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Abstract

Atmospheric aerosol samples were collected over the Southern Ocean (SO)

and coastal East Antarctica (CEA) during the austral summer of 2010/11.

Samples were analysed for trace elements, including Na, Mg, K, Al, Fe, Mn,

Ni, Cd and Se, by inductively coupled plasma mass spectrometry (ICP-MS).

The mean atmospheric concentrations over the SO were 1100 ng m�3 for Na,

190 ng m�3 for Mg, 150 ng m�3 for Al, 14 ng m�3 for Fe, 0.46 ng m�3 for Mn

and 0.25 ng m�3 for Se. Over CEA, the mean concentrations were 990 ng m�3

for Na, 180 ng m�3 for Mg, 190 ng m�3 for Al, 26 ng m�3 for Fe, 0.70 ng m�3

for Mn and 0.29 ng m�3 for Se. Particle size distributions, enrichment factors

(EFs) and correlation analysis indicate that Na, Mg and K mainly came from

the marine source, while Al, Fe and Mn were mainly from the crustal source,

which also contributed to Mg and K over CEA. High EFs were associated with

Ni, Cd and Se, suggesting likely contributions from mixed sources from the

Antarctic continent, long-range transport, marine biogenic emissions and anthro-

pogenic emissions. Sea-salt elements (Na, Mg, K) were mainly accumulated in

the coarse mode, and crustal elements (Al, Fe, Mn) presented a bimodal size

distribution pattern. Bioactive elements (Fe, Ni, Cd) were enriched in the

fine mode, especially with samples collected over the SO, possibly affecting

biogeochemical cycles in this oceanic region.

The Southern Ocean (SO) plays a critical role in regu-

lating the global carbon cycle (Reid et al. 2009), and

atmospheric aerosols over this region may contribute to

regional biogeochemical cycles and atmospheric chem-

istry (Jickells et al. 2005; Heimburger et al. 2012; Gao

et al. 2013). Atmospheric sea salt and biogenic sulphur

are among the major aerosol components over the SO

(Berg et al. 1998; Murphy et al. 1998). Sea-salt aerosol

particles contain elements such as Na, Mg, K and Ca

(Murphy et al. 1998; O’Dowd & De Leeuw 2007) and

sea-salt fractionation due to fresh sea-ice formation can

alter atmospheric chemistry over polar regions (Hara

et al. 2012). The seawater bubble bursting processes can

also be a source for atmospheric Se, in addition to

volcanic and biogenic sources (Schneider 1985; Weller

et al. 2008). The trace elements of continental sources

(Fe, Mn, Ni) provided by atmospheric long-range trans-

port are required for organisms during photosynthesis,

respiration and nitrogen fixation processes (Price & Morel

1990; Moore et al. 2013; Twining & Baines 2013).

Although some of these bioactive elements (Cd, Ni)

may act as toxicants at high concentrations to certain

marine organisms (Whitfield 2001; Echeveste et al.

2014), Fe is a limiting and essential micronutrient for

all organisms (Jickells et al. 2005). Recent field measure-

ments have shown that upwelling, dust deposition,

entrainment from shelf sediment and advection of sub-

tropical waters are among the sources of bioavailable iron

to SO waters (Boyd et al. 2004; Blain et al. 2007; Sedwick

et al. 2008). Enhancements in nitrogen fixation and

biological blooms correspond to the episodic supply of iron

(Frew et al. 2001; Boyd et al. 2004). In the SO, the

atmospheric Fe input contributes to the pool of dissolved Fe

(Blain et al. 2007; Gao et al. 2013; Heimburger et al. 2013).
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Observations of atmospheric trace elements over the SO

have been reported for the Atlantic sector (Rädlein &

Heumann 1995; Witt et al. 2006; Boye et al. 2012). Direct

measurements of atmospheric deposition of trace ele-

ments has been reported by Heimburger et al. (2012)

over the Kerguelen Islands (49818?S, 70807?E) in the

Indian Ocean sector of the SO, and Witt et al. (2006)

measured the atmospheric concentrations of trace ele-

ments during an Indian Ocean transect at 328S from

Durban, South Africa, to Perth, Australia. However,

few observations of atmospheric trace elements have

been made south of 508S in the Indian Ocean sector of

the SO.

Antarctica is the most pristine region on the planet,

isolated by the SO and circumpolar cyclonic vortex from

neighbouring continents. This provides ideal opportu-

nities for studying the background of aerosols far from

continental sources (Zoller et al. 1974; Dick 1991; Artaxo

et al. 1992; Mouri et al. 1997; Arimoto et al. 2008).

Previous observations of trace elements in aerosols were

made at the South Pole (Duce et al. 1975; Maenhaut

et al. 1979; Arimoto et al. 2008) and over coastal West

Antarctica (Mishra et al. 2004; Saxena & Ruggiero 2013).

Even though seasonal patterns of heavy metal con-

centrations deposited in snow have been conducted in

Lambert Glacier basin, East Antarctica (Hur et al. 2007),

atmospheric trace elements over coastal East Antarctica

(CEA) and the Indian Ocean sector of the SO during the

austral summer have hitherto not been investigated

simultaneously.

To quantify the concentrations and size distributions of

trace elements in aerosols, atmospheric particulate sam-

ples were collected during an Antarctic cruise in the SO

and CEA. In this paper, we present the distributions of

selected atmospheric trace elements and explore possible

sources for them. Results from this study can provide

valuable information about aerosol properties over both

the SO and CEA, contributing to a better understanding

of biogeochemical cycles in these regions.

