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Abstract Despite its isolation and scarce occupation,
Antarctica is not exempt from the input of contaminants
related to present and past human activities. Several
deleterious compounds, such as the persistent organic
pollutants (POPs) may reach Antarctic ecosystems,
mostly via atmospheric long-range transport and further
deposition. In this context, snow and its seasonal melt-
ing water represent a sink to these pollutants and also the
last compartment before they reach marine primary
producers. In order to assess the concentration of a
selection of organic contaminants, a PDMS headspace
extraction method was chosen due to its improvement in
fieldwork sampling. Samples were collected in King
George Island, during the austral summers from 2007
to 2010. PBDEs and PAHs remained under the method
detection limits in all of the cases, restricting data inter-
pretation to organochlorine compounds: average Xycpys
ranged from 1.46 to 4.17, HCBs from 1.36 to 3.77,
ZDrins from <0.35 to 429, ZChlordanes from 5.72 to
13.3, Ypprs from 4.32 to 24.4, and PCBs from 132 to
156 (always in pg kg '). Results were, in general, in
agreement with previous literature. Nevertheless, due to
the fact that samples were collected progressively later
into the austral summer, one trend can be noticed: the
sum of the concentrations in both matrixes seems to
decrease, with a proportional increase in snow. Some
exceptions can be remarked, hypothetically linked to the
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passage of South American frontal systems. Finally,
results for these two compartments are compatible with
the exposure expected for lower trophic-level organisms
from such ecosystem.
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1 Introduction

Although it remains geographically isolated and scarce-
ly occupied, Antarctica and its ecosystems are not ex-
empt from the input of contaminants related to present
and past human activities. Organochlorine pesticides,
polychlorinated biphenyls (PCBs), polybrominated
diphenyl ethers (PBDEs), and polycyclic aromatic hy-
drocarbons (PAHs) have a large record of production
(also as byproducts), utilization, and inadequate disposal
throughout the planet. In the present work, these com-
pounds were analyzed in snow and seasonal melting
water samples from five sites located at King George
Island (South Shetland Archipelago, Antarctica) collect-
ed in the 2007-2008, 2008-2009, and 2009-2010 aus-
tral summers. They were chosen not only due to their
largely reported deletery effects but also due to the fact
that these compounds represent the majority of the ones
restricted or banned by the UNEP. Moreover, due to
their physico-chemical properties, they can undergo
long-range atmospheric transport, evaporating in warm-
er regions and condensing in colder ones as they are
carried by winds. These cycles of evaporation and
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deposition, known as the “grasshopper effect” (Gouin
et al. 2004), allow these contaminants to reach areas
with little to none antropic influence, such as Antarctica.
Comparable levels of PCB contamination in seawater
from north and south of the Antarctic Convergence,
which separates sharply defined and distinct water
masses, indicated that the atmosphere, not the water,
was the dominant pathway for the transport of the
PCB compounds to the Antarctic (Montone et al.
2003). The same conclusion can be taken regarding
the Arctic (Patton et al. 1989) or even regions that are
colder due to altitude, not necessarily latitude (e.g.,
Wang et al. 2007).

The choice of the matrixes was due to the fact that
they represent the interface between biotic and abiotic
compartments in this environment. These compounds,
once present in the atmosphere, can be removed by
several processes that include partition between the air/
water phases and wet or dry deposition through ice,
snow, rain, particulate matter, soil, and vegetation
(Wania et al. 1998; Wania and Mackay 1995). When
seasonal melting occurs, these contaminants are re-
leased into the Antarctic environment, becoming avail-
able in the seawater and therefore to primary producers.
The importance of this source has already been reported
in both low trophic-level organisms such as krill
(Cincinelli et al. 2009) and higher trophic-level organ-
isms (e.g., Geisz et al. 2008).

The work had as aim, therefore, to provide baseline
levels of organic pollutants in snow and seasonal melt-
ing water for this Antarctic region, after testing an
adequate methodology regarding the comparatively
lower levels in these matrixes.

