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Introduction
South Africa, and especially the industrialised Highveld, is a 
significant anthropogenic and natural aerosol region of the 
southern Hemisphere (Held, 1996). South Africa has one of the 
three largest industrialised economies on the African continent 
and boasts significant mining and metallurgical industries 
(Venter et al., 2012). It is the largest regional energy producer 
on the continent, generating most of the electricity in coal-
fired power plants (Tiitta et al., 2014; Josipovic et al., 2019). 
The Highveld region has been recognised as a region having 
significant negative ambient air quality impacts and as such, 
was declared an Air Quality Priority Area on 23 November 2007. 
Power generation activities are located on the Highveld close to 
extensive coalfields. Other significant emission sources include 
household fuel burning, motor vehicles, heavy industries and 
mining activities (DEA, 2012).

Exposure to elevated concentrations of fine particulate matter 
is of significant health concern in several regions of South Africa 
(Altieri and Keen, 2019). The adverse human health effects 
associated on exposure to elevated levels of particulate matter 
have been well documented by the World Health Organisation 
(WHO). They include a range of acute and chronic respiratory 
and cardiovascular effects, irreversible changes in physiological 
function (e.g., lung function) and premature mortality (WHO, 
2006). There is a need to develop strategies to improve the air 
quality and diminish the health risks associated with airborne 
particulate matter. A greater understanding of the composition 
of the atmospheric aerosol loading and the contributing air 
pollution sources is an essential step to achieving this. 

Source apportionment is used to identify air pollution sources 
and to quantify their contribution to ambient pollution levels 
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in an airshed (Belis et al., 2014). Different source assessment 
methods include emission inventories, dispersion models and 
receptor models (Viana et al., 2008; Belis et al., 2014). Receptor 
models commonly utilised include, amongst others, Positive 
Matrix Factorisation (PMF) and Chemical Mass Balance (CMB). 
A key determinant in selecting an appropriate model for a 
particular airshed is the degree of knowledge required about the 
contributing sources, prior to the application of a receptor model 
(Viana et al., 2008). Multivariate models such as PMF require 
less knowledge of the contributing sources, while CMB requires 
detailed understanding of the sources and their compositions. 

Within South Africa, several aerosol source apportionment 
studies have been undertaken to understand aerosol 
characteristics and their attributions. Annegarn et al. (1998) 
used the CMB model to apportion particulate matter to sources 
in Soweto township in the Gauteng Province. The CMB model 
was also applied to studies in the Vaal Triangle in the Gauteng 
Province (Engelbrecht et al., 1996a, 1998), Qalabotjha in the 
Free State Province (Engelbrecht et al., 2002). Olifantsfontein 
on the Highveld (Engelbrecht et al., 1996b) and Nelspruit in the 
Mpumulanga Province (Engelbrecht et al., 1996c). However, 
only a few studies have applied the PMF model. Tiitta et al. 
(2014) used PMF to characterise the organic aerosol properties 
of aerosol mass spectra from a grassland site in the North West 
Province (Welgegund). More recently, Tshehla and Djolov (2018) 
used PMF to apportion sources of particulate matter from an 
industrialised rural area (Steelpoort and surrounding areas) 
in the Limpopo Province. The primary sources identified from 
source apportionment studies in South Africa include mineral 
dust, industry, residential fuel burning, sea salt and biomass 
burning (Maenhaut et al., 1996; Annegarn et al., 1998; Piketh 
et al., 1999; Engelbrecht et al., 2002). However, for the most 
part, such studies are limited in South Africa, with additional 
research required to understand other aerosol sources and their 
contributions (Mathuthu et al., 2019). 

This study aims to identify the air pollution sources contributing 
to the aerosol loading at two residential areas located on the 
Highveld, i.e., Embalenhle and Kinross, as well as to apportion 
their contribution to the aerosol loading by applying the PMF 
model.

Materials and methods
Site description
The Highveld Priority Area (HPA) covers an area of 31 106 km2 
and forms part of South Africa’s elevated inland plateau. The 
terrain of the HPA is relatively flat, ranging from approximately 
1400 m above sea level in the north-west to 1900 m above sea 
level in the southeast. The HPA experiences a temperate climate 
with warm, wet summers and cool, dry winters.  

