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Abstract

Antarctica is usually considered a pristine ecosystem, nevertheless it is influenced by Persistent Organic Pollutants (POPs), mainly driven by long-range atmospheric transport (LRAT). However, localized sources such as human and wildlife activities can also contribute to pollution, constituting contaminated points at a local scale. Antarctic ice-free areas, where rare lakes are located, are influenced by such sources. In this work we determine polychlorinated biphenyls (PCBs, including the non-Aroclor CB-11) and polybrominated diphenyl ethers (PBDEs) in water and sediment samples of 6 lakes in Northern Victoria Land and in soils near the Italian research station Mario Zucchelli. Determinations were performed through gas chromatography (GC) coupled both to low-resolution and high-resolution mass spectrometry (LRMS, HRMS). POP concentrations in lakes resulted low and rather similar across the sites despite their distance: ΣPCBs range between 46-143 pg L-1 in water and 10-634 pg g-1 in sediments, while ΣPBDEs range between 60-151 pg L-1 in water and 193-1682 pg g-1 in sediments. Lakes exhibited limited amplification phenomena in water during the melting season and low but variable contamination in sediments. PBDEs in the soils near the base yielded more concerning results, reaching a concentration of 33 ng g-1.
1. Introduction


Persistent Organic Pollutants (POPs) contaminate nearly all environments worldwide and tend to accumulate toward the poles in a global fractionation process [1]. Antarctica is affected by POP contamination, however local processes could also significantly influence the environment on a local scale [2]. There are very few studies regarding organic contaminants in Antarctic terrestrial environment, and even fewer ones focussing on the lakes [3]. Although about 98 % of the Antarctic continent is covered by an ice sheet, during only a few weeks in the austral summer, in limited coastal areas, melting ice and snow flow in small streams and seasonal lakes [4]. As a rule, these have no or limited outlets and lose summer meltwater through evaporation or sublimation, thereby becoming sinks for solutes and particulate material from the catchment areas and burying them in the bottom sediments. As a consequence, Antarctic lakes can be considered integrators of the biogeochemical processes taking place in the watershed [5]. Moreover in Antarctica the great majority of local human activities, such as research stations, are set in coastal areas and often constitute a major source of anthropic contamination. Coastal ice-free areas are therefore a key point to study the impact of POPs in Antarctica.

Polychlorinated biphenyls (PCBs) were detected in Antarctic lakes since 1982 by Tanabe et al. [6], who found 48-610 pg L−1 in ice and water from a lake near the Japanese Antarctic station. Subsequently, Klánová et al. [7] found 320-830 pg g-1 of PCBs in lake and river sediments from James Ross Island. Several data were reported for PCBs in the soils of the South Shetland Islands: total concentrations are generally comprised between few pg to ≈1 ng g-1 [8–11] (see Table 1). Recently, polybrominated diphenyl ethers (PBDEs) were also reported at 2.76-51.4 pg g-1 in soils from the same areas [11]. Long-range atmospheric transport (LRAT) and contamination from research bases were hypothesized as sources of POPs. 
Research stations have been recognized to affect the Antarctic environment and to constitute a local source of contamination. Emissions from the McMurdo and Scott bases proved much more concerning in terms of PBDEs than PCBs [12]. Fire hazards constitute a major issue inside research stations because of dry weather conditions. The abundance of insulating polyurethane foams, flame-retarded plastics and electronics constitutes a potential source of PBDE release in the surrounding environment. Local PCB contamination due to improper disposals was reported for some Russian stations [13], however LRAT and biotic focussing were also hypothesized as sources of POPs. Indeed, the presence of seabirds, which enhances the availability of nutrients for the biotic communities in soils [14], was proved to redistribute contaminants on a local scale, resulting in POP levels significantly higher than in background areas [15]. This phenomenon, occurring via guano and carcasses, was highlighted also in Arctic lakes and ponds [16,17].

