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Abstract

Atmospheric mercury (Hg) pollution is a global health concern. Once emitted into the
atmosphere, gaseous elemental mercury (Hg®) can be converted to highly reactive gaseous
oxidised mercury (Hg?*), which is deposited to the earth’s surface. In aquatic environments
Hg?" is converted to methylmercury (MeHg) which is toxic, has the ability to bioaccumulate
along the food chain and ultimately causes very serious medical conditions in humans. During
this study continuous total gaseous mercury (TGM) measurements were conducted at
Welgegund, a regional background site situated in the South African interior, from
17 September 2016 to 5 May 2017. The average TGM concentration measured over the study
period was 1.68 + 0.94 ng.m3. This value compared well with data from most other
measurement sites in South Africa, but was about twice as high as measurements from
international, remote background sites. A clear diurnal trend was identified and attributed to
the oxidation of Hg by ozone (O3) and the associated hydroxyl radical (OH®), as well as the
evolution of the planetary boundary layer (PBL). The diurnal profile also indicated transport of
Hg from more distant sources to Welgegund. Furthermore, a seasonal trend could be
recognised which was driven mostly by regional open biomass burning as an additional source
in the dry season and enhanced wet deposition in the wet season. An overlay back trajectory
map revealed three main air mass fetch regions for Welgegund during the study period, each
with a uniqgue mean hourly TGM concentration range associated to it. The TGM concentration
range for each fetch region was dependent on the population density, point sources, ozone

concentration, biomes and biomass burning events therein.

Key words: Atmospheric mercury (Hg), total gaseous mercury (TGM), Welgegund, temporal

and spatial patterns, South African interior.
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CHAPTER 1

Introduction

This chapter briefly describes the status of atmospheric mercury (Hg) pollution and
associated legislation in South Africa. Knowledge gaps are discussed in order to explain the
motivation for this study. Thereafter an overall aim and specific objectives of the study are

presented.

1.1 Background and motivation

Hg pollution poses a global threat to environmental and human health, due to its known
toxicology and ability to bioaccumulate in ecosystems (Renzoni et al., 1998). Human exposure
to the potent toxicant methylmercury (MeHg) occurs mainly through the consumption of
contaminated fish and can cause severe neurological and other defects (Ekino et al., 2007,
Driscoll et al., 2013).

Total global Hg releases to the atmosphere are estimated at approximately 7527 t.y* (Pirrone
et al., 2010). South Africa is currently considered to be the 6" largest Hg emitter worldwide
(Pirrone et al., 2010), with anthropogenic emissions estimates in the range of 27.9 — 50 t.y*!
(Leaner et al., 2009; Masekoameng et al., 2010; Brunke et al., 2012; Scott & Mdluli, 2012). In
2013, South Africa became a signatory of the Minamata Convention on Hg, a global treaty
that aims to reduce worldwide Hg emissions (Scott & Mdluli, 2012). Since then, Hg has also
been identified as a pollutant of possible national future concern (South Africa, 2018).
Therefore, it is reasonable to expect that Hg might be included as a criteria pollutant in the
National Ambient Air Quality Standards (NAAQS) of South Africa in the near future.

Currently, continuous atmospheric Hg measurements are conducted at limited locations in
South Africa. These locations include the Cape Point Global Atmosphere Watch (CP GAW)
station at the southern tip of the Cape Peninsula, operated by the South African Weather
Service, as well as sites in the Vaal Triangle Air-shed and Highveld Priority Areas, which are
managed by major stakeholders in the fossil fuels industry. The CP GAW station is positioned
to primarily sample air masses that have passed over the southern oceanic background
(Brunke et al., 2012). Although the sites in the Vaal Triangle Air-shed and Highveld Priority
Areas are situated in the South African interior, air masses sampled there are relatively

polluted (Lourens et al., 2011; Laban et al., 2018). Considering all the afore-mentioned and



studies available in the peer reviewed public domain that focus on atmospheric Hg in the
interior of South Africa (e.g., Venter et al., 2015; Belelie et al., 2019; Meyer, 2019), it is evident
that measurements at background locations in the South African interior is lacking.

In order to inform and set realistic future emission and/or ambient limits/standards for Hg in
the NAAQS, a better understanding of atmospheric Hg concentrations in South Africa,
including interior background concentrations, is essential. This dissertation serves to partially
fulfil the need for atmospheric Hg measurements at regional background sites in the South

African interior.

1.2 Aim and objectives

The overall aim of this study was to measure and interpret atmospheric Hg concentrations at
a regional background site in the South African interior. The specific objectives were to:

1) Conduct total gaseous mercury (TGM) measurements at a suitable background site in
the South African interior for at least one seasonal cycle.

2) Calculate and contextualise the average TGM concentration at the selected site.

3) Identify and explain temporal patterns in the measured TGM dataset.

4) ldentify and explain spatial patterns in the measured TGM dataset.

5) Provide insight into potential sources and/or contributing factors that influenced the

TGM concentrations at the selected measurement site.



CHAPTER 2

Literature review

A literature survey on atmospheric mercury (Hg) pollution is presented in this chapter. The
history of Hg and its production is explored. The atmospheric Hg cycle is discussed in detail,
including the emission sources, speciation, chemical transformation pathways, and
deposition of Hg. The bioaccumulation of Hg in the environment and its toxicity in humans
are discussed. Lastly, legislation regarding air quality management in South Africa and its

implications are briefly reviewed.

2.1 Atmospheric pollution

2.1.1 General composition and structure of the atmosphere

Earth’s atmosphere consists of a mixture of several gases (Brimblecombe, 1995), which can
be classified according to their quantity relative to each other (Mészaros, 1981). Gases
comprising approximately 1% or more of the atmosphere (e.g., nitrogen, oxygen and argon)
are classified as main constituents (Mészaros, 1981). The rest of the atmosphere is composed
of trace constituents, which in turn is made up of trace gases and aerosols (Mészéaros, 1981).
Table 2.1 shows the chemical composition of the atmosphere and the ratios of its constituents

in relation to one another.

Table 2.1: Chemical composition of Earth's atmosphere. Adapted from
Mészéaros (1981) and Brimblecombe (1995).

Constituent Percentage

Major constituents 99.964%
Nitrogen 78.084%
Oxygen 20.946%
Argon 0.934%

Trace constituents 0.036%

According to Mészaros (1981) the chemical composition of air is regulated and maintained by
atmospheric mixing in the first 80-100 km layer of the atmosphere, known as the homosphere.
This lower layer of the atmosphere is followed by the heterosphere above it, of which the
composition can differ due to the effects of solar radiation. The heterosphere is also called the
ionosphere, due to the presence of high concentrations of free electrons and positive ions

(Mészéros, 1981). The homosphere can be further divided into four vertical layers based on
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thermal variations with altitude (Harrison, 1999). These layers are termed the troposphere,
stratosphere, mesosphere and thermosphere (Mészéaros, 1981; Brimblecombe, 1995;
Seinfeld & Pandis, 2016). The atmospheric pressure across these layers is inversely related
to the altitude above the earth’s surface (Brimblecombe, 1995). Figure 2.1 illustrates the

vertical structure of the homosphere.
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Figure 2.1: Vertical structural profile of the homosphere, showing temperature and pressure
variations with altitude. Figure provided with permission, Brimblecombe (1995).
The thermosphere and heterosphere are not shown.



As is evident from Figure 2.1, the atmospheric layer closest to earth’s surface is the
troposphere. In this layer life forms reside and chemical pollutants are normally emitted due
to anthropogenic activities (Atkinson, 2000; Seinfeld & Pandis, 2016). In the troposphere
pollutants generally have a limited lifespan, also known as atmospheric residence time, due
the action of several removal processes on these pollutants, such as oxidation and deposition
(Harrison, 1999). On the other hand, pollutants can also be emitted directly into the
stratosphere where they will have longer residence times due to slower mixing processes

(Harrison, 1999) and can be transported globally (Brimblecombe, 1995).

Atmospheric circulation is brought about by solar radiation and the earth’s rotation
(Brimblecombe, 1995; Harrison, 1999). This results in the transport of pollutants throughout
the atmosphere (Harrison, 1999). However, where southerly and northerly air flows meet, in a
region known as the intertropical convergence zone near the equator, it is difficult for air from
the northern and southern hemispheres to mix (Brimblecombe, 1995). Therefore, pollutants

are often present in different concentrations in the two hemispheres (Brimblecombe, 1995).

2.1.2 Categories of atmospheric pollutants

Air pollutants can be defined as any substances in the atmosphere which can cause harm to
life forms, including fauna, flora and especially humans (Kampa & Castanas, 2008). There are
four main categories of air pollutants: gaseous pollutants, persistent organic pollutants, heavy
metals and particulate matter (Kampa & Castanas, 2008). Table 2.2 gives an overview of
these categories and shows that combustion processes is one of the most prominent emission
sources for the majority of air pollutants. Gaseous pollutants and particulate matter (also
known as aerosols), are of special importance since they also have a pronounced effect on

climate change.

Table 2.2: Types of atmospheric pollutants. Compiled from Kampa & Castanas (2008)
and Harrison (1999).

Pollutant category Examples of pollutants Examples of anthropogenic
sources
Gaseous pollutants Ozone (O3), carbon monoxide Combustion of fossil fuels, road

(CO), nitrogen oxides (NOx), transport
sulphur dioxide (SO3), volatile
organic compounds (VOCSs)

Persistent organic pollutants  Pesticides, dioxins Agriculture, combustion of
plastics
Heavy metals Lead (Pb), Mercury (Hg) Combustion of fossil fuels,

factories, waste incineration

Particulate matter Dust, soot, smoke Factories, power plants, waste
incineration, construction activity




2.1.3 Effects of air pollution on climate change

A delicate balance between incoming and outgoing solar radiation is required in order to
maintain the global average temperature on Earth (Ramanathan & Feng, 2009). Many
gaseous pollutants, such as CO, methane (CH.) and water vapour (H.O) are classified as
greenhouse gases (Connell, 2005; Seinfeld & Pandis, 2016). Greenhouse gas and aerosol
emissions from anthropogenic activities, especially CO, emissions, have caused changes in
the composition of the atmosphere, which in turn is influencing the climate system (Andreae,
2007). Greenhouse gases increase atmospheric temperature by absorbing and re-emitting
infrared radiation (Ramanathan & Feng, 2009; Seinfeld & Pandis, 2016). On the other hand,
aerosols can act by reflecting solar radiation away from the Earth’s surface, creating a cooling
effect (Andreae, 2007). Certain larger aerosols, such as soot or dust, can simultaneously warm
the atmosphere by absorbing solar radiation and cool the earth’s surface by reflecting radiation
(Andreae, 2007). However, this effect is negligible for smaller aerosols from anthropogenic
origin (Ramanathan & Feng, 2009). The cooling effect of aerosols on atmospheric temperature
have the ability to mask the true extent of the warming effect caused by greenhouse gases,

which is much larger (Ramanathan & Feng, 2009).

2.1.4 General health effects of air pollutants

Humans are exposed to air pollutants mainly via inhalation and ingestion through
contaminated food and water sources, after which it can be absorbed through the respiratory
or gastrointestinal tract (Kampa & Castanas, 2008). Air pollutants have been shown to
adversely impact human health in a number of ways, which could contribute to increased

hospital admissions and mortality rates (Kampa & Castanas, 2008; Kim et al., 2013).

According to Kampa & Castanas (2008) the health effects of air pollutants can be classified
as acute, chronic not including cancer, and cancerous. Many major systems in the human
body are affected by these pollutants, including the respiratory, cardiovascular, nervous,
urinary and digestive systems. Furthermore, exposure to air pollutants have been linked to an
increase in the occurrence of allergic diseases and chemical sensitivities (Kim et al., 2013).
Foetal development can also be severely affected by maternal exposure to air pollutants,

especially heavy metals (Kampa & Castanas, 2008), such as Hg.



