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Abstract 

This research investigates sources of soluble atmospheric iron in the Australian sector of the 

Southern Hemisphere. The deposition and dissolution of aerosols containing iron into the 

ocean may alter macro-nutrient utilisation and thus phytoplankton, and nitrogen production 

by diazotrophs. In pelagic surface waters with abundant nitrate and phosphate, but low levels 

of iron and chlorophyll (i.e. high-nutrient, high-chlorophyll (HNLC) waters, such as the 

Southern Ocean), small additions of iron have been shown to result in substantial 

phytoplankton blooms and increased levels of marine productivity. In contrast, additions of 

iron to tropical waters with low levels of fixed nitrogen may result in higher rates of nitrogen 

fixation by diazotrophs, such as the cyanobacteria Trichodesmium erythraeum. Iron enhanced 

nitrogen fixation has been implicated in the initiation of toxic algae blooms impacting marine 

ecosystems and fisheries. Given the important interaction between iron and marine 

biogeochemistry it is not surprising that the addition of iron to HNLC waters has been 

proposed as a geoengineering solution to remove carbon dioxide from the atmosphere. 

However, very little is known with respect to natural atmospheric inputs of iron to the surface 

ocean. For example, the variability of fractional iron solubility in the literature (0.01 to 80 %) 

is larger than changes in the atmospheric iron deposition rate to the Southern Ocean on 

glacial-interglacial time scales. Iron bioavailability is likely a product of iron solubility, at 

least in the first order, and is a primary variable determining the impact of atmospheric iron 

deposition in marine ecosystems. 

In this research, I have investigated differences in atmospheric iron solubility over tropical 

northern Australia, the Southern Ocean and in Antarctic snowfall. These locations were used 

to investigate iron in aerosols transported over continental and marine areas at different 

spatial scales relative to sources. The primary hypothesis tested by this research is that the 

variance in the observed fractional iron solubility is due to a combination of different soluble 

iron sources including mineral dust and biomass burning emissions. The results of the study 

suggest that aerosol iron derived from mineral dust is relatively insoluble regardless of 

atmospheric transport time. However, the interaction of mineral dust with biomass burning 

emission plumes may increase fractional iron solubility episodically. The results of this 

research do not suggest that fire emissions are a major source of soluble iron, but that they 

may indirectly enhance the solubility of iron derived from mineral dust. An inverse 
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hyperbolic relationship was observed between total iron concentration and fractional iron 

solubility at all the study areas, including tropical continental, marine and remote polar 

locations. Differences in this relationship were observed with respect to the constant 

fractional iron solubility at high total iron concentrations. Contrary to expectations, higher 

constant fractional iron solubility was found in northern tropical Australia and may be due to 

the presence of higher concentrations of organic acids emitted by biomass burning. The study 

has implications for future climate scenarios, which suggests increased biomass burning 

globally, for interpreting paleo records of iron deposition to the ocean and for predicating 

toxic algae blooms initiated by iron-fertilised nitrogen fixation. 
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Chapter 1. Exegesis introduction 

1.1 Aerosol iron and its biogeochemical importance in the Southern Hemisphere 

The marine iron biogeochemical cycle and the distribution of bioavailable iron in surface 

waters plays a key role in marine primary productivity through iron-limitation and nitrogen 

fixation. Iron inputs to iron-limited surface waters of the Southern Ocean enhance 

macronutrient utilisation and primary productivity while inputs of iron to nitrogen poor 

tropical and sub-tropical waters may modulate nitrogen fixation. Globally, the atmospheric 

deposition of mineral dust is thought to be the primary source of new bioavailable iron to the 

pelagic ocean. The distribution of atmospheric iron deposition is well known, but its 

solubility and bioavailability is not. To date, most studies have assumed that mineral dust 

aerosols represent the primary source of soluble iron in the atmosphere. However, fire 

emissions and oil combustion are other potential sources. 

1.2 Research aims and objectives of this thesis 

1.2.1 Description of research aims 

The over-arching aim of the project was to investigate sources of soluble atmospheric iron in 

the Australian tropics, the Southern Ocean and Antarctica. This project tested the hypothesis 

that a substantial fraction of soluble iron in the atmosphere originates from biomass burning 

rather than mineral dust, which is relatively insoluble. To achieve this, equipment, expertise 

and methodology were developed to sample and measure extremely low concentrations of 

soluble and total iron in aerosols and snow samples from the Australian section of the 

Southern Hemisphere. This study was based on; i) exposure blank aerosol filters from the 

Cape Grim Baseline Air Pollution Station (CGBAPS) (Chapter 3), ii) a time series of 

archived aerosol samples from CGBAPS from 1999-2000 [Bollhöfer et al., 2005] (Chapter 

5), iii) a time series of aerosol samples from Gunn Point, Northern Territory collected during 

the Savannah Fires in the Early Dry Season (SAFIRED) campaign in June 2014 (Chapter 4), 

iv) snow samples from a snow pit at Roosevelt Island, Ross Sea as part of the Roosevelt 

Island Climate Evolution Project (RICE) (Chapter 6), and v) a suite of surface snow samples 

collected from the McMurdo sea ice in November 2009 [Winton et al., 2014] (Chapter 7). 
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The aerosol and snow pit samples contained a record of spatial variability in soluble iron 

deposition across a latitudinal gradient in the Southern Hemisphere. The snow pit contained a 

high-resolution record of variable dust fluxes, long-range transported refractory black carbon 

(rBC; fire tracer) concentrations, and dissolved and total dissolvable iron concentrations over 

the past few years, including an exceptionally large rBC event in 2012. These samples are 

important as Australia is a large potential source area (PSA) of both mineral dust and biomass 

burning emissions in the Southern Hemisphere, and there is a dearth of soluble iron 

measurements in this region. 

1.2.2 Objectives of this thesis 

Specific project objectives and the steps undertaken to achieve them were: 

1. Assess the suitability of high-volume aerosol samplers for ultra-trace aerosol iron 

measurements in low aerosol iron loading environments. 

a) Establish a high-volume aerosol sampling program at the CGBAPS, northwest Tasmania using 
trace metal protocols to sample baseline marine air over the Southern Ocean. Determine exposure, 
procedural and instrumental blank exposure filters. 

b) Assess the cleanliness of the sampling system by carrying out microscope observations, iron 
solubility experiments and total aerosol iron digestions of the exposure blank filters. Determine a 
blank iron budget for the blank exposure filters. 

2. Investigate soluble aerosol iron in fresh smoke in the Australian tropics. 

a) Collect a time series of aerosol samples during the dry season from the Australian Tropical 
Atmospheric Research Station (ATARS), Gunn Point, Northern Territory. 

b) Measure the soluble and total iron concentration in the samples. 

c) Determine potential sources of aerosol iron using a combination of air mass back trajectories, 
enrichment factor analysis, and radon222 concentrations.  

d) Compare the soluble iron data to elemental carbon (fire tracer) concentrations, and global chemical 
transport models [Ito, 2015] of soluble aerosol iron. 

3. Investigate soluble aerosol iron in Southern Ocean baseline air. 

a) Measure the soluble, labile and total iron concentration in archived samples collected from a 70 m 
telecommunications tower at CGBAPS. 

b) Compare the soluble iron data to atmospheric organic acids to assess their influence on fractional 
iron solubility. 

4. Investigate soluble aerosol iron sources to the eastern Ross Sea. 
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a) Sample a two year high-resolution record of soluble iron from a snow pit at Roosevelt Island. 

b) Measure dissolved and total dissolvable iron concentrations, dust concentrations, stable water 
isotope ratios and refractory black carbon (rBC; fire tracer) concentrations in the samples. 

c) Investigate the provenance of mineral dust to the site using particle counts, particle size 
distribution and Nd and Sr isotopic ratios of mineral dust. 

5. Investigate the provenance of lithogenic sediment in the southwestern Ross Sea and 

assess the implications for natural iron-fertilisation by local dust. 

a) Investigate the provenance of dust deposited on sea ice in McMurdo Sound, southwestern (SW) 
Ross Sea and the lithogenic fraction of sediment suspended in the water column from a sediment 
trap in the SW Ross Sea (collected by R. Dunbar, 1997) using Nd and Sr isotopic ratios and 
mixing models. 

b) Assess the importance of local dust as a source of new dissolved iron to the SW Ross Sea. 

1.2.3 Note on elemental/black carbon terminology  

Within the literature, there is a difference in the terminology between refractory black carbon 

(rBC) and elemental carbon: rBC is often referred to as elemental or graphitic carbon, 

although the nomenclature is dependent on the analytical method [Andreae and Gelencsér, 

2006]. Andreae and Gelencsér [2006] suggest that elemental carbon refers to the fraction of 

carbon that is oxidized in combustion analysis above a certain temperature threshold, and 

only in the presence of oxygen. Refractory black carbon is a carbonaceous material formed 

during combustion of carbon based fuels [Bond et al., 2013]. Refractory black carbon can be 

determined by light absorbing carbon methods using the optical adoption technique as it’s 

physical properties allows it to be distinguished from other forms of aerosol carbon. These 

physical properties include: strong visible light absorption, insolubility in water, refraction, 

and aggregation of small carbon spherules [Bond et al., 2013]. The terminology used in this 

thesis reflects that of the original author, as it is difficult to convert between black and 

elemental carbon. These terms are used interchangeably in this thesis. 

1.3 Layout of this thesis 

This research has produced a number of manuscripts and peer-reviewed publications. One 

publication is published, two publications are in press, one manuscript is currently under 

review and another is in the process of submission. These manuscripts and publications make 
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up the body of this thesis. Copyright agreements to reproduce publications resulting from this 

thesis can be found in Appendices A. This thesis is organised into the following sections: 

1. Introduction 

Chapter 1 describes the context of this research, the research aims and objectives, the 

layout of this thesis and outlines the analyses conducted.  

2. Literature review 

Chapter 2 reviews the literature regarding the importance of iron for primary 

production in the Southern Ocean and tropical waters, the deposition of aeolian dust 

and black carbon, and the bioavailability of aerosol iron.  

3. Paper 1 

V.H.L. Winton, A. Bowie, M. Keywood, P. van der Merwe, R. Edwards, 2016. 

Suitability of high-volume aerosol samplers for ultra-trace aerosol iron measurements 

in pristine air masses: blanks, recoveries and bugs. Atmospheric Measurement 

Techniques Discussions, doi:10.5194/amt-2016-12, in review. 

4. Paper 2 

V.H.L. Winton, R. Edwards, A.R. Bowie, M. Keywood, A.G. Williams, S. 

Chambers, M. Desservettaz, C. Selleck, et al. Dry season aerosol iron solubility in 

tropical northern Australia. To be submitted to Atmospheric Chemistry and Physics. 

5. Paper 3 

Winton, V.H.L., A.R. Bowie, R. Edwards, M. Keywood, A.T. Townsend, P. van der 

Merwe, Bollhofer, A., 2015. Fractional iron solubility of atmospheric iron inputs to 

the Southern Ocean, Mar. Chem., 177, Part 1, 20-32, 

http://dx.doi.org/10.1016/j.marchem.2015.06.006. 

6. Paper 4 

V.H.L. Winton, R. Edwards, B. Delmonte, A. Ellis,  P.S. Andersson, A. Bowie, 

N.A.N. Bertler, P. Neff, A. Tuohy, 2016. Multiple sources of soluble atmospheric iron 

to Antarctic waters. Global Biogeochemical Cycles, 29, doi:10.1002/2015GB005265. 
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7. Paper 5 

V.H.L. Winton, G.B. Dunbar, C.B. Atkins, N.A.N. Bertler, B. Delmonte, P. S. 

Andersson, A. Bowie, R. Edwards, 2016. The origin of lithogenic sediment in the 

south western Ross Sea and implications for iron fertilization. Antarctic Science, 

available on CJO2016. doi:10.1017/S095410201600002X. 

8. Exegesis and future work and recommendations 

The exegesis reviews and discusses the linkages between the manuscripts and 

publications. This chapter answers the objectives set above by; a) compiling and 

assessing latitudinal trends in soluble aerosol iron data from low latitude locations in 

the Northern Territory, Australia to high latitude locations on the East Antarctic 

Plateau, b) evaluating the impact of biomass burning to soluble iron deposition in the 

Australian sector of the Southern Hemisphere by comparing refractory black carbon 

(rBC), dust and soluble aerosol iron, and comparing the data to global chemical 

transport models, and c) applying a simple two component mixing model of data 

produced in this thesis to ice core dust records of the last 800,00 years to estimate 

how soluble iron concentrations and fractional iron solubility may have changed 

during glacial-interglacial periods. 

5 
 



References 

Andreae, M., and A. Gelencsér (2006), Black carbon or brown carbon? The nature of light-
absorbing carbonaceous aerosols, Atmospheric Chemistry and Physics, 6(10), 3131-3148. 

Bollhöfer, A., K. J. R. Rosman, A. L. Dick, W. Chisholm, G. R. Burton, R. D. Loss, and W. 
Zahorowski (2005), Concentration, isotopic composition, and sources of lead in Southern 
Ocean air during 1999/2000, measured at the Cape Grim Baseline Air Pollution Station, 
Tasmania, Geochimica et Cosmochimica Acta, 69(20), 4747-4757. 

Bond, T. C., et al. (2013), Bounding the role of black carbon in the climate system: A 
scientific assessment, Journal of Geophysical Research: Atmospheres, 118(11), 5380-5552. 

Winton, V. H. L., G. B. Dunbar, N. A. N. Bertler, M. A. Millet, B. Delmonte, C. B. Atkins, J. 
M. Chewings, and P. Andersson (2014), The contribution of aeolian sand and dust to iron 
fertilization of phytoplankton blooms in southwestern Ross Sea, Antarctica, Global 
Biogeochemical Cycles, 28(4), 2013GB004574. 

6 
 



Chapter 2. Literature review 

2.1 Introduction  

Iron-fertilisation of the Southern Ocean has been proposed as one of the drivers initiating 

glacial cycles. Martin [1990] suggested that increased iron supply, by higher dust fluxes, 

during glacial maxima triggered higher rates of primary production and thus carbon 

sequestration to the ocean. Consequently, global climate was impacted by reducing the 

atmospheric carbon dioxide (CO2) concentration. Subsequent analysis of Antarctic ice cores 

supported the “iron hypothesis” and showed that over glacial-interglacial cycles the rate of 

dust deposition is inversely correlated to atmospheric concentrations of CO2, however there 

are some questions with respect to leads and lags [Lambert et al., 2008; Petit et al., 1999]. 

Co-variation of iron and mineral dust proxies in Antarctic ice cores display higher deposition 

rates during glacial stages [Edwards et al., 2006; Gaspari et al., 2006; Vallelonga et al., 

2013]. Southern Ocean marine sediments from several regions also link enhanced glacial 

atmosphere iron deposition to higher rates of primary productivity [Anderson et al., 2014; 

Martínez-Garcia et al., 2009; Martínez-García et al., 2014; Moore et al., 2000]. While other 

studies postulate that higher rates of iron input to the Southern Ocean during glacial periods 

were sourced from the upwelling of water enriched by sediments [Latimer and Filippelli, 

2001; Latimer et al., 2006]. Recently, Conway et al. [2015] suggest that soluble iron 

deposition to the Southern Ocean during the Last Glacial Maximum (LGM) would have been 

at least ten times greater than modern deposition, with similar rates to an upwelling supply of 

iron. Most recently, numerical modelling by Lambert et al. [2015] shows that higher LGM 

dust deposition may have only reduced atmospheric CO2 by <10 ppm, however, greater 

carbon burial and carbonate compensation would have further decreased atmospheric CO2 

around 10 ppm over millennial timescales. It is now well established that primary 

productivity in the modern Southern Ocean is limited due to low iron availability [e.g. Blain 

et al., 2007; Boyd et al., 2007; Boyd et al., 2000; Martin et al., 1991]. In situ iron-fertilisation 

experiments have shown that carbon can be exported to deep sediments following 

phytoplankton blooms induced by iron relief to iron-limited waters [Smetacek et al., 2012]. 

The current literature suggests that while at present mineral dust is an important source of 

new iron to remote ocean waters, it not the only one [e.g. Boyd and Ellwood, 2010]. Aerosol 
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iron deposition rates to the remote Southern Ocean surface waters are the lowest on earth 

ranging from 0.3-2.5 mg m−2 d−1 [Winton et al., 2015; and references within]. Iron deposition 

to the region has been investigated in relation to the distribution and transport of mineral dust 

[Bowie et al., 2009; Donaghay et al., 1991; Gao et al., 2013; Luo et al., 2005; Mahowald et 

al., 2005; Wagener et al., 2008]. Atmospheric iron deposition events associated with dust 

storms have been reported to relieve iron-limitation and trigger phytoplankton blooms in the 

Southern Ocean [Boyd et al., 2004; Gabric et al., 2010; Johnson et al., 2010; Mackie et al., 

2008]. This is in contrast to dust deposition events in the Atlantic Ocean [e.g. Banerjee and 

Prasanna Kumar, 2014]. Nevertheless, aerosol iron is an important contributor to the supply 

of new iron in remote iron-depleted waters. Despite several decades of research, the 

atmospheric deposition of iron to the ocean is not well quantified, especially around water 

adjacent to Australia and in the Southern Ocean. The first section of this literature review 

assesses the importance of mineral dust as a source of new iron to the Australian sector of the 

Southern Ocean (area defined in Fig. 2.1), by examining i) the sources of iron and the 

delivery mechanisms to the ocean, and ii) the bioavailability of aerosol iron. The second and 

third sections review potential dust and biomass burning sources of iron to the Australian 

sector of the Southern Ocean. 

2.1.1  Regional setting  

2.1.1.1 Iron-limitation: Australian tropical waters 

Waters surrounding Australia are not generally thought of as being directly iron-limited. 

However, nitrogen fixers, such as nonheterocystous cyanobacteria Trichodesmium [Berman-

Frank et al., 2001; Paerl et al., 1994], reside in some oligotrophic, low nitrate, low 

chlorophyll (LNLC) tropical waters north of Australia (Fig. 2.1). In these waters, iron 

availability is a primary factor limiting nitrogen fixation by diazotrophic phytoplankton 

[Falkowski, 1997; Mills et al., 2004; Rueter, 1988; Rueter et al., 1992]. The addition of 

bioavailable iron can influence inputs of newly fixed nitrogen into surface waters [Paerl et 

al., 1987; Rueter, 1988], and trigger toxic algal blooms [Abram et al., 2003; LaRoche and 

Breitbarth, 2005]. The high iron requirement for nitrogen fixation is reflected in higher Fe:C 

quotas of Trichodesmium, compared with other marine phytoplankton such as diatoms 

[Johnson et al., 1997; Kustka et al., 2003; Rueter et al., 1992]. High iron requirements were 
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observed during a phytoplankton bloom in coastal waters north of Australia [Berman-Frank 

et al., 2001]. 

Little is known about how atmospheric inputs of iron impact biota and modify the carbon 

balance in oligotrophic waters. In the oligotrophic waters of the north Tasman Sea, a ten-fold 

increase in nitrogen fixation was observed in response to a cyclone. The cyclone stimulated 

diazotrophic phytoplankton by enhanced phosphate availability in the absence of nitrate, and 

increased the dissolved iron supply by wet deposition of Australian dust [Law et al., 2011]. In 

other tropical regions, studies have shown that large toxic algal blooms, such as 

dinoflagellate Gymnodinium and cyanobacteria have been stimulated by atmospheric 

deposition of nutrients. For example, the deposition of volcanic ash and Saharan dust may 

have alleviated the iron-limitation of toxic diazotrophs, thus fuelling nitrogen fixation of red 

tides in the eastern Gulf of Mexico [Lenes et al., 2008; Walsh and Steidinger, 2001]. Guieu et 

al. [2014] investigated episodic inputs of aerosol iron to LNLC waters and found that the 

overall impact was not a simple fertilisation effect of increasing phytoplankton biomass as 

observed in HNLC regions. The authors found that although phytoplankton growth could be 

enhanced by additions of aerosol iron, increased bacterial activity, and respiration resulted in 

a weakening of biological carbon sequestration. 

2.1.1.1 Iron-limitation: waters south of Australia 

The Southern Ocean is characterized by high nitrate, low chlorophyll (HNLC) waters, where 

diatoms typically reside. These waters are characteristically replete with nitrate and 

phosphate and depleted with iron (Fig. 2.1). However, nitrate and phosphate macro-nutrients 

are not fully utilised, resulting in usually low primary production [e.g. Arrigo et al., 2008a]. 

In HNLC waters, mesoscale perturbation experiments have demonstrated that low iron 

availability limits primary production [Boyd et al., 2007]. Dissolved iron (DFe) 

concentrations in the Southern Ocean are variable [de Baar and de Jong, 2001], with typical 

DFe concentrations in waters south of Australia around 0.1-0.7 nmol L-1 [Bowie et al., 2009]. 

In contrast to the Southern Ocean, the Ross Sea is the most biologically productive 

continental shelf region in Antarctica and experiences intense seasonal phytoplankton blooms 

[e.g. Arrigo and McClain, 1994; Smith and Gordon, 1997]. The Ross Sea is seasonally iron-

limited and has a high-nutrient high-chlorophyll (HNHC) regime compared to the chronically 

iron-limited HNLC regime of the Southern Ocean. The Ross Sea is dominated by Phaeocystis 

antarctica and diatoms [Arrigo et al., 2000]. 
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Fig. 2.1: a) Global ocean surface nitrate concentrations. b) Insert of the region defined as the “Australian sector of the Southern Hemisphere”, and the study sites 

that cross a latitudinal gradient in ocean nitrate concentrations in this research. Source: World Ocean Atlas 2013 V2 (https://www.nodc.noaa.gov/OC5/woa13/). 
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2.2 Iron biogeochemistry 

2.2.1 Modes of iron supply to the Southern Ocean, Antarctica and Australian waters 

Mineral dust as a source of iron to the open ocean has been the focus of many studies on a 

global scale [Sholkovitz et al., 2012]. Other potential iron sources include; upwelling of deep 

ocean waters [de Baar et al., 1995; Grand et al., 2015c; Robinson et al., 2014], deep winter 

mixing and entrainment [Bowie et al., 2014; Tagliabue et al., 2014], transport from 

continental margins by ocean currents [Elrod et al., 2004; Johnson et al., 1999], from sea-ice, 

ice bergs and ice shelve melting [Gerringa et al., 2012; Lannuzel et al., 2010; Raiswell et al., 

2008a; Raiswell et al., 2008b; Sedwick and DiTullio, 1997], and hydrothermal vents [Frants 

et al., 2016; Resing et al., 2015; Tagliabue et al., 2010]. These sources are illustrated in Fig. 

2.2a. The relative importance of each source varies spatially (shown in the global marine iron 

cycle from a simple inverse model in Fig. 2.3) and temporally.  

Until a year ago, little was known about sources of iron to the Ross Sea. Sedwick et al. [2011] 

observed that the winter reserve of DFe in the Ross Sea is consumed by phytoplankton early 

in the season (Fig. 2.2b) and that the resulting iron limitation must be overcome by new 

sources to sustain the major biomass observed over summer. The authors identified possible 

sources of new DFe as episodic vertical exchange, lateral advection, aerosol input, and 

reductive dissolution of particulate iron. In the last year, a number of new studies have 

emerged and have confirmed that upwelling of iron-rich waters is the primary source of iron 

to surface waters in the Ross Sea [Gerringa et al., 2015; Kustka et al., 2015; Marsay et al., 

2014; McGillicuddy et al., 2015; Sedwick et al., 2011]. A few studies have quantified local 

dust [Bhattachan et al., 2015; de Jong et al., 2013; Winton et al., 2014] and sea ice [de Jong 

et al., 2013; McGillicuddy et al., 2015] as additional sources that supply DFe to the Ross Sea 

in the austral summer. 
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Fig. 2.2: Schematic illustrating sources of iron to the surface ocean. a) Sources of new iron and the processes that impact iron solubility in the atmosphere and 

ocean. b) Example of a dissolved iron (DFe) profile for the Ross Sea. The profile illustrates that surface ocean DFe is consumed early in the phytoplankton growing 

season [Sedwick et al., 2011]. 
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Fig. 2.3: The global modelled distribution of iron sources. a) Aeolian source from dust and combustion 

sources. b) Sediment source. c) Hydrothermal source. Note the logarithmic colour scales. Source: Frants 

et al. [2016]. 
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2.2.2 Aerosol iron 

The iron biogeochemistry section of this literature review focuses on aerosol iron as a source 

of new iron to oceanic waters. Firstly, the terminology of bioavailable versus soluble iron is 

clarified, secondly the variability in estimates of soluble iron and the factors influencing this 

variability are examined, and thirdly multiple sources of soluble iron are discussed as an 

explanation for the large variability of soluble iron observed on a global scale. 

2.2.2.1 Note on bioavailability versus solubility and the measurement of soluble iron 

From a biogeochemical perspective, it is not the total amount of aerosol iron supplied to the 

ocean that is important but the amount that is bioavailable, i.e., the amount available for 

uptake and utilisation by living cells. However, a major difficulty in assessing the 

bioavailability of aerosol iron in marine environments is the lack of consistency in the 

operational definition of soluble or bioavailable iron. The most common approach to 

understanding the delivery of iron-bearing aerosols to biota has been to quantify the solubility 

of iron from aerosols and assume that all iron that is soluble is bioavailable. There are 

limitations to this approach as not all soluble iron is necessarily bioavailable [Boyd et al., 

2010]. The operational definition of soluble iron is determined by the available methods. 

Such methods include iron leaching experiments and numerical models [e.g. Baker et al., 

2006; Ito and Shi, 2015]. In this thesis, soluble iron is operationally defined as iron that 

passes through a 0.2 or 0.45 µm filter. 

Reported values of the percentage of iron in aerosols that are soluble (i.e., fractional iron 

solubility defined by equation (2.1)) range from 0.01 to 90 % [Mahowald et al., 2005; 

Sholkovitz et al., 2012; and references within]. 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹 𝑠𝑠𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑠𝑠 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐹𝐹𝑆𝑆
𝑇𝑇𝑆𝑆𝑇𝑇𝑇𝑇𝑆𝑆 𝐹𝐹𝑆𝑆

𝑥𝑥 100  (Equation 2.1) 

This variation in fractional iron solubility reflects differences in the properties of aerosol (e.g. 

source and mineralogy, see section below), but also due to the inconsistency in aerosol iron 

leaching methods and the operational definitions of soluble iron. Leaching methods involve 

the extraction of soluble iron from aerosols, collected on a filter, via exposure to a leaching 

solution. There is a wide variation in the iron extraction method in the literature e.g. from 

leaching solution type and volume (ultra-pure water, seawater, weak acid) to leaching time 
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(instantaneous to 3 months [e.g. Buck et al., 2006; Edwards and Sedwick, 2001]). Aguilar-

Islas et al. [2010] showed that the variability of fractional iron solubility derived from 

leaching schemes was less than the variability derived from the chemical and physical 

proprieties of the aerosol. To mimic aerosol iron dissolution in nature, seawater is the 

preferred leaching solution. However, the heterogonous chemistry of seawater is likely to 

contribute to the large variation in reported fractional iron solubility. Baker and Croot [2010] 

highlight that as seawater is heterogonous in time and space; reproducibility of iron leaching 

results using seawater is difficult. The authors suggest the use of a standardised method with 

an artificial seawater standard. Recently, progress toward a standardised method has been 

made through the GEOTRACES aerosol intercalibration experiment [Morton et al., 2013] 

however, the implementation of a standardised method is still ongoing. Previous studies have 

recommended using a simple ultra-pure water leach for easy comparison among different 

research groups and standardising of results from different aerosols source regions [e.g. 

Desboeufs et al., 2005b; Spokes et al., 1994]. Thus, I adopt the ultra-pure water leach method 

in this research. New aerosol iron leaching methods employ the use of ligands, reducing 

agents and photochemistry to mimic the dissolution of iron in seawater. For example, organic 

acids have been used to mimic mineral dust and organic aerosol interactions during 

atmospheric transport [Ito and Shi, 2015] and cloud processing [Shi et al., 2015], and also 

variations temperature, pH and oxygen levels to mimic changing surface ocean conditions 

[Fishwick et al., 2014]. 

2.2.2.2 Factors affecting the variability in fractional iron solubility 

Aside from the complexities in measuring soluble iron, there are a number of environmental 

controls than have an impact on fractional iron solubility. Some of these processes, illustrated 

in Fig. 2.2a, occur in the atmosphere while other take place in the ocean [Boyd et al., 2010]. 

 Atmospheric controls on fractional iron solubility 

Some studies have proposed a physical control on fractional iron solubility, i.e., the 

preferential removal via settling of large particles during long-range transport. Thus, at lower 

dust concentrations distal from the source, the modal particle size is smaller and has a 

correspondingly larger surface area to volume ratio. A greater proportion of the iron content 

at the surface led Baker and Jickells [2006] to propose that fine particles would have a higher 

fractional iron solubility. However, other field studies were not able to confirm this [Buck et 
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al., 2006; Luo et al., 2005], and it appears fractional iron solubility is not a simple function of 

particle size. Some studies have observed fractional iron solubility as a function of aerosol 

particle concentration with higher iron solubility observed at lower suspended particle 

concentrations [Baker and Jickells, 2006; Bonnet and Guieu, 2004; Chen and Siefert, 2004; 

Spokes and Jickells, 1995; Trapp et al., 2010]. 

Laboratory studies suggest dust and aerosols under atmospheric transport can undergo a 

number of atmospheric physio-chemical processes that can enhance the dissolution of iron, 

for example in clouds [e.g. Desboeufs et al., 2005a], and over several cycles of evaporation 

and hydration with associated changes in pH [Mackie et al., 2005; Spokes and Jickells, 1995]. 

Internal mixing of acidic and mineral dust components of an aerosol population enhances 

fractional iron solubility, and has been demonstrated in laboratory studies that simulate 

changes in aerosol pH [Spokes et al., 1994; Zhu et al., 1992]. Atmospheric processing under 

acidic conditions outside clouds can also increase soluble iron in mineral dust [Shi et al., 

2015; Zhu et al., 1992; Zhu et al., 1993]. 

Mineral dust can be mixed with organic acids and humic material in the atmosphere (Fig. 

2.2a) [Alexander et al., 2015; Huang et al., 2014]. Sulfates, nitrates and carboxylic acids, e.g. 

oxalic acid, are common in aerosol populations derived from anthropogenic contamination or 

biomass burning emissions, and could enhance the solubility of mineral dust [Huang et al., 

2006; Ito, 2015; Ito and Shi, 2015; Zuo and Zhan, 2005]. However, in remote areas in the 

Southern Ocean, oxalic acid concentrations (measured as oxalate as the conjugate base 

throughout this research), are typically 20-100 times lower than urban air (10-50 ng m-3 

compared to 900 ng m-3; [Warneck, 2003]). Therefore, organic compounds, such as oxalate, 

may be less relevant in the less polluted air masses in the Australian southeast dust path 

compared to the northwest dust path where substantial biomass burning derived oxalate 

aerosols are produced (see section 2.3.3 for dust paths). Solubility enhancing pollutants, such 

as SOx and NOx, are low in the Southern Hemisphere [Ayers et al., 1997]. In addition, studies 

in other regions found no correlation between the concentration of acidic species and 

fractional iron solubility [Baker et al., 2006; Spokes and Jickells, 1995]. 

Perhaps the most important variable controlling fractional iron solubility is the aerosol 

source. Fractional iron solubility is dependent on the mineral composition of dust [Baker et 

al., 2006; Raiswell et al., 2008b], and on the type of aerosol e.g. mineral dust versus 

anthropogenic aerosol [Aguilar-Islas et al., 2010; Sedwick et al., 2007; Sholkovitz et al., 
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2009; Sholkovitz et al., 2012]. Iron speciation can vary considerably among sources and could 

be a driver of iron solubility [e.g. Schroth et al., 2009]. Furthermore, glacial weathering of 

sediments can enhance iron solubility [Raiswell et al., 2008a; Schroth et al., 2009]. 

 Oceanographic controls on fractional iron solubility 

Post-depositional processes can also solubilise iron from aerosols in surface waters (Fig. 

2.2a). Boyd et al. [2005] suggests two mechanisms by which dust dissolution occurs in the 

surface ocean: physio-chemically mediated dissolution on the order of hours (estimated using 

instantaneous leaching schemes) and microbial/photo-chemically mediated dissolution on the 

order of weeks (estimated using reducing agents in leaching schemes [e.g. Berger et al., 

2008]). Wu et al. [2001] and Aguilar-Islas et al. [2010] suggest that aerosol iron deposition 

was mainly released in the colloidal pool, and there is evidence that colloidal iron is 

bioavailable [Barbeau and Moffett, 1998; Chen and Siefert, 2003; Rich and Morel, 1990; 

Wells et al., 1983]. Nano-particles are also potentially bioavailable [Raiswell et al., 2008a; 

Raiswell et al., 2008b]. Photochemical reactions in the surface ocean are also important for 

maintaining bioavailable iron in the mixed layer, and can influence iron solubility when the 

surface ocean is sunlit. Iron-fertilisation experiments in the Southern Ocean show that photo-

reduction extends the lifetime of Fe(II) [Croot et al., 2001; Croot et al., 2005; Johnson et al., 

1994]. Grazing by zooplankton, bacteria and whales recycles iron in the water column [Boyd 

and Ellwood, 2010; Nicol et al., 2010; Smetacek et al., 2004]. Iron contained in colloids and 

particulates may be ingested by zooplankton. The action of digestive enzymes results in a 

fraction of the iron becoming soluble. Grazing of phytoplankton and zooplankton may release 

iron-binding ligands, further increasing the solubility of iron [Sato et al., 2007]. Furthermore, 

excretion of iron as faeces from zooplankton may be consequently taken up by phytoplankton 

[Barbeau et al., 1996; Hutchins et al., 1993]. Organic complexation is another factor; the 

concentration of particulate iron in seawater is controlled by the presence of strong iron-

binding ligands [Kraemer, 2004; Kraemer et al., 2005]. Complexation of Fe(II) by organic 

ligands such as formate, acetate, and oxalate promotes the photo-reduction of more soluble 

Fe(II). When Fe(II) complexes form on the surface of particles, photo-reduction results in the 

release of Fe(II) into solution. 

Furthermore, little is known about how a changing climate might affect these factors and 

inputs of soluble iron to oceanic waters [Boyd, 2015; Boyd et al., 2015a]. Fishwick et al. 

[2014] investigated the impact of predicted changes in surface ocean conditions on the 
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dissolution of aerosol iron and found that temperature, pH and oxygen had little effect on iron 

solubility compared to the aerosol source. Episodic changes in mineral dust deposition to the 

Southern Ocean have been linked to 20th-century climate change and Australian land use 

modification [Bhattachan and D'Odorico, 2014]. Boyd et al. [2015b] investigated 

subantarctic phytoplankton response to changing oceanographic conditions predicted for 

future climate change and found that climate change could enhance diatom growth due to 

warming and iron enrichment. Concentrations of iron in the ocean in a warmer climate are 

predicted to be two-fold higher than the present day conditions [Boyd et al., 2008; Moore et 

al., 2013]. Modelling by Mahowald et al. [2010] show that dust deposition trends could 

increase ocean productivity by 6 % over the 20th century, drawing down an additional 4 ppm 

of CO2 into the oceans.  

2.2.2.3 Two component mixing of aerosol iron sources 

To date, most studies have assumed that mineral dust represents the primary source of soluble 

iron in the atmosphere [e.g. Jickells et al., 2005]. However, fire emissions, oil combustion 

and extra-terrestrial iron are other potential sources. Sholkovitz et al. [2012] complied a 

global set of fractional iron solubility data, and found that the large variability in fractional 

iron solubility is related to a mixing of aerosol sources, i.e. mineral dust with a low fractional 

iron solubility (0.5-2 %) and combustion aerosol with a high fractional iron solubility (up to 

95 %; Fig. 7.2a). The inverse hyperbolic curve resulting from fractional iron solubility and 

total aerosol iron loading can best be explained by the conservative mixing of two end-

members each characterised by distinct atmospheric concentrations of fractional iron 

solubility and total aerosol iron [Sedwick et al., 2007; Sholkovitz et al., 2012]. The first end 

member “mineral dust” is characterised by relatively high aerosol iron loading and relatively 

low fractional iron solubility. The second end member “combustion aerosol” is characterised 

by relatively low total aerosol iron loading and relatively high fractional iron solubility. 

 Combustion aerosol iron estimates 

There is a large range in fractional iron solubility of combustion sources e.g. ship exhaust 

(>10 %; Ito [2013]; Sholkovitz et al. [2009]; Siefert et al. [1999]), oil fly ash (~36 %; 

Desboeufs et al. [2005b]), coal fly ash (~0.2 %; Desboeufs et al. [2005b]), coal burning [Lin 

et al., 2015], and oil combustion (~77-81 %; Schroth et al. [2009]). Biomass burning sources 

of soluble iron have received relatively less attention and also have a large range in fractional 
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iron solubility e.g. 2-40 % [Bowie et al., 2009; Guieu et al., 2005; Ito, 2011; Ito, 2012; 2015; 

Paris et al., 2010]. Chang-Graham et al. [2011] suggests that biomass may accumulate 

metal-containing species that are re-emitted during biomass burning. The authors report that 

45–75 % of the organic matter in biomass burning aerosols are water soluble, and water 

soluble metal-organic compounds (e.g., C7H6N2O4Fe) were emitted during biomass burning 

[Chang-Graham et al., 2011]. Biomass burning aerosols can undergo long-range atmospheric 

transport [Bisiaux et al., 2012b; McConnell et al., 2002] and deposition to the open ocean 

[Ito, 2011]. Fractional iron solubility also displays a large range (1–42 %) in Antarctica 

during the LGM [Conway et al., 2015]. 

 Australian mineral dust and Southern Ocean aerosol iron estimates 

Mackie et al. [2008] syntheses the processes influencing the biogeochemistry of Australian 

dust and compares them to processes from other dust sources. The stand out concern arising 

from this review is that there are virtually no in situ measurements of soluble iron from 

Australian dust or aerosol sources, despite Australia being the largest dust source in the 

Southern Hemisphere for the current climate. One measurement of fractional iron solubility 

(0.9 %) and fractional acid leachable iron (15 %) from dust from Thargomindah, southwest 

Queensland [Mackie et al., 2006], and a few measurements of soluble ferrous Fe(II) (0.5-0.24 

mg g-1) and total soluble Fe (0.14-1.9 mg g-1) from Mallee, southeast Australia [Bhattachan 

and D'Odorico, 2014] exist. Iron oxides were investigated in mineral dust from the Red 

Dawn storm event in eastern Australia in September 2009 (total Fe content was 4.7 %) 

[Reynolds et al., 2014]. The authors speculate that the mixing of Australian desert dust 

plumes (with iron in the form of Fe3+) and iron-bearing industrial effluent (iron in the form of 

Fe2+) could be a source of soluble iron to downwind oceans. 

The few measurements of soluble iron from aerosol collected at sea over the Southern Ocean 

show that the soluble iron concentrations are extremely low. Soluble iron fluxes over the 

Southern Ocean range from 0.04-7.4 nmol m-2 d-1 [Baker et al., 2013; Bowie et al., 2009; 

Wagener et al., 2008]. Recently, Chance et al. [2015] reported soluble and total iron fluxes 

for the southeast Atlantic ranging from 2-135 nmol m-2 d-1 and 22-2100 nmol m-2 d-1 

respectively for remote South Atlantic air masses. The highest total iron concentrations were 

associated with air masses close to South Africa and the lowest concentrations from air 

masses originating from Antarctica. Iron solubility ranged from 1-22 %, with higher 

fractional iron solubility in samples collected south of 40° S [Chance et al., 2015]. Using 

19 
 



dissolved Al (DAl) concentrations of surface seawater as a proxy for dust deposition, Grand 

et al. [2015b] estimate DFe fluxes for the southern Indian Ocean to be considerably higher 

(1.7-20 µmol m-2 d-1), and suggest DFe and DAl concentrations in the subtropical Indian 

Gyre are primality influenced by dust deposition. The authors used a number of assumptions 

in their estimates for dust DFe fluxes, i.e., constant fractional iron solubility and total iron 

content, which actually vary depending on aerosol source. Thus, caution should be used when 

comparing these estimates to in situ aerosol iron measurements. Nevertheless, these are the 

only known estimates for the south Indian Ocean sector of the Southern Ocean. Estimates at 

Kerguelen Island are higher than the broader Southern Ocean due to the influence of local 

dust [Heimburger et al., 2013b]. Soluble iron concentrations in coastal East Antarctica (0.13-

1.3 ng m-3) are also influenced by local dust sources but the concentrations are still low [Gao 

et al., 2013]. While total aerosol iron concentrations south of Tasmania range between 5 and 

17 ng m-3 [Bowie et al., 2009]. Even less data exits for wet deposition iron fluxes over the 

Southern Ocean [Chance et al., 2015; Heimburger et al., 2013a]. Estimates of 1000 ± 1200 

nmol m-2 d-1 for the southeast Atlantic have been reported by Chance et al. [2015], and are 

greater than dry deposition fluxes. However, due to the large uncertainty, the authors were 

not able to conclude which form of deposition is dominant. There is a need for more 

information on the solubility of aerosol iron, in order to better parameterise models [Baker et 

al., 2013; Mahowald et al., 2009; Schulz et al., 2012]. 

2.3 Aerosol iron end member one: Atmospheric dust 

Originally, aeolian dust was thought to be the main source of aerosol iron to the open ocean 

[Jickells et al., 2005; Martin, 1990]. The dust section of this literature review, reviews the 

physical processes of atmospheric dust transport, dust deposition rates in the Australian 

sector of the Southern Hemisphere, potential sources areas (PSA) of dust to Antarctica and 

the Southern Ocean, and the geochemical methods for characterising the provenance of dust. 

2.3.1 Physical transport of dust by wind 

Wind is critical for the dispersal of dust. Particle entrainment, dispersion and deposition 

processes are influenced by the properties of low-level airflow and the surface over which air 

moves. 
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2.3.1.1 Particle entrainment 

Particles begin to move under the influence of a moving fluid (this review focusses on air). 

The friction velocity above which particles move is defined as the threshold velocity and is a 

function of surface roughness, particle size and density, and whether the airflow is laminar or 

turbulent. The entrainment of particles by air can be described by Shield’s criterion, which is 

equivalent to Bagnold’s [1941] “fluid threshold” and is given by equation (2.2): 

    𝑉𝑉∗𝑇𝑇 = 𝐴𝐴 �𝜎𝜎−𝜌𝜌
𝜌𝜌

𝑔𝑔𝑔𝑔    (Equation 2.2) 

where V*t is the threshold wind velocity for movement of particles of diameter d; σ: density 

of the particle, typically assumed to be 2.65 g cm-3; p: density of air; g: acceleration due to 

gravity; d: particle diameter; A: empirical coefficient equal to 0.1 for particle friction 

Reynolds number which describes whether air flow is laminar or turbulent. Turbulent 

conditions (Rep >3.5) generally prevail when the transporting fluid is wind. 

As wind velocity increases logarithmically with height above the bed (as friction between the 

air column and the surface diminishes with height) equation (2.2) can be modified to 

calculate the fluid threshold velocity for a given particle size for wind measured at any height 

above the surface (z) as long as the surface roughness (k) and relative particle density as 

known. Equation (2.3) is a practical extension of equation (2.2) [Bagnold, 1941]: 

𝑉𝑉𝑇𝑇 = 5.75𝐴𝐴 �
𝜎𝜎−𝜌𝜌
𝜌𝜌
𝑔𝑔𝑔𝑔 log 𝑧𝑧

𝑘𝑘
    (Equation 2.3) 

where vt is the fluid threshold velocity; z: height above the surface; k: surface roughness. 

The threshold velocity as described by equations (2.2) and (2.3) indicates that larger particles 

require higher wind velocity to initiate movement. Particles >50 µm are infrequently 

suspended into the vertical flux and typically remain in the horizontal saltation flux [Greeley 

and Iversen, 1985]. For small particles, <50 µm, equations (2.2) and (2.3) may not adequately 

describe the threshold velocity due to strong particle cohesion forces [Bagnold, 1941]. 

Instead, where inter-particle cohesive forces are important, the threshold velocity for 

entrainment increases with decreasing particle size. These two effects lead to an optimum 

particle size of around 80 µm for which the threshold velocity is a minimum [Bagnold, 1941; 

Pye, 1989]. 
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After particle size, surface roughness is an important factor for particle entrainment. Surface 

roughness (k) is defined as the height below which there is zero fluid velocity. Surface 

roughness depends on the properties of the surface above which the flow occurs and is 

approximately equal to 1/30 of the diameter of the roughness elements on the surface 

[Bagnold, 1941]. High surface roughness causes turbulence and exerts friction on the 

overflowing air mass [Pye, 1989]. 

2.3.1.2 Particle dispersion 

The dispersion of aeolian dust describes how particles move. The mechanism by which a 

particle is transported depends on the particle shape and size, or more specifically the 

relationship between the particle settling velocity and fluid turbulence [Bagnold, 1941; Pye, 

1989]. The settling velocity of a particle depends on its size and shape. Wind transports dust 

by three mechanisms: i) surface creep (sliding and rolling), ii) saltation and iii) suspension 

[Pye, 1989]. These dispersion processes are illustrated in Fig. 2.4. Particles with a diameter 

>500 µm are transported mainly along the surface by surface creep. They remain on the 

surface because the settling velocity is much greater than the upward motion of turbulence 

unless saltating particles eject them to greater heights in the airflow (Fig. 2.4). Saltation 

transports particles between 70-500 µm in diameter. Particles enter the air stream, are 

transported on the order of meters to tens of meters, and then impact the bed leading to other 

particles being ejected from the surface. A particle will remain in suspension if the vertical 

velocity is greater than the settling velocity (Fig. 2.4) [Pye, 1989]. Suspension of particles for 

up to several weeks occurs at a particle size of <20 µm [Pye, 1989], where the low settling 

velocity can be overcome by air turbulence for long periods of time [Kalinske, 1943]. Dust 

records from polar ice cores show that dust originating from remote regions, such as South 

America and Australia, travelled thousands of kilometres from the source [Delmonte et al., 

2002; Delmonte et al., 2004a; Delmonte et al., 2008]. Estimates of tropospheric transport age 

to Antarctica vary, for example over 5.5 days from Patagonia, 6.5 days from Australia and 

8.5 days from Southern Africa [Krinner and Genthon, 2003]. During transport, dust is 

exposed to a number of environmental conditions that can enhance the solubility of iron 

contained in the particle (see section 2.2.2). 
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Fig. 2.4: Modes of particle transport by wind. The indicated particle size range in different transport 

modes are typically found during moderate windstorms (ε=104 - 105 cm2 s-1). Source: Pye [1989]. 

2.3.1.3 Particle deposition 

Dust deposition can either be by dry or wet deposition. However, few data on the proportion 

of wet versus dry deposition exist for the Southern Hemisphere [e.g. Chance et al., 2015; 

Heimburger et al., 2013a; Wagener et al., 2008]. Furthermore, there are large uncertainties in 

deposition velocities [Arimoto and Duce, 1986; Slinn and Slinn, 1980] for the Southern 

Hemisphere and a wide range of deposition velocities, ranging from 0.2-1.3 cm s-1, have been 

applied to soluble iron fluxes [Baker et al., 2003; Chance et al., 2015; Duce et al., 1991; 

Heimburger et al., 2012; Schulz et al., 2012]. 

2.3.2 The emission of dust in Australia and deposition of dust in the Southern Ocean 
and Antarctica  

Modelled and observed global dust deposition patterns for the current climate are illustrated 

in Fig. 2.5. Estimates suggest that there is an order of magnitude uncertainty in deposition 

from models and observations [Albani et al., 2012a; Jickells et al., 2005; Luo et al., 2005]. 

Studies of dust transport and deposition are dominated by observations from the Northern 

Hemisphere as this is where the largest dust emissions (Sahara and China) are sourced (Fig. 

2.5). Dust transport in the Southern Hemisphere is different to that in the Northern 
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Hemisphere, whereby Southern Hemispheric dust transport is constrained by circumpolar 

westerlies. In contrast, Saharan dust in the Northern Hemisphere is transported by the 

northeast trade winds and deposited in the equatorial North Atlantic. Global dust models 

predict that <20 % of global oceanic dust deposition occurs in Southern Hemispheric waters 

[Mahowald et al., 2009], due to its remoteness from continents. In the Southern Hemisphere, 

dust deposition is highest in waters adjacent to Australia, southern South America and 

southern Africa (Fig. 2.5). 

 

Fig. 2.5: Comparisons between global dust deposition models (upper panel) and observations from 

DIRTMAP [Kohfeld and Harrison, 2001] (central panel) for the current climate. Source: Albani et al. 

[2012a].  

2.3.2.1 Dust emission in Australia 

Mackie et al. [2008] provide a thorough synthesis of Australian dust biogeochemistry and the 

processes from dust emission to deposition in the ocean. The Mackie et al. [2008] synthesis 

highlights that there are very few actual Australian dust deposition data, and remote sensing 

studies can underestimate Australian dust emissions [McGowan et al., 2005]. Global models 

also have difficulty in accurate predictions of Australian dust emissions due to the complex 
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spatial variability of Australian potential source areas (PSA) and the episodic nature of 

Australian dust processes (see below). Australian dust plumes can carry large loads of 

sediment, for example in the October 2002 storm, around 4.9 Tg of soil was transported off 

the east coast of Australia [Knight et al., 1995]. 

2.3.2.2 Dust deposition in the Southern Ocean 

Data on Southern Ocean dust fluxes come from aerosol capture [e.g. Bowie et al., 2009; Gao 

et al., 2013; Wagener et al., 2008], modelling studies [e.g. Arimoto and Duce, 1986], surface 

dissolved aluminium (Al) concentrations [Grand et al., 2015a; Grand et al., 2015b], long-

lived thorium isotopes (232Th and 230Th) in seawater [Hayes et al., 2015], and derived 

atmospheric fluxes from 7Be [Kadko et al., 2015]. Modern dust fluxes range between 0.001-

0.2 g m-2 y-1 [e.g. Duce et al., 1991; Mahowald et al., 2005; Wagener et al., 2008]. Dust 

fluxes in the Southern Ocean vary with latitude (Fig. 2.5), for example, high dust fluxes of 66 

± 60 mg m-2yr-1 by Grand et al. [2015a] were estimated for Antarctic regions of the eastern 

Indian Ocean using surface dissolved DAl concentrations. Surface dissolved DAl 

concentrations were also used to estimate the high dust fluxes for the eastern and western 

South Indian Subtropical Gyre Ocean which range between 60 - 685 mg m-2yr-1 and are 

influenced by Australian and South African dust respectively [Grand et al., 2015b]. Caution 

should be applied when interpreting DAl in surface waters as a proxy for dust deposition, 

especially as the fractional aluminium solubility can vary as much as fractional iron solubility 

in the Southern Ocean [Chance et al., 2015]. 

2.3.2.3 Dust deposition rates in Antarctica 

Until recently, the main focus of research on dust in Antarctic ice has been on investigations 

of ice cores from the Antarctic interior, such as European Project for Ice Coring in Antarctica 

(EPICA) Dome C and Vostok. These deep ice cores cover geological time spans of several 

hundreds of thousands of years, and dust extracted from them represents Southern 

Hemispheric derived material that has travelled long distances [Basile et al., 1997; Delmonte 

et al., 2002; Delmonte et al., 2008; Delmonte et al., 2004b; Grousset and Biscaye, 2005; 

Grousset et al., 1992a]. Due to the remoteness of continental sources, the concentration of 

dust on the East Antarctica Plateau is extremely low. Dust concentrations at EPICA Dome C 

and Vostok during the Holocene and earlier interglacials are around 15 mg kg-1. Whereas, 

concentrations were 50 times higher (800 mg kg-1) during full glacial conditions [Lambert et 
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al., 2008]. Glacial concentrations of dust can exceed interglacial concentrations by a factor of 

25-50 [Petit et al., 1981; Petit et al., 1999; Wegner et al., 2015]. Changes in dust 

concentrations in the EPICA Dronning Maud Land (EDML) ice core, in the Atlantic sector of 

the East Antarctic Ice Sheet (EAIS), have recently been attributed to changes in source 

conditions [Wegner et al., 2015]. The effect of the change in the seasonality of the source 

emission strength and the transport intensity on the dust, decrease over the transition and 

significantly contribute to the large decrease of dust concentration from the glacial to the 

Holocene. Dust fluxes for the East Antarctic Plateau during the Holocene are 0.0002-0.0006 

g m-2 yr-1 [Albani et al., 2012b; Delmonte et al., 2005]. However, small pockets of exposed 

rock and sediment exist, of which the McMurdo Dry Valleys (MDV) are the largest in aerial 

extent and the dustiness known area in Antarctica [Chewings et al., 2014]. These isolated ice-

free areas on the margin of Antarctica can represent a non-negligible dust (and iron) source to 

the local atmosphere [Bory et al., 2010; Delmonte et al., 2010a; Delmonte et al., 2013; 

Delmonte et al., 2010b; Gao et al., 2013; Winton et al., 2014]. 

Data on dust provenance and fluxes to Antarctica come from surface snow and ice cores 

[Bory et al., 2010; Delmonte et al., 2002; Delmonte et al., 2005; Delmonte et al., 2008; 

Delmonte et al., 2004b; Delmonte et al., 2010a; Delmonte et al., 2013; Delmonte et al., 

2010b; Koffman et al., 2014b; Lambert et al., 2008; Revel-Rolland et al., 2006], sediment 

traps, marine sediment cores [e.g. Barrett et al., 1983; Collier et al., 2000], and modelling 

studies [e.g. Albani et al., 2012b; Albani et al., 2015; Krinner et al., 2010; Wegner et al., 

2015]. These studies show that dust can be divided into two end member categories (Fig. 2.6, 

Table 2.1): 

1. Remote “Southern Hemispheric” dust, characterised by modern dust fluxes 

ranging between 0.001-0.2 g m-2 y-1 [e.g. Duce et al., 1991; Mahowald et al., 

2005; Wagener et al., 2008] and 0.0002-0.0006 g m-2 yr-1 during the Holocene 

(Fig. 2.6) [Albani et al., 2012b; Delmonte et al., 2005], a long atmospheric 

residence time [e.g. Albani et al., 2012a; Krinner et al., 2010], a modal particle 

size <5 µm [Wegner et al., 2015] and a geochemical fingerprint showing it is 

derived from arid regions of Patagonia and/or Australia [De Deckker et al., 2010; 

Delmonte et al., 2008; Delmonte et al., 2004b; Vallelonga et al., 2010]. 

2. “Local” dust characterised by dust fluxes 3 to 4 orders of magnitude higher than 

the East Antarctic Plateau (1 g m-2 y-1; Chewings et al. [2014]; Winton et al. 
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[2014]), a modal particle size in the fine sand range, and a geochemical affinity 

with local rocks [Winton et al., 2014]. 

 

Fig. 2.6: Holocene, pre-industrial and present day dust fluxes (g m-2 yr-1 10-3) at ice core sites in 

Antarctica.  Particle size distribution and references for each site can be found in Table 2.1. 
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Table 2.1: Dust fluxes at various Antarctic ice core sites. The location of ice core sites is illustrated in Fig. 2.6. EAIS: East Antarctic Ice Sheet, WAIS: West 

Antarctic Ice Sheet. 

Site Dust flux 
(g m-2 yr-1) 

Primary modal  
size (μm) Reference 

Range 
“Southern Hemispheric” dust 3 10-5 to 0.2 <5 

[Delmonte et al., 2004a; Delmonte et al., 
2013; Duce et al., 1991; Gao et al., 

2001; Mahowald et al., 2005; 
Marticorena and Bergametti, 1995; 

Wagener et al., 2008] 
Taylor Dome, EAIS Holocene - 9 10-3  [Hinkley and Matsumoto, 2001] 

Vostok, EAIS Holocene – 4 10-3 1 [Delmonte et al., 2004b; Kohfeld and 
Harrison, 2001] 

Talos Dome, EAIS Holocene – 1.3 10-3 
Pre-industrial – 0.35 to 0.75 10-3  [Delmonte et al., 2013] 

Dome C, EAIS Pre-industrial – 0.03 to 0.20 10-3 

Holocene – 4 10-3 1 [Delmonte et al., 2004b; Delmonte et al., 
2013] 

Berkner Island Present day – not reported 1-9 [Bory et al., 2010] 
Mid-point, EAIS Pre-industrial – 0.14 to 0.5 10-3  [Delmonte et al., 2013] 

D4, EAIS Pre-industrial – 0.05 to 0.19 10-3  [Delmonte et al., 2013] 
Dronning Maud Land, EAIS - 2-3 [Wegner et al., 2015] 

Byrd Station, WAIS Holocene - 1 10-3  [Windom, 1969] 
West Antarctic Divide, WAIS Holocene - 4 10-3 5-8 [Koffman et al., 2014b] 

Southern Ocean: 
- Dust distribution models 

- Aerosol sampling 

 
Present day - 1 10-3 to 0.2 
Present day - 0.2 to 4 10-3 

 
<5 
<5 

[Gao et al., 2013; Mahowald et al., 2005; 
Wagener et al., 2008] 

    
Range 

“Local” dust <25 20-250 [Atkins and Dunbar, 2009; Dunbar et al., 
2009] 

Windless Bight, McMurdo Ice Shelf Present day - 0.8 40-100 [Dunbar et al., 2009] 
Southern McMurdo Sound Present day - 8 to 24 76-130 [Atkins and Dunbar, 2009] 

Granite Harbour, McMurdo Sound Present day - 2  [Macpherson, 1987] 
Victoria Lower Glacier, Southern Victoria Land Present day - 25 63-200 [Alying, 2001; Schuck, 2009] 

Sea ice, southern McMurdo Sound Present day – 1 20-250 [Chewings et al., 2014; Winton et al., 
2014] 
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2.3.3 Potential source areas 

2.3.3.1 Methods for determination of dust provenance 

The connection between dust source and sink can be made by several techniques, for example 

numerical model simulations of dust erosion, deposition and air circulation [e.g. Mahowald et 

al., 1999], remote sensing, archived meteorological data to estimate air mass back trajectories 

from appoint of dust deposition upwind to PSA [e.g. Neff and Bertler, 2015a], and 

geochemical fingerprints such as trace element concentrations, rare earth elements (REE) 

[e.g. Gabrielli et al., 2010a], and/or ratios and mineralogy [Grousset and Biscaye, 2005]. In 

some cases, particle size frequency distributions might reflect a given origin [Barrett et al., 

1983; le Roux, 1994; McLaren, 1981; Wegner et al., 2015]. Other traces can be used in 

combination with geochemistry, such as pollen, diatoms, and other biomarkers to indicate 

relative marine or terrestrial origin. Trace element concentrations are often not unique to a 

single area; hence their ability to discriminate PSA is limited. 

The isotopic composition of dust has been used to discriminate variability between 

geographic provinces [e.g. Bollhöfer and Rosman, 2000; Grousset and Biscaye, 2005]. 

Common radiogenic isotopes that are used to fingerprint the provenance of dust are 87Sr/86Sr, 

εNd(0)1, [e.g. Bory et al., 2010; Delmonte et al., 2010b; Grousset et al., 1988] and 206Pb/204Pb 

[e.g. Bollhöfer and Rosman, 2000; Vallelonga et al., 2010]. The combination of multiple 

isotopic systems are useful in tracing PSA because different geographic provinces can be 

discriminated by variations in radiogenic isotopes of mantle-derived (basaltic rocks, tephra 

and soils derived from them, weathered and eroded mafic rocks) or crustal (soils, sediments) 

derived dust [Grousset and Biscaye, 2005]. For example, Antarctica is one of the four 

1 Rocks in the Earth are extremely variable in their isotopic composition and a comparison can be made only if 
samples are of the same age. In order to make the samples comparable, the 143Nd/144Nd ratios are normalized to 
the chondritic model of Earth composition (CHUR), which evolves over time. For this reason, DePaolo, D. J., 
and G. J. Wasserburg (1976), Inferences about magma sources and mantle structure from variations of 
143Nd/144Nd, Geophys. Res. Lett., 3(12), 743-746. introduced the Epsilon (ε) parameter, normalizing the 
isotopic ratio of 143Nd/144Nd measured in the rocks at present time (143Nd/144Nd)measured to the value of CHUR at 
the same time: 
εNd(0) =((143Nd/144Nd)measured/(143Nd/144Nd)CHUR

-1) x104 
with present time (143Nd/144Nd)CHUR = 0.512638 Jacobsen, S. B., and G. J. Wasserburg (1980), Sm-Nd isotopic 
evolution of chondrites, Earth and Planetary Science Letters, 50(1), 139-155. A positive εNd value indicates 
that rocks were derived from sources that were depleted in large ion lithophile (LIL) elements, while negative 
εNd values indicate that the rocks were derived from sources enriched in LIL elements, i.e. that the rocks derived 
or assimilated old crustal rocks whose Sm/Nd ratio had been originally lowered when they separated from the 
uniform reservoir. The Sm and Nd isotopic system is not altered by geological processes in the crust such as 
metamorphism, sedimentation, erosion. 
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principle domains on a global scale and is represented by particles derived from old, crustal 

Antarctic rocks and exposed sand dunes. These are characterised by a wide range of 87Sr/86Sr 

isotopic signatures (0.713-0.770) and non-radiogenic εNd(0) values (-25 εNd(0)>-47) 

[Grousset and Biscaye, 2005]. In this thesis, 87Sr/86Sr and εNd(0) isotopic ratios are used to 

identify the PSA of dust deposited in Antarctic snow. The rational is that dust keeps the Sr 

and Nd isotopic imprint of rocks from which they derive, which depends on lithology and 

geologic history [Biscaye et al., 1997]. 

2.3.3.2 Australian dust 

There are two major Australian PSA of active wind erosion: the Lake Eyre Basin and the 

western sector of the Murray-Darling Basin [Prospero et al., 2002]. These two basins can 

supply large volumes of fine particles to central Australia as the internal drainage systems 

continuously renew the supply of fine particles [McTainsh, 1989]. Sand dunes in Alice 

Springs and the Simpson Desert in the Northern Territory and in the north of South Australia 

are additional PSA. Western Australian deserts, consisting mainly of sand dunes, are not 

considered to be a major atmospheric source for long-range transportable dust [Prospero et 

al., 2002]. Sand dunes are not good sources for long-range transport of dust as they are 

devoid of the fine fraction and contain larger particles with high settling velocities [Hesse and 

McTainsh, 2003; Prospero et al., 2002]. However, little attention has been given to this 

region in terms of a PSA. Therefore, it appears that dominant source of dust in Australia, for 

the current climate, corresponds to the two major drainage systems, Lake Eyre and Murray-

Darling [Hesse and McTainsh, 2003]. In contrast to South America, Australia is characterised 

by an extremely variable Sr and Nd isotopic composition [Delmonte et al., 2004b; Gingele 

and De Deckker, 2005; Grousset et al., 1992c; Martin and McCulloch, 1999; Revel-Rolland 

et al., 2006]. The contribution of each PSA to a long-range transportable “Australian” aeolian 

dust composition is still unresolved. The smaller PSA within Australia become active at 

different times [Butler et al., 2001]. This intermittency has large implications for the 

interpretation of dust provenance in Antarctic ice core records. 

There are two general dust pathways in Australia [Bowler, 1976; Lu and Shao, 2001; Magee 

et al., 1995; Prospero et al., 2002; Shao and Leslie, 1997] (Fig. 2.7): 

1. Southeast dust path 
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The southeast dust path moves across the southeast landmass and passes over the 

Coral Sea, the Tasman Sea and the Southern Ocean (Fig. 2.7). Within this pathway, 

there are three dust trajectories with distinct source regions and seasonality (Fig. 2.7) 

[McTainsh and Leys, 1993]: i) northeast over Coral Sea, most active between 

September and December, with a source region in the northern Lake Eyre Basin, ii) 

southeast over Tasman Sea, most active between December and March, with a source 

region in the southeastern sector of the Lake Eyre Basin and the southern Murray-

Darling Basin, iii) and south over the Southern Ocean, most active between 

December and March, with a source region in the southern section of the Lake Eyre 

and Murry-Darling Basins [Li et al., 2008; McTainsh, 1989; McTainsh and Lynch, 

1996; Prospero et al., 2002]. Other PSA of the southeastern dust path are the 

Simpson Desert-Channel Country regions of southwest Queensland, the Strzelecki 

Desert in South Australia and in western NSW extending south to the Mallee region 

in northwest Victoria. The southeast dust path has been observed at several locations 

along its trajectory; in soil [Hesse and McTainsh, 2003] and on snow in southeastern 

Australia [Johnston, 2001], in sediment in the southwest Pacific region [Hesse, 1994], 

and in glaciers in New Zealand [Marx et al., 2005]. Few studies have attempted to 

document the geochemical composition of the aeolian dust and to identify its sources 

on a continental scale [Gatehouse et al., 2001; Hesse, 1997; McGowan et al., 2005; 

Walker and Costin, 1971], and even fewer studies have investigated the composition 

of Australian dust in terms of iron biogeochemistry [Bhattachan and D'Odorico, 

2014; Mackie et al., 2006; Mackie et al., 2005; Mackie et al., 2008]. 

ii) Northwest dust path 

Easterly trade winds supply the northwest dust path, and this dust path is even less 

documented [Hesse and McTainsh, 2003]. This path crosses the northwest landmass 

and then over the Indian Ocean (Fig. 2.7). 
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Fig. 2.7: Australian dust transport pathways. Source: Mackie et al. [2008]. 

It is interesting to note that these two dust paths, with different dust sources, are transported 

to the two contrasting oceanographic environments (as discussed in section 2.1.1), i.e. the 

northwest dust path is transported to low-iron LNLC waters north of Australia, where the 

southwest dust path is transported to the low-iron HNLC waters south of Australia. 

Australian dust storm activity is highly episodic, and large dust storms occur during periods 

of drought. For example, suspended dust was collected during the 2002 Canberra dust storm 

and showed that, during a dust storm, several potential sources can contribute to a dust plume 

(as wind direction can change from northerly pre-frontal to westerly winds within minutes 

during the same storm) [Revel-Rolland et al., 2006]. Spatial and temporal patterns of dust 

activity have been measured in various ways. The Dust Strom Index (DSI3), which measures 

the frequency and intensity of dust entrainment using records of dust events weighed 

according to the extent to which they reduce visibility. McTainsh et al. [2006] shows that 

most dust activity occurs in the centre of the Australian continent which reflects rainfall and 

dust entrainment (Fig. 2.8). 
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Fig. 2.8: Annual mean DSI3  for Australia, 1960-2005. The 400 mm isohyet indicated by solid black line. 

Black dots present observing stations. Note that this is a smoothed temporal record because of 

intersectoral differences in rainfall and resultant dust activity between the west and eastern sectors of the 

continent which tend to cancel each other out. Generally speaking, when the east is in drought, the west is 

experiencing higher than average rainfall and vice versa. Source: Mackie et al. [2008]. 

2.3.3.3 Remote dust sources to Antarctica 

Changes in dust deposition to the East Antarctic Plateau can be related to changes in source 

intensity and seasonality, atmospheric aerosol lifetime, atmospheric pathway and deposition 

processes, or a combination of these factors [Krinner et al., 2010; Petit et al., 1981; Petit and 

Delmonte, 2011; Wegner et al., 2015]. Radiogenic isotope studies using combinations of Sr 

and Nd isotopes of dust extracted from ice cores (Dome C, old Dome C, Dome B, Vostok, 

Talos Dome, Komsomolskaia), have shown that the bulk of the dust deposited on the East 

Antarctic Plateau during glacial periods originated from mixed dust sources in Patagonia and 

the Puna-Altiplano plateau in southern South America [Basile et al., 1997; Delmonte et al., 
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2008; Delmonte et al., 2004b; Delmonte et al., 2010a; Grousset et al., 1992b]. However, the 

dataset for interglacials, i.e. when dust input to Antarctica is low, is less certain [Delmonte et 

al., 2007]. Measurements of Holocene dust suggest that Australia is an additional source [De 

Deckker et al., 2010; Delmonte et al., 2007; Delmonte et al., 2008; Gaiero, 2008; Gingele 

and De Deckker, 2005; Revel-Rolland et al., 2006; Vallelonga et al., 2010], as also supported 

by changes in mineralogical [Gaudichel et al., 1992] and elemental [Gabrielli et al., 2010a; 

Gaudichel et al., 1992; Marino et al., 2008] compositions, as well as in magnetic properties 

[Lanci et al., 2008]. Seasonal timing of dust transport to Antarctica is poorly documented 

[e.g. Weller et al., 2008], but could vary depending on the location in Antarctica. For 

example, at EDML the modern dust concentration maxima is thought to occur during winter 

[Sommer et al., 2000] while at Berkner Island concentrations are higher in spring-summer 

[Bory et al., 2010]. 

Revel-Rolland et al. [2006] suggested that the Lake Eyre region in central Australia was a 

PSA of Antarctic dust based on Sr and Nd isotopic ratios of lacustrine and ‘loessic’ deposits 

from central Australia. De Deckker et al. [2010] argue that some parts of the Murray-Darling 

Basin are also a PSA for dust in the EPICA Dome C ice core during interglacial periods 

which is based primarily on Pb isotopic compositions and meteorological observations of 

atmospheric dust transport trajectories from Australia. Lead isotopic values for pre-industrial 

ice core samples from EPICA Dome C and several regolith samples from south-central 

Australia showed that Antarctic dust represents mixtures of locally-derived and remote 

sources [Vallelonga et al., 2005; Vallelonga et al., 2010]. The authors concluded that 

southern South America was the dominant source of remote dust despite the relative 

similarity of Australian and southern South American signatures. 

Little is known about the vertical and lateral dispersion of Australian dust plumes following 

uplift. However, modelling of transport, distribution and deposition of Southern Hemisphere 

dust to Antarctica can shed light on these processes [Krinner et al., 2010; Li et al., 2008]. 

Modelling by Li et al. [2008] indicated the importance of Australia as a source of dust to 

Antarctica as well as the Pacific and Southern Oceans for the present climate. The authors 

show that dust in the Southern Hemisphere originates primarily from Australia (120 Tg a-1), 

Patagonia (38 Tg a-1) and a small fraction from inter-hemispheric transport from the Northern 

Hemisphere (31 Tg a-1). A small fraction (7 Tg a-1) is transported and deposited in the 

Southern Ocean and Antarctica, whereas dust from South America, Australia, and Northern 
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Hemisphere is essentially located in the boundary layer, mid-troposphere, and upper-

troposphere, respectively. Australia contributes to most of the dust deposited in the South 

Pacific Ocean (86 %) and pacific sector of the Antarctic continent (Fig. 2.9) [Li et al., 2008]. 

In the current climatic, dust transport from Australia to Antarctica preferentially occurs at 

high altitude (above 5000 m), while transport of South American dust occurs at lower levels 

[Krinner et al., 2010; Li et al., 2008]. A modelling study of dust sources and deposition 

during the LGM by Mahowald et al. [1999] attributes half of dust deposited at Vostok from 

Patagonia, but with a noteworthy contribution from Australia. Luo et al. [2003] showed that, 

for the present climate, the contribution from Australian sources is even higher (70–100 % of 

the dust loading). However, modelling by Albani et al. [2012a] suggests that South America 

is the most important source of dust transported to Antarctica in the current climate, with 

Australia also an important contributor. Both Albani et al. [2012a]; Li et al. [2008] and 

Krinner et al. [2010] show spatial variability in the relative importance of these major dust 

sources (Fig. 2.9). 
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Fig. 2.9: Source apportionment in dust deposition, represented by the relative fractions to the total 

deposition flux, of dust originated from South America (blue colour scale), Australia (red colour scale) 

and South Africa (green colour scale). Coloured areas indicate that at least half of the deposited dust was 

originated from the corresponding macro-area. White stars represent active sources for dust 

mobilization. a) Current climate. b) LGM climate. Source: Albani et al. [2012a]. 

2.3.3.4 Local Antarctic dust sources 

In addition, local dust sources occur around ice-free areas of Antarctica. The upper bound 

being the debris bands in McMurdo Sound, SW Ross Sea where the dust flux is around 1 g 

m-2 yr-1 [Chewings et al., 2014; Winton et al., 2014]. 

2.3.3.5 Mixed dust sources 

Mixtures of these two end members exits, where Antarctic sourced dust is an important 

contributor of the total dust flux although the concentrations remain low [Bory et al., 2002; 

Delmonte et al., 2010b]. For example, dust concentration and origin was investigated in a 

two-year high-resolution snow pit from Berkner Island, Weddell Sea with the highest dust 

concentrations occurring in summer with additional episodic inter-annual variability [Bory et 

al., 2010]. The isotopic composition of dust displayed a distinct isotopic range and most 
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likely represents a mixture of Patagonian (summer), Australian (spring) and an unidentified 

East Antarctic source. Although the dust in the Talos Dome ice core (Pacific/western Ross 

Sea Sector) and other ice cores from the East Antarctic Plateau, originated from South 

America during the last two glacial periods, [Delmonte et al., 2010a; Delmonte et al., 2010b], 

Holocene and pre-industrial dust in the Talos Dome, Mid-Point and D4 ice cores originated 

mainly from proximal of northern Victoria Land (Fig. 2.6). These ice-free areas are located at 

a similar altitude to the Talos Dome drilling site and were transported to the site via advection 

of maritime air masses from the Pacific/Ross Sea region [Albani et al., 2012b; Delmonte et 

al., 2013; Delmonte et al., 2010b]. Both of these studies highlight the spatial variability of 

dust provenance in Antarctica, and that local dust sources can play an important role on the 

periphery of the ice sheet. 

The provenance of the dust deposited in other regions of the Antarctic and the Southern 

Ocean remains unquantified. Improving the understanding of the provenance of the dust 

deposited in Antarctica, both at present and throughout the last climatic cycles, is required. 

The Ross Sea region, where a new intermediate depth ice core, Roosevelt Island Climate 

Evolution (RICE), has recently been recovered in West Antarctica is among one of the most 

sensitive regions to climate change according to the 2013 Intergovernmental Panel on 

Climate Change (IPCC) report. 

2.4 Aerosol iron end member two: combustion aerosol 

Combustion, from biomass burning and fossil fuel (oil and coal) combustion, is the second 

end member source of soluble iron. 

2.4.1 Introduction  

Biomass burning is the burning of living and dead vegetation. It is estimated that around 8700 

Tg yr-1 of dry matter is burnt annually [Andreae, 1991]. Emissions from biomass burning are 

a significant source of trace gases and aerosols emitted to the atmosphere, and large biomass 

burning events may have a major effect on atmospheric chemistry due to the presence of 

reactive species. Biomass smoke aerosols effectively scatter and absorb solar radiation 

[Ramanathan and Carmichael, 2008], and smoke aerosols are good cloud condensation 

nuclei [Zuberi et al., 2005]. Smoke properties vary between fires depending on fuel type and 
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moisture, combustion phase and wind conditions. The physical, chemical, and optical 

properties of biomass-burning aerosols can change rapidly as the aerosols disperse in the 

atmosphere. The biomass burning section of the literature review will briefly discuss the 

sources and processes of biomass combustion, and then focus on the chemistry and aging of 

aerosols associated with biomass burning, focusing primarily on rBC aerosols. 

2.4.2 Sources  

The majority (~65 %) of global biomass is burnt in savannah and agricultural regions 

[Koppmann et al., 2005]. Seasonality drives savannah burning; during the wet season, 

biomass is produced and during the dry season, the biomass is turned into a highly flammable 

material. Despite the high frequency of savannah fires, there are only a few studies that have 

investigated the emissions from savannah fires [Andreae, 1991; 1993; Crutzen and Andreae, 

1990; Hao and Liu, 1994]. Previous studies have focused on biomass burning emissions from 

various sources mainly in tropical regions e.g. Southeast Asia, Africa, Brazil, Indonesia and 

Malaysia [Andreae, 1991; Crutzen and Andreae, 1990; Hao and Liu, 1994; Seiler and 

Crutzen, 1980]. An exceptionally large biomass burning during the 1997/1998 Indonesia fires 

were attributed to the combined strength of El Nino and the Indian Ocean Dipole [Field et al., 

2009], with potential iron-fertilisation effects [Abram et al., 2003]. A dry season annual haze 

in Southeast Asia is an annual phenomenon, but was intense in October 2015 where 

Indonesia experienced severe forest fires as a result of slash and burn methods to clear land 

for plantations. 

In the Southern Hemisphere, biomass burning generally occurs between August and October 

[Duncan et al., 2003; Hao and Liu, 1994; Hoelzemann et al., 2004; Ito and Penner, 2004; van 

der Werf et al., 2006]. Australia experiences biomass burning events on an annual basis. In 

most years, fires are restricted to the tropical savannah forests of northern Australia, 

contributing about 8 % of global carbon emissions from biomass burning [Kasischke and 

Penner, 2004]. In addition, episodic austral summer wildfires occur in southern and eastern 

Australia [e.g. Iinuma et al., 2015], including the Black Saturday fires of February 2009 that 

burned 450,000 hectares [Cruz et al., 2012]. Aerosols from Australian forest fires are known 

to circle the Southern Hemisphere [Dirksen et al., 2009]. 

