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The Vaal Triangle Airshed Priority Area (VTAPA), like other priority areas in South Africa, has an air pollution 
problem. Understanding the sources contributing to air pollution in this priority area will assist in the 
selection and implementation of appropriate control strategies. For this study, aerosol samples in the 
coarse (PM10-2.5) and fine (PM2.5) fraction were collected at four sites in the VTAPA during summer/autumn, 
winter, and spring. The contributing sources were identified and characterised based on the elemental and 
ionic compositions obtained through X-ray fluorescence and ion chromatography analysis. The highest 
seasonal median concentrations of PM10-2.5 (116 μg/m3) and PM2.5 (88 μg/m3) were observed in Sharpeville 
during the winter. The lowest median concentrations of PM10-2.5 (25 μg/m3) and PM2.5 (18 μg/m3) were 
detected in Zamdela during the summer/autumn period. At all sites, there was a high abundance of crustal 
elements in PM10-2.5 and a dominance of coal and biomass combustion-related elements in PM2.5. The 
Positive Matrix Factorisation receptor model identified dust-related and secondary aerosols as the major 
contributing sources of PM10-2.5. PM2.5 contributions were predominantly from coal burning for Sebokeng 
and Sharpeville and from industry, wood and biomass burning, and secondary aerosols for Kliprivier and 
Zamdela. The results of this study identify the main sources contributing to particulate air pollution in the 
VTAPA and provide local authorities with valuable information for decision-making.

Significance:
• Dust, industry, domestic coal burning, vehicles, and wood and biomass combustion are the key sources 

of particulate air pollution in the VTAPA that need to be prioritised by decision-makers.

• Although Sebokeng and Sharpeville are located within the vicinity of industries, domestic coal burning has 
a greater contribution to particulate loading at these sites.

• Results from this study will assist in the design of local municipality air quality management plans for 
the VTAPA.

Introduction
Over the past decades, South Africa has experienced strong economic growth, industrial expansion, and rapid 
urbanisation. This has led to the emergence of cities characterised by high population densities and high industrial 
and traffic activities. Air pollution is a serious environmental problem in these urban areas and has attracted 
widespread attention from the public as a result of its negative effects on humans.1 Pollution from particulate matter 
(PM) is of primary concern in South Africa.2 Exposure to PM is the fourth leading human health risk factor and is 
linked to over 5 million premature deaths all over the world.3 Exposure to PM, especially PM2.5, over long periods is 
dangerous to humans as inhaled particles will penetrate deep into the lungs and increase the risk of morbidity and 
premature mortality due to cardiopulmonary diseases and lung cancer.4-6 Effective strategies are urgently needed 
to improve air quality and address the health risks associated with PM. Acquiring reliable and comprehensive 
information on the main sources of PM is the first key step required to achieve this.7 

Source apportionment is an air quality management tool that can provide statistical information about source 
contributions which is important in the formulation of mitigation strategies for PM.8-10 Attempts have been made in 
South Africa to apportion PM sources and their contributions. Engelbrecht et al.11 used the Chemical Mass Balance 
model to compare PM source contributions from residential coal and low-smoke fuels used in the township of 
Qalabotjha. The Chemical Mass Balance model was also applied to identify the PM sources contributing to air 
pollution in Kwadela township.12 Recently, Tshehla and Djolov13 used the Positive Matrix Factorisation (PMF) 
receptor model to apportion PM sources in an industrialised rural area in the Limpopo Province. In the case of 
South Africa, where local source profiles are still lacking, the PMF model is a suitable alternative for the Chemical 
Mass Balance model as it does not require source profile data. The main sources of particulate (PM10 and PM2.5) 
pollution identified from these source apportionment studies in South Africa include industries, residential solid 
fuel burning, vehicles, dust, and biomass burning.13 However, despite attempts to identify air pollution sources 
in South Africa, studies reporting on PM sources are still lacking.14 A thorough understanding of the different 
compositions and contributions of PM is required as it will assist air quality planners in assigning precedence to 
key pollutant sources.7