2.2 History of Hg and its production

Mercury is the 80™ element on the periodic table and is represented by the symbol Hg, based
on its Latin name, hydragyrum, meaning silver water (Bank, 2012). Since Hg has a melting
point of -38.87 °C, in its elemental form it exists as a silver liquid at room temperature
(Schroeder & Munthe, 1998; Bank, 2012; Sigma-Aldrich, 2015). Elemental Hg (Hg® has
historically been used in a wide variety of products, including thermometers, barometers,
fluorescent lightbulbs and electrical switches (Bank, 2012).

Hg-bearing ores are mined from 26 Hg belts, spread across the globe (Rytuba, 2003). The
most abundant Hg-containing ore is cinnabar (HgS), an example of which is depicted in
Figure 2.2 (Schroeder & Munthe, 1998; Rytuba, 2003; Gray et al., 2004; Stetson et al., 2009;
Bank, 2012). The extraction of elemental Hg from cinnabar is performed by heating the ore in
a rotary, or retort furnace at 600-700°C (Stetson et al., 2009). However, this process is
incomplete and results in the formation of calcined waste product, which can contain up to
25% of the original Hg found in the ore (Gray et al., 2004; Stetson et al., 2009). Reduced
prices and a lower demand for Hg, coupled with growing environmental concerns about the
release of Hg into the environment, has resulted in the decline of Hg-bearing ore mining since
the 1980’s (Rytuba, 2003; Gray et al., 2004). Instead, the currently preferred method of Hg
production, is obtaining it as a by-product when mining other ores that are enriched in Hg,
such as gold (Rytuba, 2003; Bank, 2012).

Figure 2.2: Cinnabar (red, HgS) ore containing elemental mercury (silver beads, Hg?).
(with permission, Wilson, 2020).



2.3 The atmospheric Hg cycle

Hg is released from various sources into the atmosphere, usually into the planetary boundary
layer (PBL), which is the lowest layer of the troposphere that is in contact with the earth’s
surface (Schroeder & Munthe, 1998). Atmospheric Hg can subsequently undergo a large
variety of chemical transformations that convert Hg from one form to another (Duan et al.,
2017). The chemical cycling of Hg in the atmosphere is shown in Figure 2.3, in which emission
sources and deposition pathways are also indicated. Hg sources, speciation, transformation
and deposition are discussed in Sections 2.3.1 — 2.3.4.
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Figure 2.3: The atmospheric Hg cycle. Solid lines indicate primary emissions, dashed lines indicate
re-emissions, and dotted lines indicate deposition pathways. Adapted from Kim & Zoh (2013) and
Lyman et al. (2019).

2.3.1 Hg emission sources

Total global Hg releases to the atmosphere were calculated to amount to approximately
7527 t.y’! by Pirrone et al. (2010). Of this, the afore-mentioned authors estimated that around
2320 t.y’* originated from anthropogenic sources, while 5207 t.y* was contributed by natural
emissions, including re-emissions. The latter is significantly higher than a previous estimate
of 3000 t.y* by Schroeder & Munthe (1998). Future Hg emissions are projected to be in the
range of 2390 — 4860 t.y! in 2050, depending on the use of fossil fuels for power generation
in developing countries and the implementation of associated desulphurisation technologies
(Streets et al., 2009). It should be emphasized that the above-mentioned values are only



estimates, since there are many uncertainties associated with current Hg emission inventories
(Pacyna et al., 2016).

2.3.1.1 Natural sources

Natural sources of atmospheric Hg include primary emissions from soils, water bodies,
vegetation, wild fires, volcanic activity and outgassing of the earth’s crust (Schroeder &
Munthe, 1998; Gaffney, 2014), as well as re-emissions of previously deposited Hg, which in
turn could have originated from natural or anthropogenic sources (Pirrone et al., 2010).
Primary natural emissions, together with re-emissions, drive background atmospheric Hg
concentrations (Gaffney, 2014). Low levels of atmospheric Hg (i.e., background
concentrations) have been present in the atmosphere since before recorded history. However,
these levels have increased significantly after the First Industrial Revolution, as shown by
measurements from peat, lake sediments and ice cores (Gaffney, 2014; Enrico et al., 2017).
Table 2.3 summarises global Hg emissions by natural sources for 2008. As is evident from
this data, Hg emissions from surface waters (both salt- and freshwater) account for
approximately 54% of natural emissions, with the remaining 46% originating from terrestrial
areas (Pirrone et al.,, 2010). Emissions from primary natural sources accounted for

approximately 4% of terrestrial outputs in 2010 (Pirrone et al., 2010).

Table 2.3: Global Hg emission estimates by natural sources for 2008 (Pirrone et al., 2010).

Source Hg emission Contribution
estimate (t.y?) (%)
Oceans 2682 52
Lakes 96 2
Forests 342 7
Tundra/Grassland/Savannah/Prairie/Chaparral 448 9
Desert/Metalliferous/Non-vegetated zones 546 10
Agricultural areas 128 2
Evasion after Hg depletion events 200 4
Biomass burning 675 13
Volcanoes and geothermal areas 90 2
Total 5207 100

In South Africa, a variety of natural Hg sources possibly contribute to atmospheric Hg
concentrations. As indicated by Pacyna et al. (2016) and as presented in Table 2.3, oceans
are considered to be the largest natural contributor to atmospheric Hg concentrations. Recent
findings by Bieser et al. (2020) support this finding, specifically in the Southern Hemisphere.
These authors determined that the warm Agulhas Current to the south-east of South Africa
was a significant source of elevated atmospheric Hg levels, measured at Cape Point, South
Africa, between 2007 and 2016.



Open biomass burning is the second largest natural source of atmospheric Hg globally (see
Table 2.3), with approximately 31% of global biomass burning events taking place in Southern
Hemisphere Africa (van der Werf et al., 2017). Considering this, open biomass burning ought
to be a major contributor to South African atmospheric Hg concentrations. In fact, Brunke et
al. (2001) observed a 45% increase in atmospheric Hg, relative to background concentrations,

during a particularly large biomass burning event in the Cape Peninsula.

Indirect degassing of the earth’s crust via the weathering of Hg containing mineral deposits
such as HgS, as well as soils contaminated by Hg mine waste, could contribute to atmospheric
Hg concentrations (Rytuba, 2003). Figure 2.4 below indicates the distribution of several types
of Hg containing mineral deposits across South Africa, as well as the location of the Monarch
Cinnabar Mine. The mine was operational between 1940 and 1946 and produced

approximately 150 tonnes of metallic Hg (Cairncross & Dixon, 1995).

Zimbabwe

Mozambique

Botswana

Namibia

Y Welgegund 100 0 100 200 300 400 500 km

Figure 2.4: Spatial distribution of Hg containing mineral deposits in South Africa. The red X’ indicates
the location of the Monarch Cinnabar Mine. m = Atheneite, e = Cinnabar, ¢ = Coloradoite,
+ = Eglestonneite, o = Hypercinnabar, x = Elemental Hg, % = Metacinnabar, A= Potarite
(Mindat.org, 2020).

2.3.1.2 Anthropogenic sources

Anthropogenic sources of atmospheric Hg include fossil fuel combustion, incineration of
municipal and medical waste, sewage sludge, small-scale gold mining, ferrous and non-
ferrous metals production, cement production and the chlor-alkali industry (Schroeder &

Munthe, 1998; Pirrone et al., 2010). Table 2.4 provides only a rough estimate of global Hg
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emissions from anthropogenic sources, since emissions are constantly affected by rapid
economic development, particularly in emerging countries. As is also evident from Table 2.4,
the combustion of fossil fuels, especially coal, is considered to be the largest contributor to
global anthropogenic Hg emissions, followed by artisanal and small-scale gold mining (Pirrone
et al., 2010; Street, 2015; Pacyna et al., 2016; Gworek et al., 2017).

Table 2.4: Global anthropogenic Hg emissions estimates for 2010.
Adapted from Pirrone et al. (2010).

Source Hg emission Contribution
estimate (t.y?) (%)
Coal and oil combustion 810 35
Non-ferrous metal production 310 13
Pig iron and steel production 43 2
Cement production 236 10
Caustic soda production 163 7
Hg production 50 2
Artisanal gold mining production 400 17
Waste disposal 187 8
Coal bed fires 32 2
VCM production 24 1
Other 65 3
Total 2320 100

Anthropogenic sources of atmospheric Hg in South Africa specifically, include commercial coal
use in electricity, fuel and metal production processes; household coal combustion; cement
production; crude oil refining; artisanal gold mining; waste incineration and consumer products
(Leaner et al., 2009; Masekoameng et al., 2010; DEA, 2011; Street, 2015). South Africa has
been ranked as the 2" largest emitter of atmospheric Hg, after China, in a global
anthropogenic Hg emission inventory conducted by Pacyna et al. (2006) in 2000. However,
since then much lower revised South African emission estimates have been published, as
presented in Table 2.5. As a result, South Africa is currently considered to be the 6" largest

atmospheric Hg emitter worldwide (Pirrone et al., 2010).

Table 2.5: South African atmospheric Hg emission estimates from anthropogenic sources.

Period TGM emission estimate (t.y?)  Reference

2000 256.7 Pacyna et al. (2006)

2004 40.2 Leaner et al. (2009)

2006 50.0 Masekoameng et al. (2010)
2007 — 2009 27.9*% Brunke et al. (2012)

* Based on the assumption that 53% of TGM is GEM.

Figure 2.5, originally published by Masekoameng et al. (2010), presents annual Hg emission

estimates from various anthropogenic sources in South Africa between 2000 and 2006. A

11



clear increase in atmospheric Hg emissions over this period can be observed. It is evident
from this figure that coal-fired power plants are the largest anthropogenic source of
atmospheric Hg emissions in South Africa. The country relies on 14 coal-fired power plants to
generate approximately 93% of the electricity consumed (Garnham & Langerman, 2016). Hg
emissions from these power plants were estimated to be between 2.6 and 17.6 t.y* in 2004
(Dabrowski et al., 2008), while a more recent study placed emission estimates between 16.8
and 22.6 t.y! in 2015 (Garnham & Langerman, 2016). However, it is projected that Hg
emissions from these power plants will be reduced by up to 13% by 2026, due to the
installation of sulphur dioxide abatement technologies, which has the added benefit of

decreasing Hg emissions (Garnham & Langerman, 2016).
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Figure 2.5: Estimated combined atmospheric Hg emissions from various anthropogenic sources in
South Africa, from 2000 — 2006 (with permission, Masekoameng et al., 2010).

Small scale, artisanal gold mining is widespread within South Africa, despite its dangerous
nature and associated health and safety risks. The process involves using elemental Hg to
extract gold from ores via amalgamation (Street, 2015). The resulting amalgam is then heated
to separate the Hg from the gold, releasing toxic Hg vapours (Esdaile & Chalker, 2018). In
South Africa artisanal gold mining is an illegal activity, which makes it difficult to determine the
extent of atmospheric Hg emissions from this sector. However, taking into account emissions
from small scale gold mining in neighbouring countries, as well as the number of workers in
the South African sector, it is estimated that emissions amount to less than 3 — 5 t.y* (Leaner
et al., 2009).
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2.3.2 Atmospheric Hg speciation

Hg is found in various species/forms in the atmosphere. The three forms are generally defined
as gaseous elemental mercury (GEM/Hg®), gaseous oxidised mercury (GOM/Hg?*) and
particulate bound mercury (PBM/Hgp) (Gustin et al., 2015; Duan et al., 2017; Gworek et al.,
2017). These three species are collectively known as total gaseous mercury (TGM = GEM +
GOM + PBM). It might also be possible for Hg to exist in the +1 oxidation state, although only
in trace amounts (Schroeder & Munthe, 1998).