Refractory black carbon (rBC; a proxy for biomass burning, see sections 2.4.4-2.4.5) displays 

large spatial and temporal gradients (Fig. 2.10). The highest atmospheric concentrations of 
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rBC are found in the tropics due to the combustion of biomass and biofuels. In the Southern 

Hemisphere, rBC emissions are primarily from dry seasonal biomass burning in Australia, 

southern Africa and South America [Mouillot and Field, 2005]. Refractory black carbon is 

transported long-range in the atmosphere from low to mid-latitudes to the poles and deposited 

on surface snow preserving a history of rBC emissions. Concentrations of rBC in Antarctic 

ice cores are low. For example, at West Antarctic Ice Sheet (WAIS) Divide rBC 

concentrations are 0.08 µg kg-1, at Law Dome rBC concentrations are 0.09 µg kg-1 [Bisiaux et 

al., 2012b], and at Dronning Maud Land rBC concentrations are 0.1-0.18 µg kg-1 [Bisiaux et 

al., 2012a]. At WAIS Divide, concentrations displayed a seasonal cycle with higher 

concentrations during the austral winter-spring [Bisiaux et al., 2012b]. 

 

Fig. 2.10: Example of the global distribution of atmospheric black carbon density, around September 

2009. Source: GOCART model (https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=3668). 

2.4.3 Processes of combustion and emission 

Physical and chemical processes occur during biomass burning, and these can be divided into 

three phases of combustion: ignition, flaming and smouldering. During the ignition phase, 

biomass is set alight and most of the water contained within the vegetation is out-gassed. 

During this phase, large quantities of highly volatile organics are released [Reid et al., 2005]. 

Combustion proceeds from the ignition phase to the flaming phase when the fuel is dry. The 

fuel components in the flaming phase are cellulose, hemicellulose, lignin, organic species and 

trace minerals. Products of complete combustion are carbon dioxide and water. Incomplete 
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combustion leads to the emission of carbon monoxide and a number of organic compounds 

[Nussbaumer, 1989]. Plant matter contains a large abundance of volatile organic material that 

is released as volatile organic compounds (VOCs) [Marutzky, 1991. During the drying 

process, wood is cracked into hundreds of gaseous and solid products consisting mainly of 

charcoal. Gaseous compounds can be separated into primary and secondary emission 

products. The organic composition of the emissions is determined by temperature [Struschka, 

1993; Nussbaumer, 1989]. Smouldering combustion begins when most of the volatiles have 

been expelled from the cellulose fuel [Chandler et al., 1983]. The smouldering phase is 

characterised by flameless combustion of charcoal. Carbon monoxide is the predominate 

organic compound emitted in this phase. 

The rest of this biomass burning review will focus on aerosols. Fires produce both solid and 

liquid aerosol particles. Particle formation during biomass burning is a condensation process. 

Particle formation in flames begins with the creation of condensation nuclei, such as 

polycyclic aromatic hydrocarbons (PAH) [Frenklach, 2002; Glassman, 1989] and a variety of 

soot-like species [Turns, 1996]. As the PAH molecules grow, they become condensation 

nuclei for other pyrolized species. If there is insufficient oxygen to the flame or if the 

temperature is too low to complete oxidation, many of these particles may undergo a 

secondary condensation growth phase and be emitted in the form of smoke. Particle 

formation can also occur in the smouldering phase. However, the mass fraction of soot in 

smoke particles is extremely low during this phase. These particles form by the condensation 

of volatilized organics around other nuclei [Ward, 1990]. 

2.4.4 Biomass burning aerosol chemistry 

Aerosols generated by biomass burning have three principal components: 

1. Particulate organic material (POM; carbon with associated organic matter such as 

H, N, and O) 

2. Black or elemental carbon 

3. Trace inorganic species 

Reported data indicates that POM accounts for around 80 % of the mass of fresh dry smoke 

aerosol, followed by 5-9 % for rBC, and 12-15 % for other trace inorganic species. In 
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addition, a small non-combustible matter around vegetation is often entrained into fire 

plumes by pyro-convection. Pyro-convection occurs when heat and water vapour emissions 

from strong fires support the development of extremely deep convection. The entrainment of 

dust by pyro-convection has been attributed to the high surface winds associated with the 

convective updraft [Maenhaut et al., 1996; Palmer, 1981]. This mobilises large amounts of 

soil particles into suspension [Radke et al., 1991]. The convective transport into troposphere 

allows aerosols to be dispersed over long distances [Cammas et al., 2009]. 

Organic carbon (OC) is the carbon in molecules of chained carbon atoms with hydrogen and 

other elements and functional groups. Whereas, rBC/elemental carbon is highly light 

absorbing carbon, such as soot, that has a graphitic-like structure [Novakov, 1982]. The IPCC 

AR5 estimates the total rBC inventory to be 7.7 Tg yr-1 [Lamarque et al., 2010]. Refractory 

black carbon particles range from 10 to 1000 nm in particle diameter and are ubiquitous in 

the troposphere. Refractory black carbon aerosols are highly absorbing compared to other 

aerosol species, and thus rBC is thought to absorb all the wavelengths of short-wave radiation 

in polluted air [Chakrabarty et al., 2007]. Often this material is referred to as elemental 

carbon, although the nomenclature is dependent on the analytical method employed (see 

section 1.2.3). 

Refractory black carbon measurements are based upon two indirect techniques; i) thermal 

combustion, and ii) light absorption properties. Thermal combustion techniques involve the 

collection of smoke on a quartz filter, which is then heated in steps to temperatures <800°C 

where the carbon in the sample is oxidized to measurable CO2 [e.g. Chow et al., 2007]. The 

result is a thermogram of evolved carbon as a function of temperature. The second technique 

to measure rBC concentrations in aerosol samples is optical absorption. Refractory black 

carbon concentrations are based on the transmission or reflection of light off a sample, and a 

specific absorption factor is applied to convert absorption into a rBC concentration. Laser-

induced incandescence instruments, such as the single particle intracavity laser-induced 

incandescence photometer (SP2), also exist. The SP2 works by simultaneous laser-induced 

incandescence and measurement of elastically scattered light to determine the size and the 

boiling point of single particles [Stephens et al., 2003]. The SP2 is well suited to applications 

involving low concentrations of particles such as Antarctic snow and ice, and real-time 

measurements of ambient air or continuous flow analysis of ice cores [e.g. Bisiaux et al., 

2012b]. Both black and elemental carbon are used in this research; black carbon is 
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determined by the SP2 method and is referred to refractory black carbon (rBC), while 

elemental carbon is determined by the thermal combustion technique. Refectory black carbon 

is the principal tracer for smoke in Antarctic snow samples, while elemental carbon is the 

principle tracer for smoke in aerosol filters. 

Trace inorganic species include potassium, chlorine, and calcium. Potassium and chloride 

each account for ~2-5 % of the fine particle mass [e.g. Pósfai et al., 2003]. Trace inorganic 

species are useful for apportionment studies of ambient pollution, for example, potassium and 

chloride have been used as smoke tracers [Artaxo et al., 1994; Calloway et al., 1989; Reid 

and Hobbs, 1998], although in regions with more complicated aerosol chemistry such as 

Asia, co-linearity issues can prevent its use [Gao et al., 2003]. Sulfur, in the form of sulfate, 

is also present at around 1 % of the fine particle mass. Trace metals make up a small fraction 

of the trace inorganic species. For example, between 0.02-1.9 % of iron has been measured in 

fresh smoke from biomass burning (Table 2.2) [Turn et al., 1997; Ward et al., 1992; Ward et 

al., 1991; Yamasoe et al., 2000]. Smoke particles are usually internally mixed, typically with 

a core of rBC and alkali earth compounds (such as potassium chloride) coated with organic 

compounds. 

42 
 



Table 2.2: Mass percentage of iron in aerosols associated with biomass burning. Modified from: [Reid et 

al., 2005] 

 

2.4.5 Aging of biomass burning aerosols  

Smoke particles undergo physical and chemical processes during transport, which have been 

observed on timescales ranging from minutes to days. These processes can alter the 

properties of smoke. Biomass burning plumes can mix with materials from other sources, for 

example, downwind of Africa aged biomass burning aerosol plumes are often mixed with 

desert dust [Johnson et al., 2008]. The presence of reactive species within biomass burning 

emissions can have a substantial effect on atmospheric chemistry. Freshly emitted rBC 

aerosols are usually hydrophobic [Shiraiwa et al., 2007; Zuberi et al., 2005], and therefore, 

less likely to be removed from the atmosphere by wet deposition. Refractory black carbon 

can become hydrophilic when coated with soluble material [Petters et al., 2006]. Both 

modelling studies and observations suggest that most rBC transported from its source region 

is internally mixed with soluble materials [Riemer et al., 2004; Shiraiwa et al., 2007]. Global 

rBC models suggest the aging process of converting hydrophobic rBC to hydrophilic rBC 

takes 1-2 days [e.g. Cooke et al., 2002; Liu et al., 2009]. Observations have shown that rBC 

Location Biomass type  Fe mass (%) Reference 
African Savanna Fresh smoke, flaming 0.02 [Maenhaut et al., 1996] 
African Savanna Fresh smoke, smouldering 0.03 [Maenhaut et al., 1996] 

Cerrado Fresh smoke, flaming 1.2 [Ward et al., 1992] 
Cerrado Fresh smoke, flaming 0.9 [Ward et al., 1991] 
Cerrado Fresh smoke, flaming 0.08 [Yamasoe et al., 2000] 
Cerrado Fresh smoke, smouldering 0.05 [Yamasoe et al., 2000] 

NA Temperate Fresh smoke, mixed 0.1 [Ward et al., 1991] 
Trop. Broadleaf Fresh smoke, flaming 0.1 [Ward et al., 1992] 
Trop. Broadleaf Fresh smoke, flaming 0.9 [Ward et al., 1991] 
Trop. Broadleaf Fresh smoke, flaming 0.03 [Yamasoe et al., 2000] 
Trop. Broadleaf Fresh smoke, smouldering 0.05 [Yamasoe et al., 2000] 
Trop. Broadleaf Fresh smoke, smouldering 0.1 [Ward et al., 1992] 

Agricultural Fresh smoke, flaming 0.017 [Turn et al., 1997] 
South America-Rhondonia Regions heavily impacted by smoke 0.3 [Artaxo et al., 1998] 
South America-Rhondonia Regions heavily impacted by smoke 0.2 [Artaxo et al., 1994] 
South America-Rhondonia Regions heavily impacted by smoke 0.42 [Echalar et al., 1998] 
South America-Rhondonia Regions heavily impacted by smoke 0.4 [Pereira et al., 1996] 
South America-Rhondonia Regions heavily impacted by smoke 0.5 [Reid and Hobbs, 1998] 

South America: Mato 
Grosso 

Regions heavily impacted by smoke 0.9 [Artaxo et al., 1994] 

South America: Mato 
Grosso 

Regions heavily impacted by smoke 0.5 [Reid and Hobbs, 1998] 

South Africa Regions heavily impacted by smoke 0.5 [Maenhaut et al., 1996] 
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aerosols are typically coated with soluble materials, such as sulfate and organic matter 

[Friedman et al., 2009; Hasegawa and Ohta, 2002; Khalizov et al., 2009; Moteki and Kondo, 

2007; Zhang et al., 2008]. Aerosol microphysics models have attempted to understand the 

rBC coating mechanism by simulating the processes associated with rBC ageing e.g. 

nucleation, condensation, coagulation, evaporation, chemistry [Jacobson, 2003; Oshima et 

al., 2009; Riemer et al., 2004; Riemer et al., 2010]. Modelling of long-range transportable 

rBC showed that aging of rBC, by the coating of soluble materials, can vary the residence 

time of rBC in the atmosphere on diurnal and seasonal scales, i.e., slow aging can allow rBC 

to remain largely hydrophobic during long range transport [Liu et al., 2011]. 

The size distribution of smoke aerosols are modified during wet and dry removal processes 

and smoke aerosols increase in size with age [Reid et al., 1999]. Dry deposition accounts for 

15-40 % of total removal of rBC [Textor et al., 2006]. Aged aerosols are also more spherical 

than fresh particles [Ruellan et al., 1999]. Aged smoke is often mixed with other 

anthropogenic emissions. Several studies have shown significant enrichment of secondary 

inorganic species in aged smoke, such as ammonium, nitrate, sulfate, and other “semi-

volatile” organic species [Formenti et al., 2003; Reid and Hobbs, 1998]. In a study of 

biomass burning aerosol plumes at Aspendale, Victoria, Australia, Keywood et al. [2015] 

found that older smoke plumes (age 30 hours) displayed higher concentrations of a number of 

gaseous and aerosol species relative to the younger smoke plumes (age 3 hours). The authors 

found that secondary organic aerosol (SOA) compounds made up a greater fraction of 

speciated organic mass in the older plume than in the younger plume where speciated 

biomass burning compounds dominated. 

2.4.6 Future predictions of biomass burning 

Keywood et al. [2013] reviewed the impacts of biomass burning in a changing climate and 

discussed the uncertainties and limitations of the current state of knowledge. Under a 

warming climate, it is likely that fire frequency and severity will increase. The type and 

quantity of fuel, required for fire, is influenced by climate. Periods of high precipitation can 

result in increased biomass growth and greater fuel loads are available for future biomass 

burning seasons. Conversely, drought may result in drier biomass that is more easily burned. 

Higher temperatures may increase the likelihood of fire ignition [Running, 2006]. 

Furthermore, the atmospheric transport of biomass burning emissions can be influenced by 

changes in climatic phenomena, for example El Nino Southern Oscillation (ENSO). In 
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Australia, a 55 % increase in the probability of extreme fire risk by 2100 has been projected 

under an emission scenario of 621 ppm CO2 [Pitman et al., 2007]. 
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Abstract 

Atmospheric inputs of soluble iron (Fe) to the global ocean are an important factor 

determining marine primary productivity and nitrogen fixation. To investigate soluble aerosol 

Fe and fractional Fe solubility, marine aerosol sampling has been conducted from a number 

of platforms including aerosol towers, ship and buoy platforms. A number of these studies 

have used commercially available high-volume aerosol samplers to collect aerosols from 

large volumes of air. These samplers are attractive for sampling air from low Fe air masses 

since they can rapidly concentrate large volumes improving detection limits. Here we 

investigate the use of a high-volume sampler from the Cape Grim Baseline Air Pollution 

Station (CGBAPS), Tasmania, Australia to sample aerosol Fe from baseline Southern Ocean 

air-masses. The study followed the United States Environmental Protection Agency (EPA) 

standard for the sampling of ambient air using high-volume sampler, and the 

recommendations and protocols from GEOTRACES community for the sampling, sample 

preparation and digestion of trace element aerosols. Analysis and inspection of exposure 

blank (one month exposure) filters for Fe, and other metals, revealed major contamination 
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resulting from passive deposition of local soil, plants and insects. The results of the study 

suggest that high-volume aerosol samplers may not be suitable for low concentration air 

masses over the Southern Ocean aerosol without some mechanism to hermetically seal the 

sampler when the baseline sampling criteria are not met. 
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3.1 Introduction 

Aerosols containing iron (Fe) have been investigated over the remote ocean to constrain Fe 

budgets in surface waters and related biological production. Aerosol sampling for metals such 

Fe is challenging in these regions where atmospheric concentrations are exceptionally low. 

Over the Southern Ocean, atmospheric Fe concentrations are extremely low with reported 

concentrations less than 60 ng m-2 of Fe [Bowie et al., 2009; Duce et al., 1991; Gao et al., 

2013; Heimburger et al., 2013a; Heimburger et al., 2013b; Heimburger et al., 2012; 

Prospero, 1996]. The low atmospheric concentrations result in low atmospheric fluxes to 

surface waters. Fertilisation experiments in the Southern Ocean have shown that Fe is 

required for phytoplankton to efficiently undergo photosynthesis and respiration [e.g. Boyd et 

al., 2007]. The Fe-hypothesis [Martin, 1990] has received a lot of interest in the past two 

decades, whereby the increases in Fe-laden dust, productivity and the degree of nitrate 

consumption are linked with lowering of atmospheric CO2 during glacial periods [e.g. 

Lambert et al., 2015; Martínez-García et al., 2014]. Primary production may also be co-

limited by other transition metals such as manganese (Mn) [Middag et al., 2011], copper (Cu) 

[Annett et al., 2008], cobalt (Cu) [Saito et al., 2002], zinc (Zn) [Morel et al., 1991] and nickel 

(Ni) [Price and Morel, 1991]. 

From a biogeochemical perspective, it is not the total amount of Fe supplied to the ocean that 

is important, but the amount that is bio-available, i.e., the amount available for uptake and 

utilisation by living cells. The most common approach to understanding the delivery of Fe-

laden aerosols to phytoplankton has been to quantify the solubility of Fe from aerosols, using 

Fe leaching experiments. Extremely low soluble aerosol Fe concentrations have been 

observed in the Southern Ocean, for example 0.07-1.3 ng m-3 [Gao et al., 2013; Winton et al., 

2015]. Fractional Fe solubility of mineral dust is typically only 1-2 % of the total Fe content 

[Baker and Croot, 2010]. Ultra-trace metal clean practices and methodologies to limit 

contamination are required for making reliable measurements of both soluble and total Fe in 

aerosols from the region. Low blank concentrations from sampling material and during 

analysis are crucial for reliable measurements [Bollhöfer et al., 1999; Vallelonga et al., 

2002]. 

Very few estimates exist over the Southern Ocean, partly due to the difficulty of sampling 

clean baseline air. In remote areas, fixed sampling stations rarely exist due to access 
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difficulties or lack of suitable land masses; this covers the majority of the Southern Ocean. 

Southern Ocean aerosol Fe solubility estimates have resulted from a combination of ship-

based and Subantarctic Island land-based aerosol sampling campaigns [e.g. Bowie et al., 

2009; Chance et al., 2015; Gao et al., 2013; Wagener et al., 2008]. These studies have used 

wet and dry aerosol deposition samplers “open collector” [Heimburger et al., 2012] and 

Volumetric Flow Controlled (VFC) high-volume aerosol samplers (e.g. Falkland Islands, A 

Baker Pers. Comm. [2013]). The recent GEOTRACES 2008 intercalibration experiment 

[Morton et al., 2013] recommends the use of VFC high-volume aerosol samplers for ship-

based marine aerosol sampling. In air masses with low particle loading, high volumes of 

filtered air are required to collect enough material for analysis. To ensure the required mass 

of sample is collected for analysis, filter substrates are often exposed for long periods of time 

requiring extra precautions to minimise contamination. Following an international 

intercalibration experiment between seven laboratories, Morton et al. [2013] recommended 

Whatman 41 (W41) cellulose fibre filters for low trace element background level 

applications. This filter substrate can be acid-cleaned to achieve low trace metal blank 

concentrations [Baker et al., 2006; Morton et al., 2013]. Furthermore, W41 filters have a high 

aerosol particle collection efficiency (e.g. 95 % efficiency for 0.2 µm diameter particles 

[Stafford and Ettinger, 1972], and 99 % for mineral dust [Li‐Jones and Prospero, 1998]). 

Previous aerosol Fe solubility studies that have adopted these protocols and deployed high-

volume aerosol samplers both on ships during marine cruises [e.g. Baker et al., 2006; Chance 

et al., 2015], and on land either at the top of a tower (for example, the clean air site at the 

Bermuda atmospheric observatory located 50 m a.s.l. [e.g. Fishwick et al., 2014; Kadko et al., 

2015]) or deployed on the rooftop of a building [e.g. Morton et al., 2013]. 

Most recently, Fe solubility in baseline air over the Southern Ocean has been estimated, using 

a short time series of archived aerosol filters from Cape Grim Baseline Air Pollution Station 

(CGBAPS) [Winton et al., 2015]. CGBAPS has long been recognised for long-term 

monitoring of atmospheric species [e.g. Keeling et al., 1996] that are representative of air 

masses over the remote Southern Ocean. Archived filters from CGBAPS were collected 

using ultra-trace sampling and methodology previously reported in [Bollhöfer et al., 2005]. 

Samplers were deployed at a height of 70 m at the top of a communications tower at 

CGBAPS, above the turbulent layer. The Bollhöfer et al. [2005] sampler design prevented 

local soil contamination as filters were mounted inside a weather shelter i.e., cylindrical filter 

housing that was sealed pneumatically during non-baseline conditions. In order to extend the 
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short aerosol Fe solubility time series of Winton et al. [2015], we have established an Fe 

aerosol monitoring program at CGBAPS following GEOTRACES sampling and handling 

protocols for trace metal analysis [Cutter et al., 2010; Morton et al., 2013] and the United 

States Environmental Protection Agency (EPA) standard, described by [Chow, 1995], for the 

sampling of ambient air for total suspended particulates (TSP; all particle sizes) and PM10 

(particulate matter diameter <10 µm) using high volume sampler for the instrument 

instalment, calibration and operating procedure. The sampling conditions in Winton et al. 

[2015] cannot be replicated due to new health and safety requirements at the station that 

prohibit sampling and personal climbing the tower. Therefore, a new method of sample 

collection was trialled during this study to assess the suitability of VFC high-volume aerosol 

samplers within the new framework of health and safety regulations. In the present study, a 

VFC high-volume aerosol sampler was located on the roof deck (90 m above sea level and 6 

m above the ground) at CGBAPS where other VFC high-volume aerosol collectors are 

located, which collect samples for PM2.5 and PM10 (particulate matter diameter <2.5 µm 

and <10 µm respectively) aerosol composition using ion chromatography [Selleck et al., 

2014], multi-elemental analysis using accelerator based ion beam analysis [e.g. Cohen et al., 

2000] and black carbon using light-absorbing techniques [Cohen and Stelcer, 2014]. 

As the first step in developing a reliable multi-year Fe time series at the site we investigated a 

series of filter blanks and baseline aerosol samples. The samples were collected using the 

EPA standard and GEOTRACES recommended procedures and a VFC high-volume sampler. 

A combination of Fe leaching experiments, total aerosol digestions, optical light microscopy, 

scanning electron microscopy (SEM) and enrichment factor analysis were used to assess the 

reliability of the aerosol samples for Fe solubility studies in baseline Southern Ocean air. 

3.2 Methods 

3.2.1 Study site and aerosol collection 

3.2.1.1 Site details 

Cape Grim Baseline Air Pollution Station (40.68 S, 144.69 E) monitors long-term changes in 

a range of atmospheric species, including greenhouse gases, aerosols, and meteorological 

parameters. Monitoring occurs during baseline conditions i.e., when the wind direction is 
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between 190º and 280º (Fig. 3.1a) and the total aerosol particle counts are below a threshold 

concentration based on the 90th percentile of hourly medians for the previous five years. 

These conditions occur ~30 % of the time [Keywood, 2007] and are representative of air 

masses over the remote Southern Ocean. 
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Fig. 3.1: a) Location of the CGBAPS and the high-volume aerosol sampler installed on the roof deck. Baseline conditions occur when the wind direction is between 

190º and 280º and the total aerosol particle counts are below a threshold concentration based on the 90th percentile of hourly medians for the previous five years. b) 

CGBAPS site plan, b) roof deck plan, d-e) LSA high-volume aerosol sample attached with PM10 size selective inlet (photo credit: Jeremy Ward). Panels b) and c) 

modified from Baseline Report 2009-2010 [Baseline, 2014]. 
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3.2.1.2 Aerosol sampler setup 

Aerosols were sampled using a VFC high-volume aerosol collector (Lear-Siegler) located on 

the roof deck at CGBAPS (Fig. 3.1). We followed the United States EPA standard, described 

by [Chow, 1995], for the sampling of ambient air for TSP and PM10 using high volume 

sampler for the instrument instalment, calibration and operating procedure. The sampler was 

mounted against the northwest side of the roof deck wall. Prevailing winds at the site are 

from the southwest. Sampling airflow through the collector was automatically triggered 

during baseline conditions. At the onset of the project the collector was setup to collect TSP. 

However, optical light microscope inspection of the filters revealed large particles, up to 100 

µm in diameter, (see Section 3.3.1.). Microscope images of the particles suggested that they 

were derived from local soil. Similar soil contamination of CGBAPS filters has been 

previously reported (Ayers, 2001). To minimise soil contamination a size-selective inlet was 

installed (PM10) on the sampler partway through the project (Fig. 3.1). 

3.2.2 Laboratory environment, labware and reagents 

3.2.2.1 Laboratory environment 

All cleaning of labware, filters and sample preparation and analysis was conducted in the 

Curtin University TRACE facility. The TRACE facility is a large multi-stage clean room 

designed for ultra-trace metal measurements. 

3.2.2.2 Reagents  

All the apparatus that came in contact with the aerosol filters was acid cleaned following 

GEOTRACES protocols [Cutter et al., 2010]. Nitric acid (HNO3) and hydrochloric acid 

(HCl) used throughout the study was high purity (<10 ppt or 0.2 nmol L-1 Fe). Both acids 

were double distilled in-house from Seastar® Instrument Quality (IQ) grade acids (Choice 

Analytical Pty Ltd, Australia) using an all perfluoroalkoxy (PFA) acid purification system 

(DST-1000, Savillex®). Hereafter referred to as ultra-pure acid. This acid was used for both 

cleaning of labware and filters and for sample and standard preparation. Seastar Baseline® 

grade hydrofluoric acid (HF) and HNO3 (Choice Analytical Pty Ltd, Australia) was used in 

the digestion of aerosol filters. Ultra-pure water (resistivity of 18.2 MΩ-cm, Purelab Classic, 

ELGA, Germany) was used throughout. 
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3.2.2.3 Labware preparation 

Low-density polyethylene bottles (LDPE; Nalgene) and polypropylene (PP; Elemental 

Scientific Inc.) vials were rigorously acid-washed using the following procedure: 

1. One week immersion in 3.2 mol L-1 IQ grade HNO3. All labware was rinsed with 

copious quantities of ultra-pure water between acid baths; 

2. One week  in 1.2 mol L-1 ultra-pure HCl;  

3. One week in 0.12 mol L-1 ultra-pure HCl; 

4. One week in 0.16 mol L-1 ultra-pure HNO3; and  

5. One week in ultra-pure water. 

Teflon filtration parts used in leaching experiments were cleaned in a series of acid baths on a 

hotplate at 80 °C for three days. The first bath consisted of 7.9 mol L-1 ultra-pure HNO3, 

followed by 5.8 mol L-1 ultra-pure HCl, then 0.12 mol L-1 ultra-pure HCl and 0.16 mol L-1 

ultra-pure HNO3, and finally ultra-pure water. Filtration parts were rinsed with copious 

quantities of ultra-pure water between baths 

3.2.2.4 Filter preparation 

Aerosol collection substrates were all W41 paper sheets (20 x 25 cm; Whatman) acid-washed 

before use following the method of Baker et al. [2006] and GEOTRACES recommendations 

[Morton et al., 2013]. Briefly, W41 filter sheets were arranged in layers, one at a time, 

between polypropylene (PP) mesh, in a series of three 0.5 mol L-1 ultra-pure HCl baths for 24 

hours. Filters were then rinsed three times with ultra-pure water between baths and then 

placed in a fresh acid bath. Plastic ziplock bags and plastic tweezers were acid-washed using 

3 % (0.5 mol L-1) ultra-pure HNO3 for 2 weeks. Acid-washed filters were stored in individual 

acid-washed ziplock bags until use. 
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3.2.3 Sampling procedures and quality control 

3.2.3.1 Filter changing procedure  

Loading and changing of aerosol collection substrates was carried out under a laminar flow 

clean bench at CGBAPS, and aerosol-laden filters were transferred into individual pre-acid-

washed ziplock plastic bags immediately after collection and stored frozen until analysis. 

3.2.3.2 Filter blanks and aerosol samples  

Four types of filter blanks were analysed during the study: (i) untreated filter laboratory 

blanks, (ii) acid-washed filter laboratory blank, (iii) procedural filter blanks, and (iv) one-

month exposure filter blanks. Procedural blanks consisted of acid-washed filters mounted in 

the aerosol collector for five minutes, with the air pump off. The one-month exposure blank, 

was collected by the same method as the procedural blank, but for one month duration. The 

exposure blank was carried out after the PM10 inlet was installed on the collector. Monthly 

aerosol sampling (TSP) began in June 2013 and the PM10 size selective inlet was installed in 

November 2013. Actual samples used for optical and Scanning Electron Microscopy (SEM) 

observations were CG13TM01 (TSP; sampled between 13 June 2013 and 16 July 2013) and 

CG13TM08 (PM10; sampled between 28 January 2014 and 25 February 2014). Sampling 

dates and volumes for blank filters and aerosol samples used in this study are reported in 

Table 3.1. 

Table 3.1: Filter blank and aerosol sampling duration and volume. 

 
Inlet Start Finish 

Total sampling 
time 

Total sampling 
volume (m3) 

Procedural blank TSP 8/08/2013 8/08/2013 5 minutes 0 
Exposure blank PM10 8/11/2013 10/12/2013 1 month 0 

CG13TM01 TSP 12/06/2013 16/07/2013 814.7 hours 59473 
CG13TM08 PM10 28/01/2014 25/02/2014 143.3 hours 10461 

3.2.3.3 Certified Reference Materials and quality control filters 

A certified reference material and a commercial quality control spiked filter were used to 

validate sample digestion procedures. These included the MESS-3 marine sediment (National 

Research Council, Canada) and a trace metal spiked quality control nitrocellulose filter (QC-

TMFM-A, High Purity Standards). 
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3.2.3.4 Sample preparation 

Soluble metals were extracted from each type of blank filter. Circular portions (47 mm 

diameter) were cut out of the blank filter sheets using a punch cutter (designed at Curtin 

University), which consisted of a sharpened titanium (Ti) circular blade and a PFA backing 

mount (both acid-washed). Soluble metals including aluminium (Al), Ti, Manganese (Mn), 

Fe, and lead (Pb) were extracted from the filter using an instantaneous flow-through water 

leach [e.g. Aguilar-Islas et al., 2010] consisting of three separate passes of 10 mL of ultra-

pure water. Three aliquots of each filter blank were leached with three repeated passes of 

ultra-pure water. 

Total trace metal concentrations were determined following recommendations from the 2008 

GEOTRACES intercalibration experiment for the analysis of marine aerosols [Morton et al., 

2013]. All digestions were carried out under high-efficiency particulate arresting (HEPA) 

filtered air, in a total-exhausting clean-air (ISO Class 5), hot block unit (SCP Science, 

Canada) fitted with an acid scrubber unit at the University of Tasmania. Circle portions (47 

mm) of the filters were digested at 95 ºC for 12 hours with concentrated ultra-pure HNO3 (1 

mL, Seastar Baseline®) and ultra-pure HF (0.25 mL, Seastar Baseline®) in capped PFA vials 

(15 mL, acid cleaned Savillex®) following Bowie et al. (2010). At the end of the digestion, 

the samples were evaporated to dryness, reconstituted in 10 % (1.60 mol L-1) ultra-pure 

HNO3 (10 mL final volume, Seastar® IQ grade double distilled in-house) and stored at 40 ºC 

for ~48 hours before analysis. Two certified reference materials (MESS-3 marine sediment, 

National Research Council, Canada, and QC-TMFM-A spiked trace metals on nitrocellulose 

filter (TMF), High Purity Standards) were digested alongside the samples to test the digestion 

recovery procedure. Total digestion recovery for Fe from the MESS-3 CRM was 108 ± 8 % 

(n=3) and TFM was 99 ± 7 % (n=3). Recovery rates for other trace metals are reported in 

Table S3.1. Blank concentrations for Savillex® beakers, i.e. the digestion blank, are reported 

in Table 3.2. 
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Table 3.2: Average total trace metal concentration in filtrates. Data for blank filters are corrected for the digestion blank (Savillex® beaker blank). Errors are the 

standard deviation of the three sub-samples. DL: Detection limit, *: <0.001. 

 
Al   Ti  V  Mn  Fe Pb  

 
 (ng 
cm-2)  ±  (ng 

m-3)  ±  (ng 
cm-2)  ±  (ng 

m-3)  ±  (ng 
cm-2)  ±  (pg 

m-3)  ±  (ng 
cm-2)  ±  (ng 

m-3)  ±  (ng 
cm-2) ±  (ng 

m-3)  ±  (ng 
cm-2)  ±  (pg 

m-3)  ± 

Instrumental 
blank (n=10) 0.01 0.004 * * * * * * * * 0.002 0.002 * * * * * * * * * * 0.005 0.0043 

                         

Digestion blank 
(n=3) 0.67 0.1 0.03 0.01 0.04 0.01 0.002 * 0.01 0.002 0.2 0.1 0.28 0.4 0.01 0.02 0.23 0.2 0.01 0.01 0.02 0.01 1 0.4 

                         

Unwashed filter 
(n=3) 5.6 0.3 0.2 0.01 23 10 0.9 0.4 0.01 0.003 0.52 0.1 <DL   <DL   15 2 0.6 0.1 0.08 0.05 3 2 

                         

Acid-washed filter 
(n=6) 4.1 1 0.2 0.05 3.6 1 0.1 0.01 0.01 0.01 0.56 0.3 <DL   <DL   8.0 5 0.3 0.2 0.004 0.01 0.2 0.2 

                         

Procedural blank 
(n=3) Exposed for 
5 min: 8/8/2013 
15:15 to 15:20 

6.3 2 0.3 0.1 7.7 2 0.3 0.1 0.02 0.01 0.76 0.2 <DL   <DL   7.4 2 0.3 0.1 0.01 0.01 0.5 0.3 

                         

Exposure blank 
(n=3) Exposed for 
1 month: 8/11/13 to 
10/12/13 

250 20 9.8 0.9 48 5 1.9 0.2 0.61 0.05 24 2 3.3 0.8 0.1 0.03 260 30 10 1 0.08 0.03 3 1 

 

Filter blanks in units of “ng cm-2” were calculated assuming the 47 mm aliquot is representative of the whole filter sheet sample. 
Filter blanks in units of “ng m-3” were calculated assuming a typical monthly filtered baseline air volume of 12600 m3 assuming baseline conditions occur 30 % of the time 
[Keywood, 2007]. 
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Table 3.3: Average trace metal soluble concentration in filtrates. Data for blank filters are corrected for the instrumental blank. Errors are the standard deviation 

of the three sub-samples. 

  Al  Ti  V  Mn  Fe Pb  

   (pg  
cm-2)  ±  (pg  

m-3)  ±  (pg  
cm-2) ±  (pg  

m-3) ±  (pg  
cm-2) ±  (pg  

m-3)  ±  (pg  
cm-2)  ±  (pg  

m-3)  ±  (pg  
cm-2)  ±  (pg  

m-3)  ±  (pg 
cm-2)  ±  (pg  

m-3)  ± 

Instrumental 
blank (n=9)   4.9 3 0.2 0.1 1.9 5 0.08 0.2 0.01 0.02 0.0004 0.0008 0.04 0.07 0.002 0.003 0.46 0.3 0.02 0.01 0.14 0.1 0.01 0.01 

                          

Unwashed filter  Leach 1 12 10 0.49 0.4 6.2 8 0.25 0.3 0.97 1 0.04 0.04 60 56 2.4 2 200 180 8.0 7 18 25 0.71 1 

 (n=3) Leach 2 11 7 0.45 0.3 4.7 <DL 0.19 <DL 0.75 1 0.03 0.04 14 7 0.56 0.3 46 24 1.8 0.9 4.3 3 0.17 0.1 

  Leach 3 0 0.02 <DL <DL 1.1 <DL 0.04 <DL 0.14 0.2 0.01 0.01 3.6 2 0.14 0.06 9.4 7 0.37 0.3 0.74 0.6 0.03 0.02 

                          

Acid-washed  Leach 1 2600 180 100 7 1.1 2 0.05 0.07 0.94 0.9 0.04 0.03 7.5 3 0.30 0.1 30 16 1.2 0.6 1.3 1 0.05 0.04 

 filter (n=3) Leach 2 930 650 37 26 <DL <DL <DL <DL 0.54 0.7 0.02 0.03 4.0 3 0.16 0.1 17 14 0.68 0.6 4.6 7 0.18 0.3 

  Leach 3 1700 2800 67 110 <DL <DL <DL <DL 0.12 0.1 <DL <DL 2.7 1 0.11 0.05 21 29 0.85 1 0.35 0.3 0.01 0.01 

                          

Procedural  Leach 1 620 330 25 13 12 8 0.46 0.3 3.3 2 0.13 0.07 9.7 4 0.38 0.2 16 9 0.63 0.3 2.4 0.4 0.10 0.02 

blank (n=3) Leach 2 420 120 17 5 1.9 1 0.07 0.04 0.62 0.2 0.02 0.01 2.0 0.5 0.08 0.02 6.2 3 0.25 0.1 0.92 0.4 0.04 0.02 

  Leach 3 540 430 21 17 8.3 <DL 0.33 <DL 0.24 0.1 0.01 <DL 0.82 0.5 0.03 0.02 5.3 2 0.21 0.06 1.1 1 0.05 0.04 
                          

Exposure blank  Leach 1 54000 21000 2200 850 280 300 11 12 44 10 1.7 0.4 1800 300 70 12 870 490 35 20 26 10 1.0 0.5 

(n=3) Leach 2 14000 5600 580 220 50 16 2.0 0.6 8.6 4 0.34 0.2 110 100 4.2 4 290 110 12 5 1.6 0.6 0.06 0.03 
  Leach 3 8400 3200 330 130 25 10 0.98 0.4 5.9 1 0.23 0.04 22 7 0.88 0.3 170 35 6.7 1 1.1 0.6 0.04 0.03 

 

Filter blanks in units of “pg cm-2” were calculated assuming the 47 mm aliquot is representative of the whole filter sheet sample. 
Filter blanks in units of “pg m-3” were calculated assuming a typical monthly filtered baseline air volume of 12600 m3 assuming baseline conditions occur 30 % of the time 
[Keywood, 2007]. 
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3.2.4 High-resolution inductively coupled plasma mass spectrometry analysis 

Leachates and resuspended total digests were analysed using high-resolution inductively 

coupled plasma mass spectrometry (HR-ICP-MS, Element XR ThermoFisher). An auto 

sampler fitted with an acrylic sample enclosure was used to introduce the sample to the HR-

ICP-MS. Measured isotopes and spectral resolutions, along with typical operating conditions, 

are reported in Table S3.2. The HR-ICP-MS was operated using Ni JET interface sampler 

and X-skimmer cones and an Apex desolvation unit (Elemental Scientific Inc, ESI) pumped 

with a Seafast II system syringe pumps (ESI). Samples were analysed in groups of ten 

bracketed by instrumental blanks (3% or 0.4 mol L-1 ultra-pure HCl (soluble) or HNO3 

(total)), and a quality control standard (QC). The QC standard was prepared from a 

commercial mixed elemental standard (Cat. #ICP-200.7-6 Solution A, High Purity Standards) 

by serial dilution. Partial procedural blanks were also determined. These included blanks for 

the leaching and total digestion procedures. Leaching and total digestion blanks consisted of 

ultra-pure water processed identically to filter leachates and total digestion samples. All 

samples and standards were prepared on a similar matrix basis. Leachates were acidified to 1 

% (0.12 mol L-1) HCl, and total digests were diluted and presented to the instrument as 3 % 

(0.5 mol L-1) HNO3. The sample introduction line was rinsed with 3 % (0.4 mol L-1) ultra-

pure HCl (3 % or 0.5 mol L-1 ultra-pure HNO3) between leachate (digest) samples for 1.5 

minutes. Standard solutions were prepared by serial dilution from 100 µg mL−1 stock 

solutions using ultra-pure water, with a final HCl (HNO3) concentration of 1 % or 0.12 mol 

L-1 (3 % or 0.5 mol L-1). Preparation of standards in 1 % 0.12 mol L-1 ultra-pure HCl (3 % or 

0.5 mol L-1ultra-pure HNO3) matrix matched the leachates (digests). Ten-point calibration 

solutions were measured. Indium (In), at a concentration of 1.5 ppb, was used as an internal 

standard. 

3.2.5 Optical and Scanning Electron Microscopy 

Blank filters (acid-washed laboratory, procedural, and exposure) were examined using optical 

microscopy to investigate particulate contamination (morphology and particle size). Actual 

aerosol samples with visible contamination under the optical microscope were further 

investigated using a SEM (Zeiss Evo 40XVP and Zeiss Neon 40EsB FIBSEM). The SEM 

was fitted with secondary (SE) and backscatter (BSD) electron detectors and a SiLi energy 

dispersive X-ray system (EDS) to provide qualitative geochemistry of the particles. The 
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conditions used (kV, spot size, WD and detector) are shown on the SEM images. Filter 

blanks were carbon-coated prior to SEM examination. 

3.2.6 Air mass back trajectory analysis  

Air mass back trajectories were simulated using ANSTO’s air mass back trajectory database, 

based on the NOAA’s HYSPLIT v4.0 model [Draxler and Rolph, 2003] for the duration of 

the one-month exposure blank. Five-day air mass back trajectories were generated for the 

CGBAPS, based on a starting elevation of 200 m a.g.l., for every hour of every day between 

8 November and 10 December 2013. Hindcasts were based on meteorological data of 0.5° x 

0.5° resolution generated by the global data assimilation system (GDAS) model downloaded 

from the NOAA ARL website (ftp://arlftp.arlhq.noaa.gov/archives/gdas0p5). 

3.3 Results  

3.3.1 Optical and Scanning Electron microscopy 

Filter blanks and baseline sample filters were inspected by a combination of optical 

microscopy and SEM. Inspection of acid-washed laboratory and procedural blank filters with 

an optical microscope showed no obvious sign of particulate contamination (Fig. 3.2). In 

contrast, the one-month exposure blank and aerosol samples from the aerosol collector (using 

both the TSP and PM10 inlets) were contaminated with particles up to 100 µm in diameter 

(Fig. 3.3-5). Visibly discoloured (orange) patches were also observed on a number of baseline 

TSP and PM10 filter samples (Fig. 3.4b). No discoloured patches were found on the blank 

filters. Baseline sample filters (both TSP and PM10 inlets) were inspected using a SEM. 

Particles were comprised of salt (NaCl, cubical crystals), gypsum, calcium carbonate, mineral 

dust (identified by the silicon (Si), Fe, Al, Ti EDS signals), and silica was identified on the 

PM10 filters (illustrated in Fig. 3.6). The TSP filters, were coated with a broader variety of 

material compared to the PM10 filters. Particles on the TSP filter were identified as 

carbonaceous particles, NaCl, mineral dust, silica sand, spores, and marine aerosol (particles 

containing magnesium (Mg), strontium (Sr) and barium (Ba); Fig. 3.7). 
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Fig. 3.2: Optical microscopy images of blank filters a) acid-washed blanks b), procedural banks. 

 

Fig. 3.3: Optical microscopy images of contaminated exposure blanks showing examples of particle son 

the filter, a) three examples of windblown particles, b) insect leg, c) large soil particle. Areas of interest 

are circled. 
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Fig. 3.4: Optical microscopy images of examples of particles collected on TSP filter (CG13TM01) a) large 

soil particle, b) orange spot common to many TSP filters, c) hair, d) spore, e) moth spare. 
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Fig. 3.5: Optical microscopy images of examples of particles collected on PM10 filter (CG13TM08) a) 

moth spare, b) grass, c-d) large windblown particles. 
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Fig. 3.6: Scanning Electron Microscope images and spectra of particles on a PM10 filter (CG13TM08) a) 

salt particle (sodium chloride) (detector: SE, instrument: EVO), b) soil (detector: BSD, instrument: 

EVO), c) calcium carbonate (detector: BSD, instrument: EVO), d) marine silica (detector: SE, 

instrument: EVO).  
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Fig. 3.7: Scanning Electron Microscope images and spectra of particles on a TSP filter (CG13TM01) a) 

mineral dust (Fe, Mg, Al, Si, Ti, K) (detector: BSD, instrument: EVO), b) organic material (detector: BC, 

instrument: NEO), c) organic carbonaceous particle (detector: BC, instrument: NEO), d) cubical salt 

(sodium chloride) (detector: BSD, instrument: EVO), e) silica sand (detector: BC, instrument: EVO), f) 

marine aerosol (detector: BSD, instrument: EVO), g) marine aerosol (Mg, Sr, Ba, Cl, Ca, Na) (detector: 

BC, instrument: EVO), h-i) spore (detector: BC, instrument: EVO). 

3.3.2 Solubility of contamination-borne particles on blank filters 

A typical volume of baseline air collected during a month deployment (ca. 12600 m3, 

assuming baseline conditions occur for 30 % of the time [Keywood, 2007]) is used to 
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calculate filter blank concentrations for aerosol samples, and compare them to the aerosol 

concentrations on a “per cubic meter of air” basis [Morton et al., 2013]. Leaching Fe from the 

blank filters with the use of ultra-pure water gave soluble Fe concentrations for the four types 

of blank filters, which can be used as a basis for comparison to other studies. The average 

soluble trace metal concentrations for the three subsamples of each type of filter are reported 

in Table 3.3 and Fig. 3.8. Soluble trace metal concentrations in all blank filters decreased 

with each additional sequential leach of ultra-pure water (Fig. 3.8). At least 50 % of soluble 

trace metals were leached within the first leach i.e., 65 % of soluble Fe, 53 % of soluble Al, 

71 % of soluble Ti, 66 % of soluble V, 75% of soluble Mn, and 61% of soluble Pb for the 

exposure blank filter. 

After acid-cleaning the filters, there was a substantial decrease in the concentration of soluble 

Fe, from 200 to 30 pg cm-2. Acid-cleaning the filters also decreased the concentrations of 

soluble Mn, Pb, and Ti in the leachates, but there was no difference in the soluble V 

concentrations between acid-washed and untreated filters (Fig. 3.8). Soluble Al was the only 

element to increase (12 to 2600 pg cm-2) after acid-washing the filter; perhaps, due to Al 

contained within the cellulose filter and further broken down by HCl. 

For the procedural blank filters, i.e., those taken to the field and mounted in the VFC high-

volume aerosol sampler for five minutes (Table 3.3), the soluble Fe concentrations (16 pg cm-

2 of soluble Fe) were similar to the blank acid-washed filters (30 pg cm-2 of soluble Fe). This 

validates the cleanliness of our sample handling procedures. Soluble Ti, V, Mn, and Pb 

concentrations between acid-washed filter blanks and procedural blanks were also similar. 

Soluble Al was lower in the procedural blank. 

In the month-long exposure blank, a considerable increase in the trace metal concentration 

was observed; for example, up to 870 pg cm-2 of soluble Fe. The concentration of all soluble 

trace metals was at least an order of magnitude greater in the exposure blank than in the 

procedural and acid-washed filter blank. Soluble Al displayed the highest concentrations in 

laboratory, procedure, and exposure blank filters. 
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Fig. 3.8: Sequential leaching of soluble trace metals a) Al, b) Ti, c) V, d) Mn, e) Fe, f) Pb from blank 

filters. 

3.3.3 Total trace metal concentrations of contamination-borne particles on blank 
filters 

Similar to the soluble trace metal concentrations, acid-cleaning the filters substantially 

decreased in the total concentration of all trace metals, except for V where the concentration 

remained the same (Table 3.2). Procedural blank concentrations were slightly higher than the 

acid-washed filters for total Al, total Ti, total V, and total Pb concentrations. The procedural 
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blank total Fe concentration was ~7 pg cm-2 lower than the acid-washed filter. Exposure 

blank total trace metal concentrations were an order of magnitude higher than procedural 

blank concentrations for all trace metals. 

3.4 Discussion 

3.4.1 Contamination from laboratory procedures, filter handling and site exposure 

We used a series of blank filter types to determine the source and quantity of soluble and total 

Fe contamination. The blank Fe budget consists of Fe introduced to the sample from reagents, 

ultra-pure water, leaching from plastic bottles and filter substrate, sample collection and 

handling, and the instrument (Table 3.4). The instrumental water blank gives an indication of 

contamination arising from the HR-ICP-MS vial, ultra-pure acids and the instrument. This 

contribution is ~0.4 pg cm-2. Contamination from the W41 filter substrate is assessed by the 

difference in Fe between acid-washed and untreated filters. The W41 filters contributes 0.2 

ng cm-2 (9 pg m-3) of soluble Fe and 7 ng cm-2 (0.3 ng m-3) of total Fe to the Fe budget. Thus, 

acid-washing the filters is crucial for baseline aerosol sampling. Acid-washing of the W41 

filters is also necessary when analysing the trace solubility of Mn, Pb, and Ti as acid-washing 

substantially decreased the contamination arising from the filter substrate alone. 

The Fe in the procedural blanks indicates the contamination acquired throughout the 

sampling process and handling of filters in the field. The sampling procedure contributes 

negligible total and soluble Fe to the budget (Table 3.4). By following ultra-trace protocols 

(GEOTRACES recommendations), contamination by personal or handling of filters was 

minimised; blank concentrations in acid-washed laboratory blank filters are similar to or less 

than procedural blank filters. Furthermore, no evidence of particulate contamination was 

observed in the acid-washed or procedural blank filters under an optical microscope. 

There is considerable contamination derived from filter exposure at the sampling site. The 

largest source of soluble Fe contamination was evident in the month-long exposure blank. 

Contamination arising from one-month of site exposure is around 0.03 ng m-3 of soluble Fe 

and 10 ng m-3 of total Fe. This is considerable given water soluble Fe concentrations in 

contamination-free archived filters ranged from 0.01-0.3 ng m-3 of soluble Fe and 0.04-5.8 ng 

m-3 of total Fe [Winton et al., 2015]. The contamination-free archived filters were sampled 
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using the Bollhöfer et al. [2005] aerosol sampler design (Fig. S3.1) and a similar Fe water 

solubility leaching scheme employed here. Thus, in the low concentration aerosol samples, 

contamination from site exposure (Tables 3.2 and 3.3) limits our ability to differentiate 

between the blank and ‘real’ signal. We suggest two processes by which contamination 

occurs during the month-long exposure. Firstly, by a passive deposition on the filters during a 

month-long sampling period at Cape Grim. Passive deposition contributes the majority (94 

%) of Fe to the Fe budget (Table 3.4). Secondly, as there is no evidence of human-, sampler-, 

or building-derived (e.g., wood, paint) particles on the filters, the insect, soil, and marine 

particle contamination is likely a consequence of airborne particles hitting the sampler at high 

wind speeds. Additionally, insects could fly or crawl into to sampler, as the air inlet is not 

sealed during non-baseline conditions (Fig. 3.1). Insect contamination is likely at other 

sampling sites as indicated by the sampling procedure in the US EPA high-volume sampling 

standard for the determination of inorganic compounds in ambient air, which recommends 

that insects be removed with a pair of tweezers. 

The total trace metal blank concentrations in acid-washed and untreated W41 filters are 

similar to those reported by Morton et al. [2013], who uses the same acid-washing procedure 

for cleaning the filters. It is interesting to note that Morton et al. [2013] reports a greater Al 

concentration on the acid-washed filter than the untreated filter. Our soluble Al blank 

concentrations were also greater for the acid-washed filter highlighting the need for a 

systematic study of blank aerosol filters in baseline air. The Whatman 41 filters are only 

suitable for trace metal aerosol studies when the sample concentration is above the detection 

limit. Aerosol Al concentrations have been reliably reported in regions where the aerosol 

loading is considerably greater than the Southern Ocean. However, if the sample 

concentration is too low in baseline air then we recommend that the sampling time is 

increased to collect a higher concentration of trace metal aerosols on the filter. 
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Table 3.4: Blank iron contamination budget. 

  Total Fe 
(ng cm-2) 

Soluble Fe 
(ng cm-2) 

Fe blank 
contribution 

(ng cm-2) 

Fe blank 
contribution 

(%) 
Digestion  10.2  0.2 0.1 
Acid  20.0006 30.00004 0.0007 <0.001 
Instrument  40.0004 50.0005 0.0009 <0.001 
W41 filter  66.6 70.2 6.8 3 
Sampling procedure 8negligible 9negligible 0 <0.001 
Month exposure at field site 10254 111 255 98 
Total  261 1 262  

 

Method of determination: 1Digested Savillex ® blank beaker with 0.5 mL of HNO3 (Baseline Seastar®) and 
0.25 of mL HF (Baseline Seastar®) (acid and instrument blank subtracted); 2Assuming certified maximum 
specification of Seastar Baseline® of HNO3 and HF is <10 ppt or 0.2 nmol L-1 of Fe; 3Assuming concentration 
of double distilled in-house HCl from Seastar® IQ grade quality (Choice Analytical Pty Ltd, Australia) is <10 
ppt or 0.2 nmol L-1 of Fe; 4Vials filled with ultra-pure water acidified to 3 % or 0.5 mol L-1 HNO3; 5Vials filled 
with ultra-pure water acidified to 1 % or 0.12 mol L-1HCl; 6Total digestion of untreated filter (digestion, 
instrument and acid-washed filter blank subtracted); 7Water soluble leach of untreated filter (instrument acid-
washed filter blank subtracted); 8Total digestion of procedural blank filter (digestion, instrument and acid-
washed filter blank subtracted); 9Water soluble leach of procedural blank filter (instrument and acid-washed 
filter blank subtracted); 10Total digestion of exposure blank filter (digestion, instrument and procedural blank 
filter subtracted); 11Water soluble leach of exposure blank filter (instrument and procedural blank filter 
subtracted).Negligible defined as <0.01 pg cm3 of Fe. 

3.4.2 Passive deposition and back trajectory analysis 

The exposure blank, which was left in the aerosol collector with the motor switched off for a 

one-month collection period, reflects contamination derived from the atmospheric fallout or 

passive deposition. This type of blank gives an indication of the relative magnitudes of the in-

sector active sampling (i.e., pump turned on and controlled by the baseline switch for a 

month) versus passive deposition. The deposition of particles, is thus, partly dependent on the 

mixture of in- and out-sector winds during the exposure blank period. The cluster means of 

five-day air mass back trajectories, for the duration of the month-long exposure blank, show 

that around half of the trajectories were transported from the non-baseline sector (i.e., over 

Tasmania) while the other half were baseline marine air (Fig. 3.9b). The frequency plot in 

Fig. 3.9c shows the fetch area of trajectories, which included Tasmania >10 % of the time, 

and occasionally, the Australian continent (>0.1 %). Furthermore, the high wind speeds at 

Cape Grim, up 80 km h-1 during the exposure blank period (Fig. 3.9a), potentially transport 

local dust and vegetation to the sampling site. The wind speed is most important when the 

sampler is turned off (i.e., non-baseline conditions) as it can transport and deposit local dust 

and insects through the unsealed air intake section of the sampler (visible in Fig. 3.1d). 
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Extreme weather conditions at this site are a concern for aerosol samplers that are not sealed 

during non-baseline conditions; contamination occurs regardless of whether the sampler is 

turned on or off. The Bollhöfer et al. [2005] sampler design minimised this source of 

contamination by pneumatically sealing the sampling when it was turned off. 

We use optical microscopy to further assess the impact of passive deposition. Large particles 

up to 100 µm are observed in the exposure blank (Fig. 3.3). A mixture of mineral dust, 

vegetation, and even insects were observed on the exposure blank (Fig. 3.3). Large particles 

were still observed on filters after the installation of the PM10 size selective inlet (Fig. 3.5). 

An evaluation of PM10 size selective inlet performance in Australia found that PM10 inlets 

have a d50 of 10 µm, i.e., 50 % of particles greater than 10 µm are collected on the inlet 

[Keywood, 1999]. The calibration of the PM10 inlet collection efficiencies is done under 

certain wind speed conditions and it is likely that the extreme wind speeds at Cape Grim (80 

km h-1; Fig 3.9c) are higher than what the inlet was calibrated in. This may explain why some 

particles larger than 10 µm are observed on the PM10 sample filter (Fig. 3.5). These particles 

could have been deposited on the filter by a combination of high wind speeds when the 

sampler was running, which lowered the efficiency of PM10 inlet to separate particles <10 

µm, and/or passive deposition when the sampler was turned off. Given the large particle size 

and the wind strength of non-baseline air (Fig. 3.9), the source of passive deposition is likely 

local. 

Local contamination from the cliff face at Cape Grim has been known to occur for some time 

[Ayers, 2001], and elemental ratios are used to correct for this local cliff contamination for 

major ion measurements [Ayers and Ivey, 1988]. Due to the very weak signal at Cape Grim, 

fingerprinting (e.g. using elemental ratios or radiogenic isotope ratios) the cliff signal and 

separating it from the marine particles is challenging. As there is a clear indication of material 

from the cliff face being blown onto the roof deck during extreme wind events, the soil signal 

is likely to dominate the marine signal for trace metals. The high concentration of soluble Fe 

in the exposure blank, sampled at the roof deck height, is as high or higher than soluble trace 

metal sample (uncontaminated) collected up the 70 m communications tower [Winton et al., 

2015]. This local contamination will likely mask or dominate the true Fe solubility of 

baseline aerosols. At Cape Grim, there is no option to install the sampler elsewhere, e.g. 

higher up on a tower as has been done in the past [Bollhöfer et al., 2005]. Using an impactor - 

for example, with a maximum of six upper stages and a backup filter - may aid in the 
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identification of contamination if the size distribution of the marine aerosol and the cliff 

debris were known and if those size distributions were significantly different. However, this 

is likely to result in detection problems of soluble trace metals since the aerosol would be 

deposited and spread across seven filters instead of one. To overcome this, a PM10 size 

selective head was installed at Cape Grim to remove the coarse particle size distribution that 

is not long-range or baseline transport. Cohen and Stelcer [2014] suggested that for non-

baseline PM 2.5 samples, windblown soil (estimated from the oxides of Al, Si, Ti, Ca, and 

Fe) represents about 2 % of the total fine mass at Cape Grim. The remaining fine particle 

mass comprises sea salt (38 %), black carbon (4 %), and organic matter (5 %). Even if 

windblown soil only contributes 2 % of the total fine aerosol mass in samples, this could be a 

large fraction of the trace metal component due to their abundance in the soil particles 

[Taylor and McLennan, 1985] and considerably affect solubility. The passive deposition of 

locally-derived particles during out-sector winds will thus have a major influence on the 

overall aerosol Fe solubility in baseline samples. 

The issue of local contamination has also been identified on Kerguelen Island, located in the 

Indian sector of the Southern Ocean during an aerosol sampling campaign. Using Al/Ti ratios 

as a tracer of local soil erosion, Heimburger et al. [2013a] found that out of 14 rain samples, 

only five were free of local contamination and representative of long-range transport particles 

deposited by rain events. The sampling location has been shown to be a major factor when 

designing trace metal studies in the Southern Ocean. Other Sub-Antarctic Island sites will 

likely face similar issues of local contamination such as at Cape Grim and Kerguelen Island. 

Thus, there is a need for future aerosol campaigns of baseline trace metal solubility to sample 

aerosols high above the turbulent layer, for example, Cape Verde (30 m) [e.g. Fomba et al., 

2012] and Tudor Hill, Bermuda (23 m) [e.g. Fishwick et al., 2014; Kadko et al., 2015]. 
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Fig. 3.9: Wind speed and fetch area of air masses associated with the whole duration of one month long exposure blank from 8 November to 10 December 2013. a) 

Time series of hourly wind speed (times are in the GMT+10 time zone; data sourced from the Australian Bureau of Meteorology), b) Cluster means of 5 day hourly 

air mass back trajectories. 
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3.4.3 Enrichment factor analysis 

The Wedepohl [1995] compilation of continental crust composition was used to calculate 

crustal enrichment factors (EF) to determine the contribution of mineral dust to the observed 

total elemental concentrations in the blank filters. Total Al was used as a marker for mineral 

dust. For an element (Z) in a sample, the EF relative to Al is calculated using equation (3.1). 

𝐸𝐸𝐹𝐹 =  (𝑍𝑍/𝐴𝐴𝑆𝑆)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
(𝑍𝑍/𝐴𝐴𝑆𝑆)𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐

    (Equation 3.1) 

The enrichment factors of exposure blank filters are used to gauge the level of mineral dust 

contamination from a month of exposure at the field site. For example, an EF between 0.7 

and 2 is considered to be similar to the upper continental crust, implying that these trace 

metals might have originated from that source. From the EF in Table 3.5, trace metals had EF 

between 1.5 – 4.8 (Table 3.5); this is considered as a similar composition or moderate 

enrichment, in comparison to the upper continental crust (i.e. EF >0.7). Total Fe does not 

show Fe enrichment, suggesting that anthropogenic Fe was not a source of contamination to 

the exposure blank, although it is known to be a source of atmospheric soluble Fe [e.g. 

Sholkovitz et al., 2012]. The low EF values of all trace metals suggest that the trace metals on 

the exposure blank could have originated from mineral dust sources. The low EFs of all trace 

metals in the month-long exposure blank that was subject to passive deposition and air 

masses crossing Tasmania (Fig. 3.9) are likely to reflect local contamination from crustal 

sources e.g. mineral dust from the cliff face. 

Table 3.5: Enrichment factors of trace metals relative to Al measured in exposure and procedural blank 

filters. The composition of the upper continent crust is based from Wedepohl (1995). 

 Ti Fe Mn V Pb 

Exposure blank 4.8 2.7 2.0 3.6 1.5 

3.4.4 Recommendations and future work 

3.4.4.1 Importance of microscope observations in trace metal aerosol collection 

The main concern when collecting marine-derived trace metal aerosol particles at CGBAPS 

is that the filters also collect dust from the local cliff-face directly below the sampler at the 

station, especially during stormy conditions. The filters are also subject to passive deposition 
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while the wind is out of baseline sector, which is noteworthy because of the already weak 

signal at CGBAPS. Therefore, microscope observations are a key tool in the identification of 

local contamination. We recommend that microscope observation becomes a routine practice 

when measuring the Fe content and solubility in aerosols from the Southern Ocean. For 

example, insect and vegetation contamination was found in our blank filters only through the 

use of microscope observations, and this source of contamination would not have been 

detected by the soluble geochemistry alone. 

3.4.4.2 Bioactivity inside filters 

Sporadic discolourations (orange spots) were identified on the PM10, TSP, and month-long 

exposure blanks. Microscope observations showed that these spots were located inside the 

‘depth’ of the filter (Fig. 3.4b). A possible source for these spots is microbial growth inside 

the filters. Algae could be living off nutrients e.g. aerosol nitrate in the aerosol-laden filter. 

Microbes will also accumulate trace metals [Morel and Price, 2003] and affect the solubility. 

Further work is required to assess these orange spots and determine whether they are an 

additional source of trace metal contamination. 

3.4.4.3 Aerosol sampler siting and closure requirements for low iron air sampling 

Much of the passive deposition contamination found by this study was invisible to the naked 

eye. However, it was still a substantial source of the Fe blank budget compared to the 

expected Fe aerosol loading. In the case of this study, the sampler was on a platform ~6 m 

above the ground and exposed to extreme wind conditions. The contamination was primarily 

due to the lack of an air-tight closure at the sampler intake. As a result strong winds were able 

to force particles into the sampler and onto the filter. This form of contamination may be 

decreased by installing the sampler above the surface boundary layer (~50 m); however a 

hermetic closure is still desirable to keep out air that is out of sector [e.g. Bollhöfer et al., 

2005; Winton et al., 2015] (Fig. S3.1). Due to new work health and safety requirements 

imposed on the field station, it is not possible to carry out a comparison of sampling on the 70 

m tower and roof deck to determine if sampling above the turbulent layer decreases 

contamination. Ship based high-volume samplers are exposed to particulates from ship 

exhaust [Edwards, 1999]. For similar reasons they should be fitted with a hermetic closure to 

completely seal off the sampler when the winds are out of sector or the wind speed is too low. 

For example, Edwards [1999] investigated ship-derived contamination along an 
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upwind/downwind transect of snow on Antarctic sea ice. In contrast to the low upwind iron 

concentrations, downwind concentrations were up to two orders of magnitude higher than the 

upwind samples, suggesting that snow is substantially contaminated by material carried in the 

air from the ship. 

3.5 Conclusions 

A VFC high-volume aerosol sampler was installed at CGBAPS under new health and safety 

regulations, and following ultra-trace protocols and recommendations of the US EAP 

standard and GEOTRACES community for aerosol sampling. Using a series of blank filter 

types, we assessed the contribution of Fe contamination during different stages in the 

sampling, leaching and analysis of baseline Fe solubility at CGBAPS. To do this we used a 

combination of solubility experiments, microscope observations, and enrichment factor 

analysis of one-month exposure blank filters. Contamination arising from HR-ICP-MS, lab 

wear and handling of filters was negligible. Acid-washing the filters substantially decreased 

the Fe concentration leached from the W41 filter substrate. The greatest source of 

contamination was the passive deposition during aerosol sampling while the wind was out of 

the baseline sector. This source of contamination cannot be seen with the naked eye, but 

occurs regardless of whether the sampler is turned on or off. Exposure filters collect insects 

and dust from the local cliff-face directly below the sampler at the station, particularly during 

stormy conditions. This is a major concern for collecting marine-derived aerosol Fe particles 

in baseline air due to the very clean air (weak trace metal signal). As local aerosol debris may 

be found on filters deployed in high-volume aerosol samplers this type of sampler, in its 

current configuration, may not be appropriate for sampling marine aerosols representative of 

a broader region. For Southern Ocean studies, we recommend that (i) the use of microscope 

observations are a key tool for aiding in the identification of local contamination, (ii) land-

based aerosol samplers are sealed during non-collection periods to prevent passive 

deposition, and (ii) ship based aerosol samplers are also sealed when the sector of interest is 

not being sampled to prevent ship exhaust contamination. Whilst this study shows substantial 

exposure blanks in clean air conditions, this may not be a problem at sites influenced by air-

masses containing higher aerosol Fe loadings. 
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Supplementary information 

Table S3.1: Recovery rates of total trace metals in certified reference materials (CRM). 

CRM recovery % Al ± Ti ± V ± Mn ± Fe ± Pb ± 
Marine sediment (MESS-3) 112 8 92 9 100 9 97 11 108 8 103 11 
Trace metal on filter (TMF) n/d  n/d  101 8 100 9 99 7 107 8 

Table S3.2: Instrument conditions and measurement parameters. 

Instrument HR-ICPMS, Element XR (Thermo Fisher, 
Germany) 

Torch Precision type, quartz o-ring free, PFA 
injector (Element Scientific Inc.) 

Spray chamber 

Leachates: APEX with quartz spray chamber 
(ESI) 
Digests: PC3 chilled cyclonic spray chamber 
(ESI) 

Nebuliser ST micro centric PFA (ESI) 
RF power (W) ~1350 
Cool gas flow (L min-1) ~16 
Auxiliary gas flow (L min-1) ~0.7 
Sample gas flow (L min-1) ~0.7 

Additional gas (L min-1) Leachates: ~0.2 N2 
Digests: N/A 

Additional gas (L min-1) ~~0.4 Ar 
Guard electrode Activated 

Sample uptake 90 s (Seafast II pump auto-sampler with fast 
3 sample injection valve) 

Sample rinse Leachates: 30 s, 3 % or 0.4 mol L-1HCl 
Digests: 50 s, 3 % or 0.5 mol L-1 HNO3 

Scan type E-scan 
Isotopes monitored in low resolution (m/Δm ~400) 208Pb 
Isotopes monitored in medium resolution (m/Δm 
~4000) 

27Al, 47Ti, 51V , 55Mn, 56Fe 
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Fig. S3.1:Diagram to illustrate the hermetic seal of the Bollhöfer et al. [2005] aerosol sampler. Baseline 
conditions trigger the actuator to open the air intake. When the winds go out of the baseline sector, the 
air intake closes to minimise passive deposition of particles onto the filter during non-baseline conditions. 
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Chapter 4. Dry season aerosol iron solubility in tropical 

northern Australia 

This chapter is in preparation for submission to Atmospheric Chemistry and Physics. The data 

has been published in the Curtin University Research Data Repository. 

V.H.L. Winton, R. Edwards, A.R. Bowie, M. Keywood, A.G. Williams, S. Chambers, M. 

Desservettaz, P. Selleck, 2015. HR-ICP-MS soluble and total trace element data for Gunn 

Point, Northern Territory filters, June 2014. Curtin University Research Data, 

http://doi.org/10.4225/06/5671012A48C2A. 

Abstract 

Marine nitrogen fixation is co-limited by the supply of iron and phosphorus in large areas of 

the global ocean. Up to 75 % of marine nitrogen fixation may be limited by iron supply due 

to the relatively high iron requirements of planktonic diazotrophs. The deposition of soluble 

aerosol iron can initiate nitrogen fixation and trigger toxic algal blooms in nitrate-poor 

tropical waters. There is a large variability in estimates of soluble iron, related to the mixing 

of aerosol iron sources. Most studies assume that mineral dust represents the primary source 

of soluble iron in the atmosphere. However, seasonal biomass burning in tropical regions is a 

potential source of aerosol iron that could explain the large variability in soluble iron. To 

investigate aerosol iron sources to the adjacent tropical waters of Australia, the fractional 

solubility of aerosol iron was determined during the Savannah Fires in the Early Dry Season 

(SAFIRED) campaign at Gunn Point, Northern Territory, Australia during the dry season in 

2014. The source of PM10 aerosol iron was a mixture of mineral dust, fresh biomass burning 

aerosol, sea spray and anthropogenic pollution. The mean soluble and total aerosol iron 

concentrations were 30 and 500 ng m-3 respectively. Fractional Fe solubility was relativity 

high for the majority of the campaign and averaged 8 % but dropped to 3 % during the largest 

and most proximal fire event. Fractional Fe solubility and proxies for biomass burning 

(elemental carbon, levoglucosan, oxalate and carbon monoxide) were unrelated throughout 

the campaign. An explanation to explain the lack of correlation between fractional Fe 

solubility and elemental carbon at the biomass burring source is due to the physical properties 

of elemental carbon, i.e., fresh elemental carbon aerosols are initially hydrophobic, however 
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they can disperse in water after aging in the atmosphere. Combustion aerosols are thought to 

have a high factional Fe solubility, which can increase during atmospheric transport from the 

source. Although, elemental carbon may not be a direct source of soluble iron, it can act 

indirectly as a surface for aerosols iron to bind during atmospheric transport and subsequently 

be released to the ocean upon deposition. In addition, biomass burning derived aerosols can 

indirectly impact the fractional solubility of mineral dust. Fractional Fe solubility was highest 

during dust events at Gunn Point, and could have been enhanced by the mixing of biomass 

burning derived species. Iron in dust may be more soluble in the tropics compared to higher 

latitudes due to the presence higher concentrations of biomass burring derived reactive 

organic species in the atmosphere, such as oxalate, and their potential to enhance the 

fractional Fe solubility of mineral dust. As the aerosol loading is dominated by biomass 

burning emissions over the tropical waters in the dry season, additions of biomass burning 

derived soluble iron could have harmful consequences for initiating nitrogen fixing toxic 

algal blooms. Future research is required to quantify elemental carbon sources of soluble iron 

over tropical waters. 
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4.1 Introduction  

The deposition and dissolution of aerosols containing trace metals, such as iron (Fe), into the 

ocean may provide important micronutrients required for marine primary production in 

waters where they are depleted, such as the Southern Ocean [e.g. Boyd et al., 2000]. 

Conversely, the deposition of soluble iron can trigger toxic algal blooms in nutrient-poor 

tropical waters [LaRoche and Breitbarth, 2005]. In these waters, iron availability is a primary 

factor limiting nitrogen fixation [Falkowski, 1997; Rueter, 1988; Rueter et al., 1992], and the 

addition of bioavailable iron can influence inputs of newly fixed nitrogen into surface waters 

[Paerl et al., 1987; Rueter, 1988]. A large fraction of nitrogen fixation is attributed to the 

filamentous, nonheterocystous cyanobacteria Trichodesmium [Berman-Frank et al., 2001; 

Paerl et al., 1994]. The high iron requirement for nitrogen fixation is reflected in higher Fe:C 

quotas of Trichodesmium (Fe:C quotas range between 180–214 µmol Fe mol-1 C) [Berman-

Frank et al., 2001], compared with other marine phytoplankton such as diatoms (Fe:C quotas 

range from 1 to 7 µmol mol-1) [Johnson et al., 1997; Kustka et al., 2003; Rueter et al., 1992]. 

Previous studies have investigated iron availability as a limiting factor to the oceans 

surrounding Australia. High iron quotas of Trichodesmium, consistent with high nitrogen 

fixation rates, have also been observed during bloom conditions from coastal waters north of 

Australia [Berman-Frank et al., 2001]. Berman-Frank et al. [2001] calculated the potential of 

nitrogen fixation by Trichodesmium in the global ocean, and suggest that nitrogen fixation is 

essentially iron-limited in 75 % of the world oceans, given present aerosol iron fluxes and sea 

surface temperatures. In the oligotrophic waters of the north Tasman Sea, southwest Pacific, a 

10-fold increase in nitrogen fixation was observed in response to a cyclone which stimulated 

diazotrophy by enhanced phosphate availability in the absence of nitrate, and increased 

dissolved iron supply by wet deposition of Australian dust [Law et al., 2011]. 

Aerosols are an important source of new iron to the global ocean [Boyd and Ellwood, 2010; 

Rubin et al., 2011]. In tropical waters, several studies have shown that large toxic algal 

blooms such as dinoflagellate Gymnodinium and cyanobacteria have been stimulated by an 

atmospheric deposition of nutrients. For example, the deposition of volcanic ash and Saharan 

dust may have alleviated the iron limitation of toxic diazotrophic cyanophytes, thus fuelling 

nitrogen fixation of red tides in the eastern Gulf of Mexico [Lenes et al., 2008; Walsh and 

Steidinger, 2001]. In addition to mineral dust, biomass burning could be a source of 
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bioavailable iron supply fuelling toxic algal blooms in tropical waters. The mortality of a 

coral reef in 1997 in western Sumatra, Indonesia was linked to iron-fertilisation by 

Indonesian wildfires causing a giant red tide of Trichodesmium [Abram et al., 2003].  

Australia is the primary source of atmospheric dust in the Southern Hemisphere, supplying 

episodic dust deposition to the Tasman Sea [McTainsh et al., 2005] and Southern Ocean. 

There are two general dust pathways from the Australian continent to the ocean [Bowler, 

1976]. First, the transport of dust from the southeast aeolian dust path is associated with 

easterly-moving frontal systems within the zonal westerly winds, and its deposition has been 

observed in sediment in the southwest Pacific Ocean and glaciers in New Zealand [Hesse, 

1994; Hesse and McTainsh, 2003; Johnston, 2001; Marx et al., 2005]. Second, the transport 

of dust from the northwest aeolian dust path is associated with the easterly trade winds. In 

spite of the ubiquity of aeolian dust in Australia and surrounding oceans, there are few studies 

investigating the composition of the dust on a continental scale. Some, but not all, Australian 

dust storms are thought to stimulate phytoplankton blooms [Cropp et al., 2013; Gabric et al., 

2010; Mackie et al., 2008; Shaw et al., 2008]. Soluble iron deposition models indicate that 

dust and combustion aerosols from the Australian continent can be deposited in other coastal 

regions of Australia, such as the Indian Ocean and waters north of Australia [Ito, 2015; 

Mahowald et al., 2005]. Dust provenance and black carbon, a proxy for biomass burning, 

studies from ice cores show that Australian dust and black carbon can be transported long-

range to Antarctica [Bisiaux et al., 2012b; De Deckker et al., 2010; Revel-Rolland et al., 

2006]. We note the difference in the terminology of black carbon versus elemental carbon in 

the literature: black carbon is often referred to as elemental or graphitic carbon, although the 

nomenclature is dependent on the analytical method [Andreae and Gelencsér, 2006]. Andreae 

and Gelencsér [2006] suggest that elemental carbon refers to the fraction of carbon that is 

oxidized in combustion analysis above a certain temperature threshold, and only in the 

presence of oxygen. Black carbon has optical properties and composition similar to soot and 

determined by light absorbing carbon measurements by the optical adoption technique. The 

terminology used here reflects that of the original author, as it is difficult to convert between 

black and elemental carbon as it is based on the analytical method [Bond et al., 2013]. 

The fractional solubility of aerosol iron is an important variable determining iron availability 

for biological uptake. On a global scale, the large variability in the observed fractional iron 

solubility results, in part, from a mixture of different aerosol sources. To date most studies 

110 
 



have assumed that mineral dust aerosols represent the primary source of soluble iron in the 

atmosphere [e.g. Baker and Croot, 2010]. Mineral dust has a low fractional iron solubility 

(~0.5-2 %), whereas the presence of other soluble iron sources, such as those originating 

from biomass burning and oil combustion have higher fractional iron solubilities [Chuang et 

al., 2005; Guieu et al., 2005; Ito, 2011; Schroth et al., 2009; Sedwick et al., 2007]. Although, 

the total iron content of fresh smoke is small 0.01-1.2 % [Maenhaut et al., 2002; Reid et al., 

2005; Yamasoe et al., 2000], estimates of fractional iron solubility from fire combustion are 

large (1 to 60 %) and may vary in relationship to biomass and fire characteristics as well as 

that of the underlying terrain [Ito, 2011; Paris et al., 2010]. 

