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ABSTRACT 

Mercury (Hg) biogeochemical cycling is a complicated and highly variable process, 

particularly in the terrestrial environment. Despite many decades of research, the mechanisms 

involved in controlling Hg are still poorly understood. A clear understanding of the controlling 

mechanisms is vital for accurate representation in the global Hg models, particularly regarding 

re-emission.  Behaviour of Hg in the environment varies considerably across temporal and 

spatial scales due to variation in environmental conditions such as meteorological drivers, plant 

production and atmospheric chemistry. Few long-term field experiments exist, and none in 

Australia, to verify the roll of these parameters on seasonal time scales.  

The primary focus of this thesis was to determine key drivers of Hg’s natural cycle within an 

Australian context. This thesis presents research looking at Hg fluxes over a 14-month period 

(3 April 2017 to 21 June 2018) at a vegetated background site in Australia (Oakdale, New 

South Wales).  This flux study will allow for a clearer understanding of Australia’s contribution 

to global natural sources of mercury and exploration of environmental influences on these 

emission rates. Experimentation was undertaken using aerodynamic gradient 

micrometeorological flux method.  Meteorological and atmospheric chemistry variables were 

measured concurrently throughout the duration of the study. Emissions from biomass burning 

were also measured using a combination of combustion wind-tunnel and field measurements.  

Hg emission flux average over the duration of the study were close to zero (average 0.002 ng 

m-2 h-1, ±14.23), however, there was significant seasonal variation. Highest net surface 

emission occurred during austral summer, while net deposition occurred during winter and 

early spring. This variation was largely attributed to seasonal changes in net radiation and 

surface temperatures, which control the volatilisation of Hg from the substrate. Soil moisture 
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change due to rainfall appeared to have little prolonged influence on Hg surface emissions, 

beyond an initial interstitial release.  

Atmospheric Hg concentrations followed a similar seasonal trend to the Hg fluxes, where 

highest concentrations occurred in summer (0.88 ng m-3, ± 0.19) and lowest in winter (0.43 ng 

m-3, ±0.08). The study average was 0.68 ng m-3 (±0.22 ng m-3), below currently assumed 

Southern Hemisphere background concentrations (ranging between 0.85 ng m-3 and 1.05 ng m-

3). Atmospheric concentrations at the study site are thought to be the product of atmospheric 

transport, with highest concentrations occurring when air masses had first travelled through the 

Sydney metropolitan region. 

 Atmospheric Hg release during biomass burning was less than previously assumed, largely 

due to low Hg concentrations in both vegetation and soils. These values are ∼62% lower than 

the global average used previously to estimate Australian biomass burning mercury release. 

Australia’s climate has a significant impact on the rate and timing of terrestrial emissions and 

atmospheric transport to and from the continent. Measurements of Hg concentrations in 

ambient air support the conclusion that Hg deposited in remote areas may originate from 

anthropogenic sources far away. This study clearly demonstrated the complexities of 

understanding the drivers and influencing parameters affecting emission and deposition in the 

environment and found that Australia is largely influenced by global Hg circulation. 
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CHAPTER 1 
 INTRODUCTION  

 

As a naturally occurring element, mercury (Hg) is found ubiquitously across the globe (Driscoll 

et al., 2013; Obrist et al., 2018; Schroeder and Munthe, 1998). Originating in the earth’s crust, 

mercury has been utilised by human civilisations for centuries. Despite its common use and 

natural occurrence, mercury is highly toxic to humans and other animals alike. The long history 

of anthropogenic extraction and utilisation has led to significant increases in atmospheric and 

environmental loadings (Giang et al., 2015). Mercury’s unique chemical properties mean that 

it is a liquid at room temperature and easily vaporised into a gas. As such, Hg also occurs 

naturally in the atmosphere, which forms the dominant pathway for the global distribution. 

Long range transport allows Hg to be redistributed to distant terrestrial and aquatic ecosystems, 

causing the contamination of pristine ecosystems (Selin, 2009). Thus, Hg has become a global 

problem not only affecting local areas that are heavily industrialised, but also areas that are 

remote from emitting sources (Nelson et al., 2012). 

Global concerns about Hg toxicity have led to the development of the Minamata Convention 

on Mercury, a global treaty with the key objective of protecting human health and the 

environment from anthropogenic emissions and releases of Hg and Hg compounds (UNEP, 

2013a). In order to address this objective, focus is given to continuous improvements to 

measurement, modelling and understanding of the complex biogeochemical cycle. However, 



2 
 

the global nature of Hg makes understanding and limiting its effects difficult. Despite a 

growing consensus on the global nature of Hg pollution and an increasing concern regarding 

its impacts, relatively little attention has been paid to levels of Hg in the Australian environment 

(Jardine and Bunn, 2010). 

Australia is home to many unique environments and potentially distinctive oxidative 

conditions, and therefore plays a significant role in the natural mercury cycle. Relatively low 

emissions of Hg from both natural and anthropogenic sources make Australia an ideal location 

for understanding the natural cycling of atmospheric mercury (Edwards and Howard, 2013; 

Howard and Edwards, 2017). Australia is mostly a dry arid continent, but also host to a range 

of climate zones that include equatorial, tropical, subtropical, desert, grassland and temperate 

regions. As Hg fluxes are influenced by precipitation rates, temperature, and vegetation type, 

it is expected that Hg fluxes will differ between these different climate zones. This climate 

variability is likely to cause Australian Hg fluxes to behave differently to those observed in 

other regions of the world (Pirrone et al., 2010).  

 

1.1 Thesis Aims and Scope 

Understanding of Hg cycling between the terrestrial-atmospheric interface in the Southern 

Hemisphere is exceptionally limited. Australia is one of the largest land masses in the Southern 

Hemisphere and comprised of many unique ecosystems. Despite this, only two air-surface 

mercury exchange studies have taken place here. In order to address this key knowledge gap 

the primary aims of this thesis are to: 

 Characterise the seasonal Hg emission fluxes and concentrations at a terrestrial 

background site in South-Eastern Australia. 
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 Examine the nature of the role of precipitation and soil moisture in enhancing Hg fluxes 

at a terrestrial background site in South-Eastern Australia. 

 Examine the role of other environmental parameters on mercury fluxes and 

concentrations, such as temperature and solar radiation, at a terrestrial background site 

in South-Eastern Australia. 

 Quantify the release of mercury from the burning of Australian eucalypt forest surface 

fuels. 

 Evaluate how well identified Hg air-surface exchange rates and trends align with the 

current understanding of Australia’s contribution to the global mercury cycle.  

By addressing these aims this thesis will provide a better understanding of and quantify the 

natural biogeochemical cycling of Hg within the Australian terrestrial environment. 

The scope of this thesis is primarily restricted to a single field site located in South-Eastern 

Australia, with a key focus on the natural sources and perturbation of the Hg cycle. The site 

was chosen to be representative of the environments typically found around South-Eastern 

Australia. The chosen field site was classified as a background site (substrate Hg concentration 

<100 ppb) with no primary anthropogenic sources in the region. Measurements were made 

continuously using a micrometeorological aerodynamic flux gradient method over a 14-month 

period. This study represents the first long-term mercury air-surface exchange measurements 

to take place in Australia. 
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1.2 Thesis layout 

The following chapters address the aims outlined here in order to demonstrate the importance 

of understanding mercury air-surface exchange in the context of the Australian environment. 

Chapters 3 to 6 are journal manuscripts either published, submitted or prepared for submission 

and therefore have been structured and formatted to reflect individual journal requirements. 

Chapter 7 is not intended for publication but has been included to provide both broader 

Australian and global context for the key findings of the previous chapters. 

Chapter 2, the literature review, will outline the properties of mercury in the environment and 

highlight the current state of knowledge regarding the influence of meteorological parameters 

and atmospheric conditions on Hg cycling between the surface and the atmosphere and the 

knowledge gaps that still exist. 

Chapter 3 explores the seasonal variability in mercury air-surface exchange at a terrestrial 

background site in South-Eastern Australia and the potential drivers of this variability. This 

study investigated the drivers of Hg fluxes across multiple seasons in order to gain 

understanding of the influence of vegetation and environmental parameters on Hg air-surface 

exchange across seasonal time scales.  

Chapter 4 focuses on investigating Hg flux in response to precipitation and soil moisture 

changes over extended periods at a background site in South-Eastern Australia. The main 

purpose of this chapter is to investigate if soil moisture changes in response to rainfall had any 

prolonged influence on Hg flux magnitude and if this response varied depending on season.  

Chapter 5 analyses 14 months of atmospheric gaseous elemental mercury and reactive mercury 

measurements at a terrestrial background site, South-Eastern Australia, to determine if there 
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was seasonal variation in atmospheric mercury concentrations and to determine the potential 

drivers of this variation within the Australian terrestrial context. 

Chapter 6 reports on and compares two different studies of mercury release from the burning 

of Australian native forest surface fuels. The study was developed in response to the general 

lack of Australian-derived emission ratios or emission factors in Australian mercury emission 

modelling and aimed to provide a better understanding of Hg release during biomass burning.  

The purpose of Chapter 7 is to put the main findings of the thesis into the broader Australian 

and global context. This chapter compares the natural sources and trends of atmospheric 

mercury identified in the previous chapters with GEOS-Chem chemical transport model output 

to assess how well the modelled assumptions capture Australia’s variability and natural 

sources.  

The final chapter of this thesis (Chapter 8) provides the overall findings of the thesis, the 

implications of these findings, and its conclusions. Key limitations of the undertaken studies 

and still existing knowledge gaps will also be addressed in this chapter.  

This chapter has provided a brief introduction to the thesis, including its aims and the thesis 

structure. As indicated above, the next chapter provides an in-depth literature review of the 

thesis topic. 
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CHAPTER 2 
SOURCES AND DRIVERS OF 

THE MERCURY 
BIOGEOCHEMICAL CYCLE 

 

2.1 Introduction 
 

Mercury (Hg) is a naturally occurring element found within the Earth’s crust and is ubiquitous 

throughout the environment. Hg’s unique chemical properties mean that it is a liquid at room 

temperature and easily vaporised into a gas. As such, Hg also occurs naturally in the 

atmosphere. Despite Hg being a natural substance, it is highly toxic to humans, other animals 

and ecosystems (Carpi and Lindberg, 1997). Global concerns about Hg toxicity have led to the 

development of the Minamata Convention on Mercury, a global treaty aimed at protecting 

human health and the environment from anthropogenic emissions and releases of Hg and Hg 

compounds (UNEP, 2013a). The atmosphere forms the dominant pathway for the global 

distribution of Hg, allowing it to be transported to terrestrial and aquatic ecosystems where it 

can cause the contamination of pristine environments (Boening, 2000; Gustin et al., 2002; 

Laurier and Mason, 2007; Schroeder and Munthe, 1998).  
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The World Health Organization (WHO) classifies Hg exposure as one of the most hazardous 

and substantial global public health concerns (WHO, 2019). However, the global nature of Hg 

makes understanding and limiting its effects difficult. Exposure to Hg occurs through 

inhalation, skin contact and ingestion. Exposure rates and impacts are largely dependent on the 

form of Hg found within the environment. Up to 80% of elemental Hg inhaled can be absorbed 

into the body, however atmospheric concentrations are generally not significant enough to be 

of concern, except when in close proximity to major sources (Gaffney and Marley, 2014). The 

highly toxic form, Methyl-Mercury (MeHg), can be introduced into the environment by the 

conversion of inorganic Hg to organic forms of Hg. MeHg bioaccumulates within an 

ecosystem, enhancing its mobilisation and potential for exposure. This is of particular concern 

within aquatic ecosystems where inorganic Hg is more readily converted to MeHg. MeHg is 

particularly hazardous to human health as it is able to cross the blood-brain divide, forming a 

potent neurotoxin, and penetrate the placenta exposing the foetus to the neurotoxin (Schroeder 

and Munthe, 1998).  

Increased understanding of Hg’s health impacts and emission implications has led to the 

development of numerous national and international policies, including the development of the 

Minamata Convention on Mercury (UNEP, 2013a). The Minamata Convention on Mercury 

was developed with the explicit aim to “protect human health and the environment from 

anthropogenic emissions and releases of mercury”. With 128 signatories, the Minamata 

Convention on Mercury was fully ratified and became legally binding in 2017 (UNEP, 2017). 

Continuing to advance our understanding of the sources, pathways and behaviour of Hg is vital 

for limiting the impacts to human health and reaching the goals outlined by the Minamata 

Convention.  
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2.2 Sources of Hg in the environment 
 

Mercury enters the environment from both natural and anthropogenic sources. Natural 

geogenic sources are dominantly comprised of volcanic activity, crustal degassing, weathering 

and biological particles and account for approximately 5-13% of total emissions (Agnan et al., 

2016; Amos et al., 2013; Driscoll et al., 2013). These sources are usually located along plate 

tectonic boundaries and volcanic hotspots where degassing takes place, contributing 

approximately 60 Mg Hg a-1   to the atmosphere. However, volcanic activity alone is estimated 

to release between 30 and 800 Mg Hg a-1  (Nriagu and Becker, 2003). Natural emission also 

occurs from enriched mineral sites where mineralised forms of mercury such as cinnabar, 

corderoite and livingstonite are found in large quantities (Gustin, 2003; Gustin et al., 2008). 

Reservoirs of Hg also exist in surface soils, water bodies and vegetation surfaces, although 

primarily derived from previously deposited atmosphere mercury of natural and anthropogenic 

origin (Figure 1) (Gustin et al., 2008). These reservoirs account for a far greater source of Hg 

than geogenic sources, contributing 5207 Mg Hg a-1 (Pirrone et al., 2010).  
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Figure 1. Global biogeochemical cycle for mercury. Natural (preindustrial) fluxes [Mg a–

1] and inventories [in Mg] are noted in black. Anthropogenic contributions are in red. 
Natural fluxes augmented by anthropogenic activities are noted by red-and-black dashed 
lines (Selin, 2009). 
 

Anthropogenic sources account for approximately 30% of annual Hg emissions (Pirrone et al., 

2010; Streets et al., 2017; UNEP, 2013b). Major sources include fossil fuel combustion, metal 

smelting, waste treatment, and artisanal and small-scale gold mining (AMAP/UNEP, 2013; 

Driscoll et al., 2013). Current anthropogenic loading to the atmosphere is approximately 

between 1875 and 2900 Mg a-1 (Agnan et al., 2016; Streets et al., 2017; UNEP, 2013b). These 

contributions have plateaued over recent decades due to decreased emissions from North 

America and Europe, offsetting increased emissions across Asia (Sundseth et al., 2015). Asia’s 

global contributions currently account for 65% of total global anthropogenic emissions (Amos 

et al., 2013). By comparison, Australia’s anthropogenic sources only account for 2% of global 

loadings (22 Mg a-1) (UNEP, 2013b). Coal combustion and artisanal and small-scale gold 
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mining account for the largest global source of anthropogenic Hg (35% and 24%, respectively) 

(UNEP, 2013b). Increases to anthropogenic sources across the globe have seen atmospheric 

deposition increase between 3 and 5 fold above pre-industrial levels (Amos et al., 2013). The 

recent ratification of the Minamata Convention on Mercury and a combination of climate 

change and rapid land-use change is likely to see significant changes to these regional and point 

sources in the future (Giang et al., 2015; Obrist et al., 2018).  

Legacy Hg comprises of Hg previously deposited from both natural and anthropogenic sources 

and accounts for 60% of total atmospheric Hg (Amos et al., 2015). The re-emission of this 

previously deposited Hg allows it to be redistributed on regional and global scales to terrestrial 

and ocean surfaces (Driscoll et al., 2013). Eventually, Hg is deposited into deep-sea sediments 

or slow response armoured terrestrial soil pools to form long-term reservoirs (Amos et al., 

2013). However, continuous re-emission and lack of global inventories means there are 

considerable uncertainties with the estimates of re-emission to the atmosphere (Wang et al., 

2006). Understanding how long these sources of Hg remain active in the environment is vital 

for sound decision making aimed at reducing anthropogenic impacts of Hg emissions.  

2.3 Mercury in the atmosphere 
 

Mercury exists in the atmosphere in three operationally defined forms: gaseous elemental 

mercury (GEM, Hg0); gaseous oxidised mercury (GOM, Hg2+); and particulate bound mercury 

(PBM, Hgp). The complex physicochemical properties of GOM and PBM make it difficult to 

define the species in the atmosphere, and are therefore referred to collectively as reactive 

mercury (RM) (Gustin et al., 2015; Huang et al., 2013; Weiss-Penzias et al., 2015). GEM is 

the dominant form of Hg found in the atmosphere, accounting for 90% of all Total Gaseous 

Mercury (TGM, RM + GEM) present. Its low water solubility and reactivity allow it to remain 



11 
 

in the atmosphere between 5 – 12 months (Horowitz et al., 2014; Horowitz et al., 2017; Streets 

et al., 2017). The high reactivity of RM means that it is quickly removed from the atmosphere 

once formed, usually anywhere from hours to weeks (Poissant et al., 2005). The chemical and 

physical state of Hg determines the fate and distribution within the environment, forming the 

global Hg cycle (Blackwell et al., 2014; Choi and Holsen, 2009; Gabriel et al., 2006). 

Understanding the processes and drivers of atmospheric Hg is vital for understanding how Hg 

is transported on global, regional and local scales.  

Conversion of Hg from one form to another (i.e., oxidation/reduction reactions) will determine 

the atmospheric residence time and hence transportation distance before deposition (De Simone 

et al., 2016). Once Hg undergoes the deposition processes it is returned to sinks on the Earth’s 

surface (Gustin et al., 2015). Background TGM concentrations range between 1.3 and 1.7 ng 

m-3 in the Northern Hemisphere and 0.85 and 1.2 ng m-3 in the Southern Hemisphere  

(Dommergue et al., 2010; Driscoll et al., 2013; Lindberg et al., 2007; Slemr et al., 2015; 

Sprovieri et al., 2010; Sprovieri et al., 2016).  

Understanding of the mercury oxidation and reduction processes that take place in the 

atmosphere is still incomplete but is critical for determining global patterns of atmospheric Hg 

deposition (Horowitz et al., 2017). Oxidation and reduction processes primarily occur via gas 

phase, aqueous phase or particulate phase pathways, although the exact mechanisms are not 

yet clearly understood (Figure 2). GEM in the atmosphere is oxidised by these pathways before 

it is deposited into the environment as RM (Ariya et al., 2015; Horowitz et al., 2017; Lin and 

Pehkonen, 1999).  Photochemical oxidation in the upper troposphere and lower stratosphere is 

thought to deplete GEM concentrations and enrich RM concentrations (Jones et al., 2016). 

Current proposed oxidation pathways of GEM in the gas phase are bromine (Br), ozone (O3), 

OH radical, nitrate (NO3), chloride (Cl) and various halogen species (Holmes et al., 2010; 

Holmes et al., 2009; Holmes et al., 2006; Horowitz et al., 2017; Lynam and Keeler, 2005; 
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Mastromonaco et al., 2016; Rutter et al., 2012; Sommar et al., 1997; Weiss‐Penzias et al., 

2009). These oxidants of GEM are thought to vary spatially, such that oxidants occurring in 

urban environments are different to those in marine and polar environments (Holmes et al., 

2006; Lynam and Keeler, 2005; Soerensen et al., 2010). 

Figure 2. Atmospheric chemistry pathways of mercury reduction and Oxidation (Si and 
Ariya, 2018).  
 

The oxidation of GEM to RM by Br and Cl is considered a two-step process.  For example, 

GEM first reacts with the Br radical to form HgBr. HgBr then reacts with multiple potential 

oxidants (Br, I, OH, BrO, IO, NO2) to generate different RM species (Dibble et al., 2012; 

Goodsite et al., 2004; Horowitz et al., 2017; Jiao and Dibble, 2017; Wang et al., 2014; Ye et 

al., 2016). Secondary oxidation of HgCl occurs via reactions with NO2, HO2, ClO or BrO 

(Ariya et al., 2015; Si and Ariya, 2018; Sun et al., 2016). Secondary reactants have been shown 

throughout the literature to vary latitudinally. Aircraft measurements undertaken in the 

subtropics found GEM oxidation due to BrO present in subtropical anti-cyclones (Gratz et al., 

2015; Shah et al., 2016). Arctic and Antarctic GEM oxidation is driven by the photolytic 

formation of halogen radicals present in the atmosphere (Obrist et al., 2018).  
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In contrast to GEM, both GOM and PBM are highly soluble in water and readily deposit to 

surfaces (Driscoll et al., 2013). The low vapour pressure of GOM and PBM cause a short 

atmospheric life time of hours to weeks (Ariya et al., 2015; Landis et al., 2002). These forms 

of Hg are easily scavenged from the atmosphere due to high deposition velocities and 

precipitation  (Landis et al., 2002; Lyman et al., 2007). Wet deposition is the result of aqueous 

oxidation of Hg into cloud droplets which can then be removed by precipitation to the Earth’s 

surface (Lin et al., 2006). RM accounts for the remaining 1-5% of TGM present, with 

concentrations ranging between 0-50 pg m-3 (Gustin, 2012). The short atmospheric lifetime of 

GOM and PBM typically means deposition occurs close to anthropogenic emission sources. 

However, they can also be deposited to remote locations due to photochemical oxidation of 

GEM (Ariya et al., 2015; Mao et al., 2008; Schroeder and Munthe, 1998). Additionally, RM is 

introduced into the boundary layer through entrainment and convective mixing from the free 

troposphere, allowing it to be transported greater distances (Huang et al., 2013; Weiss‐Penzias 

et al., 2009).  

Gaseous Elemental Mercury is transported and deposited efficiently within its hemisphere of 

origin. Atmospheric transport of Hg across the equator is limited by the intertropical 

convergence zone (ITCZ) and the role of Hadley circulation that reduces the hemispheric 

exchange of air masses (Hamilton et al., 2008). As a result, cross hemisphere transport is less 

efficient resulting in Southern Hemisphere concentrations approximately 30% lower than those 

observed in the Northern Hemisphere (Driscoll et al., 2013; Horowitz et al., 2017; Howard et 

al., 2017; Song et al., 2016). Atmospheric Hg measurement and monitoring is undertaken 

globally with extensive networks covering much of the Northern Hemisphere as part of the 

Global Mercury Observation System (GMOS), which is comprised of 27 sites, 6 of which are 

located in the Southern Hemisphere (Table 1) (Sprovieri et al., 2016). Figure 3 shows the 

distribution of GEM concentrations for all GMOS sites operating between 2013 and 2014. The 
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limited number of monitoring sites in the Southern Hemisphere has resulted in the primary 

understanding of Southern Hemisphere trends being derived from aircraft and ship 

measurements. The large ratio of ocean to land masses in the Southern Hemisphere is believed 

to cause significantly different drivers than those observed in the Northern Hemisphere. 

However, the lack of long-term monitoring also means that understanding of these influences 

is also significantly less.  

 

Figure 3. Box-and-whisker plots of gaseous elemental mercury yearly distribution (GEM, 
ng m-3) at all GMOS stations for (a) 2013 and (b) 2014. The sites are organised according 
to their latitude from the northern to the southern locations. Each box includes the 
median (midline) and 25th and 75th percentiles (box edges), 5th and 95th percentiles 
(whiskers) (Sprovieri et al., 2016).  List of full station names, locations and codes are 
supplied in Table 1.  
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Table 1. Atmospheric ground-based sites that are part of the Global Mercury 
Observation System network, adapted from Sprovieri et al., (2016) 

Code   Site   Country Elevation  
(m asl) 

Lat (°) Long (°) 

AMS Amsterdam Island Terres Australes et 
Antarctiques 

Françaises 

70 -37.79604 77.55095 

BAR Bariloche Argentina 801 -41.128728 -71.420100 
CAL Calhau Cabo Verde 10 16.86402 -24.86730 
CHE Cape Hedo Japan 60 26.86430 128.25141 

CMA Col Margherita Italy 2545 46.36711 11.79341 
CPT Cape Point South Africa 230 -34.353479 18.489830 
CST Celestún Mexico 3 20.85838 -90.38309 

DDU Dumont d’Urville Antarctica 40 -66.66281 140.00929 
DMC Concordia Station Antarctica 3220 - 75.10170 123.34895 
EVK Ev-K2 Nepal 5050 27.95861 86.8133 
ISK Iskrba Slovenia 520 45.56122 14.85805 

KOD Kodaicanal India 2333 10.23170 77.46524 
LIS Listvyanka Russia 670 51.84670 104.89300 

LON Longobucco Italy 1379 39.39408 16.61348 
LSM La Seyne-sur-Mer France 10 43.106119 5.885250 
MAL Mt. Ailao China 2503 24.53791 101.03024 
MAN Manaus Brazil 110 - 2.89056 -59.96975 
MBA Mt. Bachelor WA, USA 2743 43.977516 -121.685968 
MCH Mt. Changbai China 741 42.40028 128.11250 
MHD Mace Head Ireland 8 53.32661 -9.90442 
MIN Minamata Japan 20 32.23056 130.40389 

MWA Mt. Walinguan China 3816 36.28667 100.89797 
NIK Nieuw Nickerie Suriname 1 5.95679 -57.03923 
PAL Pallas Finland 340 68.00000 24.23972 
RAO Rao Sweden 5 57.39384 11.91407 

SIS Sisal Mexico 7 21.16356 -90.04679 
VRS Villum Research 

Station 
Greenland 30 81.58033 -16.60961 

 

2.4 Mercury air-surface exchange 
 

Once Hg has been released into the atmosphere, it continually undergoes deposition and re-

emission, creating a dynamic global cycle (Schroeder and Munthe, 1998). The continual re-

emission of Hg and lack of global inventories has led to considerable uncertainties associated 
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with estimates of re-emission loadings to the atmosphere (Wang et al., 2006). It is generally 

not possible to differentiate between primary natural emissions and re-emission when 

performing air-surface exchange measurements (Gustin et al., 2006). RM is quickly scavenged 

from the atmosphere by wet and dry deposition processes (Lyman et al., 2007). Once deposited, 

Hg is easily volatilised and re-emitted back to the atmosphere as GEM (Hintelmann et al., 

2002). The historical legacy of anthropogenic Hg emissions has led to an estimated global 

enhancement factor of 1.5 for terrestrial surfaces, 2.1 in deep ocean sediment, 5.4 for surface 

oceans and 7.5 in the atmosphere, relative to 2000 BC (Amos et al., 2013). Increases to 

atmospheric loadings have also led to an estimated threefold increase to atmospheric deposition 

(Lamborg et al., 2002).  

Natural sinks of atmospheric Hg include soils, plant foliage, the marine boundary layer and 

polar regions, which are continually experiencing re-emission and deposition processes (Gustin 

et al., 2008). The re-emission of Hg from land surfaces is thought to contribute between 14% 

and 24% to the global Hg budget (Baya and Van Heyst, 2010). The ocean-atmosphere 

exchange of Hg accounts for 90% of outputs from the ocean, while wet and dry deposition 

accounts for 70% of Hg inputs to the ocean (Mason et al., 2017). Recent global reviews of 

terrestrial Hg0 flux measurements (Agnan et al., 2016; Zhu et al., 2016) indicate that in most 

of the world, elemental mercury (Hg0) evasion from background soils is generally low, 

particularly when soils are covered by leaf litter or plants. Many background soils also 

experience periods of net Hg0 deposition (Choi and Holsen, 2009; Gustin et al., 2006) with 

recent work finding that 20% of measurements over bare soils and 45% of measurements over 

covered soils showed net deposition (Agnan et al., 2016). 