Sampling and methods

Shipboard aerosol sampling

Aerosol sampling was conducted between the SO and

China’s Zhongshan Station (69822?S, 76822?E), and be-

tween Zhongshan Station and Australia’s Casey Station

(66817?S, 110832?E) during the austral summer from

November 2010 to March 2011, onboard the Chinese

icebreaker Xue Long (Fig. 1). In this study, the SO was

defined as the region between 408S and 658S, and coastal

Antarctica was defined as the region between 658S and

698S. The divisions of SO and CEA were made based on

three considerations. Firstly, the sea-ice extent, which

may impact the marine primary productivity (Nicol et al.

2000; Smith & Comiso 2008), is different between these

two regions. In austral summer, the region south of 408S
is ice-free, while CEA is covered with pack ice. Sea-ice

extent and biological productivity could determine the

source strength of marine biogenic aerosols, resulting in

changes in aerosol chemical composition and size char-

acteristics (Andreae 1986; Mosher et al. 1987; Trevena &

Jones 2012). Secondly, the air mass origins and wind

patterns in the SO and CEA were different. The origins of

air masses affecting samples collected over the SO were

mainly in the SO (Fig. 2), while samples collected in CEA

were mainly impacted by air masses from the Antarctic

continent (Fig. 3). This is also confirmed by wind

patterns: the SO is under westerly winds, but CEA is

affected by katabatic winds from the Antarctic continent

(Hogan 1975; Jourdain & Legrand 2001). Thirdly, the

polar front is a distinct boundary between warm and

cold air masses, where cyclonic storm systems develop

(Bjerknes & Solberg 1922). Turner & Thomas (1994)

found that high frequencies of vortex activities occurred

within coastal Antarctic regions, which is different from

the situation in SO.

Air samplers were assembled on a 3�6 m2 platform on

the ship’s eighth floor front deck, about 25 m above the sea

surface. To collect size-segregated atmospheric particle

samples over the SO, a high-volume cascade impactor (CI)

with a flow rate of ca. 1 m3 min�1 (Tisch Environmental,

Cleves, OH, USA) was used, and acid-washed Whatman

grade 41 cellulose filter papers (Whatman, Kent, UK) were

used as the sampling media. The aerodynamic cut-off

diameters of this sampler were 0.49, 0.95, 1.5, 3.0 and

7.2 mm, respectively. To separate the fine and coarse mode

particles, 1.5 mm was used as a cut-off size. Over CEA, a 10-

stage Micro-Orifice Uniform Deposit Impactor (MOUDI;

MSP Corp., Shoreview, MN, USA) with a flow rate of

30 L min�1 was used, and Teflon filters (Pall Corp., Port

Washington, NY, USA), 47 mm in diameter and 1 mm pore

size, were used as sampling substrates to collect the size-

segregated aerosol samples. The 50% cut-off mass median

aerodynamic diameters of the MOUDI were 0.056, 0.10,

0.18, 0.32, 0.56, 1.0, 1.8, 3.2, 5.6, 10 and 18 mm. A cut-off

size 1.8 mm was used to separate the fine and coarse

aerosol fractions. Total suspended particles were also

collected during this cruise, using model 3500 Chemcomb

Cartridge devices (Thermo Scientific, Waltham, MA) with

a flow rate of ca. 15 L min�1 and polytetrafluoroethylene

filters (47 mm diameter, 1.0 mm pore size) as sampling
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substrates. To avoid contamination from the ship, a wind

speed and direction system installed on the same sampling

platform was utilized to control all sampling instruments,

which operated sampling only when the wind was from a

sector 908 left and right on the centre line of the ship’s path

and at wind speeds �2 m s�1. During sampling, loading

and unloading of the filters were conducted in a 100-class

high-efficiency particulate air-filtered laminar flow clean-

room hood in the ship’s chemical laboratory, following

clean-room operation procedures. After sampling, sample

filters with field blanks were kept in the refrigerator at 48C
in the ship. Detailed sampling information is presented in

Table 1.

Chemical analyses

Aerosol samples were analysed for elements, including Na,

Mg, K, Al, Fe, Mn, Ni, Cd and Se, through inductively

coupled plasma mass spectrometry (ICP-MS) with a

7500ce model (Agilent Technologies, Santa Clara, CA,

USA) at the Third Institute of Oceanography, China, fol-

lowing the same methods described by Gao et al. (2013).

Briefly, one quarter from each aerosol sample filter was

digested with concentrated HNO3 in a Microwave Accel-

erated Reaction System (CEM Corp., Matthews, NC,

USA). Three steps in the digestion process were used:

(1) heating to 170958C in 5.5 min, (2) keeping at

170958C for 30 min for finishing digestion and (3)

cooling down for 20 min. Digested solutions were diluted

with Milli-Q water to achieve an acidity of 4% and then

injected into the ICP-MS system. The detection limits

were ca. 0.001 ng m�3 for Na, Mg and K; ca. 0.003 ng

m�3 for Fe, Ni and Se; and ca. 0.005 ng m�3 for Cd in

this study. The average precision for replicate samples

was ca. 2%, and the overall average field blank levels

were ca. 2% relative to samples. The recoveries of trace

elements by this digestion method were determined by

utilizing the environmental calibration standard 5183-

4688 from Agilent Technologies, based on the same

digestion and analysis as our samples. The results showed

that the recoveries of Na, Mg, K, Al, Fe, Mn, Ni, Cd and

Se ranged from 93% to 101%. External standards curves

were constructed (R2�0.9999) for the determinations of

trace elements in samples. The final concentrations of

selected trace elements in samples were obtained after

subtraction of their appropriate field blanks.