Winton et al. [2016] investigated refractory black carbon deposition (fire tracer) to the Ross 

Sea, Antarctica and found that variability in annual deposition parallels austral dry season 

black carbon emissions, dust and soluble iron deposition. Thus, iron associated with biomass 

burning may be an important source of iron to the Southern Ocean. Over the time period 

investigated in the study, Southern Hemisphere biomass burning emissions primarily 

occurred in the intertropical convergence zone (ITCZ) of Africa, Australia and South 

America [Giglio et al., 2013]. Of these regions, Australia is the closest to the Ross Sea. 

Biomass burning constitutes a large source of annual dry season aerosol emissions over 

northern and central Australia, and episodic austral summer wild fire in southern and eastern 

Australia [e.g. Meyer et al., 2008]. To date, data for Australian aerosol soluble iron sources is 

sparse [e.g. Mackie et al., 2005; Mackie et al., 2008], and no soluble aerosol iron data exists 

for Australian fire sources. The dry seasonal tropical savannah burning region in northern 

Australian provides an ideal location to further investigate biomass burning derived fractional 

iron solubility at the source. This study reports fractional iron solubility as estimates of mixed 

dust and fresh biomass burning (elemental carbon) derived iron input to north Australian 

waters, as part of the Savannah Fires in the Early Dry Season (SAFIRED) campaign from the 

Australian Tropical Atmospheric Research Station (ATARS), Gunn Point, Northern 

Territory, Australia. 
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4.2 Methods  

4.2.1 Study site 

The Australian Bureau of Meteorology has established a station at the ATARS, Gunn Point, 

Northern Territory, Australia (12°14'56.6"S, 131°02'40.8"E) (Fig. 4.1) monitoring 

meteorological parameters since 2010. The SAFIRED campaign occurred at the ATARS 

throughout June 2014 to investigate the chemical and physical properties of aerosols and 

gases associated in fresh and aged smoke plumes from biomass burning. A range of 

atmospheric species including greenhouse gases, aerosols, and meteorological parameters 

were monitored during the campaign. An overview of the campaign and description of the 

Gunn Point study site can be found in Mallet et al. [in prep]. The Northern Territory of 

Australia experiences hot, humid and wet conditions during the summer months of December 

through to March, and dry conditions for the rest of the year. The savannah region gives rise 

to frequent fires between June and November. Indonesia and the tropical Timor Sea lie to the 

north of Gunn Point. The large desert regions of central Australia lie to the south. During the 

sampling campaign, strong winds from the southeast brought continental atmospheric 

conditions to the site (Fig. 4.1). 
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Fig. 4.1: Location of Gunn Point study site. Insert of the Northern Territory showing the Gunn Point site 

and the predominate fetch regions for the June 2014 Gunn Point campaign. a) Inland, low population 

density. b) Coastal, moderate urban/industrial activity. c) Major urban/industrial activity. d) Southerly. 

d) Wind rose corresponding to the aerosol sampling duration. Wind rose created using the OpenAir 

package in R [Carslaw, 2014; Carslaw and Ropkins, 2012]. 

4.2.2 Sampling and blanks 

Daily aerosol filters were collected using two Volumetric Flow Controlled (VFC) high-

volume aerosol samplers (Ecotech) attached with PM10 size selective inlets (Ecotech). The 

samplers were operated simultaneously. The first high-volume sampler was used to collect 

aerosols on acid cleaned cellulose Whatman 41 filters to determine the soluble and total 

fraction of aerosol iron and other trace elements. The second sampler was used to collect 

aerosol samples on quartz filters for elemental carbon and major cations and anions 

measurements. The aerosol samplers were located on the roof of a shipping container (at a 

height of 5 m above ground level (agl)) at the ATARS. A total of 23 aerosol filters were 

sampled daily for iron analysis between the 4 and 27 June 2014 and are described in Table 

4.1. 

All sample preparation and analysis was conducted in a trace metal clean laboratory (class 

100 metal-free environment with high-efficiency particulate arrestance (HEPA) filtered air) at 

Curtin University following ultra-clean methodology. Nitric and hydrochloric acid used 
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throughout the study was high purity (<10 ppt Fe), double distilled in-house from Seastar® 

Instrument Quality (IQ) grade acids (Choice Analytical Pty Ltd, Australia) using an all 

perfluoroalkoxy (PFA) acid purification system (DST-1000, Savillex®), hereon referred to as 

“ultra-pure” acid. Ultra-pure water (resistivity of 18.2 MΩ-cm, Purelab Classic, ELGA, 

Germany) was used throughout. All apparatus coming in contact with the aerosol filters were 

pre-acid-washed. Teflon leaching apparatus parts and Savillex® digestion beakers were 

cleaned in a series of acid baths on a hotplate at 80 °C for three days. The first bath consisted 

of 50 % ultra-pure HNO3, followed by 50 % ultra-pure HCl and then 1 % ultra-pure HCl and 

1 % ultra-pure HNO3 and finally ultra-pure water. Parts were rinsed with copious quantities 

of ultra-pure water between baths. Aerosol collection substrates were all Whatman 41 paper 

sheets (20 x 25 cm) acid-washed before use following the method of Baker et al. [2006]. 

Briefly, Whatman 41 filter sheets were arranged in layers, one at a time, between 

polypropylene (PP) mesh, in a series of three 0.5 M ultra-pure HCl baths for 24 hours. Filters 

were then rinsed three times with ultra-pure water between baths and then placed in a fresh 

acid bath. Plastic zip-lock bags and plastic tweezers were acid-washed using 3 % ultra-pure 

HNO3 for 2 weeks. Acid-washed filters were stored in individual acid-washed zip-lock bags 

until use. 

Loading and changing of aerosol collection substrates was carried out in a designated clean 

area at ATARS. Aerosol laden filters were transferred into the individual pre-acid-washed 

zip-lock plastic bags immediately after collection and stored frozen until analysis at Curtin 

University. 

Three types of filter blanks were carried out; i) laboratory filter blanks (n=6) (acid-washed 

Whatman 41 filter papers that underwent the laboratory procedures without going into the 

field), ii) procedural filter blanks (n=4) (filters that had been treated as for normal samples i.e. 

acid-washed, but which were not otherwise used. Once a week, during daily filter change 

over, a procedural blank filter was mounted in the aerosol collector for 10 minutes without 

the collector pump in operation to give an indication of the operational blank associated with 

the sampling procedure), and iii) 24 hour exposure filter blanks sampled at the beginning and 

end of the field campaign (n=2) (filters treated like a procedural blank, but left it in the 

collector for 24 hours without switching the collector on). 
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Table 4.1:Trace metal aerosol samples (PM10) collected at Gunn Point, dry season 2014. 

Sample 
time 

aStart date/ 
time 

aFinish date/  
time 

Total sampling 
duration (min) 

bTotal air 
volume (m3)  

cTotal air 
volume (m3) 

GP1 4/06/2014 11:05  5/06/2014 10:45 1117 1102 1122 
GP2 5/06/2014 11:10 6/06/2014 12:30 1498 1458 1490 
GP3 6/06/2014 12:55 7/06/2014 11:30 1355 1531 1572 
GP4 7/06/2014 11:54 8/06/2014 8:47 1253 1416 1445 
GP5 8/06/2014 9:08 9/06/2014 10:21 1512 1708 1715 
GP6 9/06/2014 10:42 d10/06/2014 711 802 806 
GP7 10/06/2014 2:41 11/06/2014 9:25 1112 1256 1278 
GP8 11/06/2014 10:16 12/06/2014 10:43 1467 1658 1669 
GP9 12/06/2014 11:03 13/06/2014 9:04 1322 1494 1518 
GP10 13/06/2014 10:02 14/06/2014 10:56 1494 1688 1729 
GP11 14/06/2014 11:31 15/06/2014 10:29 1378 1556 1584 
GP12 15/06/2014 11:11 16/06/2014 10:16 1385 1565 1572 
GP13 16/05/2014 10:45 17/06/2014 9:39 1374 1552 1550 
GP14 17/06/2014 10:04 18/06/2014 10:18 1454 1643 1635 
GP14 17/06/2014 10:04 18/06/2014 10:18 1454 1643 1635 
GP15 18/06/2014 11:16 19/06/2014 10:15 1379 1559 1577 
GP16 19/06/2014 10:41 20/06/2014 9:36 1375 1554 1584 
GP17 20/06/2014 9:59 21/06/2014 9:58 1439 1626 1647 
GP18 21/06/2014 10:31 22/06/2014 8:31 1319 1490 1508 
GP19 22/06/2014 8:55 23/06/2014 9:32 1476 1668 1669 
GP20 23/06/2014 10:39 24/06/2014 9:37 c1269 1429 1441 
GP21 24/06/2014 10:04 25/06/2014 9:11 1387 1567 1569 
GP22 25/06/2014 9:42 26/06/2014 9:05 1403 1499 1497 
GP23 26/06/2014 9:46 27/06/2014 8:27 1360 1537 1536 

 

aAustralian Central Standard Time 
bTotal air volume calculated using STP. 
cTotal air volume corrected to ambient temperature and pressure. 
dFuse blown. 

4.2.3 Trace metal analysis  

4.2.3.1 Water solubility of aerosol iron 

Soluble metals were extracted from aerosol filters (GP1-23), exposure blanks (EB1-2), and 

procedural blanks (PB1-4). Circle portions (47 mm diameter) of the filter were cut out of the 

filter sheet using a punch cutter, which consisted of a sharpened titanium (Ti) circular blade 

and PFA backing mount (both acid-washed). Soluble elements (Al, Ti, V, Mn, Fe, Pb) were 

extracted from the filter using an instantaneous flow-through water leach [e.g. Aguilar-Islas 

et al., 2010] consisting of 20 separate passes of 50 mL of ultra-pure water. A total volume of 
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1000 mL was filtered through each aerosol filter. Only leaches 1-4, 6, 10 and 20 were 

collected and analysed, following a test where we determined the maximum number of 

leaches required to leach the majority of soluble iron from the aerosols. Here, we leached 

sample GP5 with 10 passes of 50 mL ultra-pure water. The experiment was repeated three 

times using three separate punches from the same sample. Leachates were collected in 50 mL 

acid-washed polypropylene (PP) Corning® tubes and acidified to 1 % ultra-pure HCl. The 

leachates from GP22 were filtered through 0.2 µm acid-cleaned Polyvinylidene Fluoride 

(PVDF) syringe filters. Blank concentrations for exposure blank and procedural blank filters 

averaged ~0.4 ng g-1 and 0.5 ng g-1 of soluble Fe respectively. Total water soluble trace 

elements were calculated by summing the soluble iron extracted from 20 leaches. 

4.2.3.2 Total iron concentrations  

Total PM10 trace element (Na, Al, K, Ti, V, Cr, Mn, Fe, Mo, Pb, As) concentrations were 

determined following recommendations from the 2008 GEOTRACES intercalibration 

experiment for the analysis of marine aerosols [Morton et al., 2013]. All digestions were 

carried out under HEPA filtered air, in a total-exhausting clean-air (ISO Class 5), hot block 

unit (SCP Science, Canada) fitted with an acid scrubber unit at the University of Tasmania. 

Circle portions (47 mm diameter) of the filters were digested at 95 ºC for 12 hours with 

concentrated ultra-pure HNO3 (1 mL, Seastar Baseline®) and ultra-pure HF (0.25 mL, 

Seastar Baseline®) in capped PFA vials (15 mL, acid cleaned Savillex®) following Bowie et 

al. (2010). At the end of the digestion, the samples were evaporated to dryness, reconstituted 

in 10 % ultra-pure HNO3 (10 mL final volume, Seastar® IQ grade double distilled in-house) 

and stored at 40 ºC for ~48 hours before analysis. Two certified reference materials (MESS-3 

marine sediment, National Research Council, Canada, and QC-TMFM-A spiked trace metals 

(1-10 µg of trace metal per filter) on nitrocellulose filter (TMF), High Purity Standards) were 

digested alongside the samples to test the digestion recovery procedure. Total digestion 

recovery for iron from the MESS-3 CRM was 108 ± 8 % (n=3) and TFM was 99 ± 7 % 

(n=3). Recovery rates for other trace metals are reported in Table S4.1. Blank concentrations 

for Savillex® digestion beakers, exposure blank, procedural blank and laboratory blank 

filters averaged ~4 ng g-1 (n=3), ~150 ng g-1 (n=2), ~140 ng g-1 (n=4), and ~140 ng g-1 (n=6) 

of total iron respectively. 
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4.2.3.3 High-resolution inductively coupled plasma mass spectrometry analysis 

Leachates and resuspended total digests were analysed by high-resolution inductively 

coupled plasma mass spectrometry (HR-ICP-MS, Element XR ThermoFisher). An auto 

sampler housed in a laminar flow hood was used to introduce the sample to the HR-ICP-MS. 

Measured elements and the spectral resolutions, along with typical operating conditions, are 

reported in Table S4.2. The HR-ICP-MS was operated using Ni sample cones and pumped 

with a Seafast II system syringe pumps (ESI). During the course of the sample sequence an 

EPA standard (Cat. #ICP-200.7-6 Solution A, High Purity Standards) was measured regularly 

for quality control (QC). Laboratory vial blanks were also measured regularly during the 

course of the sample sequence determined by carrying out identical analytical procedures as 

the leachates but vials were filled with ultra-pure water rather than the leachate. Leachate 

concentrations were corrected for laboratory blanks, and the total digest concentrations 

corrected for the Savillex® digestion beaker blanks. All samples and standards were prepared 

on a similar matrix basis. Leachates were acidified to 1 % ultra-pure HCl, and total digests 

were diluted and presented to the instrument as 3 % ultra-pure HNO3. The sample 

introduction line was rinsed with 3 % ultra-pure HCl (3 % ultra-pure HNO3) between 

leachate (digest) samples for 1.5 minutes. Standard solutions were prepared by serial dilution 

from 100 µg mL−1 stock solutions using ultra-pure water, with a final ultra-pure HCl 

concentration of 1 %. Preparation of standards in 1 % ultra-pure HCl (HNO3) matrix matched 

the leachates. Ten-point multiple calibration solutions were measured. Indium, at a 

concentration of 1.5 ppb, was used as an internal standard. 

4.2.4 Air mass back trajectories 

To identify the source region of air masses arriving at Gunn Point, we use hourly 5-day (120-

hr) back trajectories (ending at 12 m agl) to reconstruct atmospheric circulation leading up to, 

and during, individual events. Air mass back trajectories were produced using the ‘Trajectory 

program’ based the NOAA ARL HYbrid Single-Particle Lagrangian Integrated Trajectory 

(HYsplit) model [Draxler and Rolph, 2003] (http://ready.arl.noaa.gov/HYSPLIT.php). 

Global Data Assimilation System model files (GDAS) obtained from NOAA ARL FTP 

(http://ready.arl.noaa.gov/gdas1.php) were used to drive the model. The resolution used was 

0.5 degrees. 
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4.2.5 Radon concentrations 

Natural radioactive noble gas radon-222 (radon) is a useful quantitative indicator of diurnal to 

synoptic scale mixing processes within the continental lower troposphere [Chambers et al., 

2014a], and a suitable tracer for continental air [e.g. Dörr et al., 1983]. This is because radon 

has a half-life of 3.8 days and only one source and sink i.e. radon is solely produced from 

terrestrial surfaces and is lost from the atmosphere by radioactive decay. The ANSTO-built 

700 L dual-flow-loop two-filter radon detector [e.g. Chambers et al., 2014b; Whittlestone and 

Zahorowski, 1998] samples air from 12 m above ground level (a.g.l.). A coarse aerosol filter 

and dehumidifier are installed “upstream” of the detector, as well as a 400 L delay volume to 

ensure that thoron (220Rn, half-life 55s) concentrations in the inlet air stream are reduced to 

less than 0.5 % of their ambient values. The detector’s response time is around 45 minutes, 

and its lower limit of determination is 40 - 50 mBq m-3. Calibrations are performed on a 

monthly basis by injecting radon from a PYLON 101.15±4% kBq Ra-226 source (12.745 Bq 

min-1 222Rn), traceable to NIST standards, and instrumental background is checked every 3 

months. The time series for the Gunn Point campaign duration has been separated into 

contributions from a) advective (reflects the air mass fetch history over the last two weeks), 

and b) diurnal variability (indication of the change in mixing depth) following Chambers et 

al. [2014a]. The advective and diurnal components of the radon time series were integrated to 

daily values based on a noon-to-noon integration window. 

4.2.7 Elemental carbon 

Elemental carbon (EC) and organic carbon (OC) analysis was performed on the PM10 quartz 

filters at CSIRO Ocean and Atmosphere using a DRI Model 2001A Thermal-Optical Carbon 

Analyser following the IMPROVE-A temperature protocol [Chow et al., 2007]. Laser 

reflectance is used to correct for charring, since reflectance has been shown to be less 

sensitive to the composition and extent of primary organic carbon. Prior to analysis of filter 

samples, the sample is baked in an oven to 910°C for 10 minutes to remove residual carbon.  

System blank levels are then tested until <0.20 µg C cm-2 is reported (with repeat oven 

baking if necessary). Twice daily calibration checks are performed to monitor possible 

catalyst degeneration. The analyser is reported to effectively measure carbon concentrations 

between 0.05 - 750 µg C cm-2, with uncertainties in organic and elemental carbon of ± 10 %. 

The IMPROVE-A carbon method measures four OC fractions at four non-oxidizing heat 

ramps (OC1 at 140°C, OC2 at 280°C, OC3 at 480°C, OC4 at 580°C) and three elemental 
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carbon fractions at three oxidizing heat ramps (EC1 at 580°C, EC2 at 740°C, EC3 at 840°C). 

The quartz filter sample is held at the target temperature until all carbon is desorbed at that 

fraction. During the non-oxidizing heat ramps some of the organic carbon can be pyrolyzed 

and will not desorb until the oxidized stages. The quantity of organic carbon that was 

pyrolyzed (OCpyro) during the non-oxidizing heat ramps is determined based on the time the 

reflectance of the filter rises back up to its initial value. Total organic carbon is then 

calculated from the addition of all the organic carbon fractions plus OCpyro. Total elemental 

carbon is calculated from the addition of all the elemental carbon fractions minus OCpyro. 

4.2.7 Major cation and anion 

Major cation and anion measurements, including oxalate and levoglucosan, were performed 

on the PM10 quartz filters at CSIRO Ocean and Atmosphere. The filter was wetted with 

methanol before being extracted in 5 ml of ultra-pure water. The sample was then preserved 

using 1 % chloroform. Anion and cation concentrations were determined by suppressed ion 

chromatography (IC) using a Dionex DX500 gradient ion chromatograph. Anions were 

determined using an AS11 column and an ASRS ultra-suppressor. Cations were determined 

using a CS12 column and a CSRS ultra-suppressor. 

4.3 Results 

4.3.1 Air mass back trajectories 

We identified predominate fetch regions that gave rise to particular events; a) ‘inland, low 

population density,’ b) ‘coastal, moderate urban/industrial activity,’ c) ‘major urban/industrial 

activity,’ and d) ‘southerly.’ No trajectories fell in the ‘mainly oceanic’ category. The mean 

trajectory for each group was calculated and these representative trajectories are indicated in 

Fig. 4.1. 

4.3.2 Biomass burning events during the campaign 

A number of biomass burning markers were used to identify burn events during the 

campaign, including carbon monoxide (CO) [M. Desservettaz, Pers. Comm., 2014], 

levoglucosan [P. Selleck Pers. Comm., 2015], oxalate [P. Selleck Pers. Comm., 2015] and 

elemental carbon [P. Selleck Pers. Comm., 2015]. Six burn events were identified, with the 
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two major events occurring on the 9 June (fire event “G”) and 25 June (fire event “FJAB”) 

2014 [Mallet et al., in prep]. Smoke transported to the Gunn Point in fire event “G” was 

distally sourced i.e. >400 km, while smoke from the largest fire event “FJAB” was proximal 

i.e. within 15 km of the ATARS (fire locations from Sentinel Hotspot (MODIS and VIIRS 

satellites); Mallet et al. [in prep]). Due to the different time periods the CO data (minute) and 

aerosol samples (daily) integrate, we have grouped fire events “F”, “J”, “A” and “B” into one 

event (fire event “FJAB”) for this study. C3 tree burning was identified from δCO2 during the 

25 June burn event [C. Paton-Walsh Pers. Comm., 2014]. In addition, non-sea salt-potassium 

(nss-K) is a good indicator of biomass burning in terms of its elemental concentration, and 

also by normalising it relative to other elemental concentrations [Maenhaut et al., 2002; 

Yamasoe et al., 2000]. There is good agreement between nss-K concentrations and carbon 

monoxide (CO) (r2=0.55) (Fig. S4.1). There is also a good correlation between nss-K and 

elemental carbon concentrations (r2=0.74) (Fig. S4.1). Following Guieu et al. [2005] we 

normalise nss-K to Fe and compare the ratio to crustal aerosols (nss-K/Fe=0.49; Wedepohl 

[1995]) and polluted aerosols (nss-K/Fe=0.27; urban particulate patter – standard reference 

#1648, NIST). During the campaign the nss-K/Fe ratio ranged between 0.2-4.9. This 

relativity large range was similar to nss-K/Fe of 0.63-1.8 reported by Guieu et al. [2005] for 

Mediterranean summer fires in 2003. They suggested the higher ratio reflected a primarily 

fire origin for nss-K. The nss-K/Fe ratio was especially high during the two fire events in this 

study (nss-K/Fe ~4) and during the high elemental carbon concentrations between 21-27 June 

(nss-K/Fe~2.2), compared to non-fire events (nss-K/Fe ~1.3). 

4.3.3 Sequential iron leaching  

To determine the number of ultra-pure water leaches required to leach the majority of water 

soluble Fe from the Gunn Point aerosol filters, we conducted a test on the GP5 sample where 

three filter aliquots were leached with 10 sequential passes of 50 mL of water. The results in 

Fig. S4.2 shows that there is an exponential decrease in soluble Fe extracted with successive 

leaches. Even after 1 L of ultra-pure water was passed through the aerosol filter, soluble Fe 

was still being extracted. We therefore leached each sample with 20 passes of ultra-pure 

water totalling 1 L. We acknowledge that beyond 20 leaches, soluble Fe could continue to be 

leached out of the aerosol filter and thus the data reported here reflect “instantaneous” soluble 

Fe and may underestimate the total concentration of soluble Fe over greater leach volumes. 

Figure 4.2 highlights the percentage of soluble Fe in each leach. Around half of the soluble 

120 
 



Fe is extracted in the first leach. The leachates from GP22 were re-filtered through 0.2 µm 

membranes to calculate the <0.2 µm soluble Fe fraction of the total soluble Fe. The 

concentration of soluble Fe in the <0.2 µm fraction of the leachate contained 70 % of the total 

soluble Fe in GP22 and follows the same exponential decreases with successive leaches. 

Leachates showed a large variability in their colour, and visual observation after particle 

settling showed that they contained a large number of very fine particles even in the <0.2 µm 

fraction. 

 

Fig. 4.2: Fraction of water soluble iron in sequential leaches of all PM10 samples. 

4.3.4 Aerosol iron mass concentrations 

Total and soluble PM10 trace element concentrations are illustrated in Figs. 4.3-4.5. Total 

PM10 aerosol Fe ranges from 60 - 1164 ng m-3, while soluble aerosol Fe ranges from 4 - 123 

ng m-3. A strong linear correlation between in the soluble trace elements of Fe, Al, and Ti was 

found during the campaign (Fig. 4.5) i.e. soluble Fe and soluble Al (r2=0.95), and soluble Fe 

and soluble Ti (r2=0.81). Likewise, a strong linear correlation was found between the total 

PM10 trace elements of Fe, Al, V and Ti, i.e., total Fe and total Al (r2=0.96), total Fe and 

total Ti (r2=0.98), and total Fe and total V (r2=0.99) (Fig. 4.3). There is considerable temporal 

variability in water soluble and total trace elements throughout the campaign. Two distinct 

events in soluble Al, Ti, and Fe and total Al, Ti, V, and  Fe are observed on the 7-8 June 2014 

(e.g. GP4-5; 52-124 ng m-3 of soluble Fe and 1158-1164 ng m-3 of total Fe), and 14-15 June 
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2014 (e.g. GP11-12; 39-76 ng m-3 of Fe and 677-928 ng m-3 of total Fe) (Figs. 4.4 and 4.6). 

On the 21 June 2014 high concentrations of these crustal like elements (total and soluble Al, 

Ti, V, Fe) were also observed (e.g. GP17; 64 ng m-3 of Fe and 1129 ng m-3 of total Fe) and 

are associated with marine air mass conditions. In addition, total Cr, As, Mo, V, and Na also 

peaked during the marine conditions on the 21 June (Fig. 4.5). This same set of total trace 

elements (Cr, As, Mo, V, and Na) also peaked on the 9 June during fire event “G” (Fig. 4.5). 

During the two fire events “G” and “FJAB” on the 9 and 25 June, daily integrated CO and 

nss-K are high at the same time as total As, Mn, Pb, and soluble V, Mn, Pb (Fig. 4.4). 
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Fig. 4.3: Time series of a) diurnal radon, b) advective radon, and total PM10 trace element concentrations 

c) Ti, d) Al, e) Fe, f) V, and g) Na.  
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Fig. 4.4: Time series of a) elemental carbon, b) carbon monoxide, and total PM10 trace element 

concentrations c) nss-K, d) Cr, e) Mo, f), As, g) Mn, h) Pb, i) Na, j) diurnal radon, and k) advective radon. 

124 
 



 

Fig. 4.5: Time series of a) elemental carbon, b) carbon monoxide, and soluble trace element concretions c) 

nss-K, d) Al, e) Ti, f), Fe, g) Mn, h) V, i) Pb and j) diurnal radon, k) advective radon.  
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Fig. 4.6: Time series of fractional Fe solubility, oxalate, elemental carbon and levoglucosan 

concentrations.  

4.3.5 Dry deposition iron flux  

Estimates of the Fe dry deposition rate (Fdry) to adjacent north Australian surface waters were 

calculated using equation (4.1) from the total and soluble Fe concentrations (Caerosol) using a 

dry deposition velocity (Vdry) of 2 cm s-1 for coastal areas [Duce et al., 1991], following 

Baker et al. [2003] for aerosols collected along a transect in the Atlantic Ocean and Baker et 

al. [2007] for the tropical Atlantic atmosphere. Estimates of Fe dry deposition rates for Gunn 

Point aerosols are reported in Table 4.2. 

𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑  =  𝐶𝐶𝑇𝑇𝑆𝑆𝑑𝑑𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆  𝑥𝑥 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑆𝑆𝑑𝑑𝑆𝑆𝑎𝑎𝑑𝑑𝑇𝑇𝑑𝑑𝑆𝑆𝑛𝑛     (Equation 4.1)
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Table 4.2: Aerosol iron concentrations and dry deposition fluxes for Gunn Point PM10 aerosols. 

Sample 
Soluble Fe 

concentration 
(ng m-3) 

± *Soluble Fe flux 
(µmol m-2 d-1) ± 

Total Fe 
concentration 

(ng m-3) 
± *Total Fe flux 

(µmol m-2 d-1) ± 

GP1 21 2 0.6 0.3 286 9 9 4 
GP2 33 1 1.0 0.5 384 12 12 6 
GP3 34 1 1.1 0.5 598 19 18 9 
GP4 57 2 1.8 0.9 1164 37 36 18 
GP5 124 5 3.8 1.9 1158 37 36 18 
GP6 39 2 1.2 0.6 823 26 25 13 
GP7 15 0.6 0.5 0.2 236 7 7 4 
GP8 29 1 0.9 0.5 374 12 12 6 
GP9 27 1 0.8 0.4 385 12 12 6 
GP10 34 1 1.0 0.5 539 17 17 8 
GP11 76 3 2.4 1.2 928 29 29 14 
GP12 39 2 1.2 0.6 677 21 21 10 
GP13 23 1 0.7 0.4 331 10 10 5 
GP14 16 0.6 0.5 0.2 192 6 6 3 
GP15 12 0.5 0.4 0.2 123 4 4 2 
GP16 6 0.2 0.2 0.1 60 2 2 1 
GP17 64 3 2.0 1.0 1129 36 35 17 
GP18 10 0.3 0.3 0.1 247 8 8 4 
GP19 5 0.2 0.2 0.1 231 7 7 4 
GP20 10 0.4 0.3 0.1 301 10 9 5 
GP21 6 0.2 0.2 0.1 225 7 7 3 
GP22 8 0.3 0.3 0.1 399 13 12 6 
GP23 8 0.3 0.2 0.1 314 10 10 5 

 

*The uncertainty in dry deposition fluxes was calculation by propagation of error of the analytical uncertainty 
and uncertainty in the deposition velocity assumed to be 50 % 

4.4 Discussion 

4.4.1 Iron mass concentrations 

Total PM10 Fe concentrations during the fire events (Fig. 4.3) are in good agreement with 

fire aerosol studies reported from the Alta Floresta, Amazon forest, Brazil range between 

1996-1998 which range from 270 to 1220 ng m-3 of total Fe [Maenhaut et al., 2002]. The 

soluble Fe concentrations at Gunn Point (4 to 123 ng m3) are less than soluble Fe 

concentrations reported in smoke from the Mediterranean and West African Sahel (350 ng 
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m3; Guieu et al. [2005]) and (130 ng m3; Paris et al. [2010]) respectively. There is sparse 

total and soluble aerosol Fe concentration data from Australian aerosols, however our 

estimates agree with reported total Fe concentrations at Jabiru, northern Australia (148 ng m-

3), at Sydney, New South Wales (150 ng m-3) and modelled values for the north Australia 

coastal area (200-1000 ng m-3) [Mahowald et al., 2009; and references within]. Compared to 

aerosol Fe from other tropical regions, our estimates at the Australian source are greater than 

aerosol Fe concentrations reported for the tropical Atlantic open ocean (total Fe 0.1-1 nmol 

m-3 and soluble Fe 0.05-0.1 nmol m-3) [Baker et al., 2006]. 

4.4.2 Dry deposition estimates of soluble and total iron 

Crude estimates of soluble and total PM10 Fe dry deposition fluxes associated with the 

aerosol samples are reported in Table 4.2 and range from 0.2 ± 0.1 to 4 ± 2 µmol m-2 d-1 for 

soluble Fe and 2 ± 1 to 36 ± 18 µmol m-2 d-1 for total PM10 Fe. The dry deposition Fe 

estimates for air over Gunn Point in this study are compared to other aerosol studies from the 

Southern Hemisphere and topical regions. The mean soluble Fe dry deposition flux (~1 µmol 

m-2 d-1) is greater than soluble Fe dry deposition fluxes over open ocean tropical Atlantic 

waters (0.01-0.1 µmol m-2 d-1) [Baker et al., 2003]. The estimates at Gunn Point are also 

higher than those reported for the Southern Ocean, for example,  2 - 7 nmol m-2 d-1 reported 

by Bowie et al. [2009], 0.04 - 3 nmol m-2 d-1 reported by Wagener et al. [2008], 2 - 7 nmol m-

2 d-1 reported by Baker et al. [2013] for the South Atlantic, and 0.1 - 7 nmol m-2 d-1 for 

baseline air over the Southern Ocean reported by Winton et al. [2015]. Estimates of total 

PM10 Fe dry deposition fluxes at Gunn Point are higher than those for the Southern Ocean 

(0.8 - 120 nmol m-2 d-1) [Winton et al., 2015] and the South Atlantic (100 – 300 nmol m-2 d-1) 

[Baker et al., 2013]. The Gunn Point data are in good agreement with estimates from global 

models for the north Australia coastal region. Mahowald et al. [2009] estimates total Fe 

deposition in the north Australia to be 0.04-1 g m-2 y-1, and our mean total PM10 Fe flux of 

0.3 g m-2 y-1 falls within this range. 

4.4.3 Fractional iron solubility 

The fractional Fe solubility ranged from 2 % to 11 % during the study (Figs. 4.6 and 4.7). 

These estimates are within the 0.6 to 40 % range of fractional Fe solubility reported for 

biomass burning [Bowie et al., 2009; Guieu et al., 2005; Ito, 2011; Ito, 2015; Paris et al., 

2010]. Fractional Fe solubility was highest between 4 and 20 June with a mean fractional Fe 

128 
 



solubility of 8 ± 2 %. After 20 June, the fractional Fe solubility dropped to 3 % between the 

21 and 27 June when fires were proximal to the ATARS. These estimates are similar to dust 

estimates around 0.5-2 % at relatively high mass concentrations. During dust event “A” 

fractional Fe solubility peaked at ~11 %, fractional Al solubility at ~12 %, and fractional Ti 

solubility at ~5 %. Fractional Al and Ti solubility also decreased on 24 June from 8 ± 2 % to 

3 ± 0.8 % for Al and from 5 ± 2 % to 1 ± 0.7 % for Ti. Fractional Mn solubility was relatively 

constant throughout the campaign and averaged ~65 % ± 10 %. Fractional Mn solubility was 

highest during fire event “F,J,A,B” when the fractional solubility of Al, Ti and Al was low. 

Fractional Pb solubility peaked during marine conditions. 

Sholkovitz et al. [2012] reported a synthesis of global aerosol Fe solubility data sets and this 

compilation displayed an inverse hyperbolic relationship between the total Fe concentration 

and fractional Fe solubility (Fig. 4.7). The authors concluded that the characteristic inverse 

hyperbolic relationship is common over large regions of the global ocean. This relationship 

has been attributed to the mixing of low Fe solubility mineral dust and other soluble Fe 

aerosols from sources such as biomass burning and oil combustion [e.g. Sedwick et al., 2007]. 

We have plotted the Gunn Point aerosol Fe data with the Southern Hemisphere compilation 

in Fig. 4.7. Our data sits within two narrow clusters i) moderate fractional Fe solubility and 

moderate total PM10 aerosol Fe loading between the 4 and 19 June and ii) low fractional Fe 

solubility and low total PM10 aerosol Fe loading between the 24 and 26 June (highlighted in 

Fig. 4.7). 
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Fig. 4.7: Gunn Point total PM10 aerosol Fe mass concentration versus fractional Fe solubility 

superimposed upon the Southern Hemispheric data set [Bowie et al., 2009; Gao et al., 2013; Sholkovitz et 

al., 2012; and references within; Winton et al., 2015]. Boxes highlight the two clusters. Cluster 1: moderate 

fractional Fe solubility and moderate total aerosol Fe loading between the 4 and 19 June, and represents 

the upper bound of dust fractional Fe solubility for the topical dry season. Cluster 2: low fractional Fe 

solubility and low total aerosol Fe loading between the 24 and 26 June. 

4.4.4 Enrichment factor analysis 

The Wedepohl [1995] compilation of the continent crust composition was used to calculate 

crustal enrichment factors (EF) to determine the contribution of mineral dust to the observed 

total elemental concentrations. Total Ti was used as a marker for mineral dust. For an 

element (Z) in a sample, the EF relative to Ti is calculated using equation (4.2). 

𝐸𝐸𝐹𝐹 =  (𝑍𝑍/𝑇𝑇𝑑𝑑)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

 (𝑍𝑍/𝑇𝑇𝑑𝑑)𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐
    Equation (4.2) 

The enrichment factors of Gunn Point filters are used to gauge the level of mineral dust 

contribution versus other sources. From the EF in Table 4.3, two groups of trace elements 
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were identified. The first was Al and Fe which have low EFs between 0.6 – 1.3 throughout 

the campaign; this is considered to be similar to the upper continental crust (i.e., EF between 

0.7 and 2), implying that these trace metals might have originated from that source. Aerosol 

Fe has an EF between 0.9 and 1.3 and does not show Fe enrichment, suggesting that 

anthropogenic pollution was not a dominant source of Fe to Gunn Point. 

The second group of trace elements consists of Cr, Mn, and Pb, and nss-K which had 

maximum EFs between 5 and 12 (i.e., moderate enrichment >2 EF <10 to enriched EF >10), 

indicating mixed sources. Cr showed moderate enrichment (EF of ~4) during the marine 

event, and also on the 13 June (EF of 8) when back trajectories crossed coastal Queensland 

(i.e., trajectory type “B”). Anthropogenic Cr could be sourced from industry and combustion 

[Pacyna and Nriagu, 1988]. 

Manganese, Pb and nss-K were enriched at three times throughout the campaign. Mn 

enrichment could be associated with particles that became airborne by soil dispersion or 

anthropogenic emissions (e.g., smelting and unleaded car fuel) [e.g. Parekh, 1990]. 

Atmospheric Pb originates from the geological weathering, smelting, burning of unleaded 

fuel, and coal combustion [e.g. Bollhöfer and Rosman, 2000; Bollhöfer and Rosman, 2001; 

Bollhöfer et al., 1999]. The air mass back trajectories showed that during the elevated EF of 

Mn, Pb and nss-K, the wind direction was from the southeast and fetch area which included 

major cities and industrial areas in Brisbane (i.e. trajectory types “A” and C” (Fig. 4.1). 

Manganese (EF up to 5), Pb (EF between 5 and 12) and nss-K (EF between 3 and 6) showed 

moderate enrichment during fire events “G”, and “F,J,A,B.” Enrichment of these elements 

also occurred during the 16-18 June when trajectories came from the south and passed over 

major smelting sites i.e. Port Pire and Olympic Dam in South Australia and Mt Isa, 

Queensland (i.e., trajectory type “D”). The enrichment factors and air mass back trajectories 

suggest that both smelting and fire are sources of Mn, Pb and nss-K aerosols at these three 

times. 

Lead can also originate from a resuspension of a contaminated material. Enrichment factors 

for Pb during dust events “A” and “B” were similar to the upper crust suggesting a dust 

source for aerosol Pb at this time. Enrichments factors of V were constant throughout the 

campaign, and ranged from 1.6 to 3 indicating the moderate EF for V could be related to 

contamination from both atmospheric mineral dust and fuel oil burning e.g. from ship exhaust 

[Desboeufs et al., 2005b; Hope, 2008; Jang et al., 2007]. 
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Lower enrichment factors have been observed in marine air masses at Cape Verde (collected 

on a 30 m tower), indicating that the elements were likely of crustal origin. On the other 

hand, higher EFs have been reported in marine air masses that crossed Europe and North 

America, indicating that the elements were of anthropogenic origin [Fomba et al., 2012]. The 

low EF in Al and Fe and higher EF in Mn, Cr, nss-K and Pb during fire events and air masses 

that passed over major smelting sites are likely to also reflect a combination of crustal, 

marine and anthropogenic aerosols. 

Table 4.3: Enrichment factor analysis of Gunn Point aerosol samples. 

 Sr Pb Al V Cr Mn Fe K 
GP1 0.37 2.57 0.60 1.81 1.22 0.53 1.12 1.72 
GP2 0.37 3.18 0.76 2.24 1.54 0.67 1.28 1.91 
GP3 0.40 2.32 0.68 2.09 1.41 0.88 1.13 1.23 
GP4 0.34 1.38 0.64 1.93 1.26 0.88 1.07 0.67 
GP5 0.24 1.83 0.55 1.77 1.28 0.68 0.97 0.64 
GP6 0.31 3.42 0.59 1.72 1.34 1.03 1.03 2.17 
GP7 0.71 8.81 0.59 1.81 1.88 1.44 1.02 5.50 
GP8 0.42 3.77 0.66 2.08 1.34 0.72 1.15 1.49 
GP9 0.29 4.25 0.58 1.85 1.38 0.60 1.08 1.63 

GP10 0.23 3.42 0.67 2.29 7.93 0.49 1.16 1.37 
GP11 0.17 1.22 0.73 2.00 1.32 0.44 1.14 0.34 
GP12 0.43 2.05 0.64 1.95 1.48 1.47 1.14 1.23 
GP13 0.39 5.32 0.62 1.57 1.09 1.22 1.07 1.07 
GP14 0.68 6.55 0.64 1.67 1.16 1.48 1.08 2.30 
GP15 0.76 6.60 0.65 2.84 3.37 1.07 0.99 1.79 
GP16 1.43 2.39 0.62 1.77 0.99 1.40 0.88 1.49 
GP17 0.33 0.79 0.72 1.73 4.22 0.23 0.91 0.25 
GP18 0.52 1.63 0.67 2.09 1.34 0.52 1.04 0.48 
GP19 0.66 12.46 0.63 1.78 1.55 1.22 1.00 2.65 
GP20 1.38 8.05 0.68 1.60 1.25 4.70 1.10 4.79 
GP21 0.50 4.65 0.69 1.90 1.32 1.43 1.16 2.63 
GP22 1.16 5.72 0.71 1.96 1.37 2.18 1.12 3.92 
GP23 1.04 4.25 0.69 1.92 1.22 1.77 1.04 1.76 

4.4.5 Aerosol sources  

Based on a combination of radon, air mass trajectories, enrichment factor analysis and 

biomass burning markers, trace elements have been grouped into three sources: dust, biomass 

burning and marine sources. 
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4.4.5.1 Dust events 

Dust events “A” and “B” are characterised by peaks in total PM10 Al, Ti, Fe and V, and 

correspond to low diurnal radon i.e. when conditions are well mixed (Fig. 4.3). During these 

two dust events, back trajectories corresponded to times when the air mass passed over 

central Australian desert and low population areas of inland Australia, i.e., dust event “A”: 

trajectory type “c,” and dust event “ B”: trajectory type “d,” (Fig. 4.1). Enrichment factors for 

Al (EF of 0.6-0.7), V (EF of 1.8-2.0) and Fe (EF of 1.0-1.1) during these two dust events 

show that these trace metals have a similar composition to the upper crust (i.e. EF 0.7-2) and 

thus most likely originate from crustal material. Soluble concentrations of Fe, Al, Ti, Mn and 

V were high during dust events “A” and “B”. Fractional Fe solubility was highest in dust 

event “A” (11 %). 

4.4.5.2 Anthropogenic and sea spray sources in marine conditions 

On the 21 June 2014 marine conditions were identified by a decrease in aerosol particle 

counts and a change in the particle size distribution from unimodal to bimodal with modes at 

20 nm and 70 nm [Mallet et al., in prep]. During these conditions, Na peaked to 107 ng m-3 

indicative of sea spray (Figs. 4.4-4.6). The Na signal was greater during times of low 

advective radon i.e. when air masses were predominantly spending less time over land and 

more time over ocean regions. Total PM10 Al, Ti, Fe, V, as well as total PM10 Cr, Mo and 

As peaked during these conditions. There was a moderate rise in soluble Al, Ti and Fe. 

Enrichment factors for Al, V and Fe during marine conditions show that these trace metals 

have a similar composition to the upper crust (i.e. EF 0.7-2) and might originate from crustal 

material. Fractional Fe solubility was ~6 % in the marine air mass. During these conditions 

there were high concentrations of total PM10 Mo, Cr and As (Fig. 4.4), and the enrichment 

factor of Cr was moderately enriched (EF of 4.2). Small emissions of these three trace 

elements come from natural sources such as mineral dust, or volcanic emissions in the case of 

As. The greatest anthropogenic As emissions come from pyrometallurgical operations in the 

production of nonferrous metals, combustion of fossil fuels and the use of pesticides. 

Anthropogenic sources of aerosol Mo include the erosion of vehicle parts [Lane et al., 2013], 

while anthropogenic Cr in the atmosphere is sourced from metallurgical and alloy steel, 

chemical, and refractory industry, coal and oil combustion, cement manufacturing, and refuse 

incineration [Pacyna and Nriagu, 1988]. Back trajectories passed over coastal regions of 
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Queensland i.e. type “b” (Fig. 4.1), suggesting that air masses could have been a mixture of 

dust and anthropogenic derived aerosols. 

4.4.5.3  Fire events 

The discussion of aerosol Fe during fire events focusses on the two major events occurring on 

the 9 June (fire event “G”) and 25 June (fire event “FJAB”) 2014 [Mallet et al., in prep]. 

Both these events were comprised of C3 burning [C. Paton-Walsh Pers. Comm. [2014], and 

aerosol mass concentrations were higher than usual for the campaign. Concentrations of 

particulate matter less than 1 µm (PM1) increased up to 500 µg m-3 [Mallet et al., in prep]. 

During these fire events, total PM10 Fe (400-800 ng m-3) and soluble Fe (0.3-1.3 ng m-3) 

concentrations and fractional Fe solubility (~3 %) were considerably less than the average 

concentration and fractional solubility throughout the campaign. For the first half of the 

campaign, from the 4-20 June, fractional Fe solubility averaged 8 % and then dropped to ~3 

% between 21-27 June. During the drop in fractional Fe solubility, soluble and total PM10 Fe 

concentrations were the lowest found throughout the campaign. 

We compare the fractional Fe solubility to biomass burring proxies during the campaign. 

There is no relationship between fractional Fe solubility and the biomass burning tracers (nss-

K, elemental carbon, oxalate or levoglucosan; Fig. S4.2). However, fractional Fe solubility is 

typically higher when elemental carbon concentrations are low and vice versa, excluding dust 

event “A” (r2=0.33). During the exceptionally large fire event “FJAB”, fractional Fe 

solubility was the lowest (~3 %). In agreement with high concentrations of elemental carbon, 

oxalate and levoglucosan at this time, visual examination the aerosol filters showed that 

between the 21-27 June, filters were exceptionally caked with soot. The lowest fractional Fe 

solubility during fire event “FJAB” is related to proximal fires, where the fractional Fe 

solubility was relatively high during fire event “G” when fires were distantly sourced. 

4.4.6 Biomass burning derived soluble iron – combustion and transport 

Biomass burning is a potentially large source of soluble Fe to the open ocean [Guieu et al., 

2005; Ito, 2013; 2015]. Ito [2015] estimate that in the north Australian coastal region, 

biomass burning contributes around 60-70 % of the total soluble Fe deposition, where the 

dust contribution is less (40-50 %). Southern Hemisphere biomass burning emissions 

primarily occur in the intertropical convergence zone (ITCZ) of Africa, Australia and South 
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America [Giglio et al., 2013]. Biomass burning constitutes a large source of annual dry 

season aerosol emissions over northern Australia, and episodic austral summer wildfire in 

southern and eastern Australia [e.g. Meyer et al., 2008]. Modelling by Ito [2015] suggests 

biomass burning derived soluble Fe contributes substantial inputs of soluble Fe to tropical 

and Southern Ocean waters downwind of Australia. In the Southern Ocean, there is a larger 

contribution of biomass burning aerosol Fe than mineral dust and fossil fuel combustion 

derived aerosol Fe. Therefore biomass burning could be an important source of soluble Fe to 

both tropical and Southern Ocean waters surrounding Australia. 

The particle size distribution of biomass burning aerosols was typically around 95 nm (with 

95 % of all particles between 30-280 nm) for nearby fresh smoke at Gunn Point  and around 

120 nm (95 % of all particles were between 40-390 nm) for distant aged smoke at Gunn Point 

[Mallet et al., in prep]. While the literature shows that for aged/long-range transported 

smoke, the particle sized distribution ranges between 75-540 nm [Kipling et al., 2013]. As the 

particle size distribution for elemental/black carbon is in the nanometre range, any Fe 

associated with elemental/black carbon particles is operationally defined as soluble (i.e. <0.2 

µm). The majority of soluble Fe in Gunn Point aerosols was within the <0.2 µm pool (i.e., the 

concentration of soluble Fe <0.2 µm was 6 ng m-3 compared to the bulk soluble Fe 

concentration of 8 ng m-3 in GP22). Leachates showed large variability in their colour, and 

visual observation after particle settling showed that they contained a large number of very 

fine particles in the <0.2 µm filtered fraction. Recent studies show that nanometre-sized Fe 

particles are potentially bioavailable [e.g. Raiswell et al., 2008b], and thus future work should 

be directed to quantifying biomass burning sources of bioavailable Fe in tropical and remote 

oceanic regions. 

Iron can be bound to long-range transportable black carbon aggregates deposited in Antarctic 

snow and ice [Ellis et al., 2015]. Little is known about the process in which Fe is bound to 

black carbon aggregates, but Fe could originate from Fe contained within the biomass 

[Maenhaut et al., 2002; Reid et al., 2005; Yamasoe et al., 2000], soil Fe incorporated into the 

aerosol mixture during combustion, or the binding of aerosol Fe to black carbon in the 

atmosphere during transport. Our samples comprised a mixture of elemental carbon and 

mineral dust. Using single particle analysis, mixed sources (e.g. black carbon and 

aluminosilicates) were detected in long-range transported aerosols to the Southern Ocean 

[Ellis et al., 2015]. It is not surprising that the fractional Fe solubility data (2-11 %) plots 
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mid-range for aerosol Fe sources characteristic of dust and combustion in the Southern 

Hemisphere (Fig. 4.7). 

Generally, the fractional Fe solubility was lower when fresh elemental carbon concentrations 

were high and sourced from proximal fires at Gunn Point (Fig. 4.6). This relationship could 

be related to the hydrophobic, i.e. water insoluble, nature of black carbon in water [e.g. 

Chughtai et al., 1996]. The low soluble Fe concentrations, and hence low fractional Fe 

solubility, derived from the heavily caked soot filters between the 21 and 27 June could 

reflect the physical properties of fresh elemental carbon, i.e., fresh elemental carbon does not 

disperse in water thus any soluble Fe associated with fresh elemental carbon is not dispersed 

in the water leach. However, combustion aerosols are known to have a high factional Fe 

solubility [Sholkovitz et al., 2012] and often these studies are based on aerosols collected 

shipboard in the remote open ocean where aerosol Fe has undergone transport and aging. 

Therefore, the fractional Fe solubility in these studies is not directly comparable to fresh 

combustion Fe reported in this study. Combustion aerosols can become more soluble with 

transport [Ito, 2015]. There is a growing body of work that suggests aerosol Fe solubility can 

be enhanced by cloud chemistry and acid processing [Desboeufs et al., 1999; Hoffer et al., 

2005; Kumar et al., 2010; Meskhidze et al., 2003; Spokes et al., 1994]. Ito and Shi [2015] 

show that enhanced Fe solubility of dust could be related to reactive organic species such as 

oxalate, in cloud water, which contains Fe-binding functionalities such as humic-like 

substances from biomass burning. Black/elemental carbon is initially insoluble, but can be 

aged into a soluble form following uptake of sulphuric acid and secondary organic material 

via condensation and coagulation in the atmosphere. Aged black/elemental carbon can also 

become hydrophilic and disperse in water when coated with acidic species or through the 

oxidation with functional groups during atmospheric transport over the remote ocean 

[Chughtai et al., 1996; Chughtai et al., 1991; Decesari et al., 2002; Lohmann et al., 2000]. If 

elemental/black carbon becomes hydrophilic in the atmosphere, soluble Fe bound to the 

black/elemental carbon particles would disperse in water and be captured in the water soluble 

Fe leach. This could explain why, i) the fractional Fe solubility was higher is distally sourced 

fire event “G” compared to the proximal fire event “FJAB”, and ii) the relatively high 

fractional Fe solubility observed in long-range transported aerosol to the remote Southern 

Ocean and Antarctica [Conway et al., 2015; Gaspari et al., 2006; Winton et al., 2015]. The 

impact of transport time and distance on fractional Fe solubility should be further 

investigated. 
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Oxalate modification of mineral dust could be a leading factor enhancing the fractional Fe 

solubility of mineral dust [Ito and Shi, 2015] in regions where there are high oxalate 

concentrations in the atmosphere, such as the tropics. The higher fractional Fe solubility 

during dust events compared to fire events at Gunn Point could be related to biomass burning 

derived-oxalate enhancing the solubility of Australian mineral dust that has been transported 

to the Northern Territory and mixed with biomass burning plumes (Fig. 4.6). The fractional 

Fe solubility of mineral dust in the Southern Hemisphere is around 0.5-2 % [Sholkovitz et al., 

2012], which is relatively lower than our estimates of fractional Fe solubility during dust 

events in northern Australia. The air masses in lower latitudes over Antarctica and the 

Southern Ocean contain trace concentrations of oxalate [Keywood, 2007]. Although, little is 

known about the enhancement of fractional Fe solubility in these pristine air masses [Chance 

et al., 2015], the concentrations of oxalate may be too low to enhance the fractional iron 

solubility of mineral dust. Therefore, biomass burning enhanced mineral dust fractional Fe 

solubility of ~8 % represents an upper bound of mineral dust fractional Fe solubility in the 

Australian tropics during the dry season as illustrated in Fig. 4.7. 

The relatively low fractional Fe solubility in mixed dust and fresh biomass burning aerosols 

at Gunn Point, compared to other estimates of combustion aerosols (up to 60 %), could be 

related to the short aging time of fresh biomass in our samples. Ito [2015] model the transport 

of soluble Fe derived from combustion sources. The model indicates relatively low fractional 

Fe solubility near the sources of biomass burning and coal combustion. The fractional Fe 

solubility becomes higher as aerosols are transported to the open ocean. Therefore, transport 

time and distance could be an import factor in fractional Fe solubility. Alternatively, the 

relatively low fractional Fe solubility could be related to the type of biomass in northern 

Australia (i.e. savannah that is comprised of eucalypt dominated woodlands (10-30% foliage 

cover) and open-forests (30-70% foliage cover), with a diverse woody sub-canopy and grassy 

ground cover [Edwards et al., 2015]). There is a wide range of fractional Fe solubility 

estimates for combustion aerosol in the literature and more studies are required to understand 

the chemical forms of Fe in different biomass types. On the other hand, low fractional Fe 

solubility during fire events and the inverse relationship between elemental carbon and 

soluble Fe questions whether biomass burning could be a bioavailable source of Fe. Clearly 

future work should be directed towards the solubility of Fe in fresh and aged smoke plumes. 
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4.5 Conclusions 

Emissions of mineral dust and aged biomass burning from Australia are potential sources of 

soluble Fe to the Southern Ocean and Australian tropical waters. During the SAFIRED 

campaign, northern Australia in the dry season 2014, there was considerable temporal 

variability in soluble and total PM10 aerosol Fe concentrations that reflect mixed dust, fresh 

smoke and anthropogenic sources. Fractional Fe solubility was relatively high (2-12 %). 

Fractional Fe solubility was greatest during dust events, and was not correlated to biomass 

burning proxies. Iron in dust may be more soluble in the tropics, compared to higher 

latitudes, due to the higher concentrations of biomass burning derived reactive organic 

species in the atmosphere, such as oxalate, and their potential to enhance the fractional Fe 

solubility of mineral dust. Soluble Fe could be further enhanced during atmospheric transport 

and aging of black/elemental carbon that could explain the relatively high episodic fractional 

Fe solubility observed in long-range transportable aerosol Fe to the Southern Ocean and 

Antarctica. In addition, elemental carbon can act as a surface for aerosol iron to bind to 

during transport. Alternatively, due to the hydrophobic nature of fresh elemental carbon, 

biomass burning derived soluble Fe could be a negligible or non-bioavailable source of Fe to 

the ocean. Biomass burning constitutes a large fraction of the aerosol loading over the tropics 

which are a potential source of bioavailable Fe triggering nitrogen fixing toxic algal blooms. 

Such, toxic algal blooms have harmful consequences for humans and other vertebrates. The 

understanding of the factors that initiate algal blooms needs to be improved [Abram et al., 

2003; Law et al., 2011], especially over tropical regions where inputs of biomass burning to 

the ocean are predicted to increase over the next century [Keywood et al., 2013]. 
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Supplementary information 

Table S4.1: Recovery rates of total trace metals in certified reference materials (CRM). 

CRM recovery % Al ± Ti ± V ± Mn ± Fe ± Pb ± 
MESS-3 112 8 92 9 100 9 97 11 108 8 103 11 

TMF n/d   n/d   101 8 100 9 99 7 107 8 

Table S4.2: Instrument conditions and measurement parameters. 

Instrument HR-ICP-MS, Element XR (Thermo Fisher, Germany) 

Torch Precision type, quartz o-ring free, PFA injector 
(Element Scientific Inc.) 

Spray chamber PC3 chilled cyclonic spray chamber (ESI) 
Nebuliser ST micro centric PFA (ESI) 
RF power (W) ~1350 
Cool gas flow (L min-1) ~16 
Auxiliary gas flow (L min-1) ~0.9 
Sample gas flow (L min-1) ~0.9 
Additional gas (L min-1) ~0.4 Ar 
Guard electrode Activated 

Sample uptake 96 s (Seafast II pump auto-sampler with fast 3 sample 
injection valve) 

Sample rinse 50 s, 3 % HCl (ultra-pure) 
Pump speed during wash 10 rpm 
Internal standard 1.5 ppb In, 5 % HCl (ultra-pure) 
Scan type E-scan 
Elements monitored in low resolution (m/Δm ~400) Pb, Cd 
Elements monitored in medium resolution (m/Δm 
~4000) Na, Mg, Al, Ti, V ,Cr, Mn, Fe 

Elements monitored in high resolution (m/Δm ~4000) K, As 
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Fig. S4.1: Scatterplots of a) fractional Fe solubility versus elemental carbon concentrations, b) fractional 

Fe solubility versus nss-K concentrations, c) nss-K concentrations versus CO concentrations, d) nss-K 

concentrations versus elemental carbon concentrations. 
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Fig. S4.2: Sequential ultra-pure water leaches of three aliquots of GP5.  
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Chapter 5. Fractional iron solubility of atmospheric iron 

inputs to the Southern Ocean 

This chapter has been published in Marine Chemistry. Co-author contributions can be found 

in Appendix A2. The data has been published in the Curtin University Research Data 

Repository. 

Winton, V.H.L., A.R. Bowie, R. Edwards, M. Keywood, A.T. Townsend, P. van der Merwe, 

Bollhofer, A., 2015. Fractional iron solubility of atmospheric iron inputs to the Southern 

Ocean, Mar. Chem., 177, Part 1, 20-32, http://dx.doi.org/10.1016/j.marchem.2015.06.006. 

Winton, V.H.L., A.R. Bowie, R. Edwards, M. Keywood, A.T. Townsend, P. van der Merwe, 

Bollhofer, A., 2015. SF-ICP-MS soluble and total iron data for Cape Grim aerosols. Curtin 

University Research Data, http://doi.org/10.4225/06/565E7702F1E12. 

Abstract 

Deposition of iron (Fe) bearing aerosols to Fe deficient waters of the Southern Ocean may 

drive rapid changes in primary productivity, trophic structure and the biological uptake of 

carbon dioxide. The fractional solubility (i.e., the ratio of water leachable Fe to total Fe) of 

aerosol Fe is an important variable determining its availability for biological uptake, and is a 

function of both particle type and the experimental conditions used to leach the particles. 

There have been few studies of fractional Fe solubility over the Southern Ocean where the 

aerosol loading is the lowest in the world. To investigate Southern Ocean aerosol Fe 

solubility, the fractional solubility of Fe was determined in cryogenically archived Southern 

Ocean aerosols. Samples were collected at the Cape Grim Baseline Air Pollution Station 

(CGBAPS), Tasmania, Australia from February 1999 to April 2000. Fractions determined 

included water soluble Fe (<0.45 µm), labile Fe (>0.45 µm; acetic acid and hydroxylamine 

hydrochloride leachable Fe) and refractory Fe (>0.45 µm; total digestion using nitric and 

hydrofluoric acids). Extremely low Fe mass concentrations were observed for baseline 

Southern Ocean air during the study period. An inverse hyperbolic relationship was observed 

between fractional Fe solubility (0.5 to 56 %) and total Fe mass concentration (0.04 to 5.8 ng 

m3; excluding an anomalously high sample). A peak of 4.6 ng m3 of labile Fe occurred during 

151 
 

http://dx.doi.org/10.1016/j.marchem.2015.06.006
http://doi.org/10.4225/06/565E7702F1E12


May/June 1999 and was linked to atmospheric transport from South Western Australia over 

the Southern Ocean. Bioavailable Fe was estimated by summing the water soluble and labile 

Fe fractions, and this likely represents the upper bound of long range transport aerosol over 

the Southern Ocean. The results confirm previous reports of a range of fractional Fe 

solubility within all atmospheric particles measured and also suggest that a large fraction of 

the Fe from Australian mineral aerosols is labile and potentially bioavailable. 
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5.1 Introduction 

Limitation of Southern Ocean primary productivity due to low iron (Fe) availability is well 

established and has been the focus of a large body of research [e.g. Blain et al., 2007; Martin 

et al., 1990; 1991]. These waters are characteristically replete with nitrate and phosphate and 

depleted with respect to Fe. In-situ oceanic Fe-fertilisation experiments have demonstrated an 

almost explosive response of the ecosystem to relatively small additions of dissolved Fe [e.g. 

Boyd et al., 2007; Coale et al., 2004; de Baar et al., 2005]. Inputs of new Fe to pelagic 

surface waters can occur through upwelling of deep waters [de Baar et al., 1995], deep winter 

mixing and entrainment [Bowie et al., 2014; Tagliabue et al., 2014], transport from 

continental margins by ocean currents [Elrod et al., 2004; Johnson et al., 1999], from sea-ice 

and ice bergs [Lannuzel et al., 2007; Lannuzel et al., 2008; Raiswell et al., 2008a; Sedwick 

and DiTullio, 1997], hydrothermal vents [Frants et al., 2016; Tagliabue et al., 2010], deep 

winter mixing [Tagliabue et al., 2014], and atmospheric aerosol deposition [e.g. Jickells et 

al., 2005]. Aerosol deposition to remote Southern Ocean surface waters is extremely low 

ranging from 0.3 to 2.5 mg m-2 d-1, and has been investigated in relation to the distribution 

and transport of mineral dust [Bowie et al., 2009; Duce et al., 1991; Luo et al., 2005; 

Mahowald et al., 2005] and the episodic input of volcanic ash [Narcisi et al., 2005]. Episodic 

changes in mineral dust deposition to the Southern Ocean have been linked to 20th-century 

climate change and land use modification [Bhattachan and D'Odorico, 2014]. Mineral dust 

proxy records from Antarctic ice cores [Edwards et al., 2006; Gaspari et al., 2006; Spolaor et 

al., 2012; Vallelonga et al., 2013] and Southern Ocean marine sediments from several 

regions [e.g. Martínez-Garcia et al., 2009; Moore et al., 2000; Smetacek et al., 2012] display 

higher deposition rates during glacial stages. Recent Southern Ocean marine sediment studies 

link enhanced glacial atmospheric Fe deposition to higher rates of Southern Ocean primary 

productivity [Martínez-García et al., 2014]. While other studies postulate that higher rates of 

Fe inputs to the Southern Ocean during glacial periods were sourced from the upwelling of 

water enriched by sediments [Latimer and Filippelli, 2001; Latimer et al., 2006].  

Aerosol Fe bioavailability data is required to constrain the biogeochemical impact of present 

and past atmospheric Fe variability. Aerosol Fe bioavailability will depend on the residence 

time of the Fe aerosol in the euphotic zone, and thus it is a function of its chemical 

composition and physical characteristics (e.g. particle size, surface area). Therefore, an upper 
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limit of aerosol Fe bioavailability can be estimated by measuring the instantaneous water 

solubility (i.e., the concentration of Fe that passes through a 0.2 or 0.45 µm aerosol-laden 

filter when leached with ultra-pure water) and the labile Fe fraction (i.e., a chemically defined 

measure using weak acid to estimate the portion of the particulate trace metal pool that is 

potentially bio-available on the time frame of phytoplankton generation (days) [Berger et al., 

2008]) from aerosol particles over longer time scales [Berger et al., 2008; Boyd et al., 2010]. 

Reported values of the Southern Ocean fractional Fe solubility (i.e., the ratio of water 

leachable Fe to total Fe) range from 0.01 to 90 % [Baker and Croot, 2010; Bowie et al., 2009; 

Edwards and Sedwick, 2001; Heimburger et al., 2013a; Mahowald et al., 2005]. This large 

range may reflect differences in mineral dust concentrations, particle size, atmospheric 

weathering, cloud chemistry and aerosol leaching methods [Aguilar-Islas et al., 2010; Baker 

and Jickells, 2006; Bonnet and Guieu, 2004; Buck et al., 2006; Chen and Siefert, 2003; 

Mackie et al., 2005; Meskhidze and Nenes, 2006; Meskhidze et al., 2003; Spokes and Jickells, 

1995; Trapp et al., 2010; Zhuang et al., 1990; Zhuang et al., 1992]. Laboratory studies have 

indicated that aerosol Fe solubility is enhanced by acid processing [Desboeufs et al., 1999; 

Spokes et al., 1994], although this relationship was not observed in the remote Atlantic and 

Pacific ocean [Baker et al., 2006; Hand et al., 2004]. An alternative hypothesis for the 

observed solubility range is that it results from a mixture of aerosol Fe source types with 

different mineralogy and Fe solubilities [Sholkovitz et al., 2012]. Sholkovitz et al. [2012] 

show that global scale fractional aerosol Fe solubility displays an inverse hyperbolic 

relationship with the total Fe mass concentration. This relationship is consistent with a low Fe 

solubility for mineral dust (~1-2 %) and the presence of other soluble Fe sources such as 

those originating from fire and oil combustion with higher Fe solubilities [Chuang et al., 

2005; Gao et al., 2013; Guieu et al., 2005; Ito, 2011; Kumar et al., 2010; Luo et al., 2008; 

Paris et al., 2010; Sedwick et al., 2007; Sholkovitz et al., 2009]. Gao et al. [2013] recently 

measured soluble Fe as Fe(II) in the Southern Ocean southwest of Australia and this species 

of Fe has been operationally defined as labile [e.g. Chen and Siefert, 2004]. Studies of labile 

Fe species (Fe(II)) over the Atlantic Ocean show that the highest percentage of labile Fe 

(mean value of 32 %) was observed in winter corresponding to low mass concentrations of 

total Fe and air mass trajectories influenced by anthropogenic activities over North America 

[Chen and Siefert, 2004]. Conversely, the lowest concentrations of labile Fe (mean value 5 

%) were observed in summer with higher mineral aerosol concentrations associated with 

African dust.  
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This study reports fractional Fe solubility and estimates of the upper bound of Fe 

bioavailability for Southern Ocean aerosols sampled from the Cape Grim Baseline Air 

Pollution Station (CGBAPS) in Tasmania, Australia. Data from the aerosol samples have 

previously been reported with respect to lead (Pb) pollution and its source apportionment 

[Bollhöfer et al., 2005]. 

5.2 Methods 

5.2.1 Sampling site 

This study used archived aerosol filter samples collected from February 1999 to April 2000 at 

CGBAPS (40.68° S, 144.69° E), located at the northwest tip of Tasmania, Australia (Fig. 

5.1). Fractions of filters were previously studied for Pb isotopic composition and are 

described in detail by Bollhöfer et al. [2005]. Samples were collected during baseline 

conditions using a sector-controlled ultra-trace clean aerosol filter system suspended 70 m 

above the ground (164 m a.s.l.) on a communication tower (~100 m from the ocean, adjacent 

to 94 m high coastal cliffs). Meteorological baseline air conditions for CGBAPS are 

described by Ayers et al. [1987] and occur when the winds are from the west to southwest 

(wind direction from 190 to 280º (Fig. 5.1) and total aerosol particle counts are <600 cm3. 

These conditions occur ~30 % of the time [Keywood, 2007] and are representative of air 

masses over the remote Southern Ocean. 
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Fig. 5.1: Map of Australia and the Southern Ocean highlighting the baseline sector associated with 

CGBAPS. http://www.sciencedirect.com/science/article/pii/S0304420315001218  

5.2.2 Sample collection 

Stringent trace-metal clean techniques were used throughout the sampling campaign 

[Bollhöfer et al., 2005]. Briefly, aerosols were collected on 47 mm acid-cleaned 

polytetrafluoroethylene (PTFE) filters (0.45 µm front, 60 µm back) in single-stage 

perfluroalkoxy alkane (PFA) filter assemblies (acid-cleaned). The filter assembly housing 

consisted of trace-metal clean cylindrical inlet units, with a baseline sector controlled pump at 

the tower base and a pneumatically actuated seal on the top of the inlet unit. The samples 

were collected over time periods varying from one to seven weeks. Exposure blanks (n = 5), 

collected with every 3rd to 4th sample, were run as for normal samples but the pump 

switched off [Bollhöfer et al., 2005]. These exposure blanks were used to determine the Fe 

contribution from sampling, laboratory procedures and analysis. Air volumes were measured 

using a calibrated gas flow meter. Thirteen cryogenically archived (-18 ºC) filter sub-samples 

(Table S5.1) from the Bollhöfer et al. [2005] study were used in this work to investigate the 

aerosol Fe mass concentration and fractional Fe solubility. 
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5.2.3 Partial filter sizing 

During the original study, the filters were cut into halves or quarters with an acid cleaned 

stainless steel scalpel blade [Bollhöfer et al., 1999; Bollhöfer et al., 2005]. These filter sub-

samples were the focus of this aerosol Fe study. Filter samples were visually inspected in a 

laminar flow hood under clean-room conditions with minimal handling. 

5.2.4 Aerosol iron leaching experiments 

All bottles and filtration parts used in the Fe leaching experiments were acid-cleaned 

following GEOTRACES protocols [Cutter et al., 2010]. Leaching experiments were 

conducted sequentially using a trace metal clean flow-through reactor (Fig. 5.2) [e.g. Aguilar-

Islas et al., 2010; Wu et al., 2007]. This reactor consisted of the sub-sampled filter supported 

on acid-cleaned 0.45 µm backing filter that was mounted in a single-stage PFA filter 

assembly with a PFA funnel front face. Leaching solutions were pulled through the reactor 

under vacuum, into 250 ml low-density polyethylene bottles (LDPE). The PTFE filters were 

hydrophobic and required exposure to high-purity methanol to initiate water flow. Prior to the 

leaching experiments, the system was rinsed with several litres of ultra-pure water (>18 

Mohm-cm) and ultra-pure 1 % HCl (baseline Seastar), followed by another ultra-pure water 

rinse.  

5.2.4.1 Soluble iron 

The instantaneous water soluble Fe fraction (Fig. 5.2) was investigated using two successive 

50 ml aliquots ("a" and "b") of ultra-pure water. The mean procedural blank (n=10) for this 

Fe fraction was 0.07 ± 0.005 nmol g-1 of soluble Fe. The mean exposure blank (n=5) was 0.1 

± 0.003 nmol g-1 of soluble Fe. The mean ultra-pure water blank (n=5) was 0.001 ± 0.002 

nmol g-1. On average 90 % of the water soluble Fe was leached in the first leach. Other ultra-

pure water leaching schemes using multiple leaches have shown that the concentration of 

soluble Fe exponentially decreases with each successive water leach [e.g. Buck et al., 2006]. 

Thus, even the small volume of leaching solution in the first leach will have captured the 

majority of instantaneous water soluble Fe.  
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5.2.4.2 Labile iron 

The method of Berger et al. [2008] was used to determine the labile Fe fraction (Fig. 5.2) of 

the aerosol samples. A similar weak acid leaching method to determine labile Fe in aerosols 

was carried out by Chen and Siefert [2003]. The Berger et al. [2008] method uses an acetic 

acid (HAc) and hydroxylamine hydrochloride (NH2OH · HCl) leach to determine the reactive 

Fe fraction. A similar method was used in this study with the exception that the filters were 

water leached prior to exposure to HAc and NH2OH · HCl. In this study, the water leached 

filters were placed in acid-washed vials, dried under a laminar flow hood and leached with 25 

% ultra-high purity HAc (Seastar Baseline® 99.9%, <20 ppt Fe) and 0.02 M NH2OH · HCl 

(Acros Organics, Belgium, 99 %) at 90 °C for 10 minutes. The short heating step of 90 - 95 

°C is used to access metals found in intracellular proteins that are associated with 

phytoplankton [Berger et al., 2008; Hurst and Bruland, 2007]. This leaching method liberates 

trace metals associated with biogenic material, Fe and manganese oxyhydroxides and metals 

that may be adsorbed onto the surface of aluminosilicate clay minerals. Windblown diatoms 

have been observed in high elevation ice cores significantly inland from the ocean (Burckle et 

al., 1988). Thus, the possibility that phytoplankton cells are transported in baseline marine air 

masses cannot be ruled out, although we acknowledge that they most likely constitute a 

relatively minor mass of the total aerosol loading. The mean labile procedural blank (n=5) 

and exposure blank (n=5) concentrations were 0.03 ± 0.003 and 0.8 ± 0.07 nmol g-1 of Fe, 

respectively. Two exposure blanks were found to have exceptionally high labile Fe 

concentrations possibly from random contamination (water solubility associated with those 

exposure blanks did not have high values). Excluding these two high values, exposure blanks 

averaged 0.2 ± 0.001 nmol g-1 of Fe, comparable to the labile procedural blank and water 

soluble exposure blank concentrations. This blank value was used in labile Fe calculations. 
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Fig. 5.2: Schematic showing the different extraction stages to leach soluble, labile and refractory iron 

from Cape Grim marine aerosols. http://www.sciencedirect.com/science/article/pii/S0304420315001218  

5.2.4.3 Refractory iron 

The refractory Fe fraction (>0.45 µm) was determined following recommendations from the 

2008 GEOTRACES intercalibration experiment for the analysis of marine aerosols [Morton 

et al., 2013]. All digestions were carried out under high-efficiency particulate arrestance 

(HEPA) filtered air, in a total-exhausting clean-air (ISO Class 5), hot block unit (SCP 

Science, Canada) fitted with an acid scrubber unit. The leached sample filters and filter 

blanks were digested at 95 ºC for 12 hours with concentrated ultra-pure nitric acid (HNO3, 

0.5 ml, Seastar Baseline®) and ultra-pure hydrofluoric acid (HF, 0.5 ml, Seastar Baseline®) in 

capped PFA vials (15 ml, Savillex) following Bowie et al. [2010]. At the end of the digestion, 

the samples were evaporated to dryness, reconstituted in 1 % ultra-pure HNO3 (10 ml final 

volume, Seastar Baseline®) and stored at 25 ºC for ~12 hours before analysis. A certified 

reference material (MESS-3, National Research Council, Canada) of marine sediment was 

digested alongside the samples to test the digestion recovery procedure. Total digestion 

recovery for Fe from the CRM was ~90 ± 1.2 % (n=3). Mean refractory procedural blank 

(n=3) and exposure blank (n=5) concentrations were 0.2 ± 0.01 nmol g-1 of Fe and 1.0 ± 3.7 

nmol g-1 of Fe respectively. Two filter blanks were found to have high Fe levels (8.0 nmol g-1 
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and 1.7 nmol g-1 of Fe). The digestion of aerosol filters using concentrated HNO3 and HF at 

95 °C could have leached out additional impurities in the PTFE filter than the Bollhöfer et al. 

[1999] acid cleaning step employed specifically for Pb analysis. Therefore, the high blank 

levels possibly resulted from a lack of exposure of HF to the PTFE filter substrate prior to 

sampling [Bollhöfer et al., 1999]. 

5.2.4.4 Total iron 

The total Fe loading of the filters was estimated as the sum of the individual Fe fractional 

masses from each step and is given in equations (5.1) to (5.3). 

𝑊𝑊𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑠𝑠𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹 = 𝑤𝑤𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑠𝑠𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹ℎ a + 𝑤𝑤𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑠𝑠𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹ℎ b 
Equation (5.1) 

𝐵𝐵𝐹𝐹𝐹𝐹𝐹𝐹𝐵𝐵𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑠𝑠𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹 = 𝑤𝑤𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑠𝑠𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹 + 𝐹𝐹𝐹𝐹𝑠𝑠𝐹𝐹𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹  
Equation (5.2) 

𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝑠𝑠𝐹𝐹𝐹𝐹𝐹𝐹𝐵𝐵𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑠𝑠𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹 + 𝐹𝐹𝐹𝐹𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑠𝑠 𝐹𝐹𝐹𝐹  

Equation (5.3) 

5.2.5 Iron determination by Sector-Field Inductively Coupled Plasma Mass 
Spectrometry 

All samples and standards were prepared on a similar matrix basis. Water soluble Fe 

leachates and total digestion solutions were acidified to 1 % (v/v) with ultra-pure HNO3 

(Seastar Baseline®) and spiked with an Indium (In) internal standard. Labile leachates were 

diluted, and spiked with In and presented to the instrument as a 2.5 % (v/v) HAc and 0.02 M 

NH2OH HCl solution and 1 % (v/v) ultra-pure HNO3 (Seastar Baseline®). The analysis of the 

water soluble and labile Fe leachate fractions occurred within 24 hours of leaching. All 

samples were analysed by sector-field inductively coupled plasma mass spectrometry (SF-

ICP-MS, Thermo Fisher Scientific ELEMENT 2) at the University of Tasmania. Samples 

were introduced using an auto-sampler housed in a laminar flow clean-air hood. Typical 

operating conditions are reported in Table S5.2. Isobaric 56Fe interferences (e.g. 40Ar16O and 
40Ca16O) were resolved using a mass resolution of >4000 amu (10 % valley definition, 

medium resolution). Instrumental blanks (1 % HNO3 and 2.5 % (v/v) HAc and 0.02 M 

NH2OH · HCl) and a QC standard were measured throughout the analysis sequence at regular 

intervals. Internal standard normalised 56Fe intensities were quantified using "matrix 
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matched" external standards prepared by serial dilution from traceable commercial primary 

standards. The results were blank subtracted and corrected for dilution. 

