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ABSTRACT 

 

Global atmospheric transport has led to the dispersal of many Persistent Organic Pollutants 

(POPs) generated at lower latitudes, allowing them to reach Polar latitudes. Although the ice 

has long been considered simply as a means of immobilising these toxic chemicals, it is in 

fact an annual source to the local environment during seasonal spring melt. This results in 

pulse exposure to Polar biota during summer periods of high marine productivity. In the 

global warming context, the progressive melt of ice shelves is also expected to release 

historically trapped POPs back into the local environment. This PhD study was designed 

around a growing need to understand environmental chemical partitioning, as part of 

resolving biogeochemical cycling uncertainties of these chemicals in the Polar landscape.   

The aims of this PhD were a) to acquire empirical data regarding POP partitioning and 

determine the associated air-seawater exchange status in the marine environment of the 

Indian-Pacific sector of the Southern Ocean, b) to investigate and compare Arctic and 

Antarctic air/snow/sea-ice/seawater POP reservoirs and their dynamics during spring and c) 

to evaluate the potential to determine historical POP accumulation levels from archived 

Antarctic firn cores. 

In the first component of this study, empirical data was acquired for an extended range of 

organochlorine pesticides OCPs in the ocean’s surface waters and atmosphere for the first 

time in 25 years in the Indian-Pacific sector of the Southern Ocean. This study shows that 

OCP concentrations have decreased since the late 1980s and early 1990s, but that they appear 

to have reached a plateau in the last decade. It also reports the presence of chlorpyrifos and 

toxaphene congeners for the first time in these environmental compartments and in this 

region. The spatial distribution trends for some compounds suggest that the atmospheric 

circulation, particularly the presence of the Polar front around 60˚S latitude, may restrict the 

latitudinal distribution of some OCPs further south. This study provided evidence of greater 

fugacities in air rather than seawater along the entire latitudinal transect from Australia to 

Antarctica, driving the net deposition of all three OCPs investigated, i.e. γ-HCH, dieldrin and 

chlorpyrifos. Although re-emissions of previously deposited POPs from soil and snow have 

been shown in recent Antarctic studies, our findings indicate that this sector of the Southern 

Ocean remains an environmental sink for OCPs.  
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The following two field studies contributed the first comparative dataset on POPs in major 

environmental compartments of the sea-ice landscape in both Polar Regions during their 

respective early spring season in 2015. Environmental samples (air, snow, sea-ice and 

seawater) were collected simultaneously over time to provide an insight on variations in OCP 

environmental partitioning during early spring melt at two Polar coastal sites, one in the 

Arctic and one in the Antarctic. At the Arctic site, snow melt resulted in volatilisation of most 

OCPs investigated from the snowpack, and also initiated volatilisation from the sea-ice 

surface via the melting snowpack. At the Antarctic site, the snow layer covering sea-ice was 

shallower and no direct evidence indicated its melting. OCP redistribution to the atmosphere 

was therefore attributed to stronger winds, promoting ventilation of the snowpack, and 

possibly inducing upward diffusion of more volatile compounds from the sea-ice surface too. 

At both sites, seawater concentrations remained relatively stable, suggesting redistribution 

from frozen matrices to the atmosphere begins earlier than redistribution to the seawater. 

Findings also suggest that sea-ice receives inputs of POPs from both the seawater and snow 

during its formation and aging, and its submersion over spring may enhance seawater/sea-ice 

interactions. The theoretical air-seawater exchange status for HEPX-B, dieldrin and α-HCH 

from each Pole were opposite, and it is predicted that once the sea-ice fully melts, net 

volatilisation will occur in the Arctic, while deposition will dominate in the Antarctic, 

regardless the outcome of the compounds’ redistribution as a result of sea-ice and snow melt.  

Finally, an archived firn core provided the first estimates of historical deposition of OCPs in 

East Antarctica between 1945 and 1967, thus filling an important knowledge gap regarding 

OCP levels in continental ice in this remote region. HCHs, HEPT, TC, dieldrin and endrin 

were detected, suggesting their potential for future release in case global warming will result 

in melting glaciers in this part of Antarctica. Although, nominal PBDE contamination 

indicated handling and/or storage contamination, legacy OCP concentrations and deposition 

rates reported are orders of magnitude lower than those from Arctic regions, lending support 

to their validity. In-situ melting methods are proposed to limit the risks of contamination of 

samples. Future POP expeditions aiming to collect Polar firn/ice cores should follow 

sampling methods tailored to that specific purpose and ensure storage time and exposure to 

ambient air are kept to a minimum to limit the risks of contamination. 
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Chapter 1.  

General Introduction on Persistent Organic Pollutants in Polar 

Regions 
 

 

This chapter presents an introduction to Persistent Organic Pollutants 

(POPs), their characteristics and current knowledge on their 

biogeochemical cycling and fate in the environment. Particular attention is 

given to POPs in Polar Regions, including a review of previous research 

undertaken and challenges associated with remote field sampling. 
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1.1.  Background 

The classification of some anthropogenic chemical compounds as Persistent Organic 

Pollutants (POPs) is based upon four principal criteria: their environmental persistence, their 

capacity for long-range environmental transport, their potential for bioaccumulation and their 

potential for eliciting toxic effects. The term ―POPs‖ refers to an increasingly diverse group 

of chemical substances including semi-volatile organic compounds. Such chemicals include 

polychlorinated biphenyls (PCBs), hexachlorobenzene (HCB), polybrominated diphenyl 

ethers (PBDEs), perfluorinated compounds (PFCs), and organochlorine pesticides (OCPs, 

e.g. hexachlorocyclohexane (HCH), dichlorodiphenyltrichloroethane (DDT) and its

metabolites, chlordanes and dieldrin. Many of these chemicals were initially intentionally 

produced for various purposes, e.g. agricultural and manufacturing industries, or 

inadvertently formed as by-products of these processes. 

1.1.1. Characteristics of POPs 

Persistence. With reported half-lives of years or decades in soil/sediment and at least several 

days in the atmosphere (Jones and De Voogt 1999), POPs can be classified as relatively long-

lived compounds. 

Long-range environmental transport. The chemical stability, semi-volatile nature and 

resistance to degradation of POPs allow them to travel long distances. POPs have been 

identified as being transported mainly through the atmosphere (Lohmann et al. 2007), 

although some compounds with relatively large aqueous solubilities (e.g. perfluoroalkyl 

carboxylates and sulfonates) may undergo marine advection (Wania 2007). The characteristic 

travel distance (CTD) of a given semi-volatile chemical was determined using a Lagrangian 

cell to represent the contaminated air compartment migrating from its source and exchanging 

chemicals with its surrounding environment along the way. The CTD is defined as the 

distance by which the chemical concentration in the air cell is reduced by 63% (Bennett et al. 

1998). CTDs are directly related to individual chemical properties (Beyer et al. 2000).  

From their manufacture, POPs were widely used in populated regions of the world. Their 

long-range environmental transport capabilities have led to their global distribution, even to 

the most remote regions of the world. The presence of POPs in Polar Regions, where they 

have never been used except for isolated areas where human habitation (generally research 

bases) has been established (Hargrave et al. 1988, Iwata et al. 1993, Lakaschus et al. 2002, 
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Goerke et al. 2004, Gioia et al. 2008, Jantunen et al. 2008, Klánová et al. 2008, Dreyer et al. 

2009, Lohmann et al. 2009). As a result of their environmental dispersal capabilities and their 

persistence, the risks that already emitted POPs represent will remain for decades after their 

last use. 

Toxicity. POPs have been extensively studied due to their potential toxicity to living 

organisms. Studies have shown that POPs could have serious adverse effects on living 

organisms with neurotoxicity, carcinogenicity and endocrine disrupting effects being the 

most frequently reported (Fattore et al. 2002, Skaare et al. 2002, Tanabe 2002, Kodavanti 

2005, Vasseur and Cossu-Leguille 2006).  

Bioaccumulation. The lipophilic, and occasionally proteinophillic, nature of POPs facilitates 

their effective uptake and accumulation within the tissues of organisms. Their persistence 

make them resistant to metabolism, hence they bioaccumulate in organisms over the course 

of their life-time. Consequently, POPs are also typically subject to biomagnification in food 

webs, i.e. increase in concentrations with increasing trophic levels (Goerke et al. 2004), 

placing humans and other large, long-lived, mammals at the greatest risk of toxic effects 

(Skaare et al. 2002, Christensen et al. 2005, Corsolini et al. 2005, Morris et al. 2016). The 

lipophilicity of compounds such as chlorinated and brominated POPs, can be assessed via 

determination of octanol-water or octanol-air partition coefficients (KOW and KOA 

respectively), which quantify the tendency of a chemical to partition between octanol (used as 

a surrogate for lipids) and water or air. In the past, studies focussed on aquatic food webs 

have used KOW ≥10
5
 as an indicator of potentially significant bioaccumulation risk (Norstrom 

and Muir 1994, Meylan et al. 1999). More recent studies have shown the additional 

importance of considering other chemicals that are less hydrophobic (e.g. HCH)  but with 

relatively high KOA values (i.e. log KOA ~6 to 12) which indicates an increased tendency for 

bioaccumulation and biomagnification in food webs comprising air-respiring organisms 

(Kelly and Gobas 2001, Kelly et al. 2007).  

1.1.2. Current status of POPs 

Awareness of the hazardous nature of POPs and their global environmental impact has 

increased since the 1960’s, particularly after the release of the popular book ―Silent Spring‖ 

by Rachel Carson, the first publication that questioned the use of such compounds. It is only 

more recently that global action to restrict the use of potentially harmful POPs has been 
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initiated. Although a number of POPs had seen their usage restricted prior to this date, the 

Stockholm Convention, effective from 2004 onwards, is an international treaty that aims to 

ban or severely restrict the production and usage of POPs. Initially, twelve individual 

chemicals or groups of compounds, known as the ―dirty dozen‖ were listed under the 

Convention. As more chemicals emerge that satisfy the criteria designated to POPs, however, 

listings under the convention continue to be amended. While not all countries have ratified 

the treaty, a vast majority (152 of 180) are currently signatories.  

1.1.3. Sources and pathways of POPs to Polar Regions 

Anthropogenic activities initiated the release of POPs into the environment, therefore 

classifying any user country as a primary source. Although Polar Regions are often the most 

distant from these primary sources, the environmental behaviour of POPs facilitates their 

migration to, and accumulation in, these environments (Wania and Mackay 1996). In the 

Southern Ocean and Antarctica, POPs (including PCBs, DDTs, HCB, HCHs, PBDEs and 

PFCs) have been detected at many different locations and in various environmental 

compartments, including in:  

- air (Tanabe et al. 1983, Larsson et al. 1992, Bidleman et al. 1993, Iwata et al. 1993, 

Kallenborn et al. 1998, Lakaschus et al. 2002, Montone et al. 2003, Gambaro et al. 

2005, Choi et al. 2008, Möller et al. 2010, Del Vento et al. 2012),  

- seawater (Tanabe et al. 1983, Iwata et al. 1993, Bícego et al. 1996, Fuoco et al. 1996, 

Lakaschus et al. 2002, Möller et al. 2010, Galbán-Malagón et al. 2013b),  

- snow and ice (Tanabe et al. 1983, Dickhut et al. 2005, Fuoco et al. 2012, Kang et al. 

2012), and 

- living organisms, including endemic and/or migratory species (Subramanian et al. 

1983, Bacci et al. 1986, Larsson et al. 1992, Montone et al. 2001, Weber and Goerke 

2003, Chiuchiolo et al. 2004, Corsolini et al. 2006, Corsolini 2009, Bengtson Nash et 

al. 2010, Galbán-Malagón et al. 2013b).  

The processes involved with migration of POPs towards the poles have been discussed in a 

review by Wania & Mackay (1996). It appears that observed latitudinal distribution profiles 

of POPs are essentially influenced by compound properties, prevailing environmental 

conditions and water column processes. Depending on their physico-chemical characteristics 

(especially their partition coefficients), the volatility - and thus mobility - of POPs varies, 
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governing their potential to travel long distances (Wania 2003). In order to address challenges 

posed by environmental chemistry and the complexity of studying the spatial scale of 

chemical compounds, multimedia model approaches were introduced (Mackay 2001). These 

approaches have attempted to simulate the behaviour of POPs in order to determine their 

CTD (Bennett et al. 1998, Beyer et al. 2000, Scheringer et al. 2001, Scheringer et al. 2004). 

Prevailing temperatures influence the processes of evaporation and deposition of these 

chemicals. Evaporation is enhanced by higher temperatures and is higher at lower latitudes, 

as opposed to deposition (favoured by cooler temperatures) that is greater at higher latitudes 

(Figure 1.1). These cycles of evaporation and deposition eventually create a movement of 

POPs towards Polar Regions. It has been suggested that POPs tend to migrate via a 

―grasshopping‖ process (Figure 1.1) by which they move towards colder areas through a 

succession of small jumps (Wania and Mackay 1996). This process is significantly influenced 

by seasonal variations (e.g. temperatures, precipitation rates, aerosol concentrations) and the 

water column biogeochemistry (e.g. phytoplankton productivity) (Jurado and Dachs 2008). 

Biological and physical processes in the water column are key components involved in POP 

cycling and transport in the marine environment. They are further discussed later in this 

Chapter (Section 1.1.4.2.). Ultimately, once they have reached Polar Regions, POPs are often 

more persistent than in temperate/tropical areas as temperatures and winter darkness slow any 

natural decomposition processes.  

Recently, additional input pathways of POPs to the Polar environment have been identified. 

They include increasing human activities associated with research stations in Polar Regions 

(Poland et al. 2003, Hale et al. 2008, Cabrerizo et al. 2012, Wild et al. 2015), as well as some 

evidence suggesting migrating biota, e.g. white-chinned petrels (Bengtson Nash et al. 2010) 

and salmon (Ewald et al. 1998), are potential vectors of POPs to the Antarctic and Arctic. 

In the case of Antarctica, the Antarctic Circumpolar Current (ACC) in the Southern Ocean is 

expected to play a unique role for surface water exchange of some POPs. The ACC is the 

world’s largest ocean current, circling around Antarctica and connecting all other oceans (i.e. 

Atlantic, Pacific and Indian Oceans). It is thus at the heart of global oceanic circulation and is 

suspected to be preventing surface ocean transport of some POPs, characterised as 

amphiphilic (e.g. PFCs), to Antarctica, limiting their north-south transfer (Bengtson Nash et 

al. 2010). 
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Figure 1.1 Major physico-chemical processes driving long-range environmental 

transport of POPs (from Wania and Mackay 1996).  

1.1.4. Biogeochemical cycling of POPs in Polar environments 

Global cycling of POPs refers to multiple processes, i.e. their transfer, retention and release. 

The complexity of studying POP cycling comes from the variety of environmental 

compartments and phases involved in these processes. Only a multi-disciplinary approach 

that combines the study of chemical, physical, geological and biological processes can be 

used to provide an understanding of the movement and behaviour of POPs in the 

environment. The biogeochemical cycling of POPs within and between Polar environmental 

compartments, such as the atmosphere, sea-ice, ocean, biota and sediments (Figure 1.2), is 

governed by the major processes described in the sections below. 



7 

Figure 1.2 Overview of the biogeochemical cycling of POPs in the Antarctic sea-ice 

zone.  

1.1.4.1. Atmosphere-Ocean interactions 

The hydrophobic and lipophilic characteristics of most semi-volatile POPs are such that they 

tend to be associated with organic material. In the air, organic aerosols or organic 

components of aerosols have been identified as key factors influencing vapour-particle 

partitioning of POPs (Wania et al. 1998a). This partitioning is also directly affected by 

temperature changes, i.e. the lower the temperature, the more gaseous POPs associate with 

particles in the air. Major processes involved in the exchange of POPs at the air-sea interface 

are dry deposition, wet deposition and diffusive gaseous exchange (Figure 1.2). The 

deposition mechanisms have been described in detail in a review by Wania et al. (1998a), and 

their relative importance depends directly on POP partitioning between atmospheric gaseous 

and particle phases. Dry deposition represents the process by which particle-associated POPs 

settle onto the ocean surface (Wania et al. 1998a). In contrast, wet deposition (also known as 

precipitation scavenging), is triggered by precipitation events. POPs in gas form or bound to 

aerosols are scavenged from the atmosphere via absorption/incorporation into raindrops or 

snowflakes, which act as vectors to deposit POPs onto surfaces (Wania et al. 1998a). As 

opposed to unidirectional dry and wet deposition, diffusive gaseous exchange is driven by 
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thermodynamics and is capable of operating in two directions depending on the fugacities of 

compounds (i.e. their escaping tendency) in each compartment. In this exchange, POP 

transfer from the atmosphere to the ocean (and vice-versa) is driven by a tendency to attain 

chemical equilibrium (or equal fugacities) between air and ocean. The sea surface microlayer 

(SML), typically the uppermost 1-1000 µm of the ocean is believed to play an important role 

in the exchange of POPs between the ocean and atmosphere (Wurl and Obbard 2004), but its 

role has yet to be explicitly characterised. However, due to its unique properties and 

relatively high concentration of organic matter, the SML has been shown to concentrate 

pollutants to much higher levels than those in the subsurface water (Wurl and Obbard 2004). 

1.1.4.2. Water column processes 

a) Ecosystem processes: the biological pump

A key component in the biogeochemical processes involved in POP cycling is the biological 

pump (Nizzetto et al. 2012). The term ―biological pump‖ generally refers to the capture and 

transformation of atmospheric CO2 by the ocean via ―pumping‖ by photosynthetic marine 

organisms. This mechanism involves a number of abiotic and biotic factors. Nutrient levels, 

light intensity, as well as phytoplankton, zooplankton and bacteria numbers, all affect carbon 

fixation, sedimentation and remineralisation. These processes take place in three different 

layers of the ocean: a) a surface layer, or euphotic zone, where light irradiance is sufficient 

for photosynthesis to occur, b) a deep ocean layer where decomposition and remineralisation 

occur, and c) the ocean floor where sinking particles (including biogenic debris or detritus) 

settle and are then either buried or recycled. The ocean biological pump is extremely 

important in global carbon cycling (Falkowski 2012), but it has also been used to help explain 

the cycling of POPs (Galbán-Malagón et al. 2012, Nizzetto et al. 2012, Galbán-Malagón et 

al. 2013b). POPs found in the water in dissolved forms can be bioconcentrated by planktonic 

organisms (Mackay and Fraser 2000, Gerofke et al. 2005). Rates of pollutant uptake by 

bacteria and phytoplankton are highly dependent on the physicochemical properties of the 

compound (essentially KOW), environmental temperature, microorganism size, and may also 

vary between species as a result of potential species-specific affinity of organic matter for 

POPs (Del Vento and Dachs 2002). This induced depletion of dissolved concentrations of 

POPs forces air and water concentrations away from their equilibrium values, thus resulting 

in POPs being transferred from the atmosphere into the ocean via a diffusive air-to-water flux 

(Jurado and Dachs 2008). The presence of the biological pump in the oceans is therefore a 
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key process controlling the downward fluxes of POPs in the water column (Figure 1.2). It has 

been identified as possible limiting factor for long-range transport of POPs over regions with 

high primary productivity (Jurado and Dachs 2008). Its efficiency can, however, be severely 

affected by seasonality in Polar Regions, where strong variations in light regimes are 

associated with limited photosynthesis in winter and peaks of productivity during 

phytoplankton bloom events in spring/summer. Further, POP toxicity may also affect 

phytoplankton abundance and viability (Echeveste et al. 2010).  

b) Physical movement and mixing of water masses

Movement of water masses is governed by a variety of physical processes that contribute to 

the removal of POPs from surface layers of the ocean (Wania and Mackay 1996). Surface 

ocean currents are driven by winds and the subsequent directions of water movement is also 

influenced by the Coriolis effect. Ekman transport describes the process of wind-driven 

circulation of water masses, in which particles in surface waters of wind-driven water masses 

are transported to the bottom waters via a spiral flow down into the water column. This 

downwelling transport induces major movements of POP-enriched water masses from the 

surface to the deep ocean. The opposite movement, i.e. upwelling, contributes to the supply 

of nutrients to the surface waters by allowing the upward movement of colder, denser and 

nutrient-rich deep ocean waters, which is essential to the functioning of the biological pump. 

Particle-bound POPs from the euphotic zone can also simply be removed via gravitational 

settling of particulate matter or sedimentation (Wania and Mackay 1996). Additionally, 

vertical mixing of water masses occurs in oceans as a result of eddy and turbulent diffusion 

(Sarmiento and Gruber 2006), which may affect POP distribution and variability in the water 

column (Wania and Mackay 1996, Jurado et al. 2007).  

1.1.4.3. Effects of the presence of ice and snow 

In Polar Regions, ice and snow are a major component of polar landscapes that can retain 

POPs, in turn affecting their cycling within the system. The presence and extent of frozen 

matrices in Polar environments are largely influenced by seasonal variations that, as a result, 

also affect POP distribution. Current knowledge of POP loads in ice and snow and associated 

processes is limited. There are two fundamentally different types of ice occurring in Polar 

Regions: sea-ice and glacial ice (or ice shelves). The impact of each of these ice types, as 

well as snow, on the environmental fate of POPs in Polar Regions is discussed below.  
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a) Sea Ice 

Sea-ice is formed on the ocean as a result of extremely cold temperatures during the winter 

months. In the current climate, sea-ice can extend over areas of up to 20 million square 

kilometres in Antarctica and up to 15 million square kilometres in the Arctic (Comiso et al. 

2016). Although the biogeochemical characteristics of sea-ice have been quite extensively 

studied, the extent of POP research in both Poles remains insufficient to evaluate its 

contributions to their environmental cycling. Only ten studies, listed in Table 1.1, have 

reported on various POP levels in sea-ice samples from both the Arctic and Antarctic. Sea-ice 

studies are particularly limited by the relatively large volumes of ice required for detection of 

POPs present at trace levels (Table 1.1).  

Previously, sea-ice was simply seen as a physical barrier to air-water interactions. Frozen 

matrices certainly limit direct interactions or delay POP transfers, particularly in winter when 

sea-ice, glacial ice and snow are the main deposition surfaces. Sea-ice, however, is of 

particular interest in the annual biogeochemical cycling of POPs in Polar Regions as it could 

directly impact the surrounding oceanic environment and lead to significant seasonal changes 

in the distribution of POPs in the Polar environment. The importance of sea-ice in POP fate 

and seasonal redistribution within the Polar environment has only very recently been studied 

more in-depth. Pućko et al. (Pućko et al. 2010a, Pućko et al. 2010b, Pućko et al. 2012, Pućko 

et al. 2015) presented new findings regarding the inclusion and rejection of α-HCH during ice 

formation, ageing and also during spring melt, particularly redistribution processes associated 

with melt-ponds. Their findings imply that brine processes are the major drivers of sea-ice 

HCH concentrations during ice formation, excluding a large portion of α-HCH from the sea-

ice before winter until the ice temperature becomes too low for the brines to move. α-HCH 

concentrations were also shown to be affected by the above forming snowpack, presence of 

melt ponds and atmospheric conditions. In addition, sea-ice captures many planktonic 

organisms while it forms and hosts various sea-ice algae which contribute to marine primary 

productivity, overall estimated at 5% of the total annual primary production in the Southern 

Ocean (Lizotte 2001). Chiuchiolo et al. (2004) provided evidence that organisms living in 

brine channels within the sea-ice were concentrating POPs (brominated diphenyl ethers 

(BDE) and HCB) to relatively high levels and thus characterised sea-ice as a vector for entry 

of POPs into the polar marine food web. 
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The extreme seasonal variation in solar irradiance in Polar Regions is also a major driver of 

POP partitioning as it results in concurrent sea-ice melt (i.e. POP release) and bursts in 

productivity facilitating POP uptake by marine organisms. Finally, sea-ice may travel quite 

significant distances over the ocean during summer months before melting. Some studies 

suggest that sea-ice drifting may be involved in horizontal POP transport (Pfirman et al. 

1995, Korsnes et al. 2002). 

 

Table 1.1 Summary and description of Polar POP sea-ice studies available from the 

literature 

Location 
Matrix 

details 

POP 

analysed 

Volume 

analysed (per 

sample) 

Number 

of 

samples 

Reference 

Arctic      

Beaufort Sea FYI HCHs 4 dm
3
 10 Pućko et al. 2011 

Svalbard MYI 

PAHs, 

BFRs, PCBs, 

OCPs 

100 mL 7 
Lacorte et al. 

2009 

Barent Sea MIZ to 

high Arctic 

MYI, 

FYI 
PCBs 180-200 kg 8 

Gustafsson et al. 

2005 

Ob-Yenisey river, 

Russia 
- 

OCPs, 

PAHs, PCBs 
- 44 

Melnikov et al. 

2003 

Ice Island FYI OCPs, PCBs 50 -55 kg - 
Hargrave et al. 

1992 

Ice Island FYI OCPs, PCBs ~350 kg 3 
Hargrave et al. 

1988 

Antarctic      

Marguerite Bay, 

Amundsen and Ross 

Seas 

- BDEs 40.5 - 132 L 11 
Dickhut et al. 

2012 

Western Antarctic 

Peninsula 
- OCPs 92.5 - 128.5 L 6 

Dickhut et al. 

2005 

Western Antarctic 

Peninsula 

dense 

pack ice 
OCPs, BDEs ~100 - 130 L 4 

Chiuchiolo et al. 

2004 

Tottuki Point, 

Syowa Station 
fast ice PCBs, OCPs 200 - 1200 L 

a
 1 

Tanabe et al. 

1983 

a
 volumes include seawater samples. MYI and FYI stand for multi-year ice and first year ice, respectively. 
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b) Glacial ice

Unlike sea-ice that is strongly affected by seasonality and persists only for limited periods of 

time, glacial ice (e.g. in ice-shelves) is deposited over thousands of years. Chemical profiles 

in the latter can therefore be used as an indicator of historical pollution events. This has 

successfully been demonstrated using inorganic chemical markers such as sodium, 

magnesium, calcium, potassium, chloride, nitrate or sulphate levels (Souney et al. 2002). 

However, the quantification of POPs in glacial ice or firn-cores as a record of historical 

deposition has rarely been determined around the world. Wang et al. (2008) showed the 

potential of POPs in this regard by finding a strong correlation between historical usage of 

POPs in India and levels in ice cores of corresponding deposition ages from Mt Everest. Very 

few studies have reported on POP concentrations in Polar glacial ice, yet there is evidence for 

historical deposition of POPs in cores from the Arctic and Antarctic using comparatively 

lower volumes of older ice compared to sea-ice (Table 1.2). As a result of what can be termed 

―cold trapping‖, glacial ice can be considered an environmental reservoir for POPs thus 

potentially delaying the extent of POP immediate threat to biota. However, in the current 

global warming context, accelerated melting and subsequent retreat of Arctic and Antarctic 

ice shelves are frequently reported (Velicogna 2009, Pritchard et al. 2012, Favier et al. 2014) 

and must be considered when investigating the fate and behaviour of POPs. 

Table 1.2 Summary and description of Polar POP glacial ice and firn studies available 

from the literature 

Location 

Depth of core 

(corresponding 

dates) 

POP 

analysed 

Volume 

analysed 

Number 

of 

samples 

Reference 

Arctic 

Holtedahlfonna, 

Svalbard, Norway 
34 m (2005 - 1953) 

BFRs, 

OCPs, 

CUPs 

11 - 15 L 6 

Hermanson et al. 

2010, Ruggirello 

et al. 2010 

Austfonna Ice 

Cap, Svalbard, 

Norway 

70 m (1998 - 1906) 
OCPs, 

CUPs 
11L 14 

Hermanson et al. 

2005 

Lomonosovfonna, 

Svalbard, Norway 
48m (1998 - 1936) OCPs - 9

Isaksson et al. 

2003 

Antarctic 

Talos Dome 
14 - 53 m 

(1605 – 2003) 

PAHs, 

PCBs 
~ 7 kg 40 Fuoco et al. 2012 
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Glacial melt-water has been shown to release previously trapped POPs back into the 

environment from alpine areas around the world (Macdonald et al. 2005, Bizzotto et al. 2009, 

Bogdal et al. 2010).
 
A recent study identified melting Antarctic glaciers as a possible 

secondary source of POPs to the environment with an estimated 1-4 kg of ∑DDT (p,p′-DDT 

+ p,p′-DDE) released every year (assuming an ice loss rate of 210  Gt·y
- 1

) (Geisz et al. 

2008). Determination of current POP concentrations in glacial ice from Polar Regions is 

currently extremely limited in the literature, particularly in Antarctica (Table 1.2). 

c) Snowpack 

Snowfall has been identified as a very efficient scavenger for POPs in the atmosphere, 

particularly at temperatures below - 10 ˚C (Lei and Wania 2004). As a result, it is generally 

expected that fresh snow will hold relatively high levels of POPs representative of the local 

atmospheric concentrations.  

In both the Arctic and Antarctica, snow covers ice shelves, sea-ice and some ice-free soil, 

forming a snowpack. The study of snowpacks and the fate of POPs retained in them is 

complex. This is primarily due to their seasonal nature and associated variation in 

fundamental characteristics (e.g. surface area). As it ages, a snowpack goes through a range 

of metamorphic changes, namely settling, melting and firnification, during which POPs may 

relocate via re-volatilisation or drainage of melt-water (Wania 1997). Modelling has been 

employed to understand the role of the seasonal snowpack in POP retention over winter as 

well as POP release through melting (Daly and Wania 2004). Seasonal snowmelt and 

associated POP enrichment of adjacent environmental matrices (such as soil and water) is 

suggested as a local threat to both aquatic and terrestrial ecosystems (Meyer and Wania 

2008).  

The major processes of POP occurrence and partitioning in the presence of the seasonal 

snowpack in Polar conditions have been summarised in a review by Halsall (2004). More 

recently, fugacity-based analysis of sampling results has served to demonstrate secondary 

emissions of HCHs and HCB from the Antarctic snowpack into the local atmosphere during 

summer (Galbán-Malagón et al. 2013a). Wind speed has also been identified as a key factor 

influencing the extent of the potential revolatilisation from ageing snowpacks (Halsall 2004). 
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Table 1.3 Summary and description of Polar POP snow studies available from the 

literature 

Location 
Matrix 

details 

POP 

analysed 

Volume 

analysed 

Number 

of 

samples 

Reference 

Arctic 

Devon Ice cap, 

Nunavut, Canada 

7 m pit 
a
 CUPs 8.5 - 12 L 14 

Zhang et al. 

2013 

5, 6.8 and 

7 m pits 
a
 

BDEs, BFRs 6 - 11 L 27 
Meyer et al. 

2012 

Beaufort Sea over sea-ice HCHs 4 dm
3
 11 

Pućko et al. 

2011 

Barent Sea MIZ to 

high Arctic 

over sea-ice 

or iceberg 

(top 10cm) 

PCBs 
7 x 40L, and 

370L 
b
 

2 
Gustafsson et 

al. 2005 

Storsteinen 

Mountain, Tromsø, 

Norway 

0.15-0.25 m OCPs, PCBs 50 L 
b
 9 

Herbert et al. 

2005 

Ob-Yenisey river, 

Russia 
- 

OCPs, 

PAHs, PCBs 
- 65

Melnikov et 

al. 2003 

Alaska (Chukchi and 

Beaufort seas) 
over sea-ice 

OCPs, 

chlorpyrifos 
1L 5 

Garbarino et 

al. 2002 

Agassiz Ice Cap, 

Ellesmere Island, 

Canada 

8.3 m pit 
a
 PCBs, PAHs 15 - 20 L 29 

Gregor et al. 

1995, Peters 

et al. 1995 

Summit of the 

Greenland Ice Sheet 
3 m pit PAHs - 28

Jaffrezo et 

al. 1994 

Ice Island 
upper few 

cm 
OCPs, PCBs 45 - 65 L 7 

Hargrave et 

al. 1988 

Antarctic 

Talos Dome 6-7 m pit PAHs, PCBs ~7kg 26 
Fuoco et al. 

2012 

East Antarctica, 

Syowa station 
5 cm OCP ~100 mL 35 

Kang et al. 

2012 

Palmer Station, 

Amundsen and Ross 

Seas 

- BDEs 55 - 147 L 5 
Dickhut et 

al. 2012 

Western Antarctic 

Peninsula 
over sea-ice OCPs 

92.5 - 128.5 

L 
4 

Dickhut et 

al. 2005 

Syowa Station, 

Mizuho Station 

on land and 

over fast ice 

and lake ice 

PCBs, OCPs 200-1200 L 
c
 4 

Tanabe et al. 

1983 

a
 includes surface snow and deeper firn layer representing 15 to 30 years of accumulation, 

b
 volume of snow 

container (not melted volume), 
c
 volumes include seawater samples. 



15 

 

POP concentrations in snow of both Polar Regions have been investigated in a larger number 

of studies (Table 1.3) compared to sea-ice and glacial ice (Table 1.1 & Table 1.2). This may 

be due to the reduced logistical constraints posed by snow sampling as opposed to ice coring. 

Snow is also conveniently located over the ice, so it is common practice to sample both snow 

and ice in the same campaign, hence most ice studies also report supplementary snow data. 

1.1.5. Inherent differences between the Arctic and Antarctic  

While the Arctic and Antarctic represent high latitude environments and as such are 

comparable in many ways, they are also inherently different, not only in their geography but 

also in their physical, chemical, geological and biological characteristics. Firstly, the Arctic is 

a frozen sea surrounded by continents, as opposed to the Antarctic which is a frozen continent 

surrounded by a vast ocean (Figure 1.3). The uneven distribution of landmasses around the 

Earth, have resulted in human populations and their activities being concentrated in the 

northern hemisphere. In this regard, the Arctic is more accessible and is home to a larger 

diversity of biota as well as permanent indigenous human populations. In contrast, human 

habitation in Antarctica is related to relatively recent scientific interest leading to the 

relatively recent establishment of (semi)permanent research stations, where access is 

essentially limited to scientists and support staff. As a result, the Arctic has received 

considerably more interest and is therefore more extensively documented, particularly in the 

POP-related literature.    

 

Figure 1.3 Spatial imagery of the Arctic and Antarctic Polar Regions (Source: NASA) 
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Ice sheets are particularly important in regulating Polar (and global) climate. There are only 

two large-scale ice sheets on Earth, one in Greenland and one in Antarctica. Their landmass 

coverage have been estimated at 1.7 and 12.4 million km
2
 respectively (Rignot et al. 2011). 

The extent of the Antarctic ice sheet, combined with its thickness (estimated to be an average 

1200 m, versus 600 m in Greenland (Rignot et al. 2011)), contributes to the maintenance of  

lower temperatures in the Antarctic relative to the Arctic. These differences are also due to 

inherent contrasts between oceanic and continental thermal regulation in the Arctic and 

Antarctic, respectively, as well as the typical high topography in Antarctica. Moreover, the 

vast majority of land in Antarctica is permanently frozen, maximising the albedo effect and 

therefore reducing the amount of thermal energy available to the Antarctic environment.  

In terms of an overall ice loading, the Antarctic holds much larger volumes of ice than the 

Arctic, but the two poles also exhibit differences in proportions of the types of ice that they 

contain. Glacial ice and sea-ice are the two major types of ice encountered in Polar Regions. 

While both are made out of pure freshwater, sea-ice also contains interstitial brine which 

modifies its thermodynamic melting characteristics (Wiese et al. 2015). In Antarctica, the ice 

sheet (i.e. glacial ice) represents a very high proportion of the ice compared to the Arctic. In 

both Polar Regions, sea-ice is greatly affected by seasonality; the vast majority disappears 

every summer, while only a small portion is left to accumulate over multiple years. These are 

referred to as first-year ice (FYI) and multi-year ice (MYI), respectively. A major difference 

between Arctic and Antarctic sea-ice is the latitudes at which it grows (i.e. lower latitudes in 

Antarctica). While MYI used to be prevalent over FYI in the Arctic Ocean in the 1970s, 

currently it only represents about one third of the ice in the Arctic Basin (Kwok and 

Untersteiner 2011). At present, the extent of MYI in each Polar Region is similar 

(approximately 3 million km
2
) (Comiso et al. 2016). 

Environmental concentrations of POPs such as HCHs in the atmosphere and ocean have been 

reported to be generally 10 to 100 fold higher in the Arctic compared to the Antarctic 

(Lakaschus et al. 2002). Indeed, the Arctic is prone to enhanced POP contamination as a 

result of its proximity to a larger number of sources in the northern hemisphere (Voldner and 

Li 1995). In addition, for some more amphiphilic POPs (e.g. PFCs), oceanic transport may 

play an important role in their global transport, suggesting that the Antarctic Circumpolar 

Current (ACC) in the Southern Ocean would limit their north-south transfer (Bengtson Nash 

et al. 2010).  
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1.1.6. The fate of POPs in Polar Regions 

Once reaching Polar Regions, POPs are not completely immobilised. Their dynamics are 

dependent on the variability of environmental reservoirs both seasonally and with regards to 

climate change. It is inevitable that by modifying environmental conditions, POP partitioning, 

transport, bioaccumulation and degradation, will be altered. 

1.1.6.1. Current knowledge of POP fate in the cryosphere 

Past research on POPs in polar environments has mainly focused on their transport and 

therefore has concentrated on POP scavenging properties of snow and the fate of POPs with 

snow-melt (Wania et al. 1998b). The behaviour of organic compounds in ice, however, is not 

yet fully understood. Evidence shows that retention of POPs in snow and further 

immobilisation within subsequently formed glacial ice is compound dependent. Thus 

compounds with lower Henry’s law constant (HLC) or higher snow interfacial/air 

partitioning coefficients are likely to be retained more efficiently (Herbert et al. 2006). Some 

studies have also shown that organic chemicals trapped in ice undergo chemical 

transformation as a result of sunlight exposure (Klán and Holoubek 2002, Klán et al. 2003). 

Some POPs are particularly sensitive to photochemical degradation, e.g. aldrin (an OCP) in 

the snowpack (Rowland et al. 2011). It has been estimated that PCBs undergoing 

photodegradation have half-lives of between 10 days (for a monochlorobiphenyl) and 1.5 

years (for a heptachlorobiphenyl) (Ritter et al. 1995). More interestingly, photoproducts of 

organic compounds in ice can be very different from photoproducts in liquid water. For 

example, there is evidence that chlorobenzenes are photodegraded into toxic PCBs in ice as 

opposed to chlorophenols in liquid water (Klán et al. 2003). The possibility of creating more 

toxic compounds in ice by photochemical reactions has therefore been identified as a 

potential environmental threat due to their potential to later remobilise (Klán & Holoubek 

(Klán and Holoubek 2002). Photochemical reactions of organic compounds in ice may be 

particularly relevant to Antarctica where ozone depletion has significantly increased the 

amount of UV radiation reaching the continent’s surface. The possible chemical 

transformations occurring within ice could modify subsequent apparent POP concentrations.  

 

Although current apparent concentrations in glacial ice may not accurately indicate historical 

deposition, analysing ice or firn cores may give us valuable information on the POP reservoir. 

In the current global warming context, the most obvious and direct effect observed in Polar 
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Regions is the melting of ice, which has been widely observed on glaciers (Cook et al. 2005, 

Oerlemans 2005) and sea-ice (Jacka 1990, Comiso et al. 2008, Stammerjohn et al. 2008) in 

the past few decades. Significant ice-melt may therefore release previously trapped POPs into 

the local Polar environment and directly affect chemical partitioning within the system. 

Arctic research has shown that net volatilisation of previously deposited α-HCH is already 

occurring (Jantunen et al. 2008, Wong et al. 2011). Moreover, Ma et al. (2011) suggest that 

climate change conditions and subsequent sea-ice retreat of the past decade has led to POP 

remobilisation into the air. These recent studies are the first that do not characterise the Arctic 

region as a permanent sink for POPs, but rather show that it is a dynamic pool of POPs that 

places local biota at risk. In Antarctica, little investigation regarding the distribution of POPs, 

let alone their revolatilisation, has been undertaken. A recent study by Cabrerizo et al. (2013) 

at Livingston Island (Antarctica) suggests that the effects of global warming on carbon 

cycling may result in the creation of larger sinks (e.g. in their study an increase in vegetation 

and soil organic matter) that could potentially trap 70 times more POPs than the amount 

remobilised to the atmosphere. Hence, revolatilisation and remobilisation of POPs could 

jeopardise global efforts to moderate ecosystem’s exposure to these toxic chemicals (Nizzetto 

et al. 2010, Dachs 2011). In contrast to the trends with Arctic sea-ice, the overall extent of 

Antarctic sea-ice has been increasing over the past 30 years (Parkinson and Cavalieri 2012). 

However some localized or regional observations on global warming effects on ice sheet 

melting are particularly alarming. Ice mass loss has been estimated at up to 132 ± 60 Gt·yr
−1

 

along the Bellingshausen and Amundsen Seas in 2006, which represents an ice loss increase 

of about 59% in 10 years (Rignot et al. 2008). Additionally, the ice sheet mass loss is 

accelerating at an estimated rate of 26 ± 14 Gt·yr
-2

 (Velicogna 2009). Ocean warming and 

melting of ice-shelves in Antarctica have been identified as contributors to the observed sea-

ice expansion (Bintanja et al. 2013). This is highlighting the need for a deeper understanding 

of the current ice-sheet loading of POPs as well as the role of sea-ice in their cycling.  

1.1.6.2. Predicting POP fate 

POPs have physico-chemical properties that are temperature-sensitive, i.e. vapour pressure 

(p
0
), air-water partition coefficient or HLC, KOA, KOW, and particle-gas partition coefficient 

(Kp) (Paasivirta et al. 1999, Macdonald et al. 2005). The mechanism by which chemical 

equilibrium between environmental phases is achieved is relatively well understood as it 

follows fundamental thermodynamic rules. It can be described using the concept of fugacity 
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(Mackay and Paterson 1991, Mackay 2001). Fugacity is a parameter that represents the 

tendency of a compound to partition between multiple phases. In order to reach chemical 

equilibrium, i.e. an equifugacity condition, compounds undergo diffusive exchange 

(Macdonald et al. 2005). Fugacity can be used to predict chemical movement between 

phases. The fugacity approach is often used in POP modelling to describe air-water exchange 

(Mackay and Paterson 1991, Mackay and Wania 1995). Although critical in showing the 

significance of the net direction of the exchange, it does not allow the quantification of fluxes 

which largely depend on the diffusivity of the compounds and local wind speed. Gross and 

net air-water fluxes can be calculated according to a two-film model as described in 

Bidleman & McConnell (1995). In Polar systems, the presence of sea-ice significantly alters 

air-water exchanges. The chemical redistribution associated with ice-melt is also expected to 

modify environmental partitioning. The lack of detailed information on ice-melting processes 

has been identified as a critical issue for modelling development (Macdonald et al. 2005). 

Recent progress has been made on the development of sea-ice inclusive environmental 

fugacity models (Mann 2011, Bates et al. 2016). 

1.2.  Significance of the research 

Overall, there is a lack of knowledge around the role and importance of ice and snow in POP 

cycling at both Poles. Studies on the role of sea-ice in the biogeochemical cycling of POPs 

remain extremely limited. Our understanding of the environmental distribution of POPs in the 

unique sea-ice scape requires attention, particularly in relation to the effects of seasonal ice-

melt on POP environmental cycling. Indeed, spring melt is expected to lead to the release of 

POPs at times of well-known productivity bursts, justifying the need for understanding 

related processes.  

Although the two Poles look similar, their inherent differences may lead to contrasting 

responses to sea-ice melt, therefore advocating the need for studying both regions. To date, 

POPs in the Arctic environment have received considerably more attention than those in the 

Antarctic. This increased focus on the North Pole and environs likely arises from its 

accessibility and its relevance to the world’s population distribution, with the majority (90%) 

of the population (and therefore most of the POP emissions) in the northern hemisphere 

(Corsolini 2009). The Arctic is thus the most likely repository for the majority of emitted 

POPs. Additionally, there are indigenous populations living permanently in, and acquiring 

their food predominantly from, the Arctic region, unlike the Antarctic. Nevertheless, POPs 
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have also been reported in Antarctica, where they are affecting key species such as krill 

(Poulsen et al. 2012a, Poulsen et al. 2012b), as well as infiltrating the food chain (Weber and 

Goerke 2003, Chiuchiolo et al. 2004, Goerke et al. 2004, Bengtson Nash et al. 2008), 

including the human food web via meat (Dewailly et al. 1993, Simmonds et al. 2002, 

Johansen et al. 2004) and nutraceutical supplements (Bengtson Nash et al. 2014). Only 

limited and localised understanding has been achieved so far in Antarctica (Corsolini 2009, 

Bengtson Nash 2011). To our knowledge, only a few recent studies report on legacy POPs in 

the Southern Ocean and Antarctica, and all were located in the South Atlantic and Antarctic 

Peninsula sector (Lakaschus et al. 2002, Dickhut et al. 2005, Cabrerizo et al. 2013, Galbán-

Malagón et al. 2013a, Galbán-Malagón et al. 2013b). The OCP reservoir of the Indian-

Pacific Ocean sector was last quantified over 25 years ago (Tanabe et al. 1982, Tanabe et al. 