Fig. 1 Cruise tracks and sampling locations. The solid line represents the leg from Fremantle, Australia, to China’s Zhongshan Station (CI1, CI2) in

Antarctica; the dotted line represents the legs between Zhongshan Station and Australia’s Casey Station (M1, M2); the dashed line represents the leg

from Zhongshan Station to Fremantle (CI3, CI4).
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Fig. 2 Air-mass back trajectories (AMBTs) for samples collected over the Southern Ocean. These were (a) sample T1, (b) sample T2, (c) sample T3,

(d) sample T15, (e) sample T1 and (f) sample T17. The calculations were based on the National Oceanic and Atmospheric Administration (NOAA) Global

Data Assimilation System meteorology database, using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) program. AMBTs were

performed at 50 and 500 m height above ground level over the sampling locations every 6 h, going backward seven days. Units on the altitude axes are

metres.
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Fig. 3 Air-mass back trajectories (AMBTs) for samples collected over coastal East Antarctica. These were (a) sample T4, (b) sample T6, (c) sample T7,

(d) sample T10, (e) sample T12 and (f) sample T14. The calculations were based on the National Oceanic and Atmospheric Administration (NOAA) Global Data

Assimilation System meteorology database, using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) program. AMBTs were performed at

50 and 500 m height above ground level over the sampling locations every 6 h, going backward seven days. Units on the altitude axes are metres.
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Data analyses

Meteorological data analyses

During sampling periods, the meteorological data, in-

cluding air temperature, air pressure, relative humidity,

wind speed and wind direction, were obtained from the

ship’s weather stations (Table 1). To explore possible

sources of the observed trace elements in aerosols, air

mass back trajectories were performed at 50 and 500 m

height above the ground over the sampling locations

every 6 h, going backward seven days. The trajectories

were calculated from the National Oceanic and Atmo-

spheric Administration Global Data Assimilation System

meteorology database (Draxler & Rolph 2014), using the

Hybrid Single-Particle Lagrangian Integrated Trajectory

(HYSPLIT) program.

Enrichment factor

The use of an enrichment factor (EF) is a first-step of

source identification to differentiate the possible sources

of atmospheric trace elements observed in this study. EF

is defined as follows:

EFi ¼ ðXi=XrÞair=ðXi=XrÞsou;

where EFi is the EF of element i, r is the reference

element, (Xi/Xr)air is the concentration ratio of element

i over the reference element r in aerosols, and (Xi/Xr)sou

is the abundance ratio of element i over r in source

materials. In this paper, EFsi is the EF for the source of sea

water by utilizing Na as the reference element abundant

in the ocean waters (Millero 2013). EFci is the EF for

crustal source, with Fe being chosen as the representative

element of crustal materials (Taylor 1964), as good cor-

relations among typical crustal elements (Fe, Mn and Al)

were found in this study over the SO and CEA (R2�0.5,

n�17). If an EF value for an element is less than 10, the

source represented by element r is likely the source for

element i; if EF�10, it can be considered that element i

has another source, as the element i is greatly enriched

relative to element r (Chester et al. 1991; Weller et al.

2008).

Results and discussion

Mass concentration distributions

Elements Na, Mg, K. Results showed that the average

concentrations of Na were 1100 ng m�3 over the SO and

990 ng m�3 over CEA, while the highest observed Na

concentrations were 2700 ng m�3 over the SO and 1800

ng m�3 over CEA (Table 2). The mean concentration

Table 1 Sampling information, including wind speed (WS), air temperature (AT), relative humidity (RH) and air pressure (AP).

Sample type No. Sampling date Lat. (8S), Long. (8E) WS (m s�1) AT (8C) RH (%) AP (hPa)

Total suspended particles T1 25/11/10�27/11/10 348S, 1098E�418S, 1008E 14.1 8.8 68.4 1026

T2 27/11/10�30/11/10 428S, 1008E�568S, 948E 6.9 13.1 78.2 1014

T3 30/11/10�02/12/10 568S, 948E�628S, 818E 14.5 0.7 94.5 995

T4 03/12/10�04/12/10 658S, 788E�698S, 948E 13.4 �3.4 79.5 985

T5 05/12/10�07/12/10 698S, 768E�698S, 768E 4.2 �2 55.9 996

T6 11/01/11�19/01/11 698S, 758E�648S, 1028E 5.8 0.5 83.3 997

T7 19/01/11 648S, 1038E�668S, 1108E 5.9 0.7 76.2 999

T8 26/01/11�28/01/11 668S, 1108E�658S, 878E 8.1 0.1 73.5 988

T9 28/01/11�30/01/11 648S, 848E�698S, 768E 6.3 �0.6 78.3 996

T10 10/02/11�11/02/11 698S, 788E 6 �4.3 45.3 986

T11 12/02/11�15/02/11 698S, 778E 7.8 �4.4 48 992

T12 15/02/11�18/02/11 698S, 778E�698S, 788E 11.7 �3.6 47.8 995

T13 22/02/11�23/02/11 698S, 778E�698S, 758E 9.2 �7.1 62 982

T14 26/02/11�01/03/11 698S, 768E�578S, 768E 10.6 �1.9 82.3 983

T15 02/03/11�04/03/11 588S, 818E�448S, 968E 9.4 8.6 70.1 1018

T16 04/03/11�06/03/11 448S, 968E�368S, 1028E 7.7 13.7 67.5 1023

T17 06/03/11�08/03/11 358S, 1028E�328S, 1158E 13.8 20 59.9 1019

Cascade impactor CI1 25/11/10�30/11/11 348S, 1098E�568S, 948E 11.3 9.9 74.1 1019

CI2 30/11/10�04/12/10 568S, 948E�698S, 768E 16.1 �1.2 89.2 988

CI3 26/02/11�02/03/11 698S, 768E�528S, 848E 11.3 �0.3 85.4 987

CI4 03/03/11�07/03/11 488S, 898E�338S, 1108E 9.3 14.3 63.6 1023

MOUDIa M1 11/01/11�19/01/11 698S, 758E�668S, 1108E 5.8 0.5 82.7 997

M2 26/01/11�30/01/11 668S, 1108E�698S, 768S 7.4 �0.2 76 991

aMicro-Orifice Uniform Deposit Impactor.
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of Na observed over CEA was comparable with that