5.2.6 Major cation and anion  

Major cation and anion measurements for the period between January 1999 and August 2000 

have previously been reported in Keywood et al. [2004], and we use the sodium, sulfate and 

nitrate data here. Oxalate, not previously reported, was also measured in these samples 

following the same procedure. The major ion data were obtained using a “Goldtop sampler” 

installed with a PM10 (particle diameter <10 µm) inlet at CGBAPS [Ayers et al., 1990]. 

Particles were collected on Pallflex filters (EMSB TX 4OH, 120-WW) on a weekly basis. 

The filter was wetted with methanol before being extracted in 5 ml of ultra-pure water. The 

sample was then preserved using 1 % chloroform. Anion and cation concentrations were 

determined by suppressed ion chromatography (IC) using a Dionex DX500 gradient ion 

chromatograph. Anions were determined using an AS11 column and an ASRS ultra-

suppressor. Cations were determined using a CS12 column and a CSRS ultra-suppressor. 

5.3 Results 

5.3.1 Aerosol iron mass concentrations 

Baseline aerosol concentrations for the different Fe fractions were estimated from the filters 

by equation 5.4 (assuming a uniform aerosol loading of the filters) and are summarised in 

Table 5.1. 

𝐴𝐴𝐹𝐹𝐹𝐹𝐹𝐹𝑠𝑠𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =
𝐹𝐹𝐹𝐹 𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑚𝑚𝐹𝐹𝑠𝑠𝑠𝑠 ∗ 𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝐹𝐹𝑚𝑚𝑠𝑠𝐹𝐹𝐹𝐹 𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

𝐹𝐹𝐹𝐹𝐹𝐹 𝐵𝐵𝐹𝐹𝐹𝐹𝑠𝑠𝑚𝑚𝐹𝐹 (𝑚𝑚3,   𝑠𝑠𝐹𝐹𝐹𝐹𝐹𝐹𝑔𝑔𝐹𝐹𝐹𝐹𝑔𝑔 𝐹𝐹𝐹𝐹𝑚𝑚𝑠𝑠𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑠𝑠𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹𝑔𝑔 𝑠𝑠𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝐹𝐹𝐹𝐹 )  

Equation (5.4) 

With the exception of sample CG5 (4-16 March 1999), extremely low total Fe aerosol mass 

concentrations, compared to other aerosol Fe studies on a global scale [Sholkovitz et al., 

2012], were found and ranged from 0.034 to 5.86 ng m-3. Sample CG5 sampled only 5 m3 of 

air but displayed total Fe aerosol concentrations 25 times greater (147.81 ng m-3) than the 

next largest aerosol sample. This sample was almost entirely comprised of refractory Fe and 
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may have been exposed to local (non-baseline) air. The sample was subsequently excluded 

from the estimates and further discussion. 

Table 5.1: Fractional aerosol iron concentrations in Southern Ocean baseline air. 

Fe Fraction Range 
(ng m-3) 

*Geometric mean 
(ng m-3) 

Total Fe 0.04 to 5.8 0.8 
Refractory Fe <0.02 to 5.7 0.2 

Labile Fe 0.01 to 4.6 0.1 
Soluble Fe 0.01 to 0.3 0.07 

 

*n=13 

5.4.2 Aerosol iron fractions  

The range and geometric mean for the different fractions are shown in Table 5.1. The total Fe 

geometric mean mass concentration of 0.77 ng m-3 was ~11 times that of soluble Fe (0.07 ng 

m-3), ~4.8 times the labile Fe (0.16 ng m-3) and ~3.1 times the refractory Fe (0.24 ng m-3) 

mass concentrations. Fractional estimates relative to total Fe ranged from 0.5 % to 56 % for 

soluble Fe, 1.5 % to 94.0 % for labile Fe, and 4.6 % to 97.0 % for refractory Fe. The order of 

the geometric mean fractional estimates was soluble Fe (15 %) < labile Fe (32 %) < 

refractory Fe (48 %). 

5.3.3 Atmospheric iron dry deposition flux estimates 

Estimates of the Fe dry deposition rate (Fdry) to adjacent Southern Ocean surface waters were 

calculated using equation 5.5 from the total and soluble aerosol Fe concentrations (Caerosol) 

using a dry deposition velocity (Vdry) of 1.3 cm s-1 [Ezat and Dulac, 1995] following 

Heimburger et al. [2012], and are reported in Table 5.2. This deposition velocity is based on 

the dry deposition model of Slinn and Slinn [1980] following the “100-step method” [Dulac 

et al., 1989] which takes into consideration the size dispersion of particles. We assume a 

constant deposition velocity is appropriate for the Southern Ocean, as i) the particle size has a 

narrow size distribution and thus the dry deposition fluxes will exhibit little variability 

compared to a wide particle size distribution [Arimoto et al., 1985], and ii) the mean wind 

speeds at Cape Grim have little temporal variability. Furthermore,  Duce et al. [1991] report 

deposition velocities of 0.4 cm s-1 for the open ocean and 2 cm s-1 for coastal regions and the 

value of 1.3 cm s-1 is within this range. 
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   𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑 =  𝐶𝐶𝑇𝑇𝑆𝑆𝑑𝑑𝑆𝑆𝑎𝑎𝑆𝑆𝑆𝑆 ∗  𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑆𝑆𝑑𝑑𝑆𝑆𝑎𝑎𝑑𝑑𝑇𝑇𝑑𝑑𝑆𝑆𝑛𝑛    Equation (5.5) 

Table 5.2: Dry deposition iron fluxes of Southern Ocean baseline air. 

Sample 
Soluble Fe  

concentration 
(ng m-3) 

*Soluble Fe flux 
(nmol m-2 d-1) 

Total Fe  
concentration 

(ng m-3) 

*Total Fe flux 
(nmol m-2 d-1) 

CG4 0.55 ± 0.04 11 ± 6 1.9 ± 0.1 38 ± 20 
CG9 0.17 ± 0.01 3.3 ± 2 0.76 ± 0.02 15 ± 8 
CG10 0.34 ± 0.03 6.8 ± 3 5.1 ± 0.2 100 ± 50 
CG14 0.01 ± 0.01 0.17 ± 0.1 1.8 ± 0.06 36 ± 20 
CG15 0.07 ± 0.01 1.4 ± 0.7 0.26 ± 0.01 5.2 ± 3 
CG17 0.04 ± 0.01 0.76 ± 0.4 0.28 ± 0.01 5.7 ± 3 
CG18 0.08 ± 0.01 1.7 ± 0.9 0.33 ± 0.01 6.7 ± 3 
CG26 0.01 ± 0.01 0.3 ± 0.2 0.68 ± 0.02 14 ± 7 
CG28 0.01 ± 0.01 0.14 ± 0.1 0.04 ± 0.00 0.75 ± 0.4 
CG23 0.08 ± 0.01 1.7 ± 0.8 5.8 ± 0.2 120 ± 60 
CG35 0.25 ± 0.01 5.1 ± 3 0.45 ± 0.01 9.0 ± 5 
CG37 0.09 ± 0.01 1.7 ± 0.9 1.4 ± 0.04 27 ± 10 
CG40 0.06 ± 0.01 1.3 ± 0.6 1.3 ± 0.04 27 ± 10 

 

*The uncertainty in dry deposition fluxes was calculation by propagation of error of the analytical uncertainty 
and uncertainty in the deposition velocity assumed to be 50 %. 

5.4 Discussion 

5.4.1 Baseline iron mass concentrations 

Atmospheric Fe mass loadings from 1999 to 2000 are shown in Fig. 5.3a-3d. Total Fe 

displayed maximum concentrations during May/June 1999 and November 1999 with peak Fe 

mass concentrations of 5.15 ng m-3 and 5.86 ng m-3, respectively. The lowest concentrations 

occurred from August to November 1999 (austral winter/spring), with a minimum mass 

concentration of 0.034 ng m-3. The total Fe mass concentrations are amongst the lowest Fe 

mass concentrations reported in the literature. For example, Bowie et al. [2009] reported total 

Fe mass concentrations between 5 and 17 ng m-3 for marine aerosols collected in a similar 

region south of Tasmania but sampling all wind sectors. A global compilation of the total 

aerosol Fe mass data suggests concentrations can reach up to 147 ng m-3 for the Southern 

Hemisphere (Fig. 5.4) [Sholkovitz et al., 2012]. Baseline total aerosol Fe mass loadings are 

similar to those reported for  Syowa Station, coastal East Antarctica [Kobayashi et al., 2010]. 

However, they are lower than estimates over the southwest Australian sector of the Southern 
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Ocean and coastal East Antarctica which average 19 ng m-3 and 26 ng m-3 respectively [Gao 

et al., 2013]. The authors suggest that the air masses over coastal East Antarctica are 

influenced by local Antarctic dust, as the total aerosol Fe concentrations were higher than the 

Southern Ocean, and the aerosols have a coarse particle size distribution. 
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Fig. 5.3: Time series of aerosol Fe mass concentrations excluding CG5. a) Total Fe concentration, b) 

refractory Fe concentration, c) soluble Fe concentration, d) bioavailable Fe concentration (i.e., the sum of 

soluble and labile Fe fractions), e) radon concentration [data source: Bollhöfer et al., 2005], and f) Pb 

concentration [data source: Bollhöfer et al., 2005]. 

http://www.sciencedirect.com/science/article/pii/S0304420315001218  
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While the two total Fe peaks were similar with respect to mass concentration, they displayed 

different characteristics with respect to the leached Fe fractions suggesting different sources 

and bioavailability. For example, the May/June 1999 Fe peak was primarily composed of 

labile Fe (~90 %) with little refractory Fe (Fig. 5.3). Conversely, the November 1999 total Fe 

peak was comprised primarily of refractory Fe, however the contribution of labile Fe to the 

bioavailable Fe fraction was relatively minor compared to the water soluble contribution. 

Thus, while the total Fe mass concentrations were similar, the potential bioavailability of the 

Fe represented by the two peaks was not. The May/June peak was associated with a peak in 

radon (Fig. 5.3e) reported by Bollhöfer et al. [2005]. Radon is emitted from crustal materials 

and has a relatively short half-life (3.8 days) making it useful as a tracer of continental air 

masses [Porstendorfer et al., 1994; Zahorowski et al., 2004]. Air mass back trajectories 

reported by Bollhöfer et al. [2005] combined with the radon data suggest that the labile Fe 

peak is related to atmospheric transport over South Western Australia.  

The highest soluble Fe mass concentrations occurred in February-March 1999 (0.55 ng m-3) 

and February-March 2000 (0.25 ng m-3; Fig. 5.3a). However, the soluble Fe concentrations 

exhibited an extremely low geometric mean soluble Fe concentration of 0.07 ng m-3 for the 

entire data set. These soluble Fe concentrations in baseline air are lower than those reported 

as Fe(II) for the southwest Australian sector of the Southern Ocean and coastal East 

Antarctica that range from 0.13 - 1.3 ng m-3 [Gao et al., 2013]. Variability in soluble Fe, in 

this study, essentially tracked the radon concentrations demonstrating a link with continental 

air masses (Fig. S5.1a). These radon episodes (Fig. 5.3e) occurred during baseline intervals in 

May/June 1999, August/October 1999 and January/April 2000 [Bollhöfer et al., 2005]. Not 

surprisingly these time periods encompass the highest Pb concentrations (Fig. 5.3f) reported 

by Bollhöfer et al. [2005] which further highlights the link between soluble Fe and 

continental air masses and potentially anthropogenic emissions.  

While, the variability between the labile and soluble Fe with the Bollhöfer et al. [2005] radon 

and Pb data seemed consistent, the refractory Fe variability bore little resemblance to these 

time series. The independence of the refractory Fe from the other Fe fractions and radon data 

was unexpected and difficult to rationalise. For example, the highest refractory Fe 

concentration occurred during November 1999, coincident with low radon concentrations. A 

plausible explanation is that this peak was due to local material blown up to the tower from 

the cliff face rather than long range transport aerosol. A single mineral grain could 
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contaminate these low concentration samples. However, based on the sample’s aerosol Fe 

mass concentration the data appears uncontaminated by sampling and handling procedures. 

Bollhöfer et al. [2005] ruled out local soil dust contamination in these aerosol samples by 

comparing the Pb isotopic composition of the aerosols with that of local soil. Nevertheless, as 

discussed in the results section, a filter sample from March 1999 was excluded from further 

assessment due to suspected contamination from local mineral dust sources. If the November 

1999 data point is similarly excluded from the interpretation, the refractory Fe variability 

becomes similar to the soluble Fe and consistent with the radon data (Fig. S5.1b). 

5.4.2 Dry deposition estimates of soluble and total iron 

Crude estimates of soluble and total Fe dry deposition fluxes associated with the aerosol 

samples are reported in Table 5.2 and range from 0.1 ± 0.07 to 7 ± 3 nmol m-2 d-1 for soluble 

Fe and 0.8 ± 0.4 to 116 ± 60 nmol m-2 d-1 for total Fe over the period April 1999 to March 

2000. This period was considered to include samples collected with the largest volumes of air 

over an entire 12 month period, and also closely aligns with the work of Bollhöfer et al. 

[2005] allowing comparison with their Pb data. The Fe flux estimates for baseline air over 

Southern Ocean in this study are compared to other aerosol studies from the Southern Ocean. 

The mean soluble Fe flux (~2 ± 1 nmol m-2 d-1) is in good agreement with fluxes of 2.4 - 7.4 

nmol m-2 d-1 reported by Bowie et al. [2009], 0.04 - 3.2 nmol m-2 d-1 reported by Wagener et 

al. [2008], and 1.8 - 7.3 nmol m-2 d-1 reported by Baker et al. [2013] for the South Atlantic. 

The estimates in this study are lower than those reported at Kerguelen Island, Southern Ocean 

(400 nmol m-2 d-1) where local dust influences the aerosol sample [Heimburger et al., 2013b]. 

Estimates in baseline air may be more representative of the broader Southern Ocean region 

south of Australia, as the marine air was collected at a higher elevation above the boundary 

layer and at a site free from local pollution. Estimates of total Fe dry deposition at CGBAPS 

are significantly lower than those estimated at Kerguelen Island (500 - 700 nmol m-2 d-1) 

[Heimburger et al., 2013b], at Crozet Island (900 nmol m-2 d-1) [Planquette et al., 2007], and 

in the South Atlantic (100 – 300 nmol m-2 d-1) [Baker et al., 2013]. Heimburger et al. [2012] 

suggest dust fluxes during 2009-2010 were higher during winter and spring, and that the 

aerosols were crustal in origin. Whereas Heimburger et al. [2013b] showed no seasonal 

variability in aerosol Fe, they did find an anthropogenic contribution to the Southern Ocean 

during winter as shown by elevated elemental concentrations of Pb, As, Cr, Cu, and V.  
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5.4.3 Fractional iron solubility  

The baseline fractional Fe solubility ranged from 0.5 % to 56 % during the study. Estimates 

of fractional Fe solubility in the South Atlantic are within this range (2.4 % to 20 %) [Baker 

et al., 2013]. The lowest values (0.5 % to ~3 %) at CGBAPS were comparable to the low Fe 

solubility (1 to 2 %) reported for mineral dust [e.g. Baker and Croot, 2010] at relatively high 

mass concentrations. Furthermore, the low fractional Fe solubility (0.58 % to 6.5 %) 

measured as Fe(II) over the southwest Australian sector of the Southern Ocean is thought to 

be influenced by local Antarctic dust sources [Gao et al., 2013]. Mineral dust from Patagonia 

is also known to be transported into the southern South Atlantic Ocean and on the Antarctic 

Plateau [Delmonte et al., 2008; Gaiero et al., 2007; Gaiero et al., 2003]. Similar to Sholkovitz 

et al. [2012], the data in this study displayed an inverse hyperbolic relationship (Fig. 5.4a) 

between the total Fe mass concentration and fractional Fe solubility. This relationship has 

been attributed to the mixing of low Fe solubility mineral dust and other soluble Fe aerosols 

from sources such as biomass burning and oil combustion [Sedwick et al., 2007]. Sholkovitz 

et al. [2012] reported a synthesis of global aerosol Fe solubility data sets and concluded that 

the characteristic inverse hyperbolic relationship is common over large regions of the global 

ocean. Results here are different to other Southern Ocean data, i.e., at the 1 - 2 % fractional 

Fe solubility limit of mineral dust, the total Fe mass concentrations are very low (<6 ng m-3) 

compared to the rest of the Southern Ocean where they have been observed up to 140 ng m-3. 

This aspect of the data may be explained by a lack of both mineral dust and other soluble Fe 

sources, such as biomass burning, in the exceptionally clean baseline air. Alternatively it is 

possible that the long cryogenic storage of the aerosol filters resulted in lower concentrations 

of instantaneously soluble Fe. Jeong et al. [2012] found that the dissolution of iron oxides 

was enhanced during freezing of aqueous dispersions of Fe oxides. However, the aerosol 

filters used in this study were stored frozen in a dark and dry environment and are not directly 

comparable. However, aerosols are archived in ice cores for comparatively longer time 

periods (e.g. 1 to 1000 years), and Fe solubility studies of ice cores have been used to 

estimate Fe fluxes and bioavailability. With regards to the instantaneous solubility, Antarctic 

ice core leaching studies in dilute hydrochloric acid and nitric acid [Edwards and Sedwick, 

2001; Edwards et al., 2006; Gaspari et al., 2006; Koffman et al., 2014a] show that a large 

portion of the Fe bound in frozen mineral particles are not soluble and require up to three 

months to leach into solution. Furthermore, fractional Fe solubility estimates reported here 

are within the range of those reported for other studies [e.g. Baker and Croot, 2010] and in 
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particular for aerosols sampled in the Southern Ocean south of Tasmania (Fig. 5.4a) [Bowie 

et al., 2009]. 
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Fig. 5.4: a) Cape Grim total aerosol Fe mass concentration versus fractional Fe solubility superimposed upon Southern Hemispheric data set (data source: Bowie et 

al., 2009; Sholkovitz et al., 2012; Gao et al., 2013). Top right insert: Cape Grim data expanded excluding CG5 that sampled a low volume of air. b) Cape Grim total 

aerosol Fe mass concentration versus fractional Fe bioavailability. c) Cape Grim total aerosol Fe mass concentration versus fractional refractory Fe. 

http://www.sciencedirect.com/science/article/pii/S0304420315001218 
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5.4.4 Estimates of iron bioavailability  

In order to determine the upper bound of bioavailable trace metals in seawater sourced from 

atmospheric particles, measurement of both the soluble and labile fractions are necessary 

[Berger et al., 2008]. Commonly used instantaneous water leaching schemes have been 

suggested to underestimate the fraction of Fe that dissolves in the oceanic mixed layer, as 

they do not take into account the longer residence time of aerosols in the euphotic zone. Thus, 

an additional leach is needed to estimate the longer-term release of Fe from atmospheric 

particles during their residence time in the surface ocean mixed layer [Boyd et al., 2010]. This 

study followed the Berger et al. [2008] rationale to estimate the fraction of labile Fe in 

aerosols. The heating step in this method may overestimate the labile fraction of Fe in 

aerosols, causing dissolution of Fe that would normally have low bioavailability. Iron 

solubility increases with temperature [Schwertmann, 1991], and thus the heating step may 

recover more Fe than the intracellular fraction alone. Despite this, leaching schemes 

employed to access the labile Fe pool are operationally defined. They are designed to mimic 

biological processes that take time, but do so in a much shorter and practical timescale in the 

laboratory. Currently, no leaching scheme takes into account all processes affecting the 

bioavailability of Fe upon its deposition in the upper water column. For example, grazing is 

known to impact the bioavailability of Fe contained in particles [Barbeau et al., 1996]. Other 

studies have indicated that the conversion of Fe from particle to dissolved phase in seawater 

can take place due to photochemistry [Croot et al., 2008; Ellwood et al., 2015]. Recently, Lis 

et al. [2015] observed a relationship between the uptake rate constant of Fe and the surface 

area of several phytoplankton species. An upper limit to the rate at which Fe-limited 

phytoplankton can uptake Fe suggests that alternative uptake mechanisms are an advantage in 

Fe-limited waters, such as a reduction in cell size, or the utilization of Fe from the colloidal 

or particulate fraction [Nodwell and Price, 2001; Rubin et al., 2011]. Colloidal Fe has been 

found to be an important fraction of the bioavailable Fe pool [Aguilar-Islas et al., 2010; 

Kuma and Matsunaga, 1995], and further research is required to estimate this fraction over 

the Southern Ocean. 

The leaching scheme used in this study mimics the bi-modal release of Fe, i.e., i) 

instantaneous soluble Fe and ii) longer term dissolution that is mediated by microbes and/or 

ligands and photochemistry in the surface mixed layer [Wagener et al., 2008; Wuttig et al., 

2013], thereby allowing an estimate of the upper limit of Fe bioavailability over the Southern 
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Ocean. Fractional bioavailable Fe was calculated by summing the fractional Fe solubility and 

fractional Fe lability (equation 5.3). Fractional Fe bioavailability ranged from 3 to 100 % of 

the total Fe (Fig. 5.4b). More bioavailable Fe data is required to investigate the relationship 

between the total Fe mass concentration and fractional Fe bioavailability and mixing of 

mineral dust versus combustion aerosol sources (Fig. 5.4b).  

New aerosol Fe supply by dry deposition to the Southern Ocean and the fractions of Fe 

(soluble, labile, bioavailable and refractory) that are leached from the aerosols upon 

deposition into surface waters is illustrated in Fig. 5.5. No wet deposition data is available at 

the CGBAPS, however estimates of Fe concentrations in rain at Kerguelen Island suggest a 

concentration of 17 to 32 µg m-2 with a fractional Fe solubility of ~70 % in rain water 

[Heimburger et al., 2013a]. Wet deposition fluxes of 5.4 to 231 nmol m-2 d-1 of soluble Fe 

and 41-1100 nmol m-2 d-1 of total Fe for the South Atlantic have been estimated by Baker et 

al. [2013], and significantly higher wet deposition fluxes of 3700 µmol m-2 d-1 for the New 

Zealand region of the South Pacific westerlies have been estimated by Halstead et al. [2000]. 

Half of the upper bound of mean fractional Fe bioavailability (50 %) from dry deposition at 

CGBAPS could potentially be bio-available, while the other half is refractory or insoluble 

and is presumably lost from the surface ocean via settling (Figs. 4c and 5). Aerosol particles 

associated with instantaneous soluble Fe (i.e., <0.4 µm) will reside in the mixed layer for a 

time period on the order of years, assuming the mixed layer is between 50 and 200 m [Bowie 

et al., 2011] and particles with a diameter of 0.4 µm have a settling velocity of 9.5 x 10-6 cm 

s-1 [Gibbs et al., 1971]. The residence time of aerosol particles associated with labile Fe is 

orders of magnitude shorter, and may range between days and weeks (assuming labile Fe 

over the Southern Ocean range between 0.4 and 5 µm [Delmonte et al., 2002; Delmonte et 

al., 2013; Koffman et al., 2014b], and this particle size range has a settling velocity between 

9.5 x 10-6 cm s-1 and 1.5 x 10-3 cm s-1 [Gibbs et al., 1971]). We acknowledge that processes in 

the ocean can alter sinking rates, such as aggregation of colloids. Moreover, particle 

dimensions can change, for example with bacterial attachment [Yamada et al., 2013]. Labile 

Fe comprises a large component of total Fe, and this fraction may be slowly released from 

aerosol particles into the surface mixed layer. Estimates of labile Fe and water soluble Fe, in 

this study, represent an upper bound of the potential bioavailability of Fe deposited to 

Southern Ocean. The majority of estimates over the Southern Ocean are based on soluble Fe 

fractions alone and do not take into consideration labile Fe. 
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Fig. 5.5: Schematic of aerosol iron fractions that are potentially bioavailable for uptake by plankton in 

the Southern Ocean. FeR: refractory Fe, FeS: soluble Fe, FeL: labile Fe, FeBIO: bioavailable Fe. 

http://www.sciencedirect.com/science/article/pii/S0304420315001218  

The estimates of bioavailable Fe reported here are relatively high and represent an upper 

bound of Fe bioavailability over the Southern Ocean. Several factors could account for the 

high Fe bioavailability found at CGBAPS. Aerosol Fe solubility could be enhanced by cloud 

chemistry and acid processing [Desboeufs et al., 1999; Kumar et al., 2010; Meskhidze et al., 

2003; Spokes et al., 1994], and these processes may play a role in the lability of long range 

transport aerosol Fe over the Southern Ocean. We compare our fractional Fe bioavailability 

data to non-sea salt (nss)-sulfate and nitrate aerosol measurements made at CGBAPS 

[Keywood et al., 2004] (Fig. 5.6a-d). No significant relationship was found between the acid 

species and fractional Fe bioavailability during the short time series at CGBAPS. However, 

in February-March 2000 water soluble Fe made a large contribution to the bioavailable Fe 

pool (Fig. 5.6a-b), at a time of high nitrate and nss-sulfate concentrations. During this period, 
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sodium was exceptionally high (Fig. 5.6g), suggesting the marine aerosol was comprised 

primarily of sea salt (Mg, K, Cl, and Ca concentrations were also high [Keywood et al., 

2004]. During this sampling period the average baseline wind speed measured at 10 m of 13. 

8 m s-1 was in the 89th percentile of wind speeds recorded for the period 1998-2005). No 

relationship between these acid species and fractional Fe solubility was found in other field 

studies in the remote Atlantic and Pacific Ocean [Baker et al., 2006; Hand et al., 2004]. 

Baker et al. [2013] suggest that the lack of correlation in real samples could be due to a low 

degree of internal mixing in the aerosol samples rather than due to the lack of acid influence 

on Fe solubility. Either, the enhancement of Fe bioavailability by acid processing on the 

surface of the aerosol is not a significant process in the atmosphere over the Southern Ocean, 

or that it has not occurred in the samples collected in this study because the acidic and Fe-

laden aerosol fraction are not in contact with each other, or that our time series is too short to 

see any relationship, or that the high fractional Fe solubility observed in one sample is related 

to a large volume of sea salt derived air masses during a particularly strong storm event.  

Recently, Fe solubility has been investigated in relation to carboxylic acids, whereby oxalate 

was most effective at enhancing the fractional Fe solubility in mineral dust [Paris and 

Desboeufs, 2013; Paris et al., 2011]. Paris et al. [2011] show that oxalate complexation 

increases fractional Fe solubility of hematite, goethite and illite minerals in African dust from 

0.0025 to 0.26 %. Furthermore, biomass burning is a major source of carboxylic acid and is 

known to enhance fractional Fe solubility [Fu et al., 2014]. A biomass burning source was 

suggested by Bowie et al. [2009] to account for the high fractional Fe solubility of 17 % in an 

aerosol sample collected over the Southern Ocean south of Tasmania (Fig. 5.4). We compare 

the fractional Fe bioavailability data in this study to oxalate measurements made at Cape 

Grim using methods described in [Keywood et al., 2004] in Fig. 5.6a-e. The highest 

concentration of oxalate occurred in March 1999. However, the corresponding sample 

archive was missing. The May/June peak in fractional Fe bioavailability (where labile Fe 

contributed a large fraction of the total Fe) corresponds to low oxalate and low nss-potassium 

(Figs. 6b and 6e-f). Non sea salt-potassium has been widely used as a biomass burning tracer 

[e.g. Duan et al., 2004; Echalar et al., 1995; Paris et al., 2010], and the lack of correlation 

here suggests that biomass burring is not a large contributor to bioavailable Fe at CGBAPS 

during this study. 
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The lack of correlation with oxalate at CGBAPS may be related to the type of Fe-bearing 

minerals in the baseline aerosols. We are unable to determine the atmospheric processes that 

enhance the fractional Fe bioavailability of marine aerosols during long range transport over 

the Southern Ocean. This may be related to the extremely clean air masses at CGBAPS. 

Thus, a longer time series is needed to confirm whether organic complexation or acid 

processing affects the solubility and bioavailability of aerosol Fe in the Southern Ocean. The 

temporal variability in aerosol Fe at CGBAPS is most likely related to a mixture of aerosol 

sources from continental air masses, as discussed above. 
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Fig. 5.6: Time series of major ions measured at CGBAPS. a) bioavailable Fe concentration (i.e., the sum 

of soluble and labile Fe fractions), b) nitrate, c) sulfate, d) oxalate, e) sodium (data source for nitrate, 

sulfate and sodium: Keywood et al. (2004). 

http://www.sciencedirect.com/science/article/pii/S0304420315001218  
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5.5 Conclusions 

This paper shows extremely low aerosol Fe concentrations over the Southern Ocean during 

1999 to early 2000 and provides estimates for the soluble and total atmospheric Fe flux by 

dry deposition. The temporal variability of soluble Fe was consistent with the intrusion of 

continental air masses over the Southern Ocean. The relationship between the fractional Fe 

solubility and total Fe mass concentration was comparable to other studies that postulated 

mixed soluble Fe aerosol sources and low mineral dust Fe solubility. Labile Fe comprised a 

large component of the total Fe and suggested that the soluble Fe may significantly 

underestimate the potential bioavailability of Fe deposited to Southern Ocean surface waters. 

However, further studies of labile of Fe are required to understand the significance of labile 

Fe as determined by the operational method here used here. Longer-term studies of Southern 

Ocean aerosol Fe bioavailability are also required to understand aerosol Fe variability and to 

characterise sources. Wet deposition Fe estimates remain relatively unknown over the 

Southern Ocean. Overall the data shows that the Fe bioavailability of present day aerosols is 

complex and not simply scaled to atmospheric concentrations of mineral dust. It is likely that 

past variability in the atmospheric deposition of bioavailable Fe to the Southern Ocean is just 

as complex and that our current understanding of its Quaternary variability may be in need of 

revision.
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Supplementary information 

 

Fig. S5.1: Instantaneous water soluble iron mass concentration versus a) radon concentration, and b) 

refractory iron mass concentration. http://www.sciencedirect.com/science/article/pii/S0304420315001218 
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Table S5.1: Cape Grim archived aerosol samples used for iron analysis. 

Sample Fraction of 
filter 

Date started 
sampling 

Date finished 
sampling 

Air volume 
(m3) 

CG4 0.25 15/02/1999 2/03/1999 28.9 
G5 0.125 4/03/1999 16/03/1999 5.1 

CG9 0.25 1/04/1999 4/05/1999 102 
CG10 0.5 4/05/1999 15/06/1999 132 
CG15 0.5 20/07/1999 2/08/1999 201 
CG17 0.75 9/08/1999 23/08/1999 366 
CG18 0.75 23/08/1999 24/09/1999 118 
CG26 0.75 24/09/1999 12/10/1999 106 
CG28 0.75 12/10/1999 9/11/1999 141 
CG23 0.75 9/11/1999 16/11/1999 14 
CG35 0.75 1/02/2000 21/03/2000 122 
CG37 0.75 22/03/2000 7/04/2000 108 
CG40 0.75 7/04/2000 26/04/2000 103 

Table S5.2: SF-ICP-MS Instrument parameters. 

Instrument ELEMENT 2 sector field ICP-MS (Thermo Fisher, Germany) 
Torch Fassel type (Thermo Fisher, Germany) 
Spray chamber 20 mL Quartz cyclonic (Glass Expansion, Australia) 
Nebuliser 0.2 mL min-1 Micromist (Glass Expansion, Australia) 
RF power (W) 1350 
Cool gas flow (L min-1) ~15 
Auxiliary gas flow (L min-1) ~0.7 
Sample gas flow (L min-1) ~0.95 
Guard electrode Activated 
Sample uptake 100 s, with pumping 
Sample rinse 150 s, 1 % HNO3 
Scan type E-scan 
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Chapter 6. Multiple sources of soluble atmospheric iron to 

Antarctic waters 

This chapter has been published in Global Biogeochemical Cycles. The data has been 

published in the Curtin University Research Data Repository. Co-author contributions can be 

found in Appendix A3. 

V.H.L. Winton, R. Edwards, B. Delmonte, A. Ellis,  P.S. Andersson, A. Bowie, N.A.N. 

Bertler, P. Neff, A. Tuohy., 2016. Multiple sources of soluble atmospheric iron to Antarctic 

waters. Global Biogeochemical Cycles, 29, doi:10.1002/2015GB005265. 

V.H.L. Winton, R. Edwards, B. Delmonte, A. Ellis,  P.S. Andersson, A. Bowie, N.A.N. 

Bertler, P. Neff, A. Tuohy, 2015. Roosevelt Island 2012/2013 1.5 m snow pit data set. Curtin 

University Research Data, http://doi.org/10.4225/06/565BCE14467D0. 

Abstract 

The Ross Sea, Antarctica, is a highly productive region of the Southern Ocean. Significant 

new sources of iron (Fe) are required to sustain phytoplankton blooms in the austral summer. 

Atmospheric deposition is one potential source. The fractional solubility of Fe is an important 

variable determining Fe availability for biological uptake. To constrain aerosol Fe inputs to 

the Ross Sea region, fractional solubility of Fe was analysed in a snow pit from Roosevelt 

Island, eastern Ross Sea. In addition, aluminium, dust, and refractory black carbon (rBC) 

concentrations were analysed, to determine the contribution of mineral dust and combustion 

sources to the supply of aerosol Fe. We estimate exceptionally high dissolved Fe (dFe) flux 

of 1.2 x 10-6 g m-2 y-1 and total dissolvable Fe (TDFe) flux of 140 x 10-6 g m-2 y-1 for 

2011/2012. Deposition of dust, Fe, Al, and rBC occurs primarily during spring-summer. The 

observed background fractional Fe solubility of ~0.7 % is consistent with a mineral dust 

source. Radiogenic isotopic ratios and particle size distribution of dust indicates that the site 

is influenced by local and remote sources. In 2011/2012 summer, relatively high dFe 

concentrations paralleled both mineral dust and rBC deposition. Around half of the annual 

aerosol Fe deposition occurred in the austral summer phytoplankton growth season; however 
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the fractional Fe solubility was low. Our results suggest that the seasonality of dFe deposition 

can vary, and should be considered on longer glacial-interglacial timescales. 
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6.1 Introduction 

The Ross Sea is the most biologically productive continental shelf region around Antarctica 

and an important region for atmospheric CO2 sequestration [Arrigo and Van Dijken, 2007; 

Arrigo et al., 1998; Arrigo et al., 2008b; Smith and Gordon, 1997]. Each summer the Ross 

Sea blooms with phytoplankton [e.g. Smith and Gordon, 1997]. Two distinct blooms occur, 

with each characterized by differences in location, timing, water stratification and species 

[Arrigo and van Dijken, 2004]. The first bloom occurs in the central Ross Sea polynya north 

of the Ross Ice Shelf and is dominated by Phaeocystis Antarctica. This bloom develops in 

late October-November when sea ice is still present and terminates as early as mid-

December. The second bloom occurs in the southwestern (SW) Ross Sea, is dominated by 

diatoms, and is much smaller in areal extent. In the Southern Ocean, environmental factors 

responsible for controlling the rates of phytoplankton production include: grazing [e.g. Banse, 

1991], temperature [e.g. Bunt, 1963], light availability [e.g. Mitchell et al., 1991], water 

stratification [Tagliabue and Arrigo, 2006], sea ice extent [Smith and Nelson, 1986], trace 

metal availability [e.g. Fe; Martin et al., 1990; Sedwick and DiTullio, 1997; Sedwick et al., 

2011], or a combination of these [e.g. Arrigo et al., 2000]. Due to the Ross Sea’s capacity to 

support intense early summer phytoplankton blooms, the seasonally Fe-limited high-nutrient 

high-chlorophyll (HNHC) regime of the Ross Sea in summer is distinct from the chronically 

Fe-limited high nutrient, low chlorophyll (HNLC) offshore waters of the Southern Ocean 

[Tagliabue and Arrigo, 2005]. 

In-situ oceanic iron (Fe)-fertilization experiments have demonstrated a response of the 

ecosystem to relatively small additions of dissolved Fe (dFe) in the Ross Sea and other 

sections of the Southern Ocean [Coale et al., 2003; Martin et al., 1990]. The seasonally Fe-

limited HNHC regime in the Ross Sea requires continuous new inputs of dissolved Fe (dFe) 

to sustain these phytoplankton blooms [e.g. Fitzwater et al., 2000; Sedwick et al., 2011]. 

Inputs of new Fe to surface waters in the Ross Sea can occur through upwelling of deep 

waters, transport from continental margins by ocean currents, melt from sea-ice, icebergs and 

ice shelves, and atmospheric aerosol deposition [Atkins and Dunbar, 2009; de Jong et al., 

2013; Gerringa et al., 2015; Jacobs et al., 1970; Marsay et al., 2014; Sedwick and DiTullio, 

1997; Sedwick et al., 2011; Winton et al., 2014].  

193 
 



In terms of an atmospheric source, the deposition of aerosol Fe to remote Southern Ocean 

surface waters is extremely low [e.g. Winton et al., 2015], and has been investigated in 

relation to the distribution and transport of mineral dust. Little aerosol Fe data exists for the 

Ross Sea region. Total dissolvable Fe (TDFe) aerosol fluxes to the Ross Sea from long-range 

transport dust have been estimated to range between 0.007 to 0.1 mg m-2 yr-1 [Edwards and 

Sedwick, 2001]. Measurements of local soluble Fe from local dust on sea ice in McMurdo 

Sound [Winton et al., 2014] show that this local Fe source is much larger (2-7 mg m-2 yr-1) 

than that supplied by long-range transport sources [e.g. Wagener et al., 2008]. The supplied 

Fe, however, only contributes to phytoplankton blooms within the localized McMurdo Sound 

region. On longer timescales, enhanced glacial atmospheric Fe deposition has been linked to 

higher rates of Southern Ocean primary productivity as observed from recent Southern Ocean 

marine sediment studies [e.g. Martínez-García et al., 2014]. Furthermore, Antarctic ice core 

records associate higher dust deposition rates with Fe supply during glacial stages [Conway et 

al., 2015; Edwards et al., 2006; Gaspari et al., 2006; Vallelonga et al., 2013]. Dust 

deposition to Antarctica can be sourced from both remote and local sources [e.g. Bory et al., 

2010; Delmonte et al., 2013]. Dust provenance can be determined from the 87Sr/86Sr and 
143Nd/144Nd radiogenic isotope composition of dust in snow and ice by comparison with 

potential source areas (PSAs) [Grousset and Biscaye, 2005]. This is because the Sr and Nd 

isotopic composition of dust are primarily related to lithology and the geologic history of 

parent materials [Faure, 1986]. 

Aerosol Fe bioavailability information is required to constrain the biogeochemical impact of 

present and past atmospheric Fe variability. Reported values of fractional aerosol Fe 

solubility range from 0.01 to 90 % [Baker and Croot, 2010; Bowie et al., 2009; Edwards and 

Sedwick, 2001; Heimburger et al., 2013a; Mahowald et al., 2005]. This large range may 

reflect differences in mineral dust concentrations, particle size, atmospheric weathering and 

aerosol leaching methods [Aguilar-Islas et al., 2010; Baker and Jickells, 2006; Bonnet and 

Guieu, 2004; Buck et al., 2006; Chen and Siefert, 2003; Spokes and Jickells, 1995; Trapp et 

al., 2010; Zhuang et al., 1990; Zhuang et al., 1992]. An alternative hypothesis for the 

observed solubility range is that it results from a mixture of aerosol Fe sources with different 

mineralogy and fractional Fe solubility [Sholkovitz et al., 2012]. Sholkovitz et al. [2012] 

showed that global scale fractional aerosol Fe solubility displays an inverse hyperbolic 

relationship with the total Fe concentration. This relationship is consistent with a low 

fractional Fe solubility for mineral dust (~1-2 %) and the presence of other soluble Fe 
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sources, such as those originating from biomass burning and oil combustion with higher 

fractional Fe solubility [Chuang et al., 2005; Guieu et al., 2005; Ito, 2011; Kumar et al., 

2010; Luo et al., 2008; Paris et al., 2010; Sedwick et al., 2007; Sholkovitz et al., 2009]. 

Estimates of fractional Fe solubility from fire combustion range from 1 to 60 % and may vary 

in relationship to biomass and fire characteristics as well as that of the underlying terrain 

[Guieu et al., 2005; Ito, 2011; Kumar et al., 2010; Luo et al., 2008; Paris et al., 2010]. Over 

the time period investigated (2010-2012) in this study, Southern Hemisphere biomass burning 

emissions primarily occurred in the intertropical convergence zone (ITCZ) of Africa, 

Australia and South America [Giglio et al., 2013]. Of these regions, Australia is the closest to 

the Ross Sea. Biomass burning constitutes a large source of austral dry-season aerosol 

emissions over northern Australia, and episodic austral summer wildfires in southern and 

eastern Australia [e.g. Meyer et al., 2008]. Refractory black carbon aerosols (rBC) are 

emitted by biomass burning and fossil fuels [Reid et al., 2005]. In the Southern Hemisphere, 

rBC emissions are primarily from biomass burning [Giglio et al., 2013] and can be used as a 

proxy for the long-range transport of biomass burning aerosols to Antarctica. Bisiaux et al. 

[2012b] investigated ice core records of rBC deposition to West Antarctica and found annual 

deposition consistent with austral dry season biomass burning. Thus, Fe associated with rBC 

may provide information with respect to biomass burning inputs of Fe to the Southern Ocean 

in this study. 

An intermediate depth ice core (764 m) was recently drilled in the framework of the 

Roosevelt Island Climate Evolution (RICE) project Roosevelt Island (79.36086 ºS, 

161.64600 ºW; Fig. 6.1), located on the opposite side of the Ross Sea to McMurdo Sound. 

Many aspects of atmospheric Fe deposition in marginal areas of Antarctica remain poorly 

known. In this respect, Roosevelt Island represents an ideal location to investigate the timing 

and source(s) of soluble Fe deposition to the eastern Ross Sea region. This study investigated 

the present-day seasonality of fractional Fe solubility, and potential sources from mineral 

dust and refractory black carbon (rBC) at Roosevelt Island. 

195 
 



 

Fig. 6.1: a) Map of Antarctica showing the location of the Ross Sea. b) Insert of Marie Byrd Land showing West Antarctica potential source areas and Roosevelt 

Island dust sample locations (RI1-2). EAIS: East Antarctic Ice Sheet, MDV: McMurdo Dry Valleys, TAM: Transantarctic Mountains.  
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6.2 Methods 

A detailed description of the snow sampling procedure, dust, rBC, trace metal solubility and 

Sr and Nd isotopic analysis can be found in Supplementary Information 1. Briefly, four 

parallel profiles of ultra-clean snow samples were collected at 3 cm resolution from a 1.5 m 

snow pit. The snow pit was located in a designated clean sector at Roosevelt Island during the 

2012/13 RICE ice core drilling campaign. Parallel profile samples were measured for particle 

size and concentration (Coulter Counter [Delmonte et al., 2002]), rBC concentration (single 

particle intracavity laser-induced incandescence photometer (SP2 [Sterle et al., 2013]), δ18O 

isotopes (high-resolution laser absorption spectroscopy; Los Gatos Research Liquid-Water 

Isotope Analyser), and dissolved and total dissolvable concentrations of sulfur (S), Fe and 

aluminium (Al). Dissolved Fe and Al fractions were determined by filtering a 10 mL aliquot 

of snow melt through a 0.2 µm filter [Lannuzel et al., 2008]. The remaining (unfiltered) 

sample was leached with 1 % HCl (ultra-pure) for three months to determine the total 

dissolvable trace metal fraction following Edwards et al. [2006] who showed that a three-

month leaching period was required for TDFe concentrations to plateau. Total dissolvable 

solutions and dissolved leachates were analysed by high resolution inductively coupled 

plasma mass spectrometry (HR-ICP-MS). HR-ICP-MS operating conditions and blank 

elemental levels are reported in Tables S6.1 and S6.2. Stringent trace metal practices were 

employed at all stages of sample processing and analysis. Sampling vials and filtration gear 

was rigorously acid cleaned prior to use following GEOTRACES protocols2. Fractional Fe 

solubility was calculated using equation 6.1: 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹 𝑆𝑆𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑠𝑠 = 𝑑𝑑𝐹𝐹𝑆𝑆
𝑇𝑇𝑇𝑇𝐹𝐹𝑆𝑆

 𝑥𝑥 100   Equation (6.1) 

where dFe is the soluble or dissolved Fe fraction and TDFe is the total dissolvable fraction. 

A reflected light optical microscope (BX51M) was used to confirm the presence of large 

particles (>10 µm) detected by Coulter Counter (Fig. S6.1). Adjacent to the snow pit, a large 

volume of surface snow was collected for Sr and Nd isotopic ratios and concentrations of 

dust for provenance attribution (Supplementary Information 1). Dust particles were separated 

from the snow, and two samples (RI1-2) were spiked, digested, separated from interfering 

2 http://www.geotraces.org/images/stories/documents/intercalibration/Cookbook.pdf 
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elements and analysed by TRITON Thermal Ionization Mass Spectrometer (TIMS) following 

Delmonte et al. [2008]. 

6.3 3. Results 

6.3.1 Snow pit dating  

The dating of the RICE snow pit was based on water stable isotope ratios δ18O and on 

concentrations of total dissolved non-sea-salt sulfur (nss-S) (Fig. 6.2) following Tuohy et al. 

[2015]. Non-sea-salt sulfur shows sharp, well defined summer peaks. The δ18O measurements 

in Antarctic snow and ice often reflect seasonal cycles in temperature [Dansgaard, 1954; 

Johnsen et al., 1972]. However, the upper snow pack at Roosevelt Island contains δ18O 

variability within seasons which reflects individual storm events [Tuohy et al., 2015]. 

Summers were determined as 1 January and were positioned where nss-S peaks aligned with 

peaks or shoulders of peaks in the δ18O record. Winters were determined as 1 July where a 

nss-S trough aligned with a δ18O trough. Annual cycle counting of nss-S layers shows the 

snow pit spans a two year period from summer 2012/13 to summer 2010/11 (Fig. 6.2), with 

an age uncertainty of ±0.5 year at the base of the snow pit. The snow accumulation rate of the 

snow pit is estimated to be 0.33 m yr-1 water equivalent (w.e; estimated from nss-S 

concentration peaks between January 2011 and January 2012), assuming the average annual 

distribution of snowfall is uniform. These rates are consistent with an accumulation rate of 

~0.27 m yr-1 ice equivalent from snow stake measurements ~700 m from the snow pit site at 

Roosevelt Island between 2010 and 2012 [H. Conway, unpublished data, 2015]. 

To constrain the seasonality of nss-S with known sulfate emissions from phytoplankton [e.g. 

Rhodes et al., 2009], high-resolution chlorophyll-a satellite data were downloaded for the 

Ross Sea region (area defined by 161.175° to -151.125°, -70.078° to -80.0°) (Fig. 6.2k-l, 

SeaWiFS; http://disc.sci.gsfc.nasa.gov/giovanni). The temporal development of Ross Sea 

polynya phytoplankton bloom (“bloom 2,” see Section 6.1) was used due to the dominant 

easterly transport within the Ross Sea [Sinclair et al., 2010]. Comparison of chlorophyll-a 

concentration data over the Ross Sea region shows that the bloom develops in November and 

declines in December in both 2010 and 2011 (Fig. 6.2l). In addition, a hoar layer (with a low 

snow density of 0.20 g m-3) at ~55 cm depth in the snow pit was compared to nss-S summer 
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maxima Fig. 6.2i-l). The age scale independently places this hoar layer in 2011 spring-

summer, confirming the validity of the overall age model. 
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Fig. 6.2: Roosevelt Island snow pit profile showing a) fractional Fe solubility, b) dFe concentration, c) dAl 

concentration, d) rBC concentration, e) TDFe concentration, f) TDAl concentration, g) dust concentration 

for the 1-5 µm fraction, h) total dust concentration for the 1-30 µm fraction, i) δ18O, j) snow density, k) 

nss-S concentration, l) chlorophyll-a concentration. Grey bars indicate summer periods. Blue bars 

highlight the largest periods of dFe deposition. Black lines indicate smoothed data using a 0.15 loess 

model [Cleveland and Devlin, 1988]. 

200 
 



6.3.2 Seasonal dust variability and particle size distribution  

The Roosevelt Island snow pit records inter-annual variability in dust deposition over a two 

year period. The dust concentration in the snow pit ranges from 2 to 41 ng g-1 for the 1-5 µm 

fraction and 2 to 58 ng g-1 for the 1-30 µm particle size fraction. We note that two samples 

have low dust concentrations (<4 ng g-1) close to exposure blank levels (~2 ng g-1). Dust 

deposition in the snow pit is episodic. The dust record displays two maxima corresponding to 

summer-spring elevated levels of nss-S in January 2012 and January 2011 (Figs. 6.2g-h and 

2k). Lower dust concentrations are observed in winter, however, an episodic dust event is 

captured during winter 2012. Seasonal dust deposition at Roosevelt Island, primarily during 

spring-summer, is coherent with an earlier snow pit study from the site that showed higher 

Al/Na ratios [Cohen, 2013] in correspondence with summer peaks of the δ18O record. At 

GV7, a peripheral site located on the South Pacific margin of the East Antarctic ice sheet in 

Northern Victoria Land (Fig. 6.1), dust deposition from a snow pit clearly shows spring-

summer maxima and winter minima (B. Delmonte, unpublished data, 2015). Dust deposition 

at other locations in Antarctica also exhibits seasonal variability with a maximum in summer 

(e.g. Berkner Island [Bory et al., 2010], Windless Bight, McMurdo Sound [Dunbar et al., 

2009] and South Pole [Legrand and Kirchner, 1988]).  

The particle size distribution of dust particles measured from 1 to 30 µm does not 

approximate a lognormal particle size distribution. Rather, the size distribution of dust 

particles approaches the theoretical dust emission particle size distribution, parameterized by 

[Kok, 2011a], for particles between 1 and 5 µm in diameter in samples with elevated dust 

concentrations in both spring-summer periods. The particle size can be seen in some of these 

highly concentrated spring-summer samples in Fig. 6.3 and compared to the lognormal 

particle size distribution of long-range transport dust to the East Antarctic Plateau. For very 

low concentration samples, the size distribution of microparticles typically does not show a 

clear mode. For this reason, other size indicators (fine particle percentage (FPP) and the 

coarse particle percentage (CPP) parameters) were introduced to study long-term dust size 

variations in central Antarctica [Delmonte et al., 2002]. In this case, longer records of particle 

size distributions are required to investigate seasonality in particle size distribution at 

Roosevelt Island. Large particles with an equivalent spherical diameter between 5 and 10 µm 

were also observed (Fig. 6.3). 
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Fig. 6.3: Examples of particle size distributions in the snow pit from Roosevelt Island and comparison to the lognormal particles size distribution of Holocene dust 

from the Dome C ice core on the East Antarctic Plateau. Blue: a) Normalized size distribution of the number of particles (dN/dlogD), b) normalized volume size 

distribution (dV/dlogD). Samples shown are RI_14, Black: RI_6, Red: RI_10. Dome C Holocene particle size distribution from Delmonte et al. [2002]. 
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6.3.3 Isotopic composition of dust 

The Sr and Nd isotopic composition of the two Roosevelt Island dust samples (RI1-2) are 

0.7122< 87Sr/86Sr <0.7156 and εNd(0)=-9.6. These data are reported in Table 6.1 and Figs. 

6.4-6.5 with additional isotopic data from Antarctic PSAs. PSAs in Fig. 6.4 are grouped by 

geographic location. 
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Table 6.1:Nd and Sr concentrations [in parentheses] and isotopic composition of Roosevelt Island surface snow samples analysed in this study. n.d.: no data. 

Sample Size 
(µm) 

143Nd/144Nd 
a)±2σmean 

*106 
b)εNd(0) c)±2σ [Nd] 

(ppm) 
d)± 

(ppm) 
87Sr/86Sr 

e)±2σmean 
*106 

f)87Sr/86Sr 
corrected 

g)±2σ 
*106 

[Sr] 
(ppm) 

d)± 
(ppm) 

RI-1 Bulk n.d. n.d. n.d. n.d. 3 0.3 0.712173 17 0.712201 17 40 4 

RI-2 Bulk 0.512146 50 -9.6 0.3 12 1.2 0.715560 48 0.715588 48 60 6 
 

a)Internal precision, 2 standard errors of the mean. 
b)Nd isotopic ratios expressed as epsilon units εNd(0) = [(143Nd/144Nd)sample/(143Nd/144Nd)CHUR-1]x104; CHUR, chondritic uniform reservoir with 143Nd/144Nd=0.512638. 
c)Uncertainty estimates based upon external precision for standard runs. Internal precision is used if it exceeds the external.  
d)Error due to difficulty of measuring small sample masses, estimated by repeat measuring of weighting BCR-2 standards (~0.3 mg).  
e)Internal precision, 2 standard errors of the mean. 
f)Corrected to a NBS 987 87Sr/86Sr ratio of 0.710245.  
g)Uncertainty estimates based upon external precision for standard runs. Internal precision is used if it exceeds the external. 
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Fig. 6.4: Nd and Sr isotope signature of Roosevelt Island surface snow dust sample. Note only one sample 

is plotted as there is no Nd data for the second sample. Also plotted are data from Victoria Land 

sediments from potential dust sources (regolith, glacial deposits, aeolian sediments) [Delmonte et al., 

2004b; Delmonte et al., 2013; Delmonte et al., 2010b] that include different parent lithologies (Victoria 

Land Ferrar Igneous Provence [Antonini et al., 1999; Delmonte et al., 2004b; Elliot et al., 1999; Fleming et 

al., 1995] and Victoria Land Palaeozoic rocks [Cox et al., 2000; Schüssler et al., 1999; Talarico et al., 

1995]) and volcanic rocks from the McMurdo Volcanic Group and West Antarctica [Delmonte et al., 

2004b; Futa and Le Masurier, 1983; Hole and LeMasurier, 1994]. 
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Fig. 6.5: 87Sr/86Sr isotopic composition of Roosevelt Island dust compared to McMurdo Sound dust 

[Winton et al., 2014; Winton et al., in review], Antarctic volcanic rocks [Delmonte et al., 2004b; Futa and 

Le Masurier, 1983; Hole and LeMasurier, 1994] and King Edward VII Peninsula, Marie Byrd Land, West 

Antarctic Granites and metasedimentary basement rocks [Adams et al., 1995]. 

6.3.4 Microscope observations 

Mineral dust and volcanic glass (~10 µm in diameter) was present in Roosevelt Island 

samples, but only a few qualitative optical observations were performed on selected samples 

from Roosevelt Island (Fig. S6.1). Volcanic glass is a common component of background 

dust in Antarctica [Narcisi et al., 2005]. These microscopic observations were useful for 

confirming the presence of particles having a diameter between 5 and 10 µm, thus a) 

eliminating the possibility of particulate contamination of sampling equipment and laboratory 

procedures, and b) validating Coulter Counter observations of relatively coarse particles in 

the samples. 
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6.3.5 Refractory black carbon  

Deposition of rBC in the Roosevelt Island snow pit is highest during the 2011/2012 summer 

(Fig. 6.2d). Austral winter background values in 2011 average ~100 pg g-1, and the summer 

rBC concentrations reached four times above background levels in January 2011, and seven 

times the background levels in January 2012 (up to ~1.5 ng g-1). The 2011/2012 summer peak 

in rBC was exceptionally high in comparison to rBC concentrations reported for the West 

Antarctic Ice Sheet (WAIS) Divide ice core (geometric mean ~80 pg g-1 [Bisiaux et al., 

2012b]). Additional smaller peaks of rBC concentrations were also found in late winter-

spring in 2012 at Roosevelt Island, similar to the timing of rBC deposition at WAIS Divide. 

6.3.6 Dissolved and total dissolvable iron and aluminium  

With the exception of one layer (61.5 - 64.5 cm depth), TDFe and TDAl concentrations 

ranged from 0.01 ± 0.001 to 1.9 ± 0.1 ng g-1 and 0.01 ± 0.001 to 1.8 ± 0.1 ng g-1 respectively. 

The higher concentrations from the 61.5 - 64.5 cm layer were 5.4 ± 0.1 ng g-1 of TDFe and 

6.7 ± 0.1 ng g-1 of TDAl. This depth also displayed high rBC concentrations of 1630 pg g-1. 

TDFe and TDAl co-vary in the snow pit (Figs. 6.2e-f). A strong relationship was found 

between the two trace metals (r2=0.86; Fig. 6.S3a), with maxima occurring in the summer at 

the same time as rBC and dust in 2011/2012 but not in 2010/2011. 

Dissolved Fe concentrations were lower than TDFe, and ranged between 0.001 ± 0.0001 and 

0.2 ± 0.001 ng g-1 (Fig. 6.2b). Although the exposure blank dFe and dAl concentrations are 

exceptionally low (Table S6.2), the dFe and dAl blank background is similar to some of the 

snow pit samples. Due to the extremely low dissolved concentration of the snow pit samples, 

it is possible that the uncertainty on the blank concentrations could be responsible for some of 

the temporal variation. Nevertheless, dFe peaked four times above the recorded dFe 

background of 0.02 ng g-1. Two of these maxima occurred in summer 2011/2012 at the same 

time as peaks in TDFe, TDAl, dust and rBC concentrations at Roosevelt Island, while the 

other two peaks occur in the winter when dust rBC, TDFe and TDAl are low (Fig. 6.2). 
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6.4 Discussion  

6.4.1 Atmospheric dust deposition and provenance 

Ice cores from the high-elevation East Antarctic Plateau represent a unique archive to 

investigate long-range dust transport [e.g. Delmonte et al., 2004b]. In contrast, around the 

margin of Antarctica, the occurrence of sparse ice-free areas can represent a non-negligible 

dust source to the local atmosphere [Delmonte et al., 2013]. At these sites, the interpretation 

of ice core dust records is related to mesoscale dust entrainment, advection and deposition 

driven by regional circulation. Roosevelt Island is a low-altitude location (550 m.a.s.l.), well 

outside the high-elevation polar plateau. Large expanses of ice-free areas occur around the 

margins of the Ross Sea (Fig. 6.1), and thus the dust cycle there is widely different from the 

East Antarctic Plateau in terms of abundance and origin. 

Known dust sources to the western Ross Sea include the Transantarctic Mountains, Terra 

Nova Bay and McMurdo Sound [Atkins and Dunbar, 2009; Barrett et al., 1983; Dunbar et 

al., 2009]. Of these, southern McMurdo Sound is known to be the dustiest location in 

Antarctica [Chewings et al., 2014; Winton et al., 2014]. In terms of the western Ross Sea, Sr 

and Nd isotopic data is only available for McMurdo Sound and some areas in the 

Transantarctic Mountains [Cook et al., 2013; and refernces therein; Delmonte et al., 2004b; 

Delmonte et al., 2013; Winton et al., 2014], although an expansion of the existing isotopic 

catalogue of Antarctic PSAs is in preparation [Blakowski et al., submitted] in an effort to 

deepen the current understanding of Holocene dust input to the periphery of the EAIS. The 

isotopic signature of these PSAs in the western Ross Sea is plotted in Fig. 6.4 and compared 

to the signature of Roosevelt Island dust measured in this study. The isotopic composition of 

one sample representing modern summer snow at Roosevelt Island is markedly different from 

the fingerprint of McMurdo Sound (Table 6.1, Fig. 6.4), i.e., Roosevelt Island dust (0.7122< 
87Sr/86Sr <0.7156 and εNd(0)=-9.6) has a more radiogenic 87Sr/86Sr signature and less 

radiogenic εNd(0) signature compared to the volcanic sediments from McMurdo Sound 

[Winton et al., 2014]. Therefore, the isotopic data alone suggests that dust deposited on 

Roosevelt Island cannot be solely sourced from McMurdo Sound. 

In addition, the dust concentrations at Roosevelt Island are lower and the particle size 

distribution is finer than the dusty McMurdo Sound [e.g. Chewings et al., 2014]. An annual 
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dust flux at Roosevelt Island was estimated for the calendar year 2011 (the beginning of the 

calendar year was taken at each nss-S peak), and the water equivalent depth was calculated 

from the snow pit density measurements (Fig. 6.S2). The estimated dust flux of 6 mg m-2 yr-1 

for the 1-5 µm particle fraction (8 mg m-2 yr-1 for the bulk 1-30 µm particle fraction) at 

Roosevelt Island in this study is seven times greater than the equivalent pre-industrial East 

Antarctic dust flux of 0.19-0.75 mg m-2 yr-1 [Delmonte et al., 2013], and also greater than 

modern modelled and empirical fluxes of dust to the Southern Ocean (0.3 to 2.5 mg m-2 d-1) 

[Duce et al., 1991; Mahowald et al., 2005; Wagener et al., 2008]. The bulk 1-30 µm dust flux 

at Roosevelt Island is double that found in the WAIS Divide ice core: ~4 mg m-2 yr-1 over the 

past two millennia [Koffman et al., 2014b]. By comparison, the dust fluxes for Roosevelt 

Island, East Antarctica and the Southern Ocean are orders of magnitude lower than the dust 

flux of the McMurdo Sound fine fraction reported by Winton et al. [2014], i.e. 460 mg m-2 yr-

1 for the <10 µm fraction. 

Larger dust particles (between 5-10 µm) represent a non-negligible contribution to the total 

dust input at Roosevelt Island. The particle size distribution of the dust at Roosevelt Island 

(Fig. 6.3) is coarser than the distally-sourced dust deposited on the East Antarctica Plateau. 

For example, at Dome C and other sites located in central Antarctica [Delmonte et al., 2002], 

dust particles are mostly within the size interval 1-5 µm in diameter. The only large particles 

deposited on the central East Antarctic Plateau have been previously associated with tephra 

layers [Basile et al., 2001; Narcisi et al., 2005]. Furthermore, the particle size distribution 

curve can provide additional information about the proximity to the dust source [Kok, 2011a; 

b]. Dust follows a lognormal distribution in ice cores from regions that primarily receive 

long-range transport dust to the East Antarctic Plateau or central Greenland [Delmonte et al., 

2002; Ruth, 2002; Steffensen, 1997], for example, Dome C (Fig. 6.3). However, recent work 

by Kok [2011a; 2011b] has shown that dust near the emission source does not necessarily 

follow a lognormal distribution. The spring-summer snow pit samples that approach the 

theoretical dust emission particle size distribution, parameterized by [Kok, 2011a], at 

Roosevelt Island and other sites near the margin of the ice sheet (e.g. WAIS Divide [Koffman 

et al., 2014b]), suggest that dust is not travelling as far as long-range transported dust 

reaching the East Antarctic Plateau which has a lognormal distribution [Delmonte et al., 

2002] (Fig. 6.3). These spring-summer samples that approach the theoretical dust emission 

distribution are indicative of local dust sources. Compared to the East Antarctic Plateau, the 

higher dust flux, particle size distribution approaching the theoretical dust emission 
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distribution and the presence of large particles (<10 µm) observed under the optical 

microscope and SEM suggests a local Antarctic dust input to Roosevelt Island. This local 

Antarctic dust input has a distinctly different isotopic fingerprint to modern McMurdo Sound 

dust emissions (Fig. 6.4). 

The Sr and Nd isotopic signature of Roosevelt Island dust in Figs. 6.4 and 6.5 suggest that 

dust deposited at Roosevelt Island during summer 2012/2013 could be a mixture of at least 

two local sources. One end member is likely volcanic material with relatively high radiogenic 

Nd and less radiogenic Sr. The other end member is likely to be much older, with more 

radiogenic Sr and less radiogenic Nd. Given existing Sr and Nd isotopic data, the sources to 

Roosevelt Island include eastern Australia, parts of coastal Marie Byrd Land, and most of 

Victoria Land. Given the relatively high dust flux, the presence of large particles and particle 

size distribution approaching the theoretical dust emission distribution we first consider local 

dust sources upwind of Roosevelt Island. The fetch area of five-day air mass back trajectories 

for 2011 and 2012 arriving at Roosevelt Island are predominately from West Antarctica, the 

Pacific Ocean sector of Antarctica and Victoria Land [Tuohy et al., 2015]. Air mass back 

trajectories and background climatological circulation shows prevailing winds cross exposed 

rock in Marie Byrd Land, West Antarctica before arriving at Roosevelt Island [Koffman et 

al., 2014b; Tuohy et al., 2015]. Air masses can also arrive at Roosevelt Island via synoptic 

cyclonic circulation in the Ross Sea [Koffman et al., 2014b; Neff and Bertler, 2015b]. 

Therefore, two potential end member local dust sources for Roosevelt Island are West 

Antarctic volcanic material and Victoria Land Palaeozoic rocks (i.e., the bedrock that 

comprises most of northern Victoria Land, effectively upwind of Roosevelt). Figure 6.4 

shows that the isotopic composition of Roosevelt Island dust falls between the isotopic fields 

of both these end members. Despite the isotopic similarity of Victoria Land Palaeozoic rocks 

and Roosevelt Island dust, we believe this West to East dust transport hypothesis very 

unlikely, because strong convective uplift would be necessary to uplift dust in the troposphere 

above the marine boundary layer, where dust is rapidly removed.  

In terms of Victoria Land, previous studies have shown that although there is a high dust flux 

within the McMurdo Dry Valleys [Ayling and McGowan, 2006; Gillies et al., 2013; 

Lancaster et al., 2010; Selby et al., 1974], little dust exits the valleys [Winton et al., In Press]. 

The long exposure to katabatic winds has winnowed the surface sediment, resulting in a lack 

of dust and very fine sand-sized material over most of the valley floor [e.g. Delmonte et al., 
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2010b; Selby et al., 1974]. These air masses do not travel high in the troposphere and when 

they encounter humidity from the ocean, the dust is scavenged. Although Bhattachan et al. 

[2015] suggest that dust from Taylor Valley in the McMurdo Dry Valleys could supply 

soluble iron to the wider Southern Ocean, other studies have discounted the McMurdo Dry 

Valleys as a major dust (and dFe) source due to the limited transport in this region [Barrett et 

al., 1983; Bentley, 1979; Chewings et al., 2014; Winton et al., 2014; Winton et al., 2016]. 

Therefore, we suggest that dust sourced from Victoria Land is unlikely to be transported 

eastward to Roosevelt Island. While Victoria Land sources should not be completely 

discarded due to the large expanse of ice-free area and the isotopic signature Victoria Land 

Palaeozoic rocks potentially acting as an end member dust source, we also consider local 

sources from Marie Byrd Land that are immediately upwind of Roosevelt Island.  

Although Roosevelt Island is completely ice-covered, there are patchy ice-free areas 

(Rockefeller Mountains and Alexandra Mountains, and extensive volcanics e.g. the Executive 

Committee Range) along the north-westernmost part of Marie Byrd Land, on the King 

Edward VII Peninsula (Fig. 6.1b), that is adjacent to the eastern Ross Sea. According to 

Adams et al. [1995], the King Edward VII Peninsula is characterized by presence of three 

main rock units: i) a low-grade metasedimentary suite of late Ordovician age, correlated with 

the Swanson Formation of the Ford Ranges; ii) a granitoid suite correlated to the Byrd Coast 

granite and particularly developed in the Rockefeller Mountains, which includes 

monzogranites and syenogranites, and iii) the Alexandra Metamorphic Complex formed by 

migmatitic paragneiss. The Sr isotopic signature of these ice-free areas on the eastern margin 

of the Ross Sea is compared to Roosevelt Island dust in Fig. 6.5. Whole-rock Rb-Sr 

geochemistry of the Rockefeller and Alexandra Mountains of Edward VII Peninsula show 
87Sr/86Sr higher than about 0.721 (Swanson Formation) and higher than 0.712 (Byrd Coast 

Granite) (Fig. 6.5) while Nd isotopic data are not available [Adams et al., 1995]. On the 

contrary, volcanic rocks from Marie Byrd Land and other volcanic provinces show very 

unradiogenic Sr (McMurdo Sound and Marie Byrd Land volcanic rocks (0.7026< 87Sr/86Sr 

<0.7032 and 2.0< εNd(0) <6.9); Fig. 6.5) [Futa and Le Masurier, 1983; Hole and LeMasurier, 

1994]. On the basis of Sr isotopic data and particle size distribution data indicating that dust 

at Roosevelt Island may be locally-sourced at present-day, we suggest that the summer 

2012/2013 Roosevelt Island snow dust sample represents a mixture of local volcanic dust and 

crustal material likely deriving from the neighbouring granites and metasedimentary rocks of 
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western Marie Byrd Land and possibly Palaeozoic rocks from Victoria Land (Figs. 6.4 and 

6.5). 

We also consider a remote Southern Hemispheric contribution of long-range transported dust 

to Roosevelt Island. Distally-derived larger particles could reach Roosevelt Island but are not 

transported further inland to the high elevation Antarctic interior. The Roosevelt Island 

isotopic signature is distinctly different to dust deposited on East Antarctica during the pre-

industrial (1400 A.D. - 1800 A.D.; 87Sr/86Sr ranging between 0.707468 - 0.708468) and 

Holocene periods (87Sr/86Sr ranging between 0.707689 - 0.711200 [Delmonte et al., 2013]), 

which suggests the eastern Ross Sea has a different dust source to the East Antarctica Plateau. 

Roosevelt Island falls within the Australian isotopic field, which is characterized by 87Sr/86Sr 

ratios ranging from 0.709 to 0.732 and εNd(0) between −3 and −15 [Delmonte et al., 2004b; 

Revel-Rolland et al., 2006]. Revel-Rolland et al. [2006] and De Deckker et al. [2010] 

suggested that Australia could contribute to the dust input in central East Antarctica. 

Modelling studies of dust transport to Antarctica from Southern Hemispheric continents 

[Krinner et al., 2010] show that the annual mean concentration of dust in the eastern Ross 

Sea region of Antarctica is mostly represented by dust derived from Australia, in agreement 

with former modelling studies [Albani et al., 2012b; Li et al., 2008; McGowan and Clark, 

2008]. We note, in addition, that the seasonality of Australian dust export to high southern 

latitudes occurs during spring and summer [Boyd et al., 2004; Mahowald et al., 2005], hence 

it is synchronous with the dust peaks we observed in the Roosevelt Island snow pit. Krinner 

et al. [2010] clearly showed that the concentration of Australian continental dust tracers is at 

a maximum at about 150 °W, close to Roosevelt Island. Although, dust appears to be mostly 

concentrated at higher tropospheric levels (about 6000 m) that are well above the altitude of 

the Roosevelt Island [Krinner et al., 2010]. Neff and Bertler [2015b] and Tuohy et al. [2015] 

highlight the likelihood of air parcels transported to Roosevelt Island: both air mass back 

trajectories for the 2011/2012 summer season and the average seasonal air mass forward 

trajectories from Southern Hemisphere dust sources for the previous thirty-five six years 

indicate that air can be derived from the South Pacific which includes transport from 

Australia and New Zealand. Based on the Sr and Nd isotope data of Australian and New 

Zealand rocks [Delmonte et al., 2004b; Revel-Rolland et al., 2006], an Australian 

contribution is more likely. 
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In summary, geochemical evidence excludes McMurdo Sound dust inputs as the dominant 

dust source to Roosevelt Island at present. The isotopic data and the presence of coarse 

particles at Roosevelt Island, compared to East Antarctic Plateau dust, suggest a local 

contribution from coastal regions of Antarctica. Potential dust sources include Marie Byrd 

Land rock outcrops, West Antarctic outcrops which are currently not well characterized in 

terms of their Nd and Sr isotopic signature, or other ice-free areas that have an old crust-like 

signature. These ice-free areas could include Victoria Land, given that the synoptic cyclonic 

circulation pattern in the Ross Sea region could allow for dust transport from the western 

Ross Sea to the eastern Ross Sea. We cannot exclude the possibility of an Australian dust 

contribution, as the isotopic field overlaps with that of Marie Byrd Land and Victoria Land 

Palaeozoic rocks. Both Bory et al. [2010] and Delmonte et al. [2013] show that local dust 

sources on the periphery of the ice sheet can significantly influence the dust composition at 

coastal, low elevation Antarctic ice core sites. Thus, Roosevelt Island could similarly be 

sourced from a mixture of local and distal dust sources. Further geochemical measurements 

from the RICE ice core are required to better constrain the dust provenance in the Ross Sea. 

6.4.2 Atmospheric iron in the Ross Sea region 

6.4.2.1 Atmospheric iron fluxes 

Annual dissolved and total dissolvable Fe and Al fluxes for 2011 were calculated using the 

same method for dust (see section 6.4.1). Summer and winter dissolved Fe and Al fluxes for 

the period 2011 to 2012 were also estimated and are reported in Table 6.2. We estimate an 

annual dFe flux of 1.2 x 10-6 g m-2 y-1 and annual TDFe flux of 140 x 10-6 g m-2 y-1. The TDFe 

flux estimate for Roosevelt Island is higher than published Holocene values in Antarctic ice 

cores, for example, a TDFe flux of 45 x 10-6 g m-2 y-1 was reported for coastal Law Dome 

[Edwards et al., 2006]. The TDFe flux at Roosevelt Island is also higher than acid leachable 

fluxes of 7 x 10-6 g m-2 y-1 at Dome C, East Antarctic Plateau [Gaspari et al., 2006] and 90 x 

10-6 g m-2 y-1 at Talos Dome [Vallelonga et al., 2013]. Talos Dome is known to be influenced 

by local dust sources [Delmonte et al., 2010b], and the higher TDFe flux at Roosevelt Island 

is likely due to the contribution of local dust sources from Marie Byrd Land and/or Victoria 

Land. Local dust sources located on the coast of East Antarctica are also known to influence 

the concentration of aerosol Fe samples collected over marginal waters [Gao et al., 2013]. 

The TDFe flux at Roosevelt Island is orders of magnitude lower than locally derived aeolian 
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Fe from McMurdo Sound (HF and HNO3 digestible total Fe: 37 - 121 mg m-2 yr-1; water-

soluble Fe: 2 - 7 mg m-2 yr-1 [Winton et al., 2014]). We acknowledge that these studies are 

not directly comparable as different methods were employed to determine the total and 

soluble Fe fractions. It has been demonstrated that both the acid leachable Fe method 

[Gaspari et al., 2006; Vallelonga et al., 2013] and the TDFe method [Edwards et al., 2006; 

this study] underestimate the total Fe fraction in snow and ice [Conway et al., 2015].  
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Table 6.2: Summer and winter trace metal dissolved, total dissolvable and dust fluxes. 

 dFe flux  
(10-6 g m-2 y-1) 

TDFe flux 
(10-6 g m-2 y-1) 

dAl flux  
(10-6 g m-2 y-1) 

TDAl flux 
(10-6 g m-2 y-1) 

Dust flux1-5 µm  
(mg m-2 y-1) 

Dust flux1-30 µm 
(mg m-2 y-1) 

Summer  0.4 39 0.5 50 2.7 4.1 
Winter 0.2 50 0.4 63 2.4 3.2 
Annual  1.2 140 2.9 195 5.9 8.8 

215 
 



6.4.2.2 Atmospheric fractional iron solubility  

Fractional Fe solubility was calculated using equation (6.1). Fractional Fe solubility ranged 

from 0.1 - 30 %. Fractional Fe solubility was fairly constant at ~0.7 % throughout the record, 

however dramatically rose above this background to 10 and 30 % during winter in 2012 and 

2011 respectively. The background fractional Fe solubility (Fig. 6.2a) parallels δ18O (Fig. 

6.2i) suggesting this variability in Fe deposition could be driven by synoptic weather 

conditions. We note that it is possible that the higher uncertainty associated with extremely 

low dFe and dAl concentrations in the snow pit could be responsible for some of the 

variability in the fractional Fe solubility. Additionally, precipitation of Fe(III) during sample 

melting or removal of oxyhydroxide complexes during filtration through a 0.2 µm filter could 

lead to under-estimation of dFe concentrations and fractional Fe solubility. However, these 

processes would have had to occur rapidly as snow melting took <2 hours and samples were 

filtered, acidified and analysed immediately after melting to minimise such processes. 

The data in this study displayed an inverse hyperbolic relationship between the TDFe 

concentration in snow and fractional Fe solubility (Fig. 6.6). This relationship has been 

attributed to the mixing of low Fe solubility mineral dust and other soluble Fe aerosols from 

sources such as biomass burning and oil combustion [e.g. Sedwick et al., 2007]. Sholkovitz et 

al. [2012] reported global fractional Fe solubility data sets and concluded that the 

characteristic inverse hyperbolic relationship is common over large regions of the global 

ocean. This relationship was also found for baseline air at the Cape Grim Baseline Air 

Pollution Station (CGBAPS), Tasmania, Australia representative of the Southern Ocean 

[Winton et al., 2015]. Results here are similar to or greater than CGBAPS with respect to the 

extremely low TDFe in the exceptionally clean air. The inverse hyperbolic relationship at 

Roosevelt Island also suggests a mixture of mineral dust and combustion sources of Fe. 

Reported values for global fractional Fe solubility of mineral dust are around 1 - 2 % [e.g. 

