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Abstract
A quantitative chemical risk assessment was performed using published data as well as data from the official monitoring 
programme for the uMsunduzi River in KwaZulu-Natal, South Africa. The chemicals assessed were organochlorinated pes-
ticides (OCPs), pharmaceuticals and personal care products (PPCPs), heavy metals, and nitrates and phosphates. The water 
from uMsunduzi River is used locally without treatment. Consequently, the exposure routes investigated were via ingestion 
during domestic drinking and incidental ingestion during recreational activities, which were swimming and non-competitive 
canoeing, for both adults and children. For the individual chemicals, non-carcinogenic risks using the hazard quotient (HQ) 
and carcinogenic risks using the cancer risk (CR) were quantified. It was found that the exposed population is likely to 
experience non-carcinogenic effects from pesticides and phosphates, but not from PPCPs, heavy metals and nitrates. This 
study also found that the carcinogenic risks for OCPs were higher than the tolerable limit of 10-5, while for lead the risk was 
below the tolerable limit. Some of the activities that potentially contribute to chemicals onto the uMsunduzi River are sub-
sistence farming, small plantations, illegal dumping, industries, and broken sewers. The findings of this study may act as the 
technical foundation for the introduction of pollution reduction measures within the catchment, including public education.

Keywords  Heavy metals · Nitrates · Organochlorinated pesticides · Pharmaceuticals and personal care products · 
Phosphates · Quantitative chemical risk assessment

Introduction

According to the World Health Organisation (WHO 2020), 
24% of deaths worldwide are caused by environmental fac-
tors that can be modified, including exposure to toxic chemi-
cals. Chemicals have an impact on aquatic environments in 
a variety of ways, including through wastewater and indus-
trial discharges, agricultural residues, and land runoff. The 

conventional treatment processes offered by water or waste-
water treatment plants cannot generally remove or reduce 
these substances to acceptable low values. Ecological stud-
ies, animal models, human clinical observations, and epi-
demiological studies confirm the importance of chemicals 
impacting wildlife and humans (Pironti et al. 2021). Several 
studies have studied the occurrence of these chemicals in 
wastewater (for example, Adeyinka et al. 2019; Nyamu-
kamba et al. 2019), surface water (for example, Matongo 
et al. 2015; Sengar and Vijayanandan 2022), sediments (for 
example Shozi 2015; Adeyinka et al. 2019), and groundwa-
ter (Zhai et al. 2017; Mohammadi et al. 2019).

In the surface waters of the uMsunduzi River, South 
Africa, organochlorinated pesticides (OCPs), pharmaceu-
ticals and personal care products (PPCPs), heavy metals, 
and nitrates and phosphates have been detected in variable 
concentrations (Matongo et al. 2015; Shozi 2015; Adeyinka 
et al. 2019). In addition, chemical spills have been observed 
in the uMsunduzi River and its tributaries. To illustrate, 
in the year 2019, an oil spill from an oil company was 
reported; the spill affected the majority of the uMsunduzi 
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River downstream of the city of Pietermaritzburg (Mdlet-
she 2019). Fish, aquatic animals, and livestock who drank 
from the river died as a result of this spill (Mdletshe 2019). 
Additionally, the different settlements within the catchment 
use this river for recreational activities and drinking without 
treatment.

In their assessment of forty research studies that investi-
gated agrochemicals in freshwater aquatic habitats in South 
Africa from 2011 to 2020, Horak et al. (2021) examined 
rivers such as the uMngeni, Vaal, Olifants, Buffalo, Lou-
rens, and uMsunduzi. According to these research studies, 
agrochemicals were found in all of South Africa's provinces, 
including along the Indian Ocean coast. OCPs are a group 
of chlorinated chemicals historically used as insecticides 
with some classified as persistent organic pollutants based 
on their extended half-lives in the environment (Adeyinka 
et al. 2019; Wolmarans et al. 2021) and toxicity even at low 
concentrations (de Souza et al. 2020). These pesticides were 
banned or severely restricted by the Stockholm Convention 
on Persistent Organic Pollutants in the year 1983 (UNEP 
2020). Agrochemicals can impair organisms' (including 
humans) ability to produce hormones normally, which can 
result in several endocrine disrupting impacts (Qu et al. 
2015), including intersex, decreased spermatogenesis, asym-
metric urogenital papillae, testicular lesions, and infertile 
eggs (Horak et al. 2021). As a result, OCPs continue to pose 
a hazard to both the ecological environment and human 
health (Chen et al. 2020). In humans, OCPs have also been 
listed as supposed carcinogens (Wexler 2014).