Some lakes are located in the region around Terra Nova Bay (Northern Victoria Land, Antarctica). Previous studies investigated these lacustrine ecosystems, mainly to study the inorganic geochemistry and ecological features [4,5,18–20]. The few data available concerning POPs refer to sediment samples collected between 1988 and 1992 [21], when no significant differences of total PCB concentrations (mean of 120 pg g-1) were found among sites. Soil samples collected in the same sites showed lower levels (mean of 60 pg g-1) [21], though higher values were afterwards detected in soils from the same region (360-590 pg g-1) [22]. More data are available about POPs in biota [23] and in the atmosphere [24,25] of this area. The aim of this study is to investigate the contamination from PCBs and PBDEs in the ice-free areas in the region of Terra Nova Bay. Various matrices (water, sediment and soil) and environments were sampled in order to highlight the influence of different sources, both long-range and local, such as human and wildlife activities.
2. Materials and Methods

2.1. Sampling sites

Six seasonal shallow lakes near Terra Nova Bay were investigated (Figure 1). These lakes are frozen in the winter but ice-free during a few weeks in the austral summer. Runoff from snow and ice melt is the only input of water. The features of each lake are described elsewhere [5,19,26]. Briefly, the two lakes at Edmonson Point (14 and 15A) are close to the active volcano Mount Melbourne, but the dimension of lake 14 was drastically reduced over the last decade [27]. Lake Carezza is the nearest to the Italian Antarctic Station, while lake Gondwana was sampled before the building of the near South Korean Jang-Bogo base. The other two are more influenced by katabatic winds: the lake 10B on Inexpressible Island is set on a moraine relief, while lake 20 in Tarn Flat lies in an erosion depression 70 meters below sea level. The water of five of the six lakes was sampled twice, at the beginning and at the end of ice melting, in order to highlight possible seasonal changes. It has recently been observed that the release of POPs is not linear during the melting of a snowpack: on the contrary, pollutants present peaks of concentration, depending on their affinity with particulate matter and phase partition [28]. Contaminants accumulated over the winter are rapidly released within a short melt period. A similar process was observed in the surface seawater of the Ross Sea, Antarctica, with an increase of PCBs of 30-40% after the melting of the pack ice [21]. In this case the hypothesis was that pack ice accumulates particle-bound contaminants from atmospheric deposition during its formation, releasing them when it melts.
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Figure 1: Sampling sites of lake water, sediment and soil in Northern Victoria Land, Antarctica. Geographical coordinates and water sampling dates are shown.

