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1. Abstract in Polish

W ramach pracy doktorskiej dokonano przegladu literatury naukowej, ktorego
rezultatem byt wybor obszaru badawczego, rodzaju probek oraz indywidudow
chemicznych, ktore zostaly oznaczone. Opublikowany cykl artykutow zawiera wnikliwy
opis wynikoOw analiz chemicznych probek wod powierzchniowych, osadow 1 $niegu
pochodzacych z Szczegélnie Zarzadzanego Obszaru Antarktyki (ASMA 1) — Wyspy
Krola Jerzego. Ponadto przeprowadzono badania dotyczace oceny wplywu zrzutu

sciekow nieoczyszczonych do Zatoki Admiralicji na srodowisko antarktyczne.

Celem pracy doktorskiej byta analiza wynikéw szerokiego zakresu oznaczen
indywiduéw chemicznych, obejmujacych nowo pojawiajace si¢ zanieczyszczenia w
wybranych $rodowiskach Antarktyki. Przedstawiono informacje dotyczace poziomow
stezeh m.in. zwigzkdw z grupy wielopierscieniowych weglowodorow aromatycznych,
farmaceutykow, wybranych metali, niemetali 1 jonéw obecnych w probkach
srodowiskowych pochodzacych z obszaru Antarktyki Zachodniej, zrédet pochodzenia
badanych indywiduéw chemicznych oraz potencjalne skutki ich obecnosci dla
ekosystemow antarktycznych. Analiza i interpretacja wynikéw stanowita podstawe do
oceny losu S$rodowiskowego oznaczanych zanieczyszczen uwzgledniajac wplyw

cztowieka na badanym obszarze.

Zebrane dane moga stanowi¢ podstawe do stwierdzenia, ze zanieczyszczenia
obecne na tym obszarze moga przyczynia¢ si¢ do stopniowej degradacji ekosystemu
Antarktyki. Ponadto stanowig podstawe¢ do dyskusji na temat zaostrzenia przepisow

prawnych dotyczacych ochrony §rodowiska antarktycznego.
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2. Abstract in English

The doctoral dissertation included a review of the scientific literature that resulted
in the selection of the research area, type of samples and chemical species that were
marked. The published series of articles contains an in-depth description of the results of
chemical analyses of surface water, sediment and snow samples from the Antarctic
Specially Managed Area (ASMA 1) — King George Island. In addition, studies have been
conducted to assess the impact that raw wastewater discharge into Admiralty Bay has had

on the Antarctic environment.

The aim of the doctoral thesis was to analyse the results of a wide range of
determinations of chemical individuals, including newly emerging pollutants in selected
Antarctic environments. Information was provided on the concentration levels of, inter
alia, polycyclic aromatic hydrocarbon compounds, pharmaceuticals, selected metals, non-
metals and ions present in environmental samples from West Antarctica, sources of origin
of the studied chemical species and their potential effects on Antarctic ecosystems. The
analysis and interpretation of the results was the basis for the assessment of the
environmental fate of the determined pollutants, taking into account the human impact in

the studied area.

The collected data may be the basis for the conclusion that the pollution present in
this area may contribute to the gradual degradation of the Antarctic ecosystem. In
addition, they are the basis for a discussion on the tightening of legal regulations

regarding the protection of the Antarctic environment.
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3. Introduction

Over the past decades, there has been increasing human impact in the Antarctic
environment [1-3]. Although the Antarctic can presently be considered one of the least
polluted areas in the world, a number of chemical pollutants, including persistent organic
pollutants (POPs), have been proven to exist in both animate and inanimate elements of
nature [2,4,5]. Among the POPs found in Antarctica, chemical compounds whose origin
is associated solely with human activities should be distinguished, e.g. polychlorinated
biphenyls (PCBs) [6-8] and organochlorine pesticides (OCPs) [8-10]. Particularly
noteworthy are pollutants that come not only from anthropogenic sources but also from

natural sources, e.g. polycyclic aromatic hydrocarbons (PAHSs) [1,6,11,12].

Some elements [13-15] and inorganic ions are also chemicals with mixed
emission sources. If they are present in excess in an environment where their natural
concentration levels are lower, they too can be treated as pollutants that are also
anthropogenic. Some inorganic ions such as Na*, CI, SO4* are clearly related to the
impact of marine aerosols off the Antarctic coast. In addition, anthropogenic and
biological sources of SO4> may be contributing through atmospheric transport [16]. The
SO, can come from ship emissions and from stations and become a secondary source of
sulphates by the oxidation of SO, to SO,* [17]. In the Antarctic area, some toxic
elements (e.g. As, Cd, Cu, Pb, Hg) usually come from accidental fuel spills [18] and the
use of petrol engines [19]. It should be emphasised that these heavy metals in the
environment originate from both human activity and natural sources. Due to the presence
of many scientific stations and an increasing intensity of tourism in Antarctica, an

anthropogenic impact on the chemistry of waters and sediments is inevitable [20].

Due to the simple method of wastewater disposal in many polar research stations,
it is also worth paying attention to micropollutants that can be emitted into Antarctic
ecosystems as a result of wastewater discharge. The concentrations of emerging
contaminants (ECs), e.g. pharmaceuticals and personal care products (PPCPs) and illicit
drugs in Antarctica has been little studied [21-23]. After human consumption,
pharmaceuticals or their metabolites are excreted in urine and faeces. Personal care

products are primarily intended for external use on the human body and therefore undergo
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few metabolic changes [24]. In addition, surfactants are common components of the
reagents used in industries and households (washing, wetting, emulsifying, and
dispersing) due to their specific properties. As a result, different types of surfactants are
added to, inter alia, personal care products, laundry and cleaning detergents [25].
Emerging contaminants (ECs) are therefore emitted to the Antarctic environment through
the discharge of both treated and untreated wastewater. The harsh Antarctic climate,
characterised by low temperatures, polar night periods and the presence of ice in the
coastal seawater zone, may contribute to the limited degradation of these contaminants,
which will result in their prolonged persistence in the environment [21]. Formaldehyde
from agents and disinfectants may also be released into the wastewater as a result of
maintenance of station buildings and daily activities. Due to its high reactivity,
colourlessness, stability and low cost, formaldehyde has been applied as a resinification
agent, curing agent, synthetic agent, disinfectant, fungicide and preservative [26].
Moreover, this aldehyde is highly toxic to living organisms; for example, it may damage
DNA and cause mutations in microorganisms, and it poses a carcinogenic risk. Therefore,
any wastewater containing formaldehyde might be toxic to microorganisms [27].

After emission, pollutants in the Antarctic environment may bioaccumulate in
both animals [8,9] and plants [28] living in this area. Exposure to some of them in the
Antarctic environment is a particular threat to Antarctic fauna and flora, since these
chemicals (which are lipophilic) are bioaccumulative [29]. The accumulation of some
pollutants in mosses [28,30] suggests that Antarctica may become an important absorber
in the global chemical contaminants cycle. This may increase the environmental burden
on pollutants, particularly in relation to the sensitive Antarctic environment. Cycles of
long-range atmospheric transport (LRAT), deposition and reemission [31] can be
repeated many times, which makes them a source of pollution in areas with insignificant
anthropogenic activity, such as Antarctica, leading to the accumulation of these
compounds [32,33]. It was proven that the transport of pollutants in the atmosphere can

have a significant impact on the pollution load in the hydrosphere [34].

The toxicity [35] of some contaminants (e.g. heavy metals, PAHS) poses a real

threat to organisms living in the Antarctic and thus to the balance of ecosystems in this


http://mostwiedzy.pl

A\ MOST

GDANSK UNIVERSITY
s OF TECHNOLOGY

FACULTY OF CHEMISTRY

area. Also noteworthy is the fact that few living organisms have chemical pollutant
detoxification mechanisms [36]. Therefore, it is important to determine the current spatial
distribution of these chemical individuals and identify their potential sources. Abiotic
elements of the environment such as snow, glaciers and polar catchments are sources of
water for all living organisms in Antarctica. The Antarctic food web has a very simple
structure, so even a small amount of pollutants found in abiotic elements of nature can
pose a significant threat to any plant or animal species due to possible changes in
detoxification mechanisms [37]. Antarctic species may be more susceptible to the effects
of pollution than species native to temperate regions [38]. This is because their
detoxification mechanisms are poorly developed (or not at all). Moreover, due to the very
simple structures of polar ecosystems, close relationships between different organisms are
important for the transport of pollutants [4].

As part of the doctoral dissertation, | have studied and described the processes of:
++ directing contaminants to various elements of the Antarctic environment,
¢ defining pollutant sources,

% assessing the contribution of each source to the total content of individual

xenobiotics and

+ the environmental fate of these pollutants.

Therefore, a necessary element was the estimate of pollutant flux based on
chemical analysis results, which is associated with supply from glaciers, seasonal supply
from snowmelt, and anthropogenic impact. These mechanisms can be temporally and
spatially diverse, and, therefore, dependencies of this kind were the subject of research
conducted as part of this dissertation. In addition, natural sources of compounds classified
as pollutants were also taken into account during the research and their contributions to
supplying the environment were taken into account. From the whole of Antarctica, the
western coast of the Admiralty Bay on King George Island (which is part of the South
Shetland Islands) was selected as the area of research on the deposition of pollutants in
individual components of the abiotic environment. The study area includes Antarctic
Specially Managed Area 1 (ASMA 1) and Antarctic Specially Protected Area 128 (ASPA

128), which were established primarily due to the presence there of a unique set of birds

9
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and marine mammals. ASMA 1 is a protected area in the Admiralty Bay area
characterized by high environmental, historical and scientific values. ASPA 128 is
located south of the Henryk Arctowski Polish Antarctic Station, and east of the Warszawa
Icefield. Considering the long-term character of the research (years 2016-18), this
doctoral thesis is a unique source of information on pollution identification, distribution

and concentration variabilities occurring in ASMA 1, ASPA 128 and their surroundings.

Antarctic environmental chemistry monitoring allows for the control of — and even
changes to — international legal regulations, the introduction of bans and restrictions, e.g.
by the Scientific Committee on Antarctic Research (SCAR), the SCAR Group of
Specialists on Environmental Affairs and Conservation (GOSEAC), and others. For
example, some contaminants (e.g. OCPs) are target chemicals for the global monitoring
plan of the United Nations Environmental Program (UNEP) Stockholm Convention for
the global regulation of POPs [39]. It should be especially noted that there is a scarcity of
pollutants-monitoring data (including for POPs) from the Southern Hemisphere and
especially in Antarctica as compared to what is available for Arctic regions. This is
because logistics (e.g. transporting monitoring equipment, costs for establishing and
maintaining infrastructure and expert support) are more difficult and expensive in the
Antarctic than in the Arctic. As the main goal was to verify the degree of pollution in

Antarctica, it was necessary to perform the following:

» To evaluate in detail the actual state of contamination in Antarctica (literature

review)

» To select the potentially affected environmental compartments (fresh water,

sediments, snow cover, marine water)

» To verify hypotheses through environmental, chemometric analysis, etc.

To illustrate the multi-stage nature and complexity of the research carried out during the
doctoral dissertation, a number of activities that were necessary to implement the research
plan are presented in Fig. 1. Analyses and interpretations of the results obtained during
the work related to this doctoral dissertation filled the gap in information regarding the
state of the environment on the western coast of Admiralty Bay, which will contribute to

efforts to reduce the anthropogenic impact on sensitive Antarctic ecosystems.
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THE IMPLEMENTATION OF
THE DOCTORAL DISSERTATION

To achieve the goals of the research, the following
actions have been completed:

Figure 1. General description of activities undertaken to implement the research plan as

part of the doctoral dissertation
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4. The genesis of research work

4.1 Environmental research on contamination conducted in the whole of
Antarctica

The abiotic environment (fresh- and seawater, rainfall, glaciers, soil) as well as all
processes and phenomena related to changes in individual elements of the environment
(meteorological, geological, geochemical processes) play a significant role in the

transport of pollutants in Antarctica [4].

Atmospheric air also plays a significant role in transporting pollutants to the polar
regions. Over the past decades, studies have been carried out to identify the mechanisms
that contribute to the presence of pollutants in Antarctica and to distinguish pollution
from local sources from that transported from remote areas. Most of the information on
Antarctic air pollution comes from research conducted during expeditions near Antarctica
and is based primarily on short-term (weekly, monthly) atmosphere monitoring. Long-
term monitoring of atmospheric pollution in Antarctica is recommended, as this type of
research is a significant scientific tool for assessing the anthropogenic environmental

impact at a global scale.

Monitoring of these pollutants is important due to the accumulation of these
substances in living organisms, their long persistence in the environment and their
significant impact on the ecosystem [40]. Long-distance transport of pollutants is believed
to be the cause of the presence of more volatile substances in Antarctica, and the presence
of less volatile substances that occur occasionally in Antarctic air may indicate the
influence of local sources [20]. Long-distance transport of pollutants occurs through
successive evaporation, then wet and dry deposition, mediated by atmospheric transport
[41]. This mechanism is known as LRAT.

On the basis of a detailed analysis of the collected literature, the dissertation
hypotheses were formulated, and are presented in Chapter 5 “The aim of the doctoral
dissertation”. A summary of the collected literature data was published in two

publications (I and 11 included in this doctoral dissertation).
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The first of the articles presented in the dissertation: Potapowicz J., Szuminska
D., Szopinska M., Polkowska Z., The influence of global climate change on the
environmental fate of anthropogenic pollution released from the permafrost. Part I.
Case study of Antarctica, Science of the Total Environment, 651 (2019) 1534-1548,
concerns the specific role that the active layer plays in the migration of chemical
compounds in the soil. Freeze-thaw cycles occur especially in the active layer of
permafrost, as a result of which soil particles may undergo slow screening processes.
Smaller particles can migrate from the surface layer to deeper layers, while stones tend to
migrate from deeper layers to the surface. The pollutants are adsorbed mainly on the
surface of particles of smaller diameters. In this article, we collected and analysed the
results of studies that show that the percentage (amount) of small particles and their
dynamics in the soil matrix are key determinants of the fate and degradation of pollutants
(e.g. PAHS) in Antarctic soil. Thus, the thawing of the upper layer of permafrost caused
by global warming will have a significant impact on the distribution of pollutants in this

environment.

Another subject of the research described in publication I was the comparison of
analytical studies conducted over the years in the Antarctic in terms of the types of
samples and analytes that the studies determined. Another important aspect was the
spatial analysis of pollutant distributions in Antarctica. Environmental monitoring enables
reliable observation of changes, and the information contained in the publications relates

to individual parts of the Antarctic ecosystem and various groups of pollutants.

In addition, we paid attention to the study of samples of biological origin, mainly
due to the assessment of the real impact of pollutants on the Antarctic ecosystem and the
identification of possible directions for the movement of pollutants in the food chain. The
article highlights the presence of chemical pollutants in the tissues of organisms due to
their toxicity and their being widespread in the biotic environment (both in fauna and
flora). Their concentrations may also increase in the subsequent stages of the Antarctic

environment food chain.
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1. I il inc i Al incresse in the concentration of legacy pollutants such x5 hexachlo-

Permafrost, defined a5 soil, rock, or sediment that remains st of
below @ “C for two 0F MoTe conseculive years, COvVers vash areas
[Bodkheim et al, 201 3). Permaliost i5 most extensive inthe Anctc, but
also exists on the Central Asian Platesu and in joe-free areas of
Antardica, inciuding the Antrctic Peninsuls region [ Bockheim et al,
2013 An impermesble barrier ssocisted with permalrost prevents
drainage and leads to the occurrence of high water table wetlands,
Lakies, andd pands [ Vineant et al, 20111 Mareover, it sflects the biogeo-
chemisry and geomorphology of the landscape_and thereby biol ogical
piod et vity and biod ver sity, &5 pedally in polar regions (Vincent ot al,
2011; Dodfiski, 2012 ; Chaves e sl 2017, Almeida et al_ 2014, 2017,
Correda et al, 2017).

Glohal climate dunges and the rel sted cryosphe re degradation
the elfects of temperature i noease have been observed in both North-
ern and Southern Hemispheres over the last several decades [eg.
Serrezeet al, 2000; Vaughan et al., 2005 ; ACIA, 2005, Twmer €€ al.,
2005 Mulvaney et 5l 2012 IMT, 2013 Kejnaet 4l 2013 ) Gonsidering
that permalrost underlines an area of 22 million ko, processes re lated
o the state and dunges in permanost concem a significant part of the
global land ares | spproximately 17%) (Bockheim et 2, 2013 ). Recent
st des s how that dee peri glacial zone i one of de maost rapidy chang-
ing arexs anearth{eg Cooper ot al, 2011: Lipez-Martinez ot al, 20132:
Karlsson et al, 2012, 2015; Oliva and Euwiz- Fernd ndez, 2017, Ravansel
et al, 20017 Oliva et al, 2018)

1t shoukd be emphasised that except for the relatively well known
and thoroughly described influence of permafnost on water and sodl
chemistry in the intermal region of the North America, Europe, and
Asia (eg, Carey, 2008, ODonnell and Jones |r, W65, Petrone et al,
2006; Frey et al, 2007, MaoClelland et a1, 2007 ; Frey and Mo0e] land,
2005, Keller et al, 2000; Bagard &t al, 2011; Douglss et al, 2013,
Larcuche et a1, 2015; Manasypov of sl 2015, Sxopd ks ot al, 2006,
Lehmann-Komnera et al, 2018 |, there & still livtke known sbout perma-
Trest related geochenial proceses and i 5 role in shaping of thechem-
ical status of areas recenly uncovered by glaciers in the Antarctic and
Arctie Teghons.

Research projects arred out in recent years resulted in meme rous
warks regarding to the presence of permafrost in the Antarctic
[eg. Guglielmin and Cannone, 2012; Lipez-Martinez et al_ 2012;
Bockheim &t al_, 201 3; Guglielmin and Vieira, 2004, Guglielmin et al,
201 4; Simas ofal, 200 5; Oliva and Ruiz-Ferninder, 2017 | Some papers
peointed out st the omgoing trend of incress ing air tem per ares could
aflect soil organic matter [S0M ) turnover and sodl C-00, em Bsionds in
the temestrial ecosystems of Maritime Antardica [Pires etal, 2017).
Seversl studies prove that ARLARCTIC Sexwater, snow, and presumably
soils are becoming important secondary sowrces re molilising POPs
[Calvreriay &t al, 20012 2013 ; Klindgva et al, 2008). They can ako ciuse

robenzene and paly dilorinated b phenyls [ PCBs) in the Antarchic envi-
rofme it [Cabrerzo et 4 2013). Aot ol inte mationsl spresments
Tarve beeen passed to protect Antarctca The Protocol on Envinomnme nial
Protection to the Antrndic Treaty is the most noable of them Since jts
im ple menLation, im portation of speciflc POPs s been prohibited, and
also research statons and pradices have been improved | Cabrerizo
et 4l 201 2). Palyeyelic Aromatic Hy drocarbons with.a higher male aular
weight, i £.with4-6 arom atic rings, are other @naminans hghly tmxic
1o OTEARETE in e ARtanctic e mironment They have carcinogenic and
mtagenic properties | Martin et al, 20100 Anather group of pallutnts
witich muy be stored in permaliost and are haeardouws to the eninon-
ment constits of hexwy metals In te cse permal s t-allected soils of
Antarctica, it should be alio e mphasted that the freezing proces may
significandy influence the distribution of elements within the soil pro-
file [ Magare et al, 2012)

(Coonnesi ke ringg Thaat imong andc and or ganic CONLAMINANTS Are & Mpsorar-
ity stored in sediments and may be released into environment with the
thanwing and freezing of permafrost (&g, Carey, 2003; OTonnell and
Jomes |r, 2006, Petrone et al, 2006; Frey et al, 2007 ; MoClelland et al,
2007, Frey and McClelland, 2009, Keller et al, 2000, Bagard et al,
2011; Doeglas et Al 2013; Larowche et al, 2015; Mansypov et il
2015, Szopifiskast al, 2016, Szumiits ka et al, 201 8), this work presents
an attempied oomparison and summary of nowledge on potential in-
Nuwene of permalrestonthe dremicd stans of the Antardic ecesysEem.
Special attention was paid o sowrces of inorganic and orga nic com-
peounds [natural or antropogenic, lodal or lng-disance) and their po-
tential influence on Antarctic lota The proposed summary could be
imypovrtant for wider standingithe potential envi ronmental hazards asso-
ciated with the sccumd ation of anthropogenic pollution in the Anone-
tic environment Taking ino consideraton the ol istic approadch to the
polar geomaorphic sysiem proposed by Dobifski (201 2), we can assume
that bath processes - seeumulstion and relexse of onmminans - ooow
simultaneously, and contaminants are transkered onimowsly within
the cryogenic enviromment

2 Permafrost distribution in Antarctica

The map provided by Bockheim and Hall (2002 ) shows the je- free
ared in Antaretica where permalrost can potentially oocur, &5 well x
the probable ocwmene of subglacial permafrost (Fig 1)1 Only 035%,
or 45,000 k' of Antarctica is ioe-free [Bockheim, 1995 ) Continwous
permalmst ocours in oatinent] Antarctica 105 thickness reaches
1000 m in the MoMurdo Dry Valleys and 500 m on the Rosslsland. In
the Antarctic Peninsula permalrast is discontinuous, with a thickness
ranging from 3 to 25 m on the Deception 1sland, 20- 100 m on the
King George lsland_ and 35-200 m an the Seymour kland [ Boack heim
et al 2013 ] Detailed research on seasonal permaliet thawing s hows
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different depths of the sctive Layer, vanying from O to 60 an in the Inie-
ror Antardica [Bockheim, 1995; Bockheim and Hall 2002) to pre vail-
ing ranges berween 10 and 200 cm in the Antarctic Peninsula | Vieira
ef al, 20100 in particular cxses exceading G0 cm [Bockhbeim et al,
201 3). Moseover, Bockheim and Hall [ 202 ) pointed ou that the con-
ceptof an active layer is less relevant in interior Antarctica, because
mch of the permalrast in inter or ARLarchca i “dry” in contr ast o the
Antarctic Peninsula and its ofEhore slands, and to maritime Exst
Antarctica, where mainly wel permalnost ocors

The detailed research condudad on the Antarcric Peninsuls suggests
that permalnost distribagion in this area i largely controlled by local fac-
tors, such &5 marine disturbance [Vieira etal, 2010, duration and thick-
mess, of smonw [ Oliva et al, 2017 4; Ferreira et al_ 201 7). 1and relief (Oliva
et al, 201 7a) lithology (Hrbhdek et al, X17). and vegetation cover
[Almeida et al, 2014). Lithalagical conditans influsnce among others
the sverage depthol sctive layer thicknes_ This Lier inthe Souh Shet
Land 1slands usially exceeds 100 cmin loany solls [dePabloetal, 2013,
Schaeler et al, 2012; Dliva et al, 2017k) The deepest active layer
(=300 am) was abserved in bedrock in the vicinity of Bell ingshausen
site, located in the western region of the King George kland [Hrhdlek
el al, 218 ) The sctive Layer i de thinnest omthe Deoe prion 1sland, k-
cated in the South Shetland klands archipelsga It resched only
30-50cm (Ramas et al, 200 7). Acoord ing to some sulhors, the ocesn in-
fuence limited permalrost ocaurence st the sea coast [Correia et al,

16

A7, Ferreira et A, 2017 ; Strzelecki eral, 201 8). However, several pi-
pers indicate geomorphological formations and soills evidencing
permafrast-related processes in the ioe-lree area at low altitudes, eg.
sesonal thavi ng-lreezing alleded soils [ Simas et AL 2015 L pattermed
grounds [ Dgbaki et al. 201 7). and lrest mouds, sored circles and stripes
[Dliva and Ruiz-Fernindez, 2017). Bockiveim [ 1995 ) summarised that
peerig Lacial feanures related to freezing and thawing processes ooour in
the Antarctic as: gelilludion jeawres | lobes, terraces, and shests); pak
terned ground features (somed and non-sorted circles, sored and
non-sarted polygons and nets, sorted polygons and nets, sored seps,
sorted and non-sored stripes ) ground ie feanres (e weadges, rand
wedges, rock gladers, pingos, thermakarst, ice-cored drift). | nactive
peeert Laci al featunes akso ooour in Amdic ramely: oe-wedge @Sty inse-
tive patterned ground, insctive rock glacier, inactive solifluction
leanres

Thee Lstof the mentioned krmations s we || &5 glacker retreat consti-
tute evidence of climate change observed over the recent decades on
the Antarctic Peninsula (eg, Vaughan e al, 2003; Cook &t al, 2005,
Leipez-Martines e al, 2012, Mulvaney et a1, 20132, Bockheim et al_,
2013; Chaves et al 20 7; Petlicki et al_, 2017 ; Hrbsiek et al_ 2018;
Szopiftska et al 2018 | Mean annual 4ir temperature slong the wesem
Antarctic Peninsula increxsed by a5 much 25 34 °C and mid-winter
temperatune inmeased by 6.0 °C over the past 50 years, making the re-
gion one of the most affected by climate warming [Vaughan et al_,
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2003; Twmer atal, 2005). Permalr st degr adation was repared on the
Antarctic Peninsula, even 1o the point of its disappearance o0 sites near
the Palmer station (64°77'5) [ Bocklveim et al, 2013 | Permalrost was
much alder [ —3 °C) southwards, dose 1o the Rothera research station
[67°57°5) with an active layer ranging between 0.76 and 14 m
[Gugh elmin et a1, 200 4). Guglislmin and Vieira [2014) conduded that
the active layer thickness is directly proportional to the maan summer
air temperature, and inversely proporional tothe madmum snow
depth in sutumn Recent research his alio shown much graster perma-
Trostdynamic in the Antndic environment, a5sod sted with the gener-
ally high dynamics of morphalogical processes in the area [Bodkheim
et al, 201 3; Chaves et al, 2017; Almeidls ot al 2014, 2017).

3. B o e il Tate of an taropogenic pol wbien remobilised from
Use cryos plvere

Recent decades have shown plhases of the most rapid warming on
the Antanctic Peninsuls [ Mulvaney et al 2002, Bockheim et al, 20013).
This raises a concemn, especially in reference to potential changes in
S8d (8 civerage and CONCUTER inene e in anthropogenic em bsions
of contminants from the southermn hemisphere [ Bargag i, 2008 . This
could enhance the transpor and deposition of persisen contam nans
i Antarctics [Xue et sl 2016). As alresdy mentioned, the present
chemical status of surfsce water in the Antaraic region is the effea of
conbem porary transport of pollutants, &5 well a5 the release af previ-
s by socum ulsted contaminants from glaciers and permalnost thawing
[Herbert et al, 2006, Cwrios e al, 2007, Martins etal, 2000 Xuwe e 4,
2006). 1tis assumed [BengrsonNash, 201 1) that Persistent Organic Pol-
lutants [POPs) contained in permalrost may have their source in an-
thropogendc adivities since the mid-19004 Becawse of their taxicity,
exireme persistence and bioaccunmls tion capacity, this com pounds
apread, witat havve resuled incontam ination of ARTARCTC environmeant.
Some al the pollutans stored inpermafrost can also come from nanral
sources, &5 described in detail in the Subsections 31,32 and 33 of this
wir k. Clima e change can sko cause the ine nsification of the rate of
glader ablation and melt, resuiting in higher mnenirations of arganic
compounds from stmosphe e deposition sccumulated in meltwater,
and then in glacier-xsocisted persstent pollutints sccumulyed on
the meltwater surface after the jce retreats or mels. Moreover, in-
creased rain and thawing proceses caused by global warming could
case & signiflant soil -msocisted mobilisation of pollution, which
could in tum have unpredictable knock-on effects on biota [ Curnosi
e al, 2007). Processes of contamination transporn within aliotic
media are presented in Fig 2.

Basedon liter ature dat (Bargagli, 2008, Corsoling, 2009, Smpifska
eral_, 2017 Bengison Kash, 2011 L two main groups of conaminants
can be distinguts hed witich may be stored and jor remolbi lised from per-
malrest, namely persistent organic pollution [ POPs ) and hexy metals.

POPs are taxic aompounds produced by the indwstry and released to
the environme il thiough aniropogenic ctivities They ane fesistant 1o
degradation, so they can socumulate in the environment over long pe-
riods of tme insolid liquid, of gas-phase reservoirs from which they
pise risks 1o ecodystems and human health Global conta mination
with POPs of all environme ntal mamioes is cawsed by thedre xoreme per-
sistence and eflective environme ntal dispersal mechanisms [ Benglson
Nash, 2011)These ontaminsnts inchide chemicalk such a8
palychiorinated biphe nyls [ PCBs), pesticides, polyeyclic aromatic hy-
drodarbons [PAHS), and unintentionally produced chemicals [such xs
diming and furams ) (Bengtson Nash, 2011 )_The scammulation of semi-
volatile chemicals in cold environments is aised by te modynamic
Torcing by temperature gradients [Bengison Mash, 2011; Ma et al_,
2016] The suthors ako concluded that the long hali-lives of these
chemicals Balitate repeated cycles of volatilisation and deposition,
witich results in movement of semi-vol atile chemi cals sway lrom tem-
perate and tropical sowrce regions tiwands colder ol imate £ Bengtson
Nash (2011) and Ma et al. [2016) poaint out that these compounds
may be subyject to “oold-trapping” in polar areas or at an altitude
wihene colder temperatiines further prolong their persstene

Metds of anthropogenic orgin, predominant in varows components
of the Antarctic environment are as follows: Cr, Ni, Cu Zn, Pb, Cd
[Chaparmo et sl 2007 L He s sbo natewar thy, iot becaise of highcon-
centrations in e envirenment, b because of itshigh tax icity (de Fermo
efal, 2014 According to research by Lu et al (2012), the average con-
centraion of merory in soi sampled from Fildes Peninsula is
00221 ngy'g Metals may affect Ibological processes positiely or nega-
thve ly, depending on their concentration. Trace elements in soils origi-
nate from natural and anthropogenic sourced The load of metak in
the soil depends on the type of metal and soil, a5 well 5 on the subse-
quent scoumulation of te metal in other elements of the environment
It has been proven that excessive levels of metal pol lution in the envi-
ronment may not only have negative effecs on the soils feril iy, but
ako cawse ecological and human health risk (Robinson et al, 2005) In
Antarctics, sediments and soils are & major reservoir Tof metal_ There-
fore, they are an excellent sowrce of information about the losd of
metal pollution over the years. Some sediments can also a0 &5 a 50w
ol contaminants [ Santes et al, 2007 ). Anarctica plis 2 signiflcant role
i the deermination of global contami nation levels and trends. Naoural
baseline level of metals in dve Antaraic envimonment are a gauge of
changes intheir global concentration [Luetal 20121
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3.1. Pesticides and trace PCBs

Palychiorinated biphenyls (PCBs) belong 1o the group of organo-
chiorine compounds. The emissions of PCBs and pe sticides are success-
d curailing, although the che micals still pervade global ecosystems.
These compounds are present also in Antarctic. They generally come
from IRAT via precipitation and cold condensation. Moreaver, snow
also has influence on the deposition and the fate of PCBs in cold environ-
ments (Klanovd et al, 2008)

Contemporary research (eg Calwertzo et al, 2013, Bengtson Nash,
2011; Klanova et al, 2008; Ma et al_ 2011) suggests that the existence
of many sources of PCBs and pesticides cortamination in the Antarctic
areas Frstof all pol x regions receive the chemicals through ammaspheric
transport and depasition, and are accumudated in soils, ice, and waters.
Nonethe less ¢ porary rch (Geisz et al, 2008; Maet al, 2011;
Cabrerizo et al, 2013) on polar regions has shown evidence that historial
burdens of PCBs and pesticides are currently being remobilised from
retreating permafrost cover in Artarctica This remobil sation may be en-
hanced under climate changeand resull in an inaeasein thel ravailability
for exchange with the amosphere, whe reby the ecosysten’s exposure 1o
previously immobil sed PCBs and pestiddes is increasing (Noyeset al,
2009; Gabrerizo et al, 2013 ) Moreover, due to the intersifying effect of
climate warming, vapour pressure increases, resulting in an alieraton of
the thermodynamic equilibria for partitioning of PCEs among vanows en-
vironmental media (Ma et al, 2016) and eg thelr disiribution into
Aqualic env ironment.

FR I Scemascviewol TPCS b sl and oA

According to Klinovi et al (2008 ), whase research included the
James Ross kland area, soil concentrations of PCB ranged between
0510 and 182 ng/g Cabrerizo et al (2012) studied soils from the sur-
Lace layer and 5 an under its surface from the Livingston and Deceplion
klands. According 1o the authors PCB concentrations were between
0.005 and 0.320 ng/g. Studies cvering soils from the eastem part of
Antarctica Borghini et al_2005; Negoita etal, 2003 ) suggest that levels
of PCB contamination were similar to those in West Antarctica, as
presented in Table 2 Gabrerizo etal (2012 ) showed that the conce nira-
tions of pesticides in soils f[rom the western part of Antarctica are
significantly lower compared to PCB concentrations. According to
the authors, hexachlorobe nzene (H(B) concentragors flucuated in
the range of <LOQ-0.07 ng'g. while concentrations of pp'-
Dichlorodipheny ldichloroethylene { pp'-DDE) from log to 020 ng/'s.
Borghini et al {2005) and Negoita et al (2003) stated the presence of
HCB and pp'-DDE in soils from East Antarctic in condentrations:
02-25 ng/g and 0L03-4 ng/g respectively.