The speciation and concentration of atmospheric Hg is dependent on a number of factors,
including: the proximity to sources, availability of oxidants, meteorology, surface conditions,
and aerosol properties and concentrations (Lyman et al., 2019). Hg® is generally thought to be
the dominant species of atmospheric Hg (Lindberg & Stratton, 1998; Cole et al., 2014) and is
estimated to comprise roughly 95% of all atmospheric Hg (Duan et al., 2017; Gworek et al.,
2017). However, several other studies summarized by Gustin et al. (2015) presented field data
where Hg?* was shown to comprise roughly 25% of TGM in the planetary boundary layer and
100% of TGM in the arctic during a depletion event. Hg® has a long atmospheric residence
time compared to other metals found in the atmosphere, with estimates ranging between 6
months and 2 years (Lindgvist & Rodhe, 1985; Schroeder & Munthe, 1998; Duan et al., 2017;
Gworek et al., 2017). This long atmospheric residence time also gives Hg° the ability to be
transported over long distances. In contrast, the atmospheric residence times of Hg?* and Hgp
are in the order of hours and days (Lindgvist & Rodhe, 1985; Gworek et al., 2017), implying
that these two species are quickly deposited.

2.3.3 Chemical transformation pathways

Hg is distinctly different from other metals in the atmosphere in that it is primarily found in the
gaseous phase, which is relatively inert, instead of the solid phase (Lin & Pehkonen, 1997;
Schroeder & Munthe, 1998). HgC is readily oxidised to Hg?* by the loss of its two 6s? electrons
(Horowitz et al., 2017). These Hg?* species are highly water soluble and reactive, and may
occur as gases, or become associated with particles to form Hg, (Lindberg & Stratton, 1998;
Lyman et al., 2019). This results in the reduced atmospheric lifespan of these species due to
increased deposition rates (Horowitz et al., 2017; Lyman et al., 2019), as well as larger
potential for accumulation in the biosphere (Meyer, 2019). Hence, it is crucial to understand

the redox chemistry of Hg, as previously presented in Figure 2.3.

2.3.3.1 Gas-phase chemistry

Table 2.6 presents some of the most important oxidation reactions of Hg® in the gaseous

phase. Until recently, ozone (Os) and the associated hydroxyl radical (OH*) were thought to
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be the major oxidants of Hg® in the gaseous phase (Lin & Pehkonen, 1999; Calvert & Lindberg,
2005). However, several authors have questioned this due to the relatively slow reaction rates
under atmospheric conditions (Table 2.6, Calvert & Lindberg, 2005; Dibble et al., 2012), as
well as the thermal instability of the reaction products (Horowitz et al., 2017).

Table 2.6: Chemistry of Hg® oxidation in the gaseous phase.

Oxidant Potential reaction Rate Constant Reference
mechanism (cm® molec? s?)

O3 Hg® + Os — HgO + O (3.0+2)x 10" Lin & Pehkonen (1999)

OH* Hg® + OH* — *HgOH 3.2x10% Pal & Ariya (2004)
*HgOH + O2 — HgO + HO:* (9.0 +£1.3) x 1014 Pal & Ariya (2004)

H202 Hg° + H202 — Hg(OH): 8.5x 101° Lin & Pehkonen (1999)

NOs* Hg® + NOz* — HgO + NO2 4 x10% Sommar et al. (1997)

Br2 Hg® + Br2 — HgBr2 (0.9+0.2) x 1016 Ariya et al. (2002)

Cl Hg° + Cl> — HgCl> (2.6 £0.2) x 1018 Ariya et al. (2002)

Br* Hg° + Br* — HgBr* (3.21£0.3) x 1012 Ariya et al. (2002)

cr Hg® + CI* — HgClI* (1.0£0.2) x 1011 Ariya et al. (2002)

Since Holmes et al. (2006) suggested that gaseous phase Hg° oxidation is dominated by
atomic bromine (Br*), instead of O; and OH*, many studies have contributed new insights on
this hypothesis (e.g., Ariya et al., 2002; Goodsite et al., 2004; Ye et al., 2016; Bieser et al.,
2017; Gencarelli et al., 2017; Travnikov et al., 2017). Br* oxidation is widely thought to proceed
via a two-step mechanism. First, photolytically-produced atomic Br oxidises Hg° to yield
unstable HgBr*, which can then react with other radicals (e.g., Br*, OH*, HO®, etc.) to form
inorganic Hg compounds, or dissociate back to Hg® (Lyman et al., 2019). Potential sources of
Br* in South Africa include emissions from waste incineration and open biomass burning
specifically in the savannah biome, as well as smouldering combustion from coal-fired power

plants, coal dumps and household combustion (Meyer, 2019).

Even though the majority of recent work has focused on the oxidation of Hg® by O3, OH* and
Br®, several other oxidants have also been suggested, including CI°, H.O, and NOs* (Lin &
Pehkonen, 1999; Pacyna et al., 2016; Si & Ariya, 2018; Lyman et al., 2019). It has been
suggested that Br® oxidation plays a larger role in the Marine Boundary Layer (MBL) (Ye et
al., 2016), upper troposphere (Bieser et al., 2017) and polar regions (Goodsite et al., 2004)
than in other atmospheric environments such as the continental PBL. Also, Br* oxidation alone
cannot explain all field observations and trends. It therefore remains possible that slower
reactions with Os and OH* dominate Hg° oxidation during the day at inland and coastal sites,
while H20- is the dominant oxidant at night at these sites (Ye et al., 2016; Si & Ariya, 2018;
Lyman et al., 2019). Recently it has also been shown that the rapid photoreduction of Hg* and

Hg?" species back to Hg® could largely offset the fast oxidation of Hg® by Br*, implying that
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there are still Hg oxidation pathways in the troposphere that have not yet been identified (Saiz-
Lopez et al., 2020). A more complex mechanism involving multiple oxidants, of which the
dominance thereof is dependent on location, time of day and time of year, is likely responsible
for gaseous Hg oxidation on local, regional and global scales (Lyman et al., 2019). Much
uncertainty around the chemical mechanisms for Hg® oxidation stem from the fact that possible
oxidation pathways have been determined by chemical modelling work, wherein the kinetics

of the included chemical reactions are highly variable and unsure (Lyman et al., 2019).

2.3.3.2 Aqueous-phase chemistry

Chemical reactions in the aqueous phase can take place on the surface of solid aerosols, or
within liquid aerosols, such as cloud and fog droplets (Lyman et al., 2019). Several studies
have investigated the redox pathways of Hg in the aqueous phase (e.g., Munthe, 1992; Lin &
Pehkonen, 1997; Wang & Pehkonen, 2004; Si & Ariya, 2008). The proposed principal redox
reactions of Hg in the aqueous phase and associated rate constants are presented in
Table 2.7.

Table 2.7: Redox chemistry of Hg® in the aqueous phase.

Oxidant/ Potential reaction mechanism Rate Constant Reference
Reductant

Oxidation pathways

Os Hg° + Os — Hg?* + OH- + O (4.7 £2.2)x 1072 Munthe (1992)

OH*® Hg® + OH®* —Hg* + OH- 2.0x 10°2 Lin & Pehkonen (1997)
Hg* + OH* —Hg?* + OH- 1010 Lin & Pehkonen (1997)

HOCI Hg® + HOCI — Hg?* + CI- + OH- (2.09 £ 0.06) x 1052  Lin & Pehkonen (1998)

ocr- Hgo + ocl & Hg2 + CIF + OH- (1.99 + 0.05) x 1082  Lin & Pehkonen (1998)

HOBr Hg® + HOBr — Hg?* + Br- + OH- 0.28+0.022 Wang & Pehkonen (2004)

OBr Hg® + OBr- H Hg?* + Br + OH- 0.27+£0.04 2 Wang & Pehkonen (2004)

Reduction pathways

SOz HgSOs + H20 — HgP® + products 0.0106 + 0.0009 b Van Loon et al. (2000)

HO2* Hg?* + HO2® — Hg* + O2 + H* 1.7x10%2 Pehkonen & Lin (1998)
Hg*™ + HO2* — Hg® + O2 + H* Pehkonen & Lin (1998)

R(CO0)2> Hg?* + R(CO0O)2% — Hg(OOC)R  (1.2+0.2) x 10%a¢  Si & Ariya (2008)
(4.9+0.8) x 10%ad  Sj & Ariya (2008)
(2.8+0.5) x 10%a¢  Sj & Ariya (2008)
hv Hg(OH)2 n Hg® + products 3x107°b Nriagu (1994)

(a) Unit=M1s?

(b) Unit = s™*

(c) Oxalic acid, R = None
(d) Malonic acid, R = CH;
(e) Succinic acid, R = (CHy).
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The reduction of Hg?* to Hg® has not been as widely studied as Hg oxidation pathways, but
models have suggested that Hg?* reduction in the atmosphere takes place mainly through
agueous phase photo-reduction (Saiz-Lopez et al., 2018). Hg reduction pathways include the
reduction of Hg?* by sulphite (SOs%), photo-reduction of Hg?* by the hydroperoxyl radical
(HO7®), photo-reduction of Hg?*-dicarboxylic acid complexes, and photoreduction of
mercury(ll) hydroxide (Hg(OH).) (Si & Ariya, 2018). Hg?* reduction in the atmosphere
competes with deposition pathways, thus influencing deposition patterns (Saiz-Lopez et al.,
2018).

2.3.4 Deposition

Atmospheric deposition is the predominant pathway through which Hg is removed from the
atmosphere and injected into terrestrial and aquatic environments. Deposition can proceed
via wet and dry mechanisms (Figure 2.3; Schroeder & Munthe, 1998). Dry deposition occurs
when Hg compounds fall to the earth’s surface under gravity and are taken up by soil, water
or vegetation (Zannetti, 1990; Beckett et al., 1998; Jiskra, et al., 2018). Wet deposition involves
the absorption of Hg?* and Hg, into droplets, followed by precipitation (e.g., rain or snow) or
impaction (e.g., dew formation and fog droplets) to the earth’s surface (Zannetti, 1990;
Harrison, 1999; Barber et al., 2004).

The removal of Hg® from the atmosphere via deposition proceeds slowly due to its very low
water solubility (Lindberg et al., 2007), implicating Hg?* as the main candidate for atmospheric
deposition. In fact, Hg?>* has been shown to have dry deposition velocities and scavenging
ratios more than an order of magnitude higher than Hg° (Lindberg & Stratton, 1998; Lindberg
et al.,, 2002). Understanding the phase partitioning of Hg?* is important since it greatly
influences the deposition thereof (Seinfeld & Pandis, 2016). As previously mentioned, Hg?*
can react with other atmospheric species to form gases, or associate with particles in the
atmosphere to form Hg, (Section 2.3.3). The main drivers of this gas-particle partitioning are
air temperature, the chemical composition of aerosols and the presence of an aerosol aqueous
phase (Lyman et al., 2019). Due to the low volatility of Hg** compounds, they partition to the
gaseous phase at higher temperatures, but shift to the particle phase at lower temperatures
(Lin & Pehkonen, 1999; Lyman et al., 2019). This was also shown in a modelling study by
Amos et al. (2012) where models suggested that approximately 90% of Hg?* existed in the
gas phase in warm air, compared to only around 10% in cold air. An experimental study by
Rutter & Schauer (2007) confirmed that the gas-particle partitioning of Hg?* is highly
dependent on aerosol composition. The authors showed that Hg?* readily partitioned to and
remained in the particle phase if NaCl is considered as the aerosol, while Holmes et al. (2009)

described the uptake of Hg?* by aqueous sea salt aerosols. This has significant implications
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for Hg?* removal by sea salt aerosols in coastal and marine environments and implicates sea

salt as a sink for Hg (Selin et al., 2007).