Six soil samples were collected in the immediate proximity of the Italian base, including downstream the passing-through drainage of melting snow. Another soil sample was collected near lake Carezza, close (5 m) to the refuelling point of the landing strip for Twin Otter (3 km from the base). Background soils were collected near lake Gondwana (1 sample) and at the Faraglione site (74.72 S - 164.12 E), located about 3 km south of the Mario Zucchelli Station (MZS), but separated by a hill. Pollution from the research station is therefore considered negligible [29].
2.2. Analytical procedure
In this work we focus on the determination of 127 PCBs (including the non-Aroclor CB-11) and 14 PBDEs in lake water (W), sediment (S) and soil (G-ground) samples collected during the 27th Italian Antarctic Expedition (austral summer 2011–2012). Pesticide-grade dichloromethane, n-pentane, n-hexane and acetone (Romil Ltd., Cambridge, Great Britain; Fisher Scientific SAS, Illkirch Cedex - France) were used. All isotope-labelled standard solutions (EC-1434, EC-1426, EC-4187, EC-4188, EC-4189, EO-5100, EO-501A) , as well as PBDEs native compounds solution (EO-5103), were purchased from CIL (Cambridge Isotope Laboratories, Inc., Andover, Massachusetts, USA). PCB native standard solutions (M-1668-A) were acquired from Accustandard Inc. (New Haven, USA). All the tools and glassware were washed with an aqueous 5% (v/v) Contrad® solution, dried and rinsed three times with dichloromethane and three times with n-hexane. In the laboratory of the Italian Antarctic Station acetone was used instead of dichloromethane, in order to reduce the use of chlorinated solvents. Water samples were collected in pre-cleaned airtight stainless steel containers and underwent continuous liquid-liquid extraction at MZS in Antarctica. Full analytical details on clean-up stage and instrumental analysis are described elsewhere [24,30,31]. Briefly, aliquots of 10 L of sample were extracted with 210 mL of a n-pentane-dichloromethane (2:1, v/v) mixture for 24 hours. Extracts were gathered and kept at -20°C until purification in Italy. Surficial sediment samples (topmost 1-2.5 cm) were collected manually using stainless steel scoops at 0.5-1 m depth, where finer sediments accumulated between boulders and stones. Sediments were stored at -20°C in glass containers, dried at ambient temperature and aliquots of about 10±0.01 g were extracted by means of Pressurized Liquid Extractor (PLE, FMS, Fluid Management System Inc., Watertown, MA) using dichloromethane/acetone (1:1 v/v) in presence of anhydrous sodium sulphate, diatomaceous earth and activated metallic copper. Aliquots from dried sediments and soils were sieved at 63 μm in order to determine coarse (sand) and fine (silt and clay) fractions by means of a sieve shaker (CISA RP200N, Barcelona, Spain). Total Organic Carbon (TOC) was measured with a Shimadzu TOC-5050A Analyzer, coupled with the Solid Sample Module (SSM-5000A). For quantification purposes, known amounts of labelled compounds mixtures (21 13C-labelled PCBs at 40 pg μL−1 and 7 13C-labelled PBDEs at 2–5 pg μL−1) were added to samples before extraction. Clean-up was performed by injecting samples in an automated system (PowerPrep™, FMS) onto a disposable neutral silica column and by eluting it with 30 ml of n-hexane and 30 ml of 1:1 n-hexane:dichloromethane. Purified samples were reduced to 100 μL under a gentle nitrogen flow at 23 °C (Turbovap II®, Caliper Life Science, Hopkinton, MA, USA) and spiked with a known amount of the recovery standard solution containing 13C CB-47 and 13C CB-141 at 40 pg μL−1, 13C BDE-77 at 20 pg μL−1 and 13C BDE-126 at 30 pg μL−1. A MAT 95XP (Thermo Finnigan) high-resolution mass spectrometer, equipped with a Hewlett–Packard Model 6890 gas chromatograph and a 60-m HP-5MS column (0.25 mm I.D., 0.25 μm; Agilent Technologies, Avondale, USA) was used to analyze PCBs, while instrumental analysis of PBDEs was conducted by HRGC-LRMS (7890A-5975C, Agilent Technologies) with a 15-m column of the same type. Quantification was performed using internal standards and isotopic dilution. Results were corrected using the instrumental response factor. Procedural average recoveries and standard deviations for water and sediment samples were respectively: 68±8% and 70±11% for PCBs, 76±9% and 61±14% for PBDEs. Procedural blanks were conducted in parallel with each sample. The limit of detection (LOD) was calculated as three times the standard deviation of the blank signal (Table SI4). Instrumental detection limit (IDL) was used only in those cases where no detectable peak was found in the blank. IDL for water samples are 0.1 pg L−1 for single PCBs and ranging between 0.1 pg L−1 and 1 pg L−1 for PBDEs. However BDE-209 is characterized by a much higher IDL of 150 pg L-1. IDL of soil and sediment samples are 0.1 pg g−1 for single PCBs and about 1 pg g−1 for PBDEs (100 pg g−1 for BDE-209). For sediments, precision was measured as the standard deviation of replicated analyses of the same sample and it was generally below 10%, however always below 20% also for less concentrated compounds. Accuracy was estimated through the analyses of NIST 1941b and RTC-SQC072 reference standard materials. Results were always within the certified analytical uncertainty.

3. Results and discussion

3.1. Lake water
POP concentrations in water are rather similar across the lakes despite their distance and different characteristics: total PCBs range between 46 and 143 pg L-1 (Table SI1). The highest levels of PCBs were detected in lake Carezza (CarW1, CarW2; mean 128 pg L-1); slightly lower PCB concentrations were found in the water of lake Gondwana (GonW; 106 pg L-1), while the other samples are comprised between 46 and 79 pg L-1. Lighter compounds (Mo- to Pe-CBs) represent 55-90 % of the total PCBs suggesting long range transport as a relevant source of PCBs for all the lakes. The highest concentrations in lake Carezza, also characterized by a shift of the pattern toward heavier congeners, could possibly be related to local sources. Carezza is the nearest lake to MZS. It is involved in the nearby logistics operations but is also influenced by the presence of southern polar skuas. Similarly previous studies related major ions and nutrient composition of these lakes mainly to the distance from the sea, through aerosol and seabird inputs [4]. Antarctic seabirds accumulate PCBs through biomagnification, with a change of the pattern toward Hx-CBs and Hp-CBs, while their preys are characterized by low chlorinated fingerprints [23]. 