Chemicals present in soil after remobilisation may pass into water,
the food web, and then top aquatic predators. Aquatic food webs are
particdarly prone to the biomagnification of PCBs (Ma et al 2016).
PBs and arganochlorinated pesticides (OCPs) biosccumulate through
food webs and reach significant levek in top predators becaise of
their lipophilicity (Klinovs et al, 2008). Furthermore, PCEs were
among the earliest groups of man-made chemicals to be encountered
in food webs These compounds are the nmxst widespread in the envi-
ronment and biota, compared with others POPs (Baen et al 20131 1t

Chinstrap Penguin Eggs: ~39.3.1193 ngig

Trematomus mewnesi: ~22,9-38 4 ng/g

Microalgae: ~0,46-3,86 ng'g

Marine sediments: -0,4-08 ng'g

's marke Sod Sauce s of FCBs an aigae (Clverioetal 2012 ) marine sedimenss

{0dnov d e 3l 2008), nmmxmenmq and Ohincyap Peoggain Bzgs (Melo e al, 2055 Pitures accessed fromthe np.
cony 201205 Go-adapdve-adabo-ondce tom] hmp (hmscom gnoet e dy nse ach- Rk remes. LYo asseseaxch, hep, nmanmmwm hqs,
e WP il A

ol
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i dwe o their dur sl ity in the ervironment and persisEnce © ammon
[ iy J-cleogr sclation pathwarys | Bsert otal, 2013 | In the Antareic mari pe
food web, bomagnifiaton proceeds eg. from microalgae 1o flsh
[ Trematonmus newnesi), with the higher trophic leves contributing ta
the traditional diet of Chinstra p Penguin [Fig. 3). therelore pasing risk
[Melloet al, 2016). Indirect connections exist between climate change
and PCBs contamination to wildlile An example is migration of man ne
species cawsed by climae warming and los of ce mver (Cabrertzo et al,
2012; Lana et al, 2014; Mello etal . 200 6)_The effect may be aliered ex-
posure i POBS on scomunt of eati ng organisms i ring high conen-
trations ol POBS, even il the migratory transport of the chemicals is small
el &t ve Lo quantities rans ported by other ways (Cabrerizo e al, 2012;
Klimowvh et al 2008)_ The altered climate of Antarcric also entails erian
changes in the ty pe of food consume d Sndies on levek of concentra-
ton in the tsswes of birds inhabiving Antarcic proved that
transequatorial migran species such a5 skuss [Chataracs spp.) have
higher PCEs burdens than penguins |Peroscelis sp ). Based an the
above, migratory seabinds, eg south polar skua, can affact 2 vehicle
transpor tof chemicds The result is @ntminants of PCBs and pesticides
fram tse mortlem regions to Antanctics [Mallo ot al, 2016)_

12 Palyeyelic aramatie hydrocarborns and alkanes

Any hman acivity in Antarctics, even limited to cnducting soen-
tifbe re search, carries with it environmental risks asociated with the use
ol fossi] Twels_ Scientific oper stions and the relsted logistic Suppor re-
quire wsing them a5 an energy sounce for heating and lighting atthe re-
search stations, &5 well a5 a fuel for research boats, emestrial vehicles,
and resupply vessels [ Curtosi ot al_ 3007; Martins ot 51, 20100 In &
year, fuel consumption by reseanch S Gons amowms o appod mately
S0 million | 755 of which is diesel fue | [Martins et al 2004)  Ino easing
oS BT vilies in Antarctica and fishe ries may also awse a sk for di-
rect relesses of hydrocarbons o the environment [Curtosi et al, 2007).
In ander todetermine the record of human activities and remate con-
Lamination rans ported @ the Anrdica, it is necessary 1o apply appro-
jpriate indicators such as concenratons of specific groups of polyoydic
aromatic hydrocarbons | PAHS | alkanes, and even spheroidal carbona-
ceous partiches [Martins of AL 20010, These compounsds are trans portad
1o surfsce sediments by binding with suspended particulate matter in
the water colwmn [ Martins et al, 2010) They are rarely fownd 5 prod-
wats of bdosy nihesis. These compounds resch the marine environment
mainly by human sctivity, and due to their propertes they have a
toeic effect on the environment [ Martns et al, 2004).

Although Antarcticais considened &5 one ol the mast prisd ne are 55 of
the warld [Porgpischan o1 al, 2017). several previois waorks (Martins
b al, 2MM; Cripgs and Shears, 1997; Kennioult et al, 1991) reported
sporadic hyd rocarbons pollution events [eg odl splits) in varous oom-
ponents of this environment. Moreover, PAHS are produced in the pro-
cess ol fossll fuel combustion, especially during the process ol its
incomplee combustion Fossil fuels are the mest wides pread sour e of
energy inthe southemn hem isphere. PAHS generated in combustion pro-
cesses enter the Antarctic environment, disturbing the functioning of
eoEyEEms, a5 detailed in Chapter 4. Due to this, these @mpounds are
one of the most i mportant anthro pogenic anminans of the Antanctic
enviranment [Martins et al, 2004; Martins e1al, 2000 L The com pounds
can also be lormed during the combustion of wood and other organic
materials [ Curtasi et al, 2007 L Antlropogenic sources of PAHS in the
marine environmentand soils of Antaraic are sewage discharge, vehic-
ular emissions, and s pilleges of petrolewm and its by- products cnmin
ing com plex mixtures of petrogenic PAHs [Martins et al, 2004; Martins
et al, 2010). Although these external sources of hydrocarbons do not
originate from the terriory of Anvaaica but st & consider able distance
from this area hydrocarbons are transferred to the Antarctic environ-
ment on sccount of LRAT (Martins et al, 2004 ). Little information
about the natwral sources of PAHS in the Antarctic environment has
been Tound in the lterature. Based on the work of Cabrerizo et al

(2012 L ome can asume that the significant source of these com pouwnds
muy be the eruptions of the volcanos &g on Deception 1<and. In the
cae ol n-allanes, in addition toanthropegenic sources such a5 diesel
oil degradation, there are also ones of ogenic onigin, identified in
many species of manine organisms N-alkanes from biogenic sources
are varisble depending on the organisms present in a ghven study area
[Martins & tal, 2004)_ Al hydrocaon sources mentioned sbove | natu-
ral or anthropogenic ) originate from local sctivities in Antarctic and
therefore they cn be classifled a5 so-called in situ sownoes.

Some studies (Martins et al_ 2004; Cripps and Shears, 1997;
Kenmicutt et al, 1991 ) on hydrocarbon contaminants disass past inc-
dents of oil spills in Antarcrica which have caused sevene local sed el
fects on the buna and flora e g reduction of the survival of species
and ecosystems [Cripps.and S hears, 1997)_ It was also evidenced that
such elfeas wene of shom-term character, and the recovery was rapd
(Martins et al, 2004)_ Cripps and Shears [ 1997) showed that a diesel
spil | it Farsdany Rese arch Station that ocowrmed on 2 March 1992 cnsed
imumed iste vosd ¢ effect inthe interidal zone. However, becase fuel dis-
persed quickly, &5 a result of evaporation, solution, and dispersal, the
beesst strategy Tor small codstal fuel spills i inddal cleaning Tollowed by
learving the rest of the fuel tonarural degradation processes

Andersonetal [1978) desaribed the process of a slow sieving in per-
malrost, which happens because of repetitive cpcles of freezing and
thawing Authors stated that during this process, small particles of sail
migrate from surface to depthe In research of Krauwss and Wilkcke
[ 20WI2 1, it weaes proved that PAHS are most of sl sdsorbed to the smallest
particies. Additionally, Biggar et al [ 1998) and McCarthy et al [2004)
Tryel rocarbvon migration mechan svs are based on the gravity drainage
through interconneded air voids in permaliost and in 2 minon extent
the diffwsion of this compounds in lquid water in soil, because perma-
frost is.a barrer to water flow.

Cabrerizoet Al [ 2012) found the presence of PAHS on the Deeption
kland Livingstons Eland nearJum Carlos | Station, and Byers Perinsula
{an Antarctic Specially Protected Area) in sodls, masses, lichens, algae,
and some local plants. Resaarehed by Curtost et 51, [(2007) based an
soils Trom the vicindty of the Jubany Station and sediments from Potter
Cove The soil was taken from various depths In the environmental
samples, 25 compounds from dee PAHS group were deter mined. Four-
teen ol the compounds were found in soils and six inmarine sedimenis.
Pongpiadian et al. (2017 ko studied concentrations of PAHS in soil
sl es coll ectad nea rtheGreast Wall Station [ (hinese resaarch s tation )
located an the Fildes Peninsula on the King George |sland . Marting eral
(2004 1, in addition to determining the cnentration of PAHS, also con
firmed the presene of aliphatic hyd rocarbons inomarine surlsce sedi-
mens around the Brazilian stvion in the Admiralty Bay. Bieego e al.
(2009 studied concentrations of PAHs and hydrocarbons in waker and
sediments from the Admiralty Bay near research stati ons on the King
George 1sand operated by Brazil, Poland, Peru, the United States of
America, and Ecusdor. The authors monitored the concentration of the
compounds for 15 years Table 1 presents results of PAHS content in
50l Trom Exst and West Antarctic regions The majority of the studies
were performed in the South Shetland Archipelago region There and
other study results from West Antarctica are presented in Table 1.
Based on this anahysis it was found that levels of PAHS were varisble
in time and space. Sine 2004, for the following 3 years, the minimwm
values ol these compounds in western Antarcica have generally
remuained st the samelevel A dis nirbing increase in te masdmm con-
cenration of PAHS owwmed, lwever, in dve years 2004-2009 in arexs
msear the Antarctic research stations on te Antarctic Peninsuls The
compar son of concentr ot ons of PAH from 1999 and 2005 from exsem
Antarctica shows a decrexse in the level of soil pollution with these
che mical compounds, both in terms of minimum and mod rwm values.
From 2004 to 2009 imwes term A nraics, & rapid inaresse in masimam
concentration ocawrred from 450 to 3718 ng'g Curtosi et al [2007)
concluded that rapid drainsge of porow soils developed x5 2 result of
rainfall and melting snow and ice during summer could cause a
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considerable inter-annual change in PAH concentrations in soils. They
aksalinked high cone nirations of tese compounds tolocal sounces of
peolluton swch a5 sccidental diesel spill age and low-temper ature omm-
bustion of arganic materials Cabrerizo et sl (2012 ) showed that the
mean concenrations of PAH in soil samples are in the range of
0.53-255 ng/gdw. They also stated that the exceptonally high PAHs
concentration (3718 ngie dw) detected in ane sample is probably re-
lated to the Dot that the soil samples were collected in the area where
Tossil fuel 5 usually stored, which might suggest sccidental spillages.
Mareover, Curtosi et al [ 3007 ) painted ol that the sctive |ayer) parma-
Trost transition zone showed the highest level of PAHS, and permaliost
ws revealed tobe a low-permeatility barrier to downiwand mi gration
of these compounds The thawing of the upper layer of pemuafrast,
hinwe ver, would have deep consequences in the transport and fate of
the PAHS spilled on Antarctic sodls, and would resull in an increxsed
Tt ol PAHS 1o cokstal marine environments with unpredictable aco-
logaa | consequends In waler, organ<c com poinds sudy a3 PAHS and
n-alkanes can be exsily transported and sccumulated in marnine [Xue
eral, 2016) and lake (Y30 et al, 2016) sediments.

The presence ol PAHS in sudy & pristine environment is evenvisible
i penguins [ Montone etal, 2006). Montons et al [ 2016) have i nvesti-
gated the presence of PAHS in the main three species of penguins: the
Gentoo | Pygoscels papua ); the Thinstrap | Py poscells antarcdous ), and
the Adelie [ Pygoscelis adealine | which constitute 95% of the omass of
breading communities in this area [Sander et al, 2005 The levels of
concentration in the (st are up to 2387 ng g~ wei weight. This evi-
dences that PAHS, while moderately persistent in the environment,
can be bio-sccumul sted. This phenomenon is dko observed in fish (st
tssues, eg in rock cod fish  (Trematemus bemacchii) -
1520-1840ng g~ lipid wi [Hale 21 al, 2008). FAHs in penguns were
dominated by two- and three- aromatic-ring compounds [ Montone
et al, 2016).

The literanere provides no information on PAH concentrations after
201 4 Howe ver, die 1o the i noe e in human saivity in the regions of
Antardic, monioning the level of concentration of these com pounds
can help improve and enhance legal acts proeaing the environment
of Antarctica

33 Heaqwy melali and other elemens

Hexvy metal are & natur sl part of the Earths aust Based onthe re-
sults of Lu et al [2012); Carrasoo and Préndez [1991); Zhao et al.
(1989, Santos et al (2005 ], Crodert [ 1998), it can be concluded that
the dominant race meials in the Antarctic environment are Al, Ca, Td,
Cr, Cu These elements can get into the Antarctic environment via
long-distance simospheric transport amd global circu stion (Lo et al,
201 2) . and &5 a result of human sctivity inthe vicinity of polar stations.
Some of them [eg Al Cu) can be conside red to be of natural ongin
[Spopiiska et al, 2018). Research on soil samples [Marting et al,
2002; Alam and Sadiq. 1953; Tinet al, 20048) has shown the relationship
betweenthe presence of several metals e gV, Ni, Zn, Cu, Cr, Pb, Ba with
petrolewm contaminstion. Potential sources of contamimation wit Py
and Cu include paints used for painting the inemal and extemal sur-
Taces of building walls (Webster et al_, 2003). Point sowrces of Phy Zn,
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and Cuin soils can be used batteries and rubbish resul ting from sctivi-
ties in MdWurda Soumd region [ Santos et al_, 2005). The main soure
of Pb in the Antarctic environment & fuel combustion. Hong et al,
1998 ko stated that the sowrce of P transported from arexs distant
from Antarctic i industrial activity and fuel consumption in large
wriran centers in 5outh Amench Several studies (Santos 1 al, 2005,
Abalumiov et al, 200 7; Kenndeud f al, 1995, Lenihan, 1992) showed
that concentrations of metak in sediments around the sewage owlall
were higher than in sediments from arexs Tar from the station, $o an-
other impsor tant source of metals i sewage. ot all research stations
CAMN USe waslewater restment plants An increxsed concentration of
trace elements, and particularly mercury, was observed in sodls from
the vicinity of Antaraic research stations that discharge untreaied
witewater directly into the emdronment (Abakumaov et al_ 2017).
Land relief has an effea on retention of these elements in the soil On
the other hand. anthropogenic input of organic matter 1o sediment -
vours sulfide lormation, ausing reduction of metal biosvail b ity, and
consequently reducing adverse effects on local biota [Santes et al,
A05).

Kumernis studies on the King George 1sland [eg Lu et al_ 2012;
Samtos et al, 2005; Abakumov et al, 2017) proved that, a5 result of
human sctivity, large loads of elements are introdued into the Antanctic
environment Anthropogenic sctivity significantly affecs the conce nira-
tion levels of varkous elemenits in fve environmendt, and makes it difficd t
10 aasess, whether the metals originate from natural of anthropogenic
sownoes_ Sediments and soils are major reservoirs for metal. They act
&5 indicators of e quality of the environment | Santos et al, 2005).
On the ather hand, research by Szopiftska et al [2018) and Nedzarek
et al {2014 ) shows that the Araowsld Swtion (Polish Antanctic S tai on,
King George kland) does not cause a significant increase in mel spe-
cifbc concentration [eg. Pl The studies evidenced that the remrded in-
creased conentrations of trace elements may be msocisted with
natural processes, and not necessarily with anthropogenic pollution
such & resaarchers” sctivities_ According to Lu et al [2012), Nedzarek
et al (2014 ) by an equdlibewm s pessible tomaintain metal vahes in
Antarcric 30ils on baseling levels. The authors a ko concluded that this
s caused by physical eg mechanical erosion [5zopiftska et al, 2018;
Anderson et al, 2000), dvemicd g geochem ical weathering. of vola-
nic rocks [Nedzarek et al, 20141 &5 well x5 bological processes
[Malandring et sl 2008 ) occurring in the soil @ mironment and i ver so-
tions be wesn them.

Another natural source of metals in Antarctic environment is birds,
wihich have been dermined to play 2 significant rode in the alteration
of chemical compesition of soils and sediments. Sudh conclisions
were drawn lrom rese arch on the content of trace metak in guano.
Some visoular plants eg Antarctic hair grass [Descharmpsio
Antaraiea), ¢ e mrate some race elements_ These plants can be
oillected by binds, transported, and wed w0 buwild nesis. Based on the
alorementioned cir amms tances, race elements were lound o be oo
menelated in amithoge ncsolls (Abalumov et al, 20017).

According to Bockheim and Hall (2002 ), the proces of soil formas-
o i At raic i evide mily sliwer in comparson toother ant nenl
e rofdme s Acoonding to the literaturne, sof] developme it a5 well &5
che mical and mineralogical duanges inAntarctic are inhibited by facios
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sucly a5 low temperatre and limited quantity of Liquid water [ Kavas
et sl 2008; Simxs ot sl 2006 Vennumand Nejedly, 1990), charscer is-
tic of this area As shiwn in Fig 4, there are some further proceses in-
cluding ligand exchange, sdsorption, precipitation, and scid-base
reactions, which have aneflaa on the distribution of dissolved and par-
ticulate metak in soils. Research by Basta and MoGowen | 2004) and
White et al [2012) shows that the mobd Sation of some trace metak
i sodl [eg. A of Sb) ks cased by changes in the pH ar redos conditions.
For excam ple, sccumulation of birds and penguins guang promotes. soil
ascidificaton [Pogoere et Al 2017) Althowgh pH of fresh guano & alks-
lime, it s quickly scidified up toa pH value of 40 x5 & result of sulloric
amd nimic add formation caused by its biokogical stabilisstion on the
growmd [Tatur, 1989) Asa result of guano soommilston, the chemical
weather ng prodess in the clay fraction becomes more ineme Thisin
tum increases the intensity of short-range order phases [Poggere
el al. 2016). Their charscteristic festure i highly specific surlace,
whare groups that are resctive eg silanol [ 2SI0H), sheminol [eAIOH),
fermal | eFe0H) are present (Poggere ot al, 200 7; Wada, 1983 | These re-
active groups present in the Antarctic environment have been evi-
denced to chuse an incresse in the intensity of adsor ption of he sy
metak (Mendonga et al, 2013 ) In addition to soil scidification in the
Antarctic envimnment, guano dko causes leaching of exchangeable
bases, and translommation of primary minerals According to
Mendonga et al (2013 | metaks (eg Fe, Al) in the form of jons of amaor-
phows metals are relexsed into the soil environment, and then bind to
s plhod s com pounds derved Trom omithoge nic adivity orming
compaunds such 5 lewcophosphite |KFe™ 3 [Ply)z (0H ) -2Ha 0| and
metavarsdte |[AIPO,-2H0)

Maoregver, & relations hip s been observed between the content of
total organic carbon [TOO) in sodl samples and the concentration of
some heavy metals, &g He [de Ferro et al_ 2014). The chemical pro-
ceses ol metals in Antandicsoils ane governed by proceses such as sd
SO o var ows solid phases and resctons with onganic mager_As a
result of the lager, complexes and metal chelates are lormed, quite

persistent in the environment, and precipitation of compounds, gener-
ally stable o moderaiely soluble, aecurs [Bradl 2004) Poggers ot 2l
[2017) have recently shown that in permalrost-aflected areas of
Antarcica, erosion of rodks plays a significant role in the trans port of
trace metals For example, &5 4 result of pyrite axidation [Fes), a sul-
phate is formed and minerak such a5 jarsite [KFe" "y (SO )2 OH k|
and natrojarosite |NaFe™y (5040 [0H)s| precipitate (Simas et al.,
M)

According to research from permafiost aress [eg Panin and
Karantsev, 1986; Ostroumov et al, 1998, Ostroumov et al, 2001,
Stredeskii et al, 2008 | the rasport of metal jons in long- &1 m permas-
frest in the Antarctic is closely related to the movement of water_ It is
pssible through water fiims sdsorbeed by sodl particles. Water films
can then T ansport these dvemical entites. In many scientific studies
[eg Cary and Mayland, 1972; Chamberlsin, 1983; Henry, 1988,
Marion, 1995 regarding the redistribution of soluble components in
permaliost-sfected soils 2 dependence wis observed betwesn
Treeze-thaw processes and selected chemical elements in soils. Water
transpart in freezing soils particularly takes plae drrowgh the capillary
phenomens Cryogenic suction ocours thiowgh 4 pressure deficit of neg-
ative pressure InAntarcic soils afeaed by permaliost, the tem per aure
gradient does mol change despie sexsonal changes of its direction in
i and spring (Amcibor, 20141 A decrese in et input to the -
Tae soil horzons in sutumn causes downwarnd freezing from the top
soils, and upvard freezing of the adive layer from the permaliost
table. The migration proces of waker moleailes in the soil profile de-
pends on their movement from the wirozen side to the frozen side
along with water films adsorbeed 1o soil particles If the soil begins 1o
Treeze water that i lexst sttsched to ol particle s freezes st Then
in the soil pore spaces, jce crysmls are formed. Many studied (g,
Nhemimani et al, 20016; de Oliveira et al, 2017, Vodopives et al, 2015;
Husmanm et a1, 2012 ) disaessed the ocumence of hesvy metds in the
tissues of living arganisms According 1o Goutte et al_ (2015, the con
centrationsof trace elements incre ase along with higher trophic level
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of organims x5 4 result of bdoscoumul stion and boam pl iflication pro-
cees withintrophic webs oocwring in Antraics [ Arwell et al, 1958,
Marel et al, 1998). Mareover, that level of exposire to trace met als
wis found 1o be dependent on the foraging habitst (Goutte et al,
2015). For example, fsh species inhabiting the benthic boundary Laer
wiill have a higher level ol Hg in the sswes than those foraging in the
water colurmn and underneath sea ice [Fitegerald ot al, 207). Se dvirds
were evidenced to be excell ent bioindicators of Hg pollution [ Burger
and Gochfeld 2004 |, becase leatlvers are the main route of Hg excre-
tion in binds (Maonteins and Furness, 1995) Research by Carravien
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et al. (2013) showed that in long-lived animals He can iosonml s
in thed r daswes over their whale lile span_The meduanismol metal scow
mulation was also observed in the tsswes of lichens [Guerra et al.,
200 1). The suthors concluded that some demicals naturall y oo
i lichens, eg usnde, pulvinic, and rhisocorpdc ackds, can promote the
formaton of swbile complexes with metals. Grotd et al (2008 ) s howed
that 5 & result of low temperanere of Antarctic water, spedfic ways of
Teading and longevity. the biosccumulaton of metals in Antardic or-
ganisms may be more intense than in oter environments

4. Possible emdironmentsl comsequences of the presence of
ooitaminants released from pe rmalrost or the cryosphers

Recent years have seen higher temperatunes | Thapman and Walsh,
200%; Turner et al, 2005 ) and changing stodks of soil organi matter
(SOM) on the Antarctic Perinsuls [Vaughan of al_ 2003 Hill et al_,
201 1; Cabrerizo et al, 2012 ) This is probably relsted to 2 numberof fac-
torssud as changes inthe soll metabolism, changes in vegetation cover,
o i ndre se in impact from human settlemens_A significant dunge has
been observed in dve extent of & mesmial biota habdtars in the Antanctic
Peninsula [Cabrerizo et al, 200 3; Hill et al, 201 1).This is exemplified by
growhrates of lichen Linea Anfarcioa O the Livings tone lland, its an-
nual growth rate in length of 2 mm per year with an ing exse in the li-
chen diameter from 50 in 1991 to 72 mm in 2002 was observed This
s probably cormelated with rsing temper stures and g lscier remeaat in
the Antaraic (Cabrerizo et al, 2012). Changes in ve geLation o0Cwmming
ont the Antarctic Peninsula can be asouwre of changes in C and N circw
lation. Cabrerizo ot 2l [2013) aonduded that it can potentislly exart 2
significant influence on POPs drculadon through the changing S0M
pooks. In the contest of ambined climatic and ogeochem ical Tactors,
global change involving different temperatures and organic marter
ks will affact the revolatilisation and reservoirs of POPs [ Cabrerizo
et al, 2013).

The deermination of the exad impact of POPs on ARLARCHC Species
and systems, or making forecasts for the future is not yet pesible due
o the still insufficient number of studies on the Antarctic environment
i this xspea. The map of selected POPs [Fig. 5) shows that inves tigs-
tions were focused mainly on the selected pans of Anmrctica [South
Shetland Elands, Antarctic Peninsula, Victora Land and 5ot 5ea), less
often they were @onduced in the central part of the continent
(Weoduatoet al 201 5). However, it & very likely that POPs may be pres-
ent in the whale Antarctica Taede response s (o these chemical s, how-
ever, have been widely reported in research based on experiments
with primarly temperate species under standard test conditions
[Bengison Nash, 2011). 1t provides the basis for risk assesment lor

g 5 Licamion if e ach: 2 a5 n Anar oS, ity el FOFS havve By s el
i BT ad AT samipl s Al waman: T - ool member of neearched poins, B0 -
riesmmibe o TS ochd paine i e oo Elare?, 10— Pt r of resed st RS i
Ly s Elare, VILES - msmniesr of restancihesd] pins in Vioorh Land and Rook Sea,
Orteirs - 0% | mernibesy o Qe ol 20 ] P | i ol B i ialls b e
By Pl aine] o i, 19600, Selwamanian eral, BEY; Bacci eval, 1965 Riebroagheral,
1560 Foacamdli or al, 1990 Lamsan o al, 1960 Cariochis etal, 1995 Kennioss o al,
19605 Bhcego or al, 1965 Feoro o al, 15695 Inama s e al, 99 SenCoapa e al, 1968
Comr &al, 1997; Kallsnboam et al, 1956 Akclabie o al, 1996; Marsera & al, 1999
oyt et @ i, 200000 Corsoflind e v all, 2000, Cormading & all, I000Ey, Crocioes 2md Wi,
200 ; Negnis e al, 20 Montore o al, 2000, Wisbesr aredl Gowsrle, 20003 ; Borghind
o al, 2005, Carnbars o all, 2006, Monmmas o al, 2005, Bamnes o all, 20085 Corndind
o al, 006 Kim o all, 005 Masgri et all, 0085 Masminaw sl o ind ex all,
007, Carmpesi o all, 007, Mrahn o al, 2007, Berghesi o al, 300E; Chad o al, 7008,
Cirg el e all, 200K G e al, 200G KEnovd o al, 3008; Campaier al, 2006, Faoo
o al, TO0G; S o al, 2006 S o al, 0, Sanirind e val, 2006, Tanigaechi
o all, 200, Wi and Sarkcand 2006, Clpno et al, 20 00; Mardaeral, 2000; Farkeral,
2000; Corsaling eral, 200 1; Vam &en Brinketal, 200 1; Cabreriay eral, 20017, Feoos
eral, JO0E; 1§ eral, 300 2; Tramide o al, 200 Cabaeriam et al, 200 %; Kallsniorn et al,
003 Tharg en al, 2003, Cibaeias & g, 3004 Lana & al, 2004 Do e al, 2005
Jara-Carranos & al, 3005 Veoohians e al, 2005, Alsander eral, 007; el e al,
200 &; Porgrpichan arall, 3007, thee Buebe mmags of Anzancica buwe Basen obaained nom
(B A e S S ey Gaaoedama [Pairal, s/ Gactel i I0Shea, i poahang .
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Teigh |at mde environments. Polar ervironments lave evolved 2 *boom
and bust™ ecology governad by seasonal imsdistion and primary pro-
ducton |Bengrson Nash, 2011). Moreover, pollutants present in
Antarctica may have a number of adverse effects on living or ganisms,
i s honwen i Talde 2_0n view of little ex posure 1o POPS and other anthio-
peioge ¢ xenobkiotics in the past, the Antarctic organisms probably have
ot developed detmification mechanisms like their temperate and
tropical aunterparts. Sensvity ©ss of Antarctcedvinoid Serechine
nasmaper on haxvy metals showed hat i5 sensithity was com par able
with thatof its temperate and rropical couner pans, comside ing nacity
endpoints o1 aqual exposune durations. Pol ar organisms, hinvever, are
characterised by gigantism a5 well 25 slow metabolism and develop-
ment Taxicity end paints can be a good ecalogical indicator of toxicity
ocomparison only in parallel comparable developmentsl sages
[Bengrsom Mash, 2011).

A 1. Pesticides and Drace PCRS

Global warming @uld have a negat ve elfect on the West AnLarctcs
e rofment, potentially becom ing 2 net sink of POPs, including pesti-
cides andd PCBS [ Cabrerizo et al, 2013 ) Moreover, due 1o the highsoor-
age capacity of soils, the amount of PCBs stored in soils would be up to
T times Iuigher thanin the s phere | Cabrerizo et 512013 ). The ap-
pearance of relevant sorbing phases at each site [Tugacity @ pacity ) in
s0il § of AnLardica can cause better uptake of POPs in Antandic vege -
i Varouws [scirs, incheding the ipd content, and to 2 leser extent
age and growth rate, have influene on the sccumulation of these

oo pounds. in vegeration The literature provides po inkrmation on
the age of Antarctic vegetation in te study area Nonetheless, the or-
ganisms are xssumed 1o have been present in the area for 2 long time,
because their growth rate islimited to the envinonmental conditions
witich may alled POPs storage.

Mosses and lichens can accumulate and concentrate toxc
substanees even when POPS are [resent ot low ancentiations in te
ol envvironme il [Cabreriroetal 2012 ) Table 3 shawws the conEnirs-
vions of selected POPs for Antarctic vegetation. PFOPS conoentration
values, induding PCBs, hexachlorobenzens [HCBL and pop'-
dichlorodiphenyl didlo ety lene | pp'-DDE), determined in tisaes of
maases and lichens from the exsem part of Antarctica, range from 02
0 34 ng'g dwe. In contrast, concentrations of these compounds in
mosses and lichens from the western part of Antaraica range from
0002 1o 40 ng'g dw. Microalgae, hair gras, pearlwort, and green
algae are abo excellent bioindicvors of air pollution of Antarctic
(Park et a1, 2010; Bacci ot al, 1986; Megoita et Al 2008, Cabrerino
etal, 2012, Borghind et al, 2005, Focandi et al, 1991 ; Montone e al,
2001).

A compared with the range of concent stions of POBs and pesticides
in 50ils from westam ANLACHCA, EMERNTANONS in Antarcnic biota have
a larger range of concentrations of these compounds (PCB:
0005-386 ng'e dw: HOB: Q002-2.16 nge dw pp-DDE:
W3- 0060 ngfg dw ). In the case of samples from eastern Antaraica,
PCB concentrations in Antardic biota were skgniflantly higher than in
soils [soil: 0005-032 ng's dw biota: 13-34 ng'e dw). HOB condentrs-
tions were higher in soils [0.02-25 ng/g dw) than in Antarctic biota

Table 3
(o ata o casd FOFS in Amaeic biva
ampk T Saarmyplire] £ hE IR ST TROEs THIE pg-DDE R
ngfg o) el egg e
[ irgy Geargye bl Wiess Ancaaceica el el el ) Fask e al, 2000
[ oS PerdrcoalaWie A mancsa an-216 alo-0Ed [Eanci o al, 985
[ Repsian sorhors: Mowel sy, Mooty 33 a3 a4 Megpim eTal, 2003
P i, Frogee s, Dnazhnaya IV
ared WlireEasT AnmaTica
[T S S belans WesT Amancsca oo43-0E1 Qpz-a3l QoE-a01 Cabaesizy o al, 012
L Vrniia Land Fasr Anaamica 13-34 QE5-150 LID-750 [Borghini o al, 700G
Lo [y Beland], Ross SeaTEasy AnQaTica 5-6 Q30-0E0 (i) Focandieral, 1550
Lo Arisnosc PenircealyWesT Amancssa Q30-0ES Q17053 Bacch o al, BES
L o Sz 5 e lellairacts WV st ATt ood-aTe ami-alz QE-Qod Cabmizs o al, 2002
M g irgy Geargye bl radWies Ancaceica D45-155 oo @7 al, 20O
i g Sz Th S e Bellarachs Wt Armarcdica D35-240 QBG-030 QS -0 Cabaesizn e al, 2002
[Par]- v Sz Th 5 i e Ramacts PV AT anCSca o3l Qo a4 Cabaeizy o al, 20032
Goen alge Sz Th 5 e e Ramects WSS A rTanoSica [=F- am3 aog Cabae iz o al, 2003
[Pt Bl Losnhe P2 Sz, Atimirainy Bay, King Geange Boland Ve o Ancancica 34-98 IT7-&7 4532 Corsalin e al, 2007
Pt i bt Lisirg o Belare?, Kispaiisic Eelare?, Wireg G oo e Bulansd AW AnTarcica Ta5-E04 Q7050 Jara-Camasoe & al, 015
Eggiof saabinds  Admininy Bay, Ming Geompe Esland Wt Antancsica 4431-16T 15-152 Ml 27 all, 2006
Thmses ofifish oy Cover, G0y Gaoage bland West Anancsia 11.1-98.0 455-205 Lana etal, 20M
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(@3-19ng e dw ], while thelevel of pp'-DDE in 50il and Antarctic biota
wiere higher. Some samples of miosses, nwever, wene dursctensed by
a higher content of these pesticides [soil: 0.03-4 ng/g dw; bdota:
02-7T9ng'g dw).

