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Preface 
This thesis is submitted in article format, as allowed by the North-West University 

(NWU). This entails that articles are added into the thesis as they were published, 

submitted, or prepared for submission to the specific journals. Therefore the 

conventional “Results and discussions chapter” was replaced by the various articles. 

Separate background and motivation (Chapter 1), literature (Chapter 2), experimental 

(Chapter 3) and project evaluation chapters (Chapter 9) were included in the thesis, 

even though some of this information had already been summarised in the articles. 

This will result in some repetition of ideas/similar text in some of the chapters and 

articles. The fonts, numbering and layout of Chapters 4 – 8 (containing the articles) are 

also not consistent with the rest of the thesis, since they were added in the formats 

published, submitted, or prepared for submission as required by the journals. 

Rationale for submitting thesis in article format 

Currently it is a prerequisite for handing in a PhD at the NWU that one article be 

submitted to a journal. Many draft articles prepared by post-graduate students are 

never submitted to internationally accredited peer-reviewed journals. Therefore, the 

candidate decided to submit this PhD thesis in article format to ensure that the bulk of 

the work is published. At the time completing this thesis two articles had already been 

published, one accepted and two more prepared for submission to ISI-accredited 

journals. Therefore, the prerequisite of the NWU was exceeded. 

Contextualising the articles in the overall storyline 

The topic of this PhD was associated with atmospheric trace metals and water-soluble 

ionic species. Five articles are presented in this thesis, each focusing on a different 

aspect related to the topic. In the first two articles (Chapters 4 and 5), specific trace 

metals species, i.e. mercury and hexavalent chromium, which are of particular 

importance within the South African context were considered. Thereafter two articles 

on general trace metal concentrations (Chapter 6) and water soluble inorganic ionic 

concentrations (Chapter 7) are presented. In the last article (Chapter 8) trace metal 

and water soluble ionic concentrations, together with many other species/parameters in 

the plume of a typical South African braai is discussed as a case study. 
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Status of the articles: 

 Article 1 (Statistical exploration of gaseous elemental mercury (GEM) measured 

at Cape Point from 2007 to 2011) was published in Atmospheric Chemistry and 

Physics, a journal of the European Geosciences Union. The article is presented as 

the final published version. 

 Article 2 (Regional atmospheric Cr(VI) pollution from the Bushveld Complex, 

South Africa) was accepted (in press) in Atmospheric Pollution Research, an 

Elsevier journal. The article was formatted according to the journal’s author 

guidelines. 

 Article 3 (Measurement of atmospheric trace metals at a regional background site 

(Welgegund) in South Africa) was prepared for Atmospheric Chemistry and 

Physics, a journal of the European Geosciences Union. The article was formatted 

according to the journal’s author guidelines. 

 Article 4 (Measurement of atmospheric inorganic ionic species at Welgegund, 

South Africa) was prepared for Atmospheric Chemistry and Physics, a journal of 

the European Geosciences Union. The article was formatted according to the 

journal’s author guidelines. 

 Article 5 (Plume characterization of a typical South African braai) was published 

in the South African Journal of Chemistry. The article is presented as the final 

published version. 

 

Other articles, to which the candidate contributed as co-author, published during the 

duration of this study, but not included for examination purposes are: 

1. Vakkari, Petri Tiitta, Kerneels Jaars, Philip Croteau, Johan Paul Beukes, 

Miroslav Josipovic, Veli-Matti Kerminen, Markku Kulmala, Andrew D. Venter, 

Pieter G. van Zyl, Douglas R. Worsnop, and Lauri Laakso. Re-evaluating the 

contribution of sulfuric acid and the origin of organic compounds in atmospheric 

nanoparticle growth. Geophysical Research letters. 2015 

2. Sundström, A.-M., Nikandrova, A., Atlaskina, K., Nieminen, T., Vakkari, V., 

Laakso, L., Beukes, J. P., Arola, A., Van Zyl, P. G., Josipovic, M., Venter, A. D., 

Jaars, K., Pienaar, J. J., Piketh, S., Wiedensohler, A., Chiloane, E. K., De Leeuw, 
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G., and Kulmala, M. Characterization of satellite-based proxies for estimating 

nucleation mode particles over South Africa. Atmospheric Chemistry and Physics, 

15, 4983–4996, 2015. doi:10.5194/acp-15-4983-2015  

3. Jaars, K., Beukes, J.P., van Zyl, P.G., Venter, A.D., Josipovic, M. Pienaar, J.J., 

Vakkari, V., Aaltonen, H., Laakso, H., Kulmala, M., Tiitta, P., Guenther A., 

Hellen, H., Laakso, L., Hakola, H., Ambient aromatic hydrocarbon measurements 

at Welgegund, South Africa. Atmospheric Chemistry and Physics 07/2014; 

14:7075–7089  

4. Vakkari, V., Kerminen, V-M., Beukes, J.P., Tiitta, P., van Zyl, P.G., Josipovic, M., 
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Abstract 
In this study, atmospheric trace metals and water soluble ionic species were 

investigated. Five research articles are presented. In the first two articles specific trace 

metals species, i.e. mercury and hexavalent chromium, which are of particular 

importance within the South African context, are considered. Thereafter two articles on 

general trace metal concentrations and water soluble inorganic ionic concentrations 

measured at a regional background site are presented. In the last article trace metal 

and water soluble ionic concentrations, together with many other species/parameters 

determined in the plume of a typical South African braai are discussed as a case study. 

In article one, the continuous high-resolution gaseous elemental mercury (GEM) data 

from the Cape Point Global Atmosphere Watch (CPT GAW) station between 2007 and 

2011 were evaluated with different statistical analysis techniques. GEM data were 

evaluated by cluster analysis and the results indicated that two clusters, separated at 

0.904 ngm-3, existed. The two-cluster solution was investigated by means of back-

trajectory analysis to determine the air mass history. The net result indicated that not 

all low GEM concentrations are of marine origin, and similarly, not all high GEM 

concentrations have a terrestrial origin. Equations were developed by means of multi-

linear regression (MLR) analysis that allowed for the estimation and/or prediction of 

atmospheric GEM concentrations from other atmospheric parameters measured at the 

CPT GAW station. These equations also provided insight into the relation and 

interaction of GEM with other atmospheric parameters. Both measured and MLR 

calculated data confirm a decline in GEM concentrations at CPT GAW over the period 

evaluated.  

In article two, hexavalent chromium, Cr(VI), was investigated and the regional 

atmospheric pollution of Cr(VI) from the ferrochromium and other related industries 

located in the western Bushveld Complex (wBC) of South Africa was determined. 

Particulate matter was sampled for an entire calendar year at a regional background 

site, which is situated downwind of the wBC on the dominant anti-cyclonic 

recirculation route of air mass over the South African interior. Results indicated that 
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Cr(VI) concentrations in air masses that had passed over the regional background were 

below the detection limit of the analytical technique applied. However, Cr(VI) in air 

masses that had passed over the wBC were elevated and had a median concentration of 

4.6 ngm-3. The majority of Cr(VI) was found to be in the finer size fraction (PM2.5), 

which could be explained by the properties of Cr(VI)-containing PM being emitted by 

the sources in the wBC and the atmospheric lifetimes of different PM size fractions. 

The results also indicated that it is possible that not only pyrometallurgical sources in 

the wBC, but also other combustion sources outside the wBC contributed to the 

observed atmospheric Cr(VI) concentrations. 

In article three, aerosol sampling was performed at Welgegund in South Africa, which 

is a regionally representative background site. PM1, PM1-2.5 and PM2.5-10 samples were 

collected for thirteen months and 32 atmospheric trace metal species were detected. 

Atmospheric Fe had the highest concentrations in all three size fractions, while Ca was 

the second most abundant species. Cr and Na concentrations were the third and fourth 

most abundant species respectively. Trace metal concentrations determined at 

Welgegund were compared to levels thereof in the wBC. Similar trace metals were 

detected and both indicated that Fe was the most abundant species. However, 

concentrations of trace metal species in the wBC were significantly higher compared to 

levels thereof at Welgegund. With the exception of Ni, none of the trace metals 

measured at Welgegund exceeded local and international standard limit values. No 

distinct seasonal pattern was observed in the PM2.5-10 size fraction, while the PM1 and 

PM1-2.5 size fractions indicated elevated trace metal concentrations coinciding with the 

end of the dry season, which could partially be attributed to decreased wet removal and 

increases in wind generation of particulates. Principal Component Factor Analysis 

(PCFA) analysis was successfully applied and revealed three meaningful factors in the 

PM1 size fraction, i.e. fly ash, pyrometallurgical-related and crustal. No meaningful 

factors were determined for the PM1-2.5 and PM2.5-10 size fractions. Pollution roses 

confirmed this impact of wind-blown dust on trace metal concentrations, while the 

influence of industrial activities was also substantiated. 
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In article four, PM1, PM1-2.5 and PM2.5-10 samples were collected for thirteen months at 

Welgegund and analysed in order to determine the concentrations of the major 

inorganic ionic species. Results indicated that SO4
2- concentrations in the PM1 size 

fraction were significantly higher compared to the other species in all three size 

fractions. SO4
2- and NH4

+ dominated the PM1 size fraction, while SO4
2- and NO3

- were 

the predominant species in the PM1-2.5 and PM2.5-10 size fractions. SO4
2- had the highest 

contribution in the two smaller size fractions, while NO3
- had the highest contribution 

in the PM2.5-10 size fraction. SO4
2- levels could be attributed to the impacts of aged air 

masses passing over source regions, while marine air masses were considered to be the 

major source of NO3
-. The reaction of SO4

2- with gas-phase NH3 was considered to be 

the major source of NH4
+ in the PM1 size fraction. The PM at Welgegund was 

determined to be acidic, mainly due to excess concentrations of SO4
2-. Comparison of 

Welgegund inorganic ion measurements to measurements thereof at Marikana 

indicated that the concentrations of almost all the inorganic ion species were higher at 

Marikana. At Welgegund PM1 and PM1-2.5 fractions revealed a seasonal pattern with 

higher inorganic ion concentrations measured from May – September. Higher 

concentrations could be attributed to decreased wet removal of these species, since 

these months coincide with the dry season in this part of South Africa. Increases in 

pollutants concentrations due to more pronounced inversion layers trapping pollutants 

near the surface, as well as increases household combustion and wild fires during these 

months were also considered to contribute to elevated levels of inorganic ions. Back 

trajectory analysis of each of the sampling months was also performed, which revealed 

higher concentrations of inorganic ionic species corresponding to air mass movements 

over source regions. 

In article five, a case study, a comprehensive analysis of atmospheric gaseous and 

aerosol species within a plume originating from a typical South African braai 

(barbeque) at Welgegund was conducted. Five distinct phases were identified during 

the braai. The highest trace metal concentrations were associated with species typically 

present in ash. High Pb concentrations were detected. SO4
2–, Ca2+ and Mg2+ were the 

dominant water-soluble species present in the aerosols. The largest number of organic 

aerosol compounds was in thePM1-2.5 fraction, which also had the highest semi-

quantified concentration. It was indicated that PM10 concentrations were problematic 
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during the meat grilling phase. From a climatic point of view, a relatively high single 

scattering albedo (ωo) indicated a cooling aerosol direct effect, while periods with lower 

ωo coincided with peak black carbon (BC) emissions. SO2, NOx and CO increased 

significantly, while O3 did not notably change. Aromatic and alkane volatile organic 

compounds were determined, and high benzene levels were observed. The results 

indicated that a recreational braai does not pose significant health risks. However, the 

longer exposure periods that are experienced by occupational vendors will significantly 

increase health risks. 

Keywords: Trace metals, gaseous elemental mercury, inorganic ions, hexavalent 

chromium, braai plume, Welgegund atmospheric measurement site 
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Chapter 1 
Project description and objectives 

1.1 Introduction 

In this chapter, the relevance of the current investigation in terms of air quality is 

briefly discussed. Chapter 1 also presents the scientific gap that was identified and the 

objectives that were set to address this gap. 

1.1.1 Background and motivation 

Accurate and complete emission inventories for atmospheric trace metals are required 

on regional and global scales for modellers and policy makers in order to assess the 

current level of environmental contamination by these pollutants, major emission 

sources, and the contribution of the atmospheric pathway to the contamination of 

terrestrial and aquatic environments (Pacyna & Pacyna, 2001). The presence of trace 

transition metal species in the atmosphere can be attributed to the emission of 

particulate matter (PM) into the atmosphere by anthropogenic activities, as well as 

from natural sources. Anthropogenic activities that lead to emission of trace metals are 

usually related to high temperature processes such as smelting, fuel combustion, or 

waste incineration (Galloway et al., 1982). Stationary fossil fuel combustion, such as 

from coal, is considered to be a major source of chromium (Cr), mercury (Hg), 

manganese (Mn), antimony (Sb), selenium (Se), tin (Sn), and thallium (Tl), while oil 

combustion is a major source of nickel (Ni) and vanadium (V) emissions. Another major 

source of trace metals is ferrous and non-ferrous metal production that typically emits 

iron (Fe), Cr, Ni, Mn and V, while also being the largest source of atmospheric arsenic 

(As), cadmium (Cd), copper (Cu), indium (In), and zinc (Zn) (Pacyna & Pacyna, 2001). 

In such processes metals are mostly emitted in gaseous forms that rapidly condense on 

the surfaces of particles having a high surface area leading to their likely presence in 

relatively fine PM (typically with aerodynamic diameter <1 μm) (Galloway et al., 1982). 

Trace metals in coarse particles (typically with aerodynamic diameter >1 μm) are 

mostly attributed to mechanical processes such as rock weathering, soil erosion, 
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volcanic eruptions, or bubble bursting (sea salt elements such as potassium (K), 

calcium (Ca), sodium (Na), chloride (Cl)). Coarse particles are deposited faster and have 

relatively short atmospheric lifetimes, while finer particles may attain lifetimes longer 

than six days under dry conditions with lower frequencies of wet deposition (Lawler et 

al., 2009). Therefore, emissions from anthropogenic activities may have a significant 

influence on the atmospheric trace metal budget on a regional scale. At present, limited 

data exist for atmospheric trace metal concentrations in South Africa. 

Trace metals emitted into the atmosphere can cause a variety of health-related and 

environmental problems; depending on the extent and time of exposure (Jacobson et al., 

2000). Certain trace metals (e.g. Mn, Fe, Cu, Zn, Se, V, Cr, lead (Pb) and Ni) have 

interactive influences with biological processes. Many external influences such as 

climatology and meteorology influence the behaviour and chemistry of atmospheric 

trace metal species, which results in atmospheric changes such as cloud composition 

and –lifetime, as well as toxic effects on ecosystems. Atmospheric deposition of some 

trace metals (e.g. Fe, Mn, Cu, Cd, and Zn) is essential for marine productivity (Morel et 

al., 2003). 

Several atmospheric trace metals are important within the South African context, but 

in this study specifically atmospheric mercury (Hg) and hexavalent Cr, i.e. Cr(VI), were 

considered. Hg is a volatile trace metal emitted into the atmosphere, which can be 

transported over large distances in the atmosphere due to its low reactivity and 

solubility. After oxidation of Hg to less volatile and more soluble compounds, Hg is 

mainly removed from the atmosphere through wet deposition (Lin et al., 2006). The 

aqueous Hg compounds deposited are then converted into more toxic methylated Hg, 

which bio-accumulates in the aquatic food chain. The high concentration of methyl Hg 

in predatory fish poses a serious health risk for people and animals that depend on a 

fish diet (Mergler et al., 2007). This has led to an increase in research on atmospheric 

Hg (Brunke et al., 2012, Lindberg et al., 2007, Slemr et al., 2013). Coal combustion in 

industrial activities, which includes electricity generation, petrochemical plants and 

gasification processes, is considered to be the major source of atmospheric Hg (Laudal 

et al., 2000; Wagner, 2001). South Africa is considered to be the 6th largest emitter of 

Hg and is also a signatory of the Minamata Convention (global legally binding 
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agreement). Therefore, inclusion of Hg in the South African National Ambient Air 

Quality Standards (NAAQS) is imminent. Hg is monitored extensively in the Northern 

Hemisphere (NH). However, according to the knowledge of the candidate only a few 

long-term studies on Hg have been reported for the southern hemisphere (SH). The 

German Antarctic research station measured total gaseous Hg (TGM) from January 

2000 to January 2001 (Slemr et al. 2008). Slemr et al. (2008) reported the long-term 

monitoring results of TGM at the Cape Point Global Atmospheric Watch (CP GAW) 

atmospheric monitoring station in South Africa covering the period between September 

1995 and December 2004. 

Cr is a redox active metal that persists either as Cr(III) or Cr(VI) in the environment. 

These two oxidation states have opposing toxicity and mobility. Cr(III) is an essential 

micro-nutrient and is mostly insoluble in water, while Cr(VI) is very toxic and readily 

transported (Rai et al., 1989). Cr(VI) is strongly associated with human carcinogenicity. 

South Africa holds the majority of the world’s viable Cr ore (chromite) resources and is 

the second largest producer of ferrochromium (crude alloy that is the precursor to 

stainless steel) (Beukes et al., 2010). Cr in the mined chromite is in the Cr(III) 

oxidation state, but the high temperatures involved in industrial process can result in 

oxidation to the hexavalent state. Cr(VI) emissions can also occur from hazardous 

waste incinerators, municipal waste combustors, sewage sludge incinerators, boilers 

and other industrial furnaces. The production of ferrochromium and stainless steel has 

been mentioned among the greatest contributors to atmospheric emission of Cr that 

can threat the environment (Mukherjee, 1998). Source apportionment and extent of 

ambient Cr(VI) transport in the South African environment needs thorough 

examination. 

Apart from atmospheric trace metals found in aerosols, many other chemical 

compounds are present as particulate matter. Water-soluble inorganic ions are an 

important group of compounds present in atmospheric aerosols (Jacobson et al., 2000; 

Bourotte et al., 2007). Many studies have been conducted on the deposition of anions 

(acidic) and cations (basic) on terrestrial and aquatic ecosystems and their buffering 

effect. Major water-soluble inorganic ions are associated with atmospheric visibility 

degradation, adverse human health effects and acidity of precipitation (Dockery & 
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Pope, 1996). Determining the complete chemical composition of aerosols is important to 

gain insight into sources and their toxicity, as well as to evaluate effectiveness of 

abatement strategies for relevant emission sectors (Mkoma et al., 2014). 

1.1.2 Objectives 

The general aim of this study was to assess atmospheric trace metals measured at two 

background sites in South Africa, as well as water-soluble ionic species at one of these 

sites. Although various trace metal species were investigated in general, specific 

emphasis was placed on atmospheric Hg and Cr(VI) due to their importance within the 

South African context. The specific objectives of this study were to: 

 Statistically assess gaseous elemental mercury (GEM) measured at Cape Point 

for at least a five-year period; 

 Evaluate the extent of regional atmospheric Cr(VI) pollution from the western 

Bushveld Complex, which is likely to be a source region with elevated 

atmospheric Cr(VI) levels; 

 Conduct characterisation of general trace metal concentrations at a regional 

background site and identify possible sources/source areas; 

 Evaluate the most prominent water-soluble inorganic ionic species at the same 

regional background site that was considered in the general trace metal study; 

 Conduct an assessment of trace metal and water-soluble inorganic ionic species 

concentrations, as well as levels of other parameters/species in the plume of a 

typical South African braai as a special case study; 

By completing the above objectives, it is anticipated that the accumulation of 

knowledge will contribute to: 

 Expanding the knowledge base, including chemical characterisation of 

atmospheric aerosols in the South African environment; 

 Supplementing air quality policy and management structures, considering the 

potential significance of Cr(VI) and GEM; 

 Directing future studies, allowing researchers to reach beyond the current scope. 
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Chapter 2 
Literature survey 

2.1 Introduction 

In this chapter, background information for this study is presented with particular 

reference to air pollution, classification and mitigation, aerosols, trace metals, inorganic 

ionic species and, as a case study, the constituents of a typical South African braai 

(barbeque). 

2.2 Air pollution 

Air pollution, i.e. emission of species beyond their natural average levels, is an age-old 

phenomenon. Natural pollution from erupting volcanoes, natural fires and desert dust 

has existed since before mankind. Human activities have led to air pollution from the 

start of the first fire and the clearing of land for the first agricultural activities 

(windblown dust). 

During the industrial revolution (18th and 19th centuries) large-scale mechanisation 

occurred, allowing humans to greatly transform and benefit from natural resources. 

Unfortunately, environmental concerns increased in accordance. As an example, the 

use of coal during the industrial revolution reduced land constraints (e.g. in terms of 

wood for fuel) and contributed to an increase in agricultural production (e.g. crop 

rotation and food imports), which lowered the direct load on nature. However, 

uncontrolled emissions from coal combustion led to thickening black smog and soot that 

aggravated sociological and environmental problems (infections, respiratory problems, 

poisoning, workplace accidents, etc.) (Kasa, 2008). 

Currently, urban smog is still prevalent in many cities around the world. Urban smog 

is caused by the build-up of gases and particles (aerosols) being emitted form 

industries, vehicles and other human activities or formed chemically from precursor 

species (Jacobson, 2002). Similar to smog, other anthropogenic activities have led to 

acid rain, water pollution, soil pollution, increased greenhouse gas concentrations with 
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associated climate change, as well as socio-economic impacts related to the afore-

mentioned occurrences. In order to alleviate these socio-economic and environmental 

problems since the industrial revolution up until the present, authorities have 

introduced laws to curb emissions (Kasa, 2008). Atmospheric pollution is not just of 

local concern, but due to the dramatic increase in the world population, urbanisation 

and industrialisation, and the significant spatial areas and temporal time scales that 

can be influenced by atmospheric pollution, it is of global importance. 

2.2.1 Classification and mitigation 

Atmospheric pollutants are generally classified as gases or particulates (aerosols) that 

were emitted directly into the atmosphere (primary pollutants) or formed through 

transformation in the atmosphere (secondary pollutants), which originated from 

natural of anthropogenic sources. 

Jacobson (2002) distinguishes a gas from a particle in two ways. In a gas the atoms or 

molecules are separated whereas in particulate form atoms and molecules form 

aggregates. Secondly, particles may contain liquids or solids. He states that the 

particulates may be further separated in aerosol particles and hydrometeor particles. 

Aerosol particles are discussed in more detail in Section 2.3. Although air consists of 

gases and particles, the mass of air is dominated by gases. Of all gas molecules in the 

lower atmosphere, which is commonly referred to as the troposphere, more than 99% 

are molecular nitrogen and oxygen. The primary/secondary and natural/secondary 

nature of the atmospheric species relevant to this study will be discussed later in this 

literature review. 

Leading authorities and/or international bodies (e.g. such as the World Health 

Organisation, United States Environmental Protection Agency and European 

Environment Agency) have compiled lists of so-called criteria pollutants, for which the 

tolerable levels in ambient- and/or indoor conditions were determined (EEA, 2015; 

WHO, 2015; USEPA, 2015). Typically, criteria pollutant species include specific trace 

gases, aerosols, organic and inorganic constituents. Species specific limits and 

standards have been set which should not be exceeded, or only exceeded a set amount 

of times in order to minimise associated health and/or environmental impacts. The 
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limits, standards and number of criteria species are revised by authorities periodically 

as technology advances and circumstances change.  

In South Africa the National Environmental Management: Air Quality Act, 2004 (Act 

No. 39 of 2004) details the criteria for atmospheric pollutants, their individual 

standards and permissible limits. The legislation in South Africa is in accordance with 

that of international authorities, but adjusted to local circumstances. The ambient 

criteria pollutants governed by South African legislation include: Gaseous species (SO2, 

NO2, O3, Benzene and CO), aerosol mass (PM10 and PM2.5) and a trace metal species 

(lead (Pb)) (SA, 2009; SA, 2012b). Table 2.1 summarizes these species in accordance 

with the national standards, their ambient concentrations and the permissible 

exceedances for the time interval measured. 

Table 2.1.: South African ambient air quality criteria pollutants are assessed against 

the national standards in this table. Concentrations are in µgm-3 and values in brackets 

are the tolerable frequency of exceedances. 

 SO2 NO2 O3 CO Benzene PM10 PM2.5 Pb 

10 minutes 
500 

(526) 

       

1 hour 
350 

(88) 

200 

(88) 

 30# 

(88) 

    

8 hour 
  120 

(11) 

10# 

(11) 

    

24 hour 
125 

(4) 

40 

(0) 

   75 (4)   

1 year 
50 (0)    5 (0) 40 (0) 25 (0) 

20* (0) 

0.5 (0) 

# CO national standards are in mgm-3 

* PM2.5 national standard will be 20 µg.m-3 from January 2016 – December 2029 

2.2.2 Meteorology 

The atmosphere consists of four layers, i.e. the troposphere (up to ~10 to 16 km above 

the surface), stratosphere (above the troposphere up ~50 km above the surface), the 
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mesosphere (above the stratosphere up ~85 km above the surface), and the 

thermosphere (above the mesosphere up ~500 km above the surface), in which 

temperatures change with altitude. Contained in the troposphere, the boundary layer 

extends from the surface to between 500 and 3 000 m altitude (Jacobson, 2002; 

Lenschow, 2003). 

Pollutants emitted near the ground accumulate in the boundary layer, and result in 

concern, since it is this region of the atmosphere in which all humans live. When 

pollutants escape the boundary layer, they may travel long distances before they are 

removed from the atmosphere. The bottom 10 % of the boundary layer is known as the 

surface layer and is characterised by turbulence produced by wind shear and 

convection (Lenschow, 2003). 

The convective mixed layer is the region of air just above the surface layer. This 

encompasses the bulk of the planetary boundary layer and becomes mixed due to the 

sun heating the ground, resulting in energy being transferred to the air and thermal 

mixing taking place. The thermal mixing increases the efficiency of transport of 

atmospheric constituents. The top of the mixed layer is often bounded by a temperature 

inversion, which is a decrease in temperature with increasing height (Jacobson, 2002). 

The inversion inhibits thermal turbulence originating from the surface layer or the 

mixed layer. Pollutants are generally trapped beneath or within an inversion. 

Therefore, the closer the inversion is to the ground, the higher pollutant concentrations 

become, since the mixing volume is less. The mixed layer grows during the day through 

the input of heat at the surface, entraining air from above the inversion as it does so 

(Denmead et al., 1999; Lenschow, 2003). 

The meteorology in South Africa is characterised by strong seasonal variability. Above 

the eastern interior of South Africa, the atmospheric circulation pattern is dominated 

by anti-cyclonic circulation during the winter months and experiences frequent easterly 

disturbances during the summer. The influx of westerly disturbances occur 

approximately 20% of the time throughout the year (Garstang et al., 1996). Similarly, 

the precipitation in South Africa typically starts in October and ends in March (wet 

season), contributing to the strong seasonal variation. The precipitation cycle strongly 

affects the atmospheric scrubbing of local pollutant concentrations originating as 
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primary emissions from wild fires during the dry season, as well as wet scavenging by 

precipitation and clouds during the wet season (Laakso et al., 2012). The cloud cover 

over the interior of South Africa, especially the Highveld region, is often limited due to 

a dominant high pressure system, created by the high altitude and the subtropical 

subsidence (Tyson & Preston-Whyte, 2000). The high pressure system, combined with 

low heat capacity of the soil, creates frequent atmospheric inversion layers that 

significantly reduce the vertical mixing (Garstang et al., 1996). These inversions are 

most pronounced just before sunrise. In the presence of sunlight, the inversions begin 

to break down through convective heating and consequently the height of the mixed 

layer is increased (Tyson et al., 1996). The afore-mentioned meteorological conditions 

modulate the pollutant levels above the Highveld. With the high incidence of anti-

cyclonic circulations, pollutants can be trapped over southern Africa for several days 

before exiting the subcontinent, primarily towards the east coast via a well-defined 

plume (Garstang et al., 1996; Freiman & Piketh, 2002; Laakso et al., 2012). 

2.3 Aerosols 

2.3.1 Emissions, formation and effects 

An aerosol is a collective term that refers to solid, liquid, or mixed-phase particles 

suspended in air (Jacobson, 2002). Combustion and other high-temperature processes 

are largely responsible for primary emissions of fine-mode particles, while mechanical 

processes such as grinding, entrainment of dust and soil, or droplet formation by waves 

generate coarse-mode particles (Turner & Colbeck, 2008). Formation of aerosols may 

furthermore occur through homogeneous or heterogeneous condensation. During 

homogeneous condensation, gases can nucleate to form new particles, while 

heterogeneous condensation favours uptake of vapour by pre-existing particles. Gas-to-

particle-conversion (new particle formation, i.e. NPF) followed by condensational 

growth of the freshly-formed nanoparticles is a frequently observed phenomenon in the 

atmosphere (Kulmala et al., 2004). 

According to the USEPA, particle size is directly linked to health problems, since 

smaller particles penetrate deeper into the respiratory system, and may even be 

absorbed by the bloodstream. Susceptible groups with pre-existing lung or heart 
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disease, as well as elderly people and children, are particularly vulnerable. The health 

effects of PM with different chemical compositions or emanating from various sources 

may vary as well. 

Atmospheric aerosol particles affect the Earth’s climate in two ways. Firstly, there is a 

direct effect on the earth’s radiative balance by scattering and absorbing the solar 

radiation. Secondly as an indirect effect, aerosol particles can act as cloud condensation 

nuclei (CCN) and determine optical properties of the clouds and affect the cloud life 

time (Sundström et al., 2015). The condensational growth rate (GR) of aerosol particles 

formed during atmospheric NPF events is an important factor influencing the lifetime 

of these particles and their ability to become climatically relevant (Yli-Juuti et al., 

2011). 

Aerosols are removed from the atmosphere by wet or dry deposition. The removal may 

occur within minutes or may take weeks after release or physiochemical formation of 

the aerosols, during which time the aerosols may travel metres if removal is fast, or 

thousands of kilometres if removal is slow (Turner & Colbeck, 2008). Aerosols may 

further be distinguished by their size and number concentration, and chemical 

composition as discussed in the subsequent section. 

2.3.2 Size and number concentration  

Aerosols or particulate matter (PM) can be sampled without considering size ranges. 

Such sampling would typically be termed as total suspended PM.  However, it is much 

more common to sample aerosols in a size fraction correlating to the aerodynamic 

diameter less than 10, 2.5 or 1 μm, which are termed PM10, PM2.5 and PM1 with an 

instrument fitted with a single inlet with a fixed aerosol cut-off size. Alternatively, 

fractions within the afore-mentioned size ranges can be sampled with instruments 

fitted with two or more cut-off inlets fitted in series to obtain for instance PM with 

aerodynamic diameters smaller than 1 μm (PM1), between 1 and 2.5 μm (PM1-2.5) and 

between 2.5 and 10 μm (PM2.5-10) (Booyens et al., 2015). 

If additional sizing of PM1 needs to be considered, more sophisticated sampling 

techniques are usually applied. A Differential Mobility Particle Sizer (DMPS), a 

Balanced Scanning Mobility Analyzer (BSMA) and an Air Ion Spectrometer (AIS) are 
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instruments typically used in sizing PM1 aerosols, whereas a Condensation Particle 

Counter (CPC) can be used to determine the number concentration (total number 

concentration, or size resolved number concentration if the CPC is paired with a 

DMPS, AIS or BSMA) (Yli-Juuti et al., 2011). The number concentration of aerosol 

particles decreases with increasing particle size, i.e., particles at the small end of the 

size distribution can be abundant in number and since mass depends upon the 

diameter cubed, such particles may contribute only a small amount of the total mass 

(Turner & Colbeck, 2008). 

Distinct peaks (modes) in concentration occur when the size spectrum (in diameter 

space) of PM1 aerosols are investigated. The size distributions of atmospheric aerosols, 

their composition, sources, and sinks are key elements to understand and manage their 

effects on health, visibility, and climate. PM1 accounts for 50–70% of PM10 (Yue et al., 

2009). Atmospheric fine particles can be classified to ultrafine (PM<100 nm) and 

accumulation mode (100 nm<PM<1μm) particles. The ultrafine particles can be further 

divided into nucleation (<30 nm) and Aitken mode particles (30 nm<PM<100 nm).  

2.3.2.1 Composition 

As mentioned in previous sections, aerosols may originate from natural or 

anthropogenic sources. The NPF is strongly connected to the presence of sulphuric acid 

and other vapours of very low volatility, as well as the magnitude of solar radiation 

(Sundström et al., 2015). Yli-Juuti et al. (2011) and references therein explain that a 

substantial fraction of atmospheric PM1 aerosol particle mass is found to consist of 

organic compounds. In addition to sulphuric acid (from SO2 oxidation), these vapours 

would be the most probable candidates responsible for nucleation mode growth. Certain 

anthropogenic activities might escalate the natural emissions, e.g. dust from open cast 

mining and SO2 from pyrometallurgical industries that contribute to NPF events. The 

typical origin and composition of aerosols, as well as gas species relevant to aerosol 

formation and growth are discussed below in Sections 2.2.3.1 and 2.2.3.2. 

2.3.2.2 Natural 

The gases and aerosols resulting from the natural environment are presented in Table 

2.2. 
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Table 2.2: Sources and emissions of naturally occurring aerosols in the atmosphere, 

as well as gas species that can serve as precursors to secondary aerosols being formed 

Source Emissions 

Dust 

Mineral aerosols are produced by wind erosion and resuspension in arid 

and semi-arid regions. Dust contributes ~45 % to the total atmospheric 

aerosol load, calculated as the sum of the main oxides of various metals, 

i.e. aluminium (Al), silicon (Si), iron (Fe), titanium (Ti) and non-sea-salt 

calcium (Ca), sodium (Na), magnesium (Mg) and potassium (K) (Marconi 

et al., 2014). 

Sea spray 
Produced by wind, waves and bubble bursting, these ionic species in 

order of importance are: Cl  , Na+, SO4 
     and Mg2+ (Grythe et al., 2014). 

Volcanism 

Although not a constant, vast amounts of mainly of ash, sulphate and 

carbonaceous compounds are ejected into the atmosphere around the 

world in sporadic locations (Andersson et al., 2013). 

Biomatter 

respiration 

and decay 

A variety of compounds are emitted from both natural and crop plants. 

Isoprene (C5H8), monoterpenes (C10H16) and sesquiterpenes (C15H24) form 

the majority of these emissions (Griffin et al., 1999). Biogas produced 

during anaerobic digestion is primarily composed of methane (CH4) and 

carbon dioxide (CO2), with smaller amounts of hydrogen sulphide (H2S) 

and ammonia (NH3). Typically, the mixed gas is saturated with water 

vapour and may contain dust particles and siloxanes (Monnet, 2003). 

Farming 

The agricultural aerosols are almost equally composed of organic 

particles and dust (inorganic particles). The dust particles (as discussed 

above) constitute silica and clay minerals, while organic particles are a 

mixture of fungal spores, bacteria, pollens, fragments of plants, etc. 

(Telloli et al., 2014). 

Fires 

The smoke emitted by natural fires is characterised by the composition of 

the fuel and by the physical and chemical processes during combustion. 

Andreae and Metlet (2001) explain that open vegetation fires are 

typically dynamic fires, i.e. a moving fire front passes through a fuel bed, 

such as a savannah or forest. As a result, different combustion fuel types 

are present at any given time, and their combined emissions are released 

into the smoke plume. Plant biomass consists of cellulose and 

hemicelluloses (typically 50-70% dry matter), lignin (15-35%), proteins, 

amino acids, and other metabolites, including volatile substances 

(alcohols, aldehydes, terpenes, etc.). In addition, it contains minerals (up 

to 10%) and water (up to 60%). Thermal degradation begins with a 

drying/distillation step, in which water and volatiles are released, 

followed by pyrolysis, during which thermal cracking of the fuel 

molecules occurs (Andreae & Metlet, 2001). 
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2.3.2.3 Anthropogenic 

The sources and composition of typical anthropogenic aerosols are presented in Table 

2.3:  

Table 2.3: Sources and emissions of aerosols in the atmosphere resulting from 

anthropogenic activities, as well as gas species that can serve as precursors to 

secondary aerosols being formed 

Source Emissions 

Fires 

Fires in the natural environment i.e. open vegetation fires may also be 

considered anthropogenic, since these fires are started intentionally or 

as a consequence of human behaviour. The emissions are the same as 

for natural fires, as discussed above. 