1983, Kawano et al. 1985, Bidleman et al. 1993, Iwata et al. 1993). This notable 

geographical bias among sparse Antarctic studies, combined with their limited comparability 

(differences in target compounds and environmental compartments), prevent comprehensive 

empirical evaluation of the current magnitude and patterns of OCP pollution in the Southern 

Ocean.    

In addition, the current global warming context requires the expansion of knowledge 

regarding the fate of POPs currently trapped in glacial ice and potentially released in the near 

future. To date, only three expeditions have quantified OCPs in Polar glacial ice/firn and they 

were performed in the Arctic. In Antarctica, however, the OCP burden in glacial ice remains 

largely unknown. The current and predicted melting of glaciers could lead to the release of 

previously deposited POPs. Concentrations may be relatively large, particularly at depths 

representative of peak historical usage of these compounds around the world. POP research in 

deep firn/ice is currently limited by significant logistical constraints. Development of 

logistically viable methods for POP analysis of this Polar matrix is critically needed.   

1.3. Thesis aims 

The overall aim of this PhD thesis is to achieve a deeper understanding of processes 

governing the environmental partitioning and cycling of Persistent Organic Pollutants (POPs) 

in Polar Regions. This work addresses some current research gaps at multiple levels, both in 

the Antarctic and Arctic. The specific objectives are: 
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a) to acquire empirical data on POP partitioning and determine the associated air-

seawater exchange status in the marine environment of the Indian-Pacific sector of the 

Southern Ocean (Chapter 3) 

b) to investigate and compare Arctic and Antarctic air/snow/sea-ice/seawater POP 

reservoirs and their dynamics during spring (Chapter 4)  

c) to evaluate the potential to determine historical POP accumulation levels from 

archived Antarctic firn cores (Chapter 5) 

 

The present thesis includes data from three Polar expeditions successfully completed during 

the course of this PhD, where major reservoirs involved in the cycling of POPs were sampled 

in the Southern Ocean, Antarctica and the Arctic. In order to address the above aims, OCPs 

were selected as the main target POPs. OCPs represent ideal model compounds as their 

physico-chemical characteristics are relatively well documented. Where available, PBDE 

levels are also reported.  
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Chapter 2. 

General methodologies for the sampling of POPs in the abiotic 

environment of Polar Regions 

This chapter presents an overview of the logistical and analytical efforts 

undertaken to achieve reliable environmental sampling for, and detection 

of, persistent organic pollutants in Polar Regions. Field conditions in these 

remote parts of the world are particularly challenging. All equipment used 

in this study were specifically designed or modified for, and methods 

adapted to, field conditions to allow successful sampling. 
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2.1. Materials for the study of POPs in Polar Regions 

Prior to starting work on POPs, it is important to understand their chemical characteristics 

and ensure materials used are appropriate for the sampling and analysis of trace organics. For 

example, in general, organics will be attracted to plastics as opposed to metal or glass. The 

additional challenges brought by climatic conditions in Polar Regions and on-board a ship 

also need to be considered. With these points in mind, the materials selected for equipment 

and sampling were as follows:  

- Marine-grade stainless steel (316) was used for the structural parts of instruments,

fittings (occasionally replaced by brass), and bolts and nuts;

- Teflon (PTFE) was used for tubing and occasionally for seals;

- Viton® Extreme (ETP) o-rings were used for sealing where PTFE was inefficient due

to its rigidity;

- Polyurethane or silicon sealants were least preferred and used minimally for some

external seals needing air-tightness

All electronic equipment used at Polar temperatures were fitted with particularly sturdy 

power cords (AFLEX H07RN-F 3G 1.5 mm
2
) and sockets (Clipsal 56P310 and 56CSC310).

All were rated with an Ingress Protection rating of IP66, as recommended by the Australian 

Antarctic Division (AAD).  

2.2. Experimental field approaches and equipment 

This section describes selected field equipment and associated developments for the sampling 

of air, water, ice and snow in Polar Regions. 

2.2.1. Air sampling 

Air sampling was performed on two occasions over the course of this PhD work. A 

commercial sampler for trace organic in air was purchased and modified for use in Polar 

conditions. Equipment, modifications and applications are described in detail below. 

 Sampling targets 2.2.1.1.

This study involved sampling air from the Southern Ocean and Antarctica to quantify 

organochlorine pesticides (OCPs). In order to do that, an air sampler was intended to be 

deployed both on a ship and on land. The volumes of air used in previous studies for analysis 
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of OCPs in the air of the Southern Ocean and Antarctica have been between 100-1400 m
3
 per

sample (Larsson et al. 1992, Bidleman et al. 1993, Iwata et al. 1993, Galbán-Malagón et al. 

2013a). Considering results in the cited studies, this study aimed to collect 500-1000 m
3
 of air

per sample. 

 Original air sampler 2.2.1.2.

The commercial high volume air sampler (Model PK2100, Lear Siegler Australasia Pty Ltd, 

see Figure 2.1) was selected to achieve the sampling volume goals of this study. This device 

permitted active pumping of air (at a flow rate of 20 m
3
·h

-1
) through a quartz fiber filter

(QFF, Grade QM-A, 101.6 mm, Whatman, England) and a glass cartridge filled with a series 

of two polyurethane foam (PUF) plugs (6 cm OD x 5.1 cm L, 0.022 g·cm
3
 density, Restek

Corporation), as shown on Figure 2.1. These two components of the sampling train collected 

particulate and gaseous POP phases, respectively.  

 Modifications 2.2.1.3.

In order to address the challenges posed by marine Antarctic environmental conditions, the 

sampler was protected and insulated by a custom-made, weatherproof construction providing 

robustness and insulation (Figure 2.2). Design of the outer shell (Figure 2.2A) was 

undertaken in collaboration with Griffith University’s workshop and it was made entirely out 

of stainless steel 316. Its purpose was to keep instrument electronics at operating temperature 

by insulating the lower section of the unit, containing the electronics, with polyurethane foam 

sheets. This shell was also fitted with air intakes on three of the four sides of the sampler, 

with the fourth side allowing access to the electronics and samples through latch closing 

doors. Access is typically downwind, thus the sampler’s air intakes dictate its orientation 

relative to the prevailing winds. Design of the air intakes also restricts possible sea-spray 

blowing onto the collection filter, which can occur in rough marine conditions during 

shipboard deployment. Drainage points were also added in the event of possible condensation 

forming inside the protective construction. Lastly, it was fitted with U-bolts for crane lifting 

purposes. 
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Figure 2.1  Layout of the commercial high volume air sampler (with front panel and door 

removed) (A) and close-up of the filter paper and filter cartridge cassette (B) (from Lear Siegler 

Australasia operating manual). 

 Deployment under field conditions 2.2.1.4.

The air sampler was deployed on board the RSV Aurora Australis on a transect cruise from 

Australia to Antarctica in February 2014, and on land at Davis Station, Antarctica in 

November-December 2015 (Figure 2.2 B and C). 

Air sampling for POPs on board ships has been performed in many previous studies, however 

concerns have been raised over potential ship-borne contamination (Lohmann et al. 2004). In 

order to prevent such contamination of the samples, the high volume air sampler was 

connected to an ultrasonic wind speed/direction sensor (Model 85106, R.M. Young 

Company), allowing automatic conditional sampling. The addition of this anemometer was 

facilitated by Lear Siegler Australasia. An initial software problem in the parameterisation of 

conditional sampling was found during preliminary testing, but was fixed in collaboration 

with the vendor prior to deployment.  

A) B) 
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Figure 2.2 Lear Siegler air sampler protected and insulated by a Griffith University designed 

stainless steel outer shell, A) photo showing the outer shell frame under construction, B) and C) 

operational air-sampler deployed on the RSV Aurora Australis, and on land at Davis Station, 

Antarctica, respectively. 

 

Sampling was initiated only when the wind was blowing (at a velocity >1.5 m·s
-1) from a 

direction opposite to that of the ship’s exhaust (Bruhn et al. 2003). On land at Davis Station, 

the wind sensor was also set to exclude air blowing from the direction of the station itself. For 

any sampling event, the deployment location of the air sampler was carefully chosen 

according to prevailing wind direction in order to maximise quality as well as time-efficiency 

of sampling. On the moving ship, the air sampler had to be relocated from the “monkey deck” 

(above the bridge) to the helideck  in order to maintain its position in the prevailing winds at 

all times (note: sampling was not undertaken during active helicopter operations). This 

relocation was taken into account when results were analysed. Samples collected at similar 

latitudes before and after relocations were comparable, validating these methods for sampling 

of OCPs on board this particular ship.  

A standard operating procedure (SOP) was developed to operate the modified air sampler 

safely. It was based on the manufacturer’s manual and describes a step-by-step procedure for 

the sampling (see Appendix A1). 

A) 

B) 

C) 
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2.2.2. Seawater sampling 

All field sampling campaigns undertaken through this PhD work involved the sampling of 

relatively high volumes of seawater. A water pump, previously deemed suitable for POP-

work, was purchased and minor modifications were performed to allow usage under Polar 

conditions.  

 Sampling targets 2.2.2.1.

In-situ sampling for POPs at trace levels in seawater typically requires large volumes of this 

matrix. In this work, sampling was carried out using a dedicated seawater intake line on 

board the RSV Aurora Australis as well as through the sea-ice layer in both Greenland and 

Antarctica.  

In the open Southern Ocean, due to low particle loading, a sample volume required for 

collecting sufficient amounts of particulates for POP detection was estimated at 1500 L 

(Kelly et al. 1993), although other studies have used between 150-1200 L of seawater per 

dissolved phase sample (Tanabe et al. 1983, Iwata et al. 1993, Galbán-Malagón et al. 2013b).  

In this work, the aim was to pass c.a. 500-1000 L of water through the sampling system per 

sample.  

Water sampling for POPs is particularly challenging as it requires a system that is fully air 

tight, capable of pumping high volumes of water at a slow flow rate through a filter holder 

and a cartridge packed with sorbent materials. It is also necessary to accurately record the 

volume of water passed through with a flow meter adapted to the typical flow rate used and 

unaffected by prevailing low temperatures. 

 Original water sampler 2.2.2.2.

Very few water pumps adapted to sampling of POPs are commercially available. Both the 

Kiel in-situ Pump (KISP, Aimes GmbH, Germany) (Petrick et al. 1996) and the Infiltrex 300 

(AXYS Technologies Inc., BC, Canada) were considered as they were specifically designed 

to allow sampling of high volumes of water in-situ instead of collecting smaller volumes of 

water into bottles to be extracted later on in the laboratory. For this study, the KISP was 

selected to perform all water sampling. It had been widely used in oceanic sampling 

(Lakaschus et al. 2002, Sobek and Gustafsson 2004, Wodarg et al. 2004) and offered a more 

economical option compared to the Infiltrex 300.  
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The KISP pumped seawater at a flow rate of approximately 500 mL·min
-1

 through a glass

fiber filter (GFF, 142 mm, 0.7µm, Whatman, England) and a cartridge filled with 150 mL of 

pre-cleaned Amberlite XAD-2 resin (Supelpak
™

-2, Sigma-Aldrich Pty Ltd) for the sampling

of suspended and dissolved phases, respectively. It can be controlled from a laptop computer 

and comes with custom-made software (Aimes GmbH, Germany). The KISP can also be 

either manually controlled, or set up for automatic sampling which does not require the pump 

to remain connected to the computer and all volumes are recorded automatically through the 

KISP’s internal memory. It operates on mains power only which was fully available on the 

ship, but required the use of a generator in remote locations.  

 Modifications 2.2.2.3.

The typical KISP set-up was modified to address two issues identified during sampling as a 

result of the field conditions.  

Firstly, a part of the flow meter had to be replaced as a result of internal damage in the cap 

due to intense use. The mechanical wheel, the spinning of which is induced by water flow, 

was fitted with a metallic axle that eventually created a hole in the original plastic cap. A 

PTFE insert was machined by the Griffith University workshop and placed into the plastic 

cap to allow a longer lifespan (Figure 2.3).  

Secondly, the original cartridges designed by Aimes GmbH were made out of glass (Figure 

2.4) in order to fit an extraction unit system upon return to the laboratory, thus reducing 

exposure and possible contamination of the XAD during processing. We used these original 

glass cartridges on the first sampling campaign based on the ship. However, for practical 

reasons (primarily the fragile nature of the glass cartridges and the possibility of exposure of 

cartridges filled with water to freezing temperatures) it was decided to design equivalent 

cartridges made out of stainless steel 316 for all subsequent field studies (Figure 2.4). Post-

sampling handling was performed in a clean-room environment and it was therefore deemed 

acceptable to empty the cartridges for extractions. This method was also used for the initial 

sampling with glass cartridges. 
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Figure 2.3 Photograph of the inside of the flow meter cap after intense use. The flow meter’s 

metallic axle was pushed off its original axis due to water flowing always in one direction, 

eventually leading to the axle having dug a hole in the cap (indicated by the red arrow), 

preventing it from spinning. The part circled in yellow was replaced by a PTFE insert. 

 

 

Figure 2.4 XAD cartridge designs for KISP use. Original glass design by Aimes GmbH (top), 

Griffith University modified stainless steel design (bottom).  

 

 Deployment under field conditions 2.2.2.4.

In-situ seawater sampling was carried out on board the RSV Aurora Australis in February 

2014, as well as through sea-ice at Villum Research Station (VRS), North Greenland in May-

June 2015 and Davis Station, Antarctica in November-December 2015.  
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On the ship, we used the original KISP model (Figure 2.5A) although we did not use its 

submersible capabilities due to logistical constraints. Sampling of large volumes at slow flow 

rates would have required the ship to remain stationary for approximately 35h for each 

individual sample which was not achievable. Later during sea-ice work, we used a smaller 

modified non-submersible version (Figure 2.5B) built by the same company based on the 

original model. The KISP is a very robust water sampling system, which has proven itself in 

extremely cold conditions in the field and even being buried in snow at times (Figure 2.5 C). 

 

  

Figure 2.5 (A) Original submersible KISP water sampling system (photograph by Gert Petrick), 

(B) modified KISP deployed on the sea-ice for in-situ seawater sampling at Villum Research 

Station, North Greenland, (C) modified KISP in use after heavy snow showers, filtering 

seawater at a relatively slow flow rate of 600 mL∙min
-1

. 

 

Two major sampling protocols were employed in this study to sample seawater. For the ship-

based study, seawater was pumped from approximately 4.5 m below ocean surface through 

the clean intake line accessible from the on-board oceanographic laboratory. In this instance, 

seawater was pre-filtered through a stainless steel phytoplankton mesh (210µm). For sea-ice 

based studies, seawater was pumped from the surface of the sea-ice layer through a 9 cm 

diameter ice-core hole via a PTFE hose reaching approximately 1.5 m below the bottom of 

the sea-ice and fitted with a 1 mm stainless steel filter mesh on the end which provided coarse 

pre-filtering. We tested the use of a 210 µm mesh to replicate ship conditions, however 

suction provided by the KISP was not sufficient to allow pumping up to the sea-ice surface 

through this very fine mesh. The flow rate was modified slightly depending on environmental 

A) B) 

C) 
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conditions. In the laboratory on-board the ship, it was set at our target rate of 500 mL∙min
-1

,

while it was increased to approximately 600 mL∙min
-1

 to achieve in-situ sampling on the sea-

ice where freezing temperatures were an additional challenge to keep a particularly slow flow 

of water running through an increasingly pressurised system (due to filter loading over time). 

SOPs were developed for the sampling of seawater using the KISP on board the ship and on 

the sea-ice. They were based on the manufacturer’s manual and added field experience (see 

Appendices A2 & A3). 

2.2.3. Sea-ice, snow and firn sampling 

One aim of this work was the determination of OCP concentrations in ice. Field campaigns 

involved the sampling of sea-ice and snow at both Poles. In addition, archived Antarctic firn 

and sea-ice was also analysed in the laboratory using the same methods. 

 Sampling targets 2.2.3.1.

Very few studies have sampled glacial ice, firn, snow or sea-ice to determine POP 

concentrations in Polar Regions (Chapter 1, Table 1.1, 1.2 & 1.3). The required volumes to 

detect OCPs in these sampling matrices and locations are largely unknown. Approximately 

95.5 to 132 L of sea-ice (Chiuchiolo et al. 2004, Dickhut et al. 2005), 200 to 1200 L of sea-

ice, snow (and/or seawater) (Tanabe et al. 1983) and 500 mL of continental surface snow 

(Kang et al. 2012) have been found necessary for the effective quantification of OCPs in 

theses matrices in Antarctica. However, only 7 kg of snow and firn were required to detect 

polyaromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) in this region 

(Fuoco et al. 2012). In the Arctic, POP levels are expected to be higher due to factors such as 

higher source density in the northern hemisphere. This therefore suggests that lower matrix 

volumes would be required for detection. However, volumes used in available literature are 

approximately 50 L of snow for detection of PCBs and OCPs (Herbert et al. 2005), 180 to 

200 kg of sea-ice and snow to detect PCBs only (Gustafsson et al. 2005). Isaksson et al. 

(2003) used a total of 48 metres of firn core separated into nine individual samples for PCB 

and OCP analysis (note: final sample volume is unknown as basal area of the cores is not 

indicated).  

In preparation for field work, a preliminary sea-ice study was performed using archived 

Antarctic sea-ice cores to estimate minimum volumes required to allow detection of OCPs 

using the methods presented in this Chapter. Unfortunately the low volumes of sea-ice 
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available for this preliminary study didn’t yield any significant result. Details about this 

experiment are presented in Appendix B.   

Overall, the sampling volume target was set at a minimum of 100 L of melted snow, sea-ice 

and firn or as much as practically possible. There were three major constraints to address for 

this sampling: a) the relatively large volumes required for detection, b) the potential for 

atmospheric contamination, and c) the volatility of compounds when matrices are melted. 

 Development of an ice-melting unit 2.2.3.2.

Gustafsson et al. (2005) have previously developed large volume ice-melting equipment 

(Figure 2.6). In our study, we designed a similar apparatus comprising stainless steel 316 for 

melting ice cores and snow under high purity nitrogen atmosphere (Figure 2.7 & Figure 2.8). 

This apparatus was then directly connected to the KISP unit at VRS and Davis Station 

laboratories (Figure 2.8) for sampling of POPs from meltwater onto GFF and XAD-2 resin 

cartridge as for seawater sampling (see § 2.1.2. Seawater sampling). The only variation to the 

seawater sampling method was the flow rate, which was reduced to 150 mL∙min
-1

 for all sea-

ice and snow samples.  

The current design, developed in collaboration with Griffith University’s workshop (Figure 

2.7 & Figure 2.8), has a rectangular shape sitting horizontally, allowing storage of full ice-

cores in length (as opposed to Gustafsson et al.’s vertical design). The reason for choosing 

this shape instead of that presented in Figure 2.6 is pu rely logistical to facilitate field loading 

and use in laboratory (e.g. height). The melting apparatus is equipped with wheels for 

improved mobility and fitted with a central bottom drain to connect to the KISP. The unit’s 

bottom has a slight downward slope in order to lead melt water to the tap thus minimising 

melt-water loss. Ice is melted by recirculating warm water around the ice chamber, as 

opposed to steam used by Gustafsson et al. (2005). The lid was fitted with two gas 

connections, one for a high purity nitrogen intake and a second as a safety valve outlet, as 

well as a watch glass to monitor ice-melting progress (Figure 2.7). As in the design of 

Gustafsson et al. (2005), the nitrogen is to overcome the negative pressure that builds 

internally as the ice melts (i.e. change in volume from ice to water) and hence to assist 

sampling onto filter and cartridge. 
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Figure 2.6 Large volume ice-melting unit specifically designed for analysis of POPs in ice from 

Gustafsson et al. (2005). 

 Deployment under field conditions 2.2.3.3.

Snow and sea-ice collected for this work were directly stored in the ice-melting unit 

described above. The unit was rinsed with deionised water (or milli-Q when available) and 

wiped with acetone after each sample and kept sealed until the next sampling event. It was 

transported on snowmobile sled in North Greenland (Figure 2.8) or quad trailer in Antarctica. 

During storage and transport, stainless steel sealing plugs were added on gas intake/outlet and 

drain in order to prevent contamination. The unit provided minimum exposure of the ice and 

snow to air and use of high purity nitrogen ensured melting under closed, clean conditions. 
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Figure 2.7 Initial 3D concept model (top) and final technical drawing (bottom) of the Griffith 

University ice-melting apparatus. 
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Figure 2.8 Griffith University ice-melting apparatus as finally completed (top left), modified 

KISP pumping melt-water from the ice-melter in laboratory (top right), ice-melting apparatus 

transported to site on snowmobile sled (bottom). 

On site, snow was collected using an acetone-cleaned stainless steel snow shovel. A snow pit 

was dug until reaching the sea-ice surface and the full depth of snow was sampled evenly 

(Figure 2.9) until the ice-melting apparatus was full. The sea-ice was cored using 9 cm or 14 

cm diameter corers (Kovacs Enterprise, LLC., Mark II and Mark V, respectively) and entire 

ice cores were added directly to the apparatus until full. The maximum volume of snow and 

sea-ice sampled was dictated by the capacity of the ice melting unit and varied depending on 

matrix density, which was determined by recording the frozen volume sampled and the final 

melted volume. Only one snow or sea-ice sample could be collected on a given trip. 

SOPs were produced for the use of the ice-melting apparatus, and sampling of snow and sea-

ice (see Appendix A4). 
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Figure 2.9 Photograph of a typical snow pit (emphasized by the black lines) dug above sea-ice at 

Villum Research Station, North Greenland. 

2.3. Laboratory procedures for POP extraction and analysis 

All procedures adopted for the preparation, extraction and analysis of samples in laboratory 

were previously adopted for testing of environmental samples for OCPs. Procedures for all 

environmental samples were partly undertaken at Griffith University (pre-cleaning) and 

partly in a particularly experienced collaborative laboratory at Environment Canada (EC, 

Canadian Centre for Inland Waters (CCIW), Burlington, ON, Canada). The extractions were 

performed at EC’s clean room laboratory (positive pressure HEPA filtered air). Three 

laboratory visits to EC were organised after each major field campaign in order to perform all 

extractions of samples prior to analysis. All instrumental analyses were performed by a 

commercial laboratory (Australian Laboratory Services, ALS Global, Burlington, ON, 

Canada).  

2.3.1. Pre-cleaning 

Thorough cleaning is necessary for all sampling components prior to deployment in the field. 

In order to remove any organic contaminants, all laboratory glassware, storage jars and 

components of the air and water sampling apparatus were washed using Mucasol
TM

 solution,

rinsed 10 times with water and then milli-Q water, and furnaced (if tolerated) at 450°C for 6 

hours. They were then rinsed three times using successively, methanol (MeOH), toluene and 

hexane. Particular attention was given to components that were in contact with sampling 
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materials (e.g. the filter clamping gasket). These were subsequently wrapped in aluminium 

foil for transportation.  

QFFs and GFFs were wrapped in individual aluminium foil envelopes and pre-baked at 

450°C for 12h. PUF plugs were pre-cleaned with acetone, and then pre-extracted using 

petroleum ether (24h), followed by acetone (24h) in a Soxhlet extractor. They were dried 

overnight in a heated vacuum dessicator under nitrogen. The sampling train was assembled 

by inserting two clean and dry PUFs into a clean glass column, sealed at both ends using 

Teflon caps.  

PUF plugs were rinsed with milli-Q water, air-dried and then soxhlet cleaned using acetone 

and petroleum benzene for 24h, successively. They were then dried in a desiccator under high 

purity nitrogen atmosphere. Once fully dry, 2 plugs were inserted into a clean glass cartridge, 

and sealed using PTFE caps. A detailed step-by-step pre-cleaning protocol for PUFs is 

available in Appendix A5. 

Purified XAD-2 resin was purchased (Supelpak
TM

) and then further cleaned according to

standard protocols by Environment Canada (Burlington, ON, Canada). For a full step-by-step 

description of the protocol slightly adapted for application in the Griffith laboratories, see 

Appendix A6. Briefly, the resin was rinsed using MeOH and then Soxhlet extracted with 

MeOH followed by dichloromethane (DCM) for at least 4 days per solvent (repeated if 

blanks were not satisfactory). The resin was then stored under MeOH until cartridge 

assembly. Closer to sampling events, the resin was rinsed with purified water (milli-Q water 

purified by liquid-liquid extraction using n-hexane), and then slurry-packed into an above-

described cartridge (see Section 2.2.2. Seawater sampling) plugged with glass wool on the 

bottom end. Glass wool was added to plug the top of the cartridge. Spikes of surrogate 

standards were added and purified water (~600mL) was passed through the column. The 

cartridges were then sealed at both ends. Particular attention was given to removing any air 

bubbles or channels formed, and ensuring that the resin was covered with purified water to 

avoid drying. 

2.3.2. Storage and transport 

Pre-cleaned consumables (QFF, GFF and cartridges) were covered in aluminium foil and 

placed in zip-lock bags for transport. After sampling, QFFs and GFFs were transferred to 

separate clean glass jars and PUF plug cartridges were sealed at both ends using Teflon caps 
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and stored in the dark at -20°C until extraction. XAD-2 cartridges (containing water) were 

stored in the dark at non-freezing temperature (+4°C).  

2.3.3. Post-sampling extraction and analysis procedures 

Air and water samples (filters and cartridges) were extracted and analysed in a clean 

laboratory room at EC-CCIW according to their extraction and analytical procedures. Briefly, 

XAD cartridges were transferred to elution columns and eluted with, successively, acetone 

and DCM. PUFs and filters (seawater and air) were spiked with surrogate standards prior to 

extraction. PUFs were extracted in an accelerated solvent extractor (ASE, Dionex ASE 200, 

Dionex Corporation) with n-hexane: acetone (7:3, v/v), and filters were extracted in the ASE 

with n-hexane: acetone (1:1, v/v) then dichloromethane (DCM). Procedural blanks were 

extracted with each batch of samples to check for potential contamination during the 

analytical procedures. Extracts were back extracted using a 3% sodium chloride solution, 

passed through pre-furnaced (400˚C, 12h) sodium sulfate to remove remaining water and 

concentrated in cyclohexane prior to sending to ALS Global for further clean-up using gel 

permeation chromatography and column chromatography (2% deactivated silica gel) and 

analysis. 

ALS Global used standard protocols based on EPA method 1699 (U.S. Environmental 

Protection Agency 2007). All extracts were analysed for a suite of 31 OCPs using gas 

chromatography high-resolution mass spectrometry (GC/HRMS). Target analytes included 

legacy POPs such as chlorinated cyclodiene pesticides, DDT and derivatives and toxaphene 

congeners as well as current use pesticides such as chlorpyrifos using the isotope dilution 

technique. 

Some sample extracts were also analysed for PBDEs at EC – CCIW upon their return from 

ALS. This analysis was performed using a gas chromatography low-resolution mass 

spectrometry (GC/LRMS) system (Agilent 7890A GC-Agilent 5875C MS), in pulsed, split-

less mode with an Agilent CTC Analytics CombiPAL Autosampler (Agilent Technologies). 

Samples were analysed for a complete suite of common PBDE congeners.  

2.3.4. Quality assurance, quality control 

Since POPs are ubiquitous chemicals, quality assurance and control (QA/QC) in sampling is 

of primary concern when monitoring trace concentrations in the environment. Intensive and 

rigorous preparation and handling of materials was required to ensure sampling materials 
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remained uncontaminated during all sampling process. Once collected, the samples remained 

in sealed sample containers and were not opened until handling in a clean room (positively 

pressured, high-efficiency particulate air (HEPA) and carbon filters) at EC - CCIW. Field 

blanks were used as controls for possible contamination induced by all aspects of sample 

collection, i.e. laboratory procedures, field processing, storage and transportation. Blank 

correction was systematically applied to reflect true environmental contaminant levels. 

Method detection limits (MDLs) were calculated as three times the standard deviation of the 

blanks and limits of quantification (LOQ, based on the measured background noise) were 

also estimated by ALS for each individual sample. All samples were spiked prior to sampling 

(XAD) or prior to extraction (QFFs, GFFs, PUFs) using 200 μL of the surrogate standard 

solution prepared at EC - CCIW, consisting of δ-HCH and 
13

C8 mirex (10 pg·µL
-1

) and BDE-

71 (9.6 pg·µL
-1

) in methanol. Additional surrogates were added after extraction by ALS 

Global: 
13

C6 HCB, 
13

C6 α –HCH, d6-γ-HCH, 
13

C10 heptachlor, 
13

C10 oxychlordane, 
13

C10 

trans-nonachlor, 
13

C12 dieldrin, 
13

C12 endrin, 
13

C9 endosulfan-II, 
13

C12 44'-DDE, 
13

C12 44'-

DDD, 
13

C12 44'-DDT, d6-methoxychlor and 
13

C10 mirex. Surrogate recoveries were estimated 

for individual samples. For PBDEs, calibration of the instrument was performed using a 

solution of native compounds, at three different concentrations. Instrument calibration 

procedure had previously been tested and approved at EC – CCIW. Typical surrogate 

recoveries through these methods were estimated by Adam Morris (XAD) and Camilla 

Teixeira and Kaitlin Kennedy (filters). Recoveries for the PBDEs of interest in this thesis are 

presented in Appendix A7. 

2.4. Record of environmental conditions  

During all sampling periods, prevailing environmental conditions were recorded regularly. 

Data collected included wind speed/direction, air, water, sea-ice and snow temperature, 

precipitation, atmospheric pressure, relative humidity and sea-water, sea-ice and snow 

salinity. These data were recorded when appropriate depending on the type of sampling 

achieved and either sourced from the ship’s sensors, from the station’s meteorological data 

records (Asiaq for Station Nord, Australian Government Bureau of Meteorology for Davis 

Station), or measured in-situ manually. Sea-ice and snow temperatures were recorded at 10 

cm intervals as soon as the core or pit was extracted and their salinity was estimated as bulk 

salinity for a full depth homogenised melted sea-ice core or snow sample. At Davis Station, 
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sea-ice temperature and salinity (every 10 cm) were collected by other researchers on site, 

acknowledged accordingly in Chapter 4. 

2.5. Risk assessment and management 

Fieldwork involved both physical and logistical risks associated with remote polar locations 

and particularly with environmental conditions. General physical risks of working in Polar 

environments were addressed during an Antarctic field safety training course and quad 

licence organised by the Australian Antarctic Division (AAD) prior to departure in January 

2014 and October 2015 and further field training provided on site by highly experienced field 

training officers. All adapted cold-weather gear was packed and survival bag carried to site at 

all times in prevention of changing environmental conditions that would require survival for 

extended periods of time in outdoor Polar conditions. Field access was particularly controlled 

to ensure maximised safety. During the ship-based study, a major physical risk was 

associated with the outdoor location of the air sampler on the observation deck of the ship. 

Access to the device was granted on a daily basis by the ship’s crew based on weather 

conditions. All sea-ice based work was highly controlled and restricted depending on weather 

conditions which were assessed on the day and reviewed hourly when necessary. The 

additional polar bear-associated risks in Greenland were addressed by travelling to site with 

armed personnel at all times.  

Other risks associated with the work relate to laboratory work on board the ship, on stations 

and at Griffith and EC - CCIW. Full laboratory risk assessments were produced prior 

commencement of activities. Laboratory conditions, particularly on the ship in rough 

conditions, were assessed on a daily basis and activities adapted to conditions where standing 

was sometimes challenging. All laboratory devices were carefully strapped to the benches 

both to ensure the safety of lab workers and secure the equipment.  

Although logistics were discussed thoroughly with experienced personnel from the AAD and 

Aarhus University prior to departure, there was a risk of equipment failure and/or inability to 

access the devices at times. To minimise the risk of equipment failure, all equipment was 

modified as described in the paragraphs above.  
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2.6. Permits 

2.6.1. Environmental collection permits 

The Antarctic marine environment is protected under the Antarctic Marine Living Resources 

Conservation Act 1981. Collection permits (AMLR 13-14-3382 & AMLR 15-17-4332) were 

obtained for all activities undertaken in Antarctica.  

The Greenland government also requires a survey licence prior to undertaking collection of 

biological resources for research purposes. License reference number G15-010 was granted 

on April 16, 2015. 

2.6.2. Australian quarantine permits 

According to Australia's biosecurity policy, seawater, sea-ice and snow are biological 

products classified as quarantine material. Import quarantine permits were obtained before 

the start of each field expedition when samples were travelling via Australia (IP13019928 & 

IP15013655). The laboratory where samples were stored and manipulated in Griffith 

University was classified as Quarantine Approved Premises (accreditation number Q2146) 

and all personnel received appropriate training. Canada did not require any particular 

biosecurity import permit or training.  

2.7. Concluding remarks 

Developing robust and viable field sampling equipment was one of the biggest challenges of 

this project.  Overall, all field sampling issues associated with both environmental conditions 

and the remote sampling locations providing limited access to resources were addressed and 

successfully overcome. All three field campaigns were successful, providing new data on 

current POP burdens in Polar Regions and results are presented in the following chapters of 

this thesis. 
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Chapter 3.  

Air-seawater exchange of organochlorine pesticides in the 

Southern Ocean between Australia and Antarctica 

This chapter was published as a research article in Environmental Science 

and Technology in 2016. It presents field data on the latitudinal distribution 

of OCPs along a transect between Australia and Antarctica and establishes 

the air-seawater exchange status for this sector of the Southern Ocean in 

the austral summer.  

The manuscript’s supplementary information is attached to this thesis in 

Appendix C1. Additional PBDE measurements taken on the transect are 

reported in Appendix C2. 

– Manuscript published –

in Environmental Science and Technology (2016) 

Copyright ACS Publications 
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ABSTRACT: This study contributes new data on the spatial variability of
persistent organic pollutants in the Indian−Pacific sector of the Southern
Ocean and represents the first empirical data obtained from this region in 25
years. Paired high-volume atmospheric and seawater samples were collected
along a transect between Australia and Antarctica to investigate the latitudinal
dependence of the occurrence and distribution of legacy organochlorine
pesticides (OCPs) and the current use pesticide chlorpyrifos in the Southern
Ocean. Dissolved ΣHCH and dieldrin concentrations decreased linearly with
increasing latitude from 7.7 to 3.0 and from 1.0 to 0.6 pg·L−1, respectively.
There was no consistent trend observed in the latitudinal profile of
atmospheric samples; however, some compounds (such as dieldrin) showed
reduced concentrations from 7.5−3.4 to 2.7−0.65 pg·m−3 at the highest
latitudes south of the Polar Front. Chlorpyrifos was found in samples from this
area for the first time. Estimated air−seawater fugacity ratios and fluxes
indicate a current net deposition between −3600 and −900, −6400 and −400, and −1400 and −200 (pg·m−2·d−1) for γ-HCH,
dieldrin, and chlorpyrifos, respectively. These findings suggest that, under current climatic conditions, the Southern Ocean
reservoir in the Indian−Pacific sector serves as an environmental sink rather than a source of OCPs to the atmosphere.

■ INTRODUCTION

Persistent organic pollutants (POPs) are anthropogenic
chemicals that have been widely used in agricultural and
manufacturing industries. These compounds, which include a
variety of organochlorine pesticides (OCPs), are resistant to
degradation, capable of long-range environmental transport,
and may bioaccumulate in, and become toxic to, living
organisms.
Most OCPs are semivolatile in nature. This has led to part of

the global POP burden generated at more temperate latitudes
being transported to Polar Regions via atmospheric and oceanic
processes. At high latitudes, prevailing cold conditions diminish
their volatility and restrict further movement. Global warming,
however, stands to significantly alter the Polar climate, and
concerns have been raised over the possible reversal of POP
fluxes in regions where there is currently a net air-to-water flux.1

The so-called “Polar sinks” may, under this scenario, become
secondary sources of POPs to the atmosphere, thus impacting
global efforts to moderate human and environmental exposure
to these toxic compounds. This process has been observed in
the Arctic, where re-emissions of hexachlorocyclohexanes
(HCHs) from soil and ocean were shown to limit the reduction

of atmospheric concentrations after the effective ban of their
production and usage.2 In Antarctica, remobilization from
repositories such as soil and snow has also been suggested as
providing a secondary source of POPs to the atmosphere.3,4

Currently, comparative comprehensive empirical evaluations
of POP burdens in the Southern Ocean and Antarctica are not
possible due to (a) inconsistencies between individual studies’
analyte repertoires and targeted environmental compartments
and (b) geographical bias in the more-frequent reporting of
some regions over others.5 Antarctica is a large continent,
covering different climatic regimes, which is reflected in the
notable geographical disparities among Antarctic studies. A
number of recent publications have measured the OCP burden
of seawater and air of the South Atlantic and Antarctic
Peninsula sectors of the Southern Ocean,6−8 but to our
knowledge, no recent studies have been performed in the
Indian−Pacific sector. Only five studies have previously been
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conducted in this area, the most recent dating from over 25
years ago.9−13 As a consequence, the current magnitude of the
Southern Ocean POP reservoir remains unknown.
This manuscript presents measurements of the current levels

of a suite of OCPs in the overlying atmosphere and surface
water of the Southern Ocean between Australia and Antarctica.
These data facilitate an improved understanding of POP
latitudinal distribution in the Indian−Pacific sector of the
Southern Ocean and enables the evaluation of air−seawater
exchange during the late austral summer.

■ MATERIALS AND METHODS

Sampling Cruise. A total of ten paired air and seawater
samples were collected from the RSV Aurora Australis in
February 2014 along the Southern Ocean transect depicted in
Figure 1. A high-volume air sampler (model PK2100, Lear
Siegler Australasia Pty Ltd.) sampled between 195 and 726 m3

of air per sample through a quartz fiber filter (QFF, grade QM-
A, 101.6 mm, Whatman, England) followed by two polyur-
ethane foam (PUF) plugs (60 mm OD × 51 mm in length,
0.022 g·cm−3 density, Restek Corporation) in series at a flow
rate of approximately 20 m3·h−1. Concurrently, a high-volume
seawater sampler (Kiel in situ pump (KISP), Aimes GmbH,
Germany)14 was connected to the clean seawater intake line on
board the ship, sampling water from approximately 4.5 m below
the surface of the ocean. It pumped between 776 and 1324 L of
prefiltered (<210 μm) seawater per sample through a glass fiber
filter (GFF, 142 mm, 0.7 μm, Whatman, England) and a glass
cartridge filled with 160 mL of a slurry containing an estimated
80 g of precleaned Amberlite XAD-2 resin (Supelpak-2, Sigma-
Aldrich Co. LLC.) in series at a flow rate of approximately 500
mL·min−1. All relevant spatial and environmental data for each
sample (e.g., geographical coordinates, wind speed, air and
water temperatures, and water salinity) were obtained from the
ship’s onboard data acquisition system (see Tables S1 and S2).
All samples were stored frozen at −20 °C (except XAD
cartridges, which were refrigerated at +4 °C). They were
processed and extracted at Environment Canada (Canadian

Centre for Inland Waters (CCIW), Burlington, ON, Canada),
and extracts were then sent to Australian Laboratories Services
(ALS Global, Burlington, ON, Canada) for OCP analysis.

Analytical Procedures. XAD cartridges were transferred to
elution columns and eluted with, successively, acetone and
dichloromethane (DCM). PUFs were extracted in an
accelerated solvent extractor (ASE) (Dionex ASE 200, Dionex
Corporation) with n-hexane−acetone (7:3, v/v), and filters
(from seawater and air) were extracted in the ASE with n-
hexane−acetone (1:1, v/v) followed by DCM. Procedural
blanks were extracted with each batch of samples to check for
potential contamination during the analytical procedures.
Extracts were back-extracted using a 3% sodium chloride
solution, passed through prefurnaced (450 °C, 12 h) sodium
sulfate to remove remaining water, and concentrated in
cyclohexane prior to sending to ALS Global for further cleanup
using gel-permeation chromatography and column chromatog-
raphy (2% deactivated silica gel), followed by analysis using gas
chromatography/high-resolution mass spectrometry (GC/
HRMS). Concentrated extracts were analyzed for a suite of
31 OCPs (Table 1), including legacy POPs such as chlorinated
cyclodiene pesticides, dichlorodiphenyltrichloroethane (DDT),
and derivatives and toxaphene congeners as well as current-use
pesticides such as chlorpyrifos using the isotope-dilution
technique according to ALS Global standard protocols based
on EPA method 169915 (additional details are presented in part
C of the Supporting Information).

Quality Assurance and Quality Control. The active air
sampler setup on the ship was connected to an ultrasonic wind
speed and direction sensor, allowing automatic conditional
sampling to limit ship-borne contamination. Sampling was
enabled only when the winds were >3 m·s−1 and coming from a
180° angle, i.e., opposite the exhaust.
All sampling materials were precleaned to ensure minimal

blank levels (see part A of the Supporting Information for
detailed methods). Once collected, the samples remained in
sealed sample containers and were not opened until handling in
a clean room (positively pressured, high-efficiency particulate

Figure 1. Transect map of simultaneous atmospheric and oceanic sampling along voyage V4 (2014) aboard the RSV Aurora Australis.
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air (HEPA) and carbon filters) at Environment Canada. Field
blanks were prepared in the same manner as samples and
exposed to ambient air during the changing of sampling
materials on the samplers. They were also stored and analyzed
in the same manner as samples. All values reported are blank-
corrected using the average of three field blanks.
Method detection limits (MDLs) were calculated for each

compound as three times the standard deviation of the field
blanks (Table S7). Instrument detection limits (IDLs) and
limits of quantifications (LOQs) were also evaluated for each
separate sample. In order to check for recovery rates, sampling
materials were spiked with 150 μL of a methanol solution
containing δ-HCH and 13C8 mirex (10 pg·μL−1). XAD
cartridges were spiked prior to sampling, and PUFs and filters
were spiked prior to extraction. ALS Global also added labeled
target analytes, and responses were used to correct for losses
during cleanup and instrument drift (Table S8). Individual
surrogate recoveries are provided in Tables S9 and S10. Each of
the two PUFs from air samples was extracted separately to
check for possible breakthrough. Analysis of the secondary

PUFs showed concentrations below MDL for most analytes
except α-hexachlorocyclohexane (α-HCH) and heptachlor
(HEPT), for which breakthroughs were estimated at 32 ± 24
and 5 ± 6%, respectively. For these two analytes, results are
reported as the sum of both PUFs.
Concentrations recovered from the dissolved seawater

fraction were further corrected to account for analytes
associated with the dissolved organic carbon (DOC) fraction
of the seawater and obtain the concentration of freely dissolved
chemicals in that fraction. For this, we used the approach of
Burkhard16 with DOC estimations for this sector of the
Southern Ocean from the literature17 (see part B of the
Supporting Information). The freely dissolved fraction is
representative of what is available for uptake by organisms in
the water and also necessary to determine the direction and
magnitude of air−seawater fluxes. DOC correction reduced
seawater concentrations by up to 29% over the full range of
analytes.

Air-Mass Back Trajectories. The origin of air masses was
estimated using NOAA’s HYSPLIT model.18 A single 120 h air-
mass back trajectory from 25 m above ground level was
generated for the start, middle, and end of each sampling
period.