2.4 Hg bioaccumulation and toxicity

Hg deposited on terrestrial surfaces is mostly retained by soils and vegetation, but can also
enter waterbodies through leaching, runoff and erosion processes (Kocman et al., 2013).
Here, inorganic Hg species can be converted to organic methylmercury (MeHg, Figure 2.3) in
water or sediments, mostly via anaerobic microbial activity (Tang et al., 2020), or undergo
photo-reduction to dissolved gaseous mercury (DGM) in water (Luo et al., 2020). The
bioaccumulation of MeHg along the food chain is of great concern, since it is highly toxic to
both animal species and humans (Renzoni et al., 1998).

The primary route of human exposure to MeHg is through the ingestion of contaminated food,
mainly fish and shellfish (Driscoll et al., 2013). However, MeHg formation has also been shown
to occur in rice paddies and subsequently accumulates in rice (Feng et al., 2008; Meng et al.,
2018). This is extremely concerning since fish constitutes at least 15% of the per capita intake
of animal protein for 3 billion people around the world (Driscoll et al., 2013), while rice is a
dietary staple for about half of the global population (Zhao et al., 2020). Other routes of Hg
exposure include inhalation, emissions from dental amalgam fillings, and vaccines containing

the preservative thimerosal (Bjgrklund et al., 2017).

Once Hg is introduced into the body it is readily transported. What makes it such a dangerous
toxicant is its ability to easily pass through cell membranes, allowing it to cross the blood-brain
barrier and the placenta (Andreoli & Sprovieri, 2017). Therefore, the most vulnerable groups
with regards to Hg toxicity are the developing foetus, pregnant women and women of child-
bearing age, due to its negative impact on fertility, foetal development and pregnancy outcome
(Driscoll et al., 2013; Bjgrklund et al., 2019). The most well-known case of large-scale MeHg
poisoning occurred in Minamata Bay, Japan, in 1953, through the consumption of
contaminated fish and shellfish (Ekino et al., 2007). This incident raised awareness of the
severe neurological disease that can develop as a result of MeHg poisoning, which was
subsequently termed Minamata Disease. Symptoms of MeHg poisoning include visual and
hearing impairment, loss of muscle coordination, somatosensory disturbances and psychiatric
disorders (Ekino et al., 2007).

The negative impacts of Hg on the environment and especially humans prompted the United
Nations Environment Programme (UNEP) to become actively involved in bridging the gap
between the science of Hg poisoning and policy implementation since 2001 (UNEP, 2017).

Their efforts ultimately resulted in the development of the Minamata Convention on Mercury
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(naming derived from the above-mentioned incident in Minamata Bay, Japan), a global legally
binding treaty that focusses on protecting the environment and human health from
anthropogenic releases of Hg and Hg compounds (Minamata Convention on Mercury, 2013).
Since the treaty was adopted in 2013 and came into effect in 2016, it has been signed by 128
countries, including South Africa.

2.5 Air quality management in South Africa

South Africa has been plagued by relatively poor ambient air quality in some areas since the
1960’s, mainly due to pollution from industrial “hotspots”, such as the Vaal Triangle (Naiker et
al., 2012). This led to the introduction of the Atmospheric Pollution Prevention Act (APPA) in
1965 which focussed mainly on controlling industrial emissions, but it was later considered
ineffective in dealing with air pollution (Naiker et al., 2012). Ultimately, the APPA was replaced
by the National Environmental Management: Air Quality Act (AQA) in 2005, as an updated
approach to combatting ambient air pollution in South Africa (South Africa, 2005; Naiker et al.,
2012). Since then, numerous notices and regulations regarding air quality management have
been published in the Government Gazette of South Africa, including the introduction of
National Ambient Air Quality Standards (NAAQS) (South Africa, 2009), as well as the
declaration of three national priority areas for air quality management (South Africa, 2005,
2007, 2012) which are shown in Figure 2.6.
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Figure 2.6: National priority areas for air quality management in South Africa. Map compiled using
area boundaries published in the Government Gazette of South Africa.

South Africa has taken four major steps towards reducing atmospheric Hg pollution. Firstly,

the South African Mercury Assesment (SAMA) Programme was establshed in 2007 to develop
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a framework for Hg research in South Africa, through collaboration between academia,
government and non-governmental organisations (Leaner, 2007). Secondly, although the
NAAQS do not currently include emission limits for Hg, the 2017 National Framework for Air
Quality Management has identified Hg as a pollutant of possible future concern on a national
scale (South Africa, 2018). Therefore, it is reasonable to expect that emission and/or ambient
limits/standards for Hg might be introduced into the NAAQS in the near future. Thirdly, as
previously mentioned (Section 2.4), South Africa has been a signatory of the Minamata
Convention on Mercury since its inception in 2013. The ratification of the treaty in 2019 has
far reaching implications for the country. Scott & Mdluli (2012) proposed that South Africa
would have to focus on reducing the production and use of Hg containing products (e.qg.,
medical devices), implement measures to reduce Hg emissions from major anthropogenic
sources (e.g., coal-fired power plants), identify areas that contribute to Hg contamination (e.g.,
historic gold tailings dumps) and obtain financial and technical support in order to successfully
achieve the objectives of the treaty. Lastly, the Department of Science and Innovation has
recently funded the establishment of the South African Mercury Network (SAMnet) (Mbatha &
Martin, 2020). This is a Hg monitoring network of five proposed ambient monitoring sites, five
wet deposition sites and numerous passive sampling sites across the country. The locations
of the proposed SAMnet ambient Hg monitoring sites are shown in Figure 2.7.
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Figure 2.7: Locations of proposed SAMnet ambient Hg monitoring sites. Province abbreviations:
WC — Western Cape, NC — Northern Cape, EC — Eastern Cape, FS — Free State, NW — North West,
GP — Gauteng Province, LP — Limpopo Province, MP — Mpumalanga Province, KZN — KwaZulu-Natal.
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CHAPTER 3

Experimental

This chapter explains the experimental procedures that were followed. Detailed descriptions
of the measurement site, instrumentation used to conduct total gaseous mercury (TGM)
measurements and data processing steps are provided. Instrumentation used to obtain

auxiliary data are also briefly discussed.

3.1 Site description

The Welgegund atmospheric measurement station (hereafter only referred to as Welgegund)
depicted in Figure 3.1, is situated roughly 25 km north-west of Potchefstroom, South Africa
(26°34'10"S, 26°56'21"E, 1480 m.a.s.l.). Temperatures in the area typically range between
minimums of 0°C in winter and maximums of 30°C in summer (Venter et al., 2020).
Precipitation over the area varies greatly across seasons, with the wet season spanning from
approximately middle October to April and almost no precipitation occurring during the rest of
the year (Venter et al., 2020).

The measurement station is located on a commercial cattle and crop (mainly maize and some
sunflower) farm. Vegetation in the area consists mostly of grasses, as well as some perennials
and herbs (Mucina & Rutherford, 2006; Jaars et al., 2016). The soil in the area consists

primarily of sandy silt, which is formed mainly via rock weathering (Jaars et al., 2016).

The geology underlying the measurement site and the immediate area is comprised mainly of
guartzite and shale rocks belonging to the Witwatersrand supergroup, interspersed with a
variety of igneous and sedimentary formations, e.g., volcanic, basalt and shale rocks from the
Ventersdorp supergroup (Council for Geoscience, 2019). There are no large Hg containing
rock formations within approximately 100 km of Welgegund (see Figure 2.4 and associated

text) that could potentially contribute to atmospheric Hg concentrations.

Although local pollution sources surrounding the site are minimal, polluted air masses from
the Johannesburg-Pretoria megacity, the Waterberg Priority Area, the Vaal Triangle Air-shed
Priority Area and the Highveld Priority Area (South Africa, 2005, 2007, 2012) frequently pass
over the site. However, clean air injections from the sparsely populated western parts of South

Africa offset these polluted plumes.
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Figure 3.1: Welgegund during the winter season.

3.2 Materials and methods

3.2.1 TGM measurement setup

TGM concentrations at Welgegund were measured using an automated Tekran® (Model
2537B) ambient Hg vapour analyser, provided by SASOL. This model did not have the
capability to perform Hg speciation. The analyser was installed inside a temperature-controlled
trailer with an average indoor temperature of approximately 23 °C. The analyser was
connected to an inlet on top of the trailer roof via a Polytetrafluoroethylene (PTFE) sample line
of approximately 5 m in length. Since the measurement campaign spanned over the warmer
spring, summer and autumn months and only 1 m of the sample line was located outside the
trailer, it was decided not to insulate or heat the sample line. It is also important to note that
the sampled air did not come into contact with any metal surfaces that could adsorb Hg prior
to reaching the analyser. Hg concentrations were measured at 5 min intervals with a sample
flow rate of 1.5 L/min to obtain a total sample volume of 7.5 L. These settings result in a
detection limit of 0.1 ng.m?3. The carrier gas necessary for instrument operation was supplied
via a pressurised argon cylinder (> 99.999 % purity supplied by Afrox (Pty) Ltd).
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The analyser was calibrated automatically every 24 h using an internal permeation source. A
calibration cycle comprises three steps for each gold trap: clean, zero and span. During
cleaning, desorption of the gold cartridge takes place to remove any residual Hg. The zero
step provides an indication of Hg contamination within the instrument, as well as the carrier
gas. Zero-air required for the calibrations was produced by passing indoor ambient air through
a Tekran® zero-air filter connected to the zero-air inlet on the analyser. The span operation

tests the sensitivity of the instrument.

3.2.2 Operating principles of the TGM instrument

The basic operating principles of the Tekran® 2537B ambient Hg vapour analyser is described
in its user manual and follows three basic steps: adsorption, desorption and detection. The
overall flow through the analyser is shown in Figure 3.2 below.
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Figure 3.2: Overall flow diagram of the Tekran® 2537B ambient Hg vapour analyser.
Figure provided with permission by Tekran®.

Firstly, sample air is passed through a 0.2 ym PTFE filter at the sample air inlet to remove
particulate matter that could potentially damage the analyser. The sample then reaches one
of two gold cartridges where Hg is adsorbed onto the surface of the gold cartridge. Interfering
species are able to pass through the gold cartridge since the adsorption properties of gold are

highly specific to Hg. While Hg is being adsorbed onto one gold cartridge during sampling, the
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other gold cartridge is being desorbed. Alternating between the cartridges allows continuous
sampling of the inlet stream to take place.

During desorption, the gold cartridge is heated by a surrounding heating coil. This results in
the release of previously adsorbed Hg, which is carried by inert argon gas into a quartz cuvette
located inside the detector cell. Hg detection is performed by cold vapour atomic fluorescence
spectroscopy (CVAFS) inside the detector cell. The cuvette is irradiated at 253.7 nm by a low-
pressure Hg vapour lamp, which excites any Hg atoms present within the sample. The Hg
atoms subsequently fluoresce and re-emit radiation at the same wavelength, which in turn is
observed by a photomultiplier tube. The intensity of the fluorescence is directly proportional to
the amount of Hg in the sample. The gold cartridge and detector cell are then both flushed
with argon to prepare it for the next measurement and to minimise the possibility of sample

carry over.

3.2.3 TGM instrument maintenance

As stated previously (Section 3.2.1), automated internal calibrations were performed daily.
Site visits to Welgegund was conducted on a weekly basis to ensure that the instrument was
fully operational according to a predetermined checklist. The carrier gas cylinder, as well as
the zero and sample air inlet filters, were replaced on a monthly basis. At the occurrence of
more serious instrument failures (e.g., a faulty sample pump), troubleshooting and repairs

were performed by the designated Tekran® service provider in South Africa.

3.3 TGM data processing

3.3.1 Quality control and statistical analyses

The raw calibration and sample data for each 24 h period was stored in a text file by the
analyser. An excerpt from a typical text file can be found in Annexure A. The complete dataset
that was obtained after performing the data cleaning steps described in this section is available

on request from the candidate, or the study leaders.