Hg air-ocean exchange is primarily dominated by emission, making the global oceans a net 

source of Hg0 to the atmosphere, although the magnitude is uncertain (Mason et al., 2017; Song 

et al., 2016). This exchange helps to mitigate increases in MeHg concentrations in the upper 
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ocean, thereby limiting fish and human contamination (Mason et al., 2017). Hg evasion varies 

between oceans and across ocean basins (Mason et al., 2017), with evasion fluxes largely 

driven by sea-surface temperature (De Simone et al., 2016), although other factors including 

wind speed, primary productivity, solar radiation levels and air temperature in the surface 

boundary layer also have an impact (Kwon and Selin, 2016; Soerensen et al., 2010). The 

upwelling of colder and nutrient-rich waters (particularly in the tropics) is also associated with 

increased Hg evasion as it increases phytoplankton concentrations in these regions and their 

ability to reduce divalent mercury (Hg2+) to Hg0 and enhance the photochemical reduction of 

Hg2+ to the volatile Hg0 (Semeniuk and Dastoor, 2017; Wang et al., 2013).  

Mercury emissions from natural terrestrial sources are highly variable temporally and spatially 

making them difficult to quantify and characterise. Mercury emissions from terrestrial 

environments are controlled by various and interacting factors, such as substrate mercury 

content (Eckley et al., 2010; Liu et al., 2014), soil physical–chemical factors (soil type, soil 

porosity, soil moisture and soil chemistry) (Choi and Holsen, 2009; Wang et al., 2006) and 

meteorological parameters (temperature, solar radiation, and wind speed and turbulence) 

(Gabriel et al., 2011). Studies analysing the influence of these factors on mercury emissions 

are often inconsistent and even contradictory (Park et al., 2014). Thus regional field and 

simulation studies of air-surface exchange are particularly important for our understanding of 

the global Hg cycle (Zhang et al., 2017). In the terrestrial environment, the largest Hg pools 

are located in soils (Obrist et al., 2011). Smith-Downey et al. (2010), estimated soil Hg storage 

pools to be 240 Gg, which has increased 20% above pre-industrial levels. More recent model 

simulations utilising new observational constraints (Horowitz et al., 2017; Streets et al., 2011; 

Streets et al., 2017) estimate higher present-day organic soil Hg pools (250–1000 Gg with a 

best estimate of 500 Gg) and propose that anthropogenic activities have doubled the Hg stored 

in organic soils (Amos et al., 2015; Amos et al., 2013).  Atmospheric GEM emissions from 
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land surfaces were previously estimated to range between 1600 and 2900 Mg a-1 (Lindberg et 

al., 2007; Selin et al., 2008; Smith-Downey et al., 2010), but more recent estimates are 

considerably lower, averaging 607 Mg a-1 (ranging between 513 and 1353 Mg a-1) (Agnan et 

al., 2016). 

Terrestrial surfaces are classified as either enriched or background sites. Naturally enriched 

sites occur due to mineralisation initiated by ancient geological processes. Soils are classified 

as enriched if Hg concentrations are greater than 100 ppb. Background sites or uncontaminated 

sites contain substrate Hg concentrations less than 100 ppb (Agnan et al., 2016; Gustin et al., 

2008). The dominant source of Hg to background sites is deposition of atmospheric Hg. 

Highest Hg concentrations are found in the surface layer, decreasing with depth and are bound 

to carbon and organic matter (Hararuk et al., 2013). There is a large bias toward Hg0 flux 

measurements over Hg-enriched sites, accounting for 63% of all flux measurements, while only 

37% of all flux measurements are carried out at background sites (Agnan et al., 2016). Air-

surface Hg exchange at enriched sites is heavily skewed towards emission, with increases in 

the magnitude taking place on diurnal time scales due to the volatilising influences of solar 

radiation and air temperature (Agnan et al., 2016; Edwards and Howard, 2013). The magnitude 

of Hg emission from these sites is spatially dependent on the concentration of Hg-containing 

minerals (Agnan et al., 2016; Gustin, 2003). Large uncertainties regarding terrestrial Hg0 sink 

and source strengths, particularly over background areas and vegetated areas, make 

atmosphere–terrestrial interactions one of the least understood processes in the global Hg cycle 

(Obrist et al., 2018). 

2.4.1 Drivers of terrestrial air-surface exchange 
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The short-term balance between Hg flux drivers and deposition processes governs diel and 

seasonal variation (Jiskra et al., 2018). The flux is defined as the net exchange between Hg 

entering and exiting a surface. Herein, net flux is positive if the surface is emitting Hg, and 

when net flux is negative Hg is being deposited on the surface (Carpi and Lindberg, 1997). 

Most studies suggest that the soil-air interface provides a net source of Hg emissions, with Hg0 

emission dominating during the daytime and deposition limited to night periods due to variation 

in temperature and solar radiation (Zhu et al., 2016). Emissions are generally higher during the 

summer, when solar radiation and temperature levels are also highest. Fluxes in winter tend to 

be dominated by near zero exchange, while spring trends are influenced by new foliage uptake 

(Wright and Zhang, 2015). 

Soils that contain higher concentrations of Hg are also found to have higher levels of Hg0 

evasion (Wright and Zhang, 2015). Soils with smaller grain sizes and that contain higher 

amounts of clay and silt particles tend to have both a higher Hg content and level of Hg0 flux 

(Zhu et al., 2016). Atmospheric Hg0 concentrations can both positively and negatively 

influence the level of Hg0 fluxes (Agnan et al., 2016; Wright and Zhang, 2015). Increased 

evasion tends to occur with lower atmospheric Hg0 concentrations, while deposition occurs 

with higher atmospheric Hg0 concentrations (Zhu et al., 2016). In general, higher levels of 

atmospheric turbulence (e.g., wind and surface friction speeds) promote Hg0 evasion as this 

enhances the mass transfer of Hg0 within soil and promotes its evasion from the soil surface 

(Zhu et al., 2016).  

2.4.1.1 Soil volatilisation 
 

Ambient air temperature, soil surface temperature and solar radiation are all positively 

correlated with Hg0 emissions, forming the dominant drivers of diel and seasonal flux patterns 
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(Choi and Holsen, 2009). Solar radiation enhances Hg fluxes through enhanced photo-

reduction occurring within the substrate (Carpi and Lindberg, 1997; Moore and Carpi, 2005). 

Higher temperature leads to increased rates of volatilisation of Hg from the substrate due to a 

reduction in the activation energy required to release Hg from the substrate (Kim et al., 2012). 

The sensitivity to temperature creates diel Hg trends, with the effects of temperature reducing 

with soil depth (Carpi and Lindberg, 1997). Hg emissions have been shown to sharply increase 

from early morning until noon where they reach their peak. Emissions then start to decrease at 

a slowed rate from noon to early evening. These patterns of flux follow closely the diel soil 

and air temperature trends (Gabriel et al., 2006). The temperature-solar radiation relationship 

also heavily influences seasonal cycling, where highest Hg flux rate coincides with the warm 

months and lowest or near zero exchange occurs during the cooler months (Corbett-Hains et 

al., 2012; Wang et al., 2006).  

Solar radiation influences soil Hg evasion in two ways. The first is that increased solar radiation 

in the surface layer reduces the activation energy required to induce the emission of Hg from 

the substrate (Lin et al., 2010). The second is solar radiation acting as a catalyst for the 

transformation of deposited Hg2+ to Hg0, which can then be emitted to the atmosphere (Carpi 

and Lindberg, 1997; Gustin et al., 2002; Moore and Carpi, 2005). Solar radiation is thought to 

cause photoreduction of atmospherically deposited Hg2+ to Hg0 within the substrate that can be 

emitted to the atmosphere, while increasing soil temperature opens up the soil pore space 

allowing the photo-reduced Hg0 to be emitted into the atmosphere (Figure 4) (Zhang et al., 

2001). Background sites have been shown to experience increased reduction of Hg2+ to Hg0 

during light periods, causing them to become net sources of Hg. When there is no longer any 

solar radiation to initiate Hg reduction, background soils become a net sink (Xin and Gustin, 

2007). Over longer periods, solar radiation is able to influence Hg flux by increasing the soil 
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temperature through the conversion of solar energy to thermal energy (Zhang et al., 2001). 

High soil temperatures drive abiotic and biotic processes within the substrate.  

 

Figure 4. Schematic diagram of major processes and factors affecting mercury volatilization from 
soil. Major processes of reducible mercury formation (Step 1) and production of elemental 
mercury from this reducible mercury (Step 2) are identified. Within the soil particles and soil 
solution OM is Organic matter and DOM is Dissolved Organic matter (DOM) (Pannu et 
al., 2014). 

 

2.4.1.2 Soil moisture 

 

Precipitation and soil moisture play a significant role in the emissions of Hg from soils (Gustin 

et al., 2006). The addition of water results in an immediate release of Hg from soils. Hg 

emissions are hypothesised to be caused by the displacement of air within the soil pores 

containing Hg0 by the infiltrating rain water, as well as enhancing the mobility of Hg2+ due to 
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an increase in the soil pore water content and enabling redox reactions associated with the 

incoming water and soil exchange effects (Song and Van Heyst, 2005). Wetting of dry soils 

has been shown to induce a greater flux than additional moisture added to already wet soils. 

The wetting of dry soils has been shown to result in a 2-17 fold increase depending on 

precipitation type, amount, intensity and timing (Eckley et al., 2011). The magnitude of flux is 

correlated with Hg concentrations found in the soil substrates. Repeated water additions have 

been shown to decrease the amount of Hg released from soils, indicating that the effects of 

precipitation events are dependent on the amount of Hg in the soils available for emission (Song 

and Van Heyst, 2005). Controlled studies have also shown that the duration of exacerbated flux 

after watering is a function of the amount of water added and the rate at which soil dries (Gustin 

et al., 2006). 

It is proposed that soil moisture promotes the reduction of Hg2+ and desorption of Hg0 from 

soil particles into the soil pore space. In general, Hg fluxes increase with an increase in soil 

moisture as this helps to facilitate the movement of Hg0 towards the soil surface and its 

subsequent evasion into the atmosphere. Gustin and Stamenkovic (2005), found that at a soil 

moisture content of 13%, mean diel Hg fluxes are higher than those observed for dry soils over 

a 24 hour emission period. Night-time fluxes at 13% soil moisture in the same experiment were 

greater than those measured from dry soil over the same period. Further to this, Gustin et al. 

(2006) found that when the soil moisture was increased to 23%, Hg fluxes became similar to 

those from dry soil with no diel pattern. Once soil moisture was increased above 30%, Hg flux 

was suppressed (Gustin et al., 2006). Briggs and Gustin (2013) recorded Hg emissions 1 to 2 

times higher following the wetting of dry soils. These increases were attributed to the 

displacement of Hg0 present in the soil gas, aqueous facilitation of reduction of Hg2+ 

compounds, the movement of Hg compounds toward the surface associated with soil moisture 
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evaporation and the desorption of loosely bound Hg0 as the more polar water molecules 

outcompete it for binding sites.  

2.4.1.3 Vegetation 

 

The presence of vegetation within a terrestrial ecosystem significantly influences mercury air-

surface exchange. Vegetated ecosystems have been shown to be both a net sink and a net source 

of atmospheric Hg, with debate still continuing as to which is dominant (Amos et al., 2013; 

Lindberg et al., 2007; Obrist et al., 2016; Smith-Downey et al., 2010; Zhu et al., 2016). It is 

estimated that vegetation in forest ecosystems deposits 1232 Mg a-1 of atmospheric Hg to 

terrestrial surfaces through global litterfall, while 1338 Mg a-1 of atmospheric Hg is deposited 

directly onto the soil surface as throughfall. Of this, 381 Mg a-1 of Hg is re-emitted back into 

the atmosphere from the forest floor (Zhu et al., 2016). Throughout the literature it is primarily 

suggested that grasslands and forested ecosystems are a large net sink of Hg from the 

atmosphere, with grasslands experiencing an atmospheric deposition of 89 Mg a-1 (Agnan et 

al., 2016). Recent findings by Jiskra et al. (2018) indicate that vegetation acts as a global 

atmospheric Hg pump. Increasing vegetation production, typically observed during Northern 

Hemisphere spring, increases the rate of uptake by the plants and contributes to seasonal 

variation. Current Hg flux data does not provide reliable estimates for the role of foliage in air-

vegetation exchanges due to the large uncertainties in quantifying Hg budgets when using bulk 

methods (e.g., correlation analyses between atmospheric Hg0 and other trace gases such as CO, 

CO2 and CH4) (Zhang et al., 2016). 

Vegetation uptake of Hg0 is primarily hypothesised to be caused by the direct gaseous exchange 

of atmospheric Hg0 that is then sequestered into the leaf tissue (Laacouri et al., 2013; St. Louis 

et al., 2001). Uptake appears to be greatest during the growing season and is believed to be 
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driven by atmospheric concentrations, position within the canopy, leaf age, meteorological 

conditions and CO2 concentrations (Gustin, 2012). Atmospheric Hg structurally incorporated 

into leaf tissue has a reduced potential for re-emission due to lack of photo-reduction (Laacouri 

et al., 2013; Obrist et al., 2016), while Hg2+ deposited onto external leaf surfaces is more readily 

available for re-emission (Graydon et al., 2006). Hg concentrations have been found to be 

higher in leaves lowest in the canopy and older leaves, although uptake by older leaves occurs 

at a lower rate than younger leaves (Gustin, 2012).  

2.5 Mercury release form biomass burning 
 

Mercury released during biomass burning is the largest natural source within the global Hg 

budget (Friedli et al., 2009). Biomass burning releases Hg from terrestrial environments back 

into the atmosphere through volatilisation of Hg within biomass during combustion and 

through thermal desorption of Hg bound within the soil matrix (Melendez-Perez et al., 2014). 

Estimates of global Hg emissions from wildfires range from 100 to over 1000 Mg a-1 (Brunke 

et al., 2001; Friedli et al., 2001; Weiss-Penzias et al., 2007). However, the most recent estimates 

of 675 ± 240 Mg a-1 from global biomass burning for the years 1997-2006 (Friedli et al., 2009).  

Hg stored in vegetation, leaf litter and soil are associated with organic rich matter and is 

mobilised into the atmosphere during a fire, predominantly in the form of Hg0.  The total 

amount of Hg released during a wildfire is also limited by the amount of Hg stored in the 

ecosystem, particularly in the soil, prior to burning (Campos et al., 2015). Therefore, the 

severity of a fire is an important control on Hg combustion and emission to the atmosphere. 

Fire severity is furthermore related to the temperature and duration of heating through the soil 

column and can be influenced by variations in fuel availability, soil moisture, topography, 

weather, and fire dynamics (Friedli et al., 2003). PBM has also been found to be released during 



25 
 

biomass burning with concentrations increasing with increased fuel moisture, low fire intensity 

and fuel type (Friedli et al., 2001; Obrist et al., 2008). Spikes in Hg emissions from bushfires 

have the potential to influence local concentrations, through wet and dry deposition, and 

regional to global scale Hg concentrations, through long range transport.  

The release of mercury from biomass burning is an important, yet complex and poorly 

understood component of the global mercury cycle as it can lead to re-distribution of mercury 

to sensitive ecosystems where methylation may occur, or it can result in direct human exposure 

to mercury through inhalation of biomass burning plumes (Biswas et al., 2008; De Simone et 

al., 2015).  The frequency of both prescribed and wildfires in Australia results in it contributing 

3% of total global emissions of Hg from biomass burning. By comparison central Asia, 

northern hemisphere South America, Europe, and Middle East combined contribute less than 

2% of global biomass burning emissions (Friedli et al., 2009). Little focus has been given to 

understanding Hg emissions and dispersion from Australian bushfires and no published work 

has been undertaken to measure real time Hg concentrations from fires, prescribed or 

otherwise. 

2.6 Australia’s contributions to the global mercury cycle 
 

Australia is one of the largest landmasses in the Southern Hemisphere (area 7.69x106 km2) and 

a key signatory of the Minamata Convention on Mercury. However, despite globally-growing 

action and concern regarding the impacts and sources of mercury pollution, little is known 

about Australia’s global contribution (Jardine and Bunn, 2010). Extensive efforts have been 

made across the Northern Hemisphere to measure, model and estimate the quantities of 

atmospheric Hg exchange (Zhu et al., 2016). However, there is a lack of reliable estimates for 

the Australian region regarding the cycling of both natural and anthropogenic emissions 
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between the atmosphere and terrestrial surface (Edwards and Howard, 2013). A recent 

emissions inventory found that about 93% of Australia’s total Hg emissions are from natural 

and legacy sources (with emissions from soil and vegetation contributing 66% and 4% of total 

Hg emissions respectively) and 7% of Hg emissions derive from anthropogenic sources 

(Nelson et al., 2009; Nelson et al., 2012; Nelson et al., 2004). However, these estimates are 

uncertain due to a lack of Australia-specific data and uncertainties inherent in estimating 

emissions factors.  

Current attempts to determine Australia’s natural Hg cycle have been undertaken as part of 

global scale modelling studies, which do not consider Australia’s unique climate, flora, fauna 

and soil types. Studies by Nelson et al., (2004, 2009, 2012) are the only efforts to date to treat 

Australia as a distinct entity. Nelson et al. (2012) estimated annual emissions of 4 to 12 Mg Hg 

a-1 from vegetation; 27 to 81 Mg Hg a-1 and 43 to 129 Mg Hg a-1 from shaded and bare soil, 

respectively; and 21 to 63 Mg Hg a-1 from biomass burning. These total between 90 and 93% 

of estimated emissions from all primary and secondary sources within Australia. Estimates of 

anthropogenic emissions from these authors range between 10.2 and 15.5 Mg Hg a-1, 

representing about 0.5% of the estimated global total (Nelson et al., 2004). Approximately 50% 

of the total anthropogenic emission was reported to originate from a single gold smelter 

operation in Western Australia which has since altered its operation, in favour of a less 

environmentally hazardous process which captures rather than releases Hg to the atmosphere 

(Nelson et al., 2012). Nelson et al. (2009) state that there are considerable uncertainties to these 

loadings due to the heavy reliance on Northern Hemisphere emission factors and assumptions 

when modelling natural Hg cycling over the Australia continent. 

Australia is home to many unique environments and potentially distinctive oxidative 

conditions, and therefore plays a significant role in the natural Hg cycle. Despite this, only two 

air-surface mercury exchange studies have taken place here (Edwards and Howard, 2013; 
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Howard and Edwards, 2017). Australia is host to a range of climate zones that include 

equatorial, tropical, subtropical, desert, grassland and temperate regions. As Hg fluxes are 

influenced by precipitation rates, temperature, and vegetation type, it is expected that Hg fluxes 

will differ between these different climate zones. The Australian climate is also influenced by 

interannual climate variables such as El Niño-Southern Oscillation (ENSO), Southern Annular 

Mode and Indian Ocean Dipole. El Niño brings higher temperatures and reduced rainfall to 

Australia, while La Niña is accompanied by cooler temperatures and heavy rainfall (Slemr et 

al., 2016). Southern annular mode and Indian Ocean Dipole can further intensify rainfall and 

drought conditions which influences the intensity of Australia’s fire and vegetation growing 

seasons (BOM, 2019). This climate variability is likely to cause Australian natural Hg 

emissions to behave differently to those observed in other regions of the world (Pirrone et al., 

2010).  

2.7 Summary 
 

This Chapter has provided a detailed overview of the sources, sinks and drivers of the global 

mercury biogeochemical cycle. Hg cycling is heavily influenced by the surrounding 

environment and thus concentrations, speciation and behaviour varies over spatial and temporal 

scales. Meteorology and chemistry (in the surface and the atmosphere) are the biggest drivers 

of the natural Hg cycle, although the exact mechanisms are still debated. Key uncertainties still 

exist within the current understanding of the global Hg cycle. These include drivers of 

atmospheric deposition over both ocean and terrestrial surfaces and the mechanisms driving 

terrestrial Hg air-surface exchange on diel and seasonal timeframes. The following chapters 

will focus on developing a better understanding of terrestrial Hg air-surface exchange within 

an Australian context.  
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CHAPTER 3           
Seasonal mercury fluxes at 

a terrestrial background site 
in South-Eastern Australia 

 

3.1 Preface 
 
This chapter explores mercury air-surface exchange at a background site in South-Eastern 

Australia, with the express purpose of identifying seasonal trends and drivers of variability.  

Few studies have taken place over extended timeframes, and none have taken place in the 

Southern Hemisphere. This study investigated the drivers of Hg fluxes across multiple seasons 

in order to gain an understanding of the influence of vegetation and environmental parameters 

on Hg air-surface exchange across seasonal time scales, providing a better understanding of 

Australia’s role in the global mercury cycles. This chapter contributes to the thesis by 

identifying the primary drivers and trends of background mercury air-surface exchange and 

atmospheric mercury within an Australian landscape. 

Author contributions 

At time of thesis submission, the paper presented in this chapter had been submitted for 

publication in Elementa: Science of the Anthropocene. The paper has thus been formatted and 

structured according to journal submission requirements.  
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Abstract 

Terrestrial air-surface exchange of mercury (Hg) forms an important component of the global 

Hg cycle, with drivers varying across spatial and temporal scales. These drivers primarily 

include substrate properties, atmospheric chemistry and meteorological factors. However, their 

influence is still poorly quantified. Few studies have taken place over extended timeframes, 

and none have taken place in the Southern Hemisphere. This study presents the first long-term 

mercury air-surface exchange measurements to take place in Australia, investigating the drivers 

of Hg fluxes across multiple seasons. Measurements were made continuously using a 

micrometeorological aerodynamic flux gradient method at a low vegetated background site in 

South-Eastern Australia, over 14 months. Average net Hg fluxes across the entire study period 

were near zero, 0.002 ng m-2 h-1 (±14.23). Variability was observed across seasons, with the 

highest average net emissions occurring in austral summer (December, January, February) 

(0.34 ng m-2 h-1) and highest net deposition observed in autumn (March, April, May) (-0.32 ng 

m-2 h-1). Vegetation uptake of Hg was most important during winter and spring, when the 

influence of meteorological variables is reduced. Summer Hg fluxes were mostly dominated 

by surface emissions. This is largely attributed to the higher net all-wave radiation and soil and 

air temperatures, which were also highest at this time. For grasslands/low vegetated sites to see 

mailto:katrina.macsween@mq.edu.au
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significant vegetation uptake of Hg, the parameters that most influence Hg evasion, i.e., net 

all-wave radiation, and air and soil temperature, need to be simultaneously reduced. 

 

1. Introduction 

Mercury (Hg) is a globally transported atmospheric pollutant that can have adverse 

environmental and human health effects (Carpi and Lindberg, 1997; Schroeder and Munthe, 

1998). Its long atmospheric lifetime and unique chemical properties allow it to be transported 

over large distances before being deposited, making it ubiquitous in the environment (Corbitt 

et al., 2011; Gustin, 2012). Mercury is released into the atmosphere naturally, 

anthropogenically, or through re-emission of natural and anthropogenically-derived Hg (Amos 

et al., 2013; Gustin et al., 2008). This re-emission of Hg from surfaces is an important 

component of the global Hg cycle as it is what allows Hg to remain in the environment for long 

periods of time and to be globally distributed (Hintelmann et al., 2002; Schroeder and Munthe, 

1998). Terrestrial air-surface exchange of Hg is heavily influenced by substrate properties, 

atmospheric chemistry and meteorological factors. These drivers are highly variable between 

sites and across time, which has made it difficult to adequately assess the key controls (Agnan 

et al., 2016; Gabriel et al., 2011; Lin et al., 2010; Wang et al., 2006; Zhang et al., 2001).  

Studies exploring these processes are usually skewed towards enriched sites (substrate 

concentration >100 ppb, atmospheric concentrations >3 ng m-3) and the Northern Hemisphere, 

and usually only occur over a period of days to weeks (Agnan et al., 2016). Currently there is 

a limited number of studies that look at elemental Hg (Hg0) exchange on an annual or longer 

time-scale (Baya and Van Heyst, 2010; Converse et al., 2010; Obrist et al., 2005; Sommar et 

al., 2016). The variability in Hg fluxes means that short-term studies can create bias in our 
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understanding of Hg flux trends (Gustin et al., 2006). Long-term studies allow for a broader 

understanding of the driving processes, enabling a holistic picture of the Hg biogeochemical 

cycle (Baya and Van Heyst, 2010; Lee et al., 2000). Few studies have taken place on these time 

scales, and none have taken place in the Southern Hemisphere where season variability is very 

different to that observed in the Northern Hemisphere (Edwards and Howard, 2013; Nelson et 

al., 2012). The difference in land to sea ratio between the two hemispheres, means that the 

Southern Hemisphere is subject to more significant long-term climate variability. This has led 

to an incomplete understanding in the global seasonal variability of Hg fluxes.  

The short-term balance between Hg emission, deposition and re-emission processes at 

terrestrial sites governs diel and seasonal Hg0 variations (Jiskra et al., 2018; Zhou et al., 2016). 

Solar radiation, temperature, soil moisture and substrate Hg concentrations are widely believed 

to be the main parameters driving Hg air-surface exchange (Choi and Holsen, 2009; Gustin et 

al., 2006; Gustin et al., 1997; Kim et al., 2012; Kim et al., 1995). The presence of vegetation 

can also cause net deposition to occur during the growing season (Obrist et al., 2005). Surface 

emissions tend to be highest around midday when solar radiation and air and soil temperatures 

are at their highest. On seasonal scales, warmer months often result in higher emission, and 

near zero or negative fluxes occur during cooler months and overnight (Bahlmann et al., 2006; 

Fritsche et al., 2008; Wang et al., 2006).  

The positive relationship observed between solar radiation, air temperature, soil temperature 

and Hg emission is believed to be a result of the relationship between the physiochemical 

properties of Hg0 and the abiotic processes occurring in the substrate (Bahlmann et al., 2006; 

Choi and Holsen, 2009). Solar radiation enhances emissions through the reduction of divalent 

mercury (Hg+2) to Hg0 within the substrate which is then available for re-emission (Carpi and 

Lindberg, 1997; Moore and Carpi, 2005). Higher temperature leads to increased rates of 

volatilisation of Hg from the substrate due to a reduction in the activation energy required to 
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release Hg from the substrate (Kim et al., 2012). Increasing soil temperatures due to solar 

irradiation also promote Hg0 emissions (Wang et al., 2006). The vapour pressure of volatile Hg 

species is increased with rising soil temperatures which also decreases Hg sorption to the soil 

and allows greater emission from the substrate (Liang et al., 2014). 