Industrial 

combustion 

In the petrochemical and electricity generation industries, production 

is usually achieved by the pyrogenic processing of fossil fuels. 

Emissions from these sources include: volatile organic compounds 

(VOCs), polycyclic aromatic hydrocarbons, NOx, SOx, PM10, CO2, soot 

(black carbon and organic matter), sulfate (SO4
2-), metals, and fly ash. 

The fly ash consists of trace metals and oxygenated compounds in the 

form of quartz, hematite, gypsum, and clays (Jacobson, 2002). 

Mining 

Large quantities of dust are produced and released in the working 

atmosphere during mining (crushing, drilling, and cutting) and 

handling of mineral ores. Dust from coal mines contain silica, 

naphthalene and about thirteen poly-nuclear aromatic hydrocarbons 

(Banerjee et al., 2001). 

Pyro-

metallurgical 

processes 

The pyrometallurgical processes are potential sources of dust 

(transport of raw materials, bag filter dust, ash, slag and residues). 

The smelting processes produce off-gases from the furnaces and may 

contain dust, metals, volatile organic components and other gaseous 

species (NOx, COx, SOx) (Apostolovski-Trujic et al., 2007).  

Automobile 

emissions 

Motor vehicles are a major source of particulate matter, CO, NO2, 

hydrocarbons, SO2, lead (Pb – historically before the abolishment of Pb 

based fuels), and ozone (as a secondary emission). An estimated 86% of 

the world’s vehicles are found in industrialized countries (Schwela et 

al., 1997). 

Domestic 

heating 

A wide range of persistent organic pollutants (POPs) polycyclic 

aromatic hydrocarbons, PM, trace metals and gasses (e.g. NOx and 

CO) are prevalent when using coal or wood for domestic cooking and 

space heating (Lee et al., 2005). 
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2.4 Trace metals  

Since trace metals in PM were specifically considered in this study, additional 

background with regard to atmospheric trace metals is presented in subsequent 

sections. 

Trace metals are ubiquitous throughout the environment. Some trace metals are 

essential for life (e.g. Fe), others are micro-nutrients (e.g., selenium (Se)) and some are 

considered as toxic elements (e.g., mercury (Hg)). Levels of these elements in the 

environment are determined by the local geochemistry and anthropogenic emissions 

(Barbante et al., 2011). Atmospheric pollution of trace metals is global, reaching even 

the most remote areas of our planet. (Boutron et al., 2011). 

The study of trace metals in successive dated snow and ice layers (preserved in the 

Antarctic and Greenland ice caps) has been a reliable method in explaining historic 

atmospheric concentrations and events. For example, Greenland snow dated from the 

mid-1960s indicated that Pb concentrations were two orders of magnitude higher than 

in Greenland ice about 3 000 yrs old (Murozumi et al., 1969). The widespread use of Pb 

additives in gasoline starting in the 1930s, which accounted for the spike from the mid-

1960s and correlated with the decreasing trend from the 1970s onward with the 

abolition of Pb additives in gasoline (Nriagu, 1990). Similarly, atmospheric pollution 

linked with Pb and silver (Ag) production activities in ancient Greece and Rome could 

be determined (Boutron et al., 2011). 

2.4.1 Sources and composition 

The most common trace metals emanating from the various natural sources are 

presented below as a continuation of the natural aerosol sources discussion in Section 

2.3.2.2, Table 2.2. 
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Table 2.4: Sources and emissions of natural occurring trace metal species in the 

atmosphere 

Source Emissions 

Vegetation 

Low concentrations of metals, including titanium (Ti), manganese 

(Mn), Zn, Pb, Cd, Cu, cobalt (Co), antimony (Sb), arsenic (As), 

nickel (Ni), and Cr are present in vegetation. These substances 

vaporize during burning, and then quickly recondense onto soot or 

ash particles (Jacobson, 2002). 

Dust 
More than 50% of atmospheric Cr, Mn and V, and more than 20% 

of Cu, Mo, Ni, Pb, Sb and Zn are from dust (Pacyna, 1998). 

Volcanism 
Volcanic eruptions generate about 20% of natural atmospheric Cd, 

Hg, As, Cr, Cu, Ni, Pb and Sb (Pacyna, 1998). 

Sea-salt 
Aerosols generated by spray and wave action may contribute to 

about 10% of total natural trace metal emissions (Nriagu, 1989). 

 

Anthropogenic high-temperature processes result in the release of volatile metals as 

vapours forming particles by condensation or gas-to-particle reactions (Pacyna, 1998). 

Of all the trace metals emitted into the air industrially, Fe is by far the most abundant 

(Jacobson, 2002). Although atmospheric Pb pollution has now declined, snow samples 

indicate a new group of trace metals with elevated levels, i.e. Pt, Pd and Rh. These 

metals are linked to their use especially as catalysts in automobiles. Snow samples 

prior to 1969–1975 and since 1976   1995, associated with the use of catalytic converters 

on automobiles, confirm this trend (Barbante & Cescon, 2000). A series of snow 

samples covering the period from 1834 to 1990, collected in Antarctica, indicates an 

increase in V, Cr, Cu, Zn, Ag, Cd, bismuth (Bi) and uranium (U) species (Planchon et 

al., 2002). These elevated levels are attributed to emissions of heavy metals to the 

atmosphere from human activities in the Southern Hemisphere especially non-ferrous 

metal mining and smelting in Chile, Peru, Zaire, Zambia and Australia (Boutron et al., 

2011). 
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The most common trace metals emanating from the various anthropogenic sources, as 

presented by Jacobson (2002) and references therein are presented below in Table 2.5 

as a continuation of the above-mentioned discussion and discussions in Section 2.3.2.3., 

Table 2.3. 

Table 2.5: Anthropogenic sources of trace metals and their associated emissions 

Source Trace metal emission species 

Oil-fired power plants V, Ni, Fe 

Smelters Fe, Cd, Zn, Cr, Ni, V, Mn, Si 

Open-hearth furnaces at steel mills Fe, Zn, Cr, Cu, Mn, Ni, Pb 

Municipal waste incineration 
Zn, Fe, Hg, Pb, Sn, As, Cd, Co, Cu, Mn, 

Ni, Sb 

Coal-fired power plants 
Fe, Zn, Pb, V, Mn, Cr, Cu, Ni, As, Co, 

Cd, Sb, Hg 

Vehicular Pb, Fe, Cu, Zn, Ni, Cd, Zn, Pt, Pd, Rh 

 

2.4.2 Health impacts 

Elevated concentrations of atmospheric aerosol particles have been associated with 

adverse effects on human health (Schwartz et al., 1996, Laden et al., 2006). Particle 

size and shape are key factors that control the extent of penetration of particles into the 

human respiratory tract. In addition, the potential health effects depend on many other 

factors, such as chemical and physical characteristics of aerosols, the amount of toxic 

substances, their solubility in biological fluids, etc. Nevertheless, it was found that 

PM10 toxicity can be related to soluble components (especially soluble trace metals) 

(Voutsa & Samara, 2002), which are an important factor in lung inflammation, most 

likely because of their bioavailability (Dreher et al., 1997). Trace metal species, such as 

Pb, Hg and Cr, have proven impacts on human health (Fenger, 2009). 

2.4.3 General chemistry 

The importance of sulphuric acid or sulphate in secondary aerosol formation during 

NPF has already been discussed (Section 2.3.1.). Additionally, sulphuric acid is the 
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inorganic acid contributing most to acid rain. Combustion of fuel containing sulphur 

produces SO2, which can then be oxidised to sulphuric acid according to Equation 2.1: 

 2SO2 + 2H2O + O2 → 2H2SO4 (2.1) 

The atmospheric oxidation of SO2 (Equation 2.1) is strongly influenced by the relative 

humidity (RH). Little oxidation occurs at RH below 70%, but at higher RH relatively 

rapid oxidation and conversion to sulphuric acid occurs. Equation 2.1 can be rewritten 

to indicate only the oxidation state of S, as indicated in Equation 2.2. 

 S(IV) + ½O2 → S(VI) (2.2) 

S(VI) oxidation in the atmospheric aqueous phase is known to be catalysed by Fe(III) 

and Mn(II). Iron in cloud water exists both in the Fe(II) and Fe(III) states and there is 

a series of cycling reactions between these two forms (Stumm & Morgan, 1996; Seinfeld 

& Pandis, 2006): 

 Fe3+ + H2O ↔FeOH2+ +H+ (2.3) 

 FeOH2+ + H2O ↔Fe(OH)+ +H+ (2.4) 

 Fe(OH)2
+ + H2O ↔Fe(OH)3 (s) +H+ (2.5) 

Fe(II) appears not to directly catalyse the reaction indicated in Equation 2.2, but is first 

oxidised to Fe(III) before S(IV) oxidation can begin (Huss et al., 1982; Seinfeld & 

Pandis, 2006). 

 Fe(OH)3 (s) + 3H+ ↔Fe3+ +3H2O (2.6) 

More uncertainty exist for the mechanism of Mn(II) catalysed oxidation of S(VI) 

(Seinfeld & Pandis, 2006). There also seems to be a synergism when both Fe(III) and 

Mn(II) occur (Seinfeld & Pandis, 2006). 

2.5 Atmospheric mercury  

Atmospheric gaseous elemental Hg (GEM) and Cr(VI) were two specific trace metals 

species considered in the study, therefore additional attention is given to these trace 

metal species. 
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As in the case with gaseous pollutants and trace metal species, the amount of Hg 

mobilised and released into the atmosphere has increased since the beginning of the 

industrial revolution (Kasa, 2008; Boutron et al., 2011; Keating et al., 1997). The 

atmosphere plays a crucial role in the global biogeochemical cycle of Hg. Atmospheric 

Hg generally exhibits strong regional and temporal distribution patterns depending on 

emission sources, physicochemical properties, as well as meteorological, geographical, 

and atmospheric chemical conditions (Fu et al., 2011). 

Mercury can exist in three oxidation states: Hg0 (elemental), Hg2+ (mercurous), and 

Hg2
2+ (mercuric-Hg(II)). The properties and chemical behaviour of mercury strongly 

depend on the oxidation state. Hg2+ and Hg2
2+ can form numerous inorganic and 

organic chemical compounds, however, Hg2+ is rarely stable under ordinary 

environmental conditions (Rice et al., 1997). Gaseous elemental mercury (GEM), 

however, is the most stable persistent species and may have a residence time in the 

atmosphere of up to one year. Therefore, GEM is on the priority lists of a large number 

of international agreements and conventions (Brunke et al., 2010).  

2.5.1 Sources and composition 

Atmospheric mercury exists in vapour and particulate forms. The vapour form (in 

totality) is known as total gaseous mercury (TGM), and consists of the stable dominant 

GEM and short-lived reactive gaseous mercury (RGM) species. As is the case with the 

particulate mercury in the atmosphere, mercury in water, soil, plants and animals is in 

the form of inorganic mercury salts and organic forms such as methylated mercury 

(Keating et al., 1997). Hg is readily removed from the atmosphere by either wet or dry 

deposition. Keating et al. (1997) explain that even after Hg is deposited; it is frequently 

released back into the atmosphere either as a gas or in association with particles, to be 

re-deposited elsewhere. Considering the above, GEM may circulate in the atmosphere 

for up to a year, and hence can be widely dispersed and transported thousands of 

kilometres from emission sources. Natural (Rice et al., 1997) and anthropogenic sources 

(Keating et al., 1997) of atmospheric mercury are presented in Table 2.6. 
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Table 2.6: Natural and anthropogenic sources of atmospheric mercury in the 

atmosphere 

Natural sources Anthropogenic sources 

Volatilization of mercury in marine and 

aquatic environments 

Combustion sources – waste 

combustion and fossil fuels processes 

Volatilization from vegetation 
Electrical industry – fluorescent lamps, 

thermostats and batteries 

Degassing of geologic materials 
Dental – amalgam in repairing dental 

caries 

Volcanic emissions 
Manufacturing – production of chlorine 

and caustic soda 

 Wood processing – anti-fungal agent 

 Metallurgy – solvent for precious 

metals and catalyst 

 Pharmaceutical – preservative 

 

For each of the anthropogenic operations, the Hg is present as a trace contaminant. 

Because of its relatively low boiling point, Hg is volatilized during high temperature 

operations and discharged to the atmosphere. Mercury deposition is mainly in the 

Hg(II) state from either emitted Hg(II) or from conversion of emitted Hg0 to Hg(II) 

through ozone-mediated oxidation. This process results in regional/global transport, 

followed by deposition (Rice et al., 1997). 

As Hg cycles between the atmosphere, land, and water, mercury undergoes a series of 

complex chemical and physical transformations, accumulating most efficiently in the 

aquatic food web. Methyl mercury is accumulated in predatory fish tissue, however, 

inorganic mercury, which is less efficiently absorbed and more readily eliminated from 

the body, does not tend to bio-accumulate. Fish consumption dominates the pathway 

for human and wildlife exposure to methyl mercury (Keating et al., 1997). 

2.5.2 Atmospheric Hg chemistry 

One of the most prominent reactions concerning atmospheric Hg, is the photochemical 

driven oxidation of Hg(0) to Hg(II) during midday when solar radiation, O3 levels and 

atmospheric halogens produced by sea spray are the most intense (Figure 2.1.). As 



Chapter 2  19 

discussed in Lau et al. (2012) and the references therein, GEM may be oxidised by •OH, 

nitrate (NO3
•) or halogen (X•) radicals. The reactive Hg(II) may then be removed from 

the atmosphere much more easily. Considering the short lifespan of Hg(II) and its 

reactivity, many further reactions may occur, i.e. reduction back to Hg(0) or 

methylation (MeHg).  

Atmospheric Hg(II), when deposited, is converted to MeHg, which is a potent 

neurotoxic compound, especially when it bio-accumulates in the food chain. MeHg 

manifests its toxicity in a variety of symptoms ranging from mild numbness of the 

extremities, blindness, impaired development of language, attention and memory skills 

(Krummel et al., 2005), In temperate zones, microbial activities critically impact on 

MeHg accumulation by carrying out biochemical transformations. Formation of MeHg 

has been documented in wetland soils, streams, snow, freshwater ponds, marine water 

column, lakes and tundra watersheds (Barkay et al., 2011 and references therein). 

 

Figure 2.1: The biogeochemical cycle of mercury, major reactions and transport 

pathways are presented (Barkay et al., 2011).  

 

 

 

 
 



Chapter 2  20 

2.5.3 Atmospheric mercury in South Africa 

The Cape Point Global Atmospheric Watch (CPT GAW) station is one of the longest 

operating background measurement stations in the southern hemisphere. Grab-

samples of atmospheric Hg have been collected at CPT GAW since September 1995 and 

automated measurements with a resolution of 15 min were initiated in March 2007, 

replacing the manual sampling (Baker et al., 2002; Brunke et al., 2010). Ebinghaus et 

al. (2002) measured TGM at the German Antarctic research station from January 2000 

to January 2001, the only other long-term systematic atmospheric Hg measurements 

reported on in the southern hemisphere. 

In South Africa, potential anthropogenic sources of Hg include coal combustion, ferrous 

and non-ferrous metals production, and artisanal gold mining (Masekoameng et al., 

2010). Older emission inventories estimate South African industries to emit 257 tonnes 

of Hg yr-1. with coal combustion emitting 82.6 tonnes and other industries contributing 

174 tonnes, ranking South Africa as the world's second largest emitter of mercury 

(Trüe, 2010), which are now considered to be wrong. Brunke et al. (2012) reported total 

elemental mercury emissions of 13.1, 15.2, and 16.1 t Hg yr-1, estimated independently 

using the GEM/CO, GEM/CO2, and GEM/CH4 emission ratios and the annual mean 

CO, CO2, and CH4 emissions, respectively, in South Africa for 2007 and 2008. The 

average of these independent estimates of 14.8 t GEM yr-1 is much less than the total of 

257 t Hg yr-1 reported earlier. Other atmospheric Hg inventories for South Africa have 

reported 40 t Hg yr-1 in 2004 (Leaner et al., 2009) and 50 t Hg yr-1 in 2006 

(Masekoameng et al., 2010). 

2.6 Hexavalent chromium 

Chromium is produced from chromite, the only commercially-recoverable source since 

its discovery in 1798 (Cowey, 1994; Niagru, 1998). South-Africa is considered to hold at 

least 75 % of the world’s viable chromite reserves (Cowey, 1994; Riekkola-Vanhanen, 

1999; Murthy et al., 2011). These reserves are concentrated within the Bushveld 

Complex, located in the central and western parts of the South African Highveld 

(Glastonbury et al., 2010). Chromium in the environment generally exists in two stable 

oxidation states, i.e. Cr(III) and Cr(VI). Cr(III) is considered an essential micro-
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nutrient for protein, carbohydrate and lipid metabolism in animals and humans 

(Berner et al., 2004). Hexavalent chromium, i.e. Cr(VI) is regarded as a carcinogenic 

and mutagenic and severely impacts the respiratory tract when becomes air bone 

(Proctor et al., 2002). Most Cr(VI) compounds are water soluble, adding to the 

possibilities of atmospheric chemistry, transport and deposition (Ashley et al., 2003). 

2.6.1 Sources and composition 

Cr(VI) chemicals in themselves can be a significant source, e.g. chromate and 

dichromate manufacturing, since the intended product is Cr(VI). Hexavalent chromium 

compounds that are commonly manufactured include sodium chromate, potassium 

chromate, potassium dichromate, ammonium dichromate and chromium trioxide 

(IARC, 1990). Commercial production of chromium trioxide in Japan commenced before 

1940 and by 1977, three companies produced a total of 8 300 tonnes, of which 120 

tonnes were exported. In the USA, chromium trioxide production, in 1977, was in the 

range of 26 000 tonnes (Hartford, 1979; IARC, 1990). 

There are various coal-combustion industries in South Africa, e.g. coal-fired power 

stations, coal-to-liquid production, boilers, etc. As discussed by Van Der Merwe et al. 

(2012), chromium is part of the trace minerals occurring naturally in coal and therefore 

present in most waste material associated with coal combustion. Industries associated 

with coal combustion also produce fly ash and clinker containing chromium (Nel et al., 

2011; Wagner & Laplante, 2005). Although most wastes contain Cr(III), high 

temperatures and physical abrasion may result in the formation of Cr(VI) that can be 

released into the atmosphere. 

Potgieter et al. (2003) indicated that between 30% and 80% of the total chromium in 

South African cement clinkers are Cr(VI) compounds. Various sources could add 

chromium to cements, such as the raw materials, refractory bricks lining the kiln, 

mineral admixtures or the grinding media (normally high-chromium white cast iron) in 

the final finishing mills. 

Panichev et al. (2008) demonstrated that Cr(VI) is formed by Cr(III) oxidation with 

atmospheric oxygen at high temperature during bush fires. They showed that Cr(VI) 
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concentrations in grass increased from an initial 2.5 to 23.2% in ash at 500 ◦C and up to 

58.1% at 900 ◦C. 

In addition to the above-mentioned sources, Cr(VI) may be generated or released into 

the environment by any one of the following processes: 

 Electroplating (Cui et al., 2011) 

 Leather tanning (Apte et al., 2005) 

 Paint industries (Kassem, 2010) 

 Stainless steel welding (Scheepers et al., 208) 

There are currently fourteen separate FeCr smelters in South Africa (Beukes et al., 

2012). The pyro-metallurgical carbo-thermic reduction of chromite yields ferrochrome 

(FeCr), a crude alloy of iron and chromium (Riekkola-Vanhanen, 1999). Ferrochrome is 

mostly applied in the manufacturing of stainless steel, a vital alloy in modern day 

living (Glastonbury et al., 2010). Cr(VI) is formed in small quantities as an unintended 

by-product during FeCr production (Glastonbury et al., 2010; Beukes et al., 2010; Du 

Preez et al., 2014). The formation, treatment and stabilisation of South African 

metallurgical wastes have been reported on and hold true for the FeCr industry (Ma & 

Garbers-Craig, 2006). A number of different methods to deal with these wastes include: 

 Treatment and land filling 

 Stabilisation methods such as cementation and vitrification  

 Utilisation as a raw material in a separate product 

 Recycling of materials to the furnace 

 Improved recovery processes, which include hydrometallurgical and 

pyrometallurgical methods 

 Optimised operational parameters may minimise wastes at the source 

According to Beukes et al. (2012) and references therein, most of the above-mentioned 

waste treatment options are used to at least some level in the SA FeCr industry on 

possible Cr(VI)-containing wastes, since the minimisation of wastes implies higher 

profitability. However the recovery of valuable Cr units from wastes is currently 

limited to coarser materials such as slags (Mashanyare & Guest, 1997). 
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Since the emphasis of this chapter is on the ambient levels of Cr(VI), only fine particles 

are considered. Beukes et al. (2010) explain that with regards to Cr(VI) content, the 

fine particulate matter originating from the off-gas of high temperature processes can 

be regarded as the most significant source of Cr(VI) containing waste material 

generated by the FeCr industry. Furthermore, exposure to airborne Cr(VI) by 

inhalation is more hazardous than other exposure routes (Proctor et al., 2002), 

indicating the importance of these fine waste materials. 

2.6.2 Atmospheric chromium chemistry 

Atmospheric chromium exists in either the solid or aqueous phase and it is estimated 

that anthropogenic sources account for 60-70% of total emissions. Chemical reactions 

can convert Cr(III) to Cr(VI) and vice versa. This conversion, however, must take place 

in the aqueous phase. In Figure 2.2., the typical solid states (emissions and sinks) and 

aqueous oxidation and reduction pathways are presented.  
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Figure 2.2:  A simplified depiction of chromium chemistry in the atmosphere 

(Seigneur & Constantinou, 1995). 

2.7 Water-soluble inorganic ionic species 

Major water-soluble inorganic ions are associated with atmospheric visibility 

degradation, adverse human health effects, and acidity of precipitation, apart from 

affecting climate change (Dockery & Pope, 1994). 

2.7.1 Sources and composition  

Aerosols contain a significant fraction of water-soluble ionic components. In Table 2.7 

the most common species and their emission sources are discussed. 

Mn (II, III, IV) 

Fe(II), S(IV), As(II) 

V (II, III, IV) 

Cr3+ (aq) HCrO4
- (aq) 

Cr2O7
2- (aq) 

CrSO7
2- (aq) 

 

PbCrO4 (s) 
Cr(OH)

3
 (s)

 

Cr2(SO4)3
 (s) 
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Table 2.7: Sources and emissions of typical water-soluble inorganic ionic species in 

the atmosphere 

Species Emissions 

Fluoride 

Emitted from Al smelters and coal combustion. However, SiF4 from coal 

combustion is typically non-soluble and therefore concentrations are 

typically very low (Xiu et al., 2004). 

Chloride 

Mostly associated with sea spray and in the coarse particle mode. 

Chlorine in coal can be emitted in the form of chloride during the 

combustion (industry and biomass burning) and condensed into fine 

particle or through photochemical reactions on the fine particle surface 

(Xiu et al., 2004). 

Sulphate 

Sulfate in ambient air mainly comes from oxidation of sulphur 

containing precursors such as SO2, H2S, and a large fraction of sulfate in 

flue gas from coal, heavy oil burning and biomass burning. PM10 related 

sulfate may be attributed to both soil particle and sea salt. In addition, 

the heterogeneous reaction of ammonia and sulfuric acid on PM10 

particle surface can also form ammonium sulfate (Wall et al., 1988). 

Nitrate 

May be of sea salt origin (NaNO3) in the coarse particle fraction at 

coastal locations or from the deposition of nitric acid (HNO3) on alkaline 

minerals or salt particles; however, fine mode NO3
- may be observed as 

NH4NO3 when associated with coal burning pollution (Xiu et al., 2004). 

Similarly to fossil fuel combustion, biomass burning is also considered a 

source. 

Ammonium 

NH4 is more similar to SO4
2- than NO3

-, since SO4
2- and NH4

+ both have 

low vapour pressure and are easier to condensate (by reaction of gaseous 

ammonia) on fine particles (Zhuang et al., 1999). As discussed above, 

local industrial pollution, biomass burning and sea spray are the 

important sources of the ions. 

Cations 

(Na+, K+, 

Mg2+, and 

Ca2+) 

May account for 24% of the total water-soluble aerosol mass 

(Karthikeyan & Balasubramanian, 2006). The distribution of cationic 

species like Mg may vary in both coarse and fine particles and even at 

measurement sites ~200 km from the sea, water-soluble compounds of 

Mg such as MgCl2 are attributable to sea-salt sprays (Dos Santos et al., 

2009). Further from the coast, these species are closely associated with 

wind-blown dust and other crustal origins, even volcanic emissions. 
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2.7.2 General chemistry related to water-soluble species  

The two major anionic inorganic water soluble compounds that play a key role in 

aerosol properties are sulfate and nitrate (Harrison et al., 2004). The formation of these 

water-soluble compounds via oxidation depends on the oxidation capacity of the 

atmosphere, which is largely due to three species, i.e. O3, the hydroxyl radical (OH●) 

and the nitrate radical (NO3
●). 

As discussed by Cornell (2005), O3 is a product of photochemical air pollution, but also 

exists in trace amounts in relatively clean, unpolluted air. In the troposphere, O3 

concentrations increase with altitude, i.e. stratospheric source. Photolysis of NO2 is the 

only other known way by which tropospheric O3 can be produced. This reaction is 

presented below: 

 NO2 +hv  → NO + O (2.7) 

 O + O2 + M → O3 + M (2.8) 

Where M is a third chemical species such as N2 or O2 that participate in the reaction. 

The NO3
● is formed from the oxidation of NO2 by O3 and is an important reactive 

intermediate in the troposphere. The formation is given by equation 2.9.: 

 NO2 +O3 → NO3
● + O2 (2.9) 

In the presence of visible light (day time), NO3
● is broken down. This reaction is 

indicated below: 

 NO3
● + hv → NO + O2

 (or NO2 and O) (2.10) 

Considering the dependence on light, NO3
● is most abundant at night. It is said that 

even at night, it may be consumed by NO and produce N2O5. N2O5 reacts with water 

and forms nitric acid, therefore NO3
● is rarely observed when relative humidities are 

over 50% (Connell, 2005). 

As discussed above, the atmospheric oxidation of SO2 (Equation 2.1) in the formation of 

sulphate, is strongly influenced by the relative humidity (RH). Little oxidation occurs 
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at RH below 70%, but at higher RH relatively rapid oxidation and conversion to 

sulphuric acid occurs.  

 2SO2 + 2H2O + O2 → 2H2SO4 (2.1) 

 S(IV) + ½O2 → S(VI) (2.2) 
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Chapter 3 
Measurement locations, techniques and data 

analysis 

3.1 Introduction 

In this study the trace metal and water soluble inorganic ions present in atmospheric 

aerosols were investigated, together with ancillary data. In this chapter the 

measurement locations where sampling was conducted and the methods applied are 

presented. 

3.2 Measurement locations 

The three measurement sites, each with its own set of instrumentation, were 

considered in this study. A brief description of each site is presented in subsequent 

sections. 

3.2.1 Cape Point 

The Cape Point (CPT) station (34.21 S, 18.29 E) is managed by the South African 

Weather Service. It is part of the World Meteorological Organization’s (WMO) Global 

Atmosphere Watch (GAW) network and is therefore of major importance to the 

international atmospheric and climate change research communities (Brunke et al., 

2010; Slemr et al., 2011). The CPT GAW station has the longest atmospheric Hg 

measurement record in southern Africa. In this thesis, five years of continuous 

atmospheric Hg measurements at CPT GAW were analysed statistically. The station is 

located at the southern tip of the Cape Peninsula within the Cape Point National Park 

on top of a peak 230 m above sea level and about 60 km south of Cape Town. The 

station has been in operation since the end of the 1970s (Slemr et al., 2008). The 

measurement site experiences moderate temperatures, dry summers with occasional 

biomass burning episodes in the surrounding area and increased precipitation during 

austral winter (Brunke et al., 2010).  
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The dominant wind direction is from the south-eastern sector which is representative of 

clean maritime air from the Southern Ocean (Brunke et al., 2004). CPT is, however, 

occasionally also subjected to air from the northern to north-eastern sector (mainly 

during the austral winter), which is influenced by anthropogenic emissions from the 

greater Cape Town area and/or by other continental sources (Brunke et al., 2010). A 

picture of the CPT GAW measurement site facing in a northerly direction is presented 

in Figure 3.1. 

 

Figure 3.1.: The Cape Point measurement station and mast at the southern tip of the 

Cape Peninsula within the Cape Point National Park in the background 

3.2.2 Welgegund 

The general characterisation of atmospheric trace metal and water soluble inorganic 

ions was studied at a regional background site, i.e. Welgegund. The Welgegund 

measurement station (26.341123 S, 26.562144 E, 1480m above mean sea level) is 

approximately 100 km southwest of Johannesburg. There are no major local pollution 

sources close to the measurement site. However, it is frequently impacted by air masses 

with pollution plumes from the Johannesburg-Pretoria megacity, the industrialised 
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western and eastern Bushveld Igneous Complex, the Vaal Triangle and the 

industrialised Mpumalanga Highveld (Tiitta et al., 2014; Beukes et al., 2013). No 

significant point sources exist to the west of Welgegund, therefore in addition to the 

source regions above, clean background air masses frequently arrive at the 

measurement station. 

As discussed by Tiitta et al. (2014) and references therein, the large-scale meteorology 

in the region is characterised by an anti-cyclonic circulation pattern with a layered 

atmosphere due to limited vertical mixing (especially during winter months). Under 

specific synoptic conditions, air re-circulates over the sub-continent for up to 20 days 

(Tyson et al., 1996).  

Atmospheric hexavalent chromium, i.e. Cr(VI), was measured specifically at 

Welgegund, since this measurement site lies downwind on the dominant re-circulation 

path of air masses from the western Bushveld Complex, where numerous ferrochrome, 

base metal and platinum smelters are located. In Figure 3.2 a photo of the Welgegund 

measurement station and its general surroundings is presented. 
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Figure 3.2: The Welgegund atmospheric measurement station (www.welgegund.org)  

3.2.3 Marikana 

In order to contextualise the water-soluble inorganic ions measure at Welgegund (a 

regional background site) the same species were also measured at Marikana (25.69845 

S, 27.48056 E, 1170 m above mean sea level), between Rustenburg and Brits in the 

North West Province. A mobile atmospheric measurement station was deployed here. 

The measurement site was situated on the property of the Marikana Municipal clinic, 

which provided access to an electrical supply and also ensured the safekeeping of 

equipment. There were no mining and/or industrial activities within a 1 km radius of 

the site. The immediate surroundings included informal and semi-formal settlements, a 

formal residential area with a small commercial region, as well as untarred and tarred 

roads connecting the communities in this area. Geographically, Marikana is almost in 

the centre (east to west) of the southern section of the western Bushveld Igneous 

http://www.welgegund.org/
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Complex , south of the Pilanesberg crater. The western Bushveld Igneous Complex is 

well known as a highly industrialised area with numerous mining and metallurgical 

operations. Pyrometallurgical smelters were a major point source with other potential 

sources of air pollutants from the wind-blown dust from slimes or tailings dams, 

landfills, haul roads used by mining and large transport vehicles, and fugitive 

emissions (Venter et al., 2012). A picture taken at dusk at the Marikana measurement 

station is presented in Figure 3.3, which clearly indicates a plume originating from 

household combustion travelling toward the measurement site. 

 

Figure 3.3: The Marikana measurement station at dusk. A plume resulting from 

domestic heating and cooking can be seen as it disperses towards the 

measurement station 
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3.3 Measurement instrumentation 

Sampling equipment utilised in this study and measurement instrumentation used to 

obtain ancillary data at each measurement location are subsequently discussed. 

3.3.1 Cape Point 

Continuous Hg measurements were conducted with a Tekran 2537A vapour-phase 

mercury analyser (Tekran Inc., Toronto, Canada) with a 15 minute time resolution. A 

description of the instrument, as well as its calibration and maintenance was presented 

by Slemr et al. (2008, 2013). The analyser is capable of measuring low Hg 

concentrations typically measured at background locations (Ebinghaus et al., 1999), 

with a TGM detection limit of ~ 0.05 ngm-3. Under the prevailing atmospheric 

conditions at the CPT GAW station, and due to the presence of hygroscopic sea salt 

aerosols, it can be assumed that the reactive gaseous mercury (RGM) will be adsorbed 

by the inlet tubing and the aerosol filter allowing for the exclusive measurement of 

atmospheric GEM (Brunke et al., 2010). The 15-minute GEM data were converted to 

30-minute averages in order to correlate the results with other trace gas and 

meteorological measurements at CPT GAW. As described by Brunke et al. (2004), the 

222Rn detector was designed by the Australian Nuclear Scientific & Technology 

Organisation (ANSTO) and was partially constructed locally. Trace gas measurements 

are drawn from the top of a 30m high mast located on the instrument deck of the 

laboratory. Several trace gases, i.e. carbon monoxide (CO), carbon dioxide (CO2), 

methane (CH4), ozone (O3), nitrogen dioxide (NO2) and halocarbons are measured at 

CPT GAW on a continuous basis. Of these, CO, CO2, CH4 and O3 were used in this 

study. Detailed instrumental descriptions of these instruments and meteorological 

parameters measured can be found in previous publications (Brunke et al., 1990, 2004, 

2010). Ancillary measurements conducted at CP GAW are indicated in Table 3.1. 
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Table 3.1: Ancillary atmospheric measurements conducted at CPT GAW 

Measured 

Property 

Range 

Meteorology 

Temperature, relative humidity, wind speed and direction, 

ambient pressure, vertical temperature gradient and 

precipitation 

Solar radiation UV - A, UV - B, global (total & diffuse) 

Trace gas 

concentrations 

SO2, CO,  CO2, CH4, O3, O2 and N2 

Mercury Total gaseous mercury, Gaseous elemental mercury 

Tracer species Rn222, C13, SF6 

Aerosol Mass PM2.5, PM10 

Light scattering 

of aerosol 

particles 

3 - wavelength nephelometer 

Light absorption 

of aerosol 

particles 

Particle Soot Absorption Photometer 

 

3.3.2 Welgegund 

Aerosol particles were sampled from 24 November 2010 to 28 December 2011 and 

analysed to determine the composition of 32 trace metal species and nine water-soluble 

inorganic ionic species. A Dekati (Dekati Ltd., Finland) PM10 cascade impactor 

(ISO23210) equipped with PTFE filters was used to collect different size fractions 

(PM2.5-10, PM1-2.5 and PM1). The flow rate at the pump was set to 30 L.min-1. The 

sampling duration was one week. In total 54 weeks of samples were collected for all 

three size ranges. The filters were divided into two equal parts by a specially designed 

punching system, to enable analysis of both trace metals and inorganic ions using a 

single set of samples. 

Samples collected for the analysis of hexavalent chromium were conducted by using a 

Partisol (Thermo Rupprecht Patashnick Model 2025) sequential air sampler for 

measurements of PM2.5-10 and PM2.5. The measurement campaign was from 1 June 

2012 to 31 May 2013. Filter changes were done on a 24h basis. The flowrate was set to 
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14 L.min-1 and 1.67 L.min-1 for the PM10 and PM2.5 size ranges, respectively. Ancillary 

measurements conducted at Welgegund are indicated in Table 3.2. 

