
of cattle feedlots.

The process of risk characterisation combines the exposure
assessment with the dose-response models to provide a likelihood
of adverse effect (in this case the probability of infection). The data
reported in Table 3 were used to calculate the probability of
infection for each of the listed pathogens. The result is given in Fig.
4 whereas the risk of infection by Salmonella was low (~0.1
percent), that for Shigella and V. cholerae ranged between 1 percent
and 6 percent. Of greatest risk to water users, however, are
Norovirus (ranging between 6 percent and 14 percent) and Giardia
the latter posing a 13.8 percent risk at a single site (site 10) situated
below a cattle feedlot.

The average risk of infection for each of the enumerated
pathogens detected was summed to give an indication of the
combined microbial risk associated with each sampling site. Water
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Fig. 4. The probability of infection due to the combined bacterial pathogens (Salmonella sp., Shigella sp. and Vibrio cholerea), protozoan parasites (Cryptosporidium and
Giardia), viruses (Entero and Noroviruses) and all of the pathogens combined from water from the sampling sites. Also shown is the disability adjusted life years resulting from
consumption of untreated water from the selected sampling sites and the acceptable WHO DALY of 1075

from site 9 resulted in the highest risk of infection, followed by
sites 10, 8 and 6 with risks ranging from 26 percent probability to
12 percent probability based on very conservative single event
exposure consumptions. The presence of Norovirus was responsi-
ble for the high risk posed to local communities, followed by the
bacterial pathogens Vibrio and Shigella.

The disability-adjusted life year (DALY) is a measure of overall
disease burden, and represents a measure of the suffering caused
by an illness. It is the primary metric used by the World Health
Organization to assess the global burden of disease (World Health
Organization, 2001). The DALY combines both mortality in terms
of years of life lost (YLL), and morbidity in terms of years lived
with a disability (YLD), into a single value. The disability severity is
assigned a weight ranging from zero (perfect health) to one
(representing the most severe disability or death). One DALY per
million people a year roughly equates to one death per 100,000 in
a 70-year lifetime (the benchmark often used in chemical risk
assessments) (World Health Organization, 2004). The DALY value
associated with each sampling site was determined using the
combined probability of infection from the enumerated pathogens,
assuming a 20 percent susceptibility fraction. The susceptibility
fraction was used as a conservative measure, assuming 80 percent
immunity against the combined risk posed by the enumerate

pathogens. The DALYs determined for the sampling sites was
significantly higher than the World Health Organization recom-
mended DALY of 0.000001 or 1 in a million (Fig. 4).

DALYs varied from 1 in 1000 (0.00077) for site 1 to approxi-
mately 2 in 100 (0.02) for site 9. As in the case of the risk
calculations, these values are an underestimate of the DALYs,
indicating the severe impact that can be anticipated from ingest-
ing only a small quantity (100 mL) of untreated river water. The
results show that the anticipated disability-adjusted life years
resulting from drinking untreated river water are in the order of
four orders of magnitude greater than what is considered accep-
table by the WHO (World Health Organization, 2001) ( Fig. 4).

3.2.3. Occurrence of endocrine disrupters

There is no standardised method or guideline to assess human
health risks associated with endocrine disrupting chemicals
(World Health Organization, 2004). However, an approach similar
to toxic equivalency factors is used for hormones and their activity
in water, and can be expressed in terms of equivalency factors or
quotients (e.g. estradiol equivalent quantity or EEQ). A value above
the EEQ, a so-called trigger value, serves as an indicator that more
detailed EDC testing is required. The oestrogenic activity in
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Fig. 5. Oestrogenic activity of water samples collected from the Olifants River sites, compared to the trigger value of 0.7 ng L'! determined by Genthe et al. (2009).

environmental samples was determined with the T47D-KBluc
gene bioassay. The trigger value of 0.7 ngL~! was based on the
acceptable daily intake (ADI) of 200 pg~! kg~! d~! (as opposed to 50
ng~! ke~! d~' suggested by the WHO (World Health Organization,
2004)) to compensate for sensitive subpopulations, individual
variation, percentage availability and a safety factor of 1000
(Genthe et al., 2009).