■ RESULTS AND DISCUSSION
Air and Seawater Concentrations. OCP concentration

ranges observed in air and seawater samples along the cruise
track are presented in Table 1 (gas-phase and dissolved
fractions only). Individual concentrations of all analytes in
samples from this study are provided in Tables S3, S4, S5, and
S6. Of the 31 OCP analytes, 16 had quantifiable concentrations
in at least half of the dissolved seawater samples and seven in at
least half of the gas-phase samples during this sampling
campaign. No target analytes were detected in the particulate
fraction of either air or seawater except for dieldrin, which was
detected on air particles (≤36 pg·m−3), and 4,4′-DDE on water
particles (0.025 to 0.14 pg·L−1) along the entire transect. Some
OCP concentrations were below quantification limits for at
least 50% of the samples along the full transect (a) in air, i.e.,
hexachlorobenzene (HCB), α- and β-hexachlorocyclohexane
(HCH), endrin, α-endosulfan, endosulfan sulfate, toxaphene
(the octachlorobornane Parlar-26), and all DDTs and
derivatives; (b) in seawater, i.e., HEPT, heptachlor epoxide B
(HEPX-B), trans-chlordane (TC), and cis-chlordane (CC); or
(c) in both air and seawater, i.e., mirex, aldrin, heptachlor
epoxide A, oxychlordane, trans- and cis-nonachlor, β-endo-
sulfan, and the nonachlorobornanes Parlar-62 and -50 (Table
1). This limits further discussion of environmental distribution
for these compounds, although it provides an estimate of their
potential maximum levels at present in the targeted sector of
the Southern Ocean.
Levels of HCH isomers in environmental matrices are among

the most documented throughout the world and provide a
baseline for comparison of concentrations in remote areas. We
found dissolved-phase concentrations of α-, β-, and γ-HCH
isomers ranged from 2.0 to 4.4, <0.029 to 4.2, and 0.74 to 1.9
pg·L−1, respectively (Table 1). On average, these concen-
trations of α- and γ-HCH are approximately an order of
magnitude lower than those reported 25 years ago in the same
sector of the Southern Ocean using similar sampling methods
(XAD-2 resin cartridges).10 Our results for γ- and β-HCH in
seawater are comparable to those found in a study conducted in
the Antarctic Peninsula in 2008−2009, although we report

Table 1. Concentration Ranges of OCPs Observed on the
Cruise in Seawater (pg·L−1) and Atmospheric (pg·m−3)
Samplesa

seawater (dissolved)
(n = 11)

air (gas phase)
(n = 10)

HCB 2.6−4.1 (100) <22−35 (10)
α-HCH 2.0−4.4 (100) <0.13−1.1* (30)
β-HCH <0.029−4.2 (73) <0.76 (0)
γ-HCH 0.74−1.9 (100) <0.70−4.3 (90)
heptachlor <0.022−0.26* (36) 1.3−7.5 (100)
aldrin <0.033 (0) <0.075 (0)
chlorpyrifos 0.18−0.54 (100) <0.79−3.3 (50)
heptachlor epoxide B <0.084−0.26 (45) <0.11−0.41 (50)
heptachlor epoxide A <0.056 (0) <0.45 (0)
oxychlordane <0.032 (0) <0.32 (0)
trans-chlordane nd (0) 0.72−8.1 (100)
cis-chlordane <0.72 (0) <0.19−1.0 (80)
trans-nonachlor <0.24 (0) <0.20−0.33* (20)
dieldrin 0.53−1.2 (100) 0.66−7.5 (100)
endrin <0.089−0.26* (91) <0.066−0.20 (10)
cis-nonachlor <0.048 (0) <0.17 (0)
α-endosulfan <0.42−0.87 (73) <0.74−7.4 (40)
β-endosulfan <0.31 (0) <2.7 (0)
endosulfan sulfate <0.099−0.37 (73) <2.6 (0)
2,4′-DDE <0.017−0.72 (91) <0.51 (0)
4,4′-DDE 0.66*−1.8 (100) <0.15−0.44 (20)
2,4′-DDD <0.22−1.5 (91) <1.6 (0)
4,4′-DDD <0.10−0.70 (54.5) <1.8 (0)
2,4′-DDT 0.27−2.4 (100) <2.7 (0)
4,4′-DDT 0.32−3.2 (100) <7.8 (0)
dicofol <28 (0) <8.4 (0)
methoxychlor <3.1 (0) <1.9 (0)
mirex <0.022 (0) <0.59 (0)
Parlar-26 <0.098−0.53 (91) <4.7 (0)
Parlar-50 <0.051−0.14 (18) <2.8 (0)
Parlar-62 <0.41 (0) <4.9 (0)
aNote: n values represent the number of samples analyzed, the values
in brackets represent the detection frequency (%), < indicates that the
value is below MDL (or below individual limits of quantification,
whichever was the largest), nd stands for not detected, and the asterisk
indicates maximum possible values (i.e., where peak responses failed
ion abundance ratio tolerances).
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significantly higher concentrations of α-HCH than those
reported in that work.7 α-HCH levels detected in our study
were similar to those reported from 2008 in the Atlantic−
Indian sector of the Southern Ocean (53 to 67° S)19 and also
from 2002 in the Antarctic Peninsula.6 Both α- and β-HCH
levels were comparable to those from the Ross Sea,20 although
they were in the lower end of those reported ranges. The
surface seawater dissolved concentrations of HCHs in the
Southern Ocean that we measured are much lower than the
levels reported in the 1980s but similar to more recent
measurements, suggesting that the net input, transport, and
deposition of these compounds may have plateaued.
Atmospheric levels of HCH isomers were generally < MDL,

with only the gas-phase γ-HCH being frequently detected (in
90% of samples) along the transect at concentrations ranging
from <0.70 to 4.3 pg·m−3 (Table 1). These atmospheric levels
are lower by a factor of up to four compared to levels detected
25 years ago in the same sector.9,10 However, they are similar to
findings from summer 1999−2000 in the Antarctic Atlantic
sector (44 to 66° S)8 and those reported for the Antarctic
Peninsula in 20026 and 2008−2009.4 Gas-phase α-HCH
concentrations, ranging between <0.13 and 1.1 pg·m−3, were
detected in only 3 of 10 samples. These concentrations are
consistent with recent findings in the Antarctic Peninsula4,6 and
the Ross Sea.20 They are also similar to results from continuous
land-based monitoring at Troll station, Queen Maud Land,21

and Casey station in the east Antarctic sector.22 Interestingly, β-
HCH is only detected in seawater samples, not in air. Its much
lower Henry’s Law constant (HLC) compared to that of α-
HCH implies it should be more efficiently transported through
the ocean.2

Dieldrin levels were quantified in all dissolved and gas-phase
samples between 0.53 and 1.2 pg·L−1 and between 0.66 and 7.5
pg·m−3, respectively (Table 1). It was also the only compound
detected in all air particulate samples (see further discussion
about dieldrin on aerosols in part H of the Supporting
Information). This is consistent with its status as a ubiquitous
contaminant in Australia23 and the Southern Ocean and
Antarctic food webs.24−26

The gas-phase concentrations of HEPT and HEPX-B ranged
between 1.3 and 7.5 and <0.11 and 0.41 pg·m−3, respectively
(Table 1). Overall, these concentrations fall within the range
reported by Dickhut et al.6 in the Western Antarctic Peninsula
within the past decade, although that study did not distinguish
individual isomers. These findings are contrary to Arctic
observations of lower atmospheric HEPT levels relative to
HEPX-B.27,28 Su et al.28 showed that elevated HEPT was
associated with higher TC/CC ratios. The relative abundance
of TC and CC in technical mixtures can be used to distinguish
between atmospheric inputs of technical HEPT and technical
chlordane. The technical HEPT mixture contains HEPT
(72%), TC (18%), and CC (2%).29 In the Arctic, TC/CC
ratios observed are generally less than 1, which is taken to
indicate atmospheric input of technical chlordane as opposed to
technical HEPT.28 The TC/CC ratios observed along the
present Southern Ocean transect are significantly higher,
between 3.3 and 10. The high levels of HEPT relative to
HEPX-B and chlordanes, as well as high TC/CC ratios, suggest
air transport of technical HEPT dominates in the Southern
Hemisphere.
We report dissolved concentrations of HCB ranging from 2.6

to 4.1 pg·L−1 (Table 1). These concentrations are elevated,
being an order of magnitude higher than those recently

reported around the Antarctic Peninsula.7 However, they are on
the lower end of the range for samples collected in the Ross Sea
in 2004.20 While it is known that HCB is a ubiquitous
compound in Antarctic abiotic and biotic chemical pro-
files,4,6,24,25,30,31 relatively high MDLs (22 pg·m−3) for HCB
in atmospheric samples collected for this study limited further
detailed investigation of environmental distribution along the
latitudinal gradient. However, we performed more recent
coastal sampling in November−December 2015 around Davis
Station using similar methods, and results show concentrations
between 11.0 and 16.1 pg·m−3, which are within the range
reported in Cincinelli et al.20 for samples collected during the
summer in 2003−2004.
The 2,4′- and 4,4′- isomers of DDT and transformation

products (DDE and DDD) were all detected in the dissolved
phase at frequencies between 54.5 to 100% along the transect,
while none were detected in more than 20% of the atmospheric
samples (Table 1). This reflects their predominance in seawater
(essentially due to their relatively low HLC values). Despite the
enhanced potential of these compounds to bioaccumulate in
Antarctic aquatic ecosystems24,32,33 and also to sorb to particles,
only 4,4′-DDE was detected on seawater particle filters.
Previous studies have found between 27 to 90% of DDTs on
particles in this region of the ocean.34 The proportion of 4,4′-
DDE that we report on particles is thus minimal (3.5 to 16%
along the full transect). The organic carbon of bacteria and
phytoplankton is a very dynamic pool and is renewed diurnally.
Equilibrium concentrations may not be reached between
seawater and particles over their diurnal cycle, thus resulting
in lower particle-phase concentrations than predicted. It is also
important to note that our samples were partly collected
overnight. The effects of day−night cycles on POP adsorption
on particles in seawater remain largely unknown.
Among the three toxaphene congeners analyzed, only Parlar-

26 and -50 (the later in only 18% of seawater samples) were
detected along the transect, and then only in the dissolved
fraction of these samples. Their concentrations ranged from
<0.098 to 0.53 and from <0.051 to 0.14 pg·L−1, respectively.
Although some early measurements were made in the Canadian
Arctic in air and seawater,35 this study is, to our knowledge, the
first to report the presence of toxaphene congeners in the
Southern Ocean. These congeners have, however, previously
been reported in various Antarctic marine mammal species and
birds,24,25,36 where relative abundance followed a similar trend
to that reported here for seawater (i.e., P-26 > P-50).
This study is the first to report the presence of chlorpyrifos in

the Antarctic environment. This chlorinated organophosphate
insecticide, and the only one of the analyte suite in
contemporary use, was detected in both dissolved seawater
and gas-phase air fractions at levels between 0.18 and 0.54 pg·
L−1 and <0.79 and 3.3 pg·m−3, respectively. Our study supports
recent findings from the Arctic37 regarding the long-range
transport potential of chlorpyrifos and its apparent persistence
in the environment. The continuing widespread use of
chlorpyrifos in residential and agricultural applications in the
southern hemisphere38 indicates a pressing need for further
research on its presence and effects in the Antarctic
environment.

Spatial Distribution Trends. We did not observe any
significant linear spatial trend in gas-phase concentrations,
which is consistent with a uniformly mixed atmosphere over the
Southern Ocean for most compounds. However, gaseous
dieldrin concentrations decreased with latitude (Figure 2).
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Interestingly, dieldrin had gas-phase concentrations between
7.5 and 3.4 pg·m−3 for samples taken to the north of 60 °S,
while these decreased to between 2.7 and 0.65 pg·m−3 for the
four samples collected at the highest latitudes adjacent to the
Antarctic continent (63 to 67 °S) (Figure S3). This pattern was
also observed for TC, the concentrations of which dropped
from between 8.1 and 2.9 to between 3.0 and 0.72 pg·m−3

above and below 60 °S, respectively (Figure S3). A non-
parametric Mann−Whitney U test indicated that these trends
were significant for both dieldrin (p < 0.01) and TC (p < 0.02).
These reduced gas-phase concentrations for dieldrin and TC
may therefore be associated with a change in the origin of air
masses sampled along the coast of Antarctica. Outputs of the
HYSPLIT backward dispersion model show a different origin
for air samples above and below 60 °S (Figure S4). Air masses
associated with these coastal samples originated from the
Antarctic continent, as opposed to other samples collected at
lower latitudes in the open ocean, where air masses originated
from lower latitudes above the ocean. The transect passes
through an atmospheric circulation boundary referred to as the
Polar Front. This is the boundary between the polar cell and
the mid-latitude Ferrel cell found in both hemispheres, with an
expected maximum northern limit located at approximately 60
°S.39 Oceanic air masses (i.e., from north of the Polar Front)
containing contributions from more populated temperate areas
would therefore be expected to carry higher OCP concen-
trations compared to those in the Antarctic continental air
masses (i.e., from south of the Polar Front). These results are
not consistent with findings from the Antarctic Peninsula

region, where higher concentrations of HCHs were found in air
masses originating from the Antarctic continent compared to
those from the Weddell Sea.4 Although the Antarctic Peninsula
has unique atmospheric circulation and precipitation regimes
that limits our ability for direct comparison, we suspect that the
revolatilization processes reported in this region may lead to
local POP enrichment of the atmosphere.3

In contrast to these atmospheric results, we observe
statistically significant latitudinal trends in seawater, where
dissolved concentrations decreased linearly with increasing
latitude for ΣHCH (α, β, γ) (from 7.7 to 3.0 pg·L−1), dieldrin
(from 0.97 to 0.61 pg·L−1), endrin (from 0.26 to <0.089 pg·
L−1), and HEPX-B (from 0.26 to <0.084 pg·L−1) (Figures 2
and S2). These compounds have some of the lowest HLCs of
our analyte repertoire, implying that they are more likely to
undergo some oceanic transport or are sequestered efficiently
by the ocean during atmospheric transport. Their decrease in
concentration with latitude illustrates the distance of Antarctica
from primary sources.
Although their latitudinal concentrations appear to decrease

linearly, the distribution of these compounds may also be
affected by the presence of the Antarctic Convergence (AC),
which this sampling transect crossed. The AC is an interface
between different oceanic water masses that denotes the
boundary where the cold, northward-flowing Antarctic waters
sink beneath the relatively warmer waters arising from lower
latitudes. Thus, it is typically identified by a large temperature
gradient.40 Based on this, we estimate the AC to have been
located between sample W02 and W03 on the southward

Figure 2. Latitudinal profiles of dissolved seawater (CW, pg·L
−1) and gas-phase air (CA, pg·m

−3) concentrations for the three analytes found in ≥50%
of the samples in both air and seawater. Each measured value represents data derived over a distance covered by the ship, symbolized by horizontal
bars. Dotted lines represent the estimated Antarctic convergence zone and expected maximum northern limit of the Polar Front for seawater and air,
respectively. Note: gas-phase concentrations of ΣHCHs are essentially composed of γ-HCH because α- and β-HCHs were mainly <MDL.
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(outbound) leg of the transect and between sample W08 and
W09 on the northward leg (Figure 1) at a latitude of
approximately 57−58 °S (evidenced in Figures 2 and S2).
Dissolved concentrations of HEPX-B decreased significantly
(R2 = 0.97, p < 0.002, n = 5; Figure S2) with increasing latitude
from between 0.26 and 0.18 pg·L−1 north of the estimated
location of the AC to below MDL values at all sites south of
this latitude (Figure S2). A similar reduction in dissolved
concentrations was observed for β-HCH (Figure S2), for which
we report <-MDL values for half of the samples collected south
of the AC. A Mann−Whitney test on available data points
north and south of this latitude indicated that the observed
drop in concentration was statistically significant (p < 0.02).
Our results suggest that the north−south transfer of dissolved
HEPX-B and β-HCH may be limited by the AC, as has been
suggested in the literature for more hydrophilic POPs.41

Concentrations of HEPX-B, however, experienced a steep
decline along the latitudinal gradient, and current MDLs limit
our detections further south; thus, it is unknown what the
actual concentrations are south of the AC and whether
inhibition of transfer is complete. Alternatively, it is also
possible that the reduced atmospheric deposition of both
HEPX-B and β-HCH below the Polar Front is responsible for
the observed decline in dissolved HEPX-B and β-HCH
concentrations at higher latitudes. However, atmospheric data
for these two compounds are limited, preventing further
investigation.
Many compounds did not show a latitudinal trend along

transect in either the dissolved or gaseous phases (Figure S1
and S2). These included DDTs, toxaphenes, and chlorpyrifos.
Dissolved HCB levels remained relatively constant between
Australia and Antarctica.
Air−Seawater Exchange. The diffusive air−seawater

fluxes and seawater−air fugacity ratios ( f W/fA) were calculated
for each paired air-and-seawater sample for those OCPs with
sufficient detection frequency (i.e., > 50% detection). This
enabled the determination of the direction and magnitude of
the chemical exchange between the two phases along the
latitudinal gradient.
The most common approach to quantify the air−seawater

exchange fluxes (FAW, pg·m
−2·d−1) in marine environments

follows a modified Whitman two-film model, as described in
Bidleman and McConnell.42 This model has previously been
used in a variety of locations around the world and, most
importantly, in Polar Regions for OCPs10,42 and other
POPs.43,44 In this study, FAW data were determined using
measured concentrations of OCP analytes in air and seawater at
each sample location, following methods described in part F of
the Supporting Information. Seawater−air fugacity ratios45

were also calculated to assess the net direction of transport as
well as significance of fluxes (see methods for determination in
part F of the Supporting Information). A fugacity ratio of 1
indicates thermodynamic equilibrium of a compound between
the air and water phases and no net transfer in either direction.
Net deposition or volatilization is indicated by a f W/fA ratio
significantly less than or greater than unity, respectively.
In order to express concentrations in terms of fugacity and

derive fluxes, we estimated some parameters from the available
data in the literature46−48 and other databases (see part F of the
Supporting Information). These contribute to an increased
uncertainty in the estimated fugacity ratios and air−seawater
fluxes. We estimated these uncertainties using propagation of
error (see part F of the Supporting Information). Environ-

mental concentrations and resulting fugacity ratios and fluxes
generally fail to follow a normal distribution. This was the case
of the data presented in this manuscript, which could affect the
error estimates.
Only the fugacity ratios and fluxes of three OCPs (i.e.,

dieldrin, γ-HCH, and chlorpyrifos) were investigated because
they were the only three chemicals of interest frequently
(>50%) detected in matched air and seawater samples. The
calculated fugacity ratios and fluxes are presented in Figures 3

and 4, respectively. All measured fugacity ratios are below unity
(considerably so for γ-HCH and dieldrin) indicating the air−
seawater system along our transect in the Southern Ocean is far
from equilibrium, with net deposition for the compounds
investigated. Gross volatilization and absoption fluxes were
calculated for each of these OCPs and are presented in the

Figure 3. Fugacity ratios of γ-HCH (black), dieldrin (green), and
chlorpyrifos (red) calculated from measured concentrations in air and
seawater along the latitudinal transect. Each measured value represents
data derived over a distance covered by the ship, symbolized by
horizontal bars. Vertical dotted bars indicate the estimated error for
each value.

Figure 4. Net air−seawater fluxes of γ-HCH, dieldrin, and chlorpyrifos
along the latitudinal gradient (pg·m−2·d−1). Negative values indicate
net deposition from the atmosphere to the ocean. All estimated fluxes
had direction confirmed by fugacity ratio. Dotted line separates
samples collected north (left) and south (right) of the Polar Front. For
gross volatilization and absorption fluxes, see Figure S5.
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Figure S5. All three OCPs displayed negative net fluxes
everywhere along the transect (Figure 4), again implying that
they are currently being deposited from the air to the seawater.
Deposition fluxes of γ-HCH and chlorpyrifos were estimated to
be between −3600 and −900 and between −1400 and −200
pg·m−2·d−1, respectively, with no obvious latitudinal trends.
Negative γ-HCH fluxes have been reported in multiple
publications from the Southern Ocean in the past dec-
ade.4,6,19,20 In the case of HCHs, these fluxes are suspected
to be primarily driven by degradation processes in the upper
water column, keeping water concentrations at relatively low
levels.4 Estimates of the fluxes are highly dependent on the
measured OCP concentrations, but variations in wind speed as
well as the extent of the biological pump driven by primary
productivity, for example, could also contribute to the large
variability observed in fluxes.
The net deposition fluxes of dieldrin were lower by over 70%

on average in the four samples taken along the Antarctic coast
(A04−W04, A05−W05, A06−W06, and A07−W07) compared
to oceanic samples (Figure 4). This reflects not only the
reductions in atmospheric and dissolved dieldrin concen-
trations described above (Figure 2) but also the fugacity ratio
that was closer to unity for these samples (Figure 3). These
lower fluxes and larger fugacity ratios may be the result of a
number of processes. In addition to long-range atmospheric
transport, there is the possibility of an input of OCP from
melting ice shelves.49−51 Enriched meltwater entering the ocean
would increase the OCP fugacity in the water and reduce the
fugacity gradient and, hence, the net diffusive air−water flux.
We observed a salinity decline (Table S2) for only one seawater
sample (W06, collected in the vicinity of the Amery Ice Shelf)
out of the four taken along the coast. This raises the possibility
that OCP in summer meltwater release may have affected our
results. The reported fugacity ratios (Figure 3), however, do
not support the hypothesis of an OCP enrichment associated
with glacial melt in this area, nor was a rise in dieldrin
concentration observed in the W06 sample (Figure 2). Instead,
relatively clean air originating from the continent in the
Antarctic coastal area may have contributed to bringing the
system closer to equilibrium. Alternatively, an increase of the
biological pump or degradative processes along the coast may
have decreased OCP levels during the high-productivity
summer months. Indeed, productivity is at its maximum from
December to February in polynyas along the coast of
Antarctica.52 Our measurements, taken toward the end of
summer, may have captured the end of the active biological
“cleanup” of dieldrin from the atmosphere in coastal zones.
Although atmospheric HCB concentrations were not

available along the latitudinal transect, we obtained more
recent coastal measurements as mentioned above. HCB in
seawater was consistently measurable along the coast of
Antarctica with little variability between 3.6 and 4.0 pg·L−1.
The fugacity ratio and corresponding fluxes were calculated
based on the average coastal water concentration of HCB from
this study and the minimum and maximum air concentrations
recently acquired. Fugacity ratios were 0.69 and 0.48,
respectively, suggesting air-seawater exchange is close to
equilibrium, though still exhibiting net deposition along the
coast of Antarctica, with net fluxes estimated between −6494
and −1489 (pg·m−2·d−1). These results are consistent with
findings from the Antarctic Peninsula and Arctic,4,7,53 which
suggest that HCB’s relatively low hydrophobicity and lack of
degradative pump (enhancing its persistence in the water

column) are driving the system closer to equilibrium
conditions. Our results are, however, based on atmospheric
data collected earlier in the austral summer than water samples
and in a different year.
Finally, we estimated equilibrium concentrations (i.e.,

assuming a fugacity ratio of 1) for those analytes with over
50% detection success in only one of the two phases or
matrices (dissolved seawater or gaseous air), for which fluxes
could not be quantified. These results are presented in part G
of the Supporting Information and Figure S6. Estimated gas-
phase concentrations of 2,4′- and 4,4′-DDE at equilibrium are
above respective limits of detections for measured air samples.
Of these analytes, we only detected 4,4′-DDE in the air and
only in 2 of the 10 samples at concentrations three to seven
times lower than those estimated for equilibrium. This suggests
that the system is not in equilibrium for these compounds and,
therefore, that their net flux is currently directed from seawater
to air due to their undersaturated atmospheric levels. This is
consistent with recent studies that show the possible re-
emission of POPs from repositories, including water bodies,54

particularly in Polar regions.1,2 All estimated equilibrium
concentrations for other analytes were below MDL, and
therefore, our data, while not contradicting this possibility, do
not lend further support.
Although various studies from both poles have showed the

possible remobilization of POPs from snow, ice, water, and
soils,1,3,55,56 our findings indicate that our OCPs of interest,
with the exception of 2,4′- and 4,4′-DDE, do not currently
appear to be moving from the ocean to the atmosphere in the
region of Antarctica and the Southern Ocean covered by our
study transect. However, seasonality impacts atmospheric OCP
concentrations, particularly in Polar Regions where ice-related
processes, as well as rate and type of precipitation and solar
irradiation, significantly modify the environmental partitioning
of OCPs.57 Our measurements, collected at the end of summer,
may not have captured the possible seasonal emission of POPs
generated from spring melt of the snowpack, as recently
suggested by Kang et al.58 in East Antarctica.
The general absence of comparable data from the Indian−

Pacific Ocean sector of the Southern Ocean precludes
confident conclusions regarding temporal trends and the
environmental impact of changing hemispheric usage patterns.
Our results, however, are comparable to those reported over
the past decade, which reflect a marked decline in environ-
mental levels since the 1980s. Furthermore, correlations
between seawater dissolved-phase concentrations and latitude
were found for some compounds, in particular for ΣHCHs and
dieldrin. Factors that may be driving this include (a)
remoteness from primary sources, (b) a larger influence of
cleaner Antarctic air masses closer to the coast, and (c) a larger
influence of the biological and/or degradative pumps in the
more productive waters close to the Antarctic continent.
Air−seawater exchanges of OCPs are currently dominated by

net deposition of gas-phase material. The origin of air masses
appears to impact atmospheric concentrations that were
considerably reduced at higher latitudes, south of the Polar
Front, particularly for dieldrin. As a result, we note a decrease in
calculated dieldrin fluxes, bringing the air and water closer to
equilibrium but overall still exhibiting a net deposition at
Antarctic coastal sites. Longer-term evaluations are required to
delineate the influence of temporal and seasonal variations on
the distribution of OCPs into the environment and determine
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whether processes such as glacial ice melt have any substantive
effect.
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Chapter 4. 

Spring melt and POP redistribution in the sea-ice environment:  a 

comparative study between Arctic and Antarctic 

This Chapter presents the first dual-Polar investigations on POP 

contamination and behaviour in snow and sea-ice. Two coastal sites were 

selected, one in the Arctic, the other in the Antarctic, to evaluate differences 

in POP redistribution in the sea-ice scape in early spring.  
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Abstract 

Environmental samples (air, snow, sea-ice and seawater) were simultaneously collected over 

time in the early spring period at two selected coastal Polar sites, Villum Research Station 

(North Greenland) and Davis Station (Antarctica). They were analysed for a range of 

organochlorine pesticides (OCPs) and polybrominated diphenyl ethers (PBDEs). The aim 

was to investigate and compare levels at each site as well as evaluate temporal concentration 

trends and partitioning behaviour during early spring melt. Although OCP concentrations 

were significantly higher at the Arctic site for all water-based samples, atmospheric 

concentrations were comparable or higher at the Antarctic site. Findings indicate that 

seawater and snow are both contributing to POP burdens accumulated in sea-ice from its 

formation until spring. Larger variability in the partitioning of OCPs between sea-ice and 

seawater at the Arctic site suggest that marine advection of some more soluble compounds 

may have enhanced seawater concentrations at this site. It is also possible that a larger portion 

of the sea-ice being immersed in seawater at this site may have facilitated the exchange 

between sea-ice and seawater and brought their concentrations closer together. In the Arctic, 

snow melt resulted in volatilisation from the snowpack of most OCPs and PBDEs 

investigated. In contrast, at the Antarctic site, snow melt was not observed and results suggest 

that the fugacity gradient of OCPs between ice/snow and air is reduced by strong winds. OCP 

redistribution in the environment was largely influenced by strong winds, promoting 

ventilation of the snowpack, and possibly the sea-ice surface. At both sites, seawater 

concentrations remained relatively stable, which may imply that redistribution from frozen 

matrices to the atmosphere begins earlier than redistribution to the seawater. Particle-bound 

4,4'-DDE was found in sea-ice samples at both sites, possibly suggesting bioaccumulation in 

sympagic primary producers. The air-seawater exchange status for HEPX-B, dieldrin and α-

HCH from sites in each Polar Region were opposite. It is predicted through fugacity 
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modelling that on complete melting of the sea-ice, the direction of the exchange will not 

change at the locations studied. Net volatilisation will occur in the Arctic, while net 

deposition is expected in the Antarctic. 

4.1. Introduction 

The capacity for anthropogenic chemicals such as Persistent Organic Pollutants (POPs) to 

reach Polar Regions of the Earth has been well established (Wania and Mackay 1996, Wania 

2003). Numerous environmental monitoring programs and polar expeditions have 

investigated and quantified levels of these toxic chemicals e.g. organochlorine pesticides 

(OCPs) in both the Arctic and Antarctic (Hargrave et al. 1988, Bidleman et al. 1993, Hung et 

al. 2002, Lakaschus et al. 2002, Dickhut et al. 2005, Choi et al. 2008, Su et al. 2008, 

Lohmann et al. 2009, Galbán-Malagón et al. 2013). They have been found in many different 

phases of the Polar environment, including air, seawater, snow, sea-ice, soil, and biota.  

Once POPs reach high latitudes, the polar climate provides conditions for their enhanced 

environmental persistence. In the current global warming context, the ice, long considered a 

barrier to further POP movement in the environment, is now receiving increasing levels of 

attention as a temporary repository for such compounds. The loss of Arctic ice cover has been 

shown to affect air-seawater exchanges of POPs in the marine environment (Jantunen et al. 

2008). Studies have also shown the potential for Polar Regions to become secondary 

atmospheric sources of POPs as a result of climate change (Ma et al. 2011), particularly in 

the Arctic where recent evidence indicates the net volatilisation of POPs from local (i.e. 

secondary) sources (Bidleman et al. 2015).  

Logistical constraints associated with Polar research have limited gathering of field ice and 

snow data on POPs to date. A number of experimental and modelling studies have attempted 

to expand knowledge on POP fate with snow melt. Snow has been described as an efficient 

POP scavenger (Herbert et al. 2006), thus providing a means of contaminant release to its 

local environment on melting (Meyer et al. 2006, Meyer and Wania 2008, Meyer et al. 

2009a, b, Meyer and Wania 2011). Relatively few in-situ sampling campaigns have been 

undertaken to elucidate the processes influencing POP levels in the Arctic sea-ice (Pućko et 

al. 2010, Pućko et al. 2011, Pućko et al. 2012). These works have revealed that although a 

large portion of the hexachlorocyclohexane (HCH) isomers captured during sea-ice formation 

is released via brine rejection on freezing in Autumn/Winter, first year sea-ice and brines still 
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retain a portion of HCHs that is later released during melting in Spring/Summer (Pućko et al. 

2010). Additionally, melt ponds were identified as a key vector for seawater enrichment of 

OCPs and other current use pesticides (CUPs) in the Arctic (Pućko et al. 2015). This process 

is however unlikely to play a role of equal significance in Antarctica where melt ponds have 

rarely been observed due to typically low air humidity and high winds (Andreas and Ackley 

1982). The sea-ice therefore acts as a temporary reservoir over winter and becomes a local 

source of POPs through melting. The seasonal changes in environmental POP partitioning are 

significant in Polar Regions (Hung et al. 2016). In spring, the melting of sea-ice results in a 

nutrient concentration peak in the ocean, fuelling phytoplankton blooms. The potential pulse 

release of POPs therefore happens to be synchronous with these marine productivity peaks, 

facilitating food chain uptake. This suggests that exposed biota in the vicinity may be 

affected.  

There is currently only a very limited understanding of the seasonal partitioning of POPs in 

seawater and contiguous environmental phases at either of the Polar Regions. To our 

knowledge, only one previous study has employed simultaneous sampling of all 

environmental compartments in the sea-ice scape (air, snow, sea-ice and seawater), and this 

reported just HCHs levels in the Arctic (Pućko et al. 2011). In Antarctica, an opportunistic 

series of measurements of matrices within the sea-ice scape were carried out 15 years ago 

(Dickhut et al. 2005).  Compounds classified as POPs posses a large range of physico-

chemical characteristics, affecting movement and exchange of individual POPs through the 

polar environment. The scarcity of sea-ice studies combined with a very limited suite of 

POPs for which data is reported remains a major limitation to our current understanding of 

POP cycling in the Polar marine environment between the two Polar Regions. 

Although the Arctic and Antarctic occupy high latitude areas of both hemispheres, their 

climates are not exactly the same. The Antarctic is a continent surrounded by a vast ocean as 

opposed to the Arctic, an ocean surrounded by continents. These distinguishing 

geomorphological features lead to inherent differences in environmental conditions (e.g. wind 

regimes, humidity) between the two Polar Regions, which in turn may affect POP cycling 

differently. Evidence has shown asynchronous climate variations have occurred in the past 

between Greenland and Antarctica (Bender et al. 1994, Blunier et al. 1998). The temperature 

dependence of partition coefficients for example may therefore lead to marked differences in 

seasonal cycling of POPs between the two. 
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This current work is the first comprehensive field study of the cycling of POPs in these two 

Polar environments over early spring. This dual-Polar comparative study aimed to a) 

determine concentrations of POPs in the sea-ice scape at both poles, b) assess the 

environmental redistribution of POPs during early spring melt in these locations, and c) 

investigate the biogeochemical implications of observed environmental chemical partitioning. 

To address these questions, complementary sampling campaigns were implemented in North 

Greenland and Antarctica in the respective summers of 2015. 

4.2. Methods 

4.2.1. Sampling sites  

The Antarctic study site was located in the vicinity of Davis Station, Antarctica. Air, snow, 

sea-ice and seawater sampling were undertaken simultaneously as frequently as three times a 

week over a period of two and a half weeks in November – December 2015. Snow, sea-ice 

and seawater were collected approximately 1.5 km from Davis Station towards Anchorage 

Island (around 68˚32' S, 77˚56' E, Figure 4.1). The air sampler (described in Chapter 2, 

§2.2.1, and fitted with an anemometer) was deployed approximately 500 m north of the

station (68˚33' S, 77˚58' E, Figure 4.1) at a coastal position upwind from station, based on 

prevailing meteorological conditions of the area.  

The Arctic sea-ice study site was located in the vicinity of Villum Research Station (VRS), 

Station Nord, North Greenland (81˚ 36' N, 16˚ 40' W, Figure 4.2). Seawater, sea-ice, and 

snow samples were collected weekly approximately 4 km from the station (around 81˚37' N, 

16˚49' W) over a period of five weeks during the early stages of spring melt in May – June 

2015. Monthly atmospheric samples were collected during the same period through the on-

going VRS air monitoring program. These samples were collected over a week each and 

according to different sampling methods compared to Antarctic protocols. These methods are 

described in Bossi et al. (2016). For this study we used data from 4 samples collected from 

late April to late July, unless otherwise stated. 
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Figure 4.1 Approximate locations of the Antarctic sampling sites at Davis Station, 

Antarctica (Sources: NASA (top), Marie Bigot (bottom)). 

Figure 4.2 Approximate location of the Arctic sampling sites at Villum Research 

Station, Station Nord, Greenland (Sources: NASA (top), Google Map 2016 (bottom)). 
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4.2.2. Field collection and analytical procedures 

Field deployment of equipment, sampling techniques and analytical methods are described in 

Chapter 2 of this thesis. Sampling volumes of seawater were between 377 and 821 L, while 

melted snow and sea-ice samples were between 67 and 115 and between 69 and 118 L, 

respectively (see individual sample volumes in Table D1). Antarctic atmospheric sample 

volumes were between 705 and 1414 m
3
. All samples were analysed for a suite of 31 OCP

compounds using gas chromatography high-resolution mass spectrometry (GC/HRMS). 

Arctic samples were also analysed for PBDEs via gas chromatography low-resolution mass 

spectrometry (GC/LRMS).  

Air samples from VRS provided much larger volumes of approximately 5000 m
3
. Extraction

methods were comparable and samples were analysed for OCPs using GC/HRMS (Bossi et 

al. 2016). Atmospheric concentrations of HCH isomers at VRS were not available at the time 

of submission of this thesis.  

4.2.3. QA/QC 

Detailed QA/QC procedures are described in Chapter 2 of this thesis. In summary, all OCP 

and PBDE data were blank corrected and are presented in terms of concentrations per volume 

of air, seawater, or melt-water. Further information is available in Appendix D1 for 

individual method detection limits (see Table D2 to D8 and D24 and D25 for the Arctic site, 

and Table D13 to D18 for the Antarctic site), sample recoveries (see Table D9 to D11 and 

D26 for the Arctic site; Table D19 to D22 for the Antarctic site), and estimated breakthrough 

(see Table D23, Antarctic site and air samples only). Seawater and melt-water dissolved 

fractions were corrected to account for analytes associated with colloidal particles to reflect 

the “freely dissolved” fraction only, following the same methods as described in Bigot et al. 

(2016). All air and water-based data are reported as concentrations in pg∙m
-3

 (particles or

gaseous fractions) and pg∙L
-1 

(particles or dissolved fractions), respectively.  

4.3. Results and discussion 

The majority of OCPs and PBDEs detected in this study were found only in gaseous or 

dissolved fractions of the air or seawater/melt-water samples, respectively. Therefore the 

following discussion will focus on these data only, unless otherwise stated. 
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4.3.1. Comparison of Arctic and Antarctic environmental OCP concentrations 

Generally, concentrations reported for all OCPs at the Arctic site were greater than those 

observed at the Antarctic site, in all water-based matrices sampled (Figure 4.3). This is 

consistent with the respective distance of the Arctic and Antarctic to sources. It is also 

supported by the few earlier studies that have reported OCPs in seawater for both Polar 

Regions (Lakaschus et al. 2002).  

Figure 4.3 Concentration profiles of a selection of OCPs in water-based matrices 

sampled at both the Arctic () and Antarctic () sites. Notes: * indicates below MDL

or not detected; this figure presents an aggregation of data collected over a few weeks 

from samples collected simultaneously. 

Looking at the atmospheric concentrations, however, the difference between Arctic and 

Antarctic site was not as marked as those from water-based samples (Figure 4.4). Although 

air samples from Davis Station had significantly lower HCB concentrations than those 

reported at VRS, most other compounds had comparable or higher concentrations at Davis 

Station. This is consistent with a previous Arctic/Antarctic atmospheric investigation where 

many OCPs had been reported at similar concentrations between the two regions, particularly 

chlordanes and heptachlor (HEPT) (Choi et al. 2008). One difference however is that 

significantly higher HEPT concentrations were found at Davis Station in this work. 

Atmospheric sampling undertaken at Troll Station (Antarctica) in 2007-2010 using methods 

comparable to those from the VRS monitoring program (Kallenborn et al. 2013), reports 
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concentrations of HCB and α-HCH comparable to those reported in this study for Davis 

Station. Although we cannot completely rule out the possibility of inconsistencies between 

the two methods that contributed our dual-Polar air data, it is possible that OCPs concentrate 

in the locality of Davis Station compared to other Antarctic coastal locations. This may be 

attributed to differing atmospheric conditions at this site compared to other coastal Antarctic 

locations (Heil 2006). Atmospheric sampling along the transect presented in Chapter 3 of this 

thesis (Bigot et al. 2016) supports this hypothesis as we recorded higher concentrations of 

OCPs in the vicinity of Davis Station compared to other coastal locations. 

Figure 4.4 Log-scale concentration profiles of a selection of OCPs in air sampled at both 

the Arctic () and Antarctic () sites; this figure presents an aggregation data collected

in spring over four months (Arctic) and a few weeks (Antarctic). 

In relative terms, HCH levels in the Arctic were particularly elevated compared to those 

observed at the Antarctic site in water-based samples (Figure 4.3). All three HCH isomers 
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where only γ-HCH was found in all matrices, and α-HCH was found in seawater and air only. 
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pg∙L
-1 

and between 11 and 16 pg∙m
-3

 respectively. This was lower than Arctic seawater and

air concentrations of between <4.3 and 12 pg∙L
-1 

and between 39 and 49 pg∙m
-3

 respectively.

Dieldrin was also a prominent contaminant, detected in all matrices in both Polar Regions, 

with measured concentrations in water-based matrices generally 1 to 2 fold lower at the 

Antarctic site compared to the Arctic one. Atmospheric samples indicate air from Davis 

Station has approximately double the amount of dieldrin compared to air from VRS.  

4.3.2. Evidence of contrasting hemispheric sources and processes 

The chlordane isomers trans-chlordane (TC) and cis-chlordane (CC) were detected in all 

matrices in samples from the Arctic site (Tables D2 to D4, and D12). While they were 

detected at higher concentrations in atmospheric samples from Davis Station, they were also 

rarely detected in corresponding seawater, sea-ice and snow, except for CC in sea-ice (Tables 

D13 to D16). Chlordanes are usually considered together with heptachlor (HEPT) because 

their respective technical mixtures contain portions of one another. The two mixtures differ in 

the relative abundances of TC, CC and HEPT. They are 24%, 19% and 7% respectively for 

technical chlordane (Sovocool et al. 1977), and  18%, 2% and 72% for technical HEPT 

(National Cancer Institute 1977). TC/CC ratios can therefore represent a means of identifying 

the major technical mixture that has reached the local environment, serving to provide 

information on sources. In the Arctic samples, TC/CC ratios were typically less than, or close 

to 1 and similar for all environmental compartments (Figure 4.5). This is consistent with 

previous atmospheric findings from this region (Hung et al. 2002, Su et al. 2008, Bossi et al. 

2016) suggesting an aged signature for an input of mainly technical chlordane from the 

northern hemisphere. In Antarctica, the TC/CC ratios could only be calculated for sea-ice and 

air and were different between the two matrices (Figure 4.5). The TC/CC ratio in sea-ice was 

1.2 ± 0.8 (n = 2), which is similar to Arctic results. The relatively low sea-ice TC/CC ratio in 

Antarctica may however reflect CC concentration anomalies observed in sea-ice discussed 

later in this Chapter. Due to the relatively high volatility of these cyclodiene pesticides, they 

are expected to undergo long distance travel essentially through the atmosphere rather than 

seawater, which suggests that atmospheric results are most indicative of possible sources. The 

atmospheric TC/CC ratio was estimated to be 3.7 ± 0.6 (n = 4), suggesting a larger input of 

technical heptachlor rather than chlordane which is consistent with previous atmospheric 

findings from this region of the Southern Ocean (Bigot et al. 2016), and with significantly 

higher concentrations of HEPT found at the Antarctic site (Figure 4.4).  
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Figure 4.5 TC/CC concentration ratios calculated for each environmental compartment 

at the Arctic () and Antarctic () study sites. Note: nc stands for not calculated due to

no TC and/or CC detection. 

While concentrations of HEPT were an order of magnitude higher in air from the Arctic site 

and the seawater, sea-ice and snow concentrations tended to be more elevated, the latter were 

not significantly different from those at the Antarctic site (Figure 4.3). The HEPT 

degradation product, heptachlor epoxide B (HEPX-B), was however found at concentrations 

orders of magnitude higher in the Arctic seawater, sea-ice and snow samples compared to 

those from Antarctica (Figure 4.3). Atmospheric levels of HEPX-B reported at the Arctic site 

were nevertheless comparable to those observed at the Antarctic site.  

The relative concentrations of the two compounds in all environmental samples from this 

study consequently show a majority of HEPT in Antarctic samples but a majority of HEPX-B 

in the Arctic ones (Figure 4.6). The lower contribution of HEPX-B relative to HEPT in 

atmospheric samples compared to all other water-based samples (i.e. seawater, sea-ice and 

snow) at both stations is attributed to their differing Henry’s Law constants (HLCs). The 

relative magnitude of their HLCs is partly due to HEPT being more volatile than HEPX-B. 

HEPX-B has never been deliberately manufactured on a commercial scale but is produced as 

a result of biological degradation of HEPT (Miles et al. 1969). Soils have been identified as 

the primary atmospheric source of HEPX-B (Bidleman et al. 1998). This suggests that the 

major differences observed in relative concentrations of HEPT and HEPX-B between the 

Arctic and Antarctic sites originate from the inherent geographical differences that 

characterise these two locations, where one is surrounded by continents as opposed to the 

other, surrounded by a vast ocean. 
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Figure 4.6. Relative concentrations of HEPT () and HEPX-B () in each 

environmental matrix sampled at the Arctic and Antarctic study sites. Note: na stands 

for not available. 

4.3.3. Partitioning of POPs between sea-ice and seawater 

Overall, sea-ice data shows elevated levels of OCP analytes compared to corresponding 

seawater samples at both sites, with the exception of HCHs in the Arctic (Figure 4.3 and 

Tables D2 and D3). CC was the only compound found at comparable concentrations in the 

sea-ice of the two sites, ranging between 0.64 to 2.3 and 1.3 to 2.1 pg∙L
-1

 for the Antarctic

and Arctic sites, respectively (Figure 4.3). The seawater concentrations however differed of 

an order of magnitude between the two sites (<0.094 pg∙L
-1

 versus 0.75 to 1.2 pg∙L
-1

measured at the Antarctic and Arctic sites, respectively), suggesting that water burdens may 

not be the only factor affecting sea-ice levels observed. Environmental conditions are 

expected to play a major role in the extent of the capture of POPs in sea-ice. For example, it 

was previously shown that concentrations of HCHs in newly forming sea-ice were dependent 

on the rate of ice formation and desalination (Pućko et al. 2011).  

Sea-ice is originally created from freezing seawater that, in theory, would induce bulk sea-ice 

to have similar POP concentrations as seawater to begin with. During early stages of ice 

formation, brine rejection leads to the exclusion of brine-associated POPs until the ice 

reaches colder temperatures preventing brine movement over winter (Pućko et al. 2011). 

With no additional input, sea-ice concentrations would be lower compared to the underlying 
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seawater from which it was formed. Sea-ice may however receive inputs of POPs as a result 

of snow processes. Massom et al. (2001) demonstrated that “snow-ice” is a significant 

contributor to the total mass budget of the sea-ice. Snow concentrations were higher 

compared to seawater for most OCPs (Figure 4.3), therefore offering an explanation as to 

why sea-ice concentrations of OCPs were generally larger than seawater at both sites.  

The only exception to this was for HCH isomers at the Arctic site (e.g. γ-HCH data presented 

in Figure 4.3). For these compounds, concentrations were roughly 3 to 5 times larger in 

seawater (Table D2) compared to the sea-ice (Table D3). Concentrations of HCHs in snow 

(Table D4) were also significantly lower than the seawater and comparable to sea-ice at this 

site. In this case, it is therefore possible that the “snow-ice” may have contributed to diluting 

final bulk sea-ice concentrations, leading to lower sea-ice concentrations relative to seawater 

(Figure 4.7). Compounds with higher solubility in water, such as HCHs, are also expected to 

be more readily transported through advection in the Arctic, compared to the Antarctic where 

marine circulation in the Southern Ocean (e.g. Antarctic Circumpolar Current) may limit this 

transport pathway. Higher HCH concentrations in the seawater compared to the sea-ice at the 

Arctic site may therefore indicate that an increase in seawater concentrations occurred over 

the winter months as a combined effect of continued advection to the site and restricted 

water-to-air exchange associated with the presence of sea-ice. 