Table 3.2: Ancillary atmospheric measurements conducted at Welgegund 

Measured 

Property 

Range 

Meteorology 

Temperature, relative humidity, wind speed and direction, 

ambient pressure, vertical temperature gradient and 

precipitation 

Solar radiation 
Direct and reflected PPFD (PAR), global radiation and net 

radiation 

Aerosol number 

size distribution 

DMPS 10 - 840 nm 

Air ion size 

distribution 

AIS 0.4 - 40 nm 

Aerosol Mass PM10 

Trace gas 

concentrations 

SO2, NO, NOx, O3, CO 

Light absorption 

of aerosol 

particles 

Multi-angle aerosol absorption photometer 

Light scattering 

of aerosol 

particles 

3 - wavelength nephelometer 

Vertical aerosol 

profile 

Vaisala ceilometer 

Flux 

measurements 

H2O, CO2, SO2, NO2 and sensible heat fluxes 

Soil 

measurements 

Soil moisture and temperature at different depths, soil heat 

flux 

 

In addition to the continuous measurements there have been short-term (one year or 

less) measurements of biogenic and anthropogenic VOCs, aerosol chemical composition 

and column concentrations of atmospheric trace gases. 
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3.3.3 Marikana 

For the analysis of inorganic aerosol species, an Airmetrics MiniVol™ portable air 

sampler was used for sample collection. The MiniVol sampler collects simultaneously 

both PM10 and PM2.5 samples (Airmetrics, 2011). A programmable timer controlled the 

pump in order to achieve a sample collection of twelve hours per day for six days, 

beginning at 06h00 for daytime, or at 18h00 for night time sampling. The exact 

sampling time was taken into account in concentration calculations. The filters were 

divided into two equal parts by a specially designed punching system, to be able to 

analyse both trace metals (Van Zyl et al., 2014) and inorganic ions using a single set of 

samples. Ancillary measurements conducted at Marikana are indicated in Table 3.3. 

Table 3.3: Ancillary air quality measurements conducted at Marikana 

Measured 

Property 
Range 

Meteorology 
Temperature, relative humidity, wind speed and direction, 

ambient pressure and precipitation 

Solar radiation Direct PPFD (PAR) 

Aerosol number 

size distribution 

DMPS 10 - 840 nm 

Air ion size 

distribution 

AIS 0.4 - 40 nm 

Aerosol Mass PM10 

Trace gas 

concentrations 

SO2, NO, NOx, O3, CO 

Light absorption 

of aerosol 

particles 

Multi-angle aerosol absorption photometer 

 

3.4 Sample preparation and analysis 

The analytical methods used in this study are presented in subsequent sections. 
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3.4.1 Trace metals 

Aerosol samples collected for trace metal analysis were extracted by means of hot acid 

leaching from the filters for ICP-MS analysis (Mouli et al., 2006). The method is 

summarised in the following bullet points: 

 Place filter in a 100 mL Erlenmeyer flask 

 Add 20 mL concentrated HNO3 and 40 mL deionised water 

 Boil for five minutes 

 Reflux for three hours while stirring continuously 

 Transfer cooled extract into a 100 mL volumetric flask 

 Fill volumetric flask with deionised water up to the 100 ml mark 

The filter material and Erlenmeyer flask were washed twice with deionised water to 

ensure that all extracted material was collected. As indicated by Van Zyl et al. (2014), 

ICP-MS analysis (Agilent 7500c) was conducted with the US EPA compendium method 

IO-3.5. Spectral interferences are effectively removed with the Octopole Reaction 

System (ORS) with an off-axis reaction cell. For ICP-MS analysis, 10 mL of the 

extraction solution was used. The radio frequency power was 1500 W, sample depth 

was 8 mm and the flow rate of the carrier gas was 1.05 L.min-1. The following 32 trace 

metal species were analysed: Be, B, Na, Mg, Al, P, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, 

Zn, As, Se, Sr, Mo, Pd, Ag, Cd, Sb, Ba, Pt, Au, Hg, Tl, Pb and U.  

Metal concentrations that were below the detection limit of the ICP-MS were 

considered to have concentrations of half the detection limit of the specific metal 

species considered. This assumption is precautionary and is frequently made in health-

related environmental studies (Polissar et al., 1998). 

3.4.2 Inorganic ions 

The collected samples were leached in 5 ml of deionised water and placed in an 

ultrasonic bath for 30 minutes to achieve optimum sample availability. All dilutions 

and leaching were made up and done using deionised water (18mΩ). A Dionex ICS3000 

ion chromatograph (IC) was used to analyse the samples from both Marikana and 

Welgegund. The IC was equipped with a 2mm×50mm IonPac AG18 guard column and 
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a 2 mm×250 mm IonPac AS18 analytical column. It was also equipped with ASRS 

2 mm suppressor and 100 μL injection loop. The column temperature was kept at 30°C 

and the current at 18 mA. Potassium hydroxide was used as eluent and the flow rate 

was set to 0.250 mL.min-1. 

3.4.3 Gaseous elemental mercury 

A Tekran 2537A vapour-phase mercury analyser manufactured by Tekran Inc., 

Toronto, Canada was used to measure gaseous mercury. The Tekran analyser is a 

continuous analyser that utilises two gold cartridges in parallel, with alternating 

operation modes (sampling and desorbing /analysing) on a predefined time base of 15-

minutes. Due to the fact that Cape Point experiences high temperatures and air 

humidity, in addition to hygroscopic sea salt aerosols, it was taken that reactive 

gaseous mercury (RGM) was adsorbed by the inlet tubing and aerosol filter, and that 

the measured atmospheric mercury concentration thus represents exclusively gaseous 

elemental mercury (GEM) (Brunke et al., 2010).  

The analyser was operated in an air-conditioned laboratory and run with a sampling 

air flow rate of 1 l.p.m. at 15-minute sampling intervals. The air sample intake was 

attached to a 30-m high aluminium sampling mast at a height of approximately 5 m 

above the rocky surface and about 235 m above sea level. A Teflon filter (pore size 

0.2 μm; ID = 45 mm) upstream of the instrument protected the analyser against 

contamination by particulate matter (Brunke et al., 2012). The pre-filtered sample air 

stream is passed through gold cartridges where the mercury is collected. The trapped 

methylethyl mercury is thermally desorbed from the Carbotrap® trap into an inert 

(argon) gas stream that carries the released methylethyl mercury first through a 

pyrolytic decomposition column, which converts organo-mercury forms to elemental 

mercury (Hg0), and then into the cell of a cold-vapour atomic fluorescence spectrometer 

(CVAFS) for detection (Tekran, 1998). 

The mercury detection limit under these conditions is about 0.05 ng.m−3 and the span 

of the analyser is checked by an internal permeation source once every 25 h. The filter 

was replaced once every two weeks. All mercury data concentrations are given as 

ng.m−3 (STP) at a standard temperature of 273.16 K and pressure of 1013 mbar 
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(Brunke et al., 2012). The accuracy and precision of this instrument has recently been 

assessed in measurements inter-comparisons performed at various locations 

(Ebinghaus et al., 1999). 

The 15 min mercury data have been converted to 30-min averages so that comparisons 

with other trace gas and meteorological data being measured simultaneously at Cape 

Point could be made 

3.4.4 Hexavalent chromium 

All chemicals used in this study were of analytical grade. Chemical species used in 

preparation, extraction and calibration were: 

 A reference standard (Spectroscan) for calibration of the Cr(VI) analytical 

instrument (certified concentration of 1009 ± 5 µg.mL-1 CrO4
2-), 

 Eluent consisting of ammonium sulphate (Merck) and a 25 % ammonia solution 

(Ace), 

 Post-column reagent using 1,5-diphenylcarbazide (Fluka Analytical), 98 % 

sulphuric acid (Rochelle Chemicals), and HPLC grade methanol (Ace)  

 Buffer (Na2CO3 – NaOH) for extracting Cr(VI) from samples, prepared from 

sodium hydroxide (Promark chemicals) and sodium carbonate (Minema), 

 Dilution/cleaning was done with deionized water (resistivity 18.2 MΩ.cm-1) 

produced by a Milli-Q water purification system, 

 Pure nitrogen (N2) (99.999 %, AFROX) was used to purge all Cr(VI) extraction 

solutions and the headspace of extraction containers during leaching procedures. 

As described by Du Preez et al. (2014) and references therein, total Cr(VI) was 

extracted from the filters into an aqueous phase without causing any inter-conversions 

between Cr(VI) and Cr(III). Both water soluble and water insoluble Cr(VI) compounds 

were extracted by conducting hotplate digestion extraction with a buffer solution 

(Ashley et al., 2003). Ambient air in the hot alkaline extraction solution could 

potentially lead to in situ formation of Cr(VI) in the presence of Cr(III). Therefore, in 

order to prevent the unwanted oxidation of Cr(III), extraction solutions and the 

headspace of the extraction container were purged with N2 prior to, during, and after 

Cr(VI) extraction (Ashley et al., 2003; Du Preez et al., 2014).  
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The analytical method utilized in this study was adapted from DIONEX Application 

updates 144 and 179, (Dionex, 2003; Dionex, 2011). The Cr(VI) content of extracted 

solutions was determined using a Thermo Scientific DIONEX ICS-3000 ion 

chromatograph (IC) with a post-column 1,5-diphenylcarbazide (DPC) colorant delivery 

system (AXP pump) coupled to a UV–visible absorbance detector, a Dionex IonPac AG7 

4x50 mm guard column, Dionex IonPac AS7 4x250 mm analytic column, a 1000 µL 

injection coil, and two 375 µL reaction coils fitted in series with an isocratic pump that 

allowed for transport of injected samples through the system with the eluent (Du Preez 

et al., 2014). To minimize the baseline noise of the chromatograms, additional 

polyetherketone tubing was installed between the AXP pump and the back pressure 

tubing, resulting in more accurate analyses, especially for lower Cr(VI) concentrations. 

A six-point calibration line (between 5 and 75 µg.L-1) was used, which had a relative 

standard deviation <=1.8 pct and a correlation coefficient >=98.7 %. The detection limit 

was 0.9 μg.L-1, which was determined from the baseline amplitude and the calibration 

sensitivity (slope of the calibration curve) according to the method described by Skoog 

et al. (2014) from a confidence factor that correlated with a 98.3% confidence level. By 

considering the volume of air sampled, the afore-mentioned detection limit in aqueous 

solution related to an atmospheric Cr(VI) detection limit of 0.84 ng.m-3. 

3.4.5 VOC analysis 

VOCs were collected on 20 stainless steel adsorbent tubes (6.3 mm ED × 90 mm, 5.5 

mm ID, Tenax-TA packing material) during the different phases of the braai 

experiment (Article 5, Chapter 8).  

The first 1.25 m of the adsorbent tube inlet (made from stainless steel) was heated to 

120 °C to remove O3 that leads to sample degradation (Hellen et al., 2012). A constant 

flow-type automated programmable pump sampler was used at a flow rate of 10 mL 

min–1. After sampling, the tubes were removed and closed with Swagelok caps. Each 

tube was separately wrapped in aluminium foil and transported to the laboratory, 

where it was stored in a freezer.  

The analyses and preparation of the adsorbent tubes were done by the Finnish 

Meteorological Institute as described by Jaars et al. (2014). The analysis was performed 
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with a thermal desorption (TD) system (Perkin-Elmer TurboMatrix™ 650, Waltham, 

USA) coupled to a gas chromatograph (GC) (Perkin-Elmer® Clarus® 600, Waltham, 

USA) with a mass spectrometer (MS) detector (Perkin-Elmer® Clarus® 600T,Waltham, 

USA).  

Actual concentrations of all compounds reported in this paper were significantly higher 

than blank values and also well above the detection limits. Blank values were 

subtracted from exposed samples. The O3 removal efficiency, leak tests and general 

quality assurance of the data has been previously described (Jaars et al., 2014). 

3.4.6 Organic compound analysis 

A Dekati PM10 cascade impactor (ISO23210) equipped with quartz filters was used to 

collect particulates at a flow rate of 30 L.min-1 in different size ranges during the braai 

experiment (Article 5, Chapter 8). After sampling, the filters were kept in a freezer 

until analysis. These filters were used to characterize and semi-quantify organic 

compounds.  

As described by Booyens et al. (2015), each filter was extracted with a 1:1 mixture of 

methanol and acetone by utilizing dynamic ultrasonic assisted extraction. The 

extraction of the organic compounds present in the aerosol particles was completed 

within 40 min at a flow rate of 1 mL min−1. The analysis was performed with a LECO 

Pegasus 4D and Agilent 7890 A two dimensional gas chromatograph coupled with a 

time-of-flight mass spectrometer (GCxGC-TOFMS) system.  

The organic compounds were identified with LECO ChromaTOF and Guineu software 

according to mass spectral matches (similarity fits 700/1000) and retention indices (I) (I 

confidence intervals fewer than 150 units). Thereafter, the compounds were categorized 

according to their functional groups, i.e. hydrocarbons (alkanes, alkenes, alkynes, 

aromatics), oxygenated species (alcohols, ethers, aldehydes, ketones, carboxylic acids, 

esters), halogenated compounds (chloride (Cl), bromide (Br), iodine (I), fluorine (F)), as 

well as N and S-containing organic compounds. The organic compounds were semi-

quantified, which is an approximation of the concentration of the organic compounds. 

In this study, 1-1’binaphthyl was used as an internal standard and the relative 

concentrations of the organic compounds were expressed as the sum of the normalized 
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response factors (SNRF), which is a measure of the detector response of an analyte 

compared to the internal standard. The calculation of these SNRF values is described 

in Booyens et al. (2015). 

3.4.7 Additional material analysis during the braai plume 

characterisation 

Similar to the procedures described by Kleynhans et al. (2012) randomly selected 

charcoal briquettes were pulverized to obtain a homogeneous composition for 

subsequent material characterization (based on ISO 13909-4:2001). Proximate analysis 

(air-dried basis) was performed to obtain moisture (SANS 5925:2007), ash (ISO 

1171:2010) and volatile matter contents (ISO 562:2010), while ultimate analysis 

determined the total carbon (C), hydrogen (H), nitrogen (N), oxygen (O) (ISO 

29541:2010) and sulphur (S) contents (ISO 19579:2006).  

Representative samples of raw meat, i.e. one lamb chop and one beef sausage, were 

chemically analysed according to the guidelines of the association of official analytical 

chemists (AOAC) to determine the moisture (AOAC 950.46), ash (AOAC 923.03), total 

fat (AOAC 996.06), protein (Dumas Combustion Method), N (Dumas Combustion 

Method) and sodium (Na) (AOAC Method 984.27) contents. 

3.5 Data analysis 

Various statistical toolboxes included in the Matlab software package were used during 

data analyses.  These are discussed in subsequent sections. 

3.5.1 Cluster analysis 

During cluster analysis, GEM data were processed in MATLAB by making use of the k-

means function from the clustering toolbox. K-means clustering is an iterative 

partitioning method that uses squared Euclidean distances to partition a data matrix 

into k clusters. The centroid of each cluster is the mean of the points in that cluster. K-

means uses a two-phase iterative algorithm to minimise the sum of point-to-centroid 

distances, summed over all k clusters. All GEM data considered, i.e. 41 499 

measurements, were subjected to five consecutive iterations using cluster analysis. 
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Silhouette numbers obtained from the clustering were further considered to quantify 

the separation of the clusters. Silhouette numbers are a measure of how close 

individual points in a specific cluster are to points in the neighbouring clusters. The 

silhouette numbers range from +1, indicating points that are very distant from 

neighbouring clusters, through 0, indicating points that are not distinctly in one cluster 

or another, to -1, indicating points that are probably assigned to the wrong cluster.  

3.5.2 Multi-linear regression 

Multi-linear regression (MLR) analysis models the relationship between two or more 

explanatory independent variables and a dependent variable by fitting a linear 

equation to the observed data. The MLR equation obtained can be utilised to calculate 

values for the dependent variable. In this study, GEM values were considered the 

dependent variable, while 27 other ancillary data parameters (such as gaseous species 

concentrations and meteorological data) were considered the explanatory independent 

variables. MLR was used to determine the optimum combination of independent 

variables to derive an equation that could be used to predict GEM concentrations, while 

root mean square error (RMSE) was used to compare the calculated values with the 

measured values. 

3.5.3 Principal Component / Factor Analysis 

A combination of Principal Component Analysis (PCA) and Exploratory Factor Analysis 

(EFA) was used to determine the latent structure of the trace metal concentrations by 

discovering common factors. In this study PCA was computed as an approximation of 

EFA. Although PCA does not discriminate between common variance and unique 

variance (as in EFA), the percentage of explained variance in PCA was an immediate 

index of goodness of fit (Lorenzo-Seva, 2013). PCFA operates on sample-to-sample 

fluctuations of the transformed concentrations, and although PCFA does not directly 

yield concentrations of species from various sources, it identifies a minimum number of 

common factors (Van Zyl et al., 2014). 

The trace metal concentrations of the PM2.5-10, PM1-2.5 and PM1 size fractions for 

samples collected at Welgegund were subject to Box-Cox transformation followed by 

subsequent principal component factor analysis PCFA with Varimax rotation (Kaiser, 
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1958). Values below the detection limit of the ICP-MS were considered to have 

concentrations half the detection limit of the species considered (Kulkarni et al., 2007; 

Al-Momani et al., 2005). 

3.5.4 Air mass back trajectories 

The origin of air masses arriving at CPT GAW was determined by making use of NCEP 

(National Centres for Environmental Prediction) GDAS (Global Data Assimilation 

System) data obtained from NOAA ARL (Air Resources Laboratory of National Oceanic 

and Atmospheric Administration, ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1/). 

Individual eight-day back trajectories with hourly arrival times at an arrival height of 

100m were calculated with the Hybrid Single Particle Lagrangian Integrated 

Trajectory Model (HYSPLIT) 4.820. An arrival height of 100m was chosen since the 

orography in HYSPLIT is not very well-defined, and therefore lower arrival heights 

could result in increased error margins on individual trajectory calculations. 

Considering the above, 24 back trajectories for each day were obtained for the entire 

sampling period. Individual back trajectories generated in HYSPLIT (24 day-1 x 365 

days x ~5 years) were superimposed and further analysed in MATLAB to form overlay 

back trajectory maps. In these overlay back trajectory maps, a colour code indicates the 

percentage of trajectories passing over 0.2º x 0.2º  grid cells, with red being the highest 

percentage. Similar overlay back trajectory analyses have previously been conducted, 

e.g. Venter et al. (2012), Lourens et al. (2011) and Vakkari et al. (2013). 
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Abstract. The authors evaluated continuous high-resolution

gaseous elemental mercury (GEM) data from the Cape Point

Global Atmosphere Watch (CPT GAW) station with differ-

ent statistical analysis techniques. GEM data were evaluated

by cluster analysis and the results indicated that two clus-

ters, separated at 0.904 ng m−3, existed. The air mass his-

tory for the two-cluster solution was investigated by means

of back-trajectory analysis. The air mass back-trajectory net

result showed lower GEM concentrations originating from

the sparsely populated semi-arid interior of South Africa

and the marine environment, whereas higher GEM concen-

trations originated predominately along the coast of South

Africa that most likely coincide with trade routes and indus-

trial activities in urban areas along the coast. Considering

the net result from the air mass back-trajectories, it is evi-

dent that not all low GEM concentrations are from marine

origin, and similarly, not all high GEM concentrations have

a terrestrial origin. Equations were developed by means of

multi-linear regression (MLR) analysis that allowed for the

estimation and/or prediction of atmospheric GEM concen-

trations from other atmospheric parameters measured at the

CPT GAW station. These equations also provided some in-

sight into the relation and interaction of GEM with other at-

mospheric parameters. Both measured and MLR calculated

data confirm a decline in GEM concentrations at CPT GAW

over the period evaluated.

1 Introduction

Mercury (Hg) is a volatile metal emitted into the atmosphere,

naturally or through anthropogenic activities, such as the

combustion and processing of fossil fuels (Pirrone et al.,

2010). It can be transported over large distances in the atmo-

sphere due to its low reactivity and solubility. The removal of

Hg from the atmosphere is facilitated mainly through wet de-

position. This occurs when Hg is oxidised to less volatile and

more soluble compounds (Lin et al., 2006). The deposited

aqueous Hg compounds can then be converted into methy-

lated Hg, which is a potent toxin for humans and animals.

Methylated Hg bio-accumulates in the aquatic food chain and

may lead to the build-up of high concentrations in predatory

fish that can pose serious health risks to people and animals

that depend on a fish diet (Mergler et al., 2007). These neg-

ative environmental impacts of Hg have led to an increase in

atmospheric Hg research (Lindberg et al., 2007).

Current emission inventories and models indicate that an-

thropogenic emissions are the largest source of atmospheric

Hg (2880 t yr−1), followed by marine (2680 t yr−1) and ter-

restrial (1850 t yr−1) sources (Mason, 2009; Pirrone et al.,

2010). Industrial coal combustion processes, which include

electricity generation, petrochemical plants and gasification

processes, are considered to be the major anthropogenic

sources of atmospheric Hg (Laudal et al., 2000; Wagner,

2001). It is estimated that coal combustion accounts for

approximately a third of anthropogenic Hg emissions in

the United States of America (USA) (Laudal et al., 2000).

Other main sources of anthropogenic Hg emissions include

Published by Copernicus Publications on behalf of the European Geosciences Union.
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non-ferrous metal production, gold refining, cement pro-

duction and other combustion sources. The United States

Environmental Protection Agency (US-EPA) introduced the

Clean Air Mercury Rule in March 2005 enforcing the cap-

ping of mercury emissions from new and existing coal-fired

power plants. The USA and European Union (EU) were

among the first to regulate Hg pollution, and it is widely

expected that this could significantly influence the way in

which South Africa adopts Hg control legislation. In 2013,

the Minamata Treaty was signed by South Africa and 98

other countries to protect human health and the environment

from anthropogenic emissions and releases of elemental Hg

and Hg compounds. It is expected that the Minamata Treaty

will have far-reaching implications for South Africa, since it

is globally considered to be the 6th largest emitter of mer-

cury, emitting ∼ 50 t yr−1 due to the reliance on fossil fuels

(Scott and Mdluli, 2012).

The global uncertainty associated with anthropogenic Hg

emissions is considered to be ±30 %, while the uncertainties

associated with emissions from oceans and terrestrial sur-

faces are ±50 % (Lin et al., 2006; Lindberg et al., 2007).

Long-term monitoring of Hg is important to reduce these

uncertainties associated with Hg emissions from different

sources, as well as to provide important information relat-

ing to the oxidation mechanism of atmospheric Hg (Slemr et

al., 2008, 2013). Although atmospheric Hg is monitored ex-

tensively in the Northern Hemisphere, few studies have been

published in peer-reviewed literature for the Southern Hemi-

sphere (Ebinghaus et al., 2002; Slemr et al., 2011, 2015; An-

got et al., 2014). The German Antarctic research station mea-

sured total gaseous Hg (TGM) from January 2000 to Jan-

uary 2001 (Ebinghaus et al., 2002). Gaseous elemental Hg

(GEM) measurements have been conducted at the Cape Point

Global Atmosphere Watch (CPT GAW) atmospheric moni-

toring station in South Africa since 1995 and have yielded

several publications on long-term trends, depletion events,

seasonal cycles and flux rates (Baker et al., 2002; Slemr et

al., 2008; Brunke et al., 2010a, b). From 1995 until 2004, ap-

proximately 200 3-hour GEM samples have been collected

each year with a manual double amalgamation technique

(Slemr et al., 2008) at the CPT GAW station, while continu-

ous high-resolution Hg measurements commenced in 2007.

In this paper, a combination of different statistical tech-

niques was applied to continuous high-resolution Hg data

collected between March 2007 and December 2011, as well

as back-trajectory analyses that were performed in order to

provide greater insight into the source regions of GEM at the

CPT GAW station. This approach is different from previous

studies of GEM measured at the CPT GAW station, where

measurements of the most stable radon isotope (222Rn) were

used to determine the origin of air masses, i.e. maritime or

continental (Brunke et al., 2004; Slemr et al., 2013). The re-

lationship between GEM and other atmospheric parameters

measured at the CPT GAW station was also determined sta-

Figure 1. Position of CPT GAW within a regional context. The pop-

ulation density (people per km2) provides an indication of the pos-

sible location of anthropogenic pollution sources, while the location

of large anthropogenic point sources (e.g. coal-fired power stations,

metallurgical smelters and petrochemical plants, adapted from Ven-

ter et al., 2012 and Lourens et al., 2011, 2012) is also indicated.

NAM = Namibia, BOT = Botswana, ZIM = Zimbabwe, MOZ =

Mozambique, SZ = Swaziland, LSO = Lesotho, WC = Western

Cape, EC = Eastern Cape, NC = Northern Cape, NW = North

West, FS = Free State, KZN = KwaZulu-Natal, GP = Gauteng,

MP =Mpumalanga and LP = Limpopo.

tistically in order to establish whether GEM levels could be

estimated or predicted from these parameters.

2 Experimental

2.1 Site description

The CPT GAW station (34◦21′ S, 18◦29′ E) is located in a

nature reserve approximately 60 km south of Cape Town at

the southernmost tip of the Cape Peninsula on the top of a

coastal cliff at 230 m above sea level. Its location within a

regional context is indicated in Fig. 1. The site experiences

moderate temperatures with dry summers during which oc-

casional biomass burning events in the surrounding area oc-

cur and increased precipitation during the winter (Slemr et

al., 2013). Figure 1 is a composite map indicating popula-

tion density and major point sources (Lourens et al., 2011,

2012; Venter et al., 2012) in South Africa. Population density

data were obtained from the Socioeconomic Data and Ap-

plications Center (SEDAC) – a data centre in the Earth Ob-

serving System Data and Information System (EOSDIS) of

the National Aeronautics and Space Administration (NASA).

As is evident from Fig. 1, the industrial hub of South

Africa that is concentrated around the Johannesburg–Pretoria

megacity conurbation (in the Gauteng Province (GP)) and

a relatively high density of large point sources (e.g. coal-

fired power plant, petrochemical operations, metallurgical
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smelters) located in parts of the Mpumalanga (MP), North

West (NW) and Free State (FS) provinces that border on GP,

are somewhat remote from the CPT GAW station. The near-

est large anthropogenic point or area sources that could im-

pact the CPT GAW station directly include the Cape Town

metropolitan area, industries associated with the conurbation

and an iron smelter on the west coast at Saldanha.

2.2 Sampling

Continuous Hg measurements were conducted with a

Tekran 2537A vapour-phase mercury analyzer (Tekran Inc.,

Toronto, Canada) with a 15-min time resolution. A descrip-

tion of the instrument, as well as its calibration and mainte-

nance were presented by Slemr et al. (2008, 2013). The anal-

yser is capable of measuring low Hg concentrations typically

measured at background locations (Ebinghaus et al., 1999),

with a TGM detection limit of∼ 0.05 ng m−3. Under the pre-

vailing atmospheric conditions at the CPT GAW station, and

due to the presence of hygroscopic sea salt aerosols, it can

be assumed that the reactive gaseous mercury (RGM) will be

adsorbed by the inlet tubing and the aerosol filter allowing

for the exclusive measurement of atmospheric GEM (Brunke

et al., 2010b). The 15 min GEM data have been converted to

30 min averages in order to correlate the results with other

trace gas and meteorological measurements at CPT GAW.

As described by Brunke et al. (2004), the 222Rn detector was

designed by the Australian Nuclear Scientific, and Technol-

ogy Organisation (ANSTO) and was partially constructed lo-

cally. Trace gas measurements are drawn from the top of a

30 m high mast located on the instrument deck of the labo-

ratory. Several trace gases (carbon monoxide (CO); carbon

dioxide (CO2); methane (CH4); ozone (O3); nitrogen diox-

ide (NO2)), and halocarbons are measured at CPT GAW on a

continuous basis. Of these, CO, CO2, CH4 and O3 are used in

this paper. Detailed instrumental descriptions of these instru-

ments and meteorological parameters measured can be found

in previous publications (Brunke et al., 1990, 2004, 2010).

2.3 Statistical analysis

In contrast to previously published atmospheric measure-

ments of the CPT GAW station, the data set used in this paper

was not de-trended (Brunke et al., 2004). The complete data

set (March 2007 to December 2011) was evaluated statisti-

cally in order to determine the influence and interaction of

GEM and other atmospheric species on a temporal and spa-

tial basis. The statistical techniques applied are subsequently

discussed.

During cluster analysis, GEM data were processed in

MATLAB® by making use of the k-means function from the

clustering toolbox. K-means clustering is an iterative parti-

tioning method that uses squared Euclidean distances to par-

tition a data matrix into k clusters. The centroid of each clus-

ter is the mean of the points in that cluster. K-means uses a

two-phase iterative algorithm to minimise the sum of point-

to-centroid distances, summed over all k clusters. All GEM

data considered, i.e. 41 499 measurements, were subjected

to five consecutive iterations using cluster analysis. Silhou-

ette numbers obtained from the clustering were further con-

sidered to quantify the separation of the clusters. Silhouette

numbers are a measure of how close individual points in a

specific cluster are to points in the neighbouring clusters. The

silhouette numbers range from +1, indicating points that are

very distant from neighbouring clusters, through 0, indicat-

ing points that are not distinctly in one cluster or another, to

−1, indicating points that are probably assigned to the wrong

cluster.

Multi-linear regression (MLR) analysis models the rela-

tionship between two or more explanatory independent vari-

ables and a dependant variable by fitting a linear equation

to the observed data. The MLR equation obtained can be

utilised to calculate values for the dependent variable. In this

study, GEM values were considered the dependent variable,

while 27 other ancillary data parameters (such as gaseous

species concentrations and meteorological data) were con-

sidered the explanatory independent variables. MLR was

used to determine the optimum combination of independent

variables to derive an equation that could be used to predict

GEM concentrations, while root mean square error (RMSE)

was used to compare the calculated values with the measured

values.

2.4 Back-trajectory analysis

The origin of air masses arriving at CPT GAW was deter-

mined by making use of NCEP (National Centers for En-

vironmental Prediction) GDAS (Global Data Assimilation

System) data obtained from NOAA ARL (Air Resources

Laboratory of National Oceanic and Atmospheric Admin-

istration, ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1/). In-

dividual 8-day back trajectories with hourly arrival times at

an arrival height of 100 m (above ground level) were calcu-

lated with the Hybrid Single Particle Lagrangian Integrated

Trajectory Model (HYSPLIT) 4.820. An arrival height of

100 m was chosen since the orography in HYSPLIT is not

very well defined, and therefore lower arrival heights could

result in increased error margins on individual trajectory cal-

culations. Considering the above, 24 back trajectories for

each day were obtained for the entire sampling period. In-

dividual back trajectories generated in HYSPLIT (24/day ×

365 days × ∼ 5 years) were superimposed and further anal-

ysed in MATLAB® to form overlay back trajectory maps. In

these overlay back trajectory maps, a colour code indicates

the percentage of trajectories passing over 0.2◦× 0.2◦ grid

cells, with red being the highest percentage. Therefore, such

images indicate the main areas over which air masses arriv-

ing at CPT GAW had passed. Similar overlay back trajec-

tory analyses have previously been used in other non-GEM
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Figure 2. Average silhouette numbers for the various cluster solu-

tions. An increase in silhouette numbers indicates that individual

sub-clusters are better separated.

Table 1. The percentage GEM data distribution observed for each

cluster solution.

% GEM distribution in each cluster

Cluster 1 2 3 4 5 6 7

solutions

2 36.79 49.07

3 3.35 41.34 41.18

4 1.78 28.54 16.02 39.52

5 18.37 0.05 27.27 38.47 1.70

6 11.43 31.36 1.36 27.29 0.05 14.37

7 1.51 1.23 29.62 11.34 16.76 25.38 0.02

related atmospheric studies, e.g. Venter et al. (2012), Lourens

et al. (2011) and Vakkari et al. (2013).

3 Results

3.1 Cluster analysis

Cluster analysis of GEM data was performed to statistically

determine the optimal number of clusters that the data could

be divided into. The cluster analysis results were assessed

by calculating the average silhouette numbers of each clus-

ter solution. Figure 2 shows the average silhouette numbers

for the various cluster solutions. According to these results,

dividing the GEM data into two clusters yielded an average

silhouette number of 0.638, while three or four cluster di-

visions yielded lower average silhouette numbers. The divi-

sion of the GEM data into five to ten clusters yielded higher

average silhouette numbers, which indicate better separation

between clusters. In Table 1, the percentage GEM data distri-

bution (columns) of each cluster solution (rows) is presented,

and indicates that cluster solutions containing more than four

clusters did not contain statistically significant amounts of

GEM data in each cluster, e.g. the five-, six- and seven-cluster

solutions all had clusters with ≤ 0.05 % of the data. There-

fore, the two-cluster solution was chosen as the optimal rep-

resentation for this study. The GEM data distribution in the

two clusters for the entire sampling period is presented in

Figure 3. A scatter plot of GEM concentrations over the entire sam-

pling period indicating the two main clusters. According to the clus-

tering applied, division between the two clusters was at a GEM con-

centration of 0.904 ng m−3.

Fig. 3. According to the clustering approach applied, separa-

tion between the two clusters was at a GEM concentration of

0.904 ng m−3. Figure 3 also indicates a small number of data

points with GEM concentrations >∼ 2 ng m−3 that could be

investigated as possible plume events, or special case stud-

ies. However, these possible higher concentration case stud-

ies were not considered in this paper, but may be an important

topic to consider in future studies.

3.2 Source region analysis

In order to identify possible sources and/or source regions,

the two clusters identified were further investigated by means

of associating the arrival times of calculated back trajecto-

ries with the GEM data in the two different clusters. This

was performed by correlating the GEM concentrations mea-

sured during the half hour before and the half hour after the

hourly arrival time of the calculated back trajectory. There-

fore, all the calculated back trajectories could be divided as

being associated with one of the two GEM data clusters.

The normalised (to 100 %) overlay back trajectory analysis

map associated with GEM data cluster one, i.e. GEM con-

centration > 0.904 ng m−3, is presented in Fig. 4a, while the

overlay back trajectory analysis associated with cluster two,

i.e. GEM concentration < 0.904 ng m−3, is shown in Fig. 4b.

From both of these overlay back trajectory maps, it is ev-

ident that CPT GAW is mainly influenced by air masses

from the south west that had passed mainly over the ma-

rine background. It also seems as if the air masses asso-

ciated with GEM concentrations < 0.904 ng m−3 (cluster

two, Fig. 4b) have a slightly larger fetch region over the

ocean than the air masses associated with GEM concentra-

tions > 0.904 ng m−3 (cluster one, Fig. 4a). However, signif-

icant differences between these two overlay trajectory maps,

which could indicate possible differences in sources/source

regions for the two GEM clusters, are not that evident. There-

fore, a third overlay trajectory map (Fig. 4c) was drawn,

which represents the difference between the two individual

maps, i.e. subtracting the percentage of trajectories passing
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over each correlating 0.2◦× 0.2◦ grid cell in Fig. 4b from

the percentage of trajectories passing over each 0.2◦× 0.2◦

grid cell in Fig. 4a. In Fig. 4c, positive values (red) corre-

spond with areas over which cluster one’s (> 0.904 ng m−3)

air masses dominated, whereas negative values (dark blue)

indicate areas over which air mass movement of cluster two

(< 0.904 ng m−3) were dominant. From this map (Fig. 4c),

two observations can be made. Firstly, oceanic regions along

both the east- and west coast around CPT GAW correspond

with air masses mostly related to cluster one (higher GEM

values), which could potentially indicate the influence of

shipping routes on GEM measured at CPT GAW. Secondly,

air masses that had passed over the very sparsely populated

semi-arid Karoo region, almost directly to the north of CPT

GAW, were mostly associated with cluster two (lower GEM

values). The aforementioned differences in source regions

for GEM did not seem to be associated with back trajectory

heights, e.g. subsiding air masses from the free troposphere.