An additional Txtor incressing the isk of POPs sccumulation i the
tisswes of Antanctic organisms are periodic shortages of food and low
tem peratures [Bengison Nash, 201 1) In conditi ons of food shorage,
lipids are mobilised to satisfy i This cases a losd ot contam inants,
eg POPs contained in lipids. This phenomenon has previously been
demanstrated in humans a5 well as wildlife The highest violber ablity
1o the harmdul effeas of POPS & observed in animal species pushed 1o
physiological extremes through shortage of food, reprodudion, or mi-
gration, eg_baleen whales and Erain penguin species 1t 5 aused by
the re-mobilisation of POPs contained in the sdipose tssue and there-
Tore expasure of the body to the tosic elfeas of these compounds.

42 Polyeydic aromo e hydrocarbons and alkanes

Environmental risks regarding the sccumul stion of PAHS have in-
crexsed in recent damdes dueto the growth of anthropogenic em isions
from the southern hemisphere | Bargagl L 2008; Xue et al. 2006). Mare-
aver, results s hinwing the capacity lor bissccumulation of PAHS inliving
arganisms, their oadoity, and mutsgenity (Yang et al, 2015) demon-
strate i ncreased environmental burden of PAHS, particularly in refer-
ence 1o the sensitive Antardic environment | Cabrer oo &t al, 20132).
The estposwre of PAHS in the ARtarcric e minnmment comstitas 3 threst
o Antarctic ota Mosses are oneof the primary components of rres-
trial flora in this region Because they have no root system, they ae
largely reliant for the nutrients supply on smesphenc deposition
[Borghini et al, 2006 ) PAH sccumulation in mosses [Cabrerizo ot al,
200 2; Col abuono e 2l 2015) suggests that Antarctics may become an
im portant sink in the global PAH ayde (Cabrerizo et al, 2012

Furthermaore, Pongpaduan et al (2017 ) aladsted the quantitative
ecol gl cal sk assessment of inhabitants exposed to polycyclic aromatic
hydrocarbons. present in sofl samples The sudy was conducied on the
King George kland, near the Great Wall station in Janwsry 2014 The en-
vironmental exposure o PAHS for lumans in terms of cander and non-
cancer fsks vas found to be at an “sccepiable level™

A3 Heavy metaks and o ther elemens

A incressein hwman sC0vilies inAnLarciica, pardasr ly in the *hot
Spots” ne af reseanch stations, may [urther thresten the punity saius of
the continent if proper precautions are nol taken [Lu et al, 2012) At
least wntil the 19905 no ade quate procedures of waste mansgement
existed there, leading to the deterioration of the metal polluion sita-
o Asa result of acumulstion of progresively adverse effeas of dik
ferent magnitude, the biological, physical, and |andscape component
ol e Antarciic was alfected [ Oraparmo etal, 2007 L One of the mostno-
ticeable effecs of human aaivity is the acumulstion of e trace metak
in soils and plant tiswes_ It has been proven (Amano et al, 2006) that
merciry socumulates maore intensively in soils than in maosses. Maore-
aver, the storage of waste causes the emission of chromium and nickel
to the soil where the sccumulation of these metals takes place
[ Abakumov e al, 20017 )10 has been proved tat in Arctic, rae metaks
are relexsed from permafrost in large r quantities i n the summe § sexson,
wihen air tem pera wres are higher than for the restof the year [Robinson
el al, 2005) Due © the presende of long-term pe rmaliost in Antarctic,
the same effect cn be assumed 1o take place. Such & sharpinagexse in
the trace metal load may pose a threst to the envimomment

5. o] s s
Drue 1o prevailing extreme weather, Anraia provides cond tons

Txvourable for permalrostocourme noe. According to the svailsble livera-
ture, s0ils of areas free from i constitute a place of sccumulation of

24

Ieavy metals POBs, and PAHS Due 1o the sensitivi ty of permaliost o cli-
mate change, the pollution of anthrpogenic ongin sccumulstad over
theyears may berelexsad into te Antarchic environment under te var-
lable conditions In the @ntext of climate change |depending on the
part of Antarctic], either trapping of the compounds | places whene
cooling ts obse rved fforecasted ) or their relexse can ocour (in places of
olserved forecasted warming). Moreover, the cycles of socumul ation
amd relexse of polluans are also believed to be of seasonal charaaer
[ wi ner-summer). Nonetheless, the gre st tre atfor the emvinnment
s pesed by pollution reemission. Unfomunae ly, the lie ranse il pooe-
vides on inform &ion conerning the detail ed description of the drouls-
i of pollutants in the Antarctc environment, including the degres of
elfect ol permaros degradation on pollhtion remobilis ation.

It can beconcluded that clim s changs his bacome an inegral com-
ponent of research on POPs and hesvy metals in Antarcica These
chemical compounds have 3 negative ellea on living organisms ooour-
mng in Antardics, and consequently disurb natural emsystems in the
area_In order to understand the anthropogenic processes and sounes
ol contaminaton POPS and heavy metals better, thelr concentration in
Antaraicashould be constantly monitored Considering the ot that
chemical compounds described in the paper also have their natural
aunces, there is a nesd tocreate indicators of anthropogenic polluion.
This would sllow © dstinguish which of the pollutans are related to
hwman sctivity, learn sbout the mechanisms of teir migraton and
limit their emission 1o the environment The soquined knowledge can
e used in the Tubure for rapid response and emvironmental renewal in
the event of emlogical disasters, eg oil spills. 11 will permit limiting
the negative impact of humans on the Antarctic envinomment [eg. via
apphing enhanced environmentally friend y sol uwions), and therelone
preserving the environment not ondy Tor Antaradc fauna and o, but
alsofor future generatons
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Publication Il is: Potapowicz J., Lambropoulou D., Nannou C., Koziol K.,
Polkowska Z., Occurrences, sources, and transport of organochlorine pesticides in
the aquatic environment of Antarctica, Science of the Total Environment, 725 (2020)
139475. It presents the literature data on organochlorine pesticides (OCPs) occurring in
the aquatic environment of both West and East Antarctica. Knowledge about the spatial
distribution of these pollutants in waters was explored and information was collected
regarding the impact of the presence of OCPs in the environment on living organisms
inhabiting the Antarctic area.

The presence of OCPs in the Antarctic region has been attributed to cold
condensation and global fractionation during LRAT. Pollutants reach these remote
regions of the Earth carried in air masses. This is additionally favoured by the cold-trap
effect, which is characterised by the chemical compounds transported in the atmosphere
being deposited because of the decrease in temperature when the air masses reach polar
regions. The flow of pollutants from melting glaciers also affects the surface water OCP
concentrations, and ice can be a vast reservoir of OCPs. It has been observed that snow

can be a seasonal secondary source.

It was found that OCPs that are present in Antarctic waters and biota constitute a
threat to the proper functioning of aquatic organisms. This is undoubtedly favoured by
these chemical compounds having a long residence time in the Antarctic environment and
thus persisting even after a long period following emission. Due to their properties, OCPs
degrade slowly and have the ability to accumulate in the Antarctic environment. The most
commonly detected OCPs in the Antarctic environment are
dichlorodiphenyltrichloroethane (DDT), hexachlorocyclohexane (HCH),
hexachlorobenzene (HCB), aldrin, dieldrin, endrin, isodrin and chlordanes. In addition,
chemicals from this group have been identified in various aquatic environments of the
Antarctic (seawater and polynya water, freshwater, porewater, snow, firn and ice).
Regarding biota, the presence of OCPs in multiple tissues of aquatic organisms, bird eggs,
and the contents of the digestive tract of animals at higher trophic levels was found. OCPs
and their degradation products alike negatively affect the living organisms in Antarctica,

disrupting the natural ecosystem. Their presence in tissues may cause, among other
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things, reproductive disorders, increased parasitic load, increased asymmetry of wings,
and immune-haematological disorders. Detailed analysis of the literature allowed for the
selection of these groups of pollutants for further research under the project “Preludium
19” funded by the National Science Centre entitled “Determination and characteristics of
pollution release due to climate change from glaciers and snow melting in Antarctica”, of

which I am the principal investigator.
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1. I troadisction

The ecosystem in Antarcic waiers is wniquely sdapted [Covicchioli,
2015) and globally relevant for primary productivity [DNerssen et al,
2000 ). While Antarcrica is one of the mast pristine environments in
the warld [Adrey, 2007), the squatic or ganism there is still ex posed 1o
peoll ution. Theefleas of human st vities cn be observed inthe Antrc-
i environment [ Gao et al, 2018, Geisz et al, 20048; Tanabe &1 al, 1983),
such & the footprint of touni st and research station dctivities | Szopifska
et al, 201 8; Harcha, 2006) 10 the recent decades, there s been a rapid
increase in global pollutant emissions in general which ontrbuwed 1o
their distribution aaess the global environment (Cipro et al_, 2013;
Yadav et sl 2017 Ma et al, 2017; Potapowicz et al. 2019) Unforiu-
nately, this g lobal trend affects even the Antarctic environment, regquir-
ing more and more of the global scientific community [Miller et al,
201 2; Cincinelli et al. 2016; Wecdviato et al_, 2015). As a result of the
global anthropoge nic actvities, an aaelerated warming and other cli-
rrutic dhanges have been abserved in the Antanctic | Kejra et al, 2013;
Szopifska et sl 2018)_As a result of tese changes, an increxsed trans-
peort of pollutans from wiban arexs due 1o &iF mass movement was ob-
served [Corsolini, 2009, Bengison Nash, 2011) and reemission of
pollutants from permafrost o the Antarctic environment has also
been considered in this area [Szopifska e al_, 2018). The most fre-
quently raed issue by Soentists i the inde xe in (race meLals concen-
trations in this ares (eg. Alalumov et al, 200 7; Lu et al, X012 ; Santos
et al, 2005, Sropifiska et sl 2018; Tin et al, 2009 1t was fownd that
the comentr ations of persistent organic pollutans [POPs) increase in
Il il s e s collecied in Antarctica

A particul arly long-standing thre st among the POP compounds de-
tected in Antarctica is arganodilorine pesticides (OCFs ) [ Gpro et al,
2017; Bigot et al, 20016a). Since the 19405, these compounds have
been wide Iy uwsed, manly in agricul ure_However, for many years, reg-
wlstions have besn restricting or even profibiting the use of OCP4 One
of the m is the Stodkhal m Convention, adopted by the United Nations
Environment Program_ Legislation largely protects the environment
i it i v ded OCPs i n the enviromment but notall countnes comply
with teese hans In sdedition, DCPs are resis Lant o envi ronme nial degra-
dation proeses [Bigol et al,2016h).

Ingemeral, OPs have been transported from populated s o the
Antarctic by long-range stmas pheric trans port [ IRAT L where the ir fur-
ther move ment hus been restrictad by the cold cond itions [ Bigot et al,
20 6b; Geisz et al, AD08). As a result, OCPs were depasited in snow
and joe; sfterwards, melting. es pacial ly the re leise of part aulate or ganic
mutter from the ice, feeds them into the base of the food web [ yeta pro-
portiom ol the released 0OPs may avme badk 1o the stmosphe e trough
volatilsation) (Chivchiolo et al, 2004 | During o rowm polar long-tem
research in the Antarctic over the last several decades, dimate duange
anvd the reswldng melting and retreat of Antanctic jice shelves was ob-
served [Vaughan et al, 2003; Turner et al, X605, Mulianey et al,
201 2; Kejraet al, 200 3) . Dudd o et al [2007) shawed that regional cli-
male warming amel ses with eceysiem changes throughout the sea-
ice dominated areds of the Western Antarctic Peninsula. In sddition,
Bogdal et sl (2009) have observed (in the European Alps) that
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ol i ants ey be secondanly input to the envinonme i through glacier
melt while Bigot et al. 20016 confirmed their presence in Antarcticice
oones. Particulary noteworthy i dee Tact that it may come tothe possi-
e fuure reemission of OCPs, among other POPs, into the simos phere
and surface waters. These chemical compounds have scoumulated in
the AnLarctic over theyears in the kos | xyers cor respanding to the pal lut-
ANl e S5l on period.

OCPs, considersd the typical persistent taxic substances [PT5), de-
serve special attenton because of the ir pers stence, biosocumulation,
and vsdaty (Chopra et al, 20011 ; Willett et al, 1998; Quan ot al, 203 ;
Wang et al, 2004). The presence of OOPs in the Antarcice mvironment
wis reported for the first time in the 19605 [Sladen et al_, 1966,
George and Frear, 1966). In the 12th Stockholm Convention, eleven
OCPs were proposed to be conrolled because af their karmiul effects
1o the e mironment and ecosystems (Chopraetal, 2001; Bigol et al,
2018, including dich orodi phenyl tricl orosthane (DT, hex -
benzne [HOE ), pentachlorobenzens, chlordane, diekirin, endrin, hep-
tachlor, mirex, toxaphens, hex schlorocyclahex ane [ dlphs- HOH, bets-
HCH, and gamima-HCH, ako named lindame), and chlordecons, while
endosulian ha recently been proposed to te Euwropean Union @ be in-
cluded umnder the provisions of the sbove-memtioned Comvention De-
spite the introduction of bans and restictions on the e of OOPs,
many research groups showed that these compounds ocowr both in
the Antarcnc squatic envimnmment and in the toplic networks of or-
ganisms lving in this area [Chicchiolo et al, 2004 ; Dickhit et al,
2005; Inomata et al, 1996, Sun &t al, 2006; Taniguchi e al, 2009; van
den Brink, 1957).

The e efleas of OCPs onlbiota are known, &5 detailed in publica-
thans on the arexs with more intensive humanadivity | Agnikotn et al,
1954; Baiet al, 2018 ; Barhowmni e al, 2004; Carlson et al, 2004; Camo
etal, 2017; Petrovic et al_ 2018 In the @se of emsystenms found in
Antarctica, the fxe of these @mpounds is 2o affecied by the knw tem-
perature conditions (Zhang et al, 2013 | Lipophilic OCPs scammulaie in
the fat tisswe of biokogi cal organisms and can be biomagnifled, which
peieies a risk to ofganisms of higher tophic levels For example, Jara-
Carrasco et Al (2015) proved that significant concentrati ons of HCB,
DDT, a-endosulfan, Prendosullan in tisues of Chinsrap penguin
[Pygoscelis antanctica) can result in sdverse changes, such s decrexsed
reproductive success, increxsed risk of parasitism, greater wing asym-
metry and im menohenatol ogical disonders There are mamy studies re-
garding O0Ps concentration levels in perguin and pinriped mam mak®
tisswes, x5 well 25 on the impact of the se compounds on lile proceses
(George and Frear, 1966 Schhisvone et al, XnG; Sun et al, 2006 Re-
search on the determination of OCPs in b uatic organisms that are st
the beginning of the trophic chain, &g the Antarctic kill, is also war-
ramvted by their multiplied im pact on the higher rophic levels [ Cipro
&t al, 2013 Goerke &t al, 2004).

Cong ide ring Uhat OCPs ar e biosccumulated inthe tssuwes of living or-
ganims st diflerent trophic levek, it & important to compare the con-
centrations of these chemic] com pounds in vanous animal tsues,
well a3 1o determine the impaa of OCPs on the Antarctic biota This
wark i an attempt to compdle the existing knowled ge on the status of
these chemicals in the aquatic environment of the Antarctic, taking
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into account bath the albotic background coneentrations and the
B ATHC OF Semi-aq uatic anmals. While the comparison of OOF oomne -
trations in these two elements of the Antarctic environmeant has been
missing in the previous wark, it may be important for understanding
the exchange of dvese ampounds to and from the Anr dic eceysem,
and learming shout the processes oocurming in this pol ar environment
Special attention has been paid to the different soures of these @m-
peoners, | anthaopogenic, local of komg-distance] and the envinnme il
Tate of pollutants. The propoesed review will ko contribute to kisess-
ments of the potenti al environmental haeards assoclated with the sccu
mulation of 0CPs in te A rdic envimonment

2. Spurces and the deposition of organochlonne pesticides in
At anctica

Organochlonne pesticides are widespread @nlaminants in many
emviromments around the world, including the polar regons Studies
over the years have shown that 0CPs are detected in the Antanctic air
(Kang et al, 201 2), water (Cipro et al, 2017 ), sodl (Zhang et al, 2015)
and béota [ Schisvome ot al, X049). The presence of OCPS in tis regon
hass been atributed to a@ld condensation and global fradionation dur-
ing the long-range amosphenc ranspor (LRAT) (Wania and Mackay,
1996). Inaddition local impacton the inges se of environmental poll
i in Latitudes over 62°5 5 also observed [ Evenset etal. XN ; Roosens
&t al, 2007).

In & description of the environmental (xe of O0Ps in polar e minon-
ments, one cannod ignore the i mpact of the @ld trap effect This phe-
namenan is charsderized by the transporn of chemical compounds in
the stmasphere, ciised by a decresse in temper sbure and resulting in
the depasition of these compounds. 1t has been shown that despite
the highest POPs emission at temperate and tropical tem peratures,
these polluta nts do not remain there: a proportion of their chemical
load vaolatilizes and then moves through the amaosphere, to be Later
oondensed st ool der, higher | atndes (Wana and Mackay, 19593, 1996,
Dk et al, 2005 ) Cycles of long-range somos pherc irans por, depo-
sition and reemssion [Rappe, 1974; Goldberg, 1975) can be re peated

many times which makes them a source of pollution inaress withinsig-
nificant anthropogenic sctivity, such a5 Antarctica, leading © the soow
mila tion of these compounds [Wania and Mackay, 1993, 1996; [ones
and De Voogt, 1999). The transport of pollutants in the stmosphere
has 2 signifbcant impact on the pollion load in the hydros phere
(Bidleman, 1999) In sddition, Gallbn- Malaghn et al (2013) showed
that in the Antarctc environment, he biological degradative processes
in water mury result in d se quilibiwm in 2 omos pheric and Squatic oon-
centrations of 0P, driving the absorption of HOHs and HOB through
air-to-water fusxes.

Ome of the important aspects sffecting the presence and s pread of
O{Ps in pol ar e vironments 5 global o imate change These proceses
affea the transport and redistribution pathways of POPs [ Kallenborn
el al, 2012 ; Kasek et al, 2001 8). It & caused by Che dependends soom -
latiom, resctivity and sdsorpton proesses e temperatine depemndent
[Kallenborm et al, 2012). Glaciers are an important component of the
Antaraic and Ardic regulsting water circulaion in the cold environ-
ments_ They are charscerized by the betest and strongest respond o
climaie changes | Lehmann et al, 2016).Global warming can cause the
rele e of sccumulated q uantities of DCPs in glacal jce, which will result
in the ingexe the loading of these polluwants in glacial-fed systems
[Weber ot al, 20100 Many physical and deemical properties of POPs
provide inform ation reganding their presence and distributon intheen-
vironment [Kosek et al, 2001 8)_1n sddition, the values of some of them,
eg achemical™s vapor pressure, Henry™s liny constant, the air-water
partitioning wmelfident and the oqanol-air paritioning coelficient are
related to the temper sture vale [ Kallenbormm et al, 2002). While sea-
soial chamkges in aif tem per awre do mot dras tically affect the pro perties
ol chemical pollutants, so many years of dimate change over the de-
cades can contribute to drive phise paritioning of semi-voladle
chemicals lowards the gas phase | Kallenborn et al, 201 2). The mase-
quence ol this may be an incresse inthe transocation of chemical com-
pounds in the environment, thereby incrass ing the exient of pollution.

It has been observed that snow can be & seasonal secondary soure
[Fig 1) of DPsin Antarctica | Kallenborm et al, 2013 ). This phename-
o i particalary relevant to lighter and mone hyd rophili ¢ com pownds

Variogy
the

Rz L A dugoen ofthe soonday b e of O0P: inAmac Sa.
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[ Muir and Lohmann, 2013). Falling snow remaoves 00 from the atmo-
aphere through wishout of stmaphenic sermsol and alsorption of
their vapors [Kang et al, 2012 ). Therefone, the sccumulation of these
compounds in the environment is promoted, affecting their further
fate | Daly aned Wania 2004; Stocke retal, 2007 | Des e their lipo philic
nature, OCPs are scoumul sied inthe snow and ioe, COsSt Lting a reser-
voir of these mmpounds Due to their lipophilic duractern, onthe other
hand, they are capable of bioacoumuil stion and further adverse efleas
on fauna [Chopra et sl 201 1; Geisz &1 al, 2008 ). During their research,
Ciproet al [ 2017 ) observed thatas thegeneral sum of the OO concen-
Drations decrenses dur ing dve sustral summer season, o portional by the
CONCENTT ATIONS in snow rem ain luig her than in snow meltwater. This can
I s by the non-linear red stribution of the compounds between
these two phases [Gros et al, 1977). In sddition, OCPs may enter
new state of equilibrium, re evaporate or be sdsorbed toorganc mater
alter entering the liquid phase (Wana, 19971

The flow of pollutants from mel ting glaciers alio alfe as the surface
water OCP concentrations [Blais et al, 2001; Li-guang & al_, 2005),
and e can be a vast reservoir of OCPS 1t is estimated that 16 tof
EDDT may be stored in the *Antarctic Peninsuls joe shest™ [Geiz
el al, 2008, yet the estimation ssems 1o apply the Jversge cnoenra-
vionof the pollutant in the top6 m ol snow 1o thewhaole joeshest thick-
mess [ aversged x5 1780m |, which is an obwious misrepresentation of
the period when this contaminant was deposited. Thus, mast likely,
the sorage af the pollutmt in the joe sheet has been much ower than
estiruted. 1t should lso be decrexsing where gladers experience sur-
face ablavion. Ducklow &t al [2007) noticed & & “C-increase in e
mean winter temperature, while the annual mean temperange in-
crexsad by 2 °C on the Antarctic Peninsula from 1950 In sddition, the
ice volume ks, glacier rereat and meliwater production have akoin-
credsed [Onok et al, 2005) The conditions. described are condudve 1o
the relexse of polluants scoumulsted in ice, which is conflrmed by re-
search on the concentrations of seleded compounds in glacial rmall
[ Criwchiclo et al, 2004).

Itis believed that the inflowof pollutans to the Antarctic Peninsu a
s stronglylimied by the range of circumpola rai reirculation | Seopifiska
el al, 2008), yet small aoneentrations of pollutans are delivered to the
interior of Anardic. The redistrbution of sudh pollutants is affected,
amang other Dctors, by wind speed and directon. Mishea et al_[2004)
drew attention to the long-range stmosphenic ransport of metallic
compounds identified in the xir a10the King S2jong Station | King Gearge
ksland, South Shedands klands). In addition, Kallenborn et 2l (2013)
olserved dee same efled in the case of POPs on Dronming Mawd Land,
Al Lee et a1, 2004 with relere nce to volcanic shes lrom Palgonia in
the soil of the Baron Peninsuls Szopifska et al (2018) analyzed the
wind directions at King George 1sland in 2016 based on the data from
Ballingshause n sLation The suthors concluded that predominant wind
directions are north-westerly (305 - KNW, NW, WKW) northerly
[ 10% - N1 north-eastery (9% - NE) and south-easterly [8% - S5E).
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Further mare, it was obse rved that the dominant wind direction also
changes depending on the sexson [Fig 2).

The Souwthem Hem isphere stmaos phenic circulation ranspors pol-
Tutants from populsed e misson arexs 1o the Antarctic, where they are
depmitad [Russall and MoGregor, 2010, & g with snow, and rersin
die o cold condenaation [ Wania and Mackay, 1993). While the degres
ol polluton inthe Anardic Perinsuls may have a direct connection to
Argenting and Chile [Dicklat et al, 2005), in remate regions of
Antarctica it has been suggested that & potential secondary source can
be also the wind ventilation of smow [Kang et al, 2012 ) However, a
the aif masses travel 3 long way into the AnLanctic continent, thair pol-
lutant load beavmes more diluted in the atmospheric air and, conse-
quently, the inland arexs experience lower levels ol OCPs in snow
than the Antaretic coxst (Kang et al, 20121 Bgot et al [2016a) wha
com pared OCP concentrations in air and sexwater a1 points located
0% the Southern Ocean.abso found tem dimi nishing with inoeas-
ing latmde Finally, ol orographic conditions modify the level ol con-
ramination [Kejna e al, 2013).

3. Levels of organochlorine pesticides in the aquatic emvironment
Al faumna in Antardica

OCPs have been fbound even in & pristine an emvironment
Antarctica Table | presents the published data on the concentrati ons
al sel eqted OPs in the queous sbiotc environment of ARtanct ca in re-
lation o geographical locaion, type of matrs (water, Snow, i), water
aalinity | seawaver and freshwater] and sampling year.

I the water and snow all the determ ined com pounds from the DOP
groupchosen lor this review were found, Le. dichlonodiphenylir dhloro-
ethanes | DOTs), hexachloroayclohexanes [HOHs | drins (al drin, diei-
drin, endrin and isodrinl chlordanes [a- and -chlordane,
aeychlordane, heptachior epodde) loe samples were duraderized by
significant concentrations of HCHs and dhlordames [Dickhut et al,
A5 DTS and HCHS vee e the most ammdn OOPs inall envi ronme n-
ral samples. Based an the literature [ Table 1), it can be concluded that
theconcentration levels of selemed OCPs in various ele ments of the Ane
arctic environment were relatively low [1sually at 1-500 pgi level),
mast likely due o the large distance from densely populsted aress
and the geographicl barrier [the ice barrer of Antarctica ) i ndering
the transport of pollutants In addition, Fig 3 shows the location of re-
Searchaness in Antarcrics, where selacied OCPs have been determ ined
in water, ice and snow.

I the case of fres hvater, the ighest @nentrations of DDT, chor-
danes and drins were found in waters onginating from a lake on King
Georgelsland [Gaoet sl 2018) T0CPs in this lake water reached con-
centrations of 0033 ng'L in one sample The suthors daim that such
high concentrations of O0Ps there result from the relative prodmity of
loweer latitude emission aress_ This explanation aligns with theolserva-
vion of Bigot et al (201 6a), that the @nentration of some 0OPs in the
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oceans decrexied with latinude. Furthermore, in the King George kland
ared, the lake water concentration of DOTs chlordanes and drins
exieeded those in sexwaier This ba may be explained by acontinuoms
sccumulaton of pollution in the lake without drainsge and the slow
processes of newtralising such pollution In particul ar, the exra losd of
ar ganachlorine pollutants entering the lakes [ and the se s, ina mare di-
lute form ) may come in the cold climate from melting snow and je
omvers [ Cabrerizo et al, 2019) As for HOHs in freshwaier, their highest
concentration levels were found at Lake Nurume near Syowa Station
[Tanabe et al, 1583). The station & located on Exst Ongul 1sland in
Queen Maud Land, Antarctica The suthors claimed that the sounce of
DOT and HOH was in the devel oping countries in the tropdcs | via long-
ramge transport ), which at the tme used the se pesticides inlarge quan-
tities In sddition, Like Nurume i located at b relatively low Latitude,
which inae xses the pollution inflow.

The concentrations of OCPs in seawater are typically lower than in
Treshwater, yet duis pattern did not ocour for HOHS near Syowa Station
[ Tottuki Point, Kita io-ura Cove ) [ Tansbe ot &l 1983) and HCB in the
westen Ross Sea | Cincinelli et al, 2005) and in the Southern Oce an
[Bigot et al_ 2016x). These points are kated on oppasite ends of the
Antaretic. Cinanell ot al, 2009 stiied that the highiDPs concentrations
mury result from the ir inflow from mel tingsea joe and smow, and the de-
cremse in HCB in the springmay be theresult of bios awmulstion in ply-
toplankion, & well x5 o volstilisstion die o HCB gh vapor presine.
The latter explanation appears mare likely, as Chivchiolo et al [2004)
report no Woacoumulstion or biomagnification of HCB at the lowest
levals ol the Antareticfood web [ oo algse and kxill).

In snow and joe, te concentrations of selected DCPs are higher than
i TresInwater and sexwaier However, polynya water [Sen Gupta e al,
19846) exhibited notably higher concentrations than se swater in gen-
eral, a5 well x5 sea jce [ Dickhut et al, 2005 ] and effea which Puiko
ef al. [2015) attribute to enhanced dry deposition of OCFs in these
melt ponds. Partiailady notewaorthy are sgain smow and joe samples
taken near Syowa Station [Tansbe et al, 1983 | which wene character-
ired Iy many times higher HCHs concentrations duan in other places
in Antarctica For these and other matnces, the high conoen rations
oy bee conmected 1o the year when the samples were colleced Sine
then, the wse of DCPs has been shgnificantly reduced due to their ham-
Tul environmental impacts. The highest concentrations of DDTs, drins
and chiordanes in snow and jce were found in the King George 1sland
ares, near Braili an Research Station Feraz [Cipro et al, 2017). The
thars point out the possible cause of differences in O0F conoentr Atons
e twee o weater and smowfice, which is that during melt this class of pes-
ticides can e bost throwgh volatilis stion or adsorption of OTgAN: mat-
ter. Furthermone, their elution pattern during snow mell may
concentrate them it certain tmes, a5 opposed to relathve dilution at
other - &g Tor lindane [-HCH], the mncentrstion i enhanced at the
beginning and the very end of sow melt | Meyer and Wania, 2001 1)

Talble 2 presents a liter sture review of the concentrations of selected
O i Antarctc biota, with respect to e type of sampled tisswe, am-
ple mllection yesr, animal spedes, and trophic level Fig 3 shows the
spaitial distri bution of research aress, where selected 0OPs have been
determined in Antarcric (suna The highest concentrations of DIOTs
Al edaes ul Lans were fownd in peng i blood. in sam ples from Ko pai tie
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OCPs in water, snow, and ice
TN: 24

KGI: 4

EL:8

WA: 12 Ti

FR- 3. locason of maeach 2ma s i Ancar ooca, where sele cod OCPs have Deoon detennined bn 2 Quasc a nd Boad sampl s Abbrev i San: TN - Dol namder of msea xhed pobs, K03 - -
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The majs were made cdng hMope ) earhgooge com),

kland and in the area of Cape Shirre fl, respectively (Jara-Carrasco et al, seleaed OCPs in the bood of individual species of penguins may be
2015). The highest level of HCB conce ntration was found in the area of due to the differences in their diet and their migration behaviourex pos-
Lenie Field Station on King George kland (Corsolind et al_, 2007 ). Jara ing them to varying concentrations of these pol lutargs at different times
Carrasco e1 al (2015) showed that differences in the concentration of of the year. Furthermore, it has been suggested that the presence of
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endosullans in Aniraica can be cased by the inensive e of inseai-
cide in South America, especially in Argentina [Pérez etal, 20131 Bath
the production and the use of this inseaidde have been bamed rels-
tively recently, in July 201 3. Finally, sttention should be paid to the geo-
graphical location of the points with the highest concenr aton of 0CPs
in pengun Blood These were all located in the vicinity of Souh Shet-
Land Tslands or South Orkney klands These islands are expesad 1o the
largest inlow ol pollution from densely populsted areas

OCPs have ako been jound in penguin G and liver Tatton and
Ruzicka, 1967 wrole about DOTS content in tissuwes at the level of
0U002-0.059 mg kg, which represents a low concentration ampared
tothe sty of Tandguchi et al, 2009 whao lfownd cneEnirations higher
Iy an order of magnimde The difference in mncenrations may result
Trom the time dividing both s wdies, both in the context of continuwous
Idasccumm ul stion of these pollutants and the soouracy of meaxsnng ap-
paratus, which could prevent the detaction of some OCPs and thus
lowered the sum of the i ndividud chemical compounds concentrations.

