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Fe dry deposition fluxes of (F(TFe) and F(LFe), nmol m-2 d-1). Enrichment factors EFFe are 

presented relative to both the average UCC [37] and HIMI rock composition (this study). 

Samples are ordered by increasing estimated distance (km) to the west (W) and to the east of 

Heard Island (HI). 

Table 5.2. Trace metal content of volcanic seamounts and debris avalanche rocks collected in 

the vicinity of Heard (HI) and McDonald (MI) Islands (mg g-1). The averaged metal 
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concentrations in HI rocks are used as reference in the calculation of enrichment factors (EF) 

in aerosols for the target trace metals. 

 

Chapter 6 

Table 6.1. A posteriori model estimates of TFe source partitioning for each region considered, 

including the Australian marine regions of the Coral Sea (CSMR), the North (NMR), the 

Temperate East (TEMR), the North West (NWMR), as well as Heard and McDonald Islands 

(HIMI) and SR3 (140ºE) regions of the SO. Atmospheric sources considered include dust, oil 

and coal combustion and biomass burning (BB). Results are expressed as percentages. 

Table 6.2. A posteriori model estimates of SFe for each region considered, including the 

Australian marine regions of the Coral Sea (CSMR), the North (NMR), the Temperate East 

(TEMR), the North West (NWMR), as well as Heard and McDonald Islands (HIMI) and SR3 

(140ºE) regions of the SO. Atmospheric sources considered include dust, oil and coal 

combustion and biomass burning (BB). 

 

Chapter 7 

Table 7.1 Averaged aerosol Fe measurement in distinct regions of the Southern Hemisphere. 

The soluble (SFe) and labile (LFe) fractions and the ratio of SFe/LFe in aerosols are expressed in 

percent (%) and the total Fe concentration (TFe) in aerosols is in ng m-3. 

Table 7.2. Dominant source(s) of aerosols in each sub-region investigated according to both 

model prediction (IMPACT) and field measurements-based hypothesis (air-mass back-

trajectories, enrichment factors calculations). Parenthesis indicate sources that were solely 

suggested from field data but were not captured by the model.   
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Thesis Abstract 

 

Half of the world oceans’ productivity is limited by the availability of the micronutrient iron 

(Fe), including marine phytoplankton in high nutrient low chlorophyll regions and 

diazotrophic bacteria (nitrogen fixers) in low latitude regions. Iron is therefore a key 

regulator of global climate through its control on the biogeochemical cycling and drawdown 

of atmospheric carbon dioxide. One major source of iron to marine ecosystems is 

atmospheric transport of aerosols from desert dust, biomass burning, volcanoes and 

anthropogenic emissions. 

 

Recent efforts have been made through international research programs such as 

GEOTRACES and SOLAS to gather critical biogeochemical data on aerosols. However, the 

small and sparsely located aerosol sources present in the Southern Hemisphere (SH), 

compared to the Northern Hemisphere, remain largely understudied. Such paucity of field 

observations induces large uncertainties in model predictions of atmospheric Fe deposition, 

and the subsequent response of marine biological productivity in this region. Australia has 

often been considered to be one of the largest dust sources to the SH oceans in past 
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interglacial periods, with strontium and neodymium isotopic signatures of Australian soil 

found in East Antarctic ice cores, but this is based on only a small dataset. This thesis reports 

data from an unprecedented ship-board atmospheric sampling effort in the vast marine region 

surrounding Australia and in the Southern Ocean (SO), between the latitudes 33 - 66 S, and 

the longitudes 71° - 150° E). 

 

A further obstacle to better understand the oceanic deposition of atmospheric Fe is the current 

lack of standard laboratory procedures for the analysis of key chemical parameters in 

aerosols. Thus, there are large discrepancies in global aerosol datasets (GEOTRACES 

Intermediate Data Products and SOLAS Implementation Product). After an extensive review 

and assessment of existing laboratory techniques, a 3-step leaching protocol was developed 

and assessed. It defined and quantified the concentrations and solubilities (soluble and labile 

fractions) of a range of bio-essential trace metals (including Fe), as well as key chemical 

tracers of dust source (aluminium and titanium) and anthropogenic emissions (lead and 

vanadium) in aerosols. 

 

This leaching protocol was then applied to a large set of aerosol samples, providing the first 

continental-scale insight of Fe properties in aerosols collected in ocean waters surrounding 

Australia’s coast. Further analysis of key atmospheric tracers (levoglucosan and radon 

concentrations) and the use of atmospheric tools (air-mass back-trajectories and satellite fire 

detection) highlighted a striking contrast between rather low Fe solubility (average LFe=6%) 

measured downwind major dust sources to the west of Australia compared to enhanced Fe 

solubilities (average LFe=14 - 22%) found in aerosols from more industrial regions to the east 

and south west of Australia. Moreover, surprisingly high Fe solubilities (>20%) in all 

aerosols from northern Australia were attributed to the frequent bushfire activity previously 
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reported in this region. These results suggest that Australia contributes an important 

atmospheric source of labile Fe to the southern Indian Ocean and to the Arafura and the 

Timor seas, north of Australia. 

 

In regions farther offshore, along the atmospheric dust transport path south of the Australian 

continent, external sources of Fe (and other trace metals) to surface SO waters were much 

scarcer. Aerosol sources may, however, trigger disproportionate responses from anaemic 

(i.e., iron-deplete) phytoplankton in this region. Atmospheric sampling along the 

GEOTRACES oceanographic section GIPY06 (SR3 section along 104ºE, [132.0ºE, 150.0ºE, 

66.5ºS, 42.8ºS] Marine National Facility - MNF, Australia) allowed the measurement of a 

1000-fold gradient (13 – 22235 pg m-3) in Fe concentration between aerosols collected close 

to Tasmania and Antarctica (high values) compared to open SO aerosols (low values). 

Prevailing air masses along this section (derived from the HYSPLIT trajectory analysis tool) 

successively originated from Australian, South America and southern Atlantic Ocean, and 

finally from Antarctica. Long-range atmospheric transport, over thousands of kilometers, was 

associated with high aerosol Fe solubilities (22 - 100%), likely resulting from increased 

atmospheric processing and as well as a mixture of atmospheric air-masses of various origins. 

A second atmospheric study was undertaken in the SO around the high iron high productivity 

waters near volcanically-active Heard and McDonald Islands (HIMI, HEOBI voyage [71.3ºE, 

147.5ºE, 54.2ºS, 31.9ºS] MNF), a region where new internal lateral Fe inputs from the 

Kerguelen plateau have been observed. Atmospheric input of Fe-rich aerosols was identified 

at proximity to Heard Island (~2000 pg m-3), which was attributed to emissions from the 

island’s erupting volcano “Big Ben”. However, such emissions were associated with 

relatively low soluble Fe fractions in aerosols (up to 9%). Aerosols collected in the HIMI 

region only comprised soluble Fe (as defined by our 3-step leaching protocol) which may 
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highlight solubility-enhancing interactions with acidic volcanic emissions near the island and 

intense atmospheric processing over long-range transport in the open SO.   

 

The findings presented in this thesis significantly contribute to a better understanding of Fe-

bearing aerosol geochemistry in the SH. Finally, these new data on Fe solubilities and 

concentrations in various oceanic regions close to Australia and further away in the Southern 

Ocean was implemented into a biogeochemical model to fine-tune the model projections on 

atmospheric Fe over the SH oceans.   

 

This work also highlighted the need for defining standard laboratory procedures to gather 

coherent and comparable aerosol data globally. An ongoing sampling effort along new and 

repeat oceanic transects would also enhance identification of key recurring aeolian deposition 

features (rather than single sporadic events) to aid with climatological assessment of the 

effect of trace metals delivered by aerosol deposition on marine productivity. 
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Chapter 1. Literature review 

 

1.1 Aerosols, their key role in the Earth System: an introduction  

The Intergovernmental Panel on Climate Change (IPCC) reports have each emphasized the 

numerous and significant ways aerosols impact the global climate (Fig 1.1). Some 

atmospheric particles can absorb or scatter incoming and outgoing radiation exchanged by 

the Earth-atmosphere system, inducing a radiative forcing (RF) phenomenon which can 

either warm (positive RF) or cool (negative RF) the Earths’ surface (Boucher et al., 2013; 

Solomon et al., 2007).  

 

Depending on their size and composition, both anthropogenic and natural aerosols can act as 

cloud condensation nuclei (CCN) or ice nuclei (IN) upon which cloud droplet and ice crystals 

aggregate. Increasing amounts of CCN and IN in the atmosphere from incremental 

anthropogenic emissions leads to a redistribution of water droplets in clouds resulting in a 

greater number of smaller droplets gathered around CCNs. The consequences are greater 

cloud areal coverage and an increase in the associated backscattering action of radiation to 

space, also called “cloud reflectivity”. This indirect effect of aerosols on the Earth RF is 

known as the “cloud albedo” or “Twomey” effect (Boucher et al., 2013).  

 

Such increased numbers of smaller droplets, induced by the presence of CCN in clouds, 

create droplets which may be too small and therefore not heavy enough to induce 

precipitation. The cloud’s hydrological cycle becomes altered through the reduction or 

suppression of drizzle. As a result, clouds lifespan expands, and clouds increase in height 
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which reduces or suppresses incoming solar radiation (Boucher et al., 2013). This cascade 

effect is a feedback loop system where less precipitation results in drier soils which, in turn, 

increases the likelihood for soil emission in the form of dust under wind erosion (McTainsh 

and Strong, 2007).  

 

 

Fig 1.1. Direct and indirect impacts of aerosols on the Earth radiative budget; from the 

IPCC’s Fourth Assessment Report (Solomon et al., 2007). 

 

Another critical reason that focused the interest of scientists in atmospheric particle 

composition and cycling, is the key role aerosols play among the Earth system 

biogeochemical cycles (Fung et al., 2000; Jickells et al., 2005; Martin and Fitzwater, 1988a). 

Phytoplanktonic organisms are key protagonists in the regulation of the global climate 

through the photosynthetic uptake of atmospheric carbon dioxide (CO2). This primary 

production mechanism drives the biological carbon pump which allows CO2 to be fixed 

photosynthetically by marine plant biomass, some of which aggregate into larger particles 

and sinks into the oceans’ interior where it may be sequestered (Boyd and Ellwood, 2010; 

Martin and Fitzwater, 1988a).  
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1.2 Biogeochemistry of a vital micro-nutrient, iron  

1.2.1 Iron, the ultimate limiting nutrient 

Although iron (Fe) is the fourth most abundant element in the Earth’s crust, this metal is quite 

insoluble and therefore only occurs in seawater at nano-molar to sub nano-molar 

concentrations (i.e., trace concentrations). Iron is a vital micronutrient for aquatic organisms, 

including its role in metabolic processes such as photosynthesis, the production of the 

adenosine triphosphate enzyme (ATP), and nitrogen fixation (Hutchins and Boyd, 2016; 

Morel and Price, 2003; Raiswell and Canfield, 2012; Schoffman et al., 2016; Ussher et al., 

2004). However, the scarcity of Fe in seawater is thought to limit about half of the world 

ocean ecosystems (Boyd and Ellwood, 2010; Martin and Fitzwater, 1988b; Moore and 

Doney, 2007), as displayed in Fig 1.2.  

 

In High Nitrate Low Chlorophyll (HNLC) regions, abundant quantities of the macronutrients 

nitrate (N), phosphate (P) and silicate (Si), do not lead to high primary productivity because 

the lack of Fe limits the growth rate of marine phytoplankton (Boyd et al., 2000). At (sub-) 

tropical low latitudes, ocean productivity is mainly limited by low supply of macro-nutrients, 

however the high Fe requirement for the catalysis of the nitrogenase enzyme limits the ability 

of diazotrophic bacteria such as Trichodesmium to fix dinitrogen (Jickells et al., 2016; 

Mahowald et al., 2018). 
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Fig 1.2.  Estimate of ocean iron limitation regions for diatoms, small phytoplankton, and 

diazotrophs, based on an ocean biogeochemistry model (Mahowald et al., 2018). Dark purple 

areas show HNLC marine regions.  

 

In regions where iron supply limits phytoplankton growth, secondary co-limitation 

phenomenon can occur when the seawater concentration of other key micro-nutrients is also 

low (Browning et al., 2017). In the presence of sufficient underwater sunlight, key nutrients 

such as silicon (Si), cobalt (Co), vitamin B12 (Moore et al., 2013) or manganese (Mn) 

(Mahowald et al., 2018) can further restrict marine organism development. Browning and co-

workers showed that 14% of oceanic ecosystems suffer a co-limitation by N and Fe, either 

simultaneously or in succession (Browning et al., 2017). 

 



 5 

1.2.2 Modes of iron supply to seawater  

Sources of new Fe to pelagic marine ecosystems are displayed in Fig 1.3 and include riverine 

inputs and continental erosion near coastal areas (Boyd and Ellwood, 2010; Ussher et al., 

2004), glacier outflow, seasonal ice retreat, iceberg melt, and continental shelf supply in polar 

environments (Lannuzel et al., 2016) and island wakes (Blain et al., 2007) and hydrothermal 

vents (Tagliabue et al., 2017) in the remote open ocean. 

 

In addition to new inputs from external sources, Fe can undergo abiotic and biotic retention, 

recycling and remineralization processes which participate in keeping Fe in suspension 

within the water column (Fig 1.3) (Boyd et al., 2017). Part of the external supply of Fe is 

initially retained in the surface water by the formation of complexes with excess ligands 

present in the surface water (Buck et al., 2017). Viral activity (lysis, ligands) and grazing 

participate in recycling Fe within the water column and limit Fe scavenging and sinking to 

the deep ocean (Boyd et al., 2017). Remineralization of sinking particles and detritus is 

another mechanism for Fe stabilisation in euphotic waters (Bressac et al., 2019; Moore et al., 

2002). Abiotic mechanisms such as the photochemical reduction of Fe colloids 

and transformation into inorganic iron colloids further retain externally-supplied Fe in the 

upper ocean (Ussher et al., 2004). Seasonal or sporadic injection of recycled Fe occur through 

physical processes such as coastal or deep water upwelling, lateral transport, or deep winter 

mixing (Tagliabue et al., 2017).  

  

 The atmospheric pathway is a major nutrient carrier (including Fe) to the ocean 

through the deposition of Fe-laden aerosols (Jickells et al., 2005). Natural sources of aerosols 

to the atmosphere include dust from large sandy deserts and arid regions, natural fires, 

volcanic eruptions. Sea sprays contain both organic particles and acidic compounds which 
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may interact with nutrient-bearing aerosols upon deposition to the ocean, however further 

study is required to deepen the knowledge in this field (McCoy et al., 2015). Anthropogenic 

activity also results in the emission of large quantities of aeolian particles from industrial 

combustion of fossil fuel and heavy oil (including shipping), household emissions, biomass 

burning, road dust and agricultural practices, which modify the composition and chemical 

reactivity of the atmosphere (Baker and Croot, 2010). Iron-laden aerosols are transported 

within air-masses, and can travel long distances from the emission source before being 

deposited to the surface ocean either under gravitational settling or impaction as dry 

deposition, or within rainfall or other precipitation (e.g., snow, fog, hail) as wet deposition 

(Mahowald et al., 2009; Shelley et al., 2017). 

 

 

Fig 1.3. Major sources and processes that influence iron biogeochemistry in the ocean. 

Modified from (SCOR Working Group, GEOTRACES Science Plan, 2007).   

 

1.2.3 Bioavailability of iron for marine ecosystems 

In order to be taken up and used up by marine organisms, essential micronutrients such as Fe 

need to exist in the water column in a “bioavailable” form (Baker and Croot, 2010; Mackie et 
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al., 2008; Raiswell and Canfield, 2012), which is thought to include both soluble and 

colloidal forms of Fe (Baker and Croot, 2010). 

 

A large fraction of Fe supplied to seawater adsorbs onto suspended particulate matter and is 

scavenged from the water column (Shelley et al., 2016). However, natural mechanisms exist 

which stabilise Fe in soluble and potentially bioavailable forms within the pelagic zone. 

Aqueous Fe(II) is produced in seawater by the photo-reduction of Fe(III)-containing colloids. 

Moreover, eukaryotic phytoplankton are capable of reducing iron (oxyhydr-)oxide colloids 

by adsorbing the metal onto its cell surface (Raiswell and Canfield, 2012). While inorganic 

Fe(III) complexes were observed in seawater, most surface ocean Fe is present in chelated 

form with organic binding ligand such as siderophores or humic substances which are 

released by prokaryotic microbes to maintain Fe in solution (Shelley et al., 2016). 

Nevertheless, 50% of colloidal and nanoparticulate Fe in the water column is thought to be 

inert towards ligand exchange and present in nano-sized iron (oxyhydr)oxide aggregates 

(Raiswell and Canfield, 2012). Remineralization of Fe during bacterial degradation or 

zooplankton grazing is another important source of recycled soluble (and potentially 

bioavailable) Fe (Ussher et al., 2004).  

 

The biogeochemical cycling of Fe in the ocean is complex and subject to large spatial and 

seasonal variations (Boyd et al., 2017; Tagliabue et al., 2017). Despite large field and 

laboratory efforts undertaken over the past decades, further study is necessary to better 

constrain the roles of different biological, chemical and physical processes involved in the 

biogeochemical cycling of Fe in the ocean (Tagliabue et al., 2019, 2017). 
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1.3 Atmospheric sources of iron 

1.3.1 Mineral dust 

Dust is formed in arid regions where sand and dry soil particles are mobilised horizontally by 

strong winds. Upon settling back to the ground such transported particles impact other soil 

particles leading to the formation of more small particles in a process called saltation 

(Prospero et al., 2002; Squires and Karami, 2016). When a wind threshold velocity is 

reached, small soil particles are lifted up into the atmosphere and transported within air-

masses over, sometimes, long distances before being deposited to land or to the ocean surface 

(Jickells et al., 2005; Mackie et al., 2006). Between 48 and 82% of dust is composed of 

aluminosilicates (clay) which contain up to 5% Fe when the metal substitutes Mg or K in 

ionic bonds (Fu et al., 2010). Other soil particles entrained in the atmosphere include highly 

enriched oxides (hematite, magnetite) and hydroxides (goethite) minerals which contain 

between 50% and 77% Fe as an integral part of their crystalline lattice (Journet et al., 2008; 

Meskhidze et al., 2015). 

 

Dust sources were shown to compose up to 95% of the global atmospheric Fe budget 

(Mahowald et al., 2009). However, field observations and laboratory experiments revealed 

extremely low solubilities for Fe contained in dust, from less than 1% for Fe bound to oxide 

to up to 4% for Fe in clay (Journet et al., 2008). This result contrasts with greater Fe 

solubilities measured in aerosols throughout the world, which either imply the existence of 

other sources of more soluble Fe (Johnson and Meskhidze, 2013), or the occurrence of 

physical and chemical processes which enhance mineral Fe solubility over the atmospheric 

transport (Shi et al., 2015). 
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Other natural sources of aerosols such as wild fires (known as “bushfires” in Australia), 

volcanic eruptions, or anthropogenic processes (including fuel and oil combustion and 

biomass burning from agriculture and forestry, for example) were shown to emit more 

soluble Fe (>10%) to the atmosphere (Baker et al., 2016). Under scanning electron 

microscopy, combustion fly ash can be differentiated from other aerosol sources (mineral, 

organic, biogenic, marine salt) according to their small particle size, having a round 

geometrical shape (Chou et al., 2008) compared to coarse and angular-shaped of dust 

particles (Winton et al., 2016a). Combustion processing (e.g., high temperature and pressure) 

and the greater surface area to volume ratio associated with smaller particle size leads to 

much greater Fe solubilities, ~18% in biomass burning aerosols (Bowie et al., 2009), 20% to 

25% in coal fly ash (Chen et al., 2012) and up to 81% in oil fly ash (Schroth et al., 2009). 

Even though the magnitude of total combustion Fe emissions remains smaller than that of 

dust, such high Fe solubilities of anthropogenic combustion sources can account for over 

20% of soluble iron deposited over the global ocean using model simulations (Luo et al., 

2008; Scanza et al., 2018). In the Southern Hemisphere, models estimate that 45% of the 

oceanic deposition of soluble Fe is due to combustion sources such as bushfires (Scanza et 

al., 2018).  

 

1.3.2 Factors influencing aerosol Fe solubility 

The source of aerosols exerts a primary control on its subsequent solubility (Ito et al., 2019a). 

Additionally, transformations and weathering processes take place during the atmospheric 

lifespan of Fe-bearing particles which alter the physical and chemical properties of aerosols 

and enhance Fe solubility (Knippertz and Stuut, 2014). Upon deposition to seawater, 

physicochemical and biological processes will exert a final control on the fraction of aerosol 
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Fe that is stabilised in the water column. The conceptual model in Fig 1.4 summarizes both 

the atmospheric and oceanic controls on aerosol Fe solubility (Baker and Croot, 2010) .  

 

 

Fig 1.4. Conceptual model summarizing the atmospheric and oceanic controls on aerosol iron 

solubility; from (Baker and Croot, 2010). 

 

1.3.2.1 Source and mineralogy 

The nature of the particle source has been suggested to exert a primary control on aerosol Fe 

solubility in the ocean (Ito et al., 2019a). Indeed, while Fe from dust is generally 

characterised by an extremely poor Fe solubility (<1%), pyrogenic sources, both 

anthropogenic and natural, display higher Fe solubility at emission, with ~33% soluble Fe 

reported in fine mode (<1 µm) aerosols from biomass burning (Hamilton et al., 2019) and up 

to 81% in oil fly ashes (Schroth et al., 2009). Higher Fe solubility in combustion aerosols 

may be explained by the presence of readily soluble Fe forms like Fe sulfate salts or by the 

solubility-enhancing effect of combustion processes (Ito et al., 2019a). 
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Although mineral Fe generally shows low solubility, the individual composition and structure 

of Fe-containing dust results in variability in the measurements of Fe solubility as well as in 

the reactivity of the particles towards atmospheric processing (Journet et al., 2008). Iron-rich 

(hydr-)oxide lattices such as hematite, goethite, magnetite or ferrihydrite generally display 

less than 0.01% soluble Fe due to their strong Fe-O crystalline lattice bonds. On the contrary, 

aluminosilicates (illite, smectite and kaolinite) and feldspars, in which Fe is less abundant, 

show solubilities of between 1% and 5%, as Fe is found as a substitute to another metal 

(magnesium, potassium) in ionic chemical bonds or as a free metal (also called impurity), 

respectively (Journet et al., 2008).    

 

1.3.2.2 Atmospheric controls on aerosol Fe solubility 

Laboratory experiments investigating the sole variability in aerosol sources could not 

reproduce extremely high aerosol Fe solubilities, sometimes exceeding 50%, reported in field 

studies. This observation implies the existence of processes leading to enhanced aerosols 

solubility following particle emission (Mahowald et al., 2005; Shi et al., 2009). 

 

Immediately after uplift, heavier dust particles are gradually removed from the atmosphere by 

gravitational settling. This phenomenon increases with the distance from the emission source 

as half of the atmospheric dust load is thought to be lost within <1500 km from the emission 

source (Boyd and Ellwood, 2010; Prospero, 1990). This physical process was suggested to 

induce an inverse relationship between the concentration and solubility of aerosol Fe 

whereby low Fe loading downwind from atmospheric sources comprise smaller aerosol size 

mode, which increased the surface area to volume ratio and resulted in a higher dissolution 

capacity of the particle’s iron content (Baker and Croot, 2010; Sedwick et al., 2007; 

Sholkovitz et al., 2012). 
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Iron chemistry is highly sensitive to environmental pH variations (Ussher et al., 2004). 

During the atmospheric transport, Fe-bearing aerosols undergo multiple evaporation and 

condensation cycles within clouds. While the pH within clouds is generally rather neutral 

(pH~5), the evaporation of cloud droplets leaves a thin aqueous film around cloud aerosols. 

Such deliquescent layer can reach acidic pH, below 2, which assists the dissolution of Fe 

present at the surface of aerosols, leading to enhanced aerosol Fe solubility. Multiple evapo-

condensation cycles occur before the removal of aeolian particles from the atmosphere under 

dry or wet deposition (Duce and Tindale, 1991; Shi et al., 2015). 

 

Similarly, an extremely low pH (below 1) acidic coating can form around aerosols in the 

presence of sulfuric and nitric acids at high atmospheric humidity (Cwiertny et al., 2008), 

initiating proton-promoted dissolution of Fe at the surface of aerosols (Johnson and 

Meskhidze, 2013). Such acidic particles can have a natural origin such as the release of sulfur 

dioxide by volcanoes or dimethyl sulphide (DMS) by marine species, or they may be emitted 

by human activities as in the case of nitrogen and sulfur oxides, for example 

(Myriokefalitakis et al., 2018). 

 

At higher atmospheric pH (3<pH<6), organic ligands such as oxalate, formate and acetate 

(Baker and Croot, 2010) can adsorb onto the surface of oxide mineral surfaces where they 

create covalent bonds (Fe-O) to one or two Fe atoms. This ligand-mediated dissolution 

weakens the chemical bond between Fe and its source mineral, leading to the formation of 

free Fe-ligand complexes. In sunlight, the latter Fe(III)-ligand complexes undergo a photo-

reductive transformation of Fe(III) into Fe(II)-ligand complexes. The weak stability of Fe(II) 

at environmental conditions results in the Fe(II)-ligand complex acting as an electron donor 
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which will induce the reductive dissolution of a new surface mineral Fe atom, forming two 

stable Fe(III)-ligand complexes and so on (Johnson and Meskhidze, 2013).  

 

The current understanding on solubility-enhancing atmospheric processes undergone by 

aerosols mostly result from laboratory experiments including cloud chamber (Tang et al., 

2016) and various acid- and ligand-promoted dissolution experiments (Meskhidze et al., 

2019; Shi et al., 2012, 2011). However, more field observations are necessary to better 

constrain the exact nature of particles and processes involved in such atmospheric reactions 

together with potential spatial and temporal variabilities (Myriokefalitakis et al., 2018). 

 

1.3.2.3 Oceanic controls on aerosol Fe solubility 

Upon deposition to the ocean, further enhancement of aerosol Fe solubility occurs. 

Atmospheric particles entering seawater pass through the sea surface microlayer, where high 

concentration of ligands and organic surfactants and the abundance of sunlight leads to 

solubility-enhancing complex formation, organic coating of dust and photo-reduction 

processes (Boyd et al., 2010; Mackie et al., 2005). However, further study is required in this 

field as no standard sampling procedures and definitions of the sea surface microlayer exist to 

date (Meskhidze et al., 2019). Also, uncertainties remains on the formation and composition 

of this thin oceanic surface layer and its potential effect on the solubility of aerosol deposited 

to seawater (Baker and Croot, 2010). However, a different pathway was suggested for wet 

deposition of aerosols, as they may be capable of breaking through the sea surface microlayer 

and directly entering the water column with minimal interaction with the surface water (Buck 

et al., 2006).  
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The global ocean is characterised by a pH ~8, reaching the condition of minimum dissolution 

of Fe(III) (Ussher et al., 2004). However, following deposition in the ocean, further physical 

and chemical processing will maintain aerosol Fe in dissolved or colloidal forms in surface 

seawater (Spokes and Jickells, 1996). Although a fraction of seawater soluble Fe is found as 

inorganic Fe(III), complexation with organic ligands (siderophores or transparent exo-

polymeric substances, for example) was suggested to exert a major control on seawater Fe 

solubility. Such ligands can be released either directly by marine phytoplankton and bacteria 

or as a result of zooplankton grazing activity (Baker and Croot, 2010; Gledhill and van den 

Berg, 1994; Hassler et al., 2014). In the absence of organic ligands, soluble nano-particle 

clusters were also shown to maintain Fe in solution, however, it is unclear whether such 

aggregates result from Fe adsorption onto organic matrices or from an amalgamation of iron 

and organic colloids (Baker and Croot, 2010). 

 

Other factors influencing the solubility of aerosol Fe post deposition to the ocean include the 

removal of Fe due to increased particulate scavenging and greater sinking rates following 

large atmospheric input from volcanic eruption (Duggen et al., 2010) or dust storms (Guieu et 

al., 2014). Photochemical reduction of Fe as well as ligand complex formation continue to 

occur in the euphotic zone and lead to increased Fe residence times in the upper water 

column. Furthermore, following macro-zooplankton grazing, soluble Fe-loaded waste is 

excreted back to seawater and participates in the recycling of the latter metal (Ratnarajah et 

al., 2014). Direct dissolution of Fe colloids also result from micro-zooplankton grazing 

(Baker and Croot, 2010). 

 

While physico-chemical transformations of Fe delivered by aerosols is thought to occur over 

short time-scale of seconds to hours, further processing of atmospheric particles in the water, 
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including microbial and photochemical reactions, may influence the fraction of soluble Fe in 

the water column for periods of days to weeks (Boyd et al., 2010).  

 

1.3.3 Aerosol Fe solubility, a laboratory-based definition 

In the environment, the solubility of aerosol Fe is highly variable according to the particle’s 

mineralogy, source and size, the atmospheric conditions encountered along transport 

pathways, and the characteristics of seawater at the place of deposition. Such influential 

parameters, in turn, vary between geographical regions and seasons, which result in natural 

Fe “solubility” in aerosols being a highly complex parameter.  

 

In practice, assessment of Fe solubility from bulk aerosol collection commonly involves 

laboratory leaching experiments on the filter samples, giving the resulting “solubility” 

measurement an operational definition (Chen and Siefert, 2004; Winton et al., 2015). Aerosol 

fractional Fe solubility is then reported using the equation (1): 

Fractional Fe solubility (%) = ["#]	&'	(#)*+),#
["#]	-.((./&'0	1&0#2,&.' ∗ 100   (1), 

 

where the concentration of Fe, [Fe], measured in the leachate is divided by the total [Fe] in 

aerosols obtained following a complete digestion of a duplicate sample filter. Laboratory 

measurements of aerosol Fe solubility are used as a first approximation for the bioavailable 

Fe fraction contained in aerosols (Shelley et al., 2018).  

 

Numerous leaching protocols have been reported in the literature for quantifying the “soluble 

Fe” fraction in aerosols, with variations in the leaching solution (solvent chemical reactivity, 

pH, ligand addition or not), extraction time, and manifold setup (batch or flow-through 

leach). Additionally, a range of nomenclature was used interchangeably between protocols 
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and studies, using terms like “soluble, “labile”, “extractable”, “dissolved”, “reactive”, 

“leachable” and many more to define the Fe “solubility” (Clough et al., 2019; Perron et al., 

2020). Such a lack of standard procedure and nomenclature has led to solubility data that are 

not readily comparable between studies (Clough et al., 2019). 

 

Recent efforts have been made by the international GEOTRACES (Schlitzer et al., 2018) and 

SOLAS (Surface Ocean Lower Atmosphere Study, (Brévière and the SOLAS Steering 

Committee (eds.), 2016)) research programs to gather worldwide aerosol biogeochemical 

observations in large databases freely available for scientists to ground-truth new field and 

laboratory observations and to fine-tune biogeochemical models. However, the large 

uncertainties residing in the variety of laboratory protocols and terminologies used ultimately 

limits our understanding and biases the evaluation of model predictions on the atmospheric 

deposition of essential macro- and micro- nutrients to the ocean and the subsequent impact on 

marine ecosystems (Myriokefalitakis et al., 2018).  

 

1.4 Atmospheric Fe deposition: regional setting  

1.4.1 Atmospheric sources and circulation, contrasts between the Northern 

and Southern Hemispheres  

Global patterns of predominant atmospheric circulation divide the globe into three latitudinal 

zones, with easterly winds at polar latitudes (60-90°), trade winds around the tropics (0-30°) 

and westerlies between 30° and 60° of latitude. However, large differences also exist in the 

sources and composition of aerosols between the northern and the southern hemispheres (NH 

and SH, respectively) as shown in Fig 1.5 and Table 1.1.  
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Fig 1.5. NASA Goddard's model illustration of the contrast in aerosol iron sources type and 

size between the dust (red) and anthropogenic combustion (white)-dominated Northern and 

the Southern Hemispheres where wild fire and biomass burning (green) and sea spray (blue) 

are the major aeolian sources.  

 

The NH comprises almost equal proportion of land and ocean surface and includes the largest 

dust sources in the world, namely the Sahara, Gobi, Arabian, and Californian deserts 

(Mahowald et al., 2009; Wang et al., 2015). Extensive industrial activity in the USA, Europe, 

India and China greatly contribute to anthropogenic emissions of pollutants to the NH 

atmosphere, influencing atmospheric conditions which will lead to specific atmospheric 

processing of aerosols. 

 

About 93% of the SH is covered with ocean, leaving few and sparsely located land to act as 

dust sources, including Australia, Patagonia and the south-western regions of Africa (Mackie 

et al., 2008). The magnitude of the dust emissions south of the Equator is much smaller than 

in the north, enhancing the role of other atmospheric sources to the SH atmospheric loading. 

Devastating fires frequently affect the vast extents of dense vegetation and agricultural field 
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on SH lands (Fig 1.5) which contribute large emissions to the atmosphere at the time of the 

fire events but also enhance dust emitted from post-fire landscapes (Hamilton et al., 2019). 

Consequently, 50% of the atmospheric deposition of soluble Fe to the SH oceans may be 

attributed to combustion aerosols (Hamilton et al., 2019). The SH accounts for little-human 

activity (compared to the NH) which reduces the potential for atmospheric processing of dust 

by proton promoted reactions with anthropogenic pollutants (Myriokefalitakis et al., 2018).  

 

Table 1.1. Differences between the Northern and Southern hemisphere relevant to 

atmospheric studies. Adapted from (Mackie et al., 2008). 

Property Northern Southern 
Land 30-70° (x 106 km2) 63 8 
Ocean 30-70° (x 106 km2) 50 104 
Major deserts surface area (x 106 

km2) > 11,5  ~4.3 

Proportion of global oceanic dust 
deposition 

>80% <20% 

Time period of dust intrusion over 
the ocean 

Sahara: year-round, 
spring/summer peak 

Gobi: year-round, 
spring/summer peak 

Australia: irregular, 
spring/summer only 
South Africa: every 
~11 days year-round 
Patagonia: year-round, 
spring/summer peak 

Solubility-enhancing pollutants  High Low 
Dominant aerosol source Dust / Anthropogenic Dust / Biomass burning 
Monthly insulation (W m-2) 405±40 (15°N)  360±150 (30°S) 
Extent of LNLC ocean (NH as ref 
=1) 1 1.5 

Extent of HNLC ocean (NH as ref 
=1) 1 4  

 

1.4.2 Australia  

Australia has often been identified as a major source of aerosols, mostly dust, to the Southern 

Ocean both in the past interglacial (Revel-Rolland et al., 2006) and current (Li et al., 2008; 
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Neff and Bertler, N.A.N., 2015) eras, as shown by field evidence of strontium and 

neodymium isotopic signatures of Australian dust in Antarctica ice cores and by modelling 

studies (Li et al., 2008; Neff and Bertler, N.A.N., 2015), respectively. 

 

The ‘outback’ region in the centre of Australia is the second largest arid desert on Earth and 

comprises sand dunes towards the west and large geological basins towards the east. Three 

major “dust paths”, shown in Fig 1.6, characterise Australia atmospheric circulation (Bowler, 

1976). Starting in the large saltation basin of the Lake Eyre (Fig 1.6), mineral dust emitted to 

the atmosphere is carried north-westwards towards the Indian Ocean, after passing over the 

large sandy deserts and the Western Australia central plateau. An equally important dust path 

finds its origin in the Murray Darling saltation basin and flows south-eastwards into the 

northern Tasman Sea after crossing the highly industrial coastline of New South Wales. A 

third, smaller atmospheric depression blows over the southernmost coastline of Western 

Australia and drive particle deposition into the Great Australian Bight (Baddock et al., 2015; 

Bowler, 1976). Such uplift and transport processes of dust within air masses is evidenced by 

frequent dust storm events when enormous amounts (2-5 mega tons) of Fe-containing red 

dust is carried to surrounding marine areas (Gabric et al., 2010; Hesse and McTainsh, 2003; 

Mackie et al., 2008; McTainsh and Strong, 2007).  

 

Australia’s overall population density is small, with most human settlements concentrated on 

the south-eastern coastline and in the 8 state and territorial capital cities. Therefore, the global 

contribution of anthropogenic pollutants to Australia’s atmospheric loading is restricted to the 

densely-populated south-eastern region and major cities. Atmospheric loading of human 

activity-derived pollutants is otherwise considered moderate on Australia’s coasts and 

extremely small inland. Power production, road dust, fuel and oil combustion, agriculture, 
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mining and shipping are the main activity that contribute to emissions of anthropogenic 

aerosols in Australia (Winton et al., 2016b). 

 

Furthermore, agricultural lands of the south western mainland (Titelius, 2016), the tropical 

savannah in the north of the country (Mallet et al., 2017; Winton et al., 2016b) and the 

temperate forests of the south-eastern mainland and Tasmania (Guerette et al., 2018) are all 

frequently affected by large seasonal bushfires. Both dust storms and bushfires sporadically 

occur over the driest seasons of the austral spring and summer (Mackie et al., 2008; Winton 

et al., 2016b), increasing atmospheric delivery of Fe-laden aerosols to the surrounding 

oceans, which has been reported to enhance marine primary productivity (Gabric et al., 

2015). 

  

Australia’s surface area is about 7.7 million km2 and covers tropical, subtropical and 

temperate climates, landscapes and marine regions. Therefore, the emission, transport and 

deposition of atmospheric Fe widely differs between locations across the continent. Distinct 

marine ecosystems around Australia can be expected to present different responses to 

atmospheric Fe deposition. Temperate latitude oceans south of the mainland and around 

Tasmania are characterised as HNLC and may greatly benefit (in terms of increased marine 

productivity) from external Fe inputs from the atmosphere. Coral reef ecosystems have also 

been shown to exhibit Fe-deficiency in the Coral Sea and Great Barrier Reef waters north-

east of Australia (Shick et al., 2011). In the northern Tasman Sea oligotrophic waters and in 

the tropical waters, Fe deposition from aerosols may stimulate nitrogen fixation from 

diazotrophic bacteria (Winton et al., 2016b). 
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The irregularity of atmospheric emissions, the number of atmospheric transport pathways and 

the variety of marine ecosystems subjected to aeolian Fe deposition complicate the 

acquisition of representative atmospheric samples (Mackie et al., 2008). Very few 

observations and laboratory experiments are available to date to describe aerosol composition 

and source apportionment in Australia’s atmosphere. Large uncertainties remain regarding 

the atmospheric loading and deposition fluxes to seawater associated with Australian 

aerosols. Furthermore, key factors controlling Fe solubility along the atmospheric transport 

within Australian air-masses need to be better constrained in order to understand field 

observation of aerosol solubility and to better assess the potential impact on the ocean 

primary productivity. 

 

 

Fig 1.6. Major atmospheric “dust pathways” in Australia according to (Bowler, 1976). Figure 

adapted from (Hesse and McTainsh, 2003). 
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1.4.3 Southern Ocean (SO) 

Despite the SO south of 30°S being the largest HNLC marine region on Earth (Boyd et al., 

2000; Martin and Fitzwater, 1988a), satellite images show that phytoplankton blooms usually 

occur between the late spring and early summer seasons (Boyd et al., 2000). Such phenomena 

likely result from input of new Fe to the surface water which allows temporary relief of SO 

phytoplankton Fe-limitation. Potential sources of Fe in the SO are smaller and more localised 

than in that of the NH, including advective transport of continental margins erosion, 

hydrothermal plumes, sediment resuspension at shallow bathymetry, volcanic eruptions, ice 

melt and sea-ice retreat near Antarctica and finally, atmospheric transport (Ussher et al., 

2004; van der Merwe et al., 2019). 

 

Long-range transport and processing of aerosols within air masses has been suggested to 

explain higher aerosol Fe solubility (>10%) measured in the SO (Ito et al., 2019a; 

Myriokefalitakis et al., 2018). However, only few and sparsely located ship-board 

measurements are currently available to constrain the atmospheric fluxes of soluble Fe to the 

open SO (Myriokefalitakis et al., 2018). Generally, small deposition fluxes of soluble aeolian 

Fe were reported from isolated data points across the SO, with values between 4.3 and 7.5 

nmol m-2 d-1 in the south Atlantic (Baker and Jickells, 2017), 0.2-3.2 nmol m-2 d-1 around the 

Kerguelen plateau (Wagener et al., 2008), 0.03-25.5 nmol m-2 d-1 in the south Indian ocean 

(Gao et al., 2013) and 0.1-7.4 nmol m-2 d-1 in the SO south of Australia (Bowie et al., 2009; 

Winton et al., 2015). Despite the rather small atmospheric fluxes calculated, aerosol Fe 

deposition to the SO can trigger disproportionate responses from anaemic marine 

phytoplankton (Mahowald et al., 2005). 
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1.5 Tracking aerosol Fe source apportionment, atmospheric tracers and tools 

Despite increasing efforts in collecting atmospheric samples and undertaking laboratory 

experiments relevant to the SO atmospheric system, discrepancies remain between modelling 

outputs and field observations in this key region, highlighting a poor understanding of aerosol 

Fe loadings, solubilities and atmospheric processing in the SH (Ito et al., 2019a; Mahowald et 

al., 2018). Laboratory measurements of atmospheric Fe solubility largely depends on the 

relative contribution of different aerosol sources comprised in aerosols. This is commonly 

achieved by using a variety of atmospheric tools and chemical tracers analysis (Winton et al., 

2016a, 2016b).  

 

1.5.1 Air -mass back-trajectories 

HYSPLIT, from the Air Resource Laboratory (NOAA), is one of the most commonly used 

tool for air-mass trajectory and dispersion calculations (Rolph et al., 2017; Stein et al., 2015). 

This freely available online model allows the simple and rapid visual assessment of all 

plausible atmospheric transport pathways included in aerosols collected at a computed time 

and location in order to identify potential source regions included in aerosols. Despite the use 

of archived meteorological datasets within the model, the nature of ship-board aerosol 

sampling, occurring over a few days and several kilometers of distance, increases the 

likelihood for atmospheric samples to include a mixture of air-masses of various origins. In 

that case, HYSPLIT output should be interpreted as an indicative tool rather than an exact 

analysis of aerosol back-trajectory and should be combined with other atmospheric tracer 

analytical tools (Chambers et al., 2018). 
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1.5.2 Atmospheric tracers 

1.5.2.1 222Radon 

Having an exclusive crustal origin and a short half-life of 3.82 days, atmospheric radon 

(222Rn) concentrations provide an unambiguous tracer of recent terrestrial influences within 

air-masses. The study of atmospheric 222Rn concentrations can distinguish atmospheric 

transport of air-masses influenced by continental input (high222Rn concentrations), including 

dust or anthropogenic pollutant, from those which have only received oceanic influence (low 

222Rn concentrations (Chambers et al., 2018)). 

 

1.5.2.2 Black Carbon (BC) 

Black carbon refers to carbonaceous particles emitted by volcanic eruption, biomass burning 

and anthropogenic combustion processes. Therefore, depending on the regional setting of a 

study region, analysis of atmospheric BC can be a useful indicator of the presence of natural 

or anthropogenic combustion aerosols in atmospheric samples (Byčenkiene et al., 2013). 

Moreover, emission ratio of Fe/BC were suggested to further differentiate fire emissions from 

other sources of BC (Hamilton et al., 2019). 

 

1.5.2.3 Levoglucosan 

The anhydrosugar levoglucosan, and its isomers mannosan and galactosan, solely originate 

from the pyrolysis of cellulose and hemicellulose emitted by wildfires (bushfires), prescribed 

burning (including deforestation and agricultural practices) and domestic (e.g., fireplaces and 

stoves) bio-fuel combustion (Zangrando et al., 2016). Levoglucosan is the most abundant 

isomer and its concentrations in the atmosphere varies according to the type of vegetation 

burnt. That way, the sole presence of levoglucosan in aerosols was suggested to represent an 
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unambiguous tracer of biomass burning emissions in aerosols (Sanz Rodriguez et al., 2019). 

Further studies suggested that the ratios of levoglucosan to mannosan (Lev/Man) and 

levoglucosan to mannosan and galactosan (Lev/Man+Gal) may provide information on the 

type of vegetation burnt, however such data should be interpreted with caution as a small 

number of observations are available and report large spatial variabilities in the ratios 

(Bhattarai et al., 2019; Sanz Rodriguez et al., 2019). 

 

1.5.2.4 Enrichment factor 

If mineral dust dominates the atmospheric flux of Fe to the global ocean, bulk aerosol 

collection often includes Fe originating from several atmospheric sources. On the contrary, 

aluminium (Al) and titanium (Ti), are mostly emitted by crustal materials and therefore 

constitute good tracers of lithogenic aerosols. In order to discriminate Fe with a lithogenic 

origin from other sources such as anthropogenic Fe, the mass ratio of Fe/Al or Fe/Ti is 

compared to the same ratio measured in a reference averaged upper continental crust (UCC) 

(McLennan, 2001). This enrichment factor (EF) indicate a dominant mineral origin for 

aerosol Fe for a value close to 1 (Shelley et al., 2015). 

 

Similarly, EF can be calculated for other trace metals in aerosols to highlight atmospheric 

sources of anthropogenic pollutant or volcanic emissions. Anthropogenic combustion of 

fossil fuel emits large amount of pollutants to the atmosphere, including but not restricted to 

copper (Cu), lead (Pb), nickel (Ni), and zinc (Zn) and heavy oil combustion particularly 

releases vanadium (V). For these metals, EF calculation often exceeds the threshold EF value 

of 10, indicating a significant metal enrichment in aerosol compared to the averaged UCC 

content which originate from anthropogenic emissions (Shelley et al., 2015). A significant 
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enrichment is highlighted by an EF exceeding 10 to account for the natural variability in 

upper crust metal abundance between regions (Shelley et al., 2017). 

 

1.5.2.5 Uncertainties related to the use of atmospheric tools and tracers 

As mentioned above, the complexity of atmospheric circulation over a period of a few days 

(as required for aerosol samples collected from a ship-based platform) is unlikely to be 

accurately reflected by HYSPLIT air-mass back-trajectory projections. However, the freely 

available model is a good indicative tool which should be used in conjunction other tracers of 

air-mass origin such as the atmospheric concentration of 222Rn (Chambers et al., 2018). 

 

Large regional variabilities exist in the trace metal abundance of the upper Erath crust. 

Indeed, Australian soil was demonstrated to contain up to 50% more Fe than the averaged 

upper crust (Mahowald et al., 2005). Differences in the metal content but also in the Al (or 

Ti) content between various mineral sources on Earth will greatly influence the calculation of 

EFs. Consequently, EF data should be interpreted with caution using background knowledge 

on the baseline crust composition of a study region and potential composition of other 

emission sources.  

 

As mentioned in section 1.3.3, measurements of atmospheric concentration and solubility of 

key elements in aerosols are subjected to large uncertainties due to the range of laboratory 

protocols used in the literature (Perron et al., 2020). Atmospheric deposition fluxes are often 

calculated as the laboratory-measured concentration of a target element in aerosols multiplied 

by atmospheric particle’s deposition velocity. That way, the uncertainty associated with 

laboratory measurement is passed on to the estimate of atmospheric fluxes. While in the 

environment, aerosol deposition velocity varies greatly according to particle’s size, wind 
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speed, and atmospheric humidity (Marsay et al., 2018), study estimates often simplify this 

term to a constant, which further increases the uncertainty associate to atmospheric 

deposition flux data (Duce and Tindale, 1991; Marsay et al., 2018). All these uncertainties 

should be accounted for when comparing data between studies. 

 

1.5.3 Modelling 

In the past two decades, modelling approaches were extensively developed and applied in 

conjunction with field and laboratory observations to enhance our understanding of Earth 

biogeochemical systems (Ito et al., 2019a; Mahowald et al., 2005; Myriokefalitakis et al., 

2018). Modelling can be used for a range of applications from simple representation of the 

atmospheric deposition of key nutrients (especially N, P and Fe) to the ocean as we currently 

understand it, to the simulation of potential impact on marine ecosystems, or the projection of 

future deposition under different climate change scenarios (Baker et al., 2017; 

Myriokefalitakis et al., 2018). Models can also shed light on relevant scientific questions to 

address and focus on in field campaigns through test-runs where the sensitivity of model’s 

outputs to individual variables is assessed. 

 

Figure 1.7 shows that total aerosol Fe over the global ocean is overall correctly estimated by 

models. However, slight overestimation of the modelled total Fe near downwind of major NH 

emissions sources (Fig 1.7 a, 10 : 1 upper dashed line) and a large underestimation of 

atmospheric Fe loading in the open SO (Fig 1.7 a, light blue and black triangles) result from 

the model when compared to field observations (Mahowald et al., 2018). The highest 

uncertainty in modelling representation resides in the representation of aerosol Fe solubility. 

Indeed, comparison of observations and model estimates of aerosol Fe solubility (Fig 1.7 b) 

highlights the large uncertainty in our understanding of key factors controlling aerosol Fe 
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dissolution (Mahowald et al., 2018). Most model evaluations report an overestimation of the 

soluble Fe fraction in aerosols of the NH while the computation of soluble Fe in aerosols of 

the SH (and especially the open SO) cannot reproduce the high (>10%) measurements 

reported from the field (Mahowald et al., 2018; Myriokefalitakis et al., 2018).  

 

 

Fig 1.7. Comparison of model projections versus field observations Scatter plot comparing 

model output and field/laboratory observations of a) total iron and b) iron solubility in 

aerosols from (Mahowald et al., 2018). Triangle colours represent observations from North 

America (purple), North Atlantic (dark blue), South Atlantic/S. Africa/ S. America (light 

blue), Europe (green), N. Pacific/Asia/N. Indian (orange) and S. Pacific/S. Indian (black). 

 

A recent inter-comparison study demonstrated that large variabilities also exist between 

models estimates of total and soluble atmospheric Fe deposition. This results in differences in 

the parametrisation of processes such as emissions, transport, ageing and deposition of 

aerosol Fe (Myriokefalitakis et al., 2018). This evaluation study underlined the need for 

constant development and assessment of existing models. A better comprehension of the 

relative importance of aerosol emission sources and wet versus dry deposition processes as 

well as the identification of Fe solubilisation key processes in various regions is necessary to 
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fine-tune model parameters. More field observations are necessary, especially in HNLC 

regions and in the SH with a growing demand for long-term time series datasets and 

increased effort on rain water sampling. More laboratory experiments could provide 

additional information on already identified and potentially unknown solubility-enhancing 

processes (Shi et al., 2012). The standardisation of laboratory protocols would also greatly 

reduce the uncertainty between field measurements of soluble Fe used in models. New 

investigation should also focus on other trace metals key to biogeochemical cycles as they 

can catalyse or inhibit ocean productivity (Mahowald et al., 2018; Myriokefalitakis et al., 

2018). 

 

1.6 Thesis work  

1.6.1 Gaps in the global knowledge and research aims 

Numerous uncertainties remain regarding our understanding of key sources and atmospheric 

processes driving aerosol solubility and deposition to the SH oceans. As a result, the role of 

atmospheric deposition in supplying key nutrients such as Fe remains poorly constrained. 

However, in the vast HNLC region that represents the SO, it is critical to understand the 

mechanisms underpinning external input of potentially bioavailable Fe as they can trigger 

disproportionate responses from the anaemic phytoplankton.  

 

A major limitation to our understanding resides in the small number of field observations 

available in the SH, and especially over the SO. The lack of standard laboratory procedures 

(and nomenclature) to assess aerosol Fe solubility prevents accurate comparison of data 

obtained between studies, limiting the global knowledge on atmospheric Fe deposition and 
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biasing model outputs. Finally, the nature of atmospheric processing driving the atmospheric 

solubility of Fe-laden dust and biomass burning particles in the SH is still unclear. 

 

This research project aims to investigate the contribution of atmospheric sources of soluble 

Fe from Australia to the surrounding seawater and to the SO south of Australia. This was 

achieved through a large aerosol sampling effort undertaken within the study region over the 

3 years of the project. The assessment and adaptation of low blank level ship-board sampling 

techniques and laboratory protocol allowed the analysis of trace concentrations of a suite of 

key trace metals, including Fe, and atmospheric tracers in aerosols (Chapter 2). Analysis 

were undertaken on aerosols collected during participation in several oceanographic 

campaigns: 5 voyages sailed between August 2016 and November 2017 in the coastal waters 

of Australia near the continent’s emission sources (Chapter 3), 1 voyage sailed from 

Tasmania to Antarctica along the meridional oceanographic transect SR3, GEOTRACES 

process study GIPY06 in January-February 2018 (Chapter 4, part 1), and 1 voyage (with 

sampling undertaken by the PI Andrew Bowie) from Western Australia to the unique 

volcanic ecosystem of Heard and McDonald Islands in the Indian SO (Chapter 4, part 2). For 

all study regions, analysis intended to describe aerosol composition, source apportionment 

and potential solubility-enhancing processes. Resulting observations were then used to obtain 

preliminary fine-tuned model outputs to better represent atmospheric Fe deposition in the SH 

(Chapter 5). 

 

1.6.2 Layout of the thesis 

This PhD project has produced a number of manuscripts and peer-reviewed publications 

which are either published, under review or in final preparation process before submission. 

These manuscripts make up the body (chapters) of this dissertation. Statement of co-
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authorship for publications resulting from this thesis can be found in Appendices A. This 

thesis is organised into the following sections:  

1. Introduction 

Chapter 1 introduces the state of the art of atmospheric Fe deposition to seawater, with an 

emphasize on Southern Hemisphere, especially Australian, sources, atmospheric transport 

and potential impact on the vast SO HNLC area. 

2. Chapter 2 / Paper 1 

M.M.G. Perron, M. Strzelec, M. Gault-Ringold, B.C. Proemse, P.W. Boyd, A.R. Bowie, 

Assessment of leaching protocols to determine the solubility of trace metals in aerosols, 

Talanta. 208 (2020). doi:10.1016/j.talanta.2019.120377. 

3. Chapter 3 / Paper 2 

M.M.G. Perron, B.C. Proemse, M. Strzelec, M. Gault-Ringold, P.W. Boyd, E. Sanz 

Rodriguez, B. Paull, A.R. Bowie, 2020. Assessment of leaching protocols to determine the 

solubility of trace metals in aerosols, Talanta. 208, doi:10.1016/j.talanta.2019.120377. 

4. Chapter 4 

Part 1: Paper 3  

Part 2: Paper 4  

M.M.G. Perron, M Strzelec, M. Gault-Ringold, B.C. Proemse, P.W. Boyd, A.R. Bowie, 

Volcanic Fe supply from Heard Islands to the Kerguelen plateau and the greater Southern 

Ocean, ES&T Letters. In prep. 

5. Chapter 5 

This chapter presents preliminary results following the introduction of aerosol Fe loading and 

solubility field data from this study into a biogeochemical model (IMPACT, JAMSTEC) in 

order to fine-tune atmospheric deposition model outputs for the SH. 

6. Exegesis and future work and recommendations 
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The exegesis reviews and discusses the contribution of the here-presented project to the 

current scientific knowledge on atmospheric Fe deposition to seawater. The linkages between 

the dissertation and the various publications is reiterated. This chapter compiles and compare 

aerosol data obtained near and away from Australia and assesses the role of Australia as a 

key source of atmospheric Fe to the SO. Finally, advices, guidance and suggestions for future 

work are provided. 
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Chapter 2. Material and Methods 

 

This chapter details the laboratory procedures used for processing aerosol samples. Chapter 2 

has been published as a research article in Talanta. Co-author contributions to this paper can 

be found in Appendix A.  

 

M.M.G. Perron, M. Strzelec, M. Gault-Ringold, B.C. Proemse, P.W. Boyd, A.R. Bowie, 

Assessment of leaching protocols to determine the solubility of trace metals in aerosols, 

Talanta. 208 (2020). doi:10.1016/j.talanta.2019.120377. 

 

This Chapter also reffers to an analytical method for the analysis of levoglucosan and its 

isomers in aerosols. This method was developped in the framework of this PhD project and 

lead to a co-authored publication with the main collaborator Dr Estrella Sanz Rodriguez.  

 

E. Sanz Rodriguez, M.M.G. Perron, M. Strzelec, B.C. Proemse, A.R. Bowie, P. Brett, 

Analysis of levoglucosan and its isomers in atmospheric samples by ion chromatography 

with electrospray lithium cationization - triple quadrupole tandem mass spectrometry, Journal 

of Chromatography A (in press), https://doi.org/10.1016/j.chroma.2019.460557 
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Abstract 

Atmospheric deposition of aerosols to the ocean provides an important pathway for the 

supply of vital micronutrients, including trace metals. These trace metals are essential for 

phytoplankton growth, and therefore their delivery to marine ecosystems can strongly 

influence the ocean carbon cycle. The solubility of trace metals in aerosols is a key parameter 

to better constrain their potential impact on phytoplankton growth. To date, a wide range of 

experimental approaches and nomenclature have been used to define aerosol trace metal 

solubility, making data comparison between studies difficult. Here we investigate and discuss 

several laboratory leaching protocols to determine the solubility of key trace metals in aerosol 

samples, namely iron, cobalt, manganese, copper, lead, vanadium, titanium and aluminium. 

Commonly used techniques and tools are also considered such as enrichment factor 

calculations and air mass back-trajectory projections and recommendations are given for 

aerosol field sampling, laboratory processing (including leaching and digestion) and 

analytical measurements. Finally, a simple 3-step leaching protocol combining commonly 

used protocols is proposed to operationally define trace metal solubility in aerosols. The need 

for standard guidelines and protocols to study the biogeochemical impact of atmospheric 

trace metal deposition to the ocean has been increasingly emphasised by both the atmospheric 

and oceanographic communities. This lack of standardisation currently limits our 

understanding and ability to predict ocean and climate interactions under changing 

environmental conditions. 
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2.1 Introduction 

International research programmes such as GEOTRACES (“an international study on the 

marine biogeochemistry of trace elements and their isotopes in the ocean”) (Cutter et al., 

2017) and the Surface Ocean Lower Atmosphere Study (SOLAS) (Brévière and the SOLAS 

Steering Committee (eds.), 2016) have long raised awareness on the key role of trace metals 

for marine ecosystems (Chester et al., 1989; Duce and Tindale, 1991). Iron (Fe)-rich aerosols 

deposited to high and low nitrate low chlorophyll waters (HNLC and LNLC, respectively) 

have the potential to stimulate primary productivity and/or bacterial nitrogen fixation 

(Mackie et al., 2008; Mahowald et al., 2018). Airborne particles also carry other trace metals 

such as cobalt (Co), manganese (Mn), and copper (Cu) which act as essential micronutrients 

for vital metabolic processes (Jickells and Moore, 2015), but can also become toxic (e.g., Cu) 

at concentrations exceeding biological requirements (Paytan et al., 2009). Since nutrients are 

thought to be more biologically available to marine phytoplankton in their soluble form, the 

solubility of trace metals in aerosols has often been used as a first approximation of the 

bioavailable fraction of trace metals contained in aerosol particles (Morel and Price, 2003; 

Shelley et al., 2018).  

