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Abstract  Polar regions are free from major anthropogenic impact due to their remoteness. However, certain pollutants can be 

transported there via atmospheric and/or oceanic circulations. Here we present an overview of current research on 

organophosphorus esters (OPEs) in polar regions by reviewing the literature on distribution, source and transport of OPEs. 

Current research on OPEs reveals significant anthropogenic influences in both polar regions. As well as the expected occurrence

in the Arctic, OPEs were found on the Antarctic Ice Sheet up to 650 km from the coast, and the OPE concentrations were higher 

at high elevation due to cold climate retention. The immediate source of OPEs for inland Antarctica might be the Southern 

Ocean surrounding the continent, where OPEs in aerosols and seawater showed comparable concentrations to remote areas in the 

European Arctic. A positive correlation between aerosol OPEs in the open water and the surface vortex of ocean currents 

indicates that these compounds may be transported and accumulated in the ocean currents. The Antarctica Circumpolar Current 

accumulates them in the marginal seas of Antarctica. 
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1 Introduction 
 

Polar ecosystems are vulnerable mainly due to their 
physical environment and lack of complexity (Block, 1994). 
However, despite its pristine and unspoiled features 
(Hughes et al., 2011), Antarctica is also threatened by 
contaminants from tourism and scientific expeditions 
(Stewart et al., 2005), as well as long range transported 
pollution (Bargagli, 2006). Though it is the only continent 
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where indigenous people and industry are absent, industrial 
pollutants could be transported to Antarctica via various 
pathways, as humanity has become the dominant 
environmental force (Caro et al., 2012). The detection of  
dichlorodiphenyltrichloroethane (DDT) and other 
organochlorine pesticides in Antarctica (Sladen et al., 1966; 
Peterle, 1969) initiated the concept of persistent organic 
pollutants (POPs). POPs are defined as toxic organic 
pollutants which are subject to long-range transport, 
degradation resistance and bioaccumulation (Jones and De 
Voogt, 1999). In the subsequent decades, much research 
was done in this field (Weber and Goerke, 2003; Kallenborn 
et al., 2013; Vecchiato et al., 2015), and an expanding 
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human footprint was uncovered (Penna, 2010), especially in 
Antarctica (Hughes et al., 2013). Concerns were also raised 
about the impact of scientific expeditions and other 
anthropogenic impacts on Antarctica (Jabour, 2009; 
Pertierra et al., 2013). Considering that DDTs has been 
phased out from the 1970s, and additional POPs have been 
banned since 2004 as the Stockholm Convention came into 
effect, they become more and more inappropriate for 
evaluating current response of remote regions on 
anthropogenic impact (Wu et al., 2011; Dodson et al., 2012). 
Therefore it might be helpful to investigate new organic 
pollutants in Antarctica. 

New chemicals are being continuously introduced to the 
environment. Some of these new compounds may qualify as 
POPs, but time is needed for these classifications to take 
effect. For example, some long-chain perfluoroalkylated 
compounds were found to be toxic after several decades of 
market production (Hekster et al., 2003; Lau et al., 2004). 
Now they are detected in polar regions (Smithwick et al., 
2006; Dietz et al., 2008; Benskin et al., 2012), indicating their 
global distribution. Octa-polybrominated diphenyl ethers 
(PBDEs) and other flame retardants were listed in the 
Stockholm Convention in 2009, and since have been phased 
out by most European and American countries. As 
alternatives, organophosphorus esters (OPEs) were 
introduced to the plastic industry (Stapleton et al., 2012). 
These flame retardants and plasticizers were added to 
almost every plastic product (Stapleton et al., 2009). Unlike 
common additives, OPEs are only physically mixed with 
plastic products (Reemtsma et al., 2008). Hence, they are 
readily released to the environment due to lack of chemical 
bonding.  