The presence of vegetation in the ecosystem adds an extra layer of complexity to the drivers of 

Hg air-surface exchange. Vegetated ecosystems can represent both a source and a sink for Hg0 

over shorter or longer periods, depending on the atmospheric concentration, meteorology, 

substrates, climate conditions and plant community composition (Agnan et al., 2016; Bash and 

Miller, 2008; Converse et al., 2010; Lee et al., 2000). In a review of global Hg flux studies 

Agnan et al. (2016) found 20% of measurements over bare soil within forests and 

grasslands/shrub lands show net deposition. This increased to 48% of measurements in these 

ecosystems when the presence of vegetation was taken into consideration (Agnan et al., 2016). 

The presence of plants and litter may also impact the soil–air Hg flux by altering air mixing, 

shading the soil, and influencing soil moisture and temperature (Stamenkovic et al., 2008) and 

therefore must be accounted for when considering whole ecosystem-level Hg exchange. 

Australia is host to unique climates, vegetation and soil types, all of which may cause Hg air-

surface exchange to behave differently to that elsewhere. Despite Australia having a highly 

variable climate and being one of the largest landmasses in the Southern Hemisphere, few 

attempts have been made to quantify Hg exchange rates and drivers (Edwards and Howard, 

2013; Howard and Edwards, 2017). South-Eastern Australia’s climate is primarily classified 

as temperate or subtropical, experiencing warm to hot summers and cool winters, with an 

annual average maximum temperature of 25°C and annual average minimum temperature of 

13°C. Annual average regional rainfall typically ranges between 600 and 1000mm. Rainfall 

variability in the region is typically driven by El Niño-Southern Oscillation, where El Niño 

causes higher temperatures and decreased rainfall and La Niña causes lower temperatures and 
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increased rainfall (Bureau of Meteorology, 2019). Further, UV radiation in the Southern 

Hemisphere is approximately 50% greater than the Northern Hemisphere due to earth’s 

elliptical orbit, more efficient ozone transportation from the equator to higher latitudes and 

overall less aerosols present in the atmosphere (McKenzie et al., 1996). Higher radiation could 

increase the potential for photo-chemical reduction to take place within terrestrial substrates.   

This study represents the first long-term mercury air-surface exchange measurements to take 

place in Australia. This study investigated the drivers of Hg fluxes across multiple seasons in 

order to gain an understanding of the influence of vegetation and environmental parameters on 

Hg air-surface exchange across seasonal time scales. Measurements were made continuously 

using a micrometeorological aerodynamic flux gradient method at a low vegetated background 

site in South-Eastern Australia, over a 14 month period.  

2. Methods  

2.1 Site description  

 

This study took place at Oakdale, New South Wales, Australia a rural area on the far south-

west edge of the Sydney basin (lat. 34° 03' 11"S, long. 150° 29' 50"E, altitude 457m). 

Measurements were undertaken from 3 April 2017 to 21 June 2018 (445 days), within an 

agricultural grazing paddock. Soils for the region were classified as sandy clay loam. No known 

major point sources of Hg were identified within the region. Vegetation cover consisted of low 

grass, edged by tall eucalyptus trees, however these were out of the measurement fetch. At the 

start of the study the vegetation coverage was patchy, and the greatest coverage occurred during 

spring. The paddock was also regularly grazed, keeping canopy height to less than 0.02 m over 

the duration of the field campaign. 
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2.2 Hg flux gradient method 

 

Hg0 fluxes were determined using a micrometeorological aerodynamic flux gradient method 

and assumptions outlined in Edwards et al. (2005). Hg0 flux was calculated according to 

Equation 1: 

F = −K
∆C

∆z
=  

u∗ k(C2−C1)

ln(
z2−d

z1−d⁄ )−Ψz2+Ψz1

       (Equation 1) 

where F is the Hg flux (ng m-2 s-1), K is the eddy diffusivity (m2 s-1), C is the Hg0 concentration 

at height z (z1 = 0.44 m and z2 = 1.24 m), u* is the friction velocity (m s-1), k is the von Kármán 

constant (0.40), d is the zero-plane displacement height (m), and Ψ is the integrated universal 

similarity functions as given by Businger et al. (1971) for the two measurement heights (z1 and 

z2). By convention, a positive flux is upward (emission) and a negative flux is downward 

(deposition). 

Hg0 gradients were calculated using air samples collected alternating between two heights (z1 

= 0.44 m and z2 = 1.24 m) and quantified using a Tekran 2537B (Tekran Instruments, 

Knoxville, TN, USA), with detection limit of 0.1 ng m-3. Sample air was drawn from the sample 

inlets through a 0.2 μm polytetrafluoroethylene (PTFE) filter by a PTFE pump at 10 L min-1. 

The 2537B sub-sampled from this flow through an additional 0.2 μm PTFE filter. Switching 

of sampling between the intakes took place every 10 minutes (2 × 2537B samples) and was 

achieved using a PTFE solenoid valve controlled by LabVIEW software. Internal calibration 

of the 2537B occurred every 23 hours throughout the study using the internal mercury 

permeation source. Permeation sources were verified at the beginning and end of the study, as 

well as part-way through when the Tekran was removed for routine maintenance using manual 
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mercury vapour injection to 2% resolution of the permeation source. Thirty-minute running 

means of the Tekran measurements were used to calculate flux gradient.  

The average flux gradient was first constructed using a 90 min averaging period (five 10 min 

samples at one height and four 10 min samples at the other height). After the first gradient was 

constructed, a running 90 min mean gradient was then updated every half hour. Density 

corrections due to water vapour and heat outlined by Webb et al. (1980) were applied to each 

averaging period. Quality assurance methods were applied to the micrometeorological data 

based on the constraints of Monin-Obukov similarity theory. This included filtering for low 

wind speeds (<0.5 m/s) and wind direction, to allow for sufficient fetch. Highly stable and 

unstable conditions (stability parameter, z/L (Monin-Obukhov length) less than -5 or greater 

than 5), were also removed  so that turbulence theory hold true (Wagner-Riddle et al., 1997). 

77% of the data obtained over the study period remained after these quality assurance measures 

were applied to the dataset.  

2.3 Substrate analysis 

 

Soil substrate samples were collected 3 times over the duration of the study, at the beginning, 

mid-way point (September) and end of the study. Samples were collected at 5 locations within 

the main fetch of the flux tower. Surface vegetation, along with soils at depths of 0 to 2 cm and 

5 to 10 cm were sampled using clean equipment and stored in double sealed plastic bags. 

Vegetation and soil samples were dried at 105 °C for 24 h before analysis (Mudroch and 

Bourbonniere, 1994). Hojdova et al. (2015) estimated that between 5 and 8% of Hg was lost 

from the sample when dried in an oven over 3 days. Samples were only dried for 24 hours to 

limit the potential amount of Hg lost in the drying process. Soil samples were then sieved into 

>250 µm, 63 μm to 250 µm (sand), and < 63 μm (silt/clay) size fractions. Total mercury (THg) 
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contents of soil and vegetation samples were determined in triplicate using a DMA-80 direct 

mercury analyser (Milestone Inc., Shelton, CT, USA) and US EPA Method 7473. Instrument 

precision was verified to within 5 % using 5 repetitions of 100 μl of a 100 ppb Hg standard. 

Calibrations were checked using National Institute of Standards and Technology (NIST) 

traceable Standard Reference Material (SRM, NIST 1575a and 2709a). Soil organic carbon 

(SOC) was determined according to the loss on ignition method described by Nelson and 

Sommers (1996). 

2.4 Eddy covariance measurments  

 

Eddy covariance flux measurements of sensible and latent heat, carbon dioxide (CO2), water 

vapour and momentum (required for Hg flux gradient) were taken at a height of 3.12 m using 

a CSAT-3 sonic anemometer (Campbell Scientific, Logan, UT, USA) and LI-7200 closed-path, 

infrared gas analyser (Li-Cor Biosciences, Lincoln, NE, USA). CO2 flux measurements were 

also conducted using LI-7200 closed-path, infrared gas analyser to look at the relationship 

between Hg flux and vegetation uptake. CO2 net exchange provides an estimation of ecosystem 

respiration rates over time (Sommar et al., 2016). Li-Cor Samples were collected at 10 Hz using 

a SmartFlux System (version 1.10). Li-cor 7200 was replaced part way through the study period 

with an open-path 7500 Analyzer due to hardware malfunction. Post-processing and quality 

control of eddy covariance fluxes was undertaken using Li-cor EddyPro® software (version 

6.2.0).  

2.5 Environmental variables 

 

The four components of net radiation, long-wave incoming (LW↓) and outgoing (LW↑), and 

short-wave incoming (SW↓) and outgoing (SW↑), were measured at 3.12 m using a Net 
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Radiometer (apogee SN-500). Air temperature was obtained using a CSAT-3 sonic 

anemometer and relative humidity were measured using LI-7200. Soil temperature was 

measured using five t-type thermocouples at depths of 2cm, 5cm, 10cm, 20cm and 30cm. Soil 

Volumetric Water Content (VWC) was measured at three depths (5cm, 15cm, and 30cm), using 

a CS616 water content reflectometer (Campbell Scientific Inc.) for 5cm measurements and 

MP306 Moisture Probes at 15cm and 30cm. Soil heat flux was measured at two depths (5cm 

and 15cm) using HFP01SC Self-Calibrating Heat Flux Sensors (Campbell Scientific Inc.). All 

radiation and substrate variables were logged using a CR3000 Campbell Scientific data logger, 

averaged over 30 minutes at 60 Hz.  

2.6 Data analysis methods 

 

Statistical analysis was undertaken in numerous forms to assess the potential relationships 

between Hg fluxes and environmental parameters and to determine significance of variance 

between Hg flues across multiple time scales. All statistical analysis and correlations were 

undertaken using MATLAB® software. Variables were chosen based on those previously 

shown to influence Hg fluxes in the literature. Analysis was performed across the entire study 

period and then for each season (autumn 2017 and 2018 were grouped together). Fluxes were 

also filtered for positive fluxes (emission) to identify if environmental variables influenced Hg 

emission.  

Two-way t-tests were used to determine if seasonal and diel Hg flux trends were statistically 

different from each other. Null hypothesis was rejected if the difference between means was 

found to have a significance less than 5% (p-value <0.05), unless stated otherwise. Spearman 

correlations were performed to determine relationships between Hg fluxes and individual 
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environmental variables. Correlations were deemed to be statistically significant if p-values 

were <0.01.  

Diel composites were calculated by first binning each measurement made in the same half-

hour period over 24 hours within each season. Basic statistical values (mean, maximum, 

minimum, median, 25% quartile (lower) and 75% quartile (upper)) were then calculated for 

each half-hour binned period to provide a 24hr time series. Cumulative Hg fluxes were 

calculated by continuously adding the pervious half-hour value to current value over the entire 

study duration. Gaps within the data were forced to zero to preserve the cumulative 

calculations.  

3. Results  

3.1 Site Characteristics 

 

Soil substrate Hg concentrations at this site averaged 68.83 ppb (standard deviation (SD) 22.10 

ppb) over the duration of the study, classifying it as a background site. Substrate Hg 

concentration at a depth of 0-2cm and 5-10 cm was 67.44ppb (SD 19.86) and 73.13 ppb (SD 

23.38), respectively. Surface vegetation mercury concentration averaged 82.25 ppb (SD 4.46). 

Concentrations were found to vary little both within the measurement area and over the 

duration of the study.  

3.2 Mercury fluxes 

 

Mercury emission fluxes averaged across the entire study period were near zero, 0.002 ng m-2 

h-1 (SD 14.23). However, fluxes were highly variable, demonstrating diel bidirectional 

exchange. Daytime fluxes averaged 0.31 ng m-2 h-1 (SD 11.94), while night-time fluxes 
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averaged -0.22 ng m-2 h-1 (SD 11.34) (Table 1). 19.80% of Hg flux values fell below the 

theoretical gradient resolution as defined by equation 8 of Edwards et al., (2005). These values 

were not removed from the data analysis to avoid any artificial increase in observed means.  

Variability was also observed across seasons with the highest average net emissions occurring 

in austral summer (December, January, February) (0.69 ng m-2 h-1) and highest average net 

deposition observed in winter 2017(June, July, August) (-0.50 ng m-2 h-1). Winter 2018 

presented with a higher average deposition rate of -0.95 ng m-2 h-1, however, only 21 days were 

recorded before measurement period ended. Spring and autumn 2017 exhibited diel 

bidirectional exchange with spring having a daytime average of 0.81 ng m-2 h-1 and night time 

average of -0.19 ng m-2 h-1. Autumn 2017 observed the opposite trend with deposition 

occurring during the day (-0.65 ng m-2 h-1) and emission occurring at night (0.79 ng m-2 h-1). 

Atmospheric Hg concentrations echoed observed flux trends with highest concentrations 

occurring during summer (0.88 ng m-3) and lowest in winter (0.43 ng m-3). Overall, ambient 

Hg average was 0.68 ng m-3 (SD 0.22), below both global and Southern Hemisphere 

background levels. 
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Table 1. Seasonal means and standard deviation (SD) for Hg flux measurements and measured environmental variables across the study 
duration (3 April 2017 to 21 June 2018) at Oakdale, NSW. Averages were separated into day and night to show diel variability for those 
variables known to exhibit diel variability.  Net all-wave radiation (Net Rad) provides day maxima and night negative maxima. Total solar 
is the total short-wave radiation (incoming – outgoing).  

  Hg Flux            
ng m-2 h-1 

Air 
Temperature 

°C 

Soil 
Temperature 

(5cm) °C 

Net 
Rad  

W m-2 

Total Solar           
W m-2 

VWC 
(5cm) % 

Sensible heat 
flux     

W m-2 

CO2 flux     
µmol m-2 s-1 

Ambient Hg 
ng m-3 

  mean SD mean SD mean SD max mean SD mean SD mean SD mean SD mean SD 

Autumn 
2017 

Day -0.65  7.79 14.45  0.64 15.78  2.07 569.90 117.96  181.75   120.62  87.41 -6.46  7.46   
Night 0.79  10.96 14.36  0.78 15.78  1.88 -98.18     47.17  73.02 4.22  7.24   

All 0.11  9.61 14.40  0.73 15.8  1.95    21.65  2.80 76.03  86.70 0.04  7.74 0.46  0.10 

Winter 
2017 

Day -0.99  11.60 13.17  2.35 11.49  1.38 547.40 109.63  171.23   128.61  120.01 -0.80  2.00   
Night -0.07 11.85 11.91  3.38 11.64  1.24 -100.05     58.49  109.52 1.27  1.79   

All -0.50  11.74 12.37  3.09 11.59 1.29    22.46  3.14 85.41  118.65 0.47  3.03 0.43  0.08 

Spring 
2017 

Day 0.81  10.51 14.22  1.13 18.64  3.72 776.13 183.77  257.38   184.46  136.70 -1.54  3.70   
Night -0.19  7.73 13.86  1.45 17.99  3.25 -105.27     82.92  122.22 1.53  2.78   

All 0.32  9.28 14.03  1.38 18.31  3.49    15.95  1.16 130.74  138.58  -
0.01  5.13 0.71  0.19 

Summer 
2017/2018 

Day  0.94  7.41 20.45  5.70 25.03  3.25 818.12 202.31  257.38   122.14  100.47 0.38 14.39   
Night  0.37  8.20 17.58  3.78 24.49  2.59 -120.57     23.96  57.22 3.36  26.16   

All 0.69  7.76 19.03  5.05 24.76  2.95    14.04  1.28 74.99  96.02 1.85 21.10 0.88  0.19 

Autumn 
2018 

Day -0.40  16.22 17.63  4.58 19.32  3.58 788.95 138.11  208.40   108.67  106.83 -0.66  8.94   
Night -0.22  13.85 15.56  3.22 19.10  3.37 -115.31     46.25  107.62 2.01  7.24   

All -0.31  15.02 16.43 3.98 19.19  3.46    14.43  1.29 73.24  111.63 0.89  8.10 0.64 0.17 

Winter 
2018 

Day 2.20  17.08 13.49  1.64 11.60  1.38 392.93 81.83 123.87   151.91  136.97 0.77  1.55   
Night -1.59  17.08 12.24  2.65 11.85  1.31 -100.38     81.38  113.18 1.32  1.91   

All -0.95  16.45 12.68  2.42 11.76  1.34    15.62  1.33 106.17 126.56 1.12  1.81 0.52  0.08 

All 
Day 0.31  11.94 15.98  4.47 18.29  5.67 818.12 147.36  255.46   135.63  117.96 -0.78  5.42   

Night -0.22  11.34 14.29  3.42 17.16  5.17 -120.57     54.92  102.65 1.39  7.82   
All 0.00  14.23 15.01  3.99 17.65  5.40    17.15  3.97 90.20 116.69 0.65  10.05 0.68  0.22 
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Cumulative mercury flux shown in Figure 1 indicates that the site was dominated by net 

deposition until early spring. The site then switched to net emission which continued through 

summer to mid-autumn 2018, where cumulative fluxes began to decline again. The net 

cumulative emission stage was greater than the net cumulative deposition stage, with 

cumulative flux maximum reaching 2683.20 ng m-2 (on 30 April 2018) while cumulative flux 

minimum was -1028.10 ng m-2 (13 September 2017).  

 

 Diel composite trend for mean Hg fluxes and meteorological trends were clearest during 

summer and winter, although opposite (Figure 2). Autumn and winter diel composites include 

both autumn 2017 and 2018 measurements. Winter was the only season to have a statistically 

Figure 1. All Hg fluxes (blue), ambient Hg (Green) and cumulative Hg flux (magenta) 3 
April 2017 to 21 June 2018 in Oakdale, New South Wales. Axis label colour corresponds 
to line colour. Shading represents changes in season, as labelled.  
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significant (p-value <0.01) difference between day and night time measurements (Appendix 1, 

Table 1). Summer predominantly experienced emission during the day and deposition 

overnight. This trend follows the soil temperature trend, although Hg flux peak coincides with 

radiation maxima. Winter diel Hg fluxes show net deposition occurring during the day and 

emission overnight. Diel trends for both spring and autumn are less clear, with both seasons 

shifting continually between emission and deposition over the 24 hour period.  Springs diel 

trends indicated higher variability during the day that overnight, as indicated by the inter-

quartile range. However, the mean 24 hour values did not reflect this to the same extent.  

 
Figure 2. Diel mean composite trends for Hg flux (navy line), shaded area shows inter-
quartile range, soil temperature at 5cm, air temperature, net all-wave radiation, and total 
short-wave radiation across each season at Oakdale, NSW. Dotted vertical lines indicate 
median sunrise and sunset times for each season.  
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3.3 Relationship with Environmental variables 

 

Monthly average Hg fluxes follow a trend similar to those seen for net all-wave radiation and 

air temperature (Figure 3). Highest Average air temperature, soil temperature and maximum 

daytime net radiation occurred during summer (19.03 °C, 24.76°C and 818.12 W m-2, 

respectively (Table 1)). Fluxes are lowest in July, during the middle of winter, and peak in the 

summer month of February. The winter Hg flux minima closely aligns with the minima 

observed for net all-wave radiation, air temperature and soil temperature, all of which occur 

around July. Winter (2017) had the lowest average air temperature (12.37 °C), soil temperature 

(11.59 °C) and maximum daytime net all-wave radiation (547.40 W m-2). The maximum 

February Hg flux is slightly offset from the peaks in temperature and net all-wave radiation 

that were observed in November. VWC trends were opposite to these trends, peaking in June 

(30%), when Hg fluxes averaged net zero emissions.  
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Figure 3. Monthly mean Hg flux and associated environmental variables. Months that 
were repeated averaged together to confine trends to 12-month period. For Hg flux (a) 
column the monthly average and bars represents upper and lower inter-quartile range. 
For the environmental variables (b-e), solid line is mean value and shading is the inter-
quartile range.  
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Across the entire study period, Hg fluxes were found to have a significant relationship (p-value 

<0.01) with net radiation, air temperature, relative humidity and soil temperature at all depths, 

however correlations were low (Table 2). When Hg fluxes were isolated to just positive fluxes 

the only variable not to have a significant relationship was air temperature. Sensible heat had 

the strongest relationship with positive Hg fluxes, r =0.26. Soil temperatures at all depths 

presented with a negative correlation with positive Hg fluxes across the entire study period, 

contrary to what has been observed in the literature. These relationships do however vary 

between seasons.  
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Table 2. Spearman correlations with all Hg fluxes and positive Hg fluxes for each season and across the entire study duration at Oakdale, 
NSW. Ts is the soil temperature at each measured depth, VWC is the volumetric water content at each measured depth, RH is the relative 
humidity and Q* is the net all-wave radiation. Bold values indicate significant correlations (p-value <0.01).  
 

Spring Summer Autumn Winter All 

Positive flux  All flux Positive flux  All flux Positive flux  All flux Positive flux  All flux Positive 
flux  All flux 

Ts 2cm 0.10 0.08 0.19 0.00 -0.11 -0.03 -0.01 -0.00 -0.11 0.03 

Ts 5cm -0.04 0.07 -0.04 -0.04 -0.13 -0.03 -0.08 0.03 -0.15 0.02 

Ts 10cm -0.11 0.06 0.03 -0.06 -0.13 -0.02 -0.09 0.04 -0.17 0.02 

Ts 25cm -0.19 0.05 -0.04 -0.06 -0.11 -0.01 -0.05 0.04 -0.17 0.02 

VWC 5cm 0.21 0.00 0.10 0.01 -0.11 0.01 0.12 0.02 0.06 -0.01 

VWC 15cm 0.21 -0.03 0.11 0.02 -0.09 0.00 0.10 0.02 0.09 -0.02 

VWC 30cm 0.19 -0.02 0.11 0.01 -0.08 0.00 0.14 0.01 0.11 -0.01 

Sensible Heat 0.51 -0.01 0.28 0.13 0.19 -0.03 0.06 -0.05 0.26 0.01 

Latent Heat 0.44 0.04 0.31 0.04 0.11 -0.06 0.16 -0.06 0.23 0.02 

CO2 flux -0.32 -0.03 -0.15 -0.02 -0.07 0.04 -0.04 0.04 -0.17 0.00 

Air temperature 0.21 0.08 0.19 0.01 -0.02 0.02 0.11 -0.03 0.03 0.03 

RH -0.17 0.06 -0.22 -0.04 -0.25 0.02 0.06 0.00 -0.21 0.02 

Total Solar 0.36 0.05 0.23 0.05 0.14 0.01 0.13 -0.06 0.19 0.03 

Q* 0.28 0.06 0.22 0.07 0.03 -0.02 0.11 -0.06 0.13 0.04 

ambient Hg -0.28 0.05 -0.06 -0.03 -0.10 -0.01 -0.13 0.04 -0.20 0.02 
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Between seasons when considering bidirectional fluxes together correlations were 

considerably low, and a large proportion were not deemed significant. However, positive Hg 

fluxes presented with a much larger proportion of significant correlations. The strongest 

correlation with Hg flux across all seasons was found to be sensible heat during summer (r = 

0.13). Spring presented with the most significant values although correlations were still low. 

Spring correlations were also the strongest when just the positives fluxes were considered. 

Autumn all flux was found to only have significant correlations with CO2 flux (r = 0.04), Latent 

Heat (r = -0.06) and total solar (r = 0.01). Like the other seasons, autumn positive fluxes 

presented with stronger and more statistically significant relationships.  

Diel CO2 flux composite measurements show that there is a clear diel trend across all seasons 

where deposition (or uptake) occurs mostly during the day and CO2 emission occurs overnight 

(Figure 4).  Relationships between Hg emission (positive fluxes) and CO2 fluxes were found 

to be significant, r = -0.17, across the entire study duration. The strongest relationship between 

positive Hg flux and CO2 flux was observed during spring (r = -0.32) and summer (r = -0.15), 

which suggest that Hg emissions are less during times of high CO2 uptake. 
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Figure 4. CO2 diel composite for each season at Oakdale, NSW, 3 April 2017 to 21 June 
2018. Solid line represents median value, shaded area inter-quartile range. Grey shaded 
region indicates night-time measurements. 
 

4. Discussion 
 

Mercury air-surface exchange measurements in Australia and the Southern Hemisphere in 

general are limited. To date, the study undertaken here is the longest continuously running Hg 

flux measurements in the Southern Hemisphere.  Howard and Edwards (2017) undertook a 

micrometeorological Hg flux measurement study in sub-alpine South-Eastern Australia 

(Nimmo Plains) during austral summer with an average Hg flux of 0.2 ng m-2 h-1 (±14.5 ng m-

2 h-1), comparable to the summer fluxes observed at this site of 0.34 ng m-2 h-1 (±16.6 ng m-2 h-
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1). Flux chamber measurements at a background site (Pulganbar, north-eastern New South 

Wales) observed average fluxes of 0.17 ng m-2 h-1 in both April and June (Edwards and Howard, 

2013), whereas Oakdale experienced negative fluxes during this time (Table 1). Differences 

between these sites may be driven by the differences in site characteristics. Both Nimmo Plains 

and Oakdale were dominated by similar surface vegetation, whereas, Pulganbar measurements 

were conducted over bare soil and dominated by Hg emissions.  

Average ambient Hg values at Oakdale (0.68 ng m-3 over the study duration) are well below 

the global background concentration of 1.2 ng m-3 (Sprovieri et al., 2016) and below values 

reported for the Southern Hemisphere or Australia (Howard et al., 2017; Slemr et al., 2015). 

Howard and Edwards (2017) did observe similar concentrations at an alpine site in South-

Eastern Australia, with an atmospheric Hg concentration of 0.6 ng m-3. Atmospheric Hg 

concentrations and trends are discussed in detail in Chapter 5 (Paper 3).  

The majority of observed relationships between environmental variables and Hg fluxes were 

not statistically significant and had low correlations, most likely due to high variability in Hg 

flux measurements and concentrations close to detection limits.  Vegetation at this site was 

dominated by low-lying grasses, with surface coverage varying over the study duration. It was 

therefore assumed that trends in Hg fluxes would follow those typically seen at vegetated 

background sites. Winter vegetation coverage was sparse, exposing more bare soil, and greatest 

during spring when increased rainfall allowed for greater growth. Observed seasonal variation 

appears to be contradictory to what is typically observed at vegetated sites. Seasonal Hg flux 

measurements made over a cornfield were highest in spring (19.5 ng m-2 h-1) while corn was 

growing, and lowest in autumn (-0.1 ng m-2 h-1) when the field was bare and snow covered 

(Baya and Van Heyst, 2010). Converse et al. (2010), at a high elevation meadow, observed 

deposition during spring (-4.8 ng m-2 h-1), emission during summer and winter (2.5 ng m-2 h-1 

and 4.1 ng m-2 h-1, respectively) and near zero flux in autumn. Oakdale, on the other hand, 
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experienced average deposition in winter and autumn, and emission in summer and spring. The 

discrepancies between these seasonal trends may be a combination of changing vegetation 

coverage and Australia’s climate resulting in Hg fluxes seasonally offset from those typically 

observed. 