 

Reported aerosol Fe solubilities vary widely, ranging from 0.01% to 90% (Baker and Croot, 

2010; Mahowald et al., 2005; Sedwick et al., 2005), and show a strong dependency on 

aerosol source and chemical composition (Fishwick et al., 2018; Shelley et al., 2018). 

Mineral Fe is generally characterised by low fractional Fe solubility of less than 1% (Spokes 

and Jickells, 1996), although higher fractions (e.g., 19%) have been reported elsewhere (Buck 

et al., 2010). Such variations were primarily attributed to differences in the mineral 

composition of dust particles from various origins (Cwiertny et al., 2008), with clay minerals 
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like illite or smectite releasing more soluble Fe than Fe-rich oxides (Journet et al., 2014). 

Other sources of aerosol trace metals such as anthropogenic combustion and oil fly ash 

showed soluble Fe contents exceeding 50% (Sholkovitz et al., 2012) and up to 81% in ultra-

high purity water (UHPW) (Schroth et al., 2009), respectively, while coal fly ash was 

reported to release up to 44% soluble Fe under an oxalic acid leach after 45 h (Chen and 

Grassian, 2013). Moreover, model simulations found good agreement with observations and 

laboratory experiments when applying average solubilities of 14% to aerosol Fe deposition 

models for fine mode (<1 µm) biomass burning emissions (Hamilton et al., 2019), and 

solubilities of 22.5% and 79% to coal and oil combustion particles, respectively, compared to 

0.4% for mineral dust (Wang et al., 2015). Ship emissions were suggested to represent an 

additional source of highly soluble Fe (80%) (Ito, 2013), which may be of significance near 

major shipping routes. Additionally, volcanic eruptions may sporadically inject large loads of 

Fe to the atmosphere, some of which will be supplied to marine ecosystems (Srinivas et al., 

2012). Similar to Fe, low (1-7%) and high (10-100%) solubilities were found for Cu in 

mineral and anthropogenic aerosols, respectively (Sholkovitz et al., 2010). A wide range of 

solubilities were also reported for Mn (4-104%) and Co (8-100 %) (Fishwick et al., 2018).  

 

While aerosol source and composition may primarily control aerosol trace metal solubility at 

the emission source, a large number of solubility-influencing factors arise during atmospheric 

transport. For example, photochemical reactions can reduce trace metals (e.g., Fe(III) to 

Fe(II)) to a more soluble form (Longo et al., 2016). The presence of combustion-derived or 

secondarily-formed acidic species (e.g., NOx, SOx) or organic ligands (e.g., oxalate) in the 

atmosphere was shown to promote the dissolution of less soluble trace metals in aerosols 

(Cwiertny et al., 2008). Moreover, multiple evaporation-condensation cycles between cloud 

droplets and aerosols induce critical changes in the pH and ionic strength around aeolian 
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particles, leading to greater solubility of otherwise poorly soluble trace metals (Stockdale et 

al., 2016). This emphasises the need to consider both source apportionment and subsequent 

processing of atmospheric particles when interpreting aerosol trace metals solubilities. This is 

often achieved through the use of chemical tracers (Wuttig et al., 2019). Aluminum (Al) and 

titanium (Ti) primarily originate from crustal origin and thus are good tracers of lithogenic 

material in dust and are used in the calculation of enrichment factors (McLennan, 2001; 

Shelley et al., 2015). Other trace metals such as vanadium (V) and lead (Pb) in aerosols are 

mostly emitted by anthropogenic activities, and hence highlight solubility-enhancing acidic 

processing of dust particles (Chen et al., 2008; Fishwick et al., 2018).  

 

Since the late 1990s, many different laboratory leaching experiments were used to assess the 

solubility of trace metals in particles, resulting in a wide range of applied leaching solutions 

and nomenclature (Aguilar-Islas et al., 2010; Baker et al., 2006b; Berger et al., 2008; Buck et 

al., 2006; Chester and Hughes, 1967; Clough et al., 2019; Shelley et al., 2017). The solubility 

of an element is defined as the relative mass fraction (percentage) of soluble (leach) to total 

(digestion) element measured in a sample (Jickells et al., 2016). “Mild” leaching solutions 

used include UHPW and filtered seawater (SW) (Buck et al., 2006). Organic buffer solutions 

such as ammonium acetate (Baker et al., 2006b; Chester et al., 1989) or formate (Johansen et 

al., 2000) have been used to extract the “loosely-held” or “soluble” trace metals in aerosols. 

Trace metal binding ligands such as desferal (Aguilar-Islas et al., 2010) or glucuronic acid 

(Clough et al., 2019) were added to leaching solutions to mimic surface water complexation 

which stabilise trace metals (e.g., Fe) into biologically available forms. Moreover, leaching 

solutions often contained reducing agents such as citrate-bicarbonate-dithionite (Shi et al., 

2009) or hydroxylamine hydrochloride (Berger et al., 2008; Chester and Hughes, 1967) to 

imitate the microbial or photochemical dissolution of trace metals contained in oxide 
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minerals. Along with the use of various leaching solutions,  existing protocols reported 

extraction pH ranging from pH 1 (Cwiertny et al., 2008) to pH 8 (Revels et al., 2015), 

strongly influencing the solubility of reactive trace metals such as Fe, Co or Cu (Byrne et al., 

1988). Experiments undertaken in batches (Hsu et al., 2014) or using a flow-through setup 

(Simonella et al., 2014) will affect the solvent’s saturation capacity as well as the potential re-

precipitation of oxide minerals (Ito and Shi, 2016). Finally, the duration of the leach, from a 

few seconds (Winton et al., 2015) to a few days (Guieu et al., 2005) will also control the 

resulting solubility for less soluble trace metals. 

 

This paper investigates and compares several leaching protocols commonly used to assess 

trace metal solubility in aerosols, and discusses the use of tracers and tools to describe their 

source apportionment and atmospheric processing during long-range transport. We propose a 

simple 3-step leaching protocol, based on commonly used methods, which may be used to 

standardise the operational definition of aerosol trace metal solubility. Such standard 

procedures are key to allow for inter-laboratory data comparisons and the development of 

consistent global databases to inform biogeochemical models. Ultimately, a better 

understanding of land-atmosphere-ocean interactions will be achieved, allowing more 

accurate predictions of contemporary and future ocean feedbacks on marine ecosystems and 

Earth’s climate (Guieu et al., 2005; Morton et al., 2013).  

 

2.2 Materials and Procedures 

2.2.1 Review of existing protocols for the study of trace metals in aerosols  

The GEOTRACES sampling and sample handling “Cookbook” (Cutter et al., 2017) 

recommends the use of acid washed Whatman grade 41 (W41) cellulose filters for bulk 
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aerosol collection (Cutter et al., 2017; Morton et al., 2013) due to low trace metal blanks. The 

fibres in the W41 cellulose matrix also prevent particle loss during field sampling or 

laboratory handling, but also easily degrade under strong chemical digestion. The 

recommended cleaning procedure consists of soaking brand-new filters in consecutive baths 

of 0.5 M hydrochloric acid (HCl) and ultra-high purity water (UHPW, >18.2 MΩ 

Barnstead®) for 24 hours each, repeated 3 times.  

 

The GEOTRACES Intermediate Data Product (IDP) 2017 (Schlitzer et al., 2018) and SOLAS 

Implementation Products (IP, 

https://www.bodc.ac.uk/solas_integration/implementation_products/) compiled aerosol data 

collected aboard oceanographic research vessels. However, differences in field sampling 

techniques (bulk collection vs size segregation) and experimental protocols (various leaching 

solutions, flow-through or batch methods, filtration step) make data comparison difficult. 

While SOLAS IP reports original data from individual studies, the GEOTRACES IDP 2017 

followed a set list of parameter names to  differentiate aerosols according to sampling 

techniques then subdivides the measurement of “total trace metals” and “soluble trace 

metals”, with the latter category including both “very mild leach” and “strong leach”. The 

scientific literature uses a range of terms to describe the different fractions of aerosol trace 

metals resulting from leaching experiments, including “soluble”, “labile”, “extractable”, 

“bioavailable”, “readily released”, and “reactive”, and often these terms are applied 

interchangeably to the same protocol. Table 2.1 gives examples of terms applied to aerosol 

trace metal solubility obtained using various leaching protocols from the literature, the 

SOLAS IP and the GEOTRACES IDP 2017. The lack of a standard definition of “soluble 

trace metal” in aerosols shown in Table 2.1 precludes the accurate comparison of solubility 
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measurements between studies and oceanic regions, and limits our ability to incorporate these 

observations into global models (Ito et al., 2019a; Myriokefalitakis et al., 2018). 

 

In this study, several aerosol leaching protocols widely applied in the literature were 

reviewed (Table 2.2). Five protocols from Table 2.2 were applied to duplicate samples from a 

suite of samples taken from the same geographical region. Leaching solutions (and protocols 

tested) include UHPW, filtered SW, ammonium acetate buffer, hydroxylamine hydrochloride 

in acetic acid and a total digestion procedure. The storage of leach solutions over time and the 

additional filtration step often applied to UHPW leaches (backing filter or syringe filter) were  

also investigated. 
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Table 2.1. Example of terms used to define aerosol leaches and digests in the literature, the GEOTRACES IDP 2017 and the SOLAS IP. 

References highlight different protocols applying the same terms to aerosol “solubility”. 

 

IDP Techniques Non-IDP techniques 

“Mild leach” 
UHPW / SW 

“Strong leach” 
mild acid / reducing agent 

Digestion [no previous 
leaches] 

Sum of leaches 
Not in IDP2017 

Digestion 
[after leaches] 

Not in IDP2017 
IDP2017 Soluble a,b Soluble b,c,d Total b,e,f,g NA NA 
Literature 

(readily) Soluble 
b,a,j,k,l,l,m,n,p,r,s 

Readily released x,y 
Bioavailable m,s 

Labile s 
 
 

(readily) Soluble 
b,c,h,q,o,r,l,t,u 

Labile d,j,k,n,t,w 
Dithionite extractable w,n,k 

Reactive TM n 
Exchangeable/Reducible 

l,v 
Leachable d,k,l,x 
Bioavailable l,w 

Total b,c,h,i,l,n,p,q,u 
Leachable j 

Bioavailable j 
 

Refractory d,j,r,x,y 

Our proposed 
nomenclature Soluble Leachable Total = Labile + 

Refractory Labile Refractory 

References: aBuck et al., 2006; bAguilar-Islas et al., 2010; cBaker et al., 2006 dBerger et al., 2008 eMorton et al., 2013. fShelley et al., 2015. gChance et al., 2015. 
hSimonella et al., 2014. iBowie et al., 2010. jWinton et al., 2016. kRaiswell et al., 2012; 2016. lHsu et al., 2010; 2014. mUssher et al., 2004. nRevels et al., 2015 
oJohansen et al., 2000. pMeasures et al., 2010. qXia et al., 2010. rTakahashi et al., 2013. sSchroth et al., 2009. tWaeles et al., 2007 uWitt et al., 2010. vLongo et 
al., 2016. wShi et al., 2009; 2011. xMackie et al., 2008. YScanza et al., 2018. 

  2 
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Table 2.2. Review of existing leaching (batch [B] or flow-through [F-T]), digestion [D] or microcosm [M] protocols (column 2) and 

various detection methods (column 3) applied to aerosol filters. The resulting bioavailable (BTM), dissolved (DTM), labile (LTM), particulate 

(PTM), refractory (RTM), soluble (STM) and total (TTM) fractions of trace metals (TM) is shown (column 4) as well as authors comments 

(column 5). All data and units are reported as in the original manuscripts. 

Refs Protocol Detection Fractions  Relevance 

(Baker et 
al., 2006b; 
Sarthou et 
al., 2003) 

[B] 25 mL of NH4Ac (1.1 M, pH 4.7) for 1-2 h,  
0.2 µm filtered and acidified to 0.4% HNO3 
[D] Heat, 69% HNO3 then 40% HF  
residue in 1 M HNO3 

GFAAS  
or  
ICP-OES 

STM: mimic rainwater 
pH 
 
TTM 

+ simple solutions / protocol 
+ reproducible  
- NH4Ac [pH 4.7, ionic strength 

1.1] ≠ SW [pH 8, ionic strength 
0.7, ligands] 

(Shelley et 
al., 2018; 
Winton et 
al., 2015) 

[F-T] 100 mL of UHPW + 0.45 µm backing filter 
[B] HAc + reducing agent for 10 min at 90 °C 
[D] HNO3 + HF (1/1)v/v for 12 h at 95 °C  
or 1 mL of HNO3, then HNO3 + HF (5/1)v/v at 150 
°C, acidified to 2% HNO3 

SF-ICP-
MS 
CRM: 
MESS-3 or 
ATD 

STM or LTM 
STM, LTM or BTM: 
access biogenic 
material and oxides 
at clay’s surface 
RTM/TTM 

+ Successive leaches: details 
- Reducing agent + pH 2 leach: 
overestimation? 
- PTFE filter  
- Backing filter: uncertainty + 
contamination  

(Simonella 
et al., 
2014) 

[F-T] UHPW, then 1% HNO3 then 10% HNO3             
or [B] 25 mL of HAc (0.43 M) for 16 h at 22 °C, 
centrifuge, residue + HNO3 + reducing agent (0.5 
M, pH 2), same process. 
[D] alkaline (Li2B4O7) fusion at 1050 °C with 
HNO3 

GFAAS 
and ICP-
AES 
CRM: 
BCR-701 

Exchangeable TM 
Reducible TM: 
within oxides 
TTM 

- Complex solutions / procedure in 
[B] 
- Relevance of the choice/strength 
of acids 
- TTM on a separate subsample 

(Aguilar-
Islas et al., 
2010) 

[F-T] 3* 40 mL of UV-oxidized SW (+ desferal) 
or UHPW for 1, 30 or 90 min + 0.4 µm backing 
filter. Sub-sample 0.02 µm- filtered 
[D] HCl + HF (5/1v/v) 

Mg(OH)2 
co-
precipitate 
ID-ICPMS 

STM (0.02 µm) 
DTM (0.4 µm) 
PTM 

+ DTM – STM = colloidal fraction 
- Ligand, backing filter: 
complexity / uncertainty 
- SW: heterogeneous  
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- PC filter 

(Clough et 
al., 2019) 

[F-T] 4* 100 mL of UHPW (+ strong or weak 
ligand) + 0.2 µm backing, acidified to 2% HNO3 
[B] 100 mL of UHPW (+ ligand) for 24 h,  
acidified to 2% HNO3 
[D] Heated and pressurised, HNO3/HF 

ICP-MS STM  
TTM 

+ Simple 
+ 24 h solubility 
- Relevance/concentration of 
chosen ligand 
- Backing filter 

(Guieu et 
al., 2005) 

[M] 200 mL of 0.2 µm-filtered SW for 7 days, 
0.2 µm-filtered, acidified to pH 2 with HCl  
[D] Microwave HF + HNO3 

FIA and 
ICP-AES  
CRM: 
GBW 

(Total) DTM 
TTM 

+ Dissolution over time 
- Time consuming 
- Shorter scale dissolution? 

Detection method abbreviations: graphic furnace atomic absorption spectroscopy (GFAAS), sector field (SF) or isotope dilution (ID), inductively 
coupled plasma (ICP), optical emission spectroscopy (OES) or mass spectrometry (MS) or atomic emissions spectroscopy (AES) and flow injection 
analysis (FIA). Reported certified reference materials (CRM) include two marine sediments (MESS-3, Canada, and GBW-07313, China), the Arizona 
Test Dust fine fraction 0-3µm (ATD, Powder Technology Inc., USA) and a lake sediment (BCR-701, European commission) 

3 
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2.2.2 Aerosol sampling methods 

Total suspended aerosols were collected both on land, in Gingin (Western Australia) and 

Mission Beach (Queensland, Australia), and on the R.V. Investigator (Marine National 

Facility, Australia) in waters surrounding Australia. For ship-based sampling (marine 

samples), the air intake was through a polished stainless-steel nozzle located 12 m high on 

the foremast on the ship’s bow. This air was pumped (flow rate of ~ 1 m3 h-1) through anti-

static conductive silicone tubing (to prevent particle loss) into a filtration manifold located in 

a High Efficiency Particulate Air (HEPA)-filtered laminar flow hood. Sampling of the ship’s 

exhaust was avoided by using an automated switch which ensured collection of aerosols only 

for a wind speed between 8 and 140 km/h, and a wind sector within 290-70º relative to the 

ship’s length axis, using real-time data from the ship’s meteorological systems. At sea, a 

sampling period of 24 h to 60 h was necessary to reach the arbitrary threshold of 20 m3 of air 

filtered, read on an external volume counter, which ensured that trace metal concentration on 

the filter exceeded instrumental detection limits and filter blanks. Marine samples were 

collected on 47 mm diameter punches of pre-cleaned W41 filters to fit Savillex® PFA filter 

holders housed in the laminar flow hood. 

 

Land-based sampling (terrestrial samples) was carried out for sampling period between 12 h 

and 2 weeks using Ecotech® high-volume (HiVol 3000, flow rate of ~ 67.7 m3 h-1) samplers 

and pre-cleaned W41 sheets (203 x 254 mm). Filter loading and change-over was performed 

either in a laminar flow hood or in a field-portable clean-box covered with pre-cleaned plastic 

sheets.  

 

Upon recovery, both marine and terrestrial samples were folded in half, placed in double 

sealed plastic bags and stored frozen until analysis. Before processing, terrestrial samples 
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were sub-sampled using a cleaned 47 mm Ti punch to match the size of the marine samples 

and the experimental leaching apparatus.  

 

Three types of filter blanks were collected: (1) Laboratory blanks (LB) consisted of acid 

washed W41 filters that were not taken to the field, (2) procedural blanks (PB) and (3) 

exposure blanks (EB) were acid-cleaned W41 mounted on the aerosol sampler for <5 min 

and 24 h, respectively for sampling at sea and 10 min and 12 h, respectively for terrestrial 

sample collection, with the air pump turned off. 

 

2.2.3 Aerosol leaching protocols 

This paper compares the “soluble trace metal” fraction in aerosols extracted using several 

commonly used leaching and digestion protocols in the literature. A range of leaching 

solutions from SW, UHPW, organic buffer solution, reducing agent and a digestion protocol 

were applied to replicate aerosol filters. For marine aerosols, the experiments were 

undertaken on replicate samples collected with parallel sampling intake lines and thus 

subjected to the same atmospheric conditions. Terrestrial aerosol duplicates were two 

punches of the same filter sample.  

 

All chemicals used were either ultra-high purity Baseline (Seastar chemicals®) or in-house 

sub-boiled distilled acids. Laboratory work was undertaken following recommended 

procedures for clean sampling handling in the GEOTRACES “Cookbook” (Cutter et al., 

2017). Sample handling was carried out in a positive pressured clean room, in an HEPA-

filtered laminar flow hood and wearing clean coveralls and nitrile gloves at all times.  
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2.2.3.1 Quasi-instantaneous leaches, seawater versus ultra-high purity water  

Duplicates filters collected from three marine aerosol samples and one PB were used to 

compare the use of SW versus UHPW as leaching solutions. Surface SW was collected and 

filtered (0.2 µm, Pall Acropak) inline from the ship’s trace metal clean underway system at 

the same location as the aerosol samples. Within a few seconds (quasi-instantaneous, QI), 50 

mL of the filtered SW were passed through the sample mounted on a flow-through vacuum 

filtration setup (Savillex Corp., USA). The experiment was repeated on duplicate filters using 

UHPW. Leaches were transferred to acid-cleaned 60 mL LDPE bottles and acidified to 1% 

(v/v) (0.15 M nitric acid, HNO3) for storage. SW leaches were extracted from the saline 

matrix and preconcentrated using a SeaFAST S2 system, prior to sector field ICP-MS 

determination (see “Analysis” section) (Wuttig et al., 2019).  

 

2.2.3.2 Mild versus strong acid leaches 

Two batch leaching protocols assessing the soluble fraction (often called “labile” fraction) of 

trace metals in aerosols were compared using duplicate marine (n=2) and terrestrial (n=3) 

samples, and a PB. The first set of aerosol samples were soaked in 10 mL of an organic 

buffer solution of ammonium acetate (1.1 M NH4Ac, pH=4.7) (Baker et al., 2006b; Chester et 

al., 1989) for 1 h interspaced with 4 gentle hand-shakes. After this time, samples were 

centrifuged for 3 min at 4200 rpm and 5 mL of the leach solution was pipetted into a Teflon 

vial. The second set of aerosol samples was soaked in 10 mL of 25% (v/v) (4.35 M) acetic 

acid solution added with 0.02 M hydroxylamine hydrochloride (pH=2.1), a reducing agent 

(Berger et al., 2008). Following a rapid 10 min heating step at 90 °C, a 5 mL aliquot of this 

leach was collected. The remaining leach together with the filter was left to cool down until a 

total leach time of 2 h elapsed. The leach solution was finally transferred into a Teflon vial. 

The remaining filter was rinsed 3 times with 1 mL of UHPW and the rinses were added to the 
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Teflon vial to limit particle’s retention by the wet filter. Both leaches in the Teflon vials (the 

ammonium acetate aliquot and in the 2h long reducing agent leach and its rinses) were 

evaporated to dryness at 120 °C, re-dissolved in 1% (v/v) HNO3 and refluxed for 3 h to 

ensure the homogeneity of the solution.  

 

2.2.3.3 Aerosol filter digestion 

Morton and co-workers (Morton et al., 2013) previously reviewed digestion protocols of 

aerosol samples and concluded that a heat-assisted digestion using both HNO3 and 

hydrofluoric (HF) acids was necessary to achieve a quantitative recovery of the total trace 

metal content in aerosol samples. Digestion can either be undertaken on unprocessed filter 

samples to quantify the total trace metals in aerosols or it can follow a leaching protocol to 

access the remaining refractory (hence, insoluble) trace metals. In this study, aerosol filters 

were digested in capped Teflon vials (low pressure), following leaching of the soluble and 

labile aerosol fractions, using a mixture of HF (0.25 mL) and HNO3 (1 mL) at 120 °C for 12 

h, followed by a second digestion using 5 mL of 7 M HNO3 to ensure all trace metals were 

dissolved. Each digestion step was evaporated to dryness and the final solution was re-

dissolved in 2% (0.3 M) HNO3. 

 

2.2.3.4 3-step leaching protocol 

A 3-step aerosol leaching procedure (Fig 2.1) which combines commonly used leaching and 

digestion methods from the literature was assessed here as a candidate standard protocol to 

determine the soluble, labile and refractory fractions of trace metals in aerosols.  
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The first step of our protocol extracts the soluble trace metals (STM) in aerosols using the 

flow-through UHPW leach described above. The UHPW leach is used as a proxy for trace 

metals which are bioavailable to marine phytoplankton after deposition to the ocean.  

The same filter is immediately processed through the second step which consists of a batch 

NH4Ac leach as describe above. The sum of trace metal concentrations from steps 1 and 2 

determine the labile trace metal (LTM) content of the sample. LTM likely comprises trace 

metals weakly bound to mineral lattices which are available through biologically-mediated 

processes (Boyd and Ellwood, 2010). Finally, the remaining sample together with the 

cellulose filter are digested using the HNO3/HF acid mixture described above. This refractory 

fraction contains insoluble trace metals strongly bound to oxides or clay minerals. The sum of 

all three fractions constitutes the total trace metal (TTM) content of a sample. 

The (fractional) solubility of a trace metal is defined as the mass ratio of soluble or labile 

trace metal divided by the total trace metal measured in a sample, and is expressed as a 

percentage.  

In this study, the suitability of the above-mentioned method was assessed, including digestion 

recovery, precision, and blank (instrumental blank - see “Analysis” section, NH4Ac and acid 

digestion blanks, filter LB, PB, and EB). 

 

A detailed “cheat sheet” version of this 3-step protocol proposed here is available in the 

supplementary material Document S1.  
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Fig 2.1. Schematic of the proposed 3-step aerosol leaching protocol to determine the soluble, 

labile and refractory trace metal fractions in aerosols collected on W41 filters. 

 

2.2.4 UHPW leach, additional filtration step 

In the literature, some UHPW leaching protocols assessing the soluble fraction of trace 

metals in aerosols use a 0.2 or 0.4 µm backing filter, which may influence the STM fraction 

measurements. The additional filtration step was investigated by processing 2 marine and 6 

terrestrial samples and a LB through the UHPW leach detailed above. An aliquot of UHPW 

leach was taken and a second aliquot was re-filtered through a pre-cleaned 0.22 µm PES 

syringe filter (Millex GP-filter, Millipore) to measure the STM and re-filtered (<0.22 µm) 

fractions, respectively. The use of a syringe for filtration was favored over the use of a 

backing filter as the introduction of a second filter matrix (the backing filter) will carry an 

additional filter blank signal forward to the following steps of our proposed protocol and 

slow down the time required for the leaching solution to flow through the filter.  

The additional blank induced by the syringe filtration was assessed by comparing LB 

measurements of the target trace metals in the STM and dissolved UHPW leach fractions. 
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0.1 mL HNO3
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centrifuge 
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(E)
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7 M HNO3
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4 mL UHPW
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(E)
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(E) (E)

4.45 mL 
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2.2.5 Storage of acidified leach solutions 

Raiswell and co-workers (Raiswell et al., 2017) emphasized that poorly soluble <0.45 µm 

particles or disaggregated dust grains produced by wetting of the filter are likely leached 

during the flow through process and may slowly and continuously dissolve over long storage 

time of acidified leaches (pH~1.7). Such long-term dissolution was investigated using 

aliquots of UHPW leaches of three marine aerosol samples, analysed one day after 

processing and after 6 months storage in 0.15 M HNO3 in the dark.  

 

2.2.6 Analysis 

All leaches were stored for <3 days prior to analysis by Sector Field (SF) Inductively 

Coupled Plasma-Mass Spectrometry (ICP-MS, Thermo Fisher Scientific Element 2) (Bowie 

et al., 2010) to reduce progressive dissolution of particles during storage in pH<2 solutions 

(Raiswell et al., 2017). SW leaches were undertaken on the ship immediately after collection 

to limit any change in chemical composition that may occur with storage of an unacidified 

sample (e.g., loss of trace metals to bottle walls). These leaches were therefore analysed 

within 2 months of storage back in the home laboratory. 

 

Samples were analysed for Al, Ba, Cd, Ce, Co, Cr, Cu, Fe, Mg, Mn, Mo, Ni, P, Pb, Ti, U, and 

V. The ICP-MS instrumental parameters used for aerosol leach analysis are reported in 

supplementary material Table S2.1. Trace metal concentrations in the samples were 

quantified against a 4-point external calibration curve which was prepared by mixing multi-

elemental standard solutions (Municipal/Industrial Strategy for Abatement (MISA)-1, MISA-

5 and MISA-6) and ranged from 0.5-5 µg kg-1 for steps A and B in Fig 2.1, or 0.5-10 µg kg-1 
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for step C in Fig 2.1. Quality control solutions (QCs) were measured throughout the analysis. 

Samples were spiked with 10 µg kg-1 of indium (In) as an internal standard to quantify any 

instrumental drift over the analysis time. Blank solutions (1% or 2% HNO3 + 10 µg kg-1 In) 

were analysed at regular intervals and the ICP-MS lines were flushed for 2.5 min with 5% 

(0.75 M) HNO3 between samples to avoid cross-contamination.  

 

The recovery associated with the digestion applied in the proposed leaching protocol was 

assessed by digesting two reference materials alongside the samples. The fine fraction 

Arizona Test Dust (<3 µm ATD, Powder Technologies Inc®), which is being assessed as a 

consensus reference material for aerosol studies, was used together with a loess reference 

GeoPT13 obtained from the International Association of Geoanalysts (Potts et al., 2003).  

 

2.3 Results 

2.3.1 Leaching protocols comparison: extraction efficiency relative to 

UHPW 

In order to assist discussions around standardizing aerosol laboratory processing, this study 

applied several commonly used leaching protocols, including a SW, an organic buffer 

(NH4Ac), and a reducing agent (hydroxylamine hydrochloride) leach as well as a digestion 

procedure (Table 2.2) to a range of marine and terrestrial samples collected at coastal sites in 

Australia and at sea in surrounding waters. The absolute mass or solubility of trace metal 

extracted using each protocol was normalised to trace metal extracted using UHPW. The 

resulting relative extraction efficiency of each leach (compared to the UHPW leach) is shown 

in Fig 2.2, using the example of Fe. 
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Fig 2.2. Range of Fe extraction efficiency (FeX/FeUHPW, grey bars) of quasi-instantaneous 

seawater (QI-SW, n=3), organic buffer (NH4Ac, n=26), reducing agent (n=5) leaching 

protocols and HNO3/HF digestion (n=25) compared to the QI-UHPW leach. Average 

extraction efficiencies are displayed as black lines. The data in this figure was obtained 

during this study while references to each original leaching protocol is shown in brackets (y 

axis). Trace metal binding ligands leaches (black diamond points) are from Clough et al. 

(Clough et al., 2019). 

 

Seawater was the only leaching solution to extract less Fe than the UHPW leach, with 

approximately one third less SFe in the SW leaches compared to the UHPW leaches. The 

NH4Ac buffer protocol extracted 1.4 times more Fe than the corresponding UHPW leaches. 

Similarly, Clough et al. extracted 1.5 and 1.7 times more Fe from aerosol using a weak and 

strong binding ligand, respectively, compared to their own UHPW leach (Clough et al., 

2019). As expected, the low pH 2 of the reducing agent leach extracted more SFe compared to 

the UHPW when using the short heating step only (4.5 times) and the whole 2 h extraction 

process (14.6 times), respectively. Fe extracted using the heated HNO3/HF digestion protocol 

was on average 16.6 times greater than using the UHPW leach. 
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Other trace metals displayed highly heterogeneous behaviour in each leaching solution tested 

(supplementary material Table S2.2). For vanadium, less than half SV was extracted using the 

SW leach whereas double SV was extracted by the long reducing agent and the acid digestion 

compared to the UHPW leach. Soluble trace metals such as Co, Cu and Mn were similarly 

leached using SW (x1.2, x0.8, x1.2, resp.) compared to UHPW and only slightly increased in 

the weak NH4Ac leach (x2.1, x2.1, x1.8, resp.), or in the stronger reducing agent leaches 

(x5.3, x3.1, x3.7, resp.) and acid digestion (x4.3, x5.4, x5.5, resp.) compared to the UHPW 

leach. It should be mentioned that seawater used as a leaching solution contained higher V 

concentrations, and in some cases, higher Mn and Cu concentrations than the respective trace 

metal content in aerosols, making an accurate quantification of low concentrations of Cu, Mn 

and V in aerosols impossible (Table S2.3 shows trace metal blank concentration in the 

seawater used as a leaching solution). The highest measurement of SPb was found in the 

reducing agent leach and the digestion process which extracted 5.7 and 6.3 times more Pb 

than the UHPW leach. Aluminum displayed a similar behaviour to Pb in the long reducing 

agent leach, however the digestion protocol extracted as much as 47 times more Al than the 

UHPW leach, highlighting the refractory nature of Al in aerosols. Similarly, Ti mostly 

dissolved under the digestion process (181 times more STi extracted compared to UHPW); 

however, greater STi was also extracted by the long reducing agent leach (25.4 times more 

than using UHPW). 

 

2.3.2 UHPW leach re-filtration experiment: soluble (STM) and re-filtered 

trace metals  

A summary table of trace metal concentrations in the soluble and the re-filtered fractions is 

available in the supplementary material Table S2.4. The concentration of highly soluble trace 

metals such as Mn, V, Co and Cu was similar in the SFe and the re-filtered fractions of 
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UHPW leach, as, on average (n=6), 92±4%, 92±10% and 86±9% and 84±9% of the 

respective trace metals measured in the STM fraction were also measured in the re-filtered 

fraction. However, less soluble trace metals showed greater differences and variability 

between measurements of the UHPW leach before and after re-filtration, the latter leach only 

comprising 70±18%, 68±32%, 66±24%, and 40±28% of Al, Pb, Fe, and Ti, respectively 

measured in the STM fraction. This result indicates that, while a rather accurate comparison of 

“soluble” V, Mn and Co measurements can be achieved between studies using different 

UHPW leaching protocols, less soluble trace metals like Cu, Al, Fe, Pb and Ti show large 

differences and variability between the UHPW leaches before and after (0.22 µm) re-

filtration.  

 

The pre-cleaned syringe filter did not introduce a significant contamination to the 

measurement of Al, Co, Cu, Fe, Mn, Ti and V as shown by a re-filtered to STM measurement 

ratios close to 1 (0.8 to 1.19) for the laboratory blank. However, measurement of re-filtered 

Pb blank only accounted for half of the SPb measurement (re-filtered to SPb ratio= 0.5), 

highlighting a possible loss of Pb on the syringe filter during the re-filtration step. Moreover, 

such (syringe filtration) blanks are likely lower than the ones induced by the use of an 

additional (backing) filter, the latter establishing an additional uncertainty to the subsequent 

leaching steps of the protocol. 

 

2.3.3 Storage of acidified leach solutions 

The dissolution of particles over a storage time of 6 months in the 3 samples (HNO3-acidified 

UHPW leaches) displayed highly variable results depending on the target trace metals. 

Results of this experiments are shown in the supplementary material Table S2.5. V and Mn, 

which were quasi-quantitatively found in the re-dissolved fraction of our UHPW re-filtration 
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experiment (Table S2.4), did not further dissolve after 6 months of storage as shown by the 

identical concentrations (variability of 0% and -1%, respectively) measured after 1 day and 6 

months of storage (Table S2.5). Interestingly, despite being rather soluble, Co concentrations 

displayed a large average increase of 82±115% after storage although high variability 

between the 3 stored samples may highlight contamination in the sample bottles. More 

refractory trace metals showed an increase over a storage time of 6 months by 28±22%, 

59±95%, 64±45% and 72±55% for Fe, Pb, Ti and Cu respectively, compared to the 

measurement after one day of storage (Table S2.5). For these elements as well, a high 

variability was observed between stored samples. The observed increase in trace metal 

concentrations over storage may be explained by the slow dissolution of small particles that 

may pass through the W41 filter. Surprisingly, Al concentrations after 6 months of storage 

only increased by 8±11% compare to the earlier measurement (Table S2.5) which may reflect 

the refractory quality of the Al particles in the initial UHPW leach. Moreover, greater sample 

loading from the terrestrial aerosols analyzed for the re-filtration experiment (Table S2.4) 

may carry more particles through the filter in the UHPW leach compared to marine sample 

leaches, explaining the absence of further Al dissolution over storage time of marine samples 

leaches.  

 

2.3.4 Assessment of the proposed 3-step leaching protocol 

2.3.4.1 Blank contributions to sample measurements 

Due to the low abundance of trace metals in the terrestrial environment, it is essential that 

stringent filter handling, laboratory and analytical procedures are adopted to minimise the 

contribution of the sample blank and avoid contamination. The average absolute mass of total 

trace metals measured in various triplicate blank solutions by ICP-MS were compared to the 

range of total trace metal contents measured in individual samples to calculate the blank 
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contribution to the samples. Table 2.3 displays (i) the average absolute mass of trace metals 

in marine and terrestrial samples, (ii) in each blank type, and (iii) the averaged value of 

individual blank contributions to the trace metal measurement of each sample (rather than the 

average blank contribution to the averaged trace metal measurements in all samples). The 

absolute mass of trace metal was chosen rather than the ICP-MS measured concentration to 

correct for differences in leach volumes between the blanks. Investigated blanks include the 

instrumental blank solution (1 or 2% HNO3, IB), the NH4Ac, and the digestion (DB) 

protocols after re-dissolution in 2% HNO3. The laboratory blank (LB), procedural blank 

(PB), and the exposure blank (EB) include steps associated with laboratory and field sample 

handling procedures, as well as the blank contribution from the W41 filter itself.   
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Table 2.3. Trace metal (TM) absolute mass in nanograms (ng) in several blanks including the instrumental blanks (IB, n=10), the ammonium 

acetate (NH4Ac, n=3) and acid digestion (DB, n=3) blanks, and the laboratory (LB, n=3), procedural (PB, n=3) and exposure (EB, n=3) blanks. 

The contribution of each blank to the TM measurement in aerosol samples is calculated as the average ratios between the average TM mass (ng) 

in each blank and individual TM mass in the samples (%*). Relative standard deviations are also shown (±). 

 

(i) average TM mass 
in samples (ng) 

(ii) TM mass (ng) in various blanks and (iii) each blank average contribution to sample TM measurements (%*) 

Marine 
(n = 20) 

Terrestrial 
(n = 15) 

 IB NH4Ac DB LB PB EB 

Al 204.0 6165.3 
TM mass (ng) 9.3 ± 1.7 2.6 ± 0.2 3.5 ± 0.2 84.5 ± 15.1 83.0 ± 16.6 81.5 ± 19.6 

contribution (%) 2.4 ± 3.9 5.3 ± 28.4 1.1 ± 1.8 21.4 ± 35.2 21.2 ± 29.5 20.6 ± 28.9 

Co 0.4 1.5 
TM mass (ng) 0.05 ± 0.02 0.006 ± 0.005 0.02 ± 0.001 0.1 ± 0.009 0.1 ± 0.02 0.1 ± 0.01 

contribution (%) 8.2 ± 21.7 3.2 ± 18.6 11.1 ± 15.7 15.9 ± 41.8 22.7 ± 66.2 15.9 ± 46.5 

Cu 3.4 64.8 
TM mass (ng) 0.3 ± 0.08 0.07 ± 0.05 0.08 ± 0.004 1.2 ± 0.4 1.4 ± 0.4 1.1 ± 0.09 

contribution (%) 5.0 ± 9.0 2.5 ± 6.4 4.5 ± 5.0 18.8 ± 33.3 22.7 ± 37.4 16.9 ± 27.9 

Fe 197.2 3227.4 
TM mass(ng) 1.7 ± 0.3 1.1 ± 0.6 1.2 ± 0.1 76.6 ± 22.3 92.0 ± 12.8 101.5 ± 36.1 

contribution (%) 0.4 ± 0.5 11.7 ± 29.6 0.3 ± 0.4 20.6 ± 25.4 27.3 ± 21.7 29.7 ± 24.0 

Mn 6.9 85.8 
TM mass (ng) 0.03 ± 0.01 0.01 ± 0.005 0.02 ± 0.003 0.8 ± 0.2 1.0 ± 0.2 1.1 ± 0.4 

contribution (%) 0.3 ± 0.5 0.3 ± 1.0 0.6 ± 0.8 6.7 ± 11.9 8.5 ± 13.5 8.2 ± 13.1 

Pb 2.2 11.6 
TM mass (ng) 0.02 ± 0.009 0.01 ± 0.005 0.009 ± 0.003 0.2 ± 0.03 0.3 ± 0.09 0.2 ± 0.06 

contribution (%) 0.6 ± 1.3 0.5 ± 0.9 1.5 ± 2.6 4.1 ± 8.4 7.9 ± 17.1 6.2 ± 13.6 
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Ti 105.3 456.3 
TM mass (ng) 0.3 ± 0.06 0.02 ± 0.009 1.2 ± 0.2 95.2 ± 24.0 60.7 ± 18.0 94.3 ± 30.3 

contribution (%) 0.2 ± 0.2 6.9 ± 42.0 0.7 ± 0.8 55.6 ± 67.0 35.2 ± 40.1 54.7 ± 62.3 

V 7.8 40.0 
TM mass (ng) 0.08 ± 0.01 0.007 ± 0.002 0.02 ± 0.004 0.3 ± 0.05 0.2 ± 0.03 0.2 ± 0.07 

contribution (%) 0.7 ± 3.2 0.5 ± 2.0 1.1 ± 1.8 2.0 ± 9.8 1.9 ± 11.5 1.9 ± 11.2 

* Values in bold correspond to a blank contribution (or blank contribution accounting for the RSD) to the average sample TM measurement >50% 
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The IB (n=10), NH4Ac blanks (n=3) and DB (n=3) protocol blanks represented less than 10% 

of the average total trace metals measurement in the samples for most trace metals. Co 

displayed slightly higher DB blanks than other trace metals, the latter contributing 11.1% of 

the average total Co. Fe displayed higher NH4Ac blanks which contributed 11.7% of the 

average total Fe. As expected, the cellulose filter itself (LB, PB and EB, Table 2.3) was the 

greatest source of trace metals in the blank of the proposed protocol. For most elements, filter 

blanks represented less than 25% of the average sample trace metal measurement, and the PB 

and EB contributed 27.3% and 29.7% of the sample’s average total Fe content, respectively. 

Such blank levels are acceptable and allow the quantification of the target elements in 

aerosols. Differences in trace metal measurements between the three filter blanks seemed to 

reflect the variability associated with filter cleaning and laboratory handling procedures 

rather than an influence from exposure time in the field. Therefore, for simplicity and also to 

maximise the time for aerosol sampling during time-limited field campaigns, the use of the 

PB for sample correction is preferred over the EB. Higher Ti levels were measured in all 

three filter blanks, contributing 35.2%, 54.7% and 55.6% of the average Ti measurements in 

the samples for the PB, EB and LB, respectively, although blank contribution up to 60% still 

allow a reasonable discrimination between the blank background when compared to the 

average aerosol content. However, higher blank contributions were identified when 

comparing Co and Ti filter blanks to the low concentration (marine) samples (standard 

deviation values in Table 2.3) which likely results in a biased quantification of Co and Ti in 

these samples. Indeed, the EB and PB contributed up to 62.4% and 88.9% of Co lowest 

sample’s concentration, respectively and Ti filter blanks contributed as much as 75.1%, 

117.0% and 122.6% of the PB, EB and LB respectively considering the least concentrated 

sample only. Therefore, large uncertainties may be associated with the measurement of Ti 

and Co in low loading (e.g., marine) samples. 
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2.3.4.2 Recoveries 

The digestion of three 10 mg aliquots of both ATD and GeoPT13 was undertaken to verify 

that the 3rd step of our protocol effectively dissolved all the refractory matter that resisted the 

preceding leaches, together with the W41 filter itself. The calculated recoveries highlight that 

most trace metals investigated were recovered close to 100% (Table 2.4). The lowest 

recoveries were obtained for Pb (81%) and Ti (92%). The digestion described in our 3-step 

leaching protocol satisfactorily dissolved all remaining refractory trace metals in the sample, 

ensuring complete quantification of total trace metals in aerosol samples. 

 

Table 2.4. Trace metal concentrations measured (µg g-1) after digestion of 10 mg of 

Arizona Test Dust fine (<3 µm fine fraction, ATD) and GeoPT13 using our protocol. 

Reference values (µg g-1) are displayed for both reference materials (RMs, n=3) along 

with the calculated recoveries (%, in bold). 

 Al Co Cu Fe Mn Pb Ti V 

ATD-1 6.6 104 16.0 46.0 3.3 104 752.6 31.0 3.5 103 78.0 

ATD-2 6.5 104 15.5 46.2 3.2 104 748.3 29.3 3.5 103 73.4 

ATD-3 6.2 104 15.0 44.9 3.1 104 721.0 28.6 3.4 103 73.2 

ATD ref 6.5 104 16 45 3.2 104 751 36 3.5 103 80 
ATD recovery 
% 99 97 102 102 99 82 100 94 

GeoPT13-1 3.3 104 6.3 10.5 1.5 104 515.6 9.2 2.1 103 36.4 

GeoPT13-2 3.4 104 5.8 10.8 1.5 104 527.0 8.7 2.2 103 37.9 

GeoPT13-3 3.5 104 6.3 15.8 1.6 104 522.0 9.3 2.1 103 38.6 

GeoPT13 ref 3.3 104 5.9 11.3 1.5 104 498.7 11.3 2.5 103 37.6 
GeoPT13 
recovery % 105 103 109 104 105 80 84 100 

RMs average 
recovery % 102 100 105 103 102 81 92 97 
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2.3.4.3 Precision of the 3-step leaching protocol 

Since our protocol is destructive, the uncertainty associated with the measurement of 

replicate samples (method precision) using the laboratory protocol proposed here was 

assessed using three 47 mm replicate punches of the same W41 filter sheet, assuming 

homogeneous distribution of trace metals across the filter. Replicate measurements and their 

relative standard deviation (RSD) are available for the whole suite of trace metals analysed 

(supplementary material Table S2.6). 

 

The RSD between replicates of the UHPW and the NH4Ac leaches were generally lower than 

10%, and lower than 15% for the digestion replicates. The calculated range of RSD up to 

15% for most elements (supplementary material Table S2.6) is satisfactory considering that 

three punches from the same filter sample are unlikely to be perfectly homogeneous. Hence, 

the precision of the tested method validates the suitability of our leaching protocol for 

processing large series of samples. 

 

2.4 Discussion  

Despite increasing efforts to include measurements of aerosol trace metal solubilities and 

concentrations into international databases (Brévière and the SOLAS Steering Committee 

(eds.), 2016; Schlitzer et al., 2018), there remains key differences in the  different protocols 

applied (Ito et al., 2019a; Raiswell et al., 2017; Schroth et al., 2009), which leads to 

uncertainties that will hinder modelling estimates and predictions of the imprint of 

atmospheric trace metal deposition to the ocean (Hamilton et al., 2019; Ito et al., 2019a). This 

study applied a range of widely used aerosol leaching and digestion protocols to a suite of 
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aerosols collected in Australia and its surrounding waters in order to assess the experimental 

uncertainty in aerosol trace metal measurements (Table 2.2).  

 

In previous studies, the UHPW leach (Buck et al., 2006; Shelley et al., 2018; Winton et al., 

2015) has often been chosen for simplicity and its mildly acidic pH (around pH 5.5), which is 

similar to the acidity of wet deposition (rain water ~ pH 5.6) (Buck et al., 2013, 2006; 

Schroth et al., 2009). However, because the UHPW leach excludes chemical reactions with 

organic molecules or ligands which naturally assist the solubility of aerosol trace metals 

(Aguilar-Islas et al., 2010), this leach may underestimate the effective solubility of trace 

metals in aerosols. We therefore compared UHPW leaches to 0.2 µm-filtered seawater (SW) 

leaches and found that the filtered SW leach extracted one third less Fe than the UHPW leach 

(Fig 2.2, supplementary material Table S2.2). This results falls within the wide range of SW 

leaches reported in the literature, which were shown to extract between 90% less (Shelley et 

al., 2018) and 500% more (Buck et al., 2006) Fe than UHPW leaches (Aguilar-Islas et al., 

2010). Although SW seems the most obvious leaching solution to assess the solubility of 

aerosol trace metals in the ocean, its complex dynamic physico-chemical speciation (e.g., 

redox and organic chemistry) and microbiology (even in the dissolved pool) is highly 

heterogeneous between regions and with seasons (Baker and Croot, 2010). Moreover, SW 

cannot be archived for months to years under typical storage conditions (e.g., dark, 

acidification, freezing) without changing its composition. For this reason, leaching 

experiments using seawater are often undertaken at sea, inducing a long storage time until 

analysis in acidic condition which was shown to induce slow dissolution of less soluble trace 

metals over time. Consequently, the use of controlled, well-described and commercially 

available leaching solutions such as pure water, weak bases or strong acids (rather than SW) 
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better suits the goal of achieving accurate international data comparison through the use of a 

standard aerosol leaching protocol.  

 

Leaching experiments using location-specific SW and mesocosm experiments provide critical 

information on a field study-specific characteristics, accounting for local environmental 

properties (e.g., temperature, pH, salinity, ligand content, biology, nutrient limitation) 

(Mahowald et al., 2018) and long-term aerosol trace metals solubility (Guieu et al., 2005), 

respectively. These experiments are complex, time consuming and location specific, therefore 

they do not suit a simple standard protocol applicable to a large number of samples. 

Moreover, the measurement of dissolution rates (Shi et al., 2012) was beyond the scope of 

this study here but remains an important parameter to constrain global models (e.g., CAM4 

(Scanza et al., 2018), GEOS-5 (Meskhidze et al., 2015), IMPACT (Ito and Kok, 2017), TM4-

ECPL (Myriokefalitakis et al., 2016).  

 

Furthermore, we investigated an ammonium acetate (NH4Ac) leach which resulted in a 1.2 to 

3.7-fold increase in the amount of trace metals extracted (x1.4 for Fe) from the aerosol filter 

compared to UHPW (Fig 2.2 and supplementary material Table S2.2). This is not surprising 

considering the lower pH of NH4Ac (pH~ 4.7) together with the longer leaching time (1 h) of 

this leach compared to the quasi-instantaneous UHPW leach. Interestingly, Clough et al 

(Clough et al., 2019) found similar increase (x1.5 and x1.7 times) in Fe when using a weak 

and a strong Fe-binding ligand-solution, respectively, compared to their own UHPW leach. 

SW added with strong trace metal binding ligands was also previously reported to extract an 

average of 1.4 times more Fe than UHPW leaches (Aguilar-Islas et al., 2010). Ligands are 

thought to play a key role in the solubility of trace metals in the ocean, and in the case of Fe, 

buffering the dissolved Fe concentrations against losses due to scavenging (Tagliabue et al., 
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2017). However, the expanding knowledge on such natural complexing agents highlights the 

great diversity of ligands (e.g., siderophores, humic-like substances, exopolysaccharides) and 

their highly heterogeneous distribution in the ocean (Buck et al., 2017; Tagliabue et al., 

2017). Therefore, the addition of artificial ligands to a leaching protocol may add complexity 

to a protocol without necessarily presenting a relevant or accurate illustration of natural 

phenomenon. The use of NH4Ac may suit the role of a standard leaching solution as it seems 

to quantitatively mimic trace metal extraction efficiency of ligand-added leaches. Moreover, 

NH4Ac has a buffer capacity which prevents pH variations during the leach due to the nature 

of particles present in the sample (e.g., dust vs acidic combustion particles). 

 

The reducing agent leach investigated here displayed the greatest Fe extraction efficiency of 

all leaching protocols, resulting in 2.3 to 5.4 times more soluble trace metals (x4.5 for Fe) 

when only applying the short (10 min) heated leach, and 2.7 to 25.4 times more soluble trace 

metals (x14.5 for Fe) when following the 2 h long leach (including heat) originally proposed 

by Berger et al. (Berger et al., 2008) (Fig 2.2 and supplementary material Table S2.2). Our 

results fall within the range of measurements by Winton et al. (Winton et al., 2015) who 

measured a 2.3 to 16 times increase in SFe using the short reducing agent leach compared to 

UHPW, also agreeing with measurements of Shelley et al. (Shelley et al., 2018). Although 

Shelley et al (Shelley et al., 2018) argued that the reducing agent leach only minimally 

attacks the insoluble aluminosilicate matrix (Journet et al., 2014), the resulting 4 times 

increase in “soluble” Ti and Fe between the short reducing agent leach and the NH4Ac leach 

(which gives similar results to ligand addition to the leaching solution (Clough et al., 2019)) 

suggests that the reducing agent increases lithogenic trace metals solubility (and maybe 

overestimates it). Such increased solubility in the reducing agent leach was not observed in 

the case of Al. However, such leach was initially used by Chester et al. (Chester et al., 1989) 
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to target the extraction of trace metals bound to insoluble oxide minerals, and Suda et al. 

(Suda et al., 2013) demonstrated that a 0.6 M reducing agent was sufficient to recover the 

total Fe oxide fraction in Japanese soil samples (compared to 1 M reducing agent used in the 

Berger et al. leach (Berger et al., 2008)). As mineral Fe is known to be poorly soluble 

(Journet et al., 2014), the solubility of such lithogenic trace metals (e.g., Fe, Ti) is likely 

overestimated by a factor of 3 (using the short) and by a factor of 10 to 16 (using the long) 

reducing agent leaches compared to the organic buffer or ligand-added leaches 

(supplementary material Table S2.2). 

 

In addition to differences in leaching solutions, we investigated the impact of comparing 

UHPW leaches that use a second 0.22 µm backing filter or syringe re-filtration step (Table 

S2.4). Our results show that for trace metals which mostly exist in a soluble form (e.g., Co, 

Mn and Cu), measurements were not affected by the syringe re-filtration step. However, for 

less soluble trace metals (e.g., Cu, Al, Fe, Pb, and Ti) there was a decrease of between 22% 

(Cu) and 57% (Ti) in the trace metal concentration of the 0.22 µm re-filtered fraction. Such 

variability may be induced by the extraction of small aggregated particles in the UHPW leach 

which are >0.22 µm yet may be available to phytoplankton. Hence, caution should be taken 

when comparing solubilities of less soluble trace metals between studies using different 

protocols. Note that the re-filtered fraction would immediately become part of the dissolved 

trace metal pool in seawater, but the re-filtration step would likely exclude small particles 

>0.22 µm that may dissolve or become bioavailable upon deposition.  

 

Another variable between protocols lies in the timeframe between leaching process and 

analysis. In this study we advise a minimal delay (<3 days) between sample preparation and 
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analysis to prevent slow dissolution of less soluble trace metals over storage time which adds 

uncertainties in the resulting measured solubility (supplementary material Table S2.5). 

 

We assessed the suitability of a 3-step leaching protocol (Fig 2.1 and supplementary material 

Document S1), combining three existing protocols (Baker et al., 2006b; Buck et al., 2006; 

Morton et al., 2013; Sarthou et al., 2003). This protocol may be considered as a candidate to 

standardise aerosol trace metal leaching experiments upon discussions and agreement with 

the wider scientific audience. Only few aerosol leaching protocols were previous compared in 

such detail (Aguilar-Islas et al., 2010; Ravelo-Pérez et al., 2016; Simonella et al., 2014). The 

first step uses a quasi-instantaneous flow-through UHPW leach (Buck et al., 2006) to define 

the soluble trace metal fraction in aerosols. Such soluble fraction may include highly soluble 

combustion particles of both anthropogenic (Sedwick et al., 2007; Thuróczy et al., 2010) or 

biomass burning (Chou et al., 2008; Winton et al., 2016b) origin (supplementary material Fig 

S2.1) and may comprise some weakly bound mineral forms like aluminosilicates inclusions 

or nano-size Fe oxides (Mackie et al., 2006; Shi et al., 2009). This fraction may be an 

estimate of the lower limit for the bioavailable trace metal content in the sample (although no 

direct comparison with biological processes is possible). The measurement of the batch 

NH4Ac buffer leach (Baker et al., 2006b; Sarthou et al., 2003) was added to the measurement 

of the UHPW leach to define the “labile trace metal” fraction in aerosols. This fraction may 

contain part of the trace metal held within aluminosilicates and at the surface of Fe oxides 

(e.g., hematite or goethite), without dissolving insoluble trace metal within the oxide lattice. 

We showed that the NH4Ac leach mimics dissolution by chemical complexation and may 

therefore resemble trace metal dissolution during atmospheric processing of aerosols (Shi et 

al., 2012). The labile fraction may be interpreted as a reasonable estimate of the upper limit 

of aerosol trace metals bioavailability. Finally, the HNO3/HF digestion of the remaining filter 
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(12 h, 120 ºC) extracts insoluble (or refractory) trace metals in aerosols. The sum of the three 

steps is the total trace metal content in a sample which is used to calculate aerosol trace metal 

solubility. Our digestion protocol was shown to perform near 100% recovery of most target 

trace metals (Table 2.4) which is comparable to recoveries obtained using heated and 

pressurized HNO3/HF digestions (Clough et al., 2019; Winton et al., 2015).  

 

The sequential feature of this protocol reduces the risk of trace metal loss during the sample 

processing and ensures the homogeneity of the sample because a single aerosol filter 

undergoes the whole protocol as opposed to separate punches of a W41 samples, which are 

unlikely to be perfectly homogeneous. The short leaching period together with the 

acidification of the leach before analysis prevents trace metal loss onto labware.  

 

The highest blank level in the proposed leaching protocol stemmed from the cellulose filter 

matrix, with procedural blanks contributing less than 10% of the measurement of Mn, Pb and 

V and less than 30% of Al, Co, Cu, and Fe average concentrations across all samples (Table 

2.3). One issue was raised when considering Ti and Co analysis in marine samples as the 

procedural blank signal represented over 70% of the average Ti and Co signals in low loading 

samples, potentially compromising the accurate quantification of these 2 elements in marine 

aerosols. Such issue was thereafter avoided by extending the shipboard sampling time to 

reach an arbitrarily defined threshold of 20 m3 and 50 m3 of air filtered in coastal and open 

ocean aerosol samples, respectively.  

 

The whole 3-step leaching protocol achieved low limit of detection (LOD, 3-! of the PB, 

assuming 240 m3 of air filtered for comparison purpose) of less than 0.26 ng m-3 for Co, Cu, 

Mn, Pb and V and less than 0.2 ng m-3 for Al, Fe and Ti. Our LOD is slightly higher than the 
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0.091 ng m-3 LOD reported by Ravelo-Perez et al. (Ravelo-Pérez et al., 2016) for Fe using 

quartz micro-fibre filters.  

 

The precision of the proposed protocol was satisfactory at less than 15% (RSD) variability 

measured between triplicates of the same sample (supplementary material Table S2.6). 

Similarly, Clough et al. (Clough et al., 2019) reported a relative uncertainty of 15% between 

replicate UHPW leaches and Aguilar-Islas et al. (Aguilar-Islas et al., 2010) measured 0.1 to 

33% variability between SW leach replicates. The small variability between triplicate 

analysis may be due to the inhomogeneity of the analysed samples.  

 

The behaviour of different aerosol types (e.g., dust, anthropogenic combustion, bushfire) 

towards various leaching solutions is beyond the scope of this study but may be investigated 

using Scanning Electron Microscopy (SEM) (Ault and Axson, 2017). However, 

supplementary material Fig S2.1 shows that W41 filters are unsuitable for SEM analysis as 

the filter’s depth induces particle shading and its cellulose compound prevents carbon 

analysis in aerosols. The reported role of aerosol size fractions (fine versus coarse mode) 

affecting trace metal aerosol solubilities is also beyond the scope of this study. 

 

Aerosol solubility studies often involve source apportionment for each element of interest. 

Air masses back-trajectory obtained using the Hybrid Single Particle Lagrangian Integrated 

Trajectory model (HYSPLIT, NOAA Air Resources Laboratory) (Stein et al., 2015) 

constitutes a good indicative tool to track potential aerosols sources. However, due to the 

complexity of the atmospheric circulation over a sampling period of hours to weeks (Shelley 

et al., 2018), radon (222Rn) concentrations can be used to ground-truth HYSPLIT model 

output, which informs the degree of contact of the sampled air mass experienced with land 
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(Chambers et al., 2014; Mallet et al., 2017). Additionally, the use of other chemical tracers 

can further strengthen the estimate of all aerosol sources included in a sample. For example, 

Al and Ti were long used as tracers of mineral sources of aerosols (dust) and were applied as 

references in the calculation of trace metal enrichment factors (EF) relative to the Earth’s 

upper crust (Marsay et al., 2018). Although Ti was previously used to calculate EFs (Shelley 

et al., 2015), our data highlight the limitations of Ti analysis in samples showing extremely 

low aerosol concentration, potentially leading to misinterpretations. The concentration of Pb 

and V in aerosol is commonly used to indicate anthropogenic combustion sources (Jickells et 

al., 2016). Vanadium and the V/Ni ratios were also suggested to specifically highlight heavy 

oil combustion particles from shipping (Shelley et al., 2017).  