Similar to PBDEs, OPEs have also been found to be 
toxic in recent years, e. g. tricresyl phosphate (TCrP) can 
cause reproductive effects (Latendresse et al., 1993), 
triphenyl phosphate (TPhP) damages the skin and nerve 
conductivity (Saboori et al., 1991), and tris(2-chloroethyl) 
phosphate (TCEP) is carcinogenic (Umezu et al., 1998; Ren 
et al., 2008). As OPEs were found in human urine (Möller 
et al., 2004) and breast milk (Sundkvist et al., 2010), they 
could be a potential health risk to the public. Degradation 
experiments also showed some persistence of OPEs, 
especially chloro alkyl-phosphates like TCEP (Kawagoshi 
et al., 2002). A mass balance model based on measured 
OPE concentrations in the North Sea waters revealed 
infinite half-lives of TCEP (Andresen et al., 2007), which 
further confirmed its persistence. Recent research has 
revealed their presence in various indoor environments 
(Carlsson et al., 1997; Sjödin et al., 2001; Marklund et al., 
2003; Hartmann et al., 2004), as well as in precipitation and 
surface water in Europe (Fries and Püttmann, 2001; 
Andresen et al., 2004; Regnery and Püttmann, 2009; 
Regnery and Püttmann, 2010b), seawater and aerosol in the 
North Sea (Andresen et al., 2007; Möller et al., 2011), 
montane lakes in Italy (Bacaloni et al., 2008) and even in 
polar regions. These studies were mainly conducted in 

Europe and North America, where intensive production and 
usage could be assumed, and the long range transport of 
OPEs is still to be investigated. In fact, it is possible to find 
OPEs in polar regions, despite remoteness from local 
industry, because semi-volatile compounds like OPEs can 
undergo global distillation and condense in polar regions 
via cold condensation (Wania and Mackay, 1996). It is also 
possible that these compounds can be enclosed in secondary 
organic aerosols and transported to polar regions with them 
(Zelenyuk et al., 2012). 

 

2  Analytical methods for OPEs 
 
As OPEs are ubiquitous in the indoor environment 
(Hartmann et al., 2004; Wensing et al., 2005) and almost 
any plastic products (Stapleton et al., 2011), extra caution is 
needed for their quantitative analysis. Aerosol samples are 
the most common matrix for OPE investigation, with 
atmospheric particulate samples collected on glass fiber 
filters and quartz fiber filters, in order to avoid any plastic. 
The filters were usually baked at over 400°C to remove any 
possible OPEs during manufacture of the filters (Quintana 
et al., 2007). In some cases, aerosol samples were sonicated 
in water to extract OPEs (Cheng et al., 2013b). In other 
cases, Soxhlet extraction was used to extract OPEs in the 
particulate samples (Möller et al., 2012; Salamova et al., 
2014). A clean-up step could be employed to purify the 
OPEs with deactivated silica gel (Möller et al., 2012), but it 
is not always necessary (Sühring et al., 2016), 

OPEs have also been investigated in snow samples 
(Cheng et al., 2013a), biota samples (Hallanger et al., 2015) 
and sediment samples (Ma et al., 2017). The snow samples 
were collected with perfluorinated tools and containers, 
then treated in a similar way to the extracted aerosol 
samples (Cheng et al., 2013a). Sediment samples were 
collected with metal tools to avoid possible contamination 
from plastic. The samples were extracted and analyzed in a 
similar way to the aerosol samples mentioned above (Ma et 
al., 2017). Biological samples were more complex. Blood 
samples were centrifuged and plasma was sonicated with 
formic acid:2-propanol (4:1, v/v), then mixed with 
water:2-propanol (4:1, v/v) and diluted with water. The 
precipitated fraction was loaded onto HLB SPE cartridges 
that were conditioned with 5% methanol, then OPEs were 
eluted with dichloromethane:isooctane (3:1). Other biota 
samples were homogenized and extracted with 
dichloromethane:aceton (1:1, v/v) in an accelerated solvent 
extraction (ASE) device. Acetone was removed by 
evaporation after extraction and then fractionated on a silica 
gel column in isooctane. The matrix was removed with 
12 mL of 15% diethyl ether in hexane, then the cyclic OPEs 
were eluted with 30 mL of 15% diethyl ether in hexane, and 
finally aliphatic OPEs were collected with 30 mL acetone 
(Hallanger et al., 2015).  