Vegetated sites have been found to exhibit deposition occurring during the day and emission 

at night during the growing season (Jiskra et al., 2018).  Hg is taken up by vegetation through 

stomatal respiration, leading to accumulation within the leaves. Higher Hg concentrations 

found in the surface vegetation (82.25 ppb) than in the substrate (68.83 ppb) indicates that more 

Hg is being stored in the vegetation than is being released to the atmosphere. Greater Hg uptake 

by vegetation has been observed to occur during the growing season, following a negative 

relationship with CO2 and leading to net deposition (Fritsche et al., 2008; Gustin, 2012). Only 

spring presented with a statistically significant relationship with CO2 fluxes. Spring diel Hg 

fluxes showed emissions during the day and near zero exchange overnight. 

The presence of vegetation has been shown to cause ambient Hg and fluxes to behave according 

to variation in compensation point, whereby when ambient Hg concentrations are above the 

compensation point deposition will occur and when ambient Hg is below the compensation 

point emission will occur. The compensation point is defined as the ambient Hg concentration 

when Hg fluxes are zero (Bash, 2010; Hanson  et al., 1995). As ambient Hg was highest during 

summer when Hg fluxes were also highest suggests that Hg fluxes at this site do not conform 

to this theory. This is most likely because vegetation coverage is not enough to be the dominant 

source or sink of Hg to the atmosphere. Hg fluxes in forested ecosystems have been found to 

be dependent on ambient Hg concentration (Ericksen and Gustin, 2004; Hanson  et al., 1995). 

However, soils have not been found to exhibit this same behaviour (Sommar et al., 2016). 

Correlations between ambient Hg and Hg fluxes were low across the entire study duration and 

only spring was found to be statistically significant (r =0.05). Spring positive Hg fluxes had 
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the strongest relationship with both ambient Hg and CO2 fluxes (r = -0.28 and -0.32, 

respectively) indicating that this was the only season where vegetation coverage may have been 

enough for Hg fluxes to be controlled by ambient Hg concentrations.  

Summer Hg fluxes at Oakdale were mostly dominated by surface emissions. This is largely 

attributed to the higher net all-wave radiation and soil and air temperatures, which were also 

highest at this time. High net all-wave radiation and soil temperatures enhance photoreduction 

and volatilisation occurring in the substrate allowing emissions to dominate (Carpi and 

Lindberg, 1997; Choi and Holsen, 2009). This is further confirmed by the Spearman 

correlations, which showed these parameters had the strongest relationship with positive Hg 

fluxes.  Baya and Van Heyst (2010) saw similar diel trends during both summer and spring 

where Hg fluxes experienced net emissions during high net all-wave radiation and increased 

surface temperatures. Further, diel CO2 fluxes during summer are comparatively flat (Figure 

4), indicating little influence from vegetation during this time, allowing soil emissions to be 

the key sources of Hg to the atmosphere. Converse et al. (2010), observed that despite summer 

being the dominant growing period, solar radiation and temperature relationships allowed more 

Hg to be released from the substrate than was being taken up by the surrounding vegetation. 

Strong springtime relationships are also seen between net radiation, both soil and air 

temperature and Hg flux, suggesting that the influence of these parameters on the evasion of 

Hg from the substrate is greater than the rate of uptake by vegetation at this site. 

Australia’s winters are commonly milder than those reported throughout the literature. Unlike 

North America and Asia, where 56.6% and 25.1% of Hg flux studies have taken place, 

respectively (Agnan et al., 2016), most of South-Eastern Australia does not experience freeze-

thaw cycles or snowfall, and rarely sees temperatures below 0 °C. Additionally, winter was 

observed to be the driest part of the year (Chapter 4, paper 2). As such, Hg air-surface 

exchanges during this period behave differently to those typically observed. Winter diel trends 
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saw near zero emissions overnight, which follows the trends commonly observed in the 

literature (Baya and Van Heyst, 2010; Converse et al., 2010; Osterwalder et al., 2017). Lack of 

exchange is thought to be caused by the cooler soil temperatures limiting the substrate ability 

to uptake and release Hg (Bahlmann et al., 2006; Baya and Van Heyst, 2010). Winter soil 

temperatures averaged 11.6°C and was the only season to experience daytime diel temperature 

trends lower than air temperature. This indicates that incoming radiation was not sufficient 

enough to cause substantial surface heating. The daytime trend of deposition somewhat 

contradicts what has commonly been seen in the literature, where emission still occurs during 

the day. This deposition trend is even more surprising, as soil moisture levels were highest 

during this time, which is thought to enhance evasion of Hg from the substrate (Gustin and 

Stamenkovic, 2005), discussed in Chapter 4.  

The deposition trend seen in winter at the site may be due to the increased influence of 

vegetation on the uptake of Hg compared to other variables during winter. Diel CO2 fluxes 

during winter are still strong, suggesting that plant uptake is still occurring during this time, 

unlike in other regions of the world where low temperatures mean plant growth is dormant 

(Sommar et al., 2016). However, the correlation between CO2 fluxes and Hg were low and not 

significant. Uptake of Hg by vegetation has been shown to increase during the growing season, 

concentrations then remain constant or reduced once plants reach maturity (Ericksen et al., 

2003; Poissant et al., 2008; Rea et al., 2002). This plateauing of vegetation uptake allows other 

environmental variables to take over control of the Hg fluxes (Converse et al., 2010). Lower 

net all-wave radiation and temperatures observed during winter reduce the ability for 

volatilisation and reduction reactions to occur in the substrate which may be allowing 

vegetation uptake to drive Hg flux trends.  

Autumn Hg fluxes indicated little influence from environmental variables, with diel composite 

trends showing little diel variation. This is largely attributed to a reduction in solar radiation 
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and temperature (Yu et al., 2018). Correlations with measured environmental variables were 

the lowest and has the least number of significant relationships. These trends were similar to 

those observed by Converse et al. (2010) at a high alpine site, who noted weak correlations 

with the majority of environmental variables. The lack of relationship was likely caused by 

decreases in photoreduction occurring in the substrate, reducing evasion, and senescence 

causing a reduction in deposition. This leads to an overall balance between emission and 

deposition in the Hg fluxes.  

Hg fluxes in autumn had the strongest relationship with relative humidity (r= -0.25). This 

relationship may explain why average fluxes indicated more deposition. Relative humidity is 

theorised to be an indicator of Hg deposition occurring because of condensation of water onto 

the surface vegetation (Fritsche et al., 2008). Howard and Edwards (2017) suggested that 

nocturnal Hg depletion events were caused by dew formation and fog creating potential sink 

of Hg. Autumn diel trends and to a lesser extent spring, exhibit deposition leading up to sunrise 

which then shift to emission shortly after sunrise. This could be an indication that Hg deposition 

with dew formation is occurring which is then volatilising back into the atmosphere as the dew 

is evaporated at Oakdale (Converse et al., 2010). Reduced air temperatures and overnight 

temperature conditions and atmospheric stability during autumn is favourable for frequent fog 

and dew formation, allowing for greater Hg deposition to occur.  

5. Conclusion 
 

Mercury fluxes and drivers observed at this background site are in line with those observed for 

similar sites in the Northern Hemisphere. However, low Hg fluxes and high variability made it 

difficult to definitely determine the strength of these relationships. Average net Hg flux over 

the duration of the study was near zero. Fluxes were dominated by net emission during summer 
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and net deposition in winter. Hg fluxes during the warm season is dominantly influenced by 

photoreduction occurring in the substrate and increased volatilisation promoting increased 

surface evasion, due to higher temperatures and radiation.  

The lack of vegetation influence at this site (with the possible exception of winter, where net 

deposition was clearest during the day) indicates that the soil is the cause of Hg air-surface 

exchange at this site. Vegetation uptake of Hg is most important during winter when the 

influence of meteorological variables is reduced. Vegetation seems to be acting as a store of 

Hg, with little influence over the net emissions, as indicated by the higher Hg concentrations 

found in the surface vegetation.  In order for grasslands/low vegetated sites to see significant 

vegetation uptake of Hg, the parameters that most influence Hg evasion, i.e., net radiation, and 

air and soil temperature, need to be simultaneously reduced. The dominance of Hg emission 

observed during summer indicates that Hg fluxes are driven by releases from the substrate, 

rather than controlled by the presence of vegetation.  More research is needed at sites with 

similar characteristics to better quantify if photoreduction always dominates over vegetation 

uptake within the Australian environment or if the dominant drivers identified here are site 

specific.  
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CHAPTER 4 
The role of precipitation and soil 
moisture in enhancing mercury 
fluxes at a background site in 

South-Eastern Australia 

4.1 Preface 
 

This chapter further explores the drivers of mercury air-surface exchange at Oakdale 

background site. As stated in Chapter 3, soil moisture has been found to have a significant 

influence on mercury air-surface exchange. Increased soil moisture is thought to enhance Hg 

surface emissions through interstitial release from the substrate and accelerating the redox 

reactions taking place within the substrate. This understanding has primarily been derived from 

laboratory and short-term studies. How these responses manifest over extended periods in the 

field is largely unknown. The main purpose of this chapter is to investigate if soil moisture 

changes in response to rainfall had any prolonged influence on Hg flux magnitude and if this 

response varied depending on season. This chapter contributes to the thesis by identifying the 

influence of one of the key parameters believed to enhance Hg emissions to the atmosphere 

and its overall influences on Australia’s natural mercury cycle.  
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Abstract 

 

Exchange of mercury (Hg) between terrestrial surfaces and the atmosphere is an important 

component of the global atmospheric Hg cycle that influences its distribution in the 

environment. Soil moisture content is thought to be one of the most important parameters 

controlling Hg fluxes, particularly at background sites. Rainfall across the temperate regions 

of Australia is highly variable on both annual and inter-annual scales. As such, it is plausible 

that Australian terrestrial fluxes do not respond to precipitation and soil moisture changes in 

the same way as observed in the Northern Hemisphere.  This study focused on investigating 

Hg flux in response to precipitation and soil moisture changes at a background site in South-

Eastern Australia over a 14 month measurement period. The 2017/2018 austral summer 

experienced the greatest rainfall, with a cumulative average of 3.21 mm d-1 and rainfall 

occurring during 5.95% of the half-hourly measurements during this period. Autumn 2018 had 

the lowest daily rainfall (1.20 mm d-1). Hg fluxes during rainfall averaged 1.03 ng m-2 h-1 

(standard deviation (SD), 20.78) , compared to the overall study average of 0.002 ng m-2 h-1 

(SD 14.23), signifying influence from the occurrence of rain. Mercury fluxes at this site show 

substantial spikes that often coincide with the occurrence of rainfall. Mercury released from 



 

63 
 

the substrate during rainfall is primarily due to the interstitial release of Hg as the water 

infiltrates the soil pore space. There was little evidence of enhanced Hg fluxes occurring 

because of increased soil volumetric water content. Lack of enhancement suggests that Hg 

stores within the substrate are depleted during the initial release.  

 

1. Introduction 
 

Mercury (Hg) is found ubiquitously across the globe due to its low vapour pressure and long 

atmospheric lifetime (Pirrone et al., 2010). Hg is continuously recycled between the 

atmosphere and the Earth’s surface, where it can enter waterways and bioaccumulate up the 

food chain, exposing humans and other animals to potentially hazardous levels of Hg (Driscoll 

et al., 2013; Gabriel et al., 2006; Schroeder and Munthe, 1998). Exchange of Hg between 

terrestrial surfaces and the atmosphere is an important component of the global atmospheric 

Hg cycle that influences its distribution in the environment (Gustin et al., 2006; Schroeder and 

Munthe, 1998; Wang et al., 2006). Behaviour within the terrestrial environment is strongly 

influenced by soil properties, biotic and abiotic processes, meteorology, and atmospheric 

physics and chemistry. Solar radiation, air and soil temperature, soil moisture, and substrate 

Hg concentrations are widely considered the dominant factors controlling Hg evasion from 

terrestrial surfaces (Choi and Holsen, 2009; Feng et al., 2005; Gustin et al., 2006; Gustin et al., 

1997; Kim et al., 2012; Kim et al., 1995). Soil moisture content is thought to be one of the most 

important parameters controlling Hg fluxes, particularly at background sites (substrate Hg 

concentrations <100ppb) (Briggs and Gustin, 2013).  

Soil moisture content and precipitation are hypothesised to influence Hg evasion from 

substrates in two ways. The first is the interstitial release of soil air containing Hg as rainwater 
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infiltrates into the soil pore space (Gillis and Miller, 2000). As water infiltrates the soil pore, 

Hg that occupies the space is forced to the active surface layer where it is released directly to 

the atmosphere as elemental mercury (Hg0). Wetting of dry soils has been shown to induce a 

greater flux than additional moisture added to already wet soils. Repeated water additions have 

been shown to decrease the amount of Hg released from soils, indicating that the effects of 

precipitation events are dependent on the amount of Hg in the soils available for emission (Song 

and Van Heyst, 2005). Controlled studies have also shown that the duration of exacerbated flux 

after watering is a function of the amount of water added and the rate at which soil dries (Gustin 

et al., 2006). 

It is also hypothesised that an increasing soil moisture content within the substrate will enhance 

the magnitude of Hg flux. The increased soil pore water increases redox reactions occurring 

within the soil column, converting divalent mercury (Hg+2) to Hg0. As the water evaporates 

from the soil column, Hg is transported by capillary action to the surface where it undergoes 

volatilisation and then released to the atmosphere (Liang et al., 2014; Song and Van Heyst, 

2005). Studies have shown that Hg emissions from soils are highly dependent on soil moisture 

content. Briggs and Gustin (2013) found, at a soil moisture content of 13%, the mean diurnal 

Hg fluxes are higher than those observed for dry soils over a 24 hour emission period. Night-

time fluxes at 13% soil moisture in the same experiment were greater than those measured from 

dry soil over the same period. When the soil moisture was increased to 23%, fluxes became 

similar to those from dry soil with no diel pattern. Once soil moisture was increased above 

30%, Hg flux was suppressed (Briggs and Gustin, 2013; Gustin et al., 2006). These two 

processes often work in conjunction with each other. The interstitial release creates an initial 

pulse in Hg emissions. Fluxes then decrease but remain elevated, gradually decreasing as 

Volumetric Water Content (VWC) returns to levels prior to the rain event. 
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Evaporation from the substrate is enhanced at higher temperatures, promoting additional Hg 

evasion from soil surfaces (Lin et al., 2010). Higher temperatures also increase the rate of soil 

respiration leading to a subsequent increase in Hg emissions (Raich and Schlesinger, 1992). 

Liang et al. (2014) found, over the course of two wetting periods, that the first wetting period 

had higher Hg emissions because it took place during summer when air temperature and solar 

radiation were higher. Gustin et al. (2006) suggested that the Hg emissions recorded from the 

soil samples with 13% soil moisture would have been higher if light intensity was higher than 

the 150 W m-2 the samples were exposed to under laboratory conditions. It is therefore plausible 

that the influence of soil moisture on Hg evasion would be highly seasonal due to both 

variations in temperatures and changes to soil moisture throughout any given year.  

Australia represents an understudied and unique climate region regarding Hg flux research. 

Australia is a relatively dry continent with much of the region not experiencing snowfall or 

snowmelt as is common across much of the Northern Hemisphere. Rainfall across the 

temperate regions of South-Eastern Australia is highly variable on both annual and inter-annual 

scales. Autumn and winter rainfall are influenced by the occurrence of blocking highs, which 

create dry conditions on the scale of weeks to months, and cut-off lows that can bring sustained 

heavy rainfall and high winds over several days. June also tends to experience more frequent 

east coast lows, which create intense storm systems. Summer and spring rainfall are dominated 

by easterly troughs, which cause early evening rainfall due to land surface heating. In 

conjunction with these annual drivers of rainfall variability, large-scale inter-annual climate 

drivers such as El Niño Southern Oscillation influence the strength and timing of these rainfall 

trends (Bureau of Meteorology, 2019). The variability of rainfall in this region means that soil 

moisture content is also likely to be more variable than that observed throughout the Northern 

Hemisphere. As such, it is plausible that Australian terrestrial Hg fluxes do not respond to 
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precipitation and soil moisture changes in the same way as observed in the Northern 

Hemisphere.  

This study aimed to investigate Hg fluxes responses to changes in soil moisture and 

precipitation events at background site over 14 months in South-Eastern Australia. Our 

hypothesis was that since Hg release is facilitated by precipitation interaction with dry soil, we 

should see pulses of Hg to the air and increased flux with rain events. Further, this study aims 

to investigate if soil moisture and Hg flux changes in response to rainfall varied between 

seasons or over extended timeframes.  

2. Methods  

2.1 Site description 

 

This study took place at Oakdale, New South Wales, Australia,  a rural area on the far south-

west edge of the Sydney basin (lat. 34° 03' 11" S, long. 150° 29' 50" E, altitude 457 m above 

sea level). Measurements were undertaken from 3 April 2017 to 21 June 2018 (445 days), 

within an agricultural grazing paddock. The site predominantly consisted of surface grasses 

with a canopy height less than 2 cm. Soils for the region were classified as sandy clay loam 

and a Hg substrate concentration of 68.83 ppb (see Chapter 3, Paper 1), with no known major 

point sources of Hg within the region.  Total organic carbon content was 7.34% (± 3.18). 

2.2 Hg flux gradient method 

Hg0 fluxes were determined using a micrometeorological aerodynamic flux gradient method 

and assumptions outlined in Edwards et al. (2005). Hg0 flux was calculated according to 

Equation 1: 
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F = −K
∆C

∆z
=  

u∗ k(C2−C1)

ln(
z2−d

z1−d⁄ )−Ψz2+Ψz1

       (Equation 1) 

where F is the Hg flux (ng m-2 s-1), K is the eddy diffusivity (m2 s-1), C is the Hg0 concentration 

at height z (z1 = 0.44 m and z2 = 1.24 m), u* is the friction velocity (m s-1), k is the von Kármán 

constant (0.40), d is the zero-plane displacement height (m), and Ψ is the integrated universal 

similarity functions as given by Businger et al. (1971) for the two measurement heights (z1 and 

z2). By convention, a positive flux is upward (emission) and a negative flux is downward 

(deposition). 

Hg0 gradients were calculated using air samples collected alternating between two heights (z1 

= 0.44 m and z2 = 1.24 m) and quantified using a Tekran 2537B (Tekran Instruments, 

Knoxville, TN, USA), with detection limit of 0.01 ng m-3. Sample air was drawn from the 

sample inlets through a 0.2 μm polytetrafluoroethylene (PTFE) filter by a PTFE pump at 10 L 

min-1. The 2537B sub-sampled from this flow through an additional 0.2 μm PTFE filter. 

Switching of sampling between the intakes took place every 10 minutes (2 × 2537B samples) 

using a PTFE solenoid valve controlled by LabVIEW software. Internal calibration of the 

2537B occurred every 23 hours throughout the study using the internal mercury permeation 

source. Permeation sources were verified at the beginning and end of the study, as well as part-

way through (September) when the Tekran was removed for routine maintenance, using 

manual mercury vapour injections (±2%).  

Thirty-minute running means of the Tekran measurements were used to calculate flux gradient. 

The average flux gradient was first constructed using a 90 min averaging period (five 10 min 

samples at one height and four 10 min samples at the other height). After the first gradient was 

constructed, a running 90 min mean gradient was then updated every half hour. Density 

corrections due to water vapour and heat outlined by Webb et al. (1980) were applied to each 

averaging period. Quality assurance methods were applied to the micrometeorological data 
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based on the constraints of Monin-Obukov similarity theory. This included filtering for low 

wind speeds (<0.5 m/s) and wind direction, to allow for sufficient fetch. Highly stable and 

unstable conditions (stability parameter, z/L, less than -5 or greater than 5), were also removed 

since micrometeorological methods are most suitable for slightly stable to slightly unstable 

conditions (Wagner-Riddle et al., 1997).  

Latent heat and momentum required for gradient calculations were measured using a CSAT-3 

sonic anemometer (Campbell Scientific, Logan, UT, USA) and LI-7200 closed-path, infrared 

gas analyser (Li-Cor Biosciences, Lincoln, NE, USA). Samples were collected at 10 Hz using 

the SmartFlux System (version 1.10). The LI-7200 was replaced part way through the study 

period with an open-path 7500 Analyzer due to hardware malfunction. Post-processing and 

quality control of eddy covariance fluxes was undertaken using Li-Cor EddyPro® software 

(version 6.2.0).  

2.3 Environmental variables  

Volumetric Water Content (VWC) was measured at three depths (5cm, 15cm, and 30cm), using 

MP306 Moisture Probes at 15cm and 30cm and a CS616 water content reflectometer 

(Campbell Scientific Inc.) at 5cm. Measurements were logged at ½ hour intervals at 60 Hz 

using a CR3000 Campbell Scientific data logger. Rainfall measurements were made using 

tipping bucket gauges (RIMCO 7499-020) that were maintained, calibrated and quality 

controlled by NSW Office of Environment and Heritage air quality monitoring network (OEH, 

2018).  

2.4 Hg flux rainfall analysis 

To determine how rainfall and soil VWC influenced Hg fluxes, the flux data were separated 

into rain fluxes and no rain fluxes. Two different conditions were used to distinguish between 
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the two flux categories. The first was to simply separate fluxes for when rainfall was recorded 

and when no rain was recorded, i.e., when rain was greater than zero, Hg fluxes were flagged 

as rain fluxes, and when rain was recorded as zero, Hg fluxes were flagged as no rain fluxes. 

The second condition for Hg flux filtering was based on notable changes to VWC. Under this 

condition Hg fluxes were flagged as rain fluxes if VWC increased a minimum of one standard 

deviation above the monthly mean VWC. Hg fluxes below this VWC value were flagged as 

non-rain Hg fluxes regardless of whether rainfall was recorded at the time. This was done to 

account for the offset between rainfall and the water infiltrating the soil column and to account 

for VWC remaining elevated after rainfall occurs. As VWC was recorded at 3 measurement 

depths, Hg rain fluxes were also separated based on the depth that the change in VWC was 

recorded at. For example, if VWC measured at 30cm increased one standard deviation above 

the mean, Hg fluxes were flagged as rain flux at 30cm, and so on.  

2.5 Hg flux enhancement factor 

In order to explore the relationship between VWC and initial Hg flux change, enhancement 

factors (EF) were calculated for both VWC and Hg flux (Briggs and Gustin, 2013). 

Enhancement factors were calculated for when soil moisture increased one standard deviation 

above the mean VWC for each calendar month, using equation 2: 

EF =
 VWCbefore(Fluxbefore) − VWCafter( Fluxafter)

VWCbefore(Fluxbefore)
       (Equation 2) 

Where VWCbefore (Fluxbefore) is the monthly average VWC or Hg flux. VWCafter (Fluxafter) was 

the average VWC and Hg flux when VWC was elevated, as outlined above.  
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2.6 Statistical analysis  

 

Two-way t-tests using MATLAB® software were used to determine if rain Hg fluxes were 

statistically different from no rain fluxes. T-tests were performed using the same conditions 

outlined in section 2.5 to determine if there was a statistical difference between mean Hg fluxes 

during no rainfall and Hg fluxes when rainfall occurred. Null hypothesis was rejected if the 

difference between means was found to have a significance less than 5% (p-value <0.05), 

unless stated otherwise. Spearman correlations were also performed MATLAB® software to 

identify potential relationships between Hg fluxes and rainfall and changes in VWC at the three 

measured depths. Correlations were deemed to be statistically significant if p-values were 

<0.05.  

3. Results 
 

Total cumulative rainfall over the 445 day study period was 972.4 mm. Rainfall occurred on 

4.22% of the 30 minute measurements during the study period (Table 1). The majority of 

rainfall that occurred throughout the study duration occurred as short events, lasting for less 

than an hour to several hours. Austral summer (December, January, February) experienced the 

greatest rainfall, with a daily cumulative average of 3.21 mm d-1 and 5.95% of measurements 

occurring during rainfall (winter 2018 was higher but this was only the first 21 days of the 

season, at which point the data collection ceased). Autumn 2018 (March, April, May) had the 

lowest daily rainfall (1.21 mm d-1). Winter 2017 (June, July, August) experienced the lowest 

percent of rainfall measurements (2.49%) but a slightly higher daily cumulative average than 

autumn (2018), indicating that when rainfall occurred during winter it was often in the form of 

larger rain events than those in autumn.
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Table 1. Seasonal averages and standard deviations (SD) for volumetric water content (VWC) at three measurement depths, daily average 
cumulative rainfall and latent heat measurements made at Oakdale, NSW (3 April 2017 to 21 June 2018).   

Year Season VWC (%) Daily 
rain 
(mm) 

% 
Rain 

Latent Heat (W m-2) 

  5cm 15cm 30cm     

  Mean SD Mean SD Mean SD   Mean SD 

2017 Autumn 21.65 2.80 22.23 3.85 30.23 4.09 2.16 3.75 26.25 42.00 

 Winter 22.46 3.14 20.80 4.22 30.05 3.79 1.50 2.49 19.06 27.58 

 Spring 15.95 1.16 15.43 0.45 19.78 1.78 1.90 4.07 41.76 61.08 

2017/2018 Summer 14.04 1.28 14.83 0.04 18.09 1.29 3.21 5.95 38.29 58.60 

2018 Autumn 14.43 1.29 15.09 0.03 18.68 0.88 1.21 4.04 23.52 34.25 

 Winter 15.62 1.33 15.59 0.04 21.24 3.52 4.32 7.64 10.37 17.50 

All  17.15 3.97 16.86 3.51 22.22 5.60 2.19 4.22 28.72 46.42 
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Volumetric water content (VWC) over the duration of the study demonstrated an overall drying 

trend (Figure 1). Average VWC across the entire study was 17.15% at 5 cm, 16.86% at 15 cm 

and 22.22% at 30 cm. Winter and autumn 2017 had the highest VWC, while summer, and 

autumn 2018, presented with the lowest VWC (Table 1). Despite the general drying trend, 

Figure 1 demonstrates large short–lived VWC spikes corresponding to rain events. VWC at 

30cm appears to be the most acutely sensitive to rainfall. These spikes are often short-lived, 

returning to similar VWC values in a matter of hours, suggesting that additional water was 

quickly drained to lower in the soil column. 

Figure 1. Hg flux (a), soil volumetric water content, at depths of 5cm, 15cm and 30cm (b), 
and rain (c) at 30 minute intervals for 3 April 2017 to 21 June 2018 at Oakdale, NSW. 
Grey boxes indicate rainfall that had a corresponding VWC and Hg flux change. Shading 
indicates changes in seasons as labelled.  
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Hg fluxes during rainfall averaged 1.03 ng m-2 h-1 (standard deviation (SD), 20.78) , compared 

to the overall study average of 0.002 ng m-2 h-1 (SD 14.23) (Appendix 2, Table 1). All seasons, 

except for spring 2017 and autumn (2018), saw increased variability in Hg fluxes during 

rainfall (Figure 2). Autumn (2017) experienced the greatest variation during rainfall, with both 

the average Hg flux and lower quartile range indicating deposition was more likely to occur. 

Winter Hg fluxes during rainfall saw increased emission from the surface. Spring was the only 

season to see a statistically significant difference (p-value <0.01) between Hg no rain flux and 

Hg rain fluxes (Appendix 2, Table 2). 

 

Figure 2. Box and whisker plot of rain, no rain and all Hg fluxes for all measured seasons. 
Red centre line represents median value. Boxes show 25 and 75 quartile range and 
whiskers standard error.  
 