 

Other additional chemical tracers include black carbon (BC) and levoglucosan isomers 

analysis (Sanz Rodriguez et al., 2019), which underpin anthropogenic and natural combustion 

sources (Winton et al., 2016c) and biomass burning emissions (Yttri et al., 2015), 

respectively.  
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2.5 Conclusion 

The lack of a standard protocol to determine the solubility of trace metals in aerosols is 

increasingly being discussed in the literature. This study demonstrates that the use of 

different laboratory procedures, including leaching solutions and experimental factors, 

induces a large variability in the estimation of trace metal solubilities in aerosols, with iron 

solubility varying between one third less to fourteen times more compared to the use of an 

instantaneous UHPW leach, depending on the applied protocol. Such discrepancy between 

trace metal solubility data included in international databases (e.g., GEOTRACES IDP 2017 

and SOLAS IP) hinders our ability to accurately compare studies and hence limits our 

understanding of the global biogeochemical cycling of key aerosol trace metals and their 

interaction with marine ecosystems. Consequently, model predictions based on observational 

and laboratory data are subject to major biases.  
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Supplementary material  

Document S2.1. Proposed 3-step leaching protocol to assess aerosol TM solubility, 

laboratory handout.  
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* 1.4M Ammonium acetate buffer pH 4.7 : …. .
30 mL acetic acid + 15 mL ammonia in 500 mL UHPW 
Adjust pH to 4.7 with either solution. 

Leaching protocol to assess aerosol TM solubility: Cheat Sheet.
. 

M. M. G. Perron1, M. Strzelec1, M. Gault-Ringold2, B. C. Proemse1, P. W. Boyd1,2, A. R. Bowie1,2.
1Institute for Marine and Antarctic Studies, Tasmania, Australia. 2Antarctic Climate and Ecosystems CRC, Australia. 

Chemicals:
* Baseline nitric acid (HNO3)
* Ultra-high purity water (UHPW)
* Hydrofluoric acid (HF)
* Acetic acid (Seastar® Baseline, >99%)
* Ammonia (Seastar® Baseline, 50%)
* Multi-elemental external standards: MISA-1, 
MISA-5 and MISA-6
* 1000 µg kg-1 115Indium internal standard
* 2 CRM incl. Arizona Test Dust

Equipment:
* Vacuum pump
* Polypropylene (PP) centrifuge tubes
* Teflon vials (evaporation/digestion)
* PP storage tubes 
* Volumetric flasks
* Hot plate
* Centrifuge
* Filtration setup: Teflon vial + Savillex®
filtration rig + top column

Protocol schematic

“C”, Refractory TMs4

- 50 mL UHPW over filter under vacuum, few 
second exposure

- 9.8 mL leachate + 0.1 mL HNO3 + 0.1 mL 115In

A = Bioavailable TMs [lower estimate]

- Centrifuge tube: filter residue + 10 mL buffer*, 1h. 
3 hand shakes: start, 20 min, 40 min
- Centrifuged for 3 min at 4200 rpm 
- 4.5 mL leachate to evaporate
- Re-dissolved in 0.15 M HNO3, reflux [120℃, 2-3h]
- 4.45 mL reflux + 0.05 mL 115In

B = Crystalline lattice/less soluble aerosol particles

A + B = Labile TMs  [Potentially bioavailable TMs, 
upper estimate]

This leaching protocol1 is suggested as a standard procedure for determining trace metal 
(TM) solubility from aerosol samples collected on W41 filters. A lower (soluble TMs) and an 
upper (Labile TMs) estimate of the aerosol TM solubility are operationally defined together 
with the refractory fraction of TMs in the aerosol sample. The solubility parameter is used 
as an estimate of bioavailable TMs for the marine phytoplankton.

Total aerosol TMs = “A” + “B” + “C”

50 mL UHPW

vacuum

9.8 mL sample
0.1 mL HNO3

0.1 mL Indium

A: Highly soluble fraction 

Filter in
centrifuge 
tube

10 mL 1.1 M 
NH4Ac  1H

(E)

4.5 mL

5.5 mL

4.45 mL reflux
0.05 mL Indium

1 mL HNO3 + 
0.25 mL HF

120 ºC

5 mL 
7 M HNO3

5 mL 
1.5 M HNO3

1 mL reflux
4 mL UHPW

0.05 mL Indium

C: Refractory 
fraction 

Evaporation
(E)

B: Leachable fraction
.  +    .= Labile fractionA B

(E) (E)

4.45 mL 
0.15 M HNO3

120 ºC, reflux

(E)

120 ºC 120 ºC, reflux

“A”, Soluble TMs2 “B”, Leachable TMs3

- 5.5 mL ”B” leach + filter residue evaporated
- Filter residue + 1 mL HNO3 + 0.5 mL HF, 

hotplate [120 ℃, 12h]
- Evaporation to dryness, 120 ℃
- Filter + 5 mL 7M HNO3, hotplate [120 ℃, 6-12h]
- Evaporation to dryness, 120 ℃
- Re-dissolved in 5 mL 1.5 M HNO3, reflux 
- 1 mL reflux + 4 mL UHPW + 0.05 mL 115In
[Land-based aerosol samples can be diluted 100 times]

C = refractory (non soluble) aerosol particles
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Calibration series from the mixed standard solution (MISA-1, -5 and -6)

Standard (µg kg-1) 0 0.5 1 5 10 20 50

500 µg kg-1 mixed MISA standard (mL) 0.0 0.1 0.2 1.0 2.0 4.0 10

1000 µg kg-1 mixed MISA standard (mL) 0.0 0.05 0.1 0.5 1.0 2.0 5.0

1000 µg kg-1 115In standard (mL) 1.0 0.95 0.9 0.5 0 20 50

115In final concentration (µg kg-1) 10

Leachates A and B:

- Rinse solution 7.5 M HNO3

- Calibration points 0 - 0.5 – 1 - 5 µg kg-1

- Quality control sample (QC) 1 µg kg-1

- Instrumental Blank 0.15 M HNO3 + 10 µg kg-1

115In

Leachate C:

- Rinse solution 7.5 M HNO3

- Calibration points 0 – 1 – 10 - 50 µg kg-1

- QC 10 µg kg-1

- Instrumental Blank 0.3 M HNO3 + 10 µg kg-1

115In

MEMO: ICP-MS analyses

References herein:
2 Winton, V. H. ., et al., 2015. Mar. Chem. 177: 20–32. 
3Baker, A. R., et al., 2006. Mar. Chem. 98: 43–58. 
4 Morton, P. L., et al., 2013. Limnol. Oceanogr. 11: 62–78. 

Fractional aerosol 

TM solubility
Soluble TMs =  

"
" # $ # % (%) Labile TMs = 

"#$
" # $ # % (%)

Leaching protocol to assess aerosol TM solubility: Cheat Sheet. 
. 

M. M. G. Perron1, M. Strzelec1, M. Gault-Ringold2, B. C. Proemse1, P. W. Boyd1,2, A. R. Bowie1,2.
1Institute for Marine and Antarctic Studies, Tasmania, Australia. 2Antarctic Climate and Ecosystems CRC, Australia. 

• Scanning Electron Microscopy: type/mineralogy and shape of aerosol particle leached by each 

step of the protocol
Warning - SEM analysis of aerosol samples requires specific filter type (oxygen-free membrane filter) 

• Air masses back trajectory (HYSPLIT, ARL NOAA): Dominant air mass captured in a sample and its 
3-10 days back-trajectory. Highlights potential aerosol sources  included in the sample.

https://www.ready.noaa.gov/hypub-bin/trajasrc.pl

• Chemical Enrichment factors (X/Al, relative to upper continental crust, UCC): Chemicals of dust 

origin mainly. Stresses the occurrence of anthropogenic pollutants in a sample.
McLennan, S. M. 2001. Geochem., Geophys., Geosys., vol 2. 

• Chemical and molecular tracers:

- Anthropogenic chemicals Pb, Cu, Ni, Zn, Cr and V (shipping)

- Radon (222Rn): Marine vs terrestrial air mass

- Black Carbon (BC): combustion particles

- Levoglucosan: bushfire/biomass burning

- K+: biomass burning

- Oxalate, C2O4
2-: Atmospheric processing

Tools for data interpretation

1 M.M.G. Perron, M. Strzelec, M. Gault-Ringold, B.C. Proemse, P.W. Boyd, A.R. Bowie, Assessment of leaching 
protocols to determine the solubility of trace metals in aerosols, Talanta. 208 (2020). 

doi:10.1016/j.talanta.2019.120377.

Cite this paper:
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Table S2.1. Aerosol samples analysis, ICP-MS instrumental parameters. 

Instrument SF-ICP-MS, Element 2 Thermo Fisher Scientific 
Torch Fassel type 
Spray Chamber 20 mL Quartz cyclonic 
Nebuliser 0.2 mL min-1 Micromist 
Cool gas 15 L min-1 
Auxiliary gas 0.7 and 0.95 L min-1 
Guard Electrode Activated 
Sample uptake 100 s, auto sampler 
Rinse solution 5 % (0.75 M) HNO3, 2.5 min between samples 
Isotope monitored in low resolution 98Mo, 111Cd, 138Ba, 140Ce, 208Pb, 238U 
Isotopes monitored in medium 
resolution 

24Mg, 27Al, 31P, 47Ti, 49Ti, 51V, 52Cr, 55Mn, 59Co, 60Ni, 
63Cu, 56Fe 

Instrumental blank solution 
 

Leachate: … 1 % (0.15 M) HNO3 + 10 µg kg-1 In 
Digest: …… 2 % (0.30 M) HNO3 + 10 µg kg-1 In 

Standard solution MISA-1 
MISA-5 
 
MISA-6 

Ge, Hf, Mo, Nb, Si, Ta, Ti, W, Zr 
Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sc, Sm, Tb, 
Th, Tm, Y, Yb 
Ag, Al, B, Ba, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, In, K, 
Li, Mg, Mn, Na, Ni, P, Pb, Rb, Sr, Tl, U, V, Zn 
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Table S2.2. Average extraction efficiency of the digestion protocol (n=25) and the short (10 min) and long (2 h) reducing agent 

(n=5), the ammonium acetate buffer (NH4Ac, n=26) and the seawater (SW, n=3) leaches compared to the UHPW leach (FeX/FeUHPW) 

for the target trace metals. 

 Fe Pb Al Ti V Mn Co Cu 
Digestion 16.59 6.33 47.04 181.11 1.80 5.54 4.32 5.43 
Reducing agent 2 h 14.55 5.72 6.18 25.42 2.69 3.71 5.32 3.09 
Reducing agent 10 min 4.51 5.40 2.65 5.33 1.46 2.30 2.26 2.40 
NH4Ac 1.43 3.70 1.61 1.53 1.23 1.84 2.08 2.07 
SW 0.74 0.99 1.21 0.29 0.47 1.21 1.15 0.81 

 

Table S2.3. Ratios (range) between trace metal (TM) concentration in seawater (leaching solution) and aerosols (after blank 

correction). When TMaerosol / TMSW >1, aerosols TM content was higher than that of seawater. 

  Al Co Cu Fe Mn Pb V Ti 
TMaerosol / TMSW 1.3 - 14.5 1.1 - 4.2 0.04 - 2.4 6.2 - 52.9 0.5 - 5.5 1.0 - 5.9 0.02 - 0.2 3.2 - 9.3 

 

Table S2.4. Average proportion (%) of soluble trace metals present in both the soluble (STM, UHPW leach) and 0.22 µm re-filtered 

fractions along with the related standard deviation. 

 Al Co Cu Fe Mn Pb Ti V 

Average STM /  
re-filtration, % 69.5 ± 18.0 86.0 ± 9.0 84.0 ± 9.0 66.0 ± 24.0 92.0 ± 3.5 68.0 ± 32.0 43.0 ± 29.0 92.0 ± 9.5 
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Table S2.5. Variation in the absolute mass of trace metal (TM) in nanogram (ng) in the 

UHPW leach of 3 marine aerosol samples (MS) after one day and 6 months of storage in 

0.15 M HNO3. The average and standard deviation of this variation are displayed as well 

as the percentage of soluble TM in the re-filtered TMs fraction obtained during the 0.22 

µm re-filtration experiment. 

 MS1 MS2 MS3 average rsd 
Re-filtered 

TM (%) 

Ba -4 2 -5 -2 4 NA 

Cd 20 0 -32 -4 26 99 
Ce 0 100 100 67 58 NA 
Co 75 200 -30 82 115 86 
La NA 100 0 50 71 NA 
Mn -18 21 -6 -1 20 92 
Mo 47 67 50 55 11 80 
Pb 167 22 -12 59 95 68 
U 100 NA NA 100 NA NA 

Al -4 11 18 8 11 69 
Cr 11 131 0 47 73 88 
Cu 66 130 20 72 55 84 
Fe 4 46 34 28 22 66 
Ni 46 228 155 143 92 NA 
Mg -5 -3 -23 -10 11 NA 
P 0 14 0 5 8 NA 
Ti 18 66 107 64 45 40 
V 9 -12 2 0 11 89 

Zn -19 82 -25 13 60 82 
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Table S2.6. Replicate measurements of 3 punches of one terrestrial aerosol sample processed through the proposed 3-step leaching 

experiment, relative standard deviation (RSD) displayed as a % of the average measurement. 

 
UHPW NH4Ac Digestion 

rep 1 rep 2 rep 3 RSD rep 1 rep 2 rep 3 RSD rep 1 rep 2 rep 3 RSD 

ng             

Ba 0.1 0.1 0.1 8 0.2 0.2 0.2 2 9.7E+02 1.2E+03 1.0E+03 12 

Ce 10.0 10.2 10.9 4 13.2 14.4 12.9 6 4.0E+02 4.9E+02 4.1E+02 12 

Co 6.3 6.8 6.0 6 2.8 3.4 2.5 16 33.9 42.0 32.2 15 

Cr 5.5 5.7 5.5 2 2.6 2.8 2.5 6 6.3E+02 7.7E+02 6.5E+02 11 

Cu 67.1 66.4 66.5 1 44.2 44.0 39.6 6 4.0E+02 4.6E+02 4.0E+02 9 

La 4.2 4.1 4.3 3 5.3 5.5 5.0 4 1.8E+02 2.2E+02 1.8E+02 11 

Mo 3.9 3.9 4.2 4 1.4 1.5 1.4 6 27.8 32.5 28.8 8 

Ni 21.1 21.9 23.0 4 15.3 16.1 15.1 3 2.0E+02 2.2E+02 2.1E+02 4 

Ti 12.5 9.6 9.8 15 2.0 1.6 1.7 13 3.7E+04 4.5E+04 3.8E+04 11 

U 0.7 0.7 0.7 5 1.8 2.0 1.7 8 16.0 19.8 15.9 13 

V 33.5 32.9 34.1 2 14.5 14.8 12.9 7 6.7E+02 8.1E+02 6.7E+02 12 

!g             

Al 2.0 2.1 2.1 2 1.3 1.4 1.2 9 3.9E+05 4.8E+05 3.9E+05 13 

Fe 1.2 1.1 1.1 2 0.6 0.6 0.5 10 2.2E+05 2.7E+05 2.2E+05 12 
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Mg 48.1 49.4 49.2 1 11.5 12.5 10.2 10 1.7E+04 2.1E+04 1.7E+04 15 

Mn 0.4 0.5 0.5 7 0.2 0.2 0.2 6 7.9E+02 9.7E+02 8.4E+02 11 

P 0.9 1.0 1.0 4 1.0 1.1 0.9 6 8.1E+03 9.8E+03 8.5E+03 10 

Pb 0.3 0.3 0.3 2 0.9 0.9 0.9 1 9.0E+02 1.1E+03 9.6E+02 10 

Zn 1.0 1.0 1.0 3 0.6 0.6 0.5 5 1.2E+03 1.4E+03 1.3E+03 7 
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Fig S2.1. SEM back-scattered images (15 kV electron beam) of carbon-coated replicate 

punches of one W41 filter, either left unprocessed (a), after the ultra-pure water (UPHW) 

leach (b) or after successive processing through the UHPW and NH4Ac buffer leaches (c). 

The blue box highlights an example of combustion-like particles on the filter which is 

removed by the UHPW leach. However, few particles are still visible at the filter surface after 

the second leach, which conflicts with ICP-MS measurement of high refractory content in 

aerosols. This highlights the limits of using SEM on W41 filters the depth of the filter shades 

particles embedded within the filter fibres and may induce misinterpretation of the SEM data. 

The red scale on the images represent 100 µm (a and b) and 250 µm (c). 
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Chapter 3. Origin, transport and deposition of 

aerosol iron to Australian coastal waters 

 

This chapter was published as a research article to the journal Atmospheric Environment. Co-

author contributions can be found in Appendix B.  
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Abstract 

Australia is a major source of Fe-laden dust to the anemic marine phytoplankton in the 

Southern Ocean and to Southern Hemisphere (SH) low latitudes diazotrophic bacteria. 

However, the paucity of observations and laboratory experiments on SH aerosols biases 

model predictions of atmospheric Fe deposition to the southern oceans and the subsequent 

response of ocean productivity. As a result of an extensive shipboard aerosol sampling effort, 

this study presents laboratory measurements of aerosol Fe concentrations, solubilities and 

fluxes and analysis of chemical tracers, highlighting the large heterogeneity between aerosol 

Fe sources in 5 coastal regions around Australia. While dust-sourced high Fe loadings and 

low Fe solubilities (5%) aerosols dominate the atmospheric burden of the western coasts of 

Australia, much lower Fe concentrations but greater Fe solubilities (10.5% and 13%) were 

measured in aerosols along the east coast which was attributed to solubility-enhancing 

atmospheric reactions with anthropogenic pollutants. Surprisingly high aerosol Fe solubilities 

(>20%) in northern Australia aerosols were associated with direct emissions or atmospheric 

reactions with bushfire emissions at tropical latitudes, which accounted for 49% of the total 

(sum) atmospheric dry deposition flux of labile Fe measured across the continent’s 

surrounding seawaters in this study. 

Keywords: "labile iron", "dust", "anthropogenic pollutants", "bushfire", "solubility", 

“Southern Hemisphere” 
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3.1 Introduction 

The atmospheric pathway carries a significant amount of essential micro-nutrients such as 

iron (Fe) to anemic phytoplankton in High Nitrate Low Chlorophyll (HNLC) marine regions 

(Boyd and Ellwood, 2010) and to diazotrophic bacteria in subtropical waters (Moore et al., 

2013). However, only a fraction of atmospheric Fe is soluble in seawater (Baker and Croot, 

2010), of which only parts are bioavailable to marine biota (Jickells and Moore, 2015). 

Laboratory measurements of Fe solubility have often been used as a proxy for bioavailable 

Fe in aerosols. 

Despite the recent effort to include aerosol solubility in international data bases such as the 

GEOTRACES Intermediate Data Product 2017 (Schlitzer et al., 2018) and the SOLAS 

Implementation Products (Brévière and the SOLAS Steering Committee (eds.), 2016), large 

discrepancies between experimental protocols (various leaching solutions, reaction pH and 

leaching time) prevent an accurate comparison of the solubility data between studies (Perron 

et al., 2020). Seawater solubility of Fe from aerosols is complex as it depends on external 

environmental factors such as temperature, humidity, atmospheric acidity, and sunlight and 

on the particle’s own properties such as the source, size, and geochemical and mineralogical 

composition (Hettiarachchi et al., 2019).  

Mineral aerosols (or “dust”) dominate total atmospheric Fe emissions (Jickells and Moore, 

2015), although dust generally displays very low Fe solubilities of less than 1% (Jickells and 

Moore, 2015). However, dust mineralogy is critical when assessing the global impact of dust 

deposition to the ocean as Fe-rich oxides and hydroxides (e.g., hematite, goethite, magnetite 

or ferrihydrite) generally only contain less than 0.01% soluble Fe compared to lower Fe 

bearing aluminosilicates and clay minerals which contain up to 5% soluble Fe (Journet et al., 

2008). 



104 
 

Such low soluble Fe content of mineral aerosols contradicts the wide range of aerosol Fe 

solubilities (0.01% to 80%) reported (Mahowald et al., 2005). Therefore, other atmospheric 

sources of more soluble Fe have been suggested, including anthropogenic emissions of 

biomass and fossil fuel combustion (Sedwick et al., 2007), shipping activity (Ito, 2013), fires 

(Guieu et al., 2005) and, regionally, volcano eruptions (Achterberg et al., 2013). Indeed, oil 

and coal fly ashes have a high total Fe content (80% and 25%, respectively), of which 7% 

and 15% may be soluble (Schroth et al., 2009; Wang et al., 2015). Consequently, 

anthropogenic aerosols have often been found to dominate the deposition of soluble 

atmospheric Fe to seawater (Sholkovitz et al., 2009). Biomass burning emissions have also 

been shown to contain a high fraction of soluble Fe up to 22% (Ito and Shi, 2016) or 46% 

(Oakes et al., 2012), which may also represent an important source of aerosol Fe near low 

latitude regions of the Southern Hemisphere (SH) where large bushfires seasonally occur 

(Winton et al., 2016b). Modelling studies has attributed 79% of the soluble Fe deposition to 

the global ocean to combustion emissions (Wang et al., 2015) and up to 50% in remote 

HNLC areas (Luo et al., 2008; Scanza et al., 2018).  

The solubility of mineral Fe has been observed to increase during atmospheric transport. 

Such solubility-enhancing mechanisms include “ageing” of airborne particles after multiple 

evaporation and condensation cycles within clouds (Baker and Croot, 2010; Shi et al., 2015); 

chemical reactions with low pH anthropogenic pollutants like sulfuric and nitric acids 

(Myriokefalitakis et al., 2018); or soluble complex formation with airborne organic ligands 

such as oxalate (Ingall et al., 2018). The latter proton-promoted and ligand-mediated 

reactions may enhance mineral Fe solubility by up to 75% when acting in conjunction 

(Johnson and Meskhidze, 2013), although they are both suppressed or buffered in the 

presence of carbonate minerals (Ingall et al., 2018). The presence of volcanic ash and 
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biomass burning particles was also found to enhance mineral Fe solubility (Myriokefalitakis 

et al., 2018). 

The SH only accounts for a few, sparsely located dust source regions (Mackie et al., 2008; 

Wagener et al., 2008) such as the ‘outback’ Australia in the center of the continent, which has 

often been suggested to dominate mineral aerosol deposition to the Southern Ocean (SO) 

south of 45 °S (Ito and Kok, 2017; Revel-Rolland et al., 2006). Australia may also constitute 

an important source of airborne Fe to the highly diverse tropical to temperate marine 

ecosystems neighbouring the country, although very few studies have previously investigated 

aerosol Fe in this region. This lack of field observations and laboratory studies limits our 

understanding of the atmospheric cycling of Fe and also biases modelling predictions on 

aerosol deposition to SH waters (Wang et al., 2015), which have often been based on 

northern hemisphere parameterisations. Thus additional field observations are needed to 

refine and validate models representation of atmospheric Fe biogeochemical cycling (Mackie 

et al., 2008). In the context of rapid climate change, there is an increasing need for 

observations on aerosol cycling and atmospheric processing in the SH (Scanza et al., 2018) in 

order to better understand today’s processes and help predict and prepare for future 

environmental conditions. 

 

This study presents results from an extensive ship-board atmospheric sampling effort around 

Australia, including observational and experimental data on aerosol Fe sources, 

concentrations, solubilities and deposition fluxes in the SH. Spatial variability in atmospheric 

delivery of Fe to five very distinct marine regions around Australia was found to be high, 

likely leading to varying impacts on regional marine ecosystems. We anticipate that this new 

dataset will greatly improve aerosol deposition models predicting SH processes. 
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3.2 Materials and methods  

3.2.1 Study area 

The Australian continent has a highly heterogeneous climate and associated diverse 

ecosystems, distributed across 8 states and territories subject to diverse land use and marine 

area management policies (McNeill, 1994). The central ‘outback’, including geological 

basins in the east and sandy deserts in the west, constitutes a vast dust source to the SH 

(Mackie et al., 2008). Australia’s atmospheric circulation is divided into three major 

pathways, flowing south-eastwards into the Tasman Sea, north-westwards into the Indian 

Ocean and along the south coast of Western Australia into the Great Australian Bight 

(Baddock et al., 2015; Bowler, 1976). These “dust paths” are intensified over large dust 

storm events (Gabric et al., 2010). Despite the occurrence of seasonal monsoons at tropical 

latitudes, the overall climate is extremely dry (Prospero et al., 2002) and prone to severe 

bushfires which contribute to atmospheric combustion emissions. Australia’s population is 

generally small and therefore its anthropogenic emissions to the atmosphere relatively small 

compared to populated areas of the northern hemisphere. This study investigates aerosol Fe 

deposition to five distinct marine regions adapted from the Australian government “State of 

the Environment” (SoE) marine areas (Evans et al., 2016) in order to match our sampling 

tracks and observations. Fig 3.1 displays all five regions and their potential aerosol sources. 

 

The “Northern Marine Region” (NMR) expands from Broome (Western Australia) to the 

north of the Great Barrier Reef (GBR) marine park. The NMR climate is extremely hot and 

dry throughout most of the year which frequently triggers widespread bushfires in the local 

grassland, savanna and shrubland (Mallet et al., 2017). Contrastingly, the tropical monsoon 

causes large river discharges into the well-mixed shallow waters of the Gulf of Carpentaria 

(Smith et al., 2014), inducing a summer peak (up to 1.4 g C m-2 d-1) in the gulf’s primary 
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productivity (Condie and Dunn, 2006). The topsoil primarily features illite and kaolinite 

aluminosilicates (Viscarra Rossel, 2011). The modest capital city of Darwin is the sole source 

of urban emissions to the NMR atmosphere comprising industries, fishery activities, and 

offshore exploitations in the adjacent Joseph Bonaparte gulf. In shallow waters, high turbidity 

and relatively low concentrations of nitrate (<0.3 micro mole per liter) primarily limit the 

development of local diatoms and nitrogen-fixing cyanobacteria (Condie and Dunn, 2006).  

 

 

Fig 3.1. Schematic of the five Australia marine regions described in this study (red dashed 

rectangles), namely the North Marine Region (NMR), the North West Marine Region 

(NWMR), the South West Marine Region (SWM), the Coral Sea Marine Region (CSMR) 

and the Temperate East Marine Region (TEMR) which were adapted from the Australian 

government SoE (black dashed line). Aerosol sources and major dust paths are explained in 

the legend. The blue line represents all combined voyage’s tracks. 
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The “Coral Sea Marine Region” (CSMR) spreads across the southern half of Queensland 

coastlines, including the GBR marine park and the neighbouring waters of the Coral Sea. 

Outside El Niño–Southern Oscillation years, trade winds dominate the CSMR atmospheric 

circulation. Summer rainfalls generate riverine outflows (Blondeau-Patissier et al., 2011) 

which erode kaolinite and hematite minerals from the highland basaltic rocks and smectite 

minerals from lowlands (Viscarra Rossel, 2011) into the coastal waters. Queensland coasts 

are moderately populated, contributing to industrial, shipping, tourism and household-

associated emissions to the atmosphere. Year-round low primary productivity was reported in 

the CSMR (0.35 to 0.55 g C m-2 d-1) due to persistent nitrate limitation of the local nano- and 

pico- plankton, especially in the oligotrophic outer shelf waters (Condie and Dunn, 2006). 

Irregular nutrient inputs from riverine discharge or seasonal tropical cyclones sporadically 

feed small diatom blooms in the GBR waters. 

The “Temperate East Marine Region” (TEMR) spreads from Brisbane to the south of New 

South Wales, and includes both Lord Howe and the Norfolk islands. Four seasons 

characterize the subtropical to temperate climate of the TEMR. The highly diversified 

vegetation of broadleaf and mixed forests on the coasts and grassland and savanna inland 

suffer from frequent summertime fires (Paton-Walsh et al., 2014). Soil geology resembles 

that of the CSMR (Viscarra Rossel, 2011) although the high density of population 

significantly modified the coastal landscape of the TEMR, resulting in larger anthropogenic 

emission to the atmosphere in this region compared to the CSMR. Averaged summer primary 

productivity is rather low (0.45 g C m-2 d-1) in the northern Tasman Sea (Condie and Dunn, 

2006) due to wide-spread nitrogen limitation which is opportunistically relieved in the events 

of dust storms, coastal upwellings supply (Ellwood et al., 2018) or within EAC-separating 

eddies (Radke et al., 2017). An additional co-limitation by Fe and P was shown to affect 

diazotroph species growth capacity in the TEMR (Ellwood et al., 2018). 
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The southern Tasman Sea marine region was not investigated in this study. However, the Fe-

limited marine phytoplankton near the subantarctic zone (Bowie et al., 2009) may 

disproportionately respond to atmospheric Fe supply from Australia (Mahowald et al., 2005). 

The “South West Marine Region” (SWMR) encompasses the city of Perth as well as the 

Great Australian Bight basin. This region displays temperate to subtropical climate and 

landscape (Smith et al., 2014). The southern coast features a unique soils made of limestones 

and calcareous sands, including smectite and illite and goethite minerals, whereas west coast 

soils are primarily made of hematite oxides, kaolinite and quartz (Viscarra Rossel, 2011). The 

SWMR population is gathered around Perth and contributes atmospheric emissions from 

industries, recreational vessel activity, commercial fisheries; and offshore oil rigs. The 

SWMR primary productivity is thought to be rather low, with an average summer  rate of 0.4 

g C m-2 d-1 reported in the Great Australian Bight. Nutrient input from the shelf seasonally 

feeds the nitrogen limited diatoms and small copepods communities in the local waters 

(Condie and Dunn, 2006). 

The “North West Marine Region” (NWMR) comprises the northern part of Western Australia 

coasts up to Broome (Pilbara and southern Kimberley regions). This wild and dry region 

includes deserts and arid shrublands in the south and bushfire-prone grassland and savanna in 

the tropics (Mallet et al., 2017; Smith et al., 2014). Soil geology is dominated by kaolinite in 

addition to illite on the coast and hematite in the central plateau (Viscarra Rossel, 2011; 

Viscarra Rossel and Chen, 2011). The NWMR is quasi-deserted and therefore accounts for 

very low anthropogenic emissions from mining and tourism. The North West Shelf of 

Australia is a highly productive marine region (>1.45 g C m-2 d-1 in winter) which relies on 

surface water nutrient recycling (Condie and Dunn, 2006), a strong tidal system (internal 

mixing) and local upwellings (Blondeau-Patissier et al., 2011), the latter phenomenon 

strengthening over El Niño-Southern Oscillation years (Radke et al., 2017). 
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3.2.2 Sampling 

Aerosol samples were collected during multiple oceanographic voyages aboard the Research 

Vessel Investigator (Marine National Facility, Australia) using 47 mm punches of acid 

cleaned Whatman 41 (W41) cellulose filters as recommended by the GEOTRACES 

Cookbook v3 (Cutter et al., 2017; Morton et al., 2013). The ship’s track is displayed in Fig 

3.1 and a picture of the sampling manifold is available in the Supplementary material Fig 

S3.1. Air was pumped through a polished stainless-steel pipe running along the ship’s 

foremast and into a filtration manifold housed in a High Efficiency Particulate Air (HEPA)-

equipped laminar flow hood, using either Teflon or anti-static conductive silicone tubing 

(Kenelec Scientific®) to minimize potential particle loss within the manifold tubing. In order 

to avoid contamination from the ship’s exhaust, the manifold’s pumps were automated to 

activate for a wind speed between 8 to 80 km h-1 and a wind sector relative to the bow (270º - 

90º), using the vessel’s meteorological data. Aerosol sampling was performed for 18 to 60 h 

so that a minimum volume of 20 m3 of air was filtered through each sample. After collection, 

sample filters were folded in half and stored frozen in double sealed bags. Additional 

information on the sampling system is available in Perron et al. (2020) (Perron et al., 2020). 

Acid washed W41 procedural blanks were mounted on the non-running filtration manifold 

for 2 min and were used to correct aerosol measurements for trace metal background. The 

supplementary material Table S3.2 provides a log-sheet of all 44 aerosol samples collected. 

 

3.2.3  Sample processing and analysis 

All chemicals used were ultra-high purity Baseline (Seastar chemicals®) or in-house sub-

boiled distilled acids. Laboratory trace metal work was carried out in a positive pressured 
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class 6 clean room, in an HEPA-filtered class 5 laminar flow hood wearing clean garments 

and nitrile gloves and following GEOTRACES ‘Cookbook’ procedures (Cutter et al., 2017).  

Aerosol samples were thawed at room temperature and processed through a three-step 

leaching protocol to define the fractions of soluble (SFe%) and labile (LFe%) Fe as well as the 

total Fe (TFe) concentration in aerosols (Perron et al., 2020). Briefly, soluble Fe (SFe) was 

extracted by an instantaneous flow-through leach using 50 mL of ultra-high purity water 

(UHPW) under vacuum (Buck et al., 2006). The same filter was immediately transferred into 

a centrifuge tube, soaked for one hour in 10 mL of ammonium acetate (1.4 M, pH 4.7) and 

centrifuged (Baker et al., 2007). Labile Fe (LFe) is defined as the sum of the first two leaches. 

Finally, the remaining filter was digested using a mixture of HF and HNO3 for 12 h at 120 °C 

(Morton et al., 2013). The sum of the three leaches defines the total Fe content (TFe) in 

aerosols. Fe concentrations were expressed in nanogram of Fe per meter cube (ng m-3) of air 

filtered. Aerosol Fe fractional solubility (SFe% or LFe%) was calculated as the ratio of SFe/TFe 

or LFe/TFe measured in aerosols, expressed as a percentage. Leachates and digests were 

diluted to 1% and 2% nitric acid (HNO3), respectively, and 100 µg/kg of indium (In) was 

added as an internal standard. Analysis was undertaken by Sector Field Inductively Coupled 

Plasma-Mass Spectrometry (SF-ICP-MS, Thermo Fisher Scientific ELEMENT 2) within 3 

days of sample preparation (Bowie et al., 2010). Reference material digestion (<3 µm 

Arizona Test Dust, Powder Technologies Inc® and GeoPT13 loess, International Association 

of Geoanalysts) provided near 100% recovery for all trace metals analysed in this study 

(Perron et al., 2020). 

 

3.2.4 Dry Fe deposition flux estimation 

In order to compare our observational study with modelling studies, we calculated the dry 

deposition fluxes (F) of labile and total Fe using the following equation (1): 



112 
 

Fdry = CFe * Vd      (1) 

where the measured concentrations of Fe in aerosol (CFe=LFe or TFe) was multiplied by a dry 

deposition velocity constant Vd. Because Vd varies greatly with the size of aerosols and 

atmospheric conditions such as humidity and wind speed, a constant value of 2 cm s-1 was 

used in this study, allowing comparison with previous studies (Baker et al., 2016; Duce et al., 

1991; Winton et al., 2016b). 

 

3.2.5 Predominant atmospheric circulation  

A three-day air-mass back-trajectory analysis was undertaken using the Hybrid Single 

Particle Lagrangian Integrated Trajectory (HYSPLIT, reanalysis, Air Resources Laboratory 

NOAA) model (Stein et al., 2015) in order to identify dominant sources of aerosols to each 

region considered. Air-mass back trajectories were drawn at 10 and 100 meters high to assess 

variations in the marine boundary layer. However, atmospheric circulation is complex over a 

sampling period of several days on a moving platform like a ship. Therefore, HYSPLIT 

observations were combined to external measurements of atmospheric radon (222Rn), a 

lithogenic tracer used to indicate the time scale an air mass last encountered land. 

Atmospheric radon concentration was continuously measured during all voyages from the 

same air inlet as the aerosol sampling system but using an independent 700L two-filter radon 

detector. In this study, air-masses presenting a 222Rn signature below 200 mBq m-3 were 

considered of a predominant marine origin (Chambers et al., 2018). 

 

3.2.6 Enrichment factor 

The source of aerosols greatly influence the subsequent solubility of atmospheric Fe 

following deposition to the ocean depending on particles mineralogy, weathering and size 
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and on the possible co-emission of solubility enhancing particle (Baker and Croot, 2010; Hsu 

et al., 2014; Ingall et al., 2018). Enrichment factors (EF) were calculated for each sample in 

order to discriminate Fe from anthropogenic pollution over natural dust (Shelley et al., 2015). 

EF was defined as the mass ratio of total Fe to aluminum (Al) measured in a sample divided 

by the same ratio measured in the Earth’ upper continental crust (McLennan, 2001). An EF 

for Fe (EFFe) equal to 1 indicates a dominant dust origin. Similarly, the EFs of vanadium (V), 

EFV, (Sholkovitz et al., 2009) and lead (Pb), EFPb, (Shelley et al., 2017) were used to 

fingerprint pollution from heavy oil combustion (including shipping) or from fuel combustion 

emissions, respectively. For all three trace metals, an EF exceeding the threshold value of 10 

(Shelley et al., 2017) highlighted significant enrichment in the samples.  

 

3.2.7 Biomass burning events 

Levoglucosan, a monosaccharide anhydride, is commonly used as a tracer for biomass 

burning in aerosols as it only forms during high temperature combustion of cellulose 

(Bhattarai et al., 2019; Yttri et al., 2015). Levoglucosan quantitation was performed on 

duplicate W41 filters, after a short 20 min ultrasonic extraction in UHPW, using ion 

chromatography - triple quadrupole tandem mass spectrometry (IC-TSQ-MS) (Sanz 

Rodriguez et al., 2019). As no duplicate filters were available for samples from the GBR and 

NMR and for a few samples of the TEMR and NWMR, the online tool Sentinel Hotspots 

(Wooster et al., 2012) was used as an indicator for potential fire activity over the sampling 

period of these samples. This tool indexed all individual high confidence (80 - 100%) 

bushfires observed by MODIS and VIIRS satellites at the time of aerosol sampling and in a 

5º x 5º area (~ 500 km2) around the sample mid-point location (Winton et al., 2016b) 

thereafter mention as “fire counts”. While Sentinel Hotspot is a good indicative tool for fire 
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activity, it is not an intrinsic measurement of a sample (like levoglucosan) and therefore may 

not represent the genuine aerosol content carried by a sampled air-mass. 

 

3.3 Results and Discussion 

3.3.1 Air-mass influence 

Dominant atmospheric influence in each marine region investigated was assessed using 

atmospheric 222Rn concentration and 3-day HYSPLIT air-mass back trajectories. Data is 

available in the supplementary materials Table S3.3 and Fig S3.4. 

 

Air-mass back-trajectories associated with NMR aerosols mainly originated from the eastern 

Pacific Ocean and flowed westward into the Arafura Sea. However, slightly high average 

atmospheric 222Rn concentration of 551 mBq m-3 measured over the aerosol sampling period 

in the NMR indicated small terrestrial inputs rather than a sole marine air constituted the 

NMR atmosphere. Such lithogenic signature is likely to originate from Australia northern 

coastline and from the numerous islands of the Torres Strait. Similarly, the CSMR displayed 

a primary influence by marine wind (HYSPLIT back-trajectory) which included terrestrial 

contribution from the local coast and potentially from Pacific islands (New Caledonia, 

Vanuatu, and Fiji) in light of the average 222Rn concentration of 507 mBq m-3 measured over 

the CSMR aerosol sampling time. The dominant wind pattern in NWMR arose from the large 

central deserts of Western Australia according to HYSPLIT air-mass back trajectories and to 

the high average atmospheric 222Rn concentration of 2526 mBq m-3 measured, typical of air-

masses leaving the mainland Australia (2000<222Rn<4000 mBq m-3, (Chambers et al., 2018)). 

This NWMR dust-dominated atmospheric signature fingerprints the Australian South-East 

Dust Path reported in previous studies (Baddock et al., 2015; Bowler, 1976). The SWMR 
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atmospheric circulation displayed two different trends as one sample was highly influenced 

by terrestrial input from central Australia (HYSPLIT and 222Rn=2458 mBq m-3) while the 

other two samples air-mass back-trajectories exhibited long-range aeolian transport over the 

SO or the Great Australian Bight (222Rn=301 and 413 mBq m-3, Table S3.3). However, the 

small number of sample collected in the SWMR (n=3) is insufficient to discriminate a 

dominant atmospheric source to this region which seemed to receive both terrestrial and 

marine air-masses. The atmospheric circulation in the TEMR was highly variable from a 

sample to another. The well described North-West Dust Path (Baddock et al., 2015; Bowler, 

1976) was not clearly identified from our analysis but rather a complex mixture of air mass 

origins (including lithogenic, anthropogenic and marine atmospheric sources) seemed to 

dominate the TEMR atmospheric circulation, as suggested by HYSPLIT trajectories and by 

the intermediate value of atmospheric 222Rn concentration measured (1310 mBq m-3).  

 

3.3.2 Aerosol Fe solubilities and concentrations 

Ship-board collection of aerosols commonly occurs over a short time and is sensitive to 

exceptional meteorological circumstances or potential sample contamination. Therefore, Fe 

solubilities and concentrations measured in aerosols should be carefully interpreted, 

especially in regions were only a small number of samples is available (NMR and SWMR). 

Therefore, we chose to use median data values (Table 3.1) as average values can be highly 

biased by extreme (high or low) data points. Atmospheric measurements of LFe will be 

discussed rather than SFe as the former parameter was suggested to better represent 

bioavailable aerosol Fe delivered to marine phytoplankton (Perron et al., 2020). Fig 3.2 

displays the geographic distribution of LFe and TFe measured during this study. 
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Table 3.1. Median value and range of soluble (SFe%) and labile (LFe%) fractions of Fe in 

percent (%), and total Fe concentrations (TFe) in nanogram per cubic meter (ng m-3) 

measured in aerosols collected for the NWMR (n=12), CSMR (n=8), SWMR, TEMR 

(n=17), and NMR (n=4) marine regions. The ratio of SFe to the LFe concentrations 

(SFe/LFe, %) is also shown. 

Region NWMR CSMR SWMR TEMR NMR 

SFe% [%] median 4 5 7 10 12 
range 2 - 13 3 - 17 4 - 14 5 - 30 10 - 21 

LFe% [%] median 5 10 8 13 23 
range 3 - 15 4 - 33 7 - 16 7 - 30 22 - 29 

SFe/LFe [%] median 82 60 89 79 51 
TFe 

[ng m-3] 
median 40 10 33 7 26 
range 11 - 103 4 - 61 1 - 67 1 - 29 4 - 46 

 

Median Fe solubilities (LFe%) and total Fe concentrations (TFe) measured in aerosols showed 

striking differences between the five studied regions (Fig 3.2). The highest TFe were 

measured on the western coast of Australia, with median concentrations of 33 ng m-3 and 40 

ng m-3 in the SWMR and NWMR, respectively. On the contrary, east coast aerosols 

displayed up to 4 times less TFe than aerosols from the western marine regions of Australia, 

with TFe concentrations of 10 ng m-3 in the CSMR and 7 ng m-3 in the TEMR. Median TFe 

concentration in aerosols from the NMR showed the intermediate value of 26 ng m-3.  

Labile aerosol Fe measurements (LFe) roughly followed an inverse correlation with TFe 

measurements in aerosols (scatter plot displayed in the supplementary material Fig S3.5). 

Indeed, high loading aerosols from the two western regions were associated with low median 

LFe% of 5% and 8% for the NWMR and SWMR respectively, whereas small TFe measured in 

aerosols from the eastern shore were associated with a larger range of LFe% and greater 

median solubilities of 10% in the CSMR (4 - 33%) and 13% in the TEMR (7 - 30%). 

Generally, aerosols collected in the northern half of the CSMR displayed 3-fold enhanced Fe 

solubility compared to those collected in the southern CSMR. Surprisingly, the NMR 
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exhibited the largest LFe solubility measurements (>20%) compared to other regions (Table 

3.1).  

Interestingly, differences were also observed in the ratio of soluble-to-labile Fe measured in 

aerosols across the different regions (SFe/LFe, Table 3.1). While SFe constituted a large 

proportion of the LFe pool, up to 79% in the TEMR, 82% in the NWMR and 89% in the 

SWMR; only 51% and 60% of the aerosol LFe measured in aerosols of the NMR and CSMR, 

respectively, was SFe as defined by the 3-step leaching protocol (Perron et al., 2020). This 

observation suggests that different sources of less soluble aerosol Fe may prevail in the NMR 

and CSMR. 

 

 

Fig 3.2. Labile Fe fraction (color scale, LFe, %) and total Fe concentration (point size, TFe, 

ng m-3) in aerosols for each marine region delimited by the red dashed rectangles. 
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The contrast we observed between high Fe loading and poor Fe solubility in aerosols 

collected on the Indian Ocean basin compared to low Fe loading but higher Fe solubility on 

the Pacific Ocean east of Australia is consistent with the literature. Indeed, Strzelec and co-

workers measured TFe between 12 ng m-3 and 418 ng m-3 near Gingin in Western Australia 

(Strzelec et al., 2020a) while TFe of only 29 - 214 ng m-3 were measured in Mission Beach, 

northern Queensland, using the same laboratory protocol (Strzelec et al., 2020b). Greater 

total aerosol Fe concentrations between 60 ng m-3 and 1164 ng m-3 were reported in aerosols 

at Gunn Point in the Northern Territory of Australia (Winton et al., 2016b). Our atmospheric 

TFe measurements (0.8 – 103 ng m-3, Table S3.3) fall within the lower end of the above-

mentioned land-based field studies but they agree with shipboard studies which described 

aerosol TFe between 3 ng m-3 and 57 ng m-3 over the western Indian Ocean (Witt et al., 2010) 

and between 0.04 and 130 ng m-3 over the GEOTRACES GP16 section in the eastern Pacific 

Ocean (Buck et al., 2019). Overall, our TFe data at coastal sampling site logically fall between 

high land-based atmospheric Fe measurements and smaller concentrations reported in open 

ocean areas. This reflects the gravitational settling of large particles known to occur along the 

atmospheric transport away from dust emission sources (Jickells and Moore, 2015). 

Laboratory experiments reported Fe solubility up to 30% when Australian sand dune was 

exposed to a low pH 2.15 leach (Mackie et al., 2006). Such low pH can be reached in the 

presence of anthropogenic sulfur and nitrogen oxides in the atmosphere (Sholkovitz et al., 

2012). Labile Fe concentrations between 0.05 and 2.7 ng m-3 were previously reported over 

the Pacific Ocean east of Australia (GEOTRACES transect GP13) (Ellwood et al., 2018) 

which is similar to LFe concentrations we measured in aerosols from the TEMR (0.1 - 2.5 ng 

m-3) and CSMR (0.3 - 3.5 ng m-3). Therefore, we suggest that high LFe fractions (up to 30% 

and 33%, respectively) measured in aerosols from the TEMR and CSMR regions may result 

from atmospheric processing of mineral Fe with urban emissions in the densely populated 
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eastern coastline of Australia. Lower atmospheric Fe solubilities of 5% and 8%, respectively, 

measured in the NWMR and SWMR compared to other Australian regions is consistent with 

previous studies which reported a maximum LFe fraction of 6% in aerosols collected in 

Gingin, Western Australia (Strzelec et al., 2020a) compared to up to 11% LFe in aerosols 

from Mission Beach, in northern Queensland (Strzelec et al., 2020b) and LFe up to 12% in 

aerosols collected at Gunn Point in the Australian Northern Territory (Winton et al., 2016b). 

Slightly smaller Fe solubility (LFe) measured in the latter land-based studies likely reflects a 

greater influence of less soluble coarse mineral Fe in aerosols (from the proximal dust and 

sand) compared to our ship-board collected aerosol samples. Indeed, Baker et al (2006) 

reported LFe% up to 17% in aerosols collected over the southern Atlantic Ocean, which was 

attributed to atmospheric processing of aerosols during the atmospheric transport (Baker et 

al., 2006b). Biomass burning and their associated emissions of acidic compounds such as 

oxalate was previously suggested to constitute a source of highly soluble aeolian Fe to the 

Northern Australia atmosphere burden (Winton et al., 2016b), potentially explaining high LFe 

fractions (>20%) measured in our NMR aerosols.  

High LFe fractions observed in aerosols from the northern CSMR and from the NMR were 

associated with a large contribution of less soluble Fe (NH4Ac leach) to the LFe pool (small 

SFe/LFe, Table S3.3) compared to other regions considered. This highlights a common source 

or factor controlling such enhanced Fe dissolution of less soluble atmospheric Fe in these two 

regions. Shi and co-workers previously demonstrated that increasing air humidity creates a 

deliquescent layer around aerosols, which low pH around 2 assists Fe dissolution at the 

surface of aerosols, leading to enhanced solubility of labile Fe forms (Shi et al., 2015). We 

therefore hypothesise that high atmospheric humidity in the tropical regions of Australia may 

lead to the higher LFe fractions measured in aerosols from the (northern) CSMR and the 

NMR.  
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3.3.3 Dry deposition flux of total and labile Fe 

Atmospheric dry deposition fluxes are displayed in Fig 3.3. In this study, atmospheric fluxes 

were calculated (equation (1) of the “Experiments” section) using a constant deposition 

velocity (Vd) and were therefore directly proportional to the measurements of the soluble, 

labile and total Fe concentrations in aerosols.  

Median fluxes of TFe from aerosols, Fdry(TFe), ranged from 207.9±212.8 nanomole of Fe 

deposited per square meter of air per day (nmol Fe m-2 d-1) in the TEMR to 1236.3±896.7 

nmol Fe m-2 d-1 in the NWMR. Estimates of Fdry(TFe) were, on average, 4.5 times greater in 

the western marine regions of Australia (NWMR and SWMR) compared to the eastern 

coastal waters (CSMR and TEMR). In the NMR, Fdry(TFe) estimate displayed an intermediate 

value of 818.6±552.5 nmol Fe m-2 d-1. Dry deposition fluxes of labile Fe, Fdry(LFe), ranged 

from 20.8±18.9 nmol Fe m-2 d-1 in the TEMR to 186.8±161.0 nmol Fe m-2 d-1 in the NMR 

and similar hierarchy was observed for SFe dry atmospheric flux estimates, Fdry(SFe), with 

values ranging between 18.4±15.9 nmol Fe m-2 d-1 and 92.3±59.6 nmol Fe m-2 d-1 (Fig 3.3). 

 

Our range of Fdry(TFe) estimates (208 - 1236 nmol Fe m-2 d-1) fall between high TFe fluxes 

(377 - 12900 nmol Fe m-2 d-1, Vd=2 cm s-1) reported in a land-based aerosol study in Western 

Australia (Strzelec et al., 2020a) and smaller Fdry(TFe), below 100 nmol Fe m-2 d-1 (Vd=1.6 cm 

s-1) (Buck et al., 2019) and 249 - 421 nmol Fe m-2 d-1 (Vd=2 cm s-1) (Bowie et al., 2009) 

reported in ship-board aerosol samples from the open Pacific Ocean east of Australia and in 

the Southern Ocean south east of Tasmania, respectively. Our median Fdry(TFe) estimate (819 

nmol Fe m-2 d-1) to the NMR is consistent with lower Fdry(TFe) estimates of 897 nmol Fe m-2 

d-1 (Vd=2 cm s-1) calculated in northern Queensland, Australia (Strzelec et al., 2020b), 

although fluxes as high as 2000 - 36000 nmol Fe m-2 d-1  (Vd=2 cm s-1) were suggested at 
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Gunn Point, in the Northern Territory (Winton et al., 2016b). Gravitational settling is known 

to cause a decrease in TFe in aerosols along the atmospheric transport (Shi et al., 2012), 

explaining why our Fdry(TFe) estimates logically fall between land-based calculated fluxes (at 

closer distance to emission source) and open ocean Fdry(TFe) estimates.  

Our Fdry(LFe) flux estimates (21 - 187 nmol Fe m-2 d-1) to coastal waters around Australia 

slightly exceed flux estimates of aerosol TFe of 0.5 - 25 nmol Fe m-2 d-1 (Vd=0.6 or 1.16 cm s-

1) reported in the open south Pacific Ocean (Buck et al., 2019; Ellwood et al., 2018), below 

14 nmol Fe m-2 d-1 (Vd=2 cm s-1) in the south Indian Ocean (Witt et al., 2010) and 2 - 7 nmol 

Fe m-2 d-1 (size-dependent Vd) in the Southern Ocean (Bowie et al., 2009). While extremely 

high Fdry(LFe) fluxes (200 - 4000 nmol Fe m-2 d-1) were suggested based on aerosols collected 

at Gunn Point (Winton et al., 2016b), our average LFe flux to the NMR (187 nmol Fe m-2 d-1) 

is consistent with the average Fdry(LFe) of 213 nmol Fe m-2 d-1 reported in northern 

Queensland (Strzelec et al., 2020b). 

 

Modelling approaches are often used to calculate atmospheric deposition fluxes due to their 

ability to better constrain particulate deposition velocity using near real-time meteorological 

measurements and algorithms. Widely used biogeochemical models estimate TFe fluxes 

across Australia between 2000 nmol Fe m-2 d-1 and 15471 nmol Fe m-2 d-1 (Ito et al., 2019a). 

Such discrepancies between model and field-based estimates of Fdry(TFe) reflects the tendency 

for global models to overestimate dust transport across Australia (Ito et al., 2020). However, 

computed flux estimates of LFe range between 15 nmol Fe m-2 d-1 and 93 nmol Fe m-2 d-1 (Ito 

et al., 2019a; Mahowald et al., 2009), which is in good agreement with estimates calculated 

in our study. 

One major caveat of field-based atmospheric deposition flux estimates lies in the large 

uncertainty associated with the deposition velocity constant (Vd) whereas this parameters 
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varies according to wind speed, atmospheric humidity and the size of aerosols (Anderson et 

al., 2016). Values from 0.6 cm s-1 to 2 cm s-1 are commonly applied to Vd (Bowie et al., 2009; 

Ellwood et al., 2018; Witt et al., 2010), inducing a factor of 3 uncertainty between dry 

deposition study estimates (Duce et al., 1991). New techniques using beryllium (7Be) to 

estimate atmospheric fluxes of trace metals to the ocean showed reasonable flux estimates 

when compared to available measurement (Kadko et al., 2015), however, few laboratories 

have the facility to undertake 7Be measurements. 

 

 

Fig 3.3. Proportion (pie chart) of the median atmospheric fluxes of soluble Fdry(SFe), labile 

Fdry(LFe) and total Fdry(TFe) Fe for each region (colour code) compared to the sum of all 

fluxes (%). The numerical values represent the calculated flux in nmol Fe m-2 d-1, assuming 

Vd=2 cm s-1, as well as the standard deviation associated to Fe measurements.  
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3.3.4 Dust versus anthropogenic influence 

In order to better understand the regional variability in aerosol LFe measurements, the 

calculation of enrichment factors (EF) for Fe, Pb and V was used to discriminate dust source 

to anthropogenic emissions in the samples. Results are displayed in Fig 3.4 and in the 

supplementary material Table S3.3. EFs exceeding 10 highlighted significant “anthropogenic 

contamination” for all three trace metals (Shelley et al., 2017).  

 

Aerosol samples of all 5 regions displayed EFFe below 10 (Fig 3.4 and Table S3.3), indicating 

a dominant lithogenic origin for atmospheric Fe across Australia. The three northernmost 

regions exhibited slightly high EFFe of 2.5±1.1 in the NWMR, 2.2±2.2 in the CSMR and 

2.3±1.1 in the NMR which likely reflects the natural Fe enrichment (up to 50% more) in the 

“red” soil of northern Australia compared to the average upper crust (Mahowald et al., 2005). 

Total aerosol Fe-to-Al ratios were closer to the average upper crust value in the TEMR 

(EFFe=1.5±1.2) and in the SWMR (EFFe=1.2±1.2). Exceptionally, higher EFFe between 4 and 

8 were found in individual samples (CSMR-7, TEMR-T2.3, TEMR-V4, NWMR-5, Table 

S3.3) which may be attributed to local and sporadic Fe inputs from atmospheric Fe sources 

other than dust.  

Atmospheric pollution from anthropogenic combustion of fossil fuel was investigated using 

EFPb (Fig 3.4, Table S3.3). Expectedly, significant enrichment in Pb (median 

EFPb=63.2±74.6) was found in most aerosols from the densely populated TEMR. Such Pb 

enrichment likely reflects emissions from industries and vehicle exhaust to the urban 

atmosphere on the south eastern Australian coast as well as power production around the city 

of Broken Hill (Department of the Environment, 2015; Kristensen et al., 2014). Smaller but 

significant (EF>10) anthropogenic input was also suggested in the slightly less urbanized 

CSMR as indicated by a regional median EFPb of 26.4±38.4. Aerosol CSMR-7, which 
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displayed a high EFFe of 7.8 was associated with abnormal enrichment in anthropogenic Pb 

(EFPb=130.3) compared to other CSMR aerosols suggesting that fuel combustion is a 

significant source of Fe in this sample. Fuel combustion in Queensland mostly stem from 

urban areas, energy production in the Bowen basin and, to a lesser extent, mining activity 

(Department of the Environment, 2015) including Mt Isa mining town (Taylor et al., 2010). 

In contrast, the deserted marine regions of Western Australia showed small (likely from 

Perth, SWMR) and insignificant (NWMR) impact from anthropogenic emissions as revealed 

by median EFPb values of 14.4±6.1 in the SWMR and 6.9±8.5 in the NWMR. High Pb 

content was found across aerosols (n=4) from the NMR, however samples NMR-4 and 

NMR-5, which exhibited outstanding EFPb of 383 and 459 (Table S3.3), largely biased the 

regional median EFPb of 217.0±224.8. Such extreme EFPb was found in the westernmost part 

of the NMR where combustion emissions may originate from the small city of Darwin but 

more likely results from the numerous offshore gas exploitation present in the nearing 

Browse and Bonaparte basins (Department of the Environment, 2015). Southwards 

atmospheric transport of wild fire or pollution from Indonesia could act as a secondary Fe 

source to the western NMR (aerosols NMR-4 and NMR-5 also displayed EFFe of 2.8 and 

3.3), although no isotopic Pb measurements was available to confirm such hypothesis. 

Atmospheric enrichment in Pb in the eastern NMR (EFPb of 20 and 51) may partly stem from 

emissions from the very active mining town of Mt Isa in northern Queensland.  

Vanadium was used as an atmospheric tracer of oil and heavy fuel combustion in aerosols 

(Fig 3.4, Table S3.3), which includes but is not limited to shipping emissions. The highest 

enrichment in V was found in aerosols from the TEMR (media EFV=50.0±41.8), emphasizing 

the large anthropogenic influence from intense maritime traffic in this region (Department of 

the Environment, 2015). Aerosols from the four other regions showed small signature of 

heavy fuel or oil combustion emission, with EFV of 13.7±11.1 in the NWMR, 13.4±7.7 in the 
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SWMR, 13.5±7.7 in the NMR, and 11.3±8.9 in the CSMR. The latter signals of oil 

combustion emissions to the atmosphere primarily reflect the omnipresence of commercial 

and recreational shipping activity across the massive continent island that is Australia 

(Department of the Environment, 2015). Strict regulations on boating tourism in the very 

popular GBR marine park (CSMR) and Ningaloo Reef (southern NWMR) may contribute to 

maintaining low shipping emissions (and therefore small V enrichment) to the atmospheric 

burden in these regions (Prideaux and Pabel, 2018). Offshore oil production (and the 

associated shipping activity) is another source of atmospheric V, especially in the Carnarvon, 

Browse and Bonaparte basins in the NWMR and western NMR (Ellis and Jonasson, 2002). 