It was found that the mean height of trajectories resulting

in low and high GEM concentrations were almost identical,

i.e. 1178 and 1104 m, respectively. A slight difference was

observed for the mean air mass back trajectory maximum

height, with the lower and higher GEM concentrations peak-

ing at 2785 m and 2654 m, respectively. Similarly, the heights

of trajectories passing over land (5 hours or more) were in-

vestigated. The mean heights of continental trajectories from

cluster one (high GEM) and cluster two (low GEM) were

1490 and 1632 m, and the mean maximum heights of conti-

nental trajectories were 3352 and 3599 m, respectively.

The possibility of shipping routes contributing to the

high GEM concentrations observed around the coast of

South Africa was further investigated. From the Automated

Mutual-Assistance Vessel Rescue System (AMVER) web-

site, sponsored by the United States Coast Guard, Fig. 5 was

obtained. In Fig. 5, the daily ship locations, derived from an

average of 4634 ships per day, for July 2011 are presented

in a density plot. The July 2011 timeframe was chosen since

it was within the GEM data analysis period. The shipping

route density plot indicated in Fig. 5 also closely correlates

with NOx shipping tracks characterised by satellite observa-

tions (Skjølsvik et al., 2000; Richter et al., 2011). The simi-

larities of shipping route densities and NOx shipping tracks,

with the areas indicating additional contributions to higher

GEM values (as indicated in Fig. 4c), provide credibility to

the postulation that shipping around South Africa contributes

meaningfully to GEM measured at CPT GAW.

Slemr et al. (2013) and Brunke et al. (2004) demonstrated

how 222Rn could be used to identify lower GEM concentra-

tions that were associated with air masses passing over the

marine background and higher GEM levels that were associ-

ated with a continental influence. In an effort to gain further

insight into the difference between continental and marine

background GEM concentrations at CPT GAW, the hourly

arriving back trajectories calculated for the entire sampling

period were divided into groups according to the time that

Figure 4. Normalised back trajectory analysis map, i.e. hourly

arriving 8-day back trajectories with 100 m arrival height over-

laid with MATLAB and normalised to percentage for the en-

tire sampling period for, (a) cluster one, i.e. GEM concentra-

tion > 0.904 ng m−3, (b) for cluster two, i.e. GEM concentration

< 0.904 ng m−3 and (c) the difference between the two individual

maps, i.e. percentage of trajectories passing over each correlating

0.2◦× 0.2◦ grid cells in (b) subtracted from the percentage of tra-

jectories passing over each 0.2◦× 0.2◦ grid cell in (a). The colour

bar indicates the percentage of trajectories passing over each grid

cell.
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Figure 5. Monthly density plot for the total number of ships registered with Automated Mutual-Assistance Vessel Rescue System (AMVER)

for July 2011. AMVER is sponsored by the United States Coast Guard and makes use of the global ship reporting system used worldwide

by search and rescue authorities. The ship density plot is compiled from a 2011 average of 4634 ships per day (United States Coast Guard,

2014).

these air masses had spent over the African continent. The

statistical distribution of GEM concentrations and the time

that air masses spent over the continent are presented in

Fig. 6a, while in Fig. 6b 222Rn distribution as a function of

time air masses spent over the continent is shown.

An evident trend is observed in Fig. 6a, i.e. an increase of

GEM concentrations for air masses that spent more time over

the continent. As expected, back trajectories of air masses

spending shorter times over the continent were on average

associated with the lowest GEM concentrations. However,

these groups also had the largest spread in GEM concen-

trations (±0.6 ng m−3). This can at least partially be ex-

plained by uncertainties in the back trajectory calculations.

During these calculations, a single hourly position of the air

mass was determined for each of its 8-day backward posi-

tions. This relatively weak temporal resolution implies that

an air mass could, for instance, have passed over the rela-

tively nearby Cape Town conurbation, without being regis-

tered as spending any time over the continent. Additionally,

the accuracy of trajectories depends on the quality of the un-

derlying meteorological data used during the calculations.

Considering the afore-mentioned limitations, the errors ac-

companying a single trajectory are currently estimated to be

15 to 30 % of the trajectory distance travelled (Vakkari et al.,

2013; Stohl, 1998; Riddle et al., 2006). It is therefore possi-

ble that a trajectory could have spent a short period over the

continent, without being calculated as such. Notwithstanding

the possible errors associated with the calculation of individ-

ual back trajectories, the large number of trajectories calcu-

lated in this study (24/day× 365 days×∼ 5 years) ensures

that the data obtained is statistically representative. The av-

erage marine background GEM concentration for the entire

sampling period according to the 222Rn level classification

(< 100 mBq m−3 – as proposed by Brunke et al., 2004) was

0.89± 0.106 ng m−3, while the average GEM level for air

masses that spent 1 hour or less over the continent (Fig. 6a)

was 0.92± 0.300 ng m−3. This indicates that the classifica-

tion of air masses arriving at the CPT GAW station with

back trajectory analysis correlates well with air mass classi-

fication according to 222Rn levels. However, the 222Rn clas-

sification method only allows for the separation of the CPT

GAW GEM data into relatively few classes, i.e. marine back-

ground, mixed and continentally influenced, while the back

trajectory analysis methods provide a more quantified classi-

fication based on the length of time that air masses spent over

the continent resulting in increased GEM concentrations. It

is evident from comparison between Fig. 6a and b that back

trajectory analysis provides a more sensitive method of char-

acterising GEM according to time that air masses spent over

the continent up to 11 h (where GEM concentrations reached

a plateau), while 222Rn classification only allows separa-

tion within 3 hours that air masses spent over the continent.

The difference in average GEM concentrations between air

masses that had spent 1 hour or less over the continent, i.e.

0.92 ng m−3 and air masses that had spent more than 11 hours

on the continent, i.e. 1.09± 0.150 ng m−3, therefore provides

some quantified indication of the possible continental contri-

bution of GEM at CPT GAW. When GEM concentrations

were classified according to 222Rn levels, i.e. 222Rn lev-

els > 1000 mBq m−3 indicating continentally influenced air

masses (Slemr et al., 2013), 50 % of the data was greater than

0.92 ng m−3. This value is somewhat lower than the average

concentration value determined for air masses spending more

than 11 h over the continent, i.e. 1.09 ng m−3.

According to Jacob et al. (1997), the assumption of a

uniform 222Rn emission rate of 1 atom cm−2 s−1 is accu-

rate to roughly 25 % globally, or by a factor of 2 regionally.

Therefore the 15–30 % error associated with back trajectory
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(a) 

 

(b) 

Figure 6. (a) The statistical distribution of GEM concentrations as a

function of time spent over the continent and (b) 222Rn distribution

as a function time air masses spent over the continent. The mean is

indicated by the black stars, the median by the red line, the 25- and

50 percentile by the blue box and the whiskers indicating 99.3 %

data coverage (if a normal distribution is assumed), while the black

line connects the mean values to provide an indication of the trend

observed.

analysis is in the same range as the uncertainties associated

with 222Rn as tracer.

3.3 Relationship of GEM with other parameters

In an effort to determine relationships between atmospheric

GEM concentrations and other atmospheric parameters mea-

sured at the CPT GAW station, as well as to establish whether

GEM levels could be estimated or predicted from these pa-

rameters, multi-linear regression (MLR) analysis was con-

ducted. In Fig. 7, the RMSE difference between the calcu-

lated and measured GEM values, as a function of the number

of independent variables included in the optimum MLR so-

lution, is presented. The linear equation containing only a

single optimum independent variable, which was determined

as absolute humidity, had an RMSE of ∼ 0.1250, while the

RMSE was lowered to∼ 0.1231 if an MLR equation contain-

ing the optimum combination of two independent variables,

i.e. absolute humidity and O3, was calculated. The RMSE

Figure 7. Determination of the optimum combination of indepen-

dent variables to include in the MLR equation to calculate the de-

pendant variable, i.e. GEM concentration (2007–2011). The root

mean square error (RMSE) difference between the calculated and

actual GEM concentrations indicated that the inclusion of eight pa-

rameters in the MLR solution was the optimum.

Table 2. The overall identity of independent variables during the

determination of the optimum combination of independent variables

for GEM calculation utilising the entire data set.

No of

independent

variables MLR solutions for all GEM values

1 AbsH

2 AbsH O3

3 AbsH O3 CO

4 AbsH O3 CO P

5 AbsH O3 CO P T

6 AbsH O3 CO P T CH4

7 AbsH O3 CO P T CH4 Rn

8 AbsH O3 CO P T CH4 Rn WGS

difference between the experimental and calculated GEM

values could further be reduced if the optimum MLR solu-

tion contained more independent variables. The optimised

RMSE was attained when the number of independent vari-

ables included in the optimum solution of the equation was

increased to eight, and had an RMSE of 0.1205. The mea-

sure of optimisation was taken as at least 1 % contribution

to the overall reduction of RMSE. Table 2 indicates the iden-

tity of the independent parameters determined for each of the

optimum MLR solutions.

The inclusion of more independent variables in the MLR

solution did not significantly reduce the RMSE, and this can

be seen in Fig. 7. A new MLR equation was determined with

every addition of independent variables to determine the opti-

mum variable combinations. This implies that new constants

were calculated for all independent variables in each new op-

timum variable combination. Therefore, the afore-mentioned

reductions in RMSE observed with an increase in the num-

ber of independent variables included in the optimum solu-

tion was an overall reduction of RMSE resulting from the

increased number of independent variables included in the
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combination and not due to the contribution of a single (or

two) independent variable(s). The identity and constants as-

sociated with the independent variables in the identified opti-

mum MLR solution to predict GEM, i.e. the dependant vari-

able, are provided in Eq. (1):

GEM=− 1.2308+ 1.492× 10−3AbsH− 3.790× 10−3

O3+ 6.220× 10−4CO+ 1.3630× 10−3P

+ 6.280× 10−3T + 2.180× 10−4 (1)

CH4− 5.530× 10−6Rn− 1.110× 10−3WGS,

with GEM in ng m−3, gaseous species (CO, CH4, O3 and

CO2) in ppb, T in ◦C, WGS indicating wind gust speed in

km h−1, AbsH the absolute humidity in g m−3 and P the am-

bient pressure in hectopascal (hPa). In Eq. (1), independent

variables associated with positive constants indicate that an

increase in these parameters would statistically lead to an in-

crease in atmospheric GEM, whereas the increase in inde-

pendent variables associated with negative constants would

statistically lead to lower GEM. Although the MLR equa-

tions cannot be used to explicitly derive the origin and/or re-

action mechanistic information about GEM at CPT GAW, it

could be used to provide some insight.

The positive constants associated with CO and CH4 could

indicate that higher GEM can be attributed to anthropogenic

emissions such as fossil fuel (e.g. shipping) and household

combustion, as well as natural biomass burning observed

during pollution events (Brunke et al., 2010a). Higher O3

leads to higher hydroxyl ( qOH) radical concentrations, there-

fore the possible negative constant associated with O3. As

discussed in Lan et al. (2012) and the references therein,

GEM may be oxidised by qOH, nitrate (NO3
q) or halogen

(X q) radicals. Gierens et al. (2014) recently indicated thatqOH concentrations reach a peak around midday in the in-

terior of SA, and since qOH has a lifetime of ∼ 1 s, its di-

urnal variation will therefore follow the diurnal variation of

the UV radiation with wavelength capable to photolyse O3

to O1D, and therefore achieving peak GEM oxidation dur-

ing midday. Additionally, the negative constant associated

with O3 in Eq. (2) could also indicate aged air masses, in

which GEM decreased (e.g. by oxidation and deposition).

The photochemically driven oxidation of GEM results in

the formation of gaseous oxidised mercury (GOM). Partic-

ulate bound mercury (PBM) and GOM typically reach diur-

nal minima before sunrise and maxima in the afternoon (Lan

et al., 2012). It has been suggested that an abundant halo-

gen radical (X q) concentration present in the marine environ-

ment may lead to higher GOM concentrations (Mao and Tal-

bot, 2012). The photochemically driven oxidation of GEM to

GOM in summer depletes GEM levels during midday when

solar radiation, O3 levels and atmospheric halogens produced

by sea spray are the most intense and would therefore ex-

plain negative constants in Eq. (1). This signifies the com-

Figure 8. (a) Measured GEM (blue) and calculated GEM concen-

trations using the MLR Eq. (1) (red) for the entire sampling pe-

riod. The two vertical black lines in (a) indicate a period that was

enlarged in (b) to indicate more detailed differences between the

measured and calculated GEM concentrations.

plex nature of the interaction between chemical species and

the physical environment in the atmosphere.

In addition to providing some insight into the origin and/or

reactions of GEM at CPT GAW, it would also be useful to

predict GEM at this site with the MLR Eq. (1). In Fig. 8, the

measured time series for atmospheric GEM at CPT GAW are

presented (blue markers) and compared to the GEM values

calculated with Eq. (1) (red markers). Although slight differ-

ences are observed, the MLR equation predicts atmospheric

GEM concentrations relatively well, with the exception of

very high and low levels. Therefore, the MLR Eq. (1) could

be used to predict GEM concentrations at CPT GAW if actual

measurements thereof are not available.

Although not indicated in Fig. 8 (to prevent cluttering of

the graph), linear fitting of the actual continuous measured

and calculated (with Eq. 1) GEM concentrations indicated

negative slopes of −5.579× 10−6 and −1.391× 10−5, re-

spectively. This indicates a slight decrease of GEM concen-

trations at CPT GAW over the evaluated period. Brunke et

al. (2010a) previously also reported a decrease in GEM at

CPT GAW from 1995 to 2009, but this reported decline only

included approximately 2 years of continuous measurement.

The decline observed for the longer time series reported here

provides additional support to the observed decline. In con-
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trast, Slemr et al. (2015) reported an increase in GEM con-

centration at CPT GAW. However, this increase was cal-

culated by utilising pre-processed, i.e. de-trended and de-

seasonalised data, which was not the case in this study.

Therefore these different approaches cannot be directly com-

pared.

4 Conclusions

As far as the authors could assess, this is the first study that

has evaluated continuous high-resolution GEM data of CPT

GAW with different statistical analysis techniques. Cluster

analysis on the data set indicated that the GEM data could be

divided into two clusters, separated at atmospheric concen-

trations of 0.904 ng m3. Trajectory analyses of the individual

clusters, as well as the differences between these clusters,

indicated that shipping around Cape Point could be a signif-

icant source of GEM. In contrast, low GEM concentrations

originated from the southern oceanic background and terres-

trial areas with very low anthropogenic activities/population

density. Correlation of the time that back trajectories spent

over the African continent and GEM concentration, proved

that such analyses could be used as an alternative tool to dis-

tinguish between continental and marine GEM contributions.

It was also demonstrated that MLR analysis could be used

to determine an equation that can be used to predict GEM at

CPT GAW. Moreover, this equation provided some insight

into the complex nature of GEM chemistry. Lastly, the eval-

uation of both continuously measured and calculated (with

the determined MLR Eq. 1) GEM concentrations seem to in-

dicate a decline in GEM concentrations over the period eval-

uated in this paper. It remains to be seen whether this decline

continues, which would reflect a positive response to global

Hg emission reductions, or if it is only part of a longer-term

cycle with a temporary decline.

From this statistical study of continuous GEM measure-

ment at Cape Point additional research questions and/or per-

spectives were identified. Data indicated as extreme events,

as indicated by 5, 6 and 7 cluster solutions should be inves-

tigated as special case studies. Further research quantifying

the contribution of shipping should be undertaken, not only

for the southern African region, but also for other busy ship-

ping routes. In addition, source apportionment should be con-

ducted in order quantify the contribution of specific sources.
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Hexavalent chromium, Cr(VI), is a proven human carcinogen. Of interest in this paper was the regional
atmospheric pollution of Cr(VI) from the ferrochromium and related industries located in the western
Bushveld Complex (wBC) of South Africa. A significant fraction of the world's ferrochromium and plat-
inum group metals is produced in this region. Particulate matter (PM), in two size fractions, i.e. PM2.5

(�2.5 mm) and PM2.5�10 (2.5e10 mm), was sampled for a full calendar year at a regional background site,
which is situated downwind of the wBC on the dominant anti-cyclonic recirculation route of air mass
over the South African interior. Results indicated that Cr(VI) concentrations in air masses that had passed
over the regional background were below the detection limit of the analytical technique applied, but that
Cr(VI) in air masses that had passed over the wBC were elevated and had a median concentration of
4.6 ng/m3. The majority of Cr(VI) was found to be in the finer size fraction (PM2.5), which could be
explained by the nature of Cr(VI)-containing PM being emitted by the sources in the wBC and the at-
mospheric lifetimes of different PM size fractions. The results further indicated that it is possible that not
only pyrometallurgical sources in the wBC, but also other combustion sources outside the wBC
contributed to the observed atmospheric Cr(VI) concentrations.
Copyright © 2016 Turkish National Committee for Air Pollution Research and Control. Production and

hosting by Elsevier B.V. All rights reserved.
1. Introduction

Hexavalent chromium, i.e. Cr(VI), is a proven human carcinogen,
particularly affecting the respiratory system (Beaver et al., 2009).
Cr(VI) pollution is of international interest, since many countries
are affected, e.g. the United States of America (Oze et al., 2004), New
Caledonia (Oze et al., 2004), Mexico (Robles-Camacho and
Armienta, 2000), India (Dubey et al., 2001) and South Africa
(Loock et al., 2014).

Various anthropogenic (e.g. Loock et al., 2014; Du Preez et al.,
2015; Mandiwana et al., 2007) and natural (e.g. Panichev et al.,
2008; Oze et al., 2004, 2007; Steinpress et al., 2004; Robles-
Camacho and Armienta, 2000) activities can lead to Cr(VI) pollu-
tion. Of particular interest in this paper is the regional atmospheric
s).
ational Committee for Air

ittee for Air Pollution Research an

, A.D., et al., Regional atmos
://dx.doi.org/10.1016/j.apr.20
pollution of Cr(VI) associated with the ferrochromium (FeCr) and
related industries in South Africa. FeCr is a relatively crude alloy,
consisting principally of Cr and iron (Fe). It is used mainly for the
production of stainless steel that is a vital modern alloy. FeCr is
mainly produced by the carbo-thermic reduction of chromite ore,
mostly in submerged arch furnaces (SAFs) or direct current fur-
naces (DCFs) (Beukes et al., 2010). Chromite, a mineral with a spinel
crystal structure, is the only commercially viable source of new Cr
units. South Africa holds a significant portion of the world's viable
chromite ore resources (Kleynhans et al., 2012 and references
therein) and is the second largest FeCr-producing country (Beukes
et al., 2012 and references therein). In South Africa, there are 14
separate FeCr-producing smelters, each with two to six large SAFs
and/or DCFs (Beukes et al., 2012). Most of the afore-mentioned
smelters are concentrated in or close to the Bushveld Complex
(name of the geological structure), wherein the South African
chromite deposits occur. The Bushveld Complex is the world's
largest chromium and platinum group metals deposit, also with
significant reserves of other metals such as vanadium (Xiao and
d Control. Production and hosting by Elsevier B.V. All rights reserved.
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Laplante, 2004; Moskalyk and Alfantazi, 2003). The production of
FeCr is a reducing process, during which Cr(III) in the ore is reduced
to Cr(0). However, small amounts of Cr(VI) are unintentionally
generated by various processing steps applied by the FeCr industry
(Du Preez et al., 2015; Beukes et al., 2010, 2012; Mandiwana et al.,
2007; Beukes and Guest, 2001). South Africa is also one of the
largest platinum group metals (PGMs) producers (Xiao and
Laplante, 2004). Apart from the FeCr industry, the PGM mining
and metallurgical refining industries in South Africa also consume
significant volumes of chromite ore (Xiao and Laplante, 2004;
Cramer et al., 2004). Considering that PGMs are primarily used in
the manufacturing of automotive catalytic converters to improve
air quality reinforces the notion that the Bushveld Complex is not
only of national, but also of international importance.

The western limb of the Bushveld Complex (wBC) is the most
exploited, with 11 pyrometallurgical smelters occurring within an
approximate 55 km radius (Venter et al., 2012; Hirsikko et al.,
2012). Venter et al. (2012) indicated that air quality in the wBC is
problematic, with ozone (O3) and particulate matter (PM) with
aerodynamic diameter less than 10 mm (PM10) regularly exceeding
the limits prescribed by the South African national ambient air
quality standards (NAAQS). Hirsikko et al. (2012) indicated that
high amounts of Aitken (20e100 nm in diameter) and accumula-
tion (100e840 nm in diameter) mode particles in the morning and
evening originate from household combustion for space heating
and cooking from the numerous semi- and informal settlements
that are in the wBC, while, during daytime, SO2-based nucleation
followed by condensational growth by vapours from anthropogenic
and natural sources resulted in a large number of concentrations of
nucleation (1e20 nm in diameter) and Aitken mode particles.
Relatively recently, the wBC was also included in a declared air
pollution hotspot in terms of the South African National Environ-
mental Management Act (NEMA): Air Quality, termed the Water-
berg Priority Area (www.environment.gov.za/sites/default/files/
gazetted_notices/nemaqa_waterberg_declaration_g35435gen495.
pdf, accessed 28 February 2016). The proclamation of such a pri-
ority area indicates that the South African government recognises
that air quality standards in this area are regularly exceeded and
that improvement in air quality is required.

Notwithstanding the national and international importance of
the wBC, the known air quality issues therein and the potential for
atmospheric Cr(VI) pollution from there, an assessment of regional
atmospheric Cr(VI) pollution from the wBC has not yet been un-
dertaken. In order to at least partially address this knowledge gap,
sampling and Cr(VI) analyses were performed at the Welgegund
atmospheric research station (www.welgegund.org).

2. Measurement site and methods

2.1. Sampling

In the atmosphere, Cr(VI) is associated with PM, since the
vapour pressure of all Cr compounds at ambient conditions is
negligible (Kimbrough et al., 1999; Seigneur and Constantinou,
1995). All inter-conversion reactions leading to possible Cr(VI)
formation and reduction to Cr(III) are water phase reactions
(Kimbrough et al., 1999; Seigneur and Constantinou, 1995). Wet
deposition of atmospheric Cr(VI) was not specifically considered in
this work, although it is likely that solubilised Cr(VI) will be
reduced to Cr(III) (Kimbrough et al., 1999; Seigneur and
Constantinou, 1995). Considering the afore-mentioned, only
Cr(VI) occurring in PM was evaluated, since the dispersion of PM
would be the principal mode of regional Cr(VI) distribution.

Starting at 00:00 am local South African time, daily 24-h PM2.5
(�2.5 mm) and PM2.5�10 (2.5e10 mm) samples were automatically
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collected on 47mm PTFE filters (GIC Scientific) with a Dichotomous
Partisol sampler (Rupprecht & Patashnick Co., Inc.) for a full cal-
endar year, i.e. 1 June 2012e31 May 2013. The flows through the
afore-mentioned size fractions were, 10.0 and 6.7 L/min, respec-
tively, with the overall flow being 16.7 L/min. Sampling was con-
ducted without a denuder, which implies that reactive gases that
could lead to Cr(III) oxidation was not removed. Previously pub-
lished results indicated that sampling without a denuder could lead
to conversion of Cr(III) in excess of 10% (Mennen et al., 1998). The
results reported in this paper should therefore be considered
within the limitations of the samplingmethod applied. However, as
will be indicated in subsequent sections, adequate preventative
measures were applied during sampling extraction to prevent any
inter-conversions between Cr(VI) and Cr(III).

Sampling was conducted at the Welgegund atmospheric
research station (latitude 26�3401000S, longitude 26�5602100E,1480m
AMSL), which is situated approximately 100 km west from Johan-
nesburg on a commercial farm. Numerous authors have previously
described this research station, its surroundings and the mea-
surements conducted (Booyens et al., 2015; Jaars et al., 2014; Tiitta
et al., 2014; Vakkari et al., 2014). For this investigation, Welgegund
was a particularly good measurement site for two reasons. Firstly,
Welgegund is situated approximately 105 km downwind of the
nearest pyrometallurgical smelter in the wBC on the dominant
anti-cyclonic recirculation route of air mass over the interior of
South Africa (Garstang et al., 1996). This implies that the site is
ideally positioned to determine the regional effect of air masses
that had passed over the wBC. Secondly, Welgegund is considered
to be a regionally representative background site with no direct
impacts from pollution sources in close proximity.

Fig. 1 indicates the location of Welgegund within a regional
southern African context and the extent of the Bushveld Complex
ore deposits (greyscale areas on the southern African map). Addi-
tionally, in the zoomed-in map, the locations of large pyrometal-
lurgical smelters in the wBC, the Johannesburg-Pretoria (Jhb-Pta)
megacity (Lourens et al., 2012) and large atmospheric point sources
(e.g. coal-fired power stations, petrochemical operations and py-
rometallurgical smelters) in the interior of South Africa are
indicated.

2.2. Cr(VI) extraction and analysis

Ultra-pure water (resistivity 18.2 MU cm�1), produced by a
Milli-Q water purification system, was used during all procedures
requiring dilution, as well as to clean all glassware used. A buffer
solution (Na2CO3eNaOH) to extract Cr(VI) from samples was pre-
pared from sodium hydroxide (Promark chemicals) and sodium
carbonate (Minema). Nitrogen (N2) (99.999% pure, from AFROX)
was used to purge all Cr(VI) extraction solutions and the headspace
of extraction containers during leaching procedures. Diphe-
nylcarbazide (DPC) (Fluka), high pressure liquid chromatography
(HPLC) grade methanol (Sigma Aldrich) and 98% analytical grade
sulphuric acid (Rochelle Chemicals) were used during the Cr(VI)
analysis.

Total Cr(VI) was extracted from the filters into the aqueous
phase with appropriate precautions taken to prevent any inter-
conversions between Cr(VI) and Cr(III) (Ashley et al., 2003). Both
water-soluble and water-insoluble Cr(VI) compounds were
extracted by conducting hotplate digestion extractionwith a buffer
solution (Ashley et al., 2003). Ambient air in the hot alkaline
extraction solution could potentially lead to the in situ formation of
Cr(VI) in the presence of Cr(III). Therefore, in order to prevent the
unwanted oxidation of Cr(III), the extraction solutions and the
headspace of the extraction containers were purged with N2 prior
to, during, and after Cr(VI) extraction (Ashley et al., 2003; Du Preez
pheric Cr(VI) pollution from the Bushveld Complex, South Africa,
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Fig. 1. The location of Welgegund within a regional southern African context and the
extent of the Bushveld Complex ore deposits (greyscale areas in the southern African
map). Additionally, in the zoomed-in map, the locations of large pyrometallurgical
smelters in the wBC, the Johannesburg-Pretoria megacity (greyscale area in the
zoomed-in map) and large atmospheric point sources in the interior of South Africa are
indicated.
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et al., 2015). Both samples and blanks were prepared, extracted and
analysed with the same methods.

Various methods can be used to quantify Cr(VI) (Broadhurst and
Maidza, 2006; G�omez and Calloa, 2006; Jacobs et al., 2004). The
Cr(VI) analytical method applied in this study was adapted from
Dionex Application updates 144 and 179 (2003 and 2011), as well as
Thomas et al. (2002), as indicated by Loock et al. (2014). Cr(VI)
analyses were conducted with an ion chromatograph (IC) (Thermo
Scientific Dionex ICS-3000) with a post-column DPC colorant de-
livery system (AXP pump) coupled to an ultravioletevisible
(UVevis) absorbance detector. The guard and analytical columns
were Dionex IonPac AG7 4 � 50 mm and Dionex IonPac AS7
4 � 250 mm, respectively. A 1000 m[ injection loop was used, as
well as two 375 m[ knitted reaction coils fitted in series. The post-
column colorant reagent and eluent was prepared as previously
described (Loock et al., 2014). An eluent flow rate of 1.00 m[/min
was used, while the post-column colorant reagent was delivered at
a flow rate of 0.5 m[/min.

Cr(VI) standard solutions for the calibration of the analytical
instrument were prepared from a Spectrascan chromate reference
standard with a specified concentration of 1009 ± 5 mg/m[ CrO�2

4 .
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According to literature, the Cr(VI) detection limit for this method
was 1 mg/[ (Dionex Application update 144, 2003). However,
additional PEEK tubing was installed between the AXP pump and
the back pressure tubing in order to reduce the pulse caused by the
AXP pump that resulted in noise on the baseline of the chromato-
grams. This modification ensured a smoother baseline that
improved the detection limit to 0.9 mg/[, which was determined
from the baseline amplitude and the calibration sensitivity (slope of
the calibration curve over a Cr(VI) concentration range that gave
linear response) according to the method described by Skoog et al.
(2014) from a confidence factor that correlated with a 98.3% con-
fidence level. By considering the volume of air sampled, the afore-
mentioned detection limit in aqueous solution related to an at-
mospheric Cr(VI) detection limit of 0.84 ng/m3. The accuracy of the
combined extraction and analysis method was verified by analysis
of a Community Bureau of Reference (former reference materials
programme of the European Commission) BCR N

�
545 welding dust

filter certified reference material (individual identification N
�
B7-

36, purchased on 25 January 2013). After considering dilution fac-
tors, a value of 39.7mg/g Cr(VI) was obtained, whichwaswithin the
uncertainty of the reference material that was defined as the half
width of the 95% confidence interval of the mean of 40.2 mg/g
Cr(VI) and 39.5 mg/g total leachable Cr. Due to cost considerations,
only one such certified reference material filter was analysed and
precisions could not be calculated from it. Every filter obtained via
sampling at the Welgegund research station in the study was
analysed three times, with the mean used in further data pro-
cessing. The standard deviation for each such set of three analyses
was determined. As a measure of precision the average of all the
afore-mentioned standard deviations were found to be 0.4 ng/m3.

2.3. Air mass histories and association with Cr(VI) analyses

Air mass history was determined by calculating back trajectories
with the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model (version 4.8), developed by the National Oceanic
and Atmospheric Administration (NOAA) Air Resources Laboratory
(ARL) (Draxler and Hess, 2004). This model was run with meteo-
rological data of the GDAS archive of the National Centre for
Environmental Prediction (NCEP) of the United States National
Weather Service and archived by the Air Resources Laboratory
(ARL) (www.arl.noaa.gov/archives.php, accessed 11 November
2015). All back trajectories were calculated for 96 h, arriving every
hour for the entire measurement period, at a height of 100 m. An
arrival height of 100 mwas chosen since the orography in HYSPLIT
is not very well defined, and therefore lower arrival heights could
result in increased error margins on individually calculated
trajectories.

In order to link sampled PM with air mass history, two source
regions were defined. The first source region (indicated as the black
polygon in the zoomed-in portion of Fig.1, as well as Fig. 2a, b and c)
comprised a relatively small area in the wBC wherein nine pyro-
metallurgical smelters occurred. The second source region (indi-
cated as the blue polygon in the zoomed-in portion of Fig. 1, as well
as Fig. 2a, b and c) encompassed the Jhb-Pta megacity, as well as the
area where most of the very large atmospheric point sources (e.g.
coal-fired power stations, petrochemical operations and other py-
rometallurgical smelters) occur in the South African interior. Indi-
vidually calculated hourly-arriving back trajectories for each 24-
h sample period were then overlaid on a map that was divided
into 0.2� � 0.2� grid cells. On these maps, a colour code indicated
the number of trajectories passing over each 0.2� � 0.2� grid cell,
with red being the highest number. These 24-h sampling period
overlay back trajectory maps were then visualised and sorted into
four categories:
pheric Cr(VI) pollution from the Bushveld Complex, South Africa,
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Fig. 2. Examples of air masses calculated for a specific 24-h sample that had passed
over the regional background (a), air masses that had spent at least 2 h over the wBC
source region (b) and air masses that had spent at least 2 h over the wBC source region,
as well as five or more hours over the large mixed source region (c). The colour bar
indicates the frequency of hourly-arriving back trajectories calculated for a day passing
over 0.2� � 0.2� grid cells.

Fig. 3. Cr(VI) concentrations in PM2.5 (�2.5 mm), PM2.5�10 (2.5e10 mm) and PM10 (sum
of PM2.5 and PM2.5�10) associated with air masses that had passed over the wBC- and
mixed source regions. The red line indicates the median, the black dot the mean, the
blue rectangle the 25th and 75th percentiles, the whiskers ±2.7 times the standard
deviation and the horizontal black dashed line the detection limit.
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1) Air masses that had passed over the regional backgroundmainly
between north and south, to the west of Welgegund, but not
over the two source regions defined in Fig. 1 (Fig. 2a as an
example);

2) Air masses that had spent at least 2 h over the source region
defined in the wBC (black polygon in Fig. 1) where nine pyro-
metallurgical smelters are (Fig. 2b as an example);

3) Air masses that had spent at least 2 h over the source region
defined in the wBC (black polygon in Fig. 1), as well as five or
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more hours over the large mixed source region defined in Fig. 1
(blue polygon) (Fig. 2c as an example). These samples were
referred to as mixed overpass; and

4) Air masses that did not represent the regional background
(category 1), but also did not qualify for category 2 or 3. Samples
collected on these days were not considered further.
3. Results and discussions

According to the air mass history selection criteria applied
(Section 2.3), 24 samples (each corresponding to 24 h of sampling)
could be identified within the year of sampling for which the air
history was classified as passing over the wBC source region
(category 2, Fig. 2b). Additionally, 23 sample periods were identi-
fied for which the air mass historywas classified asmixed (category
3, Fig. 2c), while the air mass history for 53 sample periods was
classified as passing over the regional background (category 1,
Fig. 2a).

Atmospheric Cr(VI) concentrations in the PM2.5 and PM2.5�10
samples associated with air masses that were classified as passing
over the regional background were below the detection limit of the
procedure applied. This does not imply that no Cr(VI) occurs in the
PM associated with such air mass history, it merely indicates that
the concentrations of Cr(VI) were low and could not be detected
with the analytical technique applied.

In contrast to the above-mentioned, Cr(VI) in samples associ-
ated with air masses passing over the wBC source region (category
2, Fig. 2b) or the mixed region (category 3, Fig. 2c) was substantially
higher. Fig. 3 presents the statistical distribution (median, 25 and
75th percentiles and ±2.7 standard deviation) of Cr(VI) in both the
PM2.5 and PM2.5�10 size fractions, as well as the combined PM10
fractions, which include both of the afore-mentioned fractions.
From these results, it is evident that the majority of the Cr(VI) is
present in the PM2.5 fraction and to a lesser extent in the coarser
PM2.5�10 size fraction. Some of the Cr(VI) concentrations deter-
mined in the PM2.5�10 size fraction were even below the detection
limit. This concentration distribution is attributed to two reasons,
i.e.: 1) Most of the pyrometallurgical processes potentially releasing
PM-containing Cr(VI) will emit very fine PM. The Cr(VI)-containing
particles in the off-gas from open and semi-closed SAFs, or from
closed SAFs and DCFs, are removed with bag filters and wet venturi
scrubbers, respectively (Beukes et al., 2012; Niemel€a et al., 2004).
These systems remove 99.9% of PM from the off-gas, but are not
very effective in capturing PM1 (Niemel€a et al., 2004). Additionally,
Cr(III) in the PM1 that passes through the flare of the CO-rich off-gas
pheric Cr(VI) pollution from the Bushveld Complex, South Africa,
16.03.009



A.D. Venter et al. / Atmospheric Pollution Research xxx (2016) 1e6 5
originating from closed SAFs or DCFs being burnedmay be oxidised
resulting in the formation of Cr(VI) (Du Preez et al., 2015). 2) Finer
particles have longer atmospheric lifetimes than coarser particles.
Therefore, even if coarser Cr(VI)-containing particles are released
by mining and metallurgical activities in the wBC, these particles
will be removed from the atmosphere relatively quickly, preventing
their transport to the Welgegund research station. For instance,
Beukes and Guest (2001) reported that the dry milling of chromite
ore could lead to the generation of Cr(VI)-containing particles.
However, the two most commonly applied FeCr production pro-
cesses applied by the South African FeCr industry, i.e. pelletised
oxidative sintering and pelletised pre-reduction, have ore milling
size specifications of d90 (indicating the size for which 90% of
particles are smaller) of 75 (Kleynhans et al., 2012) and 108 mm
(Glastonbury et al., 2015), respectively. Such relatively coarse par-
ticles will not have a very long atmospheric lifetime and will
therefore mostly only have a local influence within the wBC.