According to Adeleye et al. (2022), PPCPs are introduced 
into urban wastewater systems through hospitals, PPCPs pro-
ducers, and agricultural sources in addition to human excre-
tion and typical household usage. Based on the data obtained 
from wastewater treatment plants (WWTPs) in South Africa, 
analgesics, antibiotics, and stimulants are the most abundant 
PPCPs in raw wastewater (Adeleye et al. 2022). Regulation 
of pharmaceuticals and their treatment are not as stringent 
in African countries as compared to developed economies; 
and the current wastewater treatment systems were not 
designed with the intent of managing pharmaceuticals as 
pollutants (Agunbiade and Moodley 2016) but will, to a 
varying degree, reduce their concentrations (Matongo et al. 
2015; Faleye et al. 2019). Different investigations confirm 
the presence of PPCPs in natural waters around the world, 
including freshwater (such as rivers, streams, lakes), marine 
and estuarine environments, groundwater, and sediment 
(Agunbiade and Moodley 2016; Kong et al. 2021; Adeleye 
et al. 2022). The presence of PPCPs in receiving waters and 
sediments has been shown in the KwaZulu-Natal province, 
South Africa (Matongo et al. 2015; Agunbiade and Moodley 
2016). In the environment, PPCPs have been reported to be 
enriched highly in organisms and amplified with the food 
chain (Lin et al. 2023). In humans, PPCPs have different side 

effects upon prolonged exposure and overdosage (Wexler 
2014).

Heavy metal ions are among the most released pollut-
ants, and for this reason as well as their persistence they 
are particularly concerning. About 40% of lakes and riv-
ers on Earth are polluted with heavy metals, the sources of 
which are both natural and anthropogenic (Zamora-Ledezma 
et al. 2021). Particularly in recent decades, human activities 
such as urbanisation, industrialisation, and pollution have 
increased the concentration of these pollutants (Zamora-
Ledezma et al. 2021). Mean concentrations of heavy metals 
in water samples from South Africa exceeded the World 
Health Organization guidelines for safe levels of intake, 
according to the study performed by Genthe et al. (2018). 
That study followed the death of a dozen crocodiles in the 
Olifants River catchment near the South Africa-Mozam-
bique border, where it was found that the death was due to 
anthropogenic pollution (Genthe et al. 2018). In humans, 
these chemicals have such effects as liver damage, reduced 
lung function, and thyroid disorder with some heavy metals 
having probable carcinogenic effects (Wexler 2014).

Agricultural runoff, industrial effluents, and municipal 
wastewater systems may lead to excess nitrogen and phos-
phorus load in water environments. As a result, algal over-
growths or the presence of noxious algal species can become 
a nuisance and interfere with the desirable uses of a water 
body (DWAF 1996b). Waterbody eutrophication in turn 
impacts human health by causing conjunctivitis, dermato-
logical conditions, and gastrointestinal illnesses (Oberholster 
and Ashton 2008).

The human health risk assessment is the process used to 
estimate the nature and probability of adverse health effects 
among people exposed to hazardous environmental sub-
stances now or in the future (Genthe et al. 2018). To under-
stand the nature, magnitude, and probability of an adverse 
health or environmental effect of a chemical, a chemical 
risk assessment is required (Nyamukamba et  al. 2019; 
Moloi et al. 2020). Health risk assessments are primarily 
intended to protect consumers against serious adverse effects 
of toxicants in food or water (Taiwo 2019) and comprise 
four main stages: hazard identification, exposure assessment, 
dose-response characterisation, and risk characterisation 
(Fryer et al. 2006). Chen et al. (2020) performed an eco-
logical and health risk assessment of OCPs in an urbanised 
river network of Shanghai, China. Sengar and Vijayanan-
dan (2022) assessed ecological and human health risks of 
PPCPs detected in surface waters and wastewater in India. 
Carcinogenic and non-carcinogenic health risks posed by 
heavy metals were assessed in groundwater water in rural 
Iran (Maleki and Jari 2021), in wastewater discharge in the 
Vaal River Basin in South Africa (Moloi et al. 2020), and 
in drinking water in Khorramabad, Iran (Mohammadi et al. 
2019). The health impact of nitrate pollution in groundwater 
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was investigated by Zhai et al. (2017) in Songnen Plain of 
Northeast China, and in this study it was concluded that 
risk levels generally followed the pattern of being highest 
for infants, followed by children, adult females, and then 
adult males.

The goal of this study is to demonstrate the importance 
of riverine chemical pollution by undertaking a quantita-
tive chemical risk assessment for consumers of untreated 
water engaged in domestic and recreational activities. This 
strategy helps identify important areas of concern while also 
highlighting the need for mitigation measures. The present 
study aims, therefore, to quantify the carcinogenic and non-
carcinogenic risks that chemical pollutants pose to the popu-
lation of the uMsunduzi catchment through consumption 
of the water for drinking (without treatment) and inadvert-
ent ingestion during swimming and canoeing. The specific 
objectives are to (i) peruse existing literature on chemical 
concentrations within the uMsunduzi River, (ii) access and 
evaluate river monitoring data, and (iii) quantify the prob-
ability of developing both adverse non-carcinogenic health 
effects (hazard quotient: HQ) and cancer risk (CR).