Aerosol sampling was undertaken at two sites in the HPA, 
namely, Embalenhle and Kinross in the Mpumalanga Province 
(Figure 1). Sampling was undertaken at Embalenhle school 
(-26.535 °S, 29.073 °E) and Kinross (-26.435 °S, 29.057 °E in 
summer and -26.415 °S, 29.070 °E in winter). Embalenhle is a 
low-income residential area, approximately 8 km to the west 
of the town of Secunda. Kinross is a low-density residential 
area located about 12 km north of Embalenhle. Kinross was 
selected as an upwind sampling site to determine any other 
additional significant contributing sources in the area (other 
than emissions from Embalenhle).

Both residential areas are located close to a major petrochemical 
refinery and associated open-cast mining activities. Matla and 
Kriel coal-fired power stations are located approximately 27 km 
and 30 km, respectively, to the north of these two sites. Based 
on the Census 2011, domestic fuels such as coal, wood and 
paraffin continue to be used in Embalenhle even though most 
households are electrified.

Figure 1: Location of the HPA in South Africa and the aerosol sampling sites in Embalenhle and Kinross
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Aerosol sampling 
Aerosol sampling was undertaken during winter from 15 to 31 
July 2016 and 5 to 17 August 2016 and during summer from 14 
to 28 February 2017 at Embalenhle and Kinross. 

Sampling was undertaken using the ‘Gent’ stacked filter unit 
(SFU) sampler (Maenhaut et al., 1994; Hopke et al., 1997). The 
sampler collects particles with an aerodynamic diameter                
(AD) ≤ 10 µm in separate coarse and fine fractions. The coarse 
fraction corresponds to aerosols collected with an AD between 
10 and 2.5 µm, while the fine fraction corresponds to aerosols 
collected with an AD ≤ 2.5 µm. Two 47-mm Nuclepore® 
polycarbonate filters with pore diameters of 8.0 µm and 0.4 µm 
are sequentially used during sampling. The flow rate was set to 
16 L/min. The filters were weighed prior to and after sampling 
using an XP26 DeltaRange Microbalance (Mettler-Toledo AG, 
Greifensee, and CH), to determine the deposited gravimetric 
mass after 12 hours of exposure. Samples were collected twice 
a day, from approximately 10:00 – 22:00 and 22:00 – 10:00 to 
capture the bimodal concentration peak. After sampling, the 
Nuclepore® filters were stabilised for 24 hours in a temperature 
and humidity-controlled environment, prior to weighing and 
then placed in a stabilised environment prior to chemical 
analysis. Blanks were also collected during both sampling 
campaigns, comprising 10% of the total collected samples 
during each campaign. 

Chemical analyses

Elemental Analysis
Wavelength-Dispersive X-Ray Fluorescence (WD-XRF) 
spectrometry analysis was performed using a Panalytical 
Axiosmax spectrometer. This instrument implemented sequential 
sampling of the selected element and has a rhodium anode 
x-ray tube with a 4 kW generator. The system uses helium gas 
as a medium within the analysis chamber. An area with a 20 mm 
diameter was analysed on each sampled filter. MICROMATTERTM 
calibration standards were used for calibration purposes, 
which are National Institute of Standards and Technology 
(NIST) traceable reference materials. These standards have a 
Nuclepore® polycarbonate aerosol membrane backing mounted 
in a 25 mm ring mount. Each element had two calibration points, 
i.e., a very light standard ranging between 3 - 8 μg.cm-2 and a 
heavier standard ranging between 40 - 60 μg.cm-2.

Elements determined using SuperQ software included: sodium 
(Na), magnesium (Mg), aluminium (Al), silicon (Si), phosphorus 
(P), sulphur (S), chlorine (Cl), potassium (K), calcium (Ca), 
titanium (Ti), vanadium (V), chromium (Cr), manganese (Mn), 
iron (Fe), nickel (Ni), zinc (Zn) and lead (Pb). All measurements 
were corrected by the average of the blank values from each 
campaign.  