The OPEs are usually quantified with gas 
chromatography − mass spectrometry (GC-MS) (Möller et al., 
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2012; Salamova et al., 2014) or liquid chromatography 
coupled with tandem mass spectrometry (LC-MS/MS) 
(Cheng et al., 2013a; Cheng et al., 2013b; Hallanger et al., 
2015). Isotopic surrogates and internal standards are often 
spiked into samples for quality control (Möller et al., 2012; 
Hallanger et al., 2015). Because OPEs are ubiquitous in 
indoor environments and even chemical laboratories 
(Rodríguez et al., 2006; García-López et al., 2008), field and 
experimental blanks are usually employed to evaluate 
possible contamination in sampling and analysis procedures. 
Aerosol field blanks were collected by passive sampling 
without the air pump on (Möller et al., 2012) or by retrieving 
the filter immediately after putting it on the sampler (Cheng 
et al., 2013b). For the snow samples, field blanks were 
collected by leaving purified water in an open sample bottle 
when collecting field samples. The field blanks were then 
sealed and analyzed in the same way as the snow samples 
(Cheng et al., 2013a). Experimental blanks are included with 
high-purity water with actual samples in most studies. A 
group of three experiment blanks are often processed and the 
limit of detection is defined as the mean blank value plus 
three standard deviation(Sühring et al., 2016), although in 
some studies the mean blank value was used as limit of 
detection while the mean blank value plus three standard 
deviation was used as a limit of quantification (Cheng et al., 
2013a). 

 

3  OPEs in the Arctic 
 
The Arctic is more prone to industrial pollution, such as 
OPEs, than Antarctica because of its proximity to larger 
populations and industry in the northern hemisphere 
(Candelone et al., 1995; Akimoto, 2003). Indeed, OPEs 
were found in the Canadian Arctic and European Arctic in 
numerous environmental samples. Besides sub-Arctic 
investigations on seawater (Bollmann et al., 2012) and 
aerosol samples (Möller et al., 2011) in the North Sea, much 
work has also been done in the European high Arctic, 
especially in Svalbard. 

 Salamova et al. (2014) measured 13 OPEs and 45 
brominated and chlorinated flame retardants (BFRs) in 34 
atmospheric particle samples from Longyearbyen on 
Svalbard, where a coal mining community of ~2100 
resident is located.  Five out of 13 measured OPEs were 
not detected in any samples. Nonchlorinated OPEs 
tri-n-butyl phosphate (TnBP) and 2-ethylhexyl diphenyl 
phosphate (EHDPP) were the predominant congeners, and 
were detected in all the samples. The total concentrations of 
OPEs were two orders of magnitude higher than total BFRs. 
This is not unexpected because OPEs are one of the major 
alternative groups of chemicals for BFRs, which are 
gradually being discontinued. However, this study was 
conducted near a relatively large human settlement, and 
may not represent OPE occurrence in other remote regions 
in the Arctic.  

In a study of transported OPE contamination, 
Hallanger et al. (2015) reported ten OPEs in capelins, 
kittiwakes, gulls, seals and polar bears from the Svalbard 
Archipelago, with a further four OPEs that did not show up 
in any of their samples. Animal tissue, egg, liver and blood 
samples were collected and kept frozen until analysis. The 
comprehensive detection frequencies of each compound 
were between 5.3% and 17%, showing a minor impact of 
OPEs on Svalbard biota. However, one of the most 
important food sources for Arctic sea birds and mammals, 
the fish species capelin, had higher or similar OPE 
concentrations compared to sea birds and mammals. This 
result indicated that OPEs in this study were not subject to 
significant biomagnification, although the authors did raise 
the concern that the selected tissues might not be 
appropriate for assessing biomagnification.  