2 Materials and Methods
2.1 Sample Collection

Samples of both snow and melting water were collected
in five different sites (shown in Fig. 1) in King George
Island, Maritime Antarctica (62° 05" S, 58° 23’ W)
during the austral summers of 2007-2008 (late
November/early December), 2008-2009 (mid-Decem-
ber), and 2009-2010 (late February/early March), with
previously n-hexane-rinsed steel cups, stored in clean
glass containers (previously combusted at 450 °C for
4 h), frozen at —20 °C upon return to the Brazilian
Research Station (Estacdo Antartica Comandante
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Ferraz) and kept frozen until analysis. No filtration
was performed in any of the steps before or during
analyses. Sampling sites were defined by previous field
knowledge, with no formal geomorphological descrip-
tion, but they were basically sandy/rocky creeks of
running water above sea level, to ensure the glacier
source and to avoid seawater mix.

Since there is a non-linear redistribution of the sol-
utes between the solid and liquid phases (e.g., Gross
et al. 1977 and as shown further in this work) only the
top 5 cm of snow were collected in order to avoid the
interference of percolation and refreezing. For this same
reason, the frozen samples were completely defrosted
and only then the right mass of water was removed for
further analyses.

2.2 Analyses

Given the analytical challenge in analyzing these ma-
trixes, present since early publications (e.g. Peel, 1975),
four different methods were tested: adsorption with
polyurethane foam (PUF), XAD-2 resin, direct extrac-
tion by phase separation, and finally, headspace extrac-
tion with polydimethylsiloxane (PDMS) rods, since
there is a previously available data for successful anal-
yses of organochlorine pesticides (Silva et al. 2007),
PBDEs (Montes et al. 2007), and PAHs/PCBs
(Poerschmann et al. 2000) with extraction steps involv-
ing PDMS media. The only satisfactory results accord-
ing to QA/QC criteria (further shown) were achieved
with a methodology using headspace extraction with
PDMS rods, mostly based upon Montes et al. (2007).
Analyses were performed upon sample arrival at the
Marine Organic Chemistry Laboratory, University of
Sao Paulo, i.e., in April 2008, 2009, and 2010 for the
2007-2008, 2008-2009, and 2009-2010 austral sum-
mers, respectively.

Briefly, 80 ml of the already liquid sample, 24 g of
sodium chloride and surrogates were placed in a 110-ml
glass vessel. A 10-mm-long PDMS rod (2.0 mm diam-
eter, Goodfellow Cambridge Ltd.), previously condi-
tioned, was placed in the flask headspace with the aid
of a metallic pin, and the vessels were hermetically
closed. All materials were previously combusted at
450 °C for at least 4 h for decontamination, with the
exception of the caps (Teflon® coated), which were
soaked in trace analysis quality n-hexane. Extraction
was carried out at 95 °C for 14 h, then flasks were left
at room temperature for at least 2 h. Rods were removed



Water Air Soil Pollut (2017) 228: 149

Page 3 of 7 149

8°30W|

FALSE
ROUND POINT

KING GEORGE ISLAND‘ §
ShOF

5 B opst

¥58°00W|

59°00

S
ROUND PQINT =g VENUS BAY 4

oRREE
DAVEY POINT &

62°00'S

NORTH FORELAND
BRIMSTONE PEAK>

62°00'S

STIGANT POINT
.
.

Machu Picchu (PER) "
achu PechU PER O .17 @a)

o

C.MELVILLE

B el
Arctowski (POL) 3' \""L 3
O A - S -
igas (URY) - s, LIONS RUMP
hauﬁ US) ) A
Escl (CHL)
(CH hg Sejong (KOR) ,)"%m N~ e -
w(“‘c‘ I &> ’l-" .
271555 | EcoNelson (CZE) —
; o - .
NELSON I. & ° ~ 2

Fig. 1 King George Island map view (GNU free license), and collection sites (red dots)

with decontaminated tweezers, holding by the pin and
gently dried using a soft tissue. The PDMS rods were
then placed in a 1.5-ml GC autosampler vial and soaked
with 1 ml of dichloromethane three times for 5 min each.
The remaining 3 ml were evaporated to 150 pl under a
gentle nitrogen flow, and 100 pl of internal standards
were added. Contrary to the original method, extracts
were not evaporated to dryness since previous laborato-
ry tests showed unacceptable loss of lighter PAHs,
which could be possibly extended to lighter POPs, such
as hexachlorobenzene (HCBs) and hexachlorocyclo-
hexanes (HCHs).