reported by Artaxo et al. (1992) over the Antarctic

Peninsula, which was 1046.2 ng m�3. Xu et al. (2013)

showed that sea-salt aerosols in bulk samples contributed

to ca. 72% of the mass over the SO and ca. 56% in CEA.

Significant latitudinal gradient of sea-salt aerosol indi-

cated by Na was observed over the SO (Table 2) affected

by the variation of wind speeds. The strong westerly

wind with speed �13 m s�1 over the SO could explain

the observed high concentrations of sea-salt elements.

The average concentrations of both Mg and K wereB200

ng m�3 over the SO and CEA. Sea spray or bubble

bursting processes in the SO was the dominant source

for the observed sea-salt elements over these regions

(Minikin et al. 1998; Wagenbach et al. 1998). The con-

centrations of sea-salt elements (Na, Mg and K) observed

in CEA during this study in austral summer were more

than four times higher than those at Neumayer Station,

located at 70839?S, 8815?W (Weller et al. 2008). This

difference in sea-salt concentrations could be explained

by the distance to open water as aerosol sampling con-

ducted by Weller et al. (2008) was made on land, about

1.5 km south of Neumayer Station which is more than

10 km from open water. The presence of sea ice in CEA

may contribute to Na depletion in sea-salt aerosol from

sea ice through the formation of mirabilite (Na2SO4 �
10H2O) (Fattori et al. 2005; Yang et al. 2008; Kalnajs et al.

2013). Rankin & Wolff (2003) found that over the coast

of the Weddell Sea, 60% of the total sea salt came from

brine and frost flowers on the sea ice rather than open

water. Hara et al. (2012) conducted aerosol sampling

at Syowa Station and found that fractionated sea-salt

particles were accumulated in the ultrafine-coarse modes,

with higher Mg2�/Na� and K�/Na� ratios compared

with those of bulk seawater. In this study, higher Mg2�/

Na� and K�/Na� ratios than those of bulk seawater were

also found in aerosol samples collected in CEA, implying

that Na depletion may affect the EF calculation using

Na as the representative element for seawater. However,

Weller et al. (2008) concluded that sea-salt fractionation

could cause ca.11.8% of Na depletion by mass, leading

to an increase of the EF to ca.1.12 in winter, when sea-

salt fractionation was most active. Therefore, the Na

depletion process may not affect the general EF results

in this study. Further investigation is needed to solve this

problem.

Elements Al, Fe, Mn. The concentrations of total Al

ranged from 77 to 240 ng m�3 over the SO (average 150

ng m�3) and from 130 to 310 ng m�3 over CEA (average

190 ng m�3; Table 2). Over the SO, the concentrations

of total Fe ranged from 6.1 to 38 ng m�3 (average 14 ng

m�3) and 14 to 56 ng m�3 (average 27 ng m�3) over

CEA. One explanation for the high Fe concentration

(56 ng m�3) observed in the areas of 64�668S, 1038E
could be due to possible contributions by local dry lands,

as suggested by Gao et al. (2013). Compared with the

results (average Fe 130 ng m�3) from McMurdo Station

Table 2 Elements concentration over the Southern Ocean (SO) and coastal East Antarctica (CEA).

Trace elements (ng m�3)

Region Sample ID Na Mg K Al Fe Mn Ni Cd Se

SO T1 2700 360 150 110 8.1 0.29 0 0 0.19

T2 180 49 58 77 6.1 0.2 0 0 0.09

T3 1700 230 120 140 10 0.25 0 0 0.17

T14 230 88 100 140 11 0.46 0 0 0.4

T15 1200 220 210 240 38 0.73 0.07 0.02 0.11

T16 880 220 140 180 15 0.9 0 0.01 0.36

T17 790 130 140 160 12 0.39 0 0 0.4

Range 180�2700 49�360 58�210 77�240 6.1�38 0.2�0.9 0�0.07 0�0.02 0.09�0.4

Average 1100 190 130 150 14 0.46 0.01 0.004 0.25

CEA T4 620 150 220 270 29 0.75 0.59 0 0.2

T5 160 62 76 160 14 0.61 0 0 0.11

T6 1800 260 170 150 20 0.54 1.7 0.02 0.09

T7 1800 310 340 310 56 1.2 2.2 0.04 0.48

T8 1000 150 150 130 31 0.50 1.6 0.03 0.11

T9 1500 220 160 160 14 0.45 0 0 0.46

T10 360 90 120 160 20 0.77 0 0.02 0.49

T11 440 89 120 150 30 0.53 0.27 0.05 0.11

T12 610 140 120 160 22 0.67 0.06 0.01 0.16

T13 1600 330 270 220 29 0.95 1.1 0 0.64

Range 160�1800 62�330 76�340 130�310 14�56 0.45�1.2 0�2.2 0�0.05 0.09�0.64

Average 990 180 170 190 27 0.70 0.75 0.017 0.29
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(77851?S, 166840?E) (Mazzera et al. 2001), relatively low

Fe concentrations in aerosols were observed over both

the SO and CEA during this study. The high Fe concen-

trations around McMurdo Station could be affected by

local sources and an active volcano existed (Kyle et al.