The Bering Strait is another Arctic region that may 
experience high anthropogenic pollution, because it is 
between two major continents, Asia and North America. 
Eight OPEs were investigated in aerosol samples in this 
region by Möller et al. (2012). They found TCEP and 
tri(chloropropyl) phosphate (TCPP) were the dominant 
OPEs in Arctic aerosols, and air mass back trajectories 
showed clear origin from the Asian continent. In sediment 
samples from the same region, Ma et al. (2017) also found 
TCEP and TCPP were major contributors to an increase in 
total OPEs towards the Central Arctic Ocean, suggesting 
that they were more prone to long range transport. By 
comparing their OPE results with PBDE results, these 
authors suggested a higher efficiency of OPEs for transport 
to, and accumulation in, the remote Arctic. Given the 
continued production and use of most OPEs, remote marine 
sediments may be a major repository for them.  

In North America, Sühring et al. (2016) investigated 14 
OPEs in 117 air samples from research stations (land-based) 
and ship-based cruises in the Canadian Archipelago and 
vicinity. They found the total OPE concentration to be a few 
hundreds pg·m-3. In general, chlorinated OPE concentration 
were around two orders of magnitude higher than that of 
nonchlorinated OPEs, and the difference in total 
concentrations of these two groups was statically significant 
(p<0.05, student t test). This finding suggested chlorinated 
OPEs may be more persistent than nonchlorinated OPEs 
(Kawagoshi et al., 2002; Andresen et al., 2007) and have a 
larger amount of production and usage (van der Veen and de 
Boer, 2012). However, there were two exceptions, namely 
TPhP (triphenyl phosphate) and TnBP, which are both 
nonchlorinated OPEs but were found at high concentrations. 
TPhP was found at high concentrations in ship-based 
samples while TnBP concentrations were high in land-based 
samples. TnBP was quantified in only one ship-based 
sample. Similarly, EHDPP and tris-meta-cresyl phosphate 
(TmCP) were also quantified in about 70% of land-based 
samples, but in less than 20% of ship-based samples. The 
authors argued that these three OPEs had local sources like 
airports and settlements, rather than long-range transport. In 
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geographic trends, chlorinated OPE concentrations were 
high near major river mouths, and decreased at higher 
latitude in open water. In contrast, nonchlorinated OPEs did 
not show any spatial patterns in open water. TPhP was the 
only compound that showed a significant temporal trend 
(p=0.044) with a doubling time of 335 d, while 
tris(2-ethylhexyl) phosphate (TEHP) was marginal with a 
31% annual decrease (p=0.075). Sühring et al. (2016) 
suggested three potential transport pathways to the Arctic 
for OPEs, namely local source, river transport and 
atmospheric transport for TnBP, chlorinated OPEs and TPhP, 
and nonchlorinated OPEs, respectively. 

 

4  Detection of OPEs in Antarctica 
 
Unlike the Arctic region, Antarctica is far from major 
anthropogenic pollution, and the population and industry 
are much smaller in the Southern Hemisphere (Candelone et 
al., 1995; Akimoto, 2003). However, OPEs have also been 
found in remote areas of the Southern Hemisphere, even on 
the Antarctic Ice Sheet. During the 27th Chinese National 
Antarctic Research Expedition (CHINARE), a total of 120 
surface snow samples were collected at 10 km intervals 
along the transect between Zhongshan Station (69°22′24′′S, 
76°22′40′′E) and Dome A (80°22′51′′S, 77°27′23′′E) in the 
austral summer from 2010 to 2011 (Figure 1). A route was 
established for multiple year expeditions, and the vehicles 

travelled 30 m downwind of this route, while samples were 
collected at least 50 m upwind in order to exclude any 
possible contamination. Fresh snow samples were collected 
directly with 500 mL bottles and kept frozen before analysis. 
OPEs were concentrated by passing melted snow through 
HLB Solid Phase Extraction (SPE) columns. A 3 mL Waters 
Oasis HLB SPE column was first activated with 3 mL 
acetonitrile and then with 3 mL of purified water. The 
melted snow sample was then passed through the column at 
a speed of no more than 3 mL·min–1. No breakthrough 
experiment was conducted because the expected OPE 
concentrations in snow samples were very low, hence the 
capacity of the columns was assumed to be enough. Field 
blanks were processed for each ten samples, by leaving 
purified water in an open sample bottle when collecting 
field samples. The field blanks were then sealed and 
analyzed in the same way as the samples. OPE 
concentrations were determined with an HPLC-tandem-MS 
system equipped with a Waters XTerra C18 column 
(2.1 mm by 150 mm, 5 μm). A detailed description of this 
method can be found in our previous paper (Cheng et al., 
2013a). Three experiment blanks were run with Milli-Q 
water accompanying each seven samples. The limit of 
detection of a specific sample was defined as the average 
concentration of corresponding blanks, and the limit of 
quantification was calculated as the average of 
corresponding blanks plus three times of standard deviation. 