Total PBDE levels (60-151 pg L-1; Table SI1) are similar to PCB levels but concentrations follow different paths. The congeners BDE-47 and BDE-99 jointly represent 72-97% of the total PBDEs. Conversely, BDE-209 was not detected in our lake water samples. This challenging congener is characterized by a higher IDL (paragraph 2.2), however possible influencing factors to explain this absence include degradation processes, possibly related to the high solar irradiation during summer [32], but also the low mobility of this heavy compound. For example, direct discharge from McMurdo base into the Antarctic environment was characterized by much higher levels, though affecting mainly a local area [12].

Lake water concentration of PCBs and PBDEs are generally lower than those of snow samples collected in Northern Victoria Land (Table 1). A similar but more pronounced phenomenon regarding the two matrices was evidenced for PCB congeners in European high mountain lakes compared to snow samples [33]. The concentrations of POPs detected in lake water near Terra Nova Bay are similar to those measured in other lakes from remote areas (Table 1). In Himalayan lakes, where PCB and PBDEs were measured, the latter were found in the same range but scarcely related to PCBs and altitude [34]. 
Comparing these results to those found in the Arctic, much higher levels of PCB were detected in surface water from Svalbard Islands [35]. Moreover high fluxes of PBDEs, mainly attributable to BDE-209, were evidenced in snow samples from Svalbard and Canadian Arctic [36,37], marking a significant difference with our samples.

3.2. Amplification
In order to highlight the seasonal variation, the discussion will be here limited to the most representative compounds: the sum of the 7 indicator PCBs, BDE-47 and BDE-99 (Figure 2, note the caption). Similar considerations could be obtained considering the single indicator PCBs instead of their sum.
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Figure 2: Lake water concentrations of the sum of the 7 indicator PCBs (CB-28, -52, -101(+ coeluting -84, -90), -118, -138 (+ coeluting -164), -153, -180, pg L-1) and selected PBDEs (-47,-99, pg L-1). Error bars refer to method precision. Water samples were collected during the early and mid-late austral summer season (dates are shown).
Σ7PCBs increased by about 20% between the early and the complete melting of ice in lakes at Edmonson Point, Inexpressible Island and Tarn Flat. The common behaviour of these lakes indicate a general and interesting trend, despite t-tests did not evidence a statistically significant difference of the population means at the 0.05 level. An analogous but more pronounced increase of about 30-40% in PCB levels was observed in the surface seawater from the facing area of the Ross Sea after the melting of the pack ice [21]. Lake Carezza is an exception with a significant decrease of 40% for Σ7PCBs. Possible explanations include dilution or sedimentation phenomena, and maybe also the longer period of time elapsed between samplings. The evolution of PBDEs is more complex, with the absence of a definite general trend. Their behaviour appears similar in the two lakes at Edmonson Point, with an increase of BDE-47 at the second sampling. Conversely, BDE-99 decreases in the lakes in Inexpressible Island and Tarn Flat, while the evolution is different in lake Carezza. Moreover, in this site, as in lake Gondwana, Σ7PCBs is higher than the single BDE-47 and BDE-99. These findings indicate that the seasonal evolution of the waters in the investigated lakes tends to depend on the geographical vicinity of the sites (Figure 1) and/or on the influence of similar sources. Though amplification phenomena during snow melting season are related mainly to physical-chemical properties [28], austral summer is the only period when the biological activities are focussed. Variations in concentration in lake waters could be attributable also to input changes, e.g., of the seabird vectors. Moreover these results suggest that the lakes of Northern Victoria Land are not significantly affected by POP amplification phenomena during the melting season.
3.3. Lake sediments