1990). The concentrations of total Mn ranged from 0.2 to

0.9 ng m�3 over the SO (average 0.46 ng m�3) and from

0.45 to 1.2 ng m�3 over CEA (average 0.70 ng m�3;

Table 2). Low Mn concentrations were observed over the

South Pole during the austral summer with an arithmetic

mean of 0.013 ng m�3 (Maenhaut et al. 1979), while

high Mn concentrations (average 2.5 ng m�3) in ambient

PM10 samples were observed at McMurdo Station (Mazzera

et al. 2001). Wagenbach et al. (1988) utilized Mn as the

reference element for crustal aerosol and found the

maximum Mn over coastal West Antarctica (708S, 88W)

in the austral summer, during which crustal aerosol

concentration was more than two times higher than the

mean concentration. Similar seasonal maxima for crustal

elements in aerosols were also observed at Neumayer

Station by Weller et al. (2008), who concluded that the

crustal elements (Al, La, Ce and Nd) in aerosols showed

the maximum during the austral summer, with the

summer mean 1.7 times the annual mean. The concen-

trations of crustal elements (Fe, Mn) observed during this

study were comparable with studies in the SO and coastal

Antarctic sites by other investigators (Chester et al. 1991;

Rädlein & Heumann 1992; Mishra et al. 2004; Bowie

et al. 2009). In addition, significant spatial variations in

the concentrations of both Fe and Mn were found over

the SO. Aerosol samples collected over the SO, especially

aerosol collected fromB408S near west Australia, could

be influenced by dust from Australia deserts (Tanaka &

Chiba 2006), although dust may also be carried by long-

range transport from the continents, such as Patagonia in

South America (Johnson et al. 2011) and South Africa

(Gassó & Stein 2007). However, aerosols over CEA could

be affected by coastal Antarctic local sources, which can

be indicated by the air mass back trajectories (Figs. 2 and 3).

The McMurdo Dry Valleys is one potential source contri-

buting to the observed high crustal elements concen-

trations in this study, as discussed in more detail by Gao

et al. (2013).

Elements Ni, Cd, Se. The observed Ni concentrations

ranged from 0 to 0.07 ng m�3 over the SO (average 0.01

ng m�3) and from 0 to 2.2 ng m�3 over CEA (average

0.75 ng m�3), while the observed Cd concentrations

ranged from 0 to 0.02 ng m�3 over the SO (average

0.004 ng m�3) and from 0 to 0.05 ng m�3 over CEA

(average 0.017 ng m�3) during the austral summer.

These results were comparable to previous observations

over the SO and CEA. Ezat et al. (1994) investigated

the long-range atmospheric transport of aerosols to the

southern Indian Ocean, and they found that the average

ambient concentration of Ni was 0.25 ng m�3. Artaxo

et al. (1992) conducted aerosols observations over the

Antarctic Peninsula, and they concluded that in the fine

mode particles, the Ni concentration was 0.076 ng m�3

during the summer, while PM10 observation at McMurdo

Station revealed that the average Ni concentration was

0.14 ng m�3 (Mazzera et al. 2001). However, Maenhaut

et al. (1979) measured the concentrations and size distri-

butions of trace elements in aerosols in the South Pole

atmosphere, and reported that the arithmetic means

atmospheric concentration of Cd wasB0.018 ng m�3.

Annibaldi et al. (2007) conducted research on water-

soluble and insoluble fractions of Cd in Antarctic aerosols

at Terra Nova Bay and found that total extractable

(soluble portion and insoluble portion) fractions of Cd

in PM10 aerosol samples ranged from 0.0006 ng m�3 to

ca. 0.006 ng m�3 (average concentration 0.003 ng m�3).

Higher average concentrations of Ni and Cd over CEA

than these over the SO may suggest possible sources for

these elements around coastal Antarctica, although other

factors may also affect their concentrations in this region,

such as the impacts of different meteorological conditions

and long-range transport from other continents (Mishra

et al. 2004).

The observed Se concentrations ranged from 0.09 to

0.4 ng m�3 over the SO (average 0.25 ng m�3) and from

0.09 to 0.64 ng m�3 over CEA (average 0.29 ng m�3)

during the austral summer. Observations over the South

Pole showed that the average ambient concentration of

Se was ca. 0.006 ng m�3 during the summer time (Zoller

et al. 1974; Cunningham & Zoller 1981), while observa-

tions by Artaxo et al. (1992) showed that average atmo-

spheric concentration of Se was 0.064 ng m�3 over the

Antarctic Peninsula. At Neumayer Station, Weller et al.

(2008) reported that average ambient concentration of Se

was 0.025 ng m�3 during the austral summer. Different

source processes could explain the geographical varia-

bility of Se concentrations. Weller et al. (2008) further

investigated the potential source of Se and concluded that

a distinct ambient Se concentration maximum existed in

austral summer and there was a significant correlation

between Se and sulphur-containing species (methanesul-

phonate [MSA]) and non-sea-salt sulphate (nss-SO4
2�)

(r[MSA]�0.66; r[nss-SO4
2�]�0.67), indicating a poten-

tial marine biogenic source for this element. However,

no good correlation between MSA or nss-SO4
2� and Se

(r[MSA]�0.09; r[nss-SO4
2�]�0.22) was found in this

study, which implies that the existence of Se in aerosols in

these regions is not solely explained by marine biogenic

emissions. Other potential sources of Se could be volcanic
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emissions, as pointed out by Cunningham & Zoller (1981),

who stated that the atmospheric load of volatile elements

including Se could be influenced by volcanic emissions.