The OCPs concentrations in adipose tissue of other birds depend
stricdy om the spades, likely in connection to their distary prefe renoes.
The content of DDTs was lower in 1967 than in 2009, in the fat of not

38

anly penguins, but also other bird spacies [eg brown skua, blue-eyed
shag, antarctic tem and snowy sheatbill) (Tatton and Ruzicka, 1967,
Taniguwchi et al, 2009). Furthermare, HOHS were several fimes mone
concentrated in other binds than penguins (Taniguchi et al_ 20081t
wirs abio found that brown sk fat had higher concentrations of HCB
than perguin and other bird species . whidh may be due 1o the fact
that brown skua isat a higher trophiclevel. Anally, signiflcant concen-
trations of DOTs, HOHS, and drins, have been found in various sections
ol the penguin digestive tract. The concentration of these OCPs ranged
from 1,49 o 2067 ng/g in the case of droppings [Sun et al, 2006,
while in stomach @ntents it was approaximately 1 ng'g (Tatton and
Ruscka, 1967

Schisvane et al [2009) ampared the content of selected OCPs in
eggs of three penguin species and found the lowest DDTs and HCB
values in gentoo penguin eggs which contsined 3.7 ng/g HCE and
15 ng/g DOTs_Conde nir ations in chinstrap perguin e ges were o ightly
higher (38 ng'g HIB and 17 ngig [OTs), while the Adélie penguin
epgs exhibited the highest levels [7.683 ng/g HB and 23 ng/g DOTs).
Since these species live in the same are s, the differences in chemical
CONCENTrations may be aoaibed to (sctors such a5 diet, reproductive
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smins, ecobogical niches, and migration behaviour. Hence the eggsof
different bird species can provide infor mation on the degree ol the spe-
cies expasime 10 (P For example, the HB concentrations in the eggs
of south polar skua and three species of penguins indicated a decresse
with increasing trophic position [Mello et al_ 20161 The levels of
DDTs insou b polar skia eges were many times hgher than in the
case of penguin eges, which indicate a high exposure of south polar
skua tothis pollutant clas.

Pinnipeds are 2 common group of animaks on the Anrctic coasts
and isl ands The OCPs content in their sdipose tEsue vanes between
the species, for example in comection o their dietary prelerences.
Sourhern elephant seal {0 sam ples from Elephant kland were charsc-
terized by the highest conde nrations of DDTs among other pinnipeds
spedes [187.72ng/e bw) [ Mirandas-Filho et al, 2007 | This value was
simillar to the content of these compounds in pinniped fat from King
George Kland [Qpro e al,2012 |, which ranged from 144 to 168 ng/'g
v, depending on the spedes. The highest coneentrations of chiond ames
amnd HOB were fownd in Weddell seal far, which were 37.87- 10617 and
457 - 316G ng'g hw, respectively [Vergara et al, 2019).0n the otver
hand, Crabester seal bubiver contained the most HOHS [75370-111.15,
ng's hw) (Vergaraet al, 2019) Both the latter pinndped specieswith
thee highest concentrations of the mentoned 00Ps oniginated from the
wicinity of Cape Shirrell Field Station [ Livingstone 1sland | However,
when Schisvone et al (2009) ako determined the concentrati ons of
DT and HOB i nthe antarctic fur seal blubber living on Livingstone k-
Lanad, theny obiained valpes bekny the deection lmic On theother hand,
the highest concentrations of endosullans (2115 ng/g lw) and drins
[H24 ng'g. Iw) oacurmed inthe antarctc fur seals from King George k-
Land (Schixvane et al, 20089)

The OCP conde nr stions i n the liver of Southem elephant saal and
Antarctic fur seal sko differed: in fxvour of the Antarctic fur seal in the
case of DOTs concentrations, and in Gvour of the Sowthemn ele phant
seal for HOB (Cipro et al, 2013 ; Sdviavone etal, 2009)_The Souwthernel-
ephant sealliver was also found to contain 1.41,6.88, 272 and 37.7 ng'g
I 0T HOHS, dring, endosullan and chiordanes, respectively (Cipro et al,
201 3)_The concentr st on of OTs in Antarctc lur seal muscle (103 ng/s
W' | wilts S Lar o that in Southerne lephant seal liver [38.7 ng's 1w),
anid HOB concent aton on those samples vwas lower thanin te liver of
beath species [Cipro et al, 201 3; Schisvone et al, X5

Significant concentr ations of selected 00Ps were abio found in the
| ualic organisms witich for the most part constitute food for the ani-
mals desoribved above Thisshows that OCPs can be fownd a1 the lower
leveks al the food chain, ton Lana et al (2014) determined the sums of
0P in muscle, liver, gonads, and gills of fshes The muhors fownd the
Thighest concentrations of DDTs in Noatathenia rossii fish (2536 ng'g.
), and of HCHS in the Natothenda coriiceps fish species (6102 ng'g,
hw) [Lana et sl 2014 Furthermane, the anceni ations of other OCPs
in the squustic ofg andsm O ssues wene ako determined in other locations
[Cipro &t al, 2003, Strobel et al, 200 8), and the hig hest concenirations
of HCB (856 ng'e ww), drins [ 111 ng/e ww) and chlordanes 194
[ g fwew ) woere Tound in the samples of Kace lla conad na soft tssue Fi-
nally, endosullans pesked inNokthe maspp muscle [Cipro et al, 201 3).

4. Possible comsequen ces of the presence of organechlorine pesti-
cidles Tor AnLarctic Taumna

Cantemporary research [Mallo et sl 2016; Strabel atal, 2018:
Vergara et al_, 2019) @ntinwes o show the presence of 0LPs a1 var-
jous Antarctictrophic levels, des pite the effons toredue heir amis
siond. Climate conditions in Antarctica favour the persistence of
OCPs. Several publications [Schiavone et al, 2009, Cipro et al,
2013; Lana et al_, 2014) have highlighted the et that Antarctic ani-
mals biosccumulste and biomagnily these pollutants and can piss
them on to their alfspring. As mentioned previously, 0CPs have a
high affinity for G w hich scts &5 energy storage in the cold climate.
This makes the southern polar food netwark especially senditive to

such contaminants. Fig. 4 shows a diagram of the OCPs circulation
i the abiotic environment, which then impacts the squatic and
S-S uatic i ving organisms

e to ko muagniflcation, top predators are particul arly vulner sbde 1o
OCF contamination [Schisvone et al, 2009) For example, seshinds
wihise main food is fish have higher DOP contents in their o5sues com-
pared 1o non-predatory species. A further [actor deteri orating the birds
resistance to xenobiotc mpoumnds i their poor ability to metabolize
thase [Corsolin et al, 2007). Fig 5shows the mast wides pread a nmak
on King George kland [ South Shetland klands, Marine Antarctica) The
0L Common sea birds are penguins which are an important element
ol both marine and terrestn al ecosystem of the Antarctic. They mainly
eal kil butako include fish in their diet depending on the availability
ol Tood [Dlmasron et al, 2000 Adélie penguins eat up to 99 of knll
Penguins, |ike other birds of prey, are characterized by a hgher content
ol D5 and & kower level of detoxdfication of the body (Corsolind et al,
2007) than lower trophic level organisms, since birds cannol remave
senoldotics during gas exchange [bre sthing) and dermal diffusion
The remiv.al of harmful substances @n only happen through excretion
and ity ans formuation | Goerke etal, 2004)_ Com pare d to kril, Weddell
sed and sourhem elephant seal which mainly feed on fish and cephalo-
e, shawe stronger biomagnification, by wpto two onders of magnitude
[Goerke et al, 2004 )

Tanabe et al, 1997 showed that POPs are transported from mam-
mals Fat to offspring along with their mothe s milk, due to their good
Tat solubility. Since the milk of marine mammaks is extremely high in
lipsds, juveniles are particulard y vilner shle to POPs exposure. The Ant-
arctic fur seal milk can be up to 39.8% o (Goldsworthy and Crowley,
1999)_Nakxshima et sl (1997 ) found that in sddition to brexstfesding,
mammals ane exposed to the penetration of POPs into their bodies
through the uterus before birth. Other studies | Pastor et al, 1995,
Do lard and Korstrom, 2001 ) claim that the concentrations of con-
taminants including OCPs in the eggs of waterbirds comespond 1o
these in maternal tissues. Considering these relationships, it is consid-
ened that il developing embryos are exposed 1o the same POPS o0 -
tration &% mature individuaks, and are more susoe plible to chemical
pollution, we will most likely observe toxic elfects [Schisvone et al_,
2009] Fig 64 presents the biomagrification process on the example
ol the sum of DIOTs in the daswes and eggs of Antarctic animals_ In addi-
tion, Fig 5B shiws a food network acourning between the described
Anlarctic environment animak | Fig SAL

Fish can biotransform p, p'-DDT into 4 stable metabolite, pp'-
DDE and on this basis it can be determined when DDT has entered
the aquatic environment [Vives et al_, 2005). This means that the
higher the p, p'-DOEDOT ratia, the earlier the DDT had been emitted
into the environment [Yogui et al_, 2003 ). Based on this ratio, van
den Brink et al_ (2011) showed that p,p-DDE comnden tration levels
proportonal by decresse in Antarctica pelagic organisms, while they
increase in benthic organdsms, which suggests a fresh input of con-
Laminants into the pelagic Moty while the conce ntrations in benthic
arganiims appraximate the total environmental burden of OCPs in
Antanclica

The HCH isomers are charaderized by different properties which af-
fect environmental stability and biodegradation of each of them
[Phillips et al, 2005 | For example, itwas found that the o-HOH isomer
Ihoa counml ates, while the B=HCH is stable to enzymatic degradation,
making it more persistent in bdota and more likely o biomagnily
(Cipro et al, 2010 Tanabe et al, 1997). Based on the levels of HOH Bo-
mers in fish s ues, itwas disoovered that gonasds are the main o gan in
witich HOHs secumulate, witich i a thie st tothe reproductive system
[Lana et al, 2014} In sddition, during the reproductive phase of
calfbshes and carps, these compounds. are transported Trom the liver 1o
the avary, which results in repraductive disorders [Singh and Singh,
AWIB).

Barsed on POPS ooncenT ations in the tiswes of seabirds, it was con-
cluded that the expisure to these dvemicals in the ARLARctc ecosy stem
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melting/
degradation

FR- 4. Digram of OCPs chculasion in e ANCarca eondnnmens. The project was cmamd baed on pudiicasons collecned in Tables 1and 2.

decreased reproduction and survival rates, while it also inaessed the
parasitic load (Sagerup et al, 2000; Bustnes et al, 2003, 2004). Other
noted impacts were an increased asymmetry of the wings and the oc-
currence of immunohematological disorders. Mareover, it was found
that organochlonine pollutant loads can determine the prolife ration of
leukocytes in glaucous gullks (Henriksen et al, 2000) Grasman and
Fox, 2001 showed that significant concentrations of POPS may cripple

ot WAL R

Weddell seal

the immune system cells lunctioning, cnsequently leading 1o an inien-
sification in the production of these cells to compensate and fight back
against low tier infections. The final effects of the described POPs-
induced immunosuppression are infections, a disruption inthe produc
tion of heterophile antibodies and lymphocytes (Grasman, 2002;
Bustnes et al, 2004 ), and an inaeased expasure 10 parasitic diseases
{Sagerup et al, 2000).

\ South polar skua
Chinstrap penguin

Antarctic fur seal

Fig 5 Sclomed examples of e Mot common 2 mimal e s on King Coorge ksland (Sowmh Shedand klands Misine Ancarcsica).
Picmum s wese falen by | Fom powicz during 2 Tient Bic expedlion To e Palish Anaxsc Sadon in 2009,

40
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Biomagnification of OCPs in the
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5. Conclusions

OCPs occur in Antaraic waers and biota and constituge a threat 1o
the proper funcioning of aquatic organisms. OCPs are charaqerized
by along residence time in the Antarctic environment, thus they persist
even after a Jong period following emission. The reason for this is the

properties of OCPs: slow degradation and the ability to accumulate in
the Antarctic environment. As aresult of climate change, there may
ako be secondary effects: accumulation of these chemicals in the Ant-
arctic regions affected by temporary moling and their reemission in
the warming areas.

The most commonly deteaed OCPs inthe Antaraic environment are
DOT, HCHs, HCB, aldrin, dieldrin, endrin, sodrin and chlordanes The
presence of OPs was ientified in various aquatic environments of
the Antarctic (seawater and polynya water, freshwater, porewater,
snow, firn and ice) and significant concentrations were found in biota
The presence of OCPs was corfirmed in multiple tissues of aquatic ar-
ganisms, bird eggs and the content of the digestive tract of animals at
higher trophic level< Both OCPs and their degradation produds nega-
tively affect the living organisms in Antarctica, disrupting the natural
ecosystem.

Due 1o the accumulation of OCPs in the abiotic and biotic environ-
ment in the Antarctic, it is necessary to monitor the concentration of
this class of poll wtants The persistingknowledge gaps concemn mapping
the sowrces of these anthropoge nic pollutans, including the secondary
accumulations in the environment, and their transmission pathways
between individual elements of the environme nt. Only such compre-
hensive recognition of the OCPs emissions in® the Antarctic environ-
ment would allow tolimit thelr impact, which depends on the long-
term o ganis mexpasure 1o these com pounds. As a global problem, find-
ing its solutions will depend also on how efleaive are the legal regula-
nons on the use of OPs workdwide.
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In the Antarctic environments, current challenges include assessing the
contribution of individual sources of pollution, among which we distinguish direct
anthropogenic and natural global and local sources. In addition, emissions from melting
glaciers (global scale) and snow, after deposition contaminants from the atmosphere
(seasonal impact) are also important. Exploring this topic is particularly important given
the ongoing climate change that is affecting sensitive polar environments. Moreover, the
interest in the subject of chemical pollutants in Antarctica is significant because of their
toxic effect on the functioning of sensitive living organisms in this area. As part of the
research proposed, a comprehensive set of data on contaminants concentrations in various
elements of the Antarctic environment was established. Physico-chemical in-situ
measurements, chemical analyses and comprehensive data analysis of samples from
various elements of the Antarctic environment enable a better understanding of the
interactions and mechanisms between individual groups of chemical compounds in cold
climate environments. Figure 2 shows the method by which the doctoral dissertation was
conducted and how the sequence of individual studies was structured to verify the main

hypothesis.

\im"“’“ Goal A holistic view and a wide range
of chemical analyses, including of new
and emerging pollutants, in the selected
Antarctic environments may constitute
the basis for better evaluation of the
human contamination footprint
ntreated wastewater discharge® in the study area.
A threat for marine Antarctic

environment? (Hypothesis 3)

Plan for achieving

Verification of

the research goal

Milestone #4

Milestone #3

Dependence of physicochemical
Milestone #2 1, arameters of creeks and lakes on water a Publication Ill
feed source (Hypothesis 1)

Milestone #1 Development of research hypotheses

Publication |
a The choice of King George Island for the study area

Publication Il

Figure 2. Structure of research goals leading to verification of main hypothesis
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4.2  Characteristics of the case study region: Maritime Antarctica

Maritime Antarctica includes the South Sandwich Islands, the South Shetland
Islands and the west coast of the Antarctic Peninsula, the adjacent archipelagos and
surrounding waters. This area is characterised by the formation of a specific climatic zone
[42]. As for the soils from this area, compared to other Antarctic climate zones they are
distinguished by greater weathering and development [43,44]. The Maritime Antarctic
climate, which is moist and much less extreme than on the continent, favours the
processes of soil development [42]. The characteristic feature is the dominance of clay-
sized material, which is related to chemical weathering, which is much more active here
than elsewhere in Antarctica [45]. Due to the accumulation of guano (from seabirds, and
especially penguins) in the Maritime Antarctic environment, there is a high availability of

nutrients, especially phosphorus and nitrogen [46].

It is noteworthy that in humid climate conditions, substances washed out from
guano decomposition react with the substrate, creating a wide phosphatised zone
underneath [47]. The main soil formation process in Maritime Antarctica is
phosphatisation, which is the cause of the formation of so-called ornithogenic soils
[42,44]. Their occurrence is unique in the entire Antarctic and they are different from
those of the continent [48]. Ornithogenic soils are composed of mineral and organic
materials influenced by birds [49]. The structure of this type of soil has a high content of
gravel that has been partially transported by birds, e.g. on the surface of feathers [50]. The
soil formation processes of ornithogenic soils are of great importance in the coastal areas

of Antarctica in the context of shaping this pristine environment [51,52].

The conditions in Maritime Antarctica favour the formation of deep and clayey
soils [50]. Faecal and urinal organic deposition by marine birds influences many of the
characteristic chemical, physical, mineralogical and micromorphological properties of
ornithogenic soils [42,43]. Most clay-size particles are secondary phosphates and are
distinguished by a relatively low pH value and, as well as nutrients, a high content of
organic matter [49]. In old Antarctic ornithogenic sites, there are oases of plants

composed mainly of mosses and lichens, where they have favourable conditions for
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growth. In the case of active penguin rookeries, the conditions for plant growth are

unfavourable due to toxic over-manuring and trampling by animals [53].

Intensive deglaciation is being caused by an increase in mean annual air
temperature in the second half of 20th century in the Maritime Antarctic [54,55]. In this
region, processes occurring in glaciers and snow packs are closely interrelated with
terrestrial and marine ecosystems, such that the current state of ecosystems depends on
the retreat of glaciers and melting snow cover [56]. In addition, the melting of snow and
ice masses in which chemical pollutants have accumulated, together with the runoff from
them, have an impact on the physical and biological processes of the catchment areas and

coastal marine environments [56].

4.2.1 Western shore of Admiralty Bay (King George Island) and the sea belt as an
area for evaluating human footprint

The sampling area (Fig. 3) is located by the western shore of Admiralty Bay on
King George Island (South Shetland Islands, Maritime Antarctica). The region of South
Shetland Archipelago is characterised by a moderate thermal range in combination with
summer rains and high cloudiness. In addition, the climate in this area would be
characterised as cold and maritime [54,57]. Unfortunately, in recent years, temperature
changes have been observed in the research area, and these are part of global climate
warming [58]. There has been an increase in temperature in the Antarctic Peninsula of
~0.5 °C/decade since 1950 [59], though a slight decrease has been recorded at the
beginning of 21st century [60,61]. The King George Island has an area of about 1400
km?, making it the largest island of the South Shetland Archipelago. Its area is less than

5% free of ice during the summer, but generally it is glaciated [62].
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Figure 3. Location of the research area (based on Landsat Image
LCO08 L1GT 217103 20180309 20180320 01_T2 -~ Level 2, obtained from
www.usgs.gov, Google Earth application) (Google Earth, 2018; USGS.gov, 2018, p. 08)

Rock formations occurring in this area are composed of relatively young
Palaeocene-Oligocene-age rocks [63]. They are characterised by the presence of lavas and
volcanoclastic rocks (debris flow deposits — breccias and tuffs, and laharian deposits) of
basaltic and andesitic characteristics, interlayered with fluvial sediments [63,64]. The
study area (the western shore of Admiralty Bay) includes Antarctic Specially Managed
Area 1 (ASMA 1) and Antarctic Specially Protected Area 128 (ASPA 128), which were
established mainly due to the presence there of a unique set of birds and marine
mammals. ASMA 1 is a protected area of high environmental, historical and scientific

values. In the areas covered by such protection, there is a risk of interference or an

47


http://mostwiedzy.pl

/\___/__\> MOST WIEDZY Downloaded from mostwiedzy.pl

e

4/4‘@3 GDANSK UNIVERSITY
e OF TECHNOLOGY

FACULTY OF CHEMISTRY

increased impact on the environment. ASPA 128 is located south of the Henryk
Arctowski Polish Antarctic Station (Fig. 4) and east of the Warszawa Icefield. To the
south of the station there is a wetland area — a peatland called Jasnorzewski Gardens —
which has numerous local depressions and is drained by a stream; further south there is
Penguin Ridge, behind which there is the valley of Ornithologists Creek. Unlike the
ASPA 128, ASMA 1 do not require a permit to enter.

Figure 4. Location of Henryk Arctowski Polish Antarctic Station on the western shore of
Admiralty Bay. View from Jasnorzewski Gardens and Moss Creek (photo: Joanna
Potapowicz)

The main creeks are fed both directly by atmospheric precipitation, snowmelt
streams and a runoff from the melting Ecology, Sphinx and Baranowski glaciers. Most
streams (e.g. Ornithologists, Siodto and Fosa Creeks) drain into the east of Admiralty
Bay, forming mouths. Moss Creek ends its course by flowing into a lake that is separated
from the bay by a narrow earth embankment. On the western coast of Admiralty Bay,
based on the main geographical features, the following types of landscape can be
distinguished:
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1. new and relatively young paraglacial terrain in the forefields of glaciers;
2. areas previously uncovered by glaciers;

3. nunataks and their surroundings; and

4. beaches partially inhabited by Antarctic fauna.

Both the streams and the lakes that are the subject of research are located in catchments
that differ in terms of the type of landscape and the main determinants of morphological
and hydrological processes (Fig. 5). The catchments of Petrel Creek, Siodlo 1l and Fosa
Creek are of the landscape types 1 and 3 above. However, the catchments of Petrified
Forest Creek, Czech Creek, Vanishing Creek and Ornithologists Creek fit the second of
the aforementioned landscape types (Fig. 6). Beach landscapes feature the mouth sections
of all creeks, except Czech Creek and Vanishing Creek. As for Petrified Forest Creek, the
beach has been changed by human impact resulting from the activity of the Arctowski
station. An important factor associated with catchment processes in a research area is
discontinuous permafrost, which occurs on King George Island at altitudes above 10-20
m a.s.l. (depending on location) [65,66] and is from 20 to 100 cm thick, and the active
layer is from 50 to 180 cm deep. The specific nature of the catchment area in this area and
the degradation of permafrost may affect the chemical composition of the water e.g. by
increasing nutrient content [67]. Moreover, the areas recently uncovered by glaciers differ

from the ice-free catchments in that they have a higher content of Fe and Al in water [20].
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Baranowski Glacier forefield
Siodlo Il Creek

Admiralty Bay (wastewater discharge area)

Figure 5. Catchments of creeks, glacier forefields and Admiralty Bay in the research area
(photo: Joanna Potapowicz)
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Figure 6. Location of watercourses, including those under study, on western shore of
Admiralty Bay (prepared by Danuta Szuminska based on [68]; Landsat image
LC82181032014016LGNOO obtained from www.usgs.gov; GoogleEarth application).
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The vicinity of Admiralty Bay (62°02'S and 58°21'W) is a fjord-like area of 131
km? on the southern coast of King George Island [69]. The bay has many branches and
can be divided into three main parts: Ezcurra Inlet to the south-west; Mackelar Inlet to the
north; and Martel Inlet to the north-east [70]. Moreover, the central part of the bay
connects these inlets to the open waters of the Bransfield Strait. On the coast of Admiralty
Bay there are scientific stations operated by Poland (Henryk Arctowski), Brazil
(Comandante Ferraz) and Peru (Machu Picchu) [71,72]. The liquid residues of septic
tanks from the Polish Antarctic Station are discharged to Admiralty Bay. The wastewater
discharge point is at Point Thomas (62°10’S and 58°30'W) on the south side of the
entrance to Ezcurra Inlet. This location and the depth of the bay, which is more than 550
m deep at its deepest point [73], are expected to provide proper conditions for the “initial
dilution” and “rapid dispersal” of discharged wastewater. For this reason, anthropogenic
pollutants emitted by the discharge of sewage also became the subject of my in-depth

research.
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5. Aim of doctoral dissertation

The main objective of the research conducted as part of the doctoral dissertation
was an evaluation of the Antarctic environmental contamination state via an in-
depth chemical analysis of various elements of the Antarctic environment, taking into
account whether and to what extent compounds classified as pollutants re-emitted from
secondary sources such as snow cover or glaciers can significantly affect the
concentration of these chemical compounds in freshwater, sea water, sediment and soil,
and what the possible impacts are — whether seasonal (during summer thaws) or long.
Additionally, endogenous anthropogenic sources of pollutants (untreated wastewater
discharge) were evaluated, together with the possible influence on the marine

environment.

Main hypothesis:

A holistic view and a wide range of chemical analyses, including of new and emerging
pollutants, in the selected Antarctic environments may constitute the basis for better

evaluation of the human contamination footprint in the study area.

Detailed hypotheses:

1. Physicochemical parameters of creeks and lakes depend on the water feed source

[verification: Publication I11].

2. Water—sediments—snow interactions influence pollution transport and distribution

in the study area [verification: Publications 1V-VI].

3. Untreated wastewater discharge into Admiralty Bay constitutes a threat to the

marine Antarctic environment [verification: Publications VII-VIII].

Verification of the hypotheses presented above would enrich information on the long
persistence of these chemicals in the Antarctic environment, as well as helping improve
models of the spread of pollutants in polar areas and assessments of ecosystem damage.
In addition, information could be obtained as to whether the main determinants of the
chemical composition of water, snow and sediments are from local or global sources (e.g.

LRAT). These extensive, valuable and hitherto unprecedented datasets on contaminants
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in the Antarctic could be used to validate existing environmental fate models and identify
threats to local fauna. Such a wide approach in this area has not been described in the

scientific literature to date.

In addition, during the implementation of the doctoral dissertation, specific research goals

were set, such as:

% qualitative and quantitative analysis of selected chemical compounds, including
those classified as pollutants in water samples (fresh and marine), sediments and

snow,

++ analysis of the environmental fate of pollutants using chemometric tools and air-

mass trajectory analysis,

% distinguishing the origins of chemical compounds present in the studied
environmental samples from the western shore of Admiralty Bay,

% environmental assessment of selected organic pollutants which may affect the

functioning of living organisms in Antarctica.

The implementation of specific research objectives made it possible to verify the
hypotheses. The course of work is described in detail in Chapter 6.
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6. The course of research work

The research carried out as part of the doctoral dissertation is interdisciplinary. To
enrich the interpretation of the results of chemical analyses, specialists in the field of
analytical chemistry, hydrology, geology, biology, microbiology and geography were
invited to cooperate. Using the many years of experience of experts from this team, the

tasks necessary to verify the hypotheses set out herein were planned.

The research began with the development of site locations, sampling concepts and
procedures. The research area and its characteristics are described in detail in Chapter 4
“The genesis of research work”. The measurement points were not constant during the
verification of individual hypotheses, due to the variety of tested samples, as is described
in the publications constituting the basis of the doctoral dissertation. Another task was to
carry out work in the Antarctic terrain, which included sampling of surface waters,
sediments, snow and wastewater, as well as their appropriate preparation for transport.
Before determining selected chemical compounds in environmental samples, it was
necessary to develop methodologies, and to select, optimise and validate analytical
procedures. The results of physicochemical measurements and chemical analyses were
compared against data obtained over the years 2016-18 and included, for example,

meteorological, hydrological and geological data.

6.1  Summary and metrological characteristics of selected analytical techniques
used for chemical analyses

During the implementation of the research plan, a multi-parameter database of
physicochemical parameters and a wide range of compounds from various chemical
groups was built up. The following is a summary (Table 1) including the modern
analytical techniques used for the qualitative and quantitative analysis of many analytes

during one measurement cycle.

A necessary part of applying any analytical method is its validation. This includes
testing during the measurement of important features characterising the method, such as:
limit of detection (LOD), limit of quantification (LOQ), repeatability, reproducibility,

correctness, sensitivity, uncertainty, accuracy, linearity range, recovery, selectivity,

55


http://mostwiedzy.pl

A\ MOST

GDANSK UNIVERSITY
s OF TECHNOLOGY

FACULTY OF CHEMISTRY

specificity, resistance to changing external conditions [74]. This subchapter presents the

basic validation parameters of the methods used during the research (Table 2).

Table 1. Summary of specifications of measuring equipment used in the chemical

research

ANALYTES/ PARAMETERS DETERMINED

MEASUREMENT APPARATUS/METHODS

CHEMICAL RESEARCH

PHYSICOCHEMICAL PARAMETERS

pH/temperature

pH-meter/thermometer: Elmetron CC-105 with GP-105 head

Conductivity

Conductivity method: Elmetron CC-105 conductometer

Redox parameter

HQA40d portable multimeter, IntelliCAL MTC 301

Chemical oxygen demand (COD)

Spectrophotometric methods: XION 500 Spectrophotometer (Dr Lange, GmbH,
Germany)

IDENTIFICATION AND QUANTITATIVE ANALYSIS

INORGANIC ANALYTES

Cations lon chromatography (IC): DX ICS 3000 System, Dionex Corporation, USA
(Na', K*, NH,", Ca?", Mg?") mobile phase: 38 mM methanesulphonic acid; conductivity detector
Anions lon chromatography (IC): DX ICS 3000 System, Dionex Corporation, USA

(F, CI, Br, NO,, NO3, PO,*, SO%)

mobile phase: 4.5 mM COz%, 1.4 mM HCOy; conductivity detector

Metals and non-metals
(Bi, U, Cs, Pb, Ag, Ba, Cd, Co, Cu, Mo, Rb, T, Cr,
Mn, Sr, Ni, Al, Li, Zn B, As)

Inductively coupled plasma mass spectrometer — ICP-MS Thermo X Series 11
with 3rd generation collision cell technology with kinetic energy discrimination
(CCT KED), ICP-MS 2030 (Shimadzu, Japan)

Inorganic nitrogen compounds (N-NH,", N-NO3",
and N-NOy), total nitrogen (TN), phosphate
phosphorus (P-PO,>) and total phosphorus (TP)

Spectrophotometric methods (XION 500 spectrophotometer,
Dr Lange, GmbH, Germany)

ORGANIC ANALYTES

Total Organic Carbon (TOC)

Total Organic Carbon Analyser TOC-V¢spicsn, SHIMADZU (Method of
catalytic combustion [oxidation] using nondispersive infrared sensor [NDIR])

Analysis of pharmaceuticals and personal care
products (PPCPs) — 172 compounds (carbamazepine,
diclofenac, imidacloprid, losartan, metoprolol,
naproxen, oxazepame, trimetoprim, benzotriazole,
ketoconazole, venlafaxine, zolpidem, bisphenol A,
estrone, 3,4-Methylenedioxyamphetamine,
acetaminophen, atorvastatin, caffeine, cetirizine,
clindamycin, N,N-Diethyl-meta-toluamide, ketoprofen,
lidocaine, loperamide, metformin, methyldopa, para-
aminobenzoic acid, trimethoprim, benzophenone 1,
caffeic acid, ibuprofen, nimesulide)*

Ultra-high performance liquid chromatography tandem mass spectrometry
(UPLC-MS/MS): Waters Acquity ultra-high-performance liquid chromatography
UPLC H-Class with the Quaternary Solvent Manager (QSM) (Waters, Milford,
MA). A Xevo TQ-S™ triple quadrupole mass spectrometer (Waters Micromass,
Manchester, UK) was equipped with a Z-spray electrospray interface.

Ultra-high-performance liquid chromatography (UHPLC) — high-resolution mass
spectrometry (HRMS) system with a Q Exactive Focus Orbitrap equipped with a
heated electrospray ionisation source (H-ESI II) (Thermo Scientific, Bremen,
Germany)

Polycyclic Aromatic Hydrocarbons (PAHS) —
naphthalene, acenaphtylene, acenaphtene, fluorene,
phenantrene, anthracene, fluoranthene, pirene,
benzo(a)anthracene, chrysene, benzo(b)fluoranthene

Gas chromatography tandem mass spectrometry (GC-MS/MS): GC — Agilent
7890B (Agilent Technologies, USA) equipped with a 7693A automatic sample
feeder, and a 7000D GC/TQ triple quadrupole (Agilent Technologies, USA)

Formaldehyde

Ultraviolet—visible spectrophotometry (UV-Vis): Spectroquant Pharo 300 Merck,
Germany

Different groups of surfactants: sum of non-ionic
surfactants (SNI), sum of cationic surfactants (SC) and
sum of anionic surfactants (SA)

Ultraviolet—visible spectrophotometry (UV-Vis): Spectroquant Pharo 300 Merck,
Germany

* Among the analysed compounds, only those identified in the tested samples are listed

The biggest challenge when testi

ng samples from Antarctic areas is to obtain

results that accurately reflect the actual state of the environment, which is hampered by

the low level of chemical species concentrations in samples from this area. That is why

quality controlling the analyses was such an important part of implementing my research.
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Steps were taken during the method validation stage and sample analysis to obtain results

that as closely as possible reflected the actual state of the Antarctic environment:

> All reference standards and reagents were of high purity grade (>98%).

» Only deionised Milli-Q water was used during each stage of the analyses.

> Already at the stage of sampling in Antarctica, blank samples were prepared that

were then transported to Poland in the same conditions as the environmental

samples. Then they were prepared using the same analytical procedure and the

same reagents. These measures eliminated the influence of transport and the

emission of chemical compounds from the sampler and reagents used for the

determination of the selected analytes.

» Laboratory glassware (vials, beakers, pipettes, etc.) were washed each time as per

good laboratory practice [75] to avoid cross-contamination between samples.

» In the case of chromatographic methods, in each series of 10 measurements, a

blank and standard (with known concentrations of analytes) samples were

introduced to eliminate the probability of sample contamination and to verify the

correctness of the chromatograph operation.