Baker and Croot, 2010]. Aerosol Fe deposition to remote Southern Ocean surface waters has 

previously been investigated in relation to the distribution and transport of mineral dust [e.g. 

Edwards and Sedwick, 2001; Martínez-García et al., 2014; Wagener et al., 2008; Winton et 

al., 2014]. High-elevation East Antarctic ice core records also link higher rates of Fe and dust 

deposition during glacial periods [Conway et al., 2015; Vallelonga et al., 2013]. The 

background fractional Fe solubility of ~0.7 % at relatively high TDFe mass concentrations at 

Roosevelt Island is consistent with a mineral dust source.  
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Alternatively, the variability in fractional Fe solubility could be driven by changes in dust 

mineralogy and grain size without necessarily being related to biomass burning sources of 

soluble Fe. Changes in dust source could supply dust with a higher dFe fraction, or where the 

TDFe dissolves less easily in acid. Furthermore, TDFe can be a highly variable portion of 

total Fe [e.g. Conway et al., 2015]. Seasonal changes in dust provenance at Roosevelt Island 

are an important topic that deserves further investigation. Some studies have shown that 

cloud chemistry and atmospheric processing by oxalate and sulfate can enhance the solubility 

of mineral dust [Desboeufs et al., 1999; Kumar et al., 2010; Meskhidze et al., 2003; Spokes et 

al., 1994]. However, in the remote Atlantic and Pacific Ocean and the Southern Ocean south 

of Australia, no relationship was observed between acid species and fractional Fe solubility 

[Baker et al., 2006; Hand et al., 2004; Winton et al., 2015]. Even if the dust source to 

Roosevelt Island in 2012 was continental Antarctica, e.g. Marie Byrd Land, it is unlikely that 

atmospheric processing by combustion aerosols (observed in polluted air masses where 

concentrations of organic acids are high [Chuang et al., 2005; Ito, 2015; Ito and Shi, 2015; 

Kumar et al., 2010]) would enhance the solubility of the iron contained in the mineral dust. 

The air masses over Antarctica and the Southern Ocean contain trace concentrations of 

sulfate and oxalate [Keywood, 2007]. However, little is known about the enhancement of 

fractional Fe solubility in these pristine air masses [Chance et al., 2015]. In addition, any 

enhancement of fractional iron solubility by oxalate may not be sufficient to account for the 

high fractional Fe solubility observed in the snow pit. For example, Paris et al. [2011] 

showed that although oxalate complexation increased fractional Fe solubility from 0.0025 to 

0.26 % in African dust minerals, the fractional Fe solubility remained low. No relationship 

was found between the samples with a lognormal size distribution and high fractional Fe 

solubility. Longer records of particle size distribution and fractional Fe solubility at 

Roosevelt Island are required to investigate whether particle size can explain the variability in 

fractional Fe solubility. 
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Fig. 6.6: Scatterplot of Roosevelt Island total dissolved Fe concentration versus fractional Fe solubility. 

Top right insert: low concentration data expanded. 

6.4.3 Multiple sources of atmospheric dissolved iron to the Ross Sea 

The temporal variability of mineral dust and the biomass burning tracer, rBC, parallels 

Roosevelt Island atmospheric dFe deposition (Fig. 6.2). Similar to TDFe concentrations, dust 

and rBC concentrations displayed an inverse hyperbolic relationship with fractional Fe 

solubility (Fig. 6.S3b-c). Dissolved Fe deposition to Roosevelt Island is semi-annual with 

elevated deposition in summer and winter during the study period (Fig. 6.2b). The rest of this 

discussion focusses on the two largest deposition events of dFe highlighted in blue in Fig. 

6.2. There were two intervals with high dFe concentrations. There were exceptionally high 

rBC concentrations in the first interval in summer 2011/2012. While during the second 

interval in winter 2011, concentrations of rBC were near background levels. In both cases, 

dust deposition was high indicated by high concentrations of dust, TDFe and TDAl. During 

the study period, it appears that dust is the primary source of dFe with additional rBC 
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contributions. In both intervals, the excursion of δ18O to more negative values suggests that 

the process by which dFe is deposited at the site is storm related [Tuohy et al., 2015]. 

Multiple sources of dust and rBC may contribute to the atmospheric Fe supply to the Ross 

Sea, and the absence of an rBC source in winter highlights that the relative importance of the 

different sources varies seasonally. 

6.4.3.1 Atmospheric iron sourced from mineral dust  

A mineral dust source in summer is evident through i) co-variation of dFe maxima and high 

dust in 2011/2012 summer-spring (Figs. 6.2e and 6.2g), ii) strong correlation between the 

crustal elements TDFe and TDAl (r2=0.86; Fig. 6.S3a), iii) co-variation of TDAl and dust in 

2011 (Fig. 6.S3d-e), and iv) low fractional Fe solubility during summer (~0.7 %). For the 

majority of the record, TDFe and TDAl tracks dust concentration. However, not every dust 

deposition event leads to higher dFe, for example in spring 2011. This could be related to 

differences in the mineralogy of the dust, which varies depending on the dust provenance. 

Whether the dust provenance switches between seasons is unknown, but it is an important 

topic that deserves more attention in future. The coarser particle size distribution in summer-

spring and Sr and Nd isotopic ratios matching that of nearby Marie Byrd Land, Victoria Land 

and Australia suggests that a mixture of different types of local and possibly remote dust 

sources influence dFe deposition at present. 

6.4.3.2 Atmospheric iron sourced from biomass burning  

Biomass burning may also contribute to the 2011/2012 summer deposition of dFe at 

Roosevelt Island. Refractory black carbon deposition to Antarctica is linked to Southern 

Hemispheric long-range transport of biomass burning [Bisiaux et al., 2012b]. The high 

fractional Fe solubility during winter in 2011 and 2012 (up to 30 %; Figs. 6.2a and 6.6) 

indicates that additional atmospheric sources, other than mineral dust or biomass burning, are 

responsible for high fractional Fe solubility in the winter periods observed in this record. 

Thus, biomass burning can only account for the high fractional Fe solubility observed in 

background Southern Hemispheric air during the 2011/2012 summer period covered by the 

snow pit. Ice core records report rBC as a late winter-spring phenomena in West Antarctica 

[Bisiaux et al., 2012b]. Consistent with WAIS Divide, a small late winter-spring-time rBC 

peak is observed in 2012 in this study. However, the exceptionally large 2011/2012 summer 

rBC peak does not overlap with the time period covered by WAIS Divide rBC record. Longer 
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records of rBC and fractional Fe solubility are needed to test the hypothesis that biomass 

burning sources of dFe can account for high fractional Fe solubility of aerosols over the Ross 

Sea. 

6.4.3.3 Timing and supply of iron deposition  

Sea ice is a source of dFe to the ocean in the SW Ross Sea, where high dFe concentrations 

have been observed in the surface waters after considerable sea ice melt [de Jong et al., 2013; 

McGillicuddy et al., 2015; Sedwick and DiTullio, 1997]. This snow pit record from Roosevelt 

Island demonstrates that spring-summer dFe deposition occurs during ice-free open water 

conditions in the Ross Sea, when phytoplankton is blooming (Fig. 6.2l). Around half of the 

annual TDFe and dFe for 2011 was deposited in the summer, and, therefore, the seasonality 

of dFe deposition needs to be considered on longer glacial-interglacial time scales. Despite 

high dFe and TDFe deposition in spring-summer, fractional Fe solubility was only ~0.7 % at 

this time. Higher fractional Fe solubility occurs in winter when TDFe is low, and the Ross 

Sea is seasonally ice covered. Snow on sea ice is a repository for aerosol Fe [Lannuzel et al., 

2010; Winton et al., 2014]. Therefore, deposition of aerosol Fe, with relatively high dFe 

content, is stored in the surface snow of sea ice during winter. In spring-summer, aerosol Fe 

with a higher fractional Fe solubility is released and supplied to the ocean as sea ice melts. 

Regardless of the timing and mechanism in which aerosol dFe is supplied to the Ross Sea, 

i.e., deposition directly into open water in summer and deposition onto surface snow on sea 

ice in winter with subsequent release into the ocean during spring-summer sea ice melt, both 

mechanisms act as a new source of dFe to phytoplankton blooms in spring-summer. 

6.5 Conclusions 

A dust flux of 6 mg m-2 yr-1 for the 1-5 µm fraction and 8 mg m-2 yr-1 for the bulk 1-30 µm 

has been estimated for modern dust deposition at Roosevelt Island. Snow pit data from 

Roosevelt Island reveal dust deposition occurs primarily in the spring-summer season. The 

higher dust flux at Roosevelt Island compared to the East Antarctic Plateau, the presence of 

coarse dust particles (>10 µm), the particle size distribution that approaches the theoretical 

dust emission distribution and the Sr and Nd isotopic ratio of dust deposited on Roosevelt 

Island suggest a mixture of local and possibly remote dust sources for the present day. The Sr 

isotopic composition (0.7122< 87Sr/86Sr <0.7156) of summer dust in the snow at Roosevelt 
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Island suggests a possible mixing of volcanic and crustal rocks of local origin (i.e., older 

material, e.g. Palaeozoic rock from Victoria Land and parts of Marie Byrd Land, and 

Mesozoic to Cenozoic volcanics). Additional input from remote dust sources cannot be 

discounted. In this respect, Australia best matches the Roosevelt Island isotopic composition 

of Sr and Nd. Advection of Australian dust is consistent with modelling studies of modern 

Australian aeolian transport for the present day. These dust data from Roosevelt Island 

provide useful context for the interpretation of the dust record in the 764 m long RICE ice 

core.  

An annual dFe flux of 1.2 x 10-6 g m-2 y-1 and an annual TDFe flux of 140 x 10-6 g m-2 y-1 

have been estimated for Roosevelt Island for 2011. Deposition of dFe is semi-annual 

occurring in the summer and winter, with half of dFe and TDFe deposition occurring in the 

summer. The inverse hyperbolic relationship between TDFe concentrations and fractional Fe 

solubility shows that additional atmospheric sources, other than mineral dust, are responsible 

for high Fe solubility at different times in the year. There were two intervals with high dFe 

concentrations in the snow pit: one with exceptionally high rBC concentrations in summer 

2011/2012, and the other with rBC concentrations near background levels in winter 2011. In 

both cases, dust was high. Therefore, mineral dust, from both local and remote sources, is the 

primary source of dFe to Roosevelt Island with additional input from long-range transport of 

biomass burning aerosols. Biomass burning may account for the high fractional Fe solubility 

observed in background Southern Hemispheric air during the summer period. The semi-

annual nature of Fe deposition to Antarctic waters should be considered when interpreting 

longer glacial-interglacial time scales of aerosol Fe deposition to the Southern Ocean. 
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Supplementary Information 

S6.1 Methods 

S6.1.1 Snow sampling at Roosevelt Island 

Surface snow samples were collected from the southern summit of Roosevelt Island, Eastern 

Ross Sea, (Fig. 6.1) in November 2012 during the 2012/13 Roosevelt Island Climate 

Evolution (RICE) ice core drilling campaign. To prevent contamination by camp activities 

and skidoos, snow samples were collected from a designated snow sampling site located ~1 

km from the RICE ice core drilling camp. Surface snow was collected 30 cm deep into the 

snow pack in 1000 mL pre-acid washed low-density polypropylene (LDPE) Nalgene wide 

mouth bottles. A total of three exposure blanks and 24 snow samples were collected from a 

designated grid (79.36645-79.36629 °S, 161.70053-161.6994 °W) to ensure collection of a 

sufficient amount of dust for Sr and Nd isotopic analysis. 

Adjacent to the surface snow samples, snow was also sampled from a 1.5 m snow pit 

(samples RI1-51) using pre-washed centrifuge tubes. Sampling, at 3 cm resolution, was 

performed following ultra-clean protocols. Four parallel profiles were sampled for trace 

metal, stable isotope analysis, black carbon and Coulter Counter dust concentration and 

particle size analysis. Two exposure blanks (following the same method as the samples by 

opening the bottle at the field site but not filling the sample bottle with snow) were also 

collected for each type of sample. Snow density and temperature was measured every 5 cm 

(Fig. S6.2), and a visual log of snow pit stratigraphy were recorded. All samples were stored 

frozen in a snow trench kept below -20 ºC at Roosevelt Island. 

S6.1.2 Dust concentration and particle size  

Dust samples were transported frozen to the University of Milano-Bicocca, Italy where dust 

concentration and particle size were analysed using Beckman Coulter Multisizer 3 (MS3), 

following the method of Delmonte et al. [2002]. Three consecutive counts were performed, 

each on a volume of 0.5 mL, and the average value has been considered here. The instrument 

was set to measure particles in 300 individual size bins and having equivalent spherical 

diameter from 1 µm to 30 µm. Dust mass was calculated from the measured volume 
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assuming a particle density of 2.5 g cm-3. Exposure blank concentrations average around 2 ng 

g-1 of dust (n=6). 

The dust concentration and snow accumulation rates [Conway et al., 1999] were used to 

calculate dust fluxes in the 1-5 µm and 1-30 µm (bulk) size bins. Particles >10 µm were 

detected by Coulter Counter measurements. For this reason, selected samples were filtered 

onto black polycarbonate membranes and particle micromorphology was observed using a 

BX51M reflected light optical microscope. Additionally, Scanning Electron Microscopy 

(SEM; Zeiss Neon 40EsB FIBSEM) methods with secondary (SE) and backscatter (BSD) 

electron detectors and a SiLi energy dispersive X-ray system (EDS) with Oxford Inca 

software were used to give a qualitative indication of the geochemistry of the particles. The 

conditions used (kV, spot size, WD and detector) are indicated in SEM images in Fig. S6.1. 

Filters were platinum-coated prior to SEM examination. These qualitative observations 

confirmed presence of large dust particles in the samples (Fig. S6.1). Two anomalous high 

particle concentrations were found in the 1-5 µm range (samples RI 38, 49-51 with dust 

concentrations of 52, 104, 413 ng g-1 respectively). These two sections were treated as 

outliers and excluded from the dust profile (Fig. 6.2g) because of possible contamination of 

the surface layers (samples RI49-51 were sampled 0-9 cm from the surface). 

S6.1.3 Nd and Sr isotopic ratios and concentrations  

S6.1.3.1 Sample processing 

The minimum dust mass required for Sr and Nd isotopic composition analyses corresponds to 

about 100 µg of total dust [Delmonte et al., 2008]. Therefore, 24 Roosevelt Island surface 

snow samples (1000 mL) were combined and filtered onto two separate 0.4 µm Nuclepore 

polycarbonate track-etched membranes (samples RI1-2). The filters were sonicated for 3 

minutes with 5 mL of Milli-Q (MQ) water (resistivity of 18.2 MΩ-cm) in an acid-cleaned 15 

mL Savillex beakers. The filter was removed, and liquid evaporated on a hotplate at 110 °C. 

The very tiny dry dust samples were then weighed a minimum of five times. 

S6.1.3.2 Sample digestion 

The chemical treatment of the samples including mineral dust digestion and an elemental 

separation (Rb-Sr and Sm-Nd) using ion exchange chromatography was performed at the 
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Swedish Museum of Natural History. Here, a line dedicated to the treatment of small dust 

samples (1-10 ng of Nd and 5-100 ng of Sr in dust for Antarctic ice core samples) was 

developed and described in Delmonte et al. [2008]. Briefly, the samples were spiked with 

mixed a 147Sm/150Nd spike and 84Sr enriched spike for isotope dilution determination of the 

concentration and subsequently digested in a strong acid mixture. 

S6.1.3.3 Ion exchange 

To achieve separation of potential interfering elements (Fe, Ba, Rb, Sm, Ce, and Pr), and 

obtain high column yield and low blanks, the residue was subjected to chemical procedures 

described in Delmonte et al. [2008]. The total blank, including dissolution, chemical 

separation and mass spectrometry, was frequently monitored in each ion exchange batch, and 

blank concentrations were <5 pg for Nd and <130 pg for Sr.  

S6.1.3.4 Mass spectrometry  

Isotopic analysis of Nd and Sr ratios was performed with a Thermo Scientific TRITON 

Thermal Ionization Mass Spectrometer (TIMS). Neodymium was loaded mixed with 

colloidal graphite, Alfa Aesar, on double rhenium filaments and analysed as metal ions in 

static mode using rotating gain compensation. Concentrations and ratios were calculated 

assuming exponential fractionation. The calculated ratios were normalized to 146Nd/144Nd = 

0.7219. Epsilon units are calculated as follows: 

𝜀𝜀𝑁𝑁𝑔𝑔(0)  =  [(143𝑁𝑁𝑑𝑑/144𝑁𝑁𝑑𝑑)𝑎𝑎𝑇𝑇𝑠𝑠𝑑𝑑𝑆𝑆𝑆𝑆/(143𝑁𝑁𝑑𝑑/144𝑁𝑁𝑑𝑑)𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  − 1] 𝑥𝑥 104; 

CHUR, chondritic uniform reservoir with (143Nd/144Nd)CHUR = 0.512638 

The external precision of 43 ppm for 143Nd/144Nd was estimated by analysing a range (4-12 

ng) of Ndß standard loads. The external precision becomes larger for smaller loads, with an 

estimated precision of about 40 ppm for small loads, for intermediate size about 30 ppm and 

about 20 ppm for larger loads. These values have been used to estimate the errors for the 

samples in Table 6.1. An accuracy correction was not applied since the mean 143Nd/144Nd 

ratio was 0.511895 ± 22 (n=20). Purified Sr samples were mixed with tantalum activator and 

loaded on a single rhenium filament. Two hundred 8 s integrations were recorded in multi-

collector static mode, applying rotating gain compensation. Measured 87Sr intensities were 
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corrected for Rb interference assuming 87Rb/85Rb = 0.38600 and ratios were calculated using 

the exponential fractionation law and 88Sr/86Sr = 8.375209. 

We use the standard reference material (SRM) NBS 987 (pure Sr-carbonate) to determine the 

external precision of our 87Sr/86Sr measurements. Modern sea water is a complex natural 

chemical matrix with a constant 87Sr/86Sr value, which makes it an excellent natural standard 

for tracking long term laboratory reproducibility in this type of matrix. By analyzing several 

CIT#39 sea water during the course of the project the reproducibility for 87Sr/86Sr in natural 

samples can be estimated. External precision for 87Sr/86Sr estimated from analyzing NBS 

SRM 987 gave a mean ratio of 0.710217 with a reproducibility of 0.000016 or 22 ppm (2 SD, 

n=12). Repeated measurements of prepared CIT #39 sea water gave a mean ratio of 0.709138 

with a reproducibility of 0.0000082 or 12 ppm (2 SD, n=21), which was taken to be the best 

estimate of the external precision. An accuracy correction was applied to the 87Sr/86Sr ratios 

corresponding to a 87Sr/86Sr ratio of 0.710245 for NBS SRM 987 standard (NBS 987: 

literature value 0.710245, Department of Geosciences value 0.710217±0.000016; difference: 

0.000028). 

The accuracy of the Nd and Sr isotopic composition of small dust samples was determined 

using the Basalt Columbia River (BCR-2) certified reference material [Jochum et al., 2005]. 

Preparation and analysis of 150 to 600 µg aliquots of BCR-2 in each batch of ion exchange 

resulted in an accuracy of >79 % (n=6) for concentration and >99 % (n=6) for isotopic 

composition. Due to the small dust samples and the difficulty of weighing such small masses 

we estimate a Sr and Nd concentration error of ±10 % estimated by repeated weighing of 

BCR-2 standards (~0.3 mg). 

S6.1.4 Stable isotope analysis 

Melted water stable isotope samples were measured for stable δ18O and δD isotopes using 

high resolution laser absorption spectroscopy (Los Gatos Research Liquid-Water Isotope 

Analyser) at the Stable Isotope Laboratory, GNS Science, New Zealand. The δ18O and δD 

results are reported with respect to Vienna Mean Standard Ocean Water (VSMOW2) and 

normalized to two internal standards: SM1 with reported values of -29.12 ‰ for δ18O, -227.4 

‰ for δD, and INS11 with reported values of -0.36 ‰ for δ18O, -3.8 ‰ for δD. The 

analytical precision of this instrument is <0.2 ‰ for δ18O and 1.0 ‰ for δD.  

260 
 



S6.1.5 Trace metal sample preparation and ICP-MS analysis 

All sample preparation and analysis was conducted in a trace metal clean laboratory (class 

100 metal-free environment with HEPA-filtered air) at Curtin University following ultra-

clean methodology. Nitric and hydrochloric acid used throughout the study was high purity 

(<10 pg g-1 Fe), double distilled in-house from Seastar® Instrument Quality (IQ) grade acids 

(Choice Analytical Pty Ltd, Australia) using an all polytetrafluoroethylene (PFA) acid 

purification system (DST-1000, Savillex®). These acids are herein, described as ultra-pure 

acid. Ultra-pure water (resistivity of 18.2 MΩ-cm, Purelab Classic, ELGA, Germany) was 

used throughout. All bottles, syringes, filters and laboratory wear were rigorously acid 

washed following the procedure: one week 20 % IQ grade HNO3, one week 10% ultra-pure 

HCl, one week, 1 % ultra-pure HCl, one week 1 % ultra-pure HNO3, one week ultra-pure 

water and rinsed with copious qualities of ultra-pure water between acid baths. 

Immediately after melting (within minutes), 10 mL of each snow sample was filtered through 

0.2 µm acid-cleaned PDVF syringe filters and acidified to 1 % with ultra-pure HCl, to 

stabilize the dissolved trace metal fraction. High-resolution inductively coupled plasma mass 

spectrometry (HR-ICPMS, Element XR ThermoFisher) analysis of the dissolved samples was 

performed within an hour of acidification. Remaining unfiltered samples were acidified to 1 

% with ultra-pure HCl and left to sit for six months [Edwards and Sedwick, 2001; Koffman et 

al., 2014a; Rhodes et al., 2011; Uglietti et al., 2014] at room temperature for total dissolvable 

metal analysis following the method for TDFe in Antarctic sea ice and snow samples of 

Lannuzel et al. (2008). Dissolved trace metals are operationally defined as the trace metal 

passing through a 0.2 µm filter. Total dissolvable trace metals are the unfiltered bulk fraction 

acidified to 1 % ultra-pure HCl for six months [Cutter et al., 2010]. 

Both the dissolved leachates and total dissolvable sample solutions were analysed by HR-

ICP-MS. Measured isotopes and the spectral resolutions, along with typical operating 

conditions, are reported in Table S6.1. An auto sampler was used to introduce the sample to 

the HR-ICP-MS. The HR-ICP-MS was operated with a jet interface using jet cones, and an 

Apex desolvation unit (Elemental Scientific Inc, ESI) pumped with a Seafast II system 

syringe pumps (ESI). During the course of the sample sequence, standards were regularly 

measured as quality control (QC) samples. Instrumental blank solutions were also regularly 

measured during the course of the sample sequence determined by carrying out identical 

analytical procedures as the leachates (Table S6.2), but vials were filled with ultra-pure water 
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rather than the snow melt. Two exposure blanks and five procedural blanks were also 

measured following the same method above. Blank concentrations and detection limits are 

reported in Table S6.2. Reported concentrations for samples are corrected for exposure blank 

concentrations. The sample introduction line was rinsed with 3 % ultra-pure HCl between 

samples for 1.5 minutes. 

Standard solutions were prepared by serial dilution from 100 µg mL−1 stock solutions using 

ultra clean water, with a final HCl concentration of 1 %. Preparation of standards in 1 % HCl 

matrix matched the leachates. Ten-point multiple calibration solutions were measured. 

Indium, at a concentration of 1.5 ppb, was used as an internal standard.  

S6.1.6 Refractory black carbon analysis 

Black carbon samples were analysed for refractory black carbon (rBC) using a single particle 

intracavity laser-induced incandescence photometer (SP2, Droplet Measurement 

Technologies, Boulder, Colorado) following a similar method to Sterle et al. [2013]. Briefly, 

snow pit samples were melted and immediately analysed by a SP2 connected to an ultrasonic 

nebulizer (USN; CETAC UT5000) by conductive rubber tubing and an over-supplied open-

split (stainless steel tee). The USN conditions were: nebuliser gas (ultra-pure air) flow rate = 

400 sccm, sample flow rate = 1 mL min-1, heater temp = 120 °C and chiller temp = 3 °C.  

Other studies have found size selective mass transport through the USN with the transport 

efficiency of rBC decreasing for rBC particles with mobility equivalent diameters (MED) 

>500 nm. We confirmed the decreased mass transport for MED > 500 nm.  However, 

because of the remoteness of the study site we do not expect a significant proportion of the 

rBC particles to have MED >500 nm. We have also confirmed this assumption by studying 

single rBC particles in Antarctic snow meltwater by transmission electron microscopy. The 

SP2 instrument single rBC response was calibrated using Aquadag graphite particles size 

separated using a differential mobility analyser (DMA). For the calibration we used an 

Aquadag effective density from Gysel et al. [2011]. Recent studies have found that the single 

particle emissivity of Aquadag graphite is greater than that of biomass burning soot [Laborde 

et al., 2012]. To correct for the emissivity difference between Aquadag and biomass burning 

soot we used a correction factor of 1.5 [R. Subramanium, unpublished data, 2015]. External 

rBC concentration calibrations were performed using colloidal rBC standards prepared 

gravimetrically from Eb6 100% carbon pigment (Inksupply, EB-6-K) and fullerene soot 

(Sigma Aldrich, #572497), both standards gave comparable linear calibration curves. 
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Table S6.1:HR-ICP-MS instrument conditions. 

Instrument HR-ICPMS, Element XR (Thermo Fisher, 
Germany) 

Torch Precision type, quartz o-ring free, PFA 
injector (Element Scientific Inc.) 

Spray chamber APEX with quartz spray chamber (ESI) 
Nebuliser ST micro centric PFA (ESI) 
RF power (W) ~1350 
Cool gas flow (L min-1) ~16 
Auxiliary gas flow (L min-1) ~0.7 
Sample gas flow (L min-1) ~0.7 
Additional gas (L min-1) ~0.2 N2 
Additional gas (L min-1) ~~0.4 Ar 
Guard electrode Activated 

Sample uptake 90 s (Seafast II pump auto-sampler with fast 
3 sample injection valve) 

Sample rinse 30 s, 3 % HCl 
Scan type E-scan 
Elements measured in medium resolution (m/Δm ~4000) Al, S, Fe 
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Table S6.2: Average exposure (n=2), procedure (n=5) and instrumental (n=5) blank concentrations and detection limits of measured elements. Concentrations were 

determined by ten-point calibration standards. DL: detection limit, SD: standard deviation, EB: exposure blank, PB: procedural blank, IB: instrumental blank. 

    Dissolved    Total dissolvable   

 EB 
conc. SD PB 

conc. SD 
IB 

conc
. 

SD DL 
(3σ) 

EB 
conc. SD 

PB 
conc

. 
SD 

IB 
conc

. 

SD
. 

DL 
(3σ) 

Al (pg g-1) 6.5 2.8 6.0 1.1 7.8 4.4 1.1 67 45 72 15 20 14 12 
S (ng g-1) 4.5 0.3 6.5 0.7 7.2 1.1 2.5 <DL  <DL  0.7 1.6 4.7 
Fe (pg g-1) 1.4 0.6 1.5 1.0 0.6 0.4 0.57 19 6.0 39 39 6.6 1.9 5.7 
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Fig. S6.1: Scanning electron microscope image of coarse particles in a snow pit from Roosevelt Island 

(RI24). 
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Fig. S6.2: Roosevelt Island 2012/2013 1.5 m snow pit temperature and snow density profile. 
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Fig. S6.3: Relationships between variables in the snow pit. a) Correlation between TDAl concentrations 

and TDFe concentrations, b) inverse hyperbolic relationship between fractional Fe solubility and rBC 

concentrations, c) inverse hyperbolic relationship between fractional Fe solubility and dust 

concentrations, d) scatterplots of dust concentrations and TDAl concentrations, e) scatterplots of dust 

concentrations and TDFe concentrations. 
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Chapter 7. The origin of lithogenic sediment in the 

southwestern Ross Sea and implications for iron 

fertilisation  

This chapter is published in Antarctic Science. The data has been published in the Curtin 

University Research Data Repository. Co-author contributions can be found in Appendix A4. 
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Abstract 

Austral summer iron (Fe) fertilisation in the Ross Sea has previously been observed in 

association with diatom productivity, lithogenic particles and excess Fe in the water column 

[Collier et al., 2000]. This productivity event occurred during an early break out of sea ice 

via katabatic winds, suggesting that aeolian dust could be an important source of lithogenic 

Fe required for diatom growth in the Ross Sea. Here we investigate the provenance of size-

selected dust deposited on sea ice in McMurdo Sound, southwestern (SW) Ross Sea. The 

isotopic signature of McMurdo Sound dust (0.70533< 87Sr/86Sr <0.70915 and -1.1< εNd(0) 

<3.45) confirms that dust is locally sourced from the McMurdo Sound debris bands and 

comprises a two-component mixture of McMurdo Volcanic Group and Southern Victoria 

Land lithologies. In addition, we investigate the provenance of lithogenic sediment trapped in 

the water column: the isotopic signature (εNd(0)=3.9, 87Sr/86Sr=0.70434) is differentiated from 

long-range transport dust originating from South America and Australia. Elevated lithogenic 

accumulation rates in deeper sediment traps in the Ross Sea, suggest that sinking particles in 

the water column cannot simply result from dust input at the surface. This discrepancy can 
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best be explained by significant upwelling and remobilisation of lithogenic Fe from the sea 

floor.
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7.1 Introduction 

Atmospheric dust is potentially an important source of dissolved iron (DFe) which is the 

limiting nutrient required for primary production in vast regions of the remote Southern 

Ocean, including Antarctica’s marginal seas [Boyd et al., 2010; Sedwick et al., 2000]. Despite 

being seasonally iron (Fe) limited, the high-nutrient, high chlorophyll (HNHC) regime of the 

Ross Sea is the most biologically productive continental shelf region in Antarctica, and 

supports intense phytoplankton blooms in the austral summer [Arrigo et al., 2008b]. 

Although the flux of Fe into the Ross Sea plays a critical role in determining its productivity, 

the origin(s) of this Fe remains poorly constrained [Sedwick et al., 2011]. 

7.1.1 Dust deposition in Antarctica 

Global ‘background’ dust is characterized by fine particles having a mass modal diameter  

<5 µm, long atmospheric residence time and modern mass deposition rates in the order of 

0.001-0.02 g m-2 yr-1 in the Southern Ocean [Wagener et al., 2008; and references therein]. 

The isolated, snow and ice-covered central East Antarctic Plateau (EAP) has proven to be an 

excellent location for investigating long-range transport of dust representative of the broader 

Southern Hemisphere, both at present and in the past [Delmonte et al., 2007; Delmonte et al., 

2008]. Moreover, the high East Antarctic Plateau (EAP) has much lower accumulation rates 

of around 0.0002-0.0006 g m-2 yr-1 during the Holocene [Albani et al., 2012b]. Recently, it 

has become apparent that peripheral areas of the Antarctic ice sheet, close to high-elevation 

ice-free mountain ranges, such as the Transantarctic Mountains (TAM), can receive 

significant additional dust inputs from exposed Antarctic sources, some of which have been 

ice-free for millions of years [Delmonte et al., 2013 and references therein].  

The relative contribution of much smaller, patchy but proximal dust sources to the 

atmospheric dust load over Antarctica and the Southern Ocean is not well known. The largest 

expanse of contiguous ice-free ground in Antarctica is found in the McMurdo Dry Valleys - a 

series of west-to-east-oriented, glacially carved valleys located between the high EAP and the 

Ross Sea in Southern Victoria Land. However, the dustiest known place in Antarctica is 

located in the southwestern (SW) Ross Sea, associated with the so-called ‘debris bands’ area 

on the McMurdo Ice Shelf [Kellogg et al., 1990] (Fig. 7.1). In this region, dust deposition 

flux (~1 g m-2 yr-1) is at least two orders of magnitude greater than fallout of long-range 
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transport dust measured in ice cores from the EAP [Atkins and Dunbar, 2009; Chewings et 

al., 2014; Delmonte et al., 2013] and is, potentially, an important source of bioavailable Fe to 

the Ross Sea [Winton et al., 2014]. 

Dust provenance in Antarctica can be determined from the 87Sr/86Sr and 143Nd/144Nd 

radiogenic isotope composition of dust in snow and ice by comparison with potential source 

areas (PSAs) [e.g. Delmonte et al., 2010b]. This geochemical method allows mantle-derived 

(basaltic rocks, tephra and soils derived from them, weathered and eroded mafic rocks) and 

crustal-derived sediments and soils to be identified. Both the geochemical fingerprint and 

particle size of dust deposited on the EAP suggests it originates from arid regions in southern 

South America during glacial periods [Delmonte et al., 2008; Gaiero et al., 2007]. However, 

for dust deposited during interglacial periods, that is when dust input to inner Antarctica was 

extremely low, the source is less certain [Delmonte et al., 2007], and an Australian 

contribution is likely [Delmonte et al., 2007; Delmonte et al., 2008; Revel-Rolland et al., 

2006]. In addition to atmospheric circulation, dust transport efficiency is dependent on 

particle size; for example, long-range dust deposited on the EAP has a mass-modal size of 

~2-3 µm [Delmonte et al., 2002]. When investigating the provenance of dust, the 

fractionation of Sr isotopes into different grain size fractions needs to be considered, as there 

is a correlation between grain size and 87Rb/86Sr ratios and thus 87Sr/86Sr ratios. In coarse 

(fine) grained suspended particulate matter Sr is enriched (depleted) in less radiogenic Sr 

isotopic ratios [e.g. Andersson et al., 1994]. In contrast, Nd isotopic ratios are not influenced 

to the same extent by particle size [e.g. Andersson et al., 1994]. 

7.1.2 Iron-fertilisation in the Ross Sea 

The Ross Sea is one of the most productive regions in the Southern Ocean and an important 

oceanic sink for atmospheric carbon dioxide (CO2) [e.g. Arrigo et al., 2008b]. The 

environmental factors responsible for controlling the rates of phytoplankton production and 

incomplete utilisation of inorganic macronutrients include: grazing [Banse, 1991], 

temperature [Bunt and Wood, 1963], light availability [e.g. Mitchell et al., 1991], micro-

nutrient availability (e.g. Fe and Mn) [Sedwick and DiTullio, 1997; Sedwick et al., 2000], or a 

combination of these [e.g. Arrigo et al., 2000]. Collier et al. [2000] show that a Ross Sea 

diatom productivity event, captured during the 1996-1997 deployment of moored Antarctic 

Environment and Southern Ocean Process Study (AESOPS) sediment traps, is correlated with 

elevated lithogenic particle accumulation rates, excess Fe (determined from high Fe/Al 
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ratios), and with an early breakout of sea ice caused by katabatic winds. They go on to 

suggest that there may be a causal relationship between the retreat of sea ice, the supply of 

particulate Fe and diatom production and export. The source of this lithogenic Fe to the Ross 

Sea is unknown but could be derived from either dust released into the ocean from melting 

sea ice from local and/or from distal sources, or new particulate Fe derived from ice shelves, 

icebergs, upwelling of resuspended continental sediments from the sea floor, circumpolar 

deep water or some combination thereof. 

Multiple sources of new Fe to the Ross Sea region have been identified, which include local 

dust sourced mainly from the McMurdo Ice Shelf [Atkins and Dunbar, 2009; Chewings et al., 

2014; de Jong et al., 2013; Winton et al., 2014], sea ice melt [de Jong et al., 2013; Sedwick 

and DiTullio, 1997], and lithogenic sediments resuspended from the sea floor [de Jong et al., 

2013; Gerringa et al., 2015; Marsay et al., 2014; Sedwick et al., 2011]. However, the relative 

importance of these sources for stimulating primary production remains an open question. 

Winton et al. [2014] estimate that the supply of soluble aeolian Fe in dust from the debris 

bands, southern McMurdo Sound to the adjacent ocean could support up to ~15 % of primary 

production in the area. The implication being that Fe supporting the remaining 85 % of 

productivity was derived largely from other sources, such as lithogenic sediment resuspended 

from the sea floor [de Jong et al., 2013; Gerringa et al., 2015; Kustka et al., 2015; Marsay et 

al., 2014; McGillicuddy et al., 2015; Sedwick et al., 2011]. 

As Fe is critical for seasonal phytoplankton growth in the Ross Sea, this study aims to further 

investigate the source(s) of lithogenic Fe as a driver of the vast austral summer phytoplankton 

blooms in the SW Ross Sea. We do this by examining the provenance of lithogenic material 

sinking in the upper 200 meters below sea level (mbsl) of the water column and compare its 

origin to both known local and global sources. Here we report the Sr-Nd isotopic composition 

of i) size-selected dust from snow samples on sea ice from McMurdo Sound, and ii) sediment 

trap material from the Research on Ocean - Atmosphere Variability and Ecosystem Response 

in the Ross Sea (ROAVERRS) moorings program (1996-98) that represents accumulation of 

sediment settling out of the water column. When investigating PSAs to Antarctica, previous 

studies have size-selected the PSA samples prior to Sr analysis to be comparable to that of the 

fine size range of dust deposited in Antarctica [Delmonte et al., 2008], and a similar approach 

is used here. 
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7.2 Methods 

7.2.1 Samples used in this study 

Previous studies have focused on dust flux and particle size distribution patterns in McMurdo 

Sound [Atkins and Dunbar, 2009; Chewings et al., 2014; Dunbar et al., 2009]. This study is 

based on the following samples: 

- Samples of dust-laden snow collected from sea ice along a south-north X-Y 

transect in McMurdo Sound, collected in November 2010 and described in 

[Chewings et al., 2014] and in Winton et al. [2014] (Fig. 7.1b).  

- A Ross Sea sediment trap sample from 200 mbsl, collected between 25 Dec. 

1997 and 3 Jan. 1998 from the ROAVERRS program Chinstrap site (76° 20.5’S, 

165° 1.78’E) in the SW Ross Sea. This site was anchored in 830 m water depth 

in the southern extension of the Drygalski Basin (Fig. 7.1a). 
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Fig. 7.1: a) Map of the SW Ross Sea showing the location of SW Ross Sea Chinstrap sediment trap (CT1). b) Insert of McMurdo Sound within the SW Ross Sea 

showing location of McMurdo Sound snow on sea ice samples (solid: this study, cross: Winton et al. [2014] and shaded: exposed areas of unconsolidated sediment. 

Samples are named based on their location i.e. MP: Marble Point; CR: Cape Robert; GH: Granite Harbour; MIS: McMurdo Sea Ice. EAIS: East Antarctic Ice 

Sheet, MDV: McMurdo Dry Valleys, TAM: Transantarctic Mountains. Transect X-Y shown in red. c) Wind roses illustrating the direction of storm events at 

Pegasus North and Marble Point automatic weather stations (AWS). Locations of AWS shown in Fig. 7.1c). Modified from Winton et al. [2014]. 
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7.2.2 Nd and Sr isotopic ratios and concentrations  

7.2.2.1  Sample processing 

 McMurdo Sound surface snow on sea ice samples 

The samples analysed in this work were size-selected in order to be comparable to 

provenance measurements made on dust from ice core PSAs and with similar studies on dust 

in Antarctica [e.g. Delmonte et al., 2008; Delmonte et al., 2004b; Delmonte et al., 2010b]. 

We analysed both the bulk (all particle sizes) and fine (<10 µm) fraction of McMurdo Sound 

dust to check for particle size induced bias in the isotopic fractionation of samples. The 

coarse fraction was removed from bulk samples by using a pre-washed 10 µm SEFAR 

Nitex® open mesh while the fraction 0.4µm<∅<10µm was collected on 0.4 µm Isopore™ 

polycarbonate membranes. After filtration, the membranes were put into pre-cleaned 

Corning® tubes filled with ~10 ml of ultra-pure water, and micro-particles were removed 

from the filter by sonication. Samples were transported to the Department of Geosciences, 

Swedish Museum of Natural History, Sweden where the liquid was evaporated in acid-

cleaned 15 ml Savillex® beakers. Dry dust samples, ranging between 0.1 and 1.2 mg, were 

weighed a minimum of five times to obtain a mean weight, which was used for subsequent 

calculations. 

 Sediment trap samples 

Isotopic analysis of bulk sediment revealed that the biogenic fraction of the sediment (~up to 

70 % total mass estimated from AESOPS sediment trap data reported in Collier et al. [2000]) 

incorporated marine Sr and thus the isotopic signature could not be distinguished from that of 

seawater (Table 7.1). To remove the biogenic silica and calcium carbonate fraction of the 

sediment we leached the sediment with 6 M HCl in Savillex® beakers and centrifuged 

following the method of Freydier et al. [2001]. The lithogenic residue was then rinsed three 

times with ultra-pure water and dried. 
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Table 7.1: Nd and Sr concentrations and isotopic composition of McMurdo Sound and Chinstrap sediment trap samples analysed in this study. 

Sample Size 
(µm) Location Date 

sampled 
143Nd/ 
144Nd 

a)±2σmean 
*106 

b)εNd(0) c)±2σ CNd 
(ppm) 

87Sr/86Sr 
d)±2σmean 

*106 
e)87Sr/86Sr 
corrected 

f)±2σ 
*106 

CSr 
(ppm) 

Referen
ce 

McMurdo Sound           
 

  

MPR11-5 Bulk 77° 35.44 S 
164° 31.36 E 

Nov 
2011 0.512580 12 -1.1 0.2 110 0.708158 6.0 0.708186 8 140 g) 

MPR11-5 <10 77° 35.44 S 
164° 31.36 E 

Nov 
2011 0.512590 7 -0.94 0.2 220 0.709119 5.3 0.709147 8 320 g) 

CRG7-5 Bulk 77° 05.44 S 
163° 41.86 E 

Nov 
2011 0.512633 11 -0.10 0.3 38 0.707607 4.2 0.707635 8 510 g) 

CRG7-5 <10 77° 05.44 S 
163° 41.86 E 

Nov 
2011 0.512632 8 -0.12 0.3 68 0.708943 8.0 0.708971 8 570 g) 

MPN10-5 Bulk 77° 24.52 S 
164° 18.60 E 

Nov 
2011 0.512735 6 1.9 0.4 40 0.706705 13 0.706733 13 6600 g) 

MPN10-5 <10 77° 24.52 S 
164° 18.60 E 

Nov 
2011 0.512682 8 0.86 0.4 20 0.708188 6.4 0.708216 8 910 g) 

GH2 Bulk 76° 55.33 S 
163° 6.17 E 

Nov 
2009 0.512650 11 0.23 0.3 76 0.707299 12 0.707327 12 890 g) 

GH2 <10 76° 55. 33 S 
163° 6.17 E 

Nov 
2009 0.512654 6 0.31 0.3 72 0.708045 5.8 0.708073 8 620 g) 

GH9 Bulk 76° 58.36 S 
162° 52.80 E 

Nov 
2009 0.512321 5 -6.18 0.3 37 0.712260 5.0 0.712288 8 290 h) 
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MIS4 Bulk 77° 40.03 S 
166° 35.97 E 

Nov 
2009 0.512815 4 3.45 0.3 56 0.705303 5.0 0.705331 8 800 h) 

MIS23 Bulk 77° 40.03 S 
164° 35.79 E 

Nov 
2009 0.51276 6 2.38 0.3 51 0.705608 5.0 0.705636 8 520 h) 

Ross Sea Sediment           
 

  

CT1 Bulk 76° 20.5 S 
165° 1.78 E 1997 0.512715 7 1.5 0.3 0.4 0.709008 5.1 0.709036 8 110 g) 

CT1-leach Bulk 76° 20.5 S 
165° 1.78 E 1997 0.512836 8 3.9 0.3 0.5 0.704314 4.4 0.704342 8 20 g) 

 

a)Internal precision, 2 standard errors of the mean. 
b)Nd isotopic ratios expressed as epsilon units εNd(0) = [(143Nd/144Nd)sample/(143Nd/144Nd)CHUR-1]x104; CHUR, chondritic uniform reservoir. 
c)Uncertainty estimates based upon external precision for standard runs. Internal precision is used if it exceeds the external. 
d)Internal precision, 2 standard errors of the mean. 
e)Corrected to a NBS987 87Sr/86Sr ratio of 0.710245. 
f)Uncertainty estimates based upon external precision for standard runs. Internal precision is used if it exceeds the external. 
g)This study. 
h)Winton et al. (2014).
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7.2.2.2 Sample digestion 

The chemical treatment of the dust samples and leached sediment, including digestion and 

elemental separation (Rb-Sr and Sm-Nd) using ion exchange chromatography, was 

performed at the Swedish Museum of Natural History following the established method 

Delmonte et al. [2008]. The samples were spiked with a mixed 147Sm/150Nd spike and 84Sr-

enriched spike for the isotope dilution determination of the concentrations. Samples were 

digested in an acid mixture of 1.5 ml, of HNO3, HF and HClO4 heated to 90 ºC in closed 

Savillex® beakers for 24 h. The solution was evaporated to complete dryness on a hot plate, 

and the residue re-dissolved in 4 ml 6 M HCl. 

7.2.2.3 Ion exchange 

To achieve separation of potential interfering elements (Fe, Ba, Rb, Sm, Ce, and Pr), and 

obtain high column yield and low blanks, the residue was subjected to chemical procedures 

described in Delmonte et al. [2008]. The total blank, including dissolution, chemical 

separation and mass spectrometry, was frequently monitored in each ion exchange batch and 

blank concentrations were <5 pg for Nd and <130 pg for Sr.  

7.2.2.4 Mass spectrometry 

Isotopic analysis of Nd and Sr was performed with a Thermo Scientific TRITON Thermal 

Ionisation Mass Spectrometer (TIMS). Neodymium was loaded mixed with colloidal 

graphite, Alfa Aesar, on double rhenium filaments and analysed as metal ions in static mode 

using rotating gain compensation. Concentrations and ratios were calculated assuming 

exponential fractionation. The calculated ratios were normalised to 146Nd/144Nd = 0.7219. 

Epsilon units are calculated as follows: 

𝜀𝜀𝑁𝑁𝑑𝑑(0)  =  [(143𝑁𝑁𝑑𝑑/144𝑁𝑁𝑑𝑑)𝑎𝑎𝑇𝑇𝑠𝑠𝑑𝑑𝑆𝑆𝑆𝑆/(143𝑁𝑁𝑑𝑑/144𝑁𝑁𝑑𝑑)𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  − 1] 𝑥𝑥 104; 

CHUR, chondritic uniform reservoir with (143Nd/144Nd)CHUR = 0.512638 

The external precision for 143Nd/144Nd is estimated from analysis of the nNdß standard 

[Wasserburg et al., 1981] by analysing a range, 4-12 ng loads, of nNdß standard. The 

external precision becomes larger for smaller loads, with an estimated precision of about 40 

ppm for small loads, for intermediate size about 30 ppm and about 20 ppm for larger loads. 
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These values have been used to estimate the errors for the samples in Table 7.1. The mean 
143Nd/144Nd ratio for the nNdß was 0.511895±22 (n=20). Literature values for repeated 

analysis of standard nNdβ [Andreasen and Sharma, 2006] yielded 143Nd/144Nd = 0.511892±3 

(2σ, n = 23) and thus no accuracy correction was applied.  

Purified Sr samples were mixed with tantalum activator and loaded on a single rhenium 

filament. Two hundred 8 s integrations were recorded in multi-collector static mode, applying 

a rotating gain compensation. Measured 87Sr intensities were corrected for Rb interference 

assuming 87Rb/85Rb=0.38600 and ratios were calculated using the exponential fractionation 

law and 88Sr/86Sr=8.375209. External precision for 87Sr/86Sr, estimated from analysing NBS 

SRM987 standard, was calculated as ±0.000016 (n=12) while repeated measurements of 

prepared CIT #39 sea water gave a reproducibility of ±0.0000082 or 12 ppm (n=21) which 

was taken to be the best estimate of the external precision. Accuracy correction was applied 

to the 87Sr/86Sr ratios corresponding to a 87Sr/86Sr ratio of 0.710245 for NBS SRM 987 

standard (NBS 987: literature value 0.710245, Department of Geosciences value 0.710217 

±16 (n=12); difference: 0.000028).  

The accuracy of the Nd and Sr isotopic composition of small dust samples was determined 

using the Basalt Columbia River rock standard (BCR-2), a certified reference material. 

Preparation and analysis of 150 to 600 µg aliquots of BCR-2 in each batch of ion exchange 

resulted in a recovery of >79 % (n=6) for concentration and >99 % (n=6) for isotopic 

composition. Due to the small dust samples and the difficulty of weighing such small masses 

we estimate a Sr and Nd concentration error of ±10 % estimated by repeated weighing of 

BCR-2 standards (~0.3 mg). 

7.3 Results 

The Sr and Nd isotopic composition of dust are primarily related to lithology and geologic 

age of parent materials, although the Sr isotopic composition, for particles between 2-50 µm 

can also be influenced by their size. The Sr and Nd isotopic composition of the fine (<10 µm) 

and bulk (all sizes included) dust samples collected in this study are well characterised and 

reported in Table 7.1 and Fig. 7.2 along with additional isotopic data from McMurdo Sound 

measured in an earlier study [Winton et al., 2014]. Samples in Fig. 7.2 are grouped by 

geographic location. The samples collected from the snow on sea ice in McMurdo Sound 
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display a narrow isotopic composition (0.70533< 87Sr/86Sr <0.70915 and -1.1< εNd(0) <3.45). 

Our fine dust (<10 µm) samples have relatively higher 87Sr/86Sr ratios compared to the bulk 

samples (Fig. 7.2), consistent with previous studies of size-dependent fractionation 

[Andersson et al., 1994]. The Nd isotopes do not fractionate with the particle size (with the 

exception of MPN10-5 which could be related to the different size fractions originating from 

different sources; Fig. 7.2), also consistent with previous studies. The ∆87Sr/86Sr is about 

0.00115, that is slightly smaller than the 87Sr/86Sr increase of ~0.0028 units observed between 

63 µm and 2 µm dust particles by Gaiero et al. [2007]. The isotopic ratios of leached 

(lithogenic sediment fraction) and unleached (lithogenic and biogenic sediment fraction) Ross 

Sea sediment obtained from the upper Chinstrap sediment trap (200 mbsl) are reported in 

Table 7.1. Leaching had a significant effect on the Sr isotopic ratio of this sample and 

removed a Sr seawater overprint from the sediment. After leaching, the remaining lithogenic 

sediment has an isotopic signature between the McMurdo Volcanic Group and Southern 

Victoria Land PSAs (Fig. 7.2). 
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Fig. 7.2: Nd and Sr isotope signature of fine (black triangles) and bulk (white triangles) McMurdo Sound 

dust, including bulk McMurdo Sound data (GH9, MIS4 and MIS23; Winton et al. [2014]) and leached 

and unleached Chinstrap sediment trap material. Also plotted are data from Victoria Land potential dust 

sources that include different parent lithologies located in Fig. 1. [Delmonte et al., 2004b; Delmonte et al., 

2013; Delmonte et al., 2010b] and the isotopic composition of Ross Sea seawater [Basak et al., 2015; 

Elderfield, 1986]. Insert top right: McMurdo Sound dust highlighting the fractionation between fine and 

coarse particle sizes and a hypothetical mixing line between the two end members MVG and Southern 

Victoria Land, TAM.  
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7.4 Discussion 

7.4.1 Dust provenance 

7.4.1.1 McMurdo Sound 

The overwhelming majority of dust deposited in snow on sea ice in McMurdo Sound is 

locally sourced. It is not possible to detect any contribution from South American or 

Australian sources with our approach. Sedimentological, meteorological and geochemical 

evidence consistently points to the debris bands on the McMurdo Ice Shelf [Kellogg et al., 

1990] as the dominant local dust source in the McMurdo Sound region (Fig. 7.1) [Atkins and 

Dunbar, 2009; Chewings et al., 2014; Winton et al., 2014]. Studies of spatial variability of 

dust and particle size for the greater McMurdo Sound region show a distinct decrease in 

particle size and dust flux along transect X-Y (Fig. 7.1b) as part of a dust plume extending 

northwards from the debris bands [Atkins and Dunbar, 2009; Chewings et al., 2014]. As the 

plume extends northwards away from the debris bands the particle size and dust 

accumulation rate decrease, although secondary elevated patches of both occur near coastal 

headlands. Overall dust accumulation declines exponentially from 55 g m−2 yr−1 near the 

debris bands to ~0.2 g m−2 yr−1 120 km north of the debris bands [Atkins and Dunbar, 2009; 

Chewings et al., 2014]. This northward dust dispersal is consistent with the local meteorology 

whereby the highest wind speeds, i.e. those most competent with respect to entraining silt and 

fine sand, are predominately from the south (Fig. 7.1c), dispersing dust from the debris bands 

north along the Southern Victoria Land coastline. 

In addition to sedimentological considerations, geochemical evidence also points to dust 

being locally sourced. The Sr isotopic of modern seawater is homogenous 

(87Sr/86Sr=0.70924; Elderfield [1986]), and has a similar Sr isotopic composition to the 

geology in McMurdo Sound (Fig. 7.2). However, the Nd isotopic composition of the local 

geology and Ross Sea seawater (-10<ƐNd(0)<-6; Basak et al. [2015]) is distinguished in Fig. 

7.2, and combined with other provenance indicators (coarse particle size, high dust flux and 

Fe/Al elemental ratios [Atkins and Dunbar, 2009; de Jong et al., 2013]; see below, allows 

tracing of dust to local PSAs. Winton et al. [2014] report two Sr and Nd isotopic ratios of the 

bulk sediment from snow on sea ice in southern McMurdo Sound and one from Granite 

Harbour (Fig. 7.1). The values are consistent with dust originating from McMurdo Volcanic 

Group (MVG), although within the Granite Harbour embayment there is also evidence for 
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dust-derived from TAM lithologies. We rule out the possibility that the volcanic signature of 

McMurdo Sound dust on sea ice is derived from volcanic rocks in Marie Byrd Land (0.7026< 
87Sr/86Sr <0.7032 and 1.99< εNd(0) <6.87) [Futa and Le Masurier, 1983; Hole and 

LeMasurier, 1994] due to the northerly direction of the prevailing winds [Chewings et al., 

2014]. 

Consequently, only local potential source areas (PSAs) are considered for comparison to the 

new isotopic dataset. Overall, the Sr isotopic ratios for McMurdo Sound samples analysed in 

this study and in Winton et al. [2014] are tightly grouped and range between 0.705< 87Sr/86Sr 

<0.709 while εNd(0) ranges between 3.45<εNd(0)<-1.1. These new isotopic data form a linear 

array in Fig. 7.2. McMurdo Sound dust can be considered the result of a two-component 

mixture derived from isotopically distinct end-members: i) the MVG volcanic rocks and ii) 

Southern Victoria Land lithologies found in the TAM such as Ferrar Dolerites and Beacon 

sandstone (Fig. 7.2). The narrow range of isotopic ratios of McMurdo Sound dust along the 

south-north transect X-Y represents northwards dust dispersal downwind from the debris 

bands, that is a mixture of TAM and MVG sources, with minor localised additions of TAM 

dust input from coastal outcrops from New Harbour and Marble Point that contribute to the 

dominant south to north dust plume (Fig. 7.1). This is consistent with field observations 

showing sediment on the McMurdo Ice Shelf debris bands is itself a mixture of MVG and 

TAM lithologies [Kellogg et al., 1990]. 

Previous studies have shown dust deposited within embayments or adjacent to headlands 

along the Southern Victoria Land coastline is not widely dispersed [Barrett et al., 1983; 

Chewings et al., 2014; de Jong et al., 2013]. Within the narrow range of isotopic ratios of 

McMurdo Sound dust, GH9 is isotopically distinct and displays a dominant TAM signature 

(Fig. 7.2). This sample is not situated under the main northward-directed dust plume and 

hence represents localised dust accumulation within the Granite Harbour embayment (Fig. 

7.1). In contrast, the isotopic composition of GH2 lies within the tight cluster of McMurdo 

Sound dust and thus highlights that the mass of dust on the sea ice immediately seawards of 

Granite Harbour originates from the south. A single-source from the debris bands is also 

consistent with Fe concentrations within dust samples that were uniform along the transport 

pathway [Winton et al., 2014]. 
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7.4.1.2 Southwestern Ross Sea 

The isotopic signature of the lithogenic fraction of sediment from the upper 200 mbsl 

Chinstrap sediment trap, located ~170 km north of the debris bands (87Sr/86Sr=0.704, 

ƐNd(0)=3.9), falls outside of the isotopic range of dust originating in Australia 

(0.709<87Sr/86Sr<0.763, -2.9<ƐNd(0)<-15.4; Delmonte et al. [2004b]; Revel-Rolland et al. 

[2006]) and South America (0.704<87Sr/86Sr<0.713, -8.9<ƐNd(0)<-8.3; Delmonte et al. 

[2004b]). These two potential Southern Hemisphere sources supply dust to the high elevation 

EAP at very low deposition rates [e.g. Delmonte et al., 2008]. The signature of the lithogenic 

fraction of sediment from SW Ross Sea (Chinstrap) matches that of the local geology and 

dust on sea ice in McMurdo Sound. Thus, the lithogenic particles, and their associated Fe, 

collected here are ‘locally’ sourced from the Ross Sea region (Fig. 7.2). 

7.4.1.3 Dust transport and deposition in the southwestern Ross Sea 

Deposition of local dust into the SW Ross Sea can occur by direct atmospheric fallout into 

ice-free surface waters, and released into surface waters by sea ice melt associated with 

subsequent northwards advection [Atkins and Dunbar, 2009; Chewings et al., 2014; de Jong 

et al., 2013]. The geographical area over which local dust is transported into the Ross Sea and 

hence contributes to Fe-fertilisation is potentially large. Although dust accumulation 

measurements only exist up to 120 km from the debris bands and decrease exponentially 

from the source, local dust deposition likely extends far beyond this point. Extrapolating the 

dust flux trend observed by Chewings et al. [2014] suggests that the Chinstrap site may 

represent a northern extension of the dust and DFe dispersal pattern reported by Winton et al. 

[2014]. We estimate an annual accumulation rate of ~0.01 g m-2 yr-1 at the Chinstrap site from 

aeolian dust, although we do not have accumulation rate data from the Chinstrap sediment 

trap with which to compare this estimate. Whether or not locally sourced aeolian sediment 

this is the main source of the lithogenic sediment in the Chinstrap site remains somewhat of 

an open question. However, when the relationship between DFe and phytoplankton 

productivity in McMurdo Sound is considered we suggest this is unlikely to be the case (Fig. 

7.3; Section 7.4.2). 
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Fig. 7.3: a) Extrapolation of the annual DFe flux from McMurdo Sound into the SW Ross Sea. DFe data 

sourced from: Winton et al. [2014]. The predicted dust flux at the Chinstrap site is estimated at ~0.01 g m-

2 yr-1 with a corresponding DFe flux of ~2 nmol m-2 d-1. b) Also shown is the rate of primary production 

with distance from McMurdo Sound. As the dust flux exponentially decreases, the rate of primary 

production increases. Primary production inferred from the annual mean chlorophyll-a concentration 

(2000-2009) in the McMurdo Sound polynya (72.0 °S - 78.083 °S, 160.916 °E - 179.040 °W) from SeaWiFS 

satellite data (http://giovanni.gsfc.nasa.gov). 

7.4.2 4.2. Implications for iron-fertilisation 

7.4.2.1 Contribution of local dust to lithogenic iron 

By extrapolating the dust flux trend observed by Chewings et al. [2014] and its associated 

contribution to DFe (Winton et al. [2014] into the SW Ross Sea, we can estimate the upper 

bound of the DFe at the Chinstrap site from the debris bands (Fig. 7.3). Assuming a 

lithogenic dust flux  of ~0.01 g m-2 yr-1 and an associated total Fe content of 4 % and 11 % of 

this Fe is soluble [Winton et al., 2014], we estimate a maximum DFe flux of ~2 nmol m-2 d-1 

to the Chinstrap site (Fig. 7.3). However, when this is considered relative to the spatial 

distribution of primary production in the SW Ross Sea, using averaged annual Sea-Viewing 
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Wide Field-of-View Sensor (SeaWiFS) satellite chlorophyll-a data, we find that the gradient 

in increasing chlorophyll-a concentration with distance from the debris bands within the 

McMurdo Sound polynya does not match the pattern of decreasing dust accumulation (Fig. 

7.3). This pattern suggests that DFe from dust not regulate growth in the SW Ross Sea. A 

seasonal phytoplankton bloom occurs in the McMurdo Sound polynya, SW Ross Sea each 

summer and is dominated by diatoms. The rate of primary production is greatest in the centre 

of the McMurdo Sound Polynya. As the dust flux decreases and primary production increases 

with distance from McMurdo Sound, it is difficult to reconcile these patterns at the Chinstrap 

site assuming only a local dust source (Fig. 7.3). 

7.4.2.2 Supporting evidence from the wider Ross Sea 

Some further insight into the origin of sediment in the water column in the SW Ross see may 

be inferred from the data published by Collier et al. [2000]. They show a significantly 

elevated lithogenic accumulation rate in deep AESOPS sediment traps compared to 

accumulation rates measured in the upper AESOPS sediment traps at other sites in the Ross 

Sea (e.g. MS-7; 76°30’S, 178°1’W). In addition, lithogenic Fe fluxes between 1-90 µg m-2 d-1 

have been measured for the upper 200 mbsl AESOPS trap (MIS-7b) and 40-850 µg m-2 d-1 

for the deep trap (MS-7a). The greater mass of sediment and lithogenic Fe flux in the deep 

traps in the Ross Sea highlight that concentrations of suspended sediment in the water column 

at these sites cannot simply result from sediment input at the surface (whereby the 

accumulation in each trap would be the same regardless of depth). Instead, the increase in 

accumulation with depth likely reflects resuspension and horizontal near-bottom transport 

processes. Whilst we do not have the data to constraint these processes at Chinstrap we infer, 

based on the provenance of the lithogenic sediment and distance from known local sources, 

that the lithogenic sediment accumulating there is most likely dominated by resuspended 

bottom sediments, potentially from sills either side of the Drygalski Basin but also locally 

sourced material falling through the water column sourced from atmospheric deposition or 

ice rafting. Although, no Fe flux data for the Chinstrap site are available, future work could 

examine the relationship between Fe fluxes in the Chinstrap sediment trap and those DFe 

fluxes reported for locally derived dust at McMurdo Sound. 

Despite McMurdo Sound representing the upper bound of locally derived dust and associated 

DFe to Antarctic waters, previous studies have ruled out local dust as the major source of 

DFe supply for phytoplankton blooms in the Ross Sea. Dissolved Fe in McMurdo Sound dust 

287 
 



can only support up to 15 % of primary production in the region [Winton et al., 2014]. 

Furthermore, based on regional scale estimates of dust deposition to the Southern Ocean, 

primary production triggered by long-range transport dust is likely to be less significant than 

local dust [e.g. Edwards and Sedwick, 2001]. Evidence from the extrapolation of the mass 

accumulation rate to the upper 200 mbsl Chinstrap trap, the sedimentological study of 

Chewings et al. [2014], sedimentation in the water column, and the low contribution of local 

aeolian DFe to phytoplankton blooms, suggest that it is unlikely that aeolian dust deposition 

is the dominant process by which lithogenic Fe is supplied to the water column in the SW 

Ross Sea. Considered together, these lines of evidence point to a combination of resuspended 

bottom sediments with smaller additions of local dust sourced from atmospheric deposition or 

ice rafting as the sources of Fe-bearing sediment to the water column in the SW Ross Sea. 

7.4.2.3 Implications for iron-fertilisation  

More broadly, Sedwick et al. [2011] noted that the phytoplankton-Fe limitation must be 

overcome by continuous replenishment from new sources to sustain the significant biomass 

observed over summer. They considered the following as potential sources of new DFe: 

vertical mixing, lateral advection, aerosol input, and dissolution of particulate Fe from any or 

all of these sources. Consistent with upwelling of DFe as a major source of DFe in the Ross 

Sea, Marsay et al. [2014] reported the highest DFe concentrations are found within 50 m of 

the seafloor in the austral summer 2012. Most recently, Gerringa et al. [2015] measured 

seawater DFe concentrations in the 2013-2014 austral summer, and concluded that DFe from 

the seafloor and land mass sediments are the main sources of DFe which support 

phytoplankton in the upper mixed layer of the Ross Sea Polynya in the early summer. 

Similarly, phytoplankton blooms in the Pennell Bank region of the Ross Sea are supported by 

upwelling of DFe [Kustka et al., 2015]. However, Kustka et al. [2015] also highlight the 

spatial variability of processes supplying DFe in the Ross Sea. For example, circulation 

patterns around bathymetric features can alter the input of DFe from increased upwelling 

rates and higher concentrations of DFe. Numerical modelling of DFe supply by McGillicuddy 

et al. [2015] suggests that the largest sources to the euphotic zone are wintertime mixing and 

melting sea ice [e.g. de Jong et al., 2013; Sedwick and DiTullio, 1997] with smaller inputs 

from Circumpolar Deep Water and from melting glacial ice. 
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7.5 Conclusions 

Dust extracted from surface snow on McMurdo Sound sea ice enables us to document the 

present day provenance of dust reaching the SW Ross Sea. Based on our measurements of Sr 

and Nd isotopic ratios of dust deposited in surface snow on sea ice at McMurdo Sound and in 

the Chinstrap sediment trap in the SW Ross Sea we conclude the following: 

1. The Sr and Nd isotopic signature of lithogenic sediment from the upper Chinstrap 

sediment trap in the SW Ross Sea (εNd(0)=3.9,  87Sr/86Sr=0.70434) matches local 

dust sources.  

2. McMurdo Sound has been well characterised in terms of the Sr and Nd isotopic 

composition of locally derived dust deposited on sea ice. Dust found there 

displays a narrow isotopic field between 0.70533< 87Sr/86Sr <0.70819 and -1.1< 

εNd(0) <3.45 for the bulk fraction and 0.70807< 87Sr/86Sr <0.70915 and -0.94< 

εNd(0) <0.86 for the fine fraction. Due to Sr isotopic fractionation with particle 

size, the signature of the fine fraction reference adds to the PSA database for 

comparison to Antarctic ice core dust provenance studies. 

3. Locally derived dust from McMurdo Sound is unlikely to be the major source of 

DFe for seasonal phytoplankton blooms in the SW Ross Sea. Although, Sr and Nd 

isotopic ratios of local dust on sea ice show similarities to lithogenic marine 

sediment, we acknowledge the limited transport distance of coarse-sized dust in 

this region. As dust transport varies from year to year, we cannot completely 

exclude the possibility that local dust can contribute to DFe to the greater Ross 

Sea region although this is not the dominant source of lithogenic Fe. 

4. We surmise that there is significant remobilisation and upwelling of Fe from the 

sea floor that contributes to Fe-fertilisation of phytoplankton during the austral 

summer in the SW Ross Sea. 

5. Source information of dust inputs to regions, such as the Ross Sea, improves the 

ability to predict how such supply will change as the climate changes. As local 

sources are important to the SW Ross Sea, this data could be included in models 

that predict changes in snow and ice cover in the region. 
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Chapter 8. Exegesis review: The impact of dust and 

biomass burning on deposition of soluble iron to 

Australian and Antarctic waters  

8.1 Introduction  

This exegesis review, discusses the impact of dust and biomass burring aerosol (elemental 

carbon and refractory black carbon (rBC) as fire tracers) on the deposition of soluble iron 

(Fe) to Australian and Antarctic waters through the following objectives. Conclusions are 

contained in individual chapters. Here, I discuss the overall conclusions related to the 

exegesis introduction by bringing together individual chapters as a whole body of work. 

Future work and recommendations are also discussed. 

1. Do latitudinal gradients in soluble iron exist in the Australian sector of the Southern 

Hemisphere? 

Soluble iron concentrations and fractional iron solubility of aerosols are compared at 

a number of sites (Gunn Point, Cape Grim, McMurdo Sound, and Roosevelt Island) 

along a latitudinal gradient from northern tropical Australia to the polar plateau.  

2. Can the variability in fractional iron solubility be explained by biomass burning 

emissions? 

The large range of fractional iron solubility (1-90 %) observed on a global scale is 

investigated by comparing black/elemental carbon, dust and soluble iron in time 

series in the Australian sector of the Southern Hemisphere. The relationship between 

soluble iron and black/elemental carbon with respect to aeolian iron transport and 

deposition to the surface ocean are investigated. 

3. What are the potential impacts of changes in fractional iron solubility on glacial to 

interglacial climate regimes? 

A simple two-component mixing model with “mineral dust” and “combustion 

aerosol” end members is applied to a dust record from an Antarctic ice core to 
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investigate how soluble iron deposition may have changed in relation to iron sources 

during glacial-interglacial transitions. 

8.2 Latitudinal gradients of soluble iron in the Australian sector of the Southern 

Hemisphere 

The mean global distribution of atmospheric iron deposition is well known [e.g. Mahowald et 

al., 2005; Mahowald et al., 2009], but its solubility and bioavailability is not. Soluble iron 

fluxes were investigated at a number of sites in Australia (Gunn Point, Cape Grim Baseline 

Air Pollution Station; CGBAPS) and Antarctica (McMurdo Sound and Roosevelt Island) 

(Chapters 4-7). In addition, preliminary snow pit data from Aurora Basin North (ABN), East 

Antarctica (see section 8.5.2.) is also discussed in this review. Soluble iron data from this 

study and the literature, concerning the Australian sector of the Southern Hemisphere, are 

compiled in Fig. 8.1. As a general trend, soluble iron fluxes are highest in the Southern 

Hemisphere tropics and decrease with increasing latitude southward. Soluble iron fluxes 

decreased by orders of magnitude from an estimated 1.9 x 10-2 g m-2 y-1 at Gunn Point to 4.1 

x 10-5 g m-2 y-1 at Cape Grim to 1.2 x 10-6 g m-2 y-1 at Roosevelt Island to 2.5 x 10-7 g m-2 y-1 at 

ABN. It should be noted that the soluble iron fluxes presented here are a combination of dry 

deposition fluxes from continental Australia (Gunn Point and CGBAPS) and total (wet and 

dry) deposition fluxes from Antarctica (McMurdo Sound, Roosevelt Island and ABN). 

Regardless, the dry deposition fluxes over continental Australia are still order of magnitude 

greater than the total fluxes in Antarctica. The decreasing latitudinal trend is consistent with 

soluble iron deposition models that estimate low soluble iron fluxes in the Southern Ocean 

[Mahowald et al., 2009], and high soluble iron fluxes derived from combustion over land 

masses in the tropics [Ito, 2015], consistent with a biomass burning source at the equator. 
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Fig. 8.1: Soluble iron flux in the Australian sector of the Southern Hemisphere. Soluble iron fluxes from 

continental Australia are dry deposition fluxes while soluble iron fluxes from Antarctica are total (wet 

and dry) deposition fluxes. Note that the data from ice core sites are from Holocene ice and assume no 

large Holocene changes in deposition (Law Dome; Edwards et al. [1998], Talos Dome; Vallelonga et al. 

[2013], Dome C; Gaspari et al. [2006]). McMurdo Sound dust data is from Winton et al. [2014] and 

coastal East Antarctica (CEA) aerosol data is from Gao et al. [2013].  
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Two exceptions to this trend have been reported. Firstly, soluble iron fluxes of Last Glacial 

Maximum (LGM) dust are higher by an order of magnitude. In the Dome C ice core, soluble 

iron fluxes of 8.4 x 10-4 to 1.0 x 10-5  g m-2 y-1 [Conway et al., 2015] are considerably higher 

than present day Holocene fluxes on the East Antarctic Plateau (EAP) (Fig. 8.2). Secondly, 

the occurrence of sparse ice-free rock outcrops around the low-elevation margins of 

Antarctica (Fig. 8.1) represents a non-negligible dust source to the local atmosphere. Some of 

these potential source areas (PSA) have been ice-free for millions of years [Delmonte et al., 

2013; and references therein; Oberholzer et al., 2008; Oberholzer et al., 2003]. The local dust 

cycle in these coastal regions is widely different from the high-elevation polar plateau, in 

terms of dust abundance and origin [Delmonte et al., 2002; Delmonte et al., 2004b; Lambert 

et al., 2008]. Here, mesoscale dust entrainment, advection and deposition is driven by 

regional atmospheric circulation. In the coastal Ross Sea region, two PSA have been 

identified: unconsolidated sediment on the debris bands in southern McMurdo Sound 

(Chapter 7), and ice-free mountains in Marie Byrd Land (Chapter 6), both of which supply 

new soluble iron to the Ross Sea. The Messa Range, Northern Victoria Land is a PSA for 

dust, and most likely iron, to the Talos Dome ice core site [Delmonte et al., 2010b; 

Vallelonga et al., 2013]. Exposed outcrops in coastal East Antarctica have also been 

suggested as a source of dissolved iron (DFe) to proximal Antarctic waters [Gao et al., 2013]. 

Other PSA exist on the margins of Antarctica (e.g. McMurdo Dry Valleys, Terra Nova Bay, 

Bunger Hills, and the Antarctic Peninsula), however these are not quantified in terms of dust 

composition and abundance or the soluble iron content. An important conclusion from this 

research is that the DFe supply from the largest local dust source in Antarctica [Winton et al., 

2014] (Chapter 7) does not appear to be the dominant source of DFe to the SW Ross Sea or 

Antarctic waters in general. The SW Ross Sea region represents the dustiest known area in 

Antarctica [Chewings et al., 2014], and previous estimates suggest that local dust contributes 

up to 15 % of the DFe supply to the SW Ross Sea [Winton et al., 2014]. In the case of the 

Ross Sea, resuspension and upwelling of iron rich sediments is likely the major source of 

DFe to surface waters (as identified in Chapter 7 in agreement with Marsay et al. [2014]; 

Sedwick et al. [2011]). Nevertheless, local PSA around the margins of Antarctica contribute 

an important source of iron to biogeochemical iron budgets in snow on sea ice [de Jong et al., 

2013]. Sea ice also plays an important role in the storage of DFe through the austral winter, 

and acts as a transport vector and redistributes of DFe into the Southern Ocean during austral 

spring-summer sea ice melt [Lannuzel et al., 2007; Lannuzel et al., 2010; Van Der Merwe et 

al., 2011a; van der Merwe et al., 2011b] (Chapter 7). 
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A large range in fractional iron solubility was observed between sites and also between 

samples at sites (Table 8.1). Unlike soluble iron fluxes, fractional iron solubility did not 

display a clear latitudinal gradient. However, the fractional iron solubility minimum 

decreased by orders of magnitude with increased latitude from 2 % at Gunn Point to 0.003 % 

at ABN (Table 8.1). The fractional iron solubility was highest in pristine baseline air over the 

Southern Ocean, and lowest in remote locations in Antarctica. Values of fractional iron 

solubility in mixed dust and fresh smoke at Gunn Point (2-11 %) lie between these values, 

and are consistent with modelling studies that suggest a relatively low fractional iron 

solubility near sources of biomass burning and coal combustion [Ito, 2015]. It is thought that 

fractional iron solubility increases as aerosols age during transport and are exposed to organic 

acids (e.g. sulfuric and oxalic acid; determined by oxalate as the conjugate base) in the 

atmosphere [Ito, 2015]. No relationship between these acid species and solubility was 

observed at Cape Grim (Chapter 5). The large range in fractional iron solubility for these 

samples was attributed to a mixture of aerosol iron sources. The ~1 year time series at Cape 

Grim was too short to rule out the possibility that atmosphere processing with oxalic and 

sulfuric acid in baseline can enhance iron solubility. Little is known about the enhancement 

of oxalic acid and sulfuric acid on the fractional iron solubility in pristine air over the 

Southern Ocean. Unlike polluted air masses over mega cities [Chuang et al., 2005; Kumar et 

al., 2010; Sedwick et al., 2007; Sholkovitz et al., 2009], where concentrations of organic acids 

are high, the lack of correlation between soluble iron and oxalic acid at Cape Grim could be 

related to the extremely clean air over the Southern Ocean and Antarctica. In the absence, or 

trace concentrations, of organic acids in the atmosphere over the Southern Ocean [Keywood, 

2007], the enhancement of iron solubility would not take place. Furthermore, Roosevelt 

Island is influenced by local dust sources from Marie Byrd Land (Chapter 6) and the mean 

fractional iron solubility of 1.8 % is similar to that of mineral dust (0.5-2 %). However, the 

fractional iron solubility at the site episodically rose up to 30 % but was unrelated to 

refractory black carbon (rBC), a proxy for biomass burning. There is considerable spatial 

variability in the fractional iron solubility in the Australian sector of the Southern 

Hemisphere. The time series in this study were too short to investigate seasonality in 

fractional iron solubility; however episodic variability at sites was related to changes in 

aerosol source. 

331 
 



Table 8.1: Fractional iron solubility at various sites in this research. Site locations are shown in Fig. 8.1. 