Figure 4.7 Relative concentrations of selected OCPs and PBDEs measured in sea-ice () 

and seawater () at the Arctic and Antarctic sites. 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

R
e

la
ti

ve
 c

o
n

ce
n

tr
at

io
n

s 

Analytes 

Arctic site Antarctic site 



75 

The partitioning profile between seawater and sea-ice suggests a compound-dependency at 

the Arctic site, which was not evident from the Antarctic samples. Again, the advection of 

some compounds with higher solubility over winter may explain this behaviour. Another 

factor may also be affecting sea-ice POP profile at VRS. Due to a thick snow cover over the 

sea-ice at this sampling site, sea-ice surface level was below sea level, as opposed to the 

Davis Station sea-ice that was only partially submerged. Submersion of the sea-ice has 

previously been shown to affect its density (Timco and Frederking 1996). We may therefore 

speculate that submersion facilitates exchange between the two phases in spring through 

enhanced infiltration of the seawater, therefore bringing seawater and sea-ice concentrations 

closer to each other at the Arctic site, but at variable rates depending on compound affinity 

for water (Figure 4.7). Linear correlations between sea-ice and seawater concentration data 

for α-HCH, dieldrin and TC at this site support this hypothesis on the timescale of sampling 

in this work (Figure 4.8).  

Figure 4.8 Correlations between sea-ice and seawater concentrations (relative to the 

concentration of the first sample of each phase collected) of selected OCPs at the Arctic 

site. 
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samples are therefore discussed in the context of environmental conditions observed at each 

Polar site. 

4.3.4.1. Comparison of environmental conditions between sites 

Prevailing environmental conditions were routinely monitored during the entire sampling 

period at both sites. This was in order to determine major differences between sites and 

identify factors with the potential to affect POP concentrations in the sea-ice scape and their 

transfer between component phases or compartments.  

At both sites, an increase in atmospheric temperatures was observed during the period of 

sampling (Table 4.1 and Table 4.2). This drove warming of both snow and sea-ice and 

induced notable POP movement through the measured environmental matrices over time. 

Additional vertical temperature gradients through snow and sea-ice depth are reported in 

Figures D1 and D2. 

One notable difference between environmental conditions at the two sites was wind speed. 

Antarctica is renowned for the strength of its katabatic winds. Although Davis Station may 

not be as prone to these strong winds as other localities along the Antarctic coast (Heil 2006), 

meteorological records during the period of our study demonstrate of stronger wind regimes 

compared to the VRS (Table 4.1 and Table 4.2). On average, winds were approximately 

twice as strong at Davis Station, with maximum wind gusts reaching up to 37.5 m∙s
-1

.

Snowpacks at each of the sites had contrasting depth and temperatures, leading to major 

differences in their evolution over time. In the Arctic, we observed a significant reduction in 

snow cover from 90 cm at the start of the sampling period to 31 cm at the end. This was 

associated with an increase in snow temperatures and density that induced melting (Table 

4.1). Conversely, snow cover measured in Antarctica was thinner, but of variable depth 

(approximately 25 cm thickness on average), which was attributed to wind erosion and 

consistent with generally low accumulation rates on fast-ice closer to the coast in Antarctica 

(Massom et al. 2001). Although the snow was warming, no apparent melting was observed at 

the Antarctic site (Table 4.2), consistent with typical conditions in the southern Polar Region 

where snow wetness is generally prevented by strong winds and below freezing atmospheric 

temperatures (Massom et al. 2001). 

The two sea-ice types encountered in this work were also very contrasting. Sea-ice from the 

Arctic site had significantly lower salinity compared to the Antarctic site, and visual 
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observations revealed differences in physical features such as texture and patterns between 

the sea-ice samples from the two sites (Figure 4.9). The reduced salinity of the Arctic sea-ice 

can be explained by particularly low seawater salinity, suggesting a significant input of fresh 

water, which may be a result of the proximity of melting Greenland glaciers. Antarctic sea-

ice also appeared to hold significantly larger concentrations of algae (Figure 4.9), which is 

consistent with a significantly larger POC content (Table 4.1 and Table 4.2). 

Table 4.1 Environmental characteristics for each OCP sample collected at the Arctic 

site 

Collection date 26-29/5/15 

(day 0-3) 

2-4/6/15 

(day 7-8) 

8-9/6/15 

(day 13-14) 

15-16/6/15 

(day 20-21) 

21-22/6/15 

(day 26-27) 

Temperatures (˚C) 

Air (mean) 

Snow 

Sea-ice 

Seawater 

-13.2 to -7.1

(-10.9)

-6.5 to -2.9

-2.4 to -1.5

-1.5

-8.6 to 1.0

(-3.0)

-3.4 to -2.6

-1.6 to -0.5

-1.5

-1.9 to 3.1

(0.1)

-2.5 to -0.4

-1.8 to -1.0

-1.3

-1.8 to 1.9

(0.1)

-1.1 to -0.2

-1.5 to -0.6

-1.3

2.4 to 9.7 

(5.8) 

-0.6 to -0.4

-1.3 to -0.7

-1.3

Wind speed (m∙s
-1

)

Mean 

Min 

Max 

1.3 ± 0.83 

na 

4.5 

4.0  ± 1.9 

na 

13.6 

2.4 ± 1.3 

na 

6.9 

1.4 ± 0.6 

na 

3.3 

2.3 ± 1.2 

na 

5.8 

Snow cover (cm) 90 89 100 81 31 

Snow density 

(g∙cm
-3

)
0.34 0.36 0.41 0.44 0.50 

Sea-ice thickness 

(cm) 
104 107 ± 4 106 ± 2 106 ± 5 107 ± 3 

Sea-ice density 

(g∙cm
-3

)
1.0 1.0 0.98 1.1 0.93 

Salinity (PSU) 

Snow 

Sea-ice (bulk) 

Seawater 

na 

1.7 

19.4 

na 

1.3 

19.5 

na 

0.92 

20.8 

na 

1.1 

20.7 

na 

0.92 

20.6 

POC (mg∙L
-1

)

Snow 

Sea-ice 

Seawater 

na 

0.44 ± 0.05 

0.06 ± 0.00 

na 

0.20 ± 0.04 

0.07 ± 0.01 

na 

0.14 ± 0.06 

0.08 ± 0.00 

0.05 ± 0.00 

0.17 ± 0.02 

0.11 ± 0.01 

0.05 ± 0.01 

0.25 ± 0.01 

0.09 ± 0.01 

DOC (mg∙L
-1

)

Snow 

Sea-ice 

Seawater 

na 

na 

na 

na 

na 

0.5 ± 0.1 

na 

1.6 ± 0.1 

0.4 ± 0.1 

0.3 ± 0.0 

0.5 ± 0.1 

0.2 ± 0.0 

0.4 ± 0.1 

1.9 ± 0.4 

0.25 ± 0.07 
Notes: meteorological data provided by Asiaq; na stands for not analysed or not available. 
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Table 4.2 Environmental characteristics for each OCP sample collected at the Antarctic 

site 

Collection date 18-23/11/15 

(day 0-3) 

27-29/11/15 

(day 8-10) 

30/11-2/12/15 

(day 11-13) 

3-4/12/15 

(day 14-15) 

4-5/12/15 

(day 16) 

Temperatures (˚C) 

Air (mean) 
a

Snow 

Sea-ice 
b

Seawater 

-4.0

-8.4 to -7.3

-5.1 to -2.0

-1.8

-1.5

-3.8 to -1.8

-4.4 to -2.0

-1.8

-3.0

-3.4 to -1.3

-4.0 to -1.9

-1.8

-1.3

na

-3.3 to -1.8

-1.8

na 

na 

na 

-1.8

Wind speed (m∙s
-1

)

Mean 
a

Min 
a

Max 

8.9 ± 7.1 

2.5 

37.5 

7.5  ± 8.1 

1.7 

27.2 

2.8 ± 3.4 

2.5 

13.3 

10 ± 6.3 

3.1 

26.1 

na 

na 

na 

Snow cover (cm) 23.5 18.5 29 na na 

Snow density 

(g∙cm
-3

)
0.37 0.27 0.41 na na 

Sea-ice thickness 

(cm) 
165 ± 3 165 ± 2 154 ± 5 162 ± 3 na 

Sea-ice density 

(g∙cm
-3

)
0.86 0.93 0.92 0.94 na 

Salinity (PSU) 

Snow 

Sea-ice 
c

(sea-ice average) 

Seawater 

0.33 

3.5 to 12.7 

(5.3) 

n.a.

1.27 

3.5 to 8.6 

(4.9) 

34.5 

1.0 

3.8 to 10.3 

(5.0) 

34.6 

na 

3.2 to 10.0 

(4.6) 

34.6 

na 

na 

34.7 

POC (mg∙L
-1

)

Snow 

Sea-ice 

Seawater 

27 ± 4 

606 ± 48 

na 

118 ± 57 

466 ± 47 

52 ± 4 

81 ± 10 

389 ± 20 

46 ± 5 

na 

658 ± 28 

44 ± 3 

na 

na 

59 ± 3 

DOC (mg∙L
-1

)

Snow 

Sea-ice 

Seawater 

<0.6 

2.6 ± 0.2 

na 

<0.5 

1.0 ± 0.1 

0.7 ± 0.1 

<0.5 

<0.5 

0.6 ± 0.1 

na 

0.6 ± 0.1 

0.7 ± 0.1 

na 

na 

0.6 ± 0.0 
Notes: Antarctic meteorological data provided by the Australian Government Bureau of Meteorology; 
a 

based on data collected at 0300 and 0900 UTC daily;
 b

 data provided by Julie Janssens (Antarctic 

Climate and Ecosystems Cooperative Research Centre, University of Tasmania (ACE CRC, UTAS)) 

and Naoya Kanna (Institute of Low Temperature Science, Hokkaido University (ILTS, HU)); 
c
 data

provided by Arnout Roukaerts and Florian Deman (Vrije Universiteit Brussel (VUB)); na stands for 

not analysed or not available.  
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Figure 4.9 Photograph of the base of a typical sea-ice sample from the Arctic (A) and 

Antarctic (B) sites.   

4.3.4.2. Tracing contaminants in changing compartment volumes 

Little work has previously been undertaken to investigate the redistribution of POPs from the 

sea-ice and snow over time during spring. The variability of the volume of environmental 

matrices over time implies that concentrations may vary as a result of a) changing volume 

and/or b) addition or depletion of a compound. Interpretation of concentration data may 

therefore be misleading where we attempt to study parallel trends for contaminants transfer 

through various environmental compartments of different volumes, or of individually varying 

volumes. In the case of frozen matrices, these volumes are fairly straightforward to estimate. 

However the volumes of seawater and air considered to be directly in contact and exchanging 

with the other compartments of the sea-ice scape are largely unknown.  

Adjustment of analyte concentrations to surface area-normalized masses allows a quantitative 

tracing of compound transfer between and within frozen compartments. This approach has 

previously been employed for the study of snow to sea-ice transfer of contaminants in Pućko 

et al. (2011), where a given amount of a compound is transferred from a smaller snow 

A B 
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compartment to a larger sea-ice compartment resulting in an effective dilution. In our study, 

we are not attempting to quantify snow to sea-ice transfers as in Pućko et al., but rather we 

seek to identify relative changes within each of the individual sea-ice scape compartments 

that were studied in parallel. In the case of the Antarctic site, relatively small variation in the 

matrices’ depth and density (i.e. volume) allow direct comparison of snow and sea-ice 

concentrations over time, on a melt-water basis and in relative terms, for each compartment. 

At the Arctic site, however, the varying depth and density of the snowpack over time (Table 

4.1) can result in a concentration/dilution bias that can be corrected by modifying the data to 

area-normalized mass values. 

The area-normalized mass of a compound X in snow is expressed as: 

(1) 

where MX is the total mass of a compound X in the snowpack over an area of 1 m
2
, expressed

in pg; CX is the measured concentration of compound X in snow in pg per litre of melt-water; 

and            is the estimated volume of snow over 1 m
2
, expressed in melt-water volume

(L). 

Within the five week sampling period, two major but distinct processes affected the Arctic 

sea-ice scape a) wet deposition processes in the first 3 weeks (resulting in a 10 cm increase in 

snow thickness observed between day 7 and 13 and fresh snow being included in sampling) 

and, b) snow melting in the last 2 weeks (Table 4.1). The effects of these processes on 

concentrations and area-normalized amounts of selected OCPs in snow are compared in 

Figure 4.10.  

If we take the example of HEPX-B and oxychlordane, concentrations in the snowpack are not 

decreasing with increasing bulk volume. This indicates that fresh snow is adding compounds 

to the bulk snowpack, keeping its concentrations at similar levels before and after snowfall. 

As such, while relative air concentrations may decrease, relative snow concentrations alone 

would not indicate significant enhancement, however relative area-normalized amounts 

would (Figure 4.10). For the period of snow melt, reductions in both concentrations and 

amounts of HEPX B and oxychlordane in the snow samples indicate that they have been lost 

from the snowpack. However, the observed increase in concentrations of HEPT and 

chlorpyrifos at this time does not necessarily mean that there is an input to the snowpack. 

Instead, these increases are likely a result of the snow volume reduction, provided the 
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reduction of snow volume is due to compression. The area-normalized amounts for these 

compounds do not vary in the same way as concentrations and, although variable, suggests no 

significant input during the period studied.  

In this study of POP cycling in Polar Regions, we are unable to determine the sizes of air and 

seawater compartments involved in OCP exchange with sea-ice and snow. We suspect 

though that temporal variability is significant as a result of continuously changing 

environmental conditions (e.g. winds, currents). It is therefore particularly difficult to address 

these unknown dilution or enrichment effects in the current study of air-snow-sea-ice-

seawater exchange of contaminants. The frozen compartments are the only ones in this study 

for which the effects of such bias can be confidently dealt with. All frozen matrices volumes, 

apart from that of Arctic snow, remained essentially unchanged therefore relative changes 

within each compartment were comparable over time without requiring correction. For the 

Arctic snow, OCP and PBDE concentrations reported in the remainder of this section were 

converted to area-normalized volumes in an effort to investigate interphase compound 

transfer while taking into account phase volume variability. Dilution effects associated with 

changes of volumes of the air and seawater over time, i.e. dispersion of the compounds, could 

not however be quantified in this study.  

Figure 4.10 Concentrations (solid lines) and area-normalized amounts (dashed lines) of 

selected OCPs relative to initial values in snow samples from the Arctic site 
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4.3.4.3. OCP and PBDE cycling at the Arctic site 

At the Arctic site, the greatest temporal variations in concentrations were observed in the 

snow samples where the data of most compounds follow the same pattern (Figure 4.11). 

Snowfall episodes before day 13 resulted in a distinct enrichment of the snowpack, though by 

varying factors, for all compounds detected (Figure 4.11). In contrast, the melting period 

(after day 13) resulted in a clear reduction of the amounts of most compounds in this 

compartment, suggesting they are lost perhaps back into the atmosphere as a result of 

desorption (Halsall 2004).  

Overall, sea-ice concentrations at the Arctic site showed little change over the full study 

period for most OCPs regardless of variations in snow (Figure 4.11 and Figure 4.12). 

Seawater concentrations were also relatively constant although variability was larger (Figure 

4.11). 

Some compounds, i.e. chlorpyrifos, HEPT and endosulfan I, followed different patterns 

compared to the majority of OCPs analysed (Figure 4.11 and Figure 4.12). This distinction 

suggests that all three of these compounds are the most mobile of our analyte suite in the sea-

ice scape under the environmental conditions observed during this sampling period. A 

dynamic exchange between snow and sea-ice seemed to occur as sea-ice concentrations 

exhibited a concurrent increase during snowfall for all three of these compounds (Figure 

4.11). Herbert et al. (2005) showed that after a snowfall event, some POPs including OCPs 

tend to migrate downward in the snowpack. Thus it is possible that these POPs could also 

migrate downward into the top layer of the sea-ice. 

In the case of endosulfan I, sea-ice concentrations increased from 3.7 to 6.2 pg∙L
-1

 during

snowfall and later dropped below the MDL as soon as snow melt started. For this compound, 

we also observe a progressive increase in the seawater concentrations from 0.43 to 1.1 pg∙L
-1

during snow melt, consistent with release of dissolved endosulfan I into the seawater. In the 

case of HEPT, however, sea-ice and seawater exhibit increasing concentrations over time 

while snow burdens are overall unchanged (Figure 4.11 and Figure 4.12). The reason for this 

remains unknown, although it may suggest that the system is receiving an input of HEPT 

from another unidentified local or distant source and is thus responding to changes in air 

and/or water concentrations. 
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Figure 4.11 Relative trends of OCP in snow (area-normalized amounts), and in sea-ice 

and seawater (concentrations) over time at the Arctic site (Day 0 corresponds to 

26/05/2015). Snow data were corrected to total amount per surface area for each 

individual compound to correct for concentration/dilution bias from volume change. 

Compounds depicted on the right present unique patterns in comparison to the 

majority of OCPs analysed presented on the left hand side graphs. 
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Figure 4.12 Quantitative trends for selected OCPs in snow (dotted line) and sea-ice 

(plain line) over time at the Arctic site (Day 0 corresponds to 26/05/2015). Data is 

presented in total amount per unit surface area for each individual compound to correct 

for concentration/dilution bias from volume difference between the two matrices. 

In the snow, many compounds were detected on particles, including the cyclodiene pesticides 

oxychlordane, TC, CC, trans-nonachlor and dieldrin, and PBDEs at concentrations (Table 

D7) and area-normalized amounts (Figure 4.13) that decreased over time, suggesting 

desorption of some particle-associated POPs with snowmelt. Re-partitioning between 

particle-bound and dissolved phase could however have occurred during and after the melting 

undertaken in our analytical protocol (Wania et al. 1998). However, given all of our samples 

were melted and subsequently filtered within short timeframes, and at similar temperatures, 

we might assume that relative variations observed indicate realistic trends. Keeping these 

limitations in mind, our data is consistent with dissolution becoming significant in the 
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snowpack above a temperature threshold between the average snow temperatures observed 

during sampling days 14 and 20, i.e. -1.2 and -0.5 ˚C, respectively (Figure 4.13).  

In the sea-ice, 4,4'-DDE, dieldrin, chlorpyrifos and TC only reached detectable levels on 

entrained particles in some samples (Table D6).  

Figure 4.13 Relative amount of selected OCPs on particles in snow and snow 

temperature over time at the Arctic site (Day 0 corresponds to 26/05/2015). 

4.3.4.4.  OCP cycling at the Antarctic site 
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decreased significantly over time for all compounds even though, unlike the Arctic site, no 

snowmelt was apparent. Corresponding sea-ice concentrations do not lend support for 

downward migration from the snowpack to the sea-ice (Figure 4.15), while atmospheric 

results are consistent with volatilisation of the compounds detected (Figure 4.14), signifying 

the important role of the snowpack ventilation in the re-volatilisation of OCPs at this site. 
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b) strong winds facilitating ventilation of the snowpack, and

c) a thinner snow layer in comparison to the Arctic (Table 4.1 and Table 4.2).

The concentrations of γ-HCH, dieldrin and HEPT in air tend to decrease from day 8 of 

sampling onwards (Figure 4.14). Significant snow melt was observed on land during the first 

week of sampling and the relatively rapid increase in dieldrin aerosol concentrations recorded 

from 4.6 to 36 pg∙m
-3

 between commencement and day 8 of the sampling campaign (Table

D17) is concomitant with an increase in aerial dust levels resulting from increased exposed 

soil. Therefore it appears that the local atmosphere was affected not only by sea-ice scape 

processes but also coastal ones, the effects of which this study is not able to isolate. 

Sea-ice concentrations tended to decrease over time for γ-HCH and dieldrin with no 

particular enrichment observed in neither the seawater nor the snow (Figure 4.14 and Figure 

4.15). This concentration reduction may be associated with the brine channels opening up in 

the upper portion of the sea-ice as a result of increasing temperatures over time. A study on 

the fate of oil in sea-ice suggests that void spaces are created at the surface of sea-ice as a 

result of the formation of brine channels in spring (Martin 1979). It showed that oil captured 

in the sea-ice could migrate upwards through these brine openings. A similar process may 

apply to more hydrophobic OCPs whose volatility may be comparable to some hydrocarbons. 

It is therefore possible that OCPs would have migrated to the snowpack and subsequently 

volatilised through the efficient ventilation of the snowpack, hence the snow concentrations 

would not necessarily reflect any enrichment (Figure 4.15). Alternatively, compounds could 

have drained into the seawater. Seawater concentrations from the first week were however 

unavailable and following measurements remained variable but overall did not show any 

particular trend. This lack of trend may be due to a dilution effect of unknown magnitude 

through analyte dispersion in seawater. 
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Figure 4.14 Temporal concentration trends for OCPs detected in all four matrices 

sampled at the Antarctic site (Day 0 corresponds to 18/11/2015). 
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Figure 4.15 Quantitative trends for selected OCPs in snow (dotted line) and sea-ice 

(plain line) over time at the Antarctic site (Day 0 corresponds to 18/11/2015). Data is 

presented in total amount per unit surface area for each individual compound to correct 

for concentration/dilution bias from volume difference between the two matrices. 

HCB was found at relatively stable concentrations in the air over the sampling period and 

MDLs prevented detection in the snow samples after the first sample. The evidence of 

upward brine migration from the sea-ice surface mentioned above, that occurred between day 

1 and 8, did not seem to affect sea-ice concentrations of HCB. This suggests that there may 

be a distribution profile within the sea-ice depth where HCB would be more likely distributed 

in the deeper portions. The sea-ice concentrations only started decreasing significantly from 

day 8 onwards (Figure 4.14). The apparent reduction in sea-ice levels may be associated with 

an increase in the sea-ice algal absorption as these algae were a prominent feature of sea-ice 

samples from the Antarctic site (Figure 4.9) and HCB has been reported as one of the 

prominent OCPs found in Antarctic biota (Goerke et al. 2004). Our MDLs, however, did not 

allow detection in the sea-ice particle phase. Another compound, 4,4'-DDE, was the only 

analyte detected in the last sea-ice particle sample and in the last seawater sample (Table 

D17). This observation constitutes a first piece of circumstantial evidence of the effect of 

spring OCP release on bioaccumulation by primary producers. 

4.3.4.5.  Summary of POP cycling in the sea-ice scape 

Findings from this study suggest that, regardless of the Polar Region, most compounds 

detected are volatilising from snow rather than infiltrating through the sea-ice during the 

early stages of spring. However, the causes appear to be different. In the Arctic, this process 
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was mainly associated with higher snow temperatures and snow melt, while in the Antarctic 

it was essentially facilitated by higher ventilation of the snowpack associated with stronger 

winds. At both sites, snow held larger concentrations of POPs than sea-ice and volatilization 

from the snowpack occurred relatively rapidly, suggesting that the first few weeks of early 

spring are critical in the seasonal POP enrichment of the local atmosphere. Seawater levels 

were largely unchanged for most compounds. This may suggest that seawater is effective at 

dispersal, or reflect the role of the sea-ice as a barrier to POP exchange until later stages of 

melt. Evidence of sea-ice and snowpack interactions however suggests a dynamic exchange 

occurs at the surface layer of the sea-ice for some compounds. The snowpack may therefore 

be considered a porous layer allowing some transport between the air and the surface of the 

sea-ice. Spatial variability of sea-ice organisms and POC at both sites, and particularly the 

very low levels observed at the Arctic site, make it difficult to evaluate effects of primary 

producers. Data from the more productive Antarctic site however suggests possible early 

bioaccumulation of HCB and 4,4'-DDE in marine primary producers colonising the sea-ice 

bottom layer.  

4.3.5. Expected effects of snow and sea-ice melt on air-seawater exchange status 

Our study shows that, in early spring, the sea-ice was mainly behaving as an impervious 

barrier and preventing chemical exchange between air and seawater. After its complete 

melting, air-seawater exchange will be enabled again. Hence, we extended the analysis of the 

data to estimate the theoretical exchange status of the system when the sea-ice eventually 

disappeared in later Spring/Summer. We estimated the seawater-air fugacity ratios (fW/fA) 

following methods described in Bigot et al. (2016) using paired samples as shown in Table 

D27. This was done for three OCPs, namely HEPX-B, dieldrin and α-HCH, which were 

found at both sites i.e. VRS and Davis Station. Only α-HCH air data was not available at the 

Arctic site, therefore we used average atmospheric concentrations for the Arctic site 

measured in May-June between 2008 and 2013 (Bossi et al. 2016). HLCs were estimated for 

each compound in saline water at a temperature of 0.5 ˚C from experimental data provided in 

Cetin et al. (2006). These fugacity results allowed us to evaluate the potential for a shift of 

the air-seawater exchange status that could occur with sea-ice melt. 

In the Arctic, HEPX-B had an average fugacity ratio estimated between 12 ± 8 to 3.7 ± 2.6. 

These fugacity ratios reflect a system significantly out of equilibrium, suggesting that if 
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concentrations remained within the ranges observed during the study, net volatilisation of 

HEPX-B would occur as soon as the sea-ice would disappear. The sea-ice concentrations 

would, however, redistribute compounds into the air and water. At the seawater levels 

observed, it is estimated that concentration in the air would need to attain a minimum of 

roughly 2 pg∙m
-3

 of HEPX-B in order for the system to reach equilibrium. This is most likely

an underestimate given it is based on stable seawater concentrations, but such an atmospheric 

concentration is above those recorded at the Arctic sampling site at any time during preceding 

years (Bossi et al. 2016). This represents further evidence that, for some compounds, marine 

advection may be an important pathway in the Arctic. It also suggests that it is unlikely that 

sea-ice melt processes would reverse the direction of the exchange of HEPX-B even after 

melting is complete. For α-HCH and dieldrin though, the measured concentrations yield a 

fugacity ratio closer to equilibrium, but still indicating net volatilisation (1.1 ± 0.2 to 1.9 ± 

0.4 for α-HCH  and 2.0 ± 0.50 for dieldrin). It is therefore possible that sea-ice melting 

processes could modify the direction of the exchange. However, enrichment of the seawater 

by melt pond could keep the system in a state of disequilibrium. Atmospheric records from 

previous years at VRS support these predictions as concentrations increased for all three 

compounds (i.e. HEPX-B, α-HCH and dieldrin) after the sea-ice melted and/or broke up in 

July-August (Bossi et al. 2016).  

At the Antarctic site, the fugacity ratios are opposite to those of the Arctic site, and are 

estimated at 0.06 ± 0.04 and 0.07 ± 0.06 for HEPX-B and dieldrin respectively, suggesting 

the likelihood of deposition from the atmosphere into the water once the sea-ice cover 

disappears. At the levels observed, it is estimated that concentrations in the water would need 

to increase by over an order of magnitude from their measured values to reach equilibrium. 

Our calculations suggest that the system is so far out of equilibrium that even if the full 

volume of sea-ice were to melt into its equivalent volume of seawater, the system would not 

reach equilibrium. In any event, dilution would be expected to occur in the seawater, largely 

preventing a large increase in seawater concentrations. The process described for melt-pond 

enrichment may not play a significant role in Antarctica as melt ponds are less common due 

to lower humidity and higher wind speeds (Andreas and Ackley 1982). Consequently, we can 

speculate that once the sea-ice layer has disappeared, net deposition will occur for these 

compounds in the region of Davis Station, regardless of the outcome of ice-melting 

processes. This is consistent with air-seawater exchanges of dieldrin estimated from samples 

taken at the end of summer 2013-14 in the same region (Bigot et al. 2016). For α-HCH, the 
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average water-air fugacity ratio was estimated at 0.36 ± 0.14 for the first three samples 

collected, suggesting the possibility that net deposition from the air to the water would occur 

when the sea-ice disappears. However, atmospheric concentrations dropped below the MDL 

for the last sample collected. Using an atmospheric concentration of 0.063 (i.e. the MDL for 

α-HCH in air) for the last sample, the fugacity ratio reached 0.95 ± 0.20, suggesting that the 

system was at or close to equilibrium and implying that variability of the atmospheric 

concentrations in the area could well affect the direction of the exchange, and also that any 

redistribution from frozen matrices could significantly affect this status. Snow and sea-ice 

concentrations of α-HCH, however, were less than the MDL during the entire sampling 

period, suggesting that redistribution from these matrices may not be a factor in air-seawater 

exchange following sea-ice melt.  

The air-seawater exchange status of OCP analytes are currently opposite at the two sites 

studied in North and South Polar Regions. Effectively, seasonal ice-melt processes will 

reduce or increase the rates of exchange of compounds, but are not expected to reverse their 

direction. For those compounds investigated (HEPX-B, dieldrin and α-HCH), volatilisation 

from the sea-ice will take the air-water system closer to equilibrium in the Arctic, while it 

will take it further away from equilibrium in the Antarctic, and vice versa for redistribution 

into the seawater. Our current knowledge suggests that the Antarctic sea-ice provides a 

temporary barrier from atmospheric OCPs for marine biota, with water isolated from air with 

higher fugacity. In contrast, in the Arctic, sea-ice acts as a lid over the ocean, providing a 

means of higher marine biota exposure to OCPs until it fully melts. The drainage of melt-

ponds is expected to enhance this process. At both sites, however, sea-ice concentrates 

significantly larger amounts of OCPs than seawater, representing an in-situ source to its 

associated biota. At the time of ice disappearance, marine organisms will be exposed to the 

largest seawater concentrations of the season at VRS for the three compounds investigated. 

At Davis Station, diffusion from the atmosphere will provide continuous exposure to marine 

biota after the ice disappears and during the warmer months. It is expected that the efficiency 

of the biological and/or degradative pump in the Arctic and Southern Oceans over the 

summer months will affect rates of air-seawater exchange further. 

4.4. Concluding remarks 

This study presents evidence of different distribution behaviour of OCPs in the sea-ice scape 

between two opposite locations in the Arctic and Antarctic. Our findings suggest that sea-ice 
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POP burdens originate not only from seawater but also from snow, resulting in sea-ice 

concentrations being generally larger than seawater, with the exception of HCHs in the 

Arctic. In the case of more soluble compounds such as HCHs, it is possible that marine 

advection may have enhanced seawater concentrations over winter in the Arctic, as opposed 

to the Antarctic where advection is unlikely due to different marine circulation. The early 

spring study period captured snowmelt from the Arctic, but did not provide strong evidence 

of sea-ice melt at any site, nor snow melt in Antarctica. However snow and sea-ice 

compartments were warming during the sampling campaign, allowing volatilisation of 

compounds. Differences in wind regimes were identified as potential drivers contributing to 

differences in OCP redistribution patterns between the Arctic and Antarctic sea-ice scape. At 

both sites, data suggests that exchange of compounds occurs between the sea-ice, snow and 

air at the early stages of spring, while seawater concentrations remain relatively stable 

although it is unknown whether dispersion of POPs is occurring. This implies that 

redistribution from frozen matrices to the atmosphere begins earlier than redistribution to the 

seawater. Although seasonal melt is expected to affect chemical partitioning of POPs in the 

air and seawater compartments, we predict that it will not modify the local direction of air-

seawater exchange. More general implications for POP cycling are dependent on the 

geographical location of the site as indicated by an opposing exchange status between air and 

seawater for the Arctic and Antarctic sites investigated.  

4.5. References 

Andreas, E. L. and Ackley, S. F.: On the differences in ablation seasons of Arctic and Antarctic sea 

ice, DTIC Document. 1-9, 1982. 

Bender, M., Sowers, T., Dickson, M.-L., Orchardo, J., Grootes, P., Mayewski, P. A., and Meese, D. 

A.: Climate correlations between Greenland and Antarctica during the past 100,000 years, 

Nature, 372, 663-666, 1994.  

Bidleman, T., Agosta, K., Andersson, A., Brorström-Lundén, E., Haglund, P., Hansson, K., Laudon, 

H., Newton, S., Nygren, O., and Ripszam, M.: Atmospheric pathways of chlorinated 

pesticides and natural bromoanisoles in the northern Baltic Sea and its catchment, Ambio, 44, 

472-483, 2015.  

Bidleman, T., Jantunen, L., Wiberg, K., Harner, T., Brice, K., Su, K., Falconer, R., Leone, A., Aigner, 

E., and Parkhurst, W.: Soil as a source of atmospheric heptachlor epoxide, Environ. Sci. 

Technol., 32, 1546-1548, 1998.  

Bidleman, T. F., Walla, M. D., Roura, R., Carr, E., and Schmidt, S.: Organochlorine pesticides in the 

atmosphere of the Southern Ocean and Antarctica, January–March, 1990, Mar. Pollut. Bull., 

26, 258-262, 1993.  

Bigot, M., Muir, D., Hawker, D., Cropp, R., Dachs, J., Teixeira, C., and Bengtson Nash, S.: Air-

seawater exchange of organochlorine pesticides in the Southern Ocean between Australia and 

Antarctica, Environ. Sci. Technol., 50, 8001-8009, 2016.  



93 

Blunier, T., Chappellaz, J., Schwander, J., Dällenbach, A., Stauffer, B., Stocker, T., Raynaud, D., 

Jouzel, J., Clausen, H.-l., and Hammer, C.: Asynchrony of Antarctic and Greenland climate 

change during the last glacial period, Nature, 394, 739-743, 1998.  

Bossi, R., Vorkamp, K., and Skov, H.: Concentrations of organochlorine pesticides, polybrominated 

diphenyl ethers and perfluorinated compounds in the atmosphere of North Greenland, 

Environ. Pollut., 2016.  

Cetin, B., Ozer, S., Sofuoglu, A., and Odabasi, M.: Determination of Henry's law constants of 

organochlorine pesticides in deionized and saline water as a function of temperature, Atmos. 

Environ., 40, 4538-4546, 2006.  

Choi, S.-D., Baek, S.-Y., Chang, Y.-S., Wania, F., Ikonomou, M. G., Yoon, Y.-J., Park, B.-K., and 

Hong, S.: Passive air sampling of polychlorinated biphenyls and organochlorine pesticides at 

the Korean Arctic and Antarctic research stations: Implications for long-range transport and 

local pollution, Environ. Sci. Technol., 42, 7125-7131, 2008.  

Dickhut, R. M., Cincinelli, A., Cochran, M., and Ducklow, H. W.: Atmospheric concentrations and 

air-water flux of organochlorine pesticides along the western Antarctic Peninsula, Environ. 

Sci. Technol., 39, 465-470, 2005.  

Galbán-Malagón, C., Cabrerizo, A., Caballero, G., and Dachs, J.: Atmospheric occurrence and 

deposition of hexachlorobenzene and hexachlorocyclohexanes in the Southern Ocean and 

Antarctic Peninsula, Atmos. Environ., 80, 41-49, 2013.  

Goerke, H., Weber, K., Bornemann, H., Ramdohr, S., and Plötz, J.: Increasing levels and 

biomagnification of persistent organic pollutants (POPs) in Antarctic biota, Mar. Pollut. Bull., 

48, 295-302, 2004.  

Halsall, C. J.: Investigating the occurrence of persistent organic pollutants (POPs) in the arctic: their 

atmospheric behaviour and interaction with the seasonal snow pack, Environ. Pollut., 128, 

163-175, 2004.  

Hargrave, B. T., Vass, W. P., Erickson, P. E., and Fowler, B. R.: Atmospheric transport of 

organochlorines to the Arctic Ocean, Tellus B, 40B, 480-493, 1988.  

Heil, P.: Atmospheric conditions and fast ice at Davis, East Antarctica: A case study, Journal of 

Geophysical Research: Oceans, 111, 2006.  

Herbert, B., Halsall, C., Villa, S., Jones, K., and Kallenborn, R.: Rapid changes in PCB and OC 

pesticide concentrations in Arctic snow, Environ. Sci. Technol., 39, 2998-3005, 2005.  

Herbert, B. M. J., Villa, S., and Halsall, C. J.: Chemical interactions with snow: Understanding the 

behavior and fate of semi-volatile organic compounds in snow, Ecotoxicol. Environ. Saf., 63, 

3-16, 2006.

Hung, H., Halsall, C. J., Blanchard, P., Li, H., Fellin, P., Stern, G., and Rosenberg, B.: Temporal 

trends of organochlorine pesticides in the Canadian Arctic atmosphere, Environ. Sci. 

Technol., 36, 862-868, 2002.  

Hung, H., Katsoyiannis, A. A., Brorström-Lundén, E., Olafsdottir, K., Aas, W., Breivik, K., Bohlin-

Nizzetto, P., Sigurdsson, A., Hakola, H., and Bossi, R.: Temporal trends of Persistent Organic 

Pollutants (POPs) in arctic air: 20 years of monitoring under the Arctic Monitoring and 

Assessment Programme (AMAP), Environ. Pollut., 2016.  

Jantunen, L. M., Helm, P. A., Kylin, H., and Bidleman, T. F.: Hexachlorocyclohexanes (HCHs) In the 

Canadian Archipelago. 2. Air− Water Gas Exchange of α-and γ-HCH, Environ. Sci. Technol., 

42, 465-470, 2008.  

Kallenborn, R., Breivik, K., Eckhardt, S., Lunder, C., Manø, S., Schlabach, M., and Stohl, A.: Long-

term monitoring of persistent organic pollutants (POPs) at the Norwegian Troll station in 

Dronning Maud Land, Antarctica, Atmos. Chem. Phys., 13, 6983-6992, 2013.  

Lakaschus, S., Weber, K., Wania, F., Bruhn, R., and Schrems, O.: The air-sea equilibrium and time 

trend of hexachlorocyclohexanes in the Atlantic Ocean between the Arctic and Antarctica, 

Environ. Sci. Technol., 36, 138-145, 2002.  

Lohmann, R., Gioia, R., Jones, K. C., Nizzetto, L., Temme, C., Xie, Z., Schulz-Bull, D., Hand, I., 

Morgan, E., and Jantunen, L.: Organochlorine Pesticides and PAHs in the Surface Water and 

Atmosphere of the North Atlantic and Arctic Ocean, Environ. Sci. Technol., 43, 5633-5639, 

2009.  



94 

Ma, J., Hung, H., Tian, C., and Kallenborn, R.: Revolatilization of persistent organic pollutants in the 

Arctic induced by climate change, Nature Clim. Change, 1, 255-260, 2011.  

Martin, S.: A field study of brine drainage and oil entrainment in first-year sea ice, Journal of 

Glaciology, 22, 473-502, 1979.  

Massom, R. A., Eicken, H., Hass, C., Jeffries, M. O., Drinkwater, M. R., Sturm, M., Worby, A. P., 

Wu, X., Lytle, V. I., and Ushio, S.: Snow on Antarctic sea ice, Rev. Geophys., 39, 413-445, 

2001.  

Meyer, T., Lei, Y. D., Muradi, I., and Wania, F.: Organic contaminant release from melting snow. 1. 

Influence of chemical partitioning, Environ. Sci. Technol., 43, 657-662, 2009a. 

Meyer, T., Lei, Y. D., Muradi, I., and Wania, F.: Organic contaminant release from melting snow. 2. 

Influence of snow pack and melt characteristics, Environ. Sci. Technol., 43, 663-668, 2009b.  

Meyer, T., Lei, Y. D., and Wania, F.: Measuring the release of organic contaminants from melting 

snow under controlled conditions, Environ. Sci. Technol., 40, 3320-3326, 2006.  

Meyer, T. and Wania, F.: Organic contaminant amplification during snowmelt, Water Res., 42, 1847-

1865, 2008.  

Meyer, T. and Wania, F.: Modeling the elution of organic chemicals from a melting homogeneous 

snow pack, Water Res., 45, 3627-3637, 2011.  

Miles, J., Tu, C., and Harris, C.: Metabolism of heptachlor and its degradation products by soil 

microorganisms, J. Econ. Entomol., 62, 1334-1338, 1969.  

National Cancer Institute: Bioassay of heptachlor for possible carcinogenicity, Bethesda, MD. U.S. 

Department of Health Education and Welfare, 1977. 

Pućko, M., Stern, G., Barber, D., Macdonald, R., and Rosenberg, B.: The international polar year 

(IPY) circumpolar flaw lead (CFL) system study: The importance of brine processes for α‐
and γ‐hexachlorocyclohexane (HCH) accumulation or rejection in sea ice, Atmosphere-

Ocean, 48, 244-262, 2010.  

Pućko, M., Stern, G., Barber, D., Macdonald, R., Warner, K.-A., and Fuchs, C.: Mechanisms and 

implications of α-HCH enrichment in melt pond water on Arctic sea ice, Environ. Sci. 

Technol., 46, 11862-11869, 2012.  

Pućko, M., Stern, G., Macdonald, R., Rosenberg, B., and Barber, D.: The influence of the atmosphere-

snow-ice-ocean interactions on the levels of hexachlorocyclohexanes in the Arctic 

cryosphere, Journal of Geophysical Research: Oceans, 116, 2011.  

Pućko, M., Stern, G. A., Macdonald, R. W., Jantunen, L. M., Bidleman, T. F., Wong, F., Barber, D. 

G., and Rysgaard, S.: The delivery of organic contaminants to the Arctic food web: Why sea 

ice matters, Sci. Total Environ., 506, 444-452, 2015.  

Sovocool, G. W., Lewis, R. G., Harless, R. L., Wilson, N. K., and Zehr, R. D.: Analysis of technical 

chlordane by gas chromatography/mass spectrometry, Anal. Chem., 49, 734-740, 1977. 

Su, Y., Hung, H., Blanchard, P., Patton, G. W., Kallenborn, R., Konoplev, A., Fellin, P., Li, H., Geen, 

C., and Stern, G.: A circumpolar perspective of atmospheric organochlorine pesticides 

(OCPs): Results from six Arctic monitoring stations in 2000–2003, Atmos. Environ., 42, 

4682-4698, 2008.  

Timco, G. and Frederking, R.: A review of sea ice density, Cold Regions Science and Technology, 24, 

1-6, 1996.

Wania, F.: Assessing the potential of persistent organic chemicals for long-range transport and 

accumulation in polar regions, Environ. Sci. Technol., 37, 1344-1351, 2003.  

Wania, F., Hoff, J., Jia, C., and Mackay, D.: The effects of snow and ice on the environmental 

behaviour of hydrophobic organic chemicals, Environ. Pollut., 102, 25-41, 1998.  

Wania, F. and Mackay, D.: Tracking the distribution of persistent organic pollutants, Environ. Sci. 

Technol., 30, 390-396, 1996. 



Chapter 5. 

Organochlorine pesticides in an archived firn core from Law 

Dome, East Antarctica 

This chapter presents the very first study of historical deposition of 

organochlorine pesticides in Antarctic firn cores. It was published in The 

Cryosphere as a “brief communication”. 

The manuscript’s supplementary information is attached to this thesis in 

Appendix E1.  
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Abstract. Organochlorine pesticides (OCPs) were, for the
first time, quantified in archived firn cores from East Antarc-
tica representative of 1945–1957 and 1958–1967 (current
era, C.E.). The core sections were melted under high-purity
nitrogen atmosphere, and the meltwater was analysed. Meth-
ods allowed quantification of hexachlorocyclohexanes, hep-
tachlor, trans-chlordane, dieldrin and endrin. While the core
presented evidence of nominal contamination by modern-use
chemicals, indicating handling and/or storage contamination,
legacy OCP concentrations and deposition rates reported are
orders of magnitude lower than those from Arctic regions,
lending support for their validity. The study further provides
a description of equipment used and suggests methods to
overcome logistical challenges associated with trace organic
contaminant detection in polar regions.

1 Introduction

Persistent organic pollutants (POPs) are ubiquitous, toxic,
anthropogenic substances that have been widely used in agri-
culture and manufacturing industries since the 1930s. A va-
riety of organochlorine pesticides (OCPs) have been listed
as POPs under the Stockholm Convention, adopted by the
United Nations Environment Program, to ban or severely re-
strict the use of these chemicals and thereby prevent the envi-
ronmental burden of these environmental contaminants from

becoming greater. By definition, POPs are resistant to envi-
ronmental degradation processes, allowing them to undergo
long-range environmental transport to remote polar regions
where cold conditions serve to restrict further movement.