Sea spray, volcanoes and the biogenic emissions could

explain ca. 60% of the atmospheric Se budget (Weller

et al. 2008). In general, the concentrations of Ni, Cd and

Se observed during this study were low and comparable

with previous observations (Rädlein & Heumann 1992,

1995; Annibaldi et al. 2007; Weller et al. 2008).

Particle size distributions

Over the Southern Ocean. Figure 4 shows the size

distributions of selected trace elements (Na, Mg, K, Al,

Fe, Mn, Ni, Cd and Se) in aerosols over the SO derived

from four sets of CI samples. The element Na, Mg and

K were mainly accumulated in the coarse mode with

particle size�3 mm. Sea-salt aerosol over the SO was

strongly influenced by westerly winds, which was con-

sistent with the concentration variation and size distribu-

tion of sea salt under the high wind speed condition

reviewed by O’Dowd et al. (1997). Chester (1990) also

concluded that sea-salt-generated elements mainly

existed in particle size range from approximately 3 mm to

�7 mm. The elements Al, Fe and Mn showed a bimodal

size distribution, with size peaks both in the fine mode

(B0.95 mm) and coarse modes (�3 mm), but the mass

concentrations were mainly accumulated in the fine

mode. However, the elements Ni and Cd were mainly

accumulated in the fine mode (sizeB0.49 mm) over the

SO, while Se presented a size distribution pattern with

peaks at size B0.49 mm, 0.95�1.5 mm and 3�7.2 mm. The

coarse mode fractions of Al, Fe, Mn, Ni, Cd and Se in

aerosols could be explained by the crustal source, having

mass median diameters ranging from about 1 to about

3 mm (Chester 1990). The fine mode fractions, in con-

trast, could be attributed to long-range transported dust,

volcanic processes and anthropogenic processes (Chester

1990).

Over Coastal East Antarctica. Figure 5 shows the size

distributions of selected trace elements (Na, Mg, K, Al,

Fe, Mn, Ni, Cd and Se) in aerosols over CEA derived from

two sets of MOUDI samples (Fig. 5). The results showed

that Na, Mg and K mainly existed in the coarse mode

(particle size �1.8 mm), which could be explained by the

Fig. 4 Particle size distributions of selected elements over the Southern Ocean based on four sets of size-segregated samples collected by a high-

volume cascade impactor (CI). On the x-axes, 1 represents size B0.49 mm; 2 represents size range 0.49�0.95 mm; 3 represents size range 0.95�1.5 mm;

4 represents size range 1.5�3 mm; 5 represents size range 3�7.2 mm; and 6 represents size �7.2 mm).
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contributions from sea spray over the Antarctic coastal

seas (Minikin et al. 1998; Wagenbach et al. 1998). The

element Al, Fe, Mn, Ni, Cd and Se displayed bimodal size

distribution patterns, peaking at both fine mode (size

B1.8 mm) and coarse mode (size �1.8 mm), but their

mass concentrations were mainly accumulated in the

coarse mode, except for Cd and Se. Gao et al. (2013)

indicated that the size peak of atmospheric Fe in the

coarse mode could be derived from crustal substances

from regional sources in Antarctica. They investigated

the dust source region with air mass back trajectories and

suggested that McMurdo Dry Valleys could bring in

crustal materials to coastal Antarctic sites. Therefore,

the presence of Al, Fe, Mn, Ni, Cd and Se in coarse mode

particles could be attributed to local aeolian inputs;

however, further research is required to justify this

interpretation. Different chemical and physical processes

(such as the chemical weathering of rocks and wind

speeds) may be involved and reflected by different size

distributions of these elements in the regions, and the

size distributions of different metals should depend on

the balance of different sources: marine, crustal, biogenic

and anthropogenic (Grgić 2009).

Sources identification of trace elements in aerosols
Enrichment factor. Results from both CI and MOUDI

samples were separated into fine and coarse modes to

explore the possible particle size distribution/sources

relationships. The calculated EF (EFs and EFc) of trace

elements in both fine and coarse particles over the SO is

shown in Fig. 6. Mg and K in both fine and coarse modes

had EFsB10 and EFc�10, suggesting they originated

from marine sources. In contrast, Mn and Al in both

modes had EFs�10 and EFcB10, suggesting they were

derived from crustal sources (Fig. 6). However, EFs and

EFc of Ni, Cd and Se were much higher than the thres-

hold (10) both for marine and crustal sources, suggesting

additional sources for these elements. The calculated EFs

and EFc of trace elements in both fine and coarse parti-

cles over CEA are shown in Fig. 7. Both EFs and EFc

of Cd and Se were higher than the marine and crustal

threshold (10). Therefore, additional sources, such as bio-

genic emissions, volcano eruptions and anthropogenic

emissions, need to be considered to explore the additional

sources for these two elements (Rädlein & Heumann

1995; Pacyna & Pacyna 2001). Mn and Al in both particle

Fig. 5 Particle size distributions of selected elements over coastal East Antarctica based on two sets of samples collected by Micro-Orifice

Uniform Deposit Impactor. On the x-axes, 1 represents size range 0.056�0.10 mm; 2 represents size range 0.10�0.18 mm; 3 represents size range 0.18�
0.32 mm; 4 represents size range 0.32�0.56 mm; 5 represents size range 0.56�1.0 mm; 6 represents size range 1.0�1.8 mm; 7 represents size range 1.8�
3.2 mm; 8 represents size range 3.2�5.6 mm; 9 represents size range 5.6�10 mm; and 10 represents size range 10�18 mm.
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size modes were from the crustal source as EFcB10 and

EFs �10, while Mg and K in both modes had EFsB10.