 Latitude 
Fractional Fe 

solubility 
minimum (%) 

Fractional Fe 
solubility 

maximum (%) 

Fractional Fe 
solubility mean 

(%) 
Gunn Point 12.25 °S 2 11 6 
Cape Grim 40.68 °S 0.5 56 15 

Roosevelt Island 79.36 ºS 0.07 30 1.8 
Aurora Basin North 71.17 °S 0.003 6 0.4 

8.3 Can the variability in fractional iron solubility be explained by biomass burning 

emissions? 

8.3.1 Two component mixing of aerosol iron sources 

To date most studies have assumed that mineral dust represents the primary source of soluble 

iron in the atmosphere [e.g. Jickells et al., 2005]. However, fire emissions, oil combustion 

and extra-terrestrial iron are other potential sources. This study tested the hypothesis that the 

variability in fractional iron solubility can be explained by biomass burning emissions. The 

variation in the fractional iron solubility as a function of total aerosol iron loading is 

illustrated by scatter plots of fractional iron solubility versus total aerosol iron loading (Fig 

8.2). The data in this research and other studies [Bowie et al., 2009; Gao et al., 2013; 

Sholkovitz et al., 2012; and references within] are separated into three main regions: a) 

global, b) Southern Hemisphere, and c) Antarctica in Fig. 8.2. Sholkovitz et al. [2012] 

complied a global dataset of fractional iron solubility, and found that the large variability in 

fractional iron solubility observed is related to a mixing of aerosols sources, i.e. mineral dust 

with a low fractional iron solubility (0.5-2 %) and combustion aerosol with a high fractional 

iron solubility (up to 60 %; Fig. 8.2a). On a global scale, the range in fractional iron solubility 

is large (Fig. 8.2a). The total aerosol iron loading in the Southern Hemisphere (Fig. 8.2b) is 

less than the Northern Hemisphere (Fig. 8.2a). The relationship between total iron and 

fractional iron solubility is also consistent with Antarctic data from this study (Fig. 8.2c). 

Total aerosol iron loading in Antarctica (Fig. 8.2c) is even lower that the Southern Ocean, but 

the range in fractional iron solubility is still comparable to the Southern Hemisphere. 

The Southern Hemisphere is characterised by low aerosol iron loading ranges between 5-150 

ng m-3 and fractional iron solubility ranges between 0.5-22 % [Sholkovitz et al., 2012]. The 

study reported here doubles the number of data points used to characterise the Southern 
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Ocean (i.e. in a different sector to the South Atlantic Ocean previously investigated) and 

Antarctica (Fig. 8.2b-c). Incorporating these new estimates, total aerosol iron in the Southern 

Hemisphere is characterised by concentrations ranging between 0.01-1200 ng m-3 and 

fractional iron solubility between 0.5-60 %. This range is wider than previous estimates as the 

latitudinal distribution of Southern Hemispheric aerosol iron sampling was extended from the 

pole to the equator, thereby capturing a larger range of aerosol iron PSA. Sholkovitz et al. 

[2012] found that around a quarter of the Southern Hemispheric samples had a fractional iron 

solubility of <2 %, similar to the fractional iron solubility of mineral dust (0.5-2 %). While 

only one known value is reported for the fractional iron solubility of Australian mineral dust, 

i.e. 0.9 % in soil from Thargomindah, SW Queensland [Mackie et al., 2006], the low 

fractional iron solubility of Australian mineral dust is consistent with global estimates of 

mineral dust. The only other known study of iron solubility in Australia examined soil from 

Mallee, Murray River region [Bhattachan and D'Odorico, 2014]. However, different 

fractions of soluble iron were analysed than in this research, which is problematic as the 

fractional iron solubility of the long-range transportable size fraction (i.e. <5 µm) could be 

different to the bulk fraction. Furthermore, no measurements of total iron concentration or 

fractional iron solubility were reported. Soluble ferrous iron, Fe(II) in Mallee soil particles 

<45 µm ranged from 0.05 to 0.24 mg g-1 and acid-leachable iron (determined using a similar 

labile iron method described in Chapter 5) ranged from 0.17-0.19 mg g-1. The acid leachable 

or labile fraction of iron in the unprocessed soil is unsurprisingly orders of magnitude higher 

than estimates of labile iron in baseline air over the Southern Ocean (Chapter 5). 
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Fig. 8.2: Compilation of fractional iron solubility. a) Global compilation of aerosol iron solubility 

(Sholkovitz et al. [2012; and references therein], Cape Grim: Chapter 5, Gunn Point: Chapter 4). b) 

Aerosol iron solubility data from the Australian sector of the Southern Hemisphere (Southern 

Hemisphere compilation: Sholkovitz et al. [2012; and references therein], Cape Grim Baseline Air 

Pollution Station: Chapter 5, Southern Ocean south of Tasmania: Bowie et al. [2009], Southern Ocean 

southwest of Australia and coastal East Antarctica: Gao et al. [2013], Gunn Point: Chapter 4). c) 

Fractional iron solubility from Antarctic snow (Roosevelt Island; Chapter 6, ABN; see section 8.5.1) and 

the results of two end-member (mineral dust and combustion aerosol) conservative mixing model. 
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The Antarctic snow fractional iron solubility data fall along a simple two component mixing 

line in Fig. 8.2c. The mixing line was calculated assuming the conservative mixing of two 

aerosol end-members each characterised by distinct atmospheric loadings of total aerosol iron 

and fractional iron solubility, following Sedwick et al. [2007] and Sholkovitz et al. [2012]. 

The first end member “mineral dust” is characterised by relatively high aerosol iron loading 

and relatively low fractional iron solubility. The second end member “combustion aerosol” is 

characterised by relatively low total aerosol iron loading and relatively high fractional iron 

solubility. Fractional iron solubility from oil and coal combustion is high and estimates vary 

around 1-50 % [Kumar et al., 2010; Sedwick et al., 2007; Sholkovitz et al., 2009]. However, 

relatively little is known about fractional iron solubility of biomass burning emissions. Of the 

few estimates, there is a large range (1-60 %), and these may vary in relationship to biomass 

and fire characteristics as well as that of the underlying terrain [Guieu et al., 2005; Ito, 2011; 

Paris et al., 2010]. To investigate whether the high values of fractional iron solubility can be 

explained by biomass sources, Roosevelt Island and Gunn Point records of soluble iron and 

black/elemental carbon, a proxy for biomass burning, were investigated. 

8.3.2 Biomass burning and soluble iron at Roosevelt Island 

Mixed dust and rBC sources of soluble iron were identified at Roosevelt Island (Chapter 6). 

Exceptionally high rBC concentrations (up to 2 ppb comparable to Greenland levels) during 

an event in austral summer 2012 paralleled dust concentrations and soluble iron deposition. 

However, the fractional iron solubility at this time was low (0.7 %) but rose up to 10 % and 

30 % during the austral winter in 2011 and 2012 respectively when rBC and dust 

concentrations were low (Fig. 8.2c). It is important to note that local dust sources from Marie 

Byrd Land contribute to the soluble iron input to the site. In this short record, it is not 

possible to separate out dust and rBC sources of soluble iron to Roosevelt Island. Refractory 

black carbon deposition to West Antarctica is seasonal, occurring in late winter to early 

spring [Bisiaux et al., 2012b]. While the long term seasonally of dust deposition at Roosevelt 

Island are currently unconstrained but under investigation [B. Delmonte Pers. Comm., 2015], 

the snow pit data suggested that dust input to the site was episodic. Longer records of soluble 

iron deposition are required to determine whether rBC and dust deposition occur in different 

seasons. A seasonal separation of these soluble iron sources would help assess whether the 

large spikes in fractional iron solubility are related to biomass burning. 
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8.3.3 Biomass burning and soluble iron at Gunn Point 

To investigate whether these large peaks in fractional iron solubility at Roosevelt Island 

displayed characteristics related to biomass burning, aerosol iron from a source region of 

annual savannah biomass burning in the Australian tropics (Gunn Point) was analysed 

(Chapter 4). Similar to Roosevelt Island, aerosol iron sources were mixed and included 

mineral dust and biomass burning. Mineral dust from central Australia was determined by a 

combination of tracers, elemental ratios, enrichment factor analysis, and air mass back 

trajectories. These tracers showed that mineral dust was present in all samples. In particular, 

two major dust events were identified with high soluble and total iron concentrations. 

Biomass burning was identified continuously throughout the campaign and two major fire 

events occurred on different days that the mineral dust events. Although the aerosols were a 

mixture of these two end member sources, they peaked at different times throughout the 

record in contrast to Roosevelt Island where the largest rBC peak occurred simultaneously 

with dust deposition. Fractional iron solubility was relatively high (8 %) during the dust 

events but dropped to ~2 % during the largest and most proximal fire event. Soluble iron 

concentrations also dropped during the largest and most proximal fire event. For the majority 

of the time series, elemental carbon concentrations were greater when fractional iron 

solubility was lower, and vice versa, suggesting that fresh elemental was not a direct source 

of soluble iron at the biomass burning source. Furthermore, no relationship between rBC and 

soluble iron was found at Roosevelt Island. Estimates of the fractional iron solubility in 

aerosols produced from natural biomass burning were relatively low in studies by Guieu et al. 

[2005] and Paris et al. [2010] who report fractional iron solubility of 2 % for samples 

collected off Africa and southern France, respectively. While more studies are required, 

results from Roosevelt Island and Gunn Point question whether black/elemental carbon is a 

direct source of soluble iron. 

8.3.4 Global chemical transport model of soluble iron and implications for biomass 
burning sources of soluble aerosol iron 

In order to explain the unexpected low soluble iron concentrations and fractional iron 

solubility during fire events at Gunn Point, the Gunn Point aerosol data was compared to the 

global chemical transport model of soluble iron models [A. Ito, Pers. Comm., 2015]. The 

range of fractional iron solubility at Gunn Point (2-10 %) fits well with model predictions of 

1-8 % fractional iron solubility for June at the Gunn Point site from the global atmospheric 
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chemistry model of Ito and Shi [2015]. The model uses an empirical scheme to estimate the 

release of iron from mineral dust by inorganic and organic acids in water (Fig. 8.3). It is 

important to note that the input data used in the model was from June 2010, described in Ito 

and Shi [2015], and therefore is not directly comparable. Future works will focus on using 

input data for June 2014. According to the global chemical transport model, biomass burning 

indirectly contributed to soluble iron deposition at the Gunn Point site. The model can 

reproduce relatively low fractional iron solubility near Australian biomass burning source 

regions (1-8 %), compared to the open ocean [Ito, 2015], although the model underestimated 

fractional iron solubility under the dust event. 

Ito and Shi [2015] found that iron dissolution of mineral dust is substantially enhanced in the 

presence of excess oxalic acid under low acidity. Oxalic acid, determined as oxalate as the 

conjugate base in this research, is an organic acid in fresh smoke which makes up <1% of the 

total particle mass of biomass burning [Ferek et al., 1998; Yamasoe et al., 2000]. During the 

Gunn Point Savannah Fires in the Early Dry Season (SAFIRED) campaign in June 2014, 

elemental ratios and enrichment factors were consistent with a mineral dust source. 

Furthermore, air mass back trajectories suggest central Australia as the general fetch area. 

The source of soluble iron at Gunn point was attributed to the background composition of 

Australian aeolian dust transported to the Australian tropics, and subsequently mixing with 

biomass burning emissions from north Australian savannahs. Iron from biomass burning can 

originate from ash and/or local soil entrained by pyro-convection. Local soil at the 

combustion site can thus contribute to the mineral dust component in the sample. Even if iron 

is mainly transported from the southeast over inland, low population regions of Australia with 

a low fractional iron solubility (e.g. 0.9 %) [Mackie et al., 2006], soluble iron can also 

originate from soil at the savannah combustion source (Fig. 8.3). In this research, it is not 

possible to discriminate between the composition of ‘background Australian dust’ and the 

local soil entrained by pyro-convection as there is little geochemical data for savannah soils 

in the Northern Territory. During the mixing of dust and biomass burning emissions, soluble 

iron contained in dust could be enhanced by oxalic acid derived from the fire combustion. 

The relatively low values of fractional iron solubility at Gunn Point are comparable to the 

model predictions of relatively low fractional iron solubility at the biomass burning source 

region which increase during transport and atmospheric processing to the open ocean [Ito, 

2015]. It is interesting to note that the fractional iron solubility was lowest during proximal 

fires compared to more distally sourced fires. In this case, mineral dust is the major source of 
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soluble iron to proximal tropical waters. Fresh rBC/elemental carbon is likely to have a low 

total iron content (e.g. iron estimates for fresh smoke range between 0.02-1.2 % [Ferek et al., 

1998; Turn et al., 1997; Ward et al., 1992; Ward and Hardy, 1991; Ward et al., 1991; 

Yamasoe et al., 2000]) and although some fresh rBC/elemental carbon may not pass through 

a 0.2 µm filter, due to the hydrophobic surface of fresh rBC/elemental carbon, any iron 

associated with the rBC/elemental carbon is not likely to be dispersed into solution (Chapter 

4). By characterising the biomass burning end member at the source, this research found that 

fresh rBC/elemental carbon does not necessarily result in high fractional iron solubility as 

hypothesised. This same conclusion was found with aged and long range transported rBC to 

Roosevelt Island. Nevertheless, biomass burning emissions of organic and inorganic acid 

species could enhance the fractional iron solubility of mineral dust. The relationship between 

soluble iron, dust and biomass burning is complex and a number of interacting processes 

from dust advection and biomass combustion to aeolian transport to deposition in the ocean 

are likely to explain the variability in fractional iron solubility (Fig. 8.4). 
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Fig. 8.3: Soluble iron model results for Gunn Point in June 2010. Input data are taken from Ito and Shi 

[2015]. a) Fractional iron solubility. b) The contribution of biomass burning to the total soluble iron. c) 

The contribution of dust to the total soluble iron. Source: A. Ito Pers. Comm. [2015]. 
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8.3.5 Processes by which biomass burning can influence soluble aerosol iron  

The latitudinal gradients in soluble iron fluxes and the episodic high fractional iron solubility 

in baseline air over the Southern Ocean and Antarctica can be explained by two processes 

illustrated in Fig.8.4: 

1. Enhancement of iron solubility in mineral dust by organic and inorganic species in 

smoke plumes from biomass burning regions. 

2. Iron binding to elemental/black carbon aerosols or chemical absorption of iron 

onto the surface of elemental/black carbon aerosols with subsequent release to the 

remote open ocean. The transport and aging of nano-sized, fresh elemental/black 

carbon can occur through a number of processes including the coating of 

elemental/black carbon particles with sulfate, oxalate and other organic species 

(Chapter 4). Although the total iron content in biomass is low, elemental/black 

carbon can bind to inorganic species and vice versa, e.g. mineral dust and nano-

iron particles, during long range transport [Ellis et al., 2015]. These processes can 

result in the elemental/black carbon becoming hydrophilic, dispersing in water 

and forming a colloid, and thus operationally defined as soluble iron when it 

passes through a 0.2 µm filter. 

Upon deposition to the ocean, iron from mineral dust and coated and aged elemental/black 

carbon can be released into the surface water (Fig. 8.4). Even, if elemental/black carbon does 

not become hydrophilic during atmospheric transport, processes in the ocean or atmosphere-

ocean interface could coat and functionalize the particles making them a potential 

bioavailable iron source. Elemental/black carbon is ubiquitous, and likely elemental/black 

carbon floats on surface waters for long periods of time (Fig. 8.4). Elemental/black carbon 

itself may not be a direct source of soluble iron, unless it can become bound to iron nano-

particles and coated to make it hydrophilic during transport. In addition, other species emitted 

during fire combustion (e.g. oxalate, sulfate) could enhance the fractional iron solubility of 

mineral dust. Australia is a large PSA of both dust and biomass burning emissions for the 

Southern Hemisphere and the mixing of the two aerosols sources could be an important 

source of bioavailable iron for both tropical and Southern Ocean waters (Fig. 8.2b). 

Higher soluble iron fluxes at lower latitudes and lower soluble iron fluxes at higher latitudes 

are related to a mixture of aerosol iron sources with greater biomass burning near the tropics 
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enhancing the dissolution of mineral dust. As dust and biomass burning emissions are 

transported over the open ocean, a number of interactions take place which can either 

continue to enhance the solubility of mineral dust and/or make elemental/black carbon 

soluble (Fig. 8.4). Dust events are episodic and not all dust events will coincide with the 

mixing of a biomass burning plume. This could explain the episodic high fractional iron 

solubility observed in aged/long-range transported aerosols to Cape Grim and Antarctica. The 

mixing of these two sources could also explain why not all major Australian dust events 

result in a biotic response [Boyd and Mackie, 2008; Boyd et al., 2010; Boyd et al., 2004; 

Gabric et al., 2010]; that is, in the absence of biomass burning, the fractional iron solubility 

of mineral dust may be too low stimulate productivity. The onset of toxic Trichodeium 

blooms were linked to iron-fertilisation by Indonesian wild fires [Abram et al., 2003]. In this 

case, the wildfire could have enhanced the solubility of aerosol iron in that region. This 

unusual type of event could become more frequent as biomass burning emissions are 

predicted to rise over the next century [Keywood et al., 2013]. More frequent and larger 

biomass burning events could have implications on the bioavailability of atmospheric iron to 

ocean waters and the heath of the marine ecosystem in tropical waters. 
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Fig. 8.4: Schematic indicating the processes by which dust and biomass burning supply soluble iron to Australian and Antarctic waters. 
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8.4 What are the potential impacts of changes in fractional iron solubility on glacial to 

interglacial climate regimes? 

It is well recognised in paleoclimate records that dust fluxes rose dramatically, up to an order 

of magnitude, during glacial periods [e.g. Lambert et al., 2008; Martínez-Garcia et al., 2009]. 

The inverse relationship between dust fluxes, iron fluxes, atmospheric CO2 concentrations 

and temperature in Antarctic ice cores suggested that iron-fertilisation from dust might 

stimulate phytoplankton growth in high nutrient, low chlorophyll (HNLC) waters and hence 

increase the vigour of the ocean’s “biological carbon pump” during glacial periods, drawing 

down atmospheric CO2 into the ocean and initiating global temperature changes. Aspects of 

the “iron hypothesis” [Martin, 1990] have now been confirmed by in situ iron-fertilisation 

experiments [e.g. Boyd et al., 2000] resulting in carbon sequestration to deep sediments 

[Smetacek et al., 2012]. Subantarctic marine sediment records characterise glacial periods by 

increases in nitrate consumption in correspondence with higher dust fluxes, burial fluxes of 

iron and primary productivity [Martínez-García et al., 2014]. However, the lag between dust 

and CO2 records has become apparent in new high-resolution records and this questions the 

validity of the “iron hypothesis.” 

In terms of iron bioavailability, it is not the total amount of iron that is important to 

phytoplankton but the fraction that is available for biological uptake; soluble iron is often 

used as a proxy for bioavailable iron. Previous studies using Antarctic ice core records either 

have not measured the soluble fraction of iron (i.e., <0.2 µm), or they assumed a constant 

fractional iron solubility derived solely from dust and total iron sources [Edwards et al., 

2006; Gaspari et al., 2006; Wolff et al., 2006]. This assumption was also made for the Talos 

Dome ice core which is influenced by local dust sources in the current climate [Delmonte et 

al., 2010b; Vallelonga et al., 2013]. However, in this research, a high-resolution snow pit 

record from Roosevelt Island, also influenced by local dust sources and where the TDFe and 

TDAl concentrations co-vary, soluble iron and fractional iron solubility do not parallel dust, 

TDAl or TDFe concentrations (Chapter 6). Here, fractional iron solubility is episodic, and 

soluble iron concentrations reflect multiple sources. The non-linear relationship between total 

iron and fractional iron solubility (Fig. 8.2) is even more apparent at the inland location of 

ABN, where there is a very weak correlation between soluble iron and TDAl or TDFe 

concentrations. Figure 8.2c and section 8.5.2 show that fractional iron solubility is a function 
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of total aerosol iron, and that the inverse hyperbolic relationship can be explained by a simple 

two component mixture of mineral dust and combustion iron sources. Therefore, the 

assumption made in ice core records that fractional iron solubility is constant with total iron 

is incorrect. 

To advance the understanding of how the variability in mineral dust sources relates to 

changes in soluble iron deposition during glacial-interglacial transitions, the equation of the 

mixing line in Fig 8.2c was applied to the 800 kyr Antarctic dust record at EPICA Dome C 

[Lambert et al., 2008]. In doing this simple thought experiment, the assumption is made that 

the total iron content in dust is constant at 3.5 wt % over the last 800 kyr [Taylor and 

McLennan, 1995]. It is acknowledged that the relationship between dust and total iron in 

Antarctic snow and ice is not always linear, especially for sites influenced by long-range 

transported dust, however no high resolution direct measurements of total iron are reported 

for the Dome C ice core. Figure 8.5 illustrates the estimated soluble iron concentration and 

fractional iron solubility over the last 800 kyr at Dome C. These estimates do not capture the 

exceptionally high fractional iron solubility observed at Roosevelt Island (up to 30 %), ABN 

(up to 6 %) or Cape Grim (up to 60 %). The estimated fractional iron solubility in Fig. 8.5 

only ranges between 0.001-1.4 %. Similar to Roosevelt Island, actual measurements of 

fractional iron solubility in discrete samples of LGM dust from Dome C were variable and 

ranged between 1-42 % [Conway et al., 2015]. The estimates here do not capture the higher 

fractional iron solubility end member because total iron is assumed to be constant over the 

past 800 kyr. Total iron concentrations may have varied due to changes in PSA of dust 

[Delmonte et al., 2002; Delmonte et al., 2004a; Gabrielli et al., 2010b], or to changes in the 

aerosol source e.g. combustion aerosol with a lower total iron content. Therefore, the upper 

values of estimated fractional iron solubility are likely to be underestimated. Nevertheless, 

fractional iron solubility is higher during the Holocene and drops off during the LGM. 

According to the mixing model, the increase in fractional iron solubility could be related to 

changes in mineral dust and combustion sources during the LGM [Delmonte et al., 2002]. 

Biomass burning records from the WAIS Divide ice core [Bisiaux et al., 2012b] and the 

Roosevelt Island ice core [unpublished data, R. Edwards, 2015] show an increase in rBC 

around 8-10 kyr. Fire emissions were lower during the LGM when fractional iron solubility is 

low. Increased soluble iron concentrations during the Holocene could have been enhanced by 

biomass burning-derived oxalate (see section 8.3.4). 
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Estimated soluble iron concentrations for the past 800 kyr at Dome C are on the same order 

of magnitude as observed in present day snow at Roosevelt Island and ABN, i.e., 

concentrations range between 0.001-0.004 ng g-1 of soluble iron. However, applying the 

mixing model to the Dome C dust record demonstrates that there is only an increase in about 

half of the soluble iron concentration between glacial and interglacial periods, compared to 

the total iron or dust variability which is an order of magnitude. Therefore, soluble or 

bioavailable iron deposition to the Southern Ocean over the last glacial may have been 

minimal, and a change in thinking of the importance of dust medicated primary productivity 

may be in order. New inputs of DFe from upwelling in the modern and paleo-Southern Ocean 

have been shown to be a key driver of primary production [e.g. Dulaiova et al., 2009; Jong et 

al., 2012; Latimer and Filippelli, 2001; Latimer et al., 2006; Marsay et al., 2014]. Even if 

past natural iron-fertilisation was low, future inputs of soluble iron could be higher with 

combustion sources predicted to rise over the next century, e.g. coal combustion [Lin et al., 

2015] and biomass burning [Scheiter et al., 2015], and hence the potential of biomass burning 

derived oxalate to enhance the fractional iron solubility of mineral dust. Furthermore, ice core 

records show that dust leads CO2 concentrations during glacial-interglacial transitions and 

that there is a ~1000-2000 year difference between dust and CO2 concentrations [Ridgwell 

and Watson, 2002]. One hypothesis which could explain the shift during glacial-interglacial 

transitions is that changes in vegetation growth and increased biomass burning enhanced the 

fractional iron solubility of mineral dust and increased soluble iron inputs to the ocean. This 

simple thought experiment highlights that the relationship between soluble iron and dust is 

complex and a simple scaling of dust/total iron to soluble iron is not a good estimation of 

bioavailable iron inputs to the Southern Ocean. 
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Fig. 8.5: Estimated soluble iron concentrations and fractional iron solubility in the EPICA Dome C ice core (location in Fig 8.1) using a simple two component 

mixing model and assuming the total iron concentration in dust is constant at 3.5 % [Taylor and McLennan, 1995] throughout the last 800 kyr. Right: 800 kyr ice 

core record. a) Dust concentration (data source: Lambert et al. [2008]). b) Estimated total iron concentration. c) Estimated soluble iron concentration. d) Estimated 

fractional iron solubility. Left: insert of the Holocene and LGM transition. 
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8.5 Future work and recommendations  

8.5.1 Future work  

In addition to longer high-resolution records of soluble iron, oxalic acid and elemental/black 

carbon concentrations for the Australian section of the Southern Hemisphere, the following 

future work is suggested to better understand the impact of dust and biomass burning on 

soluble iron deposition. 

8.5.1.1 New study sites in the Australian section of the Southern Hemisphere 

More study sites in the Australian section of the Southern Hemisphere are required for better 

spatial coverage to investigate latitudinal gradients of soluble iron deposition. Additional sites 

could also highlight contributions of local versus remote dust sources. Figure 8.6 illustrates 

the spatial distribution of sampling sites, using various platforms, investigated in this research 

and those proposed and/or commenced for future work. 
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Fig. 8.6: Current (red) and future (orange) sample sites for aerosols (circle), snow/ice (square) and 

potential source area (PSA; star) samples. 

 Land-based sampling sites 

In terms of land-based aerosol sampling around coastal Australia, two additional sites have 

been identified for long-term monitoring of marine trace metal aerosols. A high-volume 

aerosol sampler (Lear Siegler) has been installed at the Gingin Gravity Discovery Center in 

Western Australia (31.36 °S, 115.71 °E) (Figs. 8.6 and 8.7a-b). The sampler was installed on 

the 50 m Gingin tower to minimize local soil contamination following recommendations for 

low level aerosol sampling in Chapter 3. The Bureau of Meteorology wind data for 9 am and 

3 pm (AWST) at the Gingin airport show a switch from easterlies in the morning to south 
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easterlies in the afternoon associated with a sea breeze 

(http://www.bom.gov.au/climate/averages/tables/cw_009178.shtml). Ten-day air mass back 

trajectories were generated for the Gingin site, based on an air mass trajectory finishing 

elevation of 50 m a.g.l., and using the HYSPLIT model and reanalysis data downloaded from 

the NOAA website (https://ready.arl.noaa.gov/HYSPLIT.php). Examples of air mass back 

trajectories are illustrated in Fig. 8.7c. Based on the preliminary air mass back trajectories, 

this is an ideal site to investigate trace metal aerosols from a different section of the Southern 

Hemisphere than Cape Grim. By setting up a baseline switch, similar to Cape Grim, sector 

controlled marine air can be sampled from the Southern Indian Ocean. This site has the 

potential to capture African biomass burning events transported into the Southern Ocean, for 

example the GOCART model (Fig. 2.10) indicates that the migration of African rBC plumes 

over the Southern Ocean is common and some plumes sweep back up to southwestern 

Australia (rBC model animation: https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=3668). 

Lord Howe Island, in the Tasman Sea has also been identified as a possible location to set up 

a long-term monitoring campaign for trace metal aerosols (Fig. 8.6). In addition, sampling at 

Cape Grim will continue with the intention to minimise local soil contamination by sealing 

the sampler’s air inlet during non-baseline conditions following recommendations in Chapter 

3 for low level soluble iron sampling. 

 

Fig. 8.7: Aerosol sampling at Gingin, Western Australia. a) High-volume aerosol sampler. b) The 50 m 

Gingin tower. c) Example of ten-day air mass back trajectory arriving at Gingin.  
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 Ship-based sampling platforms 

Two future opportunities exist for ship-based trace metal aerosol sampling. Firstly, a purpose 

built sampling system for low level trace metal aerosol loading over the Southern Ocean was 

tested on Australia’s new research vessel the “RV Investigator” during sea trials in March 

2015. Due to the low concentrations of aerosol iron over the Southern Ocean (Chapter 5), 

large volumes of air are required for analysis of soluble iron. The sampler design followed 

recommendations from Chapter 3 to minimise contamination. The trace metal aerosol 

sampling design took advantage of the ship’s 10 m aerosol mast and air intake to the aerosol 

lab located at the bow of the ship. Here, an ultra-clean in-line aerosol filtration sampling 

system was tested. The sampler consisted of marine air being filtered through acid-washed 

Whatman 41 filters housed in all PFA acid-washed filter holders (Fig. 8.8). During the three 

day cruise, five samples were collected (Table 8.2) and 24 hour exposure blanks were run 

(n=3). Future work will focus on measuring the total and soluble iron concentrations of the 

blank filters and conducting microscope observations (following recommendations in 

Chapter 3) to test the cleanliness of this system for future voyages. In addition, a “baseline 

switch” will be set up to avoid sampling the ship exhaust. This will allow semi-permanent 

sampling during voyages with minimal personal requirements to change over filters. 

Secondly, future opportunities exist to collect trace metal aerosol samples over the Australian 

tropical waters on-board the RV Solander in collaboration with Australian Institute of Marine 

Science (AIMS). 
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Fig. 8.8: Trace metal aerosol sampling on board the RV Investigator. a) RV Investigator, b) The 10 m 

aerosol mast and air intake. c) Aerosol in-line filtration sampling system. 
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Table 8.2: RV Investigator trace metal aerosol samples. Pumps were turned on only when the wind direction was in the clean air sector i.e. 45 ° either side of the 

bow. Location of station 1: 43° 29.635 S, 148°24.653 E. 

Sample name Start date 
(EAST) 

Finish date 
(EAST) 

Total sampling  
time (hours) 

Total sampling 
volume (m3) Location 

RVI15TM_ 
Line1_01 

25/04/2015 22:10 
26/04/2015 5:22 

26/04/2015 1:41 
26/04/2015 6:23 4:32 0 Hobart to Station 1 

RVI15TM_ 
Line2_01 

25/04/2015 22:10 
26/04/2015 5:22 

26/04/2015 1:41 
26/04/2015 6:23 4:32 4612 Hobart to Station 1 

RVI15TM_ 
Line3_01 

25/04/2015 22:10 
26/04/2015 5:22 

26/04/2015 1:41 
26/04/2015 6:23 4:32 4715 Hobart to Station 1 

      
RVI15TM_ 
Line1_02 

26/04/2015 10:40 
27/04/2015 8:25 

27/04/2015 4:52 
27/04/2015 23:51 33.38 32792 Station 1 

RVI15TM_ 
Line2_02 

26/04/2015 10:40 
27/04/2015 8:25 

27/04/2015 4:52 
27/04/2015 23:51 33.38 33174 Station 1 
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 Antarctic ice core sites 

The spatial coverage of soluble iron measurements over the Antarctic continent should be 

increased; as local dust sources (observed at Roosevelt Island, McMurdo Sound, Talos 

Dome, Berkner Island) can mask a long-range transport signal. Higher-resolution and longer 

ice core records are thus needed from inland sites located well away from exposed rock. One 

such site is ABN, located in East Antarctica half way between coastal Law Dome and high 

elevation Dome C ice core sites (Fig. 8.6). Preliminary data from an eight year snow pit from 

the ABN site are shown in Fig. 8.9 and were acquired following the same method as at 

Roosevelt Island (Chapter 6). The snow pit was dated using annual layer counting of non-sea-

salt (nss) S concentrations, assuming the maximum annual concentration occurs in January 

(Chapter 6). Due to the high surface roughness at the site and consequently uneven annual 

snow layers (indicated by the back lit stratigraphy of the snow pit), spatial variability between 

parallel profiles was observed. Thus, the peaks and troughs in the water stable isotope record 

(measured on a different set of samples to the glacio-chemical sample profile) were pinned to 

the nss-S concentration peaks and troughs using Analy Series. The dating error is assumed to 

be ± one year and 5 cm w.e. depth. Refractory black carbon displayed seasonal variability, 

with maximum concentrations in late winter early spring consistent with the WAIS Divide 

ice core [Bisiaux et al., 2012b]. The rBC concentrations were extremely low and ranged 

between 3-63 pg g-1 of rBC. Exceptionally high rBC was observed in the top 10 cm of the 

snow pack. Although the snow pit was sampled in a designed clean zone, a few days before 

sampling issues with the kerosene heater operating at high elevation caused an explosion of 

soot within a >10 m radius of the camp. The kerosene heater may have contaminated the 

upper four samples in the snow pit. Concentrations of DFe in the ABN snow pit were even 

lower than Roosevelt Island, and often below the detection limit. However, there were three 

peaks in DFe concentrations; one occurring simultaneously with the high rBC concentrations 

at the surface and thus this peak is related to soot contamination. Of the other two peaks, one 

occurred at the same time as high TDFe, TDAl and rBC concentrations, while the other was 

not associated with TDFe or TDAl and only relatively low concentrations of rBC. At ABN, 

there are episodic changes in DFe, with a complex relation between TDFe inputs and rBC. 

Fractional iron solubility was not linearly correlated to TDFe. Even away from local dust 

sources, the fractional iron solubility was <1 %, similar to Roosevelt Island (Fig. 8.2), 

suggesting that the long-range transport of soluble iron is not enhanced in the pristine 
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atmosphere over the Southern Ocean. Clearly, longer ice core records of soluble iron and rBC 

are required to resolve the seasonality of soluble iron deposition to central Antarctica, and 

investigate the processing of soluble iron in a baseline air. 

354 
 



 

Fig. 8.9: Preliminary data from the Aurora Basin North snow pit. a) Dissolved iron concentration. b) 

Total dissolvable iron concentration. c) Total dissolvable aluminium concentration. d) Refractory black 

carbon concentration. e) Water isotope ratio (data source: A. Moy, 2015). f) Non sea salt-sulfer 

concentration. 
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8.5.1.2 Implications of biomass burning emissions to soluble iron deposition  

This research has shown that biomass burring could influence soluble iron by a number of 

processes either; i) by iron binding to elemental/black carbon aerosols or chemical absorption 

of iron onto the surface of elemental/black carbon aerosols, ii) by the enhancement of 

fractional iron solubility in dust by interaction of biomass burring derived organic acids, or 

iii) by the suspension of local soil into the smoke plume via pyro-convection. Future work 

could investigate the process by which soluble iron is incorporated into aerosol populations 

and how biomass burning emissions can interact with dust to enhance the fractional iron 

solubility. It would be interesting to sample aerosols downwind from biomass burning sites 

and to follow a smoke plume at sea using ultra-trace sampling protocols (Chapter 3), such as 

an aerosol inline-filtration device (see section 8.5.1). This would provide information on 

soluble iron as it ages and is transported from the source to the open ocean. Single particle 

analysis of rBC could shed light about mixed iron sources at various latitudes. In order to 

determine if oxalate enhances the fractional iron solubility in dust in pristine air over the 

Southern Ocean, longer high-resolution Antarctic ice core records of soluble iron, pH and 

oxalate are required. As rBC may not be a direct source of soluble iron to surface waters, 

other fire proxies such as levoglucosan should be measured in conjunction with soluble iron 

in ice cores. 

8.5.1.3 Antarctic potential source areas 

Little is known about the importance of local dust sources to Antarctic ice core sites [Bory et 

al., 2010; Delmonte et al., 2010b] and proximal Antarctic waters (Chapters 6 and 7). 

Antarctic potential source areas (PSA) need to be identified and characterised to assess their 

influence on soluble iron inputs to Antarctic waters and the Southern Ocean (section 8.2). 

Chapters 6 and 7 identified and characterised PSA around the Ross Sea. At Roosevelt Island, 

local dust sources from Marie Byrd Land contributed to the dust flux and soluble iron supply. 

Here, the mean fractional iron solubility was <1 %, excluding two large peaks. The low 

fractional iron solubility was interpreted to reflect local mineral dust sources. However, at 

ABN located 550 km inland from the coast, the fractional iron solubility was also <1 %. It is 

currently unknown if local or long-range transported dust influence the low fractional iron 

solubility. Preliminary Sr isotopic composition of ABN dust is reported in Fig. 8.10 and 

compared to Antarctica and remote PSA. The Sr isotopic composition of ABN dust lies 

between Roosevelt Island and EAIS pre-industrial dust. Both of these sites receive 
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contributions from local and remote sources. However, there is currently insufficient data to 

determine the provenance of the ABN dust. In addition to more Sr-Nd isotopic analyses of 

dust from the ABN site, particles counts, particle size distribution and microscope 

observations of particles are required to assess the provenance of dust deposited at ABN. The 

difficulty with making Sr and Nd isotopic measurements of dust contained in Antarctic snow 

and ice is the low concentration of dust. This means that large volumes of snow and ice are 

required to concentrate enough dust for isotopic analysis. For efficiency, future ice core 

fieldwork could consider melting and filtering large volumes of snow and ice in the field 

[Bory et al., 2010]. 

Other Antarctica PSA are yet to be sampled and characterised in terms of their isotopic 

composition, for example Terra Nova Bay in Southern Victoria Land, the Antarctic 

Peninsula, Vestfold Hills and Bunger Hills in coastal East Antarctica, other mountain ranges 

and valley glaciers in the Transantarctic Mountains such as Taylor Glacier Valley, and 

nunataks proximal to ice core sites and coastal regions. New size selected Sr and Nd isotopic 

data from Bunger Hills (exposed during the LGM; Augustinus and Duller [2002]; Gore et al. 

[2001]) and Taylor Glacier Valley are reported in Fig. 8.10. This isotopic data will be 

valuable for future studies investigating the provenance of dust in ice cores. Furthermore, 

Antarctic PSA can change in terms of their extent and ice coverage between glacial and 

interglacial periods [e.g. Denton and Marchant, 2000; Denton and Hughes, 2002]. It is 

therefore important to select PSA that were exposed during the LGM for comparison to LGM 

ice core dust and soluble iron concentrations. Furthermore, as Antarctic ice shelves are 

predicted to melt during the next century, new and greater aerial extent of existing PSA may 

emerge. 
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Fig. 8.10: Sr and Nd isotopic composition of Aurora Basin North dust and Antarctic PSA samples from 

Taylor Glacier Valley and Bunger Hills. Locations of samples are shown in Fig. 8.6. Also plotted are PSA 

data for South America [Delmonte et al., 2004b], Australia [Delmonte et al., 2004b; Grousset et al., 1992c; 

Revel-Rolland et al., 2006], southern Victoria Land [Delmonte et al., 2004b; Delmonte et al., 2013], 

McMurdo Sound (Chapter 7), the Dry Valleys [Delmonte et al., 2004b; Delmonte et al., 2013] and 

McMurdo Volcanic Group [Delmonte et al., 2004b]. The composition of ice core/snow dust other 

Antarctic ice core sites are plotted (pre-industrial dust from the East Antarctic Ice Sheet (EAIS) 

[Delmonte et al., 2013]; Roosevelt Island (Chapter 6)). 

8.5.2 Recommendations 

8.5.2.1 Future sampling for low level aerosol iron 

Recommendations for future aerosol sampling for soluble iron analysis in pristine air include: 

1. Microscope observations of blank filters 

Contamination of exposure blanks filters in Chapter 3 was invisible to the naked eye. 

However, local soil contamination constituted a substantial source of the iron blank 
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budget compared to the expected iron aerosol loading in marine at Cape Grim in 

uncontaminated samples (Chapter 5). 

2. Location of high-volume aerosol sampler 

High-volume aerosol samplers at low aerosol iron loading locations, such as Southern 

Ocean sites and Subantarctic Islands, should be located above the boundary layer to 

avoid local soil contamination e.g. 50 m tower at Gingin Gravity Discovery Centre 

(section 8.5.1).  

3. Closure of aerosol sampler during non-baseline/out of sector winds 

The contamination at Cape Grim in Chapter 3 was primarily due to the lack of an air-

tight closure at the sample intake when the sampler was turned off. A hermetic 

closure is desirable to minimise contamination when the wind direction is out of 

sector. 

4. Ship-based high-volume aerosol samplers 

Ship-based high-volume aerosol samplers are exposed to contaminates from ship 

exhaust (Edwards, 1999) for similar reasons to land based aerosol samplers (Chapter 

3), and should also be fitted with a hermetic closure to completely seal the sampler 

when the wind direction is out of sector or the wind speed is too low. An in-line 

filtration system, such as that tested on the RV Investigator (section 8.5.1; Fig. 8.8) is 

also recommended. 

5. Antarctic ice core sites 

Energy generation and transport (e.g. skidoos, kerosene heaters) at ice core sites can 

contaminate the surface snow, as seen in the top 10 cm at ABN (see section 8.5.1). 

Ice core drilling sites and snow pits should be situated in a designated ‘clean zone’ 

well away from camp activities. 

8.5.2.2 Caution using dust or total iron to estimate soluble iron 

As a whole, the results of this research revealed that iron solubility cannot be directly 

compared to total iron inputs, and that considerable spatial and temporal variations exist. 
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Thus, previous total iron flux estimates from Antarctic ice cores may not be translated into 

bioavailable iron estimates (see section 8.4). Caution is advised in ice core and model 

interpretations of dust or total iron to estimate soluble iron, as the fractional iron solubility is 

not always linear (Fig. 8.2c). New high-resolution soluble iron measurements from ice cores 

are needed over the glacial transition to understand the impact of past iron deposition on 

Southern Ocean primary productivity. 

8.5.2.3 Future analytical advances and a standardised method for determining aerosol 
iron solubility 

This research used ultra-pure water and Antarctic snow leaches to estimate soluble iron 

concentrations in aerosols and Antarctic snowfall. Soluble iron, while it principally 

influences iron bioavailability, can be absorbed and thus only a fraction of the iron is 

potentially bioavailable. There are advantages and disadvantages of using soluble iron as a 

measure of bioavailability and thus the Berger et al. [2008] acetic acid leach is recommended 

as a standardised method for determining aerosol iron solubility rather than the instantaneous 

ultra-pure water leach method. While iron solubility experiments do not determine if the iron 

is taken up by phytoplankton, they are comparatively fast, inexpensive and reproducible 

when compared to more complex ecosystem studies. Experimental artefacts arising from the 

numerous leaching scheme employed in the literature, such as the organic complexing 

capacity of the leaching solution [Wu et al., 2007] and the pH of the leaching solution [Buck 

et al., 2006; Mackie et al., 2005; Spokes and Jickells, 1995] can make comparisons of iron 

solubility challenging. The successive ultra-pure water leach used in this research may 

underestimate the fractional iron solubility. For example, iron continued to leach out of the 

Gunn Point aerosols even after 20 passes of ultra-pure water. Although seawater is the 

obvious choice of leaching solution, seawater is heterogeneous in time and space. In addition, 

ligands in seawater are not present in ultra-pure water. Recently, it has been observed that 

organic ligands control the concentrations of DFe in Antarctic sea ice [Lannuzel et al., 2015]. 

Moreover, bioavailability can be dependent on the oxidation state of iron. Fe(II) has been 

shown to be more soluble and therefore more bioavailable. Some researchers use Fe(II) as a 

proxy for labile iron [Chen and Siefert, 2004]. Due to the limitations of using an ultra-pure 

water leach to estimate soluble iron (bioavailable Fe), future analytical advances in iron 

leaching schemes could focus on; i) measuring Fe(II) in aerosols [e.g. Chen and Siefert, 
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2004] and snow/ice core samples [Spolaor et al., 2012], and ii) conducting iron leaching 

experiments with ligands to evaluate iron bioavailability. 
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Abstract. Atmospheric inputs of soluble iron (Fe) to the global ocean are an important factor determining marine primary 10 

productivity and nitrogen fixation. To investigate soluble aerosol Fe and fractional Fe solubility, marine aerosol sampling 

has been conducted from a number of platforms including aerosol towers, ship and buoy platforms. A number of these 

studies have used commercially available high-volume aerosol samplers to collect aerosols from large volumes of air. These 

samplers are attractive for sampling air from low Fe air masses since they can rapidly concentrate large volumes improving 

detection limits. Here we investigate the use of a high-volume sampler from the Cape Grim Baseline Air Pollution Station 15 

(CGBAPS), Tasmania, Australia to sample aerosol Fe from baseline Southern Ocean air-masses. The study followed the 

United States Environmental Protection Agency (EPA) standard for the sampling of ambient air using high-volume sampler, 

and the recommendations and protocols from GEOTRACES community for sampling, sample preparation and digestion of 

trace element aerosols. Analysis and inspection of exposure blank (one month exposure) filters for Fe, and other metals, 

revealed significant contamination resulting from passive deposition of local soil, plants and insects. The results of the study 20 

suggest that high-volume aerosol samplers may not be suitable for low concentration air masses over the Southern Ocean 

without some mechanism to hermetically seal the sampler when the baseline sampling criteria are not met. 
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1. Introduction 

Aerosols containing iron (Fe) have been investigated over the remote ocean to constrain Fe budgets in surface waters and 

related biological production. Aerosol sampling for metals such Fe is particularly challenging in these regions where 

atmospheric concentrations are exceptionally low. Over the Southern Ocean, atmospheric Fe concentrations are extremely 

low with reported concentrations less than 60 ng m-2 of Fe (Bowie et al., 2009; Duce et al., 1991; Gao et al., 2013; 5 

Heimburger et al., 2013a; Heimburger et al., 2012; Heimburger et al., 2013b; Prospero, 1996). The low atmospheric 

concentrations result in low atmospheric fluxes to surface waters. Fertilization experiments in the Southern Ocean have 

shown that Fe is required for phytoplankton to efficiently undergo photosynthesis and respiration (e.g. Boyd et al., 2007). 

The Fe-hypothesis (Martin, 1990) has received a lot of interest in the past two decades, whereby the increases in Fe-laden 

dust, productivity and the degree of nitrate consumption are linked with lowering of atmospheric CO2 during glacial periods 10 

(e.g. Lambert et al., 2015; Martínez-García et al., 2014). Primary production may also be co-limited by other transition 

metals such as manganese (Mn) (Middag et al., 2011), copper (Cu) (Annett et al., 2008), cobalt (Cu) (Saito et al., 2002), zinc 

(Zn) (Morel et al., 1991) and nickel (Ni) (Price and Morel, 1991). 

 

From a biogeochemical perspective, it is not the total amount of Fe supplied to the ocean that is important, but the amount 15 

that is bio-available, i.e., the amount available for uptake and utilization by living cells. The most common approach to 

understanding the delivery of Fe-laden aerosols to phytoplankton has been to quantify the solubility of Fe from aerosols, 

using Fe leaching experiments. Extremely low soluble aerosol Fe concentrations have been observed in the Southern Ocean, 

for example 0.07-1.3 ng m-3 (Gao et al., 2013; Winton et al., 2015). Fractional Fe solubility of mineral dust is typically only 

1-2 % of the total Fe content (Baker and Croot, 2010). Ultra-trace metal clean practices and methodologies to limit 20 

contamination are required for making reliable measurements of both soluble and total Fe in aerosols from this region. Low 

blank concentrations from sampling material and during analysis are crucial for reliable measurements (e.g. Bollhöfer et al., 

1999; Vallelonga et al., 2002). 

 

Very few estimates exist over the Southern Ocean, partly due to the difficulty of sampling clean baseline air. In remote areas, 25 

fixed sampling stations rarely exist due to access difficulties or lack of suitable land masses; this covers the majority of the 

Southern Ocean. Southern Ocean aerosol Fe solubility estimates have resulted from a combination of ship-based and 

Subantarctic Island land-based aerosol sampling campaigns (e.g. Bowie et al., 2009; Chance et al., 2015; Gao et al., 2013; 

Wagener et al., 2008). These studies have used wet and dry aerosol deposition samplers “open collector” (Heimburger et al., 

2012) and Volumetric Flow Controlled (VFC) high-volume aerosol samplers (e.g. Falkland Islands, Pers. Comm. Alex 30 

Baker). The recent GEOTRACES 2008 intercalibration experiment (Morton et al., 2013) recommends the use of VFC high-

volume aerosol samplers for ship-based marine aerosol sampling. In air masses with low particle loading, high volumes of 
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filtered air are required to collect enough material for analysis. To ensure the required mass of sample is collected for 

analysis, filter substrates are often exposed for long periods of time requiring extra precautions to minimize contamination. 

Following an international intercalibration experiment between seven laboratories, Morton et al. (2013) recommended 

Whatman 41 (W41) cellulose fibre filters for low trace element background level applications. This filter substrate can be 

acid-cleaned to achieve low trace metal blank concentrations (Baker et al., 2006; Morton et al., 2013). Furthermore, W41 5 

filters have a high aerosol particle collection efficiency (e.g. 95 % efficiency for 0.2 µm diameter particles (Stafford and 

Ettinger, 1972), and 99 % for mineral dust (Li‐Jones and Prospero, 1998)). Previous aerosol Fe solubility studies that have 

adopted these protocols and deployed high-volume aerosol samplers both on ships during marine cruises (e.g. Baker et al., 

2006; Chance et al., 2015), and on land either at the top of a tower (for example, the clean air site at the Bermuda 

atmospheric observatory located 50 m a.s.l. (e.g. Fishwick et al., 2014; Kadko et al., 2015)) or deployed on the rooftop of a 10 

building (e.g. Morton et al., 2013). 

 

Most recently, Fe solubility in baseline air over the Southern Ocean has been estimated, using a short time series of archived 

aerosol filters from Cape Grim Baseline Air Pollution Station (CGBAPS) (Winton et al., 2015). CGBAPS has long been 

recognized for long-term monitoring of atmospheric species (e.g. Keeling et al., 1996) that are representative of air masses 15 

over the remote Southern Ocean. Archived filters from CGBAPS were collected using ultra-trace sampling and methodology 

previously reported in Bollhöfer et al. (2005). Samplers were deployed at a height of 70 m at the top of a communications 

tower at CGBAPS, above the turbulent layer. The Bollhöfer et al. (2005) sampler design prevented local soil contamination 

as filters were mounted inside a weather shelter i.e., cylindrical filter housing that was sealed pneumatically during non-

baseline conditions. In order to extend the short aerosol Fe solubility time series of Winton et al. (2015), we have established 20 

an Fe aerosol monitoring program at CGBAPS following GEOTRACES sampling and handling protocols for trace metal 

analysis (Cutter et al., 2010; Morton et al., 2013) and the United States Environmental Protection Agency (EPA) standard, 

described by (Chow, 1995), for the sampling of ambient air for total suspended particulates (TSP; all particle sizes) and 

PM10 (particulate matter diameter <10 µm) using high volume sampler for the instrument instalment, calibration and 

operating procedure. The sampling conditions in Winton et al. (2015) cannot be replicated due to new health and safety 25 

requirements at the station that prohibit sampling and personal climbing the tower. Therefore, a new method of sample 

collection was trialled during this study to assess the suitability of VFC high-volume aerosol samplers within the new 

framework of health and safety regulations. In the present study, a VFC high-volume aerosol sampler was located on the 

roof deck (90 m above sea level and 6 m above the ground) at CGBAPS where other VFC high-volume aerosol collectors 

are located, which collect samples for PM2.5 and PM10 (particulate matter diameter <2.5 µm and <10 µm respectively) 30 

aerosol composition using ion chromatography (Selleck et al., 2014), multi-elemental analysis using accelerator based ion 

beam analysis (e.g. Cohen et al., 2000) and black carbon using light-absorbing techniques (Cohen and Stelcer, 2014). 

 

3 
 

Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-12, 2016
Manuscript under review for journal Atmos. Meas. Tech.
Published: 8 April 2016
c© Author(s) 2016. CC-BY 3.0 License.



As the first step in developing a reliable multi-year Fe time series at the site we investigated a series of filter blanks and 

baseline aerosol samples. The samples were collected using the EPA standard and GEOTRACES recommended procedures 

and a VFC high-volume sampler. A combination of Fe leaching experiments, total aerosol digestions, optical light 

microscopy, scanning electron microscopy (SEM) and enrichment factor analysis were used to assess the reliability of the 

aerosol samples for Fe solubility studies in baseline Southern Ocean air. 5 

2. Methods 

2.1. Study site and aerosol collection 

2.1.1 Site details 

Cape Grim Baseline Air Pollution Station (40.68 S, 144.69 E) monitors long-term changes in a range of atmospheric species, 

including greenhouse gases, aerosols, and meteorological parameters. Monitoring occurs during baseline conditions i.e., 10 

when the wind direction is between 190º and 280º (Fig. 1a) and the total aerosol particle counts are below a threshold 

concentration based on the 90th percentile of hourly medians for the previous five years. These conditions occur ~30 % of the 

time (Keywood, 2007) and are representative of air masses over the remote Southern Ocean. 

2.1.2 Aerosol sampler setup 

Aerosols were sampled using a VFC high-volume aerosol collector (Lear-Siegler) located on the roof deck at CGBAPS (Fig. 15 

1). We followed the United States EPA standard, described by (Chow, 1995), for the sampling of ambient air for TSP and 

PM10 using high volume sampler for the instrument instalment, calibration and operating procedure. The sampler was 

mounted against the northwest side of the roof deck wall. Prevailing winds at the site are from the southwest. Sampling 

airflow through the collector was automatically triggered during baseline conditions. At the onset of the project the collector 

was setup to collect TSP. However, optical light microscope inspection of the filters revealed large particles, up to 100 µm in 20 

diameter, (see Sect. 3.1.). Microscope images of the particles suggested that they were derived from local soil. Similar soil 

contamination of CGBAPS filters has been previously reported (Ayers, 2001). To reduce soil contamination a size-selective 

inlet was installed (PM10) on the sampler partway through the project (Fig. 1). 

2.2 Laboratory environment, labware and reagents 

2.2.1 Laboratory environment 25 

All cleaning of labware, filters and sample preparation and analysis was conducted in the Curtin University TRACE facility. 

The TRACE facility is a large multi-stage clean room designed for ultra-trace metal measurements. 
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2.2.2 Reagents  

All the apparatus that came in contact with the aerosol filters was acid cleaned following GEOTRACES protocols (Cutter et 

al., 2010). Nitric acid (HNO3) and hydrochloric acid (HCl) used throughout the study was high purity (<10 ppt or 0.2 nmol 

L-1 Fe). Both acids were double distilled in-house from Seastar® Instrument Quality (IQ) grade acids (Choice Analytical Pty 

Ltd, Australia) using an all polytetrafluoroethylene (PFA) acid purification system (DST-1000, Savillex®). Hereafter 5 

referred to as ultra-pure acid. This acid was used for both cleaning of labware and filters and for sample and standard 

preparation. Seastar Baseline® grade hydrofluoric acid (HF) and HNO3 (Choice Analytical Pty Ltd, Australia) was used in 

the digestion of aerosol filters. Ultra-pure water (resistivity of 18.2 MΩ-cm, Purelab Classic, ELGA, Germany) was used 

throughout.  

2.2.3 Labware preparation 10 

Low-density polyethylene bottles (LDPE; Nalgene) and polypropylene (PP; Elemental Scientific Inc.) vials were rigorously 

acid-washed using the following procedure: 

1. One week immersion in 3.2 mol L-1 IQ grade HNO3. All labware was rinsed with copious quantities of ultra-pure 

water between acid baths; 

2. One week  in 1.2 mol L-1 ultra-pure HCl; 15 

3. One week in 0.12 mol L-1 ultra-pure HCl; 

4. One week in 0.16 mol L-1 ultra-pure HNO3; and 

5. One week in ultra-pure water. 

Teflon filtration parts used in leaching experiments were cleaned in a series of acid baths on a hotplate at 80 °C for three 

days. The first bath consisted of 7.9 mol L-1 ultra-pure HNO3, followed by 5.8 mol L-1 ultra-pure HCl, then 0.12 mol L-1 20 

ultra-pure HCl and 0.16 mol L-1 ultra-pure HNO3, and finally ultra-pure water. Filtration parts were rinsed with copious 

quantities of ultra-pure water between baths. 

2.2.4 Filter preparation 

Aerosol collection substrates were all W41 paper sheets (20 x 25 cm; Whatman) acid-washed before use following the 

method of Baker et al. (2006) and GEOTRACES recommendations (Morton et al., 2013). Briefly, W41 filter sheets were 25 

arranged in layers, one at a time, between polypropylene (PP) mesh, in a series of three 0.5 mol L-1 ultra-pure HCl baths for 

24 hours. Filters were then rinsed three times with ultra-pure water between baths and then placed in a fresh acid bath. 

Plastic ziplock bags and plastic tweezers were acid-washed using 3 % (0.5 mol L-1) ultra-pure HNO3 for 2 weeks. Acid-

washed filters were stored in individual acid-washed ziplock bags until use. 
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2.3. Sampling procedures and quality control 

2.3.1 Filter changing procedure  

Loading and changing of aerosol collection substrates was carried out under a laminar flow clean bench at CGBAPS, and 

aerosol-laden filters were transferred into individual pre-acid-washed ziplock plastic bags immediately after collection and 

stored frozen until analysis. 5 

2.3.2 Filter blanks and aerosol samples  

Four types of filter blanks were analysed during the study: (i) untreated filter laboratory blanks, (ii) acid-washed filter 

laboratory blank, (iii) procedural filter blanks, and (iv) one-month exposure filter blanks. Procedural blanks consisted of 

acid-washed filters mounted in the aerosol collector for five minutes, with the air pump off. The one-month exposure blank, 

was collected by the same method as the procedural blank, but for one month duration. The exposure blank was carried out 10 

after the PM10 inlet was installed on the collector. Monthly aerosol sampling (TSP) began in June 2013 and the PM10 size 

selective inlet was installed in November 2013. Actual samples used for optical and Scanning Electron Microscopy (SEM) 

observations were CG13TM01 (TSP; sampled between 13 June 2013 and 16 July 2013) and CG13TM08 (PM10; sampled 

between 28 January 2014 and 25 February 2014). Sampling dates and volumes for blank filters and aerosol samples used in 

this study are reported in Table 1. 15 

2.3.3 Certified Reference Materials and quality control filters 

A certified reference material and a commercial quality control spiked filter were used to validate sample digestion 

procedures. These included the MESS-3 marine sediment (National Research Council, Canada) and a trace metal spiked 

quality control nitrocellulose filter (QC-TMFM-A, High Purity Standards). 

2.3.4 Sample preparation 20 

Soluble metals were extracted from each type of blank filter. Circular portions (47 mm diameter) were cut out of the blank 

filter sheets using a punch cutter (designed at Curtin University), which consisted of a sharpened titanium (Ti) circular blade 

and a PFA backing mount (both acid-washed). Soluble metals including aluminium (Al), Ti, Manganese (Mn), Fe, and lead 

(Pb) were extracted from the filter using an instantaneous flow-through water leach (e.g. Aguilar-Islas et al., 2010) 

consisting of three separate passes of 10 mL of ultra-pure water. Three aliquots of each filter blank were leached with three 25 

repeated passes of ultra-pure water. 

 

Total trace metal concentrations were determined following recommendations from the 2008 GEOTRACES intercalibration 

experiment for the analysis of marine aerosols (Morton et al., 2013). All digestions were carried out under high-efficiency 

particulate arresting (HEPA) filtered air, in a total-exhausting clean-air (ISO Class 5), hot block unit (SCP Science, Canada) 30 

6 
 

Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-12, 2016
Manuscript under review for journal Atmos. Meas. Tech.
Published: 8 April 2016
c© Author(s) 2016. CC-BY 3.0 License.



fitted with an acid scrubber unit at the University of Tasmania. Circle portions (47 mm) of the filters were digested at 95 ºC 

for 12 hours with concentrated ultra-pure HNO3 (1 mL, Seastar Baseline®) and ultra-pure HF (0.25 mL, Seastar Baseline®) 

in capped PFA vials (15 mL, acid cleaned Savillex®) following Bowie et al. (2010). At the end of the digestion, the samples 

were evaporated to dryness, reconstituted in 10 % (1.60 mol L-1) ultra-pure HNO3 (10 mL final volume, Seastar® IQ grade 

double distilled in-house) and stored at 40 ºC for ~48 hours before analysis. Two certified reference materials (MESS-3 5 

marine sediment, National Research Council, Canada, and QC-TMFM-A spiked trace metals on nitrocellulose filter (TMF), 

High Purity Standards) were digested alongside the samples to test the digestion recovery procedure. Total digestion 

recovery for Fe from the MESS-3 CRM was 108 ± 8 % (n=3) and TFM was 99 ± 7 % (n=3). Recovery rates for other trace 

metals are reported in Supplementary Table 1. Blank concentrations for Savillex® beakers, i.e. the digestion blank, are 

reported in Table 2. 10 

2.4 High-resolution inductively coupled plasma mass spectrometry analysis 

Leachates and resuspended total digests were analysed using high-resolution inductively coupled plasma mass spectrometry 

(HR-ICP-MS, Element XR ThermoFisher). An auto sampler fitted with an acrylic sample enclosure was used to introduce 

the sample to the HR-ICP-MS. Measured isotopes and spectral resolutions, along with typical operating conditions, are 

reported in Supplementary Table 2. The HR-ICP-MS was operated with a jet interface using Ni jet and sample cones and an 15 

Apex desolvation unit (Elemental Scientific Inc, ESI) pumped with a Seafast II system syringe pumps (ESI). Samples were 

analysed in groups of ten bracketed by instrumental blanks (3 % or 0.4 mol L-1 ultra-pure HCl (soluble) or HNO3 (total)), and 

a quality control standard (QC). The QC standard was prepared from a commercial mixed elemental standard (Cat. #ICP-

200.7-6 Solution A, High Purity Standards) by serial dilution. Partial procedural blanks were also determined. These 

included blanks for the leaching and total digestion procedures. Leaching and total digestion blanks consisted of ultra-pure 20 

water processed identically to filter leachates and total digestion samples. All samples and standards were prepared on a 

similar matrix basis. Leachates were acidified to 1 % (0.12 mol L-1) HCl, and total digests were diluted and presented to the 

instrument as 3 % (0.5 mol L-1) HNO3. The sample introduction line was rinsed with 3 % (0.4 mol L-1) ultra-pure HCl (3 % 

or 0.5 mol L-1 ultra-pure HNO3) between leachate (digest) samples for 1.5 minutes. Standard solutions were prepared by 

serial dilution from 100 µg mL−1 stock solutions using ultra-pure water, with a final HCl (HNO3) concentration of 1 % or 25 

0.12 mol L-1 (3 % or 0.5 mol L-1). Preparation of standards in 1 % or 0.12 mol L-1 ultra-pure HCl (3 % or 0.5 mol L-1 ultra-

pure HNO3) matrix matched the leachates (digests). Ten-point calibration solutions were measured. Indium (In), at a 

concentration of 1.5 ppb, was used as an internal standard. 

2.5 Optical and Scanning Electron Microscopy 

Blank filters (acid-washed laboratory, procedural, and exposure) were examined using optical microscopy to investigate 30 

particulate contamination (morphology and particle size). Actual aerosol samples with visible contamination under the 

optical microscope were further investigated using a SEM (Zeiss Evo 40XVP and Zeiss Neon 40EsB FIBSEM). The SEM 
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was fitted with secondary (SE) and backscatter (BSD) electron detectors and a SiLi energy dispersive X-ray system (EDS) 

with Oxford Inca software were used to give a qualitative indication of the geochemistry of the particles. The conditions 

used (kV, spot size, WD and detector) are shown on the SEM images. Filter blanks were carbon-coated prior to SEM 

examination. 

2.6. Air mass back trajectory analysis  5 

Air mass back trajectories were simulated using ANSTO’s air mass back trajectory database, based on the NOAA’s 

HYSPLIT v4.0 model (Draxler and Rolph, 2003) for the duration of the one-month exposure blank. Five-day air mass back 

trajectories were generated for the CGBAPS, based on a starting elevation of 200 m a.g.l., for every hour of every day 

between 8 November and 10 December 2013. Hindcasts were based on meteorological data of 0.5° x 0.5° resolution 

generated by the global data assimilation system (GDAS) model downloaded from the NOAA ARL website 10 

(ftp://arlftp.arlhq.noaa.gov/archives/gdas0p5). 

3. Results  

3.1. Optical and Scanning Electron microscopy 

Filter blanks and baseline sample filters were inspected by a combination of optical microscopy and SEM. Inspection of 

acid-washed laboratory and procedural blank filters with an optical microscope showed no obvious sign of particulate 15 

contamination. In contrast, the one-month exposure blank and aerosol samples from the aerosol collector (using both the 

TSP and PM10 inlets) were contaminated with particles up to 100 µm in diameter (Fig. 2-4). Visibly discoloured (orange) 

patches were also observed on a number of baseline TSP and PM10 filter samples (Fig. 3b). No discoloured patches were 

found on the blank filters. Baseline sample filters (both TSP and PM10) were inspected using a SEM. Particles were 

comprised of salt (NaCl, cubical crystals), gypsum, calcium carbonate, mineral dust (identified by the silicon (Si), Fe, Al, Ti 20 

EDS signals), and silica was identified on the PM10 filters (Fig. 5). The TSP filters were coated with a broader variety of 

material compared to the PM10 filters. Particles on the TSP filter were identified as carbonaceous particles, salts, mineral 

dust, silica sand, spores, and marine aerosol (particles containing magnesium (Mg), strontium (Sr) and barium (Ba); Fig. 6). 

3.2. Solubility of contamination-borne particles on blank filters 

A typical volume of baseline air collected during a month deployment (ca. 12600 m3, assuming baseline conditions occur for 25 

30 % of the time (Keywood, 2007)) was used to calculate filter blank concentrations for aerosol samples, and compare them 

to the aerosol concentrations on a “per cubic meter of air” basis (Morton et al., 2013). Leaching Fe from the blank filters 

with the use of ultra-pure water gave soluble Fe concentrations for the four types of blank filters, which can be used as a 

basis for comparison to other studies. The average soluble trace metal concentrations for the three subsamples of each type 

of filter are reported in Table 3 and Fig. 7. Soluble trace metal concentrations in all blank filters decreased with each 30 

8 
 

Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-12, 2016
Manuscript under review for journal Atmos. Meas. Tech.
Published: 8 April 2016
c© Author(s) 2016. CC-BY 3.0 License.



additional sequential leach of ultra-pure water (Fig. 7). At least 50 % of soluble trace metals were leached within the first 

leach i.e., ~65 % of soluble Fe, ~55 % of soluble Al, ~70 % of soluble Ti, ~65 % of soluble V, ~75% of soluble Mn, and 

~60% of soluble Pb for the exposure blank filter. 

 

After acid-cleaning the filters, there was a significant decrease in the concentration of soluble Fe, from 200 to 30 pg cm-2. 5 

Acid-cleaning the filters also reduced the concentrations of soluble Mn, Pb, and Ti in the leachates, but there was no 

difference in the soluble V concentrations between acid-washed and untreated filters (Fig. 7). Soluble Al was the only trace 

metal to increase in concentration (12 to 2600 pg cm-2) after acid-washing the filter; perhaps, due to Al contained within the 

cellulose filter and further broken down by HCl. 

 10 

For the procedural blank filters, i.e., those taken to the field and mounted in the VFC high-volume aerosol sampler for five 

minutes (Table 3), the soluble Fe concentrations (16 pg cm-2 of soluble Fe) were similar to the blank acid-washed filters (30 

pg cm-2 of soluble Fe). This validates the cleanliness of our sample handling procedures. Soluble Ti, V, Mn, and Pb 

concentrations between acid-washed filter blanks and procedural blanks were also similar. Soluble Al was lower in the 

procedural blank. 15 

 

In the month-long exposure blank, a considerable increase in the trace metal concentration was observed; for example, up to 

870 pg cm-2 of soluble Fe. The concentration of all soluble trace metals was at least an order of magnitude greater in the 

exposure blank than in the procedural and acid-washed filter blank. Soluble Al displayed the highest concentrations in 

laboratory, procedure, and exposure blank filters. 20 

3.3. Total trace metal concentrations of contamination-borne particles on blank filters 

Similar to the soluble trace metal concentrations, acid-cleaning the filters significantly decreased in the total concentration of 

all trace metals, except for V where the concentration remained the same (Table 2). Procedural blank concentrations were 

slightly higher than the acid-washed filters for total Al, total Ti, total V, and total Pb concentrations. The procedural blank 

total Fe concentration was ~7 pg cm-2 lower than the acid-washed filter. Exposure blank total trace metal concentrations 25 

were an order of magnitude higher than procedural blank concentrations for all trace metals. 

4. Discussion 

4.1. Contamination from laboratory procedures, filter handling and site exposure 

We used a series of blank filter types to determine the source and quantity of soluble and total Fe contamination. The blank 

Fe budget consists of Fe introduced to the sample from reagents, ultra-pure water, leaching from plastic bottles and filter 30 

substrate, sample collection and handling, and the instrument (Table 4). The instrumental water blank gives an indication of 
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contamination arising from the HR-ICP-MS vial, ultra-pure acids and the instrument. This contribution is ~0.4 pg cm-2. 

Contamination from the W41 filter substrate is assessed by the difference in Fe between acid-washed and untreated filters. 

The W41 filters contributes 0.2 ng cm-2 (9 pg m-3) of soluble Fe and 7 ng cm-2 (0.3 ng m-3) of total Fe to the Fe budget. Thus, 

acid-washing the filter is crucial for baseline aerosol sampling. Acid-washing of the W41 filters is also necessary when 

analysing the trace solubility of Mn, Pb, and Ti as acid-washing significantly reduced the contamination arising from the 5 

filter substrate alone. 

 

The Fe concentrations of the procedural blanks indicate the contamination acquired throughout the sampling process and 

handling of filters in the field. The sampling procedure contributes negligible total and soluble Fe to the budget (Table 4). By 

following ultra-trace protocols (GEOTRACES recommendations), contamination by personal or handling of filters was 10 

minimised; blank concentrations in acid-washed laboratory blank filters are similar to or less than procedural blank filters. 

Furthermore, no evidence of particulate contamination was observed in the acid-washed or procedural blank filters under an 

optical microscope. 

 

There is considerable contamination derived from filter exposure at the sampling site. The largest source of soluble Fe 15 

contamination was evident in the month-long exposure blank. Contamination arising from one-month of site exposure is 

around 0.03 ng m-3 of soluble Fe and 10 ng m-3 of total Fe. This is considerable given water soluble Fe concentrations in 

contamination-free archived filters ranged from 0.01-0.3 ng m-3 of soluble Fe and 0.04-5.8 ng m-3 of total Fe (Winton et al., 

2015). The contamination-free archived filters were sampled using the Bollhöfer et al. (2005) aerosol sampler design (Fig. 

S1) and a similar Fe water solubility leaching scheme employed here. Thus, in the low concentration aerosol samples, 20 

contamination from site exposure (Tables 2 and 3) limits our ability to differentiate between the blank and ‘real’ signal. We 

suggest two processes by which contamination occurs during the month-long exposure. Firstly, by a passive deposition on 

the filters during a month-long sampling period at Cape Grim. Passive deposition contributes the majority (94 %) of Fe to 

the Fe budget (Table 4). Secondly, as there is no evidence of human-, sampler-, or building-derived (e.g., wood, paint) 

particles on the filters, the insect, soil, and marine particle contamination is likely a consequence of airborne particles hitting 25 

the sampler at high wind speeds. Additionally, insects could fly or crawl into to sampler, as the air inlet is not sealed during 

non-baseline conditions (Fig. 1). Insect contamination is likely at other sampling sites as indicated by the sampling 

procedure in the US EPA high-volume sampling standard for the determination of inorganic compounds in ambient air, 

which recommends that insects be removed with a pair of tweezers. 

 30 

The total trace metal blank concentrations in acid-washed and untreated W41 filters are similar to those reported by Morton 

et al. (2013), who use the same acid-washing procedure for cleaning the filters. It is interesting to note that Morton et al. 

(2013) reports a greater Al concentration on the acid-washed filter than the untreated filter. Our soluble Al blank 
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concentrations were also greater for the acid-washed filter Al suggesting the W41 filters are not suitable for Al studies in 

Southern Ocean baseline air. 

4.2. Passive deposition and back trajectory analysis 

The exposure blank, which was left in the aerosol collector with the motor switched off for a one-month collection period, 

reflects contamination derived from the atmospheric fallout or passive deposition. This type of blank gives an indication of 5 

the relative magnitudes of the in-sector active sampling (i.e., pump turned on and controlled by the baseline switch for a 

month) versus passive deposition. The deposition of particles, is thus, partly dependent on the mixture of in- and out-sector 

winds during the exposure blank period. The cluster means of five-day air mass back trajectories, for the duration of the 

month-long exposure blank, show that around half of the trajectories were transported from the non-baseline sector (i.e., over 

Tasmania) while the other half were baseline marine air (Fig. 7b). The frequency plot in Fig. 7c shows the fetch area of 10 

trajectories, which included Tasmania >10 % of the time, and occasionally, the Australian continent (>0.1 %) (Fig. 7b). 

Furthermore, the high wind speeds at Cape Grim, up 80 km h-1 during the exposure blank period (Fig. 7a), potentially 

transport local dust and vegetation to the sampling site. The wind speed is most important when the sampler is turned off 

(i.e., non-baseline conditions) as it can transport and deposit local dust and insects through the unsealed air inlet section of 

the sampler (visible in Fig. 1d). Extreme weather conditions at this site are a concern for aerosol samplers that are not sealed 15 

during non-baseline conditions; contamination occurs regardless of whether the sampler is turned on or off. The Bollhöfer et 

al. (2005) sampler design minimized this source of contamination by pneumatically sealing the sampling when it was turned 

off. 

 

We use optical microscopy to further assess the impact of passive deposition. Large particles up to 100 µm are observed in 20 

the exposure blank (Fig. 2). A mixture of mineral dust, vegetation, and even insects were observed on the exposure blank 

(Fig. 2). Large particles were still observed on filters after the installation of the PM10 size selective inlet (Fig. 4). An 

evaluation of PM10 size selective inlet performance in Australia found that PM10 inlets have a d50 of 10 µm, i.e., 50 % of 

particles greater than 10 µm are collected on the inlet (Keywood, 1999). The calibration of the PM10 inlet collection 

efficiencies is done under certain wind speed conditions and it is likely that the extreme wind speeds at Cape Grim (80 km h-25 
1; Fig 8c) are higher than what the inlet was calibrated in. This may explain why some particles larger than 10 µm are 

observed on the PM10 sample filter (Fig. 4). These particles could have been deposited on the filter by a combination of high 

wind speeds when the sampler was running, which lowered the efficiency of PM10 inlet to separate particles <10 µm, and/or 

passive deposition when the sampler was turned off. Given the large particle size and the wind strength of non-baseline air 

(Fig. 7), the source of passive deposition is likely local. 30 

 

Local contamination from the cliff face at Cape Grim has been known to occur for some time (Ayers, 2001), and elemental 

ratios are used to correct for this local cliff contamination for major ion measurements (Ayers and Ivey, 1988). Due to the 
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very weak signal at Cape Grim, fingerprinting (e.g. using elemental ratios or radiogenic isotope ratios) the cliff signal and 

separating it from the marine particles is challenging. As there is a clear indication of material from the cliff face being 

blown onto the roof deck during extreme wind events, the soil signal is likely to dominate the marine signal for trace metals. 

The high concentration of soluble Fe in the exposure blank, sampled at the roof deck height, is as high or higher than soluble 

Fe in uncontaminated samples collected up the 70 m communications tower (Bollhöfer et al. (2005) sampler design; (Winton 5 

et al., 2015). This local contamination will likely mask or dominate the true Fe solubility of baseline aerosols. At Cape Grim, 

there is no option to install the sampler elsewhere, e.g. higher up on a tower as has been done in the past (Bollhöfer et al., 

2005). Using an impactor - for example, with a maximum of six upper stages and a backup filter - may aid in the 

identification of contamination if the size distribution of the marine aerosol and the cliff debris were known and if those size 

distributions were significantly different. However, this is likely to result in detection problems of soluble trace metals since 10 

the aerosol would be deposited and spread across seven filters instead of one. To overcome this, a PM10 size selective head 

was installed at Cape Grim to remove the coarse particle size distribution that is not long-range or baseline transport. Cohen 

and Stelcer (2014) suggested that for non-baseline PM 2.5 samples, windblown soil (estimated from the oxides of Al, Si, Ti, 

Ca, and Fe) represents about 2 % of the total fine mass at Cape Grim. The remaining fine particle mass comprises sea salt 

(38 %), black carbon (4 %), and organic matter (5 %). Even if windblown soil only contributes 2 % of the total fine aerosol 15 

mass in samples, this could be a large fraction of the trace metal component due to their abundance in the soil particles 

(Taylor and McLennan, 1985) and significantly affect solubility. The passive deposition of locally-derived particles during 

out-sector winds will thus have a major influence on the overall aerosol Fe solubility in baseline samples. 