Methods and Materials

Study area

The 875 km2 uMsunduzi catchment is in the KwaZulu-Natal 
province, South Africa. The uMsunduzi River has a 115 km 
watercourse length and passes through the city of Pieterma-
ritzburg (29°37’S 30°23’E) and is a major tributary of the 
uMngeni River. Pietermaritzburg is the second largest city 
in the province of KwaZulu-Natal. UMsunduzi Municipality 
has an estimated population of 600 000. UMsunduzi River 
flows through rural and urban dwellings as seen in Fig. 1.

Chemicals detected within the uMsunduzi 
catchment

Organochlorinated Pesticides

Adeyinka et al. (2019) evaluated the concentrations of OCPs 
in the sediments, soil, and surface water of the uMsunduzi 

Fig. 1   UMsunduzi catchment location. Please follow the link to view in full layout: https://​www.​google.​com/​maps/d/​viewer?​mid=​1NQXd​FcqDj​
ShMQx​Rgn4p​8ILzp​j42Np​gdG&​ll=-​29.​63672​03434​3441%​2C30.​47507​29922​98692​&z=​11

https://www.google.com/maps/d/viewer?mid=1NQXdFcqDjShMQxRgn4p8ILzpj42NpgdG&ll=-29.63672034343441%2C30.475072992298692&z=11
https://www.google.com/maps/d/viewer?mid=1NQXdFcqDjShMQxRgn4p8ILzpj42NpgdG&ll=-29.63672034343441%2C30.475072992298692&z=11
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catchment, and at the Darvill wastewater treatment plant. 
The pesticides detected in the uMsunduzi River were: hexa-
chlorobenzene (HCB), hexachlorocyclohexane (HCH), 
heptachlor, aldrin, dichlorodiphenyldichloroethane (o,p’-
DDD, p,p’-DDD), dichlorodiphenyltrichloroethane (o,p’-
DDT, p,p’-DDT), dieldrin, endrin, and mirex (Adeyinka 
et al. 2019). Two samples (per location) were collected, and 
the concentrations are presented in Table 1 as reported by 
the authors. A grab sampling technique was used to collect 
wastewater or surface water samples from a depth of 1–2 cm 
from the water surface.

As supplementary information, Table  S1 shows the 
respective OCP effects on humans and the status of OCPs 
in South Africa. Table 1 shows the drinking water guide-
lines set by the South African Department of Water Affairs 
Guidelines (DWAF 1996a) as well as those set by the World 
Health Organisation (WHO 2017) against these pesticides. 
The Encyclopaedia of Toxicology (Wexler 2014) summa-
rises the carcinogenic effects of different pesticides, and only 
endrin is listed as not carcinogenic. While most OCPs have 
been banned worldwide, they are still being used illegally for 
agricultural use in some countries, including South Africa. 
Their presence may also be attributed to their long half-lives 
in the environment as indicated in supplementary Table S1.

Pharmaceuticals and Personal Care Products

The PPCPs in the uMsunduzi catchment were measured 
by Agunbiade and Moodley (2016) and Matongo et  al. 
(2015), their concentrations are shown in Table 2. These 
include therapeutic classes such as antipyretics (acetami-
nophen, aspirin, diclofenac, ibuprofen, ketoprofen); stimu-
lants (caffeine); anti-epileptics (carbamazepine); psychotics 

(clozapine); antibiotics (ampicillin, ciprofloxacin, erythro-
mycin, metronidazole, nalidixic acid, sulfamethoxazole, 
sulfamethazine, trimethoprim); and antihyperlipidemic 
(bezafibrate), as shown in Table S2. These were selected 
based on statistics of drug usage in South Africa (Agunbiade 
and Moodley 2016). Sampling was performed over spring, 
summer, autumn, and winter with one sample collected 
per location for each season in one year. A grab sampling 
technique was used to collect wastewater or surface water 
samples from a depth of 1–2 cm from the water surface. The 
presented concentrations show the mean of the four samples 
and the standard deviation for the work of Matongo et al. 
(2015) as reported by the authors. For Agunbiade and Mood-
ley (2016), the mean concentrations are shown, as their work 
only reported mean concentrations for surface water. Where 
both Matongo et al. (2015) and Agunbiade and Moodley 
(2016) have the same PPCP, for instance, ibuprofen, the 
higher of the two values was used to calculate risk.

The recommended reference dose (RfD) shown in the 
supplementary Table S2 derived from the National Depart-
ment of Health of South Africa (2020) shows that seven of 
the drugs are not recommended for children.