Table 2. Selected validation parameters of the analytical methods used while conducting

research.
Limit of Limit of Confidence | Confidence
PARAMETER/ANALYTE detection | Quantification Measurement range interval interval
(LOD) (LOQ) (cuvette tests) | (other types)
PHYSICOCHEMICAL PARAMETERS
pH - - 0-14 ] +0.02
Redox parameter - - -1500—+1500 mV - +0.1 mV
Conductivity - - 0.01 uS/cm — 400 mS/cm - +0.5 %
Chemical oxygen demand (COD) 0.6 mg/L 2.0 mg/L 5.0-60 mg/L O, +0.75 mg/L -
INORGANIC ANALYTES
CATIONS AND ANIONS
Na*, K*, NH,", Ca®", Mg?* 0.010 mg/L | 0.030 mg/L 0'1*11”89/1'6b1r;;?Lm9’ L - 0.6-1%
F cf, Br, '\é%iz'_N% PO o0t0mgiL | 0.027 mgiL 0'1‘11'89/1'6b1r;;?l_m9/ L - 0.6-1%
METALS AND NON-METALS
Bi, U, Cd 0.0020 pg/L | 0.0060 pg/L 0.006-1 pg/L _ 0.5-1.5%
Cs, Pb, Be, Rb, Ag, Cs,Th 0.0030 pg/L | 0.010 pg/L 0.01 1 pg/L _ 0.5 15%
Tl 0.010 pg/L 0.030 pg/L 0.03-10 pg/L — 0.5-1.5%
',:l'i" éld,\gn(,:,r&:,ﬂgé Cgr 0030 pgL | 0.10pugL  |0.10-10 pg/L; 10-1000 pg/L - 0.5-1.5%
P 0.060 pg/L | 0.18 pg/L 1100 pg/L _ 0.5 15%
Fe 030 ug/L | 0.60 ug/L | 0.60-10 pg/L; 10-1000 pg/L _ 0.5 15%
B 2.0 ug/L 6.0 pg/L 6.0-100 pg/L _ 0.5 15%
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PHARMACEUTICALS AND PERSONAL CARE PRODUCTS

Analysis of pharmaceuticals and
personal care products (PPCPs) —
172 compounds

TOTAL ORGANIC CARBON

Total organic carbon (TOC) 0.030 mg/L | 0.10 mg/L 0.15-10 mg/L | - | 01-15%

- 0.171.5%

0.030 ng/L

0.10 ng/L

0.10-50 ng/L

POLYCYCLIC AROMATIC HYDROCARBONS

Polycyclic Aromatic ) 0
Hydrocarbons (PAHS) 0.030 ng/L 0.09 ng/L 0.09-50 ng/L; 10-1000 ng/L - 0.5-5%

FORMALDEHYDE

Formaldehyde (HCHO) 0.040 mg/L | 0.10 mg/L 0.10-8.00 mg/L +0087mgll | |

DIFFERENT GROUPS OF SURFACTANTS

Limit of Limit of Confidence | Confidence
PARAMETER/ANALYTE detection | Quantification Measurement range interval interval
(LOD) (LOQ) (cuvette tests) (other types)
NITROGEN AND PHOSPHORUS FORMS
P-PO,” 0.007 mg/L | 0.020 mg/L 0.05-1.5 mg/L +0.010 mg/L _

TP 0.007 mg/L 0.020 mg/L 0.15-4.5 mg/L +0.010 mg/L -
N-NH,* 0.005 mg/L | 0.015 mg/L 0.015-2.0 mg/L +£0.012 mg/L -
N-NO5 0210 mg/L | 0.629 mg/L 0.23-13.5 mg/L +0.45 mg/L -
N-NO,’ 0.012 mg/L | 0.037 mg/L 0.015_0.6 mg/L +0.035 mg/L _

TN 0.116 mg/L 0.350 mg/L 1-16 mg/L +0.229 mg/L —

ORGANIC ANALYTES/PARAMETERS

Sum of cationic surfactants (SC) | 0.027 mg/L 0.05 mg/L 0.05-1.50 mg/L +0.017 mg/L
Sum of anionic surfactants (SA) | 0.030 mg/L 0.05 mg/L 0.05-2.00 mg/L +0.10 mg/L
Sum of non-ionic surfactants (SNI) | 0.062 mg/L 0.15 mg/L 0.1-7.5 mg/L +0.075 mg/L

Table 2 shows an overview of the validation parameters combining the groups of analytes. Only the lowest values of
LOD are listed in the table; LOD and LOQ values for individual analysis cycles are available in the publications
constituting the basis of this dissertation.
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6.2  Characteristics of interdisciplinary tools used to interpret obtained data

Publications presented in the doctoral dissertation contain a detailed analysis of a

multi-parameter database that allowed for an in-depth and interdisciplinary look at the

environmental fate of the studied chemical species and the processes taking place in the

Antarctic environment. Interpretation of the results of analyses of samples of surface

waters, sediments, snow and wastewater was possible with the use of chemometric,

geological or hydrological tools, among others (Table 3), which was necessary to verify

the research hypotheses.

Table 3. Description of tools for interpreting chemical composition of tested
environmental samples

composition of
environmental
samples

PURPOSE OF TOOLS EFFECT
USE
Identify main Principal Component On the basis of data reduction and/or structure detection
determinants of Analysis (PCA) in relationships between variables, it was possible to
chemical select the main determinants of the chemistry of the

water, sediments and snow and interactions between
individual chemical entities in the tested samples.

Estimation of the
impact of
permafrost
degradation and
glacial recession on
chemical changes
in environmental
samples

Analysis of climate and
weather conditions

Analysis of, inter alia, average daily air temperatures,
sums of precipitation and wind directions provided a
multidimensional view of the impact of climatic
conditions on cryosphere changes.

Geological and
hydrological analysis of
the research area

Because not all chemical entities present in
environmental samples are anthropogenic, geological
analysis was necessary to verify the natural sources of

elements and chemical compounds present in water,
snow and sediments. Additionally, hydrological
analysis was used to characterise the chemical
composition of the study areas by analysing the nature
of the catchment.

Analysis of the degradation
and boundaries of
permafrost and glacier
fronts

The available literature data and detailed maps of the
areas were used to present the extent of occurrence of
glacier heads over the years. Satellite images were also
used to determine the current range of glaciers. This
analysis enriched the results of chemical analyses with a
discussion on the impact of glacier recession on the
chemistry of Antarctic samples.

Analysis of Pearson
correlation factors

Because some elements may be adsorbed to organic
matter particles, analysis of correlation coefficients of
TOC and selected elements and of correlations between
elements will allow verification of their source.

Identification of
sources of chemical
compounds
classified as
pollutants

Air mass trajectory
analysis

Performed according to the NOAA HySPLIT model
based on Global Data Assimilation System
meteorological data, this analysis assessed sources of
pollution and directions of its spread on a global scale,
with particular emphasis on the Antarctic region.
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PURPOSE OF
USE

TOOLS

EFFECT

Identification of
sources of chemical
compounds
classified as
pollutants

Concentration analysis of
non-sea salt (nss) SO,*

This was used to demonstrate the proportion of sulphate
(V1) concentration not derived from sea salt.

Volcanic activity analysis

This was used to interpret the determinations of PAHs
that may come from a natural source, i.e. volcanic
incidents. For a full picture, detailed analysis of
contemporary and past volcanic phenomena was
necessary.

Analysis of diagnostic
coefficients and percentage
share of individual organic

compounds, e.g. PAHs

Selected diagnostic factors were used to distinguish
sources of compounds (e.g. PAHS) between petrogenic
sources (e.g. oil spills) and pyrogenic sources (e.g.
biomass combustion).

Analysis of the percentage
of compounds from
particular groups of

chemical species

The analysis of the percentage profiles of compounds,
e.g. PAHs, PCPPs, ECs or individual cations and anions
in tested samples enriched the information on the
sources of origin of these chemical species.

Analysis of no observed
effect concentrations
(NOECs) and risk
quotients (RQs)

The analysis was used to compare NOEC values against
selected Antarctic bioindicators. Moreover, RQs were
applied to assess the potential aquatic ecological risks of
detected and measured concentrations of PPCPs and
ECs. This was necessary to achieve the research goal of
assessing the risk that the studied chemical species pose
to Antarctic ecosystems.
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7. Description of results and discussion in terms of verification of research
hypotheses

To verify the hypotheses put forward in Chapter 5 “Aim of doctoral dissertation”,
the western shore of Admiralty Bay (near the Polish Antarctic Station) was selected
because, in this area, there has been relatively little research on the chemistry of surface
waters, sediments and snow, e.g. [3,20,76,77]. In addition, it was decided to
comprehensively analyse various types of environmental samples and mark a wide range
of pollutants, which is a novel approach to understanding the fate of environmental
chemicals and their interactions in this pristine area. During the research work, apart from
the direct impact of pollutant emissions, the effects of the phenomena of permafrost
degradation and glacier recession were also observed and were confirmed by changes in
chemical characteristics in selected areas. All the hypotheses were verified on the basis of

environmental samples taken from the west coast of Admiralty Bay.

7.1  Verification of detailed hypothesis 1: Physicochemical parameters of creeks
and lakes depend on water feed source

The structure of the drainage network and the supply of watercourses in the
periglacial Antarctic environment strictly depend on the intensive morphological
processes [78,79] related to climate changes that have taken place in recent decades
[54,80]. These changes resulted in the development of new ice-free areas with an initial
drainage network characterised by highly dynamic hydrological processes [81]. The
chemistry of water in Antarctica has been the subject of several publications. They
concerned concentration ranges in water samples, but did not focus on the relationship
between the chemical status and the characteristics of the Antarctic catchment area, due to
the lack of comprehensive information on, for example, soil structure, conditions and
geochemistry in this area [76,82]. Research to date indicates that the chemical status of
surface waters in this area is shaped by natural factors, e.g geological structure, marine
aerosols [76,83], and anthropogenic factors such as the infrastructure of research stations,
tourism [20].

The verification of the first detailed hypothesis is presented in the journal
Ecological Chemistry and Engineering S: Potapowicz J., Szuminska D, Szopinska M.,

Czapiewski S., Polkowska Z, , Electrical conductivity and pH in surface water as
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tool for identification of chemical diversity, Ecol. Chem. Eng., S, 27 (2020) 95-111
[publication I11]. The article presents the influence of various sources of water supply on
the physicochemical characteristics of the studied area, based on the parameters of
temperature, pH and specific electrolytic conductivity (SECs). All measurements were

conducted during a field campaign in January-February 2017 and were made in situ.

The results of surface water analyses on the western coast of Admiralty Bay show
high variability of temperature (T) and specific electrical conductivity (SECy) along the
watercourses, suggesting that some sections of the watercourses were more strongly fed
by melting water from various sources of buried ice (including permafrost). Analysis of
the obtained data confirmed that the waters fed with glacial ablation had SEC,s to 100
uS-em™, while the waters in the catchments without glacial supply, which were already
under the influence of periglacial conditions, had SECs in the range of 100-250 uS-cm™.
In addition, statistical analysis showed that samples taken from areas in the early
deglaciated catchments (Petrified Forest Creek, Czech Creek, Ornithologists Creek) are
characterised by a higher pH/SEC,s ratio compared to water samples taken from the
forefield of the glacier. The obtained results indicate the significant impact of soil
background (geochemical factor) and glacier retreat on the formation of surface water
chemistry on the western coast of Admiralty Bay. After analysing the results of the
research, the hypothesis was confirmed. Moreover, described differences in the values of
physicochemical parameters were the basis for undertaking more extensive research on
the presence and environmental fate of pollutants on the western coast of Admiralty Bay

in the following years.
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ELECTRICAL CONDUCTIVITY AND pH IN SURFACE WATER
ASTOOL FOR IDENTIFICATION OF CHEMICAL DIVERSITY

Abstrai= I the prosent stady, the ceakes and lakes located at Shie westarn shors of Admimlty Bay ware anabysad.
Ths impact of varous werces of water supply was comddered, baved on the paramsters of tamparatens, pH and
specific alectolytic comductivity (SECx). All measurements were conducted dudng a fisld cangaign in
Jazary-Febrmary 2017, A mulivarixe dataset was alwo created and 2 biplot of 35 and pH of the investgbed
water: wes pariormed The avengs emperatmmes of fe imvestigaed waten wae 0U10-810 °C. The pH vabses
indicate that most of the water epvironmonts of the anshwed ama are shighthy acidic to alicaline (3.26-8.50) with
fwo axceptions: Siodle I Creak (%285} and Petrified Fomest Cresk (B.97), which ame chemcherised by seater
allaabimity. At the m:m1pmrbw11u the Barsmoankd Glacier and Ecology Glacder, 3517 wahes s
tho Joweest {26.8-61.1 p5-cm™"), whils the mmaining values ranged from 790 to 382 pS-cm™ for the whols stndied
ara. Baed om the meults it i concloded that the peadodic mismens inflow of ablation waten, combined with
mmphological changss in the gladsr font, creses 2 sigmificant vanability in the cwtflow network, ceatng the
conditicns for changes in basic physicochemical paramseturs. Moreover, it is obsarved that lecal deprewions in the
fwrain form sedimentation taps m which, alongside fne-graimed deposits, compoemds cam accommixte that
oniginate from m s sedmentation and that are aluo associbed with mrface mnedf from the mslting of snow
covvar, buried ice and permafrost

Erywerds: surface wabtar, skictrical comductivity, pH, Adminlty Bay, Maritime Antanctica

Introduction

Dirainagze nerwork formation and the feeding of creeks in paraglacial and periglacial
environments of the Antarctic Peninsula depends on imtensive morphological processes
[1-4] related to climate changes that have been observed in recent decades [3-10]. Bapid
glacier refreat observed over recenmt decades [4, 11-14] have resulted in the development
a3 new ice-fiee aress with an imitial drainage network characterised by hizhly dymammic
hydrological processes [9, 15]

Water chemistry im the Antarctic has been the subject of several publicatons,
eg [16-25]. However, the relation beraeen chemical status and catchment features m
Amntarctic catchments is one of the less well-known, becanse of the lack of comprebensive
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information sbout, for example, soil patterns, permafrost ocourence, groundwater
conditions and geochemisiry. The collecting of this kind of data is fypical in hydrological
and hydrochemical analysis of catchments located in areas more easily accessible to field
work, aerizl photography, laser scanning, etc. Furthermore, the rapid glacier retreat that has
been observed in recent decades in this area, e g. [5, §, 8, 10, 26], is cansing rapid changes
in the water network and has led to the observation of two main rypes of catchments: young
paraglacial catchments, with creeks being fed by glacier thawing, and previously formed
catchments without glacier-melt water supply.

Fessarch to date indicates that the chemical status of surface waters in this area is
shaped by both natural factors such as geological stuchuore, marine aerosols, efc.
[20-22, 24, 25] as well as anthropogenic factors. The infrastructare of research stations may
have a megative impact on the environment in the form of pellotant emissions and is not
without impact on the sensitive ecosystems ocowming there [17, 24, 25]. In addition the
development of tourism has alse been seen in recent years [24, 25), which is associated
with an incresse in pollutant emissions due to the higher frequency of passing ships.
Therefore, one should azree with Kroto et al [27], that the need to share and promotion the
results of research related to enviromment arises. It is important especially in terms to
sensitive polar ecosystems. Antarctica is also influenced by global anthropogenic activities,
mainly due to the mansport of pellotants over long distances by amosphenic (long range
amospheric mansport, LEAT) [25]. The main aim of this study is to analyse the relation
between elecimical comductivity (SEC,) and pH of water in creeks in both types of
catchments. The detailed chemical status of some of the creeks has been provided before on
the basis of samples collected m 2016 [25], but the limited oomber of sampling points
along the creeks caused some difficulties with interpretstion of factors related to
diversification of the catchment Moreover, taking inbo account & limited oombers of
samples subjected to chemical analyses in Poland (limited om account of transportation
limits and high analysis coests) it is impertant to find the general mles of chemical inoTganic
diversity bazed on simple measurements performed in 7fu in the Seld.

Hence, this paper aims to interpret SECs and pH data based on creeks and lakes in the
western shore of Admiralty Bay in relation to the location of sampling sites (Fig. 1)
This approach allowed us to analyse creeks with regard to the impact of the varions water
supply sources to determine the factors that alter water composition: e.g. 5ol backsround
{geochemical factor), manne serosols, glacier refreat meteorclogical conditions, buman
activity and mansport of marients by biovectors, e g. pengmins.

Study area

The research area is located on Eing George Island (the western shore of Admiralty
Bay, South Shetland Islands, Antarctic Peninculs), 80 % of whose surface (1,310 km) is
permanently glaciated [11] (Fig. 1). Deglaciation [14, 28] and related changes in the water
network plays an important role in bydrolegical processes and is one of the factors that
determines the chemical stams of water bodies in the smdy area [25]. Changes i the
distribution of glaciers at the western shore of Admiralty Bay between 1979 and 2014 are
presanted mn Figore 1.
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Fig. 1. Map of the westemn sbore of Adminiry Bay (Mantime Antarctica) showing the Jocation of the
measuring poexts (T) and glaciars’ retreat botwsan 1979 and 2014 (ID): A - croeks draiming the area
uncovered

by shcier after 1979, B - crecks draixing the arsa uncoversd by glacier before 1979;
P - measured points oa creeks, PL - measured podnts ca lakes (prepared based on [29]: Landsat
image LC82181032014016LGNO0 obtained from waw.usgs gov; applicaticn)
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The most significant changes have been observed in the parts of the glacier forefiald
that ranged close to the seashore in 1970 (Fig 1). Petlicki et al. [14] calculated the mean
vertical changes in Ecology Glacier from 1979 to 2016 at -57.9 =10.1 m for the entire
peried, and —1.6 =0.3 m per year. The suthors’ own calculation for the area presented in
Figure 1 shows that the glacier horizontal retrest excesded 700 m in some sections of the
Ecology Glacier, 600 m in parts of the Baranowski Glacier, and 1,500 m at the border of
the Tower and Windy glaciers. The total area of newly-formed ice-free terrain amounted to
2.67 km’. This area hes besn subject to intensive morphological processes [30] and many
new riverbeds have been established [15].

The intensive deglaciation is caused by an increase In mean anmuzl ar temperanare
during the secomd half of 20t cenhry in the Maritime Antarctic, eg [5, 6, 9, 10].
Tempersture changes observed in research area are part of global climate warming
eg. [26, 31]. According to Tuwrner et al. [32] the temperatore increase in Antarctic Peninsula
of ~0.5 *C/decade since 1950, however slight decrease has been recorded at the beginming
of 217 century [33, 34].

In 2017 the mean annual air temperamre in the Bellingshausen station on King George
Island was —1.8 °C, which is higher than the mean for the years 1968-2017 (2.3 °C)
{calculation based on data provided at www.rp5.mi). Total annus] precipitation in 2017 was
7217 mm, which was higher than the long-term mean of §97 mm. Measurements of SEC,.,
pH and T were camied out between Janpumary 7° and Febmary 7% 2017. At the dme of
measurng of pH, SECx and I'in water (Jan 7 to Feb T), average daily temperafures ranged
between 1 and § °C (Fig. 2). The maximum daily tempersture {101 “C) was noted on
Febmary 8" and the mmnimmm (0.1 °C) on Jammary 16°. Szmow cover ocowTed at the
beginning of Tammary and it rained on several days in both monthe. Total daily precipitation
did mot exceed 5-10 mm (Fig. I). In additom to changes in air temperamre, the
accompanying processes have been also observed Manfime Amntarctica, imter alia
permafost degradation [35], which indicates the impact of climate change on polar heat

exchangs systems.
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Fig. 2. Weathar conditicns Jan 1 to Feb I8, 1017 busd oo data from the meteornlogical stafbon in the
wicmity of the Arctowski Polish Polar Station. Abtmesiations: » - precipitation, § - mow depth,
T- temperatmre, days of meamromant am mariced = red
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Fig. 3. Smudied crecks and lakes at the western shers of Adminlty Bay (Feb-Jaz 2017)
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Taking into account the main geopgraphicsl feamres of the ressarch area, several main
types of landscape can be distnguished:

1) npew and relatively young paraglacial terrain in the forefields of glaciers;
2)  areas previously uncovered by zlaciers;

3) oumataks and their surmoundimgs; and

4) beaches partially inhabited by Antarctic fauna.

The researched creeks (amd lakes located in the watersheds) differ in terms of
landscape (Fig. 3) and main factors determining morphological and bydmological processes.
The cztchments of Pemel Creek, Siodlo I and Fosa Creek are of the first and third
landscape types. However, the catthments of Pemfied Forest Cresk, Czech Creek,
Wanishing Creek and Ornithologists Creek are the second of the aforementioned landscape
types. The mouth sections of all creeks, except Czech Creek and Vanmishing Creek, ars
located m beach landscapes. In the case of Peirified Forest Cresek, the beach has been
changed by the buman impact of the Arctowski station.

In terms of their geological smucmre, watersheds of Pewified Forest Creek, Czech
Creek, Vamishing Creek and Omithologists Creek are located within the Arctowski Cove
Formaton and the Point Thomas Formation terrestrial volcanic and sedimentary groups
[36]. In these units, basalt, and basaltic and andesite lava are mterlayered with breccias and
pyroclastics with andesite conglomerate lag intercalations The watersheds of Ecology
Creek and Petrel Creek are located in the forefield of Ecology (Glacier, whereas the
watershed of Fosa Creek is in the forefield of the Baranows:ki Glacier (Fig. 1). The highest
sections of these watersheds are connected with the Llano Point formatons and feanire
basaltic andesite lavas, alternating with scoria and breccias [36]. However, the forefield of
the Baranowski Glacier also includes the Demay Point Formation consisting mainly of
acidic wolcanic rocks with andesite agglomerate and peirified wood fragments. Therefore,
maost of these particular areas comsist of ground and marginal morzines - features of
considerasble hydraton and low compaction.

An additional factor related to watershed processes is the discontinnous permafrost that
ocourmed on King George Island at altimdes above 10-20 m asl. [9, 30] with thicknesses
ranging from 20 to 100 cm and active layer depth ranging from 50 to 180 an. Additionally,
the lower courses of Omithologists Creek are inhabited by a few spedies of flora This may
change the chemical composition of the water, mainly by increasing mitrient contents [37]:
inter aliga Pf_!‘L, N0, NH.", and some microelemsnts (e.z Zn, Cu, 51) [25]. Moreover, the
areas recendy uncovered by glaciers differ from the ice-free catchments in that they have
3 higher comtent of Fe and Al in water [25].

Methods

Fessarch was conducted on nine creeks draining the ice-free area at the westemn shore
of Admiralty Bay, between the Baranowski Glacier and the Arctowski Oasis, and on six
lakes in the researched catchments (Fig 1). Three streams drain the immediate forefield of
the Baranowski Glacier (Petrel Creek - 0.33 km, Sicdlo IT Creek - 0.33 km and Fosa Creek
- 1.1 km downstream of Ginger Lake), and two drain Ecology Glacier (two short creeks of
0.2 km length, referred to in this work as Ecology Creek). In contrast to the other streams,
the upper course of Fosa Creek is separate from direct glacier-melt water (Fig. 1). The other
four smadied soweams (WVanishing Creek - 1.24 km, Czech Creek - 1.08 km Ornithelogists
Creek - .92 km and Pemfied Forest Creek - 1.42 km) are south-west and sonth of Henryk
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Arctowski Fesearch Staton (Fiz. 1). In all watercourses, measurements of SECy, pH and T
were ken during 3 field campaign in Jannary-Febrary 2017 using a CC-105 conductivity
meter and a CP-105 pH-meter manufacthured by ELMETEON. The resclution of the
Elmetron device was =0.02 for pH; 0.1 mV for conductivity and =0.8 °C for temperature.
The person meassuring the field had lates gloves on. Particalar attenfion was paid to ensure
that the heads of the pH meter and conductivity meter are completely submerzed under
water. Measarements were taken on the surface water sbont 50 cm from the creek shore.
The points where the water had laminar flow were selected as the measurement site.

Measurements sites were determined taking into account catchments’ diversification
and their possibility of supply by glacier-melt water. The was a total of 59 measored points
(Pemified Forest Cresk - 135; Czech Creek - 8, Vanishing Creek - 5, Omithologists Creek -
&; Ecology Creek - 8; Petrel Creek - 5; Siodlo IT Creek - 2; and Fosa Creek with the Upper
Lake - 9). In the cases of Fosa Creak and Siodlo I Creek, measurements were taken thres
times (7 Jao, 10 Jan, 24 Jam), according to the progress of spowing and glacier ablatom.
In the other watercourses and lakes, measurements were conducted once berween Ist and
Tth February. Thers were 80 measurements in total (including repest measurements in
salected creaks).

Eesults

The statistical characteristics of the temperature, pH and conductivity values could be
found im Table 1 for the entire data set, and in Table 2 for particolar catchments.
The temperamire of water ranged berween 0.1 and 8.1°C. The lowest temperatures were
observed in creeks fed by melt water, namely Ecolopy and Siedle II (Table ). The pH of
the waters ranged from 526 to 924§ The skewness and kurtosis values indicate that
temperamre and conductavity were nonmally disoibmted in the data set, but pH has
a stromgly leptokurtic data dismbution.

Table 1
Basic charsctaristics caloalated bosed on anfim datrets of measerament points

Aleam Aledian Adim. Alar Sr dew. Skrwness Enrioziz

T[] 155 370 [T B.10 311 [ —1.002
SECy [uE-cm ) 127 104 258 3E2 750 1.132 128
pE[-] 181 184 5.6 82§ 0.62 =111 3313

T - tumperatos, 587 - conductvity

In terms of the distribution of measured parameters in individual catchments (Table 2},
among the fype-A seams (with the possibility of being fed by glacial melt water) Siedlo IT
Creek distingmishes itself for its low water temperanure (Fig. 4A) In that cresk. when the
measurements were taken all the water actally came from glacier ablation (Fig 1, Fig 3).
Similarly low water femperanures were measured at point FL3 in Fosa Creek (Fig. 4A) on
all measurement dates, and in profile F4 on 10 and 24 Jammary. Point FL3 is water of the
lske at the front of Baranowski Glacier, while point F4 is located on its outflow stream
(Fig. 1, Fig. 3). Point F5 is located in the profile at the end of the upper course of Fosa
Creek, below point F2. Next, point F§ is after the confloence of Fosa Creek (F3) and its
trbutary from the lake (F4). The temperature distribution at these points indicated a soong
inflow of glacier melt waters on Jamuary 10 and 24, which was the result of rising air
temperamres in Jamary (Figo 1) and the associated imtensive abladon. Fegarding
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watercourses Wwithout ablation water supply (Table 2, Fiz. 48), among the four analysed
watercourses, Perified Forest Creek is distinguished by its low water temperamre, while
the low water temperatures are created in the middle of its course (points P3-P5 and P9)
(Fig. 1, Fiz 4).

Tabla 2

Basic chamactsristics of slected cesl (inchuding leiss located in a particalar catchmend): A - catchomants with
glacier-malt supply of cesls, B - catchment withowt glacer-melt supply of oeeks

Fesearch area Mean Median Afiz Max Fumber of
EEATUrements
Foza Jammary 7, 18, 24
T[] 4.87 10 1o 810
SECs[n5-cm ] T80 857 158 118 26
pE[] T.84 185 711 2.50
Siodlo I Jammary 7, 10, 24
TPC] 077 Q&0 010 00
SEC: [nS-cm ] 81.5 vl &L.1 ] ]
FH[] 8.01 £94 238 228
Petrel Jammary 13 A
T[] 172 iz0 138 670
SECu[uScm | 2 3.7 430 0 3
pH[ 7.33 143 686 47
Ecelogy Febornary 1
T[] 181 313 (AL &0
SECs[n5-cm ] 116 113 %1 31 B
pE[] T.67 7.78 T3 787
Vanizhing February 1
TPC] 342 340 140 330
SECs [uS-cm] i 9352 452 1o 5
pH[ 781 751 .70 817
Crech Febornary 7
T[] 340 140 1.7 420
SEC:[nS-cm ] 133 137 T30 leg 9
pH[] 7.61 764 T.18 788
Ornithelogiztz February 7 B
T[] 4.72 420 (-] T.00
SECs[n5-cm ] 180 157 (.1 4 ]
pE[] 5.7 554 ] 211
Prirified Feorest Feboruary 2
TPC] 183 130 1.00 620
SEC:a[n5-cm] 130 p ] 171 382 13
[ 189 183 TH 8.83

Analysing the spatial diswribution of conductivity in the stodied waters, the lowest
SEC,; valnes (26.8-61.1 pS-cm™") was found in Siodlo IT Creek and Fosa Creek at points
FL3, F4 and FE and in Ecolegy Creek at poimts E1-E3, ie. the measurement sections
closest to the Baranowski and Ecology glaciers” fronts (Fig. 1, Fig 4A). Higher SEC:s
vahes (T9.0-382 p5-cm™) in the catchments fed with glacial waters were recorded in the
upper part of the Fosa Creek catchment (in the waters of Ginger Lake and Upper Lake and
in Fosa Creek), in Ecology Creek at points E4, ES, E8, ELS and EL7, and in Petrel Creek at
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pomnt PLS5. Points marked “EL"™ represent lakes in the paraglacial zone, which are fied not
only by rainwater bat also by mel water ffom dead ice and buried ice in fresh morains
deposits. Points E4, ES and EE in the Ecology Glacier forefield were small streams flowing
out fom these lakes.

The recorded pH values indicated that the majonity of analysed aquatic enviromments
in the area are either newiral or slightly alkaline (Fiz. 4). However, pH at the messuring
points in Siodlo I and point PL1, which constitates a small lake in the upper part of the
Pemified Forest Creek catchment, reaches values close to 9, indicating that the waters are
more strongly alkalme (Table 2, Fig. 4).

Based on the analysis of the Pearson comelation matmix (Table 3), there was
a statistically significant pesitive comelation (p <- 0.05) between SEC:: and altimde. The
obtamed result was probably related to low SEC:s values in the Fosa creek system and high
vahies in the Pertified Forest creek, which both represent the larzest number in the data set
(Table I). First mentioned group of measurement points was lecated mainly at low
alttndes, whereas second group was located along south-east slopes of the Panorams Ridgs
and is characterized by hizher altimdes Moreover, the Fosa creek system was fed mostly
by glacial inflow agminst to the Petrified Forest creek, which is fad by the melting of snow
cover, uried ice snd permafost mostly. The analysed dataset showed no comelation
berween pH and SEC;:.

Figure 5 iz a biplot of pH against 3EC,. As the spread of points shows, the examined
watercourses exhibit a characteristic relatonship beraeen pH and SEC,,. Waters fed by
glacier sblaton ars grouped in an SEC:s zone not exceeding 100 pS-cm™ (zone I in Fig 1)
while waters in catchments without glacial supply, which at the same time have been
functioning in periglacial conditions for longer, are in the SEC.; range of 100-250 pS-cm™,
with only a few exceptions above these values (zones I and IT in Fig. 5). Moreover, samples
that represent relatvely early deglaciated catchments (Petrified Forest creek, Czech creek,
Omithologists creek) differ in term of pH/SEC,; relation (III in Fig. 5) against direct glacier
forefields area (I and II). The widest spread of S3EC,, values is for the forefield of Ecology
Glacier, with values ranged from 28.1 to 232 p5-cm” . In terms of pH, Siodle I was clearly
distingnished for having the highest valies (the most alkaline of the researched waters) and
Omithologists Creek for having the lowest (the most acdic). Last mentioned creek,
especially its mouth section was place of is the place of existence of the Anfarctic birds
(penguins, skuas), southern elephant seals. Moreover, this part of creek catchment was
cover by paiches of mosses.