The different classes of PCBs and PBDEs are shown in Figure 3, and exhibit a certain correlation between their behaviours in sediments. One or two surficial sediments were analysed for each lake. Detected levels are generally low and in some cases close to LOD, with a certain variability even within the same lake. 
Total PCBs range between 10 and 634 pg g-1 (Table SI2). In particular the samples from Inexpressible Island (IIS1, IIS2) and Tarn Flat (TFS1, TFS2) show the lowest levels (range 10 - 45 pg g-1), while higher concentrations were found in the sediments of the other lakes. Hx-CBs congeners generally were the most abundant class of homologues, exhibiting a shift of the profile towards heavier compounds in comparison to water samples, especially in the lakes from Edmonson Point. The variability among samples from the same lake could be partly explained by the content of TOC (Figure 4), since differences are attenuated, in particular in the lakes at Edmonson Point. Moreover when considering all sediment samples, total PCBs are positively but not significantly log-related to TOC, since R2=0.37 (Figure SI2). Normalising for the content of fine particles in the sediment, lake Carezza (CarS) becomes the most polluted sample (Figure SI1b).
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Figure 3: Concentrations of homologue PCBs (pg g-1) and single PBDEs (pg g-1) in lake surficial sediments (S) and soils (G-ground) of ice-free areas in Northern Victoria Land, Antarctica. Note that PBDEs of some samples from MZS are presented at a different scale.

PBDE concentrations (193-1682 pg g-1) in sediments generally were comparable or higher than PCBs, but varied within the same lake. Low levels were detected in Inexpressible Island and Tarn Flat, while the highest concentration among the analyzed sediments was found in lake Carezza (CarS). The congener BDE-47 was the most abundant, followed by BDE-99. The two jointly represented the 77-94% of the total PBDEs. As in lake water samples, BDE-209 was not detected in sediments, while it was found in soils (see below). A peculiar finding regards the two pentabrominated congeners BDE-85 and BDE-100 which appear to be present only in water and sediment respectively. This could be only partly explained by higher LODs, indicating possible differential processes in the two matrices. No significant correlations were found by normalizing PBDEs for the content of TOC or fine particles in sediments (Figure SI1a, SI1c).

The two lakes showing low concentrations in Inexpressible Island and Tarn Flat are strongly influenced by katabatic winds coming from the interior of the continent, while the others are more influenced by the sea. An indirect effect of the closeness to the sea is the presence of seabirds that could transport marine-bioaccumulated contaminants and significantly affect freshwater and ponds in terrestrial sites [17]. The relevant presence of southern polar skuas and penguins near these lakes could act as a punctual source of contamination at a local scale (Figure 4). In Edmonson Point sediments, CB-153 was the major compound among Indicator PCBs and BDE-47 among PBDEs, as in Adelie penguin eggs collected from the same site [38].
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Figure 4: Concentrations of total PCBs in lake sediment normalized for Total Organic Carbon content. Detected concentrations are roughly in accordance with the presence of seabirds.
Research stations could also constitute a local source of POP emission in the Antarctic environment. In particular the sample from lake Carezza, which is the nearest to the Italian MZS station (3 km), presents the highest levels of PBDEs among the analyzed sediments. Because of dry weather conditions, fire hazards constitute a major concern inside research stations, which contain plenty of flame-retarded materials [12]. However, the heavy BDE-209, as in the other lakes, was below LOD, suggesting that PBDE contamination is at least in part controlled by a more general process, such as LRAT or biotic focusing, rather than by direct contamination. As presented below, BDE-209 reflects direct human influence, characterizing MZS and CarG soil samples, but not the CarS sediment. These results indicate that the nearby logistic activities are not heavily polluting lake Carezza with PCBs and PBDEs, although some contamination is present in the area.