Heavy Metals and Nutrients

The heavy metals chosen for risk analysis were primarily 
determined by the studies referenced, but it is advisable to 
consider additional heavy metals when assessing risks. The 
concentrations of heavy metals and nutrients were measured 
in selected subbasins of the uMsunduzi River surface water 
by Shozi (2015) and Umgeni Water respectively (Table 3). 
The metals detected by Shozi (2015) were copper, lead, and 
zinc during a once-off sampling event in September 2013, 

Table 1   Concentrations of organochlorinated pesticides presented as mean (SD) (mg/L) detected in selected sub-basins of the uMsunduzi River 
surface water by Adeyinka et al. (2019). (NGV = No guideline value)

Pesticide Subbasin 10 Subbasin 8 Subbasin 4 Subbasin 1 DWAF Guidelines (mg/L) 
(DWAF 1996a; Horak et al. 2021)

WHO Guidelines 
(mg/L) (WHO 
2017)

HCB 3.31 (0.86) 0.76 (0.02) 1.73 (0.49) 1.13 (1.99) NGV NGV
HCH 8.77 (1.15) 11.30 (0.50) 17.63 (0.66) 6.67 (2.75) 0.015 0.002
Heptachlor 2.55 (1.14) 6.42 (0.31) 0.06 (1.86) 3.44 (0.12) <0.39 NGV
Aldrin 3.72 (0.80) 7.71 (0.27) 1.89 (2.16) 4.64 (0.09) 0.01 3.00x10-5

o,p’-DDE 9.17 (0.30) 6.73 (0.32) 7.48 (0.47) 7.48 (0.62) 0.0015 0.001
p.p’-DDE 14.36 (0.29) 12.6 (0.44) 15.06 (0.51) 11.81 (0.10) 0.0015 0.001
o.p’-DDD 16.36 (0.23) 14.24 (0.05) 15.14 (0.43) 14.55 (0.12) 0.0015 0.001
Dieldrin 8.39 (0.19) 6.54 (0.28) 8.14 (0.64) 6.84 (0.18) 0.0015 0.001
Endrin 2.95 (1.32) 10.15 (0.26) 0.37 (1.31) 2.04 (0.83) 0.005 3.00x10-5

p,p’-DDD 6.71 (1.21) 12.35 (0.96) 2.93 (1.55) 4.82 (1.13) 0.0015 0.001
o,p’- DDT 1.94 (2.16) 7.76 (1.50) 0.98 (0.24) 1.52 (1.50) 0.0015 0.001
p,p’-DDT 13.24 (0.23) 13.53 (0.31) 2.09 (0.52) 18.84 (0.50) 0.0015 0.001
Mirex 16.79 (0.27) 24.98 (0.41) 12.08 (1.33) 19.06 (0.13) 0.001 NGV
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when one sample was collected per chosen site; these data 
were presented as a single value in Table 3 below. A grab 
sampling technique was used to collect wastewater or sur-
face water samples from a depth of 1–2 cm from the water 
surface. As part of Umgeni Water monitoring programme, 
concentrations of nitrates and soluble reactive phosphates 
have been quantified in the uMsunduzi River at different 
sites. The mean concentrations and their standard devia-
tions for nitrates and phosphates (Table 3) were calculated 
over the period between January 1990 and December 2018; 
sampling frequency varied, with number of samples ranging 
from 149 to 1490 between sampling stations and chemicals. 
Some possible human effects due to exposure to these heavy 
metals and nutrients are listed in the supplementary Table S3 
after Wexler (2014).

Risk Assessment

Studies, locally and abroad, that have quantified chemical 
risk via ingestion have looked at treated water, while this 

study assumed no treatment of the water, as this is the nor-
mality in the studied communities. The chemical concentra-
tions in the surface waters of the uMsunduzi River used in 
the risk assessment calculations were based on the following 
sources: organochlorinated pesticides (Adeyinka et al. 2019), 
pharmaceuticals and personal care products (Matongo et al. 
2015; Agunbiade and Moodley 2016), heavy metals (Shozi 
2015), and nitrates and phosphates (Umgeni Water monitor-
ing data). Ngubane et al. (2022), our earlier study in which 
we estimated microbial hazards in this watershed, provided 
the exposed population and the exposure routes employed in 
this research. However, for the sake of simplicity, only maxi-
mum ingestion rates (IR) were used in the current analysis. 
The exposure routes investigated were direct ingestion of 
the uMsunduzi River water during recreational swimming, 
canoeing training, and drinking.