In 2006 the Vaal Triangle, a highly industrialised region, was classified as an air pollution priority area due to public 
health concerns over the elevated levels of air pollution faced in this region.15 The major local sources found 
in the Vaal Triangle Airshed Priority Area (VTAPA) include industries, residential burning, vehicles, waste, and 
windblown dust.16 These sources occur within close proximity to one another. In 2009, an Air Quality Management 
Plan detailing possible intervention strategies for the VTAPA was published.17 The first 5-year cycle review of this 
Air Quality Management Plan in 2013 revealed that, despite efforts made, air pollutant concentrations were still 
above national ambient air quality standards.18 This was due to inadequate implementation of air quality controls.18 

https://doi.org/10.17159/sajs.2021/8617
https://orcid.org/0000-0001-7465-5446
https://orcid.org/0000-0002-4359-4588
https://orcid.org/0000-0002-2804-879X
https://orcid.org/0000-0002-9942-7930
https://orcid.org/0000-0003-3780-4929
mailto:lucksonmuyemeki@gmail.com
https://doi.org/10.17159/sajs.2021/8617
https://doi.org/10.17159/sajs.2021/8617
https://doi.org/10.17159/sajs.2021/8617/suppl
https://orcid.org/0000-0002-1128-7321
https://www.sajs.co.za/associationsmemberships
https://crossmark.crossref.org/dialog/?doi=10.17159/sajs.2021/8617domain=pdf&date_stamp=2021-05-28


2 Volume 117| Number 5/6 
May/June 2021

Research Article
https://doi.org/10.17159/sajs.2021/8617

 Source apportionment of particulate matter for the Vaal Triangle
 Page 2 of 11

The second 5-year cycle of the VTAPA Air Quality Management Plan 
is currently in review. Target air quality limits still have not been met 
as daily and annual average PM concentrations still remain above the 
national standards.15 A source apportionment study is therefore required 
to establish an understanding of the current sources contributing to PM 
and identify opportunities for further emission reductions.

In this study, therefore, we sought to achieve the following objectives: 
(1) to explore the temporal and spatial variations of PM in the VTAPA; 
(2) to determine the elemental and ionic compositions of PM; and (3) 
to identify and apportion the main sources contributing to PM pollution.

Materials and methods
Sampling sites
The VTAPA is situated on the high central inland plateau of South Africa 
with terrain elevations ranging between 1300 m and 1900 m above 
sea level. The VTAPA stretches from the southern part of the Gauteng 
Province to the northern section of the Free State Province. The land 
use in this region includes commercial, industrial, residential, and low-
intensity agricultural activities, all situated within close vicinity to one 
another. Four sites in the VTAPA were selected for this study. These sites 
(Figure 1) were selected based on a baseline assessment that identified 
these sites as ambient PM hotspot zones.19 Sebokeng (26.5879S, 
27.8410E), Sharpeville (26.6810S, 27.8677E) and Zamdela (26.8449S, 
27.8551E) monitoring sites are situated inside densely populated low-
income settlements, while Kliprivier (26.4203S, 28.0849E) site is in a 
low-density area. 

Sampling strategy
Sampling was performed simultaneously at all of the sites for the 
summer/autumn (2 February – 9 March 2018 and 12 March –21 March 
2018), winter (20 June – 6 July 2018), and spring (13 September – 
21 September 2018 and 25 September – 3 October 2018) periods. 
Dichotomous low volume samplers (MicroPNS Type Dichoto LVS16, 
Umwelttechnik MCZ GmbH, Bad Nauheim, Germany) with split-flow rates 
of 1.7 L/min (for fine particles) and 15 L/min (for coarse particles) were 
employed for the simultaneous and sequential collection of particulate 
matter in the fine (PM2.5) and coarse (PM10-2.5) fraction on 47 mm PTFE 
Teflon filter membranes (2 μm pore size). Prior to being weighed, the 
filters were inspected for defections and then preconditioned in a stable 
environment for 24 h so as to allow for their weights to stabilise. The 
filters were then weighed three times before and after sampling using 
an XP26 DeltaRange Microbalance (Mettler-Toledo AG, Greifensee, and 
CH). The averaged mass difference (μg) was used together with the total 
volume of air sampled (m3) to calculate the mass concentrations of the 
particles collected on each filter. These filters were stored in individual 
Petri slide dishes.

Two consecutive continuous 12-h samples for each size fraction were 
collected daily to enable comparisons between day (10:00 – 22:00) 
and night concentrations (22:00 – 10:00).20-22 In total, 768 filters were 
sampled for the entire campaign. Laboratory blanks were used to 
determine the impact of laboratory procedure on the measured filter 
mass concentrations. Field blanks were utilised to determine the effect of 
sample handling and the filter itself on measured mass concentrations. 