Table 3
WValess of Psarson’s comaleticn coafficient, r calonlated based on conplste datasats of meamramant points.
Statistically significant cormalation are given in bald (p = 0L05)

T EEC i) ]
T L.000
SEC 0.108 1000
P —0.189 0118 1000
& 0005 0447 0026 1000

T - tampematers, SE - conductivity, & - altitede
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Discussion

The peniodic mtense inflow of ablation water has combined with morphological
changes in the glacier font to canse sipnificant varisbility in the drainage network, both
spatially and temporally. In the course of field measurements performed in 2017 along the
analysed watercourses, a cascade system of longiudina] profiles was observed. Sections of
low longimedinal slope and considerasble width coexdist alternately with sections feafuring
hirh lonzimdinal slopes. In the first type, small shallow lakes may occur periodically, but in
the second, steps or waterfalls often exist (Fig. 4). Smdies of the chemical properties of
waters at the western shore of Admiralty Bay to date have mainly been camed out in the
mouth sections of watercourses [23, 25, 38]. The SEC:: results fom messurements made
for this work are similar to other awthors® results for stream-mouth sections, and show
penerally lower valwes for glacially fed catchments and higher values in non-glaciated
catchments, while the highest are in zones under the direct influence of aerosols or exposed
to pericdic influxes of sea waters. Works by Nedzarek and Pociecha [20] and Nedzarsk
et al. [22] presenting selected chemical varisbles for lakes and flowing waters in the
Arctowski Oasis (at a different distance from the Admiralty Bay coast), showed that
increases in SEC,. sccompanied increases in concenirations of the tested ioms of C17, Na™
and 50" that zenerally dominate in the ionic composition of waters in this area [21, 25].
Furthermaore, the SEC,; in the results obtained by Medzarek and Pociecha [20] show the
largest flucuations over ame in lakes close to the bay shoreline and those i range of
pengzuin colomes. S3EC:s values in waters further from marine influences flucmate less over
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time. Fesearch conducted im 2017 shows that the maxiomm instantapeocus SEC)s values in
summer (Fig. 4) in waters remote fom the ocean'’s influence were recorded m small lakes
in the wery young mersine zone (290 pS-cm' at point PTLS near Petrel Cresk) and in the
non-glaciated catchment of Pemrified Forest Creek (382 pS-cm™ at point PL1) (Table 2).
Obtained valoes are higher than presented in previeus stedies of surface waters in this area
[2d, 22, 25]. It is difficult to clearly determine the difference in conductvity between
previous research and those presented in this article. Measurements were taken in any case
during anstral summer (Jamary-Febmary). In 2017, it was found that Petrified Forest Cresk
iz fed by melting snow cover and permafrost [39]. In addition processes associated with
permafost such as solifloction, cryotrbation have an impact on the water chemisiry in this
creek [38, 40-42]. When comparing 5EC:s values, it is worth considering the aspect of
increasing the drainage network over the years due to the increase in the depth of the
permafost active zome. This theory is not unequivocally confirmed m the literature,
although Kejna et al. [10] observed that the climate condidons on King George Island are
characterized by annual vaniability doe to the interacton of ocean, sea ice and ammosphere.
It is possible that due to climate change permafrost in this area, among others Peirified
Forest Creek degrades and the thickness of the active layer increases. Higher SEC.; values
have only been registered by Ewolinski [38] in the mowuth sectons of marine-infloenced
watercourses during the winter thaw (with the activation of siznificant amounts of ions
accumulated in snow cowver). In the upper course of the Petrified Forest catchment, the high
SEC,: valne of 353 pS-cm was recorded at point P1, where water is observed to flow in
this period from sediments to the surface in the main channel of the watercourse. Further
down the course the flow ceased only to reappear as small outflows from sediments at
pomts P3 and P4 and again as a larger outflow in the main channel at point P5. The low
watel temperatures recorded at these points (Fig. 4) attest to the possibility of water being
supplied from the melting of permafiost and'or buried humps of dead ice. Similar water
temperamre drops along the course of a siream accompanied by changes in SEC,.: values
were also recorded alomz the course of other streams in non-glaciated catchments - m
Czech Creek and Omithologists Creek (Fig. 4). Changes im the temperamre and
conductivity of water ooomrred in sections with changes of slope in the longimdinal profle,
which could be associated with a change in bow the watercourses are being fed. A sirnilar
phenomenon was alse recorded in the glaciated catchment of Pemel Cresk where there was
a levelling of the longimdinal profile of the creek and thaw-type depressions pericdically
filling with water (point P13). The aforementioned watercourse sections, in which changes
in both water temperature and conductvity indicate changes in the natre of supply, also
feaure pH values changing along the longiudinal profile (Fig. 5). Atf the same time, taking
into account the smdied water parameters that were steadiest while the 2017 measuremsnts
were being taken lower pH values were recorded in Omithologists Creek (points O5 and
06, Fig. 4) as compared to previously reported pH walwes [20, 22, 25]. Animals living near
Arctowski Station have a significant impact on the chemical properties of water [25]. It has
been proven that seabirds living in polar areas transport biogenic compounds to land [24],
which means that the water is in around Amntarctic birds (e.g. south polar skua; Adelie
gpentoo and chinstrap penguins) cam be enniched with phosphoms snd mirogem [43].
In addition, the chemical stams of the water in this section of the creek is shaped by the
omithogenic spils and pengnin guane, which accounts for the slighdly acidic condition of
the water [25, 44]. Droppings of the mammals (e.g. southern elephant seals and Weddell
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seals) living in the area where physicochemical measurements were taken are a source of
N0, in freshwater [25].

It iz also worth noting that based on measorements and smalyses of flowing water
samples from Arctowski Oasis from Jamary-March 2005 (measured and sampled twice
weekly) by Medzarek et al. [22], €1 and Ma~ contents are higher in upper courses of the
Czech Creek, Vanishing Creek and Pemified Creek as compared to the stream-mouth
profiles. Based om analyses of soil samples, the suthors concluded that Ca, Mg, K and Na
confents increase with beight above sea level The SEC: and water femperamre
mMeasurements in watercourses taken for the present smdy, together with field observations,
indicate, however, that the spatial variation in concenfrations of components asseciated
with ammospheric mansport may be greater than indicated by Nedzarek et al. [22]. Thesa
components accumulate in snow and ice, and migrate towards the bottom of the cryogenic
layer [38, 45, 44]. It can therefore be assumed that local depressions are sedimentation traps
for sediments and chemical elements. Fine-grained deposits may acoumulste from
sedimentation i situ (oo the surface, in the spow cover), along with chemical components
that accummlate partly as a result of their greater possibility of binding with small fractions.
Moreover, sediments and chemicals may also be related to nmod as the snow cover on the
sumoundimg slopes melts, or to mmoff of meltwater from buried ice and'or permafrost.
Fragments of buried ice exposed by surface erosion and linear etosion were observed in the
analysed catchment areas, both glaciated and non-glaciated.

The basic physicoechemical water parameters of paraglacial areas are highly variable
over fms, as a result of changing weather conditions. These conditions affect the flow of
both matter and energy, and affect the pace of mow cover melting and glacier ablation.
Previous smdies have indicated increased SEC,; and ion conceniations during the Antarctic
summer in non-glaciated catchments. This is related to the declining share of snowmelt
waters, raising the proportion of mfilration waters and waters onginating from groumd-ice
melting [22, 25, 38]). In the glacial carchments during the summer season the amount of
suspended matter in the watercourses increases, bat the proportion of ions decreases, which
reduces SEC values. The repeated measurements in the summer of 2017 on the forefiald
of the Baranowski Glacier clearly indicate a relationship between SEC:: values and glacier
ablation intensity. At points FB, 51 and 52, an increase m SEC.; was observed on Jammary
24 (Fig. 4), which may be associated with a reduction in the proportion of ablation water in
the creeks’ flows. Decrease in glacier sblation was observed due to a drop in am
temperamre in the days preceding measurement (Fig. 2).

The conductivity results for samples from Spitsberzen vary depending on the region of
the island. It was found that in samples collected from the Fevelva catchment lecated in the
vicimity of the Palish Polar Station, Homsund, the values in July 2015 ranged from 35.0
80.1 pS-cm™, and in September 2015 56.0-135 pS-cm™' [47]. In turn, the value rangs of
this physicochemical parameter in Tyvjobekken and Feindeer Creek, located in the NW
part of the Wedel-Tarlsberg Land, in the Bellsund region of Spitsbergen was hizher and
rangad from 196 to 342 pS-cm™' [48]. Waters taken fom these sireams had a pH of 7.26 1o
£.18. In addition, water samples taken from the Scott Fiver in NW Wedel Jarlsberg Land
{5W Svalbard) had a conductivity of §6.3-169 uS-cn™ and a pH of 741 w 8.79 [49].
For comparison, the results of conducdvity samples of water originating fom Mellville
Island, Munawut, Arctic Canada ranzed from 5.00 to 1230 pS-co' in 2008 [50] and fom
110 to 428 pS-cm™ in 2009 [51]. The upper limit of the valoe in 2008 is more than twice
hirher than the highest value of conductvity in water samples from Eing George Island.
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The authors of the article [49] showed a large impact of sea spray on water samples with
the highest conductivity. The averaze pH was 7.80 in 2008 [50] and from 7.43 in 2009 [51].
These results are close to the average pH values of the water samples described in this
article. Sudies of water taken from the Chena Fiver, Alaska have shown that their averags
conductivity is 192 uS-cm™ and pH 7.35 [32].

Conclnsion

The pH, 5EC:s and water temperature messurements tiken in a dense network of
measurement points along watercourses and in lakes on the western coast of Admiralty Bay
show that the variability in the determinants of water chemistry is greater than previously
suggested. The parameters used in the research provide only limited information on the
possible varation in concentrations of ions and spatial changes in the supply structare of
water bodies. However, the smdy has the undoubted advantage of requiring only
a relatively modest mvestment of time and money. It may therefore support the selection
and verification of measurement points and interpretation of results of detailed chemical
analyzas.

The measurements conducted, which indicate a high vanability of I and 3EC,; along
the watercourses, suggest some sections of the watercourses being more heavily fed by
waters fiom the melting of buried ice of vanous origins (including permafrost). Analysis of
the obtzined data comfrmed that the waters fad by glacizl sblation have SEC, up to
100 pS-cm™. Waters in catchments without glacial supply that were longer under the
influence of periglacizl conditions had SEC:s within 100-250 pS-om™. In addition,
statstical analysiz showed that samples taken from aress in the early deglaciated
catchments (Pemified Forest Creek, Czech Creek, Ornithologists Creek) are characterized
by a higher pH/SEC)s ratio compared to water samples tsken from the forefisld of the
glacier. These results tesufy to the significant impact of soil background (geochemical
factor) and zlacier retreat on the formation of surface water chemisiry on the western coast
of the Admiralty Bay. In addition it was found that Siodlo II had the highest pH values (the
most alkaline) and the lowest Ormthelogists Creek (the mest acidic) Considering the
location of larpe oumbers of birds and pinnipeds colomes around Omithologists Creek, the
obtamed pH values may indicate sipnificant impact on the chemical properties of water.
The large varability of the measured parameters in the upper and middle courses of the
streams suggests that the geochemical system of non-glaciated areas on the western shors
of Admiralty Bay can only be folly understood with testing using a larger mmmber of
sampling points. At the same time, the measured parameters showed a high sensitivity to
shori-term fluctuations in weather conditions affecting changes in the stocture of water
supply, which indicates the need for frequent sampling. Such sensitivity of aguoatic
ecosystems to weather conditions can also affect the varability of other chemical substance
CONCEniTaions.

The remarksble remotensss of the ressarch srea, and the number of samples being
limited by the ability to store them in a frozen state at the station and deliver them to the
laboratory in Poland lead us to conclude that it would be 2 zood solution to furnish the
H. Arctowski station with equipment to condwct complex chemical amalyses om site.
The remote transport of samples poses a nisk of changes in both the physicochemical
parameters being measured and the concentratdons of certain compounds, due to possible
temperamre changes and highly volatile compounds ransidoning to the headspace phase.
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Extending the chemical Iaboratory at the Polish Polar Stadon would increase its scientific
potental and thus enable the expansion of international cooperation.
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7.2 Verification of detailed hypothesis 2: Water—sediments—snow interactions
influence pollution transport and distribution in the study area

Until recently, information on the sources of chemical pollutants and factors
influencing the chemistry of waters and sediments in Antarctica was scarce in the
available literature. However, due to the fast pace of climate change, scientific interest in
this subject is growing. The research carried out as part of the doctoral dissertation is
extremely important in determining the condition of the aquatic environment in terms of
the presence of selected chemical species, including pollutants. In addition, sediments
were also investigated, which, together with the aquatic environment results, can be a
valuable source of information on the correlation between these matrices, the migration of

chemical compounds between them and the environmental fate of pollutants.

Previous studies have proven that some persistent organic pollutants (POPS),
including polycyclic aromatic hydrocarbons (PAHs) have been proven to exist in
Antarctica in both animate and inanimate elements of nature [1,6,11]. Identifying the
sources of these compounds is a challenge for scientists, because they can be
anthropogenic and of natural origin. The primary sources of PAH emissions are:
incomplete combustion of biomass, fossil fuels, oil spills and diagenesis of organic matter
[3,12,84]. The atmospheric circulation contributes to PAHSs distribution in the research
area. These chemical compounds find their way into various elements of the Antarctic
environment from the Southern Hemisphere, as a result of dust transport and cyclic

volatilisation / deposition processes [85].

Attention should be paid to the toxicity, mutagenicity and carcinogenicity of
PAHs [35]. Moreover, they have a tendency to bioaccumulate in the environment [29].
The properties of these chemical pollutants make exposure to them in the Antarctic

environment a particular threat to Antarctic fauna and flora [8,9].

Apart from direct sources, the processes occurring at the snow and firn surface
have an impact on the environmental fate of chemical pollutants in Antarctica. Their
metamorphic processes depend on temperature fluctuations. When grain growth occurs,
this increases the firn permeability, and contaminants are transferred to the deeper layers,

which can cause increased accumulation of chemical pollutants in the cryosphere, leading
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to them being trapped in polar areas and creating long-term hazard conditions [86]. As
part of checking detailed hypothesis 2, the research presented in publications IV-VI

included herein was carried out.

The verification of the second detailed hypothesis is presented in the article:
Potapowicz J., Szuminska D., Szopinska M., Bialik R.J., Machowiak K., Chmiel S.,
Polkowska Z., Seashore sediment and water chemistry at the Admiralty Bay (King
George Island, Maritime Antarctica) — geochemical analysis and correlations
between the concentrations of chemical species, Mar. Pollut. Bull., 152 (2020) 110888
[publication 1V]. The article presents a detailed analysis of the concentrations of selected
chemical species in water and sediment samples taken from the profiles of the
watercourses (from the source to the mouth), including standing water (the lake and shore
zone of Admiralty Bay). Therefore, a detailed study of the seashore area allowed us to
observe the possibilities for potential discharge of the analysed elements and ions into
Admiralty Bay. An attempt was also made to interpret the spatial distribution of selected
metals, other chemicals and parameters in waters and sediments, as well as their possible

mutual correlations.

Principal component analysis was used to understand the relationship between
individual chemicals and the physicochemical parameters in the catchments on the
western coast of Admiralty Bay during two research periods (the first at the beginning of
January and the second at the end of March of the austral summer 2016). Samples were
taken from the forefield of the Ecology, Sphinx and Baranowski glaciers, from the
seashore (seawater from the coastal zone near Arctowski Station and the Sphinx forefield
zone, and water from the bays in the forefields of the Ecology and Baranowski tide
glaciers), as well as from Ornithologists Creek and the lake fed by Moss Creek. This
analysis was carried out using a set of selected variables: pH, conductivity, total organic
carbon concentrations, selected trace elements (Li, Be, B, Al, V, Cr, Mn, Fe, Co, Ni, Cu,
Zn, Ga, As, Rb, Sr, Ag, Cd, Cs, Ba, La, Tl, Pb), as well as the concentrations of
individual anions (F, CI', Br, NOs, PO,*) and cations (Na*, NH,*, K*, Mg?*, Ca?").

Based on the obtained results, the analysis of geo-accumulation index (lgeo) calculated for
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soils collected in study area was also made. The obtained research results have been

discussed in detail in the attached publication.

Based on the performed study, it was found that physical weathering has resulted
in higher concentrations of Fe, Ni, Co, Al. In addition, the acidification effect of the
sediments was seen in, for example, higher phosphate concentrations in March. The
consequences of this may be increased leaching of exchangeable bases, mineral
transformations and increased release of metals such as Fe and Al. The determinations of
chemical compounds and the analysis of the geo-accumulation index found that
concentrations of Cd and Pb are increased in the vicinity of the station, which may be the
result of anthropogenic activity. Moreover, organic matter in this area may also be a
secondary source of these metals, since they may be accumulated by vegetation and are
rarely found in rocks of the basalt/andesite type.
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1. Indrodwction

It i estimated that only about 5% of the Antarctic emerged sor
far & fre= of ice n the summer, but 25 a r=ult of the ooumene of
fluvial dreina ge= systems the landscape and chemistry of different pars
of emvinmment can undergo significant cheanges (Baroni =t al, 2005
Mink =t al_, 2014} Marsover, reent studies show that the periglacial
mmne s ane of the mest apidly changing aress of the warld (eg. Cooper
et al , 2011; Liper-Martiner =t al., 2012; Kardmson =t al., 2012, 2015
Oliva and RBuzFeminder, X17; Bavanel =t al, 2017 Obva =t al,
2018). Asa reult of mpid glacier retreat, the new icefree mne wit a
varisd marphology (5o and Bialde, 2018) and a different rae of
chemica] westhering {Sropifska =t al., 20185) is shapsd at the westemn
share of the Admimlty Bay, similarly 2= in the other pants of the Amnt-
anctic region (Dliva and Kuiz-Feminder, 20171 It has been proven
{Bockhsim =t al., 2013) that permafrost proosses have taken place
mane intensively in the last decades becomse of 2 high intensity of the

= Corweap oneding, g

deglsciation. The presence of permafrost = well 2 the physical
weathering and the oyogenic proomsss (generally thmough freeme. thaw
cyclk=) have a significant impact on the fomation of intial sods in
South Shetland klands (Navas ot al, 2005, 2008; Schasfer =t al, 2004
Lipez Martinesr =t al, 2012}

Most of all, dimate changs cansss also the incresme of the mrface
runoff, which resulis in the tramsfer of lrger amomnis of mineral and a
litle of orgamic matter to the frsh water in the Antarctic ames
(Smopifiska =t al, X180 As a comssquence the attachment of mineral
and organic matier 0 droolation in the emdrnment, the transoma-
tion of surfac and aquatic sediments oourmed (LaperMartine =t al,
201 % Oliva and Rnix-Feminder, 2017 The deglacistion leads 40 an
incresses in tramsport of matter betwesn land and water. The inflow and
blowout of mineral and organic matrer from the land incresses, which
cames hydrobinlogical changes in the individuoal elements of the en-
vimmnment, &g ooxstal waters ar sail (g Cabrerzo =t al , 2012, 201%
Kénovd et al, 2008; Paotapowic =t al, 2019; Szopifiska = al., 2018
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4 Poiopowics, otal

As a result of reducing the teansparency of the water, it comes o
changes in primary podoction and incressing the prooss of ssdi
mentation of mineral matter to the battom.

A omsequence of the global waming & incressing of icedfnee s
farr aress with mock formations expossd to weathering Chemical
weathering of basic ignsmus mds oooums when sufficent maistore &
anvailable, especially in the form of thin films of =it solutions witha low
freezing point {Claridge and Camphel], 1584 Hence, in this work, near
shore sediment and waiter samples have been amahmed, as they are
particularly exposed to this type of proesses. This study oomes an the
anahsis of compounds belonging to varions groups of inorgamic che-
micals (hexvy metals, hesic o=, =g 9134‘1_} in variows parts of the
abdotic emyiromment (surfae waters, ssdiment ) in the near shors anes,
and in such combination. this has never besn conducted in the an=s of
Admiralty Bay. Recenily, facors shaping the chemisiry of flowing waier
in ithis ames have been ama hysed {Szopifiska et al, X0 18; Szopifska =t al,
20191 In the cited studies, samples from several watermurs=s of gl
ciated and non-glaciated eichments were ndwlsd. However, the
mentimnesd research did not foos on the amalysis of estoary ssctions of
thesi= systemn=, and apart from the waters in the mouth profils of the
waterooumses, also the standing waider {(the lake and the shore mone of
the Admiralty Bay) has not besn analysed. Therefore a detailed study of
the sesshane anea allowed us to chesrve the poshilities for potential
discharge of the analyssd element and jons into the Admilty Bay.
The achieved research goals will alknw to brasden the nowledgs onthe
spatial distrbution of hexvy metals and other dhemicals in variom
companents of the sexshore envimmment, as wdl = their possible
mutual correlations.

2. Material and methods
21 Sady aen

The sampling ar=a is loaied by the westemn share of the Admiralty
Bay (King George Island, South Shetland Islands, Antanctic Peninsols).
South Shetland Islnds region & charscterized by a modemts thermal
mange, which & acoompanied by summer mins and high clondines. In
addition, the climaie & cold and maritime (Schwendtieger, 1970
Simmnov, 1977; Vanghan =t al , A0} The King George kland has an
ares of abowt 1400 lan®, making it the lrgest isdand in the South
Shetland klands. Its amea is < 5% free of ice during the summer, but
generally it i glaciated (Simdes o al., 1999; Almeida =t al, 20070
Stdy ares (western shore of Admimlty Bay) includes the Antarctic
Spedally Protected Ansa 128 (ASPA No. 128) which wes established
mainly due to the presencs of a onique s=t of binds and marine mam-
mak. ASPA No. 123 is located south of the Heryk Arctowskd Polish
Antarctic Station and exst of the Warsaw loefisld

22 Sampling

‘Water amd sediment samples were collscted twice during the anstral
summer of 2016 The first sample sevies {I) has been collecesd at the
beginning of the summer, in Janmwry, when the snow cover was sig:
nificanily reduced, whils the semnd series (1) wes collscted I Manch
2014, at the end of the summer seomon. Samples were taken from the
farefiel d of glaciers: Emlogy, Sphiny and Bamanowsld, the sea shore (sea
water from the coastal zone near Archowsld Station and the Sphinx
forefield one, and water from the bays in forefields of the tide glaciers
= Ecologia and Bamnowsld ), as well a5 from the Omithalogists Creek
amd the kake fd by the Moss Creek (Figs. 1, 2) {saline samples taken
from the coastal mne of the bay are shown 2 red dot in Fig. 1). Detaid
information about sampling points are presented in Sopplementary
dat.

The amalysed water samples of 1 Lvalume were mleched mamually.
Each polyethylene bottle wes rimed three times with the smpled
siream or bay water at the collsction site. After pH and condoctivity

Mirrine Follnsion Buliedn 152 (0200 120288

MesrTEmes, water samples wene fromen and stored at —20 “C The
sadiment samples were collecesd manmally into pal yethylene bags. In
arder to carry out the analyses, itwas neessary to take apprme. 500 g of
exch sediment The bags were sealed and siored at —20 °C. The persan
taking samples of water and sediments wore gloves to awoid con-
tamination. All ssmples have been shippsd frozen io Paland {-20 T

23 loboratory methods

A DHONEX 3000 chromaingraph (IMONEL USA) wes utilised for
marganic ims deeminstion. A condocometric detecior wes nsed
during both analyz=. Ddonex lonPac AS 22 analytical column was used
in the amalysis of anions (shents 4.5 mM Nay00; and 1.5 mM
NaHCO,, flow mate .3 ml min~"L. The dermination of cxton con-
centrations was abtained using Dbonex lonFac €516 analytical column
(slent 38 mM methanssofonic acid, fow me 036 mL min~ "L

Supemnatamts obtainsd a5 a rsult of prior preparation of ssdiment
samples and water samples have been amalysed wing a milytic com-
ustion method with non:dispersive inframsd detection (NDITR) on the
TOCYCEHACEN Analymer (SHIMADZL, Japan]

Speci fic electolytic ondudivity {SECy5) and pH of water samples
were measred with a Cxdd] (Elmstron, Poland) mulh-fmctional
mezmring device immediately afier sampling. The pH of extracts from
sediments has been mesemred in the extract using the mult parameter
inal.ab®* Multd 9310 devies.

Warter samples 25 well ax mineralizsd and diluted evimscs of ssdi
memts samples were analysed wing Thermo XSERIES 2 ICPMS in-
ductivel y coupled plsma mass s psctrometry fexturing 3nd gensmtion
callision cell echnology with kinstic energy discrimination (KED)
{Therma Fischer Scientific, Germany ). During the analysis the device
worked with the following parameters: collision ges (A7) flowe
13 L min~!, suxiliary gas flow: 0.7 L min~'; nebuliser gas flows
0.9 L min~", callision cell technalogy (COCT) gas (8% Hydmgen in
Helium) flow 5.5 mL min~".

Warter samples hanee been handlsd with spedal care to avoid cross-
cmmination. The determination of pH, SBEC;=, dons, elements and
T in water samples hos been provided wwing the afonementionesd
squipment, toa. Precsion emors for the ions, all slemenis and TOC
amalyses were 5% acoonding in nepeat analyses of mid rang e standards,
while the detection limits ane listed in Table 2 in Supplementary data
No contaminamis wernes deischsd abowe this Bmdt in the analyses of blank
deimnised water samples. Detailed preparation of samples befare the
amalysis is described in Supplementary data

24 Smticionl analysis

Pearsm's mmelation coefficens (1) were mloulated nsing Focel
2010 Micooft Offiee, version 2010, US A). This allowed the detec-
tion of pair-wise nelationships among the trace dements and TOC
comeniration in water and sediment samples. Statistical significanoe of
the cormelation coefficents wes amsemed at a signifienoe level of
p < 005, and verified using the t-Student st Om the besk of the
results obtained for selected metals, the geosrumulation index (T}
for sediment sampls was calmlaed. The smple 6.2 was used as a
reference paint in this calmlstion. The kwest meta] concentrations
wene found in this point, due toits largest distnce from the Station. In
March, the coneentration of Cd at 62 {I1) wes below the imit of de-
tection { < LODR, so for the content of this sl=ment, pomt 6.1 (T} wes
used 25 badkgromnd

The gemscoumulation index, by means of which the degree of an-
thropopresmne can be determinesd, wes propossd by the German s
entist Miiller (1981 from the University of Heidelberg. The geoacm-
mulation index method & a quantimtive indicator of the degree of
hesvy meia] polution in sediments. The mdex is cal ool aisd 2 follows
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Fig. 1. Map of e shore of Admiraky Ray )showing @acies’ rereas benween 1979 and 201 4 and the locagon of the sampling poluts

and (prepared based on Pudetko, 2008; Landat image LCS2181032014016LGN00 obtained from www.

yuum-mhdhmuﬂnmhrd.thmd&r&mmﬁhthwm&;&hr&dmumm;h;

arsele)
- g, =, prindpal mmponent analysis (PCA) was clculated wing MATIAB
156,

Versiorr R2013a with Statistics Toolbax Version 9.1 manufactured by

MathWorks, US A
where:

Cn, Bn - element concentration in the sample and background, 1.5 -
carrection factar, which is used to eliminat the natural fluctwations (Lu
etal, 2012).

This method determines the degree of heavy metal pallution by
amigning it an appropriste dass. As a fimal data processing stage, a
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4.2and 4.3

5.1
Pig. 2. Measuring polmes of the smdied croeks and forefiedds of glaciars at e western shore of Adm ralty Bay. Fredhwater sampling p ol are maded In geen and

sawaser in red (R of 3e =k

3. Results
2 1. Basc chemica! menoremens

The values obtained as a result of physimchemial measurements
(pH, conductivity), as well as the determined concentrations of jons and
total arganic carbon for water and sediment samples, were placed in
Tahles 3 and 4 in Supplementary data, respectively. The pH values for
surface waters anged from 6.74 to 938 in January and from 628 to
820 in March In tum, the pH of sadiments fom the western mast of
the Admiralty Bay ranged from 6.37 to 9.16 in Jamary and from 5.34
to 869 in March. In both types of samples higher values (> 8 in ®rms
of water and 7.22.9.17 in terms of sedi ) of pH chamacterized
samples related to saline environments (samples no 21, 41,42, 5.1,
6.1

In the axse of electralytic conductivity of water, the values were in
the range of 40.9-47,000 uS/am in the summer seasan, and the sadi
ment canductivity ranged from 555 © 2680 pS/an. One should note
that the highest conductivity characterized water samples (8300 to
47,000 pS/cm) and sediment ssmples (449 to 2680 pS/cm) callected in
saline envi Among ial mmples the mouth section of the
Omithalogists cedk (sample 11) is characterized by rapid changes in

ductivity, comparing the begimning and end of the sunmer seasan
(from 113 pS/cm © 2105 pS/cm in March). Similarly, high imcrease in
conductivity were observed in sediment sample 4.1 (Admiralty Bay in
frant of Ecalogy Glacier) and water ssmple 6.1 (Admiralty Bay in front
of Baranowski Glacier). Differences in the conductivity of individual

&1

© colowr inthis figure legend, the reader & referrad o e web vesion of Sils arsele )

sulphate anions, but this trend cannat be clearly confirmed far other
chemical speries.

On the hasis of the obtained results (Table 2), it was found that bath
the sedimenss and surface waters were dominated by (17, Na™ and
50,%~. Whats mare, this propartion was preserved in January and
March. However, ane should note that in water samples of saline en.
vironments (21, 4.1, 4.2 5.1, 6.1) chlarid dium and sulphates are
dazen of times higher than in terrestrial samples. However, in terms of
sediment samples there is no such a rule and particular termestrial
samples are characterized by higher content of this ;ompounds com
pared to saline one (eg. Cl- in sample 11 was 8.1 mg/L in March and
was higher compared to samples 4.1, 42, 51 and &4.1). Taking into
account ather campounds it should be nated high contentof bromine in
water samples no 4.1 and 4.2 (655-87.7 mg/L) and caldum in sedi
ment samples 43 and 6.2 (683-13.8 mg/l). Mareover, it & warth
taking a ckser look at the cancentrations of jons that contain nitrogen
(NO3;~, NHy™) in their structure. The concentration of NO; ~ in the
samples of surface water taken in most cases did not exceed the limit of
detection. However, at the paints 3.1 (D, 2.1 (0), 3.1 (1) and 62 (ID,
the mntent of these jons was determined, ranging fram 0.14 to
1.313 mg/1. The above mentioned points can be found in the ©llowing
measuring areas: 2 1. Halfmoan Cove, 3.1. Ornithalogists Creek, 6.2
farefield of the B ki Glacier. Attention should be paid to the
concentration of NHy ™ ions at the paints 2.1 (1), 4.3 (1), 5.1 (1N, which
were distinguished amang the tested surfio= water samples by the
ammanium concentration vahies above the limit of dewection The
L jon of this cation at 5.1 (the farefield of the Sphinx glacier)

samples are caused by different sowrces of supplied jons depending an
the manth with temparal strong influence of sea water (tides, waving)
and glader melt inflow. Due to the high salinity of water reservoirs
fram which water and sediment samples 21, 4.1, 4.2 5.1, 6.1 were
taken, these samples have higher conductivity values than samples
taken from water reservoirs with low salinity. The salinity of the water
TeseTvair may affect an conaentration of sodium cations, chlaride and

was exceptianally high, ing to 10.49 mg/1. in March In waters,
there was a clenr carrelation between the occwrence of NO;~ and
PO4 . The concentration of phaspha = was above thelimitof detection
at the same measurement points as NO,~ and ranged fram 032 to
0.53 mg/l. This relationship was not visible in the axse of sediments.
The cancentration of POL™~ in the tested sediment samples was in the
range of 0.003-0.024 mg/g dry weight (dw) and in each case was
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datected. The concentration of Ny~ was from 0.001 o L{8 1 mg/y dw
and varied depending on the messurement period.

A2 Traoe matal and toinl organic corbon. analysis

The total orgamic carban { TOC) concentration i the surbe waier
=ampls calleced on the wesiern coast of the Adminlty Bay ranged
from 0,018 i 250 mg/L in Janvary and from @016 to 409 mgL i
March. Lower TOC valnes were fomnd in freshwater samples from King
Gearge Ishind (Smpifska =t al., 2018), which may indicate that the
waiteT 5 amples described in this artide ontaina relatively large amomt
of argamic matter. Por comparison, in the samples of ssdimenis cal
lected at the same mesem re=ment paints, the TOC conient was estimated
at: 183659 mg/g dw in Jamary, a5 well a5 (172419 mg'g dw in
March. The highest values of TOC ooonrmed in termestrial 2 well 2=
maline samples. However, it & worth to note that TOOC values showed
strang decnesing between Janmary and Manch in samples olected in
forefield of fide glacier Emlogia (samplss 4.1, 42) and in forefislds of
Sphimx amd Baranowski glaciers {(samples 5.1, 61, 620 Marsover, in
smpl 2.1 colleced in Halfimoon Cove, near the outlet of Omithalo-
gists cresk and southemn sl=phant s=ak and penguins colaniss the TOC
value incresmed twice betwesn Jamary and Marnch.

The results of frace metal analysis show that in the majarity of the
smdisd ssmples the total base metal concemtration can be clemifisd 2=
low {Supplementary Tahle 5. Based on the obtained deta, nelatively
larg= ammunts were found in saline water, &5, bonm, strontinm, also
muhidivm, phasphams. Szopifiska =t al. (2018) akonoted the monesmsd
ooncentration of boron and strontium in freshwater, however, the =
sults of the amalysis of water and sediment samples described in this
article ane charscterizad by =ven higher concentrations. This tendenoy
i especially visible in the case of waters. Inaddition, Table 6 (A and B.)
in Supplementary data shows the comelations between TOC and in-
dividual metalk and non-metals separstely for ssdiments and srfsce
waiters collscted in the summer sesson. In the come of surface wailesrs, a
very strong @imelation was olserved (L8 < | 1| = 1) betwesn Liand
the fallwing slements B, Ga, Bh, Sr, Cd, Cx, Ba, Ph, as well 2= B and
Ga, R, &1, Cd, Cs, Ba. Simdlar relations alo connect Al with Pe and Zn,
Pe with Cun, Ga with Az and Ba Ao noteworthy are the oorelatioms
betwem &r, Cd, O, Baand Rh, a5 wellas Cd, Cs, B and Sr. Bused onthe
obiained remlts, i was found #hat the oourmence of Gd, Cs and Ba s
strongly related i each ather.