Apart from the above-mentioned deductions, the spread of
Cr(VI) concentrations in air masses that had passed over the wBC
source region (category 1, Fig. 2b) were much smaller than that of
the mixed region. This smaller spread for the wBC source region is
indicative of the similar types of sources within this area. Air
masses that had passed over the mixed source region (category 3,
Fig. 2c) occasionally had higher Cr(VI) concentrations than that of
the wBC source region, indicating the existence of other potential
sources of Cr(VI) in the mixed region. It is well known that rela-
tively low grade coal with reasonably high ash content (Jeffrey,
2005) is consumed in South Africa for both industrial activities
and for household space heating in semi- and informal settlements
(Hersey et al., 2015; Venter et al., 2012). These sources could
potentially also emit atmospheric Cr(VI) in themixed source region.

It is also important to contextualise the atmospheric Cr(VI)
concentrations reported here within a global context. As stated
earlier, Cr(VI) concentrations of air masses that had passed mainly
over the regional background (category 1, Fig. 2a) were below the
detection limit of 0.84 ng/m3. The PM10 of air masses that had
passed over both the wBC source region (category 2, Fig. 2b) and
those that had passed over the mixed region (category 3, Fig. 2c)
had median Cr(VI) concentrations of 4.6 ng/m3. This is higher than
the average of 0.044 ng/m3 for Washington DC (Tirez et al., 2011
and references therein) and the range reported for Vienna, i.e.
0.04e0.23 ng/m3 (Hagendorfer and Uhl, 2007). However, the con-
centrations were in the same order as atmospheric Cr(VI) reported
for a site in Northern Italy and at an industrial site in Tunis that had
concentrations ranging between 0.68 and 3.68, and 5.4 and 7.8 ng/
m3 (Catrambone et al., 2013), respectively, as well as at two sites
near a stainless steel production facility in Belgium that reported
90th percentiles of 3.5 and 14 ng/m3 (Tirez et al., 2011).

4. Conclusions

As far as the authors could assess, this is the first scientific report
on ambient atmospheric Cr(VI) concentrations for South Africa.
Ambient Cr(VI) concentrations in air masses that had passed over
the regional background were below the detection limit (0.84 ng/
m3). In contrast, air masses that had passed over the wBC and/or
the mixed source regions had elevated Cr(VI) concentrations with
an average of 4.6 ng/m3. The majority of Cr(VI) was found to be in
the finer size fraction (PM2.5), which could be explained by the
nature of Cr(VI)-containing PM being emitted by the sources in the
wBC source region and the atmospheric lifetimes of different PM
size fractions. The results further indicated that not only pyro-
metallurgical sources in the wBC, but also other combustion sour-
ces outside the wBC could have contributed to the measured
atmospheric Cr(VI). Current estimates of the atmospheric half-life
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of Cr(VI) range from 16 h to 4.8 days (Kimbrough et al., 1999 and
references therein). However, simultaneous measurements of at-
mospheric Cr(VI) concentrations in both the wBC and also at
Welgegund could be carried out in future to quantify the range of
atmospheric Cr(VI) half-life more precisely. Since numerous
meteorological parameters are measured at Welgegund, multivar-
iate data analysis methods could be applied to such a dataset to
determine the effect of for instance relative humidity and tem-
perature on the atmospheric half-life of Cr(VI). This would enable a
better assessment and prediction of the regional dispersion of
Cr(VI) from hotspots, such as the wBC in South Africa and similar
areas internationally.
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 10 

Abstract 11 

Trace metals represent a relatively small fraction of atmospheric aerosols. 12 

However, these species can cause a variety of health-related and environmental 13 

problems. Only a few studies on atmospheric trace metal concentrations have 14 

been conducted in South Africa. The aim of this study was to determine trace 15 

metals concentrations in aerosols collected at Welgegund, South Africa. PM1, 16 

PM1-2.5 and PM2.5-10 samples were collected for 13 months and 32 atmospheric 17 

trace metal species were detected. Atmospheric Fe had the highest 18 

concentrations in all three size fractions, while Ca was the second most 19 

abundant species. Cr and Na concentrations were the third and fourth most 20 

abundant species, respectively. The concentrations of the trace metal species in 21 

all three size ranges were similar, with the exception of Fe that had higher 22 

concentrations in the PM1 size fraction. Welgegund trace metal species were 23 

compared to those in the western Bushveld Igneous Complex, and it was found 24 

that at both locations similar species were observed with Fe being the most 25 

abundant. However, concentrations of these trace metal species were 26 
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significantly higher in the western Bushveld Igneous Complex. Fe concentrations 1 

at the Vaal Triangle were similar to levels thereof at Welgegund, while 2 

concentrations of species associated pyrometallurgical smelting were lower. With 3 

the exception of Ni, none of the trace metals measured at Welgegund exceeded 4 

local and international standard limit values. No distinct seasonal pattern was 5 

observed in the PM2.5-10 size fraction, while the PM1 and PM1-2.5 size fractions 6 

indicated elevated trace metal concentrations coinciding with the end of the dry 7 

season, which could partially be attributed to decreased wet removal and 8 

increases in wind generation of particulates. With the exception of Ti, Al and Mg, 9 

65% or more of the trace metal species detected were in the two smaller size 10 

fractions, with approximately 40 to 45% occurring in the PM1 size fraction, which 11 

indicated the influence of industrial activities on trace metals measured at 12 

Welgegund. However, the large influence of wind-blown dust on trace metal 13 

concentrations determined at Welgegund is reflected by 35% and more of trace 14 

metals being present in the PM2.5-10 size fraction, while Ti, Al and Mg were 15 

predominantly in the PM2.5-10 size fraction.. Principal component factor analysis 16 

(PCFA) revealed three meaningful factors in the PM1 size fraction, i.e. fly ash, 17 

pyrometallurgical-related and crustal. No meaningful factors were determined 18 

for the PM1-2.5 and PM2.5-10 size fractions, which was attributed to the large 19 

influence of wind-blown dust on atmospheric trace metals determined at 20 

Welgegund. Pollution roses confirmed the impact of wind-blown dust on trace 21 

metal concentrations, while the influence of industrial activities was also 22 

substantiated. 23 

 24 

Introduction 25 

Atmospheric aerosols are either directly emitted into the atmosphere (primary 26 

aerosols) from natural and/or anthropogenic sources, or are formed through 27 

gaseous reactions and gas-to-particle conversions (secondary aerosols). Aerosols 28 

have high temporal and spatial variability, which increases the need and 29 

importance for detailed physical and chemical characterisation on a regional 30 

scale in order to assess the impacts of aerosols (Koulouri et al., 2008). Particulate 31 
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matter (PM) is classified according to its aerodynamic diameter, as PM10, PM2.5, 1 

PM1 and PM0.1, which relates to aerodynamic diameters being smaller than 10, 2 

2.5, 1 and 0.1 m, respectively. Larger particulates have shorter lifetimes in the 3 

atmosphere compared to smaller particles, while the impacts of these species are 4 

also determined by their size. Aerosols consist of a large number of organic and 5 

inorganic compounds. The highest uncertainty related to atmospheric aerosols is 6 

related to the exact chemical composition of atmospheric aerosols. A large 7 

number of inorganic species are present in aerosols, which include ionic species 8 

and trace metals.  9 

Natural sources of atmospheric trace metals include mineral dust, crustal 10 

species, oceans and biomass burning (wild fires), while major anthropogenic 11 

sources are pyrometallurgical processes, fossil fuel combustion and incineration. 12 

Larger aerosols are usually associated with natural emissions through processes 13 

such as rock weathering and soil erosion. Trace metal species usually associated 14 

with natural emissions include sodium (Na), silicon (Si), magnesium (Mg), 15 

aluminium (Al), potassium (K), calcium (Ca), titanium (Ti), chromium (Cr), 16 

manganese (Mn) and iron (Fe) (Adgate et al., 2007). Arsenic (As), barium (Ba), 17 

cadmium (Cd), copper (Cu), nickel (Ni), zinc (Zn), vanadium (V), molybdenum 18 

(Mo), mercury (Hg) and lead (Pb) are mostly related to anthropogenic activities 19 

(Pacyna (1998); Polidori et al., 2009). One of the most significant sources of 20 

anthropogenic trace metal emissions is the industrial smelting of metals. 21 

Industrial pyrometallurgical processes produce the largest emissions of As, Cd, 22 

Cu, Ni and Zn (Zahn et al., 2014). Cr, Ba, Mo, Zn, Pb and Cu are typically 23 

associated with motor-vehicle emissions and oil combustion, while Fe, Pb and Zn 24 

are emitted from municipal waste incinerators (Adgate et al., 2007). However, 25 

most of these atmospheric trace metals are emitted through a combination of 26 

different anthropogenic sources (Polidori et al., 2009). 27 

Although heavy metals (>Ca) represent a relatively small fraction of atmospheric 28 

aerosols, these species can cause a variety of health-related and environmental 29 

problems, which depends on the aerosol composition, extent and time of exposure 30 

(Pöschl, 2005). The potential hazard of several toxic species is well documented 31 
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as discussed, for instance, by Polidori et al. (2009), indicating that trace metals 1 

such as As, Cd, Co, Cr, Ni, Pb and Se are considered human and animal 2 

carcinogens even in trace amounts (CDC, 2015). It has also been shown that Cu, 3 

Cr and V can generate reactive oxygen species that can contribute to oxidative 4 

DNA damage (Nel, 2005). Furthermore, trace metals such as Cr, Fe and V have 5 

several oxidation states that can participate in many atmospheric redox 6 

reactions (Seigneur & Constantinou, 1995), which can catalyse the generation of 7 

reactive oxygen species (ROS) that have been associated with direct molecular 8 

damage and with the induction of biochemical synthesis pathways 9 

(Rubasinghege et al., 2010). Guidelines for atmospheric levels of many trace 10 

metals are provided by the World Health Organization (WHO) (WHO 2005). 11 

South Africa has the largest industrialised economy in Africa, with significant 12 

mining and metallurgical activities. South Africa is a well-known source region 13 

of atmospheric pollutants, which is signified by three regions being classified 14 

through legislation as air pollution priority areas due to high levels of 15 

atmospheric pollutants emitted from industrial activities located in these areas, 16 

i.e. Vaal Triangle Airshed Priority Area (SA, 2006), Highveld Priority Area (SA, 17 

2007) and Waterberg Priority Area (SA, 2012a). Air quality outside these priority 18 

areas is often adversely affected due to regional transport and the general 19 

climatic conditions, such as low precipitation and poor atmospheric mixing in 20 

winter. Only a few studies on the concentrations of atmospheric trace metals in 21 

South Africa have been conducted (Van Zyl et al., 2014; Kgabi, 2006; Kleynhans, 22 

2008). In a recent study conducted by Van Zyl et al. (2014), the atmospheric trace 23 

metal concentrations at an atmospheric measurement site situated within the 24 

highly industrialised western Bushveld Igneous Complex were assessed. This 25 

region forms part of the Waterberg Priority Area. Diurnal and seasonal trends 26 

were discussed, while source apportionment was performed by applying a 27 

statistical method. However, this atmospheric monitoring site was situated 28 

within a source region with a significant number of large point sources, and 29 

regional impacts of atmospheric trace metals could therefore not be assessed.  30 
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In this study, trace metals were determined in three size ranges in aerosol 1 

samples collected for one year at the Welgegund atmospheric measurement 2 

station in South Africa. Welgegund is a comprehensively equipped regional 3 

background atmospheric measurement station that is ~100 km downwind and 4 

influenced by the most important source regions in the interior of South Africa. 5 

In an effort to determine major sources of trace metals on a regional scale, source 6 

apportionment was performed by applying statistical methods.  7 

 8 

Experimental 9 

Site description  10 

Aerosol sampling was performed at Welgegund (www.welgegund.org, 11 

26°34'11.23"S, 26°56'21.44"E, 1480 m.asl) in South Africa. As indicated in Figure 12 

1, Welgegund is situated in the interior of South Africa. It is frequently affected 13 

by air masses moving over the most important source regions in the interior of 14 

South Africa (Beukes et al., 2013). Also indicated in Figure 1 are the major 15 

industrial point sources, i.e. coal-fired power plants, petrochemical industries 16 

and pyrometallurgical smelters. In Beukes et al. (2013), reasons for the site 17 

selection, prevailing biomes and pollution sectors are discussed in detail. In 18 

summary, air masses affecting the site from the west, between north- and south-19 

west, are considered to be representative of the regional background, since they 20 

move over a sparsely populated region without any large point sources. In the 21 

sector between north and north-east from Welgegund lays the western limb of 22 

the Bushveld Igneous Complex, which holds eleven pyrometallurgical smelters 23 

within a ~ 55 km radius, in addition to other industrial, mining and residential 24 

sources. In the north-east to eastern sector, the Johannesburg-Pretoria (Jhb-Pta) 25 

conurbation is situated, which is inhabited by more than 10 million people, 26 

making it one of the fourty largest metropolitan areas in the world. In the sector 27 

between east and south-east from Welgegund is the Vaal Triangle region, where 28 

most of the South African petrochemical and petrochemical-related industries 29 

are located, together with other large point sources, such as two coal-fired power 30 

http://www.welgegund.org/
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stations (without de-SOx and de-NOx) and several large pyrometallurgical 1 

smelters. Welgegund is also affected by the Mpumalanga Highveld in the eastern 2 

sector (indicated by MP in Figure 1). In this region, there are 11 coal-fired power 3 

stations (without de-SOx and de-NOx technologies) with a combined installed 4 

generation capacity of ca. 46 GW, as well as a very large petrochemical plant, 5 

several pyrometallurgical smelters and numerous coal mines, all within a ca. 60 6 

km radius. Furthermore, Welgegund is also affected by air masses passing over 7 

the pyrometallurgical smelters in the eastern limb of the Bushveld Igneous 8 

Complex situated north-east from Welgegund in the Limpopo Provence 9 

(indicated by LP in Figure 1). 10 

 11 

 Insert Figure 1 12 

 13 

Sampling and analysis 14 

Aerosol samples were collected for one year from 24 November 2010 until 28 15 

December 2011. A Dekati (Dekati Ltd., Finland) PM10 cascade impactor 16 

(ISO23210) equipped with PTFE filters was used to collect different particulate 17 

size ranges, i.e. PM2.5-10 (aerodynamic diameter ranging between 2.5 and 10 m), 18 

PM1-2.5 (aerodynamic diameter ranging between 1 and 2.5 m) and PM1 19 

(aerodynamic diameter <1 m). The pump flow rate was set at 30 L.min-1. 20 

Samples were collected continuously for one week, after which filters were 21 

changed. A total of 54 samples were collected for the 54-week sampling period for 22 

each of the three size ranges. The trace metals in the PM collected on the 216 23 

PTFE filters were extracted by hot acid leaching (20 ml HNO3 and 5 ml HCl) and 24 

diluted in deionised water (18.2 MΩ) up to 100 mL for subsequent analysis with 25 

an inductively coupled plasma mass spectrometer (ICP-MS). In total, 32 trace 26 

metals could be detected with ICP-MS analysis, which included Na, Si, Mg, Al, 27 

K, Ca, Ti, Cr, Mg, Fe, As, Ba, Cd, Cu, Ni, Zn, V, Mo, Hg, Pb, manganese (Mn), 28 

cobalt (Co), platinum (Pt), beryllium (Be), boron (B), selenium (Se), palladium 29 

(Pd), barium (Ba), gold (Au), thallium (Tl), antimony (Sb) and uranium (U). It 30 
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must be noted that nitric acid digestion does not dissolve silicate minerals, and 1 

hence Si and, to a lesser extent, Al and K were not completely quantified. It is 2 

estimated that only 7 % Si and 30 % Al is extracted by nitric acid leaching (Ahn 3 

et al., 2011). Trace metal concentrations below the detection limit of the ICP-MS 4 

were considered to have concentrations half the detection limit of the species 5 

considered. This is a precautionary assumption that is frequently used in health-6 

related environmental studies. (Al-Momani et al., 2005; Kulkarni et al., 2007, 7 

Van Zyl et al., 2012).  8 

Statistical analysis 9 

In an attempt to identify possible sources of trace metals detected, principal 10 

component factor analysis (PCFA) with Varimax rotation (v. 13.0 SPSS Inc., 11 

Chicago, IL, USA) was performed on the dataset. PCFA has been used widely in 12 

receptor modelling to identify major source sectors. The technique operates on 13 

sample-to-sample fluctuations of the normalised concentrations. It does not 14 

directly yield concentrations of species from various sources, but identifies a 15 

minimum number of common factors for which the variance often accounts for 16 

most of the variance of species (Van Zyl et al., 2014 and references therein). The 17 

trace metal concentrations determined for the 32 species in all three size 18 

fractions were subjected to multivariate analysis of Box-Cox transformation and 19 

Varimax rotation, followed by subsequent PCFA. In addition, Spearman 20 

correlations were also performed in order to establish correlations between trace 21 

metals in order to substantiate results obtained with PCFA. In this article, 22 

species reported on were above the detection limits at least 60 % of the time 23 

during the sampling campaign. 24 

Back trajectory analysis 25 

Individual 96h-hourly back trajectories with an arrival height of 100 m were 26 

calculated with HYSPLIT 4.820.19 (Lourens et al., 2011, Venter et al., 2012). An 27 

arrival height of 100 m was chosen since the orography in HYSPLIT is not very 28 

well defined. Therefore, lower arrival heights could result in increased error 29 

margins on individual trajectory calculations. Considering the above, 24 hourly 30 
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back trajectories for each day were obtained for the entire sampling period. 1 

Individual back trajectories generated in HYSPLIT (24 x 365 days) were 2 

superimposed and further analysed in MATLAB. In the overlay back trajectory 3 

presentation compiled with MATLAB, a colour code indicates the percentage of 4 

trajectories passing over 0.2° x 0.2° grid cells, with red being the highest 5 

percentage and blue the lowest. 6 

 7 

Results 8 

Size distribution of trace metals 9 

In Figure 2, the size distributions of each of the trace metal species identified 10 

above the detection limit in the three size fractions are presented. Si, although 11 

an abundant element in crustal matter, is not reported on due to analytical 12 

constraints and therefore omitted from this discussion. Although some species 13 

were not detected at least 60% of the time, the results were still included to 14 

indicate their distribution pattern. In all three size fractions, Ag and Hg were 15 

rarely detected in addition to K and Se seldom being detected in the PM1-2.5 and 16 

PM2.5-10 size fractions. Pt was also detected less than 60 % of the time in the PM1-17 

2.5 size fraction. In Figure 2, the majority of Cd and Pb in the smaller size 18 

fractions indicate that industrial (high temperature) activities can most likely be 19 

considered the sources of these species. Ti, Al, Mg and Zn, had relatively higher 20 

contributions (25-80%) in the PM2.5-10 size fraction, which indicates that wind-21 

blown dust is the major source of these species. The PM2.5-10 size fraction is 22 

usually associated with wind-blown dust typically comprising Al, Fe, Na, Mg and 23 

Ti (Polidori et al., 2009). 65% or more of all the other trace metal species detected 24 

were in the two smaller size fractions, with approximately 40 to 60% occurring in 25 

the PM1 size fraction. More than 50% of Co, K and Pb were present in the PM1 26 

size fraction. The presence of these trace metal species predominantly in the 27 

smaller size fractions, especially considering the relatively large contribution in 28 

the PM1 size fractions, indicates the influence of industrial activities on air 29 

masses measured at Welgegund. However, the large influence of wind-blown 30 
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dust on trace metal concentrations determined at Welgegund is also reflected 1 

with approximately 35% of most of these trace metals being present in the PM2.5-2 

10 size fraction. Trace metal concentrations measured at Marikana indicated that 3 

Cr, Mn, V, Zn and Ni only occurred almost exclusively in the PM2.5 size fraction, 4 

with no contribution of wind-blown dust levels of these species measured.   5 

 6 

 Insert Figure 2 7 

 8 

Size-resolved trace metal concentrations 9 

In Figure 3, the combined trace metal concentrations in all three size fractions 10 

(Figure 3(a)), as well as concentrations of the trace metals determined in each of 11 

the size fractions (Figure 3 (b), (c) and (d)) are presented on a log-axis. The 12 

detection limits of each species are indicated with green stars. 13 

 14 

 Insert Figure 3 15 

 16 

The highest median concentration was determined for atmospheric Fe, i.e. 17 

1.1 gm-3, while Ca was the second most abundant species with a median 18 

concentration of 0.9 gm-3. Fe concentrations were significantly higher compared 19 

to the other trace metal species determined at Welgegund. Cr and Na 20 

concentrations were the third and fourth most abundant species, respectively. 21 

The median Cr concentration was 0.5 gm-3, while the median Na level was 22 

0.3 g.m-3. Relatively higher concentrations were also determined for Al, B, Mg, 23 

Ni, K and P with median concentrations of 0.2 gm-3, 0.3 gm-3, 0.2 gm-3, 24 

0.1 gm-3, 0.2 gm-3 and 0.2 gm-3, respectively. The combined atmospheric 25 

concentrations of the other trace metals in all the size fractions were relatively 26 

low. It must be noted that Si is an abundant element but due to analytical 27 

constraints, omitted from this discussion. 28 
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A comparison of the trace metal concentrations in the three size fractions 1 

indicates that Fe and Ca were the most abundant species in all three size 2 

fractions. Fe had the highest median concentration in the PM1 size fraction, i.e. 3 

0.5 gm-3, while Ca had the highest median concentrations in the PM1-2.5 and 4 

PM2.5-10 size fractions, i.e. 0.3 gm-3 and 0.2 gm-3, respectively. However, it is 5 

evident that Fe concentrations had the largest statistical spread in all three size 6 

fractions. The median concentration of Fe in the PM1 was significantly higher 7 

compared to the median concentrations thereof in the PM1-2.5 and PM2.5-10 size 8 

fractions. The third and fourth most abundant species in all three size fractions 9 

were Cr and Na, respectively. Relatively higher concentrations were also 10 

determined for Al, B, Mg, Ni, K and P in all three size fractions. As mentioned 11 

previously, Ag and Hg were 60% or less of the time detected in all size fractions. 12 

However, in the PM1 fraction, K, Se and Pt were detected more than the required 13 

60% threshold unlike these species in the larger size fractions. The concentration 14 

of K in the PM1 size fraction is comparable to concentrations of Al, B, Mg, Ni, K 15 

and P, while Se and Pt concentrations are comparable with those of other heavy 16 

and precious metals (e.g. Pd, Cd and Au). With the exception of Fe 17 

concentrations in the PM1 size fraction, as well as the concentrations of species 18 

only detected in certain size fractions, the concentrations of each of the trace 19 

metal species were similar in all size fractions. 20 

The major source of the trace metal species with elevated levels in all three size 21 

fractions can be considered to be wind-blown dust. Elements typically associated 22 

with wind-blown dust include Fe, Ca, Mg, Al and K. As mentioned, Welgegund is 23 

a regional background station affected by air masses passing over large pollutant 24 

source regions and a relatively clean background area (Figure 1). It is therefore 25 

expected that wind-blown dust could have a major impact on atmospheric trace 26 

metal concentrations. Furthermore, the western Bushveld Igneous Complex is a 27 

major source region affecting Welgegund, with a large number of 28 

pyrometallurgical smelters and mining activities (Tiitta et al., 2014; Jaars et al., 29 

2014). This source region could attribute to regional elevated levels of Fe, Cr, Ni, 30 

Zn, Mn and V measured at Welgegund. The possible sources of trace metal 31 

species measured at Welgegund will be further explored later in this paper. 32 
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 1 

Contextualisation of trace metal concentrations and comparison to 2 

ambient air quality standards 3 

The annual average elemental concentrations were also calculated in order to 4 

regionally and globally compare trace metal concentrations reported in a 5 

selection of previous studies in similar environments. In Table 1, the annual 6 

average trace metal concentrations determined in this study are listed in 7 

conjunction with elemental concentrations determined in other studies. Although 8 

the aerosol sampling periods and frequencies for most of these previous 9 

elemental studies were not similar to the aerosol sampling period and frequency 10 

in this investigation, these results could be utilised to contextualise the trace 11 

metal concentrations. Three of these studies were conducted in South Africa, i.e. 12 

Marikana (Van Zyl et al., 2014), Rustenburg (Kgabi, 2006) and the Vaal Triangle 13 

(Kleynhans, 2008), while the other investigations were performed in at regional 14 

background sites in China (Duan et al., 2012), the Mediterranean (Pio et al., 15 

1996) and Spain (Querola et al. 2007). As mentioned previously, Ag, Hg, K, Se 16 

and Pt concentrations were frequently below the detection limit of the analytical 17 

technique. Therefore, concentrations presented for these species are most likely 18 

to be an over estimate due to the precautionary assumption of substituting half 19 

the detection limit for periods below the detection threshold.  20 

Marikana and Rustenburg are situated within the industrialised western 21 

Bushveld Igneous Complex with a large number of pyrometallurgical smelters, 22 

as indicated in Figure 1, which is one of the major source regions affecting air 23 

masses arriving at Welgegund. Pyrometallurgical smelters directly related to the 24 

production of Cr, Fe, V and Ni are typical in the western Bushveld Igneous 25 

Complex. Fe was also the most abundant species at these two sites. However, Fe 26 

concentrations were two times higher at Marikana, while Fe levels were nine 27 

times higher at Rustenburg compared to levels thereof at Welgegund. Mg was 28 

the second most abundant species at Marikana, with Mg concentrations being an 29 

order of magnitude higher compared to levels thereof at Welgegund. Na, B and 30 

Al were also relatively abundant at Marikana, similar to Welgegund. However, 31 
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the concentrations of these species were much higher at Marikana. The Ca 1 

concentrations determined at Welgegund were similar to the levels thereof 2 

determined at Marikana, while K levels were three times higher at Marikana. 3 

Mn and Cr concentrations were the second and third highest at Rustenburg, 4 

respectively. As mentioned previously, Cr was also the third most abundant 5 

species measured at Welgegund. However, Cr levels at Rustenburg were 6 

approximately 2.5 times higher. Cr concentrations measured at Welgegund were 7 

approximately two times higher compared to Cr levels determined at Marikana. 8 

Significantly lower Mn concentrations were determined at Welgegund compared 9 

to levels thereof measured at Rustenburg, with Mn concentrations measured at 10 

Welgegund being similar to Mn levels at Marikana. Ni concentrations at 11 

Welgegund were approximately three times lower compared to levels thereof at 12 

Marikana, while Ni levels in Rustenburg were approximately seven times 13 

higher. Zn levels measured were also lower at Welgegund. V concentrations 14 

measured at Welgegund were similar to V levels determined at Marikana, but 15 

significantly lower to levels thereof at Rustenburg. It is expected that lower 16 

concentrations of trace metal species will be determined at Welgegund compared 17 

to levels thereof within the source region. The higher Cr concentration measured 18 

at Welgegund could be attributed to the contribution of Cr units from wind-19 

blown mineral dust.  20 

The Vaal Triangle is also one of the source regions that has an impact on air 21 

masses measured at Welgegund. This area has been described by Beukes et al. 22 

(2013 and references therein). Atmospheric Na had the highest concentrations in 23 

the Vaal Triangle, while Fe and K were the second and third most abundant 24 

species, respectively. Na concentrations were seven times higher, while K levels 25 

were six times higher at the Vaal Triangle compared to levels of these species 26 

measured at Welgegund. Similar Fe concentrations were determined at 27 

Welgegund and the Vaal Triangle. In addition, Mg concentrations were five 28 

times higher in the Vaal Triangle. Cr, Ni and Zn that are typically associated 29 

with pyrometallurgical industries were significantly lower in the Vaal Triangle 30 

compared to levels thereof at Welgegund, as well as within the western Bushveld 31 

Igneous Complex. However, Mn concentrations at the Vaal Triangle were an 32 
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order of magnitude higher compared to levels thereof at Welgegund and 1 

Marikana. This can be attributed to the presence of a ferromanganese (FeMn) 2 

smelter in the Vaal Triangle region, as indicated in Figure 1. 3 

The atmospheric trace metal concentrations determined at Welgegund were also 4 

compared to measurements of these species near Beijing, China, since China is 5 

also considered to be a developing country. The trace metal concentrations 6 

determined at a regional background site near Beijing in China indicated that Al 7 

concentrations were significantly higher compared to other trace metal species, 8 

while Na was the second most abundant species. Elevated levels of K, Fe and Ca 9 

were also determined in Beijing, with concentrations being similar for these 10 

species. The Mg concentration was approximately two times lower compared to 11 

levels of K, Fe and Ca. Al, Na and K concentrations determined near Beijing 12 

were an order of magnitude higher compared to Al, Na and K levels determined 13 

at Welgegund. Fe levels were twice as low near Beijing, while Ca concentrations 14 

were similar at both sites. Mg concentrations were three time higher near 15 

Beijing. Pb and Mn concentrations at Welgegund were similar to levels thereof 16 

near Beijing. All the other trace metal species measured near Beijing were an 17 

order or two orders of magnitude lower compared to concentrations of these 18 

species at Welgegund.  19 

Trace metal concentrations determined at the two European regional 20 

background sites indicate that annual average trace metal concentrations were 21 

an order or two orders of magnitude lower compared to trace metal levels 22 

determined at Welgegund, with the exception of the annual average Al 23 

concentration determined at the Mediterranean site.  24 

Also indicated in Table 1 are the existing ambient air quality guidelines and 25 

standard limit values for trace metal species prescribed by the WHO air quality 26 

guidelines for Europe (WHO, 2005), the European Commission Air Quality 27 

Standards (ECAQ, 2008) and the National Air Quality Act of the South African 28 

Department of Environmental Affairs (DEA) (SA, 2009). There are currently only 29 

guidelines and standards for seven trace metal species, of which the above-30 

mentioned institutions only prescribe limit values for some of these trace metal 31 
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species. A comparison of the annual average trace metal concentrations 1 

determined at Welgegund with the annual average standard limit values 2 

indicates that Ni and As exceeded the limits set by the European Commission of 3 

Air Quality Standards. The annual average Ni level of 0.079 µgm-3 and the 4 

annual average As concentration of 0.008 µg m-3 exceeded their annual standard 5 

limits of 0.020 µgm-3 and 0.006 µgm-3, respectively. This can most probably be 6 

ascribed to the impacts of pyrometallurgical activities in the Bushveld Igneous 7 

Complex, especially industries associated with base metal refining. Van Zyl et al. 8 

(2014) indicated that the exceedance of Ni at Marikana situated within the 9 

western Bushveld Igneous Complex could be attributed to base metal refining. 10 

This will also be further explored later in this paper when possible sources of 11 

trace metals are evaluated.  12 

The WHO guideline of 2.5x104 µgm-3 listed for Cr is only for atmospheric 13 

concentrations of Cr(VI) with a lifetime risk of 1:1 000 000. The 0.497 µgm-3 14 

annual average Cr concentration determined can therefore not be compared to 15 

the guideline, since this value represents the total atmospheric Cr 16 

concentrations in all the oxidation states. V only has a 24-hour standard limit 17 

value. Therefore, V concentrations determined in this study cannot directly be 18 

compared to this standard limit. However, the highest weekly V concentration 19 

was 0.085 µgm-3, which was lower than the 24-hour V standard limit.  20 

Since Pb is the only trace metal for which a South African ambient air quality 21 

standard limit exists, it must also be noted that Pb concentrations did not exceed 22 

any standard limit. The Pb concentrations determined at Welgegund were also 23 

similar to levels determined at the Vaal Triangle, while the annual average Pb 24 

concentration was approximately 2.5 times higher at Marikana and an order of 25 

magnitude higher at Rustenburg. However, the annual average Pb 26 

concentrations at Marikana and Rustenburg were below the standard limit (Van 27 

Zyl et al., 2014). These low Pb concentrations can be partially ascribed to de-28 

leading of petrol in South Africa. Furthermore, Pb concentrations determined at 29 

Beijing were similar to levels thereof determined at Welgegund.  30 
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It is also important to refer to the Hg concentrations, which were below the 1 

detection limit of the analytical instrument for a majority of the sampling period. 2 

Van Zyl et al. (2014) also indicated that Hg was below the detection limit of the 3 

analytical technique for aerosol samples collected at Marikana. This can be 4 

expected, since particulate Hg only forms a small fraction of the total 5 

atmospheric Hg, with Hg being predominantly present in the atmosphere as 6 

gaseous elemental Hg (GEM) (Venter et al., 2015, Slemr et al., 2011). The 7 

measurement of the ambient Hg concentrations is receiving increasing attention 8 

in South Africa and it is foreseen that a standard limit value for Hg levels will be 9 

prescribed in the near future. 10 

 11 

Insert Table 1 12 

 13 

Seasonal trends 14 

South Africa is well known for distinct metrological seasonal trends, which have 15 

an influence on concentrations of atmospheric species. Therefore, in Figure 4, the 16 

total concentrations of the trace metal species in the PM1 (a), PM1-2.5 (b) and 17 

PM2.5-10 (c) size fractions measured at Welgegund for each month are presented, 18 

with the contributing concentrations of each of the trace metals indicated. No 19 

distinct seasonal pattern is observed for trace metal concentrations in the PM2.5-20 

10 size fraction, with the exception of November that had significantly higher 21 

trace metal levels, especially Ca. However, the PM1 and PM1-2.5 size fractions do 22 

indicate relatively higher total trace metal concentrations from September to 23 

November and August to November, respectively. These periods coincided with 24 

the end of the dry season, which occurs in this part of South Africa from mid-25 

May to mid-October. Furthermore, the end of the dry season is also characterised 26 

by increases in wind speed in August. Therefore, these elevated trace metal 27 

concentrations determined in the PM1 and PM1-2.5 size fractions can partially be 28 

attributed to decreased wet removal in conjunction with increases in wind 29 

generation thereof. In addition, slightly higher trace metal concentrations are 30 
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observed in the PM1 size fraction in the winter months from June to August, 1 

which can be ascribed to the presence of more pronounced inversion layers 2 

during this time of the year that trap pollutants near the surface.  3 

 4 

 Insert Figure 4 5 

 6 

The monthly concentrations of each of the trace metal species determined in the 7 