Compared with the previous data from the same lakes, in which a total mean of 120 pg g-1 ± 87% of PCBs was found [21], the concentrations detected in our study appear consistent but more widespread (Table 1). Similar levels of PCBs were found also in river and lake sediments in other Antarctic sites from James Ross Island [7]. Compared to other sediments from Arctic or remote freshwater environments (Table 1), the total PCBs presented in this study fall in the lower range of concentration. Levels are even lower in comparison to lake sediments from anthropized areas worldwide [39 and reference therein]. Conversely, PBDEs are generally higher than in literature data. Moreover, unlike in Arctic sites, in our samples PBDEs are often higher than PCBs. No previous data are available about PBDEs in lake sediments of this region, but other Antarctic matrices generally showed a prevalence of PCBs over PBDEs [11,40,41]. This situation could be explained taking into account possible regional specific processes, since most studies were conducted in the region of the Antarctic Peninsula. Another possibility is an increase of PBDE concentrations in Antarctica in the last years. PBDEs were included in the list of POPs of the Stockholm Convention in 2009, but as the release from devices in use is still going on, contamination in Antarctica is likely to continue accumulating.
3.4. Soils
Soil samples were collected from sites subjected to human activities and from background areas. Total PCBs in MZSG1-6 and CarG (112-561 pg g-1) are generally higher than in background samples (46-163 pg g-1), being overall comparable to previous data from Victoria Land and to low contaminated Antarctic soils (Table 1). On the contrary, PBDEs at MZS are definitively higher than in background samples, reaching a concentration of 33 ng g-1 (Figure 3). The decabrominated BDE-209 dominates and the presence of this heavy compound indicates a local source. Indeed it was not detected in the background samples, in agreement with its low volatility. The other major compounds are BDE-47, BDE-99 and to a lesser extent BDE-100, which characterize also the other soils and sediments, even if generally at lower concentrations. These findings confirm analogous results for McMurdo and Scott bases [12], where PBDEs reach concentrations much higher than PCBs. Values of PBDEs detected in MZS soils are consistent with levels found in marine sediments [12] (43-1820 μg kg-1,TOC basis), when considering TOC percentages of our samples (0.02-0.55%). Limited to background soils, PBDEs are higher than those found in King George Island (average 24 pg g-1) [11], but comparable to Russian Arctic sites [42]. Contaminated MZS soils are instead in the low range of polluted soils from e-waste sites [43].
Table 1: occurrence of PCBs and PBDEs in Antarctic and remote terrestrial environments. Non-Antarctic data are reported in italics.

	Sample type
	Location
	Year
	PCBs
	PBDEs
	Reference

	
	
	
	
	
	

	Lake water (n=11)
	Victoria Land
	2011-2012
	Σ127: 46-143 pg L−1
	Σ14: 60-151 pg L−1
	This study

	Lake water and ice
	Syowa Station
	1982
	Σ: 48-310 pg L-1
	
	[6]

	Snow
	Victoria Land
	1993-1995
	Σ14: 280-730 pg L-1
	
	[44]

	Snow
	Talos Dome
	2003
	Σ7: 220 pg L-1
	
	[45]

	Snow
	Palmer Station - Ross Sea
	2002-2007
	
	Σ4: 49-472 pg L−1
	[46]

	Snow
	Victoria Land
	2011-2012
	Σ127: 110-580 pg L−1
	Σ14:130-340 pg L−1
	[31]

	Lake water
	European High mountain
	1996-1998
	Σ7: 30-120 pg L−1
	
	[47]

	Lake water
	Norwegian Arctic
	1999
	Σ12: 23-129 pg L−1
	
	[16]

	Lake water
	European High mountain
	2000-2001
	Σ7: 48-123 pg L−1
	
	[48]

	Lake water
	Himalaya
	2007
	Σ14: 100±160 pg L−1
	Σ8: 200±190 pg L−1
	[34]

	Surface water
	Svalbard Islands
	2009
	Σ7: 2.3-406 ng L−1
	
	[35]

	
	
	
	
	
	

	Lake sediment (n=10)
	Victoria Land
	2011-2012
	Σ127: 10-634 pg g−1
	Σ14: 193-1682 pg g−1
	This study

	Lake sediment
	Victoria Land
	1988-1992
	Aroclor:120 (87%) pg g-1
	
	[21]

	Lake sediment
	South Shetlands
	2005
	Σ7: 0.32-0.83 ng g-1
	
	[7]

	Lake sediment
	Canadian Arctic
	1999
	Σ104: 2.56 ng g−1
	Σ: 0.17 ng g−1
	[49]

	Lake sediment
	Greenland
	2000
	Σ78: 61-2619 pg g−1
	BDE-47: 1-51 pg g−1
	[50]

	Freshwater sediment
	Russian Arctic
	1998-2001
	
	Σ9: 4-27 pg g−1
	[42]

	Lake sediment
	Andes Mountain
	2001-2002
	Σ41: 0.16-115 ng g−1
	
	[42]