Figure 1: Study area map showing the location of the Vaal Triangle Airshed Priority Area (VTAPA) in South Africa and the four sampling sites within the 
VTAPA.
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Chemical analyses

Elements
Trace elements on the Teflon filters were chemically analysed using X-ray 
fluorescence, which is a non-destructive procedure that allows for the 
analysis of filters without being subjected to any pre-treatment process. 
X-ray fluorescence involves the interplay between X-ray photons and the 
elements found in the PM species leading to the discharge of electrons, 
which will result in the release of X-rays that are unique for the individual 
element.23 A wavelength dispersive X-ray fluorescence spectrometer 
was used for this analysis. The exposed Teflon samples were placed 
in filter holders and put into 47-mm stainless steel sample cups. 
These samples were then analysed by being exposed to an excitation 
condition in which X-rays produced from the spectrometer interact with 
atoms in the filters.23 The following elements were detected using the 
spectrometer: Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, 
and Pb. The measured concentrations of these elements were corrected 
using blanks.

Ions
Water-soluble ionic species on the Teflon filters were analysed using 
ion chromatography. A Dionex ICS-3000 system consisting of two flow 
lines was used for ion chromatography analysis.24 One flow line was 
used for the detection of anion species and the other flow line to detect 
cation species. Before chemical analysis commenced, the filters were 
leached in 10 mL deionised water in an ultrasonic bath for 30 min. Five 
standards, ranging from 20 ppb to 500 ppb, were prepared using certified 
stock solutions obtained from Industrial Analytical (Johannesburg, South 
Africa). Filter samples were then analysed for the following water-soluble 
ionic species: F─, Cl─, SO4

2─, NO3
─, CH3COO─, HCOO─, C2O4

2─, Na+, NH4
+, 

K+, Mg2
+, and Ca2

+. In order to avoid contamination, this procedure was 
conducted in a stabilised room. The measured ion concentrations were 
corrected using blanks.

Meteorological data
Meteorological data from weather stations near the sampling sites were 
obtained for each site from the South African Weather Services (https://
saaqis.environment.gov.za/). The meteorological variables used in this 
study include temperature (Temp), relative humidity (RH), wind speed 
(WS), and wind direction (WD). Wind roses (Supplementary figure 1) 
for each site and sampling season were generated using the Open Air 
package in R. 

Positive Matrix Factorisation model analysis
PM10-2.5 and PM2.5 source contributions to ambient air particulate 
concentrations in the VTAPA were quantified using the US Environmental 
Protection Agency (EPA) PMF model. The PMF model is a multivariate 
factor analysis tool that deconstructs the matrix of speciated sample 
data into two matrices: factor contributions and factor profiles.25 This 
is a well-tested receptor model that has been applied globally.26-28 For 
this study, the PMF (Version 5.0) was performed to obtain quantitative 
source profiles and mass contributions. The PMF model equation can be 
expressed as follows:

Xij = Σk=1gikfkj+eij
p

 Equation 1

where Xij is the concentration of species j measured on sample I; p is the 
number of factors contributing to the samples; fkj is the concentration of 
species j in factor profile k; gik is the relative contribution of factor k to 
sample I, and eij is the error of the PMF model for the species j measured 
on sample I.

In order to run PMF, the model requires sample chemical species 
concentration values and uncertainty estimates for each species. 
Uncertainty estimates were calculated by dividing the limit of 
quantification from the mass concentration for each species so as to 
obtain a fractional value. This can be expressed as:

LOQ
F =

M  Equation 2

where F is the fractional value, LOQ is the limit of quantification 
per species per exposed filter (μg/m3), and M is the species mass 
concentration (μg/m3).

An uncertainty is then assigned to each species based on the specific 
range into which the fractional value of a particular species falls. 