Recreational swimming was considered for subbasins 1, 
4, 8, and 10. This is because it was observed during the study 
that the population along this stretch of the catchment habit-
ually swim in the river during warm periods. The exposed 

Table 2   Concentrations of 
pharmaceuticals and personal 
care products presented as mean 
(SD) (μg/L) detected in selected 
sub-basins of the uMsunduzi 
River surface water by Matongo 
et al. (2015)A and Agunbiade 
and Moodley (2016)B (ND = 
Not Detected)

Therapeutic Class Pharmaceutical Subbasin 10 Subbasin 8 Subbasin 4 Subbasin 1 Reference

Antipyretics Acetaminophen 0.99 (5.35) 1.29 (0.57) 1.26 (3.47) 1.74 (4.35) A
Aspirin 13.70 14.54 13.84 25.35 B
Diclofenac 0.88 8.17 0.60 2.08 B
Ibuprofen 0.55 0.66 0.70 0.45 B

84.6 (6.65) 27.6 (0.63) 4.7 (1.43) 2.58 (0.76) A
Ketoprofen 0.39 ND 0.45 ND B

Stimulants Caffeine 0.11 (3.45) ND ND 3.32 (0.98) A
Anti-epileptics Carbamazepine 1.26 (7.65) 3.24 (0.67) 0.29 (3.95) 0.32 (2.54) B
Psychotics Clozapine 8.89 (4.56) 5.59 (0.33) 2.18 (0.57) 2.48 (7.65) A
Antibiotics Ampicillin 3.68 4.05 3.87 3.21 B

Ciprofloxacin 2.63 12.99 14.33 2.40 B
Erythromycin 0.06 (13.56) ND ND ND A
Nalidixic acid 19.42 12.48 14.90 20.66 B
Sulfamethoxazole ND 1.22 (3.75) 4.32 (0.56) ND A
Sulfamethazine ND ND ND 1.09 A
Trimethoprim 0.29 (0.48) ND ND ND A

Antihyperlipidemic Bezafibrate 0.23 ND 0.31 ND B

Table 3   Concentrations of heavy metals and nutrients detected in selected subbasins of the uMsunduzi River surface water by Shozi (2015) for 
heavy metals and Umgeni Water for nutrients presented as mean (SD) (mg/L). (NGV = No Guideline Value and ND = Not Detected)

Chemical Subbasin 10 Subbasin 8 Subbasin 4 Subbasin 1 DWAF Guidelines (mg/L) 
(DWAF 1996a)

WHO Guidelines 
(mg/L) (WHO 
2017)

Copper 5.92 x 10-5 1.87 x 10-5 ND - 30 2
Lead 4.53 x 10-3 1.47 x 10-4 5.65 x 10-5 - 0.01 0.01
Zinc 8.10 x 10-4 3.13 x 10-4 ND - 10 NGV
Nitrates 0.93 (0.41) 1.06 (0.49) 1.85 (2.18) 2.37 (1.30) 10 10
Phosphates 0.007 (0.013) 0.02 (0.04) 0.21 (0.30) 0.18 (0.21) NGV NGV



	 Environmental Science and Pollution Research

1 3

population was categorised into children and adults. The 
volume ingested during swimming was estimated based on 
the ranges of 37-47 mL for children and 16-24 mL for adults 
per 45 minute event as reported by Dufour et al. (2006). The 
values used in the current study were 0.0627 (children) and 
0.032 (adults) L/day. Swimming was assumed to take place 
50 times a year of an hour’s swim, during warm periods.

Canoeing was considered for subbasin 8 as training takes 
place in this stretch of the river. Training information was 
obtained from Mr. Z. L. Mthalane (pers. comm., 2019), a 
coach at two canoe clubs and a seasoned Dusi Canoe Mara-
thon and Dusi Non-stop participant. Approximately 1000-
2000 paddlers enter the Dusi Canoe Marathon annually. 
The exposed population was categorised into two: children 
(10 - 18 years old) and adults (>18 years old) based on the 
competition categories and the required hours for training. 
Based on the training schedules, 0.5 to 1.5 hours (children), 
and 1.5 to 2 hours (adults) per day were assumed. Forty days 
of canoeing were assumed per year. The ingestion volume 
of 5.8 mL per 45 minute event (Dorevitch et al. 2011) was 
used as a baseline to estimate the ingested volumes during 
canoeing events. The values used in this study were 0.0116 
(children) and 0.0154 (adults) L/day.

Drinking water was considered for subbasins 10 and 1, 
which are in the upper and lower rural parts of the catch-
ment, respectively. The exposed population was categorised 
into children and adults. The daily ingestion volumes for 
South Africans were adapted from Steyn et al. (2001), and 
the resulting values used were: 0.773 (children) and 0.952 
(adults) L/day.

The risk to develop adverse health effects due to exposure 
to chemical substances is estimated using hazard quotient 
(HQ) for harmful non-carcinogenic effects. HQ is the ratio of 
Chronic Daily Intake (CDI) to Reference Dose (RfD) as cal-
culated using Equation 1 (Pieters and Horn 2020). A value 
of HQ below 1 means that the exposed population is unlikely 
to experience adverse health effects, and an HQ value greater 
than 1 represents a potential health risk to the exposed popu-
lation (USEPA 2009). CDI is the potential exposure to a 
substance, and RfD is the level at which no adverse effects 
are expected. CDI was calculated using Equation 2.

Where CDI is the Chronic Daily Intake (mg/kg/day) via 
ingestion, and RfD is the recommended dose.