Fremantle port and the Kwinana oil refinery, both located south of Perth, are the largest oil 

combustion sources in the SWMR region (Department of the Environment, 2015). 
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Fig 3.4. Enrichment factor (EF) of Fe, Pb and V (ratio of each trace metal to Al compared to 

the same ratio in the upper continental crust (McLennan, 2001)) for each sample. The median 
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EF for each region (solid red line) and individual labile Fe fraction (%, blue dotted line) are 

also displayed. 

 

No direct relationship was observed between LFe fraction in aerosols and EFs calculation (Fig 

3.4). The absence of a strong anthropogenic signal (medians EFPb=7.0 and EFV=13.6) in 

aerosols collected in the NWMR is consistent with the dust-dominated atmospheric influence 

suggested by HYSPLIT and 222Rn data analysis. Moreover, our measurements of high aerosol 

Fe loading and low Fe solubility in NWMR aerosols are characteristic of the coarse size and 

strongly-bound Fe-containing lattices (poor solubility) commonly reported for mineral dust 

(Jickells et al., 2017; Srinivas and Sarin, 2013). A large contribution of emissions from 

industries and vehicles (median EFPb=63.2) and from shipping activities (median EFv=50.0) 

was revealed in TEMR aerosols, confirming the large influence from the southeastern urban 

coastline suggested by the air-mass back trajectory and 222Rn data analysis. Anthropogenic 

emissions are known to contain (1) more readily soluble Fe from combustion processes 

(Sholkovitz et al., 2009) as well as (2) acidic compound (NOx, SOx) which ease mineral Fe 

dissolution in the atmosphere (Stockdale et al., 2016). Therefore, the predominance of 

anthropogenic source of aerosols to the TEMR atmospheric burden is likely responsible for 

the overall enhanced Fe solubilities (median LFe=13%) measured in aerosols in this region, 

both through direct emissions of combustion Fe and subsequent acidic processing. 

Combustion and shipping emissions may also contribute to enhanced LFe fractions measured 

in aerosols from the CSMR, SWMR and the NMR, although smaller EFPb and EFV may 

imply the existence of other atmospheric processes and sources to explain enhanced aerosol 

LFe in these regions.  
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3.3.5 Biomass burning tracers 

Levoglucosan (Lev) was measured on “duplicate” filters in most aerosols from the TEMR, 

NWMR and SWMR in order to fingerprint bushfire emissions in the samples (Sanz 

Rodriguez et al., 2019). Half of the TEMR samples contained Lev at concentrations ranging 

from 6.0 to 61.2 ng m-3 (median Lev=11.6 ng m-3), indicating a non-negligible contribution 

of biomass burning emissions to the atmosphere in this region. In the NWMR, only one third 

of aerosol samples contained detectable levoglucosan between 0.4 ng m-3 and 49.3 ng m-3 

(median Lev=7.0 ng m-3). The influence from biomass burning emissions to the NWMR 

atmospheric burden seems moderate as two samples were detected Lev concentrations below 

1 ng m-3, and only five aerosols (NWMR n=12) displayed between 7.0 ng m-3 and 49.3 ng m-

3 of the biomass burning tracer (Table S3.3). All three aerosols from the SWMR contained 

levoglucosan at concentrations of 4.1 ng m-3, 15.5 ng m-3 and 714.1 ng m-3, indicating that 

they were all affected by mid-summer bushfires (Table S3.3). However, the small number of 

samples makes any interpretation of regional trends difficult. 

The online tool “Sentinel Hotspots” was used as an indicator of fire activity for aerosols 

collected in the NMR and CSMR, and for aerosols of the TEMR and NWMR which had no 

duplicate sample available for levoglucosan analysis. Sentinel Hotspot indicated bushfire 

events that were observed by satellite in a delimited 5ºx5º area around the aerosol midpoint 

location and during the time of aerosol sampling. A high number of “fire counts” (>100) was 

reported over the sampling period of most aerosols from the NMR, suggesting a large 

contribution of biomass burning emissions to the atmospheric burden in this region. No fires 

were observed in a 5ºx5º perimeter around NMR-2 as the latter sample was collected farther 

offshore compared to other NMR aerosols (Table S3.3). However, over 200 fires were 

burning in Northern Australia during the collection time of NMR-2 that were not accounted 

for by our Sentinel Hotspot parametrisation. Similarly, biomass burning emissions were 
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largely present in samples from the CSMR as all aerosols were detected between 19 and 745 

high confidence fire counts, the greater fire counts generally occurring north of 19ºS (Table 

S3.3). While a large number of fire counts (between 130 and 472) were detected in the 

vicinity of the remaining NWMR samples (NWMR-6, NWMR-4, NWMR-2), Sentinel 

Hotspot highlighted none to small fire activity (0-5 fire counts) over the sampling periods of 

the remaining TEMR aerosols (TEMR-V3, -V6, -V10, -V12, and -V14, Table S3.3). Table 

S3.3 highlights some discrepancies between the use of Lev and Sentinel Hotspot as biomass 

burning indicators. Indeed, while levoglucosan analysis is intrinsic to a sample, Sentinel 

Hotspot is an indicative satellite tool which was, in this study, restricted to the observation of 

80 - 100% confidence fires in a 5ºx5º perimeter around each samples.  

 

Biomass burning emissions are known to release oxalate compounds to the atmosphere 

(Gillett et al., 2007), a Fe-chelating ligands which eases Fe dissolution at the surface of 

aerosols, often leading to enhanced atmospheric Fe solubility exceeding 10% (Ito et al., 

2019a). In this study, no direct relationship was observed between LFe and levoglucosan 

concentrations or Sentinel “fire counts” at a regional scale. Biomass burning emissions are 

omnipresent across Australia, with year-round fire activity at tropical latitudes in Australia 

but a fire season restricted to spring and summer in the southern regions (Paton-Walsh et al., 

2014; Smith et al., 2014).  

Aerosol sampling in the TEMR occurred in early spring (Table S3.2), which sets the 

beginning of the fire season (including controlled hazard reduction burns) in the south eastern 

coastal forests of Australia (Paton-Walsh et al., 2014). Therefore, enhanced LFe solubility in 

aerosols from the TEMR can be attributed to coastal emissions (HYSPLIT and 222Rn) of 

natural (Lev analysis) and anthropogenic (EF study) combustion particles, either via direct 

emission of pyrogenic Fe or subsequent atmospheric processing. Combustion emissions are 
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commonly associated with smaller atmospheric Fe loading  (Sedwick et al., 2007) as well as 

fine mode (<1 µm) aerosols (Hamilton et al., 2019). Our observation of overall low TFe 

concentrations measured in TEMR aerosols are therefore consistent with a predominance of 

anthropogenic (and, to a lesser extent, bushfires) source(s) in this region. Despite that the 

primary atmospheric influence for NWMR aerosols is desert dust from central Western 

Australia, two samples (NWMR-8 and NWMR-12) which displayed abnormally high Fe 

solubilities (LFe>10%) were associated with non-negligible Lev concentrations of 0.8 ng m-3 

and 49.3 ng m-3. We therefore suggest that biomass burning can sporadically act as a 

secondary source of more soluble Fe to the NWMR. 

Sentinel Hotspot analysis highlighted a widespread occurrence of large fires over our aerosol 

sampling campaigns in Australia’s tropics (NMR and northern CSMR). In addition to large 

human emissions (EF study), we suggest that biomass burning represent another important 

source of readily soluble aerosol Fe and/or solubility-enhancing aeolian particles to the 

(northern) CSMR and the NMR, further explaining high aerosol Fe solubilities (>15% and 

>22%, respectively) measured in these two regions. This observation agrees with previous 

studies suggesting an important role of bushfire emissions to the atmosphere in the northern 

region of Australia (Mallet et al., 2017; Winton et al., 2016b). The small number of samples 

collected in the SWMR is insufficient to provide a regional overview on aerosol Fe 

biogeochemistry and origin in this region. Anthropogenic emissions of fuel and oil 

combustion from urban and shipping activities were suggested to have a small to moderate 

impact on the SWMR atmospheric burden (EFPb<21 and EFV<25). Enhanced Fe solubility 

(LFe>7%) measured in the dust-dominated (222Rn=2458 mBq m-3) sample SWMR-1 was 

associated to the highest Lev concentration (714.1 ng m-3) measured across all aerosols, 

reflecting the impact of the large Waroona-Yarloop fire events (Titelius, 2016) of January 

2016 on enhancing aerosol Fe solubility in this sample. Despite that samples SWMR-13 and 
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SWMR-14 displayed predominant marine origin (HYSPLIT and 222Rn analysis), small 

concentrations of Lev (4.1 and 15.5 ng m-3, respectively) in these samples suggest a non-

negligible influence from the south west coastline of Australia. It is therefore hard to 

discriminate whether enhance LFe solubility (16% and 8%, respectively) in these two samples 

stem from biomass burning emissions or from an extensive processing of aerosol Fe over 

long-range atmospheric transport (Kanakidou et al., 2018). 

 

3.4 Conclusions and perspectives 

This study results from an unprecedented effort for ship-board aerosol sampling in the coastal 

seawater around Australia. We highlighted the high heterogeneity in the concentration and 

solubilities (soluble and labile) of Fe in aerosols across five marine regions of Australia. We 

suggest that such variety of aerosol measurements were primarily guided by differences in 

the dominant atmospheric source(s) and potential atmospheric processing for mineral Fe in 

each region considered. Aerosols from the Australian western coastlines (NWMR and 

SWMR regions) mostly exhibited large quantities of Fe-rich dust from the arid central 

‘outback’, resulting in low Fe solubilities after deposition (5 and 8%). Contrarily, the densely 

populated eastern coasts (CSMR and TEMR regions) were mostly influenced by fuel and oil 

combustion emissions form anthropogenic activities, leading to smaller aerosol Fe 

concentrations delivered to the western Pacific Ocean but greater labile Fe fractions (10 and 

13%) induced by the high soluble Fe content and presence of solubility-enhancing 

compounds in combustion aerosols. Biomass burning was omnipresent across all marine 

regions, however, their frequency increased in the tropical seawater north of Australia (NMR 

and northern CSMR). Fire emissions to the atmosphere are thought to contribute to the 

surprisingly high labile Fe fractions (>20% and >15%) in aerosols from the NMR and from 
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northern CSMR. Finally, our calculation of aerosol Fe dry deposition fluxes are consistent 

with previous field and modelling studies and suggest a loss of total aerosol Fe with 

atmospheric settling of heavy mineral particles over the atmospheric transport but also an 

enhanced Fe solubility likely due to increased atmospheric processing. We suggest that 

Australia is a key source of bio-accessible (“labile”) Fe to the Indian Ocean and to the 

Arafura and Timor Seas through atmospheric deposition of dust and biomass burning 

aerosols respectively.  

 

Models are a great tool to highlight key processes for atmospheric deposition of Fe to the 

ocean and its impact on ocean productivity and they can suggest research needs for future 

field studies. However, flux comparison with modelling studies emphasise the need to fine-

tune model outputs against field observations in the Southern Hemisphere (Ito et al., 

submitted). A better parametrization of aerosol Fe concentration and solubility in models will 

provide more accurate estimates of aerosol deposition velocity (by the models) for use in 

field-based estimates.  In addition, large uncertainties exist between field measurements due 

to the lack of standard aerosol leaching protocol to determine LFe. This creates large 

variabilities between observational data which should be accounted for when comparing data 

between studies and when using field data in models (Meskhidze et al., 2019; Perron et al., 

2020).  

The assessment of aerosol Fe wet deposition to the ocean remains technically challenging due 

to the highly episodic nature of rain events. However, it was previously suggested that 

rainfall may dominate atmospheric Fe deposition in tropical regions of the Atlantic Ocean 

(Baker et al., 2007) and the northern Queensland coast in Australia (Strzelec et al., 2020b). 

Because our estimates of aerosol Fe dry deposition fluxes do not account for wet Fe 

deposition, we suggest readers to interpret fluxes reported in this study as a lower limit 
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estimates to the bulk atmospheric Fe deposition to Australia coastal waters, especially at low 

tropical latitude (here referred to as NMR and CSMR). Additional field observations are 

required to better constrain atmospheric wet deposition at different latitudes across Australia 

and in the open ocean. 

Particle size distribution is beyond the scope of this study. However, shipboard-collected 

aerosols were previously reported to predominantly exist in the <10 µm size fraction for 

mineral dust (Baker and Jickells, 2006) and in the submicron (<30 - 280 nm) size fraction for 

combustion (including biomass burning) particles (Winton et al., 2016b). Based on our total 

aerosol loading measurements, it seems a reasonable assumption that aerosols investigated in 

this study are comprised within similar size range, although future aerosol size-segregation 

studies would be of critical interest. 

A better evaluation of the marine and atmospheric budget of Fe and other essential nutrients 

in Australia is still requires to better quantify the role of different source reservoirs of 

nutrients as well as possible (co-)limitation existing across marine communities in different 

marine ecosystems around Australia. 
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Fig S3.1. Photograph of the aerosol sampling manifold aboard the R.V. Investigator.
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Table S3.2. Aerosol sampling log-sheet displaying each sample’s name (attributed marine region-(voyage name in TEMR)-

sample number), the “start” and “end” of the sampling period and the “start”, “end” and midpoint (mid) latitude (lat) and 

longitude (long).  

Sample  Date start Date end Start lat Start 
long End lat End long Mid lat Mid long 

CSMR-2 01/10/2016_00.05 02/10/2016_22.37 -22.06 151.62 -20.83 153.07 -22.05 153.04 
CSMR-3 02/10/2016_22.52 05/10/2016_22.33 -20.83 153.07 -18.50 146.95 -19.81 151.43 
CSMR-4 05/10/2016_23.15 07/10/2016_22.37 -18.50 146.95 -18.58 146.97 -17.98 146.20 
CSMR-5 07/10/2016_23.04 09/10/2016_23.38 -18.58 146.97 -18.58 146.98 -18.79 147.28 
CSMR-7 11/10/2016_22.20 13/10/2016_22.08 -18.45 146.67 -18.62 146.98 -19.01 148.28 
CSMR-8 14/10/2016_23.03 16/10/2016_23.48 -18.61 146.98 -20.91 150.01 -19.37 148.30 
CSMR-9 17/10/2016_00.03 18/10/2016_22.22 -20.91 150.01 -21.04 150.11 -20.99 150.01 
CSMR-10 18/10/2016_23.06 20/10/2016_22.31 -21.04 150.11 -21.02 150.11 -21.52 150.11 
NMR-2 27/09/2017_ 7.15 29/09/2017_22.38 -22.49 153.89 -12.46 147.13 -16.03 151.43 
NMR-4 03/10/2017_04.01 05/10/2017_13.22 -11.34 134.70 -12.20 126.85 -10.98 130.48 
NMR-5 05/10/2017_13.41 07/10/2017_10.18 -12.23 126.77 -15.95 121.78 -13.73 122.94 
NMR-6 10/10/2016_00.12 11/10/2016_23.06 -18.58 146.98 -18.45 146.67 -16.67 146.11 
TEMR-T1.1 25/09/2017_06.05 27/09/2017_06.44 -31.71 152.89 -22.61 153.88 -27.31 153.66 
TEMR-T2.3 27/08/2016_00.35 27/08/2016_22.03 -39.96 148.67 -36.49 150.79 -38.07 150.25 
TEMR-T2.4 27/08/2016_22.27 28/08/2016_20.49 -36.42 150.82 -33.92 151.46 -35.18 151.33 
TEMR-V1 01/09/2016_08.54 02/09/2016_06.48 -34.40 151.81 -33.00 152.70 -33.25 152.40 
TEMR-V2 02/09/2016_07.02 03/09/2016_06.33 -33.00 152.70 -34.35 152.02 -33.91 153.13 
TEMR-V3 03/09/2016_06.54 04/09/2016_06.57 -34.35 152.02 -34.27 151.59 -34.05 151.14 
TEMR-V4 04/09/2016_07.15 05/09/2016_06.56 -34.27 151.59 -36.36 150.26 -35.55 150.87 
TEMR-V6 06/09/2016_07.17 07/09/2016_06.50 -36.25 151.58 -36.57 154.15 -36.25 153.21 
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TEMR-V7 07/09/2016_07.02 08/09/2016_07.02 -36.57 154.15 -36.93 153.93 -36.96 154.14 
TEMR-V8 08/09/2016_07.18 09/09/2016_21.46 -36.93 153.93 -36.52 150.26 -36.01 150.40 
TEMR-V10 10/09/2016_21.46 12/09/2016_04.00 -35.02 150.92 -32.90 152.38 -33.62 151.68 
TEMR-V12 13/09/2016_03.39 14/09/2016_00.18 -30.72 153.55 -31.56 153.38 -31.10 153.42 
TEMR-V13 14/09/2016_00.54 15/09/2016_08.00 -31.56 153.38 -32.56 152.91 -32.43 153.08 
TEMR-V14 15/09/2016_08.12 16/09/2016_05.37 -32.56 152.91 -32.52 152.66 -33.00 153.15 
TEMR-V16 17/09/2016_07.37 18/09/2016_06.59 -32.47 153.40 -30.42 153.40 -32.17 154.31 
TEMR-V17 18/09/2016_07.06 19/09/2016_23.47 -30.42 153.40 -28.00 154.32 -30.39 153.40 
TEMR-V18 20/09/2016_00.09 21/09/2016_03.12 -28.00 154.32 -28.00 154.42 -28.00 154.43 
NWMR-2 12/10/2017_00.02 13/10/2017_23.40 -19.26 119.05 -19.96 118.19 -18.72 120.69 
NWMR-3 14/10/2017_00.03 16/10/2017_00.03 -19.96 118.17 -19.27 117.77 -19.07 119.97 
NWMR-4 16/10/2017_00.23 17/10/2017_23.53 -19.29 117.68 -20.16 117.71 -18.64 119.02 
NWMR-5 18/10/2017_00.26 20/10/2017_05.04 -20.16 117.71 -20.36 117.21 -20.30 117.72 
NWMR-6 20/10/2017_05.30 22/10/2017_23.30 -20.36 117.21 -19.79 116.62 -19.40 116.92 
NWMR-7 22/10/2017_23.48 24/10/2017_23.27 -19.79 116.62 -20.32 116.33 -20.01 116.01 
NWMR-8 24/10/2017_23.43 27/10/2017_02.36 -20.32 116.33 -19.66 116.56 -19.00 115.66 
NWMR-9 27/10/2017_03.01 28/10/2017_23.47 -19.66 116.56 -19.83 116.53 -19.79 116.39 
NWMR-10 30/10/2017_00.02 01/11/2017_02.57 -20.08 116.22 -19.91 115.75 -19.99 115.01 
NWMR-11 01/11/2017_03.19 03/11/2017_03.36 -19.91 115.75 -20.13 116.04 -20.47 114.60 
NWMR-12 04/11/2017_04.40 06/11/2017_09.45 -20.51 116.04 -20.51 116.04 -21.48 113.43 
NWMR-13 06/11/2017_10.02 08/11/2017_01.56 -20.51 116.04 -25.66 112.77 -23.25 112.90 
SWMR-1 08/01/2016_10.12 09/01/2016_13.04 -32.17 115.25 -34.48 109.99 -33.64 113.00 
SWMR-13 19/02/2016_01.30 21/02/2016_11.28 -45.72 113.70 -35.10 118.11 -40.52 115.95 
SWMR-14 21/02/2016_11.39 24/02/2016_00.36 -35.10 118.11 -40.31 131.48 -38.40 125.88 
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Table S3.3. Summary of individual and regional averaged atmospheric measurements of total Fe concentration (TFe, ng m-3), Fe solubilities 

(soluble SFe% and labile LFe%, %) and contribution of SFe to the LFe pool (SFe/LFe, %). Calculated values for atmospheric fluxes of total Fdry(TFe), 

labile Fdry(LFe) and soluble Fdry(SFe) Fe in nmol m-2 d-1 and enrichment factors (EF) of Fe, Pb and V (trace metal ratio to Al relative to the upper 

continental crust) are also displayed as well as the levoglucosan (Lev, ng m-3) concentration in aerosol and the number of high confidence (80 -

100 %) “fire count” observed using Sentinel Hotspots and a in 5ºx 5º box area around the sample mid-point location. Averaged 222Rn 

concentration (mBq m-3) and HYSPLIT air-mass back-trajectories indicate dominant wind circulation over each sampling period. 

Sample 222Rn 
Back-

trajector
y 

TFe SFe% LFe% SFe / 
LFe 

Fdry 

(TFe) 
Fdry 

(LFe) 
Fdry 

(SFe) 
EFFe EFPb EFV Lev Fire 

count 

CSMR-2 948 Coast 61.3 3 4 64 1898.0 74.9 48.0 1.3 7.7 2.7 NA 378 
CSMR-3 733 Coast 20.1 10 17 55 621.6 108.1 59.9 2.7 29.2 12.1 NA 19 
CSMR-4 447 Coast 13.1 10 15 65 406.2 61.1 39.5 1.9 20.5 3.5 NA 390 
CSMR-5 182 Sea 6.4 17 33 52 199.0 65.4 34.0 1.1 24.9 4.4 NA 745 
CSMR-7 782 Coast 13.3 3 6 53 411.2 23.6 12.4 7.8 130.3 16.8 NA 153 
CSMR-8 295 Sea 3.7 5 16 34 113.6 17.7 6.1 1.6 22.9 10.6 NA 43 
CSMR-9 256 Sea 5.5 4 5 73 171.2 9.3 6.8 2.5 28.0 20.3 NA 89 
CSMR-10 411 Sea 5.5 4 5 73 170.5 8.4 6.1 2.5 42.6 27.6 NA 85 
CSMR median 429  10 5 10 60 302.6 42.3 23.3 2.2 26.4 11.3   
NMR-2 244 Sea 3.7 21 23 90 114.9 26.2 23.7 1.8 51.4 23.3 NA 0 
NMR-4 589 Sea 45.5 12 29 41 1408.8 404.9 167.4 3.3 382.7 15.7 NA 175 
NMR-5 629 Sea 32.7 10 24 44 1012.9 238.1 104.9 2.8 459.1 11.4 NA 119 
NMR-6 743 Sea 20.2 13 22 59 624.3 135.4 79.6 0.9 20.3 4.9 NA 608 
NMR median 609  26 12 23 51 818.6 186.4 18.4 2.3 217.0 13.5   
TEMR-T1.1 1064 Ocean 29.2 8 8 89 904.6 76.1 68.1 1.5 10.9 10.0 50.8 154 
TEMR-T2.3 1590 Land 3.3 8 8 100 102.1 8.7 8.7 4.6 186.2 133.8 0 0 
TEMR-T2.4 2194 Land 9.3 10 15 71 288.4 42.8 30.3 2.6 217.7 63.0 13.4 1 
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TEMR-V1 2014 Coast 6.5 12 16 75 201.6 31.5 23.6 1.8 79.6 72.5 61.2 4 
TEMR-V2 1889 Land 3.3 9 13 69 101.7 13.5 9.3 1.5 36.3 94.2 17.4 0 
TEMR-V3 1005 Land 0.8 17 17 100 25.4 4.2 4.2 2.1 260.0 63.1 NA 0 
TEMR-V4 2316 Land 6.7 5 7 70 207.9 14.8 10.4 4.6 100.1 41.2 9.7 1 
TEMR-V6 716 Coast 12.3 10 13 77 381.8 49.1 38.0 1.9 52.2 30.8 NA 1 
TEMR-V7 350 Ocean 2.3 12 12 100 71.6 8.9 8.9 1.2 27.2 13.5 0 0 
TEMR-V8 566 Coast 15.7 6 8 79 485.8 39.7 31.4 1.4 25.0 12.2 8.5 0 
TEMR-V10 924 Land 7.7 14 15 92 238.0 35.1 32.2 1.3 122.8 24.0 NA 5 
TEMR-V12 1742 Coast 2.0 30 30 100 62.8 18.7 18.7 1.1 81.6 144.6 NA 0 
TEMR-V13 933 Coast 6.8 11 14 79 211.2 29.3 23.1 1.3 33.1 50.0 24.7 0 
TEMR-V14 919 Land 2.8 7 9 79 87.5 8.1 6.4 1.0 20.5 16.8 NA 0 
TEMR-V16 654 Coast 10.0 5 7 77 309.1 20.8 16.0 3.4 87.0 91.4 19.5 0 
TEMR-V17 NA Land 9.0 7 16 42 276.9 43.8 18.4 2.8 63.2 55.5 6.0 0 
TEMR-V18 2089 Land 2.8 12 22 53 86.3 18.9 9.9 0.3 8.6 14.5 0 0 
TEMR median 1334  7 10 13 79 207.9 20.8 18.4 1.5 63.2 50.0   
NWMR-2 1051 Coast 24.2 3 4 83 748.5 28.0 23.1 3.4 27.6 36.1 NA 130 
NWMR-3 1411 Coast 11.0 7 8 90 338.9 26.9 24.1 1.8 18.5 32.6 9.2 157 
NWMR-4 969 Coast 24.4 3 4 77 755.2 30.5 23.4 2.4 4.4 7.7 NA 157 
NWMR-5 3581 Land 50.7 3 3 82 1567.7 52.6 43.0 4.9 3.9 22.5 0 472 
NWMR-6 3381 Land 102.9 4 5 78 3184.4 144.8 113.5 2.9 4.6 11.7 NA 166 
NWMR-7 4115 Land 34.5 4 5 76 1067.1 55.0 41.9 2.8 9.2 7.1 7.0 48 
NWMR-8 2799 Coast 53.3 13 15 86 1649.1 250.4 215.7 1.7 2.6 2.3 0.8 52 
NWMR-9 2344 Coast 84.1 9 9 95 2603.2 241.9 230.3 1.8 2.3 2.3 0.4 46 
NWMR-10 2762 Coast 45.4 3 4 79 1405.5 59.3 46.9 3.3 4.7 18.3 0 175 
NWMR-11 2470 Coast 68.4 2 3 61 2115.1 67.0 41.0 2.7 21.2 15.6 25.0 204 
NWMR-12 2911 Coast 20.1 9 10 87 623.2 62.6 54.4 1.2 10.1 5.5 49.3 158 
NWMR-13 NA Coast 13.9 5 6 85 430.6 26.4 22.3 1.1 16.5 16.5 32.8 116 
NWMR median 2762  40 4 5 82 1236.3 57.1 42.5 2.5 7.0 13.6   
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SWMR-1 2458 Land 32.8 7 7 100 1016.1 75.6 75.6 1.2 21.0 25.1 714.1 160 
SWMR-13 413 Coast 1.0 14 16 89 32.3 5.1 4.5 1.0 14.4 13.4 4.1 0 
SWMR-14 301 Ocean 66.8 4 8 53 2066.0 168.3 89.2 3.1 8.7 3.4 15.5 0 
SWMR median 413  33 7 8 89 1016.1 75.6 75.6 1.2 14.4 13.4   
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Fig S3.4. Dominant trends observed in the 3-day air-mass back trajectories (reanalysis, HYSPLIT) at heights of 10m (blue) and 100m (red) and 

average atmospheric radon (222Rn) concentration measurements at aerosol sampling time for each marine region considered. 
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Fig S3.5. Inverse correlation between the total concentration (ng m-3) and the labile fraction (%) of Fe measured in aerosol collected over 

Australia coastal waters of the North and South West, the Coral Sea and the Temperate East Marine Regions (in the manuscript referred to as 

NWMR, SWMR, CSMR, and TEMR, respectively). Aerosols from the NMR are displayed separately (yellow circles) as they do not follow a 

clear inverse trend. 
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Abstract 

The Southern Ocean (SO) is the largest High Nitrate Low Chlorophyll ocean on Earth and 

covers over half of the Southern Hemisphere, leaving limited exposed continental land that 

can supply new nutrients through uplift and atmospheric deposition of aerosols. The role of 

atmospheric supply of essential micro-nutrients such as Fe but also Co, Mn and Zn to the 

anaemic SO phytoplankton is still poorly constrained due to limited field observations 

available. This study present measurements of Fe and other bio-essential trace metals (Co, 

Mn, Zn) and atmospheric tracers (Al, Cr, Cu, Ni, Pb, V) in aerosols and rainwater across the 

SO 140°E meridional transect (SR3 line, GEOTRACES section GS01) from Tasmania 

(Australia) to Antarctica. Australia and Antarctica were identified as two end-members of 

atmospheric sources along the meridional transect, with long-range atmospheric transport 

from the west dominating the open SO atmosphere. Despite moderate average Fe solubility 

(27%) and high average Co, Mn and Zn solubilities (59%, 62% and 86%, respectively) 

measured across all aerosol samples, overall small average atmospheric concentrations of Fe 

(4 ng m-3), Co (0.002 ng m-3), Mn (0.09 ng m-3) and Zn (0.9 ng m-3) resulted in small dry 

deposition fluxes when compared to Northern Hemisphere sources. Average wet deposition 

was estimated to be 1 µmol m-2 for Fe (5% dissolved Fe), and 0.0003, 0.06 and 33 µmol m-2 

for Co, Mn and Zn, respectively (>80% dissolved metal). This study provides new field data 

vital to constraining model predictions on atmospheric supply to the Southern Hemisphere 

oceans, and the impact of atmospheric Fe delivery on SO ecosystems.   
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4.1 Introduction 

Increased emissions of anthropogenic carbon dioxide (CO2) into the atmosphere has greatly 

modified the global climate, inducing a warming of Earth’s surface and an acidification of the 

ocean (Solomon et al., 2007). The Southern Ocean (SO, south of 30°S) is a major region 

for intermediate- and deep-water formation (Boyd et al., 2000; Frölicher et al., 2015). 

Consequently, the SO is a key region for carbon sequestration following primary 

productivity-driven aggregation and export of particles in seawater, also called the biological 

pump (Boyd et al., 2017; Watson et al., 2000).  

 

Paradoxically, the SO is the largest High Nutrient Low Chlorophyll (HNLC) marine region 

on Earth, where sub-nanomolar concentrations of the essential micronutrient iron (Fe) 

drastically limit the growth of marine phytoplankton (Martin and Fitzwater, 1988b), in 

addition to light, temperature and other nutrients (Boyd et al., 2000; Hutchins and Boyd, 

2016) such as manganese (Mn) (Pausch et al., 2019), silicon (Si) (Moore, 2016), cobalt (Co) 

and/or vitamin B12 (Browning et al., 2017). External sources of Fe to the open SO include 

atmospheric deposition, sediment re-suspension, lateral transport of continental erosion 

(Hutchins and Boyd, 2016), and other more localized sources like hydrothermal vents 

(Tagliabue and Resing, 2016) and cryosphere (sea ice, glaciers and icebergs) melt (Lannuzel 

et al., 2016). Ice core (Edwards et al., 2006) and sediment (Martinez-Garcia et al., 2014) 

records suggested that a 10-fold greater atmospheric deposition of Fe to the SO during glacial 

periods resulted in enhanced primary productivity and a more efficient biological pump 

which was responsible for the oceanic uptake of over 40 ppm of atmospheric CO2 (Cassar et 

al., 2007; Watson et al., 2000).  
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The SO is vast and there are few regions of exposed continental land masses upwind of SO 

waters that can supply aerosols, (Jickells et al., 2016), including South America, South 

Africa, Australia and New Zealand (Ito and Kok, 2017) mostly north of 45ºS, and some 

smaller islands in the subantarctic region (Kerguelen plateau, Crozet (Heimburger et al., 

2013b), Macquarie, South Georgia and South Sandwich Islands (Hooper et al., 2019)). 

Modelling predictions of present-day atmospheric deposition suggested that only 6% of the 

global atmospheric dust loading reaches the SO surface water (Jickells et al., 2005; 

Mahowald et al., 2005). A wide range of aerosol Fe deposition fluxes have been reported 

from field observations, from 4.8 nmol m-2 d-1 in the south Pacific (Wagener et al., 2008), 

19.0 nmol m-2 d-1 (Wagener et al., 2008) to 692 nmol m-2 d-1 (Heimburger et al., 2013b) 

around the Kerguelen Islands, and between <0.8 nmol m-2 d-1 (Winton et al., 2015) and 488 

nmol m-2 d-1 (Bowie et al., 2009) south of Australia. These fluxes are relatively small 

compared to Fe fluxes up to 948 nmol m-2 d-1 measured downwind to the Sahara desert 

(Baker et al., 2013).  

 

The strong westerly winds which characterize the SO are, however, capable of transporting 

air-masses for over multiple (10+) days and thousands of kilometers (Wagener et al., 2008). 

Such long-range transport is likely coupled with increased atmospheric processing of the 

transported aerosols and a strong mixing of air masses of different origins (Li et al., 2017). 

Enhanced processing of Fe-laden aerosols through photochemical, proton-promoted or 

ligand-mediated reactions (Hamilton et al., 2019; Myriokefalitakis et al., 2018) during the 

atmospheric transport has been suggested to explain high Fe solubility (>10%) measured in 

aerosols collected over the SO compared to the low initial solubility (<1%) of mineral Fe (Ito 

et al., 2019a). Owing to the widespread anemic conditions of SO marine ecosystems, 

extremely high aerosol Fe solubilities up to 41% in the Southern Indian Ocean (Gao et al., 
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2013) and up to 56% south of Australia (Winton et al., 2015), may trigger disproportionate 

response from the resident marine phytoplankton communities (Mackie et al., 2008).  

 

This study present measurements of Fe and other bio-essential trace metals (Co, Mn, and 

zinc, Zn) as well as atmospheric tracers in aerosols and rainwater collected along the 140ºE 

meridional oceanic transect (SR3 line) from Tasmania (Australia) to Antarctica. Aerosol 

trace metal concentrations and solubilities are reported between the two end-member 

continents, Antarctica and Australia, and the wet and dry deposition fluxes of the latter 

elements are estimated. The study of air-mass back-trajectories and atmospheric 222Rn 

concentrations, and enrichment factor calculations for the target micro-nutrients as well as for 

a range of atmospheric tracers of dust (aluminum, Al), anthropogenic combustion of fuel 

(copper, Cu; lead, Pb; and Zn) and heavy oil (chromium, Cr; nickel, Ni; and vanadium, V) 

emissions, showed large differences in the source apportionment of Fe, Mn, Co and Zn across 

the study region. 

 

4.2 Material and methods 

4.2.1 Aerosol sampling 

 The Australian research vessel Investigator (Marine National Facility) departed 

Hobart (Tasmania, Australia) in the austral summer 2018 to follow the GEOTRACES 

meridional oceanographic transect SR3 (GEOTRACES section GS01) to Antarctica. Fig 4.1 

shows the voyage track as well as each aerosol sampling transect mid-way location. Thirteen 

aerosol samples (A1-A13) were collected on acid cleaned Whatman 41 (W41) filters, 

punched to 47 mm diameter to fit the ship’ aerosol sampling manifold (Morton et al., 2013). 

A polished stainless-steel tube was used to direct air pumped from 18 m above the sea level 
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along the ship’s foremast into two antistatic conductive Teflon tubing connected to Savillex 

filter holders housed in a High Efficiency Particulate Air (HEPA)-equipped laminar flow 

hood. The manifold pumps were automatically activated for a window of wind speed (8-80 

km h-1) and wind sector (270º-90º), according to the vessel’s meteorological data, to prevent 

contamination of the samples by the ship’s stack emissions. Particle collection was performed 

for 21 to 98 hours and monitored using the volume of air pumped through each filter to allow 

sufficient accumulation of particles on each filter (to overcome the filter blank) in such a 

pristine (low aerosol concentration) environment. Typically, the minimum volume of air 

needed was ~45 m3. Sampled filters were fold in half and stored in double sealed bags and 

kept frozen until processing back on shore. Procedural blanks (PB, n=3) were acid washed 

W41 filters placed on the sampling manifold for 2 min while the pumps were turned off and 

indicate potential background trace metal “contamination” from the handling and laboratory 

processes. A sampling log-sheet of the aerosol collected is available in the supplementary 

documents Table S4.1. 
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Fig 4.1. Total Fe concentration (TFe, point size, near logarithmic scale) in nanograms per 

cubic meter of air filtered (ng m-3) and labile Fe fraction (LFe, colour scale) in percent (%) 

measured in aerosols (A1-A13), represented at their mid-point sampling location. The small 

dotted blue line represents the ship’s track and the solid blue lines represent the area covered 

during each rain event sampled (R1-R5). Iron measurements in A9 were below the trace 

metal blank measurement indicating the absence of detectable aerosols in the sample (<PB).  

 

4.2.2 Rain water sampling 

Rainwater was collected to assess the contribution of wet processes to the total atmospheric 

deposition of Fe and other trace metals. A home-made manual sampling manifold was 

mounted on the forward rail of the ship’s upper deck in front of the bridge to prevent sample 

contamination from the ship’s exhaust. A 1L LDPE collection bottled was fitted to a large 
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HDPE funnel (0.14 m2 surface area) in order to achieve maximum sampling efficiency of the 

manifold which was housed inside a plastic box to ensure stability and offer additional 

protection against sample contamination. Prior to the voyage departure, all plastic parts were 

cleaned in successive baths of 2% (v/v) Decon 90 and 10% (v/v) hydrochloric acid (HCl) for 

one week each according to GEOTRACES trace metal work procedures (Cutter et al., 2017). 

The rain sampler funnel was cover with a clean plastic sheet in good weather conditions and 

manually opened at the onset of a rain event. Table S4.2 summarizes rain sample collection 

information. 

 

Once a sufficient volume of rain was collected in the bottle (>160 mL), the collection bottle 

was tightly capped and transported inside a zip-lock bag to the ship’s trace metal clean 

laboratory for sub-sampling. Samples were immediately divided into the following, 

depending on the volume of rain water collected: 

1) 60 mL of rainwater was filtered through a 0.2 µm polycarbonate (PC) filter and acidified 

using 2 µL of HCl per mL of sample to assess the dissolved Fe in rainwater, DFe. 

2) 60 mL was left unprocessed and frozen until further analysis and stored in the dark at room 

temperature to assess the total dissolvable Fe in rainwater, TDFe 

Any leftover rainwater was acidified to 2 µL HCl per mL without filtration and stored in the 

dark at room temperature. A comparison of the rainwater storage method was undertaken by 

comparing metal concentrations in the acidified (but unfiltered) and frozen fractions of the 

same rain samples (R2 and R4) after > 4 months of storage. For most metal of interest, 

similar concentrations (less than 10% different) were obtained by analysing samples stored 

either frozen or acidified. The only exceptions were Al and Cu, which concentrations 

decreased by 20% and 43%, respectively in the acidified sample. 
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4.2.3 Atmospheric sample processing and analysis 

All chemicals used were ultra-high purity Baseline (Seastar Chemicals®) or in-house sub-

boiled distilled acids. GEOTRACES ‘Cookbook’ trace metal-clean procedures (Cutter et al., 

2017) were followed, including working in an HEPA-filtered class 5 laminar flow hood in a 

positive pressured class 6 clean room, and wearing clean room garments and nitrile gloves.  

 

Aerosol samples were thawed at room temperature. A three-step leaching protocol was used 

to assess the fractions of soluble (SX%) and labile (LX%) trace metal (X) as well as the total 

metal (TX) concentration in aerosols, as detailed in our earlier publication (Perron et al., 

2020). Briefly, 50 mL of ultra-high purity water (UHPW) was passed through the sampled 

filter under vacuum to extract soluble metals (SX) in aerosols (Buck et al., 2006; Winton et 

al., 2015). The same filter was immediately soaked in 10 mL of ammonium acetate (1.4 M, 

pH 4.7) for one hour and centrifuged (Baker et al., 2006b; Sarthou et al., 2003). The sum of 

the first two leaches defined the labile (LX%) fraction of trace metals. The remaining filter 

was finally digested using a mixture of hydrofluoric (HF) and nitric (HNO3) acids (1/4v/v) and 

at 120ºC on a hotplate for about 12h (Morton et al., 2013; Shelley et al., 2017). The total 

metal (TX) concentration in aerosols was obtained by summing all three leaches. 

Concentrations were expressed in nanogram of element per cubic meter (ng m-3) of air 

filtered. Aerosol fractional solubility was calculated as the ratio of LFe-to-TFe measured in a 

sample, expressed as a percentage and is interpreted as the fraction of potentially bioavailable 

Fe released by aerosols in seawater (Perron et al., 2020).  

 

Frozen rain water samples were allowed to thaw at room temperature. All rain samples were 

prepared as follow: 9.8 mL of rain water was acidified to 1% (v/v) HNO3 and added with 10 

ppb indium as an internal standard. This preparation was diluted 10 times before analysis due 
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to the expected high salt concentration in the samples which can damaged the analytical 

instrument.  

 

All analyses were undertaken by Sector Field Inductively Coupled Plasma-Mass 

Spectrometry (SF-ICP-MS, Thermo Fisher Scientific ELEMENT 2) within 3 days of sample 

preparation (Bowie et al., 2010). The digestion process used in the aerosol sequential 

leaching protocol showed near-quantitative (>90%) recovery using two reference materials, 

namely the fine fraction (< 3 µm) Arizona Test Dust (Cutter et al., 2017) and GeoPT13 loess 

(Potts et al., 2003). 

 

4.2.4 Atmospheric deposition flux estimates 

Wet and dry atmospheric deposition fluxes were calculated to allow comparison of our 

observations with other field measurements and model predictions. 

 

Dry deposition flux (Fdry) of labile and total trace metals was calculated using the following 

equation (1): 

Fdry = (CFe)aerosol x Vd,      (1), 

where (CFe)aerosol is the measured concentrations of Fe in aerosol (either LFe or TFe) and Vd is 

a dry deposition velocity constant. Estimated Fdry are expressed in nmol m-2 d-1. 

In the environment, the aerosol dry deposition velocity is a complex parameter which varies 

with the particle’s size, the wind speed, the atmospheric humidity and other atmospheric 

microphysical features. In this study, we chose to use a constant deposition velocity, (Vd = 

1.3 cm s-1) to allow comparison with previous field studies (Heimburger et al., 2012; Winton 

et al., 2015), understanding there is a factor of 3 uncertainty induced by such assumption 

(Duce and Tindale, 1991; Gao et al., 2013). 
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Wet deposition fluxes (Fwet) of dissolved and soluble metals were calculated using the 

following equation (2): 

Fwet = (CFe)rain x Vrain / Afunnel     (2), 

where (CFe)rain is the measured concentrations of Fe in rainwater (either DFe or TDFe), Vd is 

the dry deposition velocity constant and Afunnel is the cross-sectional area of the funnel 

opening. Fluxes are expressed in µmol m-2 to allow comparison with previous studies 

(Heimburger et al., 2013a; Strzelec et al., 2020b). 

 

4.2.5 Air-mass origin and transport 

Potential sources of aerosols were investigated by simulating air-mass back-trajectories 

(AMBT) for each aerosol sample using the NOAA Air Resources Laboratory publicly 

available Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) (Rolph et al., 

2017) model based on re-analysis meteorology. Both 10-day AMBT and 5-day trajectory 

frequencies (Rolph et al., 2017) were plotted twice for each aerosol samples using the mid- 

and end-points sampling locations. Three distinctive air-masses were identified, originating 

from Australia, from Antarctica, and some showing long-range (>1000s km) transport of air-

masses from the west over the SO. Fig. S.4.1 shows the representative trajectory output from 

HYSPLIT for each different prevailing air-mass. 

 

In addition to AMBTs, ship-board measurements of atmospheric radon (222Rn) were 

continuously monitored during the voyage. This radioactive gas is commonly used as an  

indicator of terrestrial inputs to the atmosphere due to its crustal origin and its half-life of 3.8 

days. Southern Ocean baseline air-masses were reported average 222Rn concentrations below 

50 mBq m-3, a threshold which discriminates relatively long (2-3 weeks) atmospheric 
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transport over the ocean compared to more recent (<2 weeks) terrestrial input to the 

atmosphere (Chambers et al., 2018). A representative uplift event of Australian dust 

measured close to the emission source typically displays 222Rn concentrations of about 2500 

mBq m-3 (Chambers et al., 2014). 

 

4.2.6 Enrichment factors 

Enrichment factors (EF) were calculated for both aerosol and rainwater samples to 

differentiate aerosol particles from different sources (Shelley et al., 2015). The EF of a target 

element (X) was defined by the following equation (3), as the mass ratio of total Fe/Al in 

aerosol relative to the same ratio in the upper continental crust (UCC) according to 

McLennan et al. (2001) (McLennan, 2001): 

EFX = (Fe/Al)aero / (Fe/Al)UCC     (3), 

The calculation of EFs allowed us to differentiate dominant origins of trace metal in aerosols 

such as crustal (Fe), anthropogenic (Cr, Cu, Pb, Ni, V, Zn) and mixed (Mn, Co) atmospheric 

sources. Significant enrichment compared to the UCC reference is indicated by EF exceeding 

10 and indicates non-mineral aerosol sources (Shelley et al., 2017). 

 

4.3 Results 

4.3.1 Predominant wind regime 

The combined analysis of 10-day AMBTs and 222Rn data indicated a gradual transition in the 

origin of the predominant air-mass along the meridional oceanographic transect; data is 

shown in the supplementary material Table S4.1.  
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North of 50°S, aerosol samples A1-A3 and A13 received air-masses which had recently been 

in contact with the Australian continent. This information is further confirmed by radon 

(222Rn) concentrations in aerosols (96-574 mBq m-3) exceeding SO baseline air 

measurements (50 mBq m-3). Aerosol sample A3, which was the southernmost  (47°S) 

sample from this group, showed the lowest 222Rn concentration indicating longer atmospheric 

transport of continental sources is included in this sample. Between 50°S-60°S, aerosol 

samples A4-A6 and A12 were dominated by long-range atmospheric transport (>10 days) 

over the SO, as indicated by HYSPLIT AMBTs. Atmospheric 222Rn measurements over this 

group of aerosol samples ranged from 87 to 119 mBq m-3, which suggested some terrestrial 

input to the atmosphere over the 10 days oceanic transport. Crustal material emitted from SO 

islands (e.g., the Kerguelen plateau, or Heard and McDonald Island) may explain such these 

slightly elevated 222Rn concentrations compared to the baseline value. Aerosols collected 

south of 60°S mainly received air-masses from Antarctica. However, samples collected east 

of 140°E (A7-A9) were dominated by westwards flowing winds following the Antarctic coast 

whereas samples collected west of 140°E were primarily influenced by eastward-flowing 

winds over Antarctica. Moreover, slightly higher 222Rn concentrations in samples A7-A9 

(133-144 mBq m-3) compared to A10-11 (103 and 110 mBq m-3) indicated more recent input 

of terrestrial aerosols in the atmosphere east of 140°E. 

 

4.3.2 Aerosol Fe, Co, Mn and Zn concentrations 

Even though Fe is thought to be the ultimate limiting nutrient to the anemic SO 

phytoplankton, the supply of other trace metals such as Co, Mn, or Zn is of interest due to 

their role within key metabolic processes, and possible role as co-limiting elements (Koch 

and Trimborn, 2019). The total concentrations of a range of trace metals (TX), including Fe, 
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Co, Mn and Zn, in aerosols are illustrated in Fig 4.2 (point size) and further detailed in Table 

4.1. 

 

Total Fe concentrations (TFe) measured in aerosols along the meridional transect varied from 

below procedural blank measurement in sample A9, at the south-easternmost end of the study 

region, to 22.2 ng m-3 in sample A13 collected downwind from Australian emission sources. 

Surprisingly, average TFe measurements were similar between aerosols collected north of 

40°S (TFe = 6.5±10.5 ng m-3, n=4) and south of 60°S (TFe = 4.0±6.1 ng m-3, n=5). This 

observation highlights that two distinct end-member sources of atmospheric Fe, namely 

Australia and Antarctica, influenced the atmospheric loading along the SR3 transect. In the 

open SO between 50°S and 60°S, aeolian TFe concentrations were an order of magnitude 

smaller (0.3±0.4 ng m-3, n=4) than in aerosols collected close to continents.  

 

Averaged Zn concentrations in aerosols were expectedly higher (TZn = 2.0±3.5 ng m-3) above 

50°S, showing a dominant source from Australia. Atmospheric Zn was then uniformly lower 

below 50°S, with averaged Zn loadings 5 times smaller over the open SO (TZn = 0.4±0.5 ng 

m-3) and near Antarctica (TZn = 0.4±0.4 ng m-3) compared to concentrations measured 

aerosols above 50°S. Total Co and Mn concentrations in aerosols were 2 to 4 orders of 

magnitude smaller (pg m-3) than atmospheric Fe and Zn measurements (ng m-3). Total aerosol 

Co exhibited similar variability to that of TFe, with distinct sources of comparable 

importance, namely Australia (TCo = 3.2±5.1 pg m-3) and Antarctica (TCo = 2.7±2.2 pg m-3). 

In open SO aerosols, TCo only decreased by half (1.9±1.9 pg m-3), compared to the 10-fold 

decrease observed for TFe. The highest average Mn loading was measured in aerosols 

collected below 60°S (TMn = 166±329 pg m-3), the latter measurements being 5 times greater 
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than TMn in aerosols influenced by Australian air-masses (TMn = 72±72 pg m-3) and up to 20 

times higher than atmospheric TMn over the open SO (TMn = 8±5 pg m-3). 

 

 

Fig 4.2. Aerosol measurements of the total concentration, TX, (point size, ng m-3) and labile 

fraction LX (colour scale, %) of Fe, Co, Mn and Zn in aerosols along SR3 line (140ºE). 
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Table 4.1. Total concentration of trace metals in aerosols collected along SR3 transect and offshore Antarctica measured using our 3-step 

leaching experiment protocol and expressed in picograms per cubic meter of air filtered (pg m-3). Samples are ordered by decreasing latitude 

(from Antarctica to Australia). 

Aerosol ID A8 A11 A7 A9 A10 A6 A12 A5 A4 A3 A13 A1 A2 
mid-point 
latitude 

-65.9 -64.2 -63.8 -63.5 -62.2 -58.8 -56.6 -54.4 -51.3 -47.5 -45.7 -44.7 -44.3 

Al 454.4 249.4 1391.8 647.4 170.2 13.9 77.7 589.4 84.7 1687.1 438.1 2355.4 2849.4 
Cd 4.9 1.9 15.7 2.5 2.1 0.7 5.8 0.4 1.8 1.1 10.9 3.8 125.7 
Co 1.4 5.9 1.4 LOD 2.1 3.9 3.2 0.3 0.2 0.7 10.8 0.9 0.5 
Cr 47.8 2156.6 6.7 LOD 335.8 61.8 5.7 12.6 9.5 48.0 5613.9 24.5 260.0 
Cu 207.6 317.8 72.8 180.1 28.8 13.6 7.4 426.8 96.9 8.4 101.0 91.3 286.2 
Fe 140.0 13060.3 1309.8 LOD 1584.6 128.3 17.8 12.8 873.9 179.3 22235.2 2221.1 1275.6 
Mn 7.3 753.3 44.8 1.1 22.2 7.0 1.9 14.5 7.9 6.1 45.7 60.9 174.0 
Ni 7.2 174.5 4.8 2.2 100.4 38.8 0.7 7.5 7.3 33.1 336.3 15.6 147.4 
Pb 3.4 3.6 7.9 3.5 4.2 1.5 1.3 0.9 0.9 1.2 30.9 12.5 10.7 
Ti 0.3 714.5 4.5 902.4 282.5 44.5 313.3 2.1 2.7 135.3 2588.7 187.6 1426.6 
V 0.3 11.3 0.8 33.2 3.0 1.1 0.05 0.2 5.3 3.5 224.0 32.2 23.1 
Zn 1340.9 196.8 425.1 101.2 91.6 96.2 199.5 1032.8 159.7 171.0 345.2 275.0 7170.2 
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4.3.3 Aerosol Fe, Co, Mn and Zn solubilities 

The solubility of micro-nutrients trace elements such as Fe, Co, Mn and Zn delivered by 

aerosols following deposition to seawater will determine their availability to be taken up and 

used by the marine phytoplankton. The labile fraction of the these micro-nutrients in aerosols 

was measured following our 3-step leaching protocol described in section 4.2.3 (Perron et al., 

2020); data is reported in Table 4.2. 

 

Iron showed the lowest solubility of all 4 micro-nutrients investigated. Labile Fe fraction in 

aerosols was generally higher in open ocean aerosols (LFe = 2 - 100 %) compared to aerosols 

collected north of 50°S (LFe = 7 - 26%) and the lowest solubilities were measured in aerosols 

collected south of 60°S (LFe = 0 - 11%). On the contrary, Zn mostly displayed extremely high 

lability in aerosols across the oceanic transect (LZn > 87%), with the exception of two 

samples which contained 33% and 12% of LZn, in the open SO and near Antarctica, 

respectively. The labile Mn and Co content in aerosols showed more variability between 

samples, ranging from 1% to 100% and from 2% to 100%, respectively.  

 

Only one rain sample was measured for both TD and D metal content. Using this unique 

sample, trace metal solubility in rain water (D*100/TD) was found to be 5%, 80%, 84% and 

98% for Fe, Mn, Co and Zn, respectively. 
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Table 4.2. Labile fraction (LX, %) of micro-nutrients (Fe, Co, Mn and Zn) measured in aerosols as defined by a 3-step leaching experiment. 

Samples are ordered by decreasing latitude (from Antarctica to Australia). 

 A8 A11 A7 A9 A10 A6 A12 A5 A4 A3 A13 A1 A2 
Co 52 11 75 LOD 21 79 2 100 100 64 15 92 100 
Fe 11 0 8 LOD 1 41 100 100 2 22 9 7 26 
Mn 100 1 38 100 41 60 47 100 25 83 60 70 82 
Zn 100 11 87 100 100 100 33 100 100 100 100 100 91 
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4.3.4 Atmospheric fluxes of trace metals, dry versus wet deposition 

Estimates of trace metal deposition from dry (aerosol) and wet (rain water) atmospheric 

sources allow comparison with previous measurements reported for the SO and with model 

predictions. Dry and wet deposition fluxes of Co, Fe, Mn and Zn are reported in Table 4.3 

and Table 4.4, respectively. The full suite of trace metal measurements in rain water samples 

is displayed in the supplementary material Table S4.3 

 

Dry deposition of atmospheric Fe was estimated to range from <LOD to 447 nmol m-2 d-1 for 

TFe, and from <LOD to 39.8 nmol m-2 d-1 for LFe. Greater Fdry(TFe) was measured in aerosols 

collected north of 50°S (Fdry(TFe) = 130±212 nmol m-2 d-1), followed by those in the southern 

part of the study region (Fdry(TFe) = 65±112 nmol m-2 d-1). Much smaller Fdry(TFe) was 

estimated over the open SO, with an average TFe deposition of 5±8 nmol m-2 d-1. High TFe 

and moderate LFe north of 50°S resulted in higher average atmospheric LFe flux estimates 

downwind of Australian air masses (Fdry(LFe) = 13±18 nmol m-2 d-1). The lower Fe solubility 

in aerosols collected south 60°S and higher LFe fraction in open SO samples led to Fdry(LFe)  

estimates of similar magnitude, with 0.9±0.9 nmol m-2 d-1 and 0.5±0.4 nmol m-2 d-1 of LFe 

deposited downwind to Antarctic air-masses and in the open SO, respectively. 

 

Higher atmospheric deposition of TCo was estimated north of 50°S (Fdry(TCo) = 0.1±0.2 nmol 

m-2 d-1) compared to the dry deposition estimated south of 50°S (globally Fdry(TCo) ~ 

0.08±0.08 nmol m-2 d-1). Small and variable LCo deposition fluxes were calculated across the 

whole study region, with values between 0.02±0.02 nmol m-2 d-1 and 0.04±0.06 nmol m-2 d-1. 

Atmospheric deposition of Mn from aerosols was the highest near Antarctica, showing an 

average Fdry(TMn) of 3.4±6.7 nmol m-2 d-1. Low aerosol Mn solubility south of 60°S however, 

led to small Fdry(LMn) of 0.2±0.1 nmol m-2 d-1 compared to that measured near Australia 
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(Fdry(LMn) of 1.1±1.2 nmol m-2 d-1). Zinc atmospheric deposition were the highest close to the 

Australian continent, with Fdry(TZn) of 2.0±3.5 nmol m-2 d-1 and Fdry(LZn) of 31.5±54.0 nmol 

m-2 d-1, which was 1-2 orders of magnitude greater than average Fdry(TZn) and Fdry(LZn) 

calculated south of 50°S, respectively, of 0.4±0.5 and 7±9 nmol m-2 d-1. 
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Table 4.3. Atmospheric dry deposition of total (TX) and labile (LX) Co, Fe, and Mn expressed in nanomole per square meter per day 

(nmol m-2 d-1) and based on aerosol metal concentrations. A deposition velocity constant, Vd = 1.3 cm s-1, was applied. 

 A8 A11 A7 A9 A10 A6 A12 A5 A4 A3 A13 A1 A2 

TCo 0.05 0.2 0.06 LOD 0.09 0.2 0.1 0.01 0.01 0.03 0.4 0.03 0.02 

TFe 2.8 262.7 26.3 LOD 31.9 2.6 0.4 0.3 17.6 3.6 447.2 44.7 25.6 

TMn 0.2 15.4 0.9 0.02 0.5 0.14 0.04 0.3 0.2 0.1 0.9 1.2 3.6 

TZn 1.3 0.2 0.4 0.1 0.09 0.1 0.2 1.0 0.2 0.2 0.4 0.3 7.2 

LCo 0.03 0.03 0.04 LOD 0.02 0.1 0.002 0.01 0.009 0.02 0.07 0.03 0.02 

LFe 0.3 0.528 2.2 LOD 0.4 1.1 0.4 0.3 0.3 0.8 39.8 2.9 6.7 

LMn 0.1 0.1 0.3 0.02 0.2 0.09 0.02 0.3 0.04 0.1 0.6 0.9 2.9 

LZn 23.0 0.4 6.3 1.7 1.6 1.7 1.1 17.7 2.7 2.9 5.9 4.7 112.5 
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Wet deposition of trace metals to seawater includes both particles caught within rain droplets 

(TDX) and metals dissolved in rain (DX). Precipitation rates observed in the southern part of 

the study region ranged between 1 and 13.7 mm per day (Table S4.2). Wet deposition of 

TDFe ranged from 0.65 to 2.2 µmol m-2, which is an order of magnitude higher than the fluxes 

of DFe (0.2 µm filtration) (0.05-0.1 µmol m-2), delivered by rainfall in the southern half of the 

study region. The higher solubility of Co, Mn and Zn in rain water, resulted in similar wet 

deposition of TDX and DX measurements, with generally smaller fluxes for Co and Mn, 

ranging between 0.001 and 0.006 µmol m-2 and between 0.01 and 0.1 µmol m-2, respectively 

compared to Zn wet deposition fluxes (2.6 – 81.3 µmol m-2). 