Ionic Analysis
Ion chromatography (IC) analysis of the water-soluble aerosol 
fraction was undertaken with a Dionex ICS-3000 system 
consisting of two flow lines (Conradie et al., 2016). One flow 

line was used to detect anion species and the other flow line for 
cation species. Before chemical analysis was commenced, the 
filters were leached in 10 mL de-ionised water in an ultrasonic 
bath for 30 min. A five-point calibration from 20 ppb to 500 
ppb, was conducted using certified stock solutions obtained 
from Industrial Analytical (Muyemeki et al., 2021). Ionic species 
determined included: fluoride (F-), chloride (Cl-), nitrate (NO3

-), 
sulphate (SO4

2-), sodium (Na+), ammonium (NH4
+), potassium 

(K+), calcium (Ca2+), magnesium (Mg2+) and the organic acids, 
formic, acetic and oxalic acid. All measurements were corrected 
by the average of the blanks from each campaign. 

Meteorological data
Temperature, relative humidity and rainfall data were obtained 
from the South African Weather Services’ weather station in 
Secunda (-26.497 °S; 29.186 °E), while wind speed and wind 
direction were retrieved from the ambient air quality monitoring 
station operated by Sasol in Embalenhle (-26.552 °S; 29.112 °E). 

Positive matrix factorisation
PMF is a multivariate factor analysis technique that deconstructs 
a matrix of speciated sample data into two matrices: factor 
contributions and factor profiles (Norris et al., 2014). The PMF 
model equation can be expressed as follows: 

 (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 this paper, source apportionment was undertaken using 
the EPA PMF 5.0 software package (Norris et al., 2014). Model 
input included receptor (ambient) concentrations and realistic 
uncertainties. For the ambient files, the water-soluble ionic 
form instead of the elemental form was retained for Cl-, Na+ and 
K+. K+ was selected over K as a better biomass burning tracer 
species. Species that were below the detection limit (BDL) in 
all samples collected were excluded from further analysis. 
Negative values in the dataset were recognised as BDL values 
and were replaced by half of the method detection limit (MDL). 
The corresponding uncertainties were calculated as (5/6) × MDL 
(Polissar et al., 1988). The MDL for each element was defined 
as three times the standard deviation of the average values of 
the blank filters (Barbaro et al., 2019) (supplementary Table 1). 
For concentrations greater than the MDL, uncertainties were 
calculated using the formula (Norris et al., 2014):

 (2)

Three to six PMF factors were evaluated in the model. Each of 
these models was run 100 times using randomised seeds. The 
final solution was selected on the basis of the interpretability 
of the factors and the results of the model error estimation 
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methods. Source types were assigned to each PMF factor based 
on known indicator species and by comparison to known source 
profiles from the USEPA’s SPECIATE database (USEPA, 1999). 
It is recognised that source profiles vary considerably across 
different regions of the world and where available, comparison 
was made with local source profiles (Engelbrecht et al., 2000, 
2001, 2002). 

Particulate mass was included in the PMF model as a ‘total 
variable’. In this study, the reconstructed particulate mass was 
used in the PMF model instead of the measured gravimetric 
mass as this produced a more stable solution. Reconstruction 
of the gravimetric mass included the following aerosol 
components: (1) inorganic ions of  SO4

2-, NO3
- and NH4

+; (2) 
geological minerals = 2.20 Al + 2.49 Si +1.63 Ca + 1.94 Ti + 2.42 
Fe known as the IMPROVE ‘soil’ formula; (3) sea salt, estimated 
as Cl + 1.4486 Na, where 1.4486 is the ratio of the concentration 
of all elements except Cl in sea water to the Na concentration in 

sea water (Maenhaut et al., 2002); (4) trace elements (excluding 
S and geological minerals) summed in their elemental form; 
(5) remaining mass or ‘others’, which was assumed to be non-
crustal K based on the formula K – 0.6 Fe (Maenhaut et al., 2002), 
the sum of organic acids (Putaud et al., 2000) and other species 
unaccounted for. The detailed methodology is outlined in Chow 
et al. (2015). 