The PMF model was run multiple times for all sites using elemental and 
ionic composition data for PM10-2.5 and PM2.5. The species used in the 
model were chosen according to the signal-to-noise (S/N) criterion. 
Species with S/N values greater than 2 were classified as ‘strong’, while 
those within the 0.2–1.9 range were categorised as ‘weak’. Species 
with S/N values less than 0.2 were defined as ‘bad’ variables and were 
removed from the analysis. The optimal number of factors for each site 
was selected based on (1) knowledge of sources affecting the study 
area, (2) distributions of the scaled residuals and (3) the Qtrue/Qrobust 
ratio.29 Species with symmetrically distributed scaled residuals within a 
range of -3 to +3 are indicative of a good model fit. The Qtrue/Qrobust 
ratio is useful in determining the influence of outliers on the model. 
A ratio above 1.5 indicates that outliers may have a disproportionate 
effect on the model and will need to be down weighted (Supplementary 
table 1).30,31 The number of factors chosen for each site is shown in 
Table 1. A source type was assigned to each factor based on known 
representative indicator chemical species and source profiles obtained 
from the US EPA SPECIATE database (https://www.epa.gov/air-
emissions-modeling/speciate-2).11,32

Table 1: Overview of the number of factors selected for Kliprivier, 
Sebokeng, Sharpeville, and Zamdela

Kliprivier Sebokeng Sharpeville Zamdela

PM10-2.5 7 7 7 6

PM2.5 5 7 5 5

Air mass origin
Back trajectory analysis was used to identify the transport pathways 
of air masses reaching the observation sites in the VTAPA. Five-day 
back trajectories were computed daily throughout each sampling period 
(summer/autumn, winter, and spring) as they can capture the pattern 
of pollutant transport from source regions to the study site.21,33 Each 
trajectory was run every hour for 12 h so as to capture day and night-time 
air mass pathways. These trajectories were generated in the PC version 
of the HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) 
model using the Global Data Assimilation System’s meteorological data 
set (spatial resolution of 1⁰ x 1⁰), developed by the US National Center 
for Environmental Prediction.34 A starting height of 500 m above ground 
level was chosen as it corresponds to trajectories near the ground.21 The 
meteorological data were obtained from the US National Oceanic and 
Atmospheric Administration ftp server (ftp://arlftp.arlhq.noaa.gov/pub/
archives/gdas1). The Sharpeville site was used as the reference point 
for the backward trajectories. 

The trajectory cluster analysis tool in the HYSPLIT model was then used 
to group individual trajectories of similar air mass origins into clusters. 
Cluster analysis allows for air masses to be examined over time, whilst 
reducing the uncertainty effects related to long trajectories.35 This tool 
employs an algorithm that utilises the latitudes and longitudes of hourly 
endpoints as input variables.36 The number of clusters retained for this 
study was determined by the percentage change in the total spatial 
variance. Individual trajectories within each cluster were then averaged 
to produce cluster-mean trajectories. 

Statistical analyses
Statistical tests were carried out to deduce whether PM10-2.5 and PM2.5 
concentrations at each site differed significantly across seasons. Based 
on the Shapiro–Wilk’s test, PM10-2.5 and PM2.5 concentrations were found 
to be not normally distributed. Therefore, the Kruskal–Wallis test was 
used for the variance analysis.
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Results and discussion
Meteorological conditions
Table 2 presents the mean values of the meteorological conditions 
during the three sampling periods. Wind speed was relatively higher in 
summer/autumn and spring, and lower in winter. At all sites, relative 
humidity decreased significantly from summer/autumn to spring. 
Seasonal variations showed that temperature values at all sites were 
comparatively higher in spring and summer/autumn and lower in winter. 
The highest temperatures were experienced in February.

Spatial and temporal variations of PM10-2.5 and PM2.5 mass 
concentration
Statistical analysis of the temporal pattern of PM10-2.5 concentrations 
(Table 3) at each sample site revealed significant seasonal differences 
for both day and night. It can be observed that the highest seasonal 
median values for PM10-2.5 were experienced in Sharpeville during the 
winter season for both the day (95 μg/m3) and night (116 μg/m3) periods 
(Figure 2). Day and night PM10-2.5 concentrations were significantly 
higher in spring and winter than in the summer/autumn period. There 
were no significant seasonal differences in PM2.5 concentrations at 
each sample site. The highest seasonal PM2.5 median values were 
observed in winter, with Sebokeng’s maximum concentration (68 μg/m3) 
occurring during the daytime and Sharpeville’s peak (88 μg/m3) during 
the night. The lowest seasonal median values for PM10-2.5 (25 μg/m3) 
and PM2.5 (18 μg/m3) were experienced in Zamdela during the summer/
autumn period.