Where Cw is the concentration of the chemical (mg/L) 
in ingested water, IR is the ingestion rate (L/day), EF is the 
exposure frequency (day/year), ED is the exposure duration 

(1)HQ =
CDI

RfD

(2)CDI =
Cw × IR × EF × ED

BM × AT

(years), BM is the human body mass (kg), AT is the average 
time (days).

In this study, RfD values for OCPs were based on the 
Agency for Toxic Substances and Disease Registry (ATSDR 
2005, 2007, 2015, 2020); for PPCPs they were based on the 
South African National Department of Health guidelines as 
published in the National Department of Health of South 
Africa (2020); for heavy metals, nitrates and phosphates, 
RfD values were based on the South African National Stand-
ards (SANS 2015). The body mass (BM) of 66 kg for adults 
and 35 kg for children was based on the local study by Piet-
ers and Horn (2020); with the corresponding 70 years and 
12 years exposure duration (ED). The Exposure frequency 
(EF) was set at 50, 365, and 40 days per year for swimming, 
drinking, and canoeing, respectively.

According to WHO (2010), incremental lifetime cancer 
risk (ILCR) refers to the incremental risk a person faces 
over a lifetime because of exposure to a given concentration 
of a carcinogenic agent averaged over a lifetime. ILCR is 
estimated using Equation 3 after WHO (2010). The World 
Health Organization (WHO 2008) and several countries 
worldwide have set their acceptable cancer risk level at 10-5 
for 70 years life expectancy.

Where, CSF (mg/kg/day) is the cancer slope factor and is 
defined as the risk generated by a lifetime average amount 
of one mg/kg/day of carcinogenic chemical and is pollut-
ant specific (Qu et al. 2015). In this study, CSF values for 
chemicals with potential carcinogenic effects were based on 
various toxicological data as per supplementary Tables S1 
and S3.

Results

Figure 2 shows HQ values representing non-carcinogenic 
risks of all chemicals calculated using the mean concen-
trations considering swimming, drinking, and canoeing as 
exposure routes. Since PPCPs, heavy metals, and nitrates 
had HQ values below 1, the exposed population is unlikely 
to experience adverse non-carcinogenic health effects due 
to ingestion of these chemicals. In contrast, for pesticides, 
HQ values exceeded 1 for all exposure routes, suggesting 
possible non-carcinogenic health risks, which may lead to 
increased risk of hospitalisations and death (Wexler 2014). 
The health risks associated with consuming water contain-
ing high phosphate levels are typically influenced by the 
overall water quality and the presence of other harmful sub-
stances, rather than being solely attributed to phosphates. 
For instance, algal blooms are caused by the simultaneous 
presence of N and P (Chen et al. 2020). Algal overgrowths or 
the presence of noxious algal species can, however, become 

(3)ILCR = CDI × CSF
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a nuisance and interfere with the desirable uses of a water 
body (DWAF 1996b). Eutrophication of waterbodies has a 
negative effect on human health, causing gastrointestinal dis-
eases, dermatological disorders, and conjunctivitis (DWAF 
1996b). For PPCPs, OCPs, and nutrients an upper bound 
estimate for HQ was also calculated using mean measured 
concentration plus standard deviation (Figure S1 in the sup-
plementary material), but the same could not be performed 
for heavy metals due to the lack of data. The HQ increased, 
overall, with HQ for carbamazepine exceeding 1. This means 
that, if the variability in the concentrations is considered, as 
opposed to when only mean values are considered, PPCPs 
can pose non-carcinogenic health effects to the exposed 
population.

The results for cancer risk, using the mean concentra-
tions, are shown in Fig. 3. Apart from endrin, all pesticides 
have the probability to cause cancer to the exposed popu-
lation in all subbasins and exposure routes, with cancer 
risk greater than 10-5. Dieldrin and aldrin pose the highest 
risk in all exposure scenarios in subbasins 8 and 10. For 
the swimming exposure route, the cancer risk trend for 
OCPs is such that it is the highest in subbasin 10 followed 
by subbasin 8, subbasin 4, and subbasin 1, in decreas-
ing order. Due to transboundary effects and long-distance 
transportation, it is possible that OCPs were transported 
from the upper course of the river to other sampling sites. 
Similar to the calculations of non-carcinogenic risk, upper 
bound cancer risk was also calculated using the mean 

Fig. 2   Hazard quotient calcu-
lated using the mean concentra-
tions for non-carcinogenic risk 
during swimming, drinking, 
and canoeing (top to bottom, 
respectively) for both children 
(Ch) and adults (Ad)
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concentration plus standard deviation (Figure S2 in the 
supplementary material).