 

Table 4.4. Wet deposition fluxes of total dissolvable (TDX, rain water 2% HNO3) 

and dissolved (DX, 0.2 µm filtered and 2% HNO3) trace metals (X) in µmol m-2.  

Element (X) 
R1 R2 R3 R3 R4 R5 

TDX TDX TDX DX DX DX 
Co 0.006 0.001 0.004 0.003 0.005 0.001 
Fe 1.4 0.65 2.2 0.1 0.05 0.1 
Mn 0.08 0.01 0.08 0.06 0.1 0.03 
Zn 81.3 5.3 50.2 49.0 7.6 2.6 

 

4.3.5 Trace metal source apportionment along SR3 transect 

While AMBT and the magnitude of concentration and fluxes measured in aerosol samples 

can indicate the sample proximity to one potential atmospheric source, EF calculations 

provide an intrinsic fingerprint of atmospheric sources in aerosol samples as shown in Fig 

4.3. 

 

Iron EFs showed somewhat unusual patterns compared to the generally accepted predominant 

mineral origin of Fe in aerosols. Aerosols which displayed EFFe <10 revealed a dominant 

mineral origin for atmospheric Fe is present across the meridional oceanic section. However, 
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three aerosol samples collected between 50°S and 63°S displayed EFFe close to 20, indicating 

that Fe in such aerosols may originate from a mixture of dust and anthropogenic particles 

which have undergone long-range atmospheric transport over the SO. An extreme enrichment 

in Fe (EFFe ~120) was noticed in samples A13 and A11. Enrichment in the former sample 

likely pointed towards anthropogenic emissions to the atmosphere from Australia north of 

50°S. Enrichment in the latter aerosol may reflect both the small Al atmospheric 

concentration near Antarctica and the weathering and uplift of Fe-rich particles from ice or 

snow-free soil in Antarctica. Sea ice (Lannuzel et al., 2016), glaciers and surface snow (Kim 

et al., 2015; Raiswell et al., 2018) in Antarctica were shown to be enriched in Fe compared to 

seawater, however further studies is necessary to be able to make such statement compared to 

aerosol. A small contribution from Antarctica research stations waste combustion and from 

scientific (and tourist) cruises to Antarctica atmosphere cannot be discarded (Marina-Montes 

et al., 2020). Although such emissions are known to be minimal in order to preserve the 

pristine Antarctic environment, their fingerprint would be emphasized by such low 

atmospheric background. Manganese and Co enrichment in aerosols showed similar 

variations to that of EFFe, suggesting similar sources for these three metals. Enrichment in Co 

was observed in sample A12, despite no Fe or Mn enrichment observed. Abnormally elevated 

enrichments in Mn (and Co) were observed alongside a high enrichment in Fe in sample A11 

collected close to the Antarctic continent. 

 

Enrichment in atmospheric Zn and Cu (EF>100) as well as Pb (EF>10) across aerosol 

samples indicated the presence of anthropogenic emissions (fuel combustion) along the 

whole meridional sampling transect. Such combustion particles likely originate from 

Australia in aerosols collected north of 50°S. It is impossible to exclude that Antarctic 

research activities and stations (including fuel combustion, waste incineration, sewage 
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disposal, shipping and transport) contribute a small fraction of such anthropogenic fingerprint 

in aerosols collected south of 60°S (Chu et al., 2019). However, previous studies reporting 

similar Zn, Cu and Pb enrichment in aerosols in Antarctica and in the Southern Ocean 

suggested a long-range transport of fine mode and reactive anthropogenic particles from 

other Southern Hemisphere continents (Cáceres et al., 2019; Srinivas et al., 2012; Xu and 

Gao, 2014).  

Nickel, Cr and, to a lesser extent, V showed only sporadic enrichment in aerosols at random 

latitudes across the sampling transect. While a clear anthropogenic signature in aerosols 

along the SR3 transect was highlighted by EFZn, EFPb and EFCu exceeding 1000, the same 

sample also showed crustal- like Ni, Cr and V content (EF<10). This observation likely 

emphasises that multiple anthropogenic sources (different for Ni, Cr and V from that emitting 

Zn, Cu and Pb) are included inaerosols. The latter sources may either come from the end-

member continents or from long eastwards transport across the SO. 

 

Enrichment factors calculated based on total dissolvable (TDX) Fe, Co, Mn and Zn in rain 

water samples (R1, R2 and R3.a, Table S.4.4) suggested that Fe and Mn originated from a 

crustal source (EFs<5), Co may result from mixed atmospheric origins (EFCo = 4.6 – 11.6), 

including dust and anthropogenic emissions, and Zn was solely emitted by human-derived 

emissions (EFZn>104). This result compares well with EF data calculated in aerosol samples. 
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Fig 4.3. Enrichment factors of trace metal in aerosols collected along SR3 transect and off Antarctica using Al as a reference for crustal material 

and relative to the UCC (McLennan, 2001), the y-axis is log scale.
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4.4 Discussion 

Thirteen aerosols and five rain water samples were collected during an oceanographic 

campaign along the 140°E meridian. Three zones were defined along the study meridional 

transect according to a combination of AMBT (HYSPLIT model) and atmospheric 222Rn 

concentrations analysis. Atmospheric circulation north of 50°S and south of 60°S were found 

to mainly receive continental air masses from Australia and Antarctica, respectively, while 

open SO aerosols were subjected to long-range (>1000s km) atmospheric transport by the 

westerly winds characteristic of the region (Frölicher et al., 2015). 

 

Two distinct sources of atmospheric Fe, Mn and Co were identified, namely Australia in the 

north and Antarctica in the south of the study region. On the contrary, aerosol Zn was an 

order of magnitude more concentrated in samples collected north of 50°S which agrees with 

studies characterizing Zn as an anthropogenic pollutant (Jickells et al., 2016). Smaller aeolian 

concentrations of trace metal over the open SO reflects the long-range transport of westerly 

winds at these latitudes, which enhanced the phenomenon of gradual gravitational settling of 

larger (and heavier) particles from the atmosphere at increasing distance to emission sources 

(Baker and Jickells, 2006; Shi et al., 2012). Remaining small size aerosols over the open SO 

will display a greater surface area-to-volume ratio and therefore be prone to greater metal 

dissolution and display enhanced solubility measurements. 

 

Our range of atmospheric Fe concentrations, between 0.3 and 6.5 ng m-3, is similar to 

reported TFe measurements (0.004 - 5.8 ng m-3) in aerosols from Cape Grim Baseline Air 

Pollution Station (Tasmania, Australia) which receives similar SO air masses to those 

influencing aerosols during our study (Winton et al., 2015). Moreover, similar average TFe (7 
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ng m-3) was found in aerosols collected in the coastal marine region south east of mainland 

Australia (Perron et al., 2020b), agreeing with our average aerosol TFe measurements north of 

50°S (6.8 ng m-3). A similar SO diagonal cross-section undertaken west of our study region 

(Xu and Gao, 2014) reported slightly higher atmospheric TFe (6.1 – 38 ng m-3) and TMn (0.2 – 

0.9 ng m-3) loadings than our measurements (0.3 – 6.5 ng m-3 and 0.008 – 0.2 ng m-3 for Fe 

and Mn, respectively). However, the latter study location (between 90°E and 110°E) likely 

received additional atmospheric input from the Kerguelen plateau, as well as long-range 

atmospheric transport from the west and from major Antarctic research stations compared to 

our sampling transect. Fractional Fe solubility (LFe) is highly depended on the laboratory 

technique used (Perron et al., 2020). Measurements of the aerosol LFe fraction during our 

study (0-100%) reflected the large heterogeneity in aerosol solubility across the SO as 

previously reported from measurement at Cape Grim (0 - 100%) (Winton et al., 2015), over 

the SO west of our study region (0.74 – 41%) (Gao et al., 2013), and in the vicinity of Heard 

and McDonald Islands (7%-52%) (Perron et al., in prep.), using similar leaching techniques. 

No information was found regarding aerosol Zn and Co concentration in the SO, highlighting 

the need for atmospheric measurement of a wider range of trace metals. 

 

Measurements of trace metals in aerosols and rain water allowed us to calculate rough 

estimates of the dry and wet deposition fluxes of Fe, Co, Mn and Zn. Estimates of dry 

deposition fluxes of total atmospheric Fe to the SO varied from 0.3 nmol m-2 d-1 over the 

open SO to 447 nmol m-2 d-1 downwind to Australian emission sources. Our estimates fall 

within the range of deposition flues reported near the Kerguelen islands (14 – 49 nmol m-2 d-

1) (Wagener et al., 2008) and in the SO south of Tasmania (288 - 488 nmol m-2 d-1) (Bowie et 

al., 2009). Greater aerosol TFe deposition fluxes, between 524 nmol m-2 d-1 (Heimburger et 

al., 2013b) and 895 nmol m-2 d-1 (Planquette et al., 2007), were previously reported although 
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the two studies were undertaken in the vicinity or on land in the Kerguelen-Crozet Islands 

region. Moreover, our dry deposition fluxes of TCo (0.002 – 0.1 nmol m-2 d-1) and TMn (0.002 

- 15.4 nmol m-2 d-1) are similar to the lower range of reported dry deposition fluxes of Co (0.3 

- 0.5 nmol m-2 d-1) and Mn (13 – 17 nmol m-2 d-1) in aerosols collected on the Kerguelen 

Islands (Heimburger et al., 2013b). Our average soluble aerosol Fe deposition fluxes of 5 

nmol m-2 d-1 (0.3 - 39.8 nmol m-2 d-1), obtained using deposition velocity (Vd) of 1.3 cm s-1, 

compare well with other Fdry(LFe) estimates in the same sector of the SO, ranging from 2.4 to 

7.4 nmol m-2 d-1 (Vd = 1.3 cm s-1) (Winton et al., 2015) and from 0.14 to 11 nmol m-2 d-1 

(aerosol size-dependent Vd) (Bowie et al., 2009), and with total dissolvable aerosol Fe fluxes 

in the SO west of the study region (0.4 - 25 nmol m-2 d-1, 0.4<Vd<0.6 cm s-1 ) (Gao et al., 

2013). Model estimates of Fe deposition flux to the SO downwind of Australia (197 nmol m-2 

d-1) are also in agreement with our field observations (Myriokefalitakis et al., 2018).  

 

Fewer data are available across the SO to compare our trace metal wet deposition estimates 

with. This is due to the highly sporadic nature of rain event and the difficulties in collecting 

sufficient sample volume with minimal contamination. Apart from one large rain event, 

precipitation rates observed over the study period (1 - 13.7 mm d-1) were in the range of 

average rainfall previously reported for the SO region, from 0.31 - 2.83 mm d-1 (Gao et al., 

2013) to 5 mm d-1 (Planquette et al., 2007). Our TD metal wet deposition estimates ranged 

from 0.65 – 2.2 µmol m-2 for Fe, and from 0.01 – 0.1 µmol m-2 for Mn, which is order of 

magnitude smaller than Fe (8 – 31 µmol m-2) and Mn (0.2 – 1 µmol m-2) fluxes reported on 

Kerguelen Island but larger than wet deposition of TDFe on the tropical north eastern coastline 

of Australia (0.098 µmol m-2) for a similar average rainfall of 3 mm d-1 (Strzelec et al., 

2020b). Our rain water solubility measurements for Fe (5%) and Mn (80%) (n=1) are in 

agreement with reported median solubilities of 9% and 75% for Fe and Mn in rain samples 
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collected across the Atlantic Ocean (Baker et al., 2013). Wet deposition is thought to be more 

accessible for the marine phytoplankton and was previously estimated to represent between 

61% (Planquette et al., 2007) and 80% (Gao et al., 2013) of TDFe deposited to the SO. 

However, more studies are required to better constrain the role of this deposition pathway to 

the global atmospheric trace metal supply to the ocean. 

 

Enrichment factors were used to discriminate mineral to anthropogenic emissions in aerosols. 

Heterogeneous EF values were found for Fe, Co, and Mn across aerosol samples.  

While the latter elements mostly originated from crustal material downwind of Australia 

(north of 50°S), one sample (A13) showed a significant enrichment in all three micro-

nutrients (EF>10). This sample seemed to receive a primary influence from long-range 

atmospheric transport of air-masses originating from the west (Fig S4.1), therefore 

enrichment in Fe, Co and Mn may result from the well-mixing of multiple atmospheric 

sources rather than mineral dust from Australia. Enrichment in Fe, Co and Mn in the open SO 

(50°S-60°S) seemed to show similar variability to the enrichment of  Ni, Cr and V. Both Ni 

and V (EF) were previously shown to be preferentially emitted by anthropogenic combustion 

of heavy oil (rather than coal and other fuels) (Sholkovitz et al., 2009), we could hypothesize 

that Fe, Co and Mn in aerosols collected over the open SO (as well as A10) are, at least 

partially, influenced by long-range transport of oil combustion emissions west of the study 

region (South America or islands in the SO) and potentially included small contribution from 

Antarctic research stations upwind to the sample collection location. While most aerosols 

collected south of 60°S show no significant enrichment (EF<10) in Fe, Co, Mn, one sample 

(A11) displayed disproportionally elevated Fe, Co and Mn EFs. High Fe and Mn enrichments 

were previously reported from sea ice (Lannuzel et al., 2016), snow (Raiswell et al., 2018) 

and in seawater influenced by glacier melt (Kim et al., 2015). We could hypothesise here that 



182 
 

for sample A11, the enrichment in Fe, Mn and Co resulted from ice or snow-free soil in 

Antarctica or from cryosphere erosion emissions under strong winds. Aerosols were rather 

uniformly enriched in Cu and Zn (EF >100) as well as in Pb (EF >10) across the study 

region, suggesting a common source of the latter metals to the atmosphere in the SO, namely 

anthropogenic combustion of coal and other fossil fuels (Fishwick et al., 2018). 
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4.5 Conclusion 

Analysis of trace metal concentrations and solubilities in aerosol and rain water samples 

along the GEOTRACES SR3 transect highlighted Australia and Antarctica as two distinct 

sources of Fe, Co, and Mn to the atmosphere north of 50ºS and south of 60ºS, respectively. 

Atmospheric pollution from anthropogenic emissions were uniform across the study region, 

suggesting the long-range transport of anthropogenic air-masses from the west (likely 

Antarctica or South America following long-range transport). Small atmospheric 

concentrations were measured (TFe = 0.3 - 6.5 ng m-3 , TMn = 8 - 166 ng m-3, TCo = 1.9 - 3.2 

pg m-3) over the open SO, up to an order of magnitude smaller atmospheric Fe and Mn  

compared to samples in closer proximity to the two end-member sources. Moderate to high 

average solubilities were measured for aerosol Co (59%), Mn (62%) and Zn (86%) across the 

study region. The more refractory metal, Fe, showed enhanced average solubility (LFe = 60%) 

in aerosols collected in the open SO. The latter samples also showed high enrichment in Ni, 

Cr, and V which suggest air-mass mixing and solubility-enhancing atmospheric processing of 

aerosol Fe (Co and Mn) with oil combustion aerosols from land masses west of the study 

region. The average LFe fraction (16%) downwind of Australia emission sources suggested 

reactions with anthropogenic acidic emissions while south of 60 ºS, less human activity led to 

smaller LFe  fraction in aerosols (~5%). Snow and ice-free ground but also sea ice and glacier 

erosion under strong winds may source micro-nutrients such as Fe and Mn to the ocean 

downwind to Antarctic air-masses. Further study is necessary to assess the impact of such Fe 

to local marine ecosystem along the SR3 transect. 
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Supplementary material 

Table S4.1. Aerosol samples log-sheet displaying the aerosol sampling period “start” and “end” dates/times), the 

mid-point longitude and latitude for each aerosol collected, and the radon and AMBT data. Samples are ordered by 

mid-point latitude (south-to-north). 

Sample Start sampling End sampling 

mid-point 

latitude 

mid-point 

longitude 

222

Rn 

[mBq m
-3

] 

Air-mass back-trajectory 

A8 31/01/18_03.24 04/02/18_05.45 -65.887 143.336 133.2 Antarctica east 

A11 11/02/18_04.49 14/02/18_03.47 -64.157 132.105 103.3 L-R SO / Antarctica west 

A7 28/01/18_01.58 31/01/18_02.55 -63.797 139.868 143.9 Antarctica east 

A9 04/02/18_06.06 07/02/18_01.30 -63.480 150.000 137.2 Antarctica / SO 

A10 07/02/18_02.00 11/02/18_04.27 -62.242 139.060 110.4 SO (KP) / Antarctica  

A6 24/01/18_03.47 28/01/18_01.42 -58.764 139.842 86.9 L-R SO (KP) 

A12 16/02/18_04.19 20/02/18_06.04 -56.572 141.017 89.0 L-R SO 

A5 21/01/18_05.49 24/01/18_03.20 -54.361 141.430 104.7 SO offshore Antarctica 

A4 18/01/18_03.46 21/01/18_05.33 -51.296 143.119 119.3 LR SO (KP) 

A3 14/01/18_00.51 18/01/18_02.22 -47.518 144.879 95.7 West Tasmania / L-R SO 

A13 20/02/18_06.15 21/02/18_21.21 -45.701 145.640 244.7 Tasmania / L-R SO  

A1 11/01/18_06.10 13/01/18_02.50 -44.685 146.054 574.5 Australia / L-R SO 

A2 13/01/18_03.06 14/01/18_00.29 -44.253 146.928 123.9 Australia / L-R SO 
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Fig S4.1. Representative AMBT and trajectory frequency for the 4 distinct air-mass origins 

identified along the SR3 (140ºE) line.
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Table S4.2. Rain water samples log-sheet including the collection period, the volume 

of rain collected (mL) and the storage method, either frozen (Froz) or filtered through a 

0.2 µm PC filter and acidified to 2 µl HCl/mL sample (F+A). The average daily 

rainfall over each sampling period is displayed in millimeter of rain per day (mm d-1) 

as well as the corresponding aerosol sampling period. 

Sample Collection date 
Volume 

[mL] 
Storage 

Rainfall 

[mm d-1] 

Corresponding 

aerosol 

R1 21-22/01/2018 1200 Froz 13.7 A4, A5 

R2 27-28/01/2018 120 Froz 3.7 A6, A7 

R3.a 01-09/02/2018 165 Froz 2.5 A7-A10 

R3.b 01-09/02/2018 165 F+A 2.5 A7-A10 

R4 09-13/02/2018 120 F+A 1.9 A10, A11 

R5 13-19/02/2018 20 F+A 1.0 A11, A12 
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Table S4.3. Wet deposition fluxes of total dissolvable (TDX, rain water 2% HNO3) and 

dissolved (DX, 0.2 µm filtered and 2% HNO3) for the full range of trace metals (X) 

analysed, expressed in µmol m-2. 

Element (X) 
R1 R2 R3 R3 R4 R5 

TDX TDX TDX DX DX DX 

Al 2.3 0.5 3.6 0.8 0.2 0.8 

Co 0.006 0.001 0.004 0.003 0.005 0.001 

Cu 0.2 0.01 0.2 0.1 0.2 0.06 

Cr 0.02 0.02 0.2 0.03 0.01 0.006 

Fe 1.4 0.65 2.2 0.1 0.05 0.1 

Mn 0.08 0.01 0.08 0.06 0.1 0.03 

Mo 0.001 0 0.05 0.04 0.02 0.02 

Pb 0.007 0.001 0.01 0.004 0.001 0.001 

Ni LOD 0.02 0.1 0.07 0.1 0.03 

Ti LOD 0.003 0.03 0.001 0.002 0.004 

V 0 0 0.01 0.01 0.009 0.006 

Zn 81.3 5.3 50.2 49 7.6 2.6 

 

Table S4.4. Enrichment factors (EF) in rain water calculated using total 

dissolvable metal concentration ratio to Al and compared to the same ratio in the 

UCC (McLennan, 2001).  

 
R1 R2 R3.a 

Fe 1.4 3.2 1.4 

Co 11.6 10.0 4.6 

Mn 4.7 3.3 2.8 

Zn 39953.6 12692.8 15701.7 
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Abstract 

Atmospheric deposition of iron (Fe) to the ocean relieves marine phytoplankton growth 

limitation in anemic waters such as the Southern Ocean (SO). On the northern Kerguelen 

plateau in the Indian sector of the Southern Ocean, seasonal blooms of phytoplankton 

develop each austral spring and summer due to multiple iron supply mechanisms. Heard and 

McDonald Islands (HIMI) lie at the southern part of the northern Kerguelen plateau and are 

volcanically active. This study reports the first measurements, to our knowledge, of iron 

concentration, solubility and fluxes in aerosols collected near and downwind of HIMI 

erupting volcanoes, giving an unprecedented opportunity to assess the role of volcanic Fe 

supply to the Southern Ocean. A manifest influence from the volcano on Heard Island (Big 

Ben) was detected in aerosols collected up to 200 km away from HIMI, using a combination 

of atmospheric tracers (radon and black carbon), air-mass back-trajectories, as well as metal 

ratios in aerosols and in volcanic rocks collected on the seabed near the two islands. 

Enrichment factors (EF) highlighted large enrichment (10- to 50- fold) in chromium (Cr) and 

nickel (Ni) in aerosols collected around HIMI compared to the reference rock of the same 

region. Such enhanced volatility of these metals is commonly found in volcanic ashes (as 

opposed to lava or rocks), indicating that Cr and Ni are good atmospheric tracers for volcanic 

emissions from Big Ben to the atmosphere. Such volcanic source can either represent a 

source or a sink of essential trace metals such as Fe to the surrounding seawater. Further 

study is necessary to assess the broader impact of Heard Island emissions on SO marine 

ecosystems. 
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5.1 Introduction 

The Southern Ocean (SO, below 30°S) is vital for the Earth’s carbon and heat balance, being 

responsible for 43% of the modern global oceanic drawdown of anthropogenic CO2 and up to 

75% of the Earth’s excess heat uptake (Frölicher et al., 2015), therefore playing a key role in 

regulating the global climate. The SO is also the largest High Nutrient Low Chlorophyll 

(HNLC) marine region, where sub-nanomolar concentration of the essential micronutrient 

iron (Fe) dramatically limits marine phytoplankton growth (Boyd et al., 2000). However, 

large algal blooms are seasonally observed in parts of the SO and may result in long-term 

CO2 sequestration to deep ocean layers (Blain et al., 2007; Bowie et al., 2009; Chever et al., 

2010). Such phenomena are evidence for additional Fe inputs to the ocean, which may be 

supplied by deep-sea hydrothermal vents, complex and shallow bathymetric features, 

sediments on elevated plateaus, melting cryosphere (sea ice, icebergs and glaciers), and 

around island wakes (Boyd and Ellwood, 2010; Hutchins and Boyd, 2016).  

 

The Australian Territory of Heard and McDonald Islands (HIMI), in the southern part of the 

northern Kerguelen plateau, is a fertile ecosystem in the SO where marine phytoplankton 

blooms peak in spring and summer each year, as observed by satellite imagery and shipboard 

observations (Blain et al., 2007; Schallenberg et al., 2018). Phytoplankton blooms on and 

downstream of the Kerguelen plateau have been attributed to the enhanced supply of 

dissolved and particulate Fe (Blain et al., 2007; Bowie et al., 2015; Chever et al., 2010; 

Holmes et al., 2019; Quéroué et al., 2015). Studies point out potential Fe sources in the 

southern part of the plateau such as glacial outflows on Heard Island (Kiernan and 

McConnell, 2002), sediment resuspension driven by a strong tidal regime around HIMI (van 

der Merwe et al., 2019), or underwater hydrothermalism near McDonald Island (Holmes et 

al., 2019).  
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The presence of the two volcanically-active islands also suggest local atmospheric deposition 

to the surrounding waters and downwind of the islands may be important. This includes dust 

and volcanic gases from McDonald Islands, and lava and ash erupted from Heard Island’s 

volcano Big Ben. Large volcanic plumes were previously described as natural Fe fertilizers 

which can temporarily relieve Fe-limitation and stimulate marine primary productivity, 

especially in HNLC areas (Achterberg et al., 2013; Sarmiento, 1993; Weinbauer et al., 2017). 

Other metals such as manganese (Mn) and cobalt (Co) which can act as co-limiting nutrients 

for the growth of marine life (Moore, 2016; Schoffman et al., 2016), can also be supplied by 

volcanic eruptions (Zelenski et al., 2014; Zreda-Gostynska et al., 1997). Moreover, volcanoes 

emit large quantities of black carbon as well as a range of trace metals, including chromium 

(Cr) and nickel (Ni), which can be toxic to marine organisms above a species-dependent 

threshold (Duggen et al., 2010; Olsson et al., 2013; Weinbauer et al., 2017). 

 

While recent studies focused on the underwater biogeochemistry of Fe around HIMI and off 

the Kerguelen plateau (Blain et al., 2007; Bowie et al., 2015; Holmes et al., 2019; van der 

Merwe et al., 2019), the atmospheric supply of Fe (including volcanic emissions) and other 

trace metals from HIMI have not been investigated to date. This study reports measurements 

of total concentration and the labile fraction of Fe in aerosols collected in the SO and in the 

vicinity of HIMI when both a volcanic eruption (HI) and fumaroles (MI) were witnessed. 

Seabed rock samples collected in the vicinity of the two islands were used to characterise 

HIMI’s contributions to aerosol loadings. Common atmospheric tools and tracers (BC, radon, 

trace metal ratios, air-mass back trajectories) were used to assess the role of local 

atmospheric input of dust and volcanic ash in supplying Fe to seawater nearby and downwind 

of HIMI.  
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5.2 Material and methods 

5.2.1 Sampling location 

The Heard Earth Ocean Biosphere Interactions “HEOBI” voyage (GEOTRACES process 

study GIpr05) took place in austral summer 2016 on board the Marine National Facility 

research vessel Investigator (Australia). The voyage consisted of a 30-day circumnavigation 

around HIMI, which is located about 4100 km away from the southwestern corner of 

Australia and about 1700 km north of Antarctica, with two ~10-day transits to/from HIMI 

from the port of Fremantle (Western Australia). HIMI is one of the most remote places on 

Earth and despite being only 43 km apart, the two islands present very distinct and unique 

features. Heard (HI) is a large (368 km2) and mostly glaciated island about a million years 

old, which geology is dominated by basanite-alkali and basalt-trachyte rocks. McDonald 

Island (MI) is younger (less than 100 000 year) and much smaller (2.5 km2) than HI, it is 

totally ice-free and mostly composed of phonolitic rocks (Barling et al., 1993; Quilty and 

Wheller, 2000). Both islands present sub-aerial volcanic activity, with characteristic lava 

flow frequently erupting from HI volcano Big Ben and steam/gas plumes (fumaroles) being 

observed on MI (Quilty and Wheller, 2000). During the campaign, both lava flow and 

fumarole were witnessed on HI and MI, respectively (https://blog.csiro.au/everything-need-

know-australias-heard-mcdonald-islands/). 
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Fig 5.1. Mid-point location of each aerosol sample (H1-13) collected during HEOBI. The 

colour scale refers to the measurement of aerosol Fe solubility in percent (LFe, %). LFe = 54 

and 52 % for H3 and H12, respectively. The contour lines are gridded-field extrapolation of 

the total Fe concentration (TFe) measured in aerosols in picogram per cubic meter (ODV, 

DIVA-gridding), therefore TFe lines are only representative of laboratory measurements close 

to sample points. Samples H8-H10 were collected whilst the research vessel circumnavigated 

both islands at least once. Rock sample locations are indicated with grey stars. 

 

5.2.2 Ship-board aerosol sampling  

Thirteen aerosol samples (H1-H13) were collected on 47 mm punches of acid cleaned 

Whatman 41 (W41) cellulose filters (Morton et al., 2013). Figure 5.1 displays the sample’s 

mid-point (half-way) location along each aerosol sampling transect. Air was pumped through 

a polished stainless-steel inlet tube 18 m above the sea level along the foremast at the ship’s 

bow and connected to a High Efficiency Particulate Air (HEPA)-filtered laminar flow hood 

using silicone antistatic conductive tubing. Contamination from the ship’s exhaust was 
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avoided by restricting aerosol sampling to a 270º-90º wind sector relative to the ship’s bow. 

Aerosol sampling was undertaken until a minimum threshold volume of ~20 m3 of air was 

filtered through each sample so that particulate loading on the filter was sufficient to allow 

analytical detection above the filter blank. Upon recovery, sampled filters were placed in a 

petri dish with the sampled side facing upward and stored frozen in double sealed bags. 

Procedural blank filters were collected using acid washed W41 mounted on the sampler 

manually turned off for 5 min and were used to correct trace metal concentrations in aerosols. 

 

Supplementary material Table S5.1 and Table S5.2 provides additional information for each 

aerosol sample. 

 

5.2.3 Definition of soluble, labile and total Fe content in aerosol samples 

Laboratory trace metal work was carried out following GEOTRACES ‘Cookbook’ 

procedures (Cutter et al., 2017) and using ultra-high purity Baseline (Seastar chemicals®) or 

in-house sub-boiled distilled chemicals.  

Samples were thawed at room temperature followed by a three-step leaching protocol (Perron 

et al., 2020). Briefly, soluble Fe (SFe) in aerosols was extracted using an instantaneous flow-

through ultra-high purity water leach. The same filter was then soaked in ammonium acetate 

(pH=4.7) for one hour. The sum of the first two leaches constitutes the labile Fe (LFe) content 

of the aerosols. Finally, a heat-assisted 12h HF/HNO3 digestion was performed on the 

remaining filter. The sum of the three leaches/digestion defines the total Fe (TFe) content of 

the aerosols. Leach and digestion solutions were analysed by sector field inductively coupled 

plasma-mass spectrometry (Thermo Fisher Scientific ELEMENT 2) (Bowie et al., 2010; 

Perron et al., 2020). Concentrations were expressed in nanogram per cubic meter (ng m-3) of 

air filtered after appropriate (procedural) blank correction. Iron fractional solubility, LFe%, 
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was calculated as the percentage of LFe/TFe in a sample, using LFe (rather than SFe) as an 

estimate for bioavailable Fe in aerosols (Perron et al., 2020).  

 

5.2.4 Aerosol Fe concentration and dry deposition fluxes 

The atmospheric dry deposition flux of total, Fdry(TFe), and labile, Fdry(LFe) Fe were estimated 

using our aerosol Fe concentration (CFe) data and a dry deposition velocity constant (Vd):  

Fdry = CFe * Vd      (1) 

Because the Vd parameter is poorly constrained, we applied a constant Vd value of 1.3 cm s-1, 

allowing comparison with prior studies (Heimburger et al., 2012; Winton et al., 2015) 

acknowledging that this assumption is associated with an uncertainty of up to a factor of three 

(Duce et al., 1991; Marsay et al., 2018).  

 

5.2.5 Indications of volcanic emissions to the atmosphere 

Aerosol samples potentially affected by HIMI volcanic emissions were identified using the 

combined analysis of air-mass back-trajectories and atmospheric concentrations of radon 

(222Rn) and black carbon (BC).  

 

Publicly available NOAA Air Resource Laboratory online tools (Rolph et al., 2017) were 

used to compute five-day back-trajectory frequencies (Hybrid Single-Particle Lagrangian 

Integrated Trajectory model, HYSPLIT) and three-day wind roses (Real-time Environmental 

Applications and Display System, READY) for air masses arriving at each sample mid-point 

and collection date and location (Fig S51).  
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Atmospheric concentrations of 222Rn and BC were continuously monitored onboard the ship. 

Radon was used to verify the HYSPLIT outputs and indicate terrestrial input to the 

atmosphere, either from Australia, the Kerguelen or HIMI islands, or from Crozet Island 

(46°25′ S, 51°59′ E) further upwind in the Southern Ocean. A 222Rn concentration exceeding 

the SO baseline value of 30-50 mBq m-3 was chosen as the threshold to indicate terrestrial 

influence in aerosols (Chambers et al., 2018). Increases in atmospheric BC concentration 

(Multiangle Absorption Photometer Model 5012, Thermo Fisher Scientific) were also 

associated with volcanic emissions from HIMI, as reported for other regions (Byčenkiene et 

al., 2013). Radon and BC measurements taken outside the 270º - 90º aerosol sampling wind 

sector were manually excluded from the dataset to match aerosol sampling atmospheric 

conditions.  

 

5.2.6 Rock sampling around HIMI 

Rock samples from volcanic seamounts around the two islands were collected using a rock 

dredge. Rock sampling details are summarized in Table S5.2 and dredge locations are shown 

in Figure 5.1 (R1-R6). Target samples included three sea knolls thought to be submarine 

volcanoes, two around the McDonald Islands (R4-R6) and one north of Heard Island (R3). 

Two debris avalanche (R1 and R2) dredges south of Heard Island that represents a sector 

collapse of the Big Ben volcanic massif. Visual characterisation of the dredged rocks on the 

ship indicated that the sea knolls around McDonald Islands were phonolitic, and the sea knoll 

and debris avalanche around Heard Island were basaltic, reflecting the rock composition of 

McDonald and Heard Islands, respectively.   

 

The rock samples were crushed and approximately 200 mg was digested in open Teflon PFA 

vessels on a hotplate (120ºC until dryness) using several steps of mixtures of H2O2+HNO3, 
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HCl+HNO3/HF, and two steps of HNO3+HClO4. From each rock digestion, 10 µl was 

transferred to a 10 ml vial, and 10 ml 2% HNO3 added for ICP-MS analysis using a Sector 

Field Inductively Coupled Plasma Mass Spectrometer (SF-ICP-MS, Element 2 Thermo 

Fisher Scientific, Inc.) at the Central Science Laboratory, UTAS. 

 

5.2.7 Metal ratios and enrichment factors 

The concentration ratio of total trace metal (Tx) to a reference element (TR), TX/TR, was used 

to differentiate between dominant sources of trace metals in aerosols, namely volcanic 

emissions and long-range transport of dust (Shelley et al., 2015; van der Merwe et al., 2019). 

We chose aluminum (Al) as the reference element for crustal material (Shelley et al., 2015). 

TX/TR ratios in aerosol samples were compared to the same ratio measured in the HIMI rocks 

(analysed in this study) and to the average composition of the upper continental crust (UCC) 

(McLennan, 2001) in order to calculate enrichment factors (EF): 

  EF =  
!"/!$%	'()*+*%+
!"/!$%	,--      (2) 

 

Enrichment factors may identify volcanic emissions because volcanic gases and aerosols are 

commonly enriched in trace metals compared to volcanic rocks or lava of the same origin due 

to their high volatility (Mandon et al., 2019; Menard et al., 2014). A significant enrichment is 

indicated by EF>10 (Shelley et al., 2017). 
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5.3 Results and discussion 

5.3.1 Source tracing of aerosol samples  

The use of HYSPLIT and READY air-mass projections (Table S5.1, Fig S5.1) indicated that 

most aerosols collected away from Australia (H3-H12) received predominant westerly winds 

characteristic of the open SO. However, aerosols H1, H2 and H13, which were collected 

close to Australia, displayed a main atmospheric influence from the continent as further 

confirmed by atmospheric 222Rn measurements (>189 mBq m-3) largely exceeding baseline 

SO 222Rn concentrations (~50 mBq m-3) (Chambers et al., 2018).  

 

Enrichment in atmospheric 222Rn (83.1 to 92.6 mBq m-3) was measured over the whole 

sampling period near HIMI (H5 - H11, Fig 5.1) and indicated a lithogenic contribution from 

HIMI (or other nearby islands) to the aerosol loading of the region (Chambers et al., 2018). 

Aerosols H3, H4 and H12 collected during the ship’s transits to/from HIMI and downwind 

from the Kerguelen islands, displayed atmospheric 222Rn concentrations between 59 and 61 

mBq m-3. Such low 222Rn concentrations fall between the reported values for the SO baseline 

air (~50 mBq m-3) and that reported on Macquarie island (75-80 mBq m-3) (Chambers et al., 

2018) and may highlight the westwards atmospheric transport of air-masses from HIMI (or 

other nearby islands such as the Kerguelen and Crozet). 

 

Atmospheric BC concentrations from 0.02 µg m-3 to 0.13 µg m-3 (measured over the 

sampling period of H6 to H11) likely indicated the presence in these samples of volcanic 

particles from Big Ben erupting on HI as no other combustion sources were present in such 

remote area. Hypothetical measurements of BC from the ship’s exhaust were ruled out due to 

the thorough selection of head-winds measurement relative to the ship’s position. Detection 

of levoglucosan (7.8 ng m-3), a tracer of biomass burning, in aerosol H6 collected up to 
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200km away from the island (Sanz Rodriguez et al., 2019) pointed out the presence of burnt 

biomass particles in this sample, likely resulting from small bushes and mosses burning by 

the lava flowing down HI flanks. In contrast, BC measurements were below detection limit 

(0.05 µg m-3) during the transits to/from HIMI (H4, H5 and H12 and in H13). The highest BC 

loading of 0.85 µg m-3 corresponded to the H1 sampling period (Table S5.1). This 

measurement coincided with large bushfire events in the Waroona-Yarloop region of Western 

Australia, which smokes were carried offshore as recorded by BC concentrations around 0.02 

µg m-3 during aerosol H2 and H3 sampling periods. Biomass burning emissions in aerosols 

collected close to the Australian coastline was further confirmed by the measurement of 

levoglucosan concentrations of 15.5 ng m-3 in aerosols collected in the Great Australian Bight 

(Perron et al., 2020b) and 714.1 ng m-3 in H1, and to a lesser extent in H13 (4.1 ng m-3) (Sanz 

Rodriguez et al., 2019). 

 

Aerosols were grouped according to their air-mass back-trajectories and corresponding 

atmospheric 222Rn and BC data:  

• Group A: H1, H2 and H13 received terrestrial inputs from Australia including dust 

and bushfire emissions.  

• Group B: H3, H4, H5 and H12, collected during transiting over the open SO, showed 

signs of terrestrial air-mases (222Rn >50 mBq m-3), potentially including Australia or 

HIMI emissions but no trace of carbonaceous emissions (BC = 0 µg m-3).  

• Group C: H6 to H11 likely received volcanic input (BC data) from HIMI.  

 

5.3.2 Atmospheric Fe measurements 

Th total Fe concentration (TFe), labile Fe fraction (LFe) and soluble-to-labile Fe ratio (SFe/LFe) 

measured in each aerosol sample collected during HEOBI campaign are shown in Table 5.1, 
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as well as estimates of the total and labile Fe dry deposition fluxes and Fe enrichment factors 

(EFFe).  

 

Total Fe loading in aerosols ranged from 0.4 to 32.8 ng m-3. Aerosols collected in proximity 

to Australia (group A) showed higher TFe concentrations (1.0 and 32.8 ng m-3). This values 

fall within the lower end of values reported in aerosols (0.8 - 102.9 ng m-3) collected at sea 

near Australian emission sources (Perron et al., 2020b), and also with aerosols collected in 

the northern subantarctic zone downwind from Tasmania during summer (5 - 17 ng m-3) 

(Bowie et al., 2009). The smallest TFe concentrations, between 0.4 and 1.2 ng m-3, were found 

in open SO aerosols (group B), which is consistent with preferential gravitational settling of 

coarser (heavier) particles during long-range atmospheric transport (Shi et al., 2012) and 

compares well with the range of aerosol Fe loadings (0.04 - 5.8 ng m-3) measured in baseline 

air samples from Cape Grim, Australia (Winton et al., 2015). Group C aerosols showed 

higher TFe content (0.7 - 3.0 ng m-3) than open SO samples and reached similar TFe 

concentrations to group A aerosols (H2 and H13), and also some samples collected in coastal 

regions of Australia (Perron et al., 2020b) and in the Southern Atlantic ocean off South 

America (3.0 - 4.0 ng m-3) (Baker et al., 2013). This further demonstrates the importance of 

atmospheric emissions from HIMI. 

 

Group A was associated Fe solubilities (LFe) between 8% and 24% which seem high 

compared to commonly reported mineral Fe solubility (<4%) downwind from dust emission 

sources (Journet et al., 2008). As levoglucosan was detected in the samples (Sanz Rodriguez 

et al., 2019) (and detection of BC in H2), such enhanced LFe solubility in H2, H1 and H13 

can be attributed to direct emission of more soluble Fe from bushfires (Perron et al., 2020b). 

Moreover, the high initial solubility of aerosols from group A (SFe/LFe>89%) may indicate a 
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high degree of solubility-enhancing atmospheric processing of mineral Fe (Ito et al., 2019a), 

including reactions with acidic emissions from biomass burning (e.g., oxalate (Gillett et al., 

2007)) and anthropogenic combustion precursor gases and particles (Perron et al., 2020b; 

Srinivas et al., 2012). Aerosols from group B presented the highest LFe solubilities, between 

11% and 54%. High solubilities (>10%) are commonly reported in SO aerosols and was 

previously attributed to solubility-enhancing processing of aerosols occurring during long-

range atmospheric transport (Hand et al., 2004; Hsu et al., 2010; Ito et al., 2019a). Similar LFe 

(0.5 - 56%) values were reported in aerosols from Cape Grim, Australia (Winton et al., 

2015). Group C aerosols displayed smaller labile Fe fractions, between 7% and 15%, which 

include a prevailing contribution from less soluble Fe (average SFe/LFe=58.5%). Such 

characteristics may point towards fresh crustal Fe inputs of moderate solubility. Aerosol H7, 

H8 and H10 showed slightly lower solubilities than H6 and 11 potentially highlighting a 

greater influence from MI dust as the samples were mostly collected west (predominantly 

upwind) of HI, during a circumpolar track around MI (Fig 5.1). These samples show 

evidence of direct emissions of crustal material processed through high temperature and 

acidic (SO2, HCl, HF) volcanic eruption conditions or subsequent atmospheric reactions with 

volcanic ash emitted to the atmosphere (Ayris and Delmelle, 2012; Duggen et al., 2010). 

 

Table 5.1. Total Fe concentrations (TFe, ng m-3), labile Fe fractions (LFe, %), and soluble-to-

labile Fe ratios (SFe/LFe, %) in the collected aerosols along with estimates of total and labile Fe 

dry deposition fluxes of (F(TFe) and F(LFe), nmol m-2 d-1). Enrichment factors EFFe are presented 

relative to both the average UCC (McLennan, 2001) and HIMI rock composition (this study). 

Samples are ordered by increasing estimated distance (km) to the west (W) and to the east of 

Heard Island (HI). 

Sample 
Distance to HI TFe LFe SFe/LFe F(TFe) F(LFe) EFFe EFFe 

km ng m
-3

 % % nmol m
-2

 d
-1

 nmol m
-2

 d
-1

 /UCC /HI 

H7 137 (W) 2.0 8 62 40.6 3.3 8.3 1.9 
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H8 71 (W) 0.9 10 73 18.1 1.7 5.4 1.2 

H10 58 (W) 3.0 7 46 60.8 4.4 5.1 1.2 

H9 16 (E) 1.4 15 67 28.0 4.1 2.1 0.5 

H6 80 (E) 2.5 12 44 49.5 6.0 4.1 1.0 

H11 202 (E) 0.7 22 57 13.7 3.1 4.4 1.0 

H5 504 (E) 0.8 19 73 17.0 3.2 6.8 1.6 

H12 1131 (E) 0.8 52 34 15.4 8.1 0.7 0.2 

H4 1686 (E) 1.2 11 100 24.0 2.7 6.5 1.5 

H3 2789 (E) 0.4 54 54 8.9 4.8 3.0 0.7 

H2 3304 (E) 2.1 24 89 42.4 10.0 1.2 0.3 

H1 3455 (E) 32.8 8 100 660.5 51.5 1.2 0.2 

H13 3783 (E) 1.0 16 89 21.0 3.3 0.9 0.3 

 

Cobalt (Co) and manganese (Mn), two micronutrients thought to co-limit (together with Fe) 

phytoplankton growth in parts of the SO (Moore, 2016; Pausch et al., 2019), showed small 

and highly variable aerosol loadings and labile fractions across aerosol samples (Table S5.3). 

The lack of r-squared correlations (r2= 0.3 and 0.4, for TCo and TMn respectively) with TFe 

measurements suggested that Co and Mn mostly originate from other atmospheric sources 

than mineral dust near Australia and volcanic emissions around HIMI, or from a mixture of 

aerosol sources which may include anthropogenic emissions (see Fe source apportionment in 

section 3.5). 

 

5.3.3 Dry deposition fluxes of atmospheric Fe  

Despite some overall moderate to high LFe% (7 - 54%) solubilities, small aerosol Fe 

concentrations resulted in uniformly low LFe fluxes (2.7 - 10 nmol m-2 d-1) estimated across 

the study region (except for H1). Such F(LFe) are one order of magnitude smaller than 

reported fluxes along Australia’s coastline (20.8 - 186.4 nmol m-2 d-1) (Perron et al., 2020b), 

but they are similar to “dissolved” Fe fluxes reported in aerosol collected in the SO south east 

of Tasmania (2.4 - 7.4 nmol m-2 d-1) (Bowie et al., 2009) and in the eastern South Atlantic 

ocean (Baker et al., 2013). Our F(TFe) estimates (8.9 - 60.8 nmol m-2 d-1) are much smaller 
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than the range of TFe fluxes (288 - 488 nmol m-2 d-1) reported in aerosols from the 

subantarctic SO (Bowie et al., 2009), although the latter study site was located downwind 

from major Australian sources. Our TFe flux estimates fall within the range of values reported 

in the southern Atlantic Ocean off Africa (4.8±1.6 nmol m-2 d-1) and over the Kerguelen 

plateau (19±7 nmol m-2 d-1) (Wagener et al., 2008), at similar latitudes in the SO (<25 nmol 

m-2 d-1) (Cassar et al., 2007), and at Cape Grim (0.75 - 120 nmol m-2 d-1) in northwest 

Tasmania, Australia (Winton et al., 2015). 

 

5.3.4 Trace metal content of HIMI rock samples 

Total trace metal concentration (TX) measured in basaltic and phonolitic rocks collected in 

the vicinity of HIMI (Table 5.2) compared well to previously reported values (Barling et al., 

1993). Table S5.2 provides all sampling information relevant to the rock samples analysed in 

our study. Measurement of additional metals in both HI and MI rocks are given in Table S5.3  
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Table 5.2. Trace metal content of volcanic seamounts and debris avalanche rocks collected in the vicinity of Heard 

(HI) and McDonald (MI) Islands (mg g-1). The averaged metal concentrations in HI rocks are used as reference in 

the calculation of enrichment factors (EF) in aerosols for the target trace metals. 

Dredged rock Rock TAl TCo TCr TFe TMn TNi TTi 

HI debris avalanche east basanite 31.95 0.076 0.65 80.02 1.21 0.616 15.74 
HI debris avalanche west basalt 44.25 0.036 0.21 58.21 0.82 NA 14.37 
HI north basanite 44.42 0.063 0.57 90.86 1.13 0.341 23.10 

 average 40.21 0.058 0.48 76.37 1.05 0.479 17.74 
MI north phonolite 88.12 0.004 0.01 28.40 1.02 0.008 3.13 
MI north phonolite 77.40 0.004 0.01 26.25 0.96 0.009 2.93 
 average 82.76 0.004 0.01 27.32 0.99 0.009 3.03 
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Contrasting metal measurements were observed between rocks from the two islands. 

Aluminum was the only element where concentrations were smaller in HI rocks, with 

average TAl of 40.2 mg g-1 being twice smaller than measurements in MI rocks (82.8 mg g-1). 

On the contrary, all other trace metals were highly enriched in basaltic rocks from HI 

compared to phonolite rocks from MI, and Mn concentrations were around 1 mg g-1 in both 

HI and MI rocks (Table 5.2). Crustal metals such as Fe and Ti were modestly enriched by a 

factor of 3 and 6, respectively, in HI rocks (TFe=76.4 mg g-1 and TTi=17.7 mg g-1) compared 

to MI rocks (TFe=28.5 mg g-1 and TTi=4.1 mg g-1). However, other trace metals typically 

found in volcanic rocks and ashes, including Co, Cr, Ni and also V, showed between 14- and 

56-times greater concentrations in HI rocks than rocks from MI. For most trace metals, our 

measurements agree with previous measurements of HI basalt and MI phonolites, confirming 

the rock characterization made on the ship (Barling et al., 1993). 

 

5.3.5 Fingerprinting HIMI volcanic emissions in aerosols  

Total metal concentrations in aerosols (Table 5.1 and Table S5.2) and rocks (Table 5.2 and 

Table S5.3) were used to calculate metal (X)-to-Al ratios (TX/TAl). Similarities in TX/TAl  

measured in aerosols to those measured in HIMI rocks were used to identify contributions 

from the volcanic emissions from the island to aerosols. HIMI rocks presented distinct 

characteristics (Table 5.2) and therefore distinct average TX/TAl. Our data (detailed below) 

indicated that aerosols collected in the vicinity of HIMI were mostly influenced by HI 

atmospheric emissions (likely volcanic). This was shown by noticeable enrichment in Cr 

(EFCr>10) and Ni (EFNi ~10 ) in aerosols compared to HI volcanic rocks, which pattern was 

previously reported when comparing volcanic plumes and rocks composition (Menard et al., 
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2014). Figure 5.2 displays EF calculated using the (TX/TAl) ratios measured in HI rocks as a 

reference.  

 

The Fe content in most aerosols collected during the HEOBI campaign was found to mostly 

originate from lithogenic sources (EFFe<10). However, variations were observed in EFFe 

between aerosols groups suggesting the presence of distinct mineral sources in the samples. 

The average TFe/TAl ratios measured in group A aerosols is similar to the average value 

reported for the upper continental crust (TFe/TA, UCC= 0.44 (McLennan, 2001)). This 

confirmed that aerosol Fe loading in samples collected closer to Australia was dominated by 

mineral sources from deserts and arid plains in the centre of Australia. Aerosols sampled in 

the vicinity of HIMI largely contained emissions from HI as shown by an average TFe/TAl of 

2.1 in group C aerosols, similar to the same average (1.9) measured in HI rocks. This is also 

reflected by an EFFe close to 1 for group C aerosols when HI rocks are used as reference 

material (Table 5.1). However, two samples from group C seemed to stand out. Aerosol H7 

was collected upwind (north-west) from HIMI and showed a high Fe enrichment  (TFe/TAl = 

3.6). Such high ratio may be the result of long-range transport of another source of mineral 

Fe (Buck et al., 2006; Ravelo-Pérez et al., 2016) originating from the western regions like 

South America or Antarctica. Additionally, it is possible that differences mineralogy of Fe 

and Al in aerosols lead to preferential removal of Al (strongly bound to mineral lattice) 

during the atmospheric transport which modified (enhance) Fe/Al ratios collected over the 

open SO. Sample H9 contained similar concentrations of Fe and Al as shown by a TFe/TAl 

ratio close to 1. This value is smaller than that found in HI rocks but may indicate a mix of 

mineral Fe from HI and MI as the sample was collected in close proximity to both HI and MI, 

and the latter island showed a poor Fe-content in rocks (lower TFe/TAl ratio of 0.33, Table 

5.2). Group B aerosols showed large variabilities in the measurements of TFe/TAl, with ratios 
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between 0.3 (H12) and 3.0 (H5). This is not surprising due to the multiple air-masses 

potentially reaching those samples as well as an enhanced atmospheric processing over 

longer transport time. Enhanced TFe/TAl of 1.3, 2.8 and 3.0 in H3, H4 and H5 was attributed 

to atmospheric processing of mineral Fe over long-range atmospheric transport (similar to 

H7). Influence of HI volcanic eruption on H3 can be ruled out due to the great distance 

between the aerosol collection site and the volcano and also due to the small magnitude of HI 

eruption (Duggen et al., 2010).   

 

Ratios of TCo/TAl and TMn/TAl may suggest a contribution of HI volcanic emission to the 

atmospheric Co and Mn loading in the SO. Indeed, enrichment in both Co and Mn are 

observed in most aerosols and often displayed similar ratios than that measured in HI rocks. 

However, a large variability between TX/TAl ratios across all aerosols collected during this 

study points towards a mixed origin for Co and Mn rather than the sole influence from Big 

Ben volcanic input.  

 

Near HIMI (group C), significant enrichments (EF>10) were observed for a range of metals 

commonly found in volcanic emissions, including Cu, Cr, Mo, Ni, Pb and Zn (Langmann, 

2013), relative to measurements in HI rocks (Table S5.5). It has been reported that aerosol 

and gases emitted by volcanic eruptions are commonly enriched in certain metals compared 

to the volcanic rock reference due to higher volatility of such elements (Mandon et al., 2019; 

Menard et al., 2014; Zelenski et al., 2014). However, estimates of Cu, Mo, Pb and Zn EFs 

across the whole study region displayed large variabilities, suggesting several origins for 

those metals, including Big Ben volcanic eruption and anthropogenic emissions transported 

over the SO. 
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Nevertheless, high EFs lead by elevated concentrations of Cr (EFCr=17 - 56) and Ni (EFNi=12 

- 49) in group C aerosols (as well as in H5) was not observed in other aerosols from the open 

SO (group B) or from the Australian coastal waters (group A). This indicated that Big Ben 

volcanic emissions are a unique source of Cr and Ni to the atmosphere around HIMI, and 

these elements can act as atmospheric tracers of volcanic eruption on HI. High r-squared 

correlations between EFFe and EFs in Cr and Ni (r2=0.9 and  r2=0.7, respectively) in group C 

aerosols further confirmed that HI volcanic eruption also contributed to the atmospheric Fe 

burden up to 200 km (H6) away from the island. 
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Fig 5.2. (a) Total metal-to-Al ratios, TX/TAl, in aerosols calculated for Fe, Mn and Co and compared to the average of the same ratio in the upper 

continental crust (UCC (McLennan, 2001), red horizontal lines) and in Heard Island rocks samples (HI, blue horizontal lines); (b) Enrichment 

factor (EFX) of Cr and Ni in aerosols using the averaged measurements in HI rocks as a reference. The central arrow displays the logarithmic 

distance (km) of each aerosol mid-point location to HI, both HIMI islands being represented by the orange stars. 
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5.4 Conclusion 

This study presents aerosol measurements of Fe and other trace metals near the remote 

volcanic islands of Heard and McDonald (HIMI). The average aerosol Fe loading (TFe=1.7 ng 

m-3) near HIMI was about twice as much compared to average open Southern Ocean aerosol 

loadings (0.8 ng m-3), and was associated with moderate Fe solubilities (LFe=7 - 22%), likely 

as a result of volcanic ash from HI. The volcanic eruption on HI was shown to constitute a 

non-negligible atmospheric source to aerosols up to 200 km away from the island, since 

Fe/Al ratios in aerosols collected on the eastern edge of the Kerguelen plateau show similar 

values to those measured in seabed rocks characteristic of HI basalt. The volcanic input to the 

atmosphere was further highlighted by larger enrichment factors for Cr and Ni, two trace 

metals commonly enriched in atmospheric aerosols and gases from volcanoes. Cr and Ni can 

therefore be used as atmospheric tracers of HI volcanic eruptions. The Big Ben eruption 

observed during the voyage was rather small compared to other major volcanic activity 

(Achterberg et al., 2013; Browning et al., 2015). Enhanced atmospheric deposition from 

volcanic emissions may affect SO biogeochemistry near or downwind of the islands, by 

either act as a sink of bioavailable Fe in the upper water column through particle aggregation 

and scavenging (Duggen et al., 2010), or by fertilising the surface ocean and relieving 

phytoplankton Fe limitation. However, further studies are necessary to better understand the 

potential impact of volcanic emissions on marine ecosystem close and downwind of HIMI.  
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Supplementary material 

Table S5.1. ‘HEOBI’ campaign aerosol sampling log-sheet showing each aerosol midpoint (mid-) latitude and longitude as well as the start 

and recovery time (UTC). Average atmospheric concentrations of black carbon (BC, µg m-3) and radon (222Rn, mBq m-3) over each sampling 

period are displayed as well as the dominant air-mass origin according to HYSPLIT model. 

Sample mid- 
latitude 

mid- 
longitude 

Distance to HI 
km / orientation 

Sampling 
period BC 222Rn HYSPLIT (“from”) 

H9 -53.21 73.69 16 SE 28/01-01/02/16 0.04 86.7 W - NW, HIMI/KI and LR Antarctica 
H10 -53.04 72.66 58 W 01-08/02/16 0.13 83.5 W, HIMI  
H8 -53.02 72.48 71 W 24-28/01/16 0.04 84.6 W, > 5 days Africa or Antarctica coast 
H11 -52.73 74.52 80 NE 08-13/02/16 0.05 92.6 W, HIMI and LR Antarctica  
H7 -52.88 71.52 137 W 22-24/01/16 0.00 90.3 W, LR Weddle Sea 
H6 -51.29 73.77 202 N 20-22/01/16 0.06 83.1 W, LR Antarctica 
H5 -49.85 78.62 504 NE 16-19/01/16 0.00 86.3 W, LR Patagonia or Antarctic Peninsula 
H12 -47.83 87.22 1131 NE 13-19/02/16 0.00 61.0 W, HIMI and LR South Atlantic  
H4 -43.31 91.03 1686 NE 12-16/01/16 0.00 58.9 W, HIMI/KI and LR South America 
H3 -37.57 102.03 2789 NE 10-12/01/16 0.00 58.9 W, (HIMI) 
H2 -35.22 107.33 3304 NE 09-10/01/16 0.00 189.0 W and coast (Great Australia Bight) 
H13 -40.52 115.95 3455 NE 19-21/02/16 0.00 413.4 Great Australian Bight, LR Antarctica 
H1 -33.64 113.00 3783 NE 08-09/01/16 0.85 2457.7 E, across Western Australia 
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Table S5.2. Log-sheet for rock sampling during “HEOBI” campaign showing each sample collection date and location (latitude 

and longitude) and its rough characterisation. Rock composition was based on visual observation. 

Sample Date Latitude Longitude Informal 
classification Composition Physiographic features 

HD03 03/02/2016 -53.282 73.323 Lava Basanite Debris avalanche West HI 
HD04 03/02/2016 -53.251 73.230 Lava Basalt Debris avalanche East HI 
HD09 08/02/2016 -52.969 73.529 Laa Basanite Seamount 
HD07 05/02/2016 -53.052 72.557 Lava Phonolite Seamount 
HD02_8 29/01/2016 -52.998 72.570 Volcanic glass Phonolite Southern slope of volcanic mount 
HD02_12 29/01/2016 -52.998 72.570 lava Phonolite Southern slope of volcanic mount 
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Fig S5.1. NOAA ARL tools including READY wind roses (a), and HYSPLIT 5-day air-mass 

back-trajectory frequencies (b) for aerosols collected offshore Australia (side panel) and 

around HIMI (left panel).
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Table S5.3. Total concentration (pg m-3) and labile fraction (%) of trace metals measured in aerosols collected during HEOBI voyage. Samples are 

ordered by increasing distance to HIMI (left to right, see Table S5.1). 