 

The issue of local contamination has also been identified on Kerguelen Island, located in the Indian sector of the Southern 20 

Ocean during an aerosol sampling campaign. Using Al/Ti ratios as a tracer of local soil erosion, Heimburger et al. (2013a) 

found that out of 14 rain samples, only five were free of local contamination and representative of long-range transport 

particles deposited by rain events. The sampling location has been shown to be a major factor when designing trace metal 

studies in the Southern Ocean. Other Sub-Antarctic Island sites will likely face similar issues of local contamination such as 

at Cape Grim and Kerguelen Island. Thus, there is a need for future aerosol campaigns of baseline trace metal solubility to 25 

sample aerosols high above the turbulent layer, for example, Cape Verde (30 m) (e.g. Fomba et al., 2012) and Tudor Hill, 

Bermuda (23 m) (e.g. Fishwick et al., 2014; Kadko et al., 2015). 

4.3. Enrichment factor analysis 

The Wedepohl (1995) compilation of continental crust composition was used to calculate crustal enrichment factors (EF) to 

determine the contribution of mineral dust to the observed total elemental concentrations in the blank filters. Total Al was 30 

used as a marker for mineral dust. For an element (Z) in a sample, the EF relative to Al is calculated using Eq. (1).  

𝐸𝐸𝐹𝐹 =  
(𝑍𝑍/𝐴𝐴𝐴𝐴)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐴𝐴𝑠𝑠  

(𝑍𝑍/𝐴𝐴𝐴𝐴)𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐
         (Eq. 1) 
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The enrichment factors of exposure blank filters are used to gauge the level of mineral dust contamination from a month of 

exposure at the field site. For example, an EF between 0.7 and 2 is considered to be similar to the upper continental crust, 

implying that these trace metals might have originated from that source. Trace metals had EF between 1.5 – 4.8 (Table 5); 

this is considered as a similar composition or moderate enrichment, in comparison to the upper continental crust (i.e. EF 

>0.7). Total Fe does not show Fe enrichment, suggesting that anthropogenic Fe was not a source of contamination to the 5 

exposure blank, although it is known to be a source of atmospheric soluble Fe (e.g. Sholkovitz et al., 2012). The low EF 

values of all trace metals suggest that the trace metals on the exposure blank could have originated from mineral dust 

sources. The low EFs of all trace metals in the month-long exposure blank that was subject to passive deposition and air 

masses crossing Tasmania (Fig. 7) are likely to reflect local contamination from crustal sources e.g. mineral dust from the 

cliff face. 10 

4.4. Recommendations and future work 

4.4.1. Importance of microscope observations in trace metal aerosol collection 

The main concern when collecting marine-derived trace metal aerosol particles at CGBAPS is that the filters also collect dust 

from the local cliff-face directly below the sampler at the station, particularly during stormy conditions. The filters are also 

subject to passive deposition while the wind is out of baseline sector, which is significant because of the already weak signal 15 

at CGBAPS. Therefore, microscope observations are a key tool in the identification of local contamination. We recommend 

that microscope observation becomes a routine practice when measuring the Fe content and solubility in aerosols from the 

Southern Ocean. For example, insect and vegetation contamination was found in our blank filters only through the use of 

microscope observations, and this source of contamination would not have been detected by the soluble geochemistry alone. 

4.4.2. Bioactivity inside filters 20 

Sporadic discolorations (orange spots) were identified on the PM10, TSP, and month-long exposure blanks. Microscope 

observations showed that these spots were located inside the ‘depth’ of the filter (Fig. 3b). A possible source for these spots 

is microbial growth inside the filters. Algae could be living off nutrients e.g. aerosol nitrate in the aerosol-laden filter. 

Microbes will also accumulate trace metals (Morel and Price, 2003) and affect the solubility. Further work is required to 

assess these orange spots and determine whether they are an additional source of trace metal contamination. 25 

4.4.3. Aerosol sampler siting and closure requirements for low iron air sampling 

Much of the passive deposition contamination found by this study was invisible to the naked eye. However, it was still a 

significant source of the Fe blank budget compared to the expected Fe aerosol loading. In the case of this study, the sampler 

was on a platform ~6 m above the ground and exposed to extreme wind conditions. The contamination was primarily due to 

the lack of an air-tight closure at the sampler intake. As a result, strong winds were able to force particles into the sampler 30 
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and onto the filter. This form of contamination may be decreased by installing the sampler above the surface boundary layer 

(~50 m); however a hermetic closure is still desirable to keep out air that is out of sector (e.g. Bollhöfer et al., 2005; Winton 

et al., 2015) (Fig. S1). Due to new work health and safety requirements imposed on the field station, it is not possible to 

carry out a comparison of sampling on the 70 m tower and roof deck to determine if sampling above the turbulent layer 

decreases contamination. Ship based high-volume samplers are exposed to particulates from ship exhaust (Edwards, 1999). 5 

For similar reasons they should be fitted with a hermetic closure to completely seal off the sampler when the winds are out of 

sector or the wind speed is too low. For example, Edwards (1999) investigated ship-derived contamination along an 

upwind/downwind transect of snow on Antarctic sea ice. In contrast to the low upwind iron concentrations, downwind 

concentrations were up to two orders of magnitude higher than the upwind samples, suggesting that snow is significantly 

contaminated by material carried in the air from the ship. 10 

5. Conclusion 

A VFC high-volume aerosol sampler was installed at CGBAPS under new health and safety regulations, and following ultra-

trace protocols and recommendations of the US EAP standard and GEOTRACES community for aerosol sampling. Using a 

series of blank filter types, we assessed the contribution of Fe contamination during different stages in the sampling, leaching 

and analysis of baseline Fe solubility at CGBAPS. To do this we used a combination of solubility experiments, microscope 15 

observations, and enrichment factor analysis of one-month exposure blank filters. Contamination arising from HR-ICP-MS, 

lab wear and handling of filters was negligible. Acid-washing the filters substantially reduced Fe leached from the W41 filter 

substrate. The most significant source of contamination was the passive deposition during aerosol sampling while the wind 

was out of the baseline sector. This source of contamination cannot be seen with the naked eye, but occurs regardless of 

whether the sampler is turned on or off. Exposure filters collect insects and dust from the local cliff-face directly below the 20 

sampler at the station, particularly during stormy conditions. This is a major concern for collecting marine-derived aerosol 

Fe particles in baseline air due to the very clean air (weak trace metal signal). As local aerosol debris may be found on filters 

deployed in high-volume aerosol samplers this type of sampler, in its current configuration, may not be appropriate for 

sampling marine aerosols representative of a broader region. For Southern Ocean studies, we recommend that (i) the use of 

microscope observations are a key tool for aiding in the identification of local contamination, (ii) land-based aerosol 25 

samplers are sealed during non-collection periods to prevent passive deposition, (iii) ship based aerosol samplers are also 

sealed when the sector of interest is not being sampled to prevent ship exhaust contamination, and (iv) acid-washed W41 

filters are not suitable for studies of Al solubility in very low-level, clean air. Whilst this study shows significant exposure 

blanks in clean air conditions, this may not be a problem at sites influenced by air-masses containing higher aerosol Fe 

loadings. 30 
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Data availability 

The dataset for blank filters is available through the Curtin University Research Data repository 

http://doi.org/10.4225/06/564AB348340D5. 
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Table 1: Filter blank and aerosol sampling duration and volume. 

 
Inlet Start Finish 

Total sampling 
time 

Total sampling 
volume (m3) 

Procedural blank TSP 8/08/2013 8/08/2013 5 minutes 0 
Exposure blank PM10 8/11/2013 10/12/2013 1 month 0 

CG13TM01 TSP 12/06/2013 16/07/2013 814.7 hours 59473 
CG13TM08 PM10 28/01/2014 25/02/2014 143.3 hours 10461 
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Table 2: Average total trace metal concentration in filtrates. Data for blank filters are corrected for the digestion blank (Savillex® 
beaker blank). Errors are the standard deviation of the three sub-samples. DL: Detection limit. 
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 Al Ti V Mn Fe Pb 

 
(ng 
cm-

2) 
± (ng 

m-3) ± 
(ng 
cm-

2) 
± (ng 

m-3) ± (ng 
cm-2) ± (pg 

m-3) ± (ng 
cm-2) ± (ng 

m-3) ± (ng 
cm-2) ± (ng 

m-3) ± (ng 
cm-2) ± (pg 

m-3) ± 

Instrumental 
blank (n=10) 0.01 0.004 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.002 0.002 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.005 0.0043 

                         
Digestion 

blank (n=3) 0.67 0.1 0.03 0.01 0.04 0.01 0.002 <0.001 0.01 0.002 0.2 0.1 0.28 0.4 0.01 0.02 0.23 0.2 0.01 0.01 0.02 0.01 1 0.4 

                         

Untreated 
filter (n=3) 5.6 0.3 0.2 0.01 23 10 0.9 0.4 0.01 0.003 0.52 0.1 <DL  <DL  15 2 0.6 0.1 0.08 0.05 3 2 

                         

Acid-washed 
filter (n=6) 4.1 1 0.2 0.05 3.6 1 0.1 0.01 0.01 0.01 0.56 0.3 <DL  <DL  8.0 5 0.3 0.2 0.004 0.01 0.2 0.2 

                         

Procedural 
blank (n=3) 6.3 2 0.3 0.1 7.7 2 0.3 0.1 0.02 0.01 0.76 0.2 <DL  <DL  7.4 2 0.3 0.1 0.01 0.01 0.5 0.3 

                         

Exposure 
blank (n=3) 250 20 9.8 0.9 48 5 1.9 0.2 0.61 0.05 24 2 3.3 0.8 0.1 0.03 260 30 10 1 0.08 0.03 3 1 

Filter blanks in units of “ng cm-2” were calculated assuming the 47 mm aliquot is representative of the whole filter sheet sample. 4 

Filter blanks in units of “ng m-3” were calculated assuming a typical monthly filtered baseline air volume of 12600 m3 assuming baseline conditions occur 30 % of the time 5 

(Keywood, 2007). 6 
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Table 3: Average trace metal soluble concentration in filtrates. Data for blank filters are corrected for the 1 
instrumental blank. Errors are the standard deviation of the three sub-samples. 2 
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  Al  Ti  V  Mn  Fe Pb  

   (pg  
cm-2)  ±  (pg  

m-3)  ±  (pg  
cm-2) ±  (pg  

m-3) ± 
 (pg  
cm-

2) 
±  (pg  

m-3)  ± 
 (pg  
cm-

2) 
 ±  (pg  

m-3)  ± 
 (pg  
cm-

2) 
 ±  (pg  

m-3)  ± 
 (pg 
cm-

2) 
 ±  (pg  

m-3)  ± 

Instrumental 
blank (n=9)   4.9 3 0.2 0.1 1.9 5 0.08 0.2 0.01 0.02 0.0004 0.0008 0.04 0.07 0.002 0.003 0.46 0.3 0.02 0.01 0.14 0.1 0.01 0.01 

                          
Untreated 
filter (n=3) Leach 1 12 10 0.49 0.4 6.2 8 0.25 0.3 0.97 1 0.04 0.04 60 56 2.4 2 200 180 8.0 7 18 25 0.71 1 

  Leach 2 11 7 0.45 0.3 4.7 <DL 0.19 <DL 0.75 1 0.03 0.04 14 7 0.56 0.3 46 24 1.8 0.9 4.3 3 0.17 0.1 

  Leach 3 0 0.02 <DL <DL 1.1 <DL 0.04 <DL 0.14 0.2 0.01 0.01 3.6 2 0.14 0.06 9.4 7 0.37 0.3 0.74 0.6 0.03 0.02 

                          
Acid-
washed  Leach 1 2600 180 100 7 1.1 2 0.05 0.07 0.94 0.9 0.04 0.03 7.5 3 0.30 0.1 30 16 1.2 0.6 1.3 1 0.05 0.04 

 filter (n=3) Leach 2 930 650 37 26 <DL <DL <DL <DL 0.54 0.7 0.02 0.03 4.0 3 0.16 0.1 17 14 0.68 0.6 4.6 7 0.18 0.3 

  Leach 3 1700 2800 67 110 <DL <DL <DL <DL 0.12 0.1 <DL <DL 2.7 1 0.11 0.05 21 29 0.85 1 0.35 0.3 0.01 0.01 

                          
Procedural 
blank  Leach 1 620 330 25 13 12 8 0.46 0.3 3.3 2 0.13 0.07 9.7 4 0.38 0.2 16 9 0.63 0.3 2.4 0.4 0.10 0.02 

(n=3) Leach 2 420 120 17 5 1.9 1 0.07 0.04 0.62 0.2 0.02 0.01 2.0 0.5 0.08 0.02 6.2 3 0.25 0.1 0.92 0.4 0.04 0.02 

 Leach 3 540 430 21 17 8.3 <DL 0.33 <DL 0.24 0.1 0.01 <DL 0.82 0.5 0.03 0.02 5.3 2 0.21 0.06 1.1 1 0.05 0.04 

                          
Exposure 
blank (n=3) Leach 1 54000 21000 2200 850 280 300 11 12 44 10 1.7 0.4 1800 300 70 12 870 490 35 20 26 10 1.0 0.5 

 Leach 2 14000 5600 580 220 50 16 2.0 0.6 8.6 4 0.34 0.2 110 100 4.2 4 290 110 12 5 1.6 0.6 0.06 0.03 

  Leach 3 8400 3200 330 130 25 10 0.98 0.4 5.9 1 0.23 0.04 22 7 0.88 0.3 170 35 6.7 1 1.1 0.6 0.04 0.03 
Filter blanks in units of “pg cm-2” were calculated assuming the 47 mm aliquot is representative of the whole filter sheet sample. 1 

Filter blanks in units of “pg m-3” were calculated assuming a typical monthly filtered baseline air volume of 12600 m3 assuming baseline conditions occur 30 % of the time 2 

(Keywood, 2007). 3 

23 
 

Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-12, 2016
Manuscript under review for journal Atmos. Meas. Tech.
Published: 8 April 2016
c© Author(s) 2016. CC-BY 3.0 License.



Table 4: Blank iron contamination budget. 1 

  Total Fe 
(ng cm-2) 

Soluble Fe 
(ng cm-2) 

Fe blank 
contribution (ng 

cm-2) 

Fe blank 
contribution (%) 

Digestion  10.2  0.2 0.1 
Acid  20.0006 30.00004 0.0007 <0.001 
Instrument  40.0004 50.0005 0.0009 <0.001 
W41 filter  66.6 70.2 6.8 3 
Sampling procedure 8negligible 9negligible 0 <0.001 
Month exposure at field site 10254 111 255 98 
Total  261 1 262  

Method of determination: 1Digested Savlliex® blank beaker with 0.5 mL of HNO3 (Baseline Seastar®) and 0.25 2 

mL HF (Baseline Seastar®) (acid and instrument blank subtracted); 2Assuming certified maximum specification 3 

of Seastar Baseline® of HNO3 and HF is <10 ppt or 0.2 nmol L-1 of Fe; 3Assuming concentration of double 4 

distilled in-house HCl from Seastar® IQ grade quality (Choice Analytical Pty Ltd, Australia) is <10 ppt or 0.2 5 

nmol L-1 of Fe; 4Vials filled with ultra-pure water acidified to 3 % or 0.5 mol L-1 HNO3; 5Vials filled with ultra-6 

pure water acidified to 1 % or 0.12 mol L-1 HCl; 6Total digestion of untreated filter (digestion, instrument and 7 

acid-washed filter blank subtracted); 7Water soluble leach of untreated filter (instrument and acid-washed filter 8 

blank subtracted); 8Total digestion of procedural blank filter (digestion, instrument and acid-washed filter blank 9 

subtracted); 9Water soluble leach of procedural blank filter (instrument and acid-washed filter blank subtracted); 10 

10Total digestion of exposure blank filter (digestion, instrument and procedural blank filter subtracted); 11Water 11 

soluble leach of exposure blank filter (instrument and procedural blank filter subtracted). Negligible is defined 12 

as <0.01 pg cm3 of Fe. 13 
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Table 5: Enrichment factors of trace metals relative to Al measured in exposure and procedural blank filters. The 1 
composition of the upper continent crust is based from Wedepohl (1995). 2 

 Ti Fe Mn V Pb 

Exposure blank 4.8 2.7 2.0 3.6 1.5 
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Fig. 1: a) Location of the CGBAPS and the high-volume aerosol sampler installed on the roof deck. Baseline conditions occur when 

the wind direction is between 190º and 280º and the total aerosol particle counts are below a threshold concentration based on the 

90 percentile of hourly medians for the previous five years. b) CGBAPS site plan, b) roof deck plan, d-e) LSA high-volume aerosol 5 
sample attached with PM10 size selective inlet (photo credit: Jeremy Ward), f) filter inside the sampler. Panels b) and c) modified 

from Baseline Report 2009-2010 (Baseline, 2014). 
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Fig. 2: Optical microscopy images of contaminated exposure blanks showing examples of particles on the filter. a) three examples 

of windblown particles, b) insect leg, c) large soil particle. Areas of interest are circled. 
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Fig. 3: Optical microscopy images of examples of particles collected on TSP filter (CG13TM01). a) large soil particle, b) orange 

spot common to many TSP filters, c) hair, d) spore, e) moth spare. 
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Fig. 4: Optical microscopy images of examples of particles collected on PM10 filter (CG13TM08). a) moth spare, b) grass, c-d) 

large windblown particles. 
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Fig. 5: Scanning Electron Microscope images and spectra of particles on a PM10 filter (CG13TM08). a) salt particle (sodium 

chloride) (detector: SE, instrument: EVO), b) soil (detector: BSD, instrument: EVO), c) calcium carbonate (detector: BSD, 

instrument: EVO), d) marine silica (detector: SE, instrument: EVO).  5 
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Fig. 6: Scanning Electron Microscope images and spectra of particles on a TSP filter (CG13TM01). a) mineral dust (Fe, Mg, Al, Si, 

Ti, K) (detector: BSD, instrument: EVO), b) organic material (detector: BC, instrument: NEO), c) organic carbonaceous particle 

(detector: BC, instrument: NEO), d) cubical salt (sodium chloride) (detector: BSD, instrument: EVO), e) silica sand (detector: BC, 5 
instrument: EVO), f) marine aerosol (detector: BSD, instrument: EVO), g) marine aerosol (Mg, Sr, Ba, Cl, Ca, Na) (detector: BC, 

instrument: EVO), h-i) spore (detector: BC, instrument: EVO).  
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Fig. 7: Wind speed and fetch area of air masses associated with the whole duration of one month long exposure blank from 8 

November to 10 December 2013. a) Time series of hourly wind speed (times are in the GMT+10 time zone; data sourced from the 

Australian Bureau of Meteorology), b) Cluster means of 5 day hourly air mass back trajectories. 5 
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Deposition of iron (Fe) bearing aerosols to Fe deficient waters of the Southern Oceanmay drive rapid changes in
primary productivity, trophic structure and the biological uptake of carbon dioxide. The fractional solubility
(i.e., the ratio of water leachable Fe to total Fe) of aerosol Fe is an important variable determining its availability
for biological uptake, and is a function of both particle type and the experimental conditions used to leach the
particles. There have been few studies of fractional Fe solubility over the Southern Oceanwhere the aerosol load-
ing is the lowest in the world. To investigate Southern Ocean aerosol Fe solubility, the fractional solubility of Fe
was determined in cryogenically archived Southern Ocean aerosols. Samples were collected at the Cape Grim
Baseline Air Pollution Station (CGBAPS), Tasmania, Australia from February 1999 to April 2000. Fractions deter-
mined included water soluble Fe (b0.45 μm), labile Fe (N0.45 μm; acetic acid and hydroxylamine hydrochloride
leachable Fe) and refractory Fe (N0.45 μm; total digestion using nitric and hydrofluoric acids). Extremely low Fe
mass concentrations were observed for baseline Southern Ocean air during the study period. An inverse hyper-
bolic relationship was observed between fractional Fe solubility (0.5 to 56%) and total Fe mass concentration
(0.04 to 5.8 ng m3; excluding an anomalously high sample). A peak of 4.6 ng m3 of labile Fe occurred during
May/June 1999 and was linked to atmospheric transport from South Western Australia over the Southern
Ocean. Bioavailable Fe was estimated by summing thewater soluble and labile Fe fractions, and this likely repre-
sents the upper bound of long range transport aerosol over the Southern Ocean. The results confirm previous re-
ports of a range of fractional Fe solubility within all atmospheric particles measured and also suggest that a large
fraction of the Fe from Australian mineral aerosols is labile and potentially bioavailable.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Limitation of Southern Ocean primary productivity due to low iron
(Fe) availability is well established and has been the focus of a large
body of research (e.g. Martin et al., 1990, 1991; Blain et al., 2007).
These waters are characteristically replete with nitrate and phosphate
and depleted with respect to Fe. In-situ oceanic Fe-fertilisation experi-
ments have demonstrated an almost explosive response of the ecosys-
tem to relatively small additions of dissolved Fe (e.g. Coale et al., 2004;
de Baar et al., 2005; Boyd et al., 2007). Inputs of newFe topelagic surface
waters can occur through upwelling of deep waters (de Baar et al.,
1995), deep winter mixing and entrainment (Bowie et al., 2014;
Tagliabue et al., 2014), transport from continental margins by ocean
currents (Johnson et al., 1999; Elrod et al., 2004), from sea-ice and ice
V.H.L. Winton).
bergs (Sedwick and DiTullio, 1997; Lannuzel et al., 2007, 2008;
Raiswell et al., 2008), hydrothermal vents (Tagliabue et al., 2010),
deep winter mixing (Tagliabue et al., 2014), and atmospheric aerosol
deposition (e.g. Jickells et al., 2005). Aerosol deposition to remote
Southern Ocean surface waters is extremely low ranging from 0.3 to
2.5 mg m−2 d−1, and has been investigated in relation to the distribu-
tion and transport of mineral dust (Duce et al., 1991; Luo et al., 2005;
Mahowald et al., 2005; Bowie et al., 2009) and the episodic input of vol-
canic ash (Narcisi et al., 2005). Episodic changes inmineral dust deposi-
tion to the Southern Ocean have been linked to 20th-century climate
change and land use modification (Bhattachan and D'Odorico, 2014).
Mineral dust proxy records from Antarctic ice cores (Edwards et al.,
2006; Gaspari et al., 2006; Spolaor et al., 2012; Vallelonga et al., 2013)
and Southern Ocean marine sediments from several regions (e.g.
Moore et al., 2000; Martínez-Garcia et al., 2009; Smetacek et al., 2012)
display higher deposition rates during glacial stages. Recent Southern
Ocean marine sediment studies link enhanced glacial atmospheric Fe

http://crossmark.crossref.org/dialog/?doi=10.1016/j.marchem.2015.06.006&domain=pdf
http://dx.doi.org/10.1016/j.marchem.2015.06.006
mailto:holly.winton@postgrad.curtin.edu.au
Journal logo
http://dx.doi.org/10.1016/j.marchem.2015.06.006
Unlabelled image
http://www.sciencedirect.com/science/journal/03044203
www.elsevier.com/locate/marchem


21V.H.L. Winton et al. / Marine Chemistry 177 (2015) 20–32
deposition to higher rates of Southern Ocean primary productivity
(Martínez-García et al., 2014).While other studies postulate that higher
rates of Fe inputs to the Southern Ocean during glacial periods were
sourced from the upwelling of water enriched by sediments (Latimer
and Filippelli, 2001; Latimer et al., 2006).

Aerosol Fe bioavailability data is required to constrain the biogeo-
chemical impact of present and past atmospheric Fe variability. Aerosol
Fe bioavailability will depend on the residence time of the Fe aerosol in
the euphotic zone, and thus it is a function of its chemical composition
and physical characteristics (e.g. particle size, surface area). Therefore,
an upper limit of aerosol Fe bioavailability can be estimated bymeasur-
ing the instantaneous water solubility (i.e., the concentration of Fe that
passes through a 0.2 or 0.45 μm aerosol-laden filter when leached with
ultra-pure water) and the labile Fe fraction (i.e., a chemically defined
measure using weak acid to estimate the portion of the particulate
trace metal pool that is potentially bio-available on the time frame of
phytoplankton generation (days) (Berger et al., 2008)) from aerosol
particles over longer time scales (Berger et al., 2008; Boyd et al.,
2010). Reported values of the Southern Ocean fractional Fe solubility
(i.e., the ratio of water leachable Fe to total Fe) range from 0.01 to 90%
(Edwards and Sedwick, 2001; Mahowald et al., 2005; Bowie et al.,
2009; Baker and Croot, 2010; Heimburger et al., 2013a). This large
range may reflect differences in mineral dust concentrations, particle
size, atmospheric weathering, cloud chemistry and aerosol leaching
methods (Zhuang et al., 1990, 1992; Spokes and Jickells, 1995; Chen
and Siefert, 2003; Meskhidze et al., 2003; Bonnet and Guieu, 2004;
Mackie et al., 2005; Baker and Jickells, 2006; Buck et al., 2006;
Meskhidze and Nenes, 2006; Aguilar-Islas et al., 2010; Trapp et al.,
2010). Laboratory studies have indicated that aerosol Fe solubility is en-
hanced by acid processing (Spokes et al., 1994; Desboeufs et al., 1999),
although this relationship was not observed in the remote Atlantic
and Pacific ocean (Hand et al., 2004; Baker et al., 2006). An alternative
hypothesis for the observed solubility range is that it results from amix-
ture of aerosol Fe source types with differentmineralogy and Fe solubil-
ities (Sholkovitz et al., 2012). Sholkovitz et al. (2012) show that global
scale fractional aerosol Fe solubility displays an inverse hyperbolic rela-
tionship with the total Fe mass concentration. This relationship is
consistent with a low Fe solubility for mineral dust (~1–2%) and the
presence of other soluble Fe sources such as those originating from
fire and oil combustion with higher Fe solubilities (Chuang et al.,
2005; Guieu et al., 2005; Sedwick et al., 2007; Luo et al., 2008;
Sholkovitz et al., 2009; Kumar et al., 2010; Paris et al., 2010; Ito, 2011;
Gao et al., 2013). Gao et al. (2013) recently measured soluble Fe as
Fe(II) in the Southern Ocean southwest of Australia and this species of
Fe has been operationally defined as labile (e.g. Chen and Siefert,
2004). Studies of labile Fe species (Fe(II)) over the Atlantic Ocean
show that the highest percentage of labile Fe (mean value of 32%) was
observed in winter corresponding to low mass concentrations of total
Fe and air mass trajectories influenced by anthropogenic activities
over North America (Chen and Siefert, 2004). Conversely, the lowest
concentrations of labile Fe (mean value 5%) were observed in summer
with higher mineral aerosol concentrations associated with African
dust.

This study reports fractional Fe solubility and estimates of the upper
bound of Fe bioavailability for Southern Ocean aerosols sampled from
the Cape Grim Baseline Air Pollution Station (CGBAPS) in Tasmania,
Australia. Data from the aerosol samples have previously been reported
with respect to lead (Pb) pollution and its source apportionment
(Bollhöfer et al., 2005).

2. Methods

2.1. Sampling site

This study used archived aerosol filter samples collected from
February 1999 to April 2000 at CGBAPS (40.68° S, 144.69° E), located
at the northwest tip of Tasmania, Australia (Fig. 1). Fractions of filters
were previously studied for Pb isotopic composition and are described
in detail by Bollhöfer et al. (2005). Samples were collected during base-
line conditions using a sector-controlled ultra-trace clean aerosol filter
system suspended 70m above the ground (164m a.s.l.) on a communi-
cation tower (~100 m from the ocean, adjacent to 94 m high coastal
cliffs). Meteorological baseline air conditions for CGBAPS are described
by Ayers et al. (1987) and occur when the winds are from the west to
southwest (wind direction from 190 to 280°) (Fig. 1) and total aerosol
particle counts are b600 cm3. These conditions occur ~30% of the time
(Keywood, 2007) and are representative of air masses over the remote
Southern Ocean.

2.2. Sample collection

Stringent trace-metal clean techniques were used throughout the
sampling campaign (Bollhöfer et al., 2005). Briefly, aerosols were col-
lected on 47 mm acid-cleaned polytetrafluoroethylene (PTFE) filters
(0.45 μm front, 60 μm back) in single-stage perfluroalkoxy alkane
(PFA) filter assemblies (acid-cleaned). The filter assembly housing
consisted of trace-metal clean cylindrical inlet units, with a baseline sec-
tor controlled pumpat the tower base and a pneumatically actuated seal
on the top of the inlet unit. The samples were collected over time pe-
riods varying from one to seven weeks. Exposure blanks (n = 5), col-
lected with every 3rd to 4th sample, were run as for normal samples
but the pump switched off (Bollhöfer et al., 2005). These exposure
blanks were used to determine the Fe contribution from sampling, lab-
oratory procedures and analysis. Air volumes were measured using a
calibrated gas flowmeter. Thirteen cryogenically archived (−18 °C) fil-
ter sub-samples (Supplementary Table 1) from the Bollhöfer et al.
(2005) study were used in this work to investigate the aerosol Fe
mass concentration and fractional Fe solubility.

2.3. Partial filter sizing

During the original study, the filters were cut into halves or quarters
with an acid cleaned stainless steel scalpel blade (Bollhöfer et al., 1999,
2005). These filter sub-samples were the focus of this aerosol Fe study.
Filter samples were visually inspected in a laminar flow hood under
clean-room conditions with minimal handling.

2.4. Aerosol iron leaching experiments

All bottles and filtration parts used in the Fe leaching experiments
were acid-cleaned following GEOTRACES protocols (Cutter et al.,
2010). Leaching experiments were conducted sequentially using a
trace metal clean flow-through reactor (Fig. 2) (e.g. Wu et al., 2007;
Aguilar-Islas et al., 2010). This reactor consisted of the sub-sampled fil-
ter supported on acid-cleaned 0.45 μm acid cleaned backing filter that
was mounted in a single-stage PFA filter assembly with a PFA funnel
front face. Leaching solutions were pulled through the reactor under
vacuum, into 250 ml low-density polyethylene bottles (LDPE). The
PTFE filters were hydrophobic and required exposure to high-purity
methanol to initiate water flow. Prior to the leaching experiments, the
system was rinsed with several litres of ultra-pure water (N18 MΩ-
cm) and ultra-pure 1% HCl (baseline Seastar), followed by another
ultra-pure water rinse.

2.4.1. Soluble iron
The instantaneouswater soluble Fe fraction (Fig. 2)was investigated

using two successive 50 ml aliquots (“a” and “b”) of ultra-pure water.
The mean procedural blank (n = 10) for this Fe fraction was 0.07 ±
0.005 nmol g−1 of soluble Fe. The mean exposure blank (n = 5) was
0.1 ± 0.003 nmol g−1 of soluble Fe. The mean ultra-pure water blank
(n= 5) was 0.001 ± 0.002 nmol g−1. On average 90% of the water sol-
uble Fe was leached in the first leach. Other ultra-pure water leaching
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schemes using multiple leaches have shown that the concentration of
soluble Fe exponentially decreases with each successive water leach
(e.g. Buck et al., 2006). Thus, even the small volume of leaching solution
in the first leachwill have captured themajority of instantaneous water
soluble Fe.

2.4.2. Labile iron
The method of Berger et al. (2008) was used to determine the labile

Fe fraction (Fig. 2) of the aerosol samples. A similar weak acid leaching
method to determine labile Fe in aerosols was carried out by Chen and
Siefert (2003). The Berger et al. (2008) method uses an acetic acid
Instantaneous
water soluble Fe

<0.45 mµ

1. Flow-through
water leach a

2. Flow-thro
water leac

Cape Grim
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water solubl
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Fig. 2. Schematic showing the different extraction stages to leach sol
(HAc) and hydroxylamine hydrochloride (NH2OH·HCl) leach to deter-
mine the reactive Fe fraction. A similar method was used in this study
with the exception that the filters were water leached prior to exposure
to HAc and NH2OH·HCl. In this study, the water leached filters were
placed in acid-washed vials, dried under a laminar flow hood and
leached with 25% ultra-high purity HAc (Seastar Baseline® 99.9%,
b20 ppt Fe) and 0.02 M NH2OH·HCl (Acros Organics, Belgium, 99%) at
90 °C for 10 min. The short heating step of 90–95 °C is used to access
metals found in intracellular proteins that are associated with phyto-
plankton (Hurst and Bruland, 2007; Berger et al., 2008). This leaching
method liberates trace metals associated with biogenic material, Fe
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Table 1
Fractional aerosol iron concentrations in Southern Ocean baseline air.

Fe fraction Range
(ng m−3)

Geometric mean
(ng m−3)⁎

Total Fe 0.04 to 5.8 0.8
Refractory Fe b0.02 to 5.7 0.2
Labile Fe 0.01 to 4.6 0.1
Soluble Fe 0.01 to 0.3 0.07

⁎ n = 13.
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and manganese oxyhydroxides and metals that may be adsorbed onto
the surface of aluminosilicate clay minerals. Windblown diatoms have
been observed in high elevation ice cores significantly inland from the
ocean (Burckle et al., 1988). Thus, the possibility that phytoplankton
cells are transported in baseline marine air masses cannot be ruled
out, although we acknowledge that they most likely constitute a rela-
tively minor mass of the total aerosol loading. The mean labile proce-
dural blank (n = 5) and exposure blank (n = 5) concentrations were
0.03± 0.003 and 0.8± 0.07 nmol g−1 of Fe, respectively. Two exposure
blanks were found to have exceptionally high labile Fe concentrations
possibly from random contamination (water solubility associated with
those exposure blanks did not have high values). Excluding these two
high values, exposure blanks averaged 0.2±0.001 nmol g−1 of Fe, com-
parable to the labile procedural blank andwater soluble exposure blank
concentrations. This blank value was used in labile Fe calculations.

2.4.3. Refractory iron
The refractory Fe fraction (N0.45 μm)was determined following rec-

ommendations from the 2008 GEOTRACES intercalibration experiment
for the analysis of marine aerosols (Morton et al., 2013). All digestions
were carried out under high-efficiency particulate arrestance (HEPA)
filtered air, in a total-exhausting clean-air (ISO Class 5), hot block unit
(SCP Science, Canada) fitted with an acid scrubber unit. The leached
sample filters and filter blanks were digested at 95 °C for 12 h with
concentrated ultra-pure nitric acid (HNO3, 0.5 ml, Seastar Baseline®)
and ultra-pure hydrofluoric acid (HF, 0.5 ml, Seastar Baseline®) in
capped PFA vials (15 ml, Savillex) following Bowie et al. (2010). At the
end of the digestion, the samples were evaporated to dryness,
reconstituted in 1% ultra-pure HNO3 (10 ml final volume, Seastar
Baseline®) and stored at 25 °C for ~12 h before analysis. A certified ref-
erencematerial (MESS-3, National Research Council, Canada) of marine
sediment was digested alongside the samples to test the digestion re-
covery procedure. Total digestion recovery for Fe from the CRM was
~90 ± 1.2% (n = 3). Mean refractory procedural blank (n = 3) and
exposure blank (n = 5) concentrations were 0.2 ± 0.01 nmol g−1 of
Fe and 1.0 ± 3.7 nmol g−1 of Fe respectively. Two filter blanks were
found to have high Fe levels (8.0 nmol g−1 and 1.7 nmol g−1 of Fe).
The digestion of aerosol filters using concentrated HNO3 and HF at
95 °C could have leached out additional impurities in the PTFE filter
than the Bollhöfer et al. (1999) acid cleaning step employed specifically
for Pb analysis. Therefore, the high blank levels possibly resulted from a
lack of exposure of HF to the PTFE filter substrate prior to sampling
(Bollhöfer et al., 1999).

2.4.4. Total iron
The total Fe loading of the filters was estimated as the sum of the

individual Fe fractional masses from each step and is given in
Eqs. (1) to (3).

Water soluble Fe ¼ water soluble Fe leach “a”
þ water soluble Fe leach “b” ð1Þ

Bioavailable Fe ¼ water soluble Fe þ labile Fe ð2Þ

Fe total ¼ bioavailable Fe þ refractory Fe: ð3Þ

2.5. Iron determination by sector-field inductively coupled plasma mass
spectrometry

All samples and standards were prepared on a similar matrix basis.
Water soluble Fe leachates and total digestion solutions were acidified
to 1% (v/v) with ultra-pure HNO3 (Seastar Baseline®) and spiked with
an Indium (In) internal standard. Labile leachates were diluted, and
spiked with In and presented to the instrument as a 2.5% (v/v) HAc
and 0.02MNH2OH·HCl solution and 1% (v/v) ultra-pure HNO3 (Seastar
Baseline®). The analysis of the water soluble and labile Fe leachate frac-
tions occurred within 24 h of leaching. All samples were analysed by
sector-field inductively coupled plasma mass spectrometry (SF-ICP-
MS, Thermo Fisher Scientific ELEMENT 2) at the University of Tasmania.
Samples were introduced using an auto-sampler housed in a laminar
flow clean-air hood. Typical operating conditions are reported in
Supplementary Table 2. Isobaric 56Fe interferences (e.g. 40Ar16O and
40Ca16O)were resolved using amass resolution of N4000 amu (10% val-
ley definition, medium resolution). Instrumental blanks (1% HNO3 and
2.5% (v/v) HAc and 0.02 M NH2OH·HCl) and a QC standard were mea-
sured throughout the analysis sequence at regular intervals. Internal
standard normalised 56Fe intensities were quantified using “matrix
matched” external standards prepared by serial dilution from traceable
commercial primary standards. The results were blank subtracted and
corrected for dilution.

2.6. Major cation and anion

Major cation and anionmeasurements for the period between Janu-
ary 1999 and August 2000 have previously been reported in Keywood
et al. (2004), and we use the sodium, sulfate and nitrate data here. Ox-
alate, not previously reported, was also measured in these samples fol-
lowing the same procedure. The major ion data were obtained using a
“Goldtop sampler” installed with a PM10 (particle diameter b10 μm)
inlet at CGBAPS (Ayers et al., 1990). Particles were collected on Pallflex
filters (EMSB TX 4OH, 120-WW) on a weekly basis. The filter was wet-
ted with methanol before being extracted in 5 ml of ultra-pure water.
The sample was then preserved using 1% chloroform. Anion and cation
concentrations were determined by suppressed ion chromatography
(IC) using a Dionex DX500 gradient ion chromatograph. Anions were
determined using an AS11 column and an ASRS ultra-suppressor.
Cations were determined using a CS12 column and a CSRS ultra-
suppressor.

3. Results

3.1. Aerosol iron mass concentrations

Baseline aerosol concentrations for the different Fe fractions were
estimated from the filters by Eq. (4) (assuming a uniform aerosol load-
ing of the filters) and are summarised in Table 1.

Aerosol concentration ¼ Fe fraction mass � filter sub‐sample
fraction = air volumeðm3; standard
temperature and pressureÞ:

ð4Þ

With the exception of sample CG5 (4–16 March 1999), extremely
low total Fe aerosol mass concentrations, compared to other aerosol
Fe studies on a global scale (Sholkovitz et al., 2012), were found and
ranged from 0.034 to 5.86 ng m−3. Sample CG5 sampled only 5 m3 of
air but displayed total Fe aerosol concentrations 25 times greater
(147.81 ng m−3) than the next largest aerosol sample. This sample
was almost entirely comprised of refractory Fe and may have been ex-
posed to local (non-baseline) air. The sample was subsequently exclud-
ed from the estimates and further discussion.
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3.2. Aerosol iron fractions

The range and geometric mean for the different fractions are shown
in Table 1. The total Fe geometric mean mass concentration of
0.77 ng m−3 was ~11 times that of soluble Fe (0.07 ng m−3), ~4.8
times the labile Fe (0.16 ng m−3) and ~3.1 times the refractory Fe
(0.24 ng m−3) mass concentrations. Fractional estimates relative to
total Fe ranged from 0.5% to 56% for soluble Fe, 1.5% to 94.0% for
labile Fe, and 4.6% to 97.0% for refractory Fe. The order of the geo-
metric mean fractional estimates was soluble Fe (15%) b labile Fe
(32%) b refractory Fe (48%).

3.3. Atmospheric iron dry deposition flux estimates

Estimates of the Fe dry deposition rate (Fdry) to adjacent Southern
Ocean surface waters were calculated using Eq. (5) from the total and
soluble aerosol Fe concentrations (Caerosol) using a dry deposition veloc-
ity (Vdry) of 1.3 cm s−1 (Ezat and Dulac, 1995) following Heimburger
et al. (2012), and are reported in Table 2. This deposition velocity is
based on the dry deposition model of Slinn and Slinn (1980) following
the “100-step method” (Dulac et al., 1989) which takes into consider-
ation the size dispersion of particles. We assume a constant deposition
velocity is appropriate for the Southern Ocean, as i) the particle size
has a narrow size distribution and thus thedry depositionfluxeswill ex-
hibit little variability compared to a wide particle size distribution
(Arimoto et al., 1985), and ii) the mean wind speeds at Cape Grim
have little temporal variability. Furthermore, Duce et al. (1991) report
deposition velocities of 0.4 cm s−1 for the open ocean and 2 cm s−1

for coastal regions and the value of 1.3 cm s−1 is within this range.

Fdry ¼ CaerosolVdry deposition ð5Þ

4. Discussion

4.1. Baseline iron mass concentrations

Atmospheric Fe mass loadings from 1999 to 2000 are shown in
Fig. 3a–d. Total Fe displayed maximum concentrations during May/
June 1999 and November 1999 with peak Fe mass concentrations of
5.15 ng m−3 and 5.86 ng m−3, respectively. The lowest concentrations
occurred from August to November 1999 (austral winter/spring), with
aminimummass concentration of 0.034 ngm−3. The total Femass con-
centrations are amongst the lowest Fe mass concentrations reported in
the literature. For example, Bowie et al. (2009) reported total Fe mass
concentrations between 5 and 17 ng m−3 for marine aerosols collected
in a similar region south of Tasmania but sampling all wind sectors. A
global compilation of the total aerosol Fe mass data suggests concentra-
tions can reach up to 147 ng m−3 for the Southern Hemisphere (Fig. 4)
Table 2
Dry deposition iron fluxes of Southern Ocean baseline air.

Sample Soluble Fe concentration (ng m−3) Soluble Fe flux (nmol m−2 d−

CG4 0.55 ± 0.04 11 ± 6
CG9 0.17 ± 0.01 3.3 ± 2
CG10 0.34 ± 0.03 6.8 ± 3
CG14 0.01 ± 0.01 0.17 ± 0.1
CG15 0.07 ± 0.01 1.4 ± 0.7
CG17 0.04 ± 0.01 0.76 ± 0.4
CG18 0.08 ± 0.01 1.7 ± 0.9
CG26 0.01 ± 0.01 0.3 ± 0.2
CG28 0.01 ± 0.01 0.14 ± 0.1
CG23 0.08 ± 0.01 1.7 ± 0.8
CG35 0.25 ± 0.01 5.1 ± 3
CG37 0.09 ± 0.01 1.7 ± 0.9
CG40 0.06 ± 0.01 1.3 ± 0.6

a The uncertainty in dry deposition fluxes was calculation by propagation of error of the ana
(Sholkovitz et al., 2012). Baseline total aerosol Fe mass loadings are
similar to those reported for Syowa Station, coastal East Antarctica
(Kobayashi et al., 2010). However, they are lower than estimates over
the southwest Australian sector of the Southern Ocean and coastal
East Antarctica which average 19 ng m−3 and 26 ng m−3 respectively
(Gao et al., 2013). The authors suggest that the air masses over coastal
East Antarctica are influenced by local Antarctic dust, as the total aerosol
Fe concentrations were higher than the Southern Ocean, and the aero-
sols have a coarse particle size distribution.

While the two total Fe peaks were similar with respect to mass con-
centration, they displayed different characteristics with respect to the
leached Fe fractions suggesting different sources and bioavailability.
For example, theMay/June 1999 Fe peakwas primarily composed of la-
bile Fe (~90%) with little refractory Fe (Fig. 3). Conversely, the Novem-
ber 1999 total Fe peak was comprised primarily of refractory Fe,
however the contribution of labile Fe to the bioavailable Fe fraction
was relatively minor compared to the water soluble contribution.
Thus, while the total Fe mass concentrations were similar, the potential
bioavailability of the Fe represented by the two peakswas not. TheMay/
June peak was associated with a peak in radon (Fig. 3e) reported by
Bollhöfer et al. (2005). Radon is emitted from crustal materials and
has a relatively short half-life (3.8 days) making it useful as a tracer of
continental air masses (Porstendorfer et al., 1994; Zahorowski et al.,
2004). Air mass back trajectories reported by Bollhöfer et al. (2005)
combined with the radon data suggest that the labile Fe peak is related
to atmospheric transport over South Western Australia.

The highest soluble Fe mass concentrations occurred in February–
March 1999 (0.55 ng m−3) and February–March 2000 (0.25 ng m−3;
Fig. 3a). However, the soluble Fe concentrations exhibited an extremely
low geometricmean soluble Fe concentration of 0.07 ngm−3 for the en-
tire data set. These soluble Fe concentrations in baseline air are lower
than those reported as Fe(II) for the southwest Australian sector of the
Southern Ocean and coastal East Antarctica that range from 0.13–
1.3 ng m−3 (Gao et al., 2013). Variability in soluble Fe, in this study, es-
sentially tracked the radon concentrations demonstrating a link with
continental air masses (Supplementary Fig. 1a). These radon episodes
(Fig. 3e) occurred during baseline intervals in May/June 1999, August/
October 1999 and January/April 2000 (Bollhöfer et al., 2005). Not sur-
prisingly these time periods encompass the highest Pb concentrations
(Fig. 3f) reported by Bollhöfer et al. (2005) which further highlights
the link between soluble Fe and continental air masses and potentially
anthropogenic emissions.

While, the variability between the labile and soluble Fe with the
Bollhöfer et al. (2005) radon and Pb data seemed consistent, the refrac-
tory Fe variability bore little resemblance to these time series. The inde-
pendence of the refractory Fe from the other Fe fractions and radon data
was unexpected and difficult to rationalise. For example, the highest re-
fractory Fe concentration occurred during November 1999, coincident
with low radon concentrations. A plausible explanation is that this
1)a Total Fe concentration (ng m−3) Total Fe flux (nmol m−2 d−1)a

1.9 ± 0.1 38 ± 20
0.76 ± 0.02 15 ± 8
5.1 ± 0.2 100 ± 50
1.8 ± 0.06 36 ± 20

0.26 ± 0.01 5.2 ± 3
0.28 ± 0.01 5.7 ± 3
0.33 ± 0.01 6.7 ± 3
0.68 ± 0.02 14 ± 7
0.04 ± 0.00 0.75 ± 0.4
5.8 ± 0.2 120 ± 60

0.45 ± 0.01 9.0 ± 5
1.4 ± 0.04 27 ± 10
1.3 ± 0.04 27 ± 10

lytical uncertainty and uncertainty in the deposition velocity assumed to be 50%.
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Fig. 3. Time series of aerosol Fe mass concentrations excluding CG5. a) Total Fe concentration, b) refractory Fe concentration, c) soluble Fe concentration, d) bioavailable Fe concentration
(i.e., the sum of soluble and labile Fe fractions), e) radon concentration (data source: Bollhöfer et al., 2005), and f) Pb concentration (data source: Bollhöfer et al., 2005).
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peak was due to local material blown up to the tower from the cliff face
rather than long range transport aerosol. A single mineral grain could
contaminate these low concentration samples. However, based on the
sample's aerosol Femass concentration the data appears uncontaminat-
ed by sampling and handling procedures. Bollhöfer et al. (2005) ruled
out local soil dust contamination in these aerosol samples by comparing

Image of Fig. 3
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Fig. 4. a) CapeGrim total aerosol Femass concentration versus fractional Fe solubility superimposed upon SouthernHemispheric data set (data source: Bowie et al., 2009; Sholkovitz et al.,
2012; Gao et al., 2013). Top right inset: Cape Grim data expanded excluding CG5 that sampled a low volume of air. b) Cape Grim total aerosol Fe mass concentration versus fractional Fe
bioavailability. c) Cape Grim total aerosol Fe mass concentration versus fractional refractory Fe.
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the Pb isotopic composition of the aerosols with that of local soil. Never-
theless, as discussed in the results section, a filter sample from March
1999 was excluded from further assessment due to suspected contam-
ination from local mineral dust sources. If the November 1999 data
point is similarly excluded from the interpretation, the refractory Fe var-
iability becomes similar to the soluble Fe and consistent with the radon
data (Supplementary Fig. 1b).
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Removal from system

Aerosol deposition

Fe leaching
instant

Instantaneous
soluble Fe

0.4 µm< 5

FeS

Fe le
days

Total Fe 1-120 nmol m d-2 -1

-2 -1Water Soluble Fe 0.1-7 nmol m d

FeR

Insoluble Fe
< 50.4 µm

49 %

Fig. 5. Schematic of aerosol iron fractions that are potentially bioavailable for uptake by plankto
Fe.
4.2. Dry deposition estimates of soluble and total iron

Crude estimates of soluble and total Fe dry deposition fluxes associ-
ated with the aerosol samples are reported in Table 2 and range from
0.1 ± 0.07 to 7 ± 3 nmol m−2 d−1 for soluble Fe and 0.8 ± 0.4 to
116 ± 60 nmol m−2 d−1 for total Fe over the period April 1999 to
March 2000. This period was considered to include samples collected
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with the largest volumes of air over an entire 12 month period, and
also closely aligns with the work of Bollhöfer et al. (2005) allowing
comparison with their Pb data. The Fe flux estimates for baseline air
over Southern Ocean in this study are compared to other aerosol
studies from the Southern Ocean. The mean soluble Fe flux (~2 ±
1 nmol m−2 d−1) is in good agreement with fluxes of 2.4–
7.4 nmol m−2 d−1 reported by Bowie et al. (2009), 0.04–
3.2 nmol m−2 d−1 reported by Wagener et al. (2008), and 1.8–
7.3 nmolm−2 d−1 reported by Baker et al. (2013) for the SouthAtlantic.
The estimates in this study are lower than those reported at Kerguelen
Island, Southern Ocean (400 nmol m−2 d−1) where local dust in-
fluences the aerosol sample (Heimburger et al., 2013b). Estimates
in baseline air may be more representative of the broader Southern
Ocean region south of Australia, as the marine air was collected at a
higher elevation above the boundary layer and at a site free from
local pollution. Estimates of total Fe dry deposition at CGBAPS are
significantly lower than those estimated at Kerguelen Island
(500–700 nmol m−2 d−1) (Heimburger et al., 2013b), at Crozet Is-
land (900 nmol m−2 d−1) (Planquette et al., 2007), and in the South
Atlantic (100–300 nmol m−2 d−1) (Baker et al., 2013). Heimburger
et al. (2012) suggest dust fluxes during 2009–2010 were higher during
winter and spring, and that the aerosols were crustal in origin.Whereas
Heimburger et al. (2013b) showed no seasonal variability in aerosol Fe,
they did find an anthropogenic contribution to the Southern Ocean
during winter as shown by elevated elemental concentrations of Pb,
As, Cr, Cu, and V.

4.3. Fractional iron solubility

The baseline fractional Fe solubility ranged from 0.5% to 56% during
the study. Estimates of fractional Fe solubility in the South Atlantic are
within this range (2.4% to 20%) (Baker et al., 2013). The lowest values
(0.5% to ~3%) at CGBAPS were comparable to the low Fe solubility (1
to 2%) reported formineral dust (e.g. Baker and Croot, 2010) at relative-
ly high mass concentrations. Furthermore, the low fractional Fe solubil-
ity (0.58% to 6.5%) measured as Fe(II) over the southwest Australian
sector of the SouthernOcean is thought to be influenced by local Antarc-
tic dust sources (Gao et al., 2013). Mineral dust from Patagonia is also
known to be transported into the southern South Atlantic Ocean and
on the Antarctic Plateau (Gaiero et al., 2003, 2007; Delmonte et al.,
2008). Similar to Sholkovitz et al. (2012), the data in this study
displayed an inverse hyperbolic relationship (Fig. 4a) between the
total Femass concentration and fractional Fe solubility. This relationship
has been attributed to the mixing of low Fe solubility mineral dust and
other soluble Fe aerosols from sources such as biomass burning and
oil combustion (Sedwick et al., 2007). Sholkovitz et al. (2012) reported
a synthesis of global aerosol Fe solubility data sets and concluded that
the characteristic inverse hyperbolic relationship is common over
large regions of the global ocean. Results here are different to other
Southern Ocean data, i.e., at the 1–2% fractional Fe solubility limit
of mineral dust, the total Fe mass concentrations are very low
(b6 ng m−3) compared to the rest of the Southern Ocean where they
have been observed up to 140 ng m−3. This aspect of the data may be
explained by a lack of both mineral dust and other soluble Fe sources,
such as biomass burning, in the exceptionally cleanbaseline air. Alterna-
tively it is possible that the long cryogenic storage of the aerosol filters
resulted in lower concentrations of instantaneously soluble Fe. Jeong
et al. (2012) found that the dissolution of iron oxides was enhanced
during freezing of aqueous dispersions of Fe oxides. However, the aero-
sol filters used in this study were stored frozen in a dark and dry
environment and are not directly comparable. However, aerosols are ar-
chived in ice cores for comparatively longer time periods (e.g. 1 to
1000 years), and Fe solubility studies of ice cores have been used to es-
timate Fe fluxes and bioavailability. With regards to the instantaneous
solubility, Antarctic ice core leaching studies in dilute hydrochloric
acid and nitric acid (Edwards and Sedwick, 2001; Edwards et al.,
2006; Gaspari et al., 2006; Koffman et al., 2014b) show that a large
portion of the Fe bound in frozen mineral particles are not soluble and
require up to threemonths to leach into solution. Furthermore, fraction-
al Fe solubility estimates reported here are within the range of those
reported for other studies (e.g. Baker and Croot, 2010) and in particular
for aerosols sampled in the Southern Ocean south of Tasmania (Fig. 4a)
(Bowie et al., 2009).

4.4. Estimates of iron bioavailability

In order to determine the upper bound of bioavailable trace metals
in seawater sourced from atmospheric particles, measurement of both
the soluble and labile fractions are necessary (Berger et al., 2008). Com-
monly used instantaneous water leaching schemes have been sug-
gested to underestimate the fraction of Fe that dissolves in the oceanic
mixed layer, as they do not take into account the longer residence
time of aerosols in the euphotic zone. Thus, an additional leach is need-
ed to estimate the longer-term release of Fe from atmospheric particles
during their residence time in the surface oceanmixed layer (Boyd et al.,
2010). This study followed the Berger et al. (2008) rational to estimate
the fraction of labile Fe in aerosols. The heating step in this method
may overestimate the labile fraction of Fe in aerosols, causing dissolu-
tion of Fe that would normally have low bioavailability. Iron solubility
increaseswith temperature (Schwertmann, 1991), and thus the heating
step may recover more Fe than the intracellular fraction alone. Despite
this, leaching schemes employed to access the labile Fe pool are opera-
tionally defined. They are designed to mimic biological processes that
take time, but do so in amuch shorter and practical timescale in the lab-
oratory. Currently, no leaching scheme takes into account all processes
affecting the bioavailability of Fe upon its deposition in the upper
water column. For example, grazing is known to impact the bioavailabil-
ity of Fe contained in particles (Barbeau et al., 1996). Other studies have
indicated that the conversion of Fe from particle to dissolved phase in
seawater can take place due to photochemistry (Croot et al., 2008;
Ellwood et al., 2015). Recently, Lis et al. (2015) observed a relationship
between the uptake rate constant of Fe and the surface area of several
phytoplankton species. An upper limit to the rate at which Fe-limited
phytoplankton can uptake Fe suggests that alternative uptake mecha-
nisms are an advantage in Fe-limited waters, such as a reduction in
cell size, or the utilization of Fe from the colloidal or particulate fraction
(Nodwell and Price, 2001; Rubin et al., 2011). Colloidal Fe has been
found to be an important fraction of the bioavailable Fe pool (Kuma
and Matsunaga, 1995; Aguilar-Islas et al., 2010), and further research
is required to estimate this fraction over the Southern Ocean.

The leaching scheme used in this studymimics the bi-modal release
of Fe, i.e., i) instantaneous soluble Fe and ii) longer term dissolution that
is mediated by microbes and/or ligands and photochemistry in the sur-
face mixed layer (Wagener et al., 2008; Wuttig et al., 2013), thereby
allowing an estimate of the upper limit of Fe bioavailability over the
Southern Ocean. Fractional bioavailable Fe was calculated by summing
the fractional Fe solubility and fractional Fe lability (Eq. (3)). Fractional
Fe bioavailability ranged from 3 to 100% of the total Fe (Fig. 4b). More
bioavailable Fe data is required to investigate the relationship between
the total Fe mass concentration and fractional Fe bioavailability and
mixing of mineral dust versus combustion aerosol sources (Fig. 4b).

New aerosol Fe supply by dry deposition to the Southern Ocean and
the fractions of Fe (soluble, labile, bioavailable and refractory) that are
leached from the aerosols upon deposition into surface waters is
illustrated in Fig. 5. No wet deposition data is available at the CGBAPS,
however estimates of Fe concentrations in rain at Kerguelen Island sug-
gest a concentration of 17 to 32 μg m−2 with a fractional Fe solubility
of ~70% in rain water (Heimburger et al., 2013a). Wet deposition
fluxes of 5.4 to 231 nmol m−2 d−1 of soluble Fe and 41–-
1100 nmol m−2 d−1 of total Fe for the South Atlantic have been esti-
mated by Baker et al. (2013), and significantly higher wet deposition
fluxes of 3700 μmol m−2 d−1 for the New Zealand region of the South
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Pacific westerlies have been estimated by Halstead et al. (2000). Half of
the upper bound of mean fractional Fe bioavailability (50%) from dry
deposition at CGBAPS could potentially be bio-available, while the
other half is refractory or insoluble and is presumably lost from the sur-
face ocean via settling (Figs. 4c and 5). Aerosol particles associated with
instantaneous soluble Fe (i.e., b0.4 μm)will reside in themixed layer for
a time period on the order of years, assuming the mixed layer is be-
tween 50 and 200 m (Bowie et al., 2011) and particles with a diameter
of 0.4 μm have a settling velocity of 9.5 × 10−6 cm s−1 (Gibbs et al.,
1971). The residence time of aerosol particles associated with labile Fe
is orders of magnitude shorter, and may range between days and
weeks (assuming labile Fe over the Southern Ocean range between
0.4 and 5 μm (Delmonte et al., 2002; Delmonte et al., 2013; Koffman
et al., 2014a), and this particle size range has a settling velocity between
9.5 x 10−6 cm s−1 and 1.5 x 10−3 cm s−1 (Gibbs et al., 1971)). We ac-
knowledge that processes in the ocean can alter sinking rates, such as
aggregation of colloids. Moreover, particle dimensions can change, for
example with bacterial attachment (Yamada et al., 2013). Labile Fe
comprises a large component of total Fe, and this fractionmay be slowly
released from aerosol particles into the surface mixed layer. Estimates
of labile Fe and water soluble Fe, in this study, represent an upper
bound of the potential bioavailability of Fe deposited to Southern
Ocean. The majority of estimates over the Southern Ocean are based
on soluble Fe fractions alone and do not take into consideration
labile Fe.

The estimates of bioavailable Fe reportedhere are relatively high and
represent an upper bound of Fe bioavailability over the Southern Ocean.
Several factors could account for the high Fe bioavailability found at
CGBAPS. Aerosol Fe solubility could be enhanced by cloud chemistry
and acid processing (Spokes et al., 1994; Desboeufs et al., 1999;
Meskhidze et al., 2003; Kumar et al., 2010), and these processes may
play a role in the lability of long range transport aerosol Fe over the
Southern Ocean. We compare our fractional Fe bioavailability data to
non-sea salt (nss)-sulfate and nitrate aerosol measurements made at
CGBAPS (Keywood et al., 2004) (Fig. 6a–d). No significant relationship
was found between the acid species and fractional Fe bioavailability
during the short time series at CGBAPS. However, in February–March
2000 water soluble Fe made a large contribution to the bioavailable Fe
pool (Fig. 6a–b), at a time of high nitrate and nss-sulfate concentrations.
During this period, sodium was exceptionally high (Fig. 6g), suggesting
themarine aerosolwas comprised primarily of sea salt (Mg, K, Cl, and Ca
concentrations were also high (Keywood et al., 2004). During this sam-
pling period the average baseline windspeed measured at 10 m of 13.
8 m s−1 was in the 89th percentile of wind speeds recorded for the pe-
riod 1998–2005). No relationship between these acid species and frac-
tional Fe solubility was found in other field studies in the remote
Atlantic and Pacific Ocean (Hand et al., 2004; Baker et al., 2006). Baker
et al. (2013) suggest that the lack of correlation in real samples could
be due to a low degree of internal mixing in the aerosol samples rather
than due to the lack of acid influence on Fe solubility. Either, the en-
hancement of Fe bioavailability by acid processing on the surface of
the aerosol is not a significant process in the atmosphere over the
Southern Ocean, or that it has not occurred in the samples collected in
this study because the acidic and Fe-laden aerosol fraction are not in
contactwith each other, or that our time series is too short to see any re-
lationship, or that the high fractional Fe solubility observed in one sam-
ple is related to a large volume of sea salt derived air masses during a
particularly strong storm event.

Recently, Fe solubility has been investigated in relation to carboxylic
acids, whereby oxalatewasmost effective at enhancing the fractional Fe
solubility inmineral dust (Paris et al., 2011; Paris and Desboeufs, 2013).
Paris et al. (2011) show that oxalate complexation increases fractional
Fe solubility of hematite, goethite and illite minerals in African dust
Fig. 6. Timeseries of major ions measured at CGBAPS. a) bioavailable Fe concentration (i.e., th
source for nitrate, sulfate and sodium: Keywood et al. (2004)).
from 0.0025 to 0.26%. Furthermore, biomass burning is a major source
of carboxylic acid and is known to enhance fractional Fe solubility (Fu
et al., 2014). A biomass burning source was suggested by Bowie et al.
(2009) to account for the high fractional Fe solubility of 17% in an aero-
sol sample collected over the SouthernOcean south of Tasmania (Fig. 4).
We compare the fractional Fe bioavailability data in this study to
oxalate measurements made at Cape Grim using methods described in
(Keywood et al., 2004) in Fig. 6a–e. The highest concentration of oxalate
occurred in March 1999. However, the corresponding sample archive
was missing. The May/June peak in fractional Fe bioavailability (where
labile Fe contributed a large fraction of the total Fe) corresponds to
low oxalate and low nss-potassium (Fig. 6b and e–f). Non sea salt-
potassium has been widely used as a biomass burning tracer (e.g.
Echalar et al., 1995; Duan et al., 2004; Paris et al., 2010), and the lack
of correlation here suggests that biomass burring is not a large contrib-
utor to bioavailable Fe at CGBAPS during this study.

The lack of correlation with oxalate at CGBAPSmay be related to the
type of Fe-bearing minerals in the baseline aerosols. We are unable to
determine the atmospheric processes that enhance the fractional Fe
bioavailability of marine aerosols during long range transport over the
Southern Ocean. This may be related to the extremely clean air masses
at CGBAPS. Thus, a longer time series is needed to confirm whether
organic complexation or acid processing affects the solubility and bio-
availability of aerosol Fe in the Southern Ocean. The temporal variability
in aerosol Fe at CGBAPS is most likely related to a mixture of aerosol
sources from continental air masses, as discussed above.

5. Conclusions

This paper shows extremely low aerosol Fe concentrations over the
Southern Ocean during 1999 to early 2000 and provides estimates for
the soluble and total atmospheric Fe flux by dry deposition. The tempo-
ral variability of soluble Fe was consistent with the intrusion of conti-
nental air masses over the Southern Ocean. The relationship between
the fractional Fe solubility and total Fe mass concentration was compa-
rable to other studies that postulated mixed soluble Fe aerosol sources
and low mineral dust Fe solubility. Labile Fe comprised a large compo-
nent of the total Fe and suggested that the soluble Fe may significantly
underestimate the potential bioavailability of Fe deposited to Southern
Ocean surface waters. However, further studies of labile of Fe are re-
quired to understand the significance of labile Fe as determined by the
operational here used here. Longer-term studies of Southern Ocean
aerosol Fe bioavailability are also required to understand aerosol Fe var-
iability and to characterise sources. Wet deposition Fe estimates remain
relatively unknown over the Southern Ocean. Overall the data shows
that the Fe bioavailability of present day aerosols is complex and not
simply scaled to atmospheric concentrations of mineral dust. It is likely
that past variability in the atmospheric deposition of bioavailable Fe to
the Southern Ocean is just as complex and that our current understand-
ing of its Quaternary variability may be in need of revision.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.marchem.2015.06.006.
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Abstract The Ross Sea, Antarctica, is a highly productive region of the Southern Ocean. Significant
new sources of iron (Fe) are required to sustain phytoplankton blooms in the austral summer. Atmospheric
deposition is one potential source. The fractional solubility of Fe is an important variable determining Fe
availability for biological uptake. To constrain aerosol Fe inputs to the Ross Sea region, fractional solubility of Fe
was analyzed in a snow pit from Roosevelt Island, eastern Ross Sea. In addition, aluminum, dust, and refractory
black carbon (rBC) concentrations were analyzed, to determine the contribution of mineral dust and combustion
sources to the supply of aerosol Fe. We estimate exceptionally high dissolved Fe (dFe) flux of 1.2×10�6 gm�2 y�1

and total dissolvable Fe flux of 140×10�6 gm�2 y�1 for 2011/2012. Deposition of dust, Fe, Al, and rBC occurs
primarily during spring-summer. The observed background fractional Fe solubility of ~0.7% is consistent with a
mineral dust source. Radiogenic isotopic ratios and particle size distribution of dust indicates that the site is
influenced by local and remote sources. In 2011/2012 summer, relatively high dFe concentrations paralleled
both mineral dust and rBC deposition. Around half of the annual aerosol Fe deposition occurred in the austral
summer phytoplankton growth season; however, the fractional Fe solubility was low. Our results suggest that
the seasonality of dFe deposition can vary and should be considered on longer glacial-interglacial timescales.

1. Introduction

The Ross Sea is the most biologically productive continental shelf region around Antarctica and an important
region for atmospheric CO2 sequestration [Arrigo and Van Dijken, 2007; Arrigo et al., 1998, 2008; Smith and
Gordon, 1997]. Each summer the Ross Sea blooms with phytoplankton [e.g., Smith and Gordon, 1997]. Two
distinct blooms occur, with each characterized by differences in location, timing, water stratification, and
species [Arrigo and van Dijken, 2004]. The first bloom occurs in the central Ross Sea polynya north of the
Ross Ice Shelf and is dominated by Phaeocystis Antarctica. This bloom develops in late October–November
when sea ice is still present and terminates as early as mid-December. The second bloom occurs in the
southwestern (SW) Ross Sea, is dominated by diatoms, and is much smaller in areal extent. In the Southern
Ocean, environmental factors responsible for controlling the rates of phytoplankton production include:
grazing [e.g., Banse, 1991], temperature [e.g., Bunt, 1963], light availability [e.g., Mitchell et al., 1991], water
stratification [Tagliabue and Arrigo, 2006], sea ice extent [Smith and Nelson, 1986], trace metal availability
[e.g., Fe; Martin et al., 1990; Sedwick and DiTullio, 1997; Sedwick et al., 2011], or a combination of these [e.g.,
Arrigo et al., 2000]. Due to the Ross Sea’s capacity to support intense early summer phytoplankton blooms,
the seasonally Fe-limited high-nutrient high-chlorophyll (HNHC) regime of the Ross Sea in summer is distinct
from the chronically Fe-limited high-nutrient low-chlorophyll (HNLC) offshore waters of the Southern Ocean
[Tagliabue and Arrigo, 2005].

In situ oceanic iron (Fe)-fertilization experiments have demonstrated a response of the ecosystem to
relatively small additions of dissolved Fe (dFe) in the Ross Sea and other sections of the Southern
Ocean [Coale et al., 2003; Martin et al., 1990]. The seasonally Fe-limited HNHC regime in the Ross Sea
requires continuous new inputs of dissolved Fe (dFe) to sustain these phytoplankton blooms [e.g.,
Fitzwater et al., 2000; Sedwick et al., 2011]. Inputs of new Fe to surface waters in the Ross Sea can occur
through upwelling of deep waters, transport from continental margins by ocean currents, melt from sea
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ice, icebergs and ice shelves, and atmospheric aerosol deposition [Atkins and Dunbar, 2009; de Jong et al.,
2013; Gerringa et al., 2015; Jacobs et al., 1970; Marsay et al., 2014; Sedwick and DiTullio, 1997; Sedwick et al.,
2011; Winton et al., 2014].

In terms of an atmospheric source, the deposition of aerosol Fe to remote Southern Ocean surface waters is
extremely low [e.g.,Winton et al., 2015] and has been investigated in relation to the distribution and transport
of mineral dust. Little aerosol Fe data exist for the Ross Sea region. Total dissolvable Fe (TDFe) aerosol fluxes to
the Ross Sea from long-range transported dust have been estimated to range between 0.007 and
0.1mgm�2 yr�1 [Edwards and Sedwick, 2001]. Measurements of local soluble Fe from local dust on sea ice
in McMurdo Sound [Winton et al., 2014] show that this local Fe source is much larger (2–7mgm�2 yr�1) than
that supplied by long-range transport sources [e.g., Wagener et al., 2008]. The supplied Fe, however, only
contributes to phytoplankton blooms within the localized McMurdo Sound region. On longer timescales,
enhanced glacial atmospheric Fe deposition has been linked to higher rates of Southern Ocean primary
productivity as observed from recent Southern Ocean marine sediment studies [e.g., Martínez-García et al.,
2014]. Furthermore, Antarctic ice core records associate higher dust deposition rates with Fe supply during
glacial stages [Conway et al., 2015; Edwards et al., 2006; Gaspari et al., 2006; Vallelonga et al., 2013]. Dust
deposition to Antarctica can be sourced from both remote and local sources [e.g., Bory et al., 2010;
Delmonte et al., 2013]. Dust provenance can be determined from the 87Sr/86Sr and 143Nd/144Nd radiogenic
isotope composition of dust in snow and ice by comparison with potential source areas (PSAs) [Grousset
and Biscaye, 2005]. This is because the Sr and Nd isotopic composition of dust are primarily related to
lithology and the geologic history of parent materials [Faure, 1986].

Aerosol Fe bioavailability information is required to constrain the biogeochemical impact of present and past
atmospheric Fe variability. Reported values of fractional aerosol Fe solubility range from 0.01 to 90% [Baker
and Croot, 2010; Bowie et al., 2009; Edwards and Sedwick, 2001; Heimburger et al., 2013; Mahowald et al.,
2005]. This large range may reflect differences in mineral dust concentrations, particle size, atmospheric
weathering, and aerosol leaching methods [Aguilar-Islas et al., 2010; Baker and Jickells, 2006; Bonnet and
Guieu, 2004; Buck et al., 2006; Chen and Siefert, 2003; Spokes and Jickells, 1995; Trapp et al., 2010; Zhuang
et al., 1990, 1992]. An alternative hypothesis for the observed solubility range is that it results from a mixture
of aerosol Fe sources with different mineralogy and fractional Fe solubility [Sholkovitz et al., 2012]. Sholkovitz
et al. [2012] showed that global scale fractional aerosol Fe solubility displays an inverse hyperbolic relation-
ship with the total Fe concentration. This relationship is consistent with a low fractional Fe solubility for
mineral dust (~1–2%) and the presence of other soluble Fe sources, such as those originating from biomass
burning and oil combustion with higher fractional Fe solubility [Chuang et al., 2005; Guieu et al., 2005; Ito,
2011; Kumar et al., 2010; Luo et al., 2008; Paris et al., 2010; Sedwick et al., 2007; Sholkovitz et al., 2009].
Estimates of fractional Fe solubility from fire combustion range from 1 to 60% and may vary in relationship
to biomass and fire characteristics as well as that of the underlying terrain [Guieu et al., 2005; Ito, 2011;
Kumar et al., 2010; Luo et al., 2008; Paris et al., 2010]. Over the time period investigated (2010–2012) in
this study, Southern Hemisphere biomass burning emissions primarily occurred in the Intertropical
Convergence Zone of Africa, Australia, and South America [Giglio et al., 2013]. Of these regions, Australia is
the closest to the Ross Sea. Biomass burning constitutes a large source of austral dry season aerosol emissions
over northern Australia, and episodic austral summer wildfires in southern and eastern Australia [e.g., Meyer
et al., 2008]. Refractory black carbon aerosols (rBC) are emitted by biomass burning and fossil fuels [Reid et al.,
2005]. In the Southern Hemisphere, rBC emissions are primarily from biomass burning [Giglio et al., 2013] and
can be used as a proxy for the long-range transport of biomass burning aerosols to Antarctica. Bisiaux et al.
[2012] investigated ice core records of rBC deposition to West Antarctica and found annual deposition
consistent with austral dry season biomass burning. Thus, Fe associated with rBC may provide information
with respect to biomass burning inputs of Fe to the Southern Ocean in this study.

An intermediate depth ice core (764m) was recently drilled in the framework of the Roosevelt Island Climate
Evolution (RICE) project at Roosevelt Island (79.36086°S, 161.64600°W; Figure 1), located on the opposite side
of the Ross Sea to McMurdo Sound. Many aspects of atmospheric Fe deposition in marginal areas of
Antarctica remain poorly known. In this respect, Roosevelt Island represents an ideal location to investigate
the timing and source(s) of soluble Fe deposition to the eastern Ross Sea region. This study investigated
the present-day seasonality of fractional Fe solubility and potential sources from mineral dust and rBC at
Roosevelt Island.
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2. Methods

A detailed description of the snow sampling procedure, dust, rBC, trace metal solubility, and Sr and Nd isotopic
analysis can be found in supporting information Text S1. Briefly, four parallel profiles of ultraclean snow samples
were collected at 3 cm resolution from a 1.5m snow pit. The snow pit was located in a designated clean sector
at Roosevelt Island during the 2012/2013 RICE ice core drilling campaign. Parallel profile samples were mea-
sured for particle size and concentration (Coulter Counter) [Delmonte et al., 2002], rBC concentration
(single particle intracavity laser-induced incandescence photometer (SP2)) [Sterle et al., 2013], δ18O isotopes
(high-resolution laser absorption spectroscopy; Los Gatos Research Liquid-Water Isotope Analyzer), and
dissolved and total dissolvable concentrations of sulfur (S), Fe, and aluminum (Al). Dissolved Fe and Al fractions
were determined by filtering a 10mL aliquot of snow melt through a 0.2μm filter [Lannuzel et al., 2008]. The
remaining (unfiltered) sample was leached with 1% HCl (ultrapure) for 3months to determine the total
dissolvable trace metal fraction following Edwards et al. [2006] who showed that a 3month leaching period
was required for TDFe concentrations to plateau. Total dissolvable solutions and dissolved leachates were
analyzed by high-resolution inductively coupled plasma mass spectrometry (HR-ICP-MS). HR-ICP-MS operating
conditions and blank elemental levels are reported in Tables S1 and S2. Stringent trace metal practices were
employed at all stages of sample processing and analysis. Sampling vials and filtration gear were rigorously acid
cleaned prior to use following GEOTRACES protocols (http://www.geotraces.org/images/stories/documents/
intercalibration/Cookbook.pdf). Fractional Fe solubility was calculated using equation (1):

Fractional Fe solubility ¼ dFe = TDFe�100; (1)

where dFe is the soluble or dissolved Fe fraction and TDFe is the total dissolvable fraction.

A reflected light optical microscope (BX51M) was used to confirm the presence of large particles (>10μm)
detected by Coulter Counter (Figure S1). Adjacent to the snow pit, a large volume of surface snow was
collected for Sr and Nd isotopic ratios and concentrations of dust for provenance attribution (supporting
information Text S1). Dust particles were separated from the snow, and two samples (RI1-2) were spiked,
digested, separated from interfering elements and analyzed by TRITON thermal ionization mass following
Delmonte et al. [2008].

3. Results
3.1. Snow Pit Dating

The dating of the RICE snow pit was based on water stable isotope ratios δ18O and on concentrations of total
dissolved non-sea-salt sulfur (nss-S) (Figure 2) following Tuohy et al. [2015]. Non-sea-salt sulfur shows sharp,

Figure 1. (a) Map of Antarctica showing the location of the Ross Sea. (b) Insert of Marie Byrd Land showingWest Antarctic potential source areas and Roosevelt Island
dust sample locations (RI1-2). EAIS: East Antarctic Ice Sheet, MDV: McMurdo Dry Valleys, and TAM: Transantarctic Mountains.
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Figure 2. Roosevelt Island snow pit profile showing (a) fractional Fe solubility, (b) dFe concentration, (c) dAl concentration,
(d) rBC concentration, (e) TDFe concentration, (f) TDAl concentration, (g) dust concentration for the 1–5 μm fraction,
(h) total dust concentration for the 1–30 μm fraction, (i) δ18O, (j) snow density, (k) nss-S concentration, and (l) chlorophyll a
concentration. Grey bars indicate summer periods. Blue bars highlight the largest periods of dFe deposition. Black lines
indicate smoothed data using a 0.15 loess model [Cleveland and Devlin, 1988].
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well defined summer peaks. The δ18O measurements in Antarctic snow and ice often reflect seasonal cycles
in temperature [Dansgaard, 1954; Johnsen et al., 1972]. However, the upper snow pack at Roosevelt Island
contains δ18O variability within seasons which reflects individual storm events [Tuohy et al., 2015].
Summers were determined as 1 January and were positioned where nss-S peaks aligned with peaks or
shoulders of peaks in the δ18O record. Winters were determined as 1 July where a nss-S trough aligned with
a δ18O trough. Annual cycle counting of nss-S layers shows the snow pit spans a 2 year period from summer
2012/2013 to summer 2010/2011 (Figure 2), with an age uncertainty of ±0.5 year at the base of the snow pit.
The snow accumulation rate of the snow pit is estimated to be 0.33m yr�1 water equivalent (w.e.; estimated
from nss-S concentration peaks between January 2011 and January 2012), assuming the average annual
distribution of snowfall is uniform. These rates are consistent with an accumulation rate of ~0.27m yr�1 ice
equivalent from snow stake measurements ~700m from the snow pit site at Roosevelt Island between
2010 and 2012 (H. Conway, unpublished data, 2015).