In the case of sediments, strong cormelations predominate (L6 < |r
| = 17, however, based on #he obtainesd results, it cn be conclud=d that
Hi was strongly comelated with Li and Cr, a5 wes La with Mn, Ga with
Bh and T1 with Pb. It can therefore be sstimated that metals and nan-
metals identified in smrfsce waters talken from the western coxst of the
Admiralty Bay clearly show mare statistically significant oomrelations
than the chemical spedes present in ssdiments. In both matic=, no
statistically significant relationship wes observed between the TOC and
any meizal or nonanetal

23 Mulihwrice dota analysis e

A PCA was performed separately for dats from both water and ==
diment=. In addition, all weres investigated for the series from =mary,
March and the combined data, 25 wes already dane by Smpifska =t al
(20191 Fig. 3(A-C) shows that for all series of water dats, the first
prindpl @mmponent represents = 97% of the variance, and it had a
strong positive comelation with Na®, €1- and 50,7 {and had no
strang negative carnelstions ). The remits of PCA ame determinsd mestly
of mline ssmples. In contrast to the water data, for both series of se-
diment sampl e, two princpal mmponents were identi fied { Fig. 4A-CL
Por Jamary, firt two PCs represent collsctvity = 93%, while far
March shout 908 of the variane=. For Jamary, FC1 was stongly po-
sitively comelated with AL while FL2 was stongly comelabed with Fe
andNa~, and mmelaisd nagatively with Ca* . Although for March PCI

SHITINS FOLEIEON HUNFER | [SLETA ) DUSHE

was abo stongly positively cormelated with Al it wes negatively @
melaied with Pe. Moreowver, PC2 wes strongly cormelated with P and had
no stnng negative corelstion. Par the entire dats s=t of sail, BC1 and
P2 represented 86% of the variance (Fig. ACL PC1 was stongly po
sitively mmelated with Al and so wes FC2 with Fe but it was akbo
negatively cornelated with P. Fig. 4{A-C) clearhy show the significant
change in time of the sediment chemistry characteristics.

14 Geoarramulshion inder (L) onalysc

The results obtained to determine the degree of heawy metal pol
htion are shown in Table 1. The mloolated L., wvaloes wers from
—1.667 to —0.013 for Miand — 11711 @ —0.1783 for Cr, suggesting
that this area is not omiminated with these metals. The geoscommn.
Istion mdewes for Ph in almeet all ssdiment samples from January {T)
and Manch { ) were == fhan zem, which means that no aoyntami netion
with this me@] wes found in these places. Omly in the point 1.1 in
March this index was 1643, & can therefore be oncluded that at the
end of the summer sexson at the point from the lake ot the Station there
was moderately strnyg lkead pollotion As for Co, the indices ramgped
fram —0677 o 053, indimting no ontaminstion ar slight con-
tamination with this metl. Thers was no lesding trend in the presence
of oontamination with this metl, becase the indeves chamgped de-
pending an the period of sampling of ssdiments and valnes in partionlar
points did not maintain the ssme level at the begiming and end of
summer. {m the hesis of the geos oonmul ation ind exes calonbated for Cd,
it was determined that at the painte 42 (1), 4.3 {1}, 3.1 (IT) there oc-
oured a heawvy mntamination with this metal The situation was betier
at the point 3.1 (T), where moderate to heavy contamination with
catdmitm ocourred, and at the points 4.1 (1), 1.1 (T, 4.2 (17}, 4.3 (1T,

4. Dviscuesion

4 1 The influence of natral jorkes o the chemio] compo sition of woer
o sechmant

Considering the gealogim] stmoune of the stodied amess 111 i
which the most dominant products ane basalt and andeite laves with
intercalations of both fluvial desposits and the debris from mechamical
weathering of these rocks (Birkemmajer, 1984, 19496, 200%; Birkenmajer
=t al, 1991 ) (Supplementary material 57), the main minerals thenes ane
plagiockees {a source of Ca, 25 well as Ma, Rb), pymoxenes and am-
phiboles, mainly homblende {2 source of Mg, Ca, Pe, Ti Na, Mn, ako
Rb}, le== aften alivin= (if alivine basalt, a sonrnee of Mg and Pe, in a
smaller amomnt of Cr, Nil, biotite {a sounce of Pe, Mg, K, in a smaller
amount Bh, Li, B, Cs, &, Ti}, phlogopite (sowce K, Mg, in a smaller
amount P, Ti, Mn), valanic ghs (mming from mafic and imber-
mesdiate val@naoes). All the primary mineraks are also the sounce of Al
and the 50y relesed in the weathering proceses (Polafiski, 1988
Sscondary minerals, which ar= remls of nonasdvancsd chemical
weathering in the onditions of cold climate (Les =t al, 2004) and the
minemzlization asodated with hydmtemal metasomatosis, are clay
minerals (smectit=, ilite, s=ladonite), zealites, @ilcte, chalesdony, with
slight Co and Pe mineralizstion (Inous, 1995). More detailed peological
characeristics of the sindial ara are desaibed in Supplementary
material 51 Geological s=tting. Relstively large amounts in sty ssm-
ple=, =g baron, strontium, rubidinm, phosphormes, probably result from
the =ffiect of secondary boron domation by illite in the procemes of di-
apenesis. In sddition, Szopifiska =t al. (2015) observed & stong @me-
Iation betwesn Na™, @17 and B, allowed to conchude that B in fresh-
waiter may come from sea spray. In this paper no such comelation was
found, therefnre we mappase that illite in the s=diment hinds bamon imto
the inter-package strucune. Therefore, saltwater nesenvoims, which are
characerized by a high coient of illite, have higher baron con-
centrations in the s=diment than in water. During dis genesis mnder the
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ocean floar, dllite in tum releases baron and then enriches ocean water. The chemical compasitions of sedi at 1.1 and 21 essentially
Phosphons is also mare concentrated in marine and oc=anic than ter reflect the gealogical structwre of the substrate. The high content of Fe,
restrial emviranments. The exception i its local arigin in the form of Ni, Co, and Al & typial far the mechanical rock weathering in his
animal droppings, e.g. hirds. region (Birkenmajer, 1996). The samples contain slightly elevated
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cantent of elements, which may have their source notonly in tl:pumx

which was mare addic magma than the magma respansible far the

racks (eg- Zn, Ga, Ph, Na, 1i, B, Ba, Rh, Cu). Hydroth

(highly mineralized aqueous salutions) may have been formed in sev.
eral episades related to Jocal magma pukses in the region. Same of the
elements are probably related © hydrothermal activity, e sowe of

fi ion of the Joaal rocks. Rocks with an increased Si0O; contsnt are
expased an the suwrface in the area of Wegger Peak ar Barton Penninsula
(Lee ot al, 2004), yet they may ako ocowr desper in the ground of the
analysed area. The metasomatosis asocisted with the effects of
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Table 1

Thae walnes of gn-a0 cmrnlation inder (L)ool oolased for solls aolleored ar de
e shose of Adwiralry Bay. As the backgronnd cootent of sach element,
polnt 52 was adopeed for bah Jaomary (T and March QT In March, g
concaniraion of Cd ard 2 QT wias bedow S lmirof deacton (< LOD, 50 ko
e backgmand aontent o s ebement we mad poing &1 (O} Samphes with
Indew (1w talken arh e beginnieg of S ameral suvenes ad (1 ardeend

Senpl as. L.Cd[=] L.Crl=] I..Csl=] L.MN[=] L.M][=]
L1 o L =14 = D0 ~0.817 =0UE34
21 ) o LA - L858 = BUEL =13 =1.415
21 @) 2 5 - A5 e ~BE3 =153
41 ) 1 = LIS 6373 ~ B35, ~BLES
43) ETE ~aiEw Bsay YT ~OUHE
430 EE - LT B34E T e
51 LK - L1589 - A5 =147 —BLA
L1 g 1&as —a1Ts [ —oms 1843
2100 o L =171 - DETT -1 -2 1%
X140 ) -1y o432 =050 =0
4100 - 2 - T - 0370 =0 =113
4140 1L - A0 0156 —0La =0
4300 e - EEE = B0S1L ~ 0480 ~0L4EE
5140 - LI - ELTS ~ =131

hydrothermal salntions could resolt in a higher conent of Cu, #n, Ga,
B2, B and li, and in Ca substimtion by Ma (Inoue, 19950 A higher
mmntent of Na than Ca and Mg may ako be an effect of pyrodasts
weathering (eg. tufis), o they contain more volcanic gless (Gificins
etal , 2005). In the rodks, the presence of semndary seladonite (2 day
minerzl from the mica group) was observed, which in these climate is
rather 2 produdt of the impect of hydrothermal salutions on basal trodks
than the effectof fheir chemical weathering (Andrews, 198900 # should
be noted that the abundancs of orgamic matter in the samplss from
arezs | and |l may be related to the proximity of bog, dharacterized by
rich vegetation of moes e [t may be an additional soonce of some metals
{Pb, As, Cd}, which this vegstation can scmmulate, and which are
rarely found in natural acumulations amociaied with besalt and an-
desgite Tocks (Birkenmajer, 2003} In addition, binlogical proosse oo
ourring in peat may be a sowrce of TOC (Szopifiska = 21, 20183

In the cuse of the sediment sample 21, the influene of seewater in
the form of slevated 50,7, 017, F~, 07, Br~ i noticeabls (g Horita
etal , 2007). The presence of high @ncentrations of thess ions nembts n
a high value of conductivity in the ssdiment water extract In s=mple
21, akao the noeed content of K7 and B~ and slightly elevaied
PO, " was noied. These elements could mme from the disiniegration
of primary minerak from this region, and can also be the result of the
presence of marine algas in the sediment sines they acomulate thess
elements (Birkenmaer =t 2l , 1991; Brkenmager, 20031 In this sample,
there is also no very pronounosd ofect of hydrothermal solutions. The
share of Li, #n, Cu, Cs, Ba elements is already lower than in the sample
LL

The calumnar jointing in the trachybasalt {or basalt) rocks is clearly
visible in the area of Ornithologists Creele There are also signs of seo
ondary carbonaie mineralizmtion {calcite on trachybesalt) Typical
ontaminants for besalt and trachybesalt are found in the sediment
smmple 3.1. In addition to these, 2 relatively low pH is noticeahle
mmparad io other ssdimenis, which may be the rembt of acdification
with bird droppings. The TO{C content in the sedimemnt sample 3.1 was
high in Jamary, while in March it dropped. This & probably the nesnlt
of washing out of the imtial vegstation and bird droppings from the
vicimty of the watermurse. This would be mnfirmed by the incressed
mncentrations of PD..J' and Wiy~ (ako higher values in January)
{Sxopifiska =t al_, 2015). This indicates & =igni ficant advanoement of the
weatheTing proeesses, which is mamifesied by the incressed mntent of
Al {(weathering basalt), but also Fe, Ni, Cr (Birkenmajer, 1996; Gifkins
etal , 5] Also noticeahle is the incresssd ontent of Cd in Janmary
ompared o Mandh. Statistic] anal yses hawve shown that Cd correlates
with the cmtent of phosphoms, which comes from bird droppings

Merine Polvdion Exllsdn TEZ (X120 110288

{penguim, Antardtic simas) and mammals {s=a lioms, s=a elephamts,
leopard seal). In Jarmary, sediment 1 1 wes characterized by high Ka™
omtent, which may be amociated with the January supply of sodium
from more distant parts of the area. In March, in torm, the C2®~ conent
incresmed, which was 2 mmequence of the concentration of @lcnm
originating from the primary westhering rodks. The differences in the
concemration of individual elements in these two months should not be
amsncixted with the hinding of some i i spaific ssondary minerals,
be@use there istoo shart a time interval betwesn them.

The sediment samples 4.1 and 4.2 were characterined by 2 similar
sedimentation emAronment. The samples were taken from the bay ==
dimenis i the forefield of the Ecology Glacier. In the sediment sampl=
4.1, the chemical compasition of the sediment was more clearly influ-
encesd by land, while in sample 42 the marine svironment had a
stranger impact. Both samples have high conductivity, typical for
marine sediments. The samples show varizbility in the content of 17,
50,2, F~ and Br~, which s=ems to depend on the local cumens and
tides within the bay, 2= well 2 the possibility of periodic waier supply
from the Admiralty Bay with frshwater from 2 mdting glacier. The
remaiming minerak are typicel for the weathering of parent rodls. A
significant mereass m the condent of some metals may be reladed to
their accumulation in marine 2lgze and ather sediment microorganisms
from the Admiralty Bay.

The sediment sample 43 taken from the shore of small lake shows
the content of elements typical for sediments from the weathering of
the local genlogicl] smbstratum, in addition to the sl=ments typical of
the weathering of basaltoids, snch 2= Pe, Ca, M, Ca, Al (Giflans =t al,
2005, This may mndimie more intense rock weathering procswmes
aromnd this measuring point, 25 well 2= the impac of pest 2nd mment
wvolcanic processes on this anea among others from volcanic phenomens
aromd Deception Island {Fotapowice =t al_, 200190

A sample of sediment 5.1 wes @len from the by in the forefield of
the Sphinx Glacier. In this area, the geologi@] stocinne consiss mamly
of e it rodks. However, the sediment composition wes not typicl for
basalt weathering only. The higher alkalinity of the sediments, = Ka~
and K~ predominznes over Mg®™ and C2®, ndicates the influence of
sex water mineralization on the sediment. This & confirmed by the
content of €17, 5047, F~ {eg. Horit ot 21, 20020 In addition, el
vaied concentrations of NO; ™ in Jamary may rembt from: the fishing of
bird and other animal droppings off the shore {emy =t al, 1999

A mmple of sediment 6.1 was taken from the bey adjacent to
Baranowsld Glacier. A sigmificant share of alkali wes noted in this ==
diment The sample doss not aconmately reflec the composition of the
sediment delivered from lmd In comparison with sample 6.2, it con-
tzins much les Ca®~, wheress mare N2~ and K~ . Sample 61 has a
high pH value compared to other sediment samples. Conductivity i
relatively low. Noticeshle &5 also the dispropartion of don contents in
Janmary and Mardh. Perhaps it is related to the more intens= supply of
melwaier with mineral matter in Jamary and mixing it with the s=.
diment acumulaied =arlier in the bay. The waters here sem well
oxypenated, which promaotes the activity of oxyphilic lementz. In ==
dimenis, slightly lower impact of seawater & noted, 25 evidencsd by the
lower 504" and 17 content than in other samples. The presenee of
POy~ ions in this ssdiment ssmple is probebly related to fhe presence
of hird and pinnipsds droppmgs.

A mmple of sediment 62 wes @lected from the foreland of
Baranowsld (Hader in the place of ssdimentation of both fluvioglacial
and local finvial material (in this ation mainly nf& and shale). The
elevated coneentrations of mest elements in this sample are typical of
allaline and neutral volmni=m. The presence of 2 large amount of Pe,
Mn, (277, AL Ca, Ni, Cr, butalka incressed cntents of Na ™, kh, Li, Ba,
and Ga, indicate 2 heterogeneous area. While the presemos of the first
group of elements is typicl for the weathering of hesaltic formations,
the sscond group is probably more nelated to the westhering of saft
wvolcanic tuf&, or shale, pomibly additionally afisced by hydrothemmal
metzmmmatoss (Giflins o 2], 2005). Inoeasing amounis of Rh, Ba, or Li
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cam b seen in the intensive westhering of mica and the presence of clay
minerals that hind these =lsments (Desr ot 2l , 2007 Very high Ca™~
omntent may hawve variomns canses, =g the conentration of this ion i
clays, or the intensive weathering of @lcum plagiochses, pymooenes,
homhlendes ar molits. Ther= is also a slight presence of NO;™ and
MJ', which is mmdoubtedly relaiesd to the presence of binds or other
amimals.

The drainage network oresisd by water from melting glsciers has a
high dynamics, which fawors the enrichment of ssdiments in Feand Al,
thus also emiching the water flowing through the sediment (Brown,
200X Tatur and Keck, 1990). Not without significance for the chemiml
compsition of water samples is the rock weathering, which is the main
natural factar shaping sediment chemistry. Several studies (Brown,
200 Hodson et al., 2010; Szopiiska =t al, X1 %) found that doe tothe
prevalence of pyrite on the King George Island (Faulo and Bubinowsld,
14947), there may ocowr the following resctiom

APl (x) + 14H2D (1) + 130; (ag)«—16H {ag) + BSOS {ag) + dFe
(OHD (s). 1)

In the water samples 3.1, 6.1, 62, it is pewihle to cdearly olserve
the higher concentrations of TOC in January them in Manch. This mary
be due in the effect called “a spring puke”, which comists in the fact
that during the winter precipitation components (ions, metals, organic
mastter) ame shanesd in the snow cover, and then, during the spring thaw,
these chemioa] entities are relessed into Antsrotic waters (Waldner and
Barch, 1949fi; Smopifiska et al, 2016 A particolardy strong “spring
puls=" was ohserved in the sample 3.1 taken from the Omithological
Creek. Mest likely, this i due tothe Bt that in the lower section of this
wateroourse we can find amithogenic sodls (Nedeansk o al., 20140
Additionally, this effsct wes ohserved in the waier samples taken from
the Baranowskd Glacier (6.1, 6.2), whichis probably related to the high
intensity and melting mteof this glacier (Sz#o and Bialk, 2017) and the
relezme of sedimenis. Szopinska =t al (218} ako olserved the sme
effect for aress 01 and V1. The ladk of this effect in other water samples
may r=olt from a small amonnt of stored elements, chemical com-
pounds, organic matter in the snow @ver, 25 well 25 small amounts of
sediment camried by the oreels.

The correlations between TOC and individual metals and non-me-
tals, separaiely, are presented for water samples {Table 4A)L No sig-
nificant correlation was observed betwesn TOC and other slements.
Statistical analysis was ilstraied by very strong comelations (0.8 < |
r | = 1) betwesn Pe and Al {0.915), Al and Zn {LEI6), Fe with Cu, Ga.
Inaddition, Li and B were very strongly aomelated with a large number
of elements (i with: B, Ga, Bh, Sr, Cd, Cs, Ba, Fband B with: Ga, Bb, &r,
Cd, Cs, Ba). Such comelations indicate that thess elements may be of
natural ongin (Grosneweg and Beunk, 19920 & wes shown that the
cmtent of Al and Peily in the rodks @ken from King George Island
were in the mngs of 1841-21.72% and 8.16-94%% nepectively
{Mozer =t al., X155 Thas, the corelstion betwesn Al and Pe aonfirms
the links in the oocowrrence of these elements side by side. i wes fonnd
that the presence af baran in the snvinmnment is mainly associstsd with
wvolcamic activity, and B is a volstil = element (Katalin =t al , 20070 It has
been proven that the ocowrrence of 2n, Co, Mn and Go on King George
Islamd, aparnt from anthropogenic soones, reults from the chemdal
demudation proceses during which water i enniched in these slements
(Sropirfiska et al, 2018)

4.2 The influence of neor and longrange aathropogenic activity on woer
and sebmenit che sy

As mentionsd in the previous suhssction, s=a a=rosol has a major
impact an the chemisiry of waters and ssdiments in this anes (Medeam=k
efal,!(]l!ﬁ.']'hzsﬁq"'_ is present in both water and sediment samples,
which resmults from the fact that the majority of water samples wen=
taken from the Admiralty Bay. b additon, afier the deposition, the sea

Mirrine Poludon Ballsin 152 (G30020F 120888

zemsal hes a grester impad on changing the chemical compaosition. of
waiters than ssdiments doe to the grester avadlahility and mate of pe-
netration of compounds in the entire volume of the matric & was
proved that the sources of 50,7~ joms in atmospheric ramsport should
also be seen 2x anthropogenic (Budhavant =t al., 201% Gordano =t al ,
2016) and biological {Giordano et al., 2016 Graf =t al. (2010) devel
aped model of 50, distrbution in Antarctica. The authars have obe
served that, apart from natwal sources {(volcanic proosse), a hoge=
influence on the concentration of this mdde comes from power gen
eration and vehicle operation at and betwesn stations, a5 well 2 from
ship emissions. Graf =t al (2010) showed also that weather onditions
in the ar=a of Antarctic Feninsula, where further research hoses am=
located, thers & a reduction in the coneentration of 50, becanse the
oxidation to 504'1' is faster there due io higher temperatuns, air ho
midity and insolation. Szopiiska =t al. (3014 showed that thereis no
significant difference in % n= 50,7~ in frshwater from the westem
coast of the Admiralty Bay collscted at the begiming and end of the
amstral summer. The anthors sxid this may suggest & relatively regular
influx of these joms throughout the austal summer.

The mest common pallitmts in the Anfanctic area ane those e
sulting from sod dental foel spills { Tin =t al., 20059 and the me of petrol
engines (Mishma =t al., 2004, They area souwce of toxic elements such
zr amsenic, adminum, copper, led, mermry and zinc. It shouold be
emphasised, that the sonnces of fhese heavy metalk in the smvinonment,
besicl e humam activity, ane also natural, which is why it is impartant o
distingnish the impact of thess groups of fctars. Due 1o the presence of
many sdemtific stations and an increasing indensity of tourism in the
vicinity of King Gearge kland (Harcha, 2004}, the anthropogenic im-
pact on the chemistry of waters and sediments i inevitahle (Szopitka
et al, 2019%

Due io the spatial distribution of the sediment sampling points, the
genacmmulstion index method wes selscted (Table 1) It allows to
deiermine the anthmpogenic mpact on e snvironment pallution with
heavy metals (Lo =t al, 2012). The vales of this index for Ni and Cr
were below mero in all sediment samples in both Jamary and Manch.
This indicates that thers & no contamination with thess metak in the
studied an=a. In the case of Ph, the majority of geoscoumulation index
valiss wene also megative, swcept for the 1.1 collscesd in Manch
ﬂ’" = 1 643}, fromthe lake in Janormewski Gardens. According to the
clssification proposed by Miiller (1981], this sediment i characterized
by moderately strong lead pollution However, due in the negative
index for this ssdiment collscisd o January, # should be noted that at
this point the pollution wes not comed by mmam activity. ® on be
zmumed that along with the spring thaws, Mo= Cresk began to wash
ssdiments from the upper part of the waeoomse containing lead
compounds which were tramsparied to the lake, whens the concenira-
tion of lead noresssd comparsd o Janunary.

The ind ex values for Co for ssdiments samples did notewossd 1 {6 of
them wers below zem), which means that thers was no conts mination
withthis metl. The highest levelk of luman impactinvolved Cd i was
determined that the points 4.2 (1), 43 (I}, 3.1 {II) wer= hexdily @n-
taminated with this metal At paints 4.2 (T}, 4.3 (T}, 31 {IT) there was
heavy contamimation, and at point 3.1 (1) modemste to heavy o
tamination Passible anthmopogenic soures of Cd are peiralenm amd
wastewater disposal (Santos et al , 2005). Ths metal may also come
from the relesme of pollntants stored in the permafrost (Fotpowice
et al, 2019}, ot probably this sounce i le=s mportant.

4.1 Muojor fachors shaping the chemicry in ghe coosnl sone and the
cowrdlations heiwesmn them: dhe FCA remlis analydc

The amalysis of the chemical compasition of water samples shows
that it lrgely reflects the chemim] composiion of the ssdimenis.
Multivariate data set amalysis enabled s toidentify major trends in the
chermi cal properties of the water and sediment in the study an=a Both in
Janmary and Manch (Fig. ), the waiers on the western @ast of
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Admiralty Bay were distinguished by their ¥a=, €1~ and 50,*~ cone
centration. These jons are cearly related to the impact of manne
s=mosals in the sty ares In addition, anthropogenic and biakogical
sownces of 50,7~ can be contributing throogh atmospheric transpornt
{Giordano etal, 2016 The 50y may come from ship emissons, 25 well
= sfions, and hecome & ssoondary sounce of snlphates by mddstion of
50y to 50,7 {(Graf et 2., 20100 Both in Jamary and Marnch, it was
abserved that in the @se of fresh water smples 11, 31, 4.3, 6.2, they
shaw little affinity io ions coming mainly from s=as saramal (Na™, 07,
9134""1 Nowwarthy ame samples 21 (Tand T and 6.1 {T), becamse it has
been shown that the sea spray has a slight effect on them, while these
symples were tken from the bay. The resmons for this may be tides,
glacier thawing and calving. However, we helisve that thess samples
are a kind of anomaly and do not tend to shape water chemistry in these
T

In contrast to the water data, for both series of sediments, two
principal companents were identifisd. The chemical variablss that
shape sediment chemistry in Jarmary wers (Fig. 4AF (1) Na~ and Pe,
{27 A and (T Ca*_ As faras Na™ is concemed, it is undoubtedly from
e gemEal, whersss the presence of Pe, Al and Ca™™ & amodated with
the proe=sses of chemics] weathering of hedmdk and snrface ssdiments_
For comparisan, in Mardh {Fig. 4B}, the ssdiment chemisiry was shaped
similarly @ Jamary (1) AL (2) Fe and additionally (3) P, which was not
found amang the chemical varishlss determining the shape of sadiment
chemistry in Jarmary. The sounces of phosphares in ssdiments are most
probably penguin guana, reeulting from e proximity of colmies of
these birds in the smdied area (Myrcha =t al, 200% Zwolicki et al,
2015 A particular affnity to iotal phosporms wes found in sampl= 3.1
(I, which was taken from the Omitholgists Creek, characerized by a
Tish maes cover. The mosses could ako affect the high iotal phosphoms
cmntent in the ssdiment sample.

Simas =t al. (2007) proved that the omithopenic influene affects
the change of sediment properties. The offecs of these changes ame- sail
acidifiation, ledhing of sxwchemgeahls hemes, trensformation of mi-
nerals and relesse of metak liee Feand AL The authars olserved dhat
the proe=s of phosphating thess metals oomrs 2 a r=ult of resction
with omithogenic phosphoros. This has a direat =ffed on a pre-
dominantly phosphatic fine pool and a significant incresse in sediment
F pool, which is associated with rising levels of labils and modemts=ly
lahil = phosphors. Themks io this, P & temporamly detained in sediment
in the form aystaline and non-oystalline Al/Pe phasphates, which are=
F reservoirs and are prsent in sediments sven after pengnins leave
these aneas. Higher levels of P oontent {alng with Nj in omithogenic
sediments fvarably affect the growth of vegetation and make it mone=
diverse { Smylda =t al_, 2011} It was alko shown that mamy years after
pengnins ahandon ther colomes, the contribotion of vegstation o
chemical compositan of the sediments is insignificant, but rich and
il ogically fumctioning microflora was fonnd in the sediments { Smyida
et al, 2015} In addition, a signifiant shar= of Fe in the omial =
vimmment of the Antardic may @me fom the expart of ron with
surface mmaff (Hodson =t al, 20170 The mmoff from hesdwater
streams i mainly camssd by chimate warming {Hodson =t al , 201 7) and
to @ kemer exient by subglacial melting (Ard=lan et al., 2010

5. Conclusions

Antarctica is a unique shaatary for sindying changes taldng place
in the warld This ares i partionlarly sensithee to cli mate change, and as
a result, an arel emtion of the namlly coorring pocsses may be
ohserved This phenomenon can be also visihle in geochemim] analysis
remlts. Bamed on the performed study, our main findmgs ane s 0l ows:

® As a result of physical weathering, the higher concentrations of Fe,
Mi, Co, Al are noticable.

® The effect of sediment acidification (higher phephae ocmnomim-
tiom) in Manch is observed, that may also lead to exchamg eshle hoses

Marine Polusion Bullesin 157 (20000 T10858

lesching, the tmnformation of mineralk and an enhanced releame of
metals like Feand AL

® High coneentrations of B and Sr evmpomds in the maline water may
be cammed by binding boron into the interpacksge strooune in ilite.
Dwring dizgenesis under the ocean floar, dlite relesses boron and
then emriches water of the Admiralty Bay.

® As a resultof anthropogenicadivity, an moressed oment of Cd and
Fhb in the srmundings of the station is observed. Moreover, argamic
matter in this ares may ako be 3 source of these metals, sinces they
may be acomulated by vepstation and they are mrely foond
ks af the bt and e type.

Barmed on the asmumption that the volmme of Antanctic me]tincness e
in nesponse to observed dimate change, the monitaring of the relesed
elements nesds partimlar concemmn, with 3 specal o on its sesmomnal
dynamics and on pollution amsessment.
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A continuation of the second hypothesis verification is presented in the paper:
Potapowicz J., Szopinska M., Szuminska D., Bialik R.J., Polkowska Z., Sources and
composition of chemical pollution in Maritime Antarctica (King George Island),
part 1: Sediment and water analysis for PAH sources evaluation in the vicinity of
Arctowski station, Chemosphere, 288 (2022) 132637 [publication V]. The article
presents research results that describe the chemical composition of PAH pollution in both
sediments and water from the environment of King George Island and an assessment of
the environmental fate of these pollutants, including the processes taking place in these
two elements of the environment. The analyses concerned samples collected during the
three years 2016-18 (two series each year — one each at the beginning and end of austral
summer). The novel research results obtained from different matrices over three years
allowed a determination of spatial distribution and defined which sources (pyrogenic or

petrogenic) contribute more to PAH pollution in Antarctic sediments and water.

Based on the conducted research, it was found that sediments can be a reservoir of
PAHs in the Antarctic environment. The sediment-water diffusion of PAHs was
evaluated using the physicochemical partition coefficient for octanol-water (Kow). It is
typically assumed that PAHs adsorb to the organic fraction of samples, so total organic
carbon (TOC) in water and in the sediment should be analysed for a full understanding of
PAH partitioning. As a result of this analysis, it was found that the relationship of logKow
to physicochemical partition coefficient for organic carbon (logKoc) can be concluded to
be exponential. This proves that, at lower concentrations of organic carbon in Antarctic
samples, the increase in PAH migration from sediment to water will be more intense than

in urbanised areas.

Based on the conducted chemical analyses, it was observed that the concentration
of PAHSs in water changes seasonally, which is the result of the so-called “spring pulse”
phenomenon caused during spring thaws by the release of pollutants accumulated in snow
and firn. The origin of PAHSs in the Antarctic environment was assessed using an analysis
of PAH index values. It proved that pyrogenic or mixed sources contribute more than
petrogenic sources to pollution by PAHSs in Antarctic sediments and water. In addition,

the main source is the combustion of biomass (e.g., as a result of fires) and coal that can

95


http://mostwiedzy.pl

A\ MOST

GDANSK UNIVERSITY
i OF TECHNOLOGY

FACULTY OF CHEMISTRY

be assumed to be transported by LRAT from South America. Taking into account the
indexes of petroleum-derived PAHs of naphthalene and its homologues, which are less
stable than pyrene, fluoroanthene and other PAHs formed during fuel combustion, it was
found that the dominance of pyrogenic sources is probably associated with the activity of

the stations itself.
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A reduction in petrol nage in favour of

renewable Enegy souros, and Fetrietion of toarkem am strongly recommended for better presarvation of the

pristine Antesethe v ronment.

1. Imtroduction

Human impact oo the Antarctic environment has been increasing
over recent decades (Curtos o al, 2009 Szopinska ef al., 201590 A
number of chemical poll 5, including persi organic pollutants
(FOFs], have been proven to exist in Antarctica in both animate and
inandmate elements of nature (Cipro et all, 30023 Curtosi ef al, 200%
Martins ef al., 20{4; Potapowice et al., 2019). One challenge faced by
scientists, however, s that of compounds that, apart from having
aromatic bydroecarbons (PAHs) (Cai =t al., 20016; Cao et al., 2018; Cin
cinelli et al., 3008; Funco et al.,, 2012} The primary sounces of PAH
emissions are: incomplete combustion of biomass, fossd] foels, oil spills
and diagenesis of crganic matter (Cincinelli et al., 2008; Fuoco et al.,
200%; Spopinska =t al_, 2015} FAH pollation in Antarctica reflects tokal
pallution emitted in the Southern Hemisphere, in spite of the continent's
comparatively {to the Northern Hemisphere) small land mass, low
human activity, and short history of indostrial activity (Cao et al., 2008}
As a resalt of atmespheric droulation, dost transport and cyclic vola-
tilisation/‘deposition processes (Cabrerizo et al, 2001), PAHs are
distributed in various elements of the Antanctic environment, e.g. at-
mosphere (Cao et al., 2018), seawater (Fooco et al., 2005), freshwater
(Szopiriska =t al., 201%), sediments (Curtosi ef al., 2007, 2004, Rodd:
gz et al, 2018; Sotlli et al_, 2019) and biota (Curtos et al., 2009). The
varioas activities of oumenous scientific stations alsy contribute to PAH
pollution (Aislabie et al., 199% Ferguson et al., 2003). Moreover, as a
result of the increass in global tempembure (Bockheim et al., 20075
Turner ef al, 2006 Vanghan ef al., 2003), a number of processes ane
affecting the chemical compaosition of different dements of the Antarctic
environment. Glacier retreat (Pytlicki et al_, 2007; Pudetko et al., 2001E)
and intensive weathering processes (Navas ef al., 2007; Oliva of al,
20l Ga, 20065) may coese the release of pollutants previously stored in
ice (Herbert et al., 2006; Szopinska =t al., 2018), permafiost (Fotapo
wice et al., 200% Szopinska ef al., 201%) and sediments (Martins ef al.,
2010y Pongpiachan et al., 2017; Potapowice =t al., 2020). Due to the
mdtihsde of sources of PAHs in the Antarclic environment, it was
decided to determines it on the basis of PAH index values that were nsed
in mamy previous studies eg. (Ravindm ef al., 2008; Siogiannidis and
Laane, 2015, Yu et al., 2015].