Air mass trajectory analysis
For each sampling campaign, the air mass history was analysed 
using back trajectories calculated with the HYbrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT) version 
4.8 modelling software This software was developed by the 
National Oceanic and Atmospheric Administration (NOAA) 
Air Resources Laboratory (ARL) (Stein et al., 2015; Rolph et al., 
2017). The model was run with the GDAS meteorological archive 
(spatial resolution of 1º x 1º) produced by the US National 
Weather Service’s National Centre for Environmental Prediction 

Figure 2: Wind field of Embalenhle and Secunda during the sampling campaigns
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and archived by ARL (Air Resources Laboratory, 2012). Individual 
72-hour back trajectories for air masses at an arrival height of 
100 m above ground level were calculated. The geomorphology 
in HYSPLIT is not well defined therefore an arrival height of 100 
m above ground level was selected as lower arrival heights 
could result in increased error margins on single trajectory 
calculations (Tiitta et al., 2014). Errors for individual trajectories 
range from 15 to 30% of the back trajectory distance travelled 
(Stohl, 1998; Riddle et al., 2006). The individual trajectories 
were then grouped into clusters of similar air mass origins using 
the trajectory cluster analysis tool in the HYSPLIT model. The 
number of clusters retained was determined by the percent 
change in the total spatial variance (TSV) whereby a significant 
increase in the change of TSV indicates that ‘different’ rather 
than ‘similar’ clusters are being paired (Draxler et al., 2020). 

Results and discussion
Meteorological conditions 
During the winter sampling campaign in 2016, a high-pressure 
system dominated most of the sampling period, resulting in 
sunny and cool to warm conditions. Daily average temperatures 
ranged from -1.0 ºC to 26.2 ºC. From 24 to 27 July 2016, an upper-
air cut-off low prevailed, resulting in rainfall and a subsequent 
reduction in aerosol concentrations. Winds were moderate to 
fast and originated predominantly from the northeasterly and 
southwesterly sectors (Figure 2). 

A low-pressure surface trough prevailed for most of the summer 
sampling campaign in 2017. For the first few days of the 
sampling campaign, a tropical storm to the east of the country 
resulted in rain in Embalenhle on 14 February 2017. Rainfall was 

also experienced from 19 – 25 February 2017. Rainfall is one of 
the main mechanisms for scavenging aerosol particles from the 
atmosphere (Zheng et al., 2019). Daily average temperatures 
were warm to hot and ranged from 11.9 ºC to 30.2 ºC. Surface 
winds remained moderate to high, with winds originating 
mainly from the northeast, east-northeast and east (Figure 2).

Long-range transport clusters
Two dominant low-level air masses influenced the area 
during winter (Figure 3). Air mass 1 (accounting for 37% of 
the trajectories) originated from the west and passed over 
the mining areas of the western Bushveld Igneous Complex 
in the North-West Province. A significant portion of the global 
ferrochromium and platinum group metals is produced in this 
region (Venter et al., 2016). Air mass 2 (accounting for 34% of the 
trajectories) originated from the northeast via a short pathway. 
This air mass passed over the Mpumalanga Highveld before 
arriving at the sites. 

The remaining three high-level trajectories (together accounting 
for 30% of the trajectories) originate from the Atlantic and Indian 
Oceans.

During summer, four air masses were identified (Figure 3). Air 
mass 1, originating via a short pathway from the east, was the 
dominant air mass and accounts for 43% of the trajectories. 
The remaining three trajectories (accounting for 30%, 17% and 
10% of the trajectories) originated from the Atlantic and Indian 
Oceans. 

Gravimetric concentrations
The ambient mass concentrations measured in the two size 
fractions at Embalenhle and Kinross during the sampling 

Figure 3: 72-hour backward trajectory cluster means for air masses arriving at Embalenhle during the winter 2016 (left) and summer 2017 (right) sampling 
campaigns
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campaigns are presented in Figure 4. It is evident that the median 
PM2.5 and PM2.5-10 concentrations are higher at Embalenhle than 
the upwind site of Kinross during both seasons. This indicates 
the contribution of localised air pollution sources in the 
township, especially during the winter months when residential 
fuel burning is most widespread. 

During winter, median PM2.5 concentrations were 32.5 µg/m3 and 
15.6 µg/m3 at Embalenhle and Kinross, respectively, decreasing 
to 16.9 µg/m3 and 5.6 µg/m3 at Embalenhle and Kinross, 
respectively, during summer. Median PM2.5-10 concentrations 
were substantially higher at Embalenhle during winter (87.6 µg/
m3), decreasing to 5.4 µg/m3 during summer. At Kinross, median 
PM2.5-10 concentrations of 5.3 µg/m3 and 3.5 µg/m3 were recorded 
during winter and summer, respectively. 