Unlike seasonal sea ice that persists for only limited peri-
ods of time, ice sheets are deposited over thousands of years.
This makes them a rich archive for the study of past atmo-
spheric composition and climate variations. Levels of inor-
ganic chemical markers such as sodium, potassium, chloride,
nitrate or sulfate have previously been successfully deter-
mined in glaciology studies (Murozumi et al., 1969). Glacial
ice cores also hold temporal information regarding histori-
cal organic pollution events; however, their application for
this purpose is far less prevalent in the documented litera-
ture. Nevertheless, the work by Wang et al. (2008), for exam-
ple, showed the potential of POPs in this regard by finding a
strong correlation between historical usage of POPs in India
and POP levels in ice cores of corresponding deposition ages
from Mt Everest. To our knowledge, few studies have deter-
mined OCP concentrations in glacial ice/firn from the Arctic
(Isaksson et al., 2003; Hermanson et al., 2005; Ruggirello
et al., 2010), while none, to date, exist from the Antarctic.
Other studies in polar regions have focused on other chem-
icals of environmental interest (i.e. brominated flame retar-
dants, polycyclic aromatic hydrocarbons, current-use pesti-
cides and polychlorinated biphenyls) and/or other frozen ma-
trix (i.e. surface snow) (e.g. Fuoco et al., 2012; Gregor et al.,
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1995; Hermanson et al., 2010; Kang et al., 2012; Zhang et
al., 2013; Peters et al., 1995).

In the current global climate context, accelerated melting
and subsequent retreat of Antarctic ice shelves are frequently
reported. As the ice compartment represents a reservoir of
historically deposited POPs, quantification of concentrations
in Antarctic continental ice is particularly relevant in order
to predict the possible future POP re-emission into the at-
mosphere and oceans through ice melt. This secondary input
process has previously been demonstrated for melting alpine
glaciers in Switzerland (Bogdal et al., 2009). Under this sce-
nario, global efforts to moderate polar ecosystems’ exposure
to these potentially hazardous compounds would be compro-
mised.

This work investigates the potential for a well-studied
archived Antarctic firn core to elucidate historical deposition
rates of OCPs. It was designed as a proof of concept to ex-
amine the implications of mismatched sampling priorities be-
tween classical glaciology programs and POP research, rep-
resenting an important step for the assessment of the value
of firn core archives worldwide for the progression of polar
contaminants’ research. Further, the work addresses some of
the challenges associated with the sampling of this matrix
for the trace levels of POPs generally observed in Antarctica,
and describes purpose-built equipment for overcoming some
of these challenges.

2 Materials and methods

2.1 Firn core sourcing

For this study, we accessed the historical firn core from a
long-established glaciology study site located in East Antarc-
tica: Dome Summit South (DSS), Law Dome (Fig. 1). Law
Dome is a small independent ice cap located in Wilkes Land,
East Antarctica, and is exposed to a maritime climate (Mor-
gan et al., 1997). The DSS site is located near Law Dome
summit, approximately 100 km from the coast and at 1370 m
elevation (Morgan et al., 1997). This site was selected for
its favourable bedrock topography and sufficiently low sur-
face temperatures (mean annual average of −21.8 ◦C), which
preclude summer melt (Morgan et al., 1997). The DSS site
is characterized by a relatively high annual snow accumula-
tion rate of 0.68 m yr−1 water equivalent (w.e.) (Roberts et
al., 2015), facilitating the preservation of very clear seasonal
cycles in glaciochemical species. This provided a means of
accurate dating with monthly resolution in the upper portions
of the core (van Ommen et al., 2004; Plummer et al., 2012;
Roberts et al., 2015).

The 1196 m DSS ice core was collected in 1988–1993,
and the entire records span approximately 80 kyr B.P. (before
present; van Ommen et al., 2004). Its chronology is derived
from a combination of direct layer counting (van Ommen et
al., 2004; Plummer et al., 2012; Roberts et al., 2015) and age

Figure 1. Location of the Dome Summit South (DSS) coring site at
Law Dome in East Antarctica. Elevation contours are represented
using thinner lines compared to accumulation contours (expressed
in kg m−2) (right-hand-side map courtesy of Morgan et al., 1997,
adapted from Xie et al., 1989).

ties to other records (van Ommen et al., 2004). This ice core
has provided a wealth of atmospheric circulation, ambient
temperature, snow accumulation and climate proxy records
for climate reconstructions (Souney et al., 2002; Plummer et
al., 2012; Roberts et al., 2015). The sections of the core used
in this work were extracted using thermal drilling (Morgan
et al., 1997). Following collection, the 18 cm diameter core
was cut to 1 m lengths on-site, stored in double plastic bags
at −18 ◦C and archived in large cold storage facilities in Tas-
mania, Australia, until analysis.

There is an inherent incompatibility between standard
glaciology and POP sampling procedures, particularly in
terms of the volumes of matrix required for robust analy-
sis, the type of materials used during sampling and long-
term storage requirements. Nevertheless, given the massive
logistical investment to sample ice in remote polar environ-
ments, and the rich source of ancillary information accom-
panying the well-studied DSS core, access to the remaining
firn core represented an opportunity to examine the implica-
tions of method incompatibilities and assess whether useful
information could be derived from this, and therefore similar
valuable archives, worldwide.

Sample volumes recently used for determination of OCPs
in other Antarctic frozen matrices such as continental surface
snow (Kang et al., 2012) and sea ice (Dickhut et al., 2005)
were 500 mL and 95.5 to 132 L, respectively. In the Arctic,
Hermanson et al. (2005) and Ruggirello et al. (2010) used a
minimum of 11 L of melted ice/firn core, while Isaksson et
al. (2003) used a total of 48 m of a core (of unknown diame-
ter) separated into nine individual samples. No other previous
study on OCPs has been published for continental firn cores
in Antarctica; hence, the chemical burden and consequent
volume of firn required for confident detection was largely
unknown. We therefore adopted a conservative approach by
utilizing just two large volume samples from a known period
as opposed to a higher number of samples of smaller volume.

The Cryosphere, 10, 2533–2539, 2016 www.the-cryosphere.net/10/2533/2016/

98



M. Bigot et al.: Organochlorine pesticides in an archived firn core from Law Dome, East Antarctica 2535

Figure 2. Conceptual cross-sectional diagram of the ice-melting
unit used in this work.

The DSS firn core was selected as it yielded large volumes
for the relevant deposition time periods of interest, enabling
guidance on chemical deposition rates for future investiga-
tions. It was separated into batches of approximately 10 m
length each, representing two early OCP deposition periods:
1945–1957 current era (C.E.) (35.4 to 45.6 m depth, sample
A) and 1958–1967 C.E. (26.3 to 35.4 m depth, sample B).
Density of these firn sections had previously been estimated
to be between 0.63 and 0.74 g cm−3 (for core depth between
21.5 and 47.6 m) (Morgan et al., 1997), and dating had been
conducted by direct layer counting.

2.2 Sampling procedures

Firn core samples were minimally exposed to laboratory
ambient air, and whole portions were melted together in a
clean stainless steel unit purpose-designed and built for POP
analysis (Fig. 2, 125 cm (length) × 80 cm (height) × 40 cm
(depth), approximately 70 kg empty). Melted sample vol-
umes were 144 and 133 L for samples A and B, respec-
tively. These were obtained through melting of two succes-
sive batches for each due to the limited capacity of the melt-
ing unit. This unit, derived from a design by Gustafsson
et al. (2005), allowed complete isolation of the sample and
melting under high-purity nitrogen atmosphere (Fig. 2). The
unit was fitted with a drain connected to a modified Kiel In
Situ Pump (KISP, Aimes GmbH, Germany), previously used
for the purpose of trace organics sampling in water (Petrick
et al., 1996). This set-up was designed to provide a means
of in situ sample extraction for field-based snow, ice and wa-
ter campaigns. The ice-melting unit is fully transportable for
direct sample loading and sealing in the field. The unit can
then be brought to the operational polar research station for
access to nitrogen gas, water and electrical power to com-
plete sample extraction. Alternatively, it could be powered
on site using generators for in situ melting.

Meltwater was pumped directly from the melting unit
through a pre-furnaced (12 h at 450 ◦C) glass fibre filter
(GFF, 142 mm, 0.7 µm, Whatman, England) collecting sus-
pended particles, followed by a stainless steel cartridge

filled with approximately 150 mL of pre-cleaned Amber-
lite XAD-2 resin (Supelpak™-2, Sigma-Aldrich Co. LLC.)
collecting the dissolved fractions of the compounds. The
flow rate of meltwater through the system was set at
150 mL min−1. Full sampling material preparation methods
and analytical procedures for filters and XAD have been
described elsewhere (Bigot et al., 2016). Sample extracts
and blanks were analysed by Australian Laboratory Ser-
vices (ALS Global, Burlington, ON, Canada) for OCPs us-
ing gas chromatography–high-resolution mass spectrometry
(GC-HRMS) following standard protocols based on the EPA
method 1699.

2.3 Quality assurance/quality control (QA/QC)

The samples were handled in a clean room (positively pres-
sured, high-efficiency particulate and carbon-filtered air) dur-
ing extraction at Environment Canada (Canadian Centre for
Inland Waters (CCIW), Burlington, ON, Canada). Three
blanks (XAD and filters) were treated in the same manner
as the samples, i.e. exposed to ambient air during changing
of sampling materials in the laboratory, transported together,
and extracted and analysed in parallel with samples. All sam-
ple values reported are blank-corrected using the average of
three blanks, providing a means of correcting for possible
contamination during laboratory, storage and/or transport of
the samples.

True blanks (i.e. similar volume of archive samples rep-
resentative of a deposition period pre-OCP production)
were not available. In order to evaluate possible contami-
nation, modern-use POPs, namely polybrominated diphenyl
ethers (PBDEs), were used as markers of contamination
resulting from the sampling, processing and/or storage of
firn cores. PBDEs are commercial flame-retardant com-
pounds widely produced since the 1970s. Their concen-
trations were determined in the final extracts using low-
resolution gas chromatography–mass spectrometry (GC-
MS) at CCIW/Environment Canada.

Method detection limits (MDLs) were calculated for each
compound as 3 times the standard deviation of the laboratory
blanks. Recovery rates were evaluated via spiking sample
materials with 200 µL of a solution containing δ-HCH and
13C8 Mirex (10 pg µL−1 each), and BDE-71 (9.6 pg µL−1).
XAD cartridges were spiked prior to sampling and filters
were spiked prior to extraction. Labelled target analytes were
also added by ALS Global, and responses were used to cor-
rect for losses during clean-up and instrument drift. A list
of recoveries for all surrogate standards is available in the
Supplement. Results originally expressed in pg L−1 are pre-
sented as mean deposition per year (pg cm−2 yr−1) calcu-
lated using the surface area of the core as the deposition
surface, thus allowing comparison of the two time periods
studied.
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3 Results and discussion

The relatively large volumes of firn analysed in this study en-
abled the quantification of the legacy OCPs α- and γ -HCH,
heptachlor, trans-chlordane, dieldrin and endrin in the dis-
solved fraction of the meltwater of both samples (Fig. 3).
These compounds are likely to be deposited on snow af-
ter long-range atmospheric transport from source regions
within the Southern Hemisphere. Their presence has recently
been reported in seawater and/or air close to the coast of
East Antarctica (Bigot et al., 2016). Both samples, however,
also contained traces of our storage and handling contamina-
tion markers, PBDEs, indicating that sampling and/or stor-
age conditions of the archived firn cores introduced organic
contamination. These contaminants could have been intro-
duced through various means such as the operator’s personal
clothing, storage in plastic bags and the use of contaminated
coring tools and inappropriate cleaning methods.

While no direct link can be established between PBDE lev-
els introduced and possible contamination of the firn core by
legacy OCPs, the presence of the PBDE markers necessitates
caution in the interpretation of results. Notwithstanding this,
the firn deposition rates were below 0.8 pg cm−2 yr−1 for α-
and γ -HCH, heptachlor, trans-chlordane and endrin, while
dieldrin had deposition rates of up to 4 pg cm−2 yr−1. Previ-
ous studies reported data in meltwater concentrations rather
than deposition rates. The OCP deposition rates that we re-
port here are derived from meltwater concentrations of < 60
and 310 pg L−1, respectively (for detailed results see Supple-
ment, Table 2). Although the DSS site is characterized by
higher snow deposition rates (0.68 m yr−1 w.e.) compared to
the three other Arctic sites for which OCPs in glacial ice/firn
cores were documented (from 0.36 to 0.52 m yr−1 w.e.), OCP
results from the DSS site are 10- to 1000-fold lower than
the reported levels in the Arctic (Hermanson et al., 2005;
Isaksson et al., 2003; Ruggirello et al., 2010). This is consis-
tent with the uneven distribution of the world’s past usage of
OCPs (Voldner and Li, 1995), with the Northern Hemisphere
having contributed larger emissions than the Southern Hemi-
sphere, suggesting that a larger pool of OCPs would have
reached the Arctic in comparison to Antarctica. Data previ-
ously reported from other environmental matrices, i.e. sea-
water and air, also show a 10- to 100-fold decrease between
Arctic and Antarctic concentrations of HCHs, thus lending
further support for the validity of the OCP results obtained.

The relatively high sample volumes required for this anal-
ysis limit the temporal resolution of results and therefore
the detail with which we are able to investigate accumula-
tion history of OCPs. The samples represent firn from Law
Dome over consecutive 13- and 10-year periods, respec-
tively. Observed differences between the two time periods
may reflect different usage patterns, but may also be a func-
tion of the physicochemical properties of individual pesti-
cides. Given OCPs are mainly transported to polar regions
via atmospheric transport (Wania and Mackay, 1996), the

Figure 3. Deposition rates of six legacy OCPs at the Law Dome
site in Antarctica between 1945 and 1957 (sample A) and 1958 and
1967 (sample B). Note: results should be considered as maximum
possible values.

Law Dome area would have been impacted by air originat-
ing from the Southern Hemisphere. Access to detailed histor-
ical usage of OCPs in this part of the world is limited; how-
ever, most legacy OCPs were first used in the 1940s or early
1950s, e.g. in Australia and Africa (Harrison, 1997; Wandiga,
2001). The concentrations reported represent deposition of
OCPs when their usage was at or near their maximum, be-
fore the first controls on the uses of these compounds were
implemented in the 1970s. As a result, it gives an insight into
possible maximum concentrations in Antarctic firn that may
remobilize from meltwater. Dieldrin and γ -HCH show a dis-
tinct increase in their concentrations in sample B, spanning
the period (1958 to 1967 C.E.), compared to those in sample
A (1957–1945 C.E.) (Fig. 3). This could reflect an increase
in Southern Hemisphere usage of these two compounds be-
tween 1945 and 1967 C.E. Alternatively, the compounds may
have started to deposit later than 1945, in which case sample
A’s results may be affected by dilution of the deposited bur-
den by uncontaminated sections of the core.

HCHs are the most commonly studied OCPs in the abi-
otic Antarctic marine environment. Concentrations reported
in this study are 19 and 22 pg L−1 for α-HCH and 22 and
60 pg L−1 for γ -HCH, which are in the lower range of find-
ings in surface snow samples collected more recently in
Antarctica (Kang et al., 2012). The relative contributions of
each isomer (γ >α) observed in the continental firn samples
from Law Dome are also consistent with reported Antarc-
tic sea ice and atmospheric profiles (Dickhut et al., 2005).
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All OCPs detected in this study have also been recently re-
ported in atmospheric and oceanic samples in the same sec-
tor of Antarctica (Bigot et al., 2016). Some of these OCPs,
heptachlor and dieldrin in particular, are currently found in
Australian air samples at concentrations amongst the highest
reported globally (Wang et al., 2015).

Dieldrin was detected at the highest levels in both dis-
solved and particulate fractions of the melted firn samples
analysed in the present study. It is a versatile cyclodiene in-
secticide that has been largely used around the world for
treatment of soil for plantations, as well as for control of var-
ious pests. Its usage was largely restricted from the 1970s,
but its use was only fully banned internationally in 2004,
under the Stockholm Convention. In the dissolved fraction,
we report an average concentration of dieldrin of 222 and
310 pg L−1 in samples A and B, respectively. The dissolved
fraction accumulated in firn cores may, if released due to
rapid continental ice melting, be available for uptake by
marine organisms, and present a toxicological threat to the
Antarctic food web. Dieldrin is currently one of the most
prevalent OCPs found in this region (Bigot et al., 2016). Our
findings indicate that ice melt is likely to result in particularly
high dieldrin enrichment compared to other OCPs found in
the firn samples. Interestingly, it is also the only compound
detected on particles contained in meltwater of the archived
ice core at 3.8 and 7.1 pg L−1 for sample A and B, respec-
tively, which suggests it may also be transported on atmo-
spheric aerosols that could originate from wind-eroded soils
for example. Dieldrin was the only OCP compound detected
on aerosols sampled in adjacent areas of the Southern Ocean
(Bigot et al., 2016).

This proof of concept study determined OCP concentra-
tions that reached Antarctica during their early usage. Melted
water volumes of 144 and 133 L for each sample allowed
quantification of legacy OCPs that have previously been re-
ported in the vicinity of Antarctica; however, results should
be considered as maximum possible values given possible
contamination introduced during sampling and/or storage.
Results for other OCPs were below MDLs, although higher
volumes may facilitate quantification. HCHs and dieldrin
were found at the largest concentrations, suggesting that they
could be targeted in future Antarctic glacial ice investigations
to obtain more refined measurements using much lower vol-
umes.

4 Conclusions

Results show that legacy OCPs could have accumulated at
Law Dome in deep firn dated from as early as 70 years ago.
Our current understanding of organic contaminant retention,
mobility and fate during ageing of snow and formation of
ice is poor. Apparent concentrations in glacial ice may not
accurately indicate historical deposition. The analysis of ice
or firn cores may nevertheless give us valuable information

on the current OCP reservoir in polar regions. Although East
Antarctica currently exhibits a slight positive ice mass bal-
ance as opposed to the rest of the continent (Sasgen et al.,
2013), driven by climate conditions in the Pacific (Meehl et
al., 2016), the potential for OCPs to remobilize into the at-
mosphere and oceans raises the need for development of POP
research in the cryosphere. While we found evidence of nom-
inal PBDE contamination throughout the core, OCP concen-
trations and deposition rates reported are orders of magnitude
lower than those from sites with lower annual snow accumu-
lation in the Arctic. This appears realistic, and therefore sug-
gests that our results can be taken as first indications of OCP
contamination at Law Dome, East Antarctica, through this
time period.

Standard glaciology sampling procedures for inorganic an-
alytes (e.g. metals), climate tracers and those for POPs are
not necessarily compatible, particularly in terms of the vol-
umes required for analysis, and methods used for collection
and storage. Given the potential value of POP quantification
in the polar cryosphere, we advocate pro-active sampling
in collaboration with glaciology programs to ensure suffi-
cient volumes of dedicated samples according to POP work
QA/QC procedures. In particular, plastics should be avoided
at all times as a general QA/QC measure for sampling, stor-
age and analysis of such compounds. The ice-melting unit
used for the present work is designed to be transportable, and
represents a comprehensive tool offering a means of storage,
transport, melting and pumping of large volumes of ice. It
provides a cost-effective solution to the logistical challenges
of transporting these volumes of ice back from Antarctica. It
also reduces risks for contamination during storage and trans-
port, as well as minimizing overall handling of the samples.
The melting process can be performed in situ provided ap-
propriate power sources are available, or locally at the clos-
est research station. A similar in situ melting technique has
previously been successful for the collection of sea ice in
the Arctic (Gustafsson et al., 2005). These methods should
be implemented when dealing with trace POP analysis in
polar regions. In lieu of such support, however, glaciology
archives may provide useful indications for remote locations
from which information is still lacking.

The Supplement related to this article is available online
at doi:10.5194/tc-10-2533-2016-supplement.
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6.1. Synopsis of thesis results 

The state of knowledge on the behaviour of persistent organic pollutants (POPs) in the 

cryosphere is extremely limited. In the current global warming context, the ice, long 

considered a barrier to further POP movement in Polar environments, is now receiving 

increasing levels of attention as a temporary repository for such compounds. POP 

redistribution processes associated with both permanent ice loss and seasonal sea-ice and 

snow melt are expected to result in pulse releases of POPs at times of well-known marine 

productivity bursts. Under these circumstances, local biota may be at a higher risk of toxicity.  

Organochlorine pesticides (OCPs) encompass a group of POPs with a number of shared 

physico-chemical characteristics. They have previously been studied in detail resulting in a 

relatively good understanding of their partitioning behaviours, albeit mostly in temperate 

environments.  

The work outlined in this thesis provides new knowledge regarding the occurrence of OCPs 

in air, seawater and/or snow and sea-ice at both Poles, and has generated much needed 

empirical data for a wide range of compounds. Further, the work sought to identify key 

exchange processes under Polar environmental conditions. It was designed around a need to 

progress our understanding of POP cycling and fate under melting conditions and was 

conducted through three dedicated field expeditions to both the Antarctic and Arctic.   

Chapter 3 presented the first study in 25 years to have assessed environmental levels and 

partitioning of OCPs through parallel atmospheric and oceanic sampling in the targeted sector 

of East Antarctica. Results show a reduction of concentrations compared to previous 

sampling performed in the same area in the late 1980s to early 1990s. These concentrations 

are however suspected to have reached a plateau in the last decade based on more recent 

studies from other sectors of the Southern Ocean. 

The study established that HCHs and dieldrin are the most common legacy OCPs found in 

both air and seawater of this sector of the Southern Ocean. While hexachlorobenzene (HCB) 

levels could not be confidently determined in this campaign due to elevated MDLs for 

atmospheric samples, it was again found to dominate profiles in coastal seawater and air 

samples collected in the vicinity of Davis Station (Chapter 4), confirming its predominance in 

the Antarctic system. While HCHs and HCB are compounds that have received the most 

attention in terms of their characterisation and behaviour in the Antarctic environment, only a 
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few studies report on dieldrin and then in Antarctic biota samples only (Joiris and Overloop 

1991, Bengtson Nash et al. 2008, Bengtson Nash et al. 2013). Data from this current work 

therefore reaffirms its role as a prominent contaminant in Antarctica that should receive 

further attention. This study also reports the presence of chlorpyrifos and toxaphene 

congeners for the first time in the Southern Ocean and coastal Antarctic environment.  

The environmental partitioning observed was largely driven by physico-chemical 

characteristics of the compounds. As expected, more volatile compounds such as heptachlor 

(HEPT), trans-chlordane (TC) and cis-chlordane (CC) were mainly reported in the air, while 

less volatile compounds such as endrin and dichlorodiphenyltrichloroethane (DDT) (and 

derivatives) were primarily found in the water. Not all compounds detected presented a 

latitudinal dependence to their distribution. The spatial distribution trends, especially those 

observed for dieldrin and TC, suggest that the atmospheric circulation, particularly the 

presence of the Polar front around 60˚S latitude, may restrict the latitudinal distribution of 

some OCPs further south.  

Parallel air and seawater analysis provided evidence of disequilibrium within the abiotic 

environment along the entire latitudinal transect from Australia to Antarctica, with higher 

fugacities in air driving the net deposition of all three compounds investigated, i.e. γ-HCH, 

dieldrin and chlorpyrifos. This observation supports recent air-seawater trends observed for 

HCHs on the Antarctic Peninsula (Galbán-Malagón et al. 2013). Although summer re-

emissions of previously deposited POPs from soil and snow have been shown in recent 

Antarctic studies (Kang et al. 2012, Cabrerizo et al. 2013), our findings indicate that the 

Southern Ocean remains an environmental sink for OCPs. Findings from the Arctic, where 

some OCPs are expected to re-volatilise from the ocean (Ma et al. 2011, Bidleman et al. 

2015) are therefore not applicable to this region of the Antarctic under austral summer 

environmental and climatic conditions experienced during this field campaign.  

In Chapter 4, two parallel sea-ice expeditions undertaken in 2015 contributed the first dual-

Polar dataset on OCPs in environmental compartments of the sea-ice scape in early spring. 

Air, snow, sea-ice and seawater were collected simultaneously over time to study POP 

environmental redistribution as a result of melting of frozen matrices. This comprehensive 

dual-Polar study was also designed to explore the differences in environmental partitioning 

and redistribution mechanisms between the Arctic and Antarctic.  
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As expected, concentrations were typically higher at the Arctic site compared to the Antarctic 

one in water-based sample matrices. This was attributed to differences in respective 

hemispheric contributions. Atmospheric levels at the Antarctic site were however generally 

comparable or higher to the Arctic ones, with the exception of HCB. This was supported by a 

previous dual-Polar study for a few compounds (Choi et al. 2008), although the possibility 

remains that the local atmosphere at the Antarctic study site may be affected by unique 

conditions compared other sites along the Antarctic coast. Our results also confirm that both 

sites had contrasting hemispheric sources, where the Arctic site received larger inputs of 

technical chlordane as opposed to the Antarctic site for which evidence suggests more 

technical heptachlor reached the coastline. These findings were consistent with observations 

along the Southern Ocean transect (Chapter 3) and therefore support inherent differences in 

POP cycling and distribution processes found at each Polar site. 

New findings on the partitioning between sea-ice and seawater suggest that both seawater and 

snow are contributing to POP burdens accumulated in sea-ice during its formation and aging. 

This was attributed to the importance of “snow-ice” previously reported as a major 

contributor to total sea-ice mass (Massom et al. 2001). Evidence of compound-specific 

partitioning between sea-ice and seawater at one site but not the other suggest that the extent 

of sea-ice immersion in seawater may result in early sea-ice/seawater exchange in spring, 

bringing both concentrations closer together. 

The two sites presented contrasting characteristic environmental conditions (e.g. 

temperatures, winds, salinity) which contributed to visually apparent ice-scape differences 

and contrasting results for OCP partitioning. At the Arctic site, snow melt resulted in 

volatilisation of most OCPs and PBDEs investigated from the snowpack. At the Antarctic 

site, the snow layer covering sea-ice was shallower and no direct evidence indicated its 

melting. Thus, POP redistribution to the atmosphere was attributed to stronger winds, 

promoting ventilation of the snowpack, and possibly inducing upward migration of more 

volatile compounds from the sea-ice surface too. At both sites, seawater concentrations 

remained relatively stable.  Although water dispersal could not be excluded, it is possible that 

redistribution from frozen matrices to the atmosphere begins earlier than redistribution to the 

seawater.  

The theoretical air-seawater exchange status for heptachlor epoxide B (HEPX-B), dieldrin 

and α-HCH from each Pole were opposite, and it is predicted that the direction of the 
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exchange will not change after the ice and snow melt completely. For those contaminants 

investigated, net volatilisation will dominate at the Arctic site, while deposition will occur at 

the Antarctic site.  

Finally, in chapter 5, an archived firn core provided the first estimates of historical deposition 

of OCPs between 1945 and 1967 in the East Antarctic ice shelf. HCHs, HEPT, TC, dieldrin 

and endrin were detected suggesting their potential for future release as a result of global 

warming and subsequent ice-shelf melt. This study also discussed the possible issues 

associated with handling and storage contamination when analysing archived cores collected 

by glaciology teams who used methods not specifically adapted to trace-organic work. While 

nominal PBDE contamination was detected throughout the core, legacy OCP concentrations 

and deposition rates reported are orders of magnitude lower than those from Arctic regions, 

lending support for their validity. These OCP results are therefore plausible, although pro-

active sampling and in-situ melting is strongly encouraged to limit the risks for contamination 

for future research. 

Dieldrin has received little attention in the available literature, yet it was detected throughout 

the work undertaken for this thesis. The reason for its detection on air particles at relatively 

high concentrations along the Southern Ocean transect could not initially be elucidated. Later 

detection in coastal air particles at the Antarctic coastal site confirmed that our initial data 

was not reflecting any particular ship-associated pollution and therefore that dieldrin is 

present mostly on particles in the atmosphere of coastal Antarctica. In Chapter 4, the increase 

of dieldrin particles in the air was possibly associated with coastal snow melt and subsequent 

soil exposure to air over time, suggesting that soil dusts are a vector of transport of dieldrin in 

the atmosphere during the warmer months. The recovery of dieldrin on particles in deep firn 

from Law Dome (Chapter 5) also supports this scenario. 

The work presented in this thesis has produced valuable new knowledge of environmental 

POP levels and partitioning in Polar Regions. The strength of this thesis lies in the novel data 

yielded regarding the ice and snow compartments and their relevance for the study of 

environmental cycling of POPs. Unlike many other Polar studies, we did not discriminate 

between OCPs and present data for an extended list of analytes for which little if any 

investigation had previously been undertaken in Polar Regions. Dual-Polar findings show 

differences in POP partitioning, and cycling, between the Arctic and Antarctic despite their 
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apparent similar climate, stressing the importance of considering the two Poles 

independently.  

6.2. Future research directions 

 Due to the remote location of Polar Regions and the challenging conditions that they afford, 

only limited and localised understanding of POP pollution has been achieved to date, 

particularly in Antarctica (Corsolini 2009, Bengtson Nash 2011). This PhD study shows that 

although the Arctic is more accessible and better documented, inherent differences in 

environmental conditions and hemispheric pollution levels limit the extent to which we can 

extrapolate findings from one Pole to the other.  

In the context of developing appropriate management actions in the future, we need to 

understand these processes to be able to design and calibrate ice-inclusive predictive models. 

The modelling of POP cycling requires a full understanding of all parameters involved in 

chemical partitioning and processes of exchange, transport and degradation in the specific 

Polar conditions. Many challenges and unknowns remain for the successful development of 

ice-inclusive models for the study of POPs in the sea-ice scape. There are two major 

scenarios for the release of POPs immobilised in the snow and ice back into the local 

environment: drainage in the seawater or volatilisation into the air. Both processes may occur 

simultaneously, which makes it particularly difficult to trace compounds in the system and 

estimate possible fluxes between matrices. Future studies should aim at isolating 

contributions of each individual compartment and determining the magnitude of dispersion in 

the seawater and air compartments. This will permit the estimation of the volume of air and 

water to consider in contact with the ice and snow for modelling.   

Mesocosm approaches would contribute a better understanding of the behaviour of POPs in 

the sea-ice scape. Fully controlled artificial seawater facilities, where it would be possible to 

achieve spiking of the air and/or water with isotopic standards, would afford better 

traceability of these contaminants during all stages of sea-ice formation and melt. The 

relatively small environmental POP concentrations in Polar Regions currently require us to 

sample large volumes to the detriment of more detailed datasets with better temporal 

discrimination. In the case of spiked experiments, the level of vertical detail through frozen 

matrices could be greatly improved by larger concentrations. Our current understanding of 

the major environmental factors influencing POP redistribution in the Arctic and Antarctic 
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would contribute a useful guide for the conditions to be applied to the experimental systems 

depending on the Pole targeted. The effects of glacial melt input could also be studied 

through additions of spiked freshwater during spring, possibly adding a new climate change 

dimension to the study of the cycling of POPs in the sea-ice scape. 

This PhD study targeted most of the environmental compartments involved in the cycling of 

POPs in the coastal Polar environment, however failed to investigate oceanic sediments. 

Future research should aim at quantifying the importance of this environmental compartment 

in the POP cycle as we could expect the coastal sea-ice scape to show conspicuous dynamic 

exchanges with the ocean floor. 

Another research direction arising from the findings of this PhD thesis is a compound-

specific ecotoxicity study. This PhD shows that dieldrin is prominent at both Poles, which 

suggests it remains a contaminant of ecotoxicological concern in high latitude regions. Very 

little research has been published on this compound’s effects in Polar ecosystems to date 

compared to other prominent OCP contaminants such as HCB and DDTs. 

Characterisation of POP levels in glacial ice at both Poles remains poorly documented, 

particularly in Antarctica. In the case of using archived cores, a blank sample from a deeper 

portion of the core (dated from before 1930) should be selected when available to improve 

confidence in QA/QC. Given the financial and logistical investment going towards the 

collection of firn/ice cores, in-situ melting of the precious samples should however be 

preferred to avoid any potential for contamination during transport and storage. Following 

stringent sampling and handling procedures for the analysis of POPs in ice should allow the 

exploitation of the cores for a wider suite of contaminants including both emerging and 

legacy pollutants. Ideally, the sites selected for future POP surveys should have contrasting 

characteristic precipitation rates in order to provide insights on possible differences in yearly 

deposition rates.  
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APPENDIX A 

A1. Air sampling, Standard Operating Procedure (SOP) 

A2. Seawater sampling (ship-based), SOP 

A3. KISP operation, SOP 

A4. Snow and ice melting and filtration of melt-water, SOP 

A5. Cleaning of PUFs, SOP 

A6. Cleaning of XAD-2 and preparation of sampling cartridges, SOP 

A7. Recoveries of PBDEs through Environment Canada’s methods 



Air sampler operation 

Chemicals  

Methanol, Toluene, n-hexane, Acetone (Merck, SupraSolv®, for gas chromatography) 

Consumables 

 Prepared PUF cartridges

 Quartz fiber filter (QFF, Grade QM-A, 101.6 mm, Whatman, England)  – pre-

furnaced at 450˚C for 12h and wrapped in individual aluminium foil envelopes

 Aluminium foil

Equipment 

 Air sampler (and manuals)

 Calibration kit and manometer

 Spanner and screwdriver

Procedure 

1. Preparation

Wear nitrile gloves 

Sampling unit (parts in contact with sampling materials only) is taken off the sampler and 

rinsed with methanol (x3), toluene (x3) and n-hexane (x3). (Warning: avoid using 

Mucasol
TM

 solution for pre-washing). All parts are then wrapped in aluminium foil for

transportation. All other parts of the sampler are thoroughly cleaned using acetone once 

the sampler is deployed on site. 

2. Transport

Make sure all hinges and connection port on the bottom of the left side are protected. 

Send power cord separately. 

Standard Operating Procedure 

(SOP) 

Author: Marie Bigot 

Air sampler operation for 

OCP sampling in Antarctica 

Revision: 2 

Latest update: 09/12/2015 

Pages: 4 
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Air sampler operation 

3. Notes for installation

Request an electrician to fit the socket onto power cord once inserted through the 

connecting port. 

Make sure the sampler is secured to the ground or railing of the ship using the means 

provided  

Safety warning - Section 4 & 5  

When open, make sure the air sampler doors are safely attached to the ship’s railing 

or other structure while you are proceeding with set-up 

4. Loading of sampling materials

Wear nitrile gloves 

Open the top door and the internal lid of the sampler. Open the bottom door and the 

internal door from the original sampler. Disconnect the quick-release camlock holding 

onto the PUF cartridge holder and lift the whole unit up from the top part of the sampler. 

Unscrew the PUF cartridge holder. Remove Teflon lids from a clean glass cartridge and 

slide it gently inside the holder. Put the sampling head back on, and put the whole 

sampling unit back in place, block the camlock. Unscrew the bolts on the filter holder. 

For first use, remove the aluminium cap (only used for storage to avoid dust getting in the 

system). Take the top metal part off, hold onto one of the two Teflon rings. Leave one 

Teflon ring on top of the metal mesh, add a clean Quartz Fiber Filter, followed by the 

other Teflon ring and finally add the metal ring cap on top to secure the filter in place. 

Screw the 3 bolts so they hold the filter head (but not too tight). Close internal top lid and 

the top door. Sampler is ready to use.  

5. Air sampler operation

- Basic introduction to operating menu of the air sampler

Keypad: 4 arrows (< > ˄ ˅) and enter (ʘ) 

Menu change: “Pg Up” and “Pg Down” 

To navigate from one menu to another (eg. A-B-C), use “Pg” buttons. To navigate within 

a menu (eg. A1-A2-A3…) , use arrows <  >. To modify values in a menu, press ʘ and 

use ˄ ˅ to choose the correct value, then press ʘ again to validate (it will go to the next 

digit, repeat procedure until the last digit and it will validate the value you entered).  

- Set-up (to do once at the first start of the sampler or after reset)

Plug the sampler. Turn the switch on.  

Go to A7, enter password: 9548 (if at any time you cannot change the below settings, 

come back to A7 and re-enter the password) 

Go to A11, turn volumetric “ON” (press ʘ and use ˄ ˅ to select “ON”, then press ʘ 

again) 

Go to A12, turn PUF “ON” 

A1- Air sampling SOP
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Air sampler operation 

In F menu, enter all high and low values: F2 = 550.00 , F3 = -30.00, F5 = 60.2, F6 = -40, 

F8 = 1103.5, F9 = 800, F11 = 99, F12 = 0, F14 = 359.00, F15 = 0.00 

In H menu, enter H1 = 0.1, H2 = 0.1, H3 = 0.01, H4 = 0.01, H5 = 200 

Check all G menu (date/time) 

Go to I menu, enter I1 = “Time base minutes” as required for data logging (eg. 5 

minutes), I2 = Logging ENABLED, I3 = Baud rate 115200 and Data bits 8 

Once these have been set up, they will remain in memory. 

- Check list prior to using the sampler:

Always check the following prior to calibrating and using the sampler: 

o Volumetric control (B4) should be ON. If not, enter password in A7 (9548) and

turn volumetric “ON” in A11

o Ambient temperature (F4): should indicate current ambient temperature. If it

indicates “-40˚C”, the sensor is not functioning (sensor is plugged at the back of

the sampler’s housing and has been mounted in the sampling part of the

“insulating box”, on the right hand side).

o Ambient pressure (F7): this sensor is located below the on/off switch of the

sampler, if reading is unusual, it may require cleaning (follow instructions on the

sensor).

o Wind speed / Wind direction (F10/F11): blow air on the wind sensor to check.

- Choose sampling mode

To choose sampling mode, go to B3 and press ˄ ˅ until the last line displays “Change 

mode: [mode that you want]”. Press ʘ to validate. The mode you just selected should 

now appear on the third line. Automatic sampling mode is called “MANUAL”. It will run 

continuously at the flow rate indicated in D1 whatever the other settings are. The wind 

sensor conditional sampling mode is called “VECTOR” and needs further set up to 

function (see below “conditional sampling”). 

- Calibration

(The sampler should run for at least 30 minutes before calibration. For calibration, use 

“MANUAL” and set flow rate to 225 L/min in D1)  

Place a clean filter paper and clean PUF cartridge. Install the calibration kit (large 

stainless steel cylinder) on top of the filter and secure it using the filter holder screws. Fill 

up about ½ of the manometer using deionised water (dyed with green). Set the 0 at the 

water level. Attach the tube of the calibration kit head to one side of the manometer, 

make sure the manometer is straight and read the differential value (water level will drop 

on one side and lift up on the other side, the manometer reading is the difference between 

these two levels). Compare values with the calibration curve provided (eg. for 225 L/min, 

manometer reading should be 11.1 cm). If reading is not corresponding to the curve 

provided, the sampler needs to be re-calibrated. Calibration flow regulator is located 

above the control box on the left hand side. Use the spanner (counter clockwise) to 

unlock the locknut. Adjust knob using the screwdriver provided (anti clockwise reduces 
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Air sampler operation 

flow, clockwise increases flow). Lock locknut. Wait 2 minutes between adjustments for 

the control system to stabilise. Check manometer reading and flow display (F1). Repeat if 

necessary until you obtain satisfactory reading of the manometer and flow rate is stable at 

the desired flow.  

- Conditional sampling

In order to use the wind sensor to perform conditional sampling, the sampler needs to be 

set on VECTOR (B3).  

Check G menu (date/time) 

Go to D, configure the sampling set up: D1 = choose required flow rate, D2/D4/D5/D6 

must be set up if you want to use conditional sampling (wind sensor) only. D2/D5: 

choose the next start date and time (eg. a few minutes after the current time or whenever 

you want it to start), D4 = 1 (so it should start everyday if untouched) [or D4 = 2/3/4… if 

you want the sampler to start every 2
nd

/3
rd

/4
th

 day... etc] and D6 = enter required

sampling duration. 

Go to J, configure vector controls as required. Decide on the angle you want to avoid 

sampling regarding the potential source of contamination. Wind sensor should be set up 

with the “North” side facing the one angle that you defined. Considering North = 0 deg, 

and South = 180 deg and set J1 as minimum angle and J2 as maximum angle relative to 

the north and south indicated on the wind sensor (not the actual North!), J3 = 1 (m/s), J4 

= 1 min, J5 = 1 min, J6 = 1 min. 

- Reset sample results

Go to C menu. In C3, press ʘ. Sample results are reset. 

- Sample results

Sample results are displayed in C. Don’t forget to reset results at the start of a new 

sampling period. 

- Turn OFF

Before turning the sampler off, go to B3 and set to “STANDBY”. Then you can turn off 

the sampler’s switch. 

- Reset sampler (full reset of the system)

Turn the switch off. Press the red button on the control panel, switch power back on 

(keep pressing red button), release the button once it is on. 

For further information, check the operation manual. 

Trained personnel:  Marie Bigot 
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Seawater sampling from ship’s intake line 

Chemicals 

 Mucasol
TM 

detergent

 Acetone (Merck, SupraSolv®, for gas chromatography)

 Methanol (Merck, SupraSolv®, for gas chromatography)

 Toluene (Merck, SupraSolv®, for gas chromatography)

 n-hexane (Merck, SupraSolv®, for gas chromatography)

Consumables 

 Prepared XAD cartridges

 Glass microfiber filter (142mm, GF/F pore size) – pre-furnaced

 Teflon tape

 Aluminium foil

 Teflon tubes and fittings

Equipment 

 Kiel in-situ pump (KISP)

 210 μm stainless steel filter mesh and housing

Procedure 

1. Pre-departure cleaning

Prior to departure all tubing, fittings, stainless steel mesh and housing, and KISP’s filter 

holder are soaked in Mucasol
TM

 solution, rinsed 10 times with tap water and deionised

water and left to dry. They are then rinsed 3 times with methanol, toluene and n-hexane, 

and allowed to dry under a fume cabinet. Once dry, they are wrapped in aluminium foil 

and packed for transport.  

2. Set-up on the ship

Tubes are attached to the pump and connected to the seawater intake line tap in the 

Oceanographic laboratory on-board the ship (note: the tap has to be fitted with a pressure 

gauge prior to connecting the line in order to control the flow more accurately). The 210 

Standard Operating Procedure 

(SOP) 

Author: Marie Bigot 

Seawater sampling from 

ship’s intake line 

Revisions: 2 

Latest update: 06/03/2014 

Pages 2 
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Seawater sampling from ship’s intake line 

μm stainless steel filter mesh in its housing is connected in line. Once all tubes are 

connected, open the tap and rinse system thoroughly with sampling water body for at 

least 10 min prior to attaching columns or filters. Use this opportunity to check 

calibration on the KISP. Note: the line should be flushed for at least 1 hour after having 

left the harbour to minimise contamination, do not flush the system without having 

flushed the line first.  

3. Sampling

Please refer to the SOP “KISP operation” for starting and operating the KISP.  

A major difference with the intake line set-up compared to any other direct sampling of 

water body is that the tap needs to be turned on just after setting up the KISP. The line 

will prime itself as the intake line of the ship will push water through, however, leave the 

filter holder’s bleed open until water reaches the system (to avoid pushing air through the 

XAD cartridge). Make sure the pressure gauge at the tap is adjusted to correct flow 

otherwise it will overcome the KISP regulation. Check the flow on a more-regular basis 

when the ship breaks into the ice (intake line may get blocked by ice in which case the 

KISP may automatically stop pumping). A flow rate ~ 500 ml/min is maintained until a 

~1000L sample is obtained. Change filters as necessary over the course of sampling. No 

more than 500L should be sampled onto a single filter. After the sample is drawn, ensure 

that water remains in the cartridge or the resin will dry out. Tighten and pack the 

cartridges carefully to avoid leak during transport.  

4. Storage and transport of samples

Store XAD cartridges refrigerated (+4°C). Store the GFF in a sealed amber glass vial at -

20°C. 

Trained personnel:  Marie Bigot 
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XAD-2 cleaning and preparation of sampling cartridges 

Chemicals 

 Acetone (Merck, SupraSolv®, for gas chromatography)

Consumables 

 Prepared XAD cartridges

 Glass microfiber filter (142mm, GF/F pore size) – pre-furnaced

Equipment 

 Original Kiel in-situ pump (KISP) or modified lab-KISP

 Software “KISP_enwave.exe”

 USB adapter for KISP

 Laptop

Procedure 

1. Connect the KISP

Install all drivers for the USB adapter on the laptop. Plug the KISP on mains power. 

Connect the KISP to the laptop through the USB adapter. Open the KISP software. Select 

appropriate COM-port from the list, click on the red “X” on the left to validate, and wait 

for the cross to become a green tick. Press “KISP connect” in the “KISP control” tab. 

Once connected, “KISP connect” button becomes “KISP disconnect”.  

2. Erase internal memory

Prior to using the system, always erase the internal memory or an error message will 

appear. To erase the internal memory, go to the “Data Handling” tab and click “Erase 

Data” 

3. Calibration

To calibrate, go to the “Calibration” tab. Pass exactly 1L through the system, the flow 

meter will read a number (this is not a volume), once all water has been pumped, press 

“Print to system”. Verify calibration by going to the “KISP control tab”, passing a few 

litres of water through the system and checking data in the bottom right of the window. 

Standard Operating Procedure 

(SOP) 

Author: Marie Bigot 

KISP operation 
Revisions: 3 

Latest update: 07/12/2015 

Pages: 3 
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XAD-2 cleaning and preparation of sampling cartridges 

4. Manual setting

You can set the KISP to pump manually at any time (although the internal memory will 

not record volume passed and the computer has to remain connected). To do so, in “KISP 

control”, just slide the Motor control bar to the right, this will increase the pumping rate. 