 
Figure 1  Sample locations on the Antarctic Ice Sheet. Dot line indicates the set route for multi years expedition, surface snow samples 
were collected at 10 km intervals. Vehicles were travelling at least 30 m downwind while samples were collected at least 50 m upwind. ZS 
Station = Zhongshan Station, KL Station = Kunlun Station. 

Twelve OPEs were analyzed, but five of them were not 
detected in any of these samples (Table 1). TPhP, TPrP and 
EHDPP were detected in less than 40% of samples, and the 
first two were not quantified in any samples. This result 
implied limited long range atmospheric transport of the eight 

compounds listed at the bottom of Table 1. The other four 
OPEs, namely TCPP, TCEP, TBP and TBEP were detected in 
most samples, and TCEP was quantified in more than half of 
the samples. The difference in detection rates of these 
analyzed OPEs might be ascribed to their different physical 
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and chemical properties. Alkyl and aryl OPEs are subject to 
degradation in the environment: their half-lives in seawater 
are only a few months (Andresen et al., 2007). Hence TMP, 
TEP, TPhP and TPrP may degrade during transport to 
Antarctica. Furthermore, TMP and TEP have low molecular 
weight and they are the most volatile of the analyzed 
compounds (Dobry and Keller, 1957; Meylan and Howard, 
1993). They might enter the atmosphere again after deposition, 
leaving an insufficient amount in the snow to be detected. In 

contrast, TDCP has a high molecular weight with a chloro 
substituent (Meylan and Howard, 1993), and hence might not 
be volatile enough to transport to the inland ice sheet. TnBP 
and TCrP concentrations were higher in the experiment blanks 
than those in the samples, probably due to contamination from 
the high-purity water instrument (García-López et al., 2008). 
TBP concentrations were high in both blanks and samples, 
hence this compound was detected in most samples but only 
quantified in less than 20% of samples.  

Table 1  OPEs analyzed in snow samples from the Antarctic Ice Sheet. 
Abbr. Full name Ion fragments/(m·z–1) Quantified Detected 

TCEP Tri(2-chloroethyl) phosphate 233, 177 60/120 120/120 

TnBP Tri-n-butyl phosphate 186, 113 21/120 118/120 

EHDPP 2-ethylhexyl diphenyl phosphate 152, 251 11/120 11/120 

TBEP Tributoxyethyl phosphate 299, 199 6/120 115/120 

TCPP Tri(chloropropyl) phosphate 99, 174, 176 1/120 120/120 

TPrP Tripropyl phosphate 141, 99 0/120 43/120 

TPhP Triphenyl phosphate 215, 77 0/120 8/120 

TCrP Tricresyl phosphate 165, 243 0/120 0/120 

TDCP Tri(dichloroporpyl) phosphate 191, 99 0/120 0/120 

TEHP Tri(2-ethylhexyl) phosphate 113, 99 0/120 0/120 

TEP Triethyl phosphate 126, 99 0/120 0/120 

TMP Trimethyl phosphate 109, 79 0/120 0/120 
Notes: “Detected” was defined as the average concentration of three corresponding blanks, and “Quantified” was defined as the average of three corresponding 
blanks plus three times of the standard deviation. 