Spikes in Hg fluxes tend to coincide more often with spikes in VWC than the occurrence of 

rainfall. Figure 1 shows Hg fluxes, VWC at three depths and rainfall over the duration of the 

study. Grey boxes indicate rainfall events that coincide with a change in VWC and Hg flux 

patterns. Water infiltrating the substrate appears to result in an almost instantaneous release of 
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Hg from the substrate. These flux trends do not indicate any prolonged increase to Hg 

emissions beyond these initial trends, despite VWC remaining elevated after rainfall. Given 

that not every rainfall event resulted in a change in VWC or Hg flux, rain Hg fluxes were also 

determined for when VWC increased one standard deviation above the monthly mean. Student 

T-tests between VWC increase at 5cm and corresponding Hg flux change further confirmed 

lack of relationship. The only season to have a statistically significant difference when VWC 

was elevated was winter (P-value <0.01, t= -2.64). Winter also presented with the highest 

average VWC. 

Rain events that were identified in Figure 1 to influence Hg fluxes and VWC were separated 

and presented as individual graphs in Figure 3 to determine timing of VWC and Hg response 

to rainfall. Events i and ix were not included, due to gaps in the measurements either just prior 

to rainfall or at the start of recorded rainfall. No two rain events presented with the same 

response to rain, but all did show clear increases in the magnitude of Hg flux around the same 

time as rainfall.  Rain events at the end of February were split into two events (vi and vii). Both 

events show Hg flux response to increased VWC to be offset several hours from the initial 

change in VWC. Fluxes remain elevated for a limited time and then experience a period of 

deposition before returning to normal. Several events also experienced increased deposition 

during periods of increased VWC. The clearest example was seen during rain event iii (3-5 

August) where increased deposition coincided with increasing VWC at 30cm and rainfall.   



 

75 
 

Figure 3. Rain events based on those identified in Figure 1 to influence Hg fluxes and VWC. Roman numerals at the top of individual 
graphs correspond to the timing or event in Figure 1.  Each individual event includes a minimum 12 hours before and after rain occurred.
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Spearman correlations were calculated to determine the relationship between Hg fluxes and 

rainfall and changes in VWC at the three measured depths (Table 2). Fluxes were also separated 

when the VWC conditions were met for each measured depth. Correlations for the full study 

period were presented in Chapter 3, paper 1. Correlations for all conditions across the study 

period were weak and for the most part deemed not to be statistically significant. Hg flux and 

rainfall in winter had the strongest correlation (r = 0.17, p-value <0.05). Spring was the only 

season to have any significant correlation between VWC and Hg fluxes. This further suggests 

that changes to soil moisture at this site have little influence on the observed Hg flux trends.  
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Table 2. Correlation between Hg fluxes and VWC at three measurement depths and rainfall, for each season at Oakdale, NSW (3 April 

2017 to 21 June 2018). Bold values have p-values <0.05. 

Winter Spring Summer Autumn 

Flux 5cm Flux 15cm Flux 30cm Flux 
5cm 

Flux 
15cm 

Flux 
30cm 

Flux 
5cm 

Flux 
15cm 

Flux 
30cm 

Flux 
5cm 

Flux 
15cm 

Flux 
30cm 

VWC 5cm 0.04 0.01 0.03 0.00 0.11 0.03 -0.04 -0.07 -0.02 0.04 0.04 -0.07 

VWC 15cm 0.00 0.00 0.03 0.12 0.00 0.12 -0.08 -0.02 -0.02 -0.04 -0.06 -0.05 

VWC 30cm 0.05 0.05 0.06 0.04 0.10 0.02 0.04 0.07 0.04 0.04 0.03 0.05 

Rain 0.17 0.17 0.16 0.01  -  0.02 0.02 0.01 -0.05 0.09 0.06 -0.04 
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Soil moisture EF at 15 cm showed little change during rainfall, except at the start of the study 

when soil moisture was at its highest (Table 3). In general, soil moisture EF at 30 cm showed 

the greatest enhancement during rainfall and high variability between months, ranging between 

2% and 53%. Soil moisture EF at 5cm was often less than that observed at 30cm, ranging 

between 6% and 35%. Hg flux EFs did not correspond to higher soil moisture EF and mostly 

indicated a negative enhancement, with the clear exception of June, July, and August. This 

suggests that overall Hg scavenging and deposition from the atmosphere is dominating over 

Hg evasion from the terrestrial substrate. This may also in part explain why there is little 

relationship between soil moisture EF and Hg flux EF.  

Table 3. Enhancement factor for VWC and Hg flux when VWC at each measurement 
depth increased one standard deviation above the monthly mean VWC and it was raining. 
EF was calculated for each measurement month.  

Month 
VWC EF Flux EF 

5cm (%) 15cm (%) 30cm (%) 5cm  15cm 30cm 

April 2017 - - -  - - - 

May 2017 35 43 34 -19.68 -25.58 -3.55 

June 2017 9 31 19 112.81 84.83 43.96 

July 2017 12 22 9 3.91 6.87 9.78 

August 2017 15 5 27 70.66 - 57.17 

September 2017 - - - - - - 

October 2017 18 3 43 -17.02 -31.90 -8.23 

November 2017 8 2 32 -5.22 -4.06 12.76 

December 2017 13 3 8 -24.40 44.09 -10.78 

January 2018 11 3 12 -12.75 4.46 -3.00 

February 2018 22 9 41 16.66 21.87 10.22 

March 2018 6 1 5 -6.36 -5.89 3.15 

April 2018 12 3 42 -4.94 -4.64 39.92 
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May 2018 - - 2 - - -178.61 

June 2018 16 5 53 39.78 461.10 24.46 

All 65 75 68 11.23 179.34 -89.50 

 

4 Discussion 
 

Rainfall and VWC appear to have very little lasting influence on Hg fluxes at this field site. 

Changes in Hg fluxes are short-lived and require a change to the VWC rather than the sole 

occurrence of rainfall. Simultaneous spikes in both VWC and Hg emissions suggest that Hg 

was being forced from the substrate by the infiltrating water. There is also little evidence to 

suggest that Hg fluxes are influenced by the change in VWC beyond this initial spike. Spikes 

in Hg fluxes are largely driven by the interstitial release of Hg from the substrate. As the 

rainwater infiltrates the soil column, soil Hg gas contained within the soil pore space is 

displaced towards the surface (Lindberg et al., 1999). Additional Hg may be displaced from 

deeper in the soil as water continues to infiltrate lower in the column, increasing the magnitude 

of the Hg flux pulse (Gustin and Stamenkovic, 2005).  

Eckley et al. (2011) found that the wetting of dry soils resulted in a 2-17 fold increase in Hg 

evasion depending on precipitation type, amount, intensity and timing. Lin et al. (2010) also 

found that Hg emissions increased from 6 to 390 ng m-2 h-1 after the initial wetting of 

background soils. However, a second wetting did not produce the same response with Hg 

emissions only recording an increase to 42 ng m-2 h-1. The magnitude changes in Hg flux during 

rainfall at Oakdale what not consistent between different rain events. Largest increase was seen 

in February 2018 (398 ng m-2 h-1), while other times during the study observed values were 

similar to those seen by Lin et al., (2010) during second wettings.   
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Oakdale Hg Fluxes following rainfall quickly return to pre-rainfall values with little evidence 

of elevated Hg fluxes due to higher soil moisture or due to increased evaporation.  Hg fluxes 

from dry soils can increase between 2 to 5 times the average flux when soil moisture is 

increased but soils are not yet saturated (Ericksen et al., 2006; Gustin and Stamenkovic, 2005). 

However, VWC at this site did not drop below 10% during the study, which has typically been 

used in the literature to classify soils as dry. Song and Van Heyst (2005) noted that during 

laboratory experiments when soil moisture was greater than 15%, no enhancement in fluxes 

following precipitation was observed.  Soil moisture levels observed at this site were lowest 

during summer and autumn 2018 at 14% at 5 cm and flux enhancements were not observed. 

Autumn 2017 at 30cm had an average soil moisture content of 30% primarily driven by May 

rainfall.  However, suppression of Hg fluxes was also not observed during periods of elevated 

VWC.    

The magnitude of Hg flux pulse in relation to rainfall is related to how readily the soil Hg pool 

is available. Substrate Hg concentration at this site was 68.83 ppb, classifying it as a 

background site. The low substrate concentration and lack of nearby sources suggest that the 

site is largely driven by atmospheric deposition (see Chapter 5, Paper 3). As the site is reliant 

on deposition processes to replenish the substrate Hg pool, it is possible the pool is easily 

depleted and not quickly replenished. If the soil pool has recently been depleted or atmospheric 

deposition has not replenished the Hg pool, the magnitude of the pulse will be reduced (Engle 

et al., 2001; Song and Van Heyst, 2005; Zhou et al., 2017).  This is most clearly seen in Figure 

1 where consecutive rainfall events do not necessarily see a pulse in Hg fluxes, or a reduction 

in the second pulse’s magnitude occurs. The observed initial pulse in Hg emissions appears to 

be sufficient to deplete Hg stores within the substrate (Song and Van Heyst, 2005), while 

atmospheric deposition and Hg2+ reduction reactions in the substrate are insufficient to see any 

prolonged flux enhancement (Lin et al., 2010).  The limited flux enhancements during 
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consecutive rain events may also indicate that the redox reaction rates are slow within the 

substrate, so that Hg stores take a while to replenish. This suggests the depth of water 

penetration within the soil column most strongly influences Hg flux enhancement.  

The lack of enhancement while VWC was high could also suggest that increased water in the 

substrate is not accelerating redox reactions either. Increases in soil moisture will often cause 

decreased soil redox potential, thereby increasing the reduction of Hg2+ to Hg0  (Moore and 

Castro, 2012; Zárate-Valdez et al., 2006). Infiltrating water changes the availability of electrons 

for oxidation–reduction reactions increasing the rate of Hg2+ reduction in the substrate (Obrist 

et al., 2009; Schlüter, 2000; Schultz et al., 1999; Zhang and Lindberg, 1999).  Soil moisture 

may be high enough at this site to reduce redox potential in the substrate. However, this has 

previously only been observed when soil moisture is above 30% (Zhou et al., 2017). The time 

scale and dynamics of the flux from wetted soils and its subsequent replenishment under 

realistic environmental conditions are currently not well-understood (Lin et al., 2010).  

Hg fluxes during rainfall commonly saw a sharp deposition flux either immediately after or 

before the spike in Hg emissions. However, similar to the emission spikes, deposition only 

occurred on short time scales with little evidence of prolonged deposition occurring.  Lindberg 

and Stratton (1998) noted that at sites with low atmospheric Hg concentrations, that during 

times of increased soil moisture dry deposition was significantly enhanced. This deposition 

may be a response to water infiltrating deeper in the soil column and drawing in air to fill the 

empty pore spaces. As air fills the pore space it is also bringing with it atmospheric Hg, 

increasing the rate of dry deposition and replenishing some of the lost Hg from the substrate.  

While the Hg flux method applied here is only able to determine dry deposition, it is plausible 

that wet deposition is also occurring alongside these increases in dry deposition.  Most 

significant deposition was seen in February (Figure 3) when convective storms are most 

common for this region. Previous studies have shown that wet deposition is a major sink for 
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atmospheric mercury (Keeler et al., 2005; Miller et al., 2005). Wet deposition of mercury 

results from mercury oxidation followed by the scavenging of oxidised mercury into 

atmospheric water droplets, and the removal by precipitation to the Earth’s surface (i.e., 

rainout) (Lin et al., 2006). Atmospheric scavenging during rainfall is supplying RM to the 

surface. However, it is not being made available for re-emission while VWC is elevated. Rate 

of deposition is primarily driven by precipitation amount and type, such as convective storms, 

which are able to scavenge RM from higher in the atmosphere (Gratz et al., 2009; Sprovieri et 

al., 2017). 

5 Conclusion 

Mercury fluxes at this site show substantial spikes that often coincide with the occurrence of 

rainfall. Mercury released from the substrate during rainfall is primarily due to the interstitial 

release of Hg as the water infiltrates the soil pore space. Not every rain event had a 

corresponding change in VWC and Hg flux. Similar spikes in negative Hg fluxes demonstrate 

scavenging of Hg from the atmosphere occurring alongside the spikes in emissions. This 

deposition is introducing Hg back to the substrate likely in the form of Hg2+. There was little 

evidence of enhanced Hg fluxes occurring as a result of increased VWC. Lack of enhancement 

suggests that Hg stores within the substrate are depleted during the initial release. Redox 

reaction rates are not substantial enough to replace the stores while VWC is elevated despite 

Hg2+ being made available from deposition. Soil moisture has been identified as a key 

parameter influencing Hg fluxes, however that does not seem to be the case for this site. More 

research is needed looking into how soil type and characteristic may influence the ability of 

soil moisture to influence Hg release from the substrate.  
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 CHAPTER 5 
ATMOSPHERIC MERCURY 

VARIABILITY AT A TERRESTRIAL 
BACKGROUND SITE, SOUTH 

EASTERN AUSTRALIA. 

 5.1 Preface 
 

Chapter 5 explores drivers of mercury in the atmosphere over the terrestrial background site. 

Background sites are largely driven by deposition processes, which are then able to drive re-

emission from terrestrial surfaces. Chapters 3 and 4 primarily focused on seasonal drivers of 

surface emissions. This chapter will explore the seasonal drivers of atmospheric mercury 

concentration before it is deposited to the surface and made available for re-emission. The 

atmosphere plays a crucial role in the chemical and physical transformations of Hg, governing 

its resident time and global cycling. Atmospheric deposition, both wet and dry, represents the 

major pathway for Hg input to terrestrial and aquatic environments. Understanding of the long-

term atmospheric mercury trends over terrestrial environments has largely been unexplored in 

the Southern Hemisphere. Terrestrial air masses are influenced by regional sources of Hg, such 

as pollution hotspots and biomass burning. The large ratio of ocean to terrestrial surfaces and 

the overall limited number of studies in the Southern Hemisphere means that long-term 

terrestrial measurements of atmospheric mercury are rare. As such, variations and drivers of 
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atmospheric mercury deposition over terrestrial surfaces in the Southern Hemisphere are 

largely unknown. This chapter contributes to the overall thesis aims by characterising the 

atmospheric component of the mercury terrestrial cycle.  
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Abstract 

Understanding of Southern Hemisphere atmospheric mercury (Hg) is vastly underrepresented 

in the current global understanding of seasonal variation and drivers of Hg, particularly over 

terrestrial environments. Relationships have been observed between atmospheric Hg and air 

temperature, solar radiation, relative humidity, wind speed and direction and meso and macro 

scale atmospheric circulation, but these have largely been unexplored in the Southern 

Hemisphere. This study provides 14 months of ambient Gaseous Elemental Mercury (GEM) 

and Reactive Mercury (RM) measurements undertaken at an Australian terrestrial background 

site to determine seasonal variation and its potential drivers. GEM concentrations were 

quantified using a Tekran 2537B. Measurements of RM were undertaken concurrently using 

the University of Nevada-Reno Reactive Mercury Active System. Study average GEM 

concentrations were 0.68 ng m-3 (standard deviation ±0.22 ng m-3). Highest concentrations 

occurred during austral summer and lowest in austral winter (0.88 and 0.43 ng m-3, 

respectively). RM 2-weekly concentrations over the study average 2.41 pg m-3 (standard 

deviation 1.68 pg m-3). These concentrations also peaked in summer (3.43 pg m-3) and were 

lowest in winter (1.93 pg m-3). Summer and spring are influenced by air masses transporting 

higher Hg concentrations from the Sydney urban region, which is to the north-east of the site. 
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Gaseous oxidation was also found to be more efficient during this time. Winter concentrations 

were primarily driven by ocean evasion being transported inland. Overall, atmospheric mercury 

trends at this site appear to be driven by seasonal shifts in the prevailing air mass transport, 

creating seasonal variation in the observed Hg concentrations. 

 

1. Introduction  
 

Atmospheric mercury (Hg) has a complex chemistry and unique speciation that allows it to be 

transported and deposited across vast temporal and spatial scales (Lan et al., 2012). The 

atmosphere plays a crucial role in the chemical and physical transformations of Hg, governing 

its resident time and global cycling (Ariya et al., 2015). Atmospheric deposition, both wet and 

dry, represents the major pathway for Hg input to terrestrial and aquatic environments (Gustin 

et al., 2015). Within the atmosphere, Hg exists in both vapour and particulate phase, creating 

three operationally defined forms (Schroeder and Munthe, 1998). Gaseous Elemental Mercury 

(GEM) is the most dominant form, accounting for 90-99% of all Hg present. GEM has a low 

atmospheric reactivity and low solubility, allowing it to reside in the atmosphere between 5 

and 17 months (Horowitz et al., 2014; Horowitz et al., 2017; Lindberg et al., 2007). The other 

two forms are Gaseous Oxidised Mercury (GOM) and Particulate Bound Mercury (PBM), 

collectively referred to as Reactive Mercury (RM) (Gustin et al., 2015; Weiss-Penzias et al., 

2015). RM is thought to represent between 1 and 3% of Total Gaseous Mercury (TGM) in the 

atmosphere, however, this can vary significantly on regional and local scales (Lindberg and 

Stratton, 1998). The reactivity of RM means that it is readily scavenged from the atmosphere, 

usually deposited on a scale of days to weeks after formation, resulting in atmospheric 

concentrations being highly variable and highly regional (Poissant et al., 2005; Valente et al., 

2007).  
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Global mean concentrations of TGM range between 0.8 and 1.6 ng m-3 (Sprovieri et al., 2016). 

Total global atmospheric loading is estimated to be between 4400 and 5300 Mg, approximately 

three times greater than preindustrial times (Amos et al., 2013; Horowitz et al., 2017; Streets 

et al., 2017). A hemispheric gradient exists between the Northern and Southern Hemispheres, 

with Northern Hemisphere concentrations ranging between 1.3 and 1.6 ng m-3, while Southern 

Hemisphere concentrations range between 0.8 and 1.1 ng m-3 (Slemr et al., 2015; Sprovieri et 

al., 2016). Seasonal and annual variations in atmospheric concentrations have been observed 

at the majority of long-term monitoring sites. Peak concentrations are generally observed 

during winter and minima’s occur during summer, although this does appear to be highly 

regional (Jiskra et al., 2018).  

The atmosphere is an important pathway for the distribution and deposition of Hg to terrestrial 

and aquatic ecosystems (Gustin et al., 2015). Temporal and spatial variability in atmospheric 

Hg is a function of chemical and physical processes. Numerous factors can influence these 

processes including proximity to anthropogenic point sources, meteorology and 

oxidation/reduction reactions (Han et al., 2004; Karthik et al., 2017; Mao et al., 2008; Ren et 

al., 2016). Relationships have been observed between atmospheric Hg and air temperature, 

solar radiation, relative humidity, wind speed and direction, and meso and macro scale 

atmospheric circulation (Lynam and Keeler, 2005). Wind speed and direction and atmospheric 

circulation predominately influence Hg concentration by transporting Hg-containing air 

masses from anthropogenic point sources or high Hg production regions, such as polar regions, 

to sampling locations (Engle et al., 2010; Jaffe and Strode, 2008). Higher air temperature, solar 

radiation and relative humidity all work to enhance Hg photo-oxidation/reduction occurring in 

the atmosphere or increase surface evasion (Han et al., 2004; Obrist et al., 2018).   
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Seasonal variation is also considered to be driven by oxidation chemistry, although the exact 

mechanisms for oxidation are not clearly understood (Horowitz et al., 2017). Drivers of 

oxidation can be highly regional, making it difficult to determine rates and concentrations of 

Hg species. Gas phase oxidation of GEM is thought to be influenced by O3, H2O2, OH radicals, 

NO3 radicals and by various halogen species (Ariya et al., 2002). Aqueous phase oxidation in 

atmospheric water droplets is considered to be influenced by O3, OH, chlorine (HOCl/OCl-) 

and bromine (Br2/HOBr/BrO-) (Si and Ariya, 2018). Gas-phase oxidation pathways are highly 

spatially variable, with marine boundary layer oxidation pathways dominated by Br, BrO and 

O3 (Holmes et al., 2006; Horowitz et al., 2017). Coastal and inland sites have been shown to 

primarily be influenced by O3 and OH oxidation pathways and can account for up to 80-99% 

of GEM production in the atmosphere (Travnikov et al., 2017). The high solubility of RM in 

water can enhance aqueous phase oxidation, leading to immediate deposition of Hg through 

enhanced oxidation or photo-oxidation rates of GEM to RM (Subir et al., 2012). During periods 

of high oxidation, TGM concentrations are low as GEM is transformed to GOM and is rapidly 

deposited (Holmes et al., 2010).  

Minimal seasonal variability has been observed in the Southern Hemisphere which is largely 

driven by the higher proportion of ocean evasion compared with the Northern Hemisphere 

(Horowitz et al., 2017; Jiskra et al., 2018). However, Southern Hemisphere measurements are 

limited, primarily relying on ship measurements and 6 long-term station records (compared 

with 46 sites in the Northern Hemisphere) the longest of which has been operating since 2007 

(Angot et al., 2014; Howard et al., 2017; Slemr et al., 2015; Soerensen et al., 2012; Sprovieri 

et al., 2016). The location of these long-term monitoring sites also means that they are all 

heavily influenced by the marine boundary layer. Some seasonal variation has been observed 

at Cape Point (South Africa), Amsterdam Island, and Cape Grim (Australia) (Angot et al., 

2016; Slemr et al., 2015). This variation is attributed to climatically-driven changes in the air 
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masses, switching from low TGM ocean air masses to terrestrial-derived air masses containing 

higher TGM concentrations (Angot et al., 2016). The terrestrial air masses are influenced by 

regional sources of Hg, such as pollution hotspots and biomass burning (Angot et al., 2014; 

Angot et al., 2016; Slemr et al., 2015).  

The large ratio of ocean to terrestrial surfaces and the overall limited number of studies in the 

Southern Hemisphere means that long-term terrestrial measurements of atmospheric mercury 

are rare. As such, variations and drivers of atmospheric mercury deposition over terrestrial 

surfaces in the Southern Hemisphere are largely unknown. This study provides 14 months of 

ambient GEM and RM measurements undertaken at a terrestrial background site south-west of 

Sydney, Australia. The aim of the study was to determine if there was seasonal variation in 

ambient mercury concentrations and to determine the potential drivers of this variation within 

the Australian terrestrial context. 

2. Methods  

2.1 Site characteristics 

 

This study took place at Oakdale, New South Wales, Australia, a rural area on the far south-

west edge of the Sydney basin (lat. 34° 03' 11" S, long. 150° 29' 50" E, altitude 457 m) (Figure 

1). Measurements were undertaken from 3rd April 2017 to 21st June 2018 (445 days), within an 

agricultural grazing paddock (vegetation height <0.02 m). The site is located within a rural 

farming region with no known anthropogenic Hg sources. However, its location within the 

Sydney geological basin (68.38 km from the central business district) means that air masses 

arriving at the site may have been transported through the metropolitan regions. Atmospheric 

drainage patterns within the basin are influenced by elevated terrain to the north, west and 

south, and the Pacific Ocean to the east (Jiang et al., 2016).   
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Figure 1. Site map of Oakdale field site in Australia (left) and within the Sydney geological 
basin (right). Blue dot indicates location of Oakdale study site; red dot shows Sydney 
central business district.  

 

2.2 Ambient mercury measurements 

 

Ambient Gaseous Elemental Mercury (GEM) concentrations were quantified using a Tekran 

2537B (Tekran Instruments, Knoxville, TN, USA), with detection limit of 0.1 ng m-3. Sample 

air was drawn from the sample inlets through a 0.2 μm polytetrafluoroethylene (PTFE) filter 

by a PTFE pump drawing at 10 lpm. The 2537B sub-sampled from this flow through an 

additional 0.2 μm PTFE filter. Continuous 5-minute samples were obtained at a height of 

1.24m. Automated calibration of the 2537B was obtained every 23 hours throughout the study 

using the internal mercury permeation source. Permeation sources were verified using manual 
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mercury vapour injections within ±2%, at the beginning and end of the study, as well as at the 

approximate half-way point of the study (September, 2017).  

2.3 Reactive mercury filter system 

 

Measurements of ambient Reactive Mercury were undertaken concurrently with Hg 

measurements, using the University of Nevada-Reno Reactive Mercury Active System 

(UNRRMAS). Three dual in-line 47 mm Teflon filter holders were mounted under an 

aluminium frame attached to a steel mast located on the roof of a New South Wales Office of 

Environment and Heritage air quality monitoring instrument container (3.6 m above the 

ground). Each port contained a polyethersulone cation-exchange membrane (CEM), for 

selective uptake of RM. The dual in-line set up allowed for collection of RM on a primary filter 

with a secondary filter to capture and quantify potential breakthrough. Air was pulled through 

the filter packs along Teflon tubes (6.35mm) at a flow rate of 1 l min-1 by vacuum pumps 

(Huang et al., 2013). The system was run at a 2-week collection resolution. CEM filters were 

analysed using the Tekran 2600-ivs System according to United States Environmental 

Protection Agency (US-EPA) method 1631 (Rev. E modified) (Miller, 2018). Blank CEM 

filters were analysed alongside collected filters. Instrument resolution for the Tekran 2600-ivs 

system is 1 ppt Hg while in aqueous solution. The method detection limit for RM collected on 

the CEM filters was 0.35 pg m-3, based on average blank filter concentrations.  

 

2.4 Environmental Variables 

 

The four components of net all-wave radiation [long-wave incoming (LW↓) and outgoing 

(LW↑), plus short-wave incoming (SW↓) and outgoing (SW↑)] were measured using a Net 
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Radiometer (Apogee SN-500). Ozone and NOx measurements were collected, maintained, 

calibrated and quality controlled by New South Wales Office of Environment and Heritage air 

quality network and conform to Australian and International Standards (OEH, 2018). Air 

temperature, wind speed and wind direction were obtained using a CSAT-3 sonic anemometer 

(Campbell Scientific, Logan, UT, USA). Specific humidity and relative humidity were 

measured using LI-7200 closed-path, infrared gas analyser (Li-Cor Biosciences, Lincoln, NE, 

USA). Both instruments were at a height of 3.12 m. All samples were collected at 10 Hz using 

the SmartFlux System (version 1.10). The Li-Cor 7200 was replaced part-way through the 

study period with an open-path 7500 analyser due to hardware malfunction. Post-processing 

and quality control of Li-Cor and CSAT-3 was undertaken using Li-Cor EddyPro® software 

(version 6.2.0). 

2.5 HYSPLIT  

 

The US National Oceanic and Atmospheric Administration (NOAA) Hybrid Single Particle 

Lagrangian Integrated Trajectory (HYSPLIT) Model was used to characterise air mass 

movement to gain an understanding of how air circulation may influence Hg concentrations. 

Back trajectories were compiled over 120-hour (http://www.arl.noaa.gov/ready/hysplit4.html). 