However, K in both modes had EFcB10, and Mg in fine

mode had EFcB10 over CEA. Crustal sources may there-

fore contribute to Mg and K in CEA. Ni in fine mode had

EFcB10, but EFs�1000, indicating that contributions

from crustal source may explain this fraction of Ni in

aerosols (Cempel & Nikel 2006).

Correlations between selected trace elements.

To further explore sources of selected trace elements

(Na, Mg, K, Al, Fe, Mn, Ni, Cd and Se) in aerosols over

the SO and CEA, correlations between each element

were calculated in both fine and coarse modes (n�6),

which are shown in Table 3. In the fine mode particles,

significant correlations were found between Na and Mg

(Pearson coefficient�0.9, pB0.001), and between K and

Mg (Pearson coefficient�0.8, pB0.05), suggesting that

Na and Mg were mainly derived from seawater, even

though Mg and K had certain contributions from crustal

sources in CEA, as inferred by the EF. Good correlations

(Pearson coefficient�0.9, pB0.001) between Fe, Al and

Mn revealed that these three elements in the fine mode

shared common sources. Notable correlations were also

found between Cd, Se and Fe (Pearson coefficient�0.8,

pB0.05), suggesting that atmospheric Fe, Al, Mn, Cd and

Se in the fine fraction could be derived from dust carried

by long-range transport, during which particle fractiona-

tion occurred and their lifetime as smaller particles in

the atmosphere was extended (Seinfeld & Pandis 2006).

In the coarse mode, significant correlations appeared

between Fe, Al, Mn and K (Pearson coefficient�0.9,

pB0.001, except for that between Fe and K (Pearson

coefficient�0.8, pB0.05). Together with the EF results

(EFs and EFc), this indicates that Fe, Al and Mn mainly

came from crustal sources, which also contributed to K in

coarse mode particles. Significant correlation between

Mn, Cd and Se (Pearson coefficient�0.9, pB0.001) imply

crustal inputs of these elements in coarse mode particles,

while significant correlations between Mg, Cd and Se

(Pearson coefficient �0.8, pB0.05) also indicated that

sea salt could be the source of these elements in the

coarse mode.

Implication for aerosol impacts on climate and
biogeochemical cycling

Aerosols play an important role in climate and bio-

geochemistry cycling (Charlson et al. 1987; Jickells et al.

2005; Mahowald 2011). These particles modify the

radiation budget of the atmosphere, both directly and

indirectly (O’Dowd & De Leeuw 2007). Aerosols affect

the radiation budget indirectly through affecting micro-

physical, optical and radiative properties of clouds by

Fig. 6 Enrichment factors (EFs and EFc) of elements in aerosols over the

Southern Ocean against reference material composition (a) with Na as

the reference element for marine source and (b) with Fe as the reference

element for crustal material. The dashed line indicates the value of

10 that operationally separates the impact from the reference source

(either sea water or crustal) and other sources.

Fig. 7 Enrichment factors (EFs and EFc) of elements in aerosols over the

coastal East Antarctica against reference material composition (a) with

Na as the reference element for marine source and (b) with Fe as the

reference element for crustal material. The dashed line indicates the

value of 10 that operationally separates the impact from the reference

source (either sea water or crustal) and other sources.
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serving as cloud condensation nuclei (CCN) or ice nuclei

(IN) (Albrecht 1989; DeMott et al. 2003), depending on

their chemical composition and size (Dusek et al. 2006).

In this study, the particle size distributions of Fe and Mn

in aerosols observed over the SO were mainly accumu-

lated at the fine mode (B0.49 mm), largely in the size

mode of CCN. This result implies that these fine mineral

aerosol particles could act as CCN, affecting cloud albedo

over the SO. Mineral aerosols can also interact with

sulphate and nitrogen containing species during their

transport in the atmosphere, and form internally mixed

particles, further modifying the ability of mineral parti-

cles acting as CCN (Dentener et al. 1996; Levin et al.

2005). Moreover, mineral aerosols have been known to

be effective IN, playing a vital role in ice crystal formation

in high clouds (DeMott et al. 2003; Cziczo et al. 2009).

These ice crystals could affect the radiation budget, the

hydrological cycle and water vapour distribution in the

atmosphere (Avramov & Harrington 2010; DeMott et al.

2010). Sea-salt particles can also act as efficient CCN

(Murphy at al. 1998; Pierce & Adams 2006).

Additionally, over the global ocean, the mean concen-

trations of atmospheric Fe, Ni and Cd were 550 ng m�3,

2.1 ng m�3 and 0.1 ng m�3, respectively (Heintzenberg

et al. 2000). Once deposited, these bioactive elements can

affect the growth of phytoplankton in the euphotic zone

of the ocean (Bruland et al. 1991; Morel & Price 2003).

Profiles for dissolved Fe, Ni and Cd in the ocean generally

show the patterns of surface depletion and deep-water

enrichment, resulting from the uptake by biota in surface

waters and regeneration of sinking particles in deep

waters (Norisuye et al. 2007; Millero 2013). These ele-

ments are required by phytoplankton during various

metabolic processes (Price & Morel 1991; Cullen et al.

1999). Lane & Morel (2000) reported that Cd could act as

a Cd-specific carbonic anhydrase in certain diatoms. In

general, Fe, Ni and Cd in seawater play a critical role in

regulating oceanic phytoplankton growth and, hence,

may influence the global carbon cycle.

However, measurements of in situ speciation and bio-

reactivity of bioactive elements are few, both in the

surface waters of the SO and its marine atmosphere.