To constrain the seasonality of nss-S with known sulfate emissions fromphytoplankton [e.g., Rhodes et al., 2009],
high-resolution chlorophyll a satellite data were downloaded for the Ross Sea region (area defined by 161.175°
to �151.125°, �70.078° to �80.0°) (Figures 2k and 2l, SeaWiFS; http://disc.sci.gsfc.nasa.gov/giovanni). The
temporal development of Ross Sea polynya phytoplankton bloom (“bloom 2,” see section 1.1) was used due
to the dominant easterly transport within the Ross Sea [Sinclair et al., 2010]. Comparison of chlorophyll a concen-
tration data over the Ross Sea region shows that the bloom develops in November and declines in December in
both 2010 and 2011 (Figure 2l). In addition, a hoar layer (with a low snow density of 0.20gm�3) at ~55 cm depth
in the snow pit was compared to nss-S summermaxima (Figures 2i–2l). The age scale independently places this
hoar layer in 2011 spring-summer, confirming the validity of the overall age model.

3.2. Seasonal Dust Variability and Particle Size Distribution

The Roosevelt Island snow pit records interannual variability in dust deposition over a 2 year period. The dust
concentration in the snow pit ranges from 2 to 41ngg�1 for the 1–5μm fraction and 2 to 58ngg�1 for the
1–30μm particle size fraction. We note that two samples have low dust concentrations (<4ngg�1) close to
exposure blank levels (~2 ngg�1). Dust deposition in the snow pit is episodic. The dust record displays
two maxima corresponding to summer-spring elevated levels of nss-S in January 2012 and January 2011
(Figures 2g, 2h, and 2k). Lower dust concentrations are observed in winter; however, an episodic dust event
is captured during winter 2012. Seasonal dust deposition at Roosevelt Island, primarily during spring-summer,
is coherent with an earlier snow pit study from the site that showed higher Al/Na ratios [Cohen, 2013] in corre-
spondence with summer peaks of the δ18O record. At GV7, a peripheral site located on the South Pacific margin
of the East Antarctic Ice Sheet (EAIS) in Northern Victoria Land (Figure 1), dust deposition from a snow pit clearly
shows spring-summermaxima and winter minima (B. Delmonte, in preparation, 2015). Dust deposition at other
locations in Antarctica also exhibits seasonal variability with a maximum in summer (e.g., Berkner Island [Bory
et al., 2010], Windless Bight, McMurdo Sound [Dunbar et al., 2009], and South Pole [Legrand and Kirchner, 1988]).

Figure 3. Examples of particle size distributions in the snow pit from Roosevelt Island and comparison to the lognormal particle size distribution of Holocene dust
from the Dome C ice core on the East Antarctic Plateau. (a) Normalized size distribution of the number of particles (dN/dlogD) and (b) normalized volume size
distribution (dV/dlogD). Samples shown are Blue: RI_14, Black: RI_6, and Red: RI_10. Dome C Holocene particle size distribution from Delmonte et al. [2002].
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The particle size distribution of dust particles measured from 1 to 30μm does not approximate a lognormal
particle size distribution. Rather, the size distribution of dust particles approaches the theoretical dust emission
particle size distribution, parameterized by [Kok, 2011a], for particles between 1 and 5μm in diameter in
samples with elevated dust concentrations in both spring-summer periods. The particle size can be seen in
some of these highly concentrated spring-summer samples in Figure 3 and compared to the lognormal particle

Table 1. Nd and Sr Concentrations (in Parentheses) and Isotopic Composition of Roosevelt Island Surface Snow Samples Analyzed in This Studyh

Sample
Size
(μm) 143Nd/144Nd

a±2σmean
*106 bεNd(0)

c±2σ
[Nd]
(ppm)

d±
(ppm) 87Sr/86Sr

e±2σmean
*106

f87Sr/86Sr
Corrected g±2σ *106

[Sr]
(ppm)

d±
(ppm)

RI-1 Bulk n.d. n.d. n.d. n.d. 3 0.3 0.712173 17 0.712201 17 40 4
RI-2 Bulk 0.512146 50 �9.6 0.3 12 1.2 0.715560 48 0.715588 48 60 6

aInternal precision, two standard errors of the mean.
bNd isotopic ratios expressed as epsilon units εNd(0) = [(143Nd/144Nd)sample/(

143Nd/144Nd)CHUR-1] × 104; CHUR, chondritic uniform reservoir with
143Nd/144Nd = 0.512638.

cUncertainty estimates based upon external precision for standard runs. Internal precision is used if it exceeds the external.
dError due to difficulty of measuring small sample masses, estimated by repeat measuring of weighting BCR-2 standards (~0.3mg).
eInternal precision, two standard errors of the mean.
fCorrected to a National Bureau of Standards 987 87Sr/86Sr ratio of 0.710245.
gUncertainty estimates based upon external precision for standard runs. Internal precision is used if it exceeds the external.
hn.d.: no data.

Figure 4. Nd and Sr isotope signature of Roosevelt Island surface snow dust sample. Note only one sample is plotted as there
is no Nd data for the second sample. Also plotted are data from Victoria Land sediments from potential dust sources (regolith,
glacial deposits, and aeolian sediments) [Delmonte et al., 2004, 2013, 2010] that include different parent lithologies (Victoria
Land Ferrar Igneous Provence [Antonini et al., 1999; Delmonte et al., 2004; Elliot et al., 1999; Fleming et al., 1995] and Victoria
Land Paleozoic rocks [Cox et al., 2000; Schüssler et al., 1999; Talarico et al., 1995]), volcanic rocks from the McMurdo Volcanic
Group andWest Antarctica [Delmonte et al., 2004; Futa and Le Masurier, 1983; Hole and LeMasurier, 1994] andMcMurdo Sound
dust [Winton et al., 2016].
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size distribution of long-range transported dust to the East Antarctic Plateau. For very low concentration
samples, the size distribution of microparticles typically does not show a clear mode. For this reason, other size
indicators (fine particle percentage and the coarse particle percentage parameters) were introduced to study
long-term dust size variations in central Antarctica [Delmonte et al., 2002]. In this case, longer records of particle
size distributions are required to investigate seasonality in particle size distribution at Roosevelt Island. Large
particles with an equivalent spherical diameter between 5 and 10μm were also observed (Figure 3).

3.3. Isotopic Composition of Dust

The Sr and Nd isotopic composition of the two Roosevelt Island dust samples (RI1-2) are 0.7122< 87Sr/86Sr
<0.7156 and εNd(0) =�9.6. These data are reported in Table 1 and Figures 4 and 5 with additional isotopic
data from Antarctic PSAs. PSAs in Figure 4 are grouped by geographic location.

3.4. Microscope Observations

Mineral dust and volcanic glass (~10μm in diameter) was present in Roosevelt Island samples, but only a few
qualitative optical observations were performed on selected samples from Roosevelt Island (Figure S1).
Volcanic glass is a common component of background dust in Antarctica [Narcisi et al., 2005]. These micro-
scopic observations were useful for confirming the presence of particles having a diameter between 5 and
10μm, thus (a) eliminating the possibility of particulate contamination of sampling equipment and labora-
tory procedures and (b) validating Coulter Counter observations of relatively coarse particles in the samples.

3.5. Refractory Black Carbon

Deposition of rBC in the Roosevelt Island snow pit is highest during the 2011/2012 summer (Figure 2d).
Austral winter background values in 2011 average ~100 pg g�1, and the summer rBC concentrations reached
4 times above background levels in January 2011 and 7 times the background levels in January 2012 (up to
~1.5 ng g�1). The 2011/2012 summer peak in rBC was exceptionally high in comparison to rBC concentrations
reported for the West Antarctic Ice Sheet (WAIS) Divide ice core (geometric mean ~80 pg g�1) [Bisiaux et al.,
2012]. Additional smaller peaks of rBC concentrations were also found in late winter-spring in 2012 at
Roosevelt Island, similar to the timing of rBC deposition at WAIS Divide.

Figure 5. 87Sr/86Sr isotopic composition of Roosevelt Island dust compared to McMurdo Sound dust [Winton et al., 2014, 2016],
Antarctic volcanic rocks [Delmonte et al., 2004; Futa and Le Masurier, 1983; Hole and LeMasurier, 1994], and King Edward VII
Peninsula, Marie Byrd Land, West Antarctic Granites, and metasedimentary basement rocks [Adams et al., 1995].
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3.6. Dissolved and Total Dissolvable Iron and Aluminum

With the exception of one layer (61.5–64.5 cm depth), TDFe and TDAl concentrations ranged from 0.01
± 0.001 to 1.9 ± 0.1 ng g�1 and 0.01 ± 0.001 to 1.8 ± 0.1 ng g�1, respectively. The higher concentrations from
the 61.5–64.5 cm layer were 5.4 ± 0.1 ng g�1 of TDFe and 6.7 ± 0.1 ng g�1 of TDAl. This depth also displayed
high rBC concentrations of 1630 pg g�1. TDFe and TDAl covary in the snow pit (Figures 2e and 2f). A strong
relationship was found between the two trace metals (r2 = 0.86; Figure S3a), with maxima occurring in the
summer at the same time as rBC and dust in 2011/2012 but not in 2010/2011.

Dissolved Fe concentrations were lower than TDFe and ranged between 0.001±0.0001 and 0.2± 0.001ngg�1

(Figure 2b). Although the exposure blank dFe and dAl concentrations are exceptionally low (Table S2), the dFe
and dAl blank background is similar to some of the snow pit samples. Due to the extremely low dissolved
concentration of the snow pit samples, it is possible that the uncertainty on the blank concentrations could
be responsible for some of the temporal variation. Nevertheless, dFe peaked 4 times above the recorded dFe
background of 0.02ngg�1. Two of these maxima occurred in summer 2011/2012 at the same time as peaks
in TDFe, TDAl, dust, and rBC concentrations at Roosevelt Island, while the other two peaks occur in the winter
when dust rBC, TDFe, and TDAl are low (Figure 2).

4. Discussion
4.1. Atmospheric Dust Deposition and Provenance

Ice cores from the high-elevation East Antarctic Plateau represent a unique archive to investigate long-range
dust transport [e.g., Delmonte et al., 2004]. In contrast, around the margin of Antarctica, the occurrence of
sparse ice-free areas can represent a non-negligible dust source to the local atmosphere [Bertler et al.,
2005; Delmonte et al., 2013]. At these sites, the interpretation of ice core dust records is related to mesoscale
dust entrainment, advection, and deposition driven by regional circulation. Roosevelt Island is a low-altitude
location (550meters above sea level), well outside the high-elevation polar plateau. Large expanses of ice-
free areas occur around the margins of the Ross Sea (Figure 1), and thus, the dust cycle there is widely differ-
ent from the East Antarctic Plateau in terms of abundance and origin.

Known dust sources to the western Ross Sea include the Transantarctic Mountains, Terra Nova Bay, and
McMurdo Sound [Atkins and Dunbar, 2009; Barrett et al., 1983; Dunbar et al., 2009]. Of these, southern
McMurdo Sound is known to be the dustiest location in Antarctica [Chewings et al., 2014; Winton et al.,
2014]. In terms of the western Ross Sea, Sr and Nd isotopic data are only available for McMurdo Sound
and some areas in the Transantarctic Mountains [Cook et al., 2013, and references therein; Delmonte et al.,
2004, 2013; Winton et al., 2014], although an expansion of the existing isotopic catalog of Antarctic PSAs is
in preparation (Blakowski et al., in review) in an effort to deepen the current understanding of Holocene dust
input to the periphery of the EAIS. The isotopic signature of these PSAs in the western Ross Sea is plotted in
Figure 4 and compared to the signature of Roosevelt Island dust measured in this study. The isotopic com-
position of one sample representing modern summer snow at Roosevelt Island is markedly different from
the fingerprint of McMurdo Sound (Table 1 and Figure 4), i.e., Roosevelt Island dust (0.7122< 87Sr/86Sr
<0.7156 and εNd(0) =�9.6) has a more radiogenic 87Sr/86Sr signature and less radiogenic εNd(0)
signature compared to the volcanic sediments from McMurdo Sound [Winton et al., 2014]. Therefore,
the isotopic data alone suggest that dust deposited on Roosevelt Island cannot be solely sourced from
McMurdo Sound.

In addition, the dust concentrations at Roosevelt Island are lower and the particle size distribution is finer
than the dusty McMurdo Sound [e.g., Chewings et al., 2014]. An annual dust flux at Roosevelt Island was
estimated for the calendar year 2011 (the beginning of the calendar year was taken at each nss-S peak),
and the water equivalent depth was calculated from the snow pit density measurements (Figure S2). The
estimated dust flux of 6mgm�2 yr�1 for the 1–5μm particle fraction (8mgm�2 yr�1 for the bulk 1–30μm
particle fraction) at Roosevelt Island in this study is seven times greater than the equivalent preindustrial
East Antarctic dust flux of 0.19–0.75mgm�2 yr�1 [Delmonte et al., 2013] and also greater than modern
modeled and empirical fluxes of dust to the Southern Ocean (0.3 to 2.5mgm�2 d�1) [Duce et al., 1991;
Mahowald et al., 2005; Wagener et al., 2008]. The bulk 1–30μm dust flux at Roosevelt Island is double
that found in the WAIS Divide ice core: ~4mgm�2 yr�1 over the past two millennia [Koffman et al., 2014].
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By comparison, the dust fluxes for Roosevelt Island, East Antarctica, and the Southern Ocean are orders of
magnitude lower than the dust flux of the McMurdo Sound fine fraction reported by Winton et al. [2014],
i.e., 460mgm�2 yr�1 for the <10μm fraction.

Larger dust particles (between 5 and 10μm) represent a non-negligible contribution to the total dust input at
Roosevelt Island. The particle size distribution of the dust at Roosevelt Island (Figure 3) is coarser than the
distally sourced dust deposited on the East Antarctica Plateau. For example, at Dome C and other sites
located in central Antarctica [Delmonte et al., 2002], dust particles are mostly within the size interval
1–5μm in diameter. The only large particles deposited on the central East Antarctic Plateau have been
previously associated with tephra layers [Basile et al., 2001; Narcisi et al., 2005]. Furthermore, the particle size
distribution curve can provide additional information about the proximity to the dust source [Kok, 2011a,
2011b]. Dust follows a lognormal distribution in ice cores from regions that primarily receive long-range
transported dust to the East Antarctic Plateau or central Greenland [Delmonte et al., 2002; Ruth, 2002;
Steffensen, 1997], for example, Dome C (Figure 3). However, recent work by Kok [2011a, 2011b] has shown
that dust near the emission source does not necessarily follow a lognormal distribution. The spring-summer
snow pit samples that approach the theoretical dust emission particle size distribution, parameterized by
[Kok, 2011a], at Roosevelt Island and other sites near the margin of the ice sheet (e.g., WAIS Divide)
[Koffman et al., 2014], suggest that dust is not traveling as far as long-range transported dust reaching the
East Antarctic Plateau which has a lognormal distribution [Delmonte et al., 2002] (Figure 3). These spring-
summer samples that approach the theoretical dust emission distribution are indicative of local dust sources.
Compared to the East Antarctic Plateau, the higher dust flux, particle size distribution approaching the
theoretical dust emission distribution and the presence of large particles (>10μm) observed under the
optical microscope and Scanning Electron Microscopy suggests a local Antarctic dust input to Roosevelt
Island. This local Antarctic dust input has a distinctly different isotopic fingerprint to modern McMurdo
Sound dust emissions (Figure 4).

The Sr and Nd isotopic signature of Roosevelt Island dust in Figures 4 and 5 suggests that dust deposited
at Roosevelt Island during summer 2012/2013 could be a mixture of at least two local sources. One
end-member is likely volcanic material with relatively high radiogenic Nd and less radiogenic Sr. The other
end-member is likely to be much older, with more radiogenic Sr and less radiogenic Nd. Given existing Sr
and Nd isotopic data, the sources to Roosevelt Island include eastern Australia, parts of coastal Marie Byrd
Land, andmost of Victoria Land. Given the relatively high dust flux, the presence of large particles and particle
size distribution approaching the theoretical dust emission distribution we first consider local dust sources
upwind of Roosevelt Island. The fetch area of 5 day air mass back trajectories for 2011 and 2012 arriving
at Roosevelt Island are predominately from West Antarctica, the Pacific Ocean sector of Antarctica, and
Victoria Land [Tuohy et al., 2015]. Air mass back trajectories and background climatological circulation show
prevailing winds cross exposed rock in Marie Byrd Land, West Antarctica before arriving at Roosevelt Island
[Koffman et al., 2014; Tuohy et al., 2015]. Air masses can also arrive at Roosevelt Island via synoptic cyclonic
circulation in the Ross Sea [Koffman et al., 2014; Neff and Bertler, 2015]. Therefore, two potential end-member
local dust sources for Roosevelt Island are West Antarctic volcanic material and Victoria Land Paleozoic rocks
(i.e., the bedrock that comprises most of northern Victoria Land, effectively upwind of Roosevelt). Figure 4
shows that the isotopic composition of Roosevelt Island dust falls between the isotopic fields of both these
end-members. Despite the isotopic similarity of Victoria Land Palaeozoic rocks and Roosevelt Island dust, we
believe this West to East dust transport hypothesis is very unlikely, because strong convective uplift would be
necessary to uplift dust in the troposphere above the marine boundary layer, where dust is rapidly removed.

In terms of Victoria Land, previous studies have shown that although there is a high dust flux within the
McMurdo Dry Valleys [Ayling andMcGowan, 2006; Gillies et al., 2013; Lancaster et al., 2010; Selby et al., 1974]; little
dust exits the valleys [Winton et al., 2016]. The long exposure to katabatic winds has winnowed the surface sedi-
ment, resulting in a lack of dust and very fine sand-sized material over most of the valley floor [e.g., Delmonte
et al., 2010; Selby et al., 1974]. These air masses do not travel high in the troposphere and when they encounter
humidity from the ocean, the dust is scavenged. Although Bhattachan et al. [2015] suggest that dust from Taylor
Valley in the McMurdo Dry Valleys could supply soluble Fe to the wider Southern Ocean, other studies have dis-
counted the McMurdo Dry Valleys as a major dust (and dFe) source due to the limited transport in this region
[Barrett et al., 1983; Bentley, 1979; Chewings et al., 2014; Winton et al., 2014, 2016]. Therefore, we suggest that
dust sourced from Victoria Land is unlikely to be transported eastward to Roosevelt Island. While Victoria
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Land sources should not be completely discarded due to the large expanse of ice-free area and the isotopic
signature Victoria Land Paleozoic rocks potentially acting as an end-member dust source, we also consider local
sources from Marie Byrd Land that are immediately upwind of Roosevelt Island.

Although Roosevelt Island is completely ice covered, there are patchy ice-free areas (Rockefeller Mountains
and Alexandra Mountains and extensive volcanics, e.g., the Executive Committee Range) along the north-
westernmost part of Marie Byrd Land, on the King Edward VII Peninsula (Figure 1b), that is adjacent to the
eastern Ross Sea. According to Adams et al. [1995], the King Edward VII Peninsula is characterized by the
presence of three main rock units: (i) a low-grade metasedimentary suite of late Ordovician age, correlated
with the Swanson Formation of the Ford Ranges; (ii) a granitoid suite correlated to the Byrd Coast granite
and particularly developed in the Rockefeller Mountains, which includes monzogranites and syenogranites;
and (iii) the Alexandra Metamorphic Complex formed by migmatitic paragneiss. The Sr isotopic signature
of these ice-free areas on the eastern margin of the Ross Sea is compared to Roosevelt Island dust in
Figure 5. Whole rock Rb-Sr geochemistry of the Rockefeller and Alexandra Mountains of Edward VII
Peninsula show 87Sr/86Sr higher than about 0.721 (Swanson Formation) and higher than 0.712 (Byrd Coast
Granite) (Figure 5), while Nd isotopic data are not available [Adams et al., 1995]. On the contrary, volcanic
rocks from Marie Byrd Land and other volcanic provinces show very unradiogenic Sr (McMurdo Sound and
Marie Byrd Land volcanic rocks (0.7026< 87Sr/86Sr <0.7032 and 2.0< εNd(0) <6.9); Figure 5) [Futa and Le
Masurier, 1983; Hole and LeMasurier, 1994]. On the basis of Sr isotopic data and particle size distribution data
indicating that dust at Roosevelt Island may be locally sourced at present-day, we suggest that the summer
2012/2013 Roosevelt Island dust sample represents a mixture of local volcanic dust and crustal material likely
deriving from the neighboring granites and metasedimentary rocks of western Marie Byrd Land and possibly
Paleozoic rocks from Victoria Land (Figures 4 and 5).

We also consider a remote Southern Hemispheric contribution of long-range transported dust to Roosevelt
Island. Distally derived larger particles could reach Roosevelt Island but are not transported further inland
to the high-elevation Antarctic interior. The Roosevelt Island isotopic signature is distinctly different to dust
deposited on East Antarctica during the preindustrial (1400 A.D. �1800 A.D.; 87Sr/86Sr ranging between
0.707468 and 0.708468) and Holocene periods (87Sr/86Sr ranging between 0.707689 and 0.711200)
[Delmonte et al., 2013], which suggests the eastern Ross Sea has a different dust source to the East
Antarctica Plateau. Roosevelt Island falls within the Australian isotopic field, which is characterized by
87Sr/86Sr ratios ranging from 0.709 to 0.732 and εNd(0) between �3 and �15 [Delmonte et al., 2004; Revel-
Rolland et al., 2006]. Revel-Rolland et al. [2006] and De Deckker et al. [2010] suggested that Australia could
contribute to the dust input in central East Antarctica. Modeling studies of dust transport to Antarctica from
Southern Hemispheric continents [Krinner et al., 2010] show that the annual mean concentration of dust in
the eastern Ross Sea region of Antarctica is mostly represented by dust derived from Australia, in agreement
with former modeling studies [Albani et al., 2012; Li et al., 2008; McGowan and Clark, 2008]. We note, in
addition, that the seasonality of Australian dust export to high southern latitudes occurs during spring and
summer [Boyd et al., 2004; Mahowald et al., 2005]; hence, it is synchronous with the dust peaks we observed
in the Roosevelt Island snow pit. Krinner et al. [2010] clearly showed that the concentration of Australian
continental dust tracers is at a maximum at about 150°W, close to Roosevelt Island. Although, dust appears
to be mostly concentrated at higher tropospheric levels (about 6000m) that are well above the altitude of
the Roosevelt Island [Krinner et al., 2010]. Neff and Bertler [2015] and Tuohy et al. [2015] highlight the likeli-
hood of air parcels transported to Roosevelt Island: both air mass back trajectories for the 2011/2012 summer
season and the average seasonal air mass back forward trajectories from Southern Hemisphere dust sources
for the previous 35 years indicate that air can be derived from the South Pacific which includes transport from
Australia and New Zealand. Based on the Sr and Nd isotope data of Australian and New Zealand rocks
[Delmonte et al., 2004; Revel-Rolland et al., 2006], an Australian contribution is more likely.

In summary, geochemical evidence excludes McMurdo Sound dust inputs as the dominant dust source to
Roosevelt Island at present. The isotopic data and the presence of coarse particles at Roosevelt Island,
compared to East Antarctic Plateau dust, suggest a local contribution from coastal regions of Antarctica.
Potential dust sources include Marie Byrd Land rock outcrops, West Antarctic outcrops which are currently
not well characterized in terms of their Nd and Sr isotopic signature, or other ice-free areas that have an
old crust-like signature. These ice-free areas could include Victoria Land, given that the synoptic cyclonic
circulation pattern in the Ross Sea region could allow for dust transport from the western Ross Sea to the
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eastern Ross Sea. We cannot exclude the possibility of an Australian dust contribution, as the isotopic field
overlaps with that of Marie Byrd Land and Victoria Land Paleozoic rocks. Both Bory et al. [2010] and
Delmonte et al. [2013] show that local dust sources on the periphery of the ice sheet can significantly
influence the dust composition at coastal, low elevation Antarctic ice core sites. Thus, Roosevelt Island could
similarly be sourced from amixture of local and distal dust sources. Further geochemical measurements from
the RICE ice core are required to better constrain the dust provenance in the Ross Sea.

4.2. Atmospheric Iron in the Ross Sea Region
4.2.1. Atmospheric Iron Fluxes
Annual dissolved and total dissolvable Fe and Al fluxes for 2011 were calculated using the same method for
dust (see section 4.1). Summer and winter dissolved Fe and Al fluxes for the period 2011 to 2012 were also
estimated and are reported in Table 2. We estimate an annual dFe flux of 1.2 × 10�6 gm�2 y�1 and annual
TDFe flux of 140 × 10�6 gm�2 y�1. The TDFe flux estimate for Roosevelt Island is higher than published
Holocene values in Antarctic ice cores, for example, a TDFe flux of 45 × 10�6 gm�2 y�1 was reported for
coastal Law Dome [Edwards et al., 2006]. The TDFe flux at Roosevelt Island is also higher than acid leachable
fluxes of 7 × 10�6 gm�2 y�1 at Dome C, East Antarctic Plateau [Gaspari et al., 2006], and 90 × 10�6 gm�2 y�1

at Talos Dome [Vallelonga et al., 2013]. Talos Dome is known to be influenced by local dust sources [Delmonte
et al., 2010], and the higher TDFe flux at Roosevelt Island is likely due to the contribution of local dust sources
fromMarie Byrd Land and/or Victoria Land. Local dust sources located on the coast of East Antarctica are also
known to influence the concentration of aerosol Fe samples collected over marginal waters [Gao et al., 2013].
The TDFe flux at Roosevelt Island is orders of magnitude lower than locally derived aeolian Fe fromMcMurdo
Sound (HF and HNO3 digestible total Fe: 37–121mgm�2 yr�1; water-soluble Fe: 2–7mgm�2 yr�1) [Winton
et al., 2014]. We acknowledge that these studies are not directly comparable as different methods were
employed to determine the total and soluble Fe fractions. It has been demonstrated that both the acid leach-
able Fe method [Gaspari et al., 2006; Vallelonga et al., 2013] and the TDFe method [Edwards et al., 2006; this
study] underestimate the total Fe fraction in snow and ice [Conway et al., 2015].
4.2.2. Atmospheric Fractional Iron Solubility
Fractional Fe solubility was calculated using equation (1). Fractional Fe solubility ranged from 0.1 to 30%.
Fractional Fe solubility was fairly constant at ~0.7% throughout the record, however dramatically rose above
this background to 10 and 30% during winter in 2012 and 2011, respectively. The background fractional Fe
solubility (Figure 2a) parallels δ18O (Figure 2i) suggesting this variability in Fe deposition could be driven by
synoptic weather conditions. We note that it is possible that the higher uncertainty associated with extremely
low dFe and dAl concentrations in the snow pit could be responsible for some of the variability in the
fractional Fe solubility. Additionally, precipitation of Fe(III) during sample melting or removal of oxyhydroxide
complexes during filtration through a 0.2μm filter could lead to underestimation of dFe concentrations and
fractional Fe solubility. However, these processes would have had to occur rapidly as snowmelting took<2 h
and samples were filtered, acidified, and analyzed immediately after melting to minimize such processes.

The data in this study displayed an inverse hyperbolic relationship between the TDFe concentration in snow
and fractional Fe solubility (Figure 6). This relationship has been attributed to the mixing of low Fe solubility
mineral dust and other soluble Fe aerosols from sources such as biomass burning and oil combustion [e.g.,
Sedwick et al., 2007]. Sholkovitz et al. [2012] reported global fractional Fe solubility data sets and concluded that
the characteristic inverse hyperbolic relationship is common over large regions of the global ocean. This
relationship was also found for baseline air at the Cape Grim Baseline Air Pollution Station (CGBAPS),
Tasmania, Australia, representative of the Southern Ocean [Winton et al., 2015]. Results here are similar to or
greater than CGBAPS with respect to the extremely low TDFe in the exceptionally clean air. The inverse hyper-
bolic relationship at Roosevelt Island also suggests a mixture of mineral dust and combustion sources of Fe.

Table 2. Summer and Winter Trace Metal Dissolved, Total Dissolvable and Dust Fluxes

dFe Flux
(10�6 gm�2 y�1)

TDFe Flux
(10�6 gm�2 y�1)

dAl Flux
(10�6 gm�2 y�1)

TDAl Flux
(10�6 gm�2 y�1)

Dust Flux1-5 μm
(mgm�2 y�1)

Dust Flux1-30 μm
(mgm�2 y�1)

Summer 0.4 39 0.5 50 2.7 4.1
Winter 0.2 50 0.4 63 2.4 3.2
Annual 1.2 140 2.9 195 5.9 8.8

Global Biogeochemical Cycles 10.1002/2015GB005265

WINTON ET AL. SOLUBLE IRON SOURCES TO ANTARCTIC WATERS 11



Reported values for global fractional Fe solubility of mineral dust are around 1–2% [e.g., Baker and Croot,
2010]. Aerosol Fe deposition to remote Southern Ocean surface waters has previously been investigated in
relation to the distribution and transport of mineral dust [e.g., Edwards and Sedwick, 2001; Martínez-García
et al., 2014; Wagener et al., 2008; Winton et al., 2014]. High-elevation East Antarctic ice core records also link
higher rates of Fe and dust deposition during glacial periods [Conway et al., 2015; Vallelonga et al., 2013]. The
background fractional Fe solubility of ~0.7% at relatively high TDFemass concentrations at Roosevelt Island is
consistent with a mineral dust source.

Alternatively, the variability in fractional Fe solubility could be driven by changes in dust mineralogy and
grain size without necessarily being related to biomass burning sources of soluble Fe. Changes in dust source
could supply dust with a higher dFe fraction or where the TDFe dissolves less easily in acid. Furthermore,
TDFe can be a highly variable portion of total Fe [e.g., Conway et al., 2015; Tian et al., 2008]. Seasonal changes
in dust provenance at Roosevelt Island are an important topic that deserves further investigation. Some
studies have shown that cloud chemistry and atmospheric processing by oxalate and sulfate can enhance
the solubility of mineral dust [Desboeufs et al., 1999; Kumar et al., 2010; Meskhidze et al., 2003; Spokes et al.,
1994]. However, in the remote Atlantic and Pacific Ocean and the Southern Ocean south of Australia, no rela-
tionship was observed between acid species and fractional Fe solubility [Baker et al., 2006; Hand et al., 2004;
Winton et al., 2015]. Even if the dust source to Roosevelt Island in 2012 was continental Antarctica, e.g., Marie
Byrd Land, it is unlikely that atmospheric processing by combustion aerosols (observed in polluted air masses
where concentrations of organic acids are high) [Chuang et al., 2005; Ito, 2015; Ito and Shi, 2015; Kumar et al.,
2010] would enhance the solubility of the Fe contained in the mineral dust. The air masses over Antarctica
and the Southern Ocean contain trace concentrations of sulfate and oxalate [Keywood, 2007]. However, little
is known about the enhancement of fractional Fe solubility in these pristine air masses [Chance et al., 2015]. In
addition, any enhancement of fractional Fe solubility by oxalate may not be sufficient to account for the high
fractional Fe solubility observed in the snow pit. For example, Paris et al. [2011] showed that although oxalate
complexation increased fractional Fe solubility from 0.0025 to 0.26% in African dust minerals, the fractional
Fe solubility remained low. No relationship was found between the samples with a lognormal size
distribution and high fractional Fe solubility. Longer records of particle size distribution and fractional Fe
solubility at Roosevelt Island are required to investigate whether particle size can explain the variability in
fractional Fe solubility.

Figure 6. Scatterplot of Roosevelt Island total dissolvable Fe concentration versus fractional Fe solubility. (top right insert)
Low concentration data expanded.
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4.3. Multiple Sources of Atmospheric Dissolved Iron to the Ross Sea

The temporal variability of mineral dust and the biomass burning tracer, rBC, parallels Roosevelt Island atmo-
spheric dFe deposition (Figure 2). Similar to TDFe concentrations, dust and rBC concentrations displayed an
inverse hyperbolic relationship with fractional Fe solubility (Figures S3b and S3c). Dissolved Fe deposition to
Roosevelt Island is semiannual with elevated deposition in summer and winter during the study period
(Figure 2b). The rest of this discussion focuses on the two largest deposition events of dFe highlighted in blue
in Figure 2. There were two intervals with high dFe concentrations. There were exceptionally high rBC
concentrations in the first interval in summer 2011/2012. While during the second interval in winter 2011,
concentrations of rBC were near background levels. In both cases, dust deposition was high indicated by high
concentrations of dust, TDFe, and TDAl. During the study period, it appears that dust is the primary source of
dFe with additional rBC contributions. In both intervals, the excursion of δ18O to more negative values
suggests that the process by which dFe is deposited at the site is storm related [Tuohy et al., 2015]. Multiple
sources of dust and rBC may contribute to the atmospheric Fe supply to the Ross Sea, and the absence of an
rBC source in winter highlights that the relative importance of the different sources varies seasonally.
4.3.1. Atmospheric Iron Sourced From Mineral Dust
Amineral dust source in summer is evident through (i) covariation of dFemaxima and high dust in 2011/2012
summer-spring (Figures 2e and 2g), (ii) strong correlation between the crustal elements TDFe and TDAl
(r2 = 0.86; Figure S3a), (iii) covariation of TDAl and dust in 2011 (Figures S3d and S3e), and (iv) low fractional
Fe solubility during summer (~0.7%). For the majority of the record, TDFe and TDAl tracks dust concentration.
However, not every dust deposition event leads to higher dFe, for example, in spring 2011. This could be
related to differences in the mineralogy of the dust, which varies depending on the dust provenance.
Whether the dust provenance switches between seasons is unknown, but it is an important topic that
deserves more attention in future. The coarser particle size distribution in summer-spring and Sr and Nd
isotopic ratios matching that of nearby Marie Byrd Land, Victoria Land, and Australia suggests that a mixture
of different types of local and possibly remote dust sources influences dFe deposition at present.
4.3.2. Atmospheric Iron Sourced From Biomass Burning
Biomass burning may also contribute to the 2011/2012 summer deposition of dFe at Roosevelt Island.
Refractory black carbon deposition to Antarctica is linked to Southern Hemispheric long-range transport of
biomass burning [Bisiaux et al., 2012]. The high fractional Fe solubility during winter in 2011 and 2012 (up
to 30%; Figures 2a and 6) indicates that additional atmospheric sources, other than mineral dust or biomass
burning, are responsible for high fractional Fe solubility in the winter periods observed in this record. Thus,
biomass burning can only account for the high fractional Fe solubility observed in background Southern
Hemispheric air during the 2011/2012 summer period covered by the snow pit. Ice core records report rBC
as a late winter-spring phenomena in West Antarctica [Bisiaux et al., 2012]. Consistent with WAIS Divide, a
small late winter-spring time rBC peak is observed in 2012 in this study. However, the exceptionally large
2011/2012 summer rBC peak does not overlap with the time period covered by WAIS Divide rBC record.
Longer records of rBC and fractional Fe solubility are needed to test the hypothesis that biomass burning
sources of dFe can account for high fractional Fe solubility of aerosols over the Ross Sea.
4.3.3. Timing and Supply of Iron Deposition
Sea ice is a source of dFe to the ocean in the SW Ross Sea, where high dFe concentrations have been
observed in the surface waters after considerable sea ice melt [de Jong et al., 2013; McGillicuddy et al.,
2015; Sedwick and DiTullio, 1997]. This snow pit record from Roosevelt Island demonstrates that spring-
summer dFe deposition occurs during ice-free open water conditions in the Ross Sea, when phytoplankton
are blooming (Figure 2l). Around half of the annual TDFe and dFe for 2011 was deposited in the summer,
and therefore, the seasonality of dFe deposition needs to be considered on longer glacial-interglacial time
scales. Despite high dFe and TDFe deposition in spring-summer, fractional Fe solubility was only ~0.7% at this
time. Higher fractional Fe solubility occurs in winter when TDFe is low, and the Ross Sea is seasonally ice
covered. Snow on sea ice is a repository for aerosol Fe [Lannuzel et al., 2010; Winton et al., 2014]. Therefore,
deposition of aerosol Fe, with relatively high dFe content, is stored in the surface snow of sea ice during
winter. In spring-summer, aerosol Fe with a higher fractional Fe solubility is released and supplied to the
ocean as sea ice melts. Regardless of the timing and mechanism in which aerosol dFe is supplied to the
Ross Sea, i.e., deposition directly into open water in summer and deposition onto surface snow on sea ice
in winter with subsequent release into the ocean during spring-summer sea ice melt, both mechanisms
act as a new source of dFe to phytoplankton blooms in spring-summer.
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5. Conclusions

A dust flux of 6mgm�2 yr�1 for the 1–5μm fraction and 8mgm�2 yr�1 for the bulk 1–30μm has been
estimated for modern dust deposition at Roosevelt Island. Snow pit data from Roosevelt Island reveal dust
deposition occurs primarily in the spring-summer season. The higher dust flux at Roosevelt Island compared
to the East Antarctic Plateau, the presence of coarse dust particles (>10μm), the particle size distribution that
approaches the theoretical dust emission distribution and the Sr and Nd isotopic ratio of dust deposited on
Roosevelt Island suggests a mixture of local and possibly remote dust sources for the present-day. The Sr
isotopic composition (0.7122< 87Sr/86Sr <0.7156) of summer dust in the snow at Roosevelt Island suggests
a possible mixing of volcanic and crustal rocks of local origin (i.e., older material, e.g., Paleozoic rock from
Victoria Land and parts of Marie Byrd Land and Mesozoic to Cenozoic volcanics). Additional input from
remote dust sources cannot be discounted. In this respect, Australia best matches the Roosevelt Island
isotopic composition of Sr and Nd. Advection of Australian dust is consistent with modeling studies of
modern Australian aeolian transport for the present-day. These dust data from Roosevelt Island provide
useful context for the interpretation of the dust record in the 764m long RICE ice core.

An annual dFe flux of 1.2× 10�6 gm�2 y�1 and an annual TDFe flux of 140×10�6 gm�2 y�1 have been esti-
mated for Roosevelt Island for 2011. Deposition of dFe is semiannual occurring in the summer and winter, with
half of dFe and TDFe deposition occurring in the summer. The inverse hyperbolic relationship between TDFe
concentrations and fractional Fe solubility shows that additional atmospheric sources, other than mineral dust,
are responsible for high Fe solubility at different times in the year. There were two intervals with high dFe
concentrations in the snow pit: one with exceptionally high rBC concentrations in summer 2011/2012 and
the other with rBC concentrations near background levels in winter 2011. In both cases, dust was high.
Therefore, mineral dust, from both local and remote sources, is the primary source of dFe to Roosevelt Island
with additional input from long-range transport of biomass burning aerosols. Biomass burning may account
for the high fractional Fe solubility observed in background Southern Hemispheric air during the summer
period. The semiannual nature of Fe deposition to Antarctic waters should be considered when interpreting
longer glacial-interglacial time scales of aerosol Fe deposition to the Southern Ocean.
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The origin of lithogenic sediment in the south-western Ross Sea
and implications for iron fertilization
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Abstract: Summer iron (Fe) fertilization in the Ross Sea has previously been observed in association with
diatom productivity, lithogenic particles and excess Fe in the water column. This productivity event
occurred during an early breakout of sea ice via katabatic winds, suggesting that aeolian dust could be an
important source of lithogenic Fe required for diatom growth in the Ross Sea. Here we investigate the
provenance of size-selected dust deposited on sea ice in McMurdo Sound, south-western (SW) Ross Sea.
The isotopic signature of McMurdo Sound dust (0.70533< 87Sr/86Sr< 0.70915 and -1.1< εNd(0)< 3.45)
confirms that dust is locally sourced from the McMurdo Sound debris bands and comprises a
two-component mixture of McMurdo Volcanic Group and southern Victoria Land lithologies. In
addition, the provenance of lithogenic sediment trapped in the water column was investigated, and the
isotopic signature (εNd(0)= 3.9, 87Sr/86Sr = 0.70434) is differentiated from long-range transported dust
originating from South America and Australia. Elevated lithogenic accumulation rates in
deeper sediment traps in the Ross Sea suggest that sinking particles in the water column cannot
simply result from dust input at the surface. This discrepancy can be best explained by significant
upwelling and remobilization of lithogenic Fe from the sea floor.
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Introduction

Atmospheric dust is potentially an important source of
dissolved iron (DFe) which is the limiting nutrient
required for primary production in vast regions of the
remote Southern Ocean, including Antarctica’s marginal
seas (Sedwick et al. 2000, Boyd et al. 2010). Despite being
seasonally iron (Fe) limited, the high-nutrient, high-
chlorophyll regime of the Ross Sea is the most
biologically productive continental shelf region in
Antarctica, and supports intense phytoplankton blooms
in the summer (Arrigo et al. 2008). Although the flux of
Fe into the Ross Sea plays a critical role in determining its
productivity, the origin(s) of this Fe remains poorly
constrained (Sedwick et al. 2011).

Dust deposition in Antarctica

Global ‘background’ dust is characterized by fine
particles having a mass modal diameter< 5 µm, long

atmospheric residence time and modern mass deposition
rates in the order of 0.001–0.02 g m-2 yr-1 in the Southern
Ocean (Wagener et al. 2008 and references therein). The
isolated, snow and ice-covered central East Antarctic
Plateau (EAP) has proven to be an excellent location for
investigating long-range transport of dust representative
of the broader Southern Hemisphere, both at present and
in the past (Delmonte et al. 2007, 2008). Moreover, the
high EAP has much lower accumulation rates of
~ 0.0002–0.0006 g m-2 yr-1 during the Holocene (Albani
et al. 2012). Recently, it has become apparent that
peripheral areas of the Antarctic ice sheet, close to
high elevation ice-free mountain ranges, such as the
Transantarctic Mountains (TAM), can receive significant
additional dust inputs from exposed Antarctic sources,
some of which have been ice-free for millions of years
(Delmonte et al. 2013 and references therein).

The relative contribution of much smaller, patchy but
proximal dust sources to the atmospheric dust load over
Antarctica and the Southern Ocean is not well known.
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The largest expanse of contiguous ice-free ground in
Antarctica is found in the McMurdo Dry Valleys, a series
of west-to-east oriented, glacially carved valleys located
between the high EAP and the Ross Sea in southern
Victoria Land. However, the dustiest known place in
Antarctica is located in the south-western (SW) Ross Sea,
associated with the so-called ‘debris bands’ area on the
McMurdo Ice Shelf (Kellogg et al. 1990) (Fig. 1). In this
region, dust deposition flux (~ 1 gm-2 yr-1) is at least two
orders of magnitude greater than fallout of long-range
transported dust measured in ice cores from the EAP
(Atkins & Dunbar 2009, Delmonte et al. 2013, Chewings
et al. 2014) and is, potentially, an important source of
bioavailable Fe to the Ross Sea (Winton et al. 2014).

Dust provenance in Antarctica can be determined
from the 87Sr/86Sr and 143Nd/144Nd radiogenic isotope
composition of dust in snow and ice by comparison with
potential source areas (PSAs) (e.g. Delmonte et al. 2010).
This geochemical method allows mantle-derived (basaltic
rocks, tephra and soils derived from them, weathered and
eroded mafic rocks) and crustal-derived sediments and
soils to be identified. Both the geochemical fingerprint
and particle size of dust deposited on the EAP suggest it
originates from arid regions in southern South America
during glacial periods (Gaiero et al. 2007, Delmonte et al.
2008). However, for dust deposition during interglacial
periods, that is when dust input to inner Antarctica was
extremely low, the source is less certain (Delmonte
et al. 2007), and an Australian contribution is probable

(Revel-Rolland et al. 2006, Delmonte et al. 2007, 2008).
In addition to atmospheric circulation, dust transport
efficiency is dependent on particle size; for example,
long-range dust deposited on the EAP has a mass
modal size of around 2μm (Delmonte et al. 2002). When
investigating the provenance of dust, the fractionation of
Sr isotopes into different grain size fractions needs to be
considered, as there is a correlation between grain size
and 87Rb/86Sr ratios, and thus 87Sr/86Sr ratios. In coarse
(fine) grained suspended particulate matter, Sr is
enriched (depleted) in less radiogenic Sr isotopic ratios
(e.g. Andersson et al. 1994). In contrast, Nd isotopic
ratios are not influenced to the same extent by particle size
(e.g. Andersson et al. 1994).

Iron fertilization in the Ross Sea

The Ross Sea is one of the most productive regions in the
Southern Ocean and an important oceanic sink for
atmospheric carbon dioxide (CO2) (e.g. Arrigo et al.
2008). The environmental factors responsible for
controlling the rates of phytoplankton production and
incomplete utilization of inorganic macronutrients
include: grazing (Banse 1991), temperature (Bunt &
Wood 1963), light availability (e.g. Mitchell et al. 1991),
micro-nutrient availability (e.g. Fe and Mn) (Sedwick &
DiTullio 1997, Sedwick et al. 2000), or a combination of
these (e.g. Arrigo et al. 2000). Collier et al. (2000) show
that a Ross Sea diatom productivity event, captured

Fig. 1a. Map of the south-western (SW) Ross Sea showing the location of SW Ross Sea Chinstrap sediment trap (CT1). b. Insert of
McMurdo Sound within the SW Ross Sea showing location of McMurdo Sound snow on sea ice samples (solid: this study, cross:
Winton et al. (2014), shaded: exposed areas of unconsolidated sediment). Samples are named based on their location:
MP = Marble Point, CR = Cape Robert, GH = Granite Harbour, MIS = McMurdo Sea Ice, MDV = McMurdo Dry Valleys,
MIS = McMurdo Ice Shelf, MVG = McMurdo Volcanic Group, RIS = Ross Ice Shelf, TAM = Transantarctic Mountains.
c. Wind roses illustrating the direction of storm events at Pegasus North and Marble Point automatic weather stations (AWS).
Locations of AWS shown in Fig. 1b. Modified from Winton et al. (2014).

2 V.H.L. WINTON et al.

http://journals.cambridge.org


http://journals.cambridge.org Downloaded: 01 Apr 2016 IP address: 134.7.48.148

during the 1996–97 deployment of moored Antarctic
Environment and Southern Ocean Process Study
(AESOPS) sediment traps, is correlated with elevated
lithogenic particle accumulation rates, excess Fe
(determined from high Fe/Al ratios), and with an early
breakout of sea ice caused by katabatic winds. They go on
to suggest that there may be a causal relationship between
the retreat of sea ice, the supply of particulate Fe, and
diatom production and export. The source of this
lithogenic Fe to the Ross Sea is unknown but could be
derived from either dust released into the ocean from
melting sea ice from local and/or from distal sources, or
new particulate Fe derived from ice shelves, icebergs,
upwelling of resuspended continental sediments from the
sea floor, Circumpolar Deep Water or some combination
thereof.

Multiple sources of new Fe to the Ross Sea region have
been identified, which include local dust sourced mainly
from the McMurdo Ice Shelf (Atkins & Dunbar 2009, de
Jong et al. 2013, Chewings et al. 2014, Winton et al.
2014), sea ice melt (Sedwick & DiTullio 1997, de Jong
et al. 2013), and lithogenic sediments resuspended
from the sea floor (Sedwick et al. 2011, de Jong et al.
2013, Marsay et al. 2014, Gerringa et al. 2015). However,
the relative importance of these sources for stimulating
primary production remains an open question. Winton
et al. (2014) estimate that the supply of soluble aeolian Fe
in dust from the debris bands, southern McMurdo
Sound to the adjacent ocean could support up to ~ 15%
of primary production in the area. The implication
being that Fe supporting the remaining 85% of
productivity was derived largely from other sources,
such as lithogenic sediment resuspended from the sea
floor (Sedwick et al. 2011, de Jong et al. 2013, Marsay
et al. 2014, Gerringa et al. 2015, Kustka et al. 2015,
McGillicuddy et al. 2015).

As Fe is critical for seasonal phytoplankton growth in
the Ross Sea, this study aimed to further investigate the
source(s) of lithogenic Fe as a driver of the vast summer
phytoplankton blooms in the SW Ross Sea by examining
the provenance of lithogenic material sinking in the upper
200m below sea level (m.b.s.l.) of the water column, and
comparing its origin to both known local and global
sources. This paper reports the Sr-Nd isotopic
composition of i) size-selected dust from snow samples
on sea ice from McMurdo Sound, and ii) sediment trap
material from the Research on Ocean – Atmosphere
Variability and Ecosystem Response in the Ross Sea
(ROAVERRS) moorings programme (1996–98) that
represents accumulation of sediment settling out of the
water column. When investigating PSAs to Antarctica,
previous studies have size-selected the PSA samples prior
to Sr analysis to be comparable to that of the fine size
range of dust deposited in Antarctica (Delmonte et al.
2008), and a similar approach is used here.

Methods

Samples used in this study for Nd and Sr isotopic ration and
concentration analysis

Previous studies have focused on dust flux and
particle size distribution patterns in McMurdo Sound
(Atkins & Dunbar 2009, Dunbar et al. 2009, Chewings
et al. 2014). This study is based on the following samples:

- Samples of dust-laden snow collected from sea
ice along a south–north X–Y transect in McMurdo
Sound, collected in November 2010 and described in
Chewings et al. (2014) and Winton et al. (2014)
(Fig. 1b).

- A Ross Sea sediment trap sample from 200m.b.s.l.,
collected between 25 December 1997 and 3 January
1998 from the ROAVERRS programme Chinstrap
site (76°20.5'S, 165°1.78'E) in the SW Ross Sea.
This site was anchored in 830m water depth in
the southern extension of the Drygalski Basin
(Fig. 1a).

Sample processing –McMurdo Sound surface snow on sea
ice samples

The samples analysed in this work were size-selected in
order to be comparable to provenance measurements
made of dust from ice core PSAs and with similar studies
on dust in Antarctica (e.g. Delmonte et al. 2004, 2008,
2010). Both the bulk (all particle sizes) and fine (< 10 µm)
fraction of McMurdo Sound dust were analysed to check
for particle size induced bias in the isotopic fractionation
of samples. The coarse fraction was removed from bulk
samples by using a pre-washed 10 µm SEFAR Nitex®

open mesh while the fraction 0.4 µm<∅< 10 µm was
collected on 0.4 µm Isopore™ polycarbonate membranes.
After filtration the membranes were put into pre-cleaned
Corning® tubes filled with ~ 10ml of ultra-pure water,
and micro-particles were removed from the filter by
sonication. Samples were transported to the Department
of Geosciences, Swedish Museum of Natural History,
Sweden, where the liquid was evaporated in acid-cleaned
15ml Savillex® beakers. Dry dust samples, ranging
between 0.1 and 1.2 mg, were weighed a minimum of
five times to obtain a mean weight, which was used for
subsequent calculations.

Sample processing – sediment trap samples

Isotopic analysis of bulk sediment revealed that the
biogenic fraction of the sediment (up to 70% total mass
estimated from AESOPS sediment trap data reported in
Collier et al. (2000)) incorporated marine Sr, and thus the
isotopic signature could not be distinguished from that of
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Table I. Nd and Sr concentrations and isotopic composition of McMurdo Sound and Chinstrap sediment trap samples analysed in this study.

Sample Size (µm) Location Date 143Nd/144Nd ± 2σmeana εNd(0)b ± 2σc CNd 87Sr/86Sr ± 2σmeand 87Sr/86Sr ± 2σf *106 CSr Reference
sampled *106 (ppm) *106 correctede (ppm)

McMurdo Sound
MPR11-5 Bulk 77°35.44'S Nov 2011 0.512580 12 -1.1 0.2 110 0.708158 6.0 0.708186 8 140 This study

164°31.36'E
MPR11-5 < 10 77°35.44'S Nov 2011 0.512590 7 -0.94 0.2 220 0.709119 5.3 0.709147 8 320 This study

164°31.36'E
CRG7-5 Bulk 77°05.44'S Nov 2011 0.512633 11 -0.10 0.3 38 0.707607 4.2 0.707635 8 510 This study

163° 41.86'E
CRG7-5 < 10 77°05.44'S Nov 2011 0.512632 8 -0.12 0.3 68 0.708943 8.0 0.708971 8 570 This study

163°41.86'E
MPN10-5 Bulk 77°24.52'S Nov 2011 0.512735 6 1.9 0.4 40 0.706705 13 0.706733 13 6600 This study

164°18.60'E
MPN10-5 < 10 77°24.52'S Nov 2011 0.512682 8 0.86 0.4 20 0.708188 6.4 0.708216 8 910 This study

164°18.60'E
GH2 Bulk 76°55.33'S Nov 2009 0.512650 11 0.23 0.3 76 0.707299 12 0.707327 12 890 This study

163°6.17'E
GH2 < 10 76°55.33'S Nov 2009 0.512654 6 0.31 0.3 72 0.708045 5.8 0.708073 8 620 This study

163°6.17'E
GH9 Bulk 76°58.36'S Nov 2009 0.512321 5 -6.18 0.3 37 0.712260 5.0 0.712288 8 290 (Winton et al. 2014)

162°52.80'E
MIS4 Bulk 77°40.03'S Nov 2009 0.512815 4 3.45 0.3 56 0.705303 5.0 0.705331 8 800 (Winton et al. 2014)

166°35.97'E
MIS23 Bulk 77°40.03'S Nov 2009 0.51276 6 2.38 0.3 51 0.705608 5.0 0.705636 8 520 (Winton et al. 2014)

164°35.79'E
Ross Sea sediment
CT1 Bulk 76°20.5'S 1997 0.512715 7 1.5 0.3 0.4 0.709008 5.1 0.709036 8 110 This study

165°1.78'E
CT1-leach Bulk 76°20.5'S 1997 0.512836 8 3.9 0.3 0.5 0.704314 4.4 0.704342 8 20 This study

165°1.78'E
aInternal precision, 2 standard errors of the mean.
bNd isotopic ratios expressed as epsilon units εNd(0) = [(143Nd/144Nd)sample/(

143Nd/144Nd)CHUR-1]x10
4; CHUR = chondritic uniform reservoir.

cUncertainty estimates based upon external precision for standard runs. Internal precision is used if it exceeds the external.
dInternal precision, 2 standard errors of the mean.
eCorrected to a NBS987 87Sr/86Sr ratio of 0.710245.
fUncertainty estimates based upon external precision for standard runs. Internal precision is used if it exceeds the external.
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seawater (Table I). To remove the biogenic silica and
calcium carbonate fraction, the sediment was leached with
6MHCl in Savillex® beakers and centrifuged following the
method of Freydier et al. (2001). The lithogenic residue was
then rinsed three times with ultra-pure water and dried.

Sample digestion

The chemical treatment of the dust samples and leached
sediment, including digestion and elemental separation
(Rb-Sr and Sm-Nd) using ion exchange chromatography,
was performed at the SwedishMuseum of Natural History
following the establishedmethod ofDelmonte et al. (2008).
The samples were spiked with a mixed 147Sm/150Nd
spike and 84Sr-enriched spike for the isotope dilution
determination of the concentrations. Samples were
digested in an acid mixture of 1.5ml of HNO3, HF and
HClO4 heated to 90°C in closed Savillex® beakers for 24h.

The solution was evaporated to complete dryness on a
hot plate and the residue re-dissolved in 4ml 6M HCl.

Ion exchange

To achieve separation of potential interfering elements
(Fe, Ba, Rb, Sm, Ce and Pr), and obtain high column
yield and low blanks, the residue was subjected to
chemical procedures described in Delmonte et al. (2008).
The total blank, including dissolution, chemical
separation and mass spectrometry, was frequently
monitored in each ion exchange batch and blank
concentrations were< 5 pg for Nd and< 130 pg for Sr.

Mass spectrometry

Isotopic analysis of Nd and Sr was performed with a
Thermo Scientific TRITON Thermal Ionisation Mass

Fig. 2. Nd and Sr isotope signature of fine (black triangles) and bulk (white triangles) McMurdo Sound dust, including
bulk McMurdo Sound data (GH9, MIS4 and MIS23; Winton et al. 2014), and leached and unleached Chinstrap sediment
trap material. Data from southern Victoria Land potential dust sources that include different parent lithologies shown in Fig. 1
(Delmonte et al. 2004, 2010, 2013) and the isotopic composition of Ross Sea seawater (Elderfield 1986, Basak et al. 2015) are
also plotted. Insert top right: McMurdo Sound dust highlighting the fractionation between fine and coarse particle sizes and a
hypothetical mixing line between the two end members McMurdo Volcanic Group and southern Victoria Land, Transantarctic
Mountains.
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Spectrometer. Neodymium was loaded mixed with
colloidal graphite, Alfa Aesar, on double rhenium
filaments and analysed as metal ions in static mode
using rotating gain compensation. Concentrations
and ratios were calculated assuming exponential
fractionation. The calculated ratios were normalized to
146Nd/144Nd = 0.7219. Epsilon units are calculated as
follows:

εNdð0Þ= ½ð143Nd=144NdÞsample=ð143Nd =144NdÞCHUR
�1� ´104;

ð1Þ

where CHUR is the chondritic uniform reservoir with
(143Nd/144Nd)CHUR = 0.512638.

The external precision for 143Nd/144Nd is estimated
from analysis of the nNdβ standard (Wasserburg et al.
1981) by analysing a range, 4–12 ng loads, of nNdβ
standard. The external precision becomes larger for
smaller loads, with an estimated precision of ~ 40 ppm
for small loads, ~ 30 ppm for intermediate loads and ~ 20
ppm for larger loads. These values have been used to
estimate the errors for the samples shown in Table I. The
mean 143Nd/144Nd ratio for the nNdβ was 0.511895± 22
(n = 20). Literature values for repeated analysis of
standard nNdβ (Andreasen & Sharma 2006) yielded
143Nd/144Nd = 0.511892± 3 (2σ, n= 23), and thus no
accuracy correction was applied.

Purified Sr samples were mixed with tantalum activator
and loaded on a single rhenium filament. Two hundred
8 s integrations were recorded in multi-collector static
mode, applying a rotating gain compensation. Measured
87Sr intensities were corrected for Rb interference
assuming 87Rb/85Rb = 0.38600, and ratios were
calculated using the exponential fractionation law and
88Sr/86Sr = 8.375209. External precision for 87Sr/86Sr,
estimated from analysing NBS SRM987 standard,
was calculated as ± 0.000016 (n = 12), while repeated
measurements of prepared CIT #39 seawater gave a
reproducibility of ± 0.0000082 or 12 ppm (n = 21) which
was taken to be the best estimate of the external precision.
Accuracy correction was applied to the 87Sr/86Sr ratios
corresponding to a 87Sr/86Sr ratio of 0.710245 for NBS
SRM 987 standard (NBS 987: literature value 0.710245,
Department of Geosciences value 0.710217± 16 (n = 12);
difference: 0.000028).

The accuracy of the Nd and Sr isotopic composition
of small dust samples was determined using the
Basalt Columbia River rock standard (BCR-2), a
certified reference material. Preparation and analysis of
150–600 µg aliquots of BCR-2 in each batch of ion
exchange resulted in a recovery of > 79% (n = 6)
for concentration and > 99% (n = 6) for isotopic
composition. Due to the small dust samples and the
difficulty of weighing such small masses an Sr and Nd

concentration error of ± 10% was estimated by repeated
weighing of BCR-2 standards (~ 0.3mg).

Results

The Sr and Nd isotopic composition of dust are primarily
related to lithology and geologic age of parent materials,
although the Sr isotopic composition, for particles
between 2–50 µm, can also be influenced by size. The Sr
and Nd isotopic composition of the fine (< 10 µm) and
bulk (all sizes included) dust samples collected in this
study are well characterized and reported in Table I and
Fig. 2 along with additional isotopic data fromMcMurdo
Sound measured in an earlier study (Winton et al. 2014).
Samples in Fig. 2 are grouped by geographical location.
The samples collected from the snow on sea ice in
McMurdo Sound display a narrow isotopic composition
(0.70533< 87Sr/86Sr< 0.70915 and -1.1< εNd(0)< 3.45).
Our fine dust (< 10 µm) samples have relatively higher
87Sr/86Sr ratios compared to the bulk samples (Fig. 2),
consistent with previous studies of size-dependent
fractionation (Andersson et al. 1994). The Nd isotopes
do not fractionate with the particle size (with the
exception of MPN10-5 which could be related to the
different size fractions originating from different sources;
Fig. 2), also consistent with previous studies. The
Δ87Sr/86Sr is ~ 0.00115, that is slightly smaller than the
87Sr/86Sr increase of ~ 0.0028 units observed between
63 µm and 2 µm dust particles by Gaiero et al. (2007). The
isotopic ratios of leached (lithogenic sediment fraction)
and unleached (lithogenic and biogenic sediment fraction)
Ross Sea sediment obtained from the upper Chinstrap
sediment trap (200m.b.s.l.) are reported in Table I.
Leaching had a significant effect on the Sr isotopic ratio
of this sample and removed an Sr seawater overprint from
the sediment. After leaching, the remaining lithogenic
sediment has an isotopic signature between theMcMurdo
Volcanic Group (MVG) and southern Victoria Land
PSAs (Fig. 2).

Discussion

Dust provenance - McMurdo Sound

The overwhelming majority of dust deposited in snow on
sea ice in McMurdo Sound is locally sourced. It is
not possible to detect any contribution from South
American or Australian sources with our approach.
Sedimentological, meteorological and geochemical
evidence consistently points to the debris bands on the
McMurdo Ice Shelf (Kellogg et al. 1990) as the dominant
local dust source in the McMurdo Sound region (Fig. 1)
(Atkins & Dunbar 2009, Chewings et al. 2014, Winton
et al. 2014). Studies of spatial variability of dust and
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particle size for the greater McMurdo Sound region show
a distinct decrease in particle size and dust flux along
transect X–Y (Fig. 1b) as part of a dust plume extending
northwards from the debris bands (Atkins & Dunbar
2009, Chewings et al. 2014). As the plume extends
northwards away from the debris bands the particle size
and dust accumulation rate decrease, although secondary
elevated patches of both occur near coastal headlands.
Overall, dust accumulation declines exponentially from
55 gm-2 yr-1 near the debris bands to ~ 0.2 gm-2 yr-1

120km north of the debris bands (Atkins & Dunbar 2009,
Chewings et al. 2014). This northward dust dispersal is
consistent with the local meteorology whereby the highest
wind speeds, i.e. those most competent with respect to
entraining silt and fine sand, are predominately from the
south (Fig. 1c), dispersing dust from the debris bands north
along the southern Victoria Land coastline.

In addition to sedimentological considerations,
geochemical evidence also points to dust being locally
sourced. The Sr isotopic composition of modern seawater
is homogenous (87Sr/86Sr = 0.70924; Elderfield 1986),
and has a similar Sr isotopic composition to the geology
in McMurdo Sound (Fig. 2). However, the Nd isotopic
composition of the local geology and Ross Sea seawater
(-10< εNd(0)< -6; Basak et al. 2015) is distinguished in
Fig. 2, and combined with other provenance indicators
(coarse particle size, high dust flux and Fe/Al elemental
ratios; Atkins & Dunbar 2009, de Jong et al. 2013) allows
tracing of dust to local PSAs. Winton et al. (2014) report
two Sr and Nd isotopic ratios of the bulk sediment from
snow on sea ice in southern McMurdo Sound and one
from Granite Harbour (Fig. 1). The values are consistent
with dust originating from MVG, although within the
Granite Harbour embayment there is also evidence for
dust derived from TAM lithologies. The possibility that
the volcanic signature of McMurdo Sound dust on
sea ice is derived from volcanic rocks in Marie Byrd
Land can be ruled out (0.7026< 87Sr/86Sr< 0.7032 and
1.99< εNd(0)< 6.87) (Futa & LeMasurier 1983, Hole &
LeMasurier 1994) due to the northerly direction of the
prevailing winds (Chewings et al. 2014).

Consequently, only local PSAs are considered for
comparison to the new isotopic dataset. Overall, the Sr
isotopic ratios for McMurdo Sound samples analysed in
this study, and inWinton et al. (2014), are tightly grouped
and range between 0.705< 87Sr/86Sr< 0.709 while εNd(0)
ranges between 3.45< εNd(0)< -1.1. These new isotopic
data form a linear array in Fig. 2. McMurdo Sound dust
can be considered the result of a two-component mixture
derived from isotopically distinct end-members: i) the
MVG volcanic rocks and ii) southern Victoria Land
lithologies found in the TAM, such as Ferrar Dolerites
and sandstones of the Beacon Supergroup (Fig. 2). The
narrow range of isotopic ratios of McMurdo Sound
dust along the south–north transect X–Y represents

northwards dust dispersal downwind from the debris
bands, that is a mixture of TAM and MVG sources, with
minor localized additions of TAM dust input from
coastal outcrops from New Harbour and Marble Point
that contribute to the dominant south to north dust plume
(Fig. 1). This is consistent with field observations showing
sediment on the McMurdo Ice Shelf debris bands is itself
a mixture of MVG and TAM lithologies (Kellogg et al.
1990).

Previous studies have shown dust deposited within
embayments or adjacent to headlands along the south
Victoria Land coastline is not widely dispersed (Barrett
et al. 1983, de Jong et al. 2013, Chewings et al. 2014).
Within the narrow range of isotopic ratios of McMurdo
Sound dust, GH9 is isotopically distinct and displays a
dominant TAM signature (Fig. 2). This sample is not
situated under the main northward-directed dust plume
and hence represents localized dust accumulation within
the Granite Harbour embayment (Fig. 1). In contrast, the
isotopic composition of GH2 lies within the tight cluster
of McMurdo Sound dust and thus highlights that the
mass of dust on the sea ice immediately seawards of
Granite Harbour originates from the south. A single
source from the debris bands is also consistent with Fe
concentrations within dust samples that were uniform
along the transport pathway (Winton et al. 2014).

Dust provenance - south-western Ross Sea

The isotopic signature of the lithogenic fraction of
sediment from the upper 200m.b.s.l. Chinstrap sediment
trap, located ~ 170 km north of the debris bands
(87Sr/86Sr = 0.704, εNd(0) = 3.9), falls outside of the
isotopic range of dust originating in Australia
(0.709< 87Sr/86Sr< 0.763, -2.9< εNd(0)< -15.4; Delmonte
et al. 2004, Revel-Rolland et al. 2006) and South America
(0.704< 87Sr/86Sr< 0.713, -8.9< εNd(0)< -8.3; Delmonte
et al. 2004). These two potential Southern Hemisphere
sources supply dust to the high elevation EAP at very low
deposition rates (e.g. Delmonte et al. 2008). The signature
of the lithogenic fraction of sediment from SW Ross Sea
(Chinstrap) matches that of the local geology and dust on
sea ice in McMurdo Sound. Thus, the lithogenic particles,
and their associated Fe, collected here are ‘locally’ sourced
from the Ross Sea region (Fig. 2).

Dust transport and deposition - south-western Ross Sea

Deposition of local dust into the SW Ross Sea can occur
by direct atmospheric fallout into ice-free surface waters,
and release into surface waters by sea ice melt associated
with subsequent northwards advection (Atkins & Dunbar
2009, de Jong et al. 2013, Chewings et al. 2014). The
geographical area over which local dust is transported
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into the Ross Sea, and hence contributes to Fe fertilization,
is potentially large. Although dust accumulation
measurements only exist up to 120km from the debris
bands and decrease exponentially from the source, local dust
deposition probably extends far beyond this point.
Extrapolating the dust flux trend observed by Chewings
et al. (2014) suggests that the Chinstrap site may represent a
northern extension of the dust and DFe dispersal pattern
reported by Winton et al. (2014). The estimated annual
accumulation rate from aeolian dust at the Chinstrap site is
~ 0.01 gm-2 yr-1, althoughwe do not have accumulation rate
data from the Chinstrap sediment trap with which to
compare this estimate. Whether or not locally sourced
aeolian sediment is the main source of the lithogenic
sediment in the Chinstrap site remains somewhat of an
open question. However, when the relationship between
DFe and phytoplankton productivity inMcMurdo Sound is
considered we suggest this is unlikely to be the case (Fig. 3).

Implications for iron fertilization

By extrapolating the dust flux trend observed by
Chewings et al. (2014) and its associated contribution to
DFe (Winton et al. 2014) into the SWRoss Sea, the upper
bound of the DFe at the Chinstrap site from the debris
bands can be estimated (Fig. 3). Assuming a lithogenic
dust flux of ~ 0.01 g m-2 yr-1 and an associated total
Fe content of 4% and 11% of this Fe is soluble

(Winton et al. 2014), the maximum DFe flux is
estimated to be ~ 2 nmol m-2 d-1 to the Chinstrap site
(Fig. 3). However, when this is considered relative to the
spatial distribution of primary production in the SWRoss
Sea, using averaged annual Sea-Viewing Wide Field-of-
View Sensor (SeaWiFS) satellite chlorophyll a data, the
gradient in increasing chlorophyll a concentration with
distance from the debris bands within the McMurdo
Sound polynya does not match the pattern of decreasing
dust accumulation (Fig. 3). This pattern suggests that
DFe from dust does not regulate growth in the SW Ross
Sea. A seasonal phytoplankton bloom occurs in the
McMurdo Sound polynya SW Ross Sea each summer
and is dominated by diatoms. The rate of primary
production is greatest in the centre of the McMurdo
Sound polynya. As the dust flux decreases and primary
production increases with distance from McMurdo
Sound, it is difficult to reconcile these patterns at the
Chinstrap site assuming only a local dust source (Fig. 3).

Some further insight into the origin of sediment in the
water column in the SW Ross Sea may be inferred from
the data published by Collier et al. (2000). They show a
significantly elevated lithogenic accumulation rate in deep
AESOPS sediment traps compared to accumulation rates
measured in the upper AESOPS sediment traps at other
sites in the Ross Sea (e.g. MS-7; 76°30'S, 178°1'W). In
addition, lithogenic Fe fluxes between 1–90 µg m-2 d-1

have been measured for the upper 200m.b.s.l. AESOPS
trap (MIS-7b) and 40–850 µg m-2 d-1 for the deep trap
(MS-7a). The greater mass of sediment and lithogenic Fe
flux in the deep traps in the Ross Sea highlight that
concentrations of suspended sediment in the water
column at these sites cannot simply result from sediment
input at the surface (whereby the accumulation in each
trap would be the same regardless of depth). Instead, the
increase in accumulation with depth probably reflects
resuspension and horizontal near-bottom transport
processes. While we do not have the data to constrain
these processes at Chinstrap we infer, based on the
provenance of the lithogenic sediment and distance from
known local sources, that the lithogenic sediment
accumulating there is most probably dominated by
resuspended bottom sediments, potentially from sills
either side of the Drygalski Basin but also locally
sourced material falling through the water column
sourced from atmospheric deposition or ice rafting.
Although no Fe flux data for the Chinstrap site are
available, future work could examine the relationship
between Fe fluxes in the Chinstrap sediment trap and
those DFe fluxes reported for locally derived dust at
McMurdo Sound.

Despite McMurdo Sound representing the upper
bound of locally derived dust and associated DFe to
Antarctic waters, previous studies have ruled out local
dust as the major source of DFe supply for phytoplankton

Fig. 3a. Rate of primary production with distance from
McMurdo Sound. As the dust flux exponentially decreases,
the rate of primary production increases. Primary production
inferred from the annual mean chlorophyll a concentration
(2000–09) in the McMurdo Sound polynya (72.0°S–78.083°S,
160.916°E–179.040°W) from SeaWiFS satellite data (http://
giovanni.gsfc.nasa.gov). b. Extrapolation of the annual DFe
flux from McMurdo Sound into the south-western Ross Sea
(DFe data sourced from Winton et al. (2014)). The predicted
dust flux at the Chinstrap site is estimated at ~ 0.01 gm-2 yr-1

with a corresponding DFe flux of ~ 2 nmolm-2 d-1.
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blooms in the Ross Sea. Dissolved Fe inMcMurdo Sound
dust can only support up to 15% of primary production in
the region (Winton et al. 2014). Furthermore, based on
regional scale estimates of dust deposition to the Southern
Ocean, primary production triggered by long-range
transported dust is likely to be less significant than local
dust (e.g. Edwards & Sedwick 2001). Evidence from the
extrapolation of the mass accumulation rate to the upper
200m.b.s.l. Chinstrap trap, the sedimentological study of
Chewings et al. (2014), sedimentation in the water
column, and the low contribution of local aeolian DFe
to phytoplankton blooms, suggest that it is unlikely that
aeolian dust deposition is the dominant process by which
lithogenic Fe is supplied to the water column in the SW
Ross Sea. Considered together, these lines of evidence
point to a combination of resuspended bottom sediments
with smaller additions of local dust sourced from
atmospheric deposition or ice rafting as the sources of
Fe-bearing sediment to the water column in the SW
Ross Sea.

More broadly, Sedwick et al. (2011) noted that the
phytoplankton-Fe limitation must be overcome by
continuous replenishment from new sources to sustain
the significant biomass observed over summer. They
considered the following as potential sources of new DFe:
vertical mixing, lateral advection, aerosol input and
dissolution of particulate Fe from any or all of these
sources. Consistent with upwelling of DFe as a major
source of DFe in the Ross Sea, Marsay et al. (2014)
reported high DFe concentrations within 50m of the sea
floor in the summer of 2012. Most recently, Gerringa
et al. (2015) measured seawater DFe concentrations in the
2013–14 summer, and concluded that DFe from the sea
floor and land mass sediments are the main sources of
DFe which support phytoplankton in the upper mixed
layer of the Ross Sea polynya in the early summer.
Similarly, phytoplankton blooms in the Pennell Bank
region of the Ross Sea are supported by upwelling of DFe
(Kustka et al. 2015). However, Kustka et al. (2015) also
highlight the spatial variability of processes supplying
DFe in the Ross Sea. For example, circulation patterns
around bathymetric features can alter the input of DFe
from increased upwelling rates and higher concentrations
of DFe. Numerical modelling of DFe supply by
McGillicuddy et al. (2015) suggests that the largest
sources to the euphotic zone are wintertime mixing and
melting sea ice (e.g. Sedwick & DiTullio 1997, de Jong
et al. 2013) with smaller inputs from Circumpolar Deep
Water and from melting glacial ice.

Conclusions

Dust extracted from surface snow on McMurdo Sound
sea ice enables us to document the present day

provenance of dust reaching the SW Ross Sea. Based on
our measurements of Sr and Nd isotopic ratios of dust
deposited in surface snow on sea ice at McMurdo Sound
and in the Chinstrap sediment trap in the SW Ross
Sea we conclude the following: i) The Sr and Nd isotopic
signature of lithogenic sediment from the upper Chinstrap
sediment trap in the SW Ross Sea (εNd(0) = 3.9,
87Sr/86Sr = 0.70434) matches local dust sources.
ii) McMurdo Sound has been well characterized in
terms of the Sr and Nd isotopic composition of locally
derived dust deposited on sea ice. Dust found
there displays a narrow isotopic field between
0.70533< 87Sr/86Sr< 0.70819 and -1.1< εNd(0)< 3.45 for
the bulk fraction and 0.70807< 87Sr/86Sr< 0.70915 and
-0.94< εNd(0)< 0.86 for the fine fraction. Due to Sr isotopic
fractionation with particle size, the signature of the fine
fraction adds to the PSA database for comparison to
Antarctic ice core dust provenance studies. iii) Locally
derived dust from McMurdo Sound is unlikely to be the
major source of DFe for seasonal phytoplankton blooms in
the SW Ross Sea. Although, Sr and Nd isotopic ratios of
local dust on sea ice show similarities to lithogenic marine
sediment, we acknowledge the limited transport distance of
coarse-sized dust in this region. As dust transport varies
from year to year, we cannot completely exclude the
possibility that local dust can contribute to DFe to the
greater Ross Sea region although this is not the dominant
source of lithogenic Fe. iv) We surmise that there is
significant remobilization and upwelling of Fe from the sea
floor that contributes to Fe fertilization of phytoplankton
during the summer in the SW Ross Sea. Finally, v) source
information of dust inputs to regions, such as the Ross Sea,
improves the ability to predict how such supply will change
as the climate changes. As local sources are important to
the SWRoss Sea, this data could be included in models that
predict changes in snow and ice cover in the region.
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