Global Data Assimilation System 0.5° meteorological reanalysis data were used to drive the 

model, and trajectories were initialised at 0.5 times the mixed layer height as determined by 

HYSPLIT. Back trajectories were calculated for each hour of the day to account for the 

influence of local daily variation in GEM. For each trajectory, air parcel coordinates were 

calculated every two hours.  
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3. Results and discussion 

3.1 GEM characteristics 

 

Gaseous Elemental Mercury concentrations at Oakdale were below previously reported global 

background concentrations for the duration of the study, averaging 0.68 ng m-3 (standard 

deviation ±0.22 ng m-3, Table 1). The site exhibited significant seasonal variation, with highest 

concentrations occurring during austral summer (December, January, February) and lowest in 

winter (June, July, August) (0.88 and 0.43 ng m-3, respectively). Two-way t-tests between 

seasonal values demonstrated variance to be statistically significant (p-value <0.01, Appendix 

3, Table 1). Monthly averages showed GEM concentrations peaked in January and were lowest 

in August (Figure 2). Concentrations were lower than those currently recorded in Australia and 

elsewhere in the Southern Hemisphere. Southern Hemisphere concentrations have been found 

to range between 0.85 ng m-3 and 1.05 ng m-3 (Song et al., 2015; Sprovieri et al., 2016). Cape 

Grim, Tasmania, Australia’s long-term baseline monitoring station, had an annual average 

concentration of 0.88 ng m-3 (Howard, 2017).  GEM concentrations were within range of those 

recorded for rural and remote sites in the Northern Hemisphere, which have been shown to 

range between 0.2 and 18 ng m-3, although lower than the median concentration (1.6 ng m-3) 

(Mao et al., 2016). 
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Table 1. Seasonal mean and standard deviation (SD) for Gaseous Elemental Mercury (GEM), Reactive Mercury (RM), wind speed (WS), 
air temperature, relative humidity (RH), specific humidity, ozone (O3), nitrogen oxides (NOx), and total solar radiation (total solar) at 
Oakdale, New South Wales, from 3 April 2017 to 21 June 2018. 

 WS 

m s-1 

Air 
Temperature 

°C 

RH 

% 

Specific 
Humidity  

g/kg 

O3 

pphm 

NOx 

ppm 

Total solar 

W m-2 

RM 

pg m-3 

GEM 

ng m-3 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

Autumn 
2017 

0.85  0.45 14.25  0.73 65.42  16.22 7.00  2.00 2.23  0.60 0.12  0.20 117.96  181.75 -- -- 0.46  0.10 

Winter 
2017 

0.75  0.37 12.25   3.10 51.46  14.78 5.00 1.00 2.57  0.56 0.06  0.12 109.63  171.23 1.93 1.52 0.43  0.08 

Spring 
2017 

1.00  0.63 13.88  1.32 66.89  21.69 7.00  2.00 2.86  0.88 0.13  0.19 183.77  257.38 2.80 0.79 0.71  0.19 

Summer 
2017/2018 

1.60  1.12 18.88  5.05 71.45  21.28 10.00  3.00 2.69  1.45 0.20 0.21 202.31  283.56 3.43 1.86 0.88  0.19 

Autumn 
2018 

1.35  0.78 16.30  4.00 68.13  18.40 8.00  2.00 2.60  0.88 0.17  0.22 138.11  208.40 2.05 2.12 0.64  0.17 

All 1.10  0.77 14.93  5.96 64.20  19.95 7.10  2.70 2.61  0.93 0.13  0.20 147.36  255.46 2.41 1.68 0.68  0.22 
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Figure 2. Monthly composite of the daily mean (bold line) and standard deviation (shaded 
area) of total gaseous mercury concentration at Oakdale, New South Wales, from 3 April 
2017 to 21 June 2018. 

 

Diel concentrations and trends varied between seasons. Variation was relatively small across 

most seasons with the exception of summer (Figure 3). Spring showed a minor diel trend with 

decreased atmospheric GEM concentrations occurring after midday and slightly higher 

concentrations overnight (p-value <0.01, t-score -3.18, Appendix 3, Table 2). Autumn also 

showed slightly higher concentrations in the late afternoon to early evening.  Winter diel trends 

did not show any significant variation between day and night concentrations. Lack of variation 

suggest that there is likely no potential Hg point sources within the region.  Rural and elevated 

site GEM has been shown to exhibit weak if any diel trend (Choi et al., 2008; Engle et al., 

2010; Han et al., 2004; Mao et al., 2008; Sigler et al., 2009; Zhang et al., 2009; Zhang et al., 

2013). The summer diel trend observed here, with higher GEM concentrations overnight, has 

been observed to be more typical of polluted urban regions, indicating that Hg-containing air 
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is being transported from heavily urbanised regions to this site (Cole et al., 2014; Fu et al., 

2015; Gratz et al., 2013; Li et al., 2011; Lyman and Gustin, 2008; Nguyen et al., 2011; Zhang 

et al., 2013). 

Figure 3. Diel composite of GEM for each season at Oakdale, New South Wales, from 3 
April 2017 to 21 June 2018. Bold line gives median concentrations, shaded area inter-
quartile range. Grey shaded areas show night, including sun rise and sun set times.  

 

3.2 Reactive mercury characteristics 

 

Reactive mercury 2-week concentrations over the entire study period average 2.41 pg m-3 

(±1.68 pg m-3) (Figure 4). Concentrations peaked in summer (3.43 pg m-3) and were lowest in 
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winter 2017 (1.93 pg m-3) (Table 1). Two-way t-tests indicated seasonal variability was not 

statistically significant, apart from winter to spring (t-score= -4.56, p-value < 0.01). Malcolm 

et al. (2003), at a background site in Florida, recorded RM concentrations of 1.7 pg m-3 when 

the site was only being influenced by marine air flows and 4.5 pg m-3 when the site was 

influenced by mixed marine and urban air flows. Similar trends were observed at Oakdale and 

could indicate air mass transportation significantly influences RM concentrations.  

The short atmospheric life time of RM means that it is deposited close to the source of emission 

and as such highly regionally variable (Schroeder and Munthe, 1998). The low concentrations 

observed over the duration of this study further indicates that there was no significant source 

of RM within the region. Therefore, it is likely that RM arriving at the Oakdale field site is the 

product of oceanic sources rather than nearby point sources. Prevailing wind direction over the 

duration of the study period varied between NE and SE, suggesting air masses arriving at the 

site are influenced by urban and oceanic sources.    
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Figure 4. Reactive Mercury measurements made at Oakdale, New South Wales, from 3 
April 2017 to 21 June 2018. Columns show 2-weekly mean concentration and bars show 
standard deviation. Shaded/unshaded background depicts Australia’s seasons.  
 

RM measured using the same sampling techniques at Macquarie University (MQ), located in 

Sydney’s urban region, and at Cape Grim, north-western Tasmania, recorded average 

concentrations substantially higher than Oakdale: 17.8 pg m-3 and 15.9 pg m-3, respectively 

(Cook, 2017; Miller, 2018).  MQ experienced significant seasonal variation, peaking in winter. 

This seasonality was largely attributed to variation in local and regional sources. Cape Grim 

did not show any significant seasonal variation. RM measurements undertaken at Amsterdam 

Island in the Southern Ocean, using Tekran speciation system, observed similarly low 

concentrations to those recorded at Oakdale. Amsterdam Island measured highest 

concentrations in summer (1.58 pg m-3) and lowest in winter (1.34 pg m-3), however, KCl 

denuder based measurements are assumed to bias low compared to other methods (Lynam and 

Keeler, 2005). This seasonal variation was attributed to enhanced photo-chemistry occurring 

during summer (Angot et al., 2014).  

RM is influenced by local sources and local chemistry to a much greater extent than GEM. RM 

is removed quickly from ambient air due to significant dry and wet deposition, so its residence 

time is very short (up to several days), causing large concentration differences between sites 

near sources and background sites (Han et al., 2004). The coarse time resolution of the RM 

sampling method deployed at Oakdale makes it difficult to accurately identify potential drivers 

of RM concentrations at these shortened time scales. In order to look at the relationship between 

potential environmental drivers of RM and RM concentrations, Spearman correlations were 

performed using 2-weekly averaged measurements to match the 2-weekly RM concentrations 

(Table 2). For all included variables listed in Table 2, only total solar radiation across the entire 

data set was deemed to be statistically significant (p-value <0.05) despite several strong 
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correlations. Lack of significant seasonal relationships may be attributed to a combination of a 

limited number of RM measurements available for each season (n ≈ 6) and not being able to 

capture the shorter data variation.  

Table 2. Spearman correlations with two weekly RM at Oakdale, New South Wales, from 
3 April 2017 to 21 June 2018. Bold values represent those deemed to be statistically 
significant, based on a p-value <0.05.   

 

3.3 Meteorological drivers across seasons 

 

Oakdale’s location on the south-west edge of the Sydney basin results in it being influenced by 

air masses transported from or through metropolitan and marine regions. Mountainous 

topography to the west creates early morning drainage flows into the basin, usually mixing and 

transporting air trapped in the basin overnight (Jiang et al., 2017). The presence of the Pacific 

Ocean to the east generates onshore sea breezes during the day, particularly during the warmer 

months, transporting air masses inland through the heavily urbanised region and trapping the 

air masses on the western edges of the basin (Jiang et al., 2016; Jiang et al., 2017). Large 

urbanised areas within the Sydney basin can result in the mixing of polluted urban air with 

 Total 
solar 

Air 
temp 

Specific 
humidity 

Relative 
humidity 

Wind 
direction 

WS Ozone NOx GEM 

All 0.38 0.18 0.12 0.09 -0.12 0.18 0.18 -0.02 0.34 

Winter 0.00 -0.40 -0.40 0.40 0.40 -0.20 0.00 0.00 -0.8 

Spring 0.64 0.14 0.54 0.54 -0.43 0.71 -0.75 -0.14 0.43 

Summer 0.09 0.26 0.80 0.10 -0.60 0.09 0.77 0.43 0.60 

Autumn 0.03 -0.66 -0.43 -0.26 0.14 -0.43 -0.14 -0.71 -0.14 
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cleaner, marine air. As a consequence, this mixing has been found to bring pollutants, such as 

elevated ozone, that have been transported offshore back onshore during a sea breeze (Malcolm 

et al., 2003) South to south-west of the Oakdale field is dominated by rural and remote land 

surfaces. Apart from an immediately adjacent National Park, south-west of the field site, most 

vegetation is sparse grasslands. The lack of significant sources likely means that GEM arriving 

at the site from this direction is the product of long-range atmospheric transport. Seasonality in 

the wind patterns at Oakdale may cause considerable dilution or enrichment of atmospheric 

GEM through atmospheric transport (Karthik et al., 2017). 

Strongest correlations between GEM, meteorological variables and photo-pollutants were all 

seen during spring (Table 3). Correlations between GEM and air temperature, relative 

humidity, specific humidity, and total solar radiation are in general weakest during summer 

and autumn at this site, with some exceptions. The weak correlation between these variables 

and GEM could indicate that the higher observed GEM concentrations during summer are 

likely a combination of Hg being transported over and through the Sydney Basin and enhance 

surface evasion at the field site. Higher total solar radiation and air temperature (Table 1) 

promotes the release of Hg from terrestrial substrates due to increased photo-reduction 

occurring at the soil surface. Solar radiation stimulates the reduction of deposited RM within 

the substrate. Higher solar radiation also leads to increased thermal energy and soil 

temperatures within the substrate. Higher temperatures enhance the rate of GEM volatilisation 

in terrestrial surfaces, thereby increasing GEM concentrations within the substrate (Choi et al., 

2013; Wang et al., 2016). The photo-reduction of RM within the substrate is one of the most 

important factors regulating GEM surface emission (Ci et al., 2016). Both air temperature and 

solar radiation peaked during summer (18.88 °C and 202.31 W m-2, respectively) increasing 

the likelihood of photo-reduction occurring during this time. Discrepancies between 2017 and 

2018 autumn concentrations are largely driven by differences in meteorological parameters 
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during this time. 2018 experienced higher average air temperatures and wind speeds, likely 

causing the higher concentrations than observed in 2017.   

Table 3. Spearmen correlations with atmospheric GEM at Oakdale, New South Wales, 
from 3 April 2017 to 21 June 2018. Bold values represent statistically significant 
correlation (p-value <0.05). 

 Total solar Air temp Specific 

humidity 

Relative 

humidity 

Ozone NOx 

All 0.03 0.54 0.66 0.54 -0.02 0.40 

Winter -0.04 0.16 0.38 0.09 -0.15 0.17 

Spring -0.13 0.18 0.82 0.79 -0.31 0.55 

Summer -0.22 0.10 0.35 0.47 0.03 0.27 

Autumn -0.09 0.20 0.36 0.36 0.11 0.22 

 

Spring GEM concentrations also appear to be influenced by enhanced photochemical reduction 

occurring at this time. A strong negative correlation was observed between GEM and O3 (r = -

0.31) and RM and O3 (r = -0.75) and a weak but significant negative relationship between GEM 

and total solar radiation (r = -0.13), indicating photo-chemical oxidation has a significant role 

in the spring trends. Higher RM in the warm seasons is primarily driven by photochemical 

production due to increased solar radiation, O3, and other atmospheric oxidants (Choi et al., 

2013; Liu et al., 2010; Xu et al., 2015).  

RM at Oakdale showed the strongest positive correlations with air temperature, solar radiation, 

and ozone concentrations, suggesting the role of photochemistry in its production, although 

these relationships were not statistically significant (Table 2). Pollutant-containing air 

transported from metropolitan regions to Oakdale enhances the reduction of GEM to RM, 
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which can then be deposited. High urban emissions from the Sydney metropolitan region can 

be transported across the basin by prevailing mesoscale airflows such as sea breezes during 

warmer months. Poor air quality is associated with anticyclone conditions and good air quality 

often occurs under unstable/cyclonic conditions (Jiang et al., 2016). Higher O3 levels are also 

typically found in the afternoon during times of higher solar radiation, which can result in 

higher Hg photo-chemical oxidation (Holland et al., 2003). Changes to air circulation at 

Oakdale during warmer months may bring higher Hg concentrations from the urbanised 

regions of Sydney, making the atmospheric concentrations more susceptible to these driving 

processes. 

RM measurements at Oakdale were lowest in winter, averaging 1.93 pg m-3 and ranging 

between 0.70 and 4.41 pg m-3. The low concentrations suggest there are no nearby sources and 

limited potential for reduction of GEM to RM within the vicinity of the field site. Prevailing 

wind direction during winter indicates RM is being transported from marine sources to the 

south-east and long-range transport from rural/remote to the south-west. Winter also had the 

weakest correlations between RM, ozone, and NOx (r = 0.00), further indicating limited 

influence from local and regional pollution sources. A strong negative relationship between 

GEM and RM (r = -0.8) suggests RM is being deposited before reaching Oakdale, allowing 

GEM to be the dominant Hg species. Within marine air masses, Br and OH are the dominant 

reactants initiating the reduction of GEM to RM, which is then rapidly deposited deposition 

back to the ocean through wet and dry deposition before it is able to be transported (Ariya et 

al., 2015; Holmes et al., 2006; Horowitz et al., 2017). Halogens emitted from the ocean also 

destroy ozone that may otherwise have been transported inland to facilitate the production of 

RM (Mao et al., 2008).  
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Modelling studies suggest that re-emission from oceans is a major contributor to atmospheric 

concentrations of GEM, particularly in the Southern Hemisphere where oceans were shown to 

contribute more than half of the surface atmospheric concentration (Strode et al., 2007). Cape 

Grim GEM measurements were found to be higher when measurement fetch was over the 

Southern Ocean, indicating it was a net source of GEM (Howard, 2017). Overall, ocean evasion 

in the Southern Hemisphere is considered to be relatively consistent across seasons (Angot et 

al., 2014). Ocean transport is able to drive Hg concentrations at Oakdale during winter as 

temperature and solar radiation are lowest at this time, reducing the potential for terrestrial 

surface evasion to occur and the dominant wind sector is such that air masses transported from 

the ocean are not influenced by urban sources of Hg.  

Prevailing wind direction during summer was ENE and corresponded to highest GEM (Figure 

5). GEM concentrations were lowest in winter when prevailing wind direction was to the SE 

and SW.  Higher concentrations in winter were seen when wind direction was from the SE and 

lowest when wind direction was from the SW when air masses spent the most time over rural 

landscapes. South-east of the site is sparsely populated and the shortest distance to the 

coastline. Air masses travelling from ENE circulate through the heavily urbanised Sydney 

basin where they are exposed to numerous potential Hg pollution sources and photo-chemical 

pollutants that can cause the oxidation of GEM to RM.  Jiang et al. (2017) found that prevailing 

air flow patterns during the warmer months transported higher urban emissions from the central 

business district to the SW quadrant of the Sydney Basin.  
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Figure 5. Wind rose with GEM concentrations for each season at Oakdale, New South 
Wales, from 3 April 2017 to 21 June 2018.  

 

Spring and autumn trends appear to be driven by several contributing factors. Prevailing wind 

direction during autumn was from the ESE, indicating the potential for ocean evasion 

influences. Spring prevailing wind was SE and SSW where trends are largely driven by 

variations in air mass transport from urban and rural air sources.  Lowest GEM concentrations 

for both spring and autumn occur when wind direction is SSW, HYSPLIT back trajectories 

also echo this trend. Trajectories run for GEM concentration in the upper 75% quartile indicate 

that highest concentrations occur when air masses are transported from the east (Figure 6), 
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while lower 25% quartile concentrations are seen when the air masses spend a greater time 

over terrestrial surfaces and away from potential Hg point sources (SW direction). 

 

Figure 6. Hourly GEM-weighted HYSPLIT trajectories for 75% quartile and 25% 
quartile for each season at Oakdale, New South Wales, from 3 April 2017 to 21 June 2018.  
 

HYSPLIT trajectories for autumn indicate higher GEM concentrations when air masses are 

transported from the Tasman Sea in the south to the Pacific Ocean before reaching the site. 
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Lower 25% quartile air masses spend a greater time tracking over land, limiting the potential 

for oxidation to occur and resulting in lower GEM and RM concentrations. During winter and 

autumn highest GEM concentrations occurred when air masses travelled along the east coast 

before being transported inland (Figure 6). Higher GEM concentration when air masses are 

transported from this sector could indicate greater coastal and ocean influences. Globally the 

ocean is the largest natural emission source of GEM and therefore ocean evasion can have a 

significant impact on ambient GEM concentrations as both a direct source of GEM and by 

enhanced production of oxidants and halogens (Mason and Sheu, 2002).  

Autumn 2018 experienced numerous high spikes in GEM consistent with increased local 

hazard reduction burns (Figure 7).  Combustion of vegetation and heating of soil during fires 

has been found to volatilise large amounts of Hg previously stored within vegetation and soils, 

predominantly in the form of GEM (Friedli et al., 2003). Hazard reduction burns occur 

frequently during autumn and spring, while temperatures are cooler and soils contain more 

moisture, to limit the potential of wildfires occurring during the dry and hot summer (Paton-

Walsh et al., 2014). These burns also tend to occur when atmospheric conditions are such to 

limit the potential of smoke dispersion (limited wind gusts and wind speeds) to reduce the 

likelihood of the fire getting out of control (Haikerwal et al., 2015). This often leads to high 

amounts of atmospheric pollutants accumulating within the immediate vicinity and likely 

responsible for the higher concentrations of GEM observed during April and May 2018. Hazard 

reduction burning varies in frequency and timing from year to year as conditions need to be 

precise for them to occur. This is highlighted by the fact that autumn 2017 did not experience 

the same excursions in Hg concentrations as 2018, largely due to the high rainfall that occurred 

at the start of 2017 leaving the soil and vegetation too moist to adequately burn (BOM, 2018).  
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3.4 Photo-reduction pathways 

 

Temporal variation in atmospheric GEM is considered an indication of chemical and physical 

sources and sink influences (Mao et al., 2008). Removal from the atmosphere is facilitated by 

photo-chemical transformation of GEM to RM and subsequent wet and dry deposition. These 

photochemical transformations can be accelerated by increased water present in the atmosphere 

(Ariya et al., 2015). Figure 7 illustrates half hour averaged temporal variation in GEM 

concentrations, O3, and specific humidity over the entire field study duration. Specific humidity 

follows a similar trend as GEM over the whole study, with peaks and troughs occurring at 

similar timing to GEM. O3 appears to only follow a similar temporal pattern during the warmer 

months (October to February), with the cooler months showing different variability. The 

relationship during the warmer months is likely caused by higher solar radiation increasing the 

rate of photo-chemistry.  

Figure 7. Half hourly ozone (on the left y axis), specific humidity (on the right y axis), and 
elemental gaseous mercury (on the right y axis) for the entire study period (3 April 2017 
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to 21 June 2018) at Oakdale, NSW. Shaded/unshaded background depicts Australia’s 
seasons. Note that the right hand y axis is a log scale. 

 

Strongest negative correlation between GEM and O3 was observed during spring (r = -0.31). 

RM also had a strong negative r of -0.75 during spring and a positive relationship during 

summer (r = 0.64). These relationships suggest gaseous phase photochemical oxidation 

influences GEM trends during Australia’s spring and summer. During these warmer months 

when solar radiation is highest, O3 follows a similar diel trend with concentrations peaking in 

the late afternoon (Choi et al., 2013; Holland et al., 2003). This diel O3 trend was present across 

all seasons but most pronounced during spring and summer (Figure 8), gaps in the data at 2am 

is due to a 24 hour ozone calibration cycle. Summer GEM diel composite trends show similar 

pattern to O3, with GEM minimums occurring at similar timing to maximum O3 concentrations.  

Elevated O3 concentrations increase the rate of oxidation of GEM to RM, leading to a positive 

relationship between RM and O3 and a negative relationship with GEM as the reactions reduce 

the availability of GEM and increases RM concentrations (Lynam and Keeler, 2005). Air 

pollution production in the Sydney basin is greatest during warm months and accumulates to 

the north-west and south-west of the basin close to Oakdale due to prevailing air circulation 

during this time (Jiang et al., 2017). Production and accumulation is largely driven by the 

presence of a high-pressure cell in the region (Jiang et al., 2016). Mesoscale meteorology 

during the cooler months did not favour the production of O3, and therefore relationships with 

GEM and RM were not observed.   
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Figure 8. Diel composite of ozone for each season at Oakdale, New South Wales, from 3 
April 2017 to 21 June 2018. Bold line gives median concentrations, shaded area inter-
quartile range. Grey shaded areas show night, including sun rise and sun set times. 

 

Relationships between GEM and major pollutants, such as NOx, CO and SO2, have commonly 

been observed and are indicators of anthropogenic pollution sources (Friedli et al., 2001; 

Lynam and Keeler, 2005; Mao et al., 2008). NOx, the major pollutant measured (with the 

exception of O3), showed an overall strong relationship with GEM (r = 0.4), with the strongest 

relationship occurring in spring (r = 0.55).  This relationship is most likely a reflection of GEM 

and NOx being co-emitted from combustion sources, such a vehicle emissions from nearby 

traffic corridors, which are then transported from the urban region to Oakdale (Carpi, 1997; 
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Sigler et al., 2009). The strong positive correlation between NOx and RM during summer (r = 

0.49, Table 3) may also be indicating that nitrate radicals are contributing to the oxidation of 

GEM to RM. Nitrogen compounds present in the atmosphere produce O3 and NO2 through 

photochemical reactions. This increased O3 is then available to oxidise TGM also present in 

the atmosphere (Han et al., 2004).  

Water in the atmosphere helps to enhance and accelerate the rate of Hg oxidation through 

aqueous phase reactions. GEM correlations with specific humidity were the strongest of all 

measured meteorological parameters across all seasons (Table 2). Figure 7 shows that 

variations in specific humidity closely follow the variation observed in GEM concentrations. 

Water in the form of clouds, fog and rain is sufficient enough to initiate aqueous phase 

reduction of Hg in the atmosphere (Ariya et al., 2015). Higher specific humidity is an indicator 

of increased liquid water present in the atmosphere and on surface particles, increasing the 

availability of aqueous phase reduction to occur (Choi et al., 2013). Specific humidity was 

highest in summer (10.00 g/kg) and lowest in winter (5.00 g/kg), following the same trend as 

GEM concentrations. The major pathway for the reduction of RM in the aqueous phase in the 

atmosphere involves reduction with sulphite (SO3
2−) and reductions by hydroperoxyl radical 

(HO2) and iron (III) (Zhang and Lindberg, 2001). 

Solar radiation can accelerate Hg reduction by aqueous phase radicals by iron(III)-induced 

photo-reduction (Zhang and Lindberg, 2001). Photo-reduction of RM in the presence of 

iron(III) in atmospheric waters results in a dramatic increase in GEM (Dedik et al., 1992; Lin 

and Pehkonen, 1997). As specific humidity is a measure of water vapour content, it is plausible 

that higher specific humidity could indicate an increased likelihood of iron(III) presence in the 

atmosphere. The stronger relationship between specific humidity and RH and GEM than 
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between O3 and GEM could indicate that these aqueous phase radicals are the primary 

reduction pathways rather than gas phase reactions. 

4. Conclusion 
 

Atmospheric concentrations of both GEM and RM were below global average background 

concentrations, averaging 0.68 ng m-3 (±0.22). Concentrations peaked in summer and were at 

minimum in winter. Variations in air mass transport across seasons is the most significant 

driver in GEM and RM concentration recorded at the Oakdale field site. Summer and spring 

are influenced by air masses transported through the Sydney urban region to the north-east of 

the site. These air masses bring both higher Hg concentrations from urban point sources and 

potential Hg oxidants. Summer is also influenced by increased surface evasion due to higher 

temperatures and solar radiation. 

Winter concentration were primarily driven by ocean evasion being transported inland. 

Autumn trends suggest the possibility of inter-annual variability due to changing fire seasons. 

Autumn 2018 higher fire occurrences resulted in increased GEM emissions in the region, while 

autumn 2017 appears to have not experienced the same fire regime. Relationships observed 

between ozone, specific humidity and Hg suggest both aqueous and gaseous phase oxidation 

appear to be playing a role in the reduction of GEM to RM. Gaseous oxidation is most efficient 

during spring and summer, aqueous phase oxidation active all year round as indicated by the 

year round consistent relationship with specific humidity. Measurements over multiple years 

would help to better quantify how all identified drivers vary from year to year, along with 

further research into aqueous phase reactions over terrestrial environments.  
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Chapter 6 
Investigation of mercury emissions 
from burning of Australian eucalypt  

forest surface fuels using a 
combustion wind tunnel and field 

observations 

6.1 Preface 

Chapter 6 explores Hg release from biomass burning, which has been found by previous studies 

to the second largest natural source of Hg in Australia. Volatilisation and emission of mercury 

from vegetation, litter and soil during burning represents a significant return pathway for 

previously-deposited atmospheric mercury. No modelling efforts to date have utilised local 

mercury emission factors (mass of emitted mercury per mass of dry fuel) or local mercury 

emission ratios (ratio of emitted mercury to another emitted species, typically carbon 

monoxide), which are dependent on plant species-specific uptake of atmospheric mercury as 

well as fire characteristics. In response to the general lack of Australian-derived emission ratios 

or emission factors this paper reports on and compares two different studies of mercury release 

from the burning of Australian native forest surface fuels. Experimental burns of dry 

sclerophyll surface fuels took place in a combustion wind tunnel designed for the study of 

combustion of vegetation fuels. Results from this laboratory-scale study are then compared 

with observations of biomass burning plumes from the Cape Grim Baseline Air Pollution 
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Station in Tasmania.  The analysis undertaken in this chapter adds to the growing knowledge 

surrounding mercury in vegetation and its release during biomass burning, and contributes to 

the thesis by constraining uncertainty regarding natural mercury cycling over the Australian 

continent. 
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The paper presented in this chapter has been published in the journal: Atmospheric 

Environment. Published formatting had been preserved for inclusion in this thesis.  