Sarthou et al. (2011) showed that higher values of labile

Fe(II) were found in the surface mixed layer than in deep

waters toward high latitudes, which could be attribu-

ted to atmospheric Fe(II) deposition (Gao et al. 2013).

Gao et al. (2013) reported that total dissolvable Fe air�sea

deposition fluxes were 0.007�0.52 mg m�2 yr�1 over

the SO. The atmospheric dissolvable Fe input contributes

to the dissolved Fe pool in SO surface waters, supporting

marine primary production (Chever et al. 2010). In any

case, once these elements get into the seawater, they are

present in different chemical forms such as free ionic,

labile bound, and strongly bound to organic ligands

(Baeyens et al. 2011). However, not all of these forms

are accessible to phytoplankton, and they need to be in

free ionic or labile bound forms (Davlson & Zhang 1994;

Morel & Price 2003; Baeyens et al. 2011) in order to cross

the phytoplankton cell membrane. In this study, the

observed atmospheric Ni and Cd concentrations were low

compared with Fe, but these three elements (Fe, Ni

and Cd) were mainly accumulated in the fine mode.

Table 3 Correlations between trace elements concentrations (N�6) of aerosol particles. Correlation values followed by a single asterisk are significant

at the 0.05 level (two-tailed test). Double asterisks indicate significance at the 0.01 level (two-tailed test).

Trace elements of fine mode Na Mg K Al Fe Mn Ni Cd Se

Na 1 0.98** 0.71 �0.61 �0.79 �0.82* �0.79 �0.98** �0.63

Mg 1 0.82* �0.46 �0.67 �0.71 �0.88* �0.94** �0.49

K 1 0.12 �0.13 �0.18 �0.98** �0.59 0.068

Al 1 0.97** 0.95** 0.0044 0.72 0.98**

Fe 1 0.99** 0.25 0.87* 0.96**

Mn 1 0.31 0.90** 0.95**

Ni 1 0.69 0.045

Cd 1 0.75

Se 1

Trace elements of coarse mode Na Mg K Al Fe Mn Ni Cd Se

Na 1 0.86* 0.72 0.55 0.32 0.48 �0.027 0.51 0.56

Mg 1 0.97** 0.90* 0.75 0.86* �0.29 0.87* 0.89*

K 1 0.97** 0.85* 0.95** �0.36 0.95** 0.96**

Al 1 0.97** 0.95** 0.0044 0.72 0.98**

Fe 1 0.97** �0.47 0.89* 0.90*

Mn 1 �0.44 0.96** 0.97**

Ni 1 �0.34 �0.32

Cd 1 0.99*

Se 1
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Once deposited into the ocean, these elements in fine

particles may be more easily dissolved than coarse mode

particles and get involved in bio-interaction through

colloidal aggregation and organic complexation by phy-

toplankton (Wells 2002). However, precisely defining

these elements’ bioavailability is challenging, as it in-

volves complicated interactions among biogeochemical

processes, biological organisms, trace elements chemistry

and ambient environmental conditions.
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Dávila M., Santana-Casiano J.M., Planchon F. & Speich S.

2011. Labile Fe(II) concentrations in the Atlantic sector of

the Southern Ocean along a transect from the subtropical

domain to the Weddell Sea Gyre. Biogeosciences 8, 2461�2479.

Saxena V.K. & Ruggiero F.H. 2013. Aerosol measurements at

Palmer Station, Antarctica. In C.R. Bentley (ed.): Contri-

butions to Antarctic Research I. Antarctic Research Series 50.

Pp. 1�5. Washington, DC: American Geophysical Union.

Schneider B. 1985. Sources of atmospheric trace metals

over the subtropical North Atlantic. Journal of Geophysical

Research*Atmospheres 90, 10744�10746.

Sedwick P.N., Bowie A.R. & Trull T.W. 2008. Dissolved iron in

the Australian sector of the Southern Ocean (CLIVAR SR3

section): meridional and seasonal trends. Deep-Sea Research

Part I 55, 911�925.

Seinfeld J.H. & Pandis S.N. 2006. Atmospheric chemistry and

physics. Hoboken, NJ: John Wiley.

G. Xu & Y. Gao Atmospheric trace elements in aerosols

Citation: Polar Research 2014, 33, 23973, http://dx.doi.org/10.3402/polar.v33.23973 15
(page number not for citation purpose)

http://www.polarresearch.net/index.php/polar/article/view/23973
http://dx.doi.org/10.3402/polar.v33.23973


Smith W.O. & Comiso J.C. 2008. Influence of sea ice on

primary production in the Southern Ocean: a satellite

perspective. Journal of Geophysical Research*Oceans 113,

C05S93, doi: 10.1029/2007JC004251.

Tanaka T.Y. & Chiba M. 2006. A numerical study of the

contributions of dust source regions to the global dust

budget. Global and Planetary Change 52, 88�104.

Taylor S.R. 1964. Abundance of chemical elements in the

continental crust: a new table. Geochimica et Cosmochimica

Acta 28, 1273�1285.

Trevena A. & Jones G. 2012. DMS flux over the Antarctic sea

ice zone. Marine Chemistry 134, 47�58.

Turner J. & Thomas J.P. 1994. Summer-season mesoscale

cyclones in the Bellingshausen�Weddell region of the

Antarctic and links with the synoptic-scale environment.

International Journal of Climatology 14, 871�894.

Twining B.S. & Baines S.B. 2013. The trace metal composition

of marine phytoplankton. Annual Review of Marine Science 5,

191�215.

Wagenbach D., Görlach U., Moser K. & Münnich K.O. 1988.
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