The seasonal difference in aerosol concentrations is reflective 
of the changes in source emission strength and the prevailing 
meteorological conditions during each season. 
   
Chemical composition
The elemental and ionic composition of PM2.5 and PM2.5-10 at 
each site during winter and summer are graphically represented 
in Figure 5. The mean concentrations and standard deviations 
are numerically presented in supplementary Tables 2 and 3. 
Spearman correlation coefficients are numerically given in 
supplementary Tables 4 – 11.

Elemental
The elements Si, Al and S were the dominant species at 
Embalenhle and Kinross during both seasons in PM2.5. Na was 
also abundant at both sites during winter and Ca during summer. 
Strong correlations are seen between Si, Ca, Fe, Na, Mg, Al and 
Ti suggesting either a crustal origin or coal combustion origin 
of these species (Maenhaut et al., 1996). The abundance of Ca 
and Na has also been reported by Venter et al. (2017) in trace 
metal concentrations at Welgegund in the North-West Province. 
The abundance of S, as well as the strong correlations seen 

with the secondary species, SO4
2- and NH4

+, indicates that coal 
combustion is an important source at these sites. Coal is used 
as a residential fuel in Embalenhle and a petrochemical plant 
is located to the immediate right of Embalenhle. Several coal-
fired power stations are also present in the region, with Kriel 
Power Station and Matla Power Station the closest to Kinross. 
Back trajectory analysis shows that the sites are impacted by air 
masses from the Highveld region as well as from air pollution 
sources in the western Bushveld Igneous Complex during winter 
(Figure 3). 

In PM2.5-10, Si, Na and Al were the most abundant elements at 
Embalenhle and Kinross during winter. Contributions from 
Si and Al remained high during summer with S and Ca also 
abundant at Embalenhle and Kinross, respectively. Strong 
correlations between Al, Si, Ca, Fe and Mg indicate a dominant 
crustal origin of these species. 

Heavy metals such as V, Ni, Cr and Zn are also present in low 
abundances in the datasets. V and Ni can be associated with the 
petrochemical industry (Bosco et al., 2005; de la Campa et al., 
2011) and oil combustion sources (Moreno et al., 2010; Viana et 
al., 2008). Zn and Cr can also originate from waste burning and 
motor vehicles (de Bruin et al., 2006; Pant and Harrison, 2012). 

Ionic 
SO4

2- and NH4
+ were the most abundant species in PM2.5. This has 

also been seen in a number of studies undertaken at various sites 
in South Africa (Tiitta et al., 2014; Conradie et al., 2016; Venter 
et al., 2018; Muyemeki et al., 2021). These species are strongly 
correlated at both sites, again indicating a common secondary 
origin, such as coal combustion, of these species. 

The species K+, an excellent tracer for wood and biomass 
burning (Zhang et al., 2013; Yu et al., 2016), is present in higher 
abundances during winter, as also observed by Venter et al. 
(2018) at Welgegund. This is consistent with the fire burning 
season, which reaches maximum intensity in South Africa in 

Figure 4: Ambient PM2.5 (left) and PM2.5-10 (right) mass concentrations at Embalenhle and Kinross during the samping campaigns
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September (Scholes et al., 1996a and b). Aurela et al. (2016) 
found that the chemical composition of fresh biomass burning 
plumes was comprised mainly of SO4

2-, OC, EC, NH4
+ and K+ in 

the fine fraction, while Na+, Cl-, NO3
- and oxalate were divided 

between the fine and coarse fractions. K+ was in the form of 
potassium chloride (KCl) in fresh smoke. K+ is correlated with 
Na+ in both size fractions at Embalenhle and Kinross, as well as 
Cl-, NO3

-, SO4
2- and NH4

+ in some of the datasets, supporting a 
contribution from wood and biomass burning.

The presence of Cl- in the datasets can also originate from coal 
combustion, waste burning (Liu et al., 2017; Yang et al., 2018) and 
sea salt (Vasconcellos et al., 2007). While air masses originating 
from the Indian and Atlantic Oceans are evident in the back 
trajectory analysis (Figure 3), Cl- and Na+ are poorly correlated 
in most of the datasets which does not support a significant 
marine source of these species. 