PM1 and PM1-2.5 size fractions reveal the highest contributions from Fe and Ca in 8 

both these size fractions for each of the months. The concentrations of Na and Cr 9 

that were the third and fourth most abundant species, respectively, as well as 10 

the elevated levels of Al, B, Mg, Ni, K and P are also reflected in the monthly 11 

distributions in the PM1 and PM1-2.5 size fractions. However, although Fe and Ca 12 

were slightly higher in the PM2.5-10 size fraction, a more even contribution from 13 

the concentrations of Fe, Ca, Na, Cr, Al, B, Mg, Ni, K and P is observed, with the 14 

exception of November. This can be attributed to this larger size fraction 15 

consisting predominantly of wind-blown dust. A significantly higher monthly Ca 16 

concentration was determined in November that contributed to a considerable 17 

increase in the measured total trace metal level. The Ca concentration in the 18 

PM2.5-10 size fraction also had a higher contribution in October and similarly 19 

higher levels during October in the PM1 size fraction. 20 

Source apportionment  21 

As a first approach in the source apportionment investigation, Spearman 22 

correlation diagrams were prepared for each size fraction. In Figure 5, the PM1, 23 

PM1-2.5 and PM2.5-10 size fractions are presented, i.e. Figures 5a, 5b and 5c, 24 

respectively. In Figure 5a, Na, Mg, Ca as well as Fe and Cr correlate with each 25 

other, suggesting a crustal influence. Strong correlations to the above are 26 

indicated by Sr. A correlation between Sr and B can also be seen. V indicated no 27 

correlation to Ni or Mn; instead, Ni is associated to Mn as Cr is to Fe. In the fine 28 

fraction, the trace metals originating from metallurgical industries are expected. 29 
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In Figure 5b, Sr remains correlated to Na, Mg, Ca and Al. P indicated little to no 1 

correlations. In Figure 5c, P and K showed little to no associations while Sr 2 

remained correlated to the crustal species. In addition, Cr and Fe have more 3 

prominent associations suggesting their crustal origins. 4 

 5 

 Insert Figure 5  6 

 7 

In an effort to determine sources of trace metals, PCFA was applied as an 8 

exploratory tool, since much larger datasets are required for definitive source 9 

apportionment with PCFA. Therefore, only the most apparent groupings of metal 10 

species relating to expected sources in the region were identified. In Figure 6, the 11 

factor loadings obtained for the PM1 size fraction are presented indicating three 12 

meaningful factors with eigenvalues equal to or greater than one (Pollisar et al., 13 

1998). These three factors obtained explained 78% of the variance. PCFA of the 14 

PM1-2.5 and PM2.5-10 size fractions did not reveal any meaningful factors. This was 15 

attributed to the large influence of wind-blown dust on trace metals measured at 16 

Welgegund with all the factors obtained for the PM1-2.5 and PM2.5-10 size fractions 17 

containing mostly crustal species loadings.  In this analysis, species that were 18 

not detected at least 60% of the time, were excluded. 19 

 20 

 Insert Figure 6  21 

 22 

Factor 1 was mainly loaded with trace metal species that are typically associated 23 

with wind-blown dust, i.e. Ca, Fe, Na, Mg and Al. Therefore, this factor was 24 

identified as the crustal factor. The contribution of small Cr units from wind-25 

blown dust is also reflected in this factor with a relatively high loading. This 26 

factor explained 53.7% of the total system variance. However, this factor also 27 

exhibits a strong loading of V. The use of NaNO3 in V extraction is well 28 
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documented (Liu et al., 2012), as is the use of limestone (CaO) as a de-slagging 1 

agent in steel production (Rodriguez-Navarro et al., 2009).  2 

Factor 2 explained 13.8% of the variance in the data and was identified as the 3 

pyrometallurgical-related factor. This factor revealed higher loadings of Be, Cr, 4 

Fe Ni, Mn and Mo. Fe and Cr are associated with the large number of 5 

ferrochromium smelters in the Bushveld Igneous Complex, while Ni related to 6 

base metal smelters that refine base metals extracted from the PGM production 7 

processes. Mn is present in most of the ores from which metals are produced in 8 

the western Bushveld Igneous Complex. Mn has a substantially lower vapour 9 

pressure than most of the heavy metals produced in this region and is therefore 10 

more volatile. 11 

Factor 3 was predominantly loaded with Be, P, Mn, Co, Mo, Cd, Sb, Tl, Pb and U. 12 

This factor explained 7.1% of the variance and was identified as the fly ash 13 

factor, originating from a variety of combustion processes. Si, Ca and Al are 14 

typically associated with fly ash. elements such as Be, B, Cd, Cr, Co, Pb, Mn, Mo, 15 

Sr, and Tl have been reported on and may be produced during high temperature 16 

processes, which include coal combustion (Goodarzi, 2006). The high variability 17 

of the coal composition in combustion and metallurgical processes, contributes to 18 

the variability in fly-ash composition. 19 

Pollution roses of each of the trace metal species detected were also compiled in 20 

an effort to substantiate the sources identified with PCFA for the PM1 size 21 

fraction, as well as to verify the influence of wind-blown dust that contributed to 22 

obtaining no meaningful factors for PM1-2.5 and PM10-2.5. In Figure 7, these 23 

pollution roses are presented, which indicate higher trace metal concentrations 24 

associated with wind directions from the north to western sector from Welgegund 25 

for all the species. As mentioned previously, the north to south-western sector 26 

from Welgegund is considered to be a relatively clean region without any large 27 

pollutant sources. Therefore, the most significant source of atmospheric trace 28 

metal species originating from this sector can be considered to be wind-blown 29 

dust (e.g. from the Karoo and Kalahari). This is also indicated by the higher 30 

atmospheric concentrations of specifically Ca, Fe, Na, Mg and Al associated with 31 
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the north-western sector. Furthermore, the concentrations of trace metal species 1 

originating from the north can also be associated with the western Bushveld 2 

Igneous Complex source region, as well as the anticyclonic recirculation of 3 

pollutant species over the interior of South Africa. This is also reflected by 4 

slightly higher concentrations of Ni, Cr, Mn and Sb associated with winds 5 

originating in the north. It is also evident that Fe has a contribution from wind-6 

blown dust from the north-western sector, as well as from pyrometallurgical 7 

activities in the north. 8 

 9 

 Insert Figure 7  10 

 11 

Conclusions 12 

Of the elements analysed in the aerosol samples, atmospheric Fe had the highest 13 

concentrations in all three size fractions, while Ca was the second most 14 

abundant species. Cr and Na concentrations were the third and fourth most 15 

abundant species, respectively, while relatively higher concentrations were also 16 

determined for Al, B, Mg, Ni, K and P. With the exception of Fe that had higher 17 

concentrations in the PM1 size fraction, the concentrations of the trace metal 18 

species in all three size ranges were similar.  19 

A comparison of trace metal concentrations determined at Welgegund with trace 20 

metal measurements conducted in the western Bushveld Igneous Complex 21 

indicated that Fe was also the most abundant species, while other trace metals 22 

determined at Welgegund were also measured in the western Bushveld Igneous 23 

Complex. However, concentrations of these trace metal species were significantly 24 

higher in the western Bushveld Igneous Complex. Trace metal concentrations 25 

were also compared to levels thereof in the Vaal Triangle, where Na, Fe and K 26 

were the most abundant species. Fe concentrations at the Vaal Triangle were 27 

similar to levels thereof at Welgegund, while concentrations of species associated 28 

with pyrometallurgical smelting were lower. Comparison to atmospheric trace 29 
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metal species measured at a background site in China revealed similar 1 

concentrations for Fe and Ca, while Al, Na and K were an order of magnitude 2 

higher. Atmospheric trace metal concentrations were much lower at two 3 

European background sites. With the exception of Ni and As, none of the trace 4 

metals measured at Welgegund exceeded local and international standard limit 5 

values. The relatively high Ni and As concentration could possibly be attributed 6 

to the influence of base metal refining in the western Bushveld Igneous Complex. 7 

No distinct seasonal pattern is observed for total trace metal concentrations in 8 

the PM2.5-10 size fraction, while the PM1 and PM1-2.5 size fractions indicated 9 

elevated trace metal concentrations coinciding with the end of the dry season. 10 

This could partially be attributed to decreased wet removal and increases in 11 

wind generation of particulates. 12 

With the exception of Ti, Al and Mg, 65% or more of the trace metal species 13 

detected were in the two smaller size fractions, with approximately 40 to 45% 14 

occurring in the PM1 size fraction, which indicated the influence of industrial 15 

activities on trace metals measured at Welgegund. However, the large influence 16 

of wind-blown dust on trace metal concentrations determined at Welgegund is 17 

reflected by 35% and more of trace metals being present in the PM2.5-10 size 18 

fraction, while Ti, Al and Mg were predominantly in the PM2.5-10 size fraction. 19 

PCFA analysis revealed three meaningful factors in the PM1 size fraction, i.e. fly 20 

ash, pyrometallurgical-related and crustal. No meaningful factors were 21 

determined for the PM1-2.5 and PM2.5-10 size fractions, which were attributed to 22 

the large influence of wind-blown dust on atmospheric trace metals determined 23 

at Welgegund. Pollution roses confirmed this impact of wind-blown dust on trace 24 

metal concentrations, while the influence of industrial activities was also 25 

substantiated. 26 
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 1 

 2 

 3 

Figure 1: Geographical map indicating Welgegund (black star), as well as the 4 

major point sources and the JHB-PTA conurbation that have an impact on air 5 

masses measured at Welgegund. 6 

  7 
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 1 

 2 

Figure 2: Size distributions of individual trace metal species detected 3 

 4 

  5 
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 1 

(a) 2 

(b) 3 

(c) 4 
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(d) 1 

Figure 3: Box and whisker plots of trace metal concentrations in the (a) PM10 2 

(sum of trace metal concentrations in the three size fractions), (b) PM1, (c) PM1-3 

2.5, and (d) PM2.5-10 size fractions. The red line indicates the median 4 

concentrations, the blue rectangle of the boxplot represents the 25th and 75th 5 

percentiles, while the whiskers indicate ± 2.7 times the standard deviation. The 6 

green stars are the detection limits of each species. 7 

  8 
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Table 1: Annual average trace metal concentrations measured at Welgegund, 1 

annual average standard limits, as well as annual average trace metal levels 2 

determined in other studies in South Africa, China and Europe. Concentration 3 

values are presented in gm-3  4 
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Be 0.158  0.020   0.100  <0.001 

B 0.283  1.300      

Na 0.377  1.410  2.800 1.450   

Mg 0.227  2.040  1.000 0.637   

Al 0.170  1.280   2.180 0.200  

P 0.172        

K 0.138  0.680  1.300 1.170   

Ca 1.089  1.080   0.996   

Ti 0.072  0.120 0.180 0.020 0.069  0.019 

V 0.037 1.000(b)# 0.040 0.160   <0.001 0.005 

Cr 0.497 2.50x104(a)

* 
0.240 1.370 0.050 0.022 <0.001 0.001 

Mn 0.026 0.150(a) 0.060 4.390 0.120 0.036 0.002 0.005 

Fe 1.195  2.540 9.760 1.280 1.090 0.028  

Co 0.004  0.140   <0.001  <0.001 

Ni 0.079 0.020(b) 0.330 0.770 0.040 0.020 <0.001 0.003 

Cu 0.007  0.180 0.210 0.050 0.010 0.003 0.008 

Zn 0.053  0.490 0.340 0.090 0.027 0.003 0.026 

As 0.008 0.006 (b) 0.260   0.003 0.002 <0.001 

Se 7.400  0.580   0.001 <0.001 0.001< 

Sr 0.002     0.010  0.005 

Mo 0.002     0.007  0.004 

Pd 0.015  0.410      

 5 
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Table 1: continued... 1 

Ag 0.536     <0.001   

Cd 0.385 0.005 (a)(b) 0.030   <0.001 <0.001 <0.001 

Sb 0.001     <0.001  <0.001 

Ba 0.004  0.140   0.018  <0.008 

Pt 0.002  0.350      

Au 0.003  0.380      

Hg 0.184 1.000(a) 0.550      

Tl 0.713  0.270     <0.001 

Pb 0.008 0.5 (a)(b)(c) 0.080 0.420 0.040 0.053 0.003 0.009 

U 0.891        

 2 

* WHO guideline for Cr(VI) concentrations associated with an excess lifetime risk 3 

of 1:1 000 000 4 

# 24-h limit value 5 

a) WHO air quality guidelines for Europe, b) European Commission Air Quality 6 

Standards, c) National Air Quality Act of the South African Department of 7 

Environmental Affairs 8 

Yellow shading is indicative of species with concentration values in ng.m-3. A 9 

value half of the detection limits is used here in accordance with health related 10 

studies 11 

  12 
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(a) 1 

(b) 2 

(c) 3 

Figure 4: The monthly median trace metal concentrations in the PM1 (a), PM1–2.5 4 

(b) and PM2.5–10 (c) size fractions 5 

   6 
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(a) 1 

(b) 2 

(c) 3 

Figure 5: Spearman correlations of trace metal species in the PM1 (a), PM1-2.5 (b) 4 

and PM2.5-10 (c) size fractions    5 
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 1 

Figure 6: PCA/FA of the trace metal concentration in the PM1 size fraction. Three dominant factors are identified.  2 
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Figure 7: Pollution roses of trace metal species that were 25% or more of the time 

detected with the analytical technique 
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 10 

Abstract 11 

The physical and chemical characterisation of atmospheric aerosols is essential 12 

in establishing their impacts on climate change and human health. Aerosols 13 

consist of a large number of organic and inorganic species, which depend on the 14 

sources of these species. Inorganic ionic species in atmospheric aerosols have a 15 

significant influence on the acidity potential of the atmosphere, which will also 16 

have an impact on ecological systems through wet and dry deposition thereof. 17 

The aim of this study was to conduct an assessment of major inorganic ions 18 

determined in three aerosol size ranges, i.e. PM1, PM1-2.5 and PM2.5-10 collected for 19 

one year at Welgegund in South Africa. Results indicated that SO4
2- 20 

concentrations in the PM1 size fraction were significantly higher compared to the 21 

other species in all three size fractions. SO4
2- and NH4

+ dominated the PM1 size 22 

fraction, while SO4
2- and NO3

- were the predominant species in the PM1-2.5 and 23 

PM2.5-10 size fractions. SO4
2- had the highest contribution in the two smaller size 24 

fractions, while NO3
- had the highest contribution in the PM2.5-10 size fraction. 25 

SO4
2- levels were attributed to the impacts of aged air masses passing over source 26 

regions, while marine air masses were considered to be the major source of NO3
-. 27 

The reaction of SO4
2- with gas-phase NH3 was considered to be the major source 28 

of NH4
+ in the PM1 size fraction. The PM at Welgegund was determined to be 29 
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acidic, mainly due to the excess concentrations of SO4
2-. Comparison of the 1 

inorganic ion concentrations determined at Welgegund to measurements thereof 2 

at Marikana situated in one of the major source regions impacting on Welgegund 3 

indicated that the concentrations of almost all the inorganic ion species were 4 

higher at Marikana. At Welgegund, PM1 and PM1-2.5 fractions revealed a seasonal 5 

pattern, with higher inorganic ion concentrations measured from May to 6 

September. Higher concentrations were attributed to decreased wet removal of 7 

these species, since these months coincide with the dry season in this part of 8 

South Africa. Increases in pollutant concentrations due to more pronounced 9 

inversion layers trapping pollutants near the surface, as well as increases in 10 

household combustion and wild fires during these months were also considered 11 

contributing to elevated levels of inorganic ions. Back trajectory analysis of each 12 

of the sampling months also revealed higher concentrations of inorganic ionic 13 

species corresponding to air mass movements over source regions. 14 

Keywords: inorganic ions, seasonal trends, precipitation, back trajectories, South 15 

Africa 16 

 17 

Introduction 18 

Atmospheric aerosols or particulate matter (PM) are important components of 19 

the atmosphere, which can have significant impacts on general air quality and 20 

play a significant role in the climate forcing (IPCC, 2014). Aerosols show high 21 

temporal and spatial variability, increasing the necessity for detailed physical 22 

and chemical characterisation (Koulouri et al., 2008). A significant number of 23 

studies have been performed on aerosols to determine the sources, 24 

characteristics, as well as the potential impacts on human health and climate in 25 

recent times. Although the impacts of greenhouse gases (especially CO2) on 26 

climate change are well understood, large uncertainties are associated with 27 

regard to the impacts of aerosols on climate change (IPCC, 2014). The impacts of 28 

PM on climate change and human health can only be established by physically 29 

and chemically characterising these species. 30 
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PM is usually classified according to their size as course (PM10 – aerodynamic 1 

diameter < 10 m), fine (PM2.5 – aerodynamic diameter < 2.5 m) or ultrafine 2 

(PM1 and PM0.1 – aerodynamic diameter < 1 and < 0.1 m, respectively) 3 

particulates. Larger particles have shorter lifetimes in the atmosphere compared 4 

to smaller aerosols. Some of the impacts of these species are also determined by 5 

their size. Fine and ultrafine particles, for instance, can more readily penetrate 6 

into the lungs and are therefore more likely to increase respiratory and 7 

mutagenic diseases (Schwartz et al., 1996). In addition to size, the chemical 8 

composition of aerosols is important. Aerosols consist of a large number of 9 

organic (which include black carbon, i.e. BC and organic compounds, i.e. OC) and 10 

inorganic species, which depends on the sources of PM. The highest uncertainty 11 

related to atmospheric aerosols is associated with the exact chemical composition 12 

of atmospheric aerosols, especially relating to organic compounds (Booyens et al, 13 

2014, Tiitta, et al, 2014). A large number of inorganic species are present in 14 

aerosols, which include trace metals and ionic species. The major inorganic ionic 15 

species usually considered in atmospheric aerosols include sulphate (SO4
2-), 16 

nitrate (NO3
-) and ammonium (NH4

+), sodium (Na+), potassium (K+), chloride (Cl-17 

), calcium (Ca2+), magnesium (Mg2+) and fluoride (F-). These inorganic ions in 18 

atmospheric aerosols have a significant influence on the acidity potential of the 19 

atmosphere, which will also have an impact on ecological systems through the 20 

wet and dry deposition of these species. Furthermore, chemical properties of 21 

aerosols also have an influence on the physical properties of PM. Inorganic SO4
2- 22 

species, for instance, are lightly coloured particulates that reflect incoming solar 23 

radiation that causes a net cooling effect in the atmosphere, while dark particles 24 

such as BC absorb radiative energy, leading to the warming of the atmosphere. 25 

Aerosols can be directly emitted into the atmosphere as primary aerosols from 26 

natural and/or anthropogenic sources, or are formed as secondary aerosols 27 

through chemical reactions and gas-to-particle conversions. Typical natural 28 

sources include volcanic eruptions, wind-blown dust, pollen, maritime, biogenic 29 

emissions and natural wild fires. Biomass burning (human-induced wild fires, 30 

and household combustion for cooking and space heating), fossil fuel combustion 31 
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(industrial activities and vehicular emissions), as well as mining and agricultural 1 

activities are considered to be the most important anthropogenic sources. 2 

Atmospheric inorganic and organic gaseous species emitted from natural and 3 

anthropogenic sources are considered important precursor species for secondary 4 

aerosols, e.g. SO2, NO2 and NH3 that form SO4
2-, NO3

- and NH4
+, respectively.  5 

South Africa is a well-known source region of atmospheric pollutants as indicated 6 

by ground measurements and satellite retrievals over this region (Lourens et al., 7 

2012; Ghudea et al., 2009). South Africa has the largest industrialised economy 8 

in Africa, with significant industrial, mining and agricultural activities. 9 

Electricity is predominantly generated with coal-fired power plants that are 10 

centralised in the interior of South Africa. In addition, seasonal biomass burning 11 

(wild fires) also has a large impact on this region (Wai et al., 2014). In an effort to 12 

determine the regional impacts of the major pollutant source regions in the 13 

interior of South Africa, the long-term Welgegund atmospheric measurement 14 

station was established, which is comprehensively equipped to measure a large 15 

number of atmospheric parameters, which include atmospheric aerosol properties 16 

(Beukes et al., 2015).  17 

In this study, an assessment of major inorganic ions determined in three aerosol 18 

size ranges collected for one year at Welgegund is presented. The measurement 19 

of inorganic ions is especially important in South Africa, since the coal-fired 20 

power stations and most of the industries do not apply de-SOx and de-NOx 21 

technologies, which leads to elevated emissions of SO2 and NO2, and the 22 

consequent formation of SO4
2- and NO3

-. Statistical methods were applied in an 23 

effort to determine major sources of inorganic ions. This paper is an extension of 24 

the previous papers wherein trace metals (Venter et al, 2015) and organic 25 

compounds (Booyens et al., 2014) determined in different size ranges for 26 

atmospheric aerosols collected at Welgegund were presented. In addition, this 27 

work also supplements the work conducted by Tiitta et al. (2014), where PM1 28 

aerosols were chemically characterised with aerosol chemical specification 29 

monitor (ACMS) measurements during which organic aerosol (OA), SO4
2-, NH4

+, 30 

NO3
- and Cl- concentrations were determined. Furthermore, in order to compare 31 



Chapter 7 107 

inorganic ion concentrations determined at Welgegund (a regional background 1 

site) with levels of these species within a declared air quality priority area 2 

(indicating a source region with significantly high pollutant concentrations), 3 

inorganic ion concentrations determined at Marikina are also presented. 4 

Marikana is situated within the Bushveld Igneous Complex that forms part of 5 

the Waterberg Priority Area (SA, 2012a), which is one of the major source regions 6 

impacting on Welgegund. 7 

 8 

Experimental 9 

Site description 10 

Welgegund  11 

Aerosol sampling was performed at the Welgegund atmospheric measurement 12 

station (www.welgegund.org, 26.569786 S and 26.939289 E, 1 480 m a.s.l.). 13 

Welgegund is situated on a commercially owned farm with no large pollution 14 

sources within close proximity. The site is strategically situated in the interior of 15 

South Africa, since it is frequently impacted by air masses moving over the most 16 

important source regions in the interior of South Africa (e.g. the western 17 

Bushveld Igneous Complex, Vaal Triangle, Mpumalanga Highveld and the 18 

Johannesburg-Pretoria conurbation), as well as a relatively clean background 19 

region with no large point sources. In Beukes et al. (2013), Jaars et al. (2014) and 20 

Tiitta et al. (2014), maps indicating the location of Welgegund and a detailed 21 

description of site, which include site selection, prevailing biomes and major 22 

source regions are presented. 23 

Marikana 24 

Marikana (25.69845 S, 27.48056 E, 1170m a.s.l.) is a small village situated 25 

approximately 35 km east of Rustenburg, in the North West Province of South 26 

Africa – maps indicating the location of Marikana were presented by Venter et al. 27 

(2012), Hirsikko et al. (2012) and Van Zyl et al. (2014). Marikana is located 28 

http://www.welgegund.org/
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within the western Bushveld Igneous Complex, which is well known for 1 

comprehensive mining and metallurgical activities (Van Zyl et al., 2014; Beukes 2 

et al., 2013; Venter et al., 2012). The site was situated in a residential area on the 3 

property of the Marikana municipal clinic. A detailed description of the 4 

measurement site and possible sources of pollutants is presented in Venter et al. 5 

(2012). 6 

 7 

Sampling and analysis 8 

PM samples were collected at Welgegund from 24 November 2010 until 28 9 

December 2011. A Dekati (Dekati Ltd., Finland) PM10 cascade impactor 10 

(ISO23210) equipped with Teflon filters was used to collect different particulate 11 

size ranges, i.e. PM2.5-10 (aerodynamic diameter ranging between 2.5 and 10 m), 12 

PM1-2.5 (aerodynamic diameter ranging between 1 and 2.5 m) and PM1 13 

(aerodynamic diameter <1). The pump flow rate was set at 30 L/min. Samples 14 

were collected continuously for one week, after which filters were changed. A 15 

total of 54 samples were collected for each of the three size ranges. 16 

An Airmetrics MiniVol™ portable air sampler was used for aerosol sample 17 

collection at Marikana. Two MiniVol samplers were used simultaneously to 18 

collect PM <10µm (PM10) and PM <2.5µm (PM2.5) samples (Airmetrics, 2011). A 19 

programmable timer controlled the pump in order to achieve sample collection of 20 

12 hours per day for six days, beginning either at 06:00 for daytime data, or at 21 

18:00 for night time data. Each sample contained PM collected for 72 hours. The 22 

actual sampling time and flow rate (5 L/min) were taken into consideration to 23 

determine the atmospheric concentrations of the species.  All filter samples 24 

collected at Welgegund and Marikana were sealed-off in containers, which were 25 

stored in a freezer prior to analyses. 26 

The filters were divided into two equal parts by a specially designed punching 27 

system, to be able to analyse both trace metals (Venter et al., 2015) and inorganic 28 

ions using a single set of samples. The inorganic ions in the aerosols collected on 29 
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the Teflon filters were extracted with 5 mL deionised water (18.2 MΩ) in an 1 

ultrasonic bath for 30 minutes. Extracted aqueous samples were subsequently 2 

analysed with a Dionex ICS 3000 ion chromatograph (IC), with an IonPac AG18 3 

(2 mm x 50 mm) guard and IonPac AS18 (2 mm x 50 mm) analytical column. The 4 

inorganic ionic species determined included SO4
2-, NH4

+, NO3
-, Na+, K+, Cl-, Ca2+ 5 

and Mg2+. Concentrations below the detection limit of the IC were considered to 6 

have concentrations half the detection limit of the species considered. This is a 7 

precautionary assumption that is frequently used in health-related 8 

environmental studies (Al-Momani et al., 2005; Kulkarni et al., 2007, Van Zyl et 9 

al., 2014). 10 

 11 

Back trajectory analysis 12 

Individual 96 hour, hourly back trajectories with an arrival height of 100 m were 13 

calculated with HYSPLIT 4.820.19 (Draxler & Hess, 2004; Lourens et al., 2011; 14 

Venter et al., 2012). An arrival height of 100 m was chosen since the orography in 15 

HYSPLIT is not very well defined with lower arrival heights resulting in 16 

increased error margins on individual trajectory calculations. 24-hourly arriving 17 

back trajectories for each day were obtained for the entire sampling period. 18 

Individual back trajectories produced in HYSPLIT (24 x 365 days) were 19 

superimposed and further analysed in MATLAB. In the overlay back trajectory 20 

presentation compiled with MATLAB, a colour code indicates the percentage of 21 

trajectories passing over 0.2° x 0.2° grid cells, with red being the highest 22 

percentage and blue the lowest. 23 

 24 

Results 25 

Size resolved inorganic ion concentrations 26 

In Figure 1, the concentrations of each of the inorganic ionic species determined 27 

in the three size ranges for Welgegund samples are presented. SO4
2-, NH4

+, K+ 28 
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and F- concentrations were significantly higher in the PM1 size fraction, with 1 

concentrations of these species in the PM1 size fraction approximately an order of 2 

magnitude higher compared to the levels of these species in the PM1-2.5 and PM2.5-3 

10 size fractions. Slightly higher levels of NO3
-, Cl- and Mg2+ were measured in the 4 

PM2.5-10 size fraction in relation to the other two size fractions, while Na+ and 5 

Ca2+ concentrations were evenly distributed in all three size ranges. SO4
2- levels 6 

in PM1 were approximately three times higher than NH4
+ in the PM1 size 7 

fraction, while being an order magnitude higher compared to the concentrations 8 

of NO3
-, Na+, K+ and Ca2+ in all three size ranges, as well as to the concentrations 9 

of SO4
2-and NH4

+ in the PM1-2.5 and PM2.5-10 size fractions. SO4
2- concentrations in 10 

the PM1 size fraction were two orders of magnitude higher compared to Cl-, Mg2+ 11 

and F- levels in all three size ranges. The median SO4
2-, NH4

+, K+ and F- 12 

concentrations in the PM1 fraction were 1.35 g/m3, 0.440 g/m3, 0.032 g/m3 and 13 

0.015 g/m-3, respectively. The median levels of NO3
-, Cl- and Mg2+ in the PM2.5-10 14 

size fraction were 0.057 g/m3, 0.007 g/m3 and 0.006 g/m3, respectively. The 15 

highest median concentrations for Na+ were 0.021 g/m3 in the PM1-2.5 size 16 

fraction, while Ca2+ had the highest median of 0.014 g/m3 in the PM2.5-10 size 17 

fraction. 18 

 19 

Insert Figure 1 20 

 21 

The normalised contribution percentages of each of the inorganic ionic species in 22 

terms of their ionic concentrations observed at Welgegund are presented in 23 

Figure 2 for the three size fractions. It is evident that the PM1 size fraction is 24 

dominated by SO4
2- and NH4

+, while the PM1-2.5 and PM2.5-10 size fractions are 25 

dominated by SO4
2- and NO3

-. However, SO4
2- was the most dominant species in 26 

both the smaller size fractions, while NO3
- had the highest concentration in 27 

PM2.5-10. Tiitta et al. (2014) also indicated, with ACMS measurements, higher 28 

contributions of SO4
2- and NH4

+ in PM1 aerosols. SO4
2- in the smaller size 29 

fractions (especially PM1) is generally considered to be a secondary pollutant 30 
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resulting from the oxidation of SO2 in aged air masses in South Africa. Most 1 

industries in South Africa utilise particulate filters to filter out particulates in 2 

off-gas. Therefore, primary emissions of SO4
2- are unlikely. However, as 3 

mentioned previously, most industries in South Africa do not employ de-SOx and 4 

de-NOx technologies, which leads to higher SO2 and NO2 emissions. 5 

Furthermore, the highly industrialised interior of South Africa is characterised 6 

by anti-cyclonic recirculation of air masses wherein the aging of pollutant species 7 

occurs. As the primary sources of SO2 and NO2 are the coal fired power stations. 8 

SO2 is directly proportional to the amount of coal combusted whereas NO varies 9 

depending on the burner technology implemented by the power station. In the 10 

2015 annual report of ESKOM, South Africa’s main power supplier, it is reported 11 

that 119.2 Mt of coal was combusted with an average ash and sulphur content of 12 

27.63% and 0.80% respectively. The report quantifies SO2, NO2 and N2O 13 

emissions as 1 834 kt, 937 kt and 2 919 kt respectively (ESKOM, 2015). Vakkari 14 

et al. (2014) also indicated the importance of SO4
2- as a precursor for new particle 15 

formation in South Africa. In general, most of the inorganic ions in the PM1 16 

fraction can be considered to be secondary aerosols. 17 

 18 

Insert Figure 2 19 

 20 

Atmospheric NO3
- can mainly be attributed to the oxidation of NO2 gaseous 21 

emissions to form HNO3. The higher NO3
- contribution in the PM2.5-10 size 22 

fraction is most likely related to aged marine air masses, where hydrogen 23 

chloride has been displaced from NaCl by HNO3 vapour to form NaNO3 (Turner 24 

& Colbeck, 2008). On the other hand, NO3
- observed in the smaller size fractions 25 

may be the product of the formation of NH4NO3 from the neutralisation reaction 26 

between HNO3 vapour by NH3 (Turner & Colbeck, 2008). The much lower NO3
- 27 

concentrations in the PM1 fraction can most likely be attributed to the high SO4
2- 28 

levels that will substitute the NO3
- in NH4NO3 to form (NH4)2SO4 if SO4

2- that is 29 

not completely neutralised (Sienfeld & Pandis, 2006). The high NH4
+ observed in 30 
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the PM1 size fraction can most probably be ascribed to particulate SO4
2- reacting 1 

with NH3 in the gas phase due to the high acidity of SO4
2- particles (Squizzato et 2 

al., 2013). Furthermore, the PM2.5-10 size fraction has higher percentage 3 

contributions from Cl-, Mg2+, Ca2+ and Na+ compared to the other two size 4 

fractions, which can be attributed to larger particle originating from marine (e.g. 5 

Na+ and Cl-) and terrigenous sources (e.g. Ca2+ from wind-blown dust). Although 6 

Figure 1 indicated that the concentrations of Na+ and Ca+ species were evenly 7 

distributed in all three size fractions, much lower contributions from SO4
2- and 8 

NH4
+ in the PM2.5-10 size fraction lead to an increase in the relative contribution 9 

of these species to the total inorganic ionic content. In addition, the NO3
-, Cl- and 10 

Mg2+ concentrations are higher in the PM2.5-10 size fraction (Figure 1). 11 

The acidity of atmospheric aerosols has an influence on their hygroscopicity and 12 

their ability to produce secondary aerosols. Several studies employed the 13 

Extended Aerosol Inorganics Model (E-AIM) to estimate pH, which is considered 14 

to produce the best estimates (Squizzato et al., 2013; Hennigan et al., 2015; 15 

Zhang et al., 2007). However, this model was not utilised for the Welgegund 16 

inorganic ionic data, instead, as discussed by Tiitta et al. (2014) for Welgegund, it 17 

is possible to estimate the acidity of PM by comparing the measured NH4
+ mass 18 

concentration to the amount of NH4
+ needed to completely neutralise the anions 19 

that were calculated using Eq. (1): 20 

 21 
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 23 

Here, SO4
2−, NO3

- and Cl− are the mass concentrations of the ions (μg/m−3) and 24 

the denominators correspond to their molecular weights, with 18 being the 25 

molecular weight of NH4
+. If the calculated NH4

+ concentration is lower than the 26 

measured values, particles are considered to be ‘more acidic’ or, on the contrary, 27 

if the two values are equal, they are considered ‘bulk neutralised’. This approach 28 

assumes a minimal influence of metal ions, organic acids and bases on NH4 29 
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concentration (Zhang et al., 2007). The calculated NH4
+ concentrations plotted 1 

against the measured values are presented in Figure 3. In this figure, the 1:1 line 2 

corresponds to the bulk neutralised state. It is evident from the results that the 3 

aerosols are closer to the neutralised state in the dry season (Jul’11 and Sep’11) 4 

than in the wet season (Dec’10-Feb’11 and Nov’11-Dec’11). SO2 oxidation to SO4
2− 5 

is moisture limited, with little such oxidation occurring at relatively humidity 6 

(RH) below 70% (Connel, 2005). Therefore, even with elevated SO2 concentrations 7 

in the dry season, less SO4
2− will form, resulting in more neutralised aerosols. In 8 

contrast, more acidic aerosols form in the wet season. However, in both seasons, 9 

the aerosols are essentially acidic in nature, implying that the atmospheric NH4
+ 10 

concentration was insufficient to neutralise all SO4
2−, NO3

- and Cl− anions. From 11 

the results presented in Figures 1 and 2, it could be deduced that SO4
2− was the 12 

dominating acidic ion, which indicates that a fraction of NO3
- and Cl− anions 13 

must be associated with cations other than NH4
+. In Figure 3, numerous points 14 

(circled) did not lay close to the linear fitted lines of the dry and wet season data. 15 

These data points were considered in the afore-mentioned linear fits, but clearly 16 

indicate somewhat different behaviour. Obviously, these ‘outliers’ could be as a 17 

result of the assumptions made in this approach, i.e. minimal influence of metal 18 

ions, organic acids and bases on NH4
+ concentrations (Zhang et al., 2007). 19 

However, these data points could also indicate that the aerosol acidities might be 20 

extremely acidic or basic on certain occasions. Especially aerosols in the wet 21 

season indicate such behaviour. This could be linked to the RH dependency of 22 

SO4
2− formation, since six of the eight ‘outliers’ close to the x-axis are wet season 23 

data points. This result indicates extreme acidity in some aerosol samples 24 

gathered in the wet season. 25 

 26 

Insert Figure 3 27 

 28 
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Comparison with inorganic ion concentrations measured within a 1 

source region 2 

In order to contextualise the inorganic ion concentrations measured at 3 

Welgegund, the results were compared to levels determined for inorganic ionic 4 

species at Marikana. As mentioned previously, Marikana is situated within the 5 

industrialised Bushveld Igneous Complex, which is one of the major source 6 

regions influencing air masses measured at Welgegund (Beukes et al., 2013, 7 

Tiitta et al., 2014, Jaars et al., 2014). Venter et al. (2012) reported high PM10 8 

concentrations measured at Marikana, with PM10 levels exceeding South African 9 

legislative standard limits.  10 

In Figure 4, the concentrations of each of the inorganic ionic species determined 11 

in two size ranges, i.e. PM2.5 and PM10 at Marikana are presented. As mentioned, 12 