PM10-2.5 and PM2.5 chemical composition
The elemental and ionic contents of PM10-2.5 and PM2.5 for summer/
autumn, winter, and spring at the four sampling sites are shown in 
Figures 3, 4, and 5, respectively. Statistical summaries of the elemental 
and ionic species for each site are given in Supplementary tables 2–13.

Elements
The elements Si, Mg, Al, Ca, Na, S, and Fe contributed the most towards 
PM10-2.5 concentrations at all sites, both during the day and night for 
all seasons. These elements were highest in spring, which is a season 
associated with strong winds in the VTAPA (Supplementary figure 1). 
The abundance of Si, Mg, Al, Ca, Na, and Fe in PM10-2.5 indicate that dust 
is dominant at these sites. There is also a strong presence of S in PM2.5 
for both day and night at all sites during all three seasons, implying that 
coal combustion could be an important contributor to atmospheric PM. 
There is a fairly high abundance of K and Zn in the PM2.5 during the days 
and nights of winter and spring. These elements could have been emitted 
as a result of wood and biomass burning. Fe, Cr, and Ni were dominant 
in PM2.5 during the day and night for Kliprivier (summer/autumn) and 
Zamdela (winter and spring). Fe, Cr, and Ni were also significant 
contributors of PM2.5 during the summer/autumn nights at Kliprivier 
and Sebokeng. In Kliprivier, this could be a result of emissions from 
commercial heavy-duty vehicles operating on public roads from 20:00 
to 06:00. The high concentrations of Fe, Cr, and Ni in Sebokeng could 
result from night-time operations at ArcelorMittal metallurgical industry. 

Ions
Ionic compositions for PM10-2.5 and PM2.5 revealed that SO4

2─, NH4
+, and 

F─ are all dominant species for summer/autumn, winter and spring at all 
sites. The occurrence of these ionic species could be a result of coal 
combustion from industries, and to a lesser extent from residential solid 
fuel burning. The strong presence of NO3

─ in PM10-2.5 and PM2.5 during the 
day and night in winter could suggest an industrial origin. SO4

2─, NH4
+, 

F─, and NO3
─ concentrations are highest in winter mainly as a result of 

increased coal combustion. High Na+, Mg2+, and Ca2+ abundances were 
observed for PM10-2.5, suggesting the possibility of marine and crustal 
origin sources. Wood and biomass burning is also an important source, 
as indicated by the abundance of K+ in PM2.5, especially in winter where 
it is highest due to the need for space heating.

Apportionment of sources identified by PMF
The potential sources that were identified using the PMF model are 
industry, coal burning, wood and biomass burning, waste burning, 
dust-related, vehicles, secondary aerosols, and aged sea salt. Figure 6 
presents the source apportionment results for the four sampled 
sites and shows the variations in contributions based on the three 
sampling periods.

PM10-2.5 and PM2.5 sources
The industry source is typically characterised by strong contributions 
from Zn, Fe, Pb, Ni, Cr, Mn, and V. These elements are usually associated 
with smelters and metallurgical industries.37 The metal element V is 
mainly associated with heavy fuel oil combustion.38 Coal, coking coal, 
and heavy fuel oil are the main energy sources that drive industries in the 
VTAPA.17 Coal burning is an important source identified through PMF. This 
source is generally associated with burning in low-income households 
and industries. The coal-burning source is highly loaded with Cl─. This 
ion is mainly from ammonium chloride (NH4Cl), which occurs as a result 
of the rapid reaction between HCl and NH4

+ in the atmosphere.39 With 
coal being the primary energy source in South Africa, coal burning can 
be regarded as the largest potential source of HCl.

Wood and biomass burning are characterised by a high content of K+ 
and minor contributions of SO4

2─ and NO3
─. K+ is widely recognised 

as an indicator of biomass burning as it is released during the plant 
combustion process.31 For the low-income settlements in the VTAPA, 
K+ is more representative of wood combustion as wood is an important 
energy source for cooking and space heating in these settlements.15 
Biomass burning occurs in the VTAPA through the burning of open 
spaces used for agricultural activities.17

Refuse collection in the low-income settlements of South Africa is 
infrequent and has resulted in the pile-up of solid waste into heaps. As 
a measure to reduce these heaps, residents have resorted to burning 
waste.15 The waste burning source identified through PMF contained high 
values of NH4

+ and small contributions from Cl─ and K+. The occurrence 
of Cl─ could be as a result of the presence of salt-containing foodstuffs 
and chlorine-based materials in domestic waste disposals. Residents in 
low-income settlements often do not sort their waste before disposal, 
which can result in domestic waste being mixed with garden waste, thus 
likely explaining the presence of K+ in the waste burning source.