In PM2.5-10, SO4
2- and F- are the most abundant species at both 

sites during both seasons. High abundances of Ca2+ and NH4
+ are 

also seen during winter and summer, respectively. During both 
seasons, SO4

2- is strongly correlated with NH4
+ and moderately 

correlated with NO3
- at Embalenhle and Kinross.  F- shows good 

correlations with various species such as SO4
2-, K+, Mg, Al and 

Si which can be associated with coal combustion, wood and 
biomass burning, soil dust and industry. 

Ratios of NO3
-/SO4

2- can be used to evaluate the sources of these 
two ionic species (Gao et al., 1996). NO3

-/SO4
2- ratios > 1 indicate 

a greater contribution of NO3
- from vehicle emissions while NO3

-/
SO4

2- ratios < 1 indicate a significant contribution of SO4
2- from 

industrial activities. Mean NO3
-/SO4

2- ratios for both sites indicate 
that industrial activities are the dominant source of these 
species during both seasons (Table 1).   

SO4
2- and NH4

+ abundances are significantly higher during 
summer compared to winter. During summer, the increase in 
relative humidity favours SO4

2- production (Aurela et al., 2016; 
Shikwambana and Sivakumar, 2019). The prevailing wind field, 
combined with the high contribution of these species in the 

Table 1: Mean NO3
-/SO4

2- ratios of PM2.5 and PM2.5-10 at Embalenhle and 
Kinross during the sampling campaigns

Sampling 
Site

Winter 2016 Summer 2017

PM2.5 PM2.5-10 PM2.5 PM2.5-10

Embalenhle 0.06 ± 0.04 0.14 ± 0.20 0.03 ± 0.04 0.14 ± 0.17

Kinross 0.06 ± 0.04 0.44 ± 0.31 0.01 ± 0.01 0.10 ± 0.09

Figure 5: Mean elemental and ionic compositiosn of PM2.5 (top) and PM2.5-10 (bottom) at Embalenhle and Kinross during the sampling campaigns
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coarse fraction, suggests emissions from neighbouring coal-
fired power stations are impacting Embalenhle and Kinross.
 
Comparison of measured concentrations
For contextualisation of the elemental and ionic concentrations 
measured at Embalenhle (and Kinross), the findings have been 
compared to concentrations measured in Zamdela in the Free 
State Province (Muyemeki et al., 2020) (Table 2). Similar to 
Embalenhle, Zamdela is a low-income township and is also 
located within a Priority Area, the Vaal Triangle Airshed Priority 

Area. The township is also located close to petrochemical 
activities. 

In PM2.5, Fe was the most abundant species at Zamdela during 
the winter which is likely due to ferromanganese (FeMn) 
activities in the area (Venter et al., 2017). This is also seen in 
the higher Mn recorded at Zamdela compared to the minor 
contribution at the two Highveld sites. Si, which was the most 
abundant PM2.5 species at Embalenhle during the same season, 
was significantly lower at Zamdela. Na concentrations at the two 

Table 2: Mean elemental and ionic concentrations (µg/m3) at Embalenhle and Zamdela during winter and summer. Concentrations below the detection 
limit are shown as BDL. 