MiniVol samplers were used to collect total PM10 and PM2.5 at Marikana. SO4
2-, 13 

NH4
+ and K+ concentrations were similar in the two size ranges, with marginally 14 

higher median concentrations in the PM10 size fraction, i.e. 2.20 g/m3, 15 

0.64 g/m3 and 12.9 g/m3, respectively. Since the PM10 size fraction also contains 16 

the PM2.5 size fraction, the afore-mentioned results prove that these species 17 

(SO4
2-, NH4

+ and K+) mainly occurred in the PM2.5 size fraction. NO3
-, Cl-, Mg2+ 18 

Na+ and Ca2+ concentrations were higher in the PM10 size fractions with median 19 

concentrations of 0.67 g/m3, 0.14 g/m3, 0.06 g/m3, 0.16 g/m3 and 0.25 g/m3, 20 

respectively. SO4
2- levels were approximately between three and four times 21 

higher than NH4
+ and NO3

- levels, while being an order magnitude higher 22 

compared to the concentrations of Na+, K+, Ca2+, Cl- and Mg2+ in both size ranges. 23 

The concentrations of all the inorganic species were higher at Marikana 24 

compared to Welgegund, with the exception of NH4
+ and K+. Concentrations 25 

measured for NH4
+ and K+ in the PM1 size fraction at Welgegund were similar 26 

compared to levels thereof in PM2.5 at Marikana. However, significantly higher 27 

concentrations of NH4
+ and K+ were determined in the PM10 size fraction at 28 

Marikana. SO4
2- levels were approximately 2.5 times higher at Marikana, while 29 

concentrations of NO3
-, Cl-, Mg2+ Na+ and Ca2+ were an order of magnitude higher 30 

compared to levels thereof at Welgegund. Higher levels of these species are 31 
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expected, since Marikana is situated within a source region with a large number 1 

of industrial and mining activities, as well as a dense population that contributes 2 

to emissions from household combustion for space heating and cooking. 3 

 4 

Insert Figure 4 5 

 6 

In Figure 5, the normalised distribution percentages of each inorganic ionic 7 

species in the PM2.5 and PM10 size-fractions measured at Marikana are 8 

presented. It is evident that both size fractions are dominated by SO4
2-. NH4

+ was 9 

the second most abundant species in the PM2.5 size fraction, while NO3
- and NH4

+ 10 

had similar contributions in PM10 being the second most dominant species in this 11 

size fraction. The contribution of SO4
2- in the PM2.5 size fractions at Marikana is 12 

similar to the SO4
2- contributions in PM1 and PM1-2.5 determined at Welgegund. 13 

Therefore, secondary aerosol formation from SO2 emitted from local sources in 14 

this region can be considered the main source of these species. However, a 15 

considerably higher SO4
2- contribution is observed in the PM10 size fraction at 16 

Marikana compared to the SO4
2- contribution determined at Welgegund, which 17 

leads to much lower contributions of NO3
-, Cl-, Mg2+, Ca2+ and Na+. This can be 18 

attributed to the strong influence of pyrometallurgical activities on the aerosols 19 

sampled in this region. It is well known that the platinum group metals (PGM) 20 

industries in the western Bushveld Igneous Complex are associated with high 21 

SO2 emissions resulting from sulphidic ores, without the formation of NO 22 

associated with coal fired power plant emissions. Van Zyl et al. (2014) also 23 

indicated the high sulphur (S) content in PM sampled in this region. 24 

 25 

Insert Figure 5 26 

 27 
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As mentioned previously, day- and night-time samples were collected at 1 

Marikana. Comparisons between the concentrations of the inorganic ions 2 

measured during day- and night-time in the PM10 size fraction did not 3 

statistically reveal differences in concentrations of any of the ionic species. 4 

However, comparisons between day- and night-time measurements in the PM2.5 5 

size fraction did indicate differences in SO4
2- and NO3

- concentrations with levels 6 

of these species being higher in the night time, as indicated in Figure 6. All the 7 

other ionic species in the PM2.5 had similar concentrations in day- and night-time 8 

samples. The higher SO4
2- nigh-time median can be attributed to the influx of 9 

aged regional air masses at Marikana. Venter et al. (2012) indicated the 10 

influence of regional air masses on concentrations of the secondary pollutant O3 11 

at Marikana. Furthermore, although Venter et al. (2012) indicated that SO2 12 

levels were much lower during night time, the stable meteorological conditions 13 

usually occurring during nigh time could also lead to an increase of local 14 

conversion of local SO2 to SO4
2-. The higher night-time median of NO3

- can most 15 

likely be attributed to elevated levels of NO2, which are associated with 16 

household combustion for space heating and cooking, as indicated by Venter et al. 17 

(2012). During night time, NO3
 is considered the most reactive oxidative 18 

intermediate in the atmosphere, which formed through the reaction of O3 with 19 

NO2. The higher NO2 night-time concentrations therefore result in higher NO3
, 20 

which increases the night-time oxidative capacity of the atmosphere. 21 

 22 

Insert Figure 6 23 

 24 

Temporal and spatial variability 25 

In Figure 7, the total monthly concentrations of the inorganic ionic species in 26 

PM2.5-10 (a), PM1-2.5 (b) and PM<1 (c) measured at Welgegund are presented, with 27 

the contributing concentrations of each of the inorganic ions indicated. No 28 

distinct seasonal pattern is observed for the PM2.5-10 size fraction. However, the 29 
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PM1-2.5 and PM1 size fractions indicated higher inorganic ion concentrations from 1 

May to September and May to August, respectively. These periods with elevated 2 

inorganic ion levels can at least partially be ascribed to seasonal variations in 3 

meteorological parameters. The months with higher inorganic ion concentrations 4 

in the PM1-2.5 and PM1 size fractions coincide with the cold and dry winter 5 

months experienced in this part of South Africa. Winter in South Africa occurs 6 

between June and August, which is associated with more pronounced lower 7 

inversion layers that inhibit vertical mixing in the atmosphere and trap pollutant 8 

species near the surface. Winter is also related to additional combustion of coal 9 

and wood for domestic heating.  Furthermore, this part of South Africa is 10 

characterised by distinct wet and dry seasons, with the wet season occurring 11 

between mid-May and mid-October. In Figure 8, the monthly precipitation 12 

measured during the entire sampling period at Welgegund is presented, which 13 

clearly indicates a period with low rainfall, i.e. May to September. Therefore, wet 14 

removal of inorganic ions is suppressed during these dry months, which leads to 15 

increased concentrations of these species. The influence of wet deposition on 16 

atmospheric inorganic ion concentrations is also illustrated by the difference in 17 

the concentrations measured for December 2010 and December 2011. 18 

Precipitation was higher in December 2010 compared to December 2011, which 19 

resulted in increased wet deposition of inorganic ionic species in December 2010. 20 

In addition, the periods with elevated levels of inorganic ions in the PM1-2.5 and 21 

PM1 size fractions also coincide with increased occurrences of biomass burning 22 

(wild fires) from July to September.  23 

 24 

Insert Figure 7 25 

Insert Figure 8 26 

 27 

Although no clear seasonal pattern is observed for PM2.5-10, the influence of 28 

meteorology (winter and precipitation) and regional biomass burning is to a 29 
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certain extent reflected in higher inorganic ion concentrations measured in July 1 

and September in this size fraction. This is also indicated by the much lower 2 

inorganic ion concentrations measured in December 2010 and January 2011 in 3 

the PM2.5-10 size fractions that are associated with significantly higher rainfall 4 

occurring during these two months (Figure 8). Furthermore, the influence of 5 

precipitation on inorganic ions in the larger size fraction is also indicated by the 6 

lower inorganic ion concentrations measured in December 2010 compared to 7 

December 2011, as observed in the smaller size fractions. Inorganic ion levels in 8 

the PM2.5-10 were also related to air mass history by performing back trajectory 9 

analysis in an effort to explain the inorganic ion concentration measured during 10 

different months, which will be presented later in this paper. 11 

The monthly concentrations of each of the inorganic ions in the three size 12 

fractions reflect the normalised contributing concentrations for the entire 13 

sampling period at Welgegund presented in Figure 2, i.e. the smaller size 14 

fractions are dominated by SO4
2-, while NO3

- concentrations were the highest in 15 

the PM2.5-10 size fractions. The relatively large contribution from NH4
+ in the PM1 16 

size fraction is also evident for each of the months, while the influence of the 17 

marine and crustal species on the PM2.5-10 size fraction is also reflected in the 18 

monthly concentrations. A distinct seasonal pattern is observed for NO3
- in the 19 

PM<1 size fraction, with NO3
- concentrations only evident from June to October 20 

with elevated concentrations thereof from July to September. These higher NO3
- 21 

levels coincide with the peak biomass burning season from July to September. 22 

Vakkari et al. (2014) indicated that aerosols in fresh biomass burning (wild fires) 23 

plumes measured at Welgegund consisted of 7 to 10% NO3
-. In aged biomass 24 

burning plumes, lower NO3
- concentrations are expected, since SO4

2- would have 25 

reacted with NH4NO3, which effectively removes NO3
- from that particulate 26 

phase. Therefore, fresh biomass burning plumes can be considered a source of 27 

NO3
- in the PM1 size fraction. Higher NO3

- concentrations are also evident in 28 

August and September in the PM1-2.5 size fractions, which can also be attributed 29 

to biomass burning emissions. A similar seasonal pattern is observed for Cl- in 30 

the PM1-2.5 size fraction with relatively higher Cl- levels from July to September, 31 
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which can be attributed to primary biomass burning emissions (Vakkari et al., 1 

2014). Tiitta et al. (2014) indicated a strong influence of biomass burning on 2 

organic aerosol and total PM1 concentrations. However, a less significant impact 3 

of biomass burning is observed on the inorganic ionic species concentrations. 4 

ACMS measurements conducted by Tiitta et al. (2014) indicated that SO4
2-, NH4

+, 5 

NO3
- and Cl- concentrations in PM1 depended strongly on air mass history. 6 

Therefore, back trajectory analysis was performed for each of the sampling 7 

months, which is presented in Figure 9 in order to establish the influence of air 8 

mass history on monthly inorganic ion concentrations. In Figure 9, the typical 9 

source areas are represented by polygons. The blue polygon indicates the 10 

combined Vaal Triangle Airshed Priority Area, Highveld Priority Area and 11 

Gauteng (i.e. Johannesburg-Pretoria megacity conurbation). The red polygon 12 

incorporates the Waterberg Priority Area and the typical anti-cyclonic 13 

recirculation pathway of air masses sampled at Welgegund. From Figure 9, it is 14 

evident that the frequency of air masses arriving at Welgegund passing over the 15 

two source regions and the background regions is different for certain months.  16 

 17 

 Insert Figure 9 18 

 19 

Similar air mass movements are observed for December 2010, April 2011, May 20 

2011, August 2011, October 2011, November 2011 and December 2011 indicating 21 

frequent influences from the anti-cyclonic recirculation pathway passing over the 22 

Bushveld Igneous Complex (part of the Waterberg Priority Area) (SA, 2012a). 23 

The difference in inorganic ion concentrations measured in December 2010 and 24 

December 2011 can be ascribed to the impact of wet deposition on atmospheric 25 

PM, as discussed previously (Figure 8). The inorganic ion levels determined in 26 

April 2011, October 2011, November 2011 and December 2011 were similar in all 27 

three size fractions, with the exception of inorganic ion concentrations in PM1-2.5 28 

in October. These months also had similar levels of rainfall, as indicted in Figure 29 
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8. Higher inorganic ion concentrations were determined in May 2011 and August 1 

2011 (especially in May 2011) in the PM1 and PM1-2.5, which can be attributed to 2 

these months being dry leading to a decrease in wet removal thereof. During 3 

June 2011, much lower inorganic ion concentrations were determined in the PM1 4 

and PM1-2.5 size fractions compared to the higher inorganic ion concentrations 5 

measured in these two size fraction during the other colder and dryer months 6 

(May to September). Back trajectory analysis (Figure 9) reveals that during June 7 

2011, Welgegund was much more frequently influenced by air masses passing 8 

over the background region, leading to lower concentrations of inorganic ions. It 9 

is also evident from Figure 9 that Welgegund was more frequently influenced by 10 

air masses passing over the Johannesburg-Pretoria conurbation in July 2011, 11 

with associated higher inorganic ion concentrations in all three size fractions, 12 

especially in the PM2.5-10 size fractions. January 2011 and February 2011 back 13 

trajectories indicated more frequent impacts from marine air masses at 14 

Welgegund, which are reflected in the higher NO3
- and Na+ concentrations 15 

measured in the PM2.5-10 size fraction in February 2011. As mentioned previously, 16 

the lower inorganic ion concentrations in January 2011 can be attributed to high 17 

precipitation and the associated wet deposition (Figure 8).  18 

 19 

Conclusions 20 

This paper presents the concentrations of inorganic ion species determined in 21 

aerosol samples collected in three size ranges, i.e. PM1, PM1-2.5 and PM2.5-10 22 

collected at Welgegund.  SO4
2- concentrations in the PM1 size fraction were 23 

significantly higher compared to the other species in all three size fractions, as 24 

well as levels thereof in the PM1-2.5 and PM2.5-10 size ranges. NH4
+ in the PM1 size 25 

fraction and NO3
- in the PM2.5-10 size fraction were the second and third most 26 

abundant species, respectively. Normalised contribution percentages indicated 27 

that SO4
2- and NH4

+ dominated the PM1 size fraction, while SO4
2- and NO3

- were 28 

the predominant species in the PM1-2.5 and PM2.5-10 size fractions. SO4
2- had the 29 

highest contribution in the two smaller size fractions, while NO3
- had the highest 30 
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contribution in the PM2.5-10 size fraction. SO4
2- levels were attributed to the 1 

impacts of aged air masses passing over source regions with high SO2 emissions, 2 

while marine air masses were considered to be the major source of NO3
-. The 3 

major source of NH4
+ in the PM1 size fraction was attributed to the reaction of 4 

SO4
2- with gas-phase NH3.  5 

Recent publications indicate that conventional molar ratios or net balance 6 

between ionic species are not ideal to determine the pH of PM and that the use of 7 

models are more accurate. However, conditions experienced at Welgegund (low 8 

humidity and high temperatures) made the utilisation of these models 9 

problematic. Instead, a simple calculation was used to indicate whether aerosol 10 

samples were acidic or not. The PM at Welgegund was determined to be acidic, 11 

which was related to the high SO4
2- concentrations. It is proposed that the future 12 

implementation of these models are investigated in more detail. 13 

Comparison of the inorganic ion concentrations measured at Welgegund to 14 

measurements of these species at Marikana, which is situated within one of the 15 

major source regions influencing Welgegund, indicated that the concentrations of 16 

almost all the inorganic ion species were higher at Marikana. SO4
2- 17 

concentrations at Marikana were 2.5 times higher, while the concentrations of 18 

the other species were an order of magnitude higher. The smaller size fraction at 19 

Marikana was also dominated by SO4
2- and NH4. 20 

No distinct seasonal pattern was observed at Welgegund for PM2.5-10, while the 21 

PM1 and PM1-2.5 fractions had higher inorganic ion concentrations from May to 22 

September. These months coincide with the dry season in this part of South 23 

Africa with low precipitation. Therefore, higher concentrations were mainly 24 

attributed to a decrease in the wet removal of these species. In addition, 25 

increases in pollutant concentrations due to more pronounced inversion layers 26 

trapping pollutants near the surface, as well as increases in household 27 

combustion and wild fires during these months, were also considered 28 

contributing to elevated levels of inorganic ions. NO3
- in the PM1 size fraction and 29 
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Cl- in the PM1-2.5 size fraction showed a distinct seasonal pattern with elevated 1 

levels coinciding with the burning season in southern Africa.  2 

Back trajectory analysis of each of the sampling months also revealed higher 3 

concentrations of inorganic ionic species corresponding to air mass movements 4 

over source regions.  5 
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 1 

 2 

 3 

Figure 1: Speciated size distribution boxplots indicate the concentration 4 

distribution of inorganic ionic species at Welgegund. The median (red line), 25th 5 

and 75th percentiles (blue box) and ± 2.7 times the standard deviation (whiskers) 6 

are indicated. 7 
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 1 

 2 

 3 

Figure 2: The normalised concentration distribution of the inorganic ionic species 4 

investigated. An increase in SO4
2- and NH4

+ is observed in the PM1 fraction and 5 

an increase in NO3
-, Na+, Ca2+ and Cl- is seen in the PM2.5-10 size range. 6 

  7 
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 1 

Figure 3: The measured NH4 concentrations are plotted in relation to the 2 

calculated NH4 values. The red circle and red trend line represent the dry season, 3 

while the blue crosses and blue trend line are for the wet season. The circled NH4 4 

values were excluded to yield a better fit  5 

  6 
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 1 

  2 

  3 

Figure 4: Marikana inorganic ionic species for (a) PM2.5, and (b), PM10. The red line represents the median values, while the outer limits of 4 

the blue box are the 25th and 75th percentiles and the whiskers are ± 2.7 times the standard deviation 5 
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Figure 5: The normalised concentration distribution of inorganic ionic species measured 

at Marikana 
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Figure 6: The concentration distribution of inorganic ionic species measured at 

Marikana during the day time (green circle) and night time (blue box). The green circle 

and red line represent the median values, while the outer limits of the green whiskers 

and blue box are the 25th and 75th percentiles  
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(a)

(b)

(c) 

Figure 7: Welgegund monthly concentration distributions for (a) PM2.5-10, (b), PM1-2.5 (c), 

PM<1 are shown and possible seasonality is investigated   
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Figure 8: Monthly accumulated rainfall measured at Welgegund for the sampling 

duration. Dry winter months (Jun-Aug) are differentiated from the wet summer 

months (Dec-Feb) 

  



Chapter 7 136 

 

 

Figure 9: Monthly air-mass back trajectories as measured at Welgegund during the 

sampling period 
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ABSTRACT

To braai is part of the South African heritage that transcends ethnic barriers and socio-economic groups. In this paper, a compre-
hensive analysis of atmospheric gaseous and aerosol species within a plume originating from a typical South African braai is
presented. Braai experiments were conducted at Welgegund – a comprehensively equipped regional background atmospheric
air quality and climate change monitoring station. Five distinct phases were identified during the braai. Sulphur dioxide (SO2),
nitrogen oxides (NOx) and carbon monoxide (CO) increased significantly, while ozone (O3) did not increase notably. Aromatic and
alkane volatile organic compounds were determined, with benzene exceeding the 2015 South African one-year ambient air
quality limit. A comparison of atmospheric PM10 (particulate matter of an aerodynamic diameter £10 µm) concentrations with
the 24-hour ambient limit indicated that PM10 is problematic during the meat grilling phase. From a climatic point of view, rela-
tively high single scattering albedo (ùo) indicated a cooling aerosol direct effect, while periods with lower ùo coincided with peak
black carbon (BC) emissions. The highest trace metal concentrations were associated with species typically present in ash. The
lead (Pb) concentration was higher than the annual ambient air quality limit. Sulphate (SO4

2–), calcium (Ca2+) and magnesium
(Mg2+) were the dominant water-soluble species present in the aerosols. The largest number of organic aerosol compounds was in
the PM2.5–1 fraction, which also had the highest semi-quantified concentration. The results indicated that a recreational braai does
not pose significant health risks. However, the longer exposure periods that are experienced by occupational vendors, will signifi-
cantly increase health risks.

KEYWORDS

Braai (barbeque), atmospheric gaseous species, aerosols, atmospheric organic compounds, optical properties, chemical properties.

1. Introduction
A braai (plural braais) is the practice by which wood or charcoal

is burned in an open fire to grill meat. The word braai is an
Afrikaans word for barbecue or grill. Although the term origi-
nated from Afrikaans-speaking people, it was adopted by South
Africans of many ethnic backgrounds. The application of braai
transcends ethnic barriers and is practised by people of all
socio-economic groups in South Africa. This form of cooking is
not just a means to an end, but is an important social activity that
strengthens the inter- and intra-relations of communities. It is
common practice to include this type of cooking in casual family
time, formal team-building events, meetings and business enter-
tainment.1 In describing the essentials needed at the ideal camp-
site (stand), a portable braai is listed among other fundamentals
such as electrical outlets and water points.2 It has been stated
that a braai started at lunchtime could last the entire afternoon
and well into the evening.3

Braai meat is also sold by many vendors on street markets in
formal, semi-formal and informal settlements in South Africa. In
addition, wood and charcoal are commonly burned in many
households for cooking and space heating, especially in semi-
formal and informal settlements, which significantly contributes
to poor air quality.4,5 Alternative, cleaner burning fuels have been
suggested to replace wood-fired braais used by meat traders and
households.6

Historically, wood was the most widely used braai fuel. How-
ever, in modern times, the use of charcoal or charcoal-related
products, such as briquettes, has increased due to the availability
and competitive price thereof. A charcoal fire also emits less smoke
and particulate matter compared to a wood fire.7 Although
wood and charcoal are not the primary energy source in most
developed countries, it is currently one of the most commonly
used fuels for cooking.8 The population growth in the develop-
ing world, with its associated increasing demand in oil- and
gas-based energy, may in future promote the increased use of
wood and charcoal for cooking.

Although wood- and charcoal-based cooking is currently not
treated as a significant source of airborne pollution compared to
other well-known sources, e.g. motor vehicles, industries,
coal-fired power plants and biomass burning, cooking emissions
and its associated adverse impacts on human health and the
environment should not be neglected.9 Typical emissions usually
associated with biomass burning (veld fires and household
combustion) that could be similar to emissions from a typical
braai include nitrogen oxides (NOx), carbon monoxide (CO),
volatile organic compounds (VOCs), black carbon (BC), as well
as particulate inorganic and organic compounds. Gases and
particulate species also have a significant impact on climate
change. Particulate species, for instance, have a cooling or warm-
ing effect (direct and indirect) on the atmosphere, depending on
their chemical and physical properties. Gaseous species could
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also react to form particulates through gas-to-particle transfor-
mations.10

Few studies have been published that characterize airborne
species emitted from braais to determine the associated pollu-
tion11 and impacts on climate change. Therefore, in this paper, a
comprehensive analysis of atmospheric species within a plume
originating from a typical South African braai is presented.

2. Site Description
Measurements were conducted at Welgegund (www.welge-

gund.org) located on a grazed grassland savanna approxi-
mately 100 km west of Johannesburg in the North West Province
of South Africa. There are no major mining and/or industrial
activities within the vicinity of the site. The nearest surroundings
included grazed fields and farmland used in maize cultivation.
Additionally, the entire western sector (from north to southeast)
contains no major point sources. This sector is therefore repre-
sentative of the regional background of the interior of South
Africa and to some extent of southern Africa. However, the site is
also frequently impacted by air masses that have passed over
various source regions, which include petrochemical industries,
coal-fired power stations, the Johannesburg–Pretoria megacity
conurbation and the Bushveld Igneous Complex that contains
various pyrometallurgic operations.12 A detailed description of
the location and instrumentation of the Welgegund monitoring
stations was presented by Beukes et al.12 Currently, this measure-
ment station is one of the most comprehensively equipped in
South Africa to measure air quality and climate change-relevant
parameters.12–16

3. Materials and Methods

3.1. Materials
During each braai experiment, four bags of 4 kg Weber™

briquettes purchased from a local supermarket were used. Two
briquettes were removed from each bag for subsequent material
characterization. Blitz™ firelighters were used to light the braais.

Lamb chops and beef sausages were purchased from a local
supermarket for each braai experiment. Eight lamb chops
weighing 796 ± 2 g and eight beef sausages weighing 804 ± 5 g
were placed on each braai used in the experiments. One lamb
chop and one beef sausage were randomly selected and analyzed
in order to characterize the raw meat utilized. Although other
types of meat are also used for a braai, lamb chops and beef
sausages are often used. It can be expected that different types of
meat will result in different atmospheric emissions.17 However, it
was not the aim of this study to determine emissions associated
with different meat types. The aim was to determine air quality
impacts and aerosol direct effects associated with a typical braai.
Therefore, the emission measurements obtained with meat used
in this study can be considered to be representative.

3.2. Material Characterization
Similar to the procedures described by Kleynhans et al.,

randomly selected charcoal briquettes were pulverized to obtain
a homogeneous composition for subsequent material character-
ization (based on ISO 13909-4:2001).18 Proximate analysis
(air-dried basis) was performed to obtain moisture (SANS
5925:2007), ash (ISO 1171:2010) and volatile matter contents (ISO
562:2010), while ultimate analysis determined the total carbon
(C), hydrogen (H), nitrogen (N), oxygen (O) (ISO 29541:2010)
and sulphur (S) contents (ISO 19579:2006).

Representative samples of raw meat, i.e. one lamb chop and
one beef sausage, were chemically analyzed according to the

guidelines of the association of official analytical chemists
(AOAC) to determine the moisture (AOAC 950.46), ash (AOAC
923.03), total fat (AOAC 996.06), protein (Dumas Combustion
Method), N (Dumas Combustion Method) and sodium (Na)
(AOAC Method 984.27) contents.

3.3. Braai Setup
The first braai experiment was conducted on 20 February 2012

and the second experiment on 29 January 2013. Participants in
the experiments arrived at the Welgegund site at 09:55 for the
first braai experiment and 09:45 for the second braai experiment.
Vehicles were parked at least 100 m from the site to ensure that
exhaust fumes did not bias the baseline measurements prior to
the commencement of the braai experiments. For both experi-
ments, 4.0 ± 0.1 kg charcoal briquettes were placed in each of the
four identical braais and each braai was lit using 28 ± 0.6 g
firelighters. During the first braai experiment, the firelighters
were lit at approximately 10:13, while firelighters were lit
at approximately 10:20 during the second experiment. In order
to ensure that the plumes originating from the braais reached all
the instrument inlets, the four identical braais were strategically
placed upwind of the monitoring station at a distance of 5.4 m
from the inlets during both experiments. Figure 1 indicates a
schematic illustration and photographs of the braai experimen-
tal setup, as well as the general plume direction.

For each braai experiment, the concentrations of all atmo-
spheric gaseous species and aerosols measured are presented in
time series graphs from 09:00 to 13:00. Five different phases were
defined during the braai experiment, i.e. prior to the braai (prior
phase), the phase when the braai is ignited, followed by the
presence of fire and smoke (fire and smoke phase), a stable
period during which all the charcoal briquettes were glowing
(stable phase), grilling the meat stage (grill phase) and a phase
after the meat is cooked and removed from the braai (post-
phase). The fire and smoke, stable and grill phases are also
presented in Fig. 1. The charcoal was allowed to burn for one
hour after it was lit (fire and smoke phase) in order to achieve
peak combustion. At that stage, smoke emanating from the
burning charcoal briquettes had totally subsided and all
briquettes glowed red. This stable phase was allowed to con-
tinue for 18 minutes during the first experiment and 15 minutes
during the second experiment in order to clearly differentiate
between the stable phase and the grill phase. Grilling of the meat
(grill phase) started at 11:40 during the first experiment and
at 11:30 during the second experiment. The meat was grilled un-
til it was well done. The grilled meat was removed at 12:10 and
12:00 during the first and second braai experiments, respectively.
Thereafter, the braais from which the meat had been removed
were left as is until 12:40 during the first experiment and 12:28
during the second experiment. This allowed the embers to cool
down, while post-grilling atmospheric measurements were
obtained.

3.4. Sampling Methods
Most of the measurement instruments were housed inside an

Eurowagon 4500u trailer. Detailed descriptions of the measure-
ment station, as well as procedures for quality assurance, mainte-
nance and data analysis were presented in previous papers.4,12–14,19

Various continuous measurements of atmospheric gaseous
species and aerosols are performed at the Welgegund station.
Atmospheric gaseous species, i.e. sulphur dioxide (SO2), nitrogen
oxide and (NO) nitrogen dioxide (NO2), ozone (O3) and CO were
measured with the following instruments: a Thermo-Electron
43S SO2 analyzer (Thermo Fisher Scientific Inc., Yokohama-shi,
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Japan), a Teledyne 200AU NO/NOx analyzer (Advanced Pollu-
tion Instrumentation Inc., San Diego, Cam USA), an Environ-
ment SA 41M O3 analyzer (Environment SA, Poissy, France)
and a Horiba APMA-360 CO analyzer (Horiba, Kyoto, Japan).
The atmospheric aerosol measurement instrumentation were
equipped with PM10 (particulate matter with aerodynamic
diameter £10 µm) inlets. A synchronized hybrid ambient
real-time particulate (SHARP) monitor (model 5030, Thermo
Fisher Scientific Inc.) was used to determine the total mass of
atmospheric PM10 particles. A multi-angle absorption photometer
(MAAP) (model 5012 Thermo Fisher Scientific Inc.) was used to
determine the aerosol absorption at 637 nm and atmospheric
black carbon (BC) concentrations. No filter change artefact20

occurred in the MAAP measurements during the experiment.
An Aurora 3000 three-wave length nephelometer (Ecotech Inc.,
Knoxfield, VIC, Australia) was used to determine light scattering
of aerosols at three wavelengths, i.e. 450, 525 and 635 nm. A
custom-built differential mobility particle sizer (DMPS) equipped
with a TSI condensation particle counter (CPC) (model 3010, TSI
Inc., Shoreview, MN, USA) was used to determine the total
number concentration of aerosols between 12 and 840 nm. All
measurements were logged at one minute intervals, with the
exception of the aerosol size distribution that was recorded
every nine minutes. All permanently operating instruments
at the Welgegund atmospheric research station had been run-
ning upon arrival, providing a sufficient baseline before the
braai experiments.

Absorption measurements are not presented separately in this
paper, because BC concentrations are derived from absorption

measured at 637 nm and would mimic BC results.21 The single
scattering albedo (wo) was calculated as

w
s

s s
0 =

+
AP

AP SP

, (1)

where sAP is the aerosol absorption determined with the MAAP
(637 nm) and sSP is the aerosol scattering at 637 nm; sSP is extrapo-
lated from aerosol scattering measurements using Ångström
exponents, cf. Laakso et al.22

VOCs were collected on 20 stainless steel adsorbent tubes
(6.3 mm ED × 90 mm, 5.5 mm ID, Tenax-TA packing material)
during the different phases of the first braai experiment. Dupli-
cate VOC samples were collected for 10 minutes during the
different phases of the braai, i.e. four times during the fire and
smoke phase, once during the stable phase, twice during the grill
phase and three times after the meat was removed from the grill.
The first 1.25 m of the adsorbent tube inlet (made from stainless
steel) was heated to 120 °C to remove O3 that leads to sample
degradation.23 A constant flow-type automated programmable
pump sampler was used at a flow rate of 10 mL min–1 After
sampling, the tubes were removed and closed with Swagelok®

caps. Each tube was separately wrapped in aluminium foil and
transported to the laboratory, where it was stored in a freezer.
The analysis was performed with a thermal desorption (TD)
system (Perkin-Elmer TurboMatrix™ 650, Waltham, USA)
coupled to a gas chromatograph (GC) (Perkin-Elmer® Clarus®
600, Waltham, USA) with a mass spectrometer (MS) detector
(Perkin-Elmer® Clarus® 600T, Waltham, USA). Quality assurance
of the data was performed as previously described.13,23
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Figure 1 A schematic and photographic representation of the braai experiment location and setup at Welgegund Atmospheric Monitoring Station.



A Dekati (Dekati Ltd., Finland) PM10 cascade impactor
(ISO23210) was used to collect PM10–2.5 (particulate matter with
aerodynamic diameter 2.5 µm ³10 µm), PM2.5–1 (particulate mat-
ter with aerodynamic diameter 1 µm £2.5 µm) and PM1 (particu-
late matter with aerodynamic diameter£1 µm) at a flow rate of
30 L min–1. Teflon® filters were used to collect the water-soluble
anion and cation species, as well as trace metals. All collected
filters were divided into two equal parts with a fit-for-purpose
stainless steel punch. One part was used to determine water-
soluble anion and cation content, while the second part was
used for trace metal analysis. For water-soluble anion and cation
analysis, each sample was leached in 5 mL deionized water
(18.2 MW) and subsequently analyzed on an ion chromatograph
(IC) with conductivity detector (Dionex ICS–3000). The
particulates collected on the second half of the Teflon® filters
were extracted by means of hot acid leaching (20 mL HNO3 and
5 mL HCl) and diluted in deionized water to 100 mL for subse-
quent trace metal analysis with an inductively coupled plasma
mass spectrometer (ICP–MS) Agilent 7500c).24,25

A second Dekati PM10 cascade impactor (ISO23210) equipped
with quartz filters was used to collect particulates at the same
flow rate and in the same size ranges (PM10–2.5, PM2.5–1 and PM1) as
mentioned above. After sampling, the filters were kept in a
freezer until analysis. These filters were used to characterize and
semi-quantify organic compounds. Each filter was extracted
with a 1:1 mixture of methanol and acetone by utilizing dynamic
ultrasonic assisted extraction for 40 min as described by Booyens
et al.15 The analysis was performed with comprehensive two-
dimensional gas chromatography coupled with a time-of-flight
mass spectrometer (GCxGC-TOFMS). A LECO Pegasus 4D
GCxGC-TOFMS system equipped with an Agilent 7890 A GC
and an Agilent 7683 B auto sampler was used. The organic com-
pounds were identified with LECO ChromaTOF and Guineu
software according to mass spectral matches (similarity fits
700/1000) and retention indices (I) (I confidence intervals fewer
than 150 units). More restrictive characterization parameters
could have been applied, which would have resulted in the
more accurate characterization of organic compounds. Addi-
tionally, identified organic species could also be verified and
supported by the analysis of standards. However, this was not
applied in this study. Therefore, the compounds characterized
in this paper are considered to be pre-identified organic species.
Thereafter, the compounds were categorized according to their
functional groups, i.e. hydrocarbons (alkanes, alkenes, alkynes,
aromatics), oxygenated species (alcohols, ethers, aldehydes,
ketones, carboxylic acids, esters), halogenated compounds
(chloride (Cl), bromide (Br), iodine (I), fluorine (F)), as well as N-
and S-containing organic compounds. The organic compounds
were sem-quantified, which is an approximation of the concen-
tration of the organic compounds. In this study, 1-1’binaphthyl
was used as an internal standard and the relative concentrations
of the organic compounds were expressed as the sum of the
normalized response factors (SNRF), which is a measure of
the detector response of an analyte compared to the internal
standard. The calculation of these SNRF values is described in
Booyens et al.15

In addition to the atmospheric measurements, a thermocouple
was also used to determine the temperature in the centre of the
briquettes during the different braai phases previously indi-
cated, i.e. fire and smoke, stable, grill and post.

4. Results
All measurements were logged at one-minute intervals, with

the exception of the aerosol size distribution that was recorded

every nine minutes. Twenty VOC’s samples were taken, each
after 10 minutes of sampling. The filters used for trace metal,
anion, cation and organic analysis sampled for the duration of
the experiment. Since the experiment is dependent on ambient
conditions (e.g. wind direction, speed, turbulence and natural
chemistry) it was repeated one year later. All permanently oper-
ating instruments at the Welgegund atmospheric research station
had been running upon arrival, providing a sufficient baseline
before the two braai experiments. The resemblances between
the two experiments, (a) and (b), can be seen in each figure,
where (a) is first and (b) second braai experiment, respectively.