The dust-related source was identified in the coarse fraction and was 
characterised by crustal elements which included Ca, Mg, Si, Al, Fe, 
Ti, and Mn. This source could have been generated locally through 
resuspension of soil and construction works as well as through regional 
transportation of dust aerosols.40 The elements found in the dust-related 
source could also be associated with resuspended dust resulting from 
motor vehicle entrainment on unpaved roads in low-income settlements. 
Other metals such as Cr and V were also present in the dust-related 
source and could be as a result of soil contamination from industrial 
emissions.41 NO3

─, Pb, Zn, Mn, and Fe were characteristic of the vehicle 
source. The Zn, Mn, and Fe metal elements found in this source are 
associated with both petrol- and diesel-fueled vehicles.42 These elements 
are also associated with brake, tear, and engine wear.43 Zn is a common 
additive found in lubricating oils and can be emitted through combustion 
by diesel engines.38 Fe is generally found in catalysts used for petrol 
fuel combustion.44

The secondary aerosol source mainly consisted of SO4
2─, NO3

─ and 
NH4

+, formed through the chemical transformation of SO2, NOx, and 
NH3 pollutants originating from other direct sources. The presence of 
secondary aerosols in the VTAPA could also be a result of long-range 
transportation. The aged sea salt source was characterised by high 
loadings of Na and low Cl levels. The lack of Cl in the aged sea salt 
source is a result of Cl displacement in sea salt particles by acidic 
pollutants (H2SO4 and HNO3) leading to the formation of sulfate and 
nitrate salts.45 The long distances travelled by air masses (transporting 
sea salt) from the sea to the study site could also have resulted in the 
loss of Cl along their trajectories.
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Table 3: Seasonal difference of day and night PM10-2.5 and PM2.5 at each sampling site

Site
PM10-2.5 day PM10-2.5 night PM2.5 day PM2.5 night

Chi-square p-value Chi-square p-value Chi-square p-value Chi-square p-value

Kliprivier 6.487 0.03903 23.541 <0.001 3.159 0.206 4.145 0.126

Sebokeng 16.503 <0.001 10.379 0.006 5.125 0.077 5.656 0.059

Sharpeville 16.319 <0.001 18.697 <0.001 3.565 0.168 2.297 0.317

Zamdela 9.804 0.007 15.789 <0.001 1.317 0.518 0.955 0.620

Figure 2: Day and night-time seasonal range of PM10-2.5 and PM2.5 mass concentration at all the sampling sites (16 observations per site).

Table 2: Average values of temperature (Temp, °C), relative humidity (RH, %) and wind speed (Ws, m/s) during the summer/autumn, winter and summer 
campaigns

Site Variable
Summer/autumn Winter Spring

February March June July September October

Kliprivier

Temp 20.18 18.77 8.89 8.76 17.5 19.53

RH 63.18 63.54 50.99 51.39 33.27 38.44

Ws 1.73 1.79 1.61 1.32 2.75 2.21

Sebokeng

Temp 20.89 20.04 12.12 11.17 19.2 20.49

RH 62 60.37 40.95 44.53 26.94 36.41

Ws 2.74 2.72 2.14 2.27 3.55 3.14

Sharpeville

Temp 20.83 19.86 11.07 10.54 18.88 20.11

RH 62.56 62.3 48.23 48.45 28.28 39.16

Ws 2.48 2.39 1.97 1.94 3.11 2.61

Zamdela

Temp 20.69 19.46 11.08 10.03 18.14 20.09

RH 63.01 63.07 45.65 48.9 30.88 37.18

Ws 2.53 2.4 1.75 1.83 –a 2.64

aWind speed data are not available for Zamdela for the month of September.
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Figure 3: Summer day (top left and right) and night-time (bottom left and right) average elemental and ionic composition of PM10-2.5 and PM2.5 at all the 
sampling sites.