Species

Embalenhle Zamdela

Winter 2016 Summer 2017 Winter 2018 Summer 2018

PM2.5 PM2.5-10 PM2.5 PM2.5-10 PM2.5 PM2.5-10 PM2.5 PM2.5-10

Cl 0.22 2.92 0.03 0.05 0.14 2.37 0.08 0.10

S 0.57 0.58 1.05 0.81 1.90 2.30 1.74 1.90

Ca 0.44 4.81 2.10 0.44 0.15 2.80 0.21 1.13

Fe 0.12 1.52 0.37 0.30 17.60 2.21 0.36 1.14

Na 1.56 6.63 0.34 0.40 0.44 4.00 0.05 1.88

Mg 0.40 3.87 0.42 0.36 0.00 2.29 0.01 0.78

Al 0.67 5.34 0.51 0.50 0.05 4.51 0.71 1.54

Si 2.43 20.19 1.90 1.62 0.27 13.59 1.33 4.87

P 0.01 0.08 0.03 0.02 0.02 0.11 0.01 0.04

K 0.39 1.81 0.18 0.14 0.99 1.84 0.17 0.41

Ti 0.02 0.14 0.06 0.05 0.02 0.21 0.05 0.07

Mn 0.00 0.01 0.01 0.01 0.06 0.07 0.03 0.03

Zn 0.09 0.28 0.04 0.03 0.18 0.21 0.28 0.10

Cr 0.00 0.06 0.02 BDL 6.32 0.59 0.08 0.17

V 0.00 0.00 0.00 0.00 0.05 0.01 0.04 0.00

Pb 0.00 0.00 BDL 0.09 0.08 0.02 0.07 0.02

Ni 0.00 0.02 0.01 0.02 1.90 0.18 0.02 0.05

F- 0.49 5.32 0.42 0.77 0.51 2.73 2.25 1.41

Cl- 0.05 0.66 0.02 0.03 0.03 0.30 0.03 0.01

NO3
- 0.07 0.22 0.18 0.09 0.36 2.92 1.31 0.68

SO4
2- 1.87 2.03 6.02 1.37 4.21 6.59 6.75 4.16

Na+ 0.05 0.29 0.05 0.09 0.05 0.38 0.38 0.13

NH4
+ 0.66 0.97 2.27 0.48 1.91 2.79 2.50 1.35

K+ 0.12 0.26 0.04 0.04 0.34 0.67 0.08 0.07

Ca2
+ 0.18 1.54 0.11 0.35 0.04 1.04 0.28 0.46

Mg2
+ 0.03 0.54 0.02 0.08 0.00 0.16 0.06 0.06

Formic 0.01 0.02 0.00 0.00 0.01 0.01 0.01 0.00

Acetic 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.01

Oxalic 0.07 0.13 0.12 0.09 0.13 0.22 0.15 0.11
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Highveld sites were substantially higher than those recorded 
at Zamdela during winter. Na concentrations remained high at 
Embalenhle during summer while Kinross and Zamdela showed 
similar concentrations. 

K+ concentrations were higher at Zamdela compared to the 
two Highveld sites suggesting a stronger influence of wood and 
biomass burning at this site. 

The heavy metals, Cr and Ni, were considerably higher at 
Zamdela with Zn and V also higher than Embalenhle and 
Kinross. This is likely due to the stronger industrial influence in 
the Vaal Triangle. 

The secondary species, SO4
2- and NH4

+, were seen to be abundant 
at all three sites during both seasons. However, SO4

2- and NH4
+ 

concentrations were over double those at Embalenhle and 
Kinross during winter, although summer concentrations were 
similar at Embalenhle. S concentrations were also higher than 
those reported for the Highveld sites during both seasons. 

In PM2.5-10, Si was the most abundant species at both the Highveld 
and Zamdela sites (with the exception of Na and Ca at Kinross 
in winter and summer, respectively). Al concentrations were 
similar at Embalenhle and Zamdela during winter but lower at 
Embalenhle during summer. 

SO4
2- and  NH4

+ concentrations were higher at Zamdela 
compared to the Highveld sites, during both seasons. However, 
F- concentrations at Zamdela were lower during both seasons.         
F- concentrations at Embalenhle were almost double those 
measured at Zamdela during winter.  
 
Source apportionment
The PMF model identified dust, residential combustion, 
secondary aerosols, wood and biomass burning, and industry 
as the main sources contributing to the aerosol loading in 
Embalenhle and Kinross. The source apportionment results are 

shown in Figure 6. Four and five factor profiles were identified 
to be the most representative in the fine and coarse fraction, 
respectively.

Fine fraction 
A dust profile was identified by the presence of traditional 
soil elements such as Ca, Mg, Si, Al, Fe, Ti and Mn. This profile 
accounted for 55% and 42% of the reconstructed PM2.5 mass 
concentrations at Embalenhle and Kinross, respectively, during 
winter and 35% and 18% during summer. The dust contribution 
at Embalenhle during winter is overestimated and likely 
represents a mixed dust and coal combustion profile, given the 
similarity of the species in each source. This has been confirmed 
through CMB modelling for the site (not given in this paper), 
which shows both a dust (~22%) and coal combustion (~38%) 
contribution. 

Residential combustion is distinguished by the presence of Cl-, 
Zn, Na+, NH4

+ and K+ in the profiles. Zn can be emitted from the 
burning of waste while the presence of K+ can be attributed to 
the burning of unsorted domestic and garden waste (Muyemeki 
et al., 2020). Residential combustion accounts for 12 to 13% 
(winter) and 9 to 24% (summer) of the reconstructed PM2.5 mass 
concentrations at both sites. 