4.1. Material Characterization
The characterization of the raw materials, viz. charcoal

briquettes, beef sausage and lamb chops, utilized in the braai
experiments is presented in Table 1. Proximate analysis of the
charcoal briquettes indicated that the briquettes had a fixed
carbon content of 41.70 %, ash content of 20.47 % and 32.20 %
volatile matter. The use of a binding agent when the charcoal
pulp was compressed into briquettes possibly contributed to the
relatively high volatile content measured. The ultimate analysis
revealed very low percentages of N and S present in the briquettes,
with expected higher percentages of N, C and O.

Analyses of the meat samples indicated that the beef sausages
had higher ash content, moisture, protein, N and Na levels than
the lamb chops did. The high Na concentration in the sausages
can be expected, since it is a processed form of meat with table
salt and other spices added according to a specific recipe. The
lamb chops contained more fat than the beef sausages did,
which was likely due to the fat layer attached to the chops. Beef
sausages are usually prepared from specific recipes that require a
certain amount of fat to be added.

4.2. Gaseous Species
In Fig. 2, the SO2 concentrations for the two braai experiments

are presented. It is evident that the SO2 concentrations were rela-
tively low prior to the onset of the braai experiments. However,
after the braai was ignited, SO2 concentrations started to increase
and peaked during the fire and smoke phase. High temperature
oxidation of S present in both the firelighters and charcoal
(Table 1) is most likely the source of SO2 during this stage. A
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Table 1 The chemical characterization of the briquettes and meat used
during the braai experiments.

Charcoal
Proximate analysis % Ultimate analysis %

Inherent moisture 5.40 Carbon 52.91
Ash 20.47 Hydrogen 2.53
Volatile matter 32.20 Nitrogen 0.89
Fixed carbon 41.70 Oxygen 17.48

Sulphur 0.09

Meat
Chemical analysis Beef Lamb

sausage chops

Moisture /g 100 g–1 68.3 51.8
Ash /g 100 g–1 3.3 0.8
Fat/g 100 g–1 6.8 26.6
Nitrogen /g 100 g–1 2.7 2.1
Sodium /mg 100 g–1 1045 54.2
% Protein 17.2 13.1



decrease in SO2 concentrations was observed as the charcoal
briquettes started burning optimally (stable phase). When the
meat was added and grilling started, SO2 concentrations increased
slightly, returning to ambient levels as the grilled meat was
removed from the braais. The minor increase in SO2 concentra-
tions during the grill phase could be ascribed to possible low
S concentrations in the meat and dripping fat (Table 1), which is
oxidized and volatilized.

In order to contextualize the above-measured SO2 concentra-
tions, the measurements were compared to relevant current and
future air quality limits. In Table 2, the limits prescribed by the
South African and European ambient air quality standards are
listed. Throughout the braai experiments, SO2 concentrations
remained well below the prescribed South African 10-minute
ambient standard limit of 500 µg m–3.

In Fig. 3, atmospheric concentrations of NO and NO2 are

presented. Ambient NO and NO2 levels were constant and rela-
tively low before the fires were lit. NO2 were also higher than
NO, which is typical for ambient NOx since NO emitted into the
atmosphere is oxidized to NO2. Concentrations of NO and NO2

increased significantly and remained elevated for the duration
of both braai experiments. Additionally, no distinct trends in
relation to the various braai phases were observed. In contrast to
typical ambient conditions, NO and NO2 were also in the same
concentration range, which is indicative of a fresh plume that
has not been oxidized. NO and NO2 levels returned to ambient
concentrations once the braais were removed. The possible
sources of the enhanced NO and NO2 concentrations during
the braai could be from the N present in the charcoal fuel and the
meat (Table 1), as well as the thermal oxidation of N2. However,
since a maximum temperature of 750 °C was measured in the
glowing charcoal briquettes, it is unlikely that the contribution
from the latter source would be significant. Thermal NOx forma-
tion usually occurs above 1600 °C when N2 and O2 in the combus-
tion air disassociate into their atomic states.28 Therefore, the most
likely source of NOx would be the oxidation of N present in the
briquettes, with a possible smaller contribution from the meat.
Notwithstanding the afore-mentioned relatively significant
increases of NO and NO2 observed during both braai experiments,
NO2 remained well below the prescribed one-hour standard
limit of 200 µg m–3 indicated in Table 2.

Atmospheric O3 concentrations presented in Fig. 4 fluctuated
more during the fire and smoke, and the grill phases compared
to the typical diurnal O3 concentrations represented by the
mean diurnal O3 levels calculated for the summer of 2012. How-
ever, no significant O3 increases were observed. In the first braai
experiment, the O3 levels did not significantly exceed the sum-
mer mean values indicated in Fig. 4a. During the second braai
experiment (Fig. 4b), the O3 concentrations exceeded the summer
mean values, due to the background O3 concentrations (prior
phase) being significantly higher than during the first experiment.
Atmospheric O3 concentrations usually increase during day-
time, since atmospheric O3 formation is dependent on solar
radiation, which was still observed during the braai experi-
ments. The lower than typical ambient O3 concentration that
occurred during the various braai phases can possibly be
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Figure 2 The SO2 concentrations of the first (a) and second (b) braai experiment.

Table 2 South African and European air quality standards.

Chemical Annual 24-hour 8-hour 1-hour 10-minute
species /µg m–3 /µg m–3 /µg m–3 /µg m–3 /µg m–3

SO2 50(a) 125(a)(c) 350(a) (c) 500a

NO2 40(a)(c) 200(a)(c)

O3 120(a)(c)

CO 10000(a)(c) 30000(a)

Benzene 10(a)

5(b)(c)

Pb 0.5(a)(c)

V 1(c)

Ni 0.02 (c)

As 0.006 (c)

Cd 0.005(c)

PM10 50(a) 120(a)

40(b)(c) 75(b)

50(c)

a Current National Air Quality Act of the South African Department of Environ-
mental Affairs.26

b 2015 National Air Quality Act of the South African Department of Environ-
mental Affairs.26

c European Commission Air Quality Standards.27



ascribed to periods when titration of O3 occurred. However, the
peaks that were observed during the braai experiments were
unexpected and cannot be explained at this stage. The South
African national ambient air quality standard limit and the Euro-
pean standard limit for O3 is an eight-hour moving average of
120 µg m–3 (Table 2). The duration of the braai experiments was
~2.5 hours and the levels can therefore not be directly compared
to the eight-hour limit. However, O3 concentrations twice
peaked above 120 µg m–3 during the second braai experiment.
Although O3 levels were not significantly elevated in the fresh
braai plume, it is expected that O3 levels could increase in the ag-
ing plume due to NOx and VOC (discussed later in the paper)
emissions from the braai.13

In Fig. 5, atmospheric CO concentrations are presented. CO

levels sharply increased during the fire and smoke phase of the
experiments shortly after the fires were lit. This was expected,
since CO is a major product of incomplete combustion. CO
concentrations remained elevated for the duration of both braai
experiments. Similar to NOx concentrations, CO levels did not
exhibit a clear trend in relation to the various braai phases and
ambient CO concentrations were restored after removal of the
braais. Notwithstanding the afore-mentioned elevated levels,
concentrations remained below the prescribed one-hour South
African ambient standard limit of 30 000 µg m–3 (Table 2).

In Fig. 6, the concentrations of atmospheric VOCs measured
during the first braai experiment are presented. These measure-
ments were not conducted during the second experiment. The
VOC species detected were primarily the aromatics (benzene,
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Figure 3 NO (black) and NO2 (red) concentrations are closely related during the first (a) and second (b) braai experiment.

Figure 4 O3 concentrations fluctuate during the first (a) and second (b) braai experiment (black) and deviate from the 2012 summer mean (red).



toluene, ethyl benzene, xylene and styrene) and alkanes
(heptane, hexane, octane, nonane and decane). All other VOCs
were below the detection limit of the analytical instrument.
Nonane and decane were also not detected in all the phases of
the braai, as indicated by missing data points for these com-
pounds in Fig. 6. Benzene was the main VOC emitted, while
toluene had the second highest concentrations. The concentra-
tions of all the aromatics, as well as the longer chain alkanes,
nonane and decane, were higher during the fire and smoke
phase. This can most likely be attributed to the paraffin-like
compounds in the firelighters, as well as the volatile matter
present in the charcoal briquettes (Table 1) being released during
combustion. The concentrations of the aromatics, as well as the
shorter chain alkanes, hexane, heptane and octane, were
elevated during the grill phase. The shorter chain alkanes were

significantly higher during the grill phase, compared to their
levels in the fire and smoke phase. The emissions of VOCs
during the grill phase can be mainly attributed to fat dripping on
the coals. Fat lipids range from four- to 24-carbon chain lengths.
Burning fats could reduce the carbon chain length and contrib-
uted to the higher concentrations of the shorter carbon chain
alkanes. Cross-bridging between the carbon chains that occurs
due to the high temperatures could account for the formation of
aromatics. Furthermore, the cooking process breaks cell mem-
branes, as well as alters protein structure and fat composition,
which can release various VOCs that are perceived by the smell
(aroma) of certain aromatics.

Benzene is currently the only VOC that has a South African
ambient air quality standard limit, i.e. a one-year standard of
10 µg m–3, which will change to 5 µg m–3 in 2015 (Table 2).

RESEARCH ARTICLE A.D. Venter, K. Jaars, W. Booyens, J.P. Beukes, P.G. van Zyl, M. Josipovic, J. Hendriks, 187
V. Vakkari, H. Hellén, H. Hakola, H. Aaltonen, J. Ruiz-Jimenez, M-L. Riekkola and L. Laakso,

S. Afr. J. Chem., 2015, 68, 181–194,
<http://journals.sabinet.co.za/sajchem/>.

Figure 5 The CO concentrations of the first (a) and second (b) braai experiment show no difference between the separate braai phases.

Figure 6 BTEX (a, b) and alkanes (c) display peaks during the fire and smoke, and grill phases.



Benzene concentrations were higher than the 2015 one-year
limit during the fire and smoke, and grill phases. However, it
must be noted that the entire braai experiment was conducted in
approximately 2.5 hours and these short-term levels can there-
fore not be used to quantify possible impacts on human health
associated with atmospheric benzene exposure during a typical
braai. However, it is evident that benzene and toluene levels
were substantially elevated above ambient concentrations
during the braai, since the maximum benzene and toluene con-
centrations during the grill phase were 50 and four times higher
than the ambient measured annual median benzene (0.13 ppb)
and toluene (0.63 ppb) levels at Welgegund, respectively.13

4.3. Aerosol Species
The PM10 mass presented in Fig. 7 indicates that PM10 concen-

trations increased above the background concentrations during
the fire and smoke phase, and even more significantly during
the grill phase. During the fire and smoke phase, this increase
was approximately an order of magnitude, while the increase
during the grill phase was up to two orders of magnitude. In
contrast to most of the measurements discussed, the PM10 levels
during the stable phase were similar to background concentra-
tions. The higher PM10 concentrations measured during the fire
and smoke phase and the grill phase can be attributed to primary
aerosols emitted from the incomplete combustion of different
fuels, i.e. firelighters and charcoal during the fire and smoke
phase, and fat dripping on the charcoal during the grill phase. It
is unlikely that a significant amount of secondary aerosol forma-
tion occurred, since the braais were in close proximity to the inlets.
The chemical composition of these aerosols will be explored later
in the paper when the GCxGC-TOFMS analyses are considered.
The current 24-hour South African ambient standard limit for
PM10 is 120 µg m–3, which will be revised in 2015 to 75 µg m–3

(Table 2). The duration of the braai experiments was ~2.5 hours
and PM10 concentrations can therefore not be compared directly
to the 24-hour limits. However, concentrations during the fire
and smoke phase occasionally exceeded the current concentra-
tion limit, while the future limit was exceeded several times.
During the entire grill phase, the current and future limits were

significantly exceeded. The prevalence of high PM10 levels from
charcoal combustion has previously been identified as a concern.29

The total number of sub-micron particles ranging between 12
and 840 nm measured during the braais, as presented in Fig. 8,
increased after the firelighters were lit and reached a maximum
at the end of the fire and smoke phase. During the first braai
experiment, the sub-micron total number concentration reached
250 000 cm–3, which is two orders of magnitude above the base-
line measurements during the prior phase. However, the ~9 min
scanning time of the DMPS negatively influence the resolution
of the measurements and it can therefore not be stated with
absolute certainty when peak number concentrations occurred.
The total number of submicron particles decreased during the
stable phase, remaining relatively stable during the grill phase
and only returning to background concentrations after the
braais were removed.

A comparison of the PM10 mass concentration (Fig. 7) and the
submicron particle number concentration (Fig. 8) clearly indi-
cates that smaller particles are emitted during the fire and smoke
phase, while larger particles are mainly emitted during the grill
phase. In addition, air ion spectrometer (AS) measurements of
the 10–40 nm negative ion concentrations indicated that the
negative ion levels during the fire and smoke phase were 10 to 20
times higher than during the prior phase. Furthermore, negative
ion concentrations were twice as high during the fire and smoke
phase compared to negative ion levels during the grill phase,
which indicates higher ultrafine particle concentrations during
the fire and smoke phase. The lower number of fine particulates
observed during the grill phase could also be attributed to the
high conversational sink of other species during this phase, e.g.
by lower SO2 emissions during the grill phase compared to the
fire and smoke phase. The potential health risks associated with
exposure to ultrafine particles released during charcoal-based
cooking may be higher than acceptable30, especially when this
method of cooking is conducted in a confined space, e.g. house-
hold combustion. A typical South African braai, however,
usually takes place outdoors or in a well-ventilated area.

In Fig. 9, the five-minute means for BC concentrations are
presented. BC mass increased directly after igniting the
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Figure 7 Concentrations of PM10 aerosols during the first (a) and second (b) braai experiment.



firelighters up to a maximum during the fire and smoke phase
due the liberation of BC particles from the charcoal and possible
incomplete combustion. As the braai reaches the stable phase,
BC levels decreased and returned to background levels. BC con-
centrations again increased when the meat was placed on the
grill. This could be attributed to two possible release mechanisms,
i.e. BC particles can be liberated from the charcoal by the dripping
action of the hot fat on the briquettes, as well as incomplete
combustion of the dripping fat in the flames. After the meat was
removed from the braai, background BC levels were again
observed.

The intensity of light scattering measured by the three-wave-
length nephelometer is presented in Fig. 10. From these data, it is

evident that light scattering was elevated during the fire and
smoke phase and reached its maximum during the grill phase,
while it was similar to background levels during the other
phases. A similar trend was observed for PM10 concentrations
(Fig. 7). A comparison of these two measurements, i.e. scattering
and PM10, indicated that PM10 observed during the braai is more
scattering than absorbing. This will be explored in the next para-
graph where single scattering albedo (wo) is considered.

In Fig. 11, the five-minute averages of the calculated wo are
presented. Depending on the surface albedo, wo can be used to
estimate whether the aerosol direct effect is heating or cooling.
Over grassland, for instance, the wo threshold between heating
and cooling is approximately 0.75, i.e. wo> 0.75 indicates a
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Figure 8 The total number ofparticles between 10 and 840 nm per cm3 during the first (a) and second (b) braai experiment.

Figure 9 The absorption at 637 nm relating to BC concentrations during the first (a) and second (b) braai experiment.



cooling aerosol direct effect. Laakso et al. presented a campaign
average of 0.84 and summer-time average of 0.89 for measure-
ments conducted at Elandsfontein in the Mpumalanga High-
veld.22 Beukes et al. reported a median wo of 0.89 for the relatively
clean background sector at Welgegund.12 From the comparison
of the braai plume wo with the afore-mentioned literature data it
is evident that aerosols for the entire measurement period were
very reflective. Initially, during the fire and smoke phase, some-
what lower wo values were observed, which correlated with the
peak release of BC (Fig. 9). Thereafter, the wo was similar to back-
ground levels, with the exception of the grill phase when very
high wo was observed. This can most likely be attributed to fat
dripping on the coals during the grill phase, increasing the
emissions of organic aerosols, which is mostly reflective. This is

supported by the increase in VOC emissions observed during
this phase. During the fire and smoke phase, the mean wo was
0.94, while the grill phase had a mean of 0.98. The mean wo for the
entire braai experiment was 0.96. These values are extremely
high and indicate that aerosols emanating from a braai are very
reflective resulting in a cooling aerosol direct effect on the atmo-
sphere.

Barbecue charcoal combustion can be an important source of
trace metal emissions to the atmosphere.31 Therefore, the trace
metal content of the aerosols from the braai was also quantified.
In contrast to most of the other measurements, no prior and
post-phase concentrations were determined. Therefore, trace
metal concentrations cannot be contextualized in relation to
background levels at Welgegund. In total, 32 trace elements
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Figure 10 The backscattering from the three wavelengthnephelometer during the first (a) and second (b) braai experiment is given at each wave-
length (450, 525 and 635 nm).

Figure 11 The single scattering albedo (637 nm) during the first (a) and second (b) braai experiment.



could be detected, which included beryllium (Be), boron (B), Na,
magnesium (Mg), aluminium (Al), phosphorus (P), potassium
(K), calcium (Ca), titanium (Ti), vanadium (V), chromium (Cr),
manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu),
zinc (Zn), arsenic (As), selenium (Se), strontium (Sr), molybdenum
(Mo), palladium (Pa), silver (Ag), cadmium (Cd), antimony (Sb),
barium (Ba), platinum (Pt), gold (Au), mercury (Hg) thallium
(Tl), lead (Pb) and uranium (U). The concentrations of these trace
elements measured in the different size fractions are presented
in Fig. 12. Be, Se and Pt were below the detection limit of the
analytical technique applied. Mo and Hg were below the detec-
tion limit in the PM2.5-1 fraction, while Fe, Co, Ag and Hg were
below the detection limit in the PM1 fraction. The highest trace
metal concentrations were measured for Ca, Na, Al, Fe, K, Mg,
Cr, and B, which contributed 21.3, 19.3, 15.2, 9.9,8.3, 6.4, 3.3 and
2.7 %,respectively, to the total concentration. These species are
typical ash components. The other trace metals contributed only
13.6 % of the total trace metal concentration. The size distribu-
tion results indicated that 46 % of the total trace metal mass was
in the PM2.5-1 size range. Trace metal concentrations determined
by Van Zyl et al. in the highly industrialized western Bushveld
Igneous Complex (BIC) in South Africa indicated that atmo-
spheric Fe and Mg were the most abundant atmospheric metal
species, while Na, B and Al also had relatively high atmospheric
concentrations.24

Pb is the only metal species that has a limit prescribed by the
South African ambient air quality standards, while limits also
exist for V, Ni, As, Cd and Pb in Europe. The total Pb, V, Ni,
As and Cd concentrations were 1.798, 0.301, 1.532, 0.068 and
0.007 µg m–3, respectively. Pb exceeded the South African and
European annual ambient air quality limit, while V, Ni, As and
Cd exceeded European annual ambient air quality limits. These
exceedences of the one-year standard limits of these metals
cannot, however, be used to quantify the possible negative
effects on human health exposure for the duration of a braai. The
annual average concentrations of Pb, V and Ni in the western
BIC determined by Van Zyl et al. were 0.08, 0.04 and 0.33 µg m–3,
while As and Cd were not detected.24 The annual average con-
centration of 0.33 µg m–3 measured for Ni exceeded the standard

limit value by an order of magnitude, which was attributed to
base metal refining in the western BIC. The Ni concentrations
measured during the braai experiment were similar than the
annual average Ni levels measured at the western BIC.

Water-soluble anion and cations were also quantified. As is
evident from the results indicated in Fig. 13, sulphate (SO4

2–) was
the dominant anionic species, while calcium (Ca2+) and magne-
sium (Mg2+) were the dominant cationic species. It was also
obvious that most of the water-soluble species occurred in the
PM1 fraction, while the concentrations of the cations and anions
decreased with an increase in particle size. This can be attributed
to the freshness of the plume emanating from the braais.

As previously mentioned, aerosols were also collected on
quartz filters during the first braai experiment in order to iden-
tify organic compounds with GCxGC-TOFMS. Similar to trace
metal measurements, aerosol samples were not collected prior to
and after the braai experiment for organic compound character-
ization. The results can, however, be compared to a one-year
sampling campaign conducted by Booyens et al. at Welgegund.15

In Fig. 14a, the total number of compounds pre-identified in
each of the size fractions and their corresponding SNRF are
presented. A significant smaller number of compounds were
pre-identified for the braai experiment, i.e. 50, compared to the
1056 organic compounds pre-identified by Booyens et al.15 This
can be attributed to the difference in sampling periods, i.e.
Booyens et al.15 collected 24-hour samples, while aerosol samples
were only collected for ~2 hours. In addition, the number of
organic compounds presented by Booyens et al.15 was the
combined number of organic compounds pre-identified for the
entire one-year sampling campaign. It is also not possible to
completely ascertain whether organic compounds pre-identi-
fied were exclusively from the braai experiment. The largest
number of compounds pre-identified was in the PM2.5-1 fraction,
which also had the highest SNRF. Booyens et al. also indicated
that the largest number of compounds and highest SNRF were
in the PM2.5-1 fraction.15 However, blow-off of semi-VOCs is
likely to occur for the PM1 fraction that can contribute to an un-
derestimation of the number of compounds and SNRF of
species in this fraction.32 The higher SNRF determined for
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Figure 12 Trace metal analysis (a) ofaerosol species captured during the first braai experiment with enlargement (b).
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Figure 13 Anion and cation species identified (a) during the first braai experiment with enlargement (b).

Figure 14 The total number and semi-quantification of size resolved (a) organic species and their functional groups (b).



particulates smaller than 2.5 µm indicate that these organic
compounds can potentially be more harmful to human health
compared to larger particles.

In Fig. 14b, the number of compounds and the SNRF of the
different classes of organic functional groups are presented. The
largest number of compounds detected was hydrocarbons in all
the size fractions, while the second, third and fourth largest
numbers of species were oxygenated, N- and S-containing
compounds, respectively. Very few halogen-containing species
were detected. The highest accumulated SNRF were deter-
mined for hydrocarbon species in the PM2.5-1 and PM10-2.5

fractions, while oxygenated and N-containing species were the
second most abundant with similar SNRFs in the PM2.5-1 and
PM10-2.5 fraction. In the study conducted by Booyens et al., the
largest number of organic compounds determined with the
highest SNRF was oxygenated species that were indicative of
aged air masses.15 The higher occurrence of hydrocarbon species is
expected for primary aerosols emitted from a fresh burning
plume. The main organic compound contributing to the
relatively high accumulated concentration of the hydrocarbon
species in the PM2.5-1 and PM10-2.5 fraction was accession the
predominant oxygenated and N-containing species contribut-
ing to the SNRFs were diisooctyl phthalate and 4H-1,2,4-
triazol-4-amine, respectively. Oxidative decomposition of the
fatty acids, especially unsaturated species, can be considered to
be a source for many organic compound groups, including
hydrocarbons, aldehydes, ketones, alcohols, esters, furans and
lactones.17

5. Conclusions
According to the knowledge of the authors, this is the most

comprehensive investigation of atmospheric species in a typical
South African braai plume. Both air quality and climatically
important aspects were considered.

Compared to background concentrations, SO2, NO and NO2,
and CO increased significantly during the braai experiment,
although they remained well below the ambient air quality
limits. O3 concentrations did not increase notably during the
braai, although O3 levels fluctuated more than usual. The pre-
dominant VOC species detected were aromatics and alkanes,
with elevated levels observed during the fire and smoke, as well
as grill phases. Benzene was higher than the proposed future
South African one-year ambient air quality limit during the fire
and smoke, and grill phases. These short-term elevated levels
during a typical braai can therefore not be used to quantify possible
negative impacts on human health.

The PM10 mass concentrations increased during the fire and
smoke phase, and even more significantly during the grill phase.
Elevated PM10 levels during the fire and smoke phase, and grill
phase were attributed to emissions of primary aerosols associated
with the incomplete combustion of charcoal and dripping fat,
respectively. A comparison of PM10 with the 24-hour ambient
standard limits indicated that PM10 is, especially, problematic
during the grill phase. However, due to the relatively short dura-
tion of a typical braai, PM10 concentrations cannot be compared
directly to standard limit values. The total number of sub-micron
particles increased after the firelighters were lit and reached a
maximum of 250 000 cm–3 at the end of the fire and smoke phase.
A comparison ofPM10 and submicron particle number concen-
trations indicates that smaller particles are emitted during the
fire and smoke phase, while larger particles are mainly emitted
during the grill phase.

wo was calculated from scattering and absorption measure-

ments. The wo was relatively close to one during all phases of the
braai with the exception of the initial period of the fire and
smoke phase that had somewhat lower wo values. These lower wo

values coincided with the peak BC emissions. The results indi-
cate that aerosols emanating from a braai are reflective and
have a cooling aerosol direct effect. Particulates emitted from
braai could also act as cloud condensation nuclei, which,
through the indirect effect, can have a net cooling effect.

In total, 32 trace elements were analyzed for. The highest trace
metal concentrations were associated with trace elements typi-
cally present in ash. 46 % of the total trace metal mass percentage
could be attributed to the PM2.5-1 size range. The Pb concentration
was higher than the South African and European annual
ambient air quality limit, while V, Ni, As and Cd exceeded Euro-
pean annual ambient air quality limits. However, the ~2.5-hour
duration of the braai cannot be compared directly to these
annual limits. SO4

2– was the dominant anionic, while Ca2+ and
Mg2+ were the dominant cationic water-soluble species present
in the braai aerosols. The PM1 size fraction also had the largest
water-soluble cation and anion load.

The largest number of organic compounds pre-identified from
GCxGC-TOFMS analysis was in the PM2.5-1 fraction that also had
the highest concentration, although blow-off of VOCS is likely to
occur for the PM1 fraction. The largest number of compounds
detected was hydrocarbon species in all the size fractions. Few
oxygenated, N- and S- containing species were detected. Hydro-
carbon species in the PM2.5-1 fraction had the highest accumu-
lated SNRF. The main organic compounds that contributed to
the relatively high accumulated concentration of the hydrocarbon
species in PM2.5-1 and PM10-2.5 fraction were icosane. The domi-
nant oxygenated and N-containing species were diisooctyl
phthalate and 4H-1,2,4-triazol-4-amine, respectively.

In general, the results indicated that for a recreational braai no
significant health-related risks occur due to the relatively short
exposure period. However, if these short-term results are extrap-
olated to longer exposure periods that are experienced by occu-
pational vendors on a daily basis, it is evident that health-related
risks significantly increase. In addition, semi-formal and infor-
mal cooking practices also expose large numbers of people to
both indoor and outdoor emissions that would be expected to be
similar to the results presented here. Although some negative
aspects might be associated with long-term exposure to braai
plumes, the net climatic aerosol direct effect seems to be cooling.
However, the climatic effects of long- and short-lived green-
house gases (GHGs) were not evaluated in this study.

Our final conclusion and recommendation is: Braai our beloved
country!
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Chapter 9 
Project evaluation 

9.1 Introduction 

In this chapter, the project is evaluated by considering the successes achieved and 

shortcomings perceived by evaluating each specific objective of this investigation listed 

in Chapter 1. Future recommendations are also suggested. 

9.2 Objectives 

1. Statistical assessment of gaseous elemental mercury (GEM) measured at 

Cape Point for at least a five year period 

The continuous high-resolution gaseous elemental mercury (GEM) data from the Cape 

Point Global Atmosphere Watch (CPT GAW) station between 2007 and 2011 were 

successfully evaluated with different statistical analysis techniques. GEM data were 

evaluated by cluster analysis and the results indicated that two clusters, separated at 

0.904 ng m-3, existed. The two-cluster solution was investigated by means of back-

trajectory analysis to determine the air mass history. The net result indicated that not 

all low GEM concentrations of marine origin, and similarly, not all high GEM 

concentrations have a terrestrial origin. Equations were developed by means of multi-

linear regression (MLR) analysis that allowed for the estimation and/or prediction of 

atmospheric GEM concentrations from other atmospheric parameters measured at the 

CPT GAW station. These equations also provided insight into the relation and 

interaction of GEM with other atmospheric parameters. Both measured and MLR 

calculated data confirm a decline in GEM concentrations at CPT GAW over the period 

evaluated.  

From this statistical study of continuous GEM measurement at Cape Point, research 

questions were identified that is recommended for future studies. Data indicated by 5, 

6 and 7 cluster solutions that were identified as extreme event should be investigated 
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as special case studies.  Further research quantifying the contribution of shipping 

should also be undertaken, which should not only consider the southern African region, 

but also other busy shipping routes.  In addition, source apportionment should be 

conducted in order quantify the contribution of specific sources. 

2. Evaluate the extent of regional atmospheric Cr(VI) pollution from the 

western Bushveld Complex, which is likely to be a source region with 

elevated atmospheric Cr(VI) levels 

Hexavalent chromium, Cr(VI), was successfully investigated and the regional 

atmospheric pollution of Cr(VI) from the ferrochromium and other related industries 

located in the western Bushveld Complex (wBC) of South Africa could be determined. 

Particulate matter was sampled for a full calendar year at a regional background site, 

which is situated downwind of the wBC on the dominant anti-cyclonic recirculation 

route of air mass over the South African interior. Results indicated that Cr(VI) 

concentrations in air masses that had passed over the regional background were below 

the detection limit of the analytical technique applied, but that Cr(VI) in air masses 

that had passed over the wBC were elevated and had a median concentration of 

4.6 ng/m3. The majority of Cr(VI) was found to be in the finer size fraction (PM2.5), 

which could be explained by the properties of Cr(VI)-containing PM being emitted by 

the sources in the wBC and the atmospheric lifetimes of different PM size fractions. 

The results also indicated that it is possible that not only pyrometallurgical sources in 

the wBC, but also other combustion sources outside the wBC contributed to the 

observed atmospheric Cr(VI) concentrations. 

It is recommended that the simultaneous measurements of atmospheric Cr(VI) 

concentrations in both the wBC and at Welgegund must be performed in future in order 

to quantify the range of atmospheric Cr(VI) half-life more precisely. Since a large 

number of meteorological parameters are measured at Welgegund, multivariate data 

analysis methods could also be applied to such a dataset to determine the effect of, for 

instance, relative humidity and temperature on the atmospheric half-life of Cr(VI).  

This would enable a better assessment and prediction of the regional dispersion of 
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Cr(VI) from priority areas, such as the wBC in South Africa and similar areas 

internationally. 

3. Conduct characterisation of general trace metal concentrations at a 

regional background site and identify possible sources/source areas 

Aerosol sampling was performed at Welgegund in South Africa, which is a regionally 

representative background site. PM1, PM1-2.5 and PM2.5-10 samples were collected for 

thirteen months and 32 atmospheric trace metal species could be detected. Atmospheric 

Fe had the highest concentrations in all three size fractions, while Ca was the second 

most abundant species. Cr and Na concentrations were the third and fourth most 

abundant species, respectively. Trace metal concentrations determined at Welgegund 

could also be compared to levels thereof in the wBC that indicated that Fe was also the 

most abundant species, while similar trace metals determined at Welgegund were also 

measured in the wBC. However, concentrations of trace metal species in the wBC were 

significantly higher compared to levels thereof at Welgegund. With the exception of Ni, 

none of the trace metals measured at Welgegund exceeded local and international 

standard limit values. No distinct seasonal pattern was observed in the PM2.5-10 size 

fraction, while the PM1 and PM1-2.5 size fractions indicated elevated trace metal 

concentrations coinciding with the end of the dry season, which could partially be 

attributed to decreased wet removal and increases in wind generation of particulates. 

Principle Component Factor Analysis (PCFA) analysis was successfully applied and 

revealed three meaningful factors in the PM1 size fraction, i.e. fly ash, 

pyrometallurgical-related and crustal. No meaningful factors were determined for the 

PM1-2.5 and PM2.5-10 size fractions, Pollution roses confirmed this impact of wind-blown 

dust on trace metal concentrations, while the influence of industrial activities were also 

substantiated. 

It is recommended that the collection of particulate matter for determining trace metal 

concentrations be continued at Welgegund. In this study PCFA analysis was applied as 

an explorative tool. A more comprehensive dataset would enable more definitive PCFA. 

Furthermore, other statistical methods such as Positive Matrix Factorisation (PMF) 

should also be applied to trace metal data.  
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4. Evaluate the most prominent water soluble inorganic ionic species at 

the same regional background site that was considered in the general 

trace metal study 

PM1, PM1-2.5 and PM2.5-10 samples were also collected for thirteen months at Welgegund 

and analysed in order to determine the concentrations of the major inorganic ionic 

species. Results indicated that SO4
2- concentrations in the PM1 size fraction were 

significantly higher compared to the other species in all three size fractions. SO4
2- and 

NH4
+ dominated the PM1 size fraction, while SO4

2- and NO3
- was the predominant 

species in the PM1-2.5 and PM2.5-10 size fractions. SO4
2- had the highest contribution in 

the two smaller size fractions, while NO3
- had the highest contribution in the PM2.5-10 

size fraction. SO4
2- levels could be attributed to the impacts of aged air masses passing 

over source regions, while marine air masses were considered to be the major source of 

NO3
-. The reaction of SO4

2- with gas-phase NH3 was considered to be the major source 

of NH4
+ in the PM1 size fraction. The PM at Welgegund was determined to be acidic, 

mainly due to excess concentrations of SO4
2-. Comparison of Welgegund inorganic ion 

measurements to measurements thereof at Marikana indicated that the concentrations 

of almost all the inorganic ion species were higher at Marikana. At Welgegund PM1 and 

PM1-2.5 fractions revealed a seasonal pattern with higher inorganic ion concentrations 

measured from May–September. Higher concentrations could be attributed to 

decreased wet removal of these species, since these months coincide with the dry 

season in this part of South Africa. Increases in pollutant concentrations due to more 

pronounced inversion layers trapping pollutants near the surface, as well as increases 

household combustion and wild fires during these months were also considered as 

contributing to elevated levels of inorganic ions. Back trajectory analysis of each of the 

sampling months was also successfully performed, which revealed higher 

concentrations of inorganic ionic species corresponding to air mass movements over 

source regions.  

Continuous long-term measurements of atmospheric trace metal species with 

instruments such as aerosol mass spectrometer (AMS) must be considered for future 

investigations of inorganic ionic species at Welgegund. This will enable improved 

source region characterisation of inorganic ionic species. Furthermore, continuous 
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measurements will also allow for a better understanding of the acidity potential of the 

atmosphere that must be studied in conjunction with precipitation chemistry.  

5. Conduct an assessment of trace metal and water-soluble inorganic ionic 

species concentrations, as well as levels of other parameters/species in 

the plume of a typical South African braai as a special case study 

A comprehensive analysis of atmospheric gaseous and aerosol species within a plume 

originating from a typical South African braai at Welgegund was successfully 

conducted. Five distinct phases were identified during the braai. The highest trace 

metal concentrations were associated with species typically present in ash. The Pb 

concentration was higher than the annual ambient air quality limit. SO4
2–, Ca2+ and 

Mg2+ were the dominant water-soluble species present in the aerosols. The largest 

number of organic aerosol compounds was in thePM1-2.5 fraction, which also had the 

highest semi-quantified concentration. It was indicated that PM10 concentrations were 

problematic during the meat grilling phase. From a climatic point of view, a relatively 

high single scattering albedo (ωo) indicated a cooling aerosol direct effect, while periods 

with lower ωo coincided with peak black carbon (BC) emissions. SO2, NOx and CO 

increased significantly, while O3 did not increase notably. Aromatic and alkane volatile 

organic compounds were determined, with benzene exceeding the 2015 South African 

one-year ambient air quality limit. The results indicated that a recreational braai does 

not pose significant health risks. However, the longer exposure periods that are 

experienced by occupational vendors, will significantly increase health risks.  

Our final conclusion and recommendation from this study in the published paper was: 

Braai, our beloved country! 
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