Figure 4: Winter day (top left and right) and night-time (bottom left and right) average elemental and ionic composition of PM10-2.5 and PM2.5 at all the 
sampling sites.
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Figure 5: Spring day (top left and right) and night-time (bottom left and right) average elemental and ionic composition of PM10-2.5 and PM2.5 at all the 
sampling sites.

Seasonal contributions
Source apportionment results reveal that for PM10-2.5, dust-related is a 
major source at Kliprivier (32–52%), Sebokeng (31–68%), Sharpeville 
(34–49%), and Zamdela (19–65%). Dust-related contributions show 
relatively higher concentrations in summer/autumn and spring, and 
lower concentrations in winter. Secondary aerosols have an important 
contribution at Kliprivier (12–32%), Sebokeng (11–14%), Sharpeville 
(12–35%), and Zamdela (29–32%). The seasonal variations showed 
that contributions of secondary aerosols were relatively higher in spring 
and summer/autumn and lower in winter. For summer/autumn this could 
mainly be as a result of regional transportation from the industrial region 
of Mpumalanga, whilst for spring, secondary aerosols could be from the 
intensive agricultural region of the Free State Province.40,46 

Coal combustion and vehicles are sources prominent in the coarse 
fraction. Coal combustion accounts for 4% to 19%, 6% to 19%, 8% 
to 14%, and 7% to 16% of PM10-2.5 mass concentrations in Kliprivier, 
Sebokeng, Sharpeville, and Zamdela, respectively. Vehicles account 
for 11% to 20%, and 16% to 25% of PM10-2.5 mass concentrations in 
Kliprivier and Sebokeng, respectively. Vehicles contributed to 10% 
of PM10-2.5 mass concentrations for both summer/autumn and winter 
at Sharpeville. In winter, vehicles contributed 14% of PM10-2.5 mass 
concentrations at Zamdela.

Coal burning, secondary aerosols, wood and biomass burning, and 
industries are the key PM sources in the fine fraction. Coal burning 
is the main source of PM2.5 air pollution in Sebokeng and Sharpeville, 
contributing over 60% for all three seasons with the highest 
concentrations being experienced in winter. These results are expected 
as domestic fuel combustion in low-income settlements is higher during 
winter due to the high demand for space heating.47 Secondary aerosols 
are a key PM2.5 source in Zamdela with contributions ranging from 24% 
to 67%. These secondary aerosols are likely to have an industrial origin 

as Sasol Chemical Industries Complex is located within the vicinity of 
Zamdela. Secondary aerosols are also an important PM2.5 source at 
Kliprivier. The contribution from secondary aerosols for all three seasons 
in Kliprivier varied from 17% to 22%. The presence of secondary aerosols 
at Kliprivier is likely to be from coal-fired power stations. This site is 
impacted by pollution originating outside the designated boundaries of 
the VTAPA. Industries account for 5% to 11%, 7% to 14%, 10% to 12%, 
and 18% to 35% of PM2.5 mass concentrations in Kliprivier, Sebokeng, 
Sharpeville, and Zamdela, respectively.

Wood and biomass burning is an important source identified in both 
fractions, accounting for 15% to 25% and 6% to 14% of PM10-2.5 mass 
concentrations in Sharpeville and Zamdela, respectively. The higher 
contributions in spring for both Sharpeville and Zamdela are consistent 
with the biomass burning patterns in South Africa, with biomass burning 
occurring during late winter and early spring.48 Wood and biomass 
burning accounts for 26% and 17% of PM10-2.5 mass concentrations 
in Kliprivier and Sebokeng, respectively. In the fine fraction, wood and 
biomass burning accounts for 72% to 84%, 2% to 13%, 4% to 6%, 
and 32% to 49% of PM mass concentrations in Kliprivier, Sebokeng, 
Sharpeville, and Zamdela, respectively. For Kliprivier, Sebokeng, and 
Sharpeville, the concentrations of the wood and biomass burning source 
were highest in spring as extensive biomass burning activities take place 
during August and September.40 Regional transportation also plays a 
significant role during the same period as biomass burning emissions 
originating from Zambia, Angola, Mozambique, and Zimbabwe are 
transported to South Africa.48 In Zamdela, the concentrations of wood 
and biomass burning in the fine fraction were highest in winter and this 
could be due to the extensive use of wood by households for space 
heating. Wood is the main solid fuel source for cooking and space 
heating in Zamdela.49 Waste burning is an important source of PM in the 
fine fraction at Zamdela during the summer/autumn period. This source 
accounted for 20% of PM in the fine fraction.
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Figure 6:  Source contributions for PM10-2.5 and PM2.5 at all sites for (a) summer/autumn (b) winter and (c) spring.