A secondary inorganic aerosol profile is detected by the presence 
of secondary species such as SO4

2-, NH4
+, and NO3

- (Crilley et al., 
2017). Secondary aerosols are found predominantly in the fine 
fraction and contribute to 22% and 25% of the reconstructed 
PM2.5 mass concentrations at Embalenhle and Kinross, 
respectively, during winter. During summer, the contribution 
increases to 26% and 41%, respectively, due to the increase in 
relative humidity during this season. Coal combustion is the 
dominant source of secondary aerosols as the burning of coal 
releases significant quantities of the precursor gases, SO2, NOx 
and NH3, which then oxidise into secondary particles (Watson et 
al., 1994).

Figure 6: Source apportionment of PM2.5 (left) and PM2.5-10 (right) at Embalenhle and Kinross during the winter 2016 and summer 2017 sampling campaigns
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A wood and biomass burning profile, identified by the abundance 
of K+ as well as Cl-, SO4

2-, NO3
-, NH4

+, Na+ and organic acids. Wood 
is also used as a residential fuel in Embalenhle although to a 
much lesser degree than coal.  This source accounted for 11% 
and 20% of the reconstructed PM2.5 mass concentrations at 
Embalenhle and Kinross, respectively, during winter. During 
summer, this source contribution is 14% and 32%.  

Coarse fraction 
In the coarse fraction, dust accounted for 35 to 51% of the 
reconstructed     PM2.5-10 mass concentrations during winter and 
46 to 50% during summer, at both sites. This source represents 
both a natural (wind-blown) and anthropogenic component of 
dust. Elements such as Zn, V, Pb, Ni and Cr are also seen in the 
profiles which can be associated with resuspended dust from 
paved and unpaved roads. Zn, Pb, Ni and Cr are associated 
with dust from tyre wear and braking (Adachia and Tainoshob, 
2004; Hjortenkrans et al., 2007) while V could also originate from 
neighbouring industrial activities. 

Residential combustion contributes to 9 to 13% (winter) 
and 14 to 23% (summer) of the reconstructed PM2.5-10 mass 
concentrations at both sites. 

Secondary aerosols account for 4% and 19% at Embalenhle 
and Kinross, respectively, during winter and 10% and 9%, 
respectively, during summer. 

A wood and biomass burning profile is only seen at Embalenhle 
(2%) and Kinross (11%) during winter. 

Industrial activities are also identified in the coarse fraction 
with the presence of SO4

2-, NH4
+, S, Al, Si and the heavy metals, 

Cr, V, Ni and Pb. Industry contributes to 33% and 22% of the 
reconstructed PM2.5-10 mass concentrations at Embalenhle 
and Kinross, respectively, during winter and 18 to 32% during 
summer. The presence of V and Ni indicates a contribution from 
the neighbouring petrochemical plant with coal-fired power 
stations also contributing, especially during summer.

Conclusions
Aerosol sampling undertaken at Embalenhle and Kinross during 
winter and summer shows Si, Al, S, SO4

2- and NH4
+ to be the most 

abundant PM2.5 species during both seasons. The elements 
Na and Ca were also abundant at both sites during winter and 
summer, respectively. In PM2.5-10, Si, Al, SO4

2- and F- were the most 
abundant species during both seasons. The element Na was also 
abundant at both sites during winter with S and Ca also having 
high abundances at Embalenhle and Kinross, respectively, 
during summer.

PMF modelling provided an assessment of dust (natural and 
anthropogenic), residential combustion, secondary aerosols, 
wood and biomass burning, and industry as the primary sources 
contributing to the aerosol loading in Embalenhle and Kinross. 
Of these, dust and secondary aerosols are the most significant 

contributors. Emissions from neighbouring industrial activities 
are also seen to influence the air quality in these two areas. 
Emission reduction measures to be implemented in the region 
should consider these sources. 

It is noted that the findings of this study are based on two 
short-term sampling campaigns. As such, the findings of this 
paper are not necessarily representative of the entire winter 
and summer seasons. Aerosol concentrations are influenced by 
various factors such as meteorological conditions and emission 
source strengths which show considerable spatial and temporal 
variability. 
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