 H9 H10 H8 H11 H7 H6 H5 H12 H4 H3 H2 H13 H1 

Distance to 
HIMI 16 58 71 80 137 202 504 1131 1686 2789 3304 3455 3783 

TX, pg m-3 
Al 1539.6 1372.1 381.5 358.9 557.8 1364.1 285.1 2505.5 420.0 340.5 4135.5 2530.0 60977.0 
Co 0.2 4.7 0.5 2.7 1.7 1.9 0.4 0.0 0.4 2.4 2.6 1.1 9.4 
Cr 136.9 339.8 104.8 70.7 368.5 405.3 126.5 14.4 5.2 23.4 53.7 0.0 26.5 
Cu  9.7 38.8 7.7 12.7 61.6 14.4 9.1 21.6 4.1 22.0 13.4 14.7 139.7 
Fe 1391.5 3023.1 901.5 682.8 2019.1 2460.1 845.4 766.5 1195.6 444.8 2106.3 1044.8 32837.4 
Mn 17.0 47.4 11.8 8.9 15.3 20.9 11.7 3.3 11.5 25.3 14.8 14.6 319.2 
Mo 17.4 44.8 19.4 9.9 78.1 80.5 17.3 7.5 5.1 4.8 0.5 0.1 6.5 
Ni   55.9 154.2 12.3 48.8 251.3 152.1 37.3 LD LD 28.2 22.9 LD 180.3 
Pb 2.3 11.1 17.4 0.7 20.2 1.8 0.9 6.6 10.8 6.4 23.6 7.1 269.1 
Ti  1713.7 299.7 1275.8 496.0 10874.9 9266.1 471.3 3.1 1749.6 1481.5 1756.5 5.6 5064.6 
V 4.3 8.2 4.0 5.4 5.4 3.0 2.2 17.1 1.2 1.5 81.7 45.1 2031.2 
Zn 51.1 256.8 912.7 22.4 848.0 378.2 399.6 135.0 272.6 1431.3 470.6 593.7 3877.1 

LX%, % 
Al 11 10 18 8 8 8 13 7 27 53 4 5 11 
Co 38 30 100 50 0 27 100 LD 100 21 10 100 44 
Cr 4 2 6 3 3 4 8 100 100 47 32 LD 100 
Cu 60 63 85 65 78 81 55 47 100 100 78 71 51 
Fe  15 7 10 22 8 12 19 52 11 54 24 16 8 
Mn 12 52 49 15 20 58 45 100 34 100 99 72 75 
Mo  12 4 13 11 12 3 6 100 31 17 100 100 86 
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Ni  LD 11 LD LD LD 13 25 LD LD 36 10 LD 39 
Pb  50 74 92 78 93 24 52 19 89 100 71 68 83 
Ti 0 2 0 1 0 1 0 100 0 0 0 100 0 
V 21 18 84 11 52 25 61 2 89 100 84 70 89 
Zn 18 85 74 56 85 74 93 55 90 100 68 90 90 
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Table S5.4. Concentration of trace metals in rock samples collected around HIMI in mg/g 

Rock sample Al Co Cr Cu Fe Mn Mo Ni Pb Ti V Zn 

HD0317B 31.95 0.076 0.65 0.05 80.02 1.21 0.001 0.616 0.002 15.74 0.23 0.10 

HD0406A 44.25 0.036 0.21 0.04 58.21 0.82 0.002 NA 0.004 14.37 0.17 0.09 

HD09007A 44.42 0.063 0.57 0.05 90.86 1.13 0.001 0.341 0.002 23.10 0.25 0.13 

avg 40.21 0.058 0.48 0.04 76.37 1.05 0.001 0.479 0.003 17.74 0.22 0.11 

HD02008 88.12 0.004 0.01 0.01 28.40 1.02 0.020 0.008 0.036 3.13 0.02 0.15 

HD02012 77.40 0.004 0.01 0.01 26.25 0.96 0.019 0.009 0.033 2.93 0.02 0.14 

avg 82.76 0.004 0.01 0.01 27.32 0.99 0.020 0.009 0.035 3.03 0.02 0.14 
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Table S5.5. Trace metal enrichment factors (EF) in aerosol samples calculated using metal ratios to Al and using Heard 

Island (HI) averaged rock ratios as a reference. Samples are ordered by increasing distance to HI (Table S5.1). 

EF Co Cr Cu Fe Mn Mo Ni Pb Ti V Zn 
H9_1 0.1 7.5 5.7 0.5 0.4 306.3 4.0 20.4 2.5 0.5 12.4 
H10_1 2.4 20.9 25.8 1.2 1.3 883.6 12.3 112.6 0.5 1.1 70.0 
H8_2 1.0 23.2 18.5 1.2 1.2 1376.8 3.5 634.8 7.6 2.0 895.1 
H11_1 5.1 16.7 32.2 1.0 0.9 749.8 14.9 29.1 3.1 2.8 23.4 
H7_1 2.1 55.8 100.7 1.9 1.0 3791.3 49.3 505.6 44.2 1.8 568.7 
H6_2 1.0 25.1 9.6 0.9 0.6 1596.9 12.2 18.4 15.4 0.4 103.7 
H5_2 1.1 37.5 28.9 1.6 1.6 1640.4 14.3 42.3 3.7 1.4 524.3 
H12_1 NA 0.5 7.9 0.2 0.0 80.8 LD 36.6 0.0 1.3 20.2 
H4_1 0.7 1.1 8.9 1.5 1.0 326.9 LD 358.6 9.4 0.5 242.8 
H3_2 4.8 5.8 58.8 0.7 2.8 378.7 9.1 261.1 9.9 0.8 1572.8 
H2_1 0.4 1.1 2.9 0.3 0.1 0.0 0.6 79.4 1.0 3.6 42.6 
H13_1 0.3 0.0 5.3 0.2 0.2 1.1 LD 39.3 0.0 3.3 87.8 
H1_1 0.1 0.0 2.1 0.3 0.2 2.9 0.3 61.5 0.2 6.1 23.8 
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Chapter 6. Improving the representation of aerosol 

Fe in atmospheric models of the Southern 

Hemisphere.  

 

Morgane M. G. Perron 1,*, Akinori Ito2, Bernadette C. Proemse 1, Philip W. Boyd 1,3, Michal 

Strzelec 1, Melanie Gault-Ringold 3, Andrew R. Bowie 1,3. 

 

This chapter shows preliminary data from a study undertaken in collaboration with Prof 

Akinori Ito from the Japanese Agency for Marine-Earth Science and Technology 

(JAMSTEC). Professor Ito was in charge of writing the manuscript detailing the complete 

study. The latter manuscript was submitted to the journal Progress in Earth and Planetary 

Science in January 2020 and is currently under revision.  

 

Ito, A., Perron, M.M.G, Proemse, B.C., Boyd, P.W., Strzelec M., Gault-Ringold, M, Bowie, 

A.R. Evaluation of aerosol iron solubility over Australian coastal regions based on inverse 

modeling. Submitted to Progress in Earth and Planetary Science on the 21st January 2020. 
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Abstract 

Inverse modelling techniques were applied to the Integrated Massively Parallel Atmospheric 

Chemical Transport (IMPACT) global chemistry transport model to optimize projections of 

aerosol Fe loadings and solubilities, using a new aerosol Fe dataset from the eastern (70ºE -

140ºE) part of the Southern Hemisphere. In order to better reproduce field observations of 

total atmospheric Fe loading (compared to the initial a priori model), dust emissions from 

Australia was decreased in the a posteriori (optimized) model output. Such optimization 

allowed higher estimates of Fe solubilities to be computed by the a posteriori model output, 

which better resembled field observations of Fe solubilities in aerosols near the Australian 

continent. The a posteriori model suggested that pyrogenic sources contributed a large 

fraction of soluble Fe emissions to the atmosphere of the Southern Hemisphere. Therefore, 

since future climate warming is projected to increase the intensity and frequency of wild fires 

in Oceania and in south east Asia, pyrogenic Fe may deliver a larger supply of micronutrients 

into the South Pacific Ocean than at present. The initial dissolution rates for Fe emitted by 

coal combustion sources (industry, vehicles) might be under-represented by the a posteriori 

IMPACT model, while the dissolution rate of Fe emitted from biomass burning (BB), 

including wild fires and anthropogenic burning, could be overestimated.  
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6.1 Introduction 

Atmospheric deposition is considered to be a major pathway for essential micro-nutrients 

such as iron (Fe) delivered to the open ocean (Fung et al., 2000; Jickells et al., 2005; 

Mahowald et al., 2005), and there has been increasing attention paid to anthropogenic Fe 

aerosols in the Southern Hemisphere (Conway et al., 2019; Ito et al., 2019a; Matsui et al., 

2018). Such external supply of Fe is particularly important in high-nutrient low-chlorophyll 

(HNLC) oceanic regions where even a small addition of this limiting nutrient can trigger 

disproportionately large phytoplankton blooms and therefore influence the export of oceanic 

carbon to depth (Boyd et al., 2007, 2000; Martin and Fitzwater, 1988b). The Southern Ocean 

south of 30ºS is the largest HNLC region (Boyd and Ellwood, 2010; de Baar et al., 1995) and 

represents over 80% of the Southern Hemisphere surface area (Mackie et al., 2008). South of 

the Equator, relatively few land masses exist to act as atmospheric emission sources. The 

major contributors to the Fe aerosol mass in the SO are thought to include dust and wild fires 

from South America, South Africa and Australia (Mahowald et al., 2018, 2009; Neff and 

Bertler, N.A.N., 2015). 

 

The vast extent of the SO hosts a variety of distinct regional ecosystems, each characterised 

by unique physical and biological properties as well as different dominant processes of Fe 

supply (Planquette et al., 2007). Therefore, it is impossible to assume that the SO is one 

oceanic entity and large variabilities should be expected in the response of SO marine 

ecosystems to Fe fertilisation (Bowie et al., 2015). The solubility (and therefore bio-

availability) of aeolian Fe will exert a key control on the impact of atmospheric supply to the 

marine phytoplankton following wet or dry atmospheric deposition (Baker and Croot, 2010). 

The solubility of aerosol Fe is initially defined by the nature of the emission source (Schroth 

et al., 2009; Sholkovitz et al., 2012). However, it is known that physical and chemical 
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processing of aerosol Fe occurs during atmospheric transport (Kanakidou et al., 2018) which 

is thought to transform the chemistry of atmospheric Fe (Scanza et al., 2018). Phenomena 

such as gravitational settling of particles, photochemical reduction, and proton-promoted and 

ligand-mediated reactions often lead to decreased aerosol concentrations along with enhanced 

solubility with increasing distance from major Fe emission sources (Baker and Croot, 2010; 

Jickells et al., 2005; Myriokefalitakis et al., 2018). Aerosols emitted from Southern 

Hemisphere land masses travel thousands of kilometers, sometimes for more than two weeks, 

before settling onto surface waters in remote parts of the SO (Wagener et al., 2008). Such 

long-range atmospheric transport over the ocean is likely to increase atmospheric mixing 

between air-masses of various origins (Sholkovitz et al., 2012; Winton et al., 2015). 

 

Atmospheric trace metal measurements over the open SO are sparse due to the technical and 

logistical challenges associated with long oceanographic research cruises in remote areas. 

Time-series measurement over the SO are almost impossible to obtain as the few islands 

existing in this region are generally inhospitable and difficult to access (Blondeau-Patissier et 

al., 2011). A major consequence of the small number of observations available is a limited 

understanding of the key factors controlling atmospheric Fe deposition in this region (Grand 

et al., 2015). In that regard, modelling studies are often used to extrapolate limited data both 

in space and time (Mahowald et al., 2009). Models are also used to reproduce, represent and 

predict past, present and future atmospheric conditions associated with large scale shifts in 

local deposition patterns associated with El Niño Southern Oscillation (ENSO) or 

glacial/interglacial cycles, for example (Mahowald et al., 2018). Moreover, model sensitivity 

studies (magnitude of the model response to each parameter investigated) can shed light on 

possible key processes that warrant further investigation and increased observations (Li et al., 

2008; Mahowald et al., 2009).  
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Existing models are continually adapted and implemented using new knowledge and 

observations from field and laboratory studies (Hamilton et al., 2019). The mineral dust 

emissions are typically scaled to match the observations of aerosol optical properties (Ginoux 

et al. 2001; Adebiyi et al.; ACPD, 2019). However, the dust events in the Southern 

Hemisphere are sporadic and thus the dust emissions are not constrained well by the available 

measurements. Therefore, a recent inter-comparison study of global biogeochemical 

numerical models revealed a large disparity in the relative magnitude and source of 

atmospheric Fe and in predicted aeolian Fe solubilities across models (Hamilton et al., 2019; 

Myriokefalitakis et al., 2018). Such discrepancies stem from intrinsic differences in the 

parametrisation of atmospheric Fe sources, source-dependent solubility assumptions and the 

level of complexity chosen to represent atmospheric processes (Ito et al., 2019a; 

Myriokefalitakis et al., 2018). Thus, large uncertainties exist in model representation of the 

atmospheric cycle of Fe and deposition to the ocean (particularly south of the Equator), 

emphasizing the need for additional field observations to validate model outputs (Ito et al., 

2019a; Myriokefalitakis et al., 2018). 

 

A recent and extensive dataset gathering aerosol Fe measurements across the 70ºE-150 ºE 

sector of the SO (including Australia) was used to evaluate and improve the representation of 

Southern Hemisphere atmospheric Fe cycling in the Integrated Massively Parallel 

Atmospheric Chemical Transport (IMPACT) model (Rotman et al., 2004). An inverse 

modelling technique was used to reduce the projection of total atmospheric Fe loading (TFe) 

in the a posteriori (optimized) model output leading to a better representation of field 

observations. This study presents the analysis of existing discrepancies in aerosol Fe 

concentrations and solubilities obtained between field observations and model estimates, 
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before and after optimization, on global and regional scales. Model estimates of aerosol Fe 

source partitioning are compared to measurement-based estimates on atmospheric Fe sources 

from individual studies. 

 

6.2 Material and methods  

6.2.1 Aerosol dataset 

The aerosol measurements used in this study are the result from an extensive atmospheric 

sampling effort undertaken between the years 2016 to 2018 during four research voyages in 

distinct marine regions around Australia, and two oceanographic voyages in the SO, around 

the Heard and McDonald Islands (“HIMI”, Kerguelen plateau, GEOTRACES process study 

GIpr05) and along the 140ºE meridional transect “SR3” (GEOTRACES section study GS01). 

Supplementary material Table S6.1 reports key information related to each voyage including 

geographical coordinates, aerosol sample collection dates and locations (mid-point latitude 

and longitude along the sampling track) as well as laboratory measurements of total (TFe) Fe, 

soluble (SFe) and labile (LFe) Fe fractions in aerosols. 

 

Aerosol sampling and laboratory processing were previously detailed in Perron et al. (2020) 

(Perron et al., 2020). Sampling and laboratory work was undertaken following GEOTRACES 

trace metal clean procedures (Cutter et al., 2017), including sample processing in a positive-

pressured clean laboratory wearing clean garments and using either ultra-high purity 

commercially-available (Baseline grade, Seastar chemicals) or in-house distilled acids. 

 

Briefly, aerosol samples Whatman 41 (W41) cellulose filters were placed inside pre-cleaned 

Savillex filter holders housed in a high-efficiency particulate air (HEPA)-filtered portable 
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laminar flow hood. Air was pumped from 18 meters above the sea level through a polished 

stainless-steel manifold and anti-static conductive tubing to prevent particle loss inside the 

tube walls. The sampling manifold pumps were automatically activated for a wind sector 

between 90º-270º facing the ship and a wind speed within a 5-80 knots range according to the 

ship’s meteorological data, in order to avoid sampling of the ship’s exhaust. A volume of air 

filtered exceeding 20 m3 in coastal waters and 50 m3 in the remote ocean was used as 

thresholds to define the time of sample change over, ensuring sufficient material on the filter 

to overcome the filter blank. Upon collection, samples were stored frozen in double sealed 

bags until processing in the shore-based laboratory. It should be noted that the 20 µm 

nominal pore size of the W41 cellulose filter are not representative of the effective filter 

retention capacity, due to the layering of fibres within the filter paper retaining most <20 µm 

particles by interception, impaction or diffusion (Lindsley, 2016). 

 

Aerosol samples were processed through a 3-step leaching experiment using an instantaneous 

flow-through leach of ultra-high purity water (UHPW) followed by a batch extraction in 

ammonium acetate (AA, 1.1 M, pH 4.7) and a final HF/HNO3 digestion overnight at 120ºC. 

The total Fe concentration (TFe) in aerosols was defined as the sum of Fe concentrations 

measured in the 3 leaches and expressed in nanogram of Fe per cubic meter of air filtered (ng 

m-3). The soluble (SFe) and labile (LFe) fractions were calculated as follow: 

SFe = !"#	%&'()*+ ∗ 100  [%]    (1), 

LFe = !"#	%&'(/00
)*+ ∗ 100 [%]    (2), 

where CFe was the concentration of Fe measured in the UHPW and in the AA leaches. 

Solubilities are expressed in percent (%).  
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6.2.2 IMPACT model  

Our field observations of aerosol Fe concentrations and solubilities were compared to outputs 

from the Integrated Massively Parallel Atmospheric Chemical Transport (IMPACT) model 

(Ito et al., 2019a; Rotman et al., 2004) over the eastern part (70ºE - 140ºE) of the Southern 

Hemisphere. Simulations were performed for the period extending from 2016 to 2018, using 

a horizontal resolution of 2.0°×2.5° and 59 vertical layers (Ito and Kok, 2017). The current 

version of the IMPACT model (Ito et al., 2019b) uses the Modern Era Retrospective analysis 

for Research and Applications 2 (MERRA-2) reanalysis meteorological data from the 

National Aeronautics and Space Administration (NASA) Global Modelling and Assimilation 

Office (GMAO) [35]. 

 

The three dimensional (3-D) model simulates the emissions, chemistry, transport, and 

deposition of major aerosol species, including black carbon (BC), particulate organic matter, 

mineral dust, sulfate, nitrate, ammonium, and sea spray aerosols, and their precursor gases 

(Ito et al., 2018). Dust emissions are parametrised using a physically-based emission scheme 

detailed in Ito and Kok (2017) (Experiments 3 (Ito and Kok, 2017)) and using the Journet et 

al. (2014) mineralogical database (Journet et al., 2014). Processing of Fe-laden aerosols 

during atmospheric transport were projected for 4 distinct aerosol size bins (0.1–1.26 µm, 

1.26–2.5 µm, 2.5–5 µm, and 5–20 µm diameter). The transport and deposition of BC in the 

model is used to trace the fate of pyrogenic Fe particles of sub-micron size in the atmosphere. 

Transformation of Fe into more soluble forms following proton-promoted, oxalate-promoted, 

and photo-reductive dissolution processes was simulated according to each aerosol Fe size-

bin and for mineral dust and combustion aerosols (Ito and Shi, 2016).  
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6.2.3 Model evaluation and optimization 

IMPACT model representation of atmospheric Fe in the eastern Southern Hemisphere (70 ºE 

- 140ºE) was evaluated using new field measurements in aerosols (“observations”) as 

described in Table S6.1 and in a recently published research article (Morgane M.G. Perron et 

al., 2020). Atmospheric Fe concentration and solubility estimates from the a priori model 

(raw model output) were primarily compared to the global observation dataset to identify 

initial patterns of over- or under-estimation from the model (relative to field measurements 

(Perron et al., 2020b).  

 

Inverse techniques have been widely applied to the optimization of emission estimates 

(Enting et al., 1995). The forward model was simulated according to Australian mineral dust 

characteristics (Journet et al., 2014) for each of the four aerosol size bins. Then, the inverse 

model was used to optimize the agreement of total Fe concentration between model and 

observational data. The synthesis process seeks to estimate the source strength by comparing 

the observed concentrations to responses calculated by the forward model. Assuming 

independent normal distributions for the a priori estimates and the observational data, solving 

the inverse problem to infer optimized sources mean to minimize the cost function (gap 

between the model output and observations). The a posteriori estimate of Fe emissions from 

Australian dust sources was undertaken using a regional scaling factor of 0.0106, based on 

best optimisation obtained using the inverse method. 

IMPACT daily averages of the a priori and a posteriori outputs were compared to field 

observations at smaller regional scales to highlight variability in the model representation of 

different aeolian sources. Finally, model prediction of the relative contribution from dust, 

coal, oil, and biomass burning sources to the atmosphere in each region was compared to the 
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hypothesis previously made based on field measurements (Perron et al., 2020b; Perron et al., 

in prep.).  

 

6.3 Results and discussion 

6.3.1 Australian emissions of total and soluble Fe, observations versus 

model estimates 

Estimates of SFe and TFe from the a priori and a posteriori IMPACT model outputs are 

displayed in Fig 6.1 along with field observations in aerosols collected across the eastern part 

of the Southern Hemisphere (Table S6.1). Both field observations and model outputs 

individually capture the well-documented inverse relationship between aerosol Fe solubilities 

and concentrations. This trend illustrates the preferential gravitational removal of larger and 

heavier dust particles during the atmospheric transport away from emission sources, resulting 

in a smaller size of aerosol particles, and therefore lower atmospheric concentrations but 

higher chemical reactivities (surface area to volume ratio) and hence higher solubilities 

(Baker et al., 2016; Hsu et al., 2010; Luo et al., 2008; Sedwick et al., 2007). 

 

Nevertheless, discrepancies are observed between the magnitude of SFe and TFe between the 

field observations and the a priori model and, to a lesser extent, the a posteriori model 

estimates. In Fig 6.1, field measurements of TFe range from 0.01 ng m-3 to about 100 ng m-3 

which is a factor 100 smaller than the a priori IMPACT model predictions of aerosol TFe 

(0.06-8610 ng m-3, 1 data point <1 ng m-3). The opposite trend was observed for estimates of 

Fe solubility (SFe), with observations ranging between 0% and 100% compared to SFe from 

0.1% to 16% estimated by IMPACT a priori model predictions. The a posteriori IMPACT 

model output showed TFe ranging from 0.06 ng m-3 to 143 ng m-3, which is similar to field 



242 
 

observations. Increased SFe, from 0.6% to 37%, resulted from the optimization of Fe 

emissions to the atmosphere projected by the IMPACT model (a posteriori output) although 

the higher range of solubilities reported in field observations was still not captured by the a 

posteriori model output. 

 

 

Fig 6.1. Log-scale representation of the inverse relation between measurements of SFe and 

TFe, for field observations in the coastal waters around Australia (blue circles), and for the a 

priori (red triangles) and a posteriori (black squares) model estimates. 

 

Overall, Fig 6.1 suggests that the a priori IMPACT model predictions globally over-

represented the total atmospheric Fe loading and under-represent aeolian Fe solubility over 

the eastern marine region of the Southern Hemisphere compared to field observations. Such 

tendency was previously reported in a recent inter-comparison study of 4 widely used 

atmospheric Fe chemistry models (including IMPACT), highlighting the need to better 

constrain key parameters controlling atmospheric Fe cycling including the magnitude and 
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type of atmospheric emissions and the processes leading to enhanced aerosol Fe solubilities 

(Myriokefalitakis et al., 2018).  

 

6.3.2 Regional scale a priori and a posteriori model estimates of TFe and SFe 

Atmospheric Fe concentration and solubility were computed before (a priori) and after (a 

posteriori) model optimizations using an observation-based inverse technique. The 

representativeness of the a priori and a posteriori model estimates compared to field 

observations can be assessed by the magnitude of model-to-observation ratios calculated for 

single grid point. Fig 6.2 displays the ratios of a priori model output-to-observation (a 

priori/obs, Fig 6.2. a) and a posteriori model output-to-observation (a posteriori/obs, Fig 6.2. 

b) for both TFe and SFe. Comparison of panels a and b of Fig 6.2 highlights the magnitude of 

the changes (improvement) induced by the optimization of the IMPACT model. 

 

Daily model estimates of atmospheric Fe loading and solubility were chosen for this study 

(Fig 6.2) as monthly averaged a priori model outputs emphasized the model over-estimation 

of TFe by factor of 3 or the model under-estimation of SFe by a factor of 2 compared to field 

observation (data not shown). This tendency was previously reported in Myriokefalitakis et al 

(2018) who suggested a better fit with field observations of aerosol Fe was obtained using 

daily averaged model output (Myriokefalitakis et al., 2018). This could highlight the 

important role of episodic nature of atmospheric inputs in the eastern part of the Southern 

Hemisphere (10ºS, 65ºS, 70ºE, 150ºE).  
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Fig 6.2 Daily a) a priori and b) a posteriori model estimate compared to field observation 

“obs” displayed as the a priori/obs and a posteriori/obs ratios, respectively, for TFe and 

log(SFe). Extrapolation was made using the DIVA gridding tool in Ocean Data View. Blank 

areas are outside the sampling region. Model over-estimation (under-estimation) are indicated 

by a ratio >1 (<1) relative to field observations. SFe are displayed as log (SFe) so that 0 

indicates a ratio of 1. 

 

Calculated ratios of TFe a priori/obs estimates ranged between 0.02 and >200 (average TFe 

priori/obs ratio = 42). This highlighted a global tendency for the initial (a priori) model 

output to overestimate atmospheric TFe in the model. The a priori model was found to largely 

over-represent TFe in the North West marine region (NWMR) of Australia (Indian Ocean 

basin) as displayed by averaged TFe a priori/obs ratio of 113 in this region. This region is 

located downwind from the large North West Australian dust path (Baddock et al., 2015; 
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Bowler, 1976), which suggest an exaggeration of dust emission from desert and arid lands in 

central Australia by the a priori model output. Total atmospheric Fe over the south-eastern 

Australian shore (Temperate East marine region, TEMR) were, on average, 55 times higher 

than observations, however the gap between model and observations (TFe a priori/obs ratio) 

rapidly decreased to <22 in the Coral Sea and the North marine region (CSMR and NMR, 

respectively) at increasing distance from the shore (away from emission sources). A 

priori/obs ratios for TFe were even smaller in the Southern Ocean, with a ratio of 7 in the 

marine region South West of Australia (SWMR), 0.2 near Heard and McDonald Islands 

(HIMI) and 16 along the SR3 140ºE transect. Overall, the a priori IMPACT model seemed to 

better capture TFe (TFe a priori/obs ratio<20) in regions closer to atmospheric sources 

although model estimates remained over an order of magnitude greater than TFe observations. 

 

Conversely, a priori model estimates of aerosol Fe solubility (SFe) were up to 10 times lower 

than field measurements (LFe a priori/obs ratio = 0.1) in the NWMR where the mineral Fe 

solubility seemed to be greatly underestimated by the model. Large discrepancies were also 

observed between the a priori model output and field data on the eastern coastline as the 

model under-represented LFe by a factor of 4 in the TEMR and in the NMR, and by a factor 

of 2 in the CSMR. Similar under-estimation was observed in a priori model estimates of LFe 

in the SWMR (LFe a priori/obs ratio = 0.3). Enhanced aerosol Fe solubility in the latter 

eastern marine regions was previously attributed to large emissions of anthropogenic particles 

(Perron et al., 2020b) which present a higher fraction of soluble Fe and contain acidic 

particles (NOx, SOx) responsible for enhanced solubility of mineral Fe (Conway et al., 2019; 

Sedwick et al., 2007). Based on the field observations available, we suggest that the IMPACT 

model may underestimate either the direct emission of soluble Fe from anthropogenic sources 

or the efficiency of solubility enhancing atmospheric processes. The parametrisation of the 
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mineral Fe dissolution rate in the model drastically slows down after complete dissolution of 

the hydrous ferric oxide (0.65%) and nano-sized Fe oxides (1.3%) present at the surface of 

minerals (Ito and Shi, 2016). Surprisingly, a priori model output for LFe over the Southern 

Ocean accurately reproduced field observations as a priori/obs ratios close to 1 were 

calculated for both HIMI and SR3 regions. 

 

The optimization of the IMPACT model using the inverse modelling technique led to 

generally smaller a posteriori/obs ratios. The a posteriori model output provides a good 

representation (a posteriori/obs ratios ~1) of TFe in the CSMR and NMR and it only 

overestimates TFe in the NWMR by a factor of 2 compared to a factor 113 over-

representation when using the a priori model parametrisation. The latter regions are arid and 

receive large inputs from mineral dust (rather than anthropogenic emissions). Conversely, in 

the TEMR and SWMR coastal regions, which were previously identified as receiving large 

and moderate coal and oil combustion emissions, respectively, we observe the smallest 

change in TFe between the a priori and a posteriori model output. Southern Ocean TFe 

predictions remained similar before (a priori) and after (a posterior) the model optimization 

(a priori/a posteriori ratios = 1 in the HIMI and SR3 regions). This reflects the minor 

contribution of Australian dust to atmospheric Fe over the regions downwind from southern 

Africa.   

 

6.3.3 Aerosol Fe source apportionment in the eastern Southern Hemisphere: 

field hypothesis vs model predictions 

 

IMPACT was also used to estimate dominant sources of aeolian TFe and SFe to the 

atmosphere in distinct Australian coastal regions as well as in the SO. Atmospheric sources 
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computed by IMPACT included dust, oil combustion, coal combustion and biomass burning 

(BB) (Ito et al., 2019b). Results are shown in Table 6.1. for TFe and Table 6.2 for SFe. 

 

Table 6.1. A posteriori model estimates of TFe source partitioning for each region 

considered, including the Australian marine regions of the Coral Sea (CSMR), the 

North (NMR), the Temperate East (TEMR), the North West (NWMR), as well as 

Heard and McDonald Islands (HIMI) and SR3 (140ºE) regions of the SO. 

Atmospheric sources considered include dust, oil and coal combustion and biomass 

burning (BB). Results are expressed as percentages. 

TFe Dust BB Oil Coal 

CSMR 71 ± 14% 23 ± 11% 5 ± 3% 1 ± 1% 

NMR 65 ± 10% 31 ± 9% 3 ± 3% 1 ± 0.5% 

TEMR 58 ± 29% 16 ± 18% 3 ± 5% 23 ± 27% 

NWMR 92 ± 3% 7.5 ± 3% 0.4 ± 0.2% 0.1 ± 0.1% 

SWMR 70 ± 35% 23 ± 35% 3 ± 2% 4 ± 7% 

HIMI 91.2 ± 4% 2 ± 1% 6.5 ± 3% 0.3 ± 0.1% 

SR3 96 ± 4% 0.8 ± 1% 2.8 ± 4% 0.4 ± 1% 

 

A posteriori IMPACT model attributed between 58% and 96% of the total atmospheric Fe 

loading across the study region to dust sources (Table 6.1) which is consistent with previous 

modelling studies reporting a large predominance of dust sources in the oceanic deposition of 

TFe (Mahowald et al., 2009). The NWMR and SO regions were projected to have a large 

predominance of mineral Fe-laden aerosols, with TFe receiving up to 91 %, 92% and 96% of 

origin from dust sources in the HIMI, the NWMR and the SR3 regions, respectively. In the 

Australian NWMR, predominant transport of Australian desert dust and soil from arid plains 

from the central “outback” via the North West dust path was previously reported from field 

observations (Baddock et al., 2015; Bowler, 1976). A non-negligible influence from 

anthropogenic emissions was found in the TEMR as shown by 23% and 4% of the 

atmospheric TFe being attributed to coal and oil combustion sources, respectively. The 
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relative contribution of coal and oil combustion sources as predicted by the a posteriori 

IMPACT model is consistent with the variability in calculations of lead (Pb) and vanadium 

(V) enrichment factors (EF) (Perron et al., 2020b) previously reported from aerosol field 

observations (Fig 6.3 and Fig 6.4). This is not surprising given the denser human population 

present on this coast (compared to other regions in Australia). Natural and human-derived 

biomass burning was estimated to contribute 16%, 23%, 23% and 31% of the aeolian Fe 

emission in the TEMR, CSMR, SWMR and NMR, respectively. The latter regions are indeed 

known to suffer from major wild fires during the tropical dry season and the temperate 

summer time (Mallet et al., 2017; Paton-Walsh et al., 2014; Winton et al., 2016b). Aerosols 

from the SWMR were collected simultaneously with the occurrence of a large fire event in 

Western Australia which could have influenced the source apportionment of atmospheric Fe 

by the model (Perron et al., 2020b). In the SO, oil combustion was pointed out a source of 

atmospheric TFe in the vicinity of Heard and McDonald Islands (HIMI) (6%) but also along 

the SR3 (140ºE) meridional transect (3%). Anthropogenic signature in such remote oceanic 

regions was previously reported in the SO (Heimburger et al., 2013b; Xu and Gao, 2014) and  

suggested to originate from masses thousands of kilometers west of (upwind) the study 

regions. Long-range transport of air-masses over the SO lead to a well-mixing of a variety of 

atmospheric sources (including dust, coal and oil combustion)  (Wagener et al., 2008; Ying et 

al., 2016). Finally, indications of BB emissions in the SO (up to 2%) as indicated by the 

model may also originate from long-range atmospheric transport.  
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Fig 6.3. Variability in the modelled contribution of coal combustion sources to SFe (%) 

compared to previously reported enrichment factor in lead (EFPb) in each sampled aerosol (or 

associated geographical grid cell). 

 

Model outputs generally support previous findings based on field measurements and 

enrichment factor calculations which highlighted distinct, region-dependent, dominant 

atmospheric Fe sources across Australia (Perron et al., 2020b; Perron et al., in prep.; Strzelec 

et al., 2020b; Winton et al., 2016b). The latter studies suggested that dust sources dominate 

the western coast of Australia (EFFe~1) while the eastern Australian coast is largely 

influenced by anthropogenic emissions (EFPb and EFPb>10) (Perron et al., 2020b).  

 

Table 6.2. A posteriori model estimates of SFe for each region considered, including 

the Australian marine regions of the Coral Sea (CSMR), the North (NMR), the 

Temperate East (TEMR), the North West (NWMR), as well as Heard and McDonald 
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Islands (HIMI) and SR3 (140ºE) regions of the SO. Atmospheric sources considered 

include dust, oil and coal combustion and biomass burning (BB). 

LFe  Dust BB Oil Coal 

CSMR 18 ± 6% 63 ±9% 18 ± 8% 1 ± 0% 

NMR 14 ± 3% 78 ± 8% 7 ± 6% 1 ± 0% 

TEMR 23 ± 15% 52 ±19% 20 ± 21% 5 ± 4% 

NWMR 26 ±v6% 68 ± 8% 5 ± 2% 1 ± 0% 

SWMR 8 ±8% 45 ± 31% 43 ± % 4 ± 2% 

HIMI 27 ± 15% 23 ± 12% 47 ± 24% 3 ± 0% 

SR3 51 ± 23% 15 ± 7% 32 ± 22% 2 ± 1% 

 

While TFe computed by the model was largely dominated by dust, the relative contribution of 

each of the 4 emissions sources showed larger variabilities when considering the soluble 

fraction of atmospheric Fe (Table 6.2). 

 

Conversely to TFe, the a posteriori IMPACT model only attributed <26% of the soluble 

fraction of atmospheric Fe near Australia to dust. Rather, aeolian LFe to coastal waters of 

Australia were associated with BB emissions (>45%). This observation is consistent with 

field studies emphasizing the importance of biomass burning emissions as a source of 

aerosols near Australia, (Mallet et al., 2017; Perron et al., 2020b; Winton et al., 2016b) with 

the latter source also associated with enhanced Fe solubility compared to dust sources 

(Hamilton et al., 2019; Scanza et al., 2018). Anthropogenic combustion was mostly 

represented by oil combustion sources in the IMPACT model and predicted to contribute 

18%, 20% and 43% of the atmospheric emissions in the industrial CSMR and TEMR regions, 

and in the SWMR, respectively. IMPACT model predictions on the contribution of oil 

combustion sources to the atmospheric SFe were consistent with previously reported 

calculations of EFV (Perron et al., 2020b), an atmospheric tracer (vanadium) for oil 

combustion sources in aerosols using field observational data (Fig 6.4). However, Fig 6.4 
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shows that IMPACT model may mis-represent (over-estimate) oil combustion sources of SFe 

in the SWMR. Over the SO, aerosol Fe sources seemed to include more diverse origins 

including dust, BB and oil sources with relative contributions of 27/23/47% in the HIMI 

region and 51/15/32% along the SR3 oceanographic transect. This result is in accordance 

with previous field studies that found a pre-dominance of mixed origin air-masses in the SO 

associated with enhanced SFe in aerosols (Hsu et al., 2010; Jickells and Moore, 2015; Perron 

et al., in prep.). 

  

 

Fig 6.4. Variability in the modelled contribution of coal combustion sources to SFe (%) 

compared to previously reported enrichment factor in vanadium (EFV) in each sampled 

aerosol (or associated geographical grid cell). 
 

The generally low contribution from coal combustion sources to soluble Fe estimated by 

IMPACT, even in highly industrial regions such as the TEMR and the CSMR, could stem 

from large uncertainties in the initial Fe solubility and dissolution rates, which reflect low Fe 
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solubility near the source regions. Moreover, the presence of a greater occurrence of 

anthropogenic oil combustion compared to coal combustion aerosols over the SO could stem 

from large uncertainties in the size distribution of both type of particles (i.e., more Fe in fine 

mode for oil but more Fe in coarse mode for coal combustion). Overall elevated contribution 

of BB emissions may suggest an over-representation of BB emission by the IMPACT model 

induced by an over-estimation of Fe dissolution rates for BB combustion sources compared 

to coal combustion sources in the model. This observation highlights that the IMPACT model 

may overestimate the contribution of BB sources and underestimate that of coal combustion 

sources. 

 

6.4 Conclusion and future work 

A recent inter-comparison study of 4 widely used global-scale iron chemical models 

(including the IMPACT model) revealed large disparities in the magnitude of Fe 

concentrations and solubilities estimated across the models. Such discrepancies were partly 

attributed to intrinsic differences in the parametrisation of the models (Myriokefalitakis et al., 

2018). The same study highlights the necessity to improve our understanding of the key 

parameters controlling the atmospheric Fe cycle which requires additional field observations 

and laboratory experiments to validate model projections (Ito et al., 2019a; Myriokefalitakis 

et al., 2018). Despite recent highly resolved regional sampling efforts, the Southern 

Hemisphere remains largely understudied, accounting for few and sparsely located 

observations and associated laboratory measurements.  

 

Improved Fe emission estimates from the global biogeochemical model IMPACT was 

achieved using an inverse model technique based on TFe measurement in field observations 
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near Australian coastal waters and in the Southern Ocean between 70 ºE and 140 ºE. The a 

posteriori model predicted a large fraction (>58%) of TFe was delivered by dust sources 

although such contribution dropped to <26% for LFe. Pyrogenic sources accounted for >45% 

of the atmospheric dissolved Fe emissions near the coastal waters of Australia, indicating that 

such sources of BB Fe may become increasingly important since wild fires events in Oceania 

and in south east Asia are predicted to increase in intensity and frequency under climate 

change. BB emissions over the SO may indicate an over-estimation of Fe dissolution from 

pyrogenic sources from the IMPACT model. A small contribution of coal combustion 

sources across the study region seemed to highlight an under-representation in the initial 

dissolution by the IMPACT model.  

 

A posteriori model estimates of TFe and SFe provided much better agreement with 

observations following an inverse modelling technique using dust TFe as a reference 

parameter to optimize the model. However, large uncertainties remain regarding the 

atmospheric Fe cycle, including the role of aerosol size distribution, the relative contribution 

of dust and combustion sources of Fe to the soluble atmospheric Fe burden and the nature of 

solubility enhancing atmospheric processes. Additional field observations and standardised 

laboratory measurements are necessary to better constrain atmospheric Fe sources and 

transport, especially over remote regions such as the Southern Ocean. Finally, models must 

be continually evaluated and adapted according to advances in field observations (Mahowald 

et al., 2018; Myriokefalitakis et al., 2018). 
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Supplementary material  

Table S6.1 Sampling information and Fe measurements for aerosol samples used in the evaluation of IMPACT model predictions. 

Marine region Cruise geographic box Sample ID 
mid-point 

longitude 

mid-point 

latitude 
SFe [%] LFe [%] 

TFe 

[ng/m3] 

Coral Sea marine region 

(CSMR) 
[-17.0, -27.4, 146.0, 154.1] GBR10 150.114 -21.019 3.59 4.90 5.51 

CSMR [-17.0, -27.4, 146.0, 154.1] GBR2 153.039 -22.047 2.53 3.95 61.34 

CSMR [-17.0, -27.4, 146.0, 154.1] GBR3 151.431 -19.813 9.64 17.39 20.09 

CSMR [-17.0, -27.4, 146.0, 154.1] GBR4 146.973 -18.579 9.73 15.03 13.13 

CSMR [-17.0, -27.4, 146.0, 154.1] GBR5 146.974 -18.591 17.10 32.87 6.43 

CSMR [-17.0, -27.4, 146.0, 154.1] GBR7 146.980 -18.627 3.02 5.73 13.29 

CSMR [-17.0, -27.4, 146.0, 154.1] GBR8 146.842 -19.071 5.35 15.55 3.67 

CSMR [-17.0, -27.4, 146.0, 154.1] GBR9 150.009 -20.901 3.99 5.45 5.53 

Northern marine region (NMR) [-9.2, -33.9, 121.7, 154.0] T1_2 151.433 -16.334 20.66 22.83 3.71 

CSMR [-17.0, -27.4, 146.0, 154.1] GBR6 146.107 -17.070 12.76 21.68 20.18 

NMR [-9.2, -33.9, 121.7, 154.0] T1_4 130.475 -10.976 11.88 28.74 45.53 

NMR [-9.2, -33.9, 121.7, 154.0] T1_5 122.941 -13.727 10.36 23.51 32.73 

NMR [-9.2, -33.9, 121.7, 154.0] T1_1 153.655 -27.307 7.52 8.41 29.24 

Temperate East marine region 

(TEMR), North Tasman sea 
[-33.8, -43.3, 147.3, 151.7] T2_3 150.246 -38.065 8.48 8.48 3.30 

TEMR, North Tasman sea [-33.8, -43.3, 147.3, 151.7] T2_4 151.331 -35.178 10.49 14.83 9.32 

TEMR, East Australian current [-26.7, -37.0, 150.1, 155.2] V4_1 151.925 -33.452 11.70 15.62 6.51 

TEMR, East Australian current [-26.7, -37.0, 150.1, 155.2] V4_10 151.875 -33.515 13.54 14.75 7.69 

TEMR, East Australian current [-26.7, -37.0, 150.1, 155.2] V4_12 153.421 -31.178 29.75 29.75 2.03 

TEMR, East Australian current [-26.7, -37.0, 150.1, 155.2] V4_13 153.084 -32.433 10.94 13.88 6.82 
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TEMR, East Australian current [-26.7, -37.0, 150.1, 155.2] V4_14 152.862 -33.048 7.30 9.30 2.83 

TEMR, East Australian current [-26.7, -37.0, 150.1, 155.2] V4_16 153.405 -32.467 5.17 6.74 9.99 

TEMR, East Australian current [-26.7, -37.0, 150.1, 155.2] V4_17 153.402 -30.389 6.66 15.83 8.95 

TEMR, East Australian current [-26.7, -37.0, 150.1, 155.2] V4_18 154.425 -28.001 11.52 21.92 2.79 

TEMR, East Australian current [-26.7, -37.0, 150.1, 155.2] V4_2 152.582 -33.629 9.12 13.24 3.29 

TEMR, East Australian current [-26.7, -37.0, 150.1, 155.2] V4_3 151.438 -34.045 16.66 16.66 0.82 

TEMR, East Australian current [-26.7, -37.0, 150.1, 155.2] V4_4 150.874 -35.552 4.99 7.11 6.72 

TEMR, East Australian current [-26.7, -37.0, 150.1, 155.2] V4_6 153.205 -36.251 9.95 12.87 12.34 

TEMR, East Australian current [-26.7, -37.0, 150.1, 155.2] V4_7 154.043 -36.861 12.49 12.49 2.32 

TEMR, East Australian current [-26.7, -37.0, 150.1, 155.2] V4_8 150.645 -36.251 6.46 8.17 15.70 

North West marine region 

(NWMR) 
[-18.0, -32.2, 112.7, 122.1] V5_10 115.747 -19.911 3.34 4.22 45.42 

NWMR [-18.0, -32.2, 112.7, 122.1] V5_11 116.041 -20.130 1.94 3.17 68.35 

NWMR [-18.0, -32.2, 112.7, 122.1] V5_12 116.040 -20.510 8.72 10.04 20.14 

NWMR [-18.0, -32.2, 112.7, 122.1] V5_13 113.656 -22.451 5.18 6.12 13.92 

NWMR [-18.0, -32.2, 112.7, 122.1] V5_2 118.192 -19.952 3.09 3.74 24.19 

NWMR [-18.0, -32.2, 112.7, 122.1] V5_3 117.766 -19.272 7.11 7.94 10.95 

NWMR [-18.0, -32.2, 112.7, 122.1] V5_4 117.710 -20.160 3.10 4.05 24.41 

NWMR [-18.0, -32.2, 112.7, 122.1] V5_5 117.210 -20.360 2.75 3.35 50.66 

NWMR [-18.0, -32.2, 112.7, 122.1] V5_6 116.623 -19.789 3.57 4.55 102.91 

NWMR [-18.0, -32.2, 112.7, 122.1] V5_7 116.332 -20.321 3.93 5.15 34.49 

NWMR [-18.0, -32.2, 112.7, 122.1] V5_8 116.557 -19.661 13.08 15.18 53.29 

NWMR [-18.0, -32.2, 112.7, 122.1] V5_9 116.530 -19.834 8.85 9.29 84.13 

South West marine region 

(SWMR) 
[-31.9, -54.2, 71.3, 147.5] H14 125.880 -38.400 4.32 8.15 66.77 

SWMR [-31.9, -54.2, 71.3, 147.5] H1_1 113.001 -33.642 7.79 7.79 32.84 

SWMR [-31.9, -54.2, 71.3, 147.5] H2_1 107.331 -35.222 21.01 23.53 2.11 



263 

 

SWMR [-31.9, -54.2, 71.3, 147.5] H3_2 102.034 -37.572 28.88 53.72 0.44 

Southern Ocean (SO), west of 

Australia  
[-31.9, -54.2, 71.3, 147.5] H4_1 91.026 -43.315 11.20 11.20 1.20 

SO west of Australia [-31.9, -54.2, 71.3, 147.5] H11 74.525 -52.729 12.80 22.42 0.68 

SO west of Australia [-31.9, -54.2, 71.3, 147.5] H12 87.221 -47.827 17.93 52.46 0.77 

SO west of Australia [-31.9, -54.2, 71.3, 147.5] H13 115.950 -40.519 13.96 15.72 1.04 

Heard and McDonald Islands 

(HIMI) 
[-31.9, -54.2, 71.3, 147.5] H5_2 78.618 -49.850 13.75 18.73 0.85 

HIMI [-31.9, -54.2, 71.3, 147.5] H6_2 73.770 -51.295 5.31 12.12 2.46 

HIMI [-31.9, -54.2, 71.3, 147.5] H7_1 71.517 -52.881 5.03 8.09 2.02 

HIMI [-31.9, -54.2, 71.3, 147.5] H8_2 72.476 -53.020 6.96 9.57 0.90 

HIMI [-31.9, -54.2, 71.3, 147.5] H9_1 73.689 -53.206 9.85 14.64 1.39 

HIMI [-31.9, -54.2, 71.3, 147.5] H10 72.662 -53.037 3.38 7.28 3.02 

SO, east of Australia (SR3) [-42.8, -6.5, 132.0, 150.0] A8 143.336 -65.887 4.86 10.69 0.14 

SR3 [-42.8, -6.5, 132.0, 150.0] A11 132.105 -64.157 0.02 0.20 13.06 

SR3 [-42.8, -6.5, 132.0, 150.0] A7 139.868 -63.797 4.05 8.18 1.31 

SR3 [-42.8, -6.5, 132.0, 150.0] A9 150.000 -63.480 NA NA NA 

SR3 [-42.8, -6.5, 132.0, 150.0] A10 139.060 -62.242 1.21 1.41 1.58 

SR3 [-42.8, -6.5, 132.0, 150.0] A6 139.842 -58.764 NA 41.16 0.13 

SR3 [-42.8, -6.5, 132.0, 150.0] A12 141.017 -56.572 63.08 100.00 0.02 

SR3 [-42.8, -6.5, 132.0, 150.0] A5 141.430 -54.361 23.49 100.00 0.01 

SR3 [-42.8, -6.5, 132.0, 150.0] A4 143.119 -51.296 0.95 1.57 0.87 

SR3 [-42.8, -6.5, 132.0, 150.0] A3 144.879 -47.518 21.09 21.81 0.18 

SR3 [-42.8, -6.5, 132.0, 150.0] A13 145.640 -45.701 0.20 8.90 22.24 

SR3 [-42.8, -6.5, 132.0, 150.0] A1 146.054 -44.685 4.68 6.58 2.22 

SR3 [-42.8, -6.5, 132.0, 150.0] A2 146.928 -44.253 NA 26.18 1.28 
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Chapter 7. Conclusion and perspective 

7.1 Milestones and achievement of the project 

This chapter combines and summarizes the main achievements and results presented in all the 

chapters from this thesis. Global conclusion from this work, highlights but also perspective 

and recommendations for future work are briefly discussed.  

 

The project presented in this thesis significantly contributed to the current research on 

atmospheric Fe biogeochemistry through the following advances in the field: 

1. An intense aerosol sampling effort was undertaken across a vast part of the eastern 

Southern Hemisphere around and to the south of Australia, filling the gap for additional field 

observations in the Southern Hemisphere recently emphasized in the literature 

(Myriokefalitakis et al., 2018; Scanza et al., 2018; Xu and Gao, 2015). The global study 

region of this work included Australia coastal waters, Heard and McDonald Islands 

surrounding waters and the SR3 (140ºE) meridional transect in the Southern Ocean. A list of 

fieldwork is available p.VIII of this thesis. 

2. Field sampling techniques and laboratory procedures for the collection and analysis of 

trace metals in aerosols and rain water were developed or improved (chapter 2). This 

included: 

- Aerosol and rain water sampling techniques aboard the R.V. Investigator were 

greatly and continuously improved since 2016. Ship-board aerosol sampling is now 

completely automated based on ship-board measurements of the wind sector and wind speed 

and optimal aerosol sampling time were determined according to air volume thresholds.   
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- A number of widely used laboratory leaching protocols applied to the determination 

of aerosol Fe solubility were compared and assessed and a 3-step leaching experiment (based 

on existing techniques) was developed and validated for potential use as a standard protocol 

by the wider scientific community. 

3. New data on the trace metal content and solubility in aerosols and rain water is now 

available to better constrain atmospheric biogeochemical cycles and its impact on marine 

ecosystems in distinct coastal regions around Australia and in the Southern Ocean. 

4. Geographical distribution of dominant sources of aerosols was resolved across the whole 

study region using both field measurement, theoretical calculation techniques and model 

estimations. Such new knowledge can be used to hypothesise the main atmospheric processes 

occurring in different regions according to the characteristics of the atmospheric particle 

(loading, solubility) and the prevailing aerosol sources found at one specific location. 

5. New observations provided by the work presented here has been used to evaluate and fine-

tune biogeochemical model predictions of atmospheric trace metal emissions and deposition 

to the ocean. Preliminary results from a collaborative work with Dr Akinori Ito shows that 

further work is still required for model output to accurately reproduce field observations. 

  

7.2 Summary of the main results  

The work presented in this dissertation shed a light on key scientific questions associated 

with the biogeochemistry of atmospheric Fe (and other trace metals) in the Southern 

Hemisphere atmosphere, including: 

1. What are the characteristics of aerosol Fe in the study region? 
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Chapters 3-5 of this thesis dissertation described atmospheric Fe concentration and solubility 

in distinct regions of the eastern Southern Hemisphere, including Australian coastal regions 

(chapter 3), HIMI surrounding waters (chapter 5) and the SR3 meridional (140ºE) line 

(chapter 4). 

2. What atmospheric sources dominate the emissions of aerosol Fe in the eastern 

Southern Hemisphere? Especially, what are the characteristics of aerosol sources 

emitted from the Australian continent?  

The analysis of atmospheric Fe measurements was subsequently combined with the use of 

air-mass back trajectory data and atmospheric tracers (222Rn, BC), calculations of enrichment 

factors for crustal (Al, Fe), anthropogenic (Zn, Pb, V, Cr, Ni), potentially volcanic (Cr, Ni) 

and mixed origin (Mn, Co) elements. This allowed us to draw hypotheses on dominant 

atmospheric sources in each studied region of the eastern Southern Hemisphere (chapters 3, 

4, 5), which were often further supported by modelling estimates over the same regions 

(chapter 6).  

3. Do models accurately reproduce field observations and laboratory measurements of 

atmospheric Fe in the eastern Southern Hemisphere?  

Preliminary modelling work results were presented in chapter 6, aiming to evaluate the 

predictions of the IMPACT model when compared to field measurements across the whole 

study area. Source apportionment estimates from the model were compared to field 

observations to validate or reject hypothesis made based on aerosol measurements. 
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7.2.1 Aerosol Fe characteristics in the eastern Southern Hemisphere 

An extensive dataset resulted from the here-presented work which described large 

heterogeneity in the measurements of aerosol Fe (and other trace metal) loadings and 

solubility across aerosols in vast part of the eastern Southern Hemisphere (Fig 7.1). Average 

regional characteristics are also reported in Table 7.1. 
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Fig 7.1. Geographical distribution of total Fe concentration (TFe, ng m-3) presented as a log scale and labile Fe fraction (%) according to 

laboratory measurements in aerosols collected near Australian coastal waters and in the Southern Ocean.
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Great heterogeneity was observed between aerosol Fe measurements across the whole study 

area as shown in the summary Fig 7.1 and Table 7.1. Total atmospheric Fe loading (TFe) near 

emission sources on the Australian continent (8 - 44 ng m-3, average TFe = 22 ng m-3) were 

generally up to an order of magnitude higher than TFe over the Southern Ocean (1 - 4 ng m-3). 

This pattern illustrates a rapid gravitational settling of larger (and heavier) aerosols during the 

atmospheric transport away from emission sources (Baker et al., 2006a; Mahowald et al., 

2005; Perron et al., in prep.; Raiswell and Canfield, 2012). However, local atmospheric 

inputs of Fe were also identified around the Heard and McDonald Islands (HIMI, chapter 5) 

and downwind from Antarctic air-masses (SR3 line south of 60ºS, chapter 4) as indicated by 

increased TFe in aerosols in those remote parts of the SO. In Australia coastal waters, TFe was 

also variable downwind to air-masses of different origins (Table 7.1). Overall, higher TFe was 

found in the western Australian regions such as the North West marine region (NWMR, TFe = 

44 ng m-3), the North marine region (NMR, TFe = 32 ng m-3) and the South West marine 

region (SWMR, TFe = 21 ng m-3), which are influenced by the North West dust path 

compared to eastern coasts which receive South eastward flowing winds and only contained 

an average TFe of 8 ng m-3 (Temperate East marine region, TEMR) and 15 ng m-3 (Coral Sea 

marine region, CSMR) (Perron et al., 2020b). 

 

Aerosol Fe solubility was defined by the fraction of labile Fe in aerosols following our 3-step 

leaching protocol (Perron et al., 2020). Across the whole study area, LFe measurements 

showed an inverse relationship with TFe in aerosols (Fig 7.2). Low solubility characteristic of 

mineral Fe in the atmosphere was suggested to dominate the NWMR which is located 

downwind to Australia major deserts and arid plains (LFe = 6%) and along the SR3 transect, 

south of 60ºS, where katabatic winds from Antarctica were suggested to transport particles 
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originating from the erosion of both ice-free soil and the cryosphere (LFe = 5%). Aerosols 

around Heard Island’s erupting volcano Big Ben showed a slightly higher LFe average of 10% 

(H6-H10), although this solubility is only half that in mesasured in open SO aerosols (LFe = 

20.5%, H2-H5, H11-H14) during the same voyage (Perron et al., in prep.). High atmospheric 

LFe was previously reported over the open SO (Myriokefalitakis et al., 2018; Winton et al., 

2015) and was also observed during SR3 research cruise (LFe = 53%, A3-A6, A12). Intense 

atmospheric processing of aerosol Fe during long-range atmospheric eastwards transport over 

the SO likely explains the observed enhanced LFe (Perron et al., in prep.). Close to Australia 

shoreline, LFe were (conversely to TFe) greater on the eastern coasts (Fig 7.1), with averaged 

labile Fe fractions of 14% in the TEMR, 14% in the CSMR and 21% in the NMR compared 

to 6% in the NWMR (Table 7.1). 

 

 

Fig 7.2. Illustration of the inverse relation found between measurements of Fe loading (TFe, 

ng m-3) and the soluble (SFe) and labile fraction of Fe (LFe) in the aerosols collected near 

Australia (blue dots) and in the Southern Ocean (orange dots).
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Table 7.1 Averaged aerosol Fe measurement in distinct regions of the Southern Hemisphere. The soluble (SFe) and labile (LFe) fractions and the 

ratio of SFe/LFe in aerosols are expressed in percent (%) and the total Fe concentration (TFe) in aerosols is in ng m-3. 

Sampling region Cruise geographic box 
Number of 

aerosols [n] 

SFe 

[%] 

LFe 

[%] 

TFe 

[ng m-3] 

SFe/LFe 

[%] 

CSMR [-17.0, -27.4, 146.0, 154.1] 9 8 ± 7 14 ± 10 15 ± 18 62 

NMR [-9.2, -33.9, 121.7, 154.0] 4 11 ± 2 21 ± 9 32 ± 11 58 

TEMR [-26.7, -43.3, 147.3, 155.2] 16 11 ± 6 14 ± 6 8 ± 7 79 

NWMR [-18.0, -32.2, 112.7, 122.1] 12 5 ± 3 6 ± 4 44 ± 29 82 

SWMR [-32.0, -41.5, 100.0, 126.4] 5 15 ± 10 22 ± 19 21 ± 29 77 

HIMI [-43.3, -53.2, 71.5, 91.0] 9 10 ± 5 17 ± 14 1 ± 1 62 

SR3 [-42.8, -6.5, 132.0, 150.0] 13 12 ± 20 27 ± 36 4 ± 7 51 
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7.2.2 Regional variabilities in atmospheric Fe sources across regions of the 

eastern part of the Southern Hemisphere. 

Air-mass back-trajectories, enrichment factors and atmospheric tracers of lithogenic (222Rn) 

and carbonaceous (BC) supply to the atmosphere can, combined together, provided 

indications on the predominant source of atmospheric Fe in the study area. Aeolian Fe 

sources identified in this study included dust, heavy oil combustion, coal and other fossil fuel 

combustion and biomass burning (natural and anthropogenic) emissions. Preliminary model 

projection of atmospheric Fe in the study region confirmed findings drawn from field 

observations and provided additional information on prevailing atmospheric sources to the 

total Fe loading and to the soluble Fe fraction in the atmosphere. Table 7.2 summarizes 

dominant aerosol Fe sources to each region of interest as indicated by both field observations 

and model predictions. 