 
TCEP had the highest quantification rate among the 

analyzed OPEs, being quantified in 50% of samples. In 
particular, it was quantified in 60 out of the first 61 samples 
closest to Zhongshan Station, but it was not quantified in 
any samples further towards Dome A. As there were no 
other significant pathways to transport TCEP to the inland 
ice sheet, it can be reasonably postulated that TCEP was 
transported there via atmospheric circulation, either in 
gaseous phase or combined with particulate matter 
(Zelenyuk et al., 2012). Hence the significant difference 
between inland samples and coastal samples could be an 
indication of zones which received different atmospheric 
deposition. The change point of TCEP concentration was at 
around 650 km from the coast, at 2770 m above sea level. 
Oxygen stable isotopes in Antarctic snow also show an 
abrupt change at around 2000 m elevation 
(Masson-Delmotte et al., 2008), suggesting different 
sources of water vapor for the snow that falls in inland and 
coastal zones. Oxygen isotopes showed similar patterns to 
TCEP along the Dome A transect (Ding et al., 2010; Xiao et 
al., 2013). Multi-year accumulation monitoring suggested 
different accumulation rates on the two sides of the 600—
700 km zone (Ding et al., 2011; Ding et al., 2015). Studies 
on inorganic ions along the transect between Zhongshan 
Station and Dome A also revealed large fluctuations of sea 
salt ions and marine sulfate at around 700 km from the 
coast (Li et al., 2015b). Formate and acetate profile along 

this transect also showed different distribution styles around 
the 600 km point (Li et al., 2015a). All these, despite their 
significantly different properties, indicate distinctly 
different origins of atmospherically transported material 
between the inland and coastal Antarctic Ice Sheet. The 
TCEP concentration in the three samples closest to coast 
were among the highest, but the concentration in the fourth 
sample was among the lowest. This difference could be 
ascribed to the possible influence of intruding cyclones in 
the coastal areas.  

TCEP concentrations in the snow samples showed a 
significant positive correlation with elevation (Figure 2). 
Numerous studies have revealed the accumulation of 
semi-volatile pollutants at high elevation and cold 
environments (Blais et al., 1998; Blais et al., 2003; 
Davidson et al., 2003; Demers et al., 2007).  Hence the 
high TCEP concentrations at high altitudes could be a result 
of cold climate retention (Wania and Mackay, 1993). 
Research on OPEs in alpine lakes also found several-fold 
higher concentrations in remote montane lakes than those at 
lower altitudes (Regnery and Püttmann, 2010a). With a 
rapidly changing global climate and melting polar ice 
(Rothrock et al., 1999; Parkinson and Comiso, 2013; Paolo 
et al., 2015), the condensed TCEP and other OPEs may be 
an important legacy pollutant in the future, either as free 
chemicals or as a result of the released microplastic 
(Obbard et al., 2014). 
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Figure 2  Distribution of TCEP at the transect from Zhongshan 
Station to Dome A. Elevations are in solid dots, TCEP 
concentrations are in open circles. Solid line indicates 5-point 
moving average of TCEP concentrations. 

 

5  Source of OPEs in Antarctica 
 
OPEs are semi-volatile compounds (Meylan and Howard, 
1993; Mäkinen et al., 2009), their relatively short 
atmospheric half-life could not support their long-range 
transport to Antarctica from major northern hemispheric 
sources. Alternatively, they may be absorbed or enclosed in 
secondary aerosols or other particulate matter and transported 
with these materials (Hallquist et al., 2009; Zelenyuk et al., 
2012; Waxman et al., 2013). This mechanism may explain 
the presence of alkyl OPEs in organic particulates from Terra 
Nova Bay (Ciccioli et al., 1994). Their most likely carrier is 
plastic debris in the ocean, which contains a few percent of 
OPEs (Stapleton et al., 2009). The amount of plastic debris 
dumped annually into the ocean is estimated to be in the 
millions of tons in the United States alone, and it comprises 
40% to 80% of floating debris in the oceans (Thompson et al., 
2004; Barnes et al., 2009). This debris is carried globally by 
ocean circulations and found on remote coasts (Derraik, 2002; 
Ryan et al., 2009; Browne et al., 2011), even in sub-Antarctic 
(Walker et al., 1997; Convey et al., 2002). Thus, OPEs may 
reach remote regions with floating debris in the ocean like 
other chemical contaminants (Teuten et al., 2009; Van et al., 
2012). Furthermore, plastic debris was found to accumulate 
in ocean gyres (Law et al., 2010). Up to five tons of plastic 
debris were retrieved in one square kilometer at the center of 
the North Pacific Central Gyre in the 1970’s (Colton et al., 
1974), which is remote from any continents or major 
population. Recent research revealed more than 200000 
pieces of plastic in the Atlantic subtropic gyre, and the 
amount of plastic debris was three times higher in the center 
of the gyre compared to the periphery (Law et al., 2010). We 
suggest that the high density of plastic debris in the ocean 
gyres may act as local source of OPEs to the atmosphere.  