OC analyses were run in a gas chromatograph
equipped with an electron capture detector (GC-ECD,
Agilent Technologies, model 6890N). Hydrogen was
used as carrier gas at a constant pressure (13.2 psi, i.e.,
91.01 kPa). The injector was operated in splitless mode
and kept at 300 °C. The capillary column used was a
DB-5 (30 m length x 250 um internal diameter x 0.25 um
film thickness). The detector was operated at 320 °C
using N, as makeup gas at a flow rate of 58 ml min .
The oven was programmed as follows: 70 °C for 1 min,
5°C min ! to 140 °C (1 min), 1.5 °C min' to 250 °C
(1 min), and 10 °C to 300 °C (5 min). The investigated
compounds were PCBs (IUPAC no. 8, 18, 28, 31, 33, 44,
49, 52, 56, 60, 66, 70, 74, 77, 87, 95, 97, 99, 101, 105,
110, 114, 118, 123, 126, 128, 132, 138, 141, 149, 151,
153, 156, 157, 158, 167, 169, 170, 174, 177, 180, 183,
187, 189, 194, 195, 199, 201, 203, 206, and 209), DDTs
(o,p"-DDE, p,p"-DDE, o,p"-DDD, p,p"-DDD, o,p"-DDT,
and p,p-DDT), HCBs, HCHs («, {3, v, and & isomers),
chlordanes (- and y-chlordane, heptachlor, and hepta-
chlor epoxide), mirex, and drins (aldrin, dieldrin, and
endrin). Surrogate recovery ranged from 55 to 82%.

PBDE and PAH analyses were performed in an
Agilent 6890 Plus attached to the MS 5973N Mass

Selective Detector (GC-MS), with a HP-5MS column
(30 m x 250 um x 0.25 um). PBDEs analyzed were the
TUPAC no. 28, 47, 99, 100, 153, 154, and 183. Injector
was operated at 270 °C. Oven was programmed as
follows: 130 °C for 1 min, 12 °C min ! to 154 °C
(0 min), 2 °C min ' to 210 °C (0 min), and 3 °C min "'
to 300 °C (5 min). Surrogate recoveries ranged from 56
to 79%.

PAHs analyzed were naphthalene, 1- and 2- methyl
naphtalene, biphenyl, acenaphtylene, acenaphtene,
fluorene, fluoranthene, phenantrene, anthracene, pyrene,
benz[a]anthracene, and chrysene. Oven was programmed
as follows: 40 °C (1 min), 20 °C min " to 60 °C (0 min),
5°C min ' t0 290 °C (0 min), and 10 °C min™" to 300 °C
(10 min). Surrogate recoveries ranged from 55 to 82%.

In regard to QA/QC, method detection limits (MDLs)
were set as three times the standard deviation (o) of
seven method blank replicates. Spiked matrices were
recovered within the acceptance ranges, i.e., 40—130%
for at least 80% of the spiked analytes (Wade and
Cantillo 1994). Blanks were included in every analytical
batch (usually 10-12 samples), and all data were blank
subtracted. For practical and comparative reasons, kilo-
grams and liters of water are used interchangeably. Indi-
vidual MDLs (pg kg ") ranged from 0.27 to 0.35 for
drins, 0.03 to 0.36 for HCHs, 0.09 to 0.15 for chlordanes,
0.11 to 1.46 for DDTs, and 0.08 to 15.8 for PCBs.

3 Results and Discussion

Since there was no statistically significant spatial varia-
tion (Tukey HSD) within the results in any of the three
seasons for all the pollutants groups, the whole data for
each of the matrixes will be presented as the season
average from this point on. None of the compounds
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within the PBDE and PAH groups could overcome the
method detection limits, which were two to three orders
of magnitude higher than the ones for the chlorinated
compounds The highest MDL for the PBDEs was
650 pg kg ', and for PAHs it was 2700 pg kg ', so it
is plausible to suppose environmental concentrations
(for individual compounds) lower than these values in
any of the present samples. Concentrations are shown in
Table 1.

Quantitatively, values are, in a general way, in agree-
ment with previous studies. For snow samples along the
Antarctic Peninsula (Dickhut et al. 2005), concentra-
tions ranged from 3.17 up to 8.91 pg "' whereas hep-
tachlor and its epoxide were up to 7.82 pg 1”'. An
extensive work (Kang et al. 2012) on surface snow
collected during a 1400-km inland traverse beginning
in a coastal region in East Antarctica (69° S) presented
levels of HCHs and HCBs one to two orders of magni-
tude higher than our findings. Moreover, this work
confirmed a slight increase of - and y-HCH with
increasing altitude (therefore decreasing temperature)
along the route, which corroborates the long distance
atmospheric transport of these compounds, even in a
much smaller scale.