The dataset that was collected over the measurement period at Welgegund contained 21 103
individual measurements. The entire dataset was evaluated using a fit for purpose MATLAB®
script. The basic operation of this script follows: If a successful calibration was performed on
any given date, all the data for that day was extracted from the corresponding text file into a
matrix. Once all the data had been loaded into the matrix, the criteria in Table 3.1 was applied
to each measurement to determine whether it was valid. If the measurement was invalid due

to instrumental parameters being out of range, it was removed from the dataset. Fit for purpose
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MATLAB® scripts were also used to do most other data processing and to generate result
figures/tables.

Table 3.1: Criteria for data removal based on general instrument parameters.
Adapted from D'Amore et al. (2015).

Description Removal criteria

Questionable sample volume |(Volume, . eq — VOIUME, )l > 7%
Baseline voltage too low Baseline voltage < 0.01 V

Baseline deviation too high Baseline deviation > 0.2 V

Below detection limit Hg concentration < 0.1 ng-m-3

3.4 Auxiliary data

Air mass histories prior to sampling at Welgegund were determined using the Hybrid Single
Particle Lagrangian Integrated Trajectory (HYSPLIT) Model (version 4.820), developed by the
National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory (Draxler
& Hess, 1997; Stein et al., 2015; van der Werf et al., 2017). Meteorological input data for the
model was obtained from the Global Data Assimilation System (GDAS) archive (GDAS, 2019).
96-hour back trajectories were calculated, arriving hourly at Welgegund at a height of 100 m.
Thus, 24 back trajectories were generated for each day, amounting to a total of 5736

trajectories over the sampling period.

The accuracy of a single trajectory is highly dependent on the quality of the meteorological
input data, and a calculation error of around 20% of the travel distance is typical (Stohl, 1998).
Therefore, overlay back trajectory maps, previously described by Venter et al. (2012), were
used to analyse regional patterns in air mass movement and identify main fetch regions,
instead of single trajectories. These maps indicate the trajectory overpass percentage for
0.2° x 0.2° grid cells, with red and blue representing the highest and lowest overpass rates
respectively. Furthermore, another technique introduced by Vakkari et al. (2011), was
employed to associate back trajectories with measured TGM and ozone (Os) concentrations.
To achieve this, a 0.5° x 0.5° grid was defined over a map of southern Africa. The hourly
TGM/Oz mean was calculated for all trajectories that had passed over each grid cell, and a
corresponding colour was assigned to the cell. A minimum of 50 and 40 trajectories had to
have passed over any given cell for TGM and Os, respectively, in order for the results to have

been considered statistically reliable.

Many other species/parameters are measured at Welgegund (Beukes et al., 2015). However,
only a limited number of additional ancillary species/parameters were considered in this study.
These included Os concentration, relative humidity (RH) and planetary boundary layer (PBL)

height. The instruments used to conduct these measurements and very brief summaries of
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their operating principles are presented in Table 3.2. Maintenance checks on all instruments
were conducted on a weekly and/or montly basis, and typically included flow adjustments, inlet
cleaning and filter changes. This auxillary data was also quality checked and cleaned as
previously described by Beukes et al. (2015).

Table 3.2: Auxiliary data measured at Welgegund

Measured property/species Analytical instrument Operating principle

Ozone (O3) Environment SA 41M O3 Absorption of ultraviolet light
analyser by O3

Relative humidity (RH) Rotronic MP 101A Capacitive humidity sensor
humidity/temperature probe

Planetary boundary layer Vaisala CT25K ceilometer Light detection and ranging

(PBL) height (LIDAR) technology, with data

processing according to
Gierens et al. (2019).

Open biomass burning events across southern Africa were determined at 500 m resolution
with the Moderate Resolution Imaging Spectroradiometer (MODIS) Collection 5 burned area
product (Roy et al., 2008). These 500 m x 500 m pixels were superimposed on a map of
southern African biomes to showcase the extent of open biomass burning and its potential

impact on atmospheric Hg concentrations in South Africa.
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CHAPTER 4

Results and discussion

This chapter presents the total gaseous mercury (TGM) data collected at Welgegund and
contextualises it within a global setting. Temporal, including diurnal and seasonal, as well
as spatial patterns in TGM concentrations are explored. The driving factors for these

patterns are also discussed.

4.1 Data availability

TGM measurements were taken at Welgegund between 17 September 2016 and 5 May 2017,
according to the procedure described in Section 3.2.1. The raw 5 min data was processed as
described in Section 3.3.1, using the Global Mercury Observation System (GMOS) data
cleaning criteria (D'Amore et al.,, 2015) as guidelines. As previously stated, the complete
dataset after data cleaning, is available on request from the candidate, or the study leaders.

Figure 4.1 shows the post data cleaning ambient TGM concentration timeseries graphically.
Data availability was 30.53% after data cleaning. As is evident from the afore-mentioned
figure, the low data availability was due to several large and some smaller data gaps. At the
start of the measurement campaign several adjustments were made to the instrument settings,
accounting for smaller data gaps in September 2016. However, the larger data gaps between
October 2016 and November 2016, as well as January 2017 to March 2017, were caused by
critical instrument failures which required technical repairs by the service provider of Tekran®
instruments in South Africa. There were two main factors contributing to the extent of the large
data gaps. Firstly, the specific TGM analyser used during this study was on loan from SASOL.
The analyser was not operational for quite some time prior to being installed at Welgegund.
Although initial indications were that the analyser was in good condition, it soon became
apparent that this was not the case. Secondly, since the instrument was not owned by the
North West University (NWU), SASOL had to approve and pay for repairs, instead of the NWU,
which resulted in additional time delays. Both these factors were outside the control of the
candidate. Furthermore, the measurement campaign could not be continued after May 2017,

due to financial limitations associated with the project.
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Figure 4.1: TGM concentration vs. time, as measured at Welgegund between
27 September 2016 and 5 May 2017.

4.2 Contextualisation of TGM concentrations

Notwithstanding the relatively small TGM dataset (as indicated in Section 4.1), the data still
have significant value, considering the limited number of TGM, or gaseous elemental mercury
(GEM) studies that have been published in the peer reviewed public domain for the South
African interior. As far as the candidate could assess, only Belelie et al. (2019) published TGM
data for the South African interior, with many TGM or GEM papers originating from the coastal
Cape Point Global Atmosphere Watch (CPT GAW) station (e.g., Baker et al., 2002; Ebinghaus
et al.,, 2010; Venter et al., 2015; Bieser et al., 2020; Slemr et al., 2020). Measured GEM
concentrations are typically slightly lower than TGM, since GEM measurements do not include
Hg?* or particulate bound Hg (Hgp) concentrations. However, as described in Section 2.3.2,
the difference in these measurements is almost negligible, since the majority of TGM is GEM
(Lindberg & Stratton, 1998; Cole et al., 2014).

The 5™, 25" 50" (median), 75", and 95" percentiles, as well as the minimum, mean and
maximum TGM concentrations for the Welgegund measurement campaign are presented in
Table 4.1. As is evident from this data, the mean value (1.68 ng.m=) is approximately 3 times
closer to the 75" percentile (1.82 ng.m) than the 25™ percentile (1.24 ng.m). This indicates
that the TGM concentrations at Welgegund was more significantly influenced by plumes with

higher TGM concentrations, than by relatively stable and low concentrations.
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Table 4.1: The 5, 25t 50t (median), 75", and 95" percentiles, as well as the minimum, mean and
maximum TGM concentrations for the Welgegund measurement campaign.

TGM concentration

(ng.m=)

Minimum value 0.10

5t percentile 0.99

25" percentile 1.24

50 percentile (median) 1.43

Mean 1.68 + 0.94 (std)
75" percentile 1.82

95" percentile 2.99

Maximum value 14.85

In order to contextualise the data presented in Table 4.1, the mean TGM concentration
measured at Welgegund was compared to TGM and/or GEM mean values that were obtained
elsewhere, as presented in Table 4.2. As previously stated, the difference between TGM and
GEM concentrations are typically almost negligible (Lindberg & Stratton, 1998; Cole et al.,
2014).

The Welgegund TGM mean (1.68 ng.m) was compared with data from other measurement
campaigns in South Africa and correlated well with TGM data for Marapong (1.61 ng.m?) in
the Waterberg Priority Area (Meyer, 2019), as well as with TGM concentrations at
Balfour (1.99 ng.m™) and Standerton (1.25 ng.m=), both situated within the Highveld Priority
Area (HPA) of South Africa (Belelie et al., 2019). The TGM mean measured at Middelburg
(1.04 ng.m?3) in the HPA (Belelie et al., 2019) was significantly lower than that of the afore-
mentioned Balfour and Standerton values (Belelie et al., 2019), even though the site is located
in an area which is considered to be relatively polluted (Lourens et al., 2011; Laban et al.,
2018). However, very little TGM/GEM data have been published for the HPA. TGM means
measured at Elandsfontein (2.49 ng.m) in the HPA and Sasolburg (3.95 ng.m) in the Vaal
Triangle Air-shed Priority Area, which are both located in close proximity to several large
potential Hg point sources (Meyer, 2019), were respectively 1.5 and 2.4 times higher than the
Welgegund TGM mean. The afore-mentioned priority areas were briefly introduced in
Section 2.5. Furthermore, the TGM mean of Welgegund was approximately 1.5 times higher
than the mean GEM reported by Venter et al. (2015) for Cape Point (1.09 ng.m=), which
closely resembles Southern Hemisphere background concentrations. Annual mean
TGM/GEM for the Southern Hemisphere has been reported to be in the range of
0.85 — 1.05 ng.m™ (Slemr et al., 2015).

Measurements at two rural sites in the tropics, i.e., Kodaikanal (1.53 ng.m) in India (Karthik
etal., 2017) and Nieuw Nickerie (1.40 ng.m) in Suriname, South America (Muller et al., 2012),
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also resembles the Welgegund TGM mean. According to the afore-mentioned authors, TGM
concentrations at both these tropical sites were influenced by local, or nearby pollution events.

When compared to TGM/GEM concentrations in the Northern Hemisphere, for which a
mean/median range of 1.5 — 1.7 ng.m? has been reported (Sprovieri et al., 2016), the
Welgegund TGM mean is similar to means reported for rural sites such as Harwell
(1.45 ng.m?®) in England (Kentisbeer et al., 2015) and St. Anicet (1.65 ng.m?®) in Canada
(Poissant et al., 2005), as well as urban sites such as Helsinki (1.54 ng.m?) in Finland
(Kyllonen et al., 2014), Houston (1.64 ng.m) and Reno (2.00 ng.m3) in the USA (Lyman &
Gustin, 2009; Griggs et al., 2020) and Minamata (1.90 ng.m) in Japan (Marumoto et al.,
2015). However, it is approximately 2 to 2.6 times lower than mean concentrations reported
for Asian megacities such as Seoul (3.44 ng.m) in South Korea (Choi et al., 2009), as well
as Lanzhou (4.48 ng.m) and Shanghai (4.19 ng.m?) in China (Duan et al., 2017; Yin et al.,
2020).

The mean TGM/GEM at true background sites such as Alert (1.00 ng.m™®) in Canada, which
is the northernmost permanently inhabited place in the world (Cobbett et al., 2007),
Amsterdam Island (1.03 ng.m=) in the southern Indian Ocean (Angot et al., 2014), Bariloche
(0.86 ng.m?) in Argentina’s Patagonia region (Diéguez et al., 2019), as well as Dumont
d’Urville (0.87 ng.m®) and Troll Station (0.93 ng.m?) in Antarctica (Pfaffhuber et al., 2012;
Angot et al., 2016), were all approximately two times lower than the Welgegund TGM mean.

Table 4.2: Hg concentrations observed at various locations across the globe,
in order of decreasing latitude.