Discussion

Water is an essential part of all lives, for recreational, 
domestic, and agricultural uses. Oftentimes populations in 
rural and informal settlements in developing countries rely 
directly on the rivers for their everyday water uses. This 
water is generally used without prior treatment. Moreover, 
in these communities, people use water for recreational pur-
poses. The uMsunduzi River in South Africa is one of the 
rivers with this kind of backdrop. Subbasins 1 and 10 are 

both in the rural parts of the uMsunduzi catchment, with 
subbasin10 in the headwaters and subbasin 1 by the conflu-
ence with the uMngeni River, ~15 km from the Inanda Dam. 
The Inanda Dam supplies Durban Metropolitan Municipal-
ity with a population estimated at ~ 3,228,000 with drink-
ing water, and water quality concerns impact the cost of 
treatment.

Key pollutants and their international significance

Overall, pesticides and nutrients have shown the highest 
non-carcinogenic risk in the studied catchment. Moreover, 
in all four subbasins (1, 4, 8, and 10), pesticides have shown 
cancer risk potential. Historically, in Africa, agriculture 

Fig. 3   Cancer risk calculated 
using mean concentrations for 
carcinogenic risk during swim-
ming, drinking, and canoeing 
(top to bottom, respectively) for 
both children (Ch) and adults 
(Ad)
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has been reported as the largest polluter, even more so than 
industries and municipalities (Olowu et al. 2010). Similar 
to the uMsunduzi catchment, the iSimangaliso Wetland 
Park and the uPhongolo floodplains, South Africa's largest 
floodplains and largest wetlands, have been found polluted 
with agricultural chemicals, further highlighting the threat 
to the country's biodiversity (Pieters and Horn 2020). As 
the country with the largest use of pesticides in sub-Saharan 
Africa, South Africa has likely misused many of the chemi-
cals that are now classified as endocrine disrupting com-
pounds (EDCs) (Horak et al. 2021); as evidenced by studies 
that have detected (anti-)oestrogenic and (anti-)androgenic 
activity in South African rivers, groundwater systems, and 
drinking water (Pieters and Horn 2020). In addition to being 
a concern to human health, impacts of EDCs have been dis-
covered in wildlife species (Pieters and Horn 2020). Qu et al. 
(2015) discovered high potential of carcinogenic risk for 
humans exposed to OCPs in Ningde, Southeast China. In 
the study by Chen et al. (2020) in Shanghai, the ranking of 
the cancer risk caused by mistaken oral intake of OCPs was 
such that the risk was higher in adults than children. In the 
context of current study, the ranking is such that the risk in 
children is higher than in adults. The highest cancer risk was 
from drinking in subbasin 10 for children due to dieldrin.

Hazard quotients for PPCPs showed that the exposed 
population is unlikely to experience adverse health effects 
due to these chemicals, based on the concentrations used 
in this study. In the study by Kong et al. (2021), while the 
non-carcinogenic risk of antibiotics in drinking water was 
negligible, the ecological risks were high, based on the anti-
biotics concentrations in surface water around Lake Luoma 
in the north of Jiangsu province, China. The major concern 
with PPCPs is the endocrine disruption caused by natural 
and synthetic steroids and an increase in antibiotic resistance 
among microorganisms (Manickum and John 2014). Issues 
of antibiotic resistance, for instance, have been raised by 
many studies such as Cizmas et al. (2015); Adegoke et al. 
(2018), and Ben et al. (2019). Additionally, as an ecotoxico-
logical risk, antibiotic residues in aquatic environments may 
pose threats to a variety of organisms at different trophic 
levels, with algae considered particularly sensitive to many 
antibiotics (Da Le et al. 2021). The chemicals continually 
added to the aquatic environment almost become "persis-
tent" pollution (or pseudo-persistent), even if their half-lives 
are short, because their supply is continually replenished 
(Hernando et al. 2006; Patel et al. 2019), and PPCPs are 
an example of this. In the review by Adeleye et al. (2022), 
antibiotics and analgesics are the most frequently detected 
PPCPs in freshwater. This review by Adeleye et al. (2022) 
also shows that the analgesics represent the majority of the 
highest PPCP concentrations reported in Africa, including 
107 μg/L of acetaminophen in the Ngong River, Kenya; 85 
μg/L of ibuprofen in the uMsunduzi River, South Africa; 

and 62 μg/L of ibuprofen in the Umgeni River, South Africa. 
Analgesics (such as aspirin) are not recommended for chil-
dren since they may affect liver functioning (Wexler 2014; 
The National Department of Health of South Africa 2020).