Seasonality of air masses
Table 4 gives a summary of the cluster means and their associated 
trajectories for each sampling period. As shown in Figure 7, there are 
three types of air masses associated with the summer/autumn period. 
The first type of air mass originates from Mozambique and along its 
pathway passes through mining and industrial areas in the Mpumalanga 
region. This air mass accounts for the majority (55%) of trajectories 
arriving at the study site. The high concentrations of PM2.5 observed in 
Kliprivier, Sharpeville, and Zamdela during the summer/autumn period 
might be influenced by this air mass. The second (36%) and third (9%) 
type of air mass originate from the Indian and south Atlantic Ocean, 

respectively, and both pass through the Mpumalanga region along their 
trajectories. These air masses are potential contributors of aged sea salt 
and secondary aerosols in the VTAPA. In winter, three major air masses 
were identified. Air mass 1, which accounts for 75% of the trajectories, 
originated within northern South Africa and passed through Botswana 
and the mining areas of the North West Province via a short pathway, 
suggesting contributions from both local and regional pollutant sources. 
This air mass could also account for the high concentrations of PM10-2.5 
observed at all sites during winter. Air masses 2 and 3 (accounting for 
9% and 16% of trajectories, respectively) arrived from the southwest 
direction, from the south Atlantic Ocean.
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Table 4: Cluster means and their trajectories for summer/autumn, winter 
and spring

Season Cluster number Number of trajectories

Summer/autumn 1 23

Summer/autumn 2 15

Summer/autumn 3 4

Winter 1 24

Winter 2 3

Winter 3 5

Spring 1 20

Spring 2 6

Spring 3 14

In spring, the study site is influenced by three major air masses. The 
first air mass, which accounts for 50% of the total trajectories, originates 
from the Indian Ocean and travels in a northeasterly direction, passing 
through the agricultural region of the Free State before arriving at the study 
site. This air mass could have contributed to the high concentrations 
of PM10-2.5 and PM2.5 observed at all the sample sites during the spring 
period. The second air mass (which accounts for 15% of trajectories) 
begins in the south Atlantic Ocean, crosses through the Northern Cape, 
and then passes over the mining areas of the North West Province, 
making it a potential contributor of aged sea salt and secondary aerosols 
in the VTAPA. The third air mass – with 35% of trajectories – originates 
from the Indian Ocean, crosses into Mozambique, and passes through 
the mining region of Limpopo along its pathway, suggesting contributions 
from both local and regional pollutant sources.

Conclusion
PM10-2.5 and PM2.5 aerosol samples were collected for three seasons 
at four sites in the VTAPA industrial/urban region and were chemically 
analysed. Elemental and ionic compositions for these samples show an 
abundance of crustal elements in PM10-2.5 and a predominance of coal 
and biomass combustion-related elements in PM2.5 at all sites. Eight 
sources of PM10-2.5 and PM2.5 were resolved and identified using the PMF 
model and include industry, coal burning, wood and biomass burning, 
waste burning, dust-related, vehicles, secondary aerosols, and aged sea 
salt. In the coarse fraction, dust-related and secondary aerosols were 
the major contributing sources. In the fine fraction, secondary aerosols, 
coal burning, industry and wood and biomass burning were the main 
sources of PM.

The present study has demonstrated the importance of source 
apportionment as a tool in the management of air quality management 
in the townships of the VTAPA. For Kliprivier, appropriate abatement 
strategies should focus on reducing emissions from dust, wood and 
biomass burning, and vehicles. The main emission sources to target in 
Sebokeng are dust, vehicles, and domestic coal burning. In Sharpeville, 
the focus should be on reducing emissions from domestic coal burning, 
dust, industry, and vehicles. Abatement strategies in Zamdela should 
focus on industry, wood and biomass burning, and dust emission 
sources. Reducing the strength of these sources will benefit residents in 
the VTAPA by lowering PM exposure and improving air quality.
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