Location Site Type TGM/GEM Monitoring period Reference

(ng.m?)
Alert, Canada Coastal 1.00 £ 0.40 Feb 2005 — Jun 2005 Cobbett et al. (2007)
Helsinki, Finland Urban 1.54 +£0.20 Sep 2006 — Aug 2007 Kyllonen et al. (2014)
Harwell, England Rural 1.45+0.24 Nov 2012 — Dec 2013 Kentisbeer et al. (2015)

E St. Anicet, Canada Rural 1.65+0.42 Jan 2003 — Dec 2003 Poissant et al. (2005)

< La Seyne-sur-Mer, France Coastal 2.16 £0.60 Jan 2012 — Dec 2012 Marusczak et al. (2016)

£ Reno, USA. Urban 2.00+0.70 Feb 2007 —Jan 2009  Lyman & Gustin (2009)

i Seoul, South Korea Urban 3.44 +£2.13 Feb 2005 — Dec 2006 Choi et al. (2009)

E Lanzhou, China Urban 4.48 +2.32 Oct 2016 — Oct 2017 Yin et al. (2020)

é Fukuoka, Japan Urban 2.33+0.49 Jun 2012 — May 2013 Marumoto et al. (2015)
Minamata, Japan Coastal 1.90 £ 0.40 Jun 2012 — May 2013 Marumoto et al. (2015)
Shanghai, China Urban 4.19 +9.13 Jun 2014 — Dec 2014 Duan et al. (2017)
Houston, U.S.A. Urban 1.64 £0.27 Mar 2012 — Jun 2013 Griggs et al. (2020)
Celestun, Mexico Coastal 1.05+0.27 Jan 2012 — Oct 2012 Velasco et al. (2016)

@ Calhau, Cape Verde Coastal 1.19+0.13 Dec 2011 — Dec 2015 Read et al. (2017)

3 Kodaikanal, India Rural 1.53+0.25 Nov 2012 — Sep 2013 Karthik et al. (2017)

= Gunn Point, Australia Rural 0.95+0.12 Jun 2014 — Jun 2016 Howard et al. (2017)
Nieuw Nickerie, Suriname Rural 1.40£0.25 Mar 2007 — Oct 2007 Mdiller et al. (2012)
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Table 4.2 (continued): Hg concentrations observed at various locations across the globe,
in order of decreasing latitude.

Middelburg, South Africa Rural 1.04 £ 0.62 Jan 2009 — Dec 2009 Belelie et al. (2019)
Welgegund, South Africa Rural 1.68+0.94 Sep 2016 — May 2017 Present study
Sasolburg, South Africa Urban 3.95+2.97 Apr 2013 — Jun 2013 Meyer (2019)
© Elandsfontein, South Africa Rural 2.49 +2.06 Jan 2010 — Apr 2015 Meyer (2019)
%_ Balfour, South Africa Rural 1.99+0.94 Jan 2009 — Dec 2009 Belelie et al. (2019)
E Marapong, South Africa Rural 1.61+1.42 Feb 2010 — Aug 2013 Meyer (2019)
T Standerton, South Africa Rural 1.25+1.38 Jan 2009 — Dec 2009 Belelie et al. (2019)
g Cape Point, South Africa Coastal 1.09 £ 0.15* Mar 2007 — Dec 2011 Venter et al. (2015)
§ Amsterdam Island, French Coastal 1.03+£0.08 Jan 2012 — Dec 2013 Angot et al. (2014)
@ Southern and Antarctic Lands
Bariloche, Argentina Rural 0.86 £0.16 Oct 2012 — Jul 2017 Diéguez et al. (2019)
Dumont d’'Urville, Antarctica Coastal 0.87 £0.23 Jan 2012 — May 2015 Angot et al. (2016)
Troll Station, Antarctica Coastal 0.93+0.19 Feb 2007 — Jun 2011 Pfaffhuber et al. (2012)

* Although Cape Point is a coastal station, this value is representative of continental atmospheric Hg concentrations, determined
through back trajectory analysis.

4.3 Temporal patterns

4.3.1 Diurnal

The overall average TGM diurnal cycle, as well as the three average diurnal cycles for the
considered seasons (spring, summer and autumn) are presented in Figure 4.2a. As is evident,
these diurnal cycles exhibited similar patterns. This is likely due to the diurnal cycle being
influenced by the same factors, which are discussed further on in this section, year-round. To
simplify the discussion here, only the overall average TGM diurnal cycle is explored. During
the night, up to approximately 08:00 local time, the TGM concentrations were relatively stable
(approx. 1.6 — 1.8 ng.m™) and similar to the average TGM concentration reported over the
entire sampling period (i.e., 1.68 ng.m). At around 08:00 the TGM concentration increased
significantly and peaked between 10:00 and 11:00. The average TGM concentration observed
during this peak time was approximately 2.3 ng.m3. The TGM concentration then rapidly
decreased until it reached a minimum of about 1.3 ng.m* at around 17:00. From this point
onwards the TGM concentration continued to rise until reaching relatively stable levels again

just before midnight.
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Figure 4.2: (a) Average diurnal trends of TGM concentration, (b) O3z concentration and RH, (c) PBL
structure for summer (DJF) and winter (JJA) between October 2012 and August 2014, adapted from
Gierens et al. (2019) and Venter et al. (2020).
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The most prominent feature of the TGM diurnal trend (Figure 4.2a) is the single peak that is
observed during late morning. In order to understand and explain this observation, the
corresponding average diurnal cycles of ozone (Os), relative humidity (RH) and planetary
boundary layer (PBL) height are presented (Figures 4.2b and c) and discussed. As can be
seen by comparing Figures 4.2a and b, the trends of TGM and O3 concentrations are roughly
inverse to one another, except during the time when the TGM concentration peaked. This
inverse relationship between TGM and Os, is due to Oz being one of the most important
oxidants of Hg® (Horowitz et al., 2017), implying that TGM will in general decrease if O3
increases. At Welgegund O3 concentrations reached a minimum before sunrise, after which it
continued to increase and peaked 1-3 hours after maximum solar intensity. O3 levels then
steadily decreased throughout the night, until it again reached the morning minimum. A
previous long-term study at Welgegund have reported a similar O3 diurnal cycle for the South
African interior (Laban et al., 2018), which was ascribed to the daytime photochemical
formation of O3 from nitrogen dioxide (NO) in the troposphere (Seinfeld & Pandis, 2016;
Laban et al., 2018). Tropospheric Oz can only form from NO2, while Oz precursors such as
volatile organic compounds (VOCs) and carbon monoxide (CO) are sources of peroxy-radicals
(HO2®* and RO;*) that oxidise nitrogen oxide (NO) to NO, (Seinfeld & Pandis, 2016).

In addition to the TGM-O3 interaction, there was also an approximate inverse relationship
observed between and Oz and RH, as is evident in Figure 4.2b. Similar relationships have
been reported specifically for the South African interior (Laban et al., 2018; Meyer, 2019) and
elsewhere (Jia & Xu, 2014; Meyer, 2019). This inverse relationship exists due to the photolytic
breakdown of Oz to form molecular oxygen (O2) and atomic oxygen (O). The O then reacts
with water vapour in the atmosphere (of which RH is a good indicator) to produce the very
reactive hydroxyl radical (OH*) (Gardoni et al., 2012). The OH* can also oxidise Hg° to Hg?*
(Lin & Pehkonen, 1997; Seigneur et al., 2006; Si & Ariya, 2018), resulting in increased

deposition of Hg species and subsequently lower levels of TGM (Section 2.3.3).

The above-mentioned atmospheric chemistry involving TGM, Os and RH explain the overall
diurnal cycle profile, but not the peak observed between 10:00 and 11:00 (Figure 4.2a). This
peak is rather explained by the evolution of the PBL. The PBL over Welgegund, including the
diurnal cycle and seasonal trends, was discussed in detail by Gierens et al. (2009). Figure
4.2c shows the typical diurnal profile of the PBL over Welgegund, measured between October
2012 and August 2014. Of specific interest is the occurrence of a low-level thermal inversion
layer at approximately 100—150m depth within the PBL, which typically occurs from just after
sunset to early morning. This inversion prevents mixing of layers above and below it. If the
source of the TGM peak was relatively local, low-level emissions, the concentration of TGM

would have peaked when the thermal inversion was intact. However, the TGM peaked after
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the breakdown of the low-level inversion layer, which allowed downward mixing of air masses
above the inversion. This indicates that sources further away from Welgegund, for which the
TGM were transported within the PBL, but above the low-level inversion, is the most likely

source of the additional TGM observed during the peak.

4.3.2 Seasonal

The monthly average TGM concentrations over the measurement period are presented in
Figure 4.3, as well as the number of 5 min TGM data points available for each month.
Notwithstanding the relatively low data availability discussed in Section 4.1, enough data was
available in all the months, except February 2017, to give a relatively good indication of the
seasonality of TGM measured at Welgegund. According to a six-year study by
Venter et al. (2020), the dry season at Welgegund typically spans from May to middle October,
with the wet season covering the rest of the year. Rain events measured at Welgegund during
the specific monitoring period considered in this study are shown in Figure 4.4. From this data
it is evident that the 2015/2016 dry season ended approximately in middle October 2016, and
that the 2016/2017 dry season commenced after middle April 2017.
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Figure 4.3: Monthly average TGM concentrations and number of 5 min TGM data points for each
month, measured at Welgegund during the measurement period.
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Figure 4.4: Rain events recorded at Welgegund during the measurement period.

By comparing Figures 4.3 and 4.4 it is clear that there is an interrelation between the wet and
dry seasons, and TGM concentrations. In general, higher TGM concentrations were reported
in the months associated with the dry season, and lower concentrations in the wet season.
This can be expected, since increased precipitation during the wet season facilitates removal
of TGM from the troposphere via wet deposition pathways (Lyman et al., 2019), while
emissions from open biomass burning contribute to higher levels of TGM in the troposphere
during the dry season. Open biomass burning is the largest natural terrestrial source of TGM
(Pirrone et al., 2010). However, open biomass burning in southern Africa can be both natural
and/or anthropogenic (Vakkari et al., 2014; van der Werf et al., 2017; Vakkari et al., 2018).
Differences in annual rainfall, mainly due to the variation in El Nifio Southern Oscillation
(ENSO) conditions, also affect the seasonality and spatial distribution of open biomass
burning. La Nifia results in above average rainfall, while El Nifio typically causes less than
average rainfall in southern Africa. This results in more, or less biomass being available,
respectively, for open biomass burning in a specific year (Archibald et al., 2009; Maritz et al.,
2020). Therefore, to contextualise the possible contribution of open biomass burning to
measured TGM at Welgegund, Figure 4.5 shows the locations of open biomass burning
events (MODIS collection 5 burned area product, Roy et al., 2008; Section 3.4) that occurred
during the period when TGM data was available (Section 4.1). These events were
superimposed on a vegetation biome distribution map of southern Africa (Mucina &
Rutherford, 2006).
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Figure 4.5: Biome distribution map of southern Africa indicating the location of fires (red areas) that
occurred during the measurement period. Adapted from (Mucina & Rutherford, 2006) and
Venter et al. (2020). The blue circle represents a radius of 250 km around Welgegund, while the
purple polygons indicate the three main routes, or fetch regions (see Figure 4.7 and associated text).
Province abbreviations: WC — Western Cape, NC — Northern Cape, EC — Eastern Cape,

FS — Free State, NW — North West, GP — Gauteng Province, LP — Limpopo Province,

MP — Mpumalanga Province, KZN — KwaZulu-Natal.