Literature for melting water (Chiuchiolo et al. 2004)
presented values one order of magnitude higher than the
present ones for X} and Ypprs, respectively, ranging
from nd up to 0.04 ng I"" and from nd up to 0.05 ng I"".
However, the cited work separates particulate and dis-
solved phases, which could represent an overestimation
bias if one of the compartments presents proportionally
higher concentrations in regard to the other, as it hap-
pens indeed. Moreover, since the cited work analyzes
melting water resulting from sea ice, the presence of ice
algae is not negligible. In another work (Tanabe et al.

1983) containing samples collected much earlier (in
1981, samples dated between 1960 and 1980), results
for Yycys in snow went from 1500 up to 4900 pg I,
i.e., three orders of magnitude higher than our results,
whereas Yppr varied from 9 up to 17 pg 17!, within the
same order of magnitude of our findings.

Considering that these previous studies used for
comparison occurred in latitudes over 62°, one must
take into consideration the “cold trap” effect, i.c., the
removal of compounds from the atmosphere due to a
decrease in temperature and further deposition. It is
quite clear that gas exchange is a major, and often
dominant, contributor to atmospheric loading in the
oceans (Bidleman 1999). This, combined with the fact
that biological and degradative pumps present in the
Antarctic environment are exposed to high diffusive
air to water fluxes, turns this environment into an
important net sink of HCHs and, to a minor extent,
of HCBs (Galban-Malagoén et al. 2013). The same
reference brings evidence that snow might behave
seasonally as a significant secondary source of g-
HCH to the regional atmosphere. A similar pattern is
reported in another work (Kallenborn et al. 2013),
reinforcing the plausibility of using these matrixes,
especially in regard to lighter and more hydrophilic
POPs (e.g., Muir and Lohmann 2013).

Moreover, the temporal dimension of the previous
comparisons has to be taken into account, since during
the collections of Tanabe et al. (1983) the practical
effects of restrictions on POPs were fairly recent, if not
inexistent. Therefore, it is reasonable to conclude that
the area of study of the present work presents results
within the same order of magnitude but consistently
lower than other locations closer to the Pole. This is
caused by milder temperatures due not only to a lower

Table 1 Concentrations (pg kg ') of organochlorine pesticides and PCBs in melting water and snow

2007-2008 2008-2009 2009-2010

Water Snow b)) ‘Water Snow b)) Water Snow b))
S HCHs 3.14+£0.77 417 +£0.77 7.31 2.63+0.21 3.60+£0.17 6.23 2.06 £0.34 1.46 £0.32 3.52
2 HCBs 1.98 £ 0.54 3.77+2.02 5.76 247+0.24 2.90+0.82 5.37 1.76 £ 0.08 1.36% 3.12
X brins 241+1.55 429 +1.37 6.70 <0.35 <0.35 - 2.73£0.62 2.63+0.15 5.36
X Chiordanes 7.48 £0.96 13.0 £ 1.57 20.4 5.73 £0.65 13.3+0.81 19.0 572 +£0.18 11.39 +0.54 17.1
XbDTs 6.11 +0.88 244 +4.71 30.5 432 +0.87 14.6 £0.74 18.9 6.30+1.36 53 +0.67 11.6
2pCBs 132 +£51.6 156 £71.8 288 145 +33.7 144 +£79.1 289 135+9.8 138 £10.0 273

a Only one sample overcame the MDL in this case

@ Springer



Water Air Soil Pollut (2017) 228: 149

Page 5 of 7 149

latitude but also to the smoothing effect of the sea in the
Admiralty Bay (located within an island) temperatures
compared with continental coasts in higher latitudes.

In the course of the three collection of seasons,
which were taken each time later into the austral
summer (2007-2008, late November/early December;
2008-2009, mid-December; and 2009-2010, late
February/early March), it is possible to notice, in a
general way, some trends: the sum of the concentra-
tions in both matrixes seems to decrease,in the same
way as a proportional rise in snow concentrations in
regard to the melting water ones. Such facts could be
explained by the non-linear redistribution of the com-
pounds between these two phases, a previously known
phenomenon (as seen in Gross et al. 1977). Besides
that, there are some exceptions to be remarked: drin
and DDT levels rise in the last season. In the second
season, chlordane snow levels rise. HCHs and HCBs
showed a far more regular behavior, since in all of the
cases the sum of the concentrations in both matrixes
decreases and the proportion in snow increases.
Montone et al. (2003) had already reported the in-
crease in atmospheric PCB concentrations due to the
passage of frontal systems coming from South Amer-
ica, which could represent a source of fluctuation for
the present data as well.