You can also press “FULL” to start at maximum speed straightaway, or press “STOP” to 

stop pumping at any time. The instantaneous flow and total volume pumped are displayed 

in the bottom right hand side of the window. 

5. Automatic setting

When sampling automatically, click on “Set Date and Time” in the KISP setting part on 

the right hand side of the window. You can tick the boxes below if you want to set 

thresholds (e.g. setting a minimum flow can help making sure that if the filter is 

completely clogged, and limited water flows through, the KISP will turn off and avoid 

pressurising the system). When ready for sampling, press “START” and then move the 

Motor Control bar to the right until you obtain the target flow. Monitor the flow rate for 

about 2 minutes and make sure it does not change drastically. When the pump is running 

and all is working as planned, click on “KISP disconnect” and “COM-Port” successively. 

You can now disconnect the KISP from the laptop, it will keep running automatically and 

record pumped volume every 60 seconds. 

At any time, you can reconnect the laptop and check flow rate and volume passed 

through. You may also take the Motor Control to 0% to replace filters, and re-start the 

system by increasing Motor Control again once the new filter is in place. The KISP will 

still be recording volume as 0L while no water flows through, and it will continue addind 

values once the pump re-starts.  

At the end of the sampling period, to turn the pump off, reconnect the KISP to the laptop 

and press “STOP”. Make a note of the volume sampled. To recover the data over time, go 

to the “Data Handling” tab and press “Readout Data”. Save the text file to your computer. 

Note: The KISP will not retain memory if accidentally unplugged or after a power cut. It 

is important to check volume pumped and make a note of the “current flow” regularly 

(and write down the time at which you make this note) in case the system shuts down, so 

you could estimate volume pumped for lost data. The pump will not re-start after a power 

cut. 

6. Loading sampling materials onto KISP

Wipe the inside of the filter holder 3 times with acetone (this step is to repeat between 

samples). Make sure the internal part of the holder are all wiped (unscrew the 4 screws in 

the top lid, and lift the porous disc in the bottom lid). Once the filter holder is clean and 

dry, load a GF/F and close all bolts tightly. Note: the filter holder contains an integrated 

Teflon o-ring which does not provide as good of a seal as would a rubber o-ring. When 

reaching high pressure due to filter clogging, the holder may start leaking, meaning the 

filter needs replacing. A clean cartridge is then opened just prior to attachment into the 

pump lines, connect the filter side first. All water flow must be towards the packed end of 

the cartridge to prevent the loss of XAD (and particularly avoid migration of beads into 

the flow meter. Check that all connections are tight. The system is ready for sampling. 
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XAD-2 cleaning and preparation of sampling cartridges 

7. Priming

The pump requires priming in most situations. When turning the KISP “ON”, open the 

bleed on the filter holder and, if need be, connect a hand-held vacuum pump to lift water 

up through the tube. As soon as water reaches the filter holder, disconnect the manual 

vacuum and close the bleed. 

For further information on Software use, check the manual attached, provided by the 

manufacturer. 

Trained personnel:  Marie Bigot 
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Chemicals 

 Acetone (Merck, SupraSolv®, for gas chromatography)

 Nitrogen gas (High Purity)

Equipment 

 Ice-melting unit

 Lab – KISP (modified Kiel in-situ pump)

 Laptop with KISP software and USB adapter for KISP

Consumables 

 Nitrile gloves

 Kim Wipes

 Tweezers and stainless steel (SS) tool to grate the core

 Zip-lock bags

 Pre-furnaced glass fiber filters 142mm (0.7µm)

 Pre-cleaned glass jars

 Pre-cleaned XAD cartridges

 Aluminium foil

 Teflon and garden hoses and fittings

 Purified milli-Q (pre-extracted using n-hexane)

Please, wear nitrile gloves at all times 

Preparation of cores (continental ice only) 

1. Wipe down the entire bench surface with Kim wipes and acetone to remove dust

and contaminants. Repeat 3 times.

2. Lay down aluminium foil of the length of the core

3. Rinse the SS tool to be used to grate the core with acetone 3 times into a

collection beaker and leave the instruments to dry completely on the foil surface

(rinse both before and after use and store wrapped in foil between uses)

Standard Operating Procedure 

(SOP) 

Author: Marie Bigot 

Ice-core melting and filtration 

of melted water 

Revisions: 2 

Latest update: 15/03/2015 

Pages: 3 
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4. Once all the solvent has evaporated from the tool, start grating the outer part of

the core. Note: thickness to be removed will be assessed at the time of the work,

determine a thickness and be consistent over all cores afterwards

5. Once the core is ready, do not leave it exposed to ambient air for extended period

of time – Go to “melting of ice-cores” section below, and start from step 6.

Melting of ice-cores 

Warning: Ice melting unit has a tap located on the bottom – make sure it is never hit 

during transport 

1. Wipe down an entire bench surface with Kim wipes and acetone to remove dust

and contaminants. Repeat 3 times.

2. Open the ice-melting unit, and place lid on the clean bench

3. Wipe down the entire unit with Kim wipes and acetone to remove dust and

contaminants (do not forget the bottom of the lid). Repeat 3 times.

4. Make sure the tap on the bottom is closed

5. Change gloves

Note: Step 1 to 5 should be completed before preparing the core and ice-melting unit 

lid should be placed back on the unit at all times when it is unused. 

6. Place the sea-ice core or prepared continental ice core into the melting unit. You

can add multiple cores if need be.

7. Close the lid, make sure it is correctly aligned with the box otherwise nitrogen

will leak out

8. Make sure the N2 bottle and regulators are CLOSED. Connect N2 from the

regulator to the lid using the white Teflon tube. Connect the safety valve to the

other free port on the lid using the black tube. Make sure all connections are tight

9. Place the safety valve close to a ventilation hood or inside a fume cabinet

10. Open the N2 bottle valve and associated regulator to allow a very slow flow of N2 

into the melting unit. Check for potential leaks at each connection. The safety

valve (exhaust) should be ventilating excess air OUT. If not – there is a N2 leak,

please check, close the gas tank, and fix the issue before going any further.

11. Let the N2 flow for ~5-10min

12. During this time, connect the garden hoses (IN on the lower tap, OUT on higher

tap). Connect the IN hose to a hot water tap, lead the OUT hose to a floor drain

(warning – this drain has to be at a lower level than the tap on the melting unit,

otherwise water will not drain and the outer layer of the melting unit will be

pressurised)

13. Turn ON the hot water tap to fill up the outer layer of the melting unit. Take the

flow down to the slowest rate once it is full, and let water run until the ice is

completely melted

14. Don’t forget to close the N2 tap after step 11.
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Filtration of melted ice using KISP system 

Please refer to KISP operation SOP for KISP use 

1. Wipe down every single element of the KISP that will be in contact with melted

ice using Kim wipes and acetone to remove dust and contaminants. Repeat 3

times.

2. For a first use and between each samples, connect the KISP to a computer and

pump at least 2L of milli-Q water through to flush the system. Please refer to

KISP operation SOP

3. Repeat step 1

4. Place a clean GFF into the filter holder and screw a clean XAD cartridge in the

KISP system

5. Make sure the filter holder and cartridges are closed properly

6. Connect the KISP intake to the tap on the bottom of the ice-melting unit. Open the

tap.

7. Open the N2 bottle at a very slow flow rate and wait until the safety valve starts

ventilating excess air out. Leave N2 flow going until all of the melted ice has been

pumped out of the melting unit. This step ensures that the vessel is not pressurised

while water is pumped out.

8. Connect the KISP to a computer and pump melted water at ~150mL/min. Please

refer to KISP operation SOP. To prime the pump, open the little valve on the side

of the filter holder until water reaches that point, keep it closed at all other times.

9. Collect all the water coming out of the KISP, measure the volume to confirm

KISP record (and dispose of wastes according to AQIS rules)

10. When all the water has gone through, make sure some water remains in the XAD

cartridge. Unscrew the cartridge, top up with purified milli-Q if need be before

closing. The XAD resin should remain wet at all times. Close both lids tight,

place in double zip-lock bags with labels and store refrigerated (+4˚C) until

extraction

11. Clean tweezers using acetone. Repeat 3 times. Let them dry on a Kim wipe.

12. Open the filter holder, collect the filter into a clean glass jar using the clean

tweezers. Close the lid tight, place in double zip-lock bags with labels and store

frozen (-18˚C) until extraction.

13. Make sure to repeat step 1,2,3 after last use

Trained personnel:  Marie Bigot 
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PUF cleaning and cartridge assembly 

Chemicals 

Acetone (Merck, SupraSolv®, for gas chromatography) 

Petroleum benzene (Merck, SupraSolv®, for gas chromatography) 

Toluene (Merck, SupraSolv®, for gas chromatography) 

n-hexane (Merck, SupraSolv®, for gas chromatography) 

Methanol (Merck, SupraSolv®, for gas chromatography) 

Mucasol
TM

 solution

High purity N2 gas 

Glassware and equipment 

Soxhlet unit + round bottomed flask + condensing unit + chiller 

Squirt bottle (Teflon) 

Teflon boiling chips (Sigma-Aldrich, cat# Z243558) 
Desiccator 

Tweezers 

PUFs (60 mm OD x 51 mm L, 0.022 g·cm
-3

 density, Restek Corporation)

Glass cartridge + PTFE caps (Tisch Environmental) 

Procedure 

1. Preparation

Glass cartridges (250mL) and all glassware are soaked in mucasol solution overnight, 

rinsed in tap water (x10), Milli-Q water (x10), air dried, acetone rinsed and furnaced at 

450°C for 6 h. Cartridge PTFE caps are soaked and acetone rinsed but not baked. 

Immediately after cooling, cartridges and caps are rinsed with methanol (x3), toluene (x3) 

and n-hexane (x3). They are then assembled and sealed until adding PUFs. Glassware is 

rinsed with methanol (x3), toluene (x3) and n-hexane (x3) prior to use. 

2. Cleaning of PUFs

Cleaning soxhlets. If the soxhlets have not been in use for > 6 months or were last used 

for other purposes than PUF cleaning, commence by soaking in mucasol solution 

overnight, rinsing in tap water (x10), Milli-Q water (x10) and furnacing round-bottomed 

Standard Operating Procedure 

(SOP) 

Author: Susan Bengtson 

Nash PUF cleaning and 

cartridge assembly 

(modified for active air 

sampler PUFs) 

Revisions: 3 

Latest update: 07/12/2013 

Pages: 3 

A5 - PUF cleaning SOP

125

Marie
Rectangle



PUF cleaning and cartridge assembly 

flasks, soxhlet and lid (not condensing unit) @ 450
o
C for 6 hours. Allow to cool with

furnace door shut overnight (slow cooling and careful handling is imperative when 

furnacing this glassware and frequent furnacing should be avoided). 

Between sequential PUF cleaning series, the soxhlets need to be run with 2 separate 

solvents for cleaning (acetone run for 6 hours and toluene run for 6 hours). The solvent 

used for the second clean can be used for the first clean the next time the soxhlets are 

used. In this case, if acetone is the first clean and toluene is the second, the next run of the 

soxhlets will clean first with the re-used toluene and second with clean acetone. Store the 

solvents to be re-used in labelled solvent bottles. 

Pre-cleaning PUFs. Soak in hot water for at least half an hour. Wearing nitrile gloves, 

bring PUF under running milli-Q water and scrub PUF against itself, turning and 

squeezing as you go (this step is simply to get out any particles). Leave covered to dry to 

avoid water in the soxhlet. Run soxhlet with petroleum benzene for 24 hours and with 

acetone for 24 hours. Remove with solvent rinsed tongs. Dry in desiccator under vacuum. 

Running of Soxhlet. Set up 2L heating mantle in fume hood. Place the round bottomed 

flask in the heating mantle and place boiling chips in the flask. Fill flask with desired 

solvent (c.a. 1.25 - 1.5 L to start). Mark the top of the solvent line to monitor evaporation. 

Pack PUFs into Soxhlet unit (~10 PUFs per unit). Take care to ensure there is space 

around the bottom inlet and that the top of the PUFs are min 5 cm from the overflow to 

ensure all of PUF will be covered by solvent. Assemble the soxhlet unit with support 

from a retort stand, gripping at joints. Link up chiller tubing to condenser unit (in at 

bottom, out at top). If using 2 soxhlet units, join condensers with tubing linking “out” of 

1 with “in” on 2). Open soxhlet taps from chiller unit and start the chiller ensuring that 

water is circulating and no leaks are occurring at tubing joints (NB* if the Buchi system 

is not in use, the taps for this path can be shut off). Turn on services and adjust the 

heating mantle temperature so that solvent is bubbling only slightly. Monitor to ensure; 

solvent is dripping from condenser rather than running, solvent is not leaking around 

joints, that solvent is not boiling too vigorously as the flask volume reduced and the 

solvent is overflowing effectively. Monitor for min. 3 cycles before leaving unattended 

for e.g. ½ hour, then 1 hour, then 2 and so forth. Do not leave unattended for more than 5 

hours. 

Trained personnel:   

Susan Bengtson Nash, trained at EnTox in June 2009 

David McLagan, trained at Griffith in September, 2011 

Seanan Wild, trained at Griffith in June, 2012 

Amanda Dawson, trained at Griffith in October, 2012 

Marie Bigot, trained at Griffith University in October 2013 
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XAD-2 cleaning and preparation of sampling cartridges 

Chemicals 

Pre-cleaned Amberlite XAD-2® resin (Supelco Analytical, Bellefonte, PA, USA) 

Methanol (Merck, SupraSolv®, for gas chromatography) 

Dichloromethane (Merck, SupraSolv®, for gas chromatography) 

Acetone (Merck, SupraSolv®, for gas chromatography) 

Toluene (Merck, SupraSolv®, for gas chromatography) 

n-hexane (Merck, SupraSolv®, for gas chromatography) 

PCB/OCP standards (provided by Camilla Teixeira, Environment Canada) 

Mucasol
TM

 solution

Glassware and equipment 

Aluminium foil 

Soxhlet unit + round bottomed flask + condensing unit  

Teflon boiling chips 

Squirt bottle (Teflon) 

Glass rod 

Separatory funnels  

Ziplock bags 

Kimwipes 

250µL syringe 

Procedure 

1. Preparation

Glass cartridges (250mL) and all glassware are soaked in mucasol solution overnight, 

rinsed in tap water (x10), Milli-Q water (x10), air dried, acetone rinsed and furnaced at 

450°C for 6 h. Cartridge clips are soaked and acetone rinsed but not baked. Immediately 
after cooling, cartridges and clips are rinsed with methanol (x3), toluene (x3) and n-

hexane (x3). They are then assembled and sealed until packing with XAD-2 resin. 

Glassware is rinsed with methanol (x3), toluene (x3) and n-hexane (x3) prior to use. 

2. Cleaning of XAD-2 resin (following protocols from Environment Canada)

Standard Operating Procedure 

(SOP) 

Author: Marie Bigot 
XAD-2 cleaning and 

preparation of sampling 

cartridges 

Revisions: 2 

Latest update: 07/12/2013 

Pages: 3 
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XAD-2 cleaning and preparation of sampling cartridges 

Pre-cleaned XAD-2 resin is further cleaned up via soxhlet extraction. Round bottom flask 

is filled with 1.5L of MeOH (+ Teflon boiling chips). Soxhlet bottom is lined with 

furnaced glass wool (450°C for 12 h) to prevent XAD from falling in the round bottom 
flask. Hold the glass wool down using a furnaced and solvent washed glass rod while 

filling up the soxhlet. Fill up 1/3 of the soxhlet unit with MeOH. Add XAD powder 

slowly (add MeOH if needed). The resin level should be no more than 1 cm below the top 

of the soxhlet. Remove glass rod and assemble apparatus. Run soxhlet with MeOH for 4 

days (96h). If level becomes critically low during the 4 days, add more MeOH to the 

flask. After 4 days, wait for solvent to turn, and immediately dismount the soxhlet unit 

(cover with aluminium foil to prevent drying of the resin). Dispose of used methanol 

(keep the boiling chips), and add 1.5L of DCM to the round bottom flask. Re-assemble, 

and run with DCM for 4 days. After 4 days, wait for solvent to turn, and immediately 

remove the condenser unit from the system. Add MeOH to the Soxhlet unit (still sitting 

on the round bottom flask) until it covers the resin. After 30 min, add more MeOH to 

make it turn. If it doesn’t turn, block the bottom of the soxhlet for a few seconds until it 

syphons and put it back on the flask so it empties. If it still doesn’t turn, use a vacuum 

tube with minimum vacuum strength, and force it to turn (do not leave the vacuum tube 

on, solvent should not enter the tube). This last MeOH rinse allows for the remaining 

DCM to be washed off.  Immediately collect wet XAD into a clean beaker by rinsing the 

soxhlet with MeOH. Resin can be cooled and stored under MeOH. 

Soxhlets are cleaned in between batches of XAD: toluene run for 6h and acetone run for 

6h. 

3. Purification of milli-Q water

To prepare purified water, add 4 L of Milli-Q water and 100mL of n-hexane into a clean 

Erlenmeyer. Stir for at least 30 minutes with a heavy duty stirrer and a large stir bar and 

then transfer to a separatory funnel and allow the two phases to separate (15-20 minutes). 

Water is denser than hexane so the purified water is located in the bottom layer. Collect 

water in a clean bottle. Repeat 3 times. 

4. Preparation of sampling cartridges (following protocols from Environment

Canada)

Since XAD-2 resin is stored under methanol, it is first thoroughly rinsed by consecutive 

addition, mixing and decantation of purified water. Add ~170 ml of resin (to account for 

any loss) to a 300 ml beaker. Let settle, decant MeOH and add purified water. Mix 

thoroughly with clean glass rod. Be careful not to crush the resin beads against the glass 

while mixing (crushed beads float). Let settle/sit in water for ~ 10 min. Decant water and 

repeat twice, then refill the beaker with purified water for addition to the cartridge. For 

packing, a special leak cap is screwed to the bottom of the cartridges to allow purified 

water to flow through the resin-packed cartridge. Line the bottom of the cartridge with a 

stainless steel mesh and pre-furnaced glass wool. Add purified water to the cartridge with 

the leak cap closed. Add resin into the top of the cartridge using a squirt bottle with 

purified water to wash beads out of the beaker. Fill up the cartridge to the top, start 

leaking when it reaches the top, and add more resin as it drains. Never let the cartridge 

run dry. Once all the resin has been added, let ~250mL of purified water run through the 
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XAD-2 cleaning and preparation of sampling cartridges 

cartridge using 250 ml separatory funnels at ~20-50 ml/min (this is to rinse remaining 

methanol)  Ensure that enough water remains in the cartridge to cover the resin bed. Add 

a glass wool plug to the top, making sure that it is big enough to trap all of the resin beads 

under it. Push it down gently with a cleaned glass rod until it packs onto the top of the 

resin bed (Don’t push too hard or flow will be affected). Add spikes at this stage (200 µL 

per cartridge using a 250µL syringe). Let another 250mL of purified water run through 

the cartridge (so that the spike will disperse in the cartridge). Cap the bottom-end of the 

cartridge tightly. Top cartridge up with purified water (leave ~2-3mm without water 

otherwise the cartridge leaks…), cap the top of the cartridge and tighten. Invert the 

cartridge, remove the bottom cap again and top up with purified water. Add Teflon tape 

on the thread, close cap and tighten. Turn the cartridge again, remove the top cap, top up 

with purified water, add Teflon tape, close cap and tighten. At all times when capping, 

make sure that no beads are stuck in the threads or on the caps otherwise it will leak. 

Don’t forget to mark the bottom of the cartridge in order to connect the right end on the 

pump (eg. always label on the bottom end). Leave the sealed cartridges on a bench and 

ensure they don’t leak before storing in separate ziplock bags. Store refrigerated (4°C), 
do not freeze. Keep three extra cartridges as blanks for extractions. 

Trained personnel:  Marie Bigot 
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Table A1 Recoveries for selected PBDEs through EC methods for XAD (data provided 

by Adam Morris) and filters (data provided by Camilla Teixeira and Kaitlin Kennedy) 

Average percentage recovery 

Name XAD (N = 3) Filters (N = 7) 

BDE-47 81 ± 14 84 ± 7 

BDE-66 80 ± 14 84 ± 7 

BDE-100 84 ± 12 84 ± 8 

BDE-99 78 ± 14 83 ± 6 

BDE-154 77 ± 12 71 ± 7 

BDE153 74 ± 12 66 ± 6 

BDE-138+166 70 ± 15 50 ± 8 

BDE-183 71 ± 10 65 ± 11 
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1. Introduction

A preliminary study on archived Antarctic sea-ice cores assessed the potential for using 

archive sea-ice samples to determine organochlorine pesticide (OCP) content. This 

experiment was designed in preparation for field work to a) provide first estimates of 

Antarctic sea-ice OCP content in the target region of the Australian Antarctic Territories and 

b) estimate minimum volumes required to allow detection of OCPs using our methods.

2. Methods

A full inventory of the selected archived sea-ice samples and their storage and melting 

conditions is provided in Table B1. Archived Antarctic sea-ice cores selected for this study 

included 4 sea-ice cores collected during the SIPEX I (Sea Ice Physics and Ecosystem 

eXperiment 1) expedition in 2007 by Dr So Kawaguchi, following POP-work collection 

methods and stored in sealed individual stainless steel cylinders at Griffith University (GU). 

Another 4 archived sea-ice cores, initially collected for trace-metal work and stored in double 

plastic bags at the University of Tasmania (UTAS), were also provided by Dr Delphine 

Lannuzel. Three of them were collected during SIPEX I, and one was collected during SIPEX 

II in 2012. One additional milli-Q core was prepared in each of the host universities (GU and 

UTAS) about 6 months prior to extraction. These cores were artificially produced by freezing 

(untested) milli-Q water directly into a clean stainless steel cylinder at GU, and a plastic bag 

fitted through a PVC-tube at UTAS, and stored with the archived sea-ice cores. All archived 

sea-ice cores and milli-Q blanks were melted under laboratory conditions at their respective 

storage location using the ice-melting unit presented in Chapter 2 of this thesis (see §2.2.3) 

and following corresponding analytical methods (see §2.3).  

3. Results and discussion

Unfortunately the low volumes of sea-ice melted didn’t yield any significant result. The 

sampled volumes (between 7.3 and 19.8 L of melted sea-ice water) did not provide sufficient 

material to overcome our MDLs on OCPs (presented in Table B2). This suggested the need 

for targeting significantly larger volumes of sea-ice in Antarctica.  

Results from milli-Q blanks suggest possible laboratory- and/or archiving-induced 

contamination of hexachlorobenzene, γ-hexachlorocyclohexane (HCH), heptachlor, 
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chlorpyrifos and dieldrin, increasing MDLs greatly for these compounds. Milli-Q water itself 

was untested prior to making the blanks, and laboratory atmosphere was unfiltered at both 

locations (non-clean room laboratories). Ice formation under non-clean atmosphere would 

have most likely resulted in the capture of prominent ambient atmospheric contaminants into 

the artificially created blank cores. Our blank efforts therefore cannot be used as evidence to 

confirm storage and/or handling contamination, as observed levels could have simply been 

introduced during making of the blanks themselves. These results reinforce the importance of 

clean practices for ultra-trace POP work, and preference for in-situ melting with minimal 

atmospheric exposure over archiving of ice-cores. Indeed, in the case of sea-ice cores, it is 

impossible to collect a “true blank” sample, as opposed to glacial ice, where a deeper core 

sample dated from an older period estimated “POP free” can be used as a true indicator of 

contamination from the site collection to the analysis 

Table B1 Inventory of archived sea-ice samples and blanks analysed for OCPs 

Storage 

location 

Melting 

location 

Sampling 

campaign 

Storage Number 

of cores 

Station 

sampled 

Melted 

volume (L) 

GU, Nathan, 

QLD 

Griffith 

University, 

Nathan, 

QLD 

SIPEX I, 

2007 

SS 1 na 12.7 

SS 1 na 7.3 

SS 1 na 13.8 

SS 1 5 9.9 

Prepared 

in lab,  

April 

2014 

SS 1 Milli-Q 

blank 

8 

UTAS, 

Hobart, 

TAS 

AAD, 

Kingston, 

TAS 

SIPEX I P 3 8, 10 & 11 13.0 

SIPEX II P 1 6 19.8 

Prepared 

in lab,  

September 

2014 

P 3 Milli-Q 

blank 

19.7 

Note: SS stands for stainless steel, P for plastic, na for not available 

.  
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Table B2 MDLs for XAD and filters during preliminary sea-ice experiment. Milli-Q 

blank levels are reported if above MDLs.  

XAD Filters 

Target analytes 
MDL 

(pg∙L
-1

)

Milli-Q 

blank levels 

(pg∙L
-1

,

N=2)* 

MDL 

(pg∙L
-1

)

Milli-Q 

blank levels 

(pg∙L
-1

,

N=2)* 

Hexachlorobenzene 43.8 62.6 ± 55.5 8494 - 

α-HCH 9.4 - 3.4 - 

β-HCH 15.0 - 4.8 - 

γ-HCH 12.8 43.8 ± 24.5 4.6 - 

Heptachlor 5.5 - 0.56 0.68 ± 0.12 

Aldrin 3.3 - 1.4 - 

Chlorpyrifos 15.5 27.2 ± 1.2 23.2 - 

Heptachlor Epoxide B 4.9 - 1.7 - 

Heptachlor Epoxide A 20.2 - 8.8 - 

Oxychlordane 5.8 - 3.0 - 

trans-Chlordane 13.5 - 7.5 - 

cis-Chlordane 18.2 - 6.6 - 

trans-Nonachlor 18.3 - 6.4 - 

Dieldrin 51.5 58.1 ± 42.6 7.1 - 

Endrin 13.0 - 25.7 - 

cis-Nonachlor 56.3 - 3.1 - 

Endosulfan I 14.2 - 16.5 - 

Endosulfan II 78.6 - 20.8 - 

Endosulfan Sulfate 97.2 - 12.1 - 

24'-DDE 9.2 - 3.8 - 

44'-DDE 56.8 - 8.1 - 

24'-DDD 53.2 - 16.9 - 

44'-DDD 18.1 - 18.7 - 

24'-DDT 27.9 - 49.6 - 

44'-DDT 229 - 65.6 - 

Dicofol 258 - 780 - 

Mirex 90.9 - 8.8 - 

Parlar-26 15.7 - 144 - 

Parlar-50 54.3 - 103 - 

Parlar-62 118 - 104 - 

Notes: *extracts were blank corrected using the average of 3 cartridge blanks as for samples 

4. Conclusion

Results of this preliminary sea-ice study were inconclusive and suggest that larger melted 

volumes of sea-ice could lend better results and in-situ melting would reduce uncertainties 

regarding possible storage contamination. 
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Additional information for Chapter 3 

C1 – Manuscript’s supplementary information  

C2 – PBDEs along the Southern Ocean latitudinal transect 
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Air-seawater exchange of organochlorine pesticides in the 
Southern Ocean between Australia and Antarctica 

Marie Bigot*1, Derek C.G. Muir2, Darryl W. Hawker3, Roger Cropp3, Jordi Dachs4, Camilla 

F. Teixeira2 and Susan Bengtson Nash1

1 Griffith University, Environmental Futures Research Institute, 170 Kessels Rd, Nathan, 
QLD 4111, Australia  

2 Environment Canada, Aquatic Contaminants Research Division, 867 Lakeshore Rd, 
Burlington ON, L7R 4A6 Canada  

3 Griffith University, School of Environment, 170 Kessels Rd, Nathan, QLD 4111, Australia  

4 Department of Environmental Chemistry, Institute of Environmental Assessment and Water 
Research, IDAEA-CSIC, Jordi Girona 18-24 Barcelona, 08034, Catalunya, Spain  

* Corresponding author
Griffith University, Environmental Futures Research Institute, 

170 Kessels Rd, Nathan, QLD 4111, Australia  

E-mail address: mbigot1@gmail.com

Contents: 

A) Additional laboratory clean-up and analytical methods, p. S1
B) Additional sampling information (Tables S1 & S2) , p. S2-S3
C) OCP concentrations, method detection limits, surrogate recoveries, instrument

parameters (Tables S3, S4, S5, S6, S7, S8, S9, S10, Figures S1 & S2), p. S4-S17
D) Effect of the origin of air masses on gas phase concentrations (Figure S3), p. S18
E) Air mass back trajectories (Figure S4), p. S19
F) Fugacity and flux calculations and parameters used, detailed gross and net flux results

(Figure S5), p. S20-S24
G) Estimation of theoretical equilibrium concentrations (Figure S6), p. S25
H) Additional study on dieldrin in aerosols (Figure S7 and S8), p. S26-S27
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A) Additional laboratory clean-up and analytical methods

Thorough clean-up of all sampling materials was undertaken prior to deployment on board 

the ship. In order to remove any organic contaminants, all laboratory glassware, storage jars 

and components of the air and water sampling apparatus were washed using MucasolTM 

solution, rinsed 10 times with deionised water, and furnaced (if tolerated) at 450°C for 6 

hours. They were then rinsed three times using high purity grade methanol, toluene and 

hexane (SupraSolv, Merck Millipore), successively.  

Sampling materials, i.e. quartz and glass fibre filters (QFF, GFF), polyurethane foam (PUF) 

plugs and XAD-2 resin, were pre-cleaned using the following methods. QFFs and GFFs were 

individually packed in aluminium foil and pre-baked at 450°C for 12h. PUF plugs were pre-

cleaned with acetone, and then pre-extracted using petroleum ether (24h), followed by 

acetone (24h) in a Soxhlet extractor. They were dried in a vacuum desiccator under a high 

purity nitrogen atmosphere. The sampling train was assembled by inserting two clean and dry 

PUFs into a clean glass column sealed at both ends using Teflon caps. Amberlite XAD-2 

resin (SupelpakTM-2, Sigma-Aldrich Co. LLC.) was Soxhlet pre-extracted with methanol 

followed by dichloromethane (DCM) for at least 4 days for each solvent. Clean XAD-2 resin 

was then stored under methanol until cartridge assembly. To assemble the cartridge, resin 

was rinsed with purified water (milli-Q water further purified by liquid-liquid extraction 

using n-hexane), and then slurry-packed into a 250 mL solvent-rinsed glass column. Pre-

furnaced (450°C) glass wool was added to plug the top of the cartridge. Spikes of surrogate 

standards were added and purified water (approximately 600mL) was passed through the 

column before closing it tightly.  
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B) Additional sampling information

Table S 1 Information on air sample collection. Temperature, wind speed and pressure are 
mean values.  
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A01 31/01/2014 – 
01/02/2014 

46.8945 
142.5041 

52.7779 
132.8630 49.81 11.0 587 14.5 983.3 

A02 1-3/02/2014 52.8184 
132.7883 

57.8936 
123.4097 55.49 7.8 547 10.9 988.1 

A03 3-5/02/2014 57.9185 
123.3624 

64.9327 
109.6496 61.48 5.7 513 9.2 974.1 

A04 5-9/02/2014 65.0486 
109.5640 

63.1172 
92.4902 64.98 -0.4 195 11.9 955.7 

A05 9-11/02/2014 63.1088 
92.2345 

64.7426 
75.60349 63.07 1.4 695 9.6 985.5 

A06 11-12/02/2014 64.7728
75.5240 

68.2926 
76.33586 66.75 3.3 453 4.3 989.1 

A07 19-21/02/2014 66.9971
73.4764 

61.8901 
86.3036 63.22 6.0 658 8.7 979.7 

A08 21-22/02/2014 61.8485
86.4815 

57.6872 
102.8703 59.84 4.6 584 10.3 991.8 

A09 22-24/02/2014 57.6565
102.9745 

53.8476 
116.3800 55.84 6.4 351 11.6 996.4 

A10 24-26/02/2014 53.8476
116.3800 

49.7084 
129.5757 51.78 9.9 726 13.4 998.7 

A11 26-28/02/2014 49.6606
129.6996 

45.3963 
142.2848 47.47 14.2 450 8.5 1019.0 
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Table S 2 Relevant information on seawater sample collection. Temperature and salinity are 
mean values. 
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W01 31/01/2014 
– 1/02/2014

46.7617 
142.7099 

52.9506 
132.5660 49.81 9.94 962 34.17 

W02 1-3/02/2014 53.0703 
132.3702 

57.9705 
123.2659 55.49 5.61 956 33.70 

W03 3-5/02/2014 58.1206 
122.9757 

65.2016 
109.4521 61.48 2.01 1118 33.72 

W04 5-9/02/2014 65.6581 
109.4091 

63.1567 
93.2216 64.98 -0.63 1318 33.14 

W05 9-11/02/2014 63.1254
92.6653 

64.6960 
75.7278 63.07 1.01 1324 33.54 

W06 11-12/02/2014 65.0238
74.8431 

68.2928 
76.5562 66.75 -1.02 776 32.42 

W07 19-21/02/2014 67.0005
73.4590 

62.0045 
85.8076 63.22 0.28 994 33.49 

W08 21-22/02/2014 61.8987
86.2642 

57.6872 
102.8703 59.84 2.19 953 33.62 

W09 22-24/02/2014 57.7232
102.7464 

53.8457 
116.3862 55.84 4.21 1014 33.69 

W10 24-26/02/2014 53.7434
116.7300 

49.7833 
129.3738 51.78 7.44 974 33.87 

W11 26-28/02/2014 49.7368
129.5001 

45.3963 
142.2848 47.47 11.68 953 34.56 

C1- Supplementary information for Chapter 3's manuscript

139

Marie
Rectangle



C) OCP concentrations in air and seawater samples, method detection limits and surrogate recoveries

Table S 3 OCP concentrations in air samples (gas phase only) (pg·m-3). 

Sample number (latitude (°S)) 
A11 

(47.47) 
A01 

(49.81) 
A10 

(51.78) 
A02 

(55.49) 
A09 

(55.84) 
A08 

(59.84) 
A03 

(61.48) 
A05 

(63.07) 
A07 

(63.22) 
A04 

(64.98) 
A06 

(66.75) 
Hexachlorobenzene <21.7 <21.7 <21.7 <21.7 <21.7 <21.7 nr <21.7 <21.7 34.8 <21.7 

α-HCH <0.13 <0.23 <0.33 <0.80 0.93* <0.31 nr <0.15 0.44* 1.11* <0.30 
β-HCH <0.065 <0.032 <0.059 <0.37 <0.76 <0.030 nr <0.079 <0.23 <0.69 <0.10 
γ-HCH 2.23 2.80 3.15 4.34 2.48 3.36 nr <0.70 2.88* 1.93 2.35 

Heptachlor 4.22 4.03 5.20 7.52 3.08 5.72 nr 1.28 4.02 3.27 4.10 
Aldrin <0.053 <0.038 <0.057 <0.075 <0.049 <0.041 nr <0.015 <0.06 <0.017 <0.035 

Chlorpyrifos <0.79 2.37 <2.19 2.78 2.14 1.12 nr <0.99 3.28 <2.13 <1.12 
Heptachlor Epoxide B 0.35 0.41 0.36 <0.54 <0.27 0.36 nr <0.11 0.29 <0.25 <0.26 
Heptachlor Epoxide A nd <0.18 nd <0.18 <0.45 nd nr <0.18 <0.36 <0.18 nd 

Oxychlordane <0.12 <0.12 <0.12 <0.12 <0.32 <0.12 nr <0.12 <0.14 <0.12 nd 
trans-Chlordane 4.32 7.04 4.96 8.06 2.94 4.08 nr 0.72 1.66* 1.79 2.96 

cis-Chlordane 0.43 0.99 0.76 <1.05 0.51 0.53 nr 0.22 0.44 <0.19 0.56 
trans-Nonachlor <0.20 0.33* 0.28 <0.48 <0.20 <0.20 nr <0.20 <0.20 nd <0.20 

Dieldrin 4.74 6.93 4.17 7.47 3.41 3.99 nr 1.39 2.37* 0.66 2.67 
Endrin <0.066 0.20 <0.066 <0.11 <0.099 nd nr <0.066 <0.14 nd nd 

cis-Nonachlor <0.061 <0.17 <0.081 <0.16 <0.13 <0.06 nr <0.061 <0.15 nd <0.077 
α-endosulfan 6.13 1.20* 7.40 <2.36 <0.74 <0.74 nr <0.74 1.44 nd <0.74 
β-endosulfan nd <0.58 <0.58 <2.71 <1.00 nd nr nd <0.76 nd nd 

Endosulfan Sulfate nd <0.75 nd <2.58 <0.84 nd nr nd <0.87 nd nd 
2,4'-DDE nd <0.099 <0.15 <0.51 <0.15 nd nr <0.15 <0.30 nd nd 
4,4'-DDE <0.15 0.44 0.15 <0.78 <0.15 <0.15 nr nd <0.15 nd nd 
2,4'-DDD <0.72 <0.39 <0.41 <1.62 <0.62 <0.60 nr <0.39 <1.22 <0.39 nd 
4,4'-DDD nd <0.49 <0.38 <1.77 <0.67 nd nr nd <0.54 nd nd 
2,4'-DDT nd <0.91 <0.91 <2.73 <0.99 nd nr nd <1.04 nd nd 
4,4'-DDT nd <0.61 nd <7.79 <5.30 nd nr <0.67 <3.44 nd nd 

Methoxychlor nd nd nd <1.88 nd nd nr nd <1.10 nd nd 
Dicofol nd nd <1.53 nr <8.35 <1.53 nr <5.18 <8.10 nd <1.77 
Mirex <0.23 <0.23 nd <0.59 <0.23 <0.23 nr nd <0.23 nd nd 

Parlar-26 nd nd <1.64 <4.68 <2.20 nd nr nd <1.64 nd nd 
Parlar-50 nd <0.69 <0.69 <2.84 <0.75 nd nr <0.69 <0.69 nd nd 
Parlar-62 nd nd nd <4.91 <1.35 nd nr <1.27 <1.27 nd nd 

Note: values reported are blank corrected, nd = not detected, nr = not reported due to possible contamination from ship, < indicates values below method 
detection limits, * indicates maximum possible values i.e. where peak responses failed ion abundance ratio tolerances."While 2 significant figures are justified 
based on the precision of the analysis, 3 are reported for concentrations >1 pg·m-3 to avoid rounding errors."

C1- Supplementary information for Chapter 3's manuscript

140
S4



"

Table S 4 OCP concentrations on air particles (pg·m-3). 

Sample number (latitude (°S)) 
A11 

(47.47) 
A01 

(49.81) 
A10 

(51.78) 
A02 

(55.49) 
A09 

(55.84) 
A08 

(59.84) 
A03 

(61.48) 
A05 

(63.07) 
A07 

(63.22) 
A04 

(64.98) 
A06 

(66.75) 
Hexachlorobenzene <0.031 <0.031 <0.031 <0.031 nd <0.036 <0.031 <0.031 nd nd na 

α-HCH <0.016 <0.016 <0.016 <0.016 nd <0.016 <0.060 <0.046 <0.016 <0.016 na 
β-HCH <0.014 <0.011 <0.011 nd nd <0.011 <0.077 <0.061 <0.011 <0.011 na 
γ-HCH <0.018 <0.018 <0.018 <0.018 nd <0.018 <0.072 <0.057 <0.018 <0.031 na 

Heptachlor <0.003 <0.002 <0.002 <0.024 nd <0.007 <0.031 <0.051 <0.002 <0.026 na 
Aldrin <0.004 <0.004 <0.005 <0.010 <0.008 <0.006 <0.044 <0.029 <0.008 <0.027 na 

Chlorpyrifos nd <0.21 <0.21 <0.21 <0.21 <0.21 <0.21 <0.21 <0.21 1.03 na 
Heptachlor Epoxide B <0.005 <0.005 <0.005 <0.011 <0.006 <0.006 <0.017 <0.008 <0.009 <0.058 na 
Heptachlor Epoxide A <0.025 nd <0.025 nd nd <0.025 <0.093 <0.057 <0.025 <0.040 na 

Oxychlordane <0.008 nd nd nd nd <0.008 <0.044 <0.019 <0.008 <0.015 na 
trans-Chlordane <0.023 <0.037 <0.023 <0.085 <0.029 <0.023 <0.25 <0.28 <0.054 <0.44 na 

cis-Chlordane <0.031 <0.031 <0.031 <0.031 <0.031 <0.031 <0.26 <0.29 <0.031 <0.073 na 
trans-Nonachlor nd nd <0.031 <0.031 nd <0.031 <0.26 <0.27 nd <0.031 na 

Dieldrin 11.8 22.5 12.1 35.5 14.9 7.66 nr 12.2 21.2 21.9 na 
Endrin nd <0.014 <0.018 <0.038 nd <0.025 <0.080 <0.14 <0.014 <0.033 na 

cis-Nonachlor <0.044 nd <0.044 <0.044 nd <0.044 <0.061 <0.088 <0.044 nd na 
α-endosulfan <0.23 <0.025 <0.056 <0.080 <0.045 <0.10 <0.077 <0.067 <0.044 <0.19 na 
β-endosulfan <0.051 nd <0.080 <0.13 nd <0.20 <0.13 <0.12 <0.051 <0.091 na 

Endosulfan Sulfate <0.049 <0.049 <0.19 <0.23 <0.049 <0.28 <0.19 <0.18 <0.049 <0.14 na 
2,4'-DDE <0.013 <0.011 <0.025 <0.062 <0.011 <0.040 <0.053 <0.036 <0.013 <0.031 na 
4,4'-DDE nd nd <0.12 <0.12 nd <0.12 <0.12 <0.12 nd nd na 
2,4'-DDD <0.030 nd <0.055 <0.11 <0.15 <0.13 <0.13 <0.11 <0.097 <0.45 na 
4,4'-DDD <0.062 <0.062 <0.092 <0.20 <0.062 <0.23 <0.062 <0.064 <0.092 <0.11 na 
2,4'-DDT <0.065 <0.065 <0.065 <0.16 nd <0.18 <0.065 <0.084 <0.097 <0.16 na 
4,4'-DDT <0.28 <0.28 <0.28 <0.62 <0.28 <0.78 <0.28 <0.28 <0.28 <0.64 na 

Methoxychlor <0.075 <0.078 <0.54 <1.57 <0.44 <1.06 <0.64 <0.073 <0.22 <0.39 na 
Dicofol <0.94 <0.52 nd <0.58 nd <0.72 <1.37 <1.01 <4.11 nd na 
Mirex nd nd <0.019 <0.052 <0.019 <0.033 <0.066 <0.062 <0.023 <0.019 na 

Parlar-26 nd <0.020 <0.020 <0.090 <0.027 <0.066 <0.22 <0.14 <0.020 <0.16 na 
Parlar-50 nd <0.062 <0.062 <0.26 <0.16 <0.29 <0.52 <0.40 <0.12 <0.29 na 
Parlar-62 nd <0.076 <0.15 <0.68 <0.46 <0.73 <0.60 <0.46 <0.20 <0.48 na 

Note: values reported are blank corrected, nd = not detected, na = not available, nr = not reported due to possible contamination from ship, < indicates values 
below method detection limits. While 2 significant figures are justified based on the precision of the analysis, 3 are reported for concentrations >1 pg·m-3 to 
avoid rounding errors. 
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Figure S 1 Latitudinal profiles of gaseous OCP concentrations (plots presented 
are for compounds detected in at least 50% of samples). The dotted line 
represents the expected maximum northern limit of the Polar Front. 

C1- Supplementary information for Chapter 3's manuscript

142

S6



Table S 5 OCP concentrations in seawater samples (dissolved phase) (pg·L-1). Data corrected to freely dissolved concentrations using Eq 2. 

Note: values reported are blank corrected, nd = not detected, < indicates values below method detection limits, * indicates maximum possible values i.e. 
where peak responses failed ion abundance ratio tolerances. While 2 significant figures are justified based on the precision of the analysis, 3 are reported for 
concentrations >1 pg·L-1 to avoid rounding errors. 