It is important to note that the peak open biomass burning period of the Grassland and
Savannah biomes in the South African interior, which are the only two biomes found within a
250 km radius of Welgegund (see the blue circle in Figure 4.5), typically spans from late local
winter to early spring (Chiloane et al., 2017; Booyens et al., 2019; Maritz et al., 2020). Biomass
burning around Welgegund specifically was investigated over a six-year period by
Venter et al., (2020). The afore-mentioned study reported the peak open biomass burning
period to be between May and mid-October. Figure 4.6 presents the monthly frequency of
MODIS fire pixels within the above-mentioned 250 km radius around Welgegund. This figure
clearly indicates that more open biomass burning occurred during the dry season, which also
suggests that open biomass burning events in relatively close proximity to Welgegund likely

resulted in the higher TGM concentrations observed during the dry season (Figure 4.3).
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Figure 4.6: Monthly fire counts (MODIS fire pixels) within a 250 km radius of Welgegund during the
measurement period.

4.4 Spatial patterns

Although TGM measurements were only conducted at one site, i.e., Welgegund, air mass
history analysis can be used to give insight into possible sources and/or source regions that
affected the measurements. Welgegund is ideally situated as a regional background site since
it is not too near to large point sources and areas of very high population densities, as was
illustrated in Section 3.1. This will be demonstrated later on in this section as well. Numerous
authors have also previously used air mass history analyses to indicate possible sources
and/or source regions for pollutant concentrations measured at Welgegund (e.g., Venter et
al., 2016; Laban et al., 2018; Venter et al., 2018; Booyens et al., 2019; Venter et al., 2020).

Figure 4.7 presents an overlay back trajectory map, (introduced in Vakkari et al., 2011;
Section 3.4), for 96-hour backward trajectories over the entire measurement period
(17 September 2016 to 5 May 2017), but only for the times when TGM measurements were
available (Section 4.1). From this map it is evident that air masses passing over Welgegund
during these times followed three main routes, or fetch regions, which are indicated with
polygons. The 1% route followed an anticyclonic recirculation pattern, which has previously
been described for the South African Highveld in general (Tyson et al., 1996) and for
Welgegund specifically (Jaars et al., 2014). The fetch region of this route was over the northern
parts of the South African interior, mostly just south east, south and south west of the
respective borders with Botswana, Zimbabwe and Mozambique. The 2" fetch region was
mostly almost directly east of Welgegund, covering the Johannesburg-Pretoria megacity and
the Mpumalanga Highveld before stretching across parts of KwaZulu-Natal. The fetch region

of the 3™ route was south west of Welgegund and included areas of mostly lower population
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densities. The 1% fetch region had significantly higher overpass frequencies (dark red areas
in Figure 4.7), if compared to the other two regions.
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Figure 4.7: Overlay back-trajectory map of air masses sampled at Welgegund for the period that

TGM data were available. The polygons indicate the three main routes, or fetch regions. Province

abbreviations: WC — Western Cape, NC — Northern Cape, EC — Eastern Cape, FS — Free State,

NW — North West, GP — Gauteng Province, LP — Limpopo Province, MP — Mpumalanga Province,
KZN — KwaZulu-Natal.

To understand and/or interpret the importance of the above-mentioned air mass histories, it
must be contextualised within aspects such as higher population densities, locations of large
potential point sources, as well as biomes and the occurrence of open biomass burning — all
factors that could possibly contribute to increased TGM concentrations. The population
density across southern Africa and the locations of major point sources in the interior of South
Africa are shown in Figure 4.8. Both these aspects serve as indicators of anthropogenic

activities, which is important within the context of TGM emissions (Pirrone et al., 2010).
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Figure 4.8: Population density map of southern Africa (CIESIN et al., 2005) showing the locations of
potential large Hg point sources in the South African interior. The polygons indicate the three main
routes, or fetch regions, which were introduced in Figure 4.7. Province abbreviations: WC — Western
Cape, NC — Northern Cape, EC — Eastern Cape, FS — Free State, NW — North West, GP — Gauteng
Province, LP — Limpopo Province, MP — Mpumalanga Province, KZN — KwaZulu-Natal.

As is evident from Figure 4.8, the majority of the southern African population live in the eastern
half of the subcontinent. Areas with high population densities (1 000 — 10 000 people/km?) in
the eastern half of South Africa include the Johannesburg-Pretoria conurbation in Gauteng,
as well as Pietermaritzburg and Durban in KwaZulu Natal. The Johannesburg-Pretoria
conurbation is one of the 40 largest urban areas in the world, with a combined population of
more than 10 million people. Conurbations of this size have been defined as megacities
(Molina & Molina, 2004). Other cities with similar population densities
(1 000 — 10 000 people/km?) in neighbouring Zimbabwe and Mozambique include Harare (not
shown on map), Bulawayo and Maputo. However, in general these populated areas are
smaller and further apart than in South Africa. In contrast, the western portion of southern
Africa, which include the Karoo and Kalahari in South Africa, Namibia and western Botswana,
have much lower population densities (generally <10 people/km?). The only exception is the
Western Cape, where the Cape Town conurbation and numerous smaller cities/towns are
located.

In addition to higher population densities to the east of Welgegund, most of the large
anthropogenic point sources in the South African interior also occur to the east of Welgegund,

as can be seen in Figure 4.8. These point sources include coal-fired power stations,
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petrochemical plants and metallurgical smelters. More specifically, the closest large point
sources to Welgegund are located in the Vaal Triangle Air-shed Priority Area (South Africa,
2005; Section 2.5), which lie almost directly east of the site. Here several petrochemical
operations, one large power station and a couple of metallurgical smelters occur (Venter et
al., 2020) within a radius of about 15 km, approximately 100 km from Welgegund. The second
nearest group of large point sources lie between north and north-northeast of Welgegund,
within the Waterberg-Bojanala Priority Area (South Africa, 2012; Section 2.2). This group
comprises of 11 pyro-metallurgical smelters, occurring within a radius of less than 60 km
(Venter et al., 2020). These point sources are located approximately 120 — 200 km from

Welgegund.

As mentioned in Section 4.3.2, rainfall patterns affect not only the seasonality, but also the
spatial distribution of open biomass burning events (Figure 4.5 and associated text), since
precipitation directly influences the amount of biomass that is available for open biomass
burning in any given location. It is evident from Figure 4.5 that the majority of open biomass
burning occurred in the eastern and southern parts of southern Africa, since this is where the
most productive biomes are found. In contrast, very few open biomass burning events were
observed in the arid western part of the subcontinent. It is however important to note that, as
previously mentioned, the peak open biomass burning period of the Grassland and Savannah
biomes in the South African interior, where Welgegund is located, typically span from late local
winter to early spring (Chiloane et al., 2017; Booyens et al., 2019; Maritz et al., 2020). In
contrast the peak open biomass burning period for the Fynbos biome in the southern parts of
South Africa (Figure 4.5) typically span from late local spring to early autumn (Van Wilgen et
al., 2010). Hence, long-range transport from fires in the Fynbos biome could potentially affect
TGM concentrations at Welgegund during late local spring to early autumn. However, such

transport did not (Figure 4.7) and is unlikely to occur often.

Previously (Figure 4.7. and associated text), it was demonstrated that air masses arriving at
Welgegund during the TGM measurement times, followed three main routes, or fetch regions.
A southern African auto-generated source map (Vakkari et.al., 2011; Section 3.4), for TGM
measured at Welgegund, is presented in Figure 4.9. The afore-mentioned fetch regions were
also superimposed on this map. TGM hourly means associated with the 1% fetch region had
the lowest concentration range (approx. 1.3 — 1.8 ng.m3). This result seemed counterintuitive,
since the 1% fetch region had the highest airmass overpass frequencies (Figure 4.7) and
numerous large point sources were located therein (Figure 4.8). Additionally, this fetch region
also had higher population densities (Figure 4.8) and more open biomass burning events
(Figure 4.5), if compared to the 3" fetch region, although it was lower on both counts than the

2" fetch region. An auto-generated source map of Oz concentrations measured at
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Welgegund, during times when TGM data was available, is presented in Figure 4.10. This map
helps explain the lowest TGM range associated with the 1% fetch region. As previously
explained (Sections 2.3.3 and 4.3.1), Oz and the OH* resulting from the photolysis of Oz, both
enhance removal of TGM from the troposphere (Lyman et al., 2019). Therefore, the observed
lower hourly mean TGM concentration range associated with the 1% fetch region (if compared
to the other two fetch regions) could be attributed to the higher Oz concentration range

observed therein (Figures 4.9 and 4.10).
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Figure 4.9: Auto-generated source map of TGM concentrations measured at Welgegund during the
measurement period. The polygons indicate the three main routes, or fetch regions, which were
introduced in Figure 4.7. Province abbreviations: WC — Western Cape, NC — Northern Cape,
EC — Eastern Cape, FS — Free State, NW — North West, GP — Gauteng Province, LP — Limpopo
Province, MP — Mpumalanga Province, KZN — KwaZulu-Natal.

40



Zimbabwe

Namibia

*Welgegund 100 0 100 200 300 400 500 km 1

Figure 4.10: Auto-generated source map of Oz concentrations measured at Welgegund during the
measurement period. The polygons indicate the three main routes, or fetch regions, which were
introduced in Figure 4.7. Province abbreviations: WC — Western Cape, NC — Northern Cape,
EC — Eastern Cape, FS — Free State, NW — North West, GP — Gauteng Province, LP — Limpopo
Province, MP — Mpumalanga Province, KZN — KwaZulu-Natal.

The TGM hourly mean concentrations for the 2" fetch region (1.8 —2.2 ng.m?3) was
significantly higher than that of the 1%. This was due to four contributing factors. Firstly, the
highest population densities (Figure 4.8) occurred in the 2™ fetch region. Secondly, many large
point sources were located closer to Welgegund than in the other fetch regions (Figure 4.8).
Thirdly, the highest occurrence of open biomass burning amongst the fetch regions, were
observed there (Figure 4.5). Lastly, a lower O3z concentration range was also observed over
this fetch region (Figure 4.10) if compared to the 1% fetch region. As stated, multiple times
(e.g., Sections 2.3.3 and 4.3.1), Oz (and OH* derived from it) enhances TGM removal from the
troposphere. The lower Oz concentrations in this fetch region were due to the close proximity
of the sources (i.e., less time for Oz formation) and the polluted nature of the fetch region
(Lourens et al., 2011), which could lead to Os titration (Laban et al., 2018).

Air masses from the 3 fetch region had associated hourly mean TGM concentrations
(approx. 1.8 — 2.6 ng.m®) similar to, although slightly higher than that of the 2" fetch region.
However, it is important to note that the 3™ fetch region had by far the lowest back trajectory
overpass frequency of all three fetch regions (Figure 4.7) — hence it contributed least to the
overall TGM measured at Welgegund. Also, almost no O3 autogenerated source map data

existed for this fetch region (Figure 4.10), due to O3 data gaps that coincided with times when
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back trajectories passed over this fetch region. Considering all the afore-mentioned, longer
term data are required to more confidently state the TGM range associated with the 3™ fetch
region and to explain it. Although a bit speculative, the extended time that air masses had
spent over the continent in this fetch region could have contributed to the higher TGM
concentrations. For instance, (Venter et al., 2015) proved that GEM concentrations measured
at the Cape Point Global Atmosphere Watch (CPT GAW) station increased if air masses spent
more time over the continent (Figure 4.11). This is possibly as a result of two factors. Firstly,
re-emission of previously deposited Hg from soils likely took place readily, due to the
abundance of large, sparsely vegetated areas in the region (Figure 4.5). Secondly, the
possibility that unmapped Hg-containing mineral deposits within the region contributed to the
observed elevated TGM concentrations cannot be ruled out — Figure 2.4 (and associated text)

discussed the distribution of Hg-containing mineral deposits in South Africa.
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Figure 4.11: Statistical distribution of GEM concentrations as a function of time spent over the
continent. The red line indicates the median, the black star the mean, the top and bottom edges of the
blue box the 25" and 75™ percentiles and the black whiskers 1.5 times the interquartile range from the

bottom or top of the box. Figure provided with permission by Venter et al. (2015).
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CHAPTER 5

Conclusion

In this chapter the main findings of the study are presented together with the project
evaluation, in context of the study objectives. Perspectives on future atmospheric mercury

(Hg) research are also discussed.