In a similar way to the previously presented pesticides,
one can notice a slight decrease in PCB levels when both
matrixes are summed up along the seasons and also a
higher proportion in melting water samples when com-
pared with snow ones. The hypothesis for such results is
analogous to the previous one for pesticides: as com-
pounds leave the solid phase in a non-linear manner,
therefore the proportion within the snow phase decreases,
which in turn leads to an increase in the liquid phase.

Comparison with literature brings total PCBs ranging
from 160 up to 1000 pg "' (Tanabe et al. 1983), with the
same restrictions concerning the sampling time as pre-
viously discussed. Grimalt et al. (2009) presented a
study with a concentration of 730 pg 1" in snow for a
location situated in the opposite latitude to the one from
the present work (62° N, @vre Neadalsvatn, Norway).
This higher value could be justified by the fact that
sampling occurred in a location closer to pollutants
sources (von Waldow et al. 2010).

Qualitative PCB data is shown in Fig. 2, with conge-
ners distribution (normalized by total PCBs) in the upper
part of the graph and then data for the snow/water
partition (normalized by chlorination number) in the

bottom. Fig. 2 Congeners distribution (fop) and
snow/water partition (bottom) for PCBs in the three
sampling seasons according to chlorination number.
White columns for snow; gray ones for water.

In regard to qualitative analyses, the results are once
more in accordance to those previously presented for
pesticides: in the later, the collection occurs within the
melting season and the proportion is found to be higher
in de-icing water in comparison with snow. However,
with qualitative profiles, it is possible to infer how this
transfer happens in function of the chlorination number
and therefore, the molecular weight. Variation within the
distribution data and also in snow/water partition de-
creases from the hexachlorinated congener onwards,
which would indicate an exposure pattern for primary
producers, since the dominant factor regulating the input
of contaminants of both ocean water and snow is the
same: phase exchange (Bidleman 1999; Galban-
Malagon et al. 2013). Moreover, water resulting from
the melting of seasonal snow ends up reaching the
ocean, corroborating the previous statement.

Within both distribution and snow/water partition
data, it is possible to remark that the variation for
hexa- and over-chlorinated congeners is rather small,
which would indicate a pattern of exposure for primary
producers similar to the one from atmospheric process
inputs through long-range transport, confirming the con-
clusion taken on the previous paragraph. It differs from
what occurs in regard to lighter congeners, up to five
chlorines, especially the tetra- and penta-chlorinated
ones, which presented a larger difference regarding the
sampling time along the melting season, indicating an
intermediate qualitative profile in addition to intermedi-
ate concentrations.

However, when the sampling seasons are compared, it
is noticeable in both congener distribution and snow/water
partition that there is a larger difference between the first
and second sampling seasons than between the second and
the third. It was not exactly expected since the intervals
between the collections would suggest otherwise: there are
about 15 days of difference between the first and second
seasons (regarding the start of the austral summer) and
roughly two and a half months between the second and
third. This could suggest a transient regime at the begin-
ning of the melting season that would gradually become
closer to a permanent regime of phase equilibrium. Indeed,
literature brings an analytical phase equilibrium model
(Wania 1997) demonstrating that during melting, such
compounds can be lost to the liquid phase and then enter
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Fig. 2 Congeners distribution (upper part) and snow/water partition (lower part) for PCBs in the three sampling seasons according to

chlorination number. White columns for snow, gray ones for water

a new equilibrium state, re-evaporate or even be adsorbed
to organic matter, which would partly explain the differ-
ences hereby found. Empiric data supporting this claim is
given in literature for snow samples presenting concentra-
tions five times higher than old ones for x-HCH and
roughly the double for y-HCH (Patton et al. 1989).

This reinforces the need for future studies with sev-
eral collections during the same melting season and,
especially, during the previous winter in order to better
understand how the accumulation and further release of
contaminants occur in a temporal scale.
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