 

Dust was omnipresent across aerosols of all the sub-regions studies and was shown to 

primarily contribute to the TFe atmospheric loading (>58%, chapter 6). This result agrees with 

modelling predictions which attribute 95% of global atmospheric Fe emissions to the ocean 

to desert dust (Mahowald et al., 2009). However, due to the small poor solubility of in 

mineral particles, dust globally contributed less than 50% of the aerosol SFe fraction. Biomass 

burning was widely represented by the IMPACT model and explained between 45% 

(SWMR) up to 78% (NMR) of SFe in aerosols collected near Australia emission sources 

while only contributing <31% of TFe in the same regions. Oil combustion from shipping, 

mining or refinery industry was identified in the highly populated TEMR on the eastern 

Australian coast. However, the large presence of coal combustion in aerosols, indicated by 

significant enrichment (EF>10) in Pb, was not reproduced by the model. Over the Southern 

Ocean, high contribution of dust, oil combustion and BB to atmospheric labile Fe 
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measurements suggested that the sampled air-masses included a mixture of emissions from 

various atmospheric sources as well as local inputs (volcanic near HIMI and glacial near 

Antarctica). 

 

Table 7.2. Dominant source(s) of aerosols in each sub-region investigated according to 

both model prediction (IMPACT) and field measurements-based hypothesis (air-mass 

back-trajectories, enrichment factors calculations). Parenthesis indicate sources that were 

solely suggested from field data but were not captured by the model.  

Sampling region Dust 
Oil 

combustion 

Coal 

combustion 
BB 

Mixed 

sources 

CSMR 
  

( ) 
 

 

NMR 
  

 
 

 

TEMR 
    

 

NWMR 
 

    

SWMR 
  

( ) 
  

HIMI 
  

   

SR3 
  

   
 

7.3 General conclusion and perspectives  

The atmospheric Fe cycle (including atmospheric sources) is highly heterogeneous between 

different areas of the eastern Southern Hemisphere. While atmospheric Fe over oceanic 

regions located downwind to the Saharan Desert in the Northern Hemisphere can reach 

concentrations up to 381 ng m-3 (Baker et al., 2013), small and sparsely located aeolian 

sources south of the Equator result in one to two order of magnitude smaller (1-44 ng m-3, 

this study) TFe concentrations transported to the ocean. However, fractions of labile Fe in 

aerosols were often reported to exceed 10% over the open Southern Ocean (Ito et al., 2019a), 
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contrasting with generally low mineral Fe solubility (<0.1%) in aerosols sourced by dust 

(Schroth et al., 2009). Such high average LFe observations from our study over the open SO 

west (20%) and south-east of Australia (53%) may be of disproportionate importance when 

delivered to the Fe-limited Southern Ocean phytoplankton.  

 

Large efforts were recently made by the international scientific community to gather aerosol 

Fe measurements across the world ocean within large databases such as the GEOTRACES 

Intermediate Data Product 2017 (Schlitzer et al., 2018) and the SOLAS Implementation 

Product (Brévière and the SOLAS Steering Committee (eds.), 2016)). Increasingly significant 

bodies of work are now appearing in the form of doctoral thesis dissertations specially 

focused on Southern Hemisphere aerosol biogeochemistry, including Patagonian and African 

emissions sources (Qu, 2016), biomass burning emission from Australia (Winton, Victoria, 

2016), and the assessment of aerosol Fe source apportionment near Australia and in the 

Southern Ocean (presented here). Such new datasets are critical to better constrain our 

understanding of atmospheric Fe emission and deposition to the ocean and to fine-tune model 

parametrisations for more representative predictions of the past, present and future climate 

scenarios. However, large uncertainties remain and limit our comprehension of key 

parameters controlling aerosol Fe physico-chemical features from its emission to the 

deposition to remote oceanic areas. Further study should therefore be undertaken and we 

suggest that the following research focus should prioritised:   

 

• In a first place, aerosol sampling remains highly uneven and more observation 

are required in remote or climatically important oceanic regions such as the Southern Ocean 

and Antarctica. Additional observations on rain water trace metal content and solubility 

would allow a better assessment of the relative importance of wet vs dry deposition. Large 
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scale process studies should be encouraged as they shed light on the interactions between 

different key processes controlling specific marine ecosystem.  

• Laboratory measurements applied to assess aerosol Fe solubility are currently 

numerous yet result in highly variable solubility observations (Ito et al., 2019a; Perron et al., 

2020). We suggest that a standard laboratory protocol should be adopted to reduce the 

uncertainty between findings from different studies.  

• The influence of aerosol size in controlling LFe and the role of nano-particulate 

minerals to aeolian Fe solubility need clarification (Baker and Croot, 2010; Shi et al., 2009) 

through additional field observations and laboratory measurements.  

• Additional studies focused are needed on the relative contribution of distinct 

aerosol sources to various oceanic regions (Perron et al., 2020; Scanza et al., 2018; Shelley et 

al., 2015). More field observations will enhance the geographical resolution of aerosol source 

apportionment and help better constraining model output of atmospheric Fe. 

• Atmospheric processes leading to enhanced aerosol Fe solubility is likely to 

comprise an interplay of various physical and chemical reactions and would differ according 

to regional atmospheric characteristics and the nature of particles present in the atmosphere. 

Field observations as well as laboratory experiments may clarify such uncertainties both at a 

global and regional length scales. 

• Modelling approaches are essential to extrapolate field measurements in 

under-studied regions but also to highlight/guide new field research questions of interest 

(Hamilton et al., 2019; Myriokefalitakis et al., 2018). Models should be regularly evaluated 

and implemented against new observations and cutting-edge discoveries and should aim 

toward semi-standard parametrization.  

• Finally, new techniques have been developed over the last decade, including 

deposition fluxes determination using 7Be (Kadko et al., 2015) and source signature 
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identification by isotopic measurements in aerosols (Bollhöfer and Rosman, 2000; Kristensen 

et al., 2014). Increasing data of this nature is necessary. 
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A B S T R A C T

Atmospheric deposition of aerosols to the ocean provides an important pathway for the supply of vital micro-
nutrients, including trace metals. These trace metals are essential for phytoplankton growth, and therefore their
delivery to marine ecosystems can strongly influence the ocean carbon cycle. The solubility of trace metals in
aerosols is a key parameter to better constrain their potential impact on phytoplankton growth. To date, a wide
range of experimental approaches and nomenclature have been used to define aerosol trace metal solubility,
making data comparison between studies difficult. Here we investigate and discuss several laboratory leaching
protocols to determine the solubility of key trace metals in aerosol samples, namely iron, cobalt, manganese,
copper, lead, vanadium, titanium and aluminium. Commonly used techniques and tools are also considered such
as enrichment factor calculations and air mass back-trajectory projections and recommendations are given for
aerosol field sampling, laboratory processing (including leaching and digestion) and analytical measurements.
Finally, a simple 3-step leaching protocol combining commonly used protocols is proposed to operationally
define trace metal solubility in aerosols. The need for standard guidelines and protocols to study the biogeo-
chemical impact of atmospheric trace metal deposition to the ocean has been increasingly emphasised by both
the atmospheric and oceanographic communities. This lack of standardisation currently limits our understanding
and ability to predict ocean and climate interactions under changing environmental conditions.

1. Introduction

International research programmes such as GEOTRACES (“an in-
ternational study on the marine biogeochemistry of trace elements and
their isotopes in the ocean”) [1] and the Surface Ocean Lower Atmo-
sphere Study (SOLAS) [2] have long raised awareness on the key role of
trace metals for marine ecosystems [3,4]. Iron (Fe)-rich aerosols de-
posited to high and low nitrate low chlorophyll waters (HNLC and
LNLC, respectively) have the potential to stimulate primary pro-
ductivity and/or bacterial nitrogen fixation [5,6]. Airborne particles
also carry other trace metals such as cobalt (Co), manganese (Mn), and
copper (Cu) which act as essential micronutrients for vital metabolic
processes [7], but can also become toxic (e.g., Cu) at concentrations
exceeding biological requirements [8]. Since nutrients are thought to be
more biologically available to marine phytoplankton in their soluble
form, the solubility of trace metals in aerosols has often been used as a
first approximation of the bioavailable fraction of trace metals con-
tained in aerosol particles [9,10].

Reported aerosol Fe solubilities vary widely, ranging from 0.01% to
90% [11–13], and show a strong dependency on aerosol source and
chemical composition [10,14]. Mineral Fe is generally characterised by
low fractional Fe solubility of less than 1% [15], although higher
fractions (e.g., 19%) have been reported elsewhere [16]. Such varia-
tions were primarily attributed to differences in the mineral composi-
tion of dust particles from various origins [17], with clay minerals like
illite or smectite releasing more soluble Fe than Fe-rich oxides [18].
Other sources of aerosol trace metals such as anthropogenic combustion
and oil fly ash showed soluble Fe contents exceeding 50% [19] and up
to 81% in ultra-high purity water (UHPW) [20], respectively, while coal
fly ash was reported to release up to 44% soluble Fe under an oxalic
acid leach after 45 h [21]. Moreover, model simulations found good
agreement with observations and laboratory experiments when ap-
plying average solubilities of 14% to aerosol Fe deposition models for
fine mode (< 1 μm) biomass burning emissions [22], and solubilities of
22.5% and 79% to coal and oil combustion particles, respectively,
compared to 0.4% for mineral dust [23]. Ship emissions were suggested
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to represent an additional source of highly soluble Fe (80%) [24],
which may be of significance near major shipping routes. Additionally,
volcanic eruptions may sporadically inject large loads of Fe to the at-
mosphere, some of which will be supplied to marine ecosystems [25].
Similar to Fe, low (1–7%) and high (10–100%) solubilities were found
for Cu in mineral and anthropogenic aerosols, respectively [26]. A wide
range of solubilities were also reported for Mn (4–104%) and Co
(8–100%) [14].

While aerosol source and composition may primarily control aerosol
trace metal solubility at the emission source, a large number of solu-
bility-influencing factors arise during atmospheric transport. For ex-
ample, photochemical reactions can reduce trace metals (e.g., Fe(III) to
Fe(II)) to a more soluble form [27]. The presence of combustion-de-
rived or secondarily-formed acidic species (e.g., NOx, SOx) or organic
ligands (e.g., oxalate) in the atmosphere was shown to promote the
dissolution of less soluble trace metals in aerosols [17]. Moreover,
multiple evaporation-condensation cycles between cloud droplets and
aerosols induce critical changes in the pH and ionic strength around
aeolian particles, leading to greater solubility of otherwise poorly so-
luble trace metals [28]. This emphasises the need to consider both
source apportionment and subsequent processing of atmospheric par-
ticles when interpreting aerosol trace metals solubilities. This is often
achieved through the use of chemical tracers [29]. Aluminum (Al) and
titanium (Ti) primarily originate from crustal origin and thus are good
tracers of lithogenic material in dust and are used in the calculation of
enrichment factors [30,31]. Other trace metals such as vanadium (V)
and lead (Pb) in aerosols are mostly emitted by anthropogenic activ-
ities, and hence highlight solubility-enhancing acidic processing of dust
particles [14,32].

Since the late 1990s, many different laboratory leaching experi-
ments were used to assess the solubility of trace metals in particles,
resulting in a wide range of applied leaching solutions and nomen-
clature [33–39]. The solubility of an element is defined as the relative
mass fraction (percentage) of soluble (leach) to total (digestion) ele-
ment measured in a sample [40]. “Mild” leaching solutions used include
UHPW and filtered seawater (SW) [35]. Organic buffer solutions such
as ammonium acetate [4,34] or formate [41] have been used to extract
the “loosely-held” or “soluble” trace metals in aerosols. Trace metal
binding ligands such as desferal [33] or glucuronic acid [39] were
added to leaching solutions to mimic surface water complexation which
stabilise trace metals (e.g., Fe) into biologically available forms.
Moreover, leaching solutions often contained reducing agents such as
citrate-bicarbonate-dithionite [42] or hydroxylamine hydrochloride
[36,37] to imitate the microbial or photochemical dissolution of trace
metals contained in oxide minerals. Along with the use of various
leaching solutions, existing protocols reported extraction pH ranging
from pH 1 [17] to pH 8 [43], strongly influencing the solubility of re-
active trace metals such as Fe, Co or Cu [44]. Experiments undertaken

in batches [45] or using a flow-through setup [46] will affect the sol-
vent's saturation capacity as well as the potential re-precipitation of
oxide minerals [47]. Finally, the duration of the leach, from a few
seconds [48] to a few days [49] will also control the resulting solubility
for less soluble trace metals.

This paper investigates and compares several leaching protocols
commonly used to assess trace metal solubility in aerosols, and dis-
cusses the use of tracers and tools to describe their source apportion-
ment and atmospheric processing during long-range transport. We
propose a simple 3-step leaching protocol, based on commonly used
methods, which may be used to standardise the operational definition
of aerosol trace metal solubility. Such standard procedures are key to
allow for inter-laboratory data comparisons and the development of
consistent global databases to inform biogeochemical models.
Ultimately, a better understanding of land-atmosphere-ocean interac-
tions will be achieved, allowing more accurate predictions of con-
temporary and future ocean feedbacks on marine ecosystems and
Earth's climate [49,50].

2. Materials and procedures

2.1. Review of existing protocols for the study of trace metals in aerosols

The GEOTRACES sampling and sample handling “Cookbook” [1]
recommends the use of acid washed Whatman grade 41 (W41) cellulose
filters for bulk aerosol collection [1,50] due to low trace metal blanks.
The fibres in the W41 cellulose matrix also prevent particle loss during
field sampling or laboratory handling, but also easily degrade under
strong chemical digestion. The recommended cleaning procedure con-
sists of soaking brand-new filters in consecutive baths of 0.5M hydro-
chloric acid (HCl) and ultra-high purity water (UHPW,>18.2MΩ
Barnstead®) for 24 h each, repeated 3 times.

The GEOTRACES Intermediate Data Product (IDP) 2017 [51] and
SOLAS Implementation Products (IP, https://www.bodc.ac.uk/solas_
integration/implementation_products/) compiled aerosol data collected
aboard oceanographic research vessels. However, differences in field
sampling techniques (bulk collection vs size segregation) and experi-
mental protocols (various leaching solutions, flow-through or batch
methods, filtration step) make data comparison difficult. While SOLAS
IP reports original data from individual studies, the GEOTRACES IDP
2017 followed a set list of parameter names to differentiate aerosols
according to sampling techniques then subdivides the measurement of
“total trace metals” and “soluble trace metals”, with the latter category
including both “very mild leach” and “strong leach”. The scientific
literature uses a range of terms to describe the different fractions of
aerosol trace metals resulting from leaching experiments, including
“soluble”, “labile”, “extractable”, “bioavailable”, “readily released”,
and “reactive”, and often these terms are applied interchangeably to the

Table 1
Example of terms used to define aerosol leaches and digests in the literature, the GEOTRACES IDP 2017 and the SOLAS IP. References highlight different protocols
applying the same terms to aerosol “solubility”.

“Mild leach” ultra-high purity water or
seawater

“Strong leach” mild acid or reducing
agent

Digestion [with/without previous leaches]

IDP 2017 Soluble [33,35] Soluble [33,34,37,54] Total [30,33–35,50,54,55]
SOLAS IP Soluble [32,35,56,57]

Dissolved [58]
Soluble [34,59,60]
Dissolved [59]

Total [32,34,35,56–61]
Elemental [61,62]

Other references and nomenclature (readily-, water-) Soluble [48,63–65]
Dissolved/able [33,46,63,65]
Readily released [5,66]
Bioavailable [20,67]
Labile [20]

(readily) Soluble [39,60,68]
Labile [10,48,69,70]
Extractable [42,70,71] (highly)
Reactive [42,70]
Exchangeable/Reducible [27,46,69]
Leachable [5,71]
Bioavailable [10,42,48,60]

Refractory [5,48,66,72]
Residual [46]
Particulate [33]
Total [39,46,63,65,68,69,73]

Our suggested nomenclature Soluble Labile (single leach) Total (single digestion) or Refractory (following another
leach)
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same protocol. Table 1 gives examples of terms applied to aerosol trace
metal solubility obtained using various leaching protocols from the
literature, the SOLAS IP and the GEOTRACES IDP 2017. The lack of a
standard definition of “soluble trace metal” in aerosols shown in
Table 1 precludes the accurate comparison of solubility measurements
between studies and oceanic regions, and limits our ability to in-
corporate these observations into global models [52,53].

In this study, several aerosol leaching protocols widely applied in
the literature were reviewed (Table 2). Five protocols from Table 2
were applied to duplicate samples from a suite of samples taken from
the same geographical region. Leaching solutions (and protocols tested)
include UHPW, filtered SW, ammonium acetate buffer, hydroxylamine
hydrochloride in acetic acid and a total digestion procedure. The sto-
rage of leach solutions over time and the additional filtration step often
applied to UHPW leaches (backing filter or syringe filter) were also
investigated.

2.2. Aerosol sampling methods

Total suspended aerosols were collected both on land, in Gingin
(Western Australia) and Mission Beach (Queensland, Australia), and on
the R.V. Investigator (Marine National Facility, Australia) in waters
surrounding Australia. For ship-based sampling (marine samples), the
air intake was through a polished stainless-steel nozzle located 12m
high on the foremast on the ship's bow. This air was pumped (flow rate
of ~1m3 h−1) through anti-static conductive silicone tubing (to pre-
vent particle loss) into a filtration manifold located in a High Efficiency
Particulate Air (HEPA)-filtered laminar flow hood. Sampling of the
ship's exhaust was avoided by using an automated switch which en-
sured collection of aerosols only for a wind speed between 8 and
140 km/h, and a wind sector within 290-70° relative to the ship's length
axis, using real-time data from the ship's meteorological systems. At sea,

a sampling period of 24 h–60 h was necessary to reach the arbitrary
threshold of 20m3 of air filtered, read on an external volume counter,
which ensured that trace metal concentration on the filter exceeded
instrumental detection limits and filter blanks. Marine samples were
collected on 47mm diameter punches of pre-cleaned W41 filters to fit
Savillex® PFA filter holders housed in the laminar flow hood.

Land-based sampling (terrestrial samples) was carried out for sam-
pling period between 12 h and 2 weeks using Ecotech® high-volume
(HiVol 3000, flow rate of ~67.7m3 h−1) samplers and pre-cleaned W41
sheets (203× 254mm). Filter loading and change-over was performed
either in a laminar flow hood or in a field-portable clean-box covered
with pre-cleaned plastic sheets.

Upon recovery, both marine and terrestrial samples were folded in
half, placed in double sealed plastic bags and stored frozen until ana-
lysis. Before processing, terrestrial samples were sub-sampled using a
cleaned 47mm Ti punch to match the size of the marine samples and
the experimental leaching apparatus.

Three types of filter blanks were collected: (1) Laboratory blanks
(LB) consisting of acid washed W41 filters that were not taken to the
field, (2) procedural blanks (PB) and (3) exposure blanks (EB) were
acid-cleaned W41 mounted on the aerosol sampler for< 5min and
24 h, respectively for sampling at sea and 10min and 12 h, respectively
for terrestrial sample collection, with the air pump turned off.

2.3. Aerosol leaching protocols

This paper compares the “soluble trace metal” fraction in aerosols
extracted using several commonly used leaching and digestion proto-
cols in the literature. A range of leaching solutions from SW, UHPW,
organic buffer solution, reducing agent and a digestion protocol were
applied to replicate aerosol filters. For marine aerosols, the experiments
were undertaken on replicate samples collected with parallel sampling

Table 2
Review of existing leaching (batch [B] or flow-through [F-T]), digestion [D] or microcosm [M] protocols (column 2) and various detection methods (column 3)
applied to aerosol filters. The resulting bioavailable (BTM), dissolved (DTM), labile (LTM), particulate (PTM), refractory (RTM), soluble (STM) and total (TTM) fractions of
trace metals (TM) is shown (column 4) as well as authors comments (column 5). All data and units are reported as in the original manuscripts.
Refs Protocol Detection Fractions Relevance

[34,54] • [B] 25mL of NH4Ac (1.1M, pH 4.7) for 1–2 h, 0.2 μm
filtered and acidified to 0.4% HNO3• [D] Heat, 69% HNO3 then 40% HF residue in 1M HNO3

GFAAS or ICP-
OES

• STM: mimic rainwater pH• TTM + simple solutions/protocol
+ reproducible
- NH4Ac [pH 4.7, ionic strength 1.1] ≠ SW
[pH 8, ionic strength 0.7, ligands]

[10,48] • [F-T] 100 mL of UHPW + 0.45 μm backing filter• [B] HAc + reducing agent for 10 min at 90 °C• [D] HNO3 + HF (1/1)v/v for 12 h at 95 °C or 1mL of
HNO3, then HNO3 + HF (5/1)v/v at 150 °C, acidified to
2% HNO3

SF-ICP-MS
CRM: MESS-3 or
ATD

• STM or LTM• STM, LTM or BTM: access
biogenic material and oxides
at clay's surface• RTM/TTM

+ Successive leaches: details
- Reducing agent + pH 2 leach:
overestimation?
- PTFE filter
- Backing filter: uncertainty + contamination

[46] • [F-T] UHPW, then 1% HNO3 then 10% HNO3• or [B] 25 mL of HAc (0.43 M) for 16 h at 22 °C,
centrifuge, residue + HNO3 + reducing agent (0.5 M, pH
2), same process.• [D] alkaline (Li2B4O7) fusion at 1050 °C with HNO3

GFAAS and ICP-
AES
CRM: BCR-701

• Exchangeable TM• Reducible TM: within oxides• TTM
- Complex solutions/procedure in [B]
- Relevance of the choice/strength of acids
- TTM on a separate subsample

[33] • [F-T] 3* 40 mL of UV-oxidized SW (+desferal) or UHPW
for 1, 30 or 90 min + 0.4 μm backing filter. Sub-sample
0.02 μm- filtered• [D] HCl + HF (5/1v/v)

Mg(OH)2 co-
precipitate ID-
ICPMS

• STM (0.02 μm)• DTM (0.4 μm)• PTM
+ DTM – STM= colloidal fraction
- Ligand, backing filter: complexity/
uncertainty
- SW: heterogeneous
- PC filter

[39] • [F-T] 4* 100 mL of UHPW (+strong or weak
ligand) + 0.2 μm backing, acidified to 2% HNO3• [B] 100 mL of UHPW (+ligand) for 24 h, acidified to 2%
HNO3• [D] Heated and pressurised, HNO3/HF

ICP-MS • STM• TTM + Simple
+24 h solubility
- Relevance/concentration of chosen ligand
- Backing filter

[49] • [M] 200mL of 0.2 μm-filtered SW for 7 days, 0.2 μm-
filtered, acidified to pH 2 with HCl• [D] Microwave HF + HNO3

FIA and ICP-AES
CRM: GBW

• (Total) DTM• TTM + Dissolution over time
- Time consuming
- Shorter scale dissolution?

Detection method abbreviations: graphic furnace atomic absorption spectroscopy (GFAAS), sector field (SF) or isotope dilution (ID), inductively coupled plasma
(ICP), optical emission spectroscopy (OES) or mass spectrometry (MS) or atomic emissions spectroscopy (AES) and flow injection analysis (FIA). Reported certified
reference materials (CRM) include two marine sediments (MESS-3, Canada, and GBW-07313, China), the Arizona Test Dust fine fraction 0–3 μm (ATD, Powder
Technology Inc., USA) and a lake sediment (BCR-701, European commission).
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intake lines and thus subjected to the same atmospheric conditions.
Terrestrial aerosol duplicates were two punches of the same filter
sample.

All chemicals used were either ultra-high purity Baseline (Seastar
chemicals®) or in-house sub-boiled distilled acids. Laboratory work was
undertaken following recommended procedures for clean sampling
handling in the GEOTRACES “Cookbook” [1]. Sample handling was car-
ried out in a positive pressured clean room, in an HEPA-filtered laminar
flow hood and wearing clean coveralls and nitrile gloves at all times.

2.4. Quasi-instantaneous leaches, seawater versus ultra-high purity water

Duplicates filters collected from three marine aerosol samples and
one PB were used to compare the use of SW versus UHPW as leaching
solutions. Surface SW was collected and filtered (0.2 μm, Pall Acropak)
inline from the ship's trace metal clean underway system at the same
location as the aerosol samples. Within a few seconds (quasi-in-
stantaneous, QI), 50mL of the filtered SW were passed through the
sample mounted on a flow-through vacuum filtration setup (Savillex
Corp., USA). The experiment was repeated on duplicate filters using
UHPW. Leaches were transferred to acid-cleaned 60mL LDPE bottles
and acidified to 1% (v/v) (0.15M nitric acid, HNO3) for storage. SW
leaches were extracted from the saline matrix and preconcentrated
using a SeaFAST S2 system, prior to sector field ICP-MS determination
(see “Analysis” section) [29].

2.5. Mild versus strong acid leaches

Two batch leaching protocols assessing the soluble fraction (often
called “labile” fraction) of trace metals in aerosols were compared using
duplicate marine (n=2) and terrestrial (n= 3) samples, and a PB. The
first set of aerosol samples were soaked in 10mL of an organic buffer
solution of ammonium acetate (1.1M NH4Ac, pH=4.7) [4,34] for 1 h
interspaced with 4 gentle hand-shakes. After this time, samples were
centrifuged for 3min at 4200 rpm and 5mL of the leach solution was
pipetted into a Teflon vial. The second set of aerosol samples was

soaked in 10mL of 25% (v/v) (4.35M) acetic acid solution added with
0.02M hydroxylamine hydrochloride (pH=2.1), a reducing agent
[37]. Following a rapid 10min heating step at 90 °C, a 5mL aliquot of
this leach was collected. The remaining leach together with the filter
was left to cool down until a total leach time of 2 h elapsed. The leach
solution was finally transferred into a Teflon vial. The remaining filter
was rinsed 3 times with 1mL of UHPW and the rinses were added to the
Teflon vial to limit particle's retention by the wet filter. Both leaches in
the Teflon vials (the ammonium acetate aliquot and in the 2 h long
reducing agent leach and its rinses) were evaporated to dryness at
120 °C, re-dissolved in 1% (v/v) HNO3 and refluxed for 3 h to ensure the
homogeneity of the solution.

2.6. Aerosol filter digestion

Morton and co-workers [50] previously reviewed digestion proto-
cols of aerosol samples and concluded that a heat-assisted digestion
using both HNO3 and hydrofluoric (HF) acids was necessary to achieve
a quantitative recovery of the total trace metal content in aerosol
samples. Digestion can either be undertaken on unprocessed filter
samples to quantify the total trace metals in aerosols or it can follow a
leaching protocol to access the remaining refractory (hence, insoluble)
trace metals. In this study, aerosol filters were digested in capped Te-
flon vials (low pressure), following leaching of the soluble and labile
aerosol fractions, using a mixture of HF (0.25mL) and HNO3 (1mL) at
120 °C for 12 h, followed by a second digestion using 5mL of 7M HNO3
to ensure all trace metals were dissolved. Each digestion step was
evaporated to dryness and the final solution was re-dissolved in 2%
(0.3M) HNO3.

2.7. 3-Step leaching protocol

A 3-step aerosol leaching procedure (Fig. 1) which combines com-
monly used leaching and digestion methods from the literature was
assessed here as a candidate standard protocol to determine the soluble,
labile and refractory fractions of trace metals in aerosols.

Fig. 1. Schematic of the proposed 3-step aerosol leaching protocol to determine the soluble, labile and refractory trace metal fractions in aerosols collected on W41
filters.
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The first step of our protocol extracts the soluble trace metals (STM)
in aerosols using the flow-through UHPW leach described above. The
UHPW leach is used as a proxy for trace metals which are bioavailable
to marine phytoplankton after deposition to the ocean.

The same filter is immediately processed through the second step
which consists of a batch NH4Ac leach as describe above. The sum of
trace metal concentrations from steps 1 and 2 determine the labile trace
metal (LTM) content of the sample. LTM likely comprises trace metals
weakly bound to mineral lattices which are available through biologi-
cally-mediated processes [74]. Finally, the remaining sample together
with the cellulose filter are digested using the HNO3/HF acid mixture
described above. This refractory fraction contains insoluble trace metals
strongly bound to oxides or clay minerals. The sum of all three fractions
constitutes the total trace metal (TTM) content of a sample.

The (fractional) solubility of a trace metal is defined as the mass
ratio of soluble or labile trace metal divided by the total trace metal
measured in a sample, and expressed as a percentage.

In this study, the suitability of the above-mentioned method was
assessed, including digestion recovery, precision, and blank (instru-
mental blank - see “Analysis” section, NH4Ac and acid digestion blanks,
filter LB, PB, and EB).

A detailed “cheat sheet” version of this 3-step protocol proposed
here is available in the supplementary material Document S1.

2.8. UHPW leach, additional filtration step

In the literature, some UHPW leaching protocols assessing the so-
luble fraction of trace metals in aerosols use a 0.2 or 0.4 μm backing
filter, which may influence the STM fraction measurements. The addi-
tional filtration step was investigated by processing 2 marine and 6
terrestrial samples and a LB through the UHPW leach detailed above.
An aliquot of UHPW leach was taken and a second aliquot was re-fil-
tered through a pre-cleaned 0.22 μm PES syringe filter (Millex GP-filter,
Millipore) to measure the STM and re-filtered (< 0.22 μm) fractions,
respectively. The use of a syringe for filtration was favored over the use
of a backing filter as the introduction of a second filter matrix (the
backing filter) will carry an additional filter blank signal forward to the
following steps of our proposed protocol and slow down the time re-
quired for the leaching solution to flow through the filter.

The additional blank induced by the syringe filtration was assessed
by comparing LB measurements of the target trace metals in the STM
and dissolved UHPW leach fractions.

2.9. Storage of acidified leach solutions

Raiswell and co-workers [75] emphasised that poorly soluble<
0.45 μm particles or disaggregated dust grains produced by wetting of
the filter are likely leached during the flow through process and may
slowly and continuously dissolve over long storage time of acidified
leaches (pH~1.7). Such long-term dissolution was investigated using
aliquots of UHPW leaches of three marine aerosol samples, analysed
one day after processing and after 6 months storage in 0.15M HNO3 in
the dark.

2.10. Analysis

All leaches were stored for< 3 days prior to analysis by Sector Field
(SF) Inductively Coupled Plasma-Mass Spectrometry (ICP-MS, Thermo
Fisher Scientific Element 2) [76] to reduce progressive dissolution of
particles during storage in pH < 2 solutions [75]. SW leaches were
undertaken on the ship immediately after collection to limit any
changes in chemical composition that may occur with storage of an
unacidified sample (e.g., loss of trace metals to bottle walls). These
leaches were therefore analysed within 2 months of storage back in the
home laboratory.

Samples were analysed for Al, Ba, Cd, Ce, Co, Cr, Cu, Fe, Mg, Mn,

Mo, Ni, P, Pb, Ti, U, and V. The ICP-MS instrumental parameters used
for aerosol leach analysis are reported in Supplementary Material Table
S1. Trace metal concentrations in the samples were quantified against a
4-point external calibration curve which was prepared by mixing multi-
elemental standard solutions (Municipal/Industrial Strategy for
Abatement (MISA)-1, MISA-5 and MISA-6) and ranged from 0.5 to
5 μg kg−1 for steps A and B in Fig. 1, or 0.5–10 μg kg−1 for step C in
Fig. 1. Quality control solutions (QCs) were measured throughout the
analysis. Samples were spiked with 10 μg kg−1 of indium (In) as an
internal standard to quantify any instrumental drift over the analysis
time. Blank solutions (1% or 2% HNO3 + 10 μg kg−1 In) were analysed
at regular intervals and the ICP-MS lines were flushed for 2.5 min with
5% (0.75M) HNO3 between samples to avoid cross-contamination.

The recovery associated with the digestion applied in the proposed
leaching protocol was assessed by digesting two reference materials
alongside the samples. The fine fraction Arizona Test Dust (< 3 μm
ATD, Powder Technologies Inc®), which is being assessed as a con-
sensus reference material for aerosol studies, was used together with a
loess reference GeoPT13 obtained from the International Association of
Geoanalysts [77].

3. Results

3.1. Leaching protocols comparison: extraction efficiency relative to UHPW

In order to assist discussions around standardizing aerosol labora-
tory processing, this study applied several commonly used leaching
protocols, including a SW, an organic buffer (NH4Ac), and a reducing
agent (hydroxylamine hydrochloride) leach as well as a digestion pro-
cedure (Table 2) to a range of marine and terrestrial samples collected
at coastal sites in Australia and at sea in surrounding waters. The ab-
solute mass or solubility of trace metal extracted using each protocol
was normalised to trace metal extracted using UHPW. The resulting
relative extraction efficiency of each leach (compared to the UHPW
leach) is shown in Fig. 2, using the example of Fe.

Seawater was the only leaching solution to extract less Fe than the
UHPW leach, with approximately one third less SFe in the SW leaches
compared to the UHPW leaches. The NH4Ac buffer protocol extracted
1.4 times more Fe than the corresponding UHPW leaches. Similarly,
Clough et al. extracted 1.5 and 1.7 times more Fe from aerosol using a
weak and strong binding ligand, respectively, compared to their own
UHPW leach [39]. As expected, the low pH 2 of the reducing agent
leach extracted significantly more SFe compared to the UHPW when
using the short heating step only (4.5 times) and the whole 2 h ex-
traction process (14.6 times), respectively. Fe extracted using the he-
ated HNO3/HF digestion protocol was on average 16.6 times greater
than using the UHPW leach.

Other trace metals displayed highly heterogeneous behaviour in
each leaching solution tested (Supplementary Material Table S2). For
vanadium, less than half SV was extracted using the SW leach whereas
double SV was extracted by the long reducing agent and the acid di-
gestion compared to the UHPW leach. Soluble trace metals such as Co,
Cu and Mn were similarly leached using SW (x1.2, x0.8, x1.2, resp.)
compared to UHPW and only slightly increased in the weak NH4Ac
leach (x2.1, x2.1, x1.8, resp.), or in the stronger reducing agent leaches
(x5.3, x3.1, x3.7, resp.) and acid digestion (x4.3, x5.4, x5.5, resp.)
compared to the UHPW leach. It should be mentioned that seawater
used as a leaching solution contained higher V concentrations, and in
some cases, higher Mn and Cu concentrations than the respective trace
metal content in aerosols, making an accurate quantification of low
concentrations of Cu, Mn and V in aerosols impossible (Table S3 shows
trace metal blank concentration in the seawater used as a leaching
solution). The highest measurement of SPb was found in the reducing
agent leach and the digestion process which extracted 5.7 and 6.3 times
more Pb than the UHPW leach. Aluminum displayed a similar beha-
viour to Pb in the long reducing agent leach, however the digestion
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protocol extracted as much as 47 times more Al than the UHPW leach,
highlighting the refractory nature of Al in aerosols. Similarly, Ti mostly
dissolved under the digestion process (181 times more STi extracted
compared to UHPW); however, significant STi was also extracted by the
long reducing agent leach (25.4 times more than using UHPW).

3.2. UHPW leach re-filtration experiment: soluble (STM) and re-filtered
trace metals

A summary table of trace metal concentrations in the soluble and
the re-filtered fractions is available in the Supplementary Material
Table S4. The concentration of highly soluble trace metals such as Mn,
V, Co and Cu was similar in the SFe and the re-filtered fractions of
UHPW leach, as, on average (n=6), 92 ± 4%, 92 ± 10% and
86 ± 9% and 84 ± 9% of the respective trace metals measured in the
STM fraction were also measured in the re-filtered fraction. However,
less soluble trace metals showed greater differences and variability
between measurements of the UHPW leach before and after re-filtra-
tion, the latter leach only comprising 70 ± 18%, 68 ± 32%,
66 ± 24%, and 40 ± 28% of Al, Pb, Fe, and Ti, respectively measured
in the STM fraction. This result indicates that, while a rather accurate
comparison of “soluble” V, Mn and Co measurements can be achieved
between studies using different UHPW leaching protocols, less soluble
trace metals like Cu, Al, Fe, Pb and Ti show large differences and
variability between the UHPW leaches before and after (0.22 μm) re-
filtration.

The pre-cleaned syringe filter did not introduce a significant con-
tamination to the measurement of Al, Co, Cu, Fe, Mn, Ti and V as shown
by a re-filtered to STM measurement ratios close to 1 (0.8–1.19) for the
laboratory blank. However, measurement of re-filtered Pb blank only
accounted for half of the SPb measurement (re-filtered to SPb
ratio= 0.5), highlighting a possible loss of Pb on the syringe filter
during the re-filtration step. Moreover, such (syringe filtration) blanks
are likely lower than the ones induced by the use of an additional
(backing) filter, the latter establishing an additional uncertainty to the
subsequent leaching steps of the protocol.

3.3. Storage of acidified leach solutions

The dissolution of particles over a storage time of 6 months in the 3
samples (HNO3-acidified UHPW leaches) displayed highly variable

results depending on the target trace metals. Results of this experiments
are shown in the Supplementary Material Table S5. V and Mn, which
were quasi-quantitatively found in the re-dissolved fraction of our
UHPW re-filtration experiment (Table S4), did not further dissolve after
6 months of storage as shown by the identical concentrations (varia-
bility of 0% and−1%, respectively) measured after 1 day and 6 months
of storage (Table S5). Interestingly, despite being rather soluble, Co
concentrations displayed a large average increase of 82 ± 115% after
storage although high variability between the 3 stored samples may
highlight contamination in the sample bottles. More refractory trace
metals showed an increase over a storage time of 6 months by
28 ± 22%, 59 ± 95%, 64 ± 45% and 72 ± 55% for Fe, Pb, Ti and
Cu respectively, compared to the measurement after one day of storage
(Table S5). For these elements as well, a high variability was observed
between stored samples. The observed increase in trace metal con-
centrations over storage may be explained by the slow dissolution of
small particles that may pass through the W41 filter. Surprisingly, Al
concentrations after 6 months of storage only increased by 8 ± 11%
compare to the earlier measurement (Table S5) which may reflect the
refractory quality of the Al particles in the initial UHPW leach. More-
over, greater sample loading from the terrestrial aerosols analysed for
the re-filtration experiment (Table S4) may carry more particles
through the filter in the UHPW leach compared to marine sample lea-
ches, explaining the absence of further Al dissolution over storage time
of marine samples leaches.

3.4. Assessment of the proposed 3-step leaching protocol

3.4.1. Blank contributions to sample measurements
Due to the low abundance of trace metals in the terrestrial en-

vironment, it is essential that stringent filter handling, laboratory and
analytical procedures are adopted to minimise the contribution of the
sample blank and avoid contamination. The average absolute mass of
total trace metals measured in various triplicate blank solutions by ICP-
MS were compared to the range of total trace metal contents measured
in individual samples to calculate the blank contribution to the samples.
Table 3 displays (i) the average absolute mass of trace metals in marine
and terrestrial samples, (ii) in each blank type, and (iii) the averaged
value of individual blank contributions to the trace metal measurement
of each sample (rather than the average blank contribution to the
averaged trace metal measurements in all samples). The absolute mass

Fig. 2. Range of Fe extraction efficiency (FeX/FeUHPW, grey bars) of quasi-instantaneous seawater (QI-SW, n= 3), organic buffer (NH4Ac, n=26), reducing agent
(n=5) leaching protocols and HNO3/HF digestion (n=25) compared to the QI-UHPW leach. Average extraction efficiencies are displayed as black lines. The data in
this figure was obtained during this study while references to each original leaching protocol is shown in brackets (y axis). Trace metal binding ligands leaches (black
diamond points) are from Clough et al. [39].
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of trace metal was chosen rather than the ICP-MS measured con-
centration to correct for differences in leach volumes between the
blanks. Investigated blanks include the instrumental blank solution (1
or 2% HNO3, IB), the NH4Ac, and the digestion (DB) protocols after re-
dissolution in 2% HNO3. The laboratory blank (LB), procedural blank
(PB), and the exposure blank (EB) include steps associated with la-
boratory and field sample handling procedures, as well as the blank
contribution from the W41 filter itself.

The IB (n= 10), NH4Ac blanks (n=3) and DB (n= 3) protocol
blanks represented less than 10% of the average total trace metals
measurement in the samples for most trace metals. Co displayed slightly
higher DB blanks than other trace metals, the latter contributing 11.1%
of the average total Co. Fe displayed higher NH4Ac blanks which con-
tributed 11.7% of the average total Fe. As expected, the cellulose filter
itself (LB, PB and EB, Table 3) was the greatest source of trace metals in
the blank of the proposed protocol. For most elements, filter blanks
represented less than 25% of the average sample trace metal mea-
surement, and the PB and EB contributed 27.3% and 29.7% of the
sample's average total Fe content, respectively. Such blank levels are
acceptable and allow the quantification of the target element. Differ-
ences in trace metal measurements between the three filter blanks
seemed to reflect the variability associated with filter cleaning and la-
boratory handling procedures rather than an influence from exposure
time in the field. Therefore, for simplicity and also to maximise the time
for aerosol sampling during time-limited field campaigns, the use of the
PB for sample correction is preferred over the EB. Higher Ti levels were
measured in all three filter blanks, contributing 35.2%, 54.7% and
55.6% of the average Ti measurements in the samples for the PB, EB
and LB, respectively, although blank contribution up to 60% still allow
a reasonable discrimination between the blank background when
compared to the average aerosol content. However, higher blank con-
tributions were identified when comparing Co and Ti filter blanks to the
low concentration (marine) samples (standard deviation values in
Table 3) which likely results in a biases quantification of Co and Ti in
these samples. Indeed, the EB and PB contributed up to 62.4% and
88.9% of Co lowest sample's concentration, respectively and Ti filter
blanks contributed as much as 75.1%, 117.0% and 122.6% of the PB,
EB and LB respectively considering the least concentrated sample only.
Therefore, large uncertainties may be associated with the measurement
of Ti and Co in low loading (e.g., marine) samples.

3.4.2. Recoveries
The digestion of three 10mg aliquots of both ATD and GeoPT13 was

undertaken to verify that the 3rd step of our protocol effectively dis-
solved all the refractory matter that resisted the preceding leaches,
together with the W41 filter itself. The calculated recoveries highlight
that most trace metals investigated were recovered close to 100%
(Table 4). The lowest recoveries were obtained for Pb (81%) and Ti
(92%). The digestion described in our 3-step leaching protocol sa-
tisfactorily dissolved all remaining refractory trace metals in the
sample, ensuring complete quantification of total trace metals in
aerosol samples.

3.5. Precision of the 3-step leaching protocol

Since our protocol is destructive, the uncertainty associated with the
measurement of replicate samples (method precision) using the la-
boratory protocol proposed here was assessed using three 47mm re-
plicate punches of the same W41 filter sheet, assuming homogeneous
distribution of trace metals across the filter. Replicate measurements
and their relative standard deviation (RSD) are available for the whole
suite of trace metals analysed (Supplementary Material Table S6).

The RSD between replicates of the UHPW and the NH4Ac leaches

Table 3
Trace metal (TM) absolute mass in nanograms (ng) in several blanks including the instrumental blanks (IB, n= 10), the ammonium acetate (NH4Ac, n= 3) and acid
digestion (DB, n= 3) blanks, and the laboratory (LB, n= 3), procedural (PB, n=3) and exposure (EB, n= 3) blanks. The contribution of each blank to the TM
measurement in aerosol samples is calculated as the average ratios between the average TM mass (ng) in each blank and individual TM mass in the samples (%a).
Relative standard deviations are also shown (± ).

(i) average TM mass in samples (ng) (ii) TM mass (ng) in various blanks and (iii) each blank average contribution to sample TM measurements (%a)

Marine (n= 20) Terrestrial (n=15) IB NH4Ac DB LB PB EB

Al 204.0 6165.3 TM mass (ng) 9.3 ± 1.7 2.6 ± 0.2 3.5 ± 0.2 84.5 ± 15.1 83.0 ± 16.6 81.5 ± 19.6
contribution (%) 2.4 ± 3.9 5.3 ± 28.4 1.1 ± 1.8 21.4 ± 35.2 21.2 ± 29.5 20.6 ± 28.9

Co 0.4 1.5 TM mass (ng) 0.05 ± 0.02 0.006 ± 0.005 0.02 ± 0.001 0.1 ± 0.009 0.1 ± 0.02 0.1 ± 0.01
contribution (%) 8.2 ± 21.7 3.2 ± 18.6 11.1 ± 15.7 15.9 ± 41.8 22.7 ± 66.2 15.9 ± 46.5

Cu 3.4 64.8 TM mass (ng) 0.3 ± 0.08 0.07 ± 0.05 0.08 ± 0.004 1.2 ± 0.4 1.4 ± 0.4 1.1 ± 0.09
contribution (%) 5.0 ± 9.0 2.5 ± 6.4 4.5 ± 5.0 18.8 ± 33.3 22.7 ± 37.4 16.9 ± 27.9

Fe 197.2 3227.4 TM mass (ng) 1.7 ± 0.3 1.1 ± 0.6 1.2 ± 0.1 76.6 ± 22.3 92.0 ± 12.8 101.5 ± 36.1
contribution (%) 0.4 ± 0.5 11.7 ± 29.6 0.3 ± 0.4 20.6 ± 25.4 27.3 ± 21.7 29.7 ± 24.0

Mn 6.9 85.8 TM mass (ng) 0.03 ± 0.01 0.01 ± 0.005 0.02 ± 0.003 0.8 ± 0.2 1.0 ± 0.2 1.1 ± 0.4
contribution (%) 0.3 ± 0.5 0.3 ± 1.0 0.6 ± 0.8 6.7 ± 11.9 8.5 ± 13.5 8.2 ± 13.1

Pb 2.2 11.6 TM mass (ng) 0.02 ± 0.009 0.01 ± 0.005 0.009 ± 0.003 0.2 ± 0.03 0.3 ± 0.09 0.2 ± 0.06
contribution (%) 0.6 ± 1.3 0.5 ± 0.9 1.5 ± 2.6 4.1 ± 8.4 7.9 ± 17.1 6.2 ± 13.6

Tis 105.3 456.3 TM mass (ng) 0.3 ± 0.06 0.02 ± 0.009 1.2 ± 0.2 95.2 ± 24.0 60.7 ± 18.0 94.3 ± 30.3
contribution (%) 0.2 ± 0.2 6.9 ± 42.0 0.7 ± 0.8 55.6 ± 67.0 35.2 ± 40.1 54.7 ± 62.3

V 7.8 40.0 TM mass (ng) 0.08 ± 0.01 0.007 ± 0.002 0.02 ± 0.004 0.3 ± 0.05 0.2 ± 0.03 0.2 ± 0.07
contribution (%) 0.7 ± 3.2 0.5 ± 2.0 1.1 ± 1.8 2.0 ± 9.8 1.9 ± 11.5 1.9 ± 11.2

a Values in bold correspond to a blank contribution (or blank contribution accounting for the RSD) to the average sample TM measurement> 50%.

Table 4
Trace metal concentrations measured (μg g−1) after digestion of 10mg of
Arizona Test Dust fine (< 3 μm fine fraction, ATD) and GeoPT13 using our
protocol. Reference values (μg g−1) are displayed for both reference materials
(RMs, n= 3) along with the calculated recoveries (%, in bold).

Al Co Cu Fe Mn Pb Ti V

ATD-1 6.6 104 16.0 46.0 3.3 104 752.6 31.0 3.5 103 78.0
ATD-2 6.5 104 15.5 46.2 3.2 104 748.3 29.3 3.5 103 73.4
ATD-3 6.2 104 15.0 44.9 3.1 104 721.0 28.6 3.4 103 73.2
ATD ref 6.5 104 16 45 3.2 104 751 36 3.5 103 80
ATD recovery % 99 97 102 102 99 82 100 94
GeoPT13-1 3.3 104 6.3 10.5 1.5 104 515.6 9.2 2.1 103 36.4
GeoPT13-2 3.4 104 5.8 10.8 1.5 104 527.0 8.7 2.2 103 37.9
GeoPT13-3 3.5 104 6.3 15.8 1.6 104 522.0 9.3 2.1 103 38.6
GeoPT13 ref 3.3 104 5.9 11.3 1.5 104 498.7 11.3 2.5 103 37.6
GeoPT13

recovery %
105 103 109 104 105 80 84 100

RMs average
recovery %

102 100 105 103 102 81 92 97
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were generally lower than 10%, and lower than 15% for the digestion
replicates. The calculated range of RSD up to 15% for most elements
(Supplementary Material Table S6) is satisfactory considering that three
punches from the same filter sample are unlikely to be perfectly
homogeneous. Hence, the precision of the tested method validates the
suitability of our leaching protocol for processing large series of sam-
ples.

4. Discussion

Despite increasing efforts to include measurements of aerosol trace
metal solubilities and concentrations into international databases
[2,51], there remains key differences in the different protocols applied
[20,53,75], which leads to uncertainties that will hinder modelling
estimates and predictions of the imprint of atmospheric trace metal
deposition to the ocean [22,53]. This study applied a range of widely
used aerosol leaching and digestion protocols to a suite of aerosols
collected in Australia and its surrounding waters in order to assess the
experimental uncertainty in aerosol trace metal measurements
(Table 2).

In previous studies, the UHPW leach [10,35,48] has often been
chosen for simplicity and its mildly acidic pH (around pH 5.5), which is
similar to the acidity of wet deposition (rain water ~ pH 5.6)
[20,35,78]. However, because the UHPW leach excludes chemical re-
actions with organic molecules or ligands which naturally assist the
solubility of aerosol trace metals [33], this leach may underestimate the
effective solubility of trace metals in aerosols. We therefore compared
UHPW leaches to 0.2 μm-filtered seawater (SW) leaches and found that
the filtered SW leach extracted one third less Fe than the UHPW leach
(Fig. 2, Supplementary Material Table S2). This results falls within the
wide range of SW leaches reported in the literature, which were shown
to extract between 90% less [10] and 500% more [35] Fe than UHPW
leaches [33]. Although SW seems the most obvious leaching solution to
assess the solubility of aerosol trace metals in the ocean, its complex
dynamic physico-chemical speciation (e.g., redox and organic chem-
istry) and microbiology (even in the dissolved pool) is highly hetero-
geneous between regions and with seasons [11]. Moreover, SW cannot
be archived for months to years under typical storage conditions (e.g.,
dark, acidification, freezing) without changing its composition. For this
reason, leaching experiments using seawater are often undertaken at
sea, inducing a long storage time until analysis in acidic condition
which was shown to induce slow dissolution of less soluble trace metals
over time. Consequently, the use of controlled, well-described and
commercially available leaching solutions such as pure water, weak
bases or strong acids (rather than SW) better suits the goal of achieving
accurate international data comparison through the use of a standard
aerosol leaching protocol.

Leaching experiments using location-specific SW and mesocosm
experiments provide critical information on a field study-specific
characteristics, accounting for local environmental properties (e.g.,
temperature, pH, salinity, ligand content, biology, nutrient limitation)
[6] and long-term aerosol trace metals solubility [49], respectively.
These experiments are complex, time consuming and location specific,
therefore does not suit a simple standard protocol applicable to a large
number of samples. Moreover, the measurement of dissolution rates
[79] was beyond the scope of this study here but remains an important
parameter to constrain global models (e.g., CAM4 [66], GEOS-5 [80],
IMPACT [81], TM4-ECPL [82]).

Furthermore, we investigated an ammonium acetate (NH4Ac) leach
which resulted in a 1.2–3.7-fold increase in the amount of trace metals
extracted (x1.4 for Fe) from the aerosol filter compared to UHPW
(Fig. 2 and Supplementary Material Table S2). This is not surprising
considering the lower pH of NH4Ac (pH~ 4.7) together with the longer
leaching time (1 h) of this leach compared to the quasi-instantaneous
UHPW leach. Interestingly, Clough et al. [39] found very similar in-
crease (x1.5 and x1.7 times) in Fe when using a weak and a strong Fe-

binding ligand-solution, respectively, compared to their own UHPW
leach. SW added with strong trace metal binding ligands was also
previously reported to extract an average of 1.4 times more Fe than
UHPW leaches [33]. Ligands are thought to play a key role in the so-
lubility of trace metals in the ocean, and in the case of Fe, buffering the
dissolved Fe concentrations against losses due to scavenging [83].
However, the expanding knowledge on such natural complexing agents
highlights the great diversity of ligands (e.g., siderophores, humic-like
substances, exopolysaccharides) and their highly heterogeneous dis-
tribution in the ocean [83,84]. Therefore, the addition of artificial li-
gands to a leaching protocol may add complexity to a protocol without
necessarily presenting a relevant or accurate illustration of natural
phenomenon. The use of NH4Ac may suit the role of a standard leaching
solution as it seems to quantitatively mimic trace metal extraction ef-
ficiency of ligand-added leaches. Moreover, NH4Ac has a buffer capa-
city which prevents pH variations during the leach due to the nature of
particles present in the sample (e.g., dust vs acidic combustion parti-
cles).

The reducing agent leach investigated here displayed the greatest
Fe extraction efficiency of all leaching protocols, resulting in 2.3–5.4
times more soluble trace metals (x4.5 for Fe) when only applying the
short (10 min) heated leach, and 2.7 to 25.4 times more soluble trace
metals (x14.5 for Fe) when following the 2 h long leach (including
heat) originally proposed by Berger et al. [37] (Fig. 2 and
Supplementary Material Table S2). Our results fall within the range of
measurements by Winton et al. [48] who measured a 2.3 to 16 times
increase in SFe using the short reducing agent leach compared to
UHPW, also agreeing with measurements of Shelley et al. [10]. Al-
though Shelley et al. [10] argued that the reducing agent leach only
minimally attacks the insoluble aluminosilicate matrix [18], the re-
sulting 4 times increase in “soluble” Ti and Fe between the short re-
ducing agent leach and the NH4Ac leach (which gives similar results to
ligand addition to the leaching solution [39]) suggests that the redu-
cing agent increases lithogenic trace metals solubility (and maybe
overestimates it). Such increased solubility in the reducing agent leach
was not observed in the case of Al. However, such leach was initially
used by Chester et al. [4] to target the extraction of trace metals bound
to insoluble oxide minerals, and Suda et al. [85] demonstrated that a
0.6 M reducing agent was sufficient to recover the total Fe oxide
fraction in Japanese soil samples (compared to 1M reducing agent
used in the Berger et al. leach [37]). As mineral Fe is known to be
poorly soluble [18], the solubility of such lithogenic trace metals (e.g.,
Fe, Ti) is likely overestimated by a factor of 3 (using the short) and by
a factor of 10–16 (using the long) reducing agent leaches compared to
the organic buffer or ligand-added leaches (Supplementary Material
Table S2).

In addition to differences in leaching solutions, we investigated the
impact of comparing UHPW leaches that use a second 0.22 μm backing
filter or syringe re-filtration step (Table S4). Our results show that for
trace metals which mostly exist in a soluble form (e.g., Co, Mn and Cu),
measurements were not affected by the syringe re-filtration step.
However, for less soluble trace metals (e.g., Cu, Al, Fe, Pb, and Ti) there
was a decrease of between 22% (Cu) and 57% (Ti) in the trace metal
concentration of the 0.22 μm re-filtered fraction. Such variability may
be induced by the extraction of small aggregated particles in the UHPW
leach which are> 0.22 μm yet may be available to phytoplankton.
Hence, caution should be taken when comparing solubilities of less
soluble trace metals between studies using different protocols. Note that
the re-filtered fraction would immediately become part of the dissolved
trace metal pool in seawater, but the re-filtration step would likely
exclude small particles> 0.22 μm that may dissolve or become bioa-
vailable upon deposition.

Another variable between protocols lies in the timeframe between
leaching process and analysis. In this study we advise a minimal delay
(< 3 days) between sample preparation and analysis to prevent slow
dissolution of less soluble trace metals over storage time which adds
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uncertainties in the resulting measured solubility (Supplementary
Material Table S5).

We assessed the suitability of a 3-step leaching protocol (Fig. 1 and
supplementary material Document S1), combining three existing pro-
tocols [34,35,50,54]. This protocol may be considered as a candidate to
standardise aerosol trace metal leaching experiments upon discussions
and agreement with the wider scientific audience. Only few aerosol
leaching protocols were previous compared in such detail [33,46,64].
The first step uses a quasi-instantaneous flow-through UHPW leach [35]
to define the soluble trace metal fraction in aerosols. Such soluble
fraction may include highly soluble combustion particles of both an-
thropogenic [57,86] or biomass burning [87,88] origin (Supplementary
Material Fig. S1) and may comprise some weakly bound mineral forms
like aluminosilicates inclusions or nano-size Fe oxides [42,89]. This
fraction may be an estimate of the lower limit for the bioavailable trace
metal content in the sample (although no direct comparison with bio-
logical processes is possible). The measurement of the batch NH4Ac
buffer leach [34,54] was added to the measurement of the UHPW leach
to define the “labile trace metal” fraction in aerosols. This fraction may
contain part of the trace metal held within aluminosilicates and at the
surface of Fe oxides (e.g., hematite or goethite), without dissolving
insoluble trace metal within the oxide lattice. We showed that the
NH4Ac leach mimics dissolution by chemical complexation and may
therefore resemble trace metal dissolution during atmospheric proces-
sing of aerosols [79]. The labile fraction may be interpreted as a rea-
sonable estimate of the upper limit of aerosol trace metals bioavail-
ability. Finally, the HNO3/HF digestion of the remaining filter (12 h,
120 °C) extracts insoluble (or refractory) trace metals in aerosols. The
sum of the three steps is the total trace metal content in a sample which
is used to calculate aerosol trace metal solubility. Our digestion pro-
tocol was shown to perform near 100% recovery of most target trace
metals (Table 4) which is comparable to recoveries obtained using
heated and pressurised HNO3/HF digestions [39,48].

The sequential feature of this protocol reduces the risk of trace
metal loss during the sample processing and ensures the homogeneity of
the sample because a single aerosol filter undergoes the whole protocol
as opposed to separate punches of a W41 samples, which are unlikely to
be perfectly homogeneous. The short leaching period together with the
acidification of the leach before analysis prevents trace metal loss onto
labware.

The higher blank level in the proposed leaching protocol stemmed
from the cellulose filter matrix, with procedural blanks contributing less
than 10% of the measurement of Mn, Pb and V and less than 30% of Al,
Co, Cu, and Fe average concentrations across all samples (Table 3). One
issue was raised when considering Ti and Co analysis in marine samples
as the procedural blank signal represented over 70% of the average Ti
and Co signals in low loading samples, potentially compromising the
accurate quantification of these 2 elements in marine aerosols. Such
issue was thereafter avoided by extending the shipboard sampling time
to reach an arbitrarily defined threshold of 20m3 and 50m3 of air fil-
tered in coastal and open ocean aerosol samples, respectively.

The whole 3-step leaching protocol achieved low limit of detection
(LOD, 3- of the PB, assuming 240m3 of air filtered for comparison
purpose) of less than 0.26 ngm−3 for Co, Cu, Mn, Pb and V and less
than 0.2 ngm−3 for Al, Fe and Ti. Our LOD is slightly higher than the
0.091 ngm−3 LOD reported by Ravelo-Perez et al. [64] for Fe using
quartz micro-fibre filters.

The precision of the proposed protocol was satisfactory at less than
15% (RSD) variability measured between triplicates of the same sample
(Supplementary Material Table S6). Similarly, Clough et al. [39] re-
ported a relative uncertainty of 15% between replicate UHPW leaches
and Aguilar-Islas et al. [33] measured 0.1–33% variability between SW
leach replicates. The small variability between triplicate analysis may
be due to the inhomogeneity of the analysed samples.