Sample number (latitude (°S)) 
W11 

(47.47) 
W01 

(49.81) 
W10 

(51.78) 
W02 

(55.49) 
W09 

(55.84) 
W08 

(59.84) 
W03 

(61.48) 
W05 

(63.07) 
W07 

(63.22) 
W04 

(64.98) 
W06 

(66.75) 
Hexachlorobenzene 2.64 3.58 2.99 2.59 3.14 4.14 3.19 3.64 3.66 3.59 4.03 

α-HCH 1.99 2.70 3.67 4.36 4.01 2.81 3.28 2.45 2.62 2.10 2.23 
β-HCH 4.20 2.79 1.02 1.26 0.75 0.18 0.43 0.16* <0.065 <0.029 <0.099 
γ-HCH 1.48 1.90 1.53 1.24 1.24 1.24 0.92 0.66 1.61 0.83 0.74 

Heptachlor <0.038 <0.099 <0.044 <0.022 0.16* 0.16 <0.026 0.12* <0.061 <0.052 0.26* 
Aldrin <0.015 <0.024 <0.020 <0.017 <0.013 <0.007 <0.007 <0.016 <0.007 <0.014 <0.033 

Chlorpyrifos 0.46 0.53 0.24 0.20 0.30 0.54 0.33 0.18 0.30 0.30 0.26 
Heptachlor Epoxide B 0.26 0.25 0.22 0.19 0.18 <0.13 <0.13 <0.11 <0.11 <0.084 <0.11 
Heptachlor Epoxide A nd <0.056 nd nd <0.056 <0.056 nd nd nd nd <0.056 

Oxychlordane <0.032 <0.032 <0.032 <0.032 <0.032 <0.032 <0.032 <0.032 <0.032 <0.032 <0.032 
trans-Chlordane nd nd nd nd nd nd nd nd nd nd nd 

cis-Chlordane nd <0.72 nd nd nd nd nd nd nd nd nd 
trans-Nonachlor <0.24 <0.24 <0.24 <0.24 nd nd nd <0.24 <0.24 <0.24 <0.24 

Dieldrin 0.97 1.17 0.82 0.83 0.90 0.66 0.61 0.57 0.58 0.53 0.61 
Endrin 0.26* 0.24* 0.28* 0.22* 0.20* 0.10 0.16* 0.11* 0.13* 0.11* <0.089 

cis-Nonachlor <0.048 <0.048 <0.048 <0.048 nd <0.048 nd nd nd <0.048 <0.048 
α-endosulfan 0.48 0.87 0.44 <0.42 0.58 <0.42 0.44* <0.42 0.71 0.87 0.53 
β-endosulfan <0.31 <0.31 <0.31 <0.31 <0.31 nd <0.31 <0.31 <0.31 <0.31 <0.31 

Endosulfan Sulfate 0.21 0.17* 0.37 0.16 0.14 0.20 <0.099 0.17 0.19 <0.099 <0.11 
2,4'-DDE 0.26 0.72 0.34 0.44 0.27 0.17 0.30 0.14 0.24 0.27 <0.17 
4,4'-DDE 1.07 1.82 0.85 1.56 0.93 0.78 1.11 0.74 0.78 0.89 0.66* 
2,4'-DDD 0.42 1.50 0.32 0.53 0.39 0.22 0.34 0.16 0.25 0.31 <0.22 
4,4'-DDD 0.25 0.70 0.17 <0.47 0.11 0.22 <0.36 0.14 <0.10 <0.27 <0.25 
2,4'-DDT 0.42 2.41 0.49 1.25 0.53 0.39 0.72 0.27 0.87 0.47* 0.27 
4,4'-DDT 0.61 3.21 0.54 1.22 0.49 0.67 0.72 0.48 0.99 0.85 0.32 

Methoxychlor <0.40 <1.44 <1.13 <3.11 <0.65 nd <0.62 <0.40 <0.88 <1.35 <1.96 
Dicofol nd <28.1 <6.55 <25.5 <14.9 nd <25.4 nd <6.55 <21.5 <24.6 
Mirex <0.012 <0.012 <0.012 <0.022 <0.012 nd <0.012 <0.012 <0.012 <0.012 <0.015 

Parlar-26 0.16 0.48 0.28 0.39* 0.36 <0.098 0.53 0.13 0.16 0.28 0.16 
Parlar-50 0.086 <0.17 0.14 <0.069 <0.051 <0.051 <0.072 <0.057 <0.065 <0.085 <0.21 
Parlar-62 <0.11 <0.20 <0.20 <0.15 <0.090 <0.063 <0.15 <0.053 <0.14 <0.19 <0.41 
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 In order to report on freely dissolved concentrations of the seawater samples only (in Table S5), the blank corrected concentration values 
obtained for dissolved seawater samples were corrected using the following equation adapted from Burkhard:1 

!!" =
1

1+ !"# !!"#
(1) 

and  !!!" = !!!"#!×!!" (2) 

where ffd is the fraction of chemical freely dissolved, CW
fd is the freely dissolved concentration of the chemical in water (in pg·L-1) and CW

XAD is 
the chemical concentration observed in the XAD column (in pg·L-1). [DOC] is the concentration of dissolved organic carbon (in mg ·L-1), taken 
as 53µM C at 10m depth in the same sector of the Southern Ocean.2 [DOC] is assumed constant along the transect of our study cruise. KDOC is 
the distribution coefficient of a compound between dissolved organic carbon and water (in L·mg-1), and related to the octanol-water partition 
coefficient KOW by:1 

!!"# = 0.08!!!" (3) 

Log KOW values were sourced predominantly from EPI Suite,3 but also from Herbert and Dorsey 4 Agency for Toxic Substances and Disease 
Registry (ATSDR) 5 Fisk et al. 6 European Food Safety Authority (EFSA) 7 and references cited in Kosian et al. 8 

!

!

!

!

!

!

!

!

!
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Table S 6 OCP concentrations on particles in seawater samples (pg·L-1). 

Sample number (latitude (°S)) 
W11 

(47.47) 
W01 

(49.81) 
W10 

(51.78) 
W02 

(55.49) 
W09 

(55.84) 
W08 

(59.84) 
W03 

(61.48) 
W05 

(63.07) 
W07 

(63.22) 
W04 

(64.98) 
W06** 
(66.75) 

Hexachlorobenzene <0.067 0.13 <0.067 0.071 <0.067 <0.067 <0.067 <0.067 <0.067 <0.067 <0.067 
α-HCH nd nd nd nd nd nd nd nd nd nd nd 
β-HCH nd nd nd nd nd nd nd nd nd nd nd 
γ-HCH nd nd nd nd nd nd nd nd <0.011 nd nd 

Heptachlor <0.002 <0.004 nd nd <0.002 nd <0.002 <0.002 <0.003 <0.002 nd 
Aldrin nd <0.005 nd nd nd nd <0.005 nd <0.005 nd <0.005 

Chlorpyrifos <0.054 0.11 0.074 <0.054 0.089 <0.054 nd <0.054 <0.054 0.073 nd 
Heptachlor Epoxide B <0.002 <0.005 <0.002 nd <0.002 <0.002 <0.003 <0.002 <0.002 <0.002 <0.002 
Heptachlor Epoxide A nd <0.009 nd nd nd nd <0.023 nd <0.014 nd <0.011 

Oxychlordane nd <0.004 nd <0.005 nd nd <0.008 <0.003 <0.004 nd <0.005 
trans-Chlordane nd <0.021 nd <0.012 nd nd <0.012 <0.012 <0.012 <0.012 nd 

cis-Chlordane nd <0.046 <0.046 nd nd nd <0.046 nd <0.046 nd nd 
trans-Nonachlor nd <0.031 <0.031 nd nd nd <0.031 nd <0.031 nd nd 

Dieldrin <0.020 <0.020 nd nd <0.020 <0.020 <0.020 <0.020 <0.020 <0.020 nd 
Endrin nd nd nd nd nd nd <0.011 nd <0.011 nd nd 

cis-Nonachlor nd nd nd nd nd nd <0.045 nd <0.059 nd nd 
α-endosulfan nd <0.018 <0.018 <0.018 <0.023 <0.038 <0.018 nd <0.020 nd <0.019 
β-endosulfan nd nd <0.019 <0.019 nd nd <0.019 nd <0.025 nd nd 

Endosulfan Sulfate <0.062 <0.062 <0.062 <0.062 <0.062 <0.062 nd nd nd <0.062 nd 
2,4'-DDE <0.009 <0.009 <0.009 <0.009 <0.014 <0.019 <0.009 <0.009 <0.016 <0.009 <0.009 
4,4'-DDE 0.090 0.083 0.077 0.058 0.075 0.096 0.061 0.028 0.14 0.075 0.025 
2,4'-DDD nd <0.016 <0.016 <0.016 nd <0.026 <0.016 <0.016 <0.037 <0.016 <0.042 
4,4'-DDD <0.016 nd <0.032 nd <0.023 <0.047 <0.021 <0.016 <0.025 nd <0.044 
2,4'-DDT <0.022 nd <0.034 nd <0.026 <0.090 <0.022 <0.022 <0.022 <0.035 <0.049 
4,4'-DDT nd nd nd nd <0.058 <0.121 nd <0.058 <0.058 nd nd 

Methoxychlor nd nd <0.020 nd <0.020 <0.020 <0.020 <0.020 <0.020 <0.023 <0.020 
Dicofol nd nd <0.17 <0.16 <0.13 <1.03 <0.076 <0.37 0.54 <0.24 <0.20 
Mirex nd <0.009 nd nd <0.009 <0.009 nd <0.009 <0.028 <0.009 nd 

Parlar-26 nd <0.008 <0.008 nd <0.024 <0.061 <0.008 <0.008 <0.026 <0.013 <0.028 
Parlar-50 nd <0.041 <0.041 nd <0.041 <0.072 <0.041 <0.041 <0.041 <0.041 <0.047 
Parlar-62 nd <0.054 <0.054 nd nd <0.068 <0.054 <0.054 <0.054 <0.054 <0.068 

Note: values reported are blank corrected, nd = not detected, < indicates values below method detection limits, ** sample partially lost in processing (20.25% 
recovery of δ-HCH surrogate, data not corrected). While 2 significant figures are justified based on the precision of the analysis, 3 are reported for 
concentrations >1 pg·L-1 to avoid rounding errors. 
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Figure S 2 Latitudinal profiles of dissolved OCP concentrations (plots presented are for compounds 
detected in at least 45% of samples). Dotted lines represent the estimated Antarctic convergence zone. 
(continued on next page) 

!
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Figure S 2 Latitudinal profiles of dissolved OCP concentrations (plots presented are for compounds 
detected in at least 45% of samples). Dotted lines represent the estimated Antarctic convergence zone. 
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Table S 7 Method detection limits in seawater samples (pg·L-1) and air samples (pg·m-3), calculated as 3 
times the standard deviation of field blanks and volume corrected using mean volume sampled.  

Seawater Air 
XAD Filter PUF Filter 

Hexachlorobenzene 0.014 0.067 21.7 0.031 
alpha-HCH 0.007 0.012 0.016 0.016 

beta-HCH 0.029 0.014 0.011 0.011 
gamma-HCH 0.016 0.010 0.700 0.018 

Heptachlor 0.022 0.002 0.146 0.002 
Aldrin 0.007 0.005 0.012 0.004 

Chlorpyrifos 0.018 0.054 0.991 0.212 
Heptachlor Epoxide B 0.005 0.002 0.019 0.005 
Heptachlor Epoxide A 0.056 0.006 0.181 0.025 

Oxychlordane 0.032 0.003 0.122 0.008 
trans-Chlordane 1.58 0.012 0.125 0.023 

cis-Chlordane 0.718 0.046 0.188 0.031 
trans-Nonachlor 0.243 0.031 0.201 0.031 

Dieldrin 0.138 0.020 0.051 0.059 
Endrin 0.076 0.011 0.066 0.014 

cis-Nonachlor 0.048 0.025 0.061 0.044 
α-endosulfan 0.422 0.018 0.740 0.025 
β-endosulfan 0.306 0.019 0.583 0.051 

Endosulfan Sulfate 0.099 0.062 0.132 0.049 
24'-DDE 0.020 0.009 0.146 0.011 
44'-DDE 0.091 0.006 0.151 0.120 
24'-DDD 0.043 0.016 0.384 0.028 
44'-DDD 0.095 0.016 0.377 0.062 
24'-DDT 0.076 0.022 0.910 0.065 
44'-DDT 0.190 0.058 0.509 0.284 

Methoxychlor 0.396 0.020 1.10 0.073 
Dicofol 6.55 0.076 1.53 0.344 
Mirex 0.012 0.009 0.227 0.019 

Parlar-26 0.098 0.008 1.64 0.020 
Parlar-50 0.051 0.041 0.689 0.062 
Parlar-62 0.053 0.054 1.27 0.076 

!

!

!

!

!

C1- Supplementary information for Chapter 3's manuscript

148



S13 
!

Table S 8 HRMS instrument functions (provided by ALS Global, Burlington ON., 2014). “Quantitative 
references” indicate labelled target analytes used to correct for losses during clean-up as well as instrument 
drift 
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2 PFK Lock Mass 242.9851 
Hexachlorobenzene 13.8 283.8102 285.8072 1.23 25% 13C6-Hexachlorobenzene 
13C12-PCB-9 (IS) 13.08 234.0406 236.0376 1.56 25% 
13C6-Hexachlorobenzene 13.79 289.8303 291.8273 1.23 25% 13C12-PCB-9 (IS) 

α-Hexachlorocyclohexane 13.57 218.9116 220.9088 2.1 25% 
13C6-a-

Hexachlorocyclohexane 

β-Hexachlorocyclohexane 14.45 218.9116 220.9088 2.1 25% 
13C6-a-

Hexachlorocyclohexane 

γ-Hexachlorocyclohexane  14.7 218.9116 220.9088 2.1 25% d6-g-
Hexachlorocyclohexane 

δ-Hexachlorocyclohexane 15.55 218.9116 220.9088 2.1 25% 
13C6-a-

Hexachlorocyclohexane 
13C6-a-
Hexachlorocyclohexane 13.57 224.9317 226.9286 2.1 25% 13C12-PCB-9 (IS) 

d6-g-Hexachlorocyclohexane 14.65 223.8725 225.8695 2.1 25% 13C12-PCB-9 (IS) 
1,2,4,5-
Tetrabromobenzene 3. 14.24 312.7686 314.7666 1.03 25% 

13C6-a-
Hexachlorocyclohexane 

Pentachloronitrobenzene 14.88 294.8342 296.8313 1.56 25% 
13C6-a-

Hexachlorocyclohexane 
3 PFK Lock Mass 280.9819 

Heptachlor 17.09 271.8102 273.8072 1.25 25% 13C10-Heptachlor 
13C10-Heptachlor 17.07 276.8269 278.824 1.25 25% 13C12-PCB-52 (IS) 
13C12-PCB-52 (IS) 17.75 301.9625 303.9597 0.78 25% 
Aldrin 18.19 262.857 264.854 1.56 25% 13C10-Heptachlor 
Chlorpyrifos 18.5 313.9574 315.9545 1.44 35% 13C10-Heptachlor 

4 PFK Lock Mass 380.9755 
Heptachlor Epoxide B 19.5 352.844 354.841 1.25 25% 13C10-Oxychlordane 
Heptachlor Epoxide A 19.64 352.844 354.841 1.25 25% 13C10-Oxychlordane 
Oxychlordane 19.54 386.805 388.802 1.02 25% 13C10-Oxychlordane 
13C10-Oxychlordane 19.53 396.8385 398.8355 1.02 25% 13C12-PCB-52 (IS) 

5 PFK Lock Mass 268.9819 
trans-Chlordane 20.26 262.857 264.854 1.56 25% 13C10-trans-nonachlor 
13C12-PCB-101 (IS) 20.49 337.9206 339.9177 1.56 25% 
2,4'-DDE 20.5 246.0003 247.9974 1.56 25% 13C12-4,4'-DDE 
cis-Chlordane 20.75 262.857 264.854 1.56 25% 13C10-trans-nonachlor 
trans-nonachlor 20.9 262.857 264.854 1.56 25% 13C10-trans-nonachlor 
13C10-trans-nonachlor 20.89 269.8804 271.8775 1.56 25% 13C12-PCB-101 (IS) 
Endosulfan I 20.63 276.8726 278.8697 1.56 25% 13C9-Endosulfan II 

6 PFK Lock Mass 268.9819 
Dieldrin 21.44 262.857 264.854 1.56 25% 13C12-Dieldrin 
13C12-Dieldrin 21.43 269.8804 271.8775 1.56 25% 13C12-PCB-101 (IS) 
4,4'-DDE 21.51 246.0003 247.9974 1.56 25% 13C12-4,4'-DDE 
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13C12-4,4'-DDE 21.5 258.0405 260.0376 1.56 25% 13C12-PCB-101 (IS) 
d8-4,4'-DDE 21.44 254.0505 256.0476 1.56 25% 13C12-PCB-101 (IS) 
2,4'-DDD 21.75 235.0081 237.0052 1.56 25% 13C12-4,4'-DDD 
Endrin 22.09 262.857 264.854 1.56 25% 13C12-Endrin 
Endrin 22.09 316.904 318.901 1.56 25% 13C12-Endrin 
13C12-Endrin 22.08 269.8804 271.8775 1.56 25% 13C12-PCB-101 (IS) 
13C12-Endrin 22.08 327.9408 329.9379 1.56 25% 13C12-PCB-101 (IS) 
Endosulfan II 22.4 276.8726 278.8697 1.56 25% 13C9-Endosulfan II 
13C9-Endosulfan II 22.39 284.8995 286.8965 1.56 25% 13C12-PCB-101 (IS) 

7 PFK Lock Mass 268.9819 
cis-Nonachlor 22.83 262.857 264.854 1.56 25% 13C10-trans-nonachlor 
13C12-PCB-133 1. 22.09 299.947 301.944 0.77 25% 13C12-PCB-101 (IS) 
4,4'-DDD 22.78 235.0081 237.0052 1.56 25% 13C12-4,4'-DDD 
13C12-4,4'-DDD 22.78 247.0483 249.0454 1.56 25% 13C12-PCB-101 (IS) 
2,4'-DDT 22.98 235.0081 237.0052 1.56 25% 13C12-4,4'-DDT 

8 PFK Lock Mass 268.9819 
Endosulfan Sulfate 23.71 276.8726 278.8697 1.56 25% 13C9-Endosulphan II 
Endrin Aldehyde 24 278.9302 280.9272 0.77 25% 13C10-Mirex 
Endrin Aldehyde 2. 24 342.9018 344.8988 0.62 25% 13C10-Mirex 
4,4'-DDT 23.9 235.0081 237.0052 1.56 25% 13C12-4,4'-DDT 
13C12-4,4'-DDT 23.89 247.0483 249.0454 1.56 25% 13C12-PCB-101 (IS) 

9 PFK Lock Mass 268.9819 
Endrin Ketone 25.08 316.904 318.901 0.63 25% 13C10-Mirex 
Methoxychlor 25.69 227.1072 228.1106 6.2 35% d6-Methoxychlor 
d6-Methoxychlor 25.51 233.145 234.1484 6.2 35% 13C12-PCB-101 (IS) 
Mirex 26.7 271.8102 273.8072 1.25 25% 13C10-Mirex 
13C10-Mirex 26.69 276.8269 278.824 1.25 25% 13C12-PCB-101 (IS) 
Parlar-26 22.09 304.9039 306.901 1.3 35% 13C10-Mirex 
Parlar-50 24.81 338.8649 340.862 1.3 35% 13C10-Mirex 
Parlar-62 26.32 338.8649 340.862 1.3 35% 13C10-Mirex 

Notes: 1Optional GPC clean-up standard, 2Alternative m/z, 3Client surrogates, 4Alternate quantitative reference of 
13C9-Endosulfan II, IS = Injection Standard  

!
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Table S 9 δ-HCH surrogate recoveries in air and water samples (in %) 

Water Air 
Sample # XAD Filter PUF Filter 

1 99.0 126.5 71.0 108.0 
2 95.0 117.0 41.7 94.0 
3 107.0 132.5 32.6 113.5 
4 92.0 138.0 93.5 103.0 
5 109.0 126.5 65.0 106.0 
6 84.5 20.3* 71.0 na 
7 61.0 129.5 88.0 113.5 
8 103.0 86.0 75.0 81.5 
9 130.0 124.5 69.0 101.0 

10 95.5 121.0 64.0 88.5 
11 141.5 117.0 64.0 113.0 

Note: *sample partially lost during extraction, na = not available 

Table S 10 ALS surrogate recoveries in air and water samples (in %) 

Sample # 1 2 3 4 5 6 7 8 9 10 11 

Air PUF 
13C6-HCB 11 35 28 24 13 30 9 13 9 17 24 

13C6-α -HCH 66 39 34 25 35 57 30 53 24 52 56 
d6-γ-HCH 68 52 35 48 35 60 37 55 46 55 60 

13C10-Heptachlor 135 97 149 113 110 89 78 112 115 120 94 
13C10-Oxychlordane 65 70 73 95 82 79 63 81 106 66 78 

13C10-trans-Nonachlor 84 73 99 109 127 65 95 70 105 74 68 
13C12-Dieldrin 77 60 100 126 133 65 101 69 113 69 69 

13C12-Endrin 77 55 123 178 173 85 110 85 116 77 95 
13C9-Endosulfan-II 61 77 69 128 138 71 59 57 69 49 73 

13C12-44'-DDE 60 93 98 128 131 73 84 60 88 54 65 
13C12-44'-DDD 79 112 132 162 155 78 62 33 63 39 45 
13C12-44'-DDT 119 96 126 114 121 69 46 57 53 35 77 

d6-Methoxychlor 220 12 118 79 105 52 22 84 56 75 144 
13C10-Mirex 49 77 112 69 88 41 42 38 45 23 47 

Air filter 
13C6-HCB 23 35 15 31 45 na 40 14 34 30 33 

13C6-α -HCH 71 73 74 69 76 na 66 70 63 68 63 
d6-γ-HCH 73 73 80 67 76 na 64 71 64 67 65 

13C10-Heptachlor 91 119 95 94 87 na 80 117 83 104 80 
13C10-Oxychlordane 80 69 93 75 89 na 70 74 74 70 75 

13C10-trans-Nonachlor 82 91 65 83 64 na 72 87 73 82 64 
13C12-Dieldrin 82 87 75 82 71 na 72 85 74 81 67 
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13C12-Endrin 84 78 120 75 105 na 73 84 83 81 88 
13C9-Endosulfan-II 68 58 119 64 109 na 57 51 61 59 76 

13C12-44'-DDE 75 66 100 64 96 na 62 66 69 68 78 
13C12-44'-DDD 59 54 101 49 92 na 50 46 57 65 102 
13C12-44'-DDT 48 61 106 37 98 na 44 52 55 85 120 

d6-Methoxychlor 29 93 98 28 110 na 29 69 34 125 110 
13C10-Mirex 35 70 38 31 49 na 35 63 47 108 130 

Water filter 
13C6-HCB 10 17 27 28 28 33 31 32 40 30 18 

13C6-α -HCH 49 51 45 51 51 58 55 56 51 56 54 
d6-γ-HCH 48 52 47 53 54 59 55 57 54 58 56 

13C10-Heptachlor 73 73 63 64 66 71 80 81 80 89 68 
13C10-Oxychlordane 60 64 56 63 62 64 67 70 62 71 63 

13C10-trans-Nonachlor 57 60 55 65 62 69 66 68 58 61 59 
13C12-Dieldrin 60 65 60 68 66 72 72 67 57 62 63 

13C12-Endrin 80 87 66 71 72 76 82 85 86 95 77 
13C9-Endosulfan-II 56 64 68 65 67 74 76 46 54 60 73 

13C12-44'-DDE 62 66 58 65 64 70 69 55 57 59 66 
13C12-44'-DDD 61 73 62 57 64 71 80 33 54 61 86 
13C12-44'-DDT 61 78 57 42 54 62 80 25 60 68 89 

d6-Methoxychlor 77 115 75 33 61 77 119 11 66 73 144 
13C10-Mirex 43 59 62 31 54 67 83 12 40 44 112 

Water XAD 
13C6-HCB 23 36 43 30 32 46 26 11 36 23 52 

13C6-α -HCH 65 101 105 90 100 98 90 57 114 80 104 
d6-γ-HCH 62 119 117 74 112 102 80 42 133 66 114 

13C10-Heptachlor 101 126 117 137 122 156 169 83 117 178 125 
13C10-Oxychlordane 68 90 88 89 91 90 94 70 100 97 93 

13C10-trans-Nonachlor 91 131 133 146 105 133 114 62 131 116 117 
13C12-Dieldrin 84 114 118 118 101 119 111 65 116 114 109 

13C12-Endrin 66 92 91 87 104 94 110 85 100 122 118 
13C9-Endosulfan-II 37 48 49 36 80 54 56 54 51 69 89 

13C12-44'-DDE 44 64 65 60 81 67 66 61 70 72 96 
13C12-44'-DDD 18 21 23 17 59 31 40 52 25 54 77 
13C12-44'-DDT 12 14 15 13 49 24 30 56 18 41 68 

d6-Methoxychlor 4 4 4 5 30 11 12 47 6 27 44 
13C10-Mirex 11 16 15 19 44 29 38 39 22 40 57 
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13C8-Mirex was also part of the initial standard spike solution, however it was not reported by ALS at 
the time of the analysis. We performed the same extractions on similar seawater samples and submitted 
them to ALS for analysis.  Any one sample was spiked with both 13C8- and 13C10- Mirex (pre-sampling 
and pre-analysis, respectively). ALS reported higher recoveries of 13C8-Mirex compared to those of 
13C10-Mirex. The factor increase was 26.5 ± 3.9 % and 28.7 ± 4.1 % (n=18) for XAD and water filter, 
respectively. Recoveries of 13C10-Mirex are presented in Table S10 for samples presented in this study 
and are representative of typical recoveries for more volatile compounds. 

D) Effect of the origin of air masses on gas phase concentrations

Figure S 3 Gas phase concentration distributions of dieldrin (left) and trans-chlordane (right) 
divided between latitudes north and south of the Polar Front.
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E) Air mass back trajectories

!
Figure S 4 120h air mass back trajectories at 25m above ground level, generated using NOAA’s HYSPLIT 
model9 at 3 location points (black stars) per sample collected. Green, yellow and blue lines represent the 
air-mass back trajectories for each separate location point during the sampling period (at initial, middle 
and final time of sampling, respectively). Note: A04 only has two reference points due to the shorter 
distance covered. 

!

A01! A02! A03!

A04! A05! A06!

A07! A08! A09!

A10! A11!
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F) Fugacity and flux calculations and parameters used

Fugacity ratios 

In order to calculate the fugacity ratio (fW/fA), gaseous and dissolved concentrations of OCPs are 

converted into fugacities (f), with units of pressure (Pa) and related to concentrations according to:10 

! = !!! (1) 

where C is the concentration (mol·m-3) of a chemical in a particular phase and Z (mol·m-3·Pa-1 ) is the 

fugacity capacity of that phase. Fugacity ratios were calculated only for analytes found in ≥ 50% of the 

samples in both gas and dissolved phases. The fugacity capacities of analytes in air (A) and water (W) 

are defined as follows: 

ZA = 
!!

!!!!
and    ZW = 

!
! (2,3) 

where R is the ideal gas constant (8.314 J·mol-1·K-1), TA is the air temperature (K) and H is the Henry’s 

Law constant (HLC, Pa·m3·mol-1). Values for H were taken from Cetin et al.11 who measured and 

reported the HLC for OCPs of interest in saline deionised water of typical seawater salt (NaCl) 

concentration of 0.5 mol.L-1 at various water temperatures. For the purpose of our calculations, water 

temperature was assumed stable with a mean of 5°C during this cruise. Estimations of equilibrium 

gaseous concentrations of 2,4′-DDE, -DDD and -DDT were calculated using available H data for their 

respective 4,4′- isomers. 

From Eq. 1, 2 and 3, the fugacity ratio is expressed as: 

!!
!!
= !!!

!!!!!
(4) 

In order to determine the significance of the direction of the exchange indicated by the estimated 

fugacity ratios, uncertainties associated with the calculations of fW and fA were assessed using 

propagation of error. The relative error of the fugacity ratio is derived from Eq. 4 as follows: 
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! !! !!
!! !!

= ! !"
!

!
+ !!!

!!

!
+ !!!

!!

!
(5) 

We considered that R and TA had negligible error compared to the concentrations measured and 

estimated value of H.12, 13 Random sampling and analytical error ( !!!!!
 and !!!!!

 ) were estimated at 0.15 

for all concentrations after Bruhn et al.13 Relative uncertainties associated with H ( !"! ) were extracted

from Cetin et al.11 In cases where it was unavailable (e.g. chlorpyrifos), !"!  was estimated to be 0.2 on

the basis of Cetin et al.’s other experimental measurements.  

Air-seawater fluxes 

The air-water fluxes (FAW, pg·m-2·d-1) were calculated according to a two-film model as described in 

Bidleman and McConnell.14 FAW was estimated according to the following equation: 

F!" = k!"!(!!! − !!!!!!!!! !) (6) 

where R is expressed in Pa·m3·K-1, H is the HLC (corrected for water temperature and salinity as 

described above, with units of Pa·m3·mol-1), and kOL (m·d-1) is the overall air-water mass transfer 

coefficient with contributions from resistances to mass transfer in water and air, kW (m·d-1) and kA (m·d-

1), respectively. This relationship is described by: 

1
k!"

= 1
k!

+ ! 1k!H
(7) 

kW and kA were derived as in Hornbuckle et al.:15 

k! = 0.24! 0.45!!!"!.!"
!"!
!"!"!

!!.!
(8) 

k! = 864! 0.2!!!" + 0.3
!!,!
!!!!,!

!.!"
(9) 
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where U10 is the wind speed at 10m height above sea level (m·s-1), Sc is the Schmidt number 

(dimensionless) which was estimated from the literature. The Schmidt number was set at 1390 for CO2
16 

and based on estimations for PCB homologs15 depending on the chlorination level of each OCP of 

interest, assuming a stable mean air temperature of 5°C during the cruise. Di,A and DH2O,A are 

diffusivities of compound i in air and H2O in air, respectively. Diffusion of compound B in air (A) is 

defined by:17 

!!,! = !
10!!!!!!.!" ! 1

M!!+
1
M!

!/!

P! !!! !/!+ !!! !/! !
(10) 

where P (atm) is the total air pressure, TA (K) is the air temperature, MA and MB are the molecular 

masses of air and molecule B, respectively, and  and vx (cm3·mol-1) is the diffusion volume parameter 

for molecule x , calculated as described by Fuller et al.17 For the atomic diffusion volumes νx, 85% of 

the LeBas volume18 was used.   

FAW represents the net flux resulting from the combination of a gross volatilization flux (Fvol) and a 

gross absorption flux (Fabs), respectively expressed as: 

F!"# = !k!"!!! !!
!

and 
!

F!"# =
k!"!!!!!!!!

H

(11)  

(12) 

These fluxes are presented in Figure S5, along with FAW. 

We performed a propagation of uncertainty analysis on FAW as undertaken by Rowe and Perlinger.19 Eq. 

6 yields a relative error for FAW expressed as:  

!F!"
F!"

= ! !k!"
k!"

!
+ ! k!"!!!!R!T!!F!"!H

!!HH
! k!"!!R!T!

!F!"!H
!!!!!!

! k!"!
!F!"!

!!!!!!
!

(13) 

Similarly, relative errors of Fvol and Fabs were also determined from Eq. 11 and 12, respectively, as 

follows: 
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!!!"#
!!"#

= !!!"
!!"

!
+ !!!

!!
!
!

!
and 
!

!!!"#
!!"#

= !!
!

!
+ !!!"

!!"

!
+ !!!

!!
!

(14)  

(15) 

The relative uncertainty of kOL was estimated at 0.3 based on results from Rowe and Perlinger.19  

Relative uncertainties of H, CA and CW were estimated as presented above for the fugacity calculations.  

C1- Supplementary information for Chapter 3's manuscript

158



S24 
!

Figure S5 Gross volatilisation (Fvol), gross absoption (Fabs) and resulting net air-seawater fluxes (FAW), 

expressed in pg·m-2·d-1, along the latitudinal gradient for γ-HCH, dieldrin and chlorpyrifos. 
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G/ Estimation of theoretical equilibrium concentrations. 

Assuming a fugacity ratio of 1 (i.e. equilibrium), we estimated CW from measured CA for trans-

chlordane, cis-chlordane and heptachlor, and CA from measured CW for α- HCH, endrin, 2,4′- and 4,4′ 

DDE and DDT, as well as 2,4′-DDD. Estimated concentrations were below MDLs or LOQs for most 

compounds investigated. Only 2 compounds showed estimated values above these limits. Results for 

these are presented in Figure S6. 

!

!

Figure S6 Estimated equilibrium gas phase concentrations (CA, pg·m-3, white bars) of 2,4′- and 4,4′ 

DDE, based on measured seawater concentrations. Estimated CA are compared to corresponding 

quantification limits (pg·m-3, grey bars) for each individual sample measured. Grey striped bars 

represent quantified concentration values (i.e. above MDL and LOQ) where available.  
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H/ Additional study on dieldrin in aerosols  

The only compound that was detected on aerosols along the full transect was dieldrin. We attempted to 

investigate the reason for detection of this compound. Figure S7 presents the percentage of dieldrin on 

particles relative to total dieldrin measured in the air. These percentages are quite elevated. Particle 

loading in the atmosphere tends to increase along the latitudinal gradient from 72 to 97 % (R2 = 0.47, p 

< 0.5, figure S7A), however one value appears as an outlier. This value was measured in the vicinity of 

the Polar Front, and was the only sample collected at an average temperature below zero degrees 

Celsius, which could have had a strong effect on the partitioning. However, we would expect the 

proportion of dieldrin on particles to increase as temperature decreases, not the opposite. The reason for 

this significantly lower value around the Polar Front is therefore largely unknown. It could be that the 

change in air masses around this area has a major impact on the concentration of particles in the air. 

Unfortunately, we did not measure the organic content of particles in the air along this transect so we are 

unable to discuss these results further. However, we plotted the results excluding the Polar Front outlier, 

and the increasing trend along the latitudinal gradient becomes significant (R2 = 0.95, p < 0.2, Figure 

S7B). We also presented the data along the average air temperature gradient (Figure S8). Surprisingly, 

temperature does not seem to have an effect on the partitioning, which may be due to variations of other 

factors, such as the amount of organic aerosol in the atmosphere.  

Dieldrin’s octanol-air partition coefficient (expressed as log KOA) was estimated at 8.90 at 25˚C.20 Many 

other compounds have been reported with similar volatilities, e.g. chlordanes, endosulfan, or even lower 

volatilities, e.g. DDTs.20 This indicates that compounds other than dieldrin would also be likely to be 

detected on aerosols. For example, trans-chlordane, which was found at similar concentrations in the 

gaseous fraction as dieldrin, has a log KOA estimated at 8.87. As a result, if we detect dieldrin on 

particles, we should also detect trans-chlordane. In addition, Wania and Mackay21 determined the 

temperature at which compounds are distributed equally between the gas and aerosol phases for a range 

of OCP compounds. For dieldrin the temperature was estimated to be -11 ˚C, and -9 ˚C for trans-

chlordane. Shoeib and Harner20 predicted that, for many OCPs such as DDTs, cis-chlordane, and trans- 

and cis-nonachlor, the portion found on particles could reach up to 85 % at -10 ˚C, but only 19 % of 

dieldrin is predicted on particles at the same temperature. In the field, an Arctic study recorded an 

average of 19.3% of dieldrin on particles in 1993-1995.22 Thus, dieldrin particle loading of > 66% along 

the full transect at temperatures > - 0.4 ˚C (Figure S8) cannot be presently explained.  

We investigated the possibility of dieldrin contamination from the ship. The RSV Aurora Australis does 

not have a history of dieldrin fumigation of its cargo, therefore it would seem unlikely that the air 
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samples could be contaminated with dieldrin. More recent land-based atmospheric sampling performed 

at Davis Station by our group, using the same methods, found similar results that remain unexplained. 

Figure S7 Percentage of dieldrin measured on air particles along the latitudinal gradient. Dotted line 

represents the Polar Front. Plot A represents all values measured, showing one outlier in the vicinity of 

the Polar Front. Plot B represents same data as plot A excluding the outlier. 

Figure S8 Percentage of dieldrin measured on air particles along the temperature gradient. 
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Appendix C2 – PBDEs along the Southern Ocean latitudinal transect 

1. Introduction

In an attempt to reduce the risk of fire outbreaks, anthropogenic flame retardants have been 

added to a wide range of consumer products, including clothing, furniture and electronics, 

since the mid-20
th

 century. Many of these chemicals, known as brominated flame retardants

(BFRs), are organobromine compounds that have received increasing scrutiny over their 

potential environmental impact and human toxicity in the last decade. In 2009, a major group 

of BFRs, polybrominated diphenyl ethers (PBDEs), namely tetra-, penta-, hexa-, and 

heptaBDE congeners, were classified as Persistent Organic Pollutants (POPs) and 

subsequently banned under Annex A of the Stockholm Convention on POPs (UNEP 2008). 

Not all nations manufacturing POPs, however, are signatories. Currently, some commercial 

PBDE mixes remain on the market and alternative non-regulated BFRs have started to 

become increasingly used as PBDE-replacements (Covaci et al. 2011).  

An increasing number of publications have focused on the presence of BFRs in the Arctic 

environment (de Wit et al. 2010, Hermanson et al. 2010, Möller et al. 2011, Vorkamp 2015). 

The Antarctic region has received a lot less attention, although recent studies have detected 

BFRs in the Southern Ocean seawater and air (Xie et al. 2011,   lle  et al. 2012), Antarctic 

ice and snow (Dickhut et al. 2012) as well as biota (Corsolini et al. 2006, Yogui and Sericano 

2008). 

Concurrently with the work presented in Chapter 3, we investigated the latitudinal occurrence 

and distribution of PBDEs along the same sampling transect. All transect samples (air and 

water) that were presented in the published manuscript on OCPs were also analysed for 

PBDEs. Results of the PBDE analyses are presented in this appendix.   

2. Variations to methods

Methods used for the processing of these samples present some variations to methods 

presented in the published OCP manuscript (Bigot et al. 2016) and in Chapter 2. PBDEs were 

analysed at Environment Canada from a portion of the full extract (25%) which was 

subsampled prior to sending to Australian Laboratory Services (ALS). These subsamples 

were further cleaned in the laboratory via elution through a 100% activated (400˚C, 12h) 60-

200 mesh silica gel column and separated into two fractions (100% n-hexane and 1:1 (v/v) n-

hexane: DCM). Each fraction was injected separately on the GC/LRMS and results from the 
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two separate fractions were later combined to obtain a total amount of each PBDE per 

sample.   

Compared to results from seawater, snow and ice sample presented in Chapter 4 and 5 (which 

were based on the entire extract recovered after organochlorine pesticide (OCP) analysis at 

ALS), the present methods resulted in better recoveries of the BDE-71 surrogate standard 

(Table C1), but also larger method detection limits (MDLs, Table C2), which were generally 

an order of magnitude higher (Appendix D).  

As described for OCPs in Chapter 3, PBDE analyte concentrations in dissolved seawater 

fraction were further corrected to obtain the concentration of freely dissolved chemicals in 

that fraction by accounting for material associated with colloidal organic particles. Secondary 

PUFs were also analysed for PBDEs and results were below MDLs, therefore suggesting 

these compounds were successfully trapped onto the first PUF and breakthrough was 

negligible.  

Table C1 Recoveries of BDE-71 in air and water samples (%) 

Sample number 01 02 03 04 05 06 07 08 09 10 11 

Air 
PUF 99 107 95 81 99 78 86 82 93 80 87 

filter 80 125 105 102 92 92 69 101 107 93 73 

Water 
XAD 92 85 76 79 90 86 89 111 83 76 97 

filter 107 86 95 83 90 14* 60 55 89 86 104 

Note: *sample partially lost during extraction 

Table C2 MDLs in air samples (gaseous and particles, pg∙m
-3

) and seawater samples (dissolved 

and particles, pg∙L
-1

) 

Air Seawater 

Sampling 

material 
PUF Filter XAD Filter 

BDE-47 0.58 1.5 0.43 0.24 

BDE-100 0.34* 0.34* 0.17* 0.17* 

BDE-99 0.50 0.71 0.38 0.26 

Note: MDLs were calculated as 3 times the standard deviation of field blanks 

and volume corrected using mean volume sampled. If field blanks were not 

detected, instrument detection limits (IDL) were used (provided by Adam 

Morris, Environment Canada, Burlington, ON, Canada); * indicates volume-

corrected IDLs. 
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3. Results and discussion

Out of the entire PBDE congener range analysed, we report atmospheric and oceanic 

concentrations for BDE-47, -99 and -100 only (Table C3 and Table C4). These were 

prominent with concentrations above our relatively elevated MDLs. BDE-47, -99 and -100 

are tetra- and pentabrominated congeners, all components of the “penta” comme cial mixtu e. 

The apparent long-range environmental transportation capability of this PBDE formulation is 

consistent with its individual congene ’s relative volatility and persistence.  

 Table C3 Net PBDE concentrations in air samples (gas-phase only) in pg∙m
-3

. Particulate phase 

samples were also analysed but all results were below MDLs. 

BDE-

47 

BDE-

100 

BDE-

99 

A01 2.5 <0.34 0.81 

A02 2.2 0.36 1.1 

A03 nr nr nr 

A04 1.2 <0.34 <0.50 

A05 0.95 <0.34 0.50 

A06 1.3 <0.34 0.67 

A07 <0.58 <0.34 nd 

A08 0.86 <0.34 <0.50 

A09 0.63 <0.34 <0.50 

A10 0.85 <0.34 <0.50 

A11 1.5 <0.34 <0.50 

Note: nr stands for not reported; nd stands for not detected. 

Table C4 Net PBDE concentrations in water samples in pg∙L
-1

 

XAD Filter 

BDE-

47 

BDE-

100 

BDE-

99 

BDE-

47 

BDE-

100 

BDE-

99 

W01 nr nr nr nr nr nr 

W02 11.4 1.0 3.6 0.46 <0.17 <0.26 

W03 5.6 0.52 2.0 0.51 <0.17 0.36 

W04 5.3 0.35 1.3 0.25 <0.17 <0.26 

W05 4.1 0.24 0.94 <0.24 <0.17 <0.26 

W06 4.0 0.30 1.2 <0.24* nd* <0.26* 

W07 8.2 0.54 1.9 0.37 <0.17 <0.26 

W08 7.0 0.56 2.0 0.59 <0.17 <0.26 

W09 5.0 0.39 1.5 0.48 <0.17 0.32 

W10 4.4 0.31 1.2 0.48 <0.17 <0.26 

W11 5.9 0.42 1.2 0.37 <0.17 <0.26 

Notes: *sample partially lost during extraction; nd stands for not detected. 
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Limited data is currently available on PBDEs in the global marine environment. In this study, 

both atmospheric and oceanic concentrations of reported analytes are generally elevated 

(Table C3 and Table C4) compared to the few values reported for the Southern Ocean or 

European Arctic Ocean (Möller et al. 2011, Xie et al. 2011,   lle  et al. 2012). Although 

precautionary measures were taken to limit ship-borne contamination, concentrations of 

PBDEs were particularly high in seawater, and may reflect some background contamination 

from the seawater intake line on board the ship. The findings of this study would therefore 

require further investigation on the viability of sampling PBDEs on board the RSV Aurora 

Australis in order to confirm the high levels obtained. Thus, the present results should be 

considered as maximum possible concentrations until validation. 

Overall, we do not observe any significant trend along the latitudinal gradient for any of the 

three PBDEs reported in either atmospheric or oceanic samples. This is consistent with 

atmospheric results from approximately the same latitudes (Xie et al. 2011,   lle  et al. 

2012). 

4. Conclusions

The results of this work provide an estimate of maximum possible concentrations of PBDEs 

in the air and seawater of a transect in the Indian-Pacific sector of the Southern Ocean. No 

particular trends were observed along the latitudinal gradient for the compounds investigated. 

Further research should be undertaken to confirm the suitability of using the RSV Aurora 

Australis as a platform for PBDE sampling. MDLs could also be improved by using a full 

sample extract rather than subsampling for future analyses. 
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Table D1 Sampling volumes at the Arctic and Antarctic sites 

Sampling event #1 #2 #3 #4 #5 

Arctic site 

Snow (melt-water) (L) 

Sea-ice (melt-water) (L) 

Seawater (L) 

78 

69 

551 

92 

75 

788 

93 

72 

620 

99 

80 

597 

115 

70 

640 

Antarctic site 

Snow (melt-water) (L) 

Sea-ice (melt-water) (L) 

Seawater (L) 

Air (m
3
)

78 

88 

na 

1414 

67 

94 

821 

765 

90 

110 

570 

705 

na 

118 

377 

897 

na 

na 

495 

na 



D1 – Supplementary data and information for Chapter 4 

171 

Figure D1 Vertical temperature gradient from the snow surface to the sea-ice bottom at the 

Arctic site over the 5 week sampling period 

Figure D2 Vertical temperature gradient from the snow surface to the sea-ice bottom at the 

Antarctic site for each paired sample. Sea-ice temperature data were collected by Julie Janssens 

(ACE CRC, UTAS) and Naoya Kanna (ILTS, HU). 
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Table D2 Dissolved OCP concentrations (pg∙L
-1

) in seawater samples at the Arctic site 

Notes: MDL stands for method detection limit; “<” indicates values below MDLs or below instrument limits of 

detection estimated for each individual sample, whichever one was highest; nd stands for not detected. 