	Lake sediment
	Svalbard Islands
	2005
	Σ15: 0.18-13 ng g−1
	Σ10: 0.05-0.61 ng g−1
	[51]

	Lake sediment
	Himalaya
	2007
	Σ14: 1±0.54 ng g−1
	Σ8: 1.16±0.71 ng g−1
	[34]

	
	
	
	
	
	

	Background soil (n=3)
	Victoria Land
	2011-2012
	Σ127: 46-163 pg g−1
	Σ14: 401-558 pg g−1
	This study

	Soil (research base; n=7)
	Victoria Land
	2011-2012
	Σ127: 112-561 pg g−1
	Σ14: 0.77 - 33 ng g−1
	This study

	Soil
	Victoria Land
	1988-1992
	Aroclor: 60 (38%) pg g-1
	
	[21]

	Soil
	Russian Stations
	1998
	Σ28:  0.2-157 ng g-1
	
	[13]

	Soil
	Victoria Land
	1999
	Σ21: 0.36-0.59 ng g-1
	
	[22]

	Soil
	Penguin colonies, Hop Island
	2004
	Σ15: 114-328 pg g-1
	Σ7: <200 pg g-1
	[15]

	Soil
	South Shetlands
	2005
	Σ7: 0.51-1.82 ng g-1
	
	[7]

	Sludge
	McMurdo and Scott bases
	2005-2006
	
	Σ16: 637-4690 ng g-1
	[12]

	Soil
	South Shetlands
	2006
	Σ32: 8-34 pg g-1 
	
	[8]

	Soil
	South Shetlands
	2007-2008
	ΣDL: 2-28 pg g-1
	
	[9]

	Soil
	South Shetlands
	2009
	Σ38: 5-320 pg g-1
	
	[10]

	Soil
	South Shetlands
	2009-2010
	Σ20: 60-1436 pg g-1
	Σ14: 3-51 pg g-1
	[11]

	Soil
	Russian Arctic
	1998-2001
	
	Σ9: 0.16-0.97 ng g−1
	[42]


3.5. CB-11
The non-Aroclor congener CB-11 (3,3’-dichlorobiphenyl) was detected [11]in lake water and sediment samples providing, to our knowledge, the first measurements in Antarctic lakes outside the Antarctic Peninsula. CB-11 was one of the most abundant congeners representing the (l.d.l)-12% and 6-19% of total PCBs in sediment and water samples respectively (Tables SI1 and SI2). Moreover CB-11 was found in all MZS and CarG soils constituting the 4-12% of total PCBs (Table SI3). Detected concentrations are in the same range of those found in the Southern Shetlands . However, this contaminant was found in higher percentages in various Antarctic atmospheric samples [24,40,52], probably due to a preferential repartition of this light congener in the gaseous phase. A surficial peak of CB-11 flux was recently found in an ice-core from Svalbard [53] and thermal processes, e.g., incineration of paper and plastics containing diarylide pigments, were suggested as a major source toward the Arctic. More detailed studies are needed to clarify the source pathways of CB-11 toward Antarctica.
4. Conclusions
These results suggest that the lakes of Northern Victoria Land are not heavily affected by POP contamination. Detected values are consistent with literature data and no significant changes happened compared to previous data. Amplification phenomena during the melting season were not statistically highlighted and are unlikely to seriously affect the waters of these lakes. Despite a certain similarity among water samples, analyses of PCBs and PBDEs in lake sediments probably reflect the influence of seabird inputs above LRAT. Moreover, the presence of human activities could constitute a threat to the environment: MZS constitutes a source of PBDEs, even if probably affecting mainly a local area, since BDE-209 was not found in nearby but background soils. As in other Antarctic bases, PCBs were much less concerning. More in-depth investigations are required to distinguish the relative contribution of seabirds and human activities on POPs contamination of Antarctic lakes, maybe suggesting also an extension of the monitoring programs to comply the Antarctic Treaty. In this perspective, the obtained results could constitute a useful baseline for future studies also considering the recent opening (2014) of the South Korean Jang-Bogo Station near MZS. It would also be interesting to carry out an ice-core study assessing the evolution of PBDEs in the last decades in Antarctica, as already available for two Arctic sites [36,37], in particular reflecting the global trend after their ban.
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