5.1 Main conclusions and project evaluation

In order to facilitate the project evaluation, the specific objectives originally stated in
Section 1.2 are repeated here. This is followed by a consideration of the outcome of each
objective, and the main conclusions related thereto.

Objective 1: “Conduct total gaseous mercury (TGM) measurements at a suitable

background site in the South African interior for at least one seasonal cycle.”

TGM measurements were conducted at the Welgegund Atmospheric Measurement Station
between 17 September 2016 and 5 May 2017. The rationale for choosing Welgegund as the
measurement site for this study was two-fold. Firstly, Welgegund is ideally positioned as a
regional background site, since there are no large point sources or areas of high population
density in close proximity to the site. Secondly, many other atmospheric species and
meteorological parameters are continually monitored at Welgegund, which can be used to
help explain/funderstand TGM observations. Unfortunately, due to multiple instances of
instrument failure, as well as financial constraints, TGM data could not be obtained for a full
seasonal cycle. However, the dataset spanned over 3 seasons: spring, summer and autumn.
After data cleaning with a fit for purpose MATLAB® script, 30.53% of the dataset remained.
Notwithstanding the relatively small dataset, the data still had significant value, considering
the limited number of studies on TGM in the South African interior that have been published

in the peer reviewed public domain, and the lack of such studies at background sites.

Objective 2: “Calculate and contextualise the average TGM concentration at the selected

site.”

The mean TGM concentration calculated at Welgegund over the measurement period was
1.68 + 0.94 ng.m™3. This value was compared to data from 28 other sites, located both in South
Africa and internationally. The Welgegund TGM mean correlated well with data from other

inland sites in South Africa, but was far below mean TGM concentrations for Sasolburg in the
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Vaal Triangle Air-shed Priority Area and Elandsfontein in the Highveld Priority Area. This is
not surprising, as TGM levels at both these sites are significantly influenced by emissions from
nearby coal-fired power plants (Meyer, 2019). The Welgegund TGM mean was however
elevated above concentrations measured at the coastal Cape Point Global Atmosphere Watch
(CP GAW) station, which rather closely resemble the Southern Hemisphere background.
Instead, the Welgegund TGM mean was more in range with Northern Hemisphere background
concentrations, but still considerably lower than levels reported for heavily polluted Asian
megacities. However, even though Welgegund is considered a regional background site, the
TGM mean was about twice as high as measurements at true background sites in the Arctic,

southern Indian Ocean and Antarctica.

Objective 3: ‘“ldentify and explain temporal patterns in the measured TGM dataset.”

A clear diurnal trend in TGM concentrations was observed at Welgegund. This trend was
evaluated in context of atmospheric species and meteorological parameters that were also
measured at Welgegund. The overall average diurnal trend was found to be inversely related
to ozone (Os) concentrations, which in turn was also inversely related to relative humidity (RH)
levels at the site. This indicated that the overall average trend is mostly explained by Hg
oxidation and subsequent deposition. However, there was a relatively large peak in TGM
concentrations during the late morning, which was not explained by the afore-mentioned
chemistry. The peak was attributed to the breakdown of a low-level thermal inversion layer
within the planetary boundary layer in the late morning, allowing downward mixing of air
masses above the inversion — thus indicating transport of Hg from more distant sources to

Welgegund.

Seasonal trends in TGM concentrations measured at Welgegund were also identified.
Precipitation and open biomass burning were found to be the main drivers. Higher monthly
mean TGM concentrations were observed during the dry season (May to middle October) than
during the wet season (middle October to April). The dry season was characterised by low
levels of precipitation, providing ample dry plant matter for open biomass burning. This
subsequently resulted in increased TGM concentrations. In contrast, high levels of
precipitation during the wet season facilitated the removal of TGM from the atmosphere

through wet deposition, resulting in decreased TGM concentrations.

Objective 4: “Identify and explain spatial patterns in the measured TGM dataset.”

Air mass backward trajectories were used to create an overlay back trajectory map for the
periods when TGM data were available. From this map three main fetch regions for air mass
travel, prior to being sampled at over Welgegund, were identified. The 1% route had the lowest

associated TGM hourly mean concentration range, despite having the highest air mass
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overpass frequency, relatively high population densities and numerous point sources located
therein. The low TGM concentrations in this region was attributed to the oxidation of Hg° to
Hg?* by Os (which had the highest comparative concentration range over this fetch region)
and OH* (which forms from Og), followed by the deposition of Hg?* species. The 2" fetch
region had a significantly higher TGM hourly mean concentration range than the 1. This was
due to the highest population density, number of point sources and open biomass burning
events occurring here, coupled with low O3 concentrations. For reasons currently not fully
understood, the 3™ fetch region had the highest associated TGM hourly mean concentration
range, despite the lack of significant Hg sources therein. Although a bit speculative, it is
thought that the extended time that air masses had spent over the continent in this fetch region

may have contributed to the high TGM concentrations.

Objective 5: “Provide insight into potential sources and/or contributing factors that

influenced the TGM concentrations at the selected measurement site.”

The results of this study clearly indicated that TGM concentrations measured at Welgegund
were strongly influenced by a number of factors, including population density, proximity of
point sources, precipitation, biomes and open biomass burning, evolution of the PBL, time
spent by an air mass over the continent, as well as chemical oxidation of Hg® by Oz and OH".
The effect of these factors on TGM concentrations were already described in the outcome

assessment of Objectives 3 and 4.

5.2 Future perspectives

Long-term measurements of atmospheric Hg at inland background sites in South Africa are
extremely limited. Such measurements, in conjunction with data from the coastal CP GAW
station, will be essential to reliably quantify background atmospheric Hg concentrations in
South Africa, and contribute to meaningful discussions on the implementation of realistic Hg
emission limits or ambient standards. This was recently highlighted by the Department of
Science and Innovation through the establishment of the South African Mercury Network
(SAMnet), a Hg monitoring network with five ambient measurement sites spread across the
country (Mbatha & Martin, 2020). Long-term TGM measurements at Welgegund (initiated in
2021) form part of this plan. Such measurements will help to address the uncertainties
indicated in the current study (e.g., the 3" fetch region that had the highest associated TGM
hourly mean concentration range, despite the lack of significant Hg sources therein). A
statistical approach towards the analysis of such long-term measurements (e.g. using multiple

linear regression) will also allow deeper insight into the degree of influence that the parameters
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identified in this study (e.g. Os, RH, precipitation and open biomass burning) have on
atmospheric Hg concentrations.

Studying ambient atmospheric Hg concentrations alone is not sufficient to understand
atmospheric Hg and its impact in South Africa. Several additional aspects are required. Firstly,
detailed atmospheric Hg emission inventories need to be established for South Africa and
made available in the peer reviewed public domain, to help interpret future measurements
and/or to be used in modelling studies. Measurements of halogens (currently very limited in
South Africa), and radicals (no such measurements currently in South Africa) need to be
initiated, since these species are critical in understanding atmospheric Hg oxidation. Oxidation
makes atmospheric Hg soluble, which significantly enhances wet deposition. Studies on wet
and dry deposition of atmospheric Hg need to be undertaken, since deposition is the first step
towards bioaccumulation. Currently it is foreseen that wet deposition measurements of Hg at

Welgegund will be initiated in 2021.
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Annexure A

Excerpt from a typical raw data file illustrating the format in which calibration and sample
data is stored by the Tekran® 2537B ambient Hg vapour analyser.

20160920005009

20160920002012

20160920002241

20160920002740

20160920003240

20160920003740

20160920004240

20160920004320

20160920004320

20160920004320

20160920004320

20160920004320

20160920004320

20160920004320

20160920004321

20160920004321

20160920004321

20160920004321

20160920004321

20160920004321

20160920004321

20160920004321

20160920004321

20160920004321

20160920004321

20160920004321

Date Time

16-09-20 00:19:23CLN A N

16-09-20 00:21:52 CLN B OK 0O

16-09-20 00:25:03 ZERO AOK 0

16-09-20 00:30:03 ZERO B OK 0

16-09-20 00:35:03 SPAN AOK 0

16-09-20 00:40:03 SPAN B OK O

Typ C Stat

PO 0

148

300

300

300

300

AdTim Vol

Bl

.00 0.148

3.750.148

7.40 0.148

7.510.148

7.50 0.148

7.510.148

CALIBRATION: S/N:0415 H/W:3.30 S/W:1.14

ZERO: A

Sample : 300 sec | BlArea :
Volume : 7.401 | BICorr :
Baseline: 0.148 V | PkMax

Bl StDev: .04 mv | PkWid
Start :16-09-20 00:25:03
ZERO: B

Sample : 300 sec | BlArea :
Volume : 7.511 | BICorr :
Baseline: 0.148 V | PkMax

Bl StDev: .04 mv | Pkwid

Start :16-09-20  00:30:03

SPAN: A SOURCE

Sample : 300 sec | Area

5844

790/1

:0.150 Vv

6.1 sec

5987

798/l

:0.150 Vv

6.1 sec

1617630

a7

BlDev MaxV Area

.036 .000 0
.045 0.150 4403
.041 0.150 5844
.042 0.150 5987

.038 0.334 617630

.046 0.330 610276

16-09-20 00:42:32

ng/m3
0.000
0.000
0.000
0.000
13.968

13.968



20160920004321

20160920004321

20160920004321

20160920004321

20160920004321

20160920004321

20160920004321

20160920004321

20160920004321

20160920004321

20160920004321

20160920004321

20160920004321

20160920004321

20160920004821

20160920005009

20160920005009

20160920005009

20160920005238

20160920005737

20160920010237

20160920010737

20160920011237

20160920011737

20160920012237

20160920012737

20160920013237

20160920013737

20160920014237

Volume : 7.501 | AdjArea: 611708 *
HgAmt : 104.8pg | RespFctr:5839140
Baseline: 0.148V | PkMax :0.334V

Bl StDev: .04 mv | PkWid : 15.8 sec
Start :16-09-20 00:35:03

SPAN: B SOURCE

Sample : 300sec | Area :610276
Volume : 7.511 | AdjArea: 604288 *
HgAmt : 104.8pg | RespFctr:5768310
Baseline: 0.148V | PkMax :0.330V

Bl StDev: .05 mv | PkwWid : 15.7 sec

Start :16-09-20  00:40:03

Date Time Typ C Stat
16-09-20 00:49:20CLN ANP 0 O
16-09-20 00:51:49 CLN B OK 0 148
16-09-20 00:55:00 CONT AOK 0 300
16-09-20 01:00:00 CONT B OK 0 300
16-09-20 01:05:00 CONT AOK 0 300
16-09-20 01:10:00 CONT B OK 0 300
16-09-20 01:15:00 CONT AOK 0 300
16-09-20 01:20:00 CONT B OK 0 300
16-09-20 01:25:00 CONT AOK 0 300
16-09-20 01:30:00 CONT B OK 0 300
16-09-20 01:35:00 CONT AOK 0 300

16-09-20 01:40:00 CONT B OK 0 300
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AdTim Vol BI

.000.148

3.750.148

7.46 0.148

7.510.148

7.500.148

7.500.148

7.500.148

7.50 0.148

7.50 0.148

7.510.148

7.50 0.148

7.510.148

BlDev MaxV Area

.042 .000

.040 0.149

.0450.172

.0350.171

.049 0.172

.042 0.171

.041 0.172

.0430.171

.042 0.172

.048 0.171

.0400.172

.042 0.171

0

3695

84420

84445

82590

82022

82427

82067

83355

79998

82974

82118

ng/m3
0.000
0.000
1.938
1.950
1.886
1.895
1.882
1.896
1.903
1.848
1.895

1.897
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