Madilonga et al. (2021) performed a risk assessment of 
heavy metals in the Mutangwi River in the Limpopo Prov-
ince of South Africa. In that study, the non-carcinogenic 
risks were found to be lower than 1, for both children and 
adults, agreeing with a study done in Pakistan by Moham-
madi et al. (2019) as well as the current study. Similarly, in 
Songnen Plain, Northeast China, Zhai et al. (2017) evalu-
ated the non-carcinogenic risks associated with nutrients, 
explaining that the risk potential for children is higher than 
that for adults. There was a significant increase in phospho-
rus and nitrogen loadings at the Inanda Dam inflow between 
2016 and 2020, and this is currently on an upward trend 
(Umgeni Water 2022). Due to nutrient enrichment, auto-
trophic growth occurs on a large scale, which has several 
consequences, such as biodiversity loss, oxygen depletion, 
algal toxin production, and taste/odour generation (Oberhol-
ster and Ashton 2008). Freshwater eutrophication is often 
caused by phosphate enrichment, and phosphate limitation 
is commonly used to control it (Isiuku and Enyoh 2020).

Sources of uncertainty and their impact on study 
results

Even when the quantitative chemical risk assessment indi-
cates that no adverse health effects are likely, it does not 
mean that the exposure to these chemicals is completely 
harmless. It is possible to develop new acute/chronic medi-
cal conditions or even exacerbate existing chronic condi-
tions due to environmental exposure to pharmaceuticals. 
Moreover, the mixing of various chemical compounds may 
create a more toxic mixture than any one compound alone. 
De Souza et al. (2020) assert that a cocktail of pesticides 
exists in nature and could pose more toxic and adverse con-
sequences to humans and animals exposed to them than a 
pesticide containing a single component. Such issues as 
ecotoxicity were not quantified in this study, and more work 
may be required on that subject. Riva et al. (2019) performed 
an environmental risk assessment of a mixture of emerg-
ing pollutants in surface water in a highly urbanised area 
in Italy using Risk Quotients. Risk Quotients consider the 
ratio of the expected exposure to the hazards of the mix-
ture. Their findings indicated a potential cumulative risk for 
the substances that individually could be considered safe, 
highlighting the importance of taking the whole mixture of 
pollutants into account.

The chemical risk assessment in the current study was 
based on assumptions such as the exposure frequency and 
ingestion rates, which are likely to vary between indi-
viduals. Moreover, the concentrations considered in the 
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risk assessment represent the water column and ignore 
the role of sediments from which the chemicals may re-
enter the water column. The pollutant concentrations, with 
exception of the extensive long-term data for nutrients, 
are based on a very small number of samples that were 
gathered during focused campaigns, providing a snapshot 
in time. While for PPCPs, OCPs, and nutrients an upper 
bound risk estimate was calculated using the mean con-
centrations plus standard deviation, the same could not be 
performed for heavy metals.

Exposure routes and vulnerabilities

Unequal access to water of reliable quality is both a cause 
and consequence of poverty in developing regions such 
as Africa (Olowu et al. 2010). Communities in rural sub-
basins (subbasins 10 and 1) of the uMsunduzi catchment 
are the most affected by pollution in the catchment due to 
their dependence on the river for domestic and recreational 
use. The highest HQ for children and adults exposed dur-
ing drinking was found in Subbasin 1 due to exposure to 
phosphates. These communities are also exposed to a high 
risk of cancer due to pesticides.

As the resources for risk reduction are limited, it is nec-
essary to prioritise risk-reduction measures by balancing 
risks, costs, and benefits. Techniques based on ecologi-
cal engineering are preferable due to their high economic, 
environmental and ecological benefits, ease of mainte-
nance, and because they are free from secondary pollution 
(Anawar and Chowdhury, 2020). Constructed wetlands, 
microbial dosing, ecological floating beds, and biofilm 
technologies are the most widely applicable ecological 
techniques (Anawar and Chowdhury, 2020). To control 
nutrient and chemical loads in catchments, chemical con-
trol technologies for agricultural runoff and household 
wastewater can be used (Shortle et al. 2020). Discuss-
ing the challenges and opportunities, including social, 
policy, institutional, and financial considerations, with 
all stakeholders will accelerate the adoption of reliable 
technologies to achieve system-level outcomes (Shortle 
et al. 2020).

This study makes a unique contribution by employing a 
quantitative chemical risk assessment methodology that not 
only considers a wide range of chemical contaminants and 
exposure pathways but also addresses the nuanced issue of 
water consumption variability between children and adults. 
This methodology has not been previously applied to this 
specific problem or within this study area, thus hindering the 
development of proper mitigation strategies. Consequently, 
this research has successfully provided valuable insights into 
the quantitative characterisation of chemical risks in surface 
waters.

Conclusions

The population in the catchment of South Africa's uMsun-
duzi River is exposed to health risks through drinking 
untreated water from the river (in the rural areas), swimming 
(in the entire catchment), and canoeing (in the urban area). 
Organochlorinated pesticides were found to pose elevated 
cancer risks (except endrin), as well as cause long-term 
non-carcinogenic effects, in all subbasins. Heavy metals 
and pharmaceuticals and personal care products occurred at 
sub-risk levels. Phosphates could have ecological and health 
impacts, especially near the Inanda Dam. These findings 
aid catchment managers in prioritising high-risk areas when 
reducing chemical pollution in the uMsunduzi River.
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