The behaviour of different aerosol types (e.g., dust, anthropogenic
combustion, bushfire) towards various leaching solutions is beyond the

scope of this study but may be investigated using Scanning Electron
Microscopy (SEM) [90]. However, Supplementary Material Fig. S1
shows that W41 filters are unsuitable for SEM analysis as the filter's
depth induces particle shading and its cellulose compound prevents
carbon analysis in aerosols. The reported role of aerosol size fractions
(fine versus coarse mode) affecting trace metal aerosol solubilities is
also beyond the scope of this study.

Aerosol solubility studies often involve source apportionment for
each element of interest. Air masses back-trajectory obtained using the
Hybrid Single Particle Lagrangian Integrated Trajectory model
(HYSPLIT, NOAA Air Resources Laboratory) [91] constitutes a good
indicative tool to track potential aerosols sources. However, due to the
complexity of the atmospheric circulation over a sampling period of
hours to weeks [10], radon (222Rn) concentrations can be used to
ground-truth HYSPLIT model output, which informs the degree of
contact of the sampled air mass experienced with land [92,93]. Ad-
ditionally, the use of other chemical tracers can further strengthen the
estimate of all aerosol sources included in a sample. For example, Al
and Ti were long used as tracers of mineral sources of aerosols (dust)
and were applied as references in the calculation of trace metal en-
richment factors (EF) relative to the Earth's upper crust [94]. Although
Ti was previously used to calculate EFs [30], our data highlights the
limitations of Ti analysis in very low concentrated samples, potentially
leading to misinterpretations. The concentration of Pb and V in aerosol
is commonly used to indicate anthropogenic combustion sources [40].
Vanadium and the V/Ni ratios were also suggested to specifically
highlight heavy oil combustion particles from shipping [38].

Other additional chemical tracers include black carbon (BC) and
levoglucosan isomers analysis [95], which underpin anthropogenic and
natural combustion sources [96] and biomass burning emissions [97],
respectively.

5. Conclusion

The lack of a standard protocol to determine the solubility of trace
metals in aerosols is increasingly being discussed in the literature. This
study demonstrates that the use of different laboratory procedures,
including leaching solutions and experimental factors, induces a large
variability in the estimation of trace metal solubilities in aerosols, with
iron solubility varying between one third less to fourteen times more
compared to the use of an instantaneous UHPW leach, depending on the
applied protocol. Such discrepancy between trace metal solubility data
included in international databases (e.g., GEOTRACES IDP 2017 and
SOLAS IP) hinders our ability to accurately compare studies and hence
limits our understanding of the global biogeochemical cycling of key
aerosol trace metals and their interaction with marine ecosystems.
Consequently, model predictions based on observational and laboratory
data are subject to major biases.
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conflict of interest related to this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.talanta.2019.120377.
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

! New aerosol trace metal data for coastal 
waters around Australia. 

! High heterogeneity in aerosol Fe sources 
and solubilities across Australia. 

! Biomass burning plays a key role in 
determining aerosol Fe solubility in 
Australia. 

! New aerosol Fe observations will 
improve modelling studies of southern 
oceans.

A R T I C L E  I N F O
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A B S T R A C T

Australia is a major source of Fe-laden dust to the anemic marine phytoplankton in the Southern Ocean and to 
Southern Hemisphere (SH) low latitudes diazotrophic bacteria. However, the paucity of observations and lab-
oratory experiments on SH aerosols biases model predictions of atmospheric Fe deposition to the southern oceans 
and the subsequent response of ocean productivity. As a result of an extensive shipboard aerosol sampling effort, 
this study presents laboratory measurements of aerosol Fe concentrations, solubilities and fluxes and analysis of 
chemical tracers, highlighting the large heterogeneity between aerosol Fe sources in 5 coastal regions around 
Australia. While dust-sourced high Fe loadings and low Fe solubilities (5%) aerosols dominate the atmospheric 
burden of the western coasts of Australia, much lower Fe concentrations but greater Fe solubilities (10.5% and 
13%) were measured in aerosols along the east coast which was attributed to solubility-enhancing atmospheric 
reactions with anthropogenic pollutants. Surprisingly high aerosol Fe solubilities (>20%) in northern Australia 
aerosols were associated with direct emissions or atmospheric reactions with bushfire emissions at tropical 
latitudes, which accounted for 49% of the total (sum) atmospheric dry deposition flux of labile Fe measured 
across the continent’s surrounding seawaters in this study.   

1. Introduction 

The atmospheric pathway carries a significant amount of essential 

micro-nutrients such as iron (Fe) to anemic phytoplankton in High Ni-
trate Low Chlorophyll (HNLC) marine regions (Boyd and Ellwood, 2010) 
and to diazotrophic bacteria in subtropical waters (Moore et al., 2013). 
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However, only a fraction of atmospheric Fe is soluble in seawater (Baker 
and Croot, 2010), of which only parts are bioavailable to marine biota 
(Jickells and Moore, 2015). Laboratory measurements of Fe solubility 
have often been used as a proxy for bioavailable Fe in aerosols. 

Despite the recent effort to include aerosol solubility in international 
data bases such as the GEOTRACES Intermediate Data Product 2017 
(Schlitzer et al., 2018) and the SOLAS Implementation Products 
(Br!evi"ere and the SOLAS Steering Committee (eds.), 2016), large dis-
crepancies between experimental protocols (various leaching solutions, 
reaction pH and leaching time) prevent an accurate comparison of the 
solubility data between studies (Perron et al., 2020). Seawater solubility 
of Fe from aerosols is complex as it depends on external environmental 
factors such as temperature, humidity, atmospheric acidity, and sunlight 
and on the particle’s own properties such as the source, size, and 
geochemical and mineralogical composition (Hettiarachchi et al., 
2019). 

Mineral aerosols (or “dust”) dominate total atmospheric Fe emissions 
(Jickells and Moore, 2015), although dust generally displays very low Fe 
solubilities of less than 1% (Jickells and Moore, 2015). However, dust 
mineralogy is critical when assessing the global impact of dust deposi-
tion to the ocean as Fe-rich oxides and hydroxides (e.g., hematite, 
goethite, magnetite or ferrihydrite) generally only contain less than 
0.01% soluble Fe compared to lower Fe bearing aluminosilicates and 
clay minerals which contain up to 5% soluble Fe (Journet et al., 2008). 

Such low soluble Fe content of mineral aerosols contradicts the wide 
range of aerosol Fe solubilities (0.01%–80%) reported (Mahowald et al., 
2005). Therefore, other atmospheric sources of more soluble Fe have 
been suggested, including anthropogenic emissions of biomass and fossil 
fuel combustion (Sedwick et al., 2007), shipping activity (Ito, 2013), 
fires (Guieu et al., 2005) and, regionally, volcano eruptions (Achterberg 
et al., 2013). Indeed, oil and coal fly ashes have a high total Fe content 
(80% and 25%, respectively), of which 7% and 15% may be soluble 
(Schroth et al., 2009; Wang et al., 2015). Consequently, anthropogenic 
aerosols have often been found to dominate the deposition of soluble 
atmospheric Fe to seawater (Sholkovitz et al., 2009). Biomass burning 
emissions have also been shown to contain a high fraction of soluble Fe 
up to 22% (Ito and Shi, 2016) or 46% (Oakes et al., 2012), which may 
also represent an important source of aerosol Fe near low latitude re-
gions of the Southern Hemisphere (SH) where large bushfires seasonally 
occur (Winton et al., 2016). Modelling studies has attributed 79% of the 
soluble Fe deposition to the global ocean to combustion emissions 
(Wang et al., 2015) and up to 50% in remote HNLC areas (Luo et al., 
2008; Scanza et al., 2018). 

The solubility of mineral Fe has been observed to increase during 
atmospheric transport. Such solubility-enhancing mechanisms include 
“ageing” of airborne particles after multiple evaporation and conden-
sation cycles within clouds (Baker and Croot, 2010; Shi et al., 2015); 
chemical reactions with low pH anthropogenic pollutants like sulfuric 
and nitric acids (Myriokefalitakis et al., 2018); or soluble complex for-
mation with airborne organic ligands such as oxalate (Ingall et al., 
2018). The latter proton-promoted and ligand-mediated reactions may 
enhance mineral Fe solubility by up to 75% when acting in conjunction 
(Johnson and Meskhidze, 2013), although they are both suppressed or 
buffered in the presence of carbonate minerals (Ingall et al., 2018). The 
presence of volcanic ash and biomass burning particles was also found to 
enhance mineral Fe solubility (Myriokefalitakis et al., 2018). 

The SH only accounts for a few, sparsely located dust source regions 
(Mackie et al., 2008; Wagener et al., 2008) such as the ‘outback’ 
Australia in the center of the continent, which has often been suggested 
to dominate mineral aerosol deposition to the Southern Ocean (SO) 
south of 45 !S (Ito and Kok, 2017; Revel-Rolland et al., 2006). Australia 
may also constitute an important source of airborne Fe to the highly 
diverse tropical to temperate marine ecosystems neighbouring the 
country, although very few studies have previously investigated aerosol 
Fe in this region. This lack of field observations and laboratory studies 
limits our understanding of the atmospheric cycling of Fe and also biases 

modelling predictions on aerosol deposition to SH waters (Wang et al., 
2015), which have often been based on northern hemisphere parame-
terisations. Thus additional field observations are needed to refine and 
validate models prepresentation of atmospheric Fe biogeochemical 
cycling (Mackie et al., 2008). In the context of rapid climate change, 
there is an increasing need for observations on aerosol cycling and at-
mospheric processing in the SH (Scanza et al., 2018) in order to better 
understand today’s processes and help predict and prepare for future 
environmental conditions. 

This study presents results from an extensive ship-board atmospheric 
sampling effort around Australia, including observational and experi-
mental data on aerosol Fe sources, concentrations, solubilities and 
deposition fluxes in the SH. Spatial variability in atmospheric delivery of 
Fe to five very distinct marine regions around Australia was found to be 
high, likely leading to varying impacts on regional marine ecosystems. 
We anticipate that this new dataset will significantly improve aerosol 
deposition models predicting SH processes. 

2. Materials and methods 

2.1. Study area 

The Australian continent has a highly heterogeneous climate and 
associated diverse ecosystems, distributed across 8 states and territories 
subject to diverse land use and marine area management policies 
(McNeill, 1994). The central ‘outback’, including geological basins in 
the east and sandy deserts in the west, constitutes a vast dust source to 
the SH (Mackie et al., 2008). Australia’s atmospheric circulation is 
divided into three major pathways, flowing south-eastwards into the 
Tasman Sea, north-westwards into the Indian Ocean and along the south 
coast of Western Australia into the Great Australian Bight (Baddock 
et al., 2015; Bowler, 1976). These “dust paths” are intensified over large 
dust storm events (Gabric et al., 2010). Despite the occurrence of sea-
sonal monsoons at tropical latitudes, the overall climate is extremely dry 
(Prospero et al., 2002) and prone to severe bushfires which contribute to 
atmospheric combustion emissions. Australia’s population is generally 
small and therefore its anthropogenic emissions to the atmosphere 
relatively small compared to populated areas of the northern hemi-
sphere. This study investigates aerosol Fe deposition to five distinct 
marine regions adapted from the Australian government “State of the 
Environment” (SoE) marine areas (Evans et al., 2016) in order to match 
our sampling tracks and observations. Fig. 1 displays all five regions and 
their potential aerosol sources. 

The “Northern Marine Region” (NMR) expands from Broome 
(Western Australia) to the north of the Great Barrier Reef (GBR) marine 
park. The NMR climate is extremely hot and dry throughout most of the 
year which frequently triggers widespread bushfires in the local grass-
land, savanna and shrubland (Mallet et al., 2017). Contrastingly, the 
tropical monsoon causes large river discharges into the well-mixed 
shallow waters of the Gulf of Carpentaria (Smith et al., 2014), 
inducing a summer peak (up to 1.4 g C m"2 d"1) in the gulf’s primary 
productivity (Condie and Dunn, 2006). The topsoil primarily features 
illite and kaolinite aluminosilicates (Viscarra Rossel, 2011). The modest 
capital city of Darwin is the sole source of urban emissions to the NMR 
atmosphere comprising industries, fishery activities, and offshore ex-
ploitations in the adjacent Joseph Bonaparte gulf. In shallow waters, 
high turbidity and relatively low concentrations of nitrate (<0.3 μmol 
per liter) primarily limit the development of local diatoms and 
nitrogen-fixing cyanobacteria (Condie and Dunn, 2006). 

The “Coral Sea Marine Region” (CSMR) spreads across the southern 
half of Queensland coastlines, including the GBR marine park and the 
neighbouring waters of the Coral Sea. Outside El Ni~no–Southern Oscil-
lation years, trade winds dominate the CSMR atmospheric circulation. 
Summer rainfalls generate riverine outflows (Blondeau-Patissier et al., 
2011) which erode kaolinite and hematite minerals from the highland 
basaltic rocks and smectite minerals from lowlands (Viscarra Rossel, 
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2011) into the coastal waters. Queensland coasts are moderately 
populated, contributing to industrial, shipping, tourism and 
household-associated emissions to the atmosphere. Year-round low 
primary productivity was reported in the CSMR (0.35–0.55 g C m!2 d!1) 
due to persistent nitrate limitation of the local nano- and pico-plankton, 
especially in the oligotrophic outer shelf waters (Condie and Dunn, 
2006). Irregular nutrient inputs from riverine discharge or seasonal 
tropical cyclones sporadically feed small diatom blooms in the GBR 
waters. 

The “Temperate East Marine Region” (TEMR) spreads from Brisbane 
to the south of New South Wales, and includes both Lord Howe and the 
Norfolk islands. Four seasons characterize the subtropical to temperate 
climate of the TEMR. The highly diversified vegetation of broadleaf and 
mixed forests on the coasts and grassland and savanna inland suffer from 
frequent summertime fires (Paton-Walsh et al., 2014). Soil geology re-
sembles that of the CSMR (Viscarra Rossel, 2011) although the high 
density of population significantly modified the coastal landscape of the 
TEMR, resulting in significant anthropogenic emission to the atmo-
sphere in this region. Averaged summer primary productivity is rather 
low (0.45 g C m!2 d!1) in the northern Tasman Sea (Condie and Dunn, 
2006) due to wide-spread nitrogen limitation which is opportunistically 
relieved in the events of dust storms, coastal upwellings supply (Ellwood 
et al., 2018) or within EAC-separating eddies (Radke et al., 2017). An 
additional co-limitation by Fe and P was shown to affect diazotroph 
species growth capacity in the TEMR (Ellwood et al., 2018). 

The southern Tasman Sea marine region was not investigated in this 
study. However, the Fe-limited marine phytoplankton near the subant-
arctic zone (Bowie et al., 2009) may disproportionately respond to at-
mospheric Fe supply from Australia (Mahowald et al., 2005). 

The “South West Marine Region” (SWMR) encompasses the city of 
Perth as well as the Great Australian Bight basin. This region displays 
temperate to subtropical climate and landscape (Smith et al., 2014). The 
southern coast features a unique soils made of limestones and calcareous 
sands, including smectite and illite and goethite minerals, whereas west 
coast soils are primarily made of hematite oxides, kaolinite and quartz 
(Viscarra Rossel, 2011). The SWMR population is gathered around Perth 
and contributes atmospheric emissions from industries, recreational 
vessel activity, commercial fisheries; and offshore oil rigs. The SWMR 
primary productivity is though to be rather low, with an average sum-
mer rate of 0.4 g C m!2 d!1 reported in the Great Australian Bight. 
Nutrient input from the shelf seasonally feeds the nitrogen limited 

diatoms and small copepods communities in the local waters (Condie 
and Dunn, 2006). 

The “North West Marine Region” (NWMR) comprises the northern 
part of Western Australia coasts up to Broome (Pilbara and southern 
Kimberley regions). This wild and dry region includes deserts and arid 
shrublands in the south and bushfire-prone grassland and savanna in the 
tropics (Mallet et al., 2017; Smith et al., 2014). Soil geology is domi-
nated by kaolinite in addition to illite on the coast and hematite in the 
central plateau (Viscarra Rossel, 2011; Viscarra Rossel and Chen, 2011). 
The NWMR is quasi-deserted and therefore accounts for very low 
anthropogenic emissions from mining and tourism. The North West 
Shelf of Australia is a highly productive marine region (>1.45 g C m!2 

d!1 in winter) which relies on surface water nutrient recycling (Condie 
and Dunn, 2006), a strong tidal system (internal mixing) and local up-
wellings (Blondeau-Patissier et al., 2011), the latter phenomenon 
strengthening over El Ni~no-Southern Oscillation years (Radke et al., 
2017). 

2.2. Sampling 

Aerosol samples were collected during multiple oceanographic 
voyages aboard the Research Vessel Investigator (Marine National Fa-
cility, Australia) using 47 mm punches of acid cleaned Whatman 41 
(W41) cellulose filters as recommended by the GEOTRACES Cookbook 
v3 (Cutter et al., 2017; Morton et al., 2013). The ship’s track is displayed 
in Fig. 1 and a picture of the sampling manifold is available in the 
Supplementary Material Fig. S1. Air was pumped through a polished 
stainless-steel pipe running along the ship’s foremast and into a filtra-
tion manifold housed in a High Efficiency Particulate Air (HEP-
A)-equipped laminar flow hood, using either Teflon or anti-static 
conductive silicone tubing (Kenelec Scientific®) to minimise potential 
particle loss within the manifold tubing. In order to avoid contamination 
from the ship’s exhaust, the manifold’s pumps were automated to acti-
vate for a wind speed between 8 and 80 km h!1 and a wind sector 
relative to the bow (270" - 90"), using the vessel’s meteorological data. 
Aerosol sampling was performed for 18–60 h so that a minimum volume 
of 20 m3 of air was filtered through each sample. After collection, sample 
filters were folded in half and stored frozen in double sealed bags. 
Additional information on the sampling system is available in Perron 
et al. (2020) (Perron et al., 2020). Acid washed W41 procedural blanks 
were mounted on the non-running filtration manifold for 2 min and were 

Fig. 1. Schematic of the five Australia marine regions 
described in this study (red dashed rectangles), 
namely the North Marine Region (NMR), the North 
West Marine Region (NWMR), the South West Marine 
Region (SWM), the Coral Sea Marine Region (CSMR) 
and the Temperate East Marine Region (TEMR) which 
were adapted from the Australian government SoE 
(black dashed line). Aerosol sources and major dust 
paths are explained in the legend. The blue line rep-
resents all combined voyage’s tracks. (For interpre-
tation of the references to colour in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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used to correct aerosol measurements for trace metal background. The 
Supplementary Material Table S2 provides a log-sheet of all 44 aerosol 
samples collected. 

2.3. Sample processing and analysis 

All chemicals used were ultra-high purity Baseline (Seastar chem-
icals®) or in-house sub-boiled distilled acids. Laboratory trace metal 
work was carried out in a positive pressured class 6 clean room, in an 
HEPA-filtered class 5 laminar flow hood wearing clean garments and 
nitrile gloves and following GEOTRACES ‘Cookbook’ procedures (Cutter 
et al., 2017). 

Aerosol samples were thawed at room temperature and processed 
through a three-step leaching protocol to define the fractions of soluble 
(SFe%) and labile (LFe%) Fe as well as the total Fe (TFe) concentration in 
aerosols (Perron et al., 2020). Briefly, soluble Fe (SFe) was extracted by 
an instantaneous flow-through leach using 50 mL of ultra-high purity 
water (UHPW) under vacuum (Buck et al., 2006). The same filter was 
immediately transferred into a centrifuge tube, soaked for 1 h in 10 mL 
of ammonium acetate (1.4 M, pH 4.7) and centrifuged (Baker et al., 
2007). Labile Fe (LFe) is defined as the sum of the first two leaches. 
Finally, the remaining filter was digested using a mixture of HF and 
HNO3 for 12 h at 120 !C (Morton et al., 2013). The sum of the three 
leaches defines the total Fe content (TFe) in aerosols. Fe concentrations 
were expressed in nanogram of Fe per meter cube (ng m"3) of air 
filtered. Aerosol Fe fractional solubility (SFe% or LFe%) was calculated as 
the ratio of SFe/TFe or LFe/TFe measured in aerosols, expressed as a 
percentage. Leachates and digests were diluted to 1% and 2% nitric acid 
(HNO3), respectively, and 100 μg/kg of indium (In) was added as an 
internal standard. Analysis was undertaken by Sector Field Inductively 
Coupled Plasma-Mass Spectrometry (SF-ICP-MS, Thermo Fisher Scien-
tific ELEMENT 2) within 3 days of sample preparation (Bowie et al., 
2010). Reference material digestion (<3 μm Arizona Test Dust, Powder 
Technologies Inc® and GeoPT13 loess, International Association of 
Geoanalysts) provided near 100% recovery for all trace metals analysed 
in this study (Perron et al., 2020). 

2.4. Dry Fe deposition flux estimation 

In order to compare our observational study with modelling studies, 
we calculated the dry deposition fluxes (F) of labile and total Fe using 
the following equation (1):  

Fdry ¼ CFe * Vd                                                                              (1) 

where the measured concentrations of Fe in aerosol (CFe ¼ LFe or TFe) 
was multiplied by a dry deposition velocity constant Vd. Because Vd 
varies greatly with the size of aerosols and atmospheric conditions such 
as humidity and wind speed, a constant value of 2 cm s"1 was used in 
this study, allowing comparison with previous studies (Baker et al., 
2016; Duce et al., 1991; Winton et al., 2016). 

2.5. Predominant atmospheric circulation 

A three-day air-mass back-trajectory analysis was undertaken using 
the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT, 
reanalysis, Air Resources Laboratory NOAA) model (Stein et al., 2015) in 
order to identify dominant sources of aerosols to each region considered. 
Air-mass back trajectories were drawn at 10 and 100 m high to assess 
variations in the marine boundary layer. However, atmospheric circu-
lation is complex over a sampling period of several days on a moving 
platform like a ship. Therefore, HYSPLIT observations were combined to 
external measurements of atmospheric radon (222Rn), a lithogenic tracer 
used to indicate the time scale an air mass last encountered land. At-
mospheric radon concentration was continuously measured during all 
voyages from the same air inlet as the aerosol sampling system but using 

an independent 700 L two-filter radon detector. In this study, air-masses 
presenting a222Rn signature below 200 mBq m"3 were considered of a 
predominant marine origin (Chambers et al., 2018). 

2.6. Enrichment factor 

The origin of aerosols is a key controller on Fe solubility (Ingall et al., 
2018). Enrichment factors (EF) were calculated for each sample in order 
to discriminate Fe from anthropogenic pollution over natural dust 
(Shelley et al., 2015). EF was defined as the mass ratio of total Fe to 
aluminum (Al) measured in a sample divided by the same ratio 
measured in the Earth’ upper continental crust (McLennan, 2001). An EF 
for Fe (EFFe) equal to 1 indicates a dominant dust origin. Similarly, the 
EFs of vanadium (V), EFV (Sholkovitz et al., 2009), and lead (Pb), EFPb 
(Shelley et al., 2017), were used to fingerprint pollution from heavy oil 
combustion (including shipping) or from fuel combustion emissions, 
respectively. For all three trace metals, an EF exceeding the threshold 
value of 10 (Shelley et al., 2017) highlighted significant enrichment in 
the samples. 

2.7. Biomass burning events 

Levoglucosan, a monosaccharide anhydride, is commonly used as a 
tracer for biomass burning in aerosols as it only forms during high 
temperature combustion of cellulose. Levoglucosan quantitation was 
performed on duplicate W41 filters, after a short 20 min ultrasonic 
extraction in UHPW, using ion chromatography - triple quadrupole 
tandem mass spectrometry (IC-TSQ-MS) (Sanz Rodriguez et al., 2019). 
As no duplicate filters were available for samples from the GBR and NMR 
and for a few samples of the TEMR and NWMR, the online tool Sentinel 
Hotspots (Wooster et al., 2012) was used as an indicator for potential 
fire activity over the sampling period of these samples. This tool indexed 
all individual high confidence (80–100%) bushfires observed by MODIS 
and VIIRS satellites at the time of aerosol sampling and in a 5! x 5! area 
(~500 km2) around the sample mid-point location (Winton et al., 2016) 
thereafter mention as “fire counts”. While Sentinel Hotspot is a good 
indicative tool for fire activity, it is not an intrinsic measurement of a 
sample (like levoglucosan) and therefore may not represent the genuine 
aerosol content carried by a sampled air-mass. 

3. Results and discussion 

3.1. Air-mass influence 

Dominant atmospheric influence in each marine region investigated 
was assessed using atmospheric 222Rn concentration and 3-day HYSPLIT 
air-mass back trajectories. Data is available in the supplementary ma-
terials Table S3 and Fig. S4. 

Air-mass back-trajectories associated with NMR aerosols mainly 
originated from the eastern Pacific Ocean and flowed westward into the 
Arafura Sea. However, slightly high average atmospheric 222Rn con-
centration of 551 mBq m"3 measured over the aerosol sampling period 
in the NMR indicated small terrestrial inputs rather than a sole marine 
air constituted the NMR atmosphere. Such lithogenic signature is likely 
to originate from Australia northern coastline and from the numerous 
islands of the Torres Strait. Similarly, the CSMR displayed a primary 
influence by marine wind (HYSPLIT back-trajectory) which included 
terrestrial contribution from the local coast and potentially from Pacific 
islands (New Caledonia, Vanuatu, and Fiji) in light of the average 222Rn 
concentration of 507 mBq m"3 measured over the CSMR aerosol sam-
pling time. The dominant wind pattern in NWMR arose from the large 
central deserts of Western Australia according to HYSPLIT air-mass back 
trajectories and to the high average atmospheric 222Rn concentration of 
2526 mBq m"3 measured, typical of air-masses leaving the mainland 
Australia (2000<222Rn < 4000 mBq m"3 (Chambers et al., 2018),). This 
NWMR dust-dominated atmospheric signature fingerprints the 
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Australian South-East Dust Path reported in previous studies (Baddock 
et al., 2015; Bowler, 1976). The SWMR atmospheric circulation dis-
played two different trends as one sample was highly influenced by 
terrestrial input from central Australia (HYSPLIT and 222Rn ¼ 2458 mBq 
m"3) while the other two samples air-mass back-trajectories exhibited 
long-range aeolian transport over the SO or the Great Australian Bight 
(222Rn ¼ 301 and 413 mBq m"3, Table S3). However, the small number 
of sample collected in the SWMR (n ¼ 3) is insufficient to discriminate a 
dominant atmospheric source to this region which seemed to receive 
both terrestrial and marine air-masses. The atmospheric circulation in 
the TEMR was highly variable from a sample to another. The well 
described North-West Dust Path (Baddock et al., 2015; Bowler, 1976) 
was not clearly identified from our analysis but rather as a complex 
mixture of air masses origins (including lithogenic, anthropogenic and 
marine atmospheric sources) seemed to dominate the TEMR atmo-
spheric circulation, as suggested by HYSPLIT trajectories and by the 
intermediate value of atmospheric 222Rn concentration measured (1310 
mBq m"3). 

3.2. Aerosol Fe solubilities and concentrations 

Ship-board collection of aerosols commonly occurs over a short time 
and is sensitive to exceptional meteorological circumstances or potential 
sample contamination. Therefore, Fe solubilities and concentrations 
measured in aerosols should be carefully interpreted, especially in re-
gions were only a small number of samples is available (NMR and 
SWMR). For the same reason, median data values were chosen over 
average values in Table 1. Atmospheric measurements of LFe will be 
discussed rather than SFe as the former parameter was suggested to 
better represent bioavailable aerosol Fe delivered to marine phyto-
plankton (Perron et al., 2020). Fig. 2 displays the geographic distribu-
tion of LFe and TFe measured during this study. 

Median Fe solubilities (LFe%) and total Fe concentrations (TFe) 
measured in aerosols showed striking differences between the five 
studied regions (Fig. 2). The highest TFe were measured on the western 
coast of Australia, with median concentrations of 33 ng m"3 and 40 ng 
m"3 in the SWMR and NWMR, respectively. On the contrary, east coast 
aerosols displayed up to 4 times less TFe than aerosols from the western 
marine regions of Australia, with TFe concentrations of 10 ng m"3 in the 
CSMR and 7 ng m"3 in the TEMR. Median TFe concentration in aerosols 
from the NMR showed the intermediate value of 26 ng m"3. 

Labile aerosol Fe measurements (LFe) roughly followed an inverse 
correlation with TFe measurements in aerosols (scatter plot displayed in 
the Supplementary Material Fig. S5). Indeed, high loading aerosols from 
the two western regions were associated with low median LFe% of 5% 
and 8% for the NWMR and SWMR respectively, whereas small TFe 
measured in aerosols from the eastern shore were associated with a 
larger range of LFe% and greater median solubilities of 10% in the CSMR 
(4–33%) and 13% in the TEMR (7–30%). Generally, aerosols collected in 
the northern half of the CSMR displayed 3-fold enhanced Fe solubility 
compared to those collected in the southern CSMR. Surprisingly, the 
NMR exhibited the largest LFe solubility measurements (>20%) 

Fig. 2. Labile Fe fraction (color scale, LFe, %) and total Fe concentration (point size, TFe, ng m"3) in aerosols for each marine region delimited by the red dashed 
rectangles. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Median value and range of soluble (SFe%) and labile (LFe%) fractions of Fe in 
percent (%), and total Fe concentrations (TFe) in nanogram per cubic meter (ng 
m"3) measured in aerosols collected for the NWMR (n ¼ 12), CSMR (n ¼ 8), 
SWMR, TEMR (n ¼ 17), and NMR (n ¼ 4) marine regions. The ratio of SFe to the 
LFe concentrations (SFe/LFe, %) is also shown.  

Region NWMR CSMR SWMR TEMR NMR 

SFe% [%] median 4 5 7 10 12 
range 2–13 3–17 4–14 5–30 10–21 

LFe% [%] median 5 10 8 13 23 
range 3–15 4–33 7–16 7–30 22–29 

SFe/LFe [%] median 82 60 89 79 51 
TFe [ng m"3] median 40 10 33 7 26 

range 11–103 4–61 1–67 1–29 4–46  
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compared to other regions (Table 1). 
Interestingly, differences were also observed in the ratio of soluble- 

to-labile Fe measured in aerosols across the different regions (SFe/LFe, 
Table 1). While SFe constituted a large proportion of the LFe pool, up to 
79% in the TEMR, 82% in the NWMR and 89% in the SWMR; only 51% 
and 60% of the aerosol LFe measured in aerosols of the NMR and CSMR, 
respectively, was SFe as defined by the 3-step leaching protocol (Perron 
et al., 2020). This observation suggests that different sources of less 
soluble aerosol Fe may prevail in the NMR and CSMR. 

The contrast we observed between high Fe loading and poor Fe 
solubility in aerosols collected on the Indian Ocean basin compared to 
low Fe loading but higher Fe solubility on the Pacific Ocean east of 
Australia is consistent with the literature. Indeed, Strzelec and co- 
workers measured TFe between 12 ng m!3 and 418 ng m!3 near Gin-
gin in Western Australia (Strzelec et al., 2019a) while TFe of only 
29–214 ng m!3 were measured in Mission Beach, northern Queensland, 
using the same laboratory protocol (Strzelec et al., 2019b). Greater total 
aerosol Fe concentrations between 60 ng m!3 and 1164 ng m!3 were 
reported in aerosols at Gunn Point in the Northern Territory of Australia 
(Winton et al., 2016). Our atmospheric TFe measurements (0.8–103 ng 
m!3, Table S3) fall within the lower end of the above-mentioned 
land-based field studies but they agree with shipboard studies which 
described aerosol TFe between 3 ng m!3 and 57 ng m!3 over the western 
Indian Ocean (Witt et al., 2010) and between 0.04 and 130 ng m!3 over 
the GEOTRACES GP16 section in the eastern Pacific Ocean (Buck et al., 
2019). Overall, our TFe data at coastal sampling site logically fall be-
tween high land-based atmospheric Fe measurements and smaller con-
centrations reported in open ocean areas. This reflects the gravitational 
settling of large particles known to occur along the atmospheric trans-
port away from dust emission sources (Jickells and Moore, 2015). 

Laboratory experiments reported Fe solubility up to 30% when 
Australian sand dune was exposed to a low pH 2.15 leach (Mackie et al., 
2006). Such low pH can be reached in the presence of anthropogenic 
sulfur and nitrogen oxides in the atmosphere (Sholkovitz et al., 2012). 
Labile Fe concentrations between 0.05 and 2.7 ng m!3 were previously 
reported over the Pacific Ocean east of Australia (GEOTRACES transect 
GP13) (Ellwood et al., 2018) which is similar to LFe concentrations we 
measured in aerosols from the TEMR (0.1–2.5 ng m!3) and CSMR 
(0.3–3.5 ng m!3). Therefore, we suggest that high LFe fractions (up to 
30% and 33%, respectively) measured in aerosols from the TEMR and 
CSMR regions may result from atmospheric processing of mineral Fe 
with urban emissions in the densely populated eastern coastline of 
Australia. Lower atmospheric Fe solubilities of 5% and 8%, respectively, 
measured in the NWMR and SWMR compared to other Australian re-
gions is consistent with previous studies which reported a maximum LFe 
fraction of 6% in aerosols collected in Gingin, Western Australia 
(Strzelec et al., in prep, 2019a) compared to up to 11% LFe in aerosols 
from Mission Beach, in northern Queensland (Strzelec et al., in prep, 
2019b) and LFe up to 12% in aerosols collected at Gunn Point in the 
Australian Northern Territory (Winton et al., 2016). Slightly smaller Fe 
solubility (LFe) measured in the latter land-based studies likely reflects a 
greater influence of less soluble coarse mineral Fe in aerosols (from the 
proximal dust and sand) compared to our ship-board collected aerosol 
samples. Indeed, Baker et al. (2006) reported LFe% up to 17% in aerosols 
collected over the southern Atlantic Ocean, which was attributed to 
atmospheric processing of aerosols during the atmospheric transport 
(Baker et al., 2006). Biomass burning and their associated emissions of 
acidic compounds such as oxalate was previously suggested to constitute 
a source of highly soluble aeolian Fe to the Northern Australia atmo-
sphere burden (Winton et al., 2016), potentially explaining high LFe 
fractions (>20%) measured in our NMR aerosols. 

High LFe fractions observed in aerosols from the northern CSMR and 
from the NMR was associated with a large contribution of less soluble Fe 
(NH4Ac leach) to the LFe pool (small SFe/LFe, Table S3) compared to 
other regions considered. This highlights a common source or factor 
controlling such enhanced Fe dissolution of less soluble atmospheric Fe 

in these two regions. Shi and co-workers previously demonstrated that 
increasing air humidity creates a deliquescent layer around aerosols, 
which low pH around 2 assists Fe dissolution at the surface of aerosols, 
leading to enhanced solubility of labile Fe forms (Shi et al., 2015). We 
therefore hypothesise that high atmospheric humidity in the tropical 
regions of Australia may lead to the higher LFe fractions measured in 
aerosols from the (northern) CSMR and the NMR. 

3.3. Dry deposition flux of total and labile Fe 

Atmospheric dry deposition fluxes are displayed in Fig. 3. In this 
study, atmospheric fluxes were calculated (equation (1) of the “Experi-
ments” section) using a constant deposition velocity (Vd) and were 
therefore directly proportional to the measurements of the soluble, 
labile and total Fe concentrations in aerosols. 

Median fluxes of TFe from aerosols, Fdry(TFe), ranged from 207.9 "
212.8 nmol of Fe deposited per cubic meter of air per day (nmol Fe m!2 

d!1) in the TEMR to 1236.3 " 896.7 nmol Fe m!2 d!1 in the NWMR. 
Estimates of Fdry(TFe) were, on average, 4.5 times greater in the western 
marine regions of Australia (NWMR and SWMR) compared to the 
eastern coastal waters (CSMR and TEMR). In the NMR, Fdry(TFe) esti-
mate displayed an intermediate value of 818.6 " 552.5 nmol Fe m!2 

d!1. Dry deposition fluxes of labile Fe, Fdry(LFe), ranged from 20.8 "
18.9 nmol Fe m!2 d!1 in the TEMR to 186.8 " 161.0 nmol Fe m!2 d!1 in 
the NMR and similar hierarchy was observed for SFe dry atmospheric 
flux estimates, Fdry(SFe), with values ranging between 18.4 " 15.9 nmol 
Fe m!2 d!1 and 92.3 " 59.6 nmol Fe m!2 d!1 (Fig. 3). 

Our range of Fdry(TFe) estimates (208–1236 nmol Fe m!2 d!1) fall 
between high TFe fluxes (377–12,900 nmol Fe m!2 d!1, Vd ¼ 2 cm s!1) 
reported in a land-based aerosol study in Western Australia (Strzelec 
et al., 2019a) and smaller Fdry(TFe), below 100 nmol Fe m!2 d!1 (Vd ¼
1.6 cm s!1) (Buck et al., 2019) and 249–421 nmol Fe m!2 d!1 (Vd ¼ 2 
cm s!1) (Bowie et al., 2009) reported in ship-board aerosol samples from 
the open Pacific Ocean east of Australia and in the Southern Ocean south 

Fig. 3. Proportion (pie chart) of the median atmospheric fluxes of soluble 
Fdry(SFe), labile Fdry(LFe) and total Fdry(TFe) Fe for each region (colour code) 
compared to the sum of all fluxes (%). The numerical values represent the 
calculated flux in nmol Fe m!2 d!1, assuming Vd ¼ 2 cm s!1, as well as the 
standard deviation associated to Fe measurements. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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east of Tasmania, respectively. Our median Fdry(TFe) estimate (819 nmol 
Fe m!2 d!1) to the NMR is consistent with lower Fdry(TFe) estimates of 
897 nmol Fe m!2 d!1 (Vd ¼ 2 cm s!1) calculated in northern Queens-
land, Australia (Strzelec et al., 2019b), although fluxes as high as 
2000–36,000 nmol Fe m!2 d!1 (Vd ¼ 2 cm s!1) were suggested at Gunn 
Point, in the Northern Territory (Winton et al., 2016). Gravitational 
settling is known to cause a significant decrease in TFe in aerosols along 
the atmospheric transport, explaining why our Fdry(TFe) estimates logi-
cally fall between land-based calculated fluxes (at closer distance to 
emission source) and open ocean Fdry(TFe) estimates. 

Our Fdry(LFe) flux estimates (21–187 nmol Fe m!2 d!1) to coastal 
waters around Australia slightly exceed flux estimates of aerosol TFe of 
0.5–25 nmol Fe m!2 d!1 (Vd ¼ 0.6 or 1.16 cm s!1) reported in the open 
south Pacific Ocean (Buck et al., 2019; Ellwood et al., 2018), below 14 
nmol Fe m!2 d!1 (Vd ¼ 2 cm s!1) in the south Indian Ocean (Witt et al., 
2010) and 2–7 nmol Fe m!2 d!1 (size-dependent Vd) in the Southern 
Ocean (Bowie et al., 2009). While extremely high Fdry(LFe) fluxes 
(200–4000 nmol Fe m!2 d!1) were suggested based on aerosols 
collected at Gunn Point (Winton et al., 2016), our average LFe flux to the 
NMR (187 nmol Fe m!2 d!1) is consistent with the average Fdry(LFe) of 
213 nmol Fe m!2 d!1 reported in northern Queensland (Strzelec et al., 
2019b). 

Modelling approaches are often used to calculate atmospheric 
deposition fluxes due to their ability to better constrain particulate 
deposition velocity using near real-time meteorological measurements 
and algorithms. Widely used biogeochemical models estimate TFe fluxes 
across Australia between 2000 nmol Fe m!2 d!1 and 15,471 nmol Fe 
m!2 d!1 (Ito et al., 2019). Such discrepancies between model and 
field-based estimates of Fdry(TFe) reflects the tendency for global models 
to overestimate dust transport across Australia (Ito et al., 2020). How-
ever, computed flux estimates of LFe range between 15 nmol Fe m!2 d!1 

and 93 nmol Fe m!2 d!1 (Ito et al., 2019; Mahowald et al., 2009), which 
is in good agreement with estimates calculated in our study. 

One major caveat of field-based atmospheric deposition flux esti-
mates lies in the large uncertainty associated with the deposition ve-
locity constant (Vd) whereas this parameters varies according to wind 
speed, atmospheric humidity and the size of aerosols (Anderson et al., 
2016). Values from 0.6 cm s!1 to 2 cm s!1 are commonly applied to Vd 
(Bowie et al., 2009; Ellwood et al., 2018; Witt et al., 2010), inducing a 
factor of 3 uncertainty between dry deposition study estimates (Duce 
et al., 1991). New techniques using beryllium (7Be) to estimate atmo-
spheric fluxes of trace metals to the ocean showed reasonable flux es-
timates when compared to available measurement (Kadko et al., 2015), 
however, few laboratories have the facility to undertake 7Be 
measurements. 

3.4. Dust versus anthropogenic influence 

In order to better understand the regional variability in aerosol LFe 
measurements, the calculation of enrichment factors (EF) for Fe, Pb and 
V was used to discriminate dust source to anthropogenic emissions in the 
samples. Results are displayed in Fig. 4 and in the Supplementary Ma-
terial Table S3. EFs exceeding 10 highlighted significant “anthropogenic 
contamination” for all three trace metals (Shelley et al., 2017). 

Aerosol samples of all 5 regions displayed EFFe below 10 (Fig. 4 and 
Table S3), indicating a dominant lithogenic origin for atmospheric Fe 
across Australia. The three northernmost regions exhibited slightly high 
EFFe of 2.5 # 1.1 in the NWMR, 2.2 # 2.2 in the CSMR and 2.3 # 1.1 in 
the NMR which likely reflects the natural Fe enrichment (up to 50% 
more) in the “red” soil of northern Australia compared to the average 
upper crust (Mahowald et al., 2005). Total aerosol Fe-to-Al ratios were 
closer to the average upper crust value in the TEMR (EFFe ¼ 1.5 # 1.2) 
and in the SWMR (EFFe ¼ 1.2 # 1.2). Exceptionally, higher EFFe between 
4 and 8 were found in individual samples (CSMR-7, TEMR-T2.3, 
TEMR-V4, NWMR-5, Table S3) which may be attributed to local and 
sporadic Fe inputs from atmospheric Fe sources other than dust. 

Atmospheric pollution from anthropogenic combustion of fossil fuel 
was investigated using EFPb (Fig. 4, Table S3). Expectedly, significant 
enrichment in Pb (median EFPb ¼ 63.2 # 74.6) was found in most 
aerosols from the densely populated TEMR. Such Pb enrichment likely 
reflects emissions from industries and vehicle exhaust to the urban at-
mosphere on the south eastern Australian coast as well as power pro-
duction around the city of Broken Hill (Department of the Environment, 
2015; Kristensen et al., 2014). Smaller but significant anthropogenic 
input was also suggested in the slightly less urbanized CSMR as indicated 
by a regional median EFPb of 26.4 # 38.4. Aerosol CSMR-7, which dis-
played a high EFFe of 7.8 was associated with abnormal enrichment in 
anthropogenic Pb (EFPb ¼ 130.3) compared to other CSMR aerosols 
suggesting that fuel combustion is a significant source of Fe in this 
sample. Fuel combustion in Queensland mostly stem from urban areas, 
energy production in the Bowen basin and, to a lesser extent, mining 
activity (Department of the Environment, 2015) including Mt Isa mining 
town (Taylor et al., 2010). In contrast, the deserted marine regions of 
Western Australia showed small (likely from Perth, SWMR) and insig-
nificant (NWMR) impact from anthropogenic emissions as revealed by 
median EFPb values of 14.4 # 6.1 in the SWMR and 6.9 # 8.5 in the 
NWMR. High Pb content was found across aerosols (n ¼ 4) from the 
NMR, however samples NMR-4 and NMR-5, which exhibited 
outstanding EFPb of 383 and 459 (Table S3), largely biased the regional 
median EFPb of 217.0 # 224.8. Such extreme EFPb was found in the 
westernmost part of the NMR where combustion emissions may origi-
nate from the small city of Darwin but more likely results from the 
numerous offshore gas exploitation present in the nearing Browse and 
Bonaparte basins (Department of the Environment, 2015). Southwards 
atmospheric transport of wild fire or pollution from Indonesia could act 
as a secondary Fe source to the western NMR (aerosols NMR-4 and 
NMR-5 also displayed EFFe of 2.8 and 3.3), although no isotopic Pb 
measurements was available to confirm such hypothesis. Atmospheric 
enrichment in Pb in the eastern NMR (EFPb of 20 and 51) may partly 
stem from emissions from the very active mining town of Mt Isa in 
northern Queensland. 

Vanadium was used as an atmospheric tracer of oil and heavy fuel 
combustion in aerosols (Fig. 4, Table S3), which includes but is not 
limited to shipping emissions. The highest enrichment in V was found in 
aerosols from the TEMR (media EFV ¼ 50.0 # 41.8), emphasizing the 
large anthropogenic influence from intense maritime traffic in this re-
gion (Department of the Environment, 2015). Aerosols from the four 
other regions showed small signature of heavy fuel or oil combustion 
emission, with EFV of 13.7 # 11.1 in the NWMR, 13.4 # 7.7 in the 
SWMR, 13.5 # 7.7 in the NMR, and 11.3 # 8.9 in the CSMR. The latter 
signals of oil combustion emissions to the atmosphere primarily reflect 
the omnipresence of commercial and recreational shipping activity 
across the massive continent island that is Australia (Department of the 
Environment, 2015). Strict regulations on boating tourism in the very 
popular GBR marine park (CSMR) and Ningaloo Reef (southern NWMR) 
may contribute to maintaining low shipping emissions (and therefore 
small V enrichment) to the atmospheric burden in these regions (Pri-
deaux and Pabel, 2018). Offshore oil production (and the associated 
shipping activity) is another source of atmospheric V, especially in the 
Carnarvon, Browse and Bonaparte basins in the NWMR and western 
NMR (Ellis and Jonasson, 2002). Fremantle port and the Kwinana oil 
refinery, both located south of Perth, are the largest oil combustion 
sources in the SWMR region (Department of the Environment, 2015). 

No direct relationship was observed between LFe fraction in aerosols 
and EFs calculus (Fig. 4). The absence of a strong anthropogenic signal 
(medians EFPb ¼ 7.0 and EFV ¼ 13.6) in aerosols collected in the NWMR 
is consistent with the dust-dominated atmospheric influence suggested 
by HYSPLIT and 222Rn data analysis. Moreover, our measurements of 
high aerosol Fe loading and low Fe solubility in NWMR aerosols are 
characteristic of the coarse size and strongly-bound Fe-containing lat-
tices (poor solubility) commonly reported for mineral dust (Jickells 
et al., 2017; Srinivas and Sarin, 2013). A large contribution of emissions 
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Fig. 4. Enrichment factor (EF) of Fe, Pb and V (ratio of each trace metal to Al compared to the same ratio in the upper continental crust (McLennan, 2001)) for each 
sample. The median EF for each region (solid red line) and individual labile Fe fraction (%, blue dotted line) are also displayed. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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from industries and vehicles (median EFPb ¼ 63.2) and from shipping 
activities (median EFv ¼ 50.0) was revealed in TEMR aerosols, con-
firming the large influence from the southeastern urban coastline sug-
gested by the air-mass back trajectory and 222Rn data analysis. 
Anthropogenic emissions are known to contain (1) more readily soluble 
Fe from combustion processes (Sholkovitz et al., 2009) as well as (2) 
acidic compound (NOx, SOx) which ease mineral Fe dissolution in the 
atmosphere (Stockdale et al., 2016). Therefore, the predominance of 
anthropogenic source of aerosols to the TEMR atmospheric burden is 
likely responsible for the overall enhanced Fe solubilities (median LFe ¼
13%) measured in aerosols in this region, both through direct emissions 
of combustion Fe and subsequent acidic processing. Combustion and 
shipping emissions may also contribute to enhanced LFe fractions 
measured in aerosols from the CSMR, SWMR and the NMR, although 
smaller EFPb and EFV may imply the existence of other atmospheric 
processes and sources to explain enhanced aerosol LFe in these regions. 

3.5. Biomass burning tracers 

Levoglucosan (Lev) was measured on “duplicate” filters in most 
aerosols from the TEMR, NWMR and SWMR in order to fingerprint 
bushfire emissions in the samples (Sanz Rodriguez et al., 2019). Half of 
the TEMR samples contained Lev at concentrations ranging from 6.0 to 
61.2 ng m"3 (median Lev ¼ 11.6 ng m"3), indicating a non-negligible 
contribution of biomass burning emissions to the atmosphere in this 
region. In the NWMR, only one third of aerosol samples contained 
detectable levoglucosan between 0.4 ng m"3 and 49.3 ng m"3 (median 
Lev ¼ 7.0 ng m"3). The influence from biomass burning emissions to the 
NWMR atmospheric burden seems moderate as two samples were 
detected Lev concentrations below 1 ng m"3, and only five aerosols 
(NWMR n ¼ 12) displayed between 7.0 ng m"3 and 49.3 ng m"3 of the 
biomass burning tracer (Table S3). All three aerosols from the SWMR 
contained levoglucosan at concentrations of 4.1 ng m"3, 15.5 ng m"3 

and 714.1 ng m"3, indicating that they were all affected by mid summer 
bushfires (Table S3). However, the small number of samples makes any 
interpretation of regional trends difficult. 

The online tool “Sentinel Hotspots” was used as an indicator of fire 
activity for aerosols collected in the NMR and CSMR, and for aerosols of 
the TEMR and NWMR which had no duplicate sample available for 
levoglucosan analysis. Sentinel Hotspot indicated bushfire events that 
were observed by satellite in a delimited 5#x5# area around aerosol 
midpoint location and during the time of aerosol sampling. A high 
number of “fire counts” (>100) was reported over the sampling period 
of most aerosols from the NMR, suggesting a large contribution of 
biomass burning emissions to the atmospheric burden in this region. No 
fires were observed in a 5#x5# perimeter around NMR-2 as the latter 
sample was collected farther offshore compared to other NMR aerosols 
(Table S3). However, over 200 fires were burning in Northern Australia 
during the collection time of NMR-2 that were not accounted for by our 
Sentinel Hotspot parametrisation. Similarly, biomass burning emissions 
were largely present in samples from the CSMR as all aerosols were 
detected between 19 and 745 high confidence fire counts, the greater 
fire counts generally occurring north of 19#S (Table S3). While a large 
number of fire counts (between 130 and 472) were detected in the vi-
cinity of the remaining NWMR samples (NWMR-6, NWMR-4, NWMR-2), 
Sentinel Hotspot did not show a significant fire activity (0–5 fire counts) 
over the sampling periods of the remaining TEMR aerosols (TEMR-V3, 
-V6, -V10, -V12, and -V14, Table S3). Table S3 highlights some dis-
crepancies between the use of Lev and Sentinel Hotspot as biomass 
burning indicators. Indeed, while levoglucosan analysis is intrinsic to a 
sample, Sentinel Hotspot is an indicative satellite tool which was, in this 
study, restricted to the observation of 80–100% confidence fires in a 
5#x5# perimeter around each samples. 

Biomass burning emissions are known to release oxalate compounds 
to the atmosphere (Gillett et al., 2007), a Fe-chelating ligands which 
eases Fe dissolution at the surface of aerosols, often leading to enhanced 

atmospheric Fe solubility exceeding 10% (Ito et al., 2019). In this study, 
no direct relationship was observed between LFe and levoglucosan 
concentrations or Sentinel “fire counts” at a regional scale. Biomass 
burning emissions are omnipresent across Australia, with year-round 
fire activity at tropical latitudes in Australia but a fire season 
restricted to spring and summer in the southern regions (Paton-Walsh 
et al., 2014; Smith et al., 2014). 

Aerosol sampling in the TEMR occurred in early spring (Table S2), 
which sets the beginning of the fire season (including controlled hazard 
reduction burns) in the south eastern coastal forests of Australia 
(Paton-Walsh et al., 2014). Therefore, enhanced LFe solubility in aero-
sols from the TEMR can be attributed to coastal emissions (HYSPLIT and 
222Rn) of natural (Lev analysis) and anthropogenic (EF study) combus-
tion particles, either via direct emission of pyrogenic Fe or subsequent 
atmospheric processing. Combustion emissions are commonly associ-
ated with smaller atmospheric Fe loading (Sedwick et al., 2007) as well 
as fine mode (<1 μm) aerosols (Hamilton et al., 2019). Our observation 
of overall low TFe concentrations measured in TEMR aerosols are 
therefore consistent with a predominance of anthropogenic (and, to a 
lesser extent, bushfires) source(s) in this region. Despite that the primary 
atmospheric influence for NWMR aerosol is desert dust from central 
Western Australia, two samples (NWMR-8 and NWMR-12) which dis-
played abnormally high Fe solubilities (LFe>10%) were associated with 
non negligible Lev concentrations of 0.8 ng m"3 and 49.3 ng m"3. We 
therefore suggest that biomass burning can sporadically act as a sec-
ondary source of more soluble Fe to the NWMR. 

Sentinel Hotspot analysis highlighted a widespread occurrence of 
large fires over our aerosol sampling campaigns in Australia’s tropicals 
(NMR and northern CSMR). In addition to significant human emissions 
(EF study), we suggest that biomass burning represent another impor-
tant source of readily soluble aerosol Fe and/or solubility-enhancing 
aeolian particles to the (northern) CSMR and the NMR, further 
explaining high aerosol Fe solubilities (>15% and >22%, respectively) 
measured in these two regions. This observation agrees with previous 
studies suggesting an important role of bushfire emissions to the atmo-
sphere in the northern region of Australia (Mallet et al., 2017; Winton 
et al., 2016). The small number of samples collected in the SWMR is 
insufficient to provide a regional overview on aerosol Fe biogeochem-
istry and origin in this region. Anthropogenic emissions of fuel and oil 
combustion from urban and shipping activities were suggested to have a 
small to moderate impact on the SWMR atmospheric burden (EFPb < 21 
and EFV < 25). Enhanced Fe solubility (LFe>7%) measured in the 
dust-dominated (222Rn ¼ 2458 mBq m"3) sample SWMR-1 was associ-
ated to the highest Lev concentration (714.1 ng m"3) measured across 
all aerosols, reflecting the impact of the large Waroona-Yarloop fire 
events (Titelius, 2016) of January 2016 on enhancing aerosol Fe solu-
bility in this sample. Despite that samples SWMR-13 and SWMR-14 
displayed predominant marine origin (HYSPLIT and 222Rn analysis), 
small concentrations of Lev (4.1 and 15.5 ng m"3, respectively) in these 
samples suggest a non negligible influence from the south west costline 
of Australia. It is therefore hard to discriminate whether enhance LFe 
solubility (16% and 8%, respectively) in these two samples stem from 
biomass burning emissions or from an extensive processing of aerosol Fe 
over long-range atmospheric transport (Kanakidou et al., 2018). 

4. Conclusions and perspectives 

This study results from an unprecedented effort for ship-board 
aerosol sampling in the coastal seawater around Australia. We high-
lighted the high heterogeneity in the concentration and solubilities 
(soluble and labile) of Fe in aerosols across five marine regions of 
Australia. We suggest that such variety of aerosol measurements were 
primarily guided by differences in the dominant atmospheric source(s) 
and potential atmospheric processing for mineral Fe in each region 
considered. Aerosols from the Australian western coastlines (NWMR and 
SWMR regions) mostly exhibited large quantities of Fe-rich dust from 
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the arid central ‘outback’, resulting in low Fe solubilities after deposition 
(5 and 8%). Contrarily, the densely populated eastern coasts (CSMR and 
TEMR regions) were mostly influenced by fuel and oil combustion 
emissions form anthropogenic activities, leading to smaller aerosol Fe 
concentrations delivered to the western Pacific Ocean but greater labile 
Fe fractions (10 and 13%) induced by the high soluble Fe content and 
presence of solubility-enhancing compounds in combustion aerosols. 
Biomass burning was omnipresent across all marine regions, however, 
their frequency increased in the tropical seawater north of Australia 
(NMR and northern CSMR). Fire emissions to the atmosphere are 
thought to contribute to the surprisingly high labile Fe fractions (>20% 
and >15%) in aerosols from the NMR and from northern CSMR. Finally, 
our calculation of aerosol Fe dry deposition fluxes are consistent with 
previous field and modelling studies and suggest a significant loss of 
total aerosol Fe with atmospheric settling of heavy mineral particles 
over the atmospheric transport but also an enhanced Fe solubility likely 
due to increased atmospheric processing. We suggest that Australia is a 
key source of bio-accessible (“labile”) Fe to the Indian Ocean and to the 
Arafura and Timor Seas through atmospheric deposition of dust and 
biomass burning aerosols respectively. 

Models are a great tool to highlight key processes for atmospheric 
deposition of Fe to the ocean and its impact on ocean productivity and 
they can suggest research needs for future field studies. However, flux 
comparison with modelling studies emphasise the need to fine-tune 
model outputs against field observations in the Southern Hemisphere 
(Ito et al., 2020 submitted). A better parametrisation of aerosol Fe 
concentration and solubility in models will provide more accurate es-
timates of aerosol deposition velocity (by the models) for use in 
field-based estimates. In addition, large uncertainties exist between field 
measurements due to the lack of standard aerosol leaching protocol to 
determine LFe. This creates large variabilities between observational 
data which should be accounted for when comparing data between 
studies and when using field data in models (Meskhidze et al., 2019; 
Perron et al., 2020). 

The assessment of aerosol Fe wet deposition to the ocean remains 
technically challenging due to the high episodicity of rain events. 
However, it was previously suggested that rainfall may dominate at-
mospheric Fe deposition in tropical regions of the Atlantic Ocean (Baker 
et al., 2007) and the northern Queensland coast in Australia (Strzelec 
et al., 2019b). Because our estimates of aerosol Fe dry deposition fluxes 
do not account for wet Fe deposition, we suggest readers to interpret 
fluxes reported in this study as a lower limit estimates to the bulk at-
mospheric Fe deposition to Australia coastal waters, especially at low 
tropical latitude (here referred to as NMR and CSMR). Additional field 
observations are required to better constrain atmospheric wet deposi-
tion at different latitudes across Australia and in the open ocean. 

Particle size distribution is beyond the scope of this study. However, 
shipboard-collected aerosols were previously reported to predominantly 
exist in the <10 μm size fraction for mineral dust (Baker and Jickells, 
2006) and in the submicron (<30–280 nm) size fraction for combustion 
(including biomass burning) particles (Winton et al., 2016). Based on 
our total aerosol loading measurments, it seems a reasonable assump-
tion that aerosols investigated in this study are comprised within similar 
size range, although future aerosol size-segregation studies would be of 
critical interest. 

A better evaluation of the marine and atmospheric budget of Fe and 
other essential nutrients in Australia is still requires to better quantify 
the role of different source reservoirs of nutrients as well as possible (co- 
)limitation existing across marine communities in different marine 
ecosystems around Australia. 
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