Study design was by the co-authors from CSIRO, University of Wollongong and Dr Grant 

Edwards as part of a larger project. Wind tunnel measurements and Cape Grim field 

measurements were performed by Dr Dean Howard and Dr Grant Edwards. Particulate bound 

mercury, soil and vegetation analysis was undertaken by me. I also performed the initial 
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Surawski 0.5%, Andrew L. Sullivan 0.5%, Christopher Weston 0.5%, Liubov Volkova 
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CHAPTER 7 
AUSTRALIA’S 

CONTRIBUTION TO THE 
GLOBAL MERCURY 

BIOGEOCHEMICAL CYCLE  

7.1 Preface 
 

Chapter 7 provides a comparison between Hg observations from the Oakdale field site and 

GEOS-Chem model simulations. Modelling is commonly used to gain a greater understanding 

of spatial and temporal variability in data that cannot be gained from stationary observations. 

GEOS-Chem is the most widely utilised chemical transport model by the broader Hg scientific 

community to understand global Hg trends and drivers. To date estimates of Australia’s global 

Hg contributions are extrapolated from Northern Hemisphere understanding of Hg drivers and 

inventories. Lack of observations made in Australia has made it difficult to determine if these 

inferences align with what is occurring within the Australian environment. In order to address 

this significant gap and to provide a broader understanding of the findings from previous 

chapters, Chapter 7 aims to determine how well GEOS-Chem captures observed seasonal 

variability and the natural sources and sinks in Australia based on Oakdale’s findings. The 

Chapter is layout to provide an overview of the whole of Australia’s Hg sources and sinks, 
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compared with other attempts to quantify Australia’s Hg budget. It then provides an in-depth 

comparison of GEOS-Chem’s simulations with Oakdale’s observations. 

The purpose of this chapter is to put the main findings of this thesis into a broader global 

context by comparing observations with modelled outputs. Analysis was limited in it approach 

to default mercury simulations and the single site observations presented in chapters 3-5. The 

information presented in this chapter is not intended for publication beyond the thesis itself. As 

such Chapter 7 has been formatted in a traditional thesis style.  

 

7.2 Introduction 

The global cycling of atmospheric mercury (Hg) means that once it is emitted into the 

atmosphere from both anthropogenic and natural sources is can be found ubiquitously 

throughout the environment (Gustin et al., 2008; Obrist et al., 2018; Schroeder and Munthe, 

1998). Understanding the global distribution of Hg requires comprehensive knowledge of the 

sources, sinks, transport and chemistry (Amos et al., 2015). Ambient measurements alone are 

not able to fully quantify the spatial extent of deposition and emission sources and are often 

limited in their temporal scales (longest running ground-based monitoring site established in 

the 1970s) (Sprovieri et al., 2016). Comprehensive global transport models have been 

developed over recent decades in an attempt to better understand the global attributes of 

atmospheric Hg. However, considerable uncertainties remain regarding fate and transport. 

Therefore, ambient measurements are also required to evaluate model accuracy.  

Mercury enters the environment from both natural and anthropogenic sources. Natural 

geogenic sources account for approximately 5-13% of total emissions (Agnan et al., 2016; 
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Amos et al., 2013; Driscoll et al., 2013). Anthropogenic sources account for approximately 

30% of annual global Hg emissions (Pirrone et al., 2010; Streets et al., 2017; UNEP, 2013b). 

Legacy Hg comprises of mercury previously deposited from both natural and anthropogenic 

sources and account for 60% of total atmospheric Hg (Amos et al., 2015).  

Once Hg is released into the atmosphere, it continuously undergoes deposition and re-emission, 

creating a dynamic global cycle (Schroeder and Munthe, 1998). Within the atmosphere, Hg 

exists in three operationally defined states, gaseous elemental mercury (GEM), gaseous 

oxidised mercury (GOM), collectively referred to as Total Gaseous Mercury (TGM), and 

particulate bound mercury (PBM). Once deposited, oxidised Hg can then be reduced 

(photochemically and/or biochemically) to GEM and re-emitted to the atmosphere, or it can 

bind with organic carbon and be sequestered into soil pools (Corbitt et al., 2011). The 

bidirectional exchange of Hg between the atmosphere and Earth’s surfaces occurs via evasion, 

wet deposition, and dry deposition. All atmospheric forms of Hg (GEM, GOM and PBM) can 

be deposited onto terrestrial surfaces, however the pathway depends upon the form of Hg, the 

surface type and environmental conditions (Gustin, 2012). Continuous re-emission and lack of 

global inventories means there are considerable uncertainties with the estimates of re-emission 

to the atmosphere (Wang et al., 2006). 

Atmospheric measurements and monitoring of Hg is undertaken globally, employing a 

combination of ground-based short-term and long-term monitoring sites and aircraft and ship 

measurements aimed at providing a complete understanding of global Hg cycling and 

behaviour (Slemr et al., 2015; Sprovieri et al., 2016). However, spatial variation between 

measurement locations, measurement heavily skewed towards the Northern Hemisphere, and 

emission sources and deposition processes make it difficult to adequately capture the entirety 

and complexity of the Hg cycle (Han et al., 2004; Keeler et al., 2005). Numerous methods have 
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been developed to better estimate source attributed Hg characteristics on regional to global 

scales, such as isotopic measurements (Demers et al., 2013; Sherman et al., 2015), back 

trajectories and chemical mass balance (Keeler et al., 2005; Lamborg et al., 2002) or scaling 

up flux measurement data (Agnan et al., 2016; Lindberg et al., 1998). A number of numerical 

models at both the regional and global scales have been developed to simulate the 

biogeochemical cycle and the fate and transport of anthropogenically and naturally emitted Hg 

(Kikuchi et al., 2013; Selin et al., 2008; Smith-Downey et al., 2010). However, uncertainties 

regarding chemistry, sources and storage persist within these methods. Observational 

measurements are needed to verify these spatially expansive methods and therefore a 

combination of both observation and modelling has the potential for a greater and extensive 

understanding of the global nature of Hg (Obrist et al., 2018). 

Chemical Transport Models (CTMs) are commonly employed to assess the biogeochemical 

cycle of Hg and determine exchange and storage between and with terrestrial and ocean 

reservoirs. CTMs simulate Hg cycling by employing up-to-date understanding of Hg emission, 

transport, atmospheric redox reactions, and deposition (Driscoll et al., 2013). However, not all 

CTMs utilise the same atmospheric depositions and land emission mechanisms, leading to 

inconsistencies between model output (Selin et al., 2008).  Previously, CTMs either chose to 

neglect the complexity of natural emission, often incorporating it into global background 

emissions or over-simplifying the processes, leading to a limited understanding of natural Hg 

sources and sinks. Work by Selin et al. (2008) and Smith-Downey et al. (2010) attempted to 

better incorporate natural terrestrial Hg sources and sinks in GEOS-Chem chemical transport 

model which utilised mass balance and mechanistically-driven processes to simulate air-

surface exchange. Smith-Downey et al. (2010) in their global terrestrial mercury model 

explored Hg’s relationship for the carbon cycle to better estimate Hg cycling and long-term 

storage (Figure 1). 
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Figure 1. Schematic of the global terrestrial mercury model (GTMM). Boxes represent 
pools tied to carbon cycling in the model. Numbers in the boxes give the present‐day 
storage of mercury (Mg), and other numbers give mercury fluxes in and out of pools (Mg 
yr-1). Numbers in parenthesis are preindustrial values. Deposition of Hg0 and Hg2+ are 
taken from the GEOS-Chem mercury simulation [Selin et al., 2008]. Mercury enters 
organic soils by either leaf senescence or washoff and wet deposition of Hg2+ (green 
arrows). Soils emit mercury to the atmosphere via revolatilisation, photoreduction, and 
respiration (red arrows) (Smith-Downey et al., 2010). 

 

GEOS-Chem is the most widely utilised CTM for the modelling of Hg biogeochemical cycling 

by the broader scientific community. The model represents the most up-to-date understanding 

of atmospheric Hg transport and fluxes. GEOS-Chem mercury simulation was developed to 

estimate biogeochemical cycling of Hg and determine the fate of anthropogenically emitted Hg 

within the environment on a global scale (Kikuchi et al., 2013). It utilises a seven box model 

comprised of fully coupled ocean (surface, sub-surface, and deep), terrestrial (fast, slow, and 

armoured soil pool) and atmosphere reservoir (Amos et al., 2013). Understanding of Hg air-

surface exchange within terrestrial environments is one of the largest uncertainties that remain 
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in the GEOS-Chem model (Kwon and Selin, 2016). Bidirectional exchange of Hg is an 

extremely important component of the global Hg cycle. However, the highly coupled process 

of deposition and emission are treated as two separate processes within the model. Dry 

deposition is determined using the resistance-based approach and stomata and non-stomata 

uptake. However, this approach does not consider physiological processes of vegetation’s 

response to varying environmental conditions within the ecosystem (Hicks et al., 2016; Wu et 

al., 2018). Surface emissions of Hg are treated as a function of substrate Hg concentration, 

solar radiation and temperature.  

Extensive modelling has taken place across the Northern Hemisphere. However the Southern 

Hemisphere remains largely neglected. The large ratio of ocean to land and significantly less 

anthropogenic sources implies that Hg cycling in the region behaves differently than in the 

Northern Hemisphere (Zhu et al., 2016). Understanding of the Southern Hemisphere Hg 

cycling has primary been hampered by limited observation undertaken here (Soerensen et al., 

2012). Australia is one of the largest landmasses in the Southern Hemisphere. Despite this little 

is known about Australia’s sources and sinks (Edwards and Howard, 2013). Current emission 

inventories have found that 93% of Australia’s total emissions come from natural sources, 

while only 7% is emitted from anthropogenic sources (Nelson et al., 2009; Nelson et al., 2012).  

Attempts to understand Australia’s natural cycle in the past have been determined as part of 

global modelling studies and do not consider Australia’s unique flora, fauna, soil type and 

diverse climate. Greater understanding of Australia’s global contributions is needed if Australia 

wishes to meet the goals outlined by the global Minamata convention on mercury, of which 

Australia is a signatory, but still yet to ratify.  

Despite significant advancement these models still do not adequately account for the 

mechanisms involved in enhancing and supressing Hg flux from terrestrial environments. 



 

141 
 

Furthermore, lack of observation measurements undertaken in the Southern Hemisphere and 

specifically in Australia means that global contributions for these regions are largely estimated 

based on Northern Hemisphere emission and deposition drivers. This chapter aims to determine 

how well GEOS-Chem captures Australia’s natural emission sources and its variability based 

on observational findings outlined in the previous chapters and previous attempts to model 

Australia’s natural source emissions.  

7.3 Methods 

In order to assess how well the current understanding of Hg cycling in Australia aligns with 

observed measures of Hg cycling, GEOS-Chem biogeochemical Hg model outputs were 

compared with the 2017 observations made at Oakdale field site (presented in Chapters 3-5). 

Comparison is restricted to elemental mercury (Hg0) to optimise compatibility with modelled 

output. Reactive mercury measurements made at Oakdale are not included in this chapter as 

the coarse time resolution and measurement gaps meant that observations were not sufficient 

to compare with modelled output.  

7.3.1 GEOS-Chem model 

GEOS-Chem chemical transport model was employed to simulate Australia’s Hg cycle and for 

comparison with observations. Default simulations were run using GEOS-Chem V11-01 

driven by assimilated meteorology from the NASA Goddard Earth Observing System Forward 

Processing (GEOS-FP) data product, at 2° x 2.5° horizontal resolution and 47 vertical levels 

from the surface to 0.01 hPa. The model includes a 3D atmosphere coupled to a 2D ocean slab 

and terrestrial reservoir. The emissions inventories for global anthropogenic Hg emissions are 

taken from the United Nations Environment Programme (UNEP) for 2010 (AMAP/UNEP, 
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2013). Biomass burning Hg emissions are taken from the Global Fire Emissions Database and 

Fire Inventory from NCAR. The period January 2013 to December 2017 was simulated at 

monthly temporal resolution to provide an overview of Australia’s total contributions. 2017 

was also run at daily temporal resolution in order to compare modelled simulations with 

observation values.  An initial 5-year spin-up was run for 2013 to achieve steady state 

concentration for the size of the Hg reservoir within GEOS-Chem. The spin-up repeated 

simulations for the year 2013 until the repeated simulation outputs were within 5% of each 

other.   

The atmospheric redox chemistry in GEOS-Chem uses a two-step oxidation mechanism with 

Br, BrO, O3 and OH available for the oxidation Hg0 to Hg2+. The reduction of Hg2+ to Hg0 

occurs as photoreduction in the aqueous-phase and is scaled to NO2 photolysis frequency, 

which is used as a proxy for the UV actinic flux (Song et al., 2016). GEOS-Chem uses a 

monthly mean value for Br concentrations (taken from the separate bromine simulation) that 

varies between each grid box (2° x 2.5°) in the model. This is designed to capture the spatial 

variability. The fast reaction rates in the atmosphere means that the monthly Br concentrations 

are limited in their ability to capture the temporal variability of Hg chemistry.  

Biomass burning emission rates are determined using the Hg/CO emission ratios determined 

by (Friedli et al., 2009), from observational measurements. Within GEOS-Chem an emission 

ratio of 2.1x107 is applied to a monthly gridded climatological inventory of biomass burning 

CO emissions and all emissions is assumed to occur in the form of Hg0. 

  

Global mean soil concentration of 50 ng g-1 is applied uniformly across the terrestrial surfaces. 

A spatial scaling factor of 15% is applied globally to increase soil concentration following the 

present-day anthropogenic deposition pattern. GEM evasion included volatilization from soil 

and rapid recycling of newly deposited Hg. The former was estimated as a function of soil Hg 
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content and solar radiation. The latter was modelled by recycling a fraction of wet/dry 

deposited RM to the atmosphere as GEM immediately after deposition (60%for snow covered 

land and 20% for all other land surfaces) (Selin et al., 2008). Soil volatilization as a function 

of solar radiation is determined by the following Zhang et al., 2001 equation:  

𝐸 =  𝛽𝐶𝑠exp (𝛼𝑅𝑔) 

Where E is soil emission, Cs is the soil mercury concentration (g g−1), Rg is the solar radiation 

flux at the ground, and α =1.1×103 m2 W−1. The scaling factor β = 0.02 gm-2 h-1 is derived here 

from global mass balance in the preindustrial period, as described by Selin et al. (2008). 

Dry deposition of Hg is based on the dry deposition velocities and resistance in series methods 

developed by (Wesely, 1989). Dry deposition can only be calculated over terrestrial surfaces 

and decoupled from surface emissions, and therefore bidirectional exchange cannot accurately 

be determined by GEOS-Chem simulations.  

Dry deposition velocity is calculated by (Gustin et al., 2011): 

𝐹 = 𝑉𝑑𝐶 

Where: 

• F = flux; 

• C = the concentration of the species of interest; and 

• Vd = the dry deposition velocity. 

And the resistance in series method (Wesely, 1989): 

𝑉𝑑 =
1

(𝑅𝑎 𝑅𝑏 𝑅𝑐)
 

Where: 
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• Ra = the is the aerodynamic resistance; 

• Rb = the near-surface boundary-layer resistance (or quasi-laminar subsurface resistance); and 

• Rc = the surface resistance term that is applied for leaf and soil surfaces. 

Mercury wet deposition in GEOS-Chem is simulated for rainout and washout during large-

scale and convective precipitation using Henry’s law constants (Selin et al., 2007). Henry’s 

law determines the amount of gas that can be dissolved into a liquid at a given temperature and 

pressure (Lin and Pehkonen, 1999). Reactive Hg is highly soluble in water and therefore is 

readily scavenged from the atmosphere via wet deposition processes. GEM is relatively 

insoluble in water and as such is difficult to remove from the atmosphere in this way (Seigneur 

et al., 2001). Because of this, wet deposition was only modelled for reactive Hg as GEM’s 

Henry law constant is too low to accurately calculate deposition (Selin et al., 2007). GEOS-

Chem uses a Henry’s law constant of 1.4x106 M atm-1 for reactive Hg to determine the rate at 

which it is deposited to the surface.  

To determine the capability of GEOS-Chem to reproduce the observed Hg0 concentrations, 

statistical analysis was undertaken to determine the mean difference (MD) as detailed in the 

equation below: 

𝑀𝐷 =
1

𝑁
∑ 1, 𝑁 (

𝑀 − 𝑂

𝑂
) 

where: 

M = the predicted value from the model simulation; 

O = the observed values from measurement; and 

N = the sample size. 
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7.3.2 Observation methods  

GEOS-Chem simulations for 2017 were compared to observation measurements made at 

Oakdale background site to assess and compare how well modelled values align with these 

observations. Gaseous Elemental Mercury (GEM) fluxes were measured using the 

micrometeorological aerodynamic flux gradient method described in detail by Edwards et al. 

(2005) and provided in Chapter 3. GEM gradients were constructed from samples taken at two 

heights and quantified using a Tekran 2537B (Tekran Instruments, Knoxville, TN, USA), with 

detection limit of 0.01 ng m-3. Density corrections due to water vapour were undertaken 

according to Webb et al. (1980). Sample air was drawn from the sample inlets through a 0.2 

µm polytetrafluoroethylene (PTFE) filter by a PTFE pump drawing at 10 lpm. The 2537B sub-

sampled from this flow through an additional 0.2 µm PTFE filter. Switching of sampling 

between the intakes took place every 10 minutes (2 × 2537B samples).  Ambient GEM 

concentrations were also quantified using the Tekran 2537B to provide 5-minute continuous 

samples. Automated calibration of the 2537B was obtained every 23 hours throughout the study 

using the internal mercury permeation source. Permeation sources were verified at the 

beginning and end of the study, as well as at the approximate half-way point of the study 

(September, 2017). 

Standard quality assurance methods were applied to the micrometeorological data based on the 

constraints of Monin-Obukhov similarity theory. This included filtering for low wind speeds 

(<0.5 m/s for the sonic anemometer) and wind direction, to allow for sufficient fetch. 

Additionally, since the flux is determined from 1½ hours of concentration data, data were also 

filtered for when stability assumptions were not met. Oakdale observation fluxes were also 

scaled up from ng m-2 h-1 to µg m-2 d-1 to be equivalent to GEOS-Chem’s temporal resolution. 
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7.4 Results and Discussion 

7.4.1 Australia’s Hg Cycle 

Figure 2 shows modelled average atmospheric Hg0 concentration distribution and monthly 

source contributions for Australia. Overall, Hg concentrations show a slight latitudinal gradient 

over the ocean and lower terrestrial concentrations compared with oceanic concentrations. 

Three observation sites are also included (Cape Grim, Gunn Point and Oakdale [focus of this 

study]) to provide a comparison with modelled output. Gunn Point annual average 

concentration is 0.95 ng m-3 (Howard et al., 2017), similar to GEOS-Chem output, however, 

both Cape Grim (Howard, 2017) and Oakdale observations indicate lower Hg concentrations 

than the model output (0.88 ng m-3 and 0.68 ng m-3 respectively).  

Figure 2 (right) shows the monthly source attributions for Australia. Source contribution was 

averaged over the same grid area shown in Figure 2 (left). Overall, Australia experiences net 

deposition to the surface. Terrestrial emissions in the region are primarily driven by soil 

evasion, followed by anthropogenic releases. Most emission sources are relatively constant, 

with the exception of biomass burning which increases in austral spring (September, October, 

November). Wet deposition appears to be the largest driver of the overall flux trends, showing 

strong seasonality, highest wet deposition occurring in during the warmer months (September 

to February).  Figure 2 (right) also shows a significant proportion of Hg emissions coming from 

the ocean, which could be skewing the overall sources attributed to the region. The majority of 

Hg emitted from the ocean surface is deposited back to the ocean before reaching inland 

(Mason and Sheu, 2002). 
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Figure 2 Australian atmospheric Hg0 concentration distribution (left) and Australian 
surface fluxes (right) for latitudes 10° to 45° south and longitudes 110° to 155° east. Soil 
is soil Hg emissions, veg is vegetation Hg emissions, land legacy is Hg emissions from 
legacy sources, anthropogenic is anthropogenic Hg emission sources. Wet dep and dry 
dep is wet and dry Hg deposition, respectively.  GEOS-Chem output averaged for 2013-
2017.  

Total loadings to the atmosphere, based on GEOS-Chem simulations, was 116.57 Mg a-1. Soil 

and ocean emissions accounted for the greatest sources of Hg to the atmosphere 45.1 Mg a-1 

and 35.40 Mg a-1, respectively (Table 1), anthropogenic emissions accounted for 20.43 Mg a-

1. Nelson et al. (2012) estimated a total emission of 148 Mg a-1 from natural sources and 15 Mg 

a-1 from anthropogenic sources. Page (2017) estimated a total Hg budget of 110-144 Mg a-1, 

which included ocean and anthropogenic evasion. Page (2017), estimates were determined 

from GEOS-Chem simulations, using inverse ocean simulations and updated chemistry as 

described by (Horowitz et al., 2017). Natural emissions accounted for 93 Mg a-1, which is lower 

than simulated by Nelson et al. (2012). Differences between the different modelled values is 

likely due to the differences in how the rates of natural emissions are calculated. Nelson et al. 

(2012) estimated natural emissions based on activation energy within the substrate and 
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evapotranspiration. Whereas, GEOS-Chem uses a solar constant and air resistance to determine 

natural emissions.  

Table 1. Comparisons of Hg Budget of Australia (rates are in Mg a-1) determined using 
GEOS-Chem here and Hg budgets determined by Page (2017) and Nelson et al., (2012).  

 This study 
Mg a-1 

Page (2017) 
Mg a-1 

Australia (Nelson et 
al. 2012) 

Anthropogenic 20.43 18.3 - 20.1 10 - 20 

Biomass 10.07 10.3 - 10.6 21 - 63 

Soil 45.1 45.6 - 46.5 70 – 210 

Geogenic N/A 5.5 - 10.3 N/A 

Land Legacy 5.57 5.4 - 5.7 N/A 

Ocean (net)* 35.40 24.7 - 50.9 N/A 

Total Sources 116.57 109.9 - 144.2 105 – 305 

Deposition Dry 58.66 54.5 - 56.9 N/A 

Deposition Wet 85.16 60.5 - 84.4 N/A 

Total Sinks 143.82 115.1 - 141.3 N/A 

Net Emissions Flux -27.25 -5.1 - 2.9 N/A 

* Ocean (net) is for ocean sources that fall within latitudes 10° to 45° south and longitudes 
110° to 155° east around Australia’s main land mass 
 

7.4.2 Surface emissions  

 

In order to explore how well Australian estimates match with observation, modelled results 

were compared to observations made at Oakdale. Figure 3 shows daily variability for the 2° x 

2.5° grid square surrounding the Oakdale field site and is limited to GEM emissions. Net 

Emission Flux (NEF) is calculated by the addition of all sources, minus dry deposition. In order 

to be comparable with Oakdale observations only GEM and dry deposition are compared here 
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as reactive mercury and wet deposition were not directly measured at the site. Overall, GEOS-

Chem NEF shows net emissions during austral summer (December, January, February) and 

autumn (March, April, May) and net deposition during winter and spring (Figure 3). The 

overall trend is a similar trend to Oakdale observations. However, observations exhibited 

greater variability. As with the whole of Australia, soil emissions (which is Hg stored in the 

substrate) are the dominant emission source for the region. Soil emissions follow the same 

seasonal trend as the observations, although emissions were still substantial throughout the 

year. Land legacy emissions are the second largest contributor to Hg emissions. Land legacy 

emissions are largely determined by the re-emission of previously deposited Hg from the 

surface. Highest land legacy re-emissions occurred during austral spring and summer. Limited 

land legacy emissions were experienced during winter. 

Observation fluxes are higher than the NEF, showing a greater magnitude and variation, 

however the overall averages are still within range of the modelled values (Table 2). NEF was 

within range of the few flux studies that have taken place in Australia. Hg fluxes measured in 

the alpine region of Australia during austral summer had an average flux of 0.2 ng m-2 h-1, with 

an overnight average of -1.5 ng m-2 h-1 and a daytime average of 1.8 ng m-2 h-1 (Howard and 

Edwards, 2017). Hg fluxes undertaken at a background site near central New South Wales 

presented with similar values, averaging 0.36 ng m-2 h-1 undertaken during austral winter 

(Edwards and Howard, 2013). Average observed Hg fluxes at Oakdale were lower, although 

still with range of these values (0.002 ng m-2 h-1 ± 14.23 ng m-2 h-1). Recent evaluation of 

GEOS-Chem’s terrestrial cycling found that surface emissions did not capture the observed 

diel cycle. Modelled values still exhibited overnight emission despite most observation studies 

experiencing either zero emissions overnight or deposition (Khan et al., 2019). Page (2017) 

also noted that GEOS-Chem failed to capture the appropriate daily variability, despite 

reasonable overall agreement between modelled and observed values.  
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Figure 3. Daily simulated terrestrial surface Hg fluxes and Hg0 dry deposition for the 2° x 2.5° grid square surrounding Oakdale field site, 
along with observation Hg flux measurements made at Oakdale for 2017. Soil is soil Hg emissions, land legacy is Hg emissions from legacy 
sources, anthropogenic is anthropogenic Hg emission sources, Net fluxes are GEOS-Chem net emission sources + Hg dry deposition.
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Despite overall similar seasonal trends GEOS-Chem Hg soil emissions alone are almost double 

observation values. This overestimation may be largely attributed to the nature of the 

observation site. Terrestrial surface emissions are significantly influenced by meteorology, 

substrate properties and dry deposition processes (Pirrone et al., 2010). Despite, Oakdale 

substrate concentrations (68 ng g-1) being similar to the substrate concentrations used by 

GEOS-Chem to estimate soil emissions (50-70 ng g-1) (Selin et al., 2008). GEOS-Chem still 

overestimates the amount of Hg released from soils, indicating that more Hg may be trapped 

within the substrate than is assumed by the model. Background sites have been shown to be 

largely driven by atmospheric deposition driving the amount of Hg available for re-emission.  