In order to examine this hypothesis, we analyzed 
seawater and aerosol samples collected on a circumpolar 
cruise of the R/V XUE LONG icebreaker in the Southern  

Ocean. Aerosol samples were collected on pre-baked glass 
fiber filters with a high-volume air sampler. The sampler 
was installed at the bow of the ship, in order to eliminate 
any possible pollution from the ship. In addition, an 
automatic control system with a wind sensor shut down the 
sampler when wind was coming from behind. The aerosol 
filters were stored in a fridge until analysis. 70 square 
centimeters of each filter was cut off and sonicated to 
extract OPEs. Field blanks were employed to control data 
quality. Instrumental analysis of the aerosol extracts was 
similar to that for snow samples. Details of the analytical 
method can be found in Cheng et al. (2013b). 

Though the OPE concentrations in the Southern 
Ocean were much lower than those in East Asia and New 
Zealand, they were still comparable to results from remote 
regions in the northern hemisphere (Möller et al., 2011; 
Möller et al., 2012) (Figure 3). This result indicated a 
potential local source of atmospheric OPEs. No significant 
correlations were found between OPE concentrations and 
climatic parameters such as air temperature, pressure or 
wind speed, suggesting that they are not affected by 
atmospheric conditions, which confirmed that they were 
not subject to long range atmospheric transport. Relatively 
high OPE concentrations were found near expedition 
stations, especially near the Antarctic Peninsula, where 
dozens of stations are located (Figure 3). However, the 
OPE concentrations dropped significantly once the ship 
left the Peninsula, which further supported a lack of long 
range atmospheric transportation. Therefore, OPE 
emissions from the expedition stations could not explain 
the widespread presence of OPEs in the Southern Ocean. 
Furthermore, high concentrations of OPEs were found in 
the open water of the Weddell Sea and the Bellingshausen 
Sea, where no expedition stations are located (Figure 3). 

Besides the atmospheric circulation, ocean currents are 
another important pathway of long range transportation of 
pollutants (Wania, 2006; Czub et al., 2008). The Antarctic 
continent is surrounded by a circumpolar ocean current, 
which forms a dynamic barrier of floating debris (Schmitz, 
1996). Plastic debris is trapped at Antarctic shorelines, and 
does not easily escape once it enters this current (Turner et 
al., 2009). Furthermore, the Antarctic Circumpolar Current 
forms local gyres, among which the most important are the 
Ross Gyre and Weddell Gyre (Gouretski, 1999; Michels et 
al., 2002). Relatively high OPE concentrations were found 
in these two gyres (Figure 3), supporting the hypothesis that 
ocean gyres could act as the local source of atmospheric 
OPEs. A correlation between ocean surface vorticity and OPE 
concentrations further confirmed the relationship between 
ocean gyres and OPEs. With local sources contributing to 
OPEs in the atmosphere, OPEs can be transported to the 
Dome A traverse route via local atmospheric circulation. 
Hence, we conclude that transport of plastic debris by ocean 
surface currents is a significant mechanism for OPEs to 
reach Antarctica. 
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Figure 3  Relative OPE concentrations in aerosol samples in the Southern Ocean and West Pacific. The concentrations of each OPEs in 
the sample collected at Shanghai Port, China was used as 100% and concentrations in the other samples were normalized to them. Blue 
circles indicate major ocean gyres in the Southern Ocean 
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