Sample # SW1 SW2 SW3 SW4 SW5 

Target analytes MDL 

Hexachlorobenzene 4.3 <4.3 6.6 12.0 <4.3 6.7 

α-HCH 0.85 254 243 224 242 231 

β-HCH 0.45 35.2 37.7 34.4 39.7 13.4 

γ-HCH 0.25 63.1 52.3 45.2 50.1 45.9 

Heptachlor 0.012 0.16 0.11 0.15 0.26 0.30 

Aldrin 0.003 <0.006 0.010 <0.013 <0.010 <0.028 

Chlorpyrifos 0.44 0.75 1.0 0.87 0.74 0.94 

Heptachlor Epoxide B 0.041 3.5 3.3 2.8 3.3 2.7 

Heptachlor Epoxide A 0.066 <0.066 <0.066 <0.066 <0.075 <0.162 

Oxychlordane 0.038 0.27 0.39 0.36 0.46 0.27 

trans-Chlordane 0.098 1.4 0.97 1.0 1.2 0.63 

cis-Chlordane 0.079 1.1 1.1 1.2 1.3 0.75 

trans-Nonachlor 0.15 0.63 0.84 0.95 1.1 0.72 

Dieldrin 0.043 13.5 10.5 9.9 10.8 7.2 

Endrin 0.17 1.0 0.88 0.66 0.95 0.84 

cis-Nonachlor 0.21 0.25 <0.21 0.19 <0.22 0.56 

Endosulfan I 0.26 0.71 <0.50 0.43 0.79 1.1 

Endosulfan II 0.69 <0.69 <0.69 <0.69 <0.69 <0.69 

Endosulfan Sulfate 0.41 3.7 3.5 3.2 4.2 4.0 

2,4-DDE 0.11 <0.11 <0.11 <0.11 <0.12 <0.13 

4,4-DDE 0.48 <0.48 <0.48 <0.48 <0.48 <1.3 

2,4-DDD 0.37 <0.37 <0.37 <0.37 <0.37 <0.37 

4,4-DDD 0.45 <0.45 <0.45 <0.45 <0.45 <0.51 

2,4-DDT 0.20 <0.25 <0.20 nd <0.25 <0.28 

4,4-DDT 0.25 nd <0.25 <0.25 nd <0.28 

Methoxychlor 3.6 <3.6 <3.6 <3.6 <3.6 <3.6 

Dicofol 2.0 <2.0 <2.0 nd <7.3 nd 

Mirex 0.028 nd 0.034 <0.028 <0.031 0.092 

Parlar 26 0.21 <0.25 <0.33 <0.21 <0.53 <0.28 

Parlar 50 0.96 <0.96 <0.96 nd <0.96 <0.96 

Parlar 62 2.3 <2.3 <2.3 nd <2.3 <2.3 
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Table D3 OCP concentrations (pg∙L
-1

) in the dissolved fraction of the sea-ice meltwater at the 

Arctic site 

Notes: MDL stands for method detection limit; “<” indicates values below MDLs or below instrument limits of 

detection estimated for each individual sample, whichever one was highest; nd stands for not detected. 

Sample # SI1 SI2 SI3 SI4 SI5 

Target analytes MDL 

Hexachlorobenzene 36.4 <36.4 <36.4 <36.4 <36.4 <36.4 

α-HCH 7.4 48.2 39.5 34.7 38.4 37.7 

β-HCH 3.9 6.4 5.9 5.2 5.9 5.2 

γ-HCH 2.2 16.3 12.4 15.1 15.0 11.1 

Heptachlor 0.096 0.50 0.73 0.91 1.1 1.0 

Aldrin 0.021 <0.035 <0.038 nd <0.023 <0.035 

Chlorpyrifos 3.8 5.2 5.4 12.0 9.0 7.6 

Heptachlor Epoxide B 0.35 4.3 3.9 3.7 4.1 2.8 

Heptachlor Epoxide A 0.58 <0.58 <0.58 <0.64 <0.58 <0.90 

Oxychlordane 0.32 0.66 0.51 0.55 0.78 0.43 

trans-Chlordane 0.77 1.4 0.78 0.93 1.2 <0.77 

cis-Chlordane 0.63 1.7 1.6 1.6 1.3 2.1 

trans-Nonachlor 1.1 1.7 <1.1 <1.1 <1.1 <1.1 

Dieldrin 0.37 31.3 26.2 26.8 25.3 17.1 

Endrin 1.5 1.8 <1.5 <1.5 <1.5 <1.5 

cis-Nonachlor 1.7 <1.7 <1.7 <1.7 <1.7 <1.7 

Endosulfan I 2.2 3.7 5.0 6.2 <5.2 <2.2 

Endosulfan II 6.0 <6.0 <6.0 <6.0 <6.0 <6.0 

Endosulfan Sulfate 3.6 <3.6 <3.6 <3.6 <3.6 <3.6 

2,4-DDE 0.88 <0.88 <0.88 <0.88 <0.88 <0.88 

4,4-DDE 3.4 <3.4 nd nd <3.4 <3.4 

2,4-DDD 3.0 <3.0 <3.0 <3.0 <3.0 <3.0 

4,4-DDD 3.6 <3.6 <3.6 <3.6 <3.9 <6.1 

2,4-DDT 1.1 <1.8 <1.3 <1.7 <2.1 <3.1 

4,4-DDT 1.5 <1.9 <2.2 <2.6 <2.3 <2.2 

Methoxychlor 30.9 nd nd <30.9 nd nd 

Dicofol 17.7 <17.7 <17.7 <17.7 <21.1 <17.7 

Mirex 0.24 <0.24 <0.24 <0.30 nd <0.24 

Parlar 26 1.8 <1.8 <2.8 <3.7 <1.8 <1.8 

Parlar 50 8.4 <8.4 <8.4 <8.4 <8.4 <8.4 

Parlar 62 20.2 <20.2 <20.2 <20.2 <20.2 <20.2 
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Table D4 OCP concentrations (pg∙L
-1

) in the dissolved fraction of the snow meltwater at the 

Arctic site 

Notes: MDL stands for method detection limit; “<” indicates values below MDLs or below instrument limits of 

detection estimated for each individual sample, whichever one was highest; nd stands for not detected. 

Sample # SN1 SN2 SN3 SN4 SN5 

Target analytes MDL 

Hexachlorobenzene 29.1 nd nd <29.1 <29.1 <29.1 

α-HCH 5.7 14.2 23.1 21.0 11.3 <5.7 

β-HCH 3.0 <3.0 <3.0 11.0 4.2 nd 

γ-HCH 1.7 21.3 22.0 22.8 14.1 5.4 

Heptachlor 0.078 1.4 1.4 1.5 2.0 2.6 

Aldrin 0.019 <0.27 <0.24 nd nd nd 

Chlorpyrifos 3.0 7.7 6.7 6.2 10.6 11.5 

Heptachlor Epoxide B 0.27 17.0 18.5 19.8 13.6 1.1 

Heptachlor Epoxide A 0.44 <1.5 <1.9 nd nd nd 

Oxychlordane 0.25 1.6 1.9 2.1 1.5 0.51 

trans-Chlordane 0.66 2.7 2.3 4.0 3.5 2.5 

cis-Chlordane 0.53 3.6 5.0 5.1 4.4 2.2 

trans-Nonachlor 0.99 <1.5 2.6 3.5 3.6 1.6 

Dieldrin 0.29 133 112 118 64.5 16.7 

Endrin 1.2 6.9 6.5 6.0 3.5 <1.2 

cis-Nonachlor 1.4 <2.0 <3.1 <1.4 <1.4 <1.4 

Endosulfan I 1.7 58.0 45.5 47.5 26.7 2.6 

Endosulfan II 4.6 <7.7 <6.3 nd nd nd 

Endosulfan Sulfate 2.7 <10.2 <10.5 <2.7 <2.7 nd 

2,4-DDE 0.73 <1.7 <1.7 <0.73 nd nd 

4,4-DDE 3.2 <4.0 <4.0 <3.2 <3.2 <3.2 

2,4-DDD 2.5 <4.6 <5.4 <2.5 nd nd 

4,4-DDD 3.0 <3.0 <8.6 nd nd nd 

2,4-DDT 1.3 <3.3 <10.1 nd nd <1.3 

4,4-DDT 1.7 <7.1 <3.3 nd nd nd 

Methoxychlor 24.0 <24.0 <24.0 nd nd nd 

Dicofol 14 <31.9 <60.8 nd nd nd 

Mirex 0.18 <1.3 <1.4 nd nd nd 

Parlar 26 1.4 <10.7 <11.3 <2.6 <1.4 nd 

Parlar 50 6.4 <18.4 <10.2 <6.4 <6.4 <6.4 

Parlar 62 15.5 <27.6 <15.5 nd nd nd 
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Table D5 OCP concentrations (pg∙L
-1

) on seawater particles at the Arctic site 

Sample # SW1 SW2 SW3 SW4 SW5 

Target analytes MDL 

Chlorpyrifos 0.099 nd 0.29 nd nd 0.25 

Dieldrin 0.022 0.042 <0.022 <0.022 <0.022 <0.022 

Notes: MDL stands for method detection limits; “<” indicates values below MDLs or below instrument limits of 

detection estimated for each individual sample, whichever one was highest; nd stands for not detected; analytes 

not listed were not detected or below MDLs 

Table D6 OCP concentrations (in pg∙L
-1

)
 on sea-ice particles at the Arctic site 

Sample # SI1 SI2 SI3 SI4 SI5 

Target analytes MDL 

Chlorpyrifos 0.86 15.5 <0.86 <0.86 3.8 <0.86 

trans-chlordane 0.24 0.24 <0.24 0.29 <0.24 0.50 

Dieldrin 0.19 0.20 0.37 0.60 <0.19 0.41 

4,4-DDE 0.47 0.61 <0.47 0.83 <0.47 0.96 
Notes: MDL stands for method detection limits; “<” indicates values below MDLs or below instrument limits of 

detection estimated for each individual sample, whichever one was highest; nd stands for not detected; analytes 

not listed were not detected or below MDLs 

 Table D7 OCP concentrations (pg∙L
-1

) on snow particles at the Arctic site 

 Notes: MDL stands for method detection limits; “<” indicates values below MDLs or below instrument limits 

of detection estimated for each individual sample, whichever one was highest; nd stands for not detected; 

analytes not listed were not detected or below MDLs. 

Sample # MDL SN1 SN2 SN3 SN4 SN5 

Target analytes 

Heptachlor Epoxide B 0.10 0.30 0.15 0.21 <0.10 <0.10 

Oxychlordane 0.090 0.33 0.12 <0.090 nd <0.12 

trans-Chlordane 0.18 3.79 1.12 1.28 0.58 0.20 

cis-Chlordane 0.21 2.51 1.76 1.67 0.35 0.45 

trans-Nonachlor 0.30 4.02 3.26 2.54 0.79 0.45 

Dieldrin 0.15 4.48 2.17 1.79 0.54 0.35 

cis-Nonachlor 0.54 <0.54 0.76 <0.54 nd nd 

Endosulfan I 0.33 1.11 <0.33 <0.33 nd 0.39 

4,4-DDE 0.36 2.01 1.07 2.09 <0.36 <0.99 
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Table D8 Method detection limits (pg∙L
-1

) for all particle filters at the Arctic site 

Sample type Seawater Sea-ice Snow 

Target analytes    

Hexachlorobenzene 15 129 99 

α-HCH 0.019 0.16 (0.93) 0.13 (0.19) 

β-HCH 0.019 0.16 (1.2) 0.13 (0.29) 

γ-HCH 0.024 0.21 (0.76) 0.16 (0.17) 

Heptachlor 0.12 1.1 0.83 

Aldrin 0.005 0.047 0.036 

Chlorpyrifos 0.099 0.86 0.66 

Heptachlor Epoxide B 0.015 0.13 0.10 

Heptachlor Epoxide A 0.093 0.81 0.62 

Oxychlordane 0.014 0.12 (0.31) 0.091 

trans-Chlordane 0.028 0.24 0.18 

cis-Chlordane 0.032 0.28 0.21 

trans-Nonachlor 0.045 0.39 0.30 

Dieldrin 0.022 0.19 0.15 

Endrin 0.88 7.6 5.9 

cis-Nonachlor 0.080 0.70 0.54 

Endosulfan I 0.049 0.43 (0.58) 0.33 

Endosulfan II 0.15 1.3 (1.5) 0.97 

Endosulfan Sulfate 0.19 1.6 (1.9) 1.3 

2,4-DDE 0.045 0.40 0.30 

4,4-DDE 0.054 0.47 0.36 (1.0) 

2,4-DDD 0.071 0.62 (1.1) 0.47 (2.0) 

4,4-DDD 0.069 0.60 (2.4) 0.46 (1.1) 

2,4-DDT 0.12 1.0 (2.6) 0.80 (4.2) 

4,4-DDT 0.96 8.4 (21) 6.4 (14) 

Methoxychlor 0.081 (0.38) 0.71 (3.8) 0.54 (6.4) 

Dicofol 21 179 137 

Mirex 0.18 1.6 1.2 

Parlar 26 0.23 2.0 (4.9) 1.5 (6.1) 

Parlar 50 0.31 (0.53) 2.7 (11) 2.1 (3.1) 

Parlar 62 0.27 (1.7) 2.4 (27) 1.8 

Notes: Number in brackets indicates the highest instrument detection limit if larger than MDL 

.  
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Table D9 Percentage recoveries of surrogate standards for seawater samples at the Arctic site 

Sampling material 
XAD 

(dissolved compounds) 

Glass fibre filter 

(particles) 

Sample # SW1 SW2 SW3 SW4 SW5 SW1 SW2 SW3 SW4 SW5 

Hexachlorobenzene, 
13

C6- 2 5 2 5 3 7 9 9 9 5 

α-HCH, 
13

C6- 40 48 44 54 41 47 47 51 42 49 

γ-HCH-D6 36 50 44 55 33 46 47 51 43 48 

Heptachlor, 
13

C10- 70 83 99 64 85 55 52 57 48 49 

Oxychlordane, 
13

C10- 51 55 57 58 54 53 54 56 56 57 

trans-Nonachlor, 
13

C10- 51 63 61 62 45 51 54 59 44 48 

Dieldrin, 
13

C12- 52 60 64 61 51 52 53 58 46 50 

Endrin, 
13

C12- 64 69 81 63 67 56 53 58 55 50 

Endosulfan II, 
13

C9- 46 51 60 52 62 51 44 47 54 47 

4,4'-DDE, 
13

C12- 46 50 55 54 57 50 48 51 53 51 

4,4'-DDD, 
13

C12- 40 45 63 43 71 48 39 39 64 46 

4,4'-DDT, 
13

C12- 36 45 70 44 89 42 33 31 56 37 

Methoxychlor-D6 38 52 80 44 115 44 31 23 41 25 

Mirex, 
13

C10- 34 41 66 53 112 47 34 26 38 25 

Mirex, 
13

C8* 46 58 80 74 151 65 51 38 53 36 

δ-HCH* 105 186 151 162 68 114 118 109 125 114 
Note: * indicates field surrogate standards 

Table D10 Percentage recoveries of surrogate standards for sea-ice samples at the Arctic site 

Sampling material 
XAD 

(dissolved compounds) 

Glass fibre filter 

(particles) 

Sample # SI1 SI2 SI3 SI4 SI5 SI1 SI2 SI3 SI4 SI5 

Hexachlorobenzene, 
13

C6- 4 8 4 8 7 8 12 4 8 5 

α-HCH, 
13

C6- 55 60 61 60 55 50 43 38 47 45 

γ-HCH-D6 57 64 67 62 57 52 43 40 51 42 

Heptachlor, 
13

C10- 91 85 85 83 77 59 50 48 52 55 

Oxychlordane, 
13

C10- 74 76 79 77 70 55 56 54 55 58 

trans-Nonachlor, 
13

C10- 69 74 75 73 78 59 41 39 48 42 

Dieldrin, 
13

C12- 68 76 75 72 72 57 45 42 51 46 

Endrin, 
13

C12- 107 87 85 86 92 50 52 52 50 55 

Endosulfan II, 
13

C9- 71 72 70 66 76 39 48 50 50 50 

4,4'-DDE, 
13

C12- 68 72 70 71 70 45 48 49 52 51 

4,4'-DDD, 
13

C12- 75 62 56 63 72 29 50 65 49 62 

4,4'-DDT, 
13

C12- 71 58 57 64 79 22 47 72 45 67 

Methoxychlor-D6 119 59 56 67 86 22 50 78 37 69 

Mirex, 
13

C10- 71 58 58 64 86 21 50 79 54 66 

Mirex, 
13

C8* 96 81 81 88 120 31 71 117 78 96 

δ-HCH* 148 142 143 164 162 108 107 109 105 125 
Note: * indicates field surrogate standards 
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Table D11 Percentage recoveries of surrogate standards for snow samples at the Arctic site 

Sampling material 
XAD  

(dissolved compounds) 

Glass fibre filter 

(particles) 

Sample # SN1 SN2 SN3 SN4 SN5 SN1 SN2 SN3 SN4 SN5 

Hexachlorobenzene, 
13

C6- 7 14 5 2 5 16 5 11 14 7 

α-HCH, 
13

C6- 76 61 60 54 52 59 56 61 54 50 

γ-HCH-D6 66 55 61 58 58 60 57 65 60 57 

Heptachlor, 
13

C10- 115 78 119 115 119 71 77 87 73 66 

Oxychlordane, 
13

C10- 75 55 91 84 82 67 69 78 62 59 

trans-Nonachlor, 
13

C10- 86 66 65 65 65 81 73 88 74 71 

Dieldrin, 
13

C12- 73 57 69 65 65 78 72 84 72 63 

Endrin, 
13

C12- 84 65 117 106 115 67 81 96 77 68 

Endosulfan II, 
13

C9- 53 48 70 64 61 50 67 73 66 57 

4,4'-DDE, 
13

C12- 71 58 60 55 54 59 67 78 70 66 

4,4'-DDD, 
13

C12- 46 36 74 60 69 36 71 76 75 66 

4,4'-DDT, 
13

C12- 35 26 61 52 61 21 60 63 71 58 

Methoxychlor-D6 39 25 44 41 51 13 53 38 61 32 

Mirex, 
13

C10- 35 26 20 19 21 10 40 32 48 33 

Mirex, 
13

C8* 43 37 29 26 31 14 55 39 67 22 

δ-HCH* 132 145 167 165 153 107 107 81 80 92 
Note: * indicates field surrogate standards 

Table D12 Gaseous concentrations of OCPs (in pg∙m
-3

) collected in April-July 2015 at the Arctic 

site provided by Rossana Bossi (personal communication)  

Start of sampling 27-04-15 25-05-15 22-06-15 20-07-15

End of sampling 04-05-15 01-06-15 29-06-15 27-07-15

Target analytes 

HCB 49 46 39 42 

Heptachlor 0.09 0.12 0.12 0.24 

Heptachlor epoxide B 0.29 0.72 0.22 0.45 

trans-chlordane 0.27 0.24 0.10 0.17 

cis-chlordane 0.56 0.79 0.32 0.45 

trans-nonachlor 0.41 0.59 0.32 0.27 

dieldrin 1.06 1.22 1.21 1.20 

endrin <0.10 <0.10 <0.10 <0.10 

cis-nonachlor 0.04 0.12 0.06 0.06 

Endosulfan I 0.06 1.09 0.04 0.68 

Endosulfan sulfate <0.04 <0.04 <0.04 <0.04 

2,4-DDE 0.09 0.08 0.10 0.07 

4,4-DDE 0.32 0.56 0.45 0.82 

2,4-DDD 0.07 0.26 0.37 0.46 

4,4-DDD 0.06 0.24 0.35 0.57 

2,4-DDT 0.11 0.31 0.30 0.47 

4,4-DDT 0.13 0.17 0.31 0.48 
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Table D13 Dissolved OCP concentrations (pg∙L
-1

) in seawater samples at the Antarctic site 

Notes: MDL stands for method detection limit; “<” indicates values below MDLs or below instrument limits of 

detection estimated for each individual sample, whichever one was highest; nd stands for not detected. 

Sample # SW2 SW3 SW4 SW5 

Target analytes MDL 

Hexachlorobenzene 1.0 2.8 2.0 1.8 2.7 

α-HCH 0.11 1.3 1.0 1.2 1.1 

β-HCH 0.17 <0.17 <0.17 <0.17 <0.17 

γ-HCH 0.13 0.34 0.24 nd nd 

Heptachlor 0.006 0.089 0.084 0.073 0.019 

Aldrin 0.011 <0.011 nd <0.011 <0.011 

Chlorpyrifos 0.91 nd nd nd <0.91 

Heptachlor Epoxide B 0.014 0.025 0.045 0.018 0.048 

Heptachlor Epoxide A 0.015 <0.015 nd <0.015 <0.015 

Oxychlordane 0.008 nd nd <0.008 <0.008 

trans-Chlordane 0.13 0.21 <0.13 <0.13 0.35 

cis-Chlordane 0.094 <0.094 <0.094 <0.094 <0.23 

trans-Nonachlor 0.18 <0.18 <0.18 <0.18 <0.18 

Dieldrin 0.018 1.0 0.63 0.66 0.77 

Endrin 0.23 <0.23 <0.23 nd <0.23 

cis-Nonachlor 0.15 <0.15 <0.15 nd <0.15 

Endosulfan I 0.007 <0.13 <0.21 <0.28 <0.16 

Endosulfan II 0.059 <0.23 <0.36 <0.57 <0.31 

Endosulfan Sulfate 0.007 0.170 <0.20 <0.31 <0.17 

2,4-DDE 0.18 <0.18 nd <0.18 <0.18 

4,4-DDE 0.57 <0.57 nd <0.57 <0.57 

2,4-DDD 0.22 <0.22 nd nd nd 

4,4-DDD 0.33 nd nd nd nd 

2,4-DDT 0.42 <0.42 nd nd nd 

4,4-DDT 0.38 <0.38 <0.38 nd <0.38 

Methoxychlor 0.95 <1.0 <0.95 <0.95 <2.1 

Dicofol 3.9 <3.9 nd nd <3.9 

Mirex 0.031 <0.031 nd nd nd 

Parlar 26 0.016 <0.016 0.13 nd <0.016 

Parlar 50 0.024 <0.024 <0.024 <0.024 <0.024 

Parlar 62 0.059 nd <0.059 <0.059 <0.059 
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Table D14 OCP concentrations (pg∙L
-1

) in the dissolved fraction of sea-ice meltwater at the 

Antarctic site 

Notes: MDL stands for method detection limit; “<” indicates values below MDLs or below instrument limits of 

detection estimated for each individual sample, whichever one was highest; nd stands for not detected. 

Sample # SI1 SI2 SI3 SI4 

Target analytes MDL 

Hexachlorobenzene 5.6 10.0 10.6 7.5 <5.6 

α-HCH 0.63 <0.63 <0.63 nd <0.63 

β-HCH 0.97 <0.97 <0.97 <0.97 <0.97 

γ-HCH 0.72 2.1 1.4 1.3 0.81 

Heptachlor 0.033 0.69 0.17 0.75 0.17 

Aldrin 0.057 <0.057 <0.090 nd nd 

Chlorpyrifos 5.2 7.3 <5.2 <5.2 nd 

Heptachlor Epoxide B 0.083 0.32 0.13 <0.083 0.20 

Heptachlor Epoxide A 0.085 <0.085 <0.085 nd nd 

Oxychlordane 0.048 nd <0.048 nd nd 

trans-Chlordane 0.70 2.8 0.81 <0.75 <0.70 

cis-Chlordane 0.51 1.6 1.2 2.3 0.64 

trans-Nonachlor 0.97 <0.97 <0.97 nd nd 

Dieldrin 0.10 8.5 3.3 2.6 2.2 

Endrin 1.3 <1.3 <1.3 nd nd 

cis-Nonachlor 0.84 <0.84 <0.84 <0.84 nd 

Endosulfan I 0.040 1.1 <0.17 0.17 <0.23 

Endosulfan II 0.34 <0.34 <0.34 0.79 <0.41 

Endosulfan Sulfate 0.040 0.46 <0.17 0.72 <0.28 

2,4-DDE 0.99 <0.99 <0.99 <0.99 <0.99 

4,4-DDE 2.9 <2.9 <2.9 <2.9 <2.9 

2,4-DDD 1.2 nd <1.2 nd nd 

4,4-DDD 1.8 nd nd nd nd 

2,4-DDT 1.9 nd nd nd nd 

4,4-DDT 1.8 <1.8 <1.8 <1.8 nd 

Methoxychlor 5.4 <12 <6.9 <13 <8.1 

Dicofol 22 <22 <22 <22 <22 

Mirex 0.18 nd <0.18 nd nd 

Parlar 26 0.092 nd nd nd nd 

Parlar 50 0.14 <0.14 <0.14 nd nd 

Parlar 62 0.34 <0.34 <0.34 nd nd 
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Table D15 OCP concentrations (pg∙L
-1

) in the dissolved fraction of snow meltwater at the 

Antarctic site 

Sample # SN1 SN2 SN3 

Target analytes MDL 

Hexachlorobenzene 7.5 8.3 <7.5 <7.5 

α-HCH 0.83 <0.83 nd nd 

β-HCH 1.3 <1.3 nd nd 

γ-HCH 0.95 2.9 1.1 nd 

Heptachlor 0.045 1.7 0.39 0.18 

Aldrin 0.086 <0.086 nd <0.086 

Chlorpyrifos 6.8 <6.8 <6.8 <6.8 

Heptachlor Epoxide B 0.11 0.97 0.49 nd 

Heptachlor Epoxide A 0.11 nd <0.14 nd 

Oxychlordane 0.064 nd nd nd 

trans-Chlordane 0.99 nd nd <0.99 

cis-Chlordane 0.71 1.5 <0.71 nd 

trans-Nonachlor 1.4 nd nd nd 

Dieldrin 0.13 22.0 3.1 2.0 

Endrin 1.8 <1.8 nd nd 

cis-Nonachlor 1.2 nd nd nd 

Endosulfan I 0.052 1.4 <0.53 0.51 

Endosulfan II 0.44 1.2 <1.0 nd 

Endosulfan Sulfate 0.052 1.3 3.0 2.2 

2,4-DDE 1.4 <1.4 <1.4 nd 

4,4-DDE 4.4 nd nd nd 

2,4-DDD 1.7 nd nd nd 

4,4-DDD 2.5 nd nd nd 

2,4-DDT 3.3 nd nd nd 

4,4-DDT 3.0 <3.0 nd nd 

Methoxychlor 7.1 <7.1 <7.1 <7.2 

Dicofol 29 <29 39 <29 

Mirex 0.23 nd nd nd 

Parlar 26 0.12 <0.12 0.23 <0.12 

Parlar 50 0.18 nd nd <0.18 

Parlar 62 0.44 nd nd <0.46 
Notes: MDL stands for method detection limit; “<” indicates values below MDLs or below instrument limits of 

detection estimated for each individual sample, whichever one was highest; nd stands for not detected. 
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Table D16 Gaseous OCP concentrations (pg∙m
-3

) in air samples at the Antarctic site 

Notes: MDL stands for method detection limit; “<” indicates values below MDLs or below instrument limits of 

detection estimated for each individual sample, whichever one was highest; nd stands for not detected. 

Sample # A1 A2 A3 A4 

Target analytes MDL 

Hexachlorobenzene 0.13 11.0 13.8 13.3 16.1 

α-HCH 0.063 0.14 0.29 0.19 <0.063 

β-HCH 0.091 <0.14 <0.091 nd <0.093 

γ-HCH 0.090 2.3 9.3 6.8 <0.16 

Heptachlor 0.067 3.3 13.1 9.1 7.4 

Aldrin 0.001 <0.015 <0.005 <0.025 <1.1 

Chlorpyrifos 0.11 <0.41 <16.8 <5.8 <4.4 

Heptachlor Epoxide B 0.001 0.27 0.57 0.63 0.67 

Heptachlor Epoxide A 0.001 <0.004 nd <0.030 <0.004 

Oxychlordane 0.003 0.055 nd 0.047 <0.029 

trans-Chlordane 0.17 1.8 4.9 4.7 <0.17 

cis-Chlordane 0.097 0.58 1.3 1.1 0.65 

trans-Nonachlor 0.061 0.29 <0.061 0.52 0.38 

Dieldrin 0.077 1.5 5.3 4.8 3.1 

Endrin 0.030 <0.034 <0.030 <0.062 0.17 

cis-Nonachlor 0.018 <0.019 0.052 <0.050 <0.074 

Endosulfan I 0.047 0.43 1.2 0.75 <0.042 

Endosulfan II 0.007 <0.013 <0.18 5.2 <0.057 

Endosulfan Sulfate 0.005 <0.008 <0.072 <0.10 <0.023 

2,4-DDE 0.022 <0.022 0.066 nd 0.061 

4,4-DDE 0.034 0.17 0.33 nd 0.22 

2,4-DDD 0.007 <0.077 <0.46 <0.12 <0.13 

4,4-DDD 0.006 <0.014 <0.030 <0.13 <0.16 

2,4-DDT 0.041 <0.041 0.11 <0.19 <0.36 

4,4-DDT 0.011 0.058 <0.23 <0.23 <0.43 

Methoxychlor 3.7 nd <4.3 <3.7 nd 

Dicofol 1.5 <1.5 <10 <2.3 <1.5 

Mirex 0.011 0.034 0.089 0.080 0.058 

Parlar 26 0.005 <0.028 <0.14 <0.18 0.33 

Parlar 50 0.11 <0.11 <0.11 <0.11 <0.11 

Parlar 62 0.14 <0.14 <0.14 <0.14 <0.14 
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Table D17 OCP concentrations on particles in seawater, sea-ice, snow (pg∙L
-1

), and air (pg∙m
-3

) 

at the Antarctic site 

Seawater Sample # SW2 SW3 SW4 SW5 

Target analytes MDL 

2,4-DDE 0.032 nd <0.032 0.036 nd 

4,4-DDE 0.069 <0.069 <0.069 <0.069 0.12 

Sea-ice Sample # SI1 SI2 SI3 SI4 

4,4-DDE 0.39 <0.39 <0.39 nd 0.55 

4,4-DDT 0.71 1.2 <1.2 nd <1.2 

Snow Sample # SN1 SN2 SN3 - 

Endosulfan I 0.12 1.8 <0.12 <0.15 - 

4,4-DDE 0.50 0.72 <0.50 <0.50 - 

4,4-DDD 0.37 1.0 nd <0.37 - 

4,4-DDT 0.93 1.0 <0.93 nd - 

Air Sample # A1 A2 A3 A4 

Dieldrin 0.97 4.6 36.1 13.2 12.8 
Notes: MDL stands for method detection limit; “<” indicates values below MDLs or below instrument limits of 

detection estimated for each individual sample, whichever one was highest; nd stands for not detected; analytes 

not listed were not detected or below MDLs. 
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Table D18 Method detection limits for all filters at the Antarctic site 

Sample type Seawater Sea-ice Snow Air 

Unit pg∙L
-1

 pg∙L
-1

 pg∙L
-1

 pg∙m
-3

 

Target analytes 

Hexachlorobenzene 0.79 4.4 5.7 0.43 

α-HCH 0.63 3.5 4.5 (6.0) 0.56 

β-HCH 0.81 4.5 5.9 (7.9) 0.79 

γ-HCH 0.67 3.7 4.9 (6.8) 0.66 

Heptachlor 0.017 0.096 0.13 0.021 

Aldrin 0.094 0.52 0.68 (0.80) 0.19 

Chlorpyrifos 0.37 2.1 2.7 0.29 

Heptachlor Epoxide B 0.002 0.014 (0.022) 0.018 (0.14) 0.010 

Heptachlor Epoxide A 0.013 0.072 (0.11) 0.095 (0.68) 0.060 

Oxychlordane 0.011 0.061 0.080 (0.33) 0.039 

trans-Chlordane 0.58 3.2 4.2 (6.8) 1.1 

cis-Chlordane 0.52 2.9 3.8 (6.5) 1.0 

trans-Nonachlor 0.55 3.0 4.0 (5.6) 0.94 

Dieldrin 0.22 1.2 1.6 (3.0) 0.97 

Endrin 0.79 4.4 5.7 (6.2) 1.5 

cis-Nonachlor 0.49 2.7 3.5 (5.7) 0.87 

Endosulfan I 0.017 0.095 (0.099) 0.12 (0.15) 0.072 

Endosulfan II 0.025 0.14 (0.15) 0.18 (0.24) 0.10 

Endosulfan Sulfate 0.012 0.065 (0.070) 0.084 (0.10) 0.040 

2,4-DDE 0.032 0.18 0.23 0.042 

4,4-DDE 0.069 0.39 0.50 0.063 

2,4-DDD 0.051 0.28 (0.37) 0.37 0.051 (0.10) 

4,4-DDD 0.052 0.29 (0.39) 0.37 0.051 (0.10) 

2,4-DDT 0.13 0.74 (0.99) 0.97 0.052 (0.14) 

4,4-DDT 0.13 0.71 (1.2) 0.93 0.050 (0.15) 

Methoxychlor 0.061 0.34 (1.3) 0.44 3.9 

Dicofol 7.4 41 54 1.1 

Mirex 0.042 0.23 0.30 0.010 

Parlar 26 0.024 0.13 (0.16) 0.17 0.060 

Parlar 50 0.045 0.25 0.32 (0.50) 0.14 

Parlar 62 0.087 0.48 0.63 0.23 
Note: Number in brackets indicates the highest instrument detection limit if larger than MDL 
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Table D19 Percentage recoveries of surrogate standards for seawater samples at the Antarctic 

site 

Sampling material 
XAD  

(dissolved compounds) 

Glass fibre filter 

(particles) 

Sample # SW2 SW3 SW4 SW5 SW2 SW3 SW4 SW5 

Pentachlorobenzene, 
13

C6- 41 40 43 41 44 43 40 46 

Hexachlorobenzene, 
13

C6- 36 32 29 17 14 29 33 17 

α-HCH, 
13

C6- 96 94 66 59 81 77 70 71 

γ-HCH-D6 95 91 67 54 77 75 74 67 

Heptachlor, 
13

C10- 95 91 73 78 47 46 41 43 

Oxychlordane, 
13

C10- 109 126 63 71 74 94 78 79 

trans-Nonachlor, 
13

C10- 97 101 89 78 75 83 74 62 

Dieldrin, 
13

C12- 113 114 94 82 81 89 80 69 

Endrin, 
13

C12- 108 119 102 90 85 87 91 68 

Endosulfan II, 
13

C9- 101 107 92 79 73 80 72 57 

4,4'-DDE, 
13

C12- 81 77 96 70 65 66 62 58 

4,4'-DDD, 
13

C12- 125 114 110 99 80 81 77 60 

4,4'-DDT, 
13

C12- 117 101 109 92 64 57 56 48 

Methoxychlor-D6 117 98 104 95 47 34 39 29 

Mirex, 
13

C10- 93 75 80 73 68 53 61 47 

Mirex, 
13

C8* 97 82 105 95 32 24 29 23 

δ-HCH* 101 84 63 90 121 128 142 121 

Note: * indicates field surrogate standards 

Table D20 Percentage recoveries of surrogate standards for sea-ice samples at the Antarctic site 

Sampling material 
XAD 

(dissolved compounds) 

Glass fibre filter 

(particles) 

Sample # SI1 SI2 SI3 SI4 SI1 SI2 SI3 SI4 

Pentachlorobenzene, 
13

C6- 57 39 48 45 45 86 48 56 

Hexachlorobenzene, 
13

C6- 31 22 36 39 18 35 30 13 

α-HCH, 
13

C6- 76 67 64 68 70 124 85 99 

γ-HCH-D6 78 65 64 70 66 109 85 89 

Heptachlor, 
13

C10- 83 80 84 79 46 84 53 61 

Oxychlordane, 
13

C10- 89 89 78 79 80 159 111 121 

trans-Nonachlor, 
13

C10- 79 75 67 74 69 130 71 80 

Dieldrin, 
13

C12- 84 79 75 80 81 137 82 93 

Endrin, 
13

C12- 91 86 84 93 71 113 77 79 

Endosulfan II, 
13

C9- 79 79 72 85 76 125 82 89 

4,4'-DDE, 
13

C12- 68 64 77 82 65 91 60 62 

4,4'-DDD, 
13

C12- 85 93 98 109 72 107 73 71 

4,4'-DDT, 
13

C12- 83 90 99 107 57 82 56 56 

Methoxychlor-D6 79 101 115 125 34 51 41 42 

Mirex, 
13

C10- 68 74 69 78 57 84 60 53 

Mirex, 
13

C8* 86 99 93 104 29 37 30 28 

δ-HCH* 78 94 104 88 112 120 132 131 
Note: * indicates field surrogate standards 
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Table D21 Percentage recoveries of surrogate standards for snow samples at the Antarctic site 

Sampling material 
XAD 

(dissolved compounds) 

Glass fibre filter 

(particles) 

Sample # SN1 SN2 SN3 SN1 SN2 SN3 

Pentachlorobenzene, 
13

C6- 51 40 59 31 30 16 

Hexachlorobenzene, 
13

C6- 26 23 30 23 28 17 

α-HCH, 
13

C6- 77 69 87 50 54 35 

γ-HCH-D6 78 72 90 53 60 38 

Heptachlor, 
13

C10- 84 74 99 71 72 56 

Oxychlordane, 
13

C10- 94 90 79 99 85 54 

trans-Nonachlor, 
13

C10- 85 88 103 58 66 59 

Dieldrin, 
13

C12- 85 86 102 76 81 72 

Endrin, 
13

C12- 103 103 125 91 92 79 

Endosulfan II, 
13

C9- 97 89 92 76 72 73 

4,4'-DDE, 
13

C12- 82 84 103 70 72 67 

4,4'-DDD, 
13

C12- 113 114 115 139 124 116 

4,4'-DDT, 
13

C12- 105 106 113 133 110 109 

Methoxychlor-D6 112 117 136 159 104 100 

Mirex, 
13

C10- 52 79 77 90 64 76 

Mirex, 
13

C8* 70 105 104 104 74 86 

δ-HCH* 124 120 71 129 148 136 
Note: * indicates field surrogate standards 

Table D22 Percentage recoveries of surrogate standards for air samples at the Antarctic site 

Sampling material 
PUF 

(gaseous phase) 

Quartz fibre filter 

(particles) 

Sample # A1 A2 A3 A4 A1 A2 A3 A4 

Pentachlorobenzene, 
13

C6- 76 81 85 51 31 55 55 52 

Hexachlorobenzene, 
13

C6- 53 77 63 49 27 34 19 21 

α-HCH, 
13

C6- 58 66 72 54 56 61 78 69 

γ-HCH-D6 33 44 72 30 54 53 67 59 

Heptachlor, 
13

C10- 81 99 93 95 67 78 88 86 

Oxychlordane, 
13

C10- 103 123 89 133 75 79 78 74 

trans-Nonachlor, 
13

C10- 53 57 62 108 76 83 92 81 

Dieldrin, 
13

C12- 60 66 74 137 78 83 90 81 

Endrin, 
13

C12- 62 74 89 151 91 95 113 96 

Endosulfan II, 
13

C9- 68 75 79 117 86 93 102 80 

4,4'-DDE, 
13

C12- 56 60 61 112 81 89 95 83 

4,4'-DDD, 
13

C12- 67 88 103 83 103 104 126 113 

4,4'-DDT, 
13

C12- 69 72 85 74 102 102 125 108 

Methoxychlor-D6 62 90 65 98 96 99 125 121 

Mirex, 
13

C10- 52 54 50 64 69 92 101 81 

Mirex, 
13

C8* 47 41 34 44 52 69 120 88 

δ-HCH* 30 98 80 77 172 146 155 138 
Note: * indicates field surrogate standards 
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Table D23 Percentage breakthrough of OCPs in air samples at the Antarctic site 

Note: Breakthrough was negligible for analytes not reported in this table 

Antarctic sample # A1 A2 A3 A4 - 

Target analytes 

Hexachlorobenzene 49 55 53 48 - 

γ-HCH - 10 - 44 - 

Heptachlor 8.3 13 14 11 -



D1 – Supplementary data and information for Chapter 4 

188 

Table D24 Concentrations of target PBDEs in the dissolved fraction of seawater and meltwater 

of sea-ice and snow (pg∙L
-1

) at the Arctic site 

Notes: MDL stands for method detection limits (either calculated as 3 times the standard deviation of the blanks 

or replaced by the instrument limits of detection estimated for the instrument, whichever one was highest). 

Table D25 Concentrations of target PBDEs on particles from snow (pg∙L
-1

) at the Arctic site 

Notes: MDL stands for method detection limits (either calculated as 3 times the standard deviation of the blanks 

or replaced by the instrument limits of detection estimated for the instrument, whichever one was highest); “<” 

indicate values below MDLs; target PBDEs were not detected on seawater and sea-ice filters.  

Seawater samples MDL SW1 SW2 SW3 SW4 SW5 

BDE-47 0.044 5.2 4.1 2.8 2.5 3.7 

BDE-66 0.084 0.22 0.21 0.17 0.12 0.58 

BDE-100 0.064 0.22 0.18 0.13 0.13 0.29 

BDE-99 0.070 1.1 0.87 0.61 0.64 1.4 

Sea-ice samples MDL SI1 SI2 SI3 SI4 SI5 

BDE-47 0.38 10.5 10.0 9.1 6.3 5.1 

BDE-66 0.74 <0.74 <0.74 0.74 2.2 1.5 

BDE-100 0.32 0.41 0.41 0.35 0.34 0.36 

BDE-99 0.61 2.1 1.5 1.8 3.2 2.0 

Snow samples MDL SN1 SN2 SN3 SN4 SN5 

BDE-47 0.30 30.9 20.7 13.6 11.7 9.86 

BDE-66 0.57 1.3 1.3 1.0 0.71 < 0.57 

BDE-100 0.43 1.7 1.0 0.77 0.66 0.68 

BDE-99 0.47 6.5 3.8 3.1 2.9 2.5 

Snow samples MDL SN1 SN2 SN3 SN4 SN5 

BDE-47 1.99 4.6 2.8 4.3 <1.99 <1.99 

BDE-100 0.81 0.87 <0.81 1.3 <0.81 <0.81 

BDE-99 3.2 3.6 <3.2 6.3 <3.2 <3.2 

BDE-153 0.55 1.0 0.69 0.74 <0.55 <0.55 

BDE-154 0.12 1.3 0.75 0.79 <0.12 <0.12 

BDE-183 0.94 3.3 1.5 <0.94 <0.94 <0.94 
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Table D26 Recoveries of surrogate standard BDE-71 (%) in all samples from the Arctic site 

XAD Filter 

Sampling week #1 #2 #3 #4 #5 #1 #2 #3 #4 #5 

Seawater 53 65 56 63 70 49 55 56 50 58 

Sea-ice 68 73 78 90 89 60 53 53 45 55 

Snow 73 68 65 63 66 61 69 62 61 30 

Table D27 List of air and seawater samples paired for fugacity ratio estimations at each site 

Antarctic site Arctic site 

Air sample Seawater sample Air sample Seawater sample 

A1 SW2 May-June 2015* #1 

A2 SW2 May-June 2015* #2 

A3 Average SW3 & SW4 May-June 2015* #3 

A4 SW5 May-June 2015* #4 

- - May-June 2015* #5 

* Fugacity ratios were calculated for each of the two values from May and June 2015.
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Table 1: Surrogate standard recoveries for ice core sample A and B (in %) 

Sampling material 

XAD 

(dissolved 

compounds) 

Glass fibre filter 

(particles) 

Sample # A B A B 

Hexachlorobenzene, 
13

C6- 15 18 17 6 

α-HCH, 
13

C6- 46 53 47 50 

γ-HCH-D6 30 39 48 51 

Heptachlor, 
13

C10- 130 128 77 80 

Oxychlordane, 
13

C10- 49 56 64 64 

trans-Nonachlor, 
13

C10- 63 66 51 59 

Dieldrin, 
13

C12- 47 55 52 58 

Endrin, 
13

C12- 49 67 72 82 

Endosulfan II, 
13

C9- 22 34 43 49 

4,4'-DDE, 
13

C12- 36 42 43 46 

4,4'-DDD, 
13

C12- 14 21 42 42 

4,4'-DDT, 
13

C12- 8 11 40 36 

Methoxychlor-D6 102 168 37 36 

Mirex, 
13

C10- 5 5 21 18 

Mirex, 
13

C8-* 7 6 30 28 

δ-HCH* 135 67 96 110 
Notes: * indicates surrogate standards added prior to sampling (XAD) or prior to extraction (filters) 

Table 2 Concentrations and deposition rates of detected OCPs in Law Dome firn core, sample A (1945-57) and 

sample B (1958-67) 

Sample A Sample B 

MDL Concentration 
Deposition 

rate 
Concentration 

Deposition 

rate 

pg∙L
-1

 pg∙L
-1

 pg∙cm
-2

yr
-1

 pg∙L
-1

 pg∙cm
-2

yr
-1

 

α-HCH 0.87 22 0.24 19 0.25 

γ-HCH 1.18 22 0.24 60 0.78 

Heptachlor 0.51 2.3 0.03 2.4 0.03 

trans-Chlordane 1.25 < 3.3 - 5.0 0.07 

Dieldrin 4.75 222 2.4 310 4.0 

Endrin 1.20 4.8 0.05 8.3 0.11 

Notes: MDL stands for method detection limits, < indicates values detected below limits of quantifications (determined for 

each individual sample). 
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