Previous studies have found that once Hg is bound in the substrate below depths of 7cm it is 

no longer available for emission (Demers et al., 2013; Obrist et al., 2014). Modelled attempts 

have also found the surface fast response pool to be the greatest driver of surface evasion, with 

little emitted from slow response or armoured pools (Amos et al., 2013).  Therefore, release 

from soils is likely less than what is currently assumed for the model. Chapters 3 and 5 

identified that solar radiation had a significant influence on the emission of Hg from the 

substrate and atmospheric Hg concentrations, particularly during the warmer months when 

solar radiation was highest. As the model uses solar radiation to parameterise Hg surface 

emissions, it is unsurprising that they follow a similar seasonal trend.  

Land legacy Hg emission variation followed Oakdale observation emissions much more 

closely than GEOS-Chem soil emissions and NEF. This suggests that land legacy emissions 

may be the dominant source of Hg to the atmosphere rather than soil emissions alone, as 

suggested by the model output. The previous chapters also identified that the site relied on 

atmospheric deposition for the re-emission of GEM to the atmosphere. As land legacy 

emissions most closely follow observation variability it further confirms that the site is reliant 
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on atmospheric deposition to drive its air-surface exchange. Currently GEOS-Chem only uses 

20% of deposited Hg for immediate re-emission which makes up the majority of land legacy 

re-emissions (Selin et al., 2008). However, Gustin et al. (2015) noted that under field conditions 

is it almost impossible to differentiate between Hg that is undergoing fast response re-

volatilisation and Hg that is being released from longer-term soil storage. Therefore, it is 

plausible that the difference between land legacy emissions and the observed emissions is Hg 

being released from longer-term Hg stores.  
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Table 2. Seasonal Hg source average based on GEOS-Chem output for the 2° x 2.5° grid square surrounding Oakdale field site with 
observation measurements made at the Oakdale field site.  

 Units Summer Autumn Winter Spring Annual 

  Mean SD Mean SD Mean SD Mean SD Mean SD 

Soil µg m-2 d-1 0.25 0.01 0.22 0.01 0.21 0.00 0.22 0.02 0.27 0.02 

Biomass Burning µg m-2 d-1 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 

Land Legacy  µg m-2 d-1 0.03 0.01 0.01 0.01 0.01 0.01 0.04 0.03 0.02 0.02 

Wet deposition µg m-2 d-1 0.30 0.56 0.12 0.30 0.09 0.26 0.24 0.49 0.19 0.28 

Dry deposition µg m-2 d-1 0.25 0.03 0.24 0.01 0.29 0.04 0.35 0.04 0.28 0.06 

NEF µg m-2 d-1 0.03 0.04 0.01 0.02 -0.08 0.04 -0.09 0.06 0.009 0.05 

Observation flux µg m-2 d-1 0.02 0.19 -0.01 0.17 -0.01 0.08 0.01 0.19 0.00 0.22 

Observation dry 
deposition µg m-2 d-1 0.14 0.14 0.20 0.14 0.16 0.09 0.12 0.08 0.17 0.12 

Observation 
deposition velocity 

cm s-1 0.02 0.06 0.04 0.07 0.05 0.07 0.03 0.05 0.03 0.06 

MD % 70.60  -14.29  533.33  975.00  1800.00  
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7.4.3 Terrestrial deposition  

 

Beyond meteorology and substrate properties driving surface evasion, deposition also plays a 

key role, both by determining spatial distribution and influencing what is available for 

immediate reemission from the substrate. As a background site, Oakdale’s surface 

concentrations are largely determined by deposition (Gustin et al., 2006). Figure 4 shows 

modelled deposition trends (both wet and dry deposition trends), and rainfall with observed dry 

deposition and deposition velocity. Modelled dry deposition shows slight seasonal variation, 

peaking mid-spring and decreasing in autumn and winter. Observed dry deposition exhibits the 

opposite trends, peaking in winter and decreasing during the warmer months. GEOS-Chem 

determines dry deposition based on dry deposition velocity (Gustin, 2012) and resistance-in-

series methods (Wesely, 1989). As this approach is based on boundary layer properties it is 

plausible that this may be causing the seasonal differences between modelled and observation 

values.  
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Figure 4. Daily simulated Hg0 dry deposition, along with observed dry deposition and 
observed dry deposition velocity at Oakdale for 2017 (Top). Reactive Hg wet deposition 
and rainfall for the 2° x 2.5° grid square surrounding Oakdale field site (Bottom). 

 

Calculated average deposition velocity for the observed measurements was 0.034 cm s-1 (Table 

2), which aligns with the current velocity used by GEOS-Chem when determining dry 

deposition (0.03 cm s-1) (Selin et al., 2008). Deposition velocities are also similar to those 

recorded for typical background sites which generally have a deposition velocity less than 0.05 

cm s-1 (Zhang et al., 2009), indicating the values presented here are not out of the normal for a 

background field site. Both the observed and modelled deposition velocities were higher than 

those previously observed in Australia. Deposition velocities calculated over bare soils during 
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winter averaged 0.004 cm s-1, while summer alpine grass had a deposition velocity of 0.002 cm 

s-1 (Edwards and Howard, 2013; Howard and Edwards, 2017).  

GEOS-Chem dry deposition values where higher than those observed at Oakdale, averaging 

0.28 µg m-2 d-1, while Oakdale experienced an average dry deposition of 0.17 µg m-2 d-1. 

Oakdale also experienced significantly more diel variability that the GEOS-Chem simulations 

(Table 2). Observed annual GEM dry deposition values are similar to those seen at other 

background sites (62.15 µg m-2 a-1). A South-East Asian background site recorded a multi-year 

annual dry deposition of 66.1 µg m-2 a-1 (Phu Nguyen et al., 2019). Nelson et al. (2009) 

estimated an annual dry deposition significantly less than the modelled GEOS-Chem values 

(102.20 µg m-2 a-1), averaging 21 µg m-2 a-1. Vegetation type and coverage is spatially highly 

variable in the region of Oakdale and is therefore likely to vary within the model grid square.  

Vegetation at Oakdale was limited to surface grass and found to have little influence on Hg 

surface exchange. However, within the grid square is dense forest and sparse agricultural 

grazing fields which could be influencing the modelled deposition rate. 

Dry deposition of Hg is assumed to increase during vegetation growing seasons as stomatal 

uptake increases (Hartman et al., 2009). This trend is seen in the modelled dry deposition, 

where deposition is greatest during spring when vegetation growth is greatest.  However, this 

trend does not align with observation trends. As dry deposition is determined by resistance in-

series, which is in turn determined by leaf-area index, it is unsurprising that modelled trends 

follow an assumed growing season. However, using resistance-based calculations does not 

fully describe the physiological processes that may also influence dry deposition, such as 

vegetation stomatal responses to environmental conditions and lack of description of terrain 

complexity (Khan et al., 2019). While vegetation is a key determinant of dry deposition, the 

presence of vegetation at the Oakdale observation site was found to have little influence on Hg 
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exchange (Chapter 3, Paper 1). Dutt et al. (2009) found that total deposition fluxes at Glenville, 

New South Wales, were generally higher during the drier winter months, due to a combination 

of prevailing wind direction and lower mixing heights. Similar trends where seen at Oakdale 

where deposition rates where highest during autumn and winter, when it was also driest 

(Chapter 3, Paper 1).   

Modelled Hg wet deposition was found to significantly influence variability of annual Hg 

trends. Overall though, wet deposition values were lower than dry deposition, averaging 0.19 

µg m-2 h-1. However, as wet deposition measurements were not made at Oakdale field site it is 

not possible to compare modelled values with observed values. Modelled values here were 

slightly higher than other attempts to model wet deposition rates in Australia, with an annual 

value of 6.69 µg m-2 a-1, compared to Nelson et al. (2009) who estimated wet deposition to be 

5 µg m-2 a-1. Both these values were significantly less than those observed by Dutt et al. (2009) 

who measured an annual average wet deposition of 29.13 µg m-2 a-1. However, these 

measurements were made in the vicinity of multiple coal-fired power plants which likely 

increased the amount of reactive Hg available for deposition. Modelled values however, do fall 

within the range of wet deposition observations for both the European monitoring station 

network and United States Mercury Deposition Network which reported ranges between 4-16 

µg m-2 a-1 and 4-20 µg m-2 a-1, respectively (Travnikov et al., 2017).  

7.5 Model verses observation evaluation 
 

Comparisons between modelled and observed values was performed for modelled NEF with 

observed Hg flux and for modelled atmospheric GEM and observed atmospheric GEM (Figure 

5). Correlations, in the form of linear least squares regression, between observed and simulated 

Hg fluxes were poor (r = 0.02), while model simulations and observed atmospheric GEM had 
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a strong and statistically significant correlation (r = -0.69, p-value <0.05). Differences between 

Oakdale’s observated atmospheric Hg and Hg fluxes suggest that GEOS-Chem is able to 

capture the overall atmospheric concentration but not the variability. This is likely because 

multiple interacting factors influence Hg exchange that also shift across temporal scales. 

Furthermore, the negative slope further indicates that GEOS-Chem is failing to accurately 

capture the seasonality seen in the observation measurements.  

 

Figure 5.  Linear least square regression for observation Hg flux with simulation NEF 
(GEOS-Chem) (top) and observation atmospheric Hg0 (ng m-3) with simulation 
atmospheric Hg0 GEOS-Chem (bottom). 
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Mean Difference (MD) values further indicate that GEOS-Chem fails to accurately predict Hg 

flux variability at Oakdale, overestimating annual emissions by 1800% (Table 2). Summer and 

autumn observations were the closest to modelled values, while winter and spring were 

dramatically overestimated. Page (2017) found that GEOS-Chem did not accurately simulate 

Hg characteristics found at an inland site in Glenville, New South Wales. The inability for 

GEOS-Chem to predict Hg characteristics at this site was attributed to the fact that Glenville 

was heavily influenced by local atmospheric conditions (Dutt et al., 2009) that could not be 

accurately captured when using a global transport model. Atmospheric GEM at Oakdale was 

also found to be influenced by variation in meso-scale atmospheric circulation across the year 

(Chapter 5, Paper 3).  Spring’s large overestimation is likely because the model assumes 

increased dry deposition during the growing season, leading to net deposition. However, 

Oakdale observations indicated increased emission caused by greater photo-reduction in the 

substrate. Autumn observations were the closest to modelled values (MD 14.11%), however, 

the model predicted net emission while the observations exhibited net deposition. The modelled 

emission value is most likely driven by the increased biomass burning emissions during this 

time. The close alignment between simulated values and observations during the warmer 

months is likely a reflection of natural surface emission within GEOS-Chem being a function 

of solar radiation and soil temperature which were also observed to be the dominant drivers of 

Hg surface emissions at the Oakdale field site. 

7.6 Limitations and conclusions 
 

The purpose of this chapter was to evaluate how well the understanding of natural Hg cycling 

in Australia developed here aligns with the current global understanding of Australia’s Hg 

cycle. In order to achieve this, default GEOS-Chem simulation was run to simulate the sources 
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and sinks of Hg. This model was chosen as it represents the most scientifically up-to-date 

method for simulating the Hg cycle. Australia’s Hg budget calculated here was 116.57 Mg a-1 

which was in range of previous attempts to quantify Australia’s Hg budget. GEOS-Chem 

output did not accurately predict Hg exchange at Oakdale observation site, significantly 

overestimating net emission fluxes. This was largely driven by a significant over-estimation of 

dry deposition during spring and winter.  

The comparison undertaken here only examines a single terrestrial site over a 12-month period. 

Comparison with a single site is likely too limited to accurately capture the Australia-wide 

contribution. Furthermore, the highly spatial and temporal variability of the Hg cycle is likely 

not fully represented by a single stationary site.  However, GEOS-Chem results did agree with 

other multiple site studies. The daily and seasonal variability of the modelled simulations failed 

to accurately capture the high temporal variability seen in the observation data.  Winter and 

spring concentrations tended to be over-estimated whereas autumn and summer agreed 

relatively well. Winter and autumn dry deposition trends were also underestimated.  A 

combination of substrate properties and local air circulation is likely causing this difference. 

The use of a global model will not accurately simulate local atmospheric conditions which can 

heavily influence timing and magnitude of Hg air-surface exchange. Inclusion of more sites 

would help counteract this.  

Better quantification of Hg storage in Australian substrate would better inform the life-time of 

Hg in the terrestrial environment. The observation study used for comparison was primarily 

driven by fast response re-emission at the surface. Mercury isotopes can be used to differentiate 

soil mercury between geogenic sources and atmospheric-derived mercury that has been 

incorporated into organic matter, thereby determining terrestrial storage (Demers et al., 2013. 

Analysis of this type has not been performed in Australia but would be useful for determining 



 

161 
 

how Hg is transferred to long-term storage and the amount of Hg currently stored there. As 

found in Chapters 3 and 5, Hg exchange at this site is largely driven by the atmosphere but it 

is unclear what is being transferred into the longer-term storage and what is undergoing 

immediate re-emission, and it is not possible to distinguish between the two using flux 

measurements alone.  

Net Deposition was found to have a significant influence on the modelled values, however, 

observation values do not show the same trend. Dry deposition within GEOS-Chem is 

determined based on leaf area index influencing resistance terms. Variation in vegetation type 

and density with the Oakdale grid square is likely influencing modelled dry deposition rate 

causing them to be higher than observation values. Further, the influence of vegetation 

coverage on Hg deposition is largely unknown for Australia and as such comparison and 

understanding is limited. Further research is needed into the spatial variability of dry deposition 

in the Australian environment and how different vegetation types can influence these rates.   

Overall, the Hg budget for Australia aligns with what has been previously modelled for 

Australia. However, daily variably is not captured well by the model, likely due to multiple 

interacting factors influencing Hg exchange on local scales. There is still a significant need to 

better quantify Australia’s contributions across different vegetation types. There is also a need 

to update Australia’s contribution and the global drivers of terrestrial Hg exchange. Deposition 

and emission processes are still treated separately despite being known to be a highly coupled 

process. Given the importance of atmospheric GEM as a source and sink to/from ecosystems 

and complex bi-directional exchange behaviour, an improved parameterisation of atmosphere-

surface exchange of GEM on a global scale is needed to facilitate a better understanding of the 

principal mechanisms governing Hg dispersion and cycling in the atmosphere. 
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CHAPTER 8 
KEY FINDINGS AND 

CONCLUSIONS 
 

Mercury (Hg) biogeochemical cycling is a complicated and highly variable process, 

particularly in the terrestrial environment. The work presented here is one of the first long-term 

Hg air-surface exchange studies to take place in the Southern Hemisphere and clearly 

demonstrates the complexities of understanding the drivers and parameters affecting emission 

and deposition in the environment. Behaviour of Hg in the environment varies considerably 

across temporal and spatial scales due to variation in environmental conditions such as 

meteorological drivers, plant production, and atmospheric chemistry. The primary focus of this 

thesis was to determine key drivers of Hg’s natural cycle within an Australian context. 

Understanding of the causes of variation across different and understudied ecosystems is vital 

for quantifying the global nature of Hg and better mitigating the environmental and health 

consequences.  

Atmospheric GEM, RM and Hg0 flux concentrations were all low at the Oakdale field site, 

averaging 0.68 ng m-3 (±0.22 ng m-3) , 2.41 pg m-3 (±1.68 pg m-3) and 0.002 ng m-2 h-1 (±14.23 

ng m-2 h-1) , respectively. Most notably atmospheric Hg was below the currently held 

background concentrations for the Southern Hemisphere. Temporal variations where driven by 

changes in chemical and physical drivers both in the atmosphere and at the surface. Winter 

exhibited the lowest atmospheric concentrations (0.43 ng m-3) and net deposition to the surface, 
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while summer experienced highest atmospheric concentrations (0.88 ng m-3) and net surface 

evasion. RM 2-weekly concentrations also peaked in summer (3.43 pg m-3) and were lowest in 

winter (1.93 pg m-3). Removal from the atmosphere is facilitated by photochemical 

transformation of GEM to RM and subsequent wet and dry deposition. Relationships observed 

between ozone, specific humidity and Hg suggest both aqueous and gaseous phase oxidation 

appear to be playing a key role in the reduction of GEM to RM.  

Hg fluxes overall experienced emissions during the day and deposition at night during the 

warmer months and net zero exchange or daytime deposition during the cooler months. 

Summertime evasion was driven by increased volatilisation and photoreduction of Hg. Higher 

temperatures and incoming radiation during the warmer months increased photoreduction in 

both the substrate and the atmosphere, increasing Hg evasion from the surface and producing 

higher concentrations within the atmosphere. Chapter 5’s atmospheric trends follow a similar 

pattern, where higher summer atmospheric Hg concentrations were caused by increased surface 

evasion at the field site coupled with a change in atmospheric circulation patterns that 

transported urban polluted air masses to the field site. Spring photochemical oxidation heavily 

influenced atmospheric concentrations due to increased urban influences, while vegetation 

uptake and photoreduction influenced surface exchange.  

 Wintertime deposition appears to primarily be driven by a combination of vegetation uptake 

and reduced surface emission caused by lower incoming radiation and temperatures. Lower net 

radiation and temperatures observed during winter reduce the ability for volatilisation and 

reduction reactions to occur in the substrate, allowing vegetation uptake to drive Hg flux trends. 

Autumn Hg fluxes indicated little influence from environmental variables, with diel composite 

trends showing little variation.  The lack of relationship was likely caused by decreases in 

photoreduction occurring in the substrate, reducing evasion, and senescence causing a 

reduction in deposition. This leads to an overall balance between emission and deposition in 
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the Hg fluxes. Circulation patterns during winter and autumn were also such that atmospheric 

Hg concentrations where driven by air masses transported from ocean sources or rural 

terrestrial surfaces leading to lower atmospheric concentrations. 

Vegetation at Oakdale had with little influence over the net emissions. This is most likely 

because vegetation spatial coverage is not sufficient enough to be the dominant source or sink 

of Hg to the atmosphere, allowing soil emissions to drive Hg exchange. Spring diel Hg fluxes 

indicated emissions during the day and near zero exchange overnight, despite the strong 

negative CO2 flux observed over the same time, indicating that the influence of temperature 

and solar radiation on the evasion of Hg from the substrate is greater than the rate of uptake by 

vegetation at this site.  For grasslands/low vegetated sites to see significant vegetation uptake 

of Hg, the parameters that most influence Hg exchange, net radiation, and air and soil 

temperature, need to be simultaneously reduced.  

Rainfall and soil moisture appear to have very little lasting influence on Hg fluxes at this field 

site, despite it commonly assumed to be key drivers of Hg surface evasion at background sites. 

Simultaneous spikes in both soil volumetric water content (VWC) and Hg emissions suggest 

that Hg was being forced from the substrate by the infiltrating water.  As the water infiltrates 

the soil column Hg-containing air within the soil pores is displaced into the atmosphere, 

resulting in a spike in Hg emission. There is also little evidence to suggest the Hg fluxes are 

influenced by the change in VWC beyond this initial spike. Despite VWC averaging between 

14.03% and 30.23% across the study duration, no enhancement in Hg fluxes was observed, 

contrary the literature stating otherwise. Further, when VWC reached above 30%, Hg flux 

suppression was also not observed contradictory to the findings of Briggs and Gustin (2013). 

As a background site, Oakdale’s substrate Hg concentrations are largely driven by deposition 

processes which replenish the substrate Hg pool, it is possible the pool is easily depleted and 

not quickly replenished. Similar spikes in negative Hg fluxes demonstrate scavenging of Hg 
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from the atmosphere occurring alongside the spikes in emissions. This deposition is introducing 

Hg back to the substrate likely in the form of Hg2+. However, the initial pulse in Hg emissions 

appears to be sufficient to deplete Hg stores within the substrate, while atmospheric deposition 

and Hg2+ reduction reactions in the substrate are insufficient to see any prolonged flux 

enhancement. 

Release of Hg from soils and vegetation during fires is a significant source of Hg to the 

atmosphere, however, no efforts have been made to quantify actual rate of release within the 

Australian environment. Chapter 6 found that Hg release during biomass burning was less than 

previously assumed, largely due to low Hg concentrations in both vegetation and soils. 

Volatilisation of Hg was found to occur predominantly during the early flaming combustion 

phase of the burns when flame temperatures are highest. The majority of Hg stored within the 

biomass fuel was released during this initial stage. With the onset of smouldering combustion, 

Hg emissions were considerably lower. Emission ratios obtained during the flaming stationary 

stage of the experimental burns (0.56 ± 0.01×10−7) were deemed to give the most realistic 

representations of Hg release from the fuels. Comparison with plume strike data collected from 

Cape Grim Baseline Air Pollution Station in Tasmania (0.58 ± 0.01×10−7) confirmed this as 

the most appropriate value for estimating mercury release. These values are ∼62% lower than 

the global average used previously to estimate Australian biomass burning mercury release. Hg 

emission rates obtained in this study resulted in a conservative Hg emission factor of 28.7 ± 

8.1 μg kg−1 for surface fuels, considerably lower than previous emission factors used in 

modelling emission of mercury from biomass burning in Australia. 

The analysis undertaken here only represents a single site or in the case of Chapter 6 a single 

vegetation type. Further, the Hg flux concentrations presented here were low (close to method 

resolution) and highly variability. This therefore limits the ability to definitively state that the 

relationships and drivers of the Hg cycle identified here are indicative of the whole of Australia 
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or even South-Eastern Australia. More long-term flux studies need to be undertaken in 

Australia across the different climate and vegetation zones to better quantify how 

representative this site is of Australia’s natural Hg cycle. Vegetation has been shown in the 

Northern Hemisphere to be a significant driver of Hg air-surface exchange, however, that was 

not found to be the case here. In order to gain a better understanding of the role of vegetation 

within the Australian environment, flux studies in regions with more substantial and variable 

vegetation cover are required. Australia experiences significant inter-annual variability in its 

rainfall. Therefore, multiyear studies are needed to determine if the lack of relationship 

observed between Hg flux and soil moisture persists when annual rainfall is higher or less than 

was observed in this study. As stated in Chapter 6, temperate eucalypt forests represent only a 

small and less regularly burned proportion of Australia’s vegetation zone. Therefore, a greater 

understanding of Hg concentrations within different vegetation types, particularly savannah 

grasses, and release during both prescribed and wild fires is needed to better quantify Hg release 

from biomass burning. RM measurements made as part of this study were of coarse temporal 

resolution making it difficult to assess relationships with fast reacting photo-chemical oxidants. 

Therefore, finer resolution RM measurements are needed to better determine the nature of RM 

reactions and deposition patterns over terrestrial landscapes.   

Understanding of Australia’s contributions to the global mercury cycle is vital for ensuring 

Australia meets the requirements laid out in the Minamata convention.  With limited 

anthropogenic sources across the whole of Australia, the natural component of the cycle is a 

primary contributor to Australia’s Hg budget. As demonstrated throughout this thesis, 

Australia’s climate has a significant impact on the rate and timing of terrestrial emissions and 

atmospheric transport to and from the continent. Measurements of Hg concentrations in 

ambient air support the conclusion that Hg deposited in remote areas may originate from 
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anthropogenic sources far away. Thus, Hg becomes a global problem not only affecting local 

areas that are heavily industrialised, but also areas that are remote from emitting sources.  
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APPENDIX 1 

Table 3. Student two-way t-tests for diel Hg flux composite day/night values at Oakdale, 
New South Wales, from 3 April 2017 to 21 June 2018 

 p t-score SD df 95% confidence 

Winter  0.02 -2.41 1.99 46 -2.62 -0.24 

Spring  0.36 1.06 1.06 46 -0.34 0.93 

Summer 0.67 -0.43 1.92 46 -1.39 0.90 

Autumn  0.5 1.67 1.67 46 -0.65 1.34 
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APPENDIX 2 

Table 1. Seasonal average and standard deviation (SD) for Hg fluxes (Hg flux), fluxes 
measured during no rainfall (no rain Hg flux) and Hg fluxes measured during recorded 
rainfall (Rain Hg flux) at Oakdale, NSW (3 April 2017 to 21 June 2018). 

Year Season Hg flux  
(ng m-2 h-1) 

No rain Hg flux 
(ng m-2 h-1) 

Rain Hg flux  
(ng m-2 h-1) 

Mean SD Mean SD Mean SD 

2017 Autumn -0.32 17.66 0.33 9.36 -6.82 13.91 

Winter -0.12 11.53 -0.62 10.12 3.76 39.06 

Spring 0.25 9.88 0.17 8.78 3.94 19.50 

2017/2018 Summer  0.34 16.60 0.71 6.31 1.70 19.92 

2018 Autumn -0.20 14.70 -0.17 15.50 -1.23 14.70 

Winter -0.40 16.66 0.03 16.69 -4.93 15.68 

All  0.00 14.23 0.02 11.29 1.03 20.78 

 

Table 2. Student T-test between Hg fluxes that occurred during rainfall and no rain 
period (Rainfall) and Hg fluxes that occurred when VWC increased 1 standard deviation 
above the mean VWC at 5cm (VWC change), separated seasonally. Including 95% 
confidence intervals (CI +, CI -), Standard deviation (SD) and t value.  

 Rainfall VWC change 

Winter Spring Summer Autumn Winter Spring Summer Autumn 

p-
value 0.19 0.001 0.14 0.73 0.01 0.75 0.07 0.16 

CI - -0.93 1.00 -0.58 -2.17 -2.70 -1.02 -0.08 -0.34 

CI + 4.79 4.12 4.07 3.11 -0.40 0.73 2.59 2.07 

SD 11.55 10.00 17.25 15.12 11.50 9.87 16.62 14.68 

t 1.32 3.20 1.47 0.35 -2.64 -0.32 1.84 1.40 
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APPENDIX 3 

Table 1. Student two-way t-tests for seasonal variability for both GEM and RM at 
Oakdale, New South Wales, from 3 April 2017 to 21 June 2018.  

 p t-score SD df 95% confidence 
Winter 2017 

GEM 
<0.01 6.80 0.08 2453 0.02 0.03 

Spring 2017 
GEM 

<0.01 -59.44 0.16 5597 -0.29 -0.27 

Summer 
2017/2018 GEM 

<0.01 -38.43 0.19 7640 -0.18 -0.16 

Autumn 2018 
GEM 

0.00 57.20 0.18 7552 0.23 0.25 

Spring 2017 
RM 

<0.01 -4.56 0.91 11 -3.41 -1.19 

Summer 
2017/2018 RM 

0.66 0.45 1.50 12 -1.39 2.10 

Autumn 2018 
RM 

0.30 1.09 2.05 12 -1.20 3.58 

 

Table 2. Student two-way t-tests for diel GEM composite day/night values at Oakdale, 
New South Wales, from 3 April 2017 to 21 June 2018.  

 p t-score SD df 95% confidence 

Winter  0.21 1.27 0.01 46 -0.0 0.01 

Spring  0.003 -3.18 0.02 46 -0.03 -0.01 

Summer 0.005 -2.97 0.05 46 -0.07 -0.01 

Autumn  0.002 -4.12 0.01 46 -0.03 -0.01 

 

 



 

190 
 

APPENDIX 4  

The paper is included in the thesis as it represents a significant body of work undertaken during 

the PhD candidature. However, it was not included in the main body of the thesis as it does not 

fit with the key aims. The paper has been accepted for publication in the journal: Exposure and 

Health (DOI: 10.1007/s12403-019-00332-w) and was originally intended as a companion to 

the paper presented in chapter 6. 
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