Water samples may comprise a complex mixture of chemicals
with possible (anti)-androgenic and (anti)-oestrogenic activity, as
well as other chemicals not measured, that could affect the
outcome of the assay. It should therefore be noted that EEQs are
only rough estimates, as the complexity of the sample, pH,
extraction procedure and the nature of the assay (i.e. a biological
system) might all have an influence on the results. The EEQ levels
for the sampling sites are given in Table 3 and illustrated in Fig. 5.

Sampling sites 5, 6, 8, 9 and 10 EEQs measured oestrogen
activity above the trigger value suggested for healthy drinking
water (Genthe et al., 2009), if this river water were to be used
untreated for domestic purposes. Although site 10 tested positive
for oestrogenic activity, undiluted (1 x ) and higher concentrations
of site 10 suppressed the activity of 0.1 nM E,. Possible explana-
tions are the nature of the sample/E, curve (e.g. non-monotonic
dose-response curve), the presence of anti-oestrogenic substances
in the sample or the presence of cytotoxic compounds in the
sample mixture. A test for cytotoxicity (e.g. MTT test) in the site 10
sample would be required to reject this as a cause for the T47D-
KBluc assay result. Similar results were obtained with all the other
samples when concentrated 10 x or higher (Fig. 5).

Sites 6 and 9 showed markedly higher EEQ levels than the
other sites, indicating a significant threat of potential endocrine
disrupting health problems. Sites 6 and 9, are located close to an
informal settlement and a WWTW proximal to a large city. The
high oestrogenic activity and possible EDC levels are therefore
likely due to untreated or insufficiently treated sewage effluent.

4. Conclusions

Water and plant samples collected from 15 sites on the Olifants
River were analysed for faecal contamination, seven specific
human pathogens representing bacterial, protozoan and viral
contamination, and heavy metals indicative of bioaccumulation
in plants. The results indicate the following:

® portions of the Upper Olifants River catchment are highly
contaminated with faecal indicator bacteria with associated
microbial pathogens, and a quantitative microbial risk

assessment showed that the polluted waters pose an unaccep-
tably high risk to water users;

® 3 heavy metal health risk assessment indicated that aluminium
and manganese accumulated in plants pose a significant non-
cancerous health risk, whereas water of the Klip Spruit close to
a vanadium processing plant returned a vanadium health risk
factor 20-fold of what is considered safe for human
consumption;

® oestrogen activity resulting from endocrine disrupting com-
pounds in the water samples is above the trigger value at 60
percent of the sites monitored and was the highest at sites in
the vicinity of wastewater treatment plants; and

® the calculated possible health impacts associated with each of
the hazardous materials cannot be viewed in isolation.

The combined microbial impacts on human health at site 6, for
example, ascribe a 12 percent probability of infection by a patho-
gen and a DALY of approximately 1 in 100 from a single dose.
Combined with the oestrogen activity at this site, which is over 10
times higher than the recommended trigger value, the water from
this site is likely to cause adverse health effects in the surrounding
communities. The health situation at this site is exasperated by the
high occurrence of aluminium and manganese in the water and
surrounding plant life, which are known to compromise the
immune system. This makes the exposed community even more
susceptible to the E. coli, pathogen microbes and endocrine
disrupting chemicals contained in these contaminated waters.

Faecal contamination with associated microbial pathogens and
oestrogenic activity of the collected water samples could be
tracked back to inadequate wastewater treatment, agricultural
runoff (cattle feedlots) or sewage effluents. Aluminium contam-
ination across the region in plants is partially caused by acidifica-
tion of the soil by mining practices, which leach aluminium from
the soil into the water, creating an uptake pathway for plants.
From the combined results of the risk assessment, it is concluded
that the combination of untreated sewage, mining and industrial
practices severely compromise the water quality in the Olifants
River, and have the potential to seriously impact on human health,
especially in lower income communities that make direct use of
untreated river water.
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