Comsidering the toxicity, mutagenicity and carcinogenicity of PAHs
(Vang et al., 2014), and their tendency to bisaccumulate (Hale et al.,
2008), exposurne to PAHs in the Antarctic envirooment is a particalar
threat to the Antarctic fumna and Aora (Lana ef al, 2014; Mello et al.,
2016). Most the study area belongs to Antarctic Specially Protectsd Area
[ASPA) Mo, 128, This area is the place of breeding to three species of
penguins (Adélie, Gentoo, Chinstrap), eight speries of seabirds (e.g
pinnipeds {i.e. southern slephant seal). PAHs have been observed 1o
accummilate in mosses (Cabrerim ef al, 2012 Colaboono et al., 200150
The research may therefore be of key importance for the reduction of
human activities potentially hammful to the Antarctic's pristine scosys-
tems. The primary ohjective of our research was (1) to present the
chemical composition of PAH pollution in both sediments and water
from the terrestrial environment of Eing George Sland, and (2) to verify
the accumulation and releass cyde processes in sediment/agquatic =n-
virpnments over a three-year period (years: 2016-18). The movel
research results obtained from different matrices over three years
allvwed us o estimate the mechanisms of PAH migrabion between
warious environmental media in the Maritime Antarctic. This study also
indudes a determination of spatial distribution and defines which

spurces (pyrogenic or petrogenic) contribute maore to PAH polhstion in
Antarctic sediments and water. Considering the loog-term chamcter af
the study, this paper may be a unique source of information on changes
noruring in ASFA No. 128 and its surroundings. Farthermore, discos-
sian of the results on the background of PAH levels in soils and waters at
nther sites may extend the knowledge about these contaminants and
thedr accumulation in the Antarctic environment.

2, Materials and method

21, Site description and somple collection

Thee sampling area is located o King George Isdand (Somuth Shetland
Islands, Antarctic Peninsula). Water and sediment samples were
onllected from the Largest icesfres aress on the western share: of Admi-
malty Bay (Fiz. 1). Environmental factors potentially infheencing the
simpled water and soils were summarised (Table 51 [a-j]). Samples
were collected twice dhring the austral summer of 2017 and 2018 (for
details sse Table 517, The first sample series (T was collscted in early
summeT, in Jamsary, when the snow cover was significantly redoced,
whils the second series (1) was collectsd in March or Apeil, at the
beginning of Antarctic mstumn. Samples were taken from the forefield of
the Ecology, Sphinx and Baranowski gladers.

23, Anchtical metfods

Sixteen EPA PAHs in water and ssdiment samples were analysed.
Samples preparation procedures are described in detadl in the Supple-
mentary Material. The PAHs were determined by gas chromatography
tandem mass spectrometry using single ion mondtoring mode. The sys-
tem consists of an Agilent 78908 (Agilent Technologies, USA) squipped
with a 7693A mtomatic sumple fesder, and a 700D GC/TO mripls
rquadrupole (Agilent Tachmalogies, USA). The analyses were performed
wusing Capillary GC Column Zebron™ ZB-FAH Capillary (30 m « (.25
mm x .25 pm). The selected PAHS were determined based on the in-
ternal standard calibration method. The recovery (%) of mdividual -
ements and parameters was in a range 67-84% for water samples and
48-E7% for sediment samples. Recoveries of surmogate standards were
Bl% and E3% for naphthalmne-dd and bemzolalanthracene-d12,
respectively. Blank sample analysis showed that the concentration af
maphthalene in this sample was 0.11 ng/L, while the concentrations of
the remaining PAHs were below the limit of detsction. The limit of
detection for each analyte was from (003 to 075 og/L. Coefficent of
wariation (CV) was bess than 5% A detailed description of the monitored
ioms and detection limits can be found in Szopifska et al. (2019)

23, Stmistcd mnalysis

Comcentrations of the target analytes that were below their limits of
quantification (LOOs) were st to balf the LOQ value for statistical
purposes. A principal component analysis (PCA) was performed nsing
MATLAB Version: R2020a with Statistics and Machins Learning Toolbox
Version 1 L7 manufactured by MathWorks, US.A

24, PAHs difficion bensem sediment: winter plases

A useful source of information on the sediment-water & fosion of
FAHs is the physicochemical partition cosffident for octamol-water
(B It is typically assamed that PAHx adsorh to the organic fraction of
samples, s total organic carbon (TOC) in water and in the sediment
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should be analysed for a full understanding of PAH partitioning. The
dependence of organic carbon (Koc) to octanol-water (Kow) partition
coefficients for PAHs, and to the organic carbon fraction (9c) of the
sediment, & characterised by a linear relationship as follows

logKoe = A logKgw + B

where A and B are values characterigic for individual PAHs
Furthermare:

Koe = Ko/ Soc
where Koy ~ sediment-water partition coefficient.
Kow = CypdCor
Cg =~ jon in sedi ps ~ the density of sedi solids,

Cw ~ concentration in water (Wang et ol 2011).
3. Results

3.1. PAHs in sediment sampiles

The chemical analyses of PAH provided results for sedi
samples (Table S2). The last column shows total PAHs in each of the
di nples in both series. C ioas of indi-

vidual PAHs and their totals were much higher in sediments than in
water samples. In 2017, total PAHs ranged from 58.8 to 383 ng/g dw in
January, and from 58.4 to 389 ng/g dw in March. For compariscn, these
concentrations were 46.1-445 ng/g dw in January 2018 (series [) and

IV resesnch areas

AL secment samghng postts

®  water sampling powts

e glOCWTS range n 197H

- gacans range n 2001
Facerns range n 2007
gacens ange n 2014
noines - glacens
When andt porcts

¢ Amemc Rrsess
4 0s tam

Fig. 1. Map of

shore of Admiralty Bay (M A

Chamaphere 288 (2022) 132637

59.4-221 ng/g dw in March/April (series II). Differences in PAH con-
centrations depending an the year and series in which the sediment
simples were taken are shown in Fig. 2.

It is worth noting that the highest concentrations of the total PAH in
2017 and 2018 d to other sedi ples were found in
samples B (264 ng/g) and D (445 ng/g) in January 2018 and in samples:
A (389 ng/g) in March/April 2017 and B (383 ng/g) in January 2017.
The lowest concentrations were found in sediment samples A in both
series (I: 56.3 ng/g; [l: 59.4ng/g), C in January (46.1 ng/g) and E in both
series (1: 68.5 ng/g; [I: 62.9 ng/g) from 2018, and in samples C in both
series (I 58.8 ng/g; I 58.4 ng/g) and E in January (68.4 ng/g) in 2017.

Both low molecular weight (LMW) and high molecular weight
(HMW) PAHs were identified in almost all sumples from both years.
IMW PAHs include naphthalene, acenaphthene, anthracene, fluorene
and phenanthrene. High-molecular-weight (HMW) PAHs, ie., those
with four or five rings, include flucranthene, benzo(a)anthracene and
chrysene. Naphthalene had the largest contribution in total PAHs in all
samples, with the exception of sample B from 2017 taken from Omi-
thologists Creek (area I1) in January. In this sumple, phenanthrens had
the largest share in PAHs. Benzo(a)anthracene showed lower concen-
tration levels compared to other PAHs. Traces of five or six PAH rings
were found in sediment simples from the western shore of Admiralty
Bay at negligible levels or below detection limits.

3.2. PAHs in surface water samples

PAH in the studied surf;
sented in Table S3. PAH ions in water samples collected at the

beginning of austral summer ranged from 0.53 to 32.4 ng/1, and at the

water ples are pre-

) showing glacier retreats between 1979 and 2074 and location of sasupling points (prepared

basedd on Pudeko, 2008; Landsar image 1.C32181032014016LGNCO obtained from www.usgs gov; GoogleSarth applicatica).
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2017 amd 2018. Literature dars dorwiters sampled in stody s in 2006 inken from

ing and end of austeal summer, respectively. (For interpretation of

the refermeers o colour in this fgure legoed, the reader is referred to the Wieb version of this arthele)

end af austral summer from (L5 o B2.9 ng/L, exduding samples: 2.3,
4.1, and 4.2 in which the concentrations of each PAH were below the

limit of defection in 2017, In additon to the seasonal difference in
concentration, variation was also apparent depending on the year in
whiich the water samples were taken. The differences in PAH concens
trations depending on year and sampling series are presented in Fig. 2.
The ranges aof ZPAHs in 2017-18 were (.53-15.8 ng/L and 538829
ng/L for 2007 and 2018, respectively.

PAHs with two ar thres rings (LMW have the highest contribution in
total FAHSs in both series. The presence of naphthalene was found in
almost all water samples taken in both series, enchading samples 2.3,
4.1, and 4.2 from 17 (becauss of PAHs being below limit of detection
at these points). Higher concentrations of acenaphthene, fluorene and
phemanthrens were foumd in water samples from 20018, In 2017, the
presence of these compounds was found i Moss Creek (area I, Ormd-
thologists Creek (area M), and the forefeld of Ecology Glacier (area 1T,
[n areas remote from the station (the forefields of Sphinx Glacier [area
I¥] and Baranowskd (dacier [area V1), concentrations of thess com-
poumnds were mostly below the limit of detection. In 2017, phenanthrens
(0,40 ng/L in January and (.42 ng-L. in March) was found in sample 3.2,
and fuorens (077 ng/L in January and 0067 og/L in March) and
phenantbrens ({98 ng/L in January and (L65 og/L in March) in sample
5.2, Anthracene was found in a small number of water samples. In the
analysis of the simple from the middle section of Omithologists Creek
(2.2) from 2007, anthracene was found at a level of 110 ng/L in the first
series [Jimuary), and 1. 26 og/L in the second series (March). In Janoary
18 (series ), significant anthracens concentrations wers ohserved in
the sample from the forefisld of Ecology Glacier (3.1), and in March
(series IT) in the sample taken near Moss Cresk (1.3).

Fluoranthene, ans of the HMW PAHs was not identifisd in water
smples from either of the years. Benzo{alanthracene was only present
in simples 4.3 (Sphinx Hacier arsa V) from 2017 at 111 ng/L in
January, and 13.1 ng/L in March, and in sumple 1.5 (Moss Creek anea [)
from 2018 at .84 ng/L in March/April (series IT). In sample 1.3 from
018, in March/April {series 1), the chrysene concentration was 5.53
ng/L, and in the remaining samples it was below the lmit of detection.
Five= amd six-ring PAH concentrations were recorded as zero or negli-
gible in water samples from the western shore of Admiralty Bay. It s not
oonchesive, however, that the compounds are absent in the studied area.
The lack of HMW PAHs in water results from their low solubility in
water and high affinity for crganic matter.

3.3, Mulnvoriane doto analysis resuilt

Frincipal Component Analysis was also condacted for all sediment
and warter samples. Some of the water datasets, however, werne Enearly
dependent. Therefore, the results are not a5 expected and were omitied
from firther analyses. For sediment samples, two principal components
‘were identified, representing 89% of the variance, and acooumting for
5% and 31% of the variance, respectively (Fig. ). The results showed a
fairly strong positive correlation with naphthalene (L60) and moderate
positive correlation with anthracens (0.52) for PC1, and a faidy srong
positive correlation with naphthalene (0.79) and moderate negative
correlations with anthracene { - (L44) for PC2. The location of individual
points representing the data provides an interesting image, and dross
particular attention o data 1 (A form January 2017 and 16 (A from
March 2018), which significantly affect the correlation with naphtha-
lene. O the other hand, data 2 (B from January 2017), 3 (C from


http://mostwiedzy.pl

/\__/__\> MOST WIEDZY Downloaded from mostwiedzy.pl

GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF CHEMISTRY

£ Polgueics ot ol
B T 8 Gk U7 @ by JE 8 ekl J8 A
1]
i ]  opns
u £
i -
n
3] =
" e =
:—' .,.;}:_ L
. et
E Moo i
il . "
s .
4 E ==
T &
Rl
I ©x a8 a4 oz v 0z a4 oe @3 |
L5
B
o |
I
iwh
i b
£
2 e f
ot
oz
ot
]
3B IZ AN M®IET Y LB ) E L4 DDN
Sempl: indes
Fig. 3. POA Biplos for varous 4 (A) and dendrogram of sedi
samuples () taken bn 2017 and 201E from westemn shore of Admirity Bay.
Mumsbers 1-5 ipand to smples A-E from Jasoery 2017, respectively; 6-10

iy A-E from Masch Z007; 11-15 to A-E of January 2018, and 16-20 to A-E of
Murch 301E.

January 2017) and 17 (B from Manch 2018) generally resalt in a positive
carrelatiom of all variables.

5.4, Relmtionships betwern individual PAH concemmmtions ond dher
smrees iR study areq

PAH indicator ratios (Table 1) allow contamination swuarces io be
identified. The six selected PAH ratics for individual environmental
samples were defermined based on descriptions inchuded in other pub-
lications (Stogianmidis and Laane, 2015; Sropifska =t al, 2009 The
ratios allow renddts from 2017 to 3018 to be compared against results
from 2016 (Szopinska =t al., 201%9). The identification of sources based
on these results is ambignoas (in some cases different indices show
different sources).

The PAH ratios: NP/PHE, BaA/CHr, PHEAANT, ANT{ANT 4 PHE)
and BaAy/(Bad 4 CHr) show a predominance of pyrogenic smroes. Based
on the calmalation of the proporiion between individual sample ratios
indicaling pyrogenic or petrogenic sources, it was found that pyrogenic
sources domimated in all areas, being identified as dominating in

Chemenpieene 258 (J037) JA6ST

BL3 E153% of cases (Fig 53A). Petrogenic sources accomted for
16.7-18.8% of cases in areas [V, In almost all of aress 1V, the NP/PHE
walues for both water and s=diments were > 1. Exceptions were area [ in
January/Febmmry 2017, where the source of PAHs in surface waters was
identified as pyrogenic, while PAHs in sediments were indicated as
petrogenic; and the area IV in March 2017, where FAHs were af pet-
rogenic origin, though this indictor could ealy be caloulated for sedi-
ment. Moreover, the Baf /CHr analysis showed that the origin of PAHs is
mainly pyrogenic, although the value of this indicitor may only oorre-
sponed o the state of sediments in the stodied areas, becnese it was not
possible to determine this value for waters (except for smple 1.3 in
March/April 2008, indicating pyrogenic soarce). The ratio of (<1)
ZLAW i ZHMW PAHs showed that, in surface waters in area IV, PAHs
were also pyrogenic, while in sediments of the same area they were
petrogenic. Inother areas, boith for water and sediments, the petrogenic
spurce of PAHs predominated (based on ZLAW/ZHMW). All FHE/ANT
values for seds and water samples in 2017 and 2018 were <10, and
ANTAANT  PHE) » 0.1, which indicates pyrogenic sources in all re-
gions [-V. BadABak 4 CHr) values at all ssmpled points wers 0.2,
which also indicates pyrogenic sounces of PAHs in the studied environ-
ment. The exception & point 4.3, where the ratio valoes in Janoary/
February and March 2017 were (L01 (<0.2), indicating a petrogenic
SAUTCE,

The type of pyrogenic source of FAHs was also examined on the basis
of BaA(Bad 4 CHr) values for the sediments (Fig. S10), with indicator
walues as listed in Guarino et al. (201%). This analysis showed biomass
and coal combustion as the soures of PAHS for almost all [-V areas in
‘bath measurement serfes of 2017 and 3018, An exception was area [T in
JanuaryFebmmry 2017, with the pyrogenic source of PAHs identified as
petrolemm combustinn.

e to the different soarces of PAHs in the Antarchic environment,
the percentage contribution of 2, 3, 4 and more rings in PAHs was
amalysed (Fig. 550). The share of 2-ring PAHS in sediments ranged from
58 to B3 5%, and in waters from 59.0 to 76. 7% The 3-ring PAH per-
centage was 14.8-59.0% for sediments, and 14.0- 24.8% for waters. For
areas [, 11, IV and V, the percentage of 2-ring PAHs was higher in waters
than in sedimends. Similarly, the percentage of 4-and-mare-ring PAHs in
areas [, IIL IV and ¥ was also higher in waters. However, the share of 4-
ring PAHs was generally similar in water and sediment, spanming
T7-24.2% in water and 29227 4% in sediment simples (for areas
%), O the pther hand, 5-ring PAHs were typically more abundant in
sediment (at all locations except area T

4. Discussion
4.1. Dnferences ! PAH concemtrofions (sefimerts and fresh water)

Valees of total PAHs in the sediments and water obtained in this
sty were approximate to thoss reporied by past determinations of
PAH concentrations for Antarctc sites {Table 54). For example, Cripps
(1992) reported values ranging between 14 and 280 ng/g dw for the
Signy Idand, and Dinmer et al. (2015) found 12.06-210002 ng/g dw of
PAHs in ssdiments from the vicinity of Casdlini Station. Mareover, the
sediments included more polluted ones, e.g. in a range of 36.5- 1908.4
ng/g in the vicinity of Carini Station (Curtosd =t al., 2009), or 21.5-751
ng/g near Artigas Station (Rodriguer o al_, 200E).

E «PAH concentrations in the sediments in 2017 and 2018 examined
in this shady ranged from 56.3 to 445 ng/'g. The sxceplions are single
measurement points near the research station, althoogh constant
pollution ot be confirmed, because high walues did oot persist in
mire than one: series of measurements for a given paoint

FAH comcentrations in water obtained in this study were lower than
those ohiqined in sediments, and rmnged from 0L53 o £2.9 ng/l. These
wvalues are approodmate to thoss obtained by ressarch comducied in
Maritime Antarctica (Bicego =t al., 1956; Cao et al., 20018 Compared to
waler smmples taken in this area in 2006 (Seopitska o al, 2019), the
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range af concentrations was clearly lower recorded in 2007 and 2018,

As presented in Fig. %, the PCA performed for sediments in all series
over two years showed that maphthalens represents the greatest
contribution in chemical composition acroes the study area. Morsover,
FC1 (58% of the variance) shows a strong positive coarelation with
maptithalene, phenanthrens and anthracens, and PC2 (31% of the vari-
ansce) shows a strong positive correlation with naphthalene, and stromg
negative correlation with phenanthrens and anthracene. The dominance
of NP, PHE and ANT in sediment samples may result from the fact they
are characierised by relatively low molscular weight, high volatdity and
high salubility in water compared to other PAHs.

The analysis reults suggest that the concentration of FAHs in various
elements of the Antarctic environment depends on the nafure and type
of matrix. Based oo Tables 52 and 53 (Supp. Mat.), it can be concheded
that total FAH concentratinns in sediments were multiple times higher
than the comeentrations of these chemical compmends in sarface waters.

Fig. 2 shows total PAH concentrations in the shudied years and sea-
soms. Im most casss, both in waters and sediments, total PAH concen-
tration increased in March/April. Decreases have been olserved in
waters of Omithologists Creek (point 2.2) in 2018, and similardy in soil
sampled from the mouth section of this oreck. The basin®s surface at the
midde section of Omithologists Creek is characterised by patches of
minss and lichens and initial humus level in the upper part of soil profiles.
Moreover, the valley bottnm & covered by muddy sediments acoumn-
lated I small, temporary reservoirs. This condiion may support the
accumulation of PAHs on sediment particles, but also the biodegrada-
tiom of these chemicals by bacteria is possible (Curtosi ef al. 2007; Kosek
et al, B018L In March,/April, the other streams carry greater PAH loads
than in January - through rainfall and washing out the fine particles
(day and mud) into streams.

The affinity of individaal PAHs to ssdiments or water samples de-
penids strangly on the logK e walue (Table 540 Considering PAHs, the
applied Eow is approximately squal to Koo because exponent A& ape
proaches a value of 1 (Wang =t al.. 2011} As a result, the concentrations
of PAHs should be proportionally higher in the sediments than in the
willer samples. However, it should be noted that the parmmeter of
organic carbon that appliss to samples in the vicinity of the Palish
Antarctic Station (samples 1.3, 4.4, A and [) was determined in water
and in the aqueoos extract for sediments. Based on the data in Table 54,
it can be concloded that the sediments are a larger reservnir of PAHs
than are water. The relationship of logKow to logKoc (formula in ssction
2.4} showes that Kow and Eoc are linksd by an exponential relationship.
Thus, &t lvaer concentrations of arganic carbon in Antarctic samples,
the increase in PAH migration from sediment to water will be greater
than for, for example, samples from China (Wang et al., 2001 The low
and medim mindsoular weight PAHs may change their transfer tendency
‘between sediment and water [Wang =t al., 20117, bat inour samples the
sediment concentration was always higher than the equilibrium valoe.

Rapid drainage of porous soils related to minfall and smow- and ice-
melt during summer could be the cmse of a considerable inter-annual
change in PAH concemtrations in soils (Cortosi et al, 2007). This is
called the ‘spring pulse’ phenomenon, cansed by the release of pollut-
ants accumulated in snow and fm dring spring thaws. It primarily
occurred in the early summer of 2017 and 2018 in the Ornithologists
Creek area. It was als abserved in 2018 in the Sphinx Glacier area (for
sediment). The presented data show that in the case of ceeks with
nan-gladated catchments (T amd M), where flowing waters are fed by
Taim, sow-melt, buried-ice-melt, and shallow groundwater in the active
layer, bevels of PAHs in water and sediment samples were different than
those for orecks with a gladier-melt soarce of water (areas I0- V) (Fig. 3.
Other differences between catchments 1 and I and catchments [0-V
include the ocourmence of mosses and Hchens that support accumulation
of PAHs in the emmos soil horions (Gabov and Bernosikow, 2004)
This vegetation type and snil type oooar in areas | and [0

Chemenpieene 258 [H0IT) 1AMSF

4.2, Sources of PAH: in emir | samples fram Marifime Annoreficn

Pyrogenic and petrogenic soaroes were identified based on PAH ra-
tios {Table 1k The resalts of PAH ratios we obiained cearly indicate the
domination of pyrogenic sources { Table 1, Fig. 53A). Moreover, based an
the BaA/(BaA 4 CHr) values in sediments (Fig. 532), it was found that
PAHSs in the research area maindy come from the combustion of biomass
and coal. Since the nearby research stations do not wse such. e, we
imterpret that the primary smrce of PAHs on the western shore of
Admiralty Bay is long range atmospheric transport {LRAT), which in-
wolves both pyrogenic and petrogenic sources. Such an interpretation is
also confirmed by previoes studies (Lammel et al., 2005) disoussing the
relationship of PHE and NP concentrations with LRAT.

The analysis of back trajectories incoming inte the South Shetland
Islands provided in previous research (Fermandoy et al, 2018; Sm
minska e al., 200E) and in Szumimska = al. (20217 Part 2 {submitted)
show the possibility that air mases incoming to the South Shetland
Islands originated ower inhabited regions (mostly South America). The
frequency of air masses mcoming from this area are in the mnge of
1-10% for the pericd of September 2016 to Febnzary 2007 and S-day
trajectories (Souminsica ef al., 2021) (Part 2, submitted).

Additiomally, our research confirmed the dominemt share in the
supply of PAHs from biomass and coal combustion {Fig. 530). Dee to
LAAT, PAHs may alsy be transferred as a result of biomass combustion
products, including thoss originating from fires, ez, forest fres, bush
fires and urban aress. Pollotants deliversd to Antarctica this way are
sishject to dry and wet deposition in various elements of the environment
(Curtoesd et al., 2007; Puoco et al., 2012 Szopinska et al, 2019). In 218,
compared tn 2017, there was a clear increass in the total PAHs in waters
(Fig. 2). As mentioned earier, our resalts indicate that biomass com-
Tuastion is the main source of thess chemicals in the research area
(Fig. 52E) In addition, the Mational Institute for Space Ressarch (Inpe)
reparted, based on satellite imagery data, that there was an 84% in-
rease in the mmnber of fres in Brazil in 2018 (Andreond and Haunser,
201%; BBEC, 201%), which may plausibly explain the inoeased PAH
concentrations from LRAT.

Despite bumam activity, South America also has numerous active
volcanoes. The most active volcano in South America is Villarica in
ceniral Chile [t has been recardesd to have been active for a togal of 142
years between 1558 and 2007 (Souminska =t al.. 20181 A total of six
yolcanoes wers identified to be active in 2006 and 2017 Villarica,
Lascar, Nevados de Chillan and Copahoe in Chile, and Sabancaya and
Ubinas im Peru (Fig. S1). In the next year - 20018 — most wene still active
(except Liscar and LUbinas) (www.vol cano.si.edu]l

Taking into consideration air masses frequency analysed by Sm
miriska &t al. (200 ), it is worth emphasising that the highest number of
days with air masses incoming from South America together with high
wolcanic activity in the winter months of 2017 (May-Aug, Fig. 51C), and
patential storage of PAHs in smow and ice may have comtributed to its
high levels in waters in the following spring—summer season (Fig. 2.

In areas L IL I and ¥, in both water and sediment samples, the
ELATW/CHMW ratio indicated the petrogenic sparee of PAHs & domi-
mamt. This demonstrates the potential contribution of dired petrogenic
souirees [such as diesel oil spills, particalarty near station facilities). They
are a minority compared o pyrogenic sources but should oot be
underestimated (Fig. 53A), as in this envinonment (the western shore of
Admiralty Bay) they are closely related to the activity of scientists, as
well as the maintenance and logistics of research stations. Considering
that there are a total of 20 scientific stations (year-ound and temporary )
in South Shetland Idands (Bartolind =t al., 2004), the load of dhemical
pollutants, incloding PAHs, they emit to Antarctic waters and sediments
can be asmamed to be significant. As our research has shown, in com-
marison with the percentage of pyrogenic sources, the activity of
research stations located on Admiralty Bay does not have a major impact
on the polhution of FAHs on the western shore of Admiralty Bay.
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5. Conclusions

Research studies on the evaluation of PAHs are special important to
protect the Antanctic environment against unforeseen anthropogenic
activity. Based on our results, the main assumptions are as follows:

# [t can be conchuded that ssdiments can be a reservpir of PAHs in the
Antarctic environment. The relationship of logKow to logEo: can be
conchuded to be exponential, which proves that at lower concentra-
tions of organic carbon in Antarctic samples, the inoease in PAH
migration from sediment o water will be more intense than in
urbanised areas. The maximom value obiained for water was 82.9
ng/L, and for sediments 446 ng/g dw for ZPAHs

& The content of PAHs in water changes seasonally and between the
two years, and in 201718 it was in the range 0.53-82.9 ng/1, which
is the result of the ‘spring pulse” phenomenon cansed during spring
thaws by the release of pollutants accummalated in snow and firm.

# Based on the analysis of PAH index values, it was determined that
pyTogenic or mixesd smrces contribate mare than petrogenic sounces
to pallation by PAHs in Antarctic sediments and water. In addition,
the main source is the combustion of biomass (=g, as a result af
fires]) and coal that can be assumed to be tansported by LRAT from
areas of South America. However, considering that the indicators of
petrolenm-derived PAH genesis are naphthalens and its homologues
[which are less stable than pyrens, fluoroanthens and other PAHS
formed during fuel combnstion), the dominance of pyrogenic soumces
is probably associabed with the activity of the stations itself.

In addition, the oblained resalts also confirm obsermabions made in

& In cootrast to Seopitska ef al. (3009 a decrease in the valoe of
EZPAHs in water compared to 2016 was olserved. In addition,
comparing FAH concentrations in waters in 2018, their level
increased compared to 3017, which may be due to the E55% increass
in fires in Brazil.

As part of the research presented in this articls (smples taken in
K17 and H018) and previous research by our team (Smopinska et al.,
2019) (samples taken in 2016), a trend of higher levels of ZPAH
concenirations in the area surmounding the ressanch station was
observed. Therefore, incidental oil spills while using diesel fuel
canmot be ruled out as a spurce of organic pollutants, indwding PAHSs,
in this environment.

Deetailed PAH analyses in precipitation, snow cover, vegetation and
animal tismaes should be caried ot in the future to provide a complets
image of their environmental fate in Antarctica. Predipitation analyses
in particular could help identify more precisely the sources of PAH
pollution. (ur results alsn call for petrol wsage to be recheced in fawour of
renewable energy sources, and for tpurism io be restricted for better
presenvation of the pristine Antarctic environment.
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An additional threat to the Antarctic environment is the re-release of pollutants
from snow cover under appropriate conditions. Re-emission into the environment of
volatile and semi-volatile compounds during austral summer, and surface runoff of
organic and inorganic composition (the so called “spring pulse®), cause snow to be
considered as a secondary source of pollution. This effect was described and confirmed as
part of the verification of the previous research hypothesis, which inspired more detailed

research on this topic. Detailed results are presented in the article below.

In the publication VI: Szuminska D., Potapowicz J., Szopinska M., Czapiewski
S., Falk U., Frankowski M., Polkowska Z., Sources and composition of chemical
pollution in Maritime Antarctica (King George Island), part 2: Organic and
inorganic chemicals in snow cover at the Warszawa Icefield, Sci. Total Environ., 796
(2021) 149054 is presented the verification of the second detailed hypothesis too. The
article presents the chemical characteristics of snow cover on King George Island. In
addition, an analysis of the effects of the activity of polar stations and long-range
atmospheric transport of chemicals was carried out. Surface snow samples were collected
in the summer season of 2017 in a transect crossing the Warszawa Icefield area. The
transect was located in the main ice cap between the Arctowski Polish Antarctic station
and Carlini Base (Argentina) and in Ecology Glacier. Selected chemical species,
including those classified as pollutants, were determined in the samples. Snow from the
western coast of Admiralty Bay was analysed for concentrations of elements (Ag, Al, As,
Ba, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Se, Sr, V, and Zn), cations (Na*, K*, NH,4",
Ca®*, Mg*"), anions (F, CI', Br, NO,,, NOs, PO,*, SO4%), total organic carbon (TOC)
and polycyclic aromatic hydrocarbons (PAHS).

The results obtained at the Warszawa Icefield confirmed the occurrence of
chemicals (including contaminants) in snow cover. In addition, the results of
determinations of chemical compounds and the analysis of the trajectory of air masses for
the study area allowed us to state that the nearest scientific stations have only a limited
influence and that the origin of the pollutants was mainly atmospheric (from regional and
LRAT sources). A slight increase in XPAHs and trace metals was also observed at the

marginal parts of the icefield, which may be caused by the influence of scientific stations
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and more effective local dust at the edge of the glacier. Naphthalene and fluorene
predominated across all the study sites except the one close to the Arctowski station,
where phenanthrene was observed in snow. All three compounds are present in diesel, so
their presence in snow samples may be related to the exploitation of fossil fuels. The local
topography is an important factor in the deposition of aerosols at the dynamically
changed ice-free areas of Maritime Antarctica, the consequence of which may be the

potential negative effect for fauna and flora in this pristine area.

The verification of the hypothesis using analytical techniques and chemometric

tools showed that:

» there are water—sediments—snow interactions that affect the chemistry of each of the three

matrices;

» the relationships between the studied elements of the environment favour the distribution

of chemical species, including pollutants, on the west coast of Admiralty Bay;

» no clear effect of the “spring pulse” was observed, but the presence of contaminants in
snow presents a risk of their transfer to other components of the environment (including

sediment and water) during the temperature increase.
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HICHLIGCHTS CRAPHICAL ABSTRACT

* Anthropogenic impact on An@arctic
snow pallution (organi & marganic)
was observed.

« Concentraton of elements <30 mg/l,
TOC <1 mg/l and PAHsO11-1.4ng/L
n snow

* Agrexerdiversity in marine.arigin jns
was found than i previous research.

*+ Dominance of naphthdens and fluom=ne
'was observed in Jl samples.

ARTICLE INFO ABSTRACT

Artide hsawy: The smudy area is Jocted an ¥ingGearge bsland, where 0% of the zrea is permanendy glxized Thissadypo-

Recsied 1Al 201

Recetved inrevied form 10 Jiy 2001
Accepandt 11 by 2021
Aaible onlive 15 July 2001

By Kevin V. Thamas

wvides 3 comphens ve analysis of the i norgani c and arganic chemistry of snow cover in theiafield and 2 come
parison aginst prevous =sults obtaned in fresh water. Snowsamples wer mllected in the summer of 2017 in
the Warszawa keefield ama. Sampling points xre lacxedalong twot : hetween the A ki Polish Polar
Satan and theCxlini Bxe (N = 4), and from the forefield © the upper part of Emlogy Clacies (N = 5)In the
snow samples, (1) baac ians, { 2) major trace metals and metaloids {and B), and (3) palyoyd © sromatic hyd -
carbons {PAHs) wer detected and quantified. Add monally, the parameters of pH, specific electralytic conducs v
ny { SC2<) and wtalogamic carbon (TOC) were determined. The results show 3 low concentragon of inorgamic

R ywords: elements {30 mg/1), TOC (<1 mg'l) and PAHs (011-1.4 ngl.) in collect=d snow samplex. Aslight mgexe in
Soow pollizon PAHs and heawy-metlks concenrason has been observed at the marg nal parss of the icefield, which suggess
Trace mesals the impact of sciensfic stasions. Rased on thes resulkt there s 2 need to conduct research on polluant levels in
PAHs ke cores an Xing George klind to assess the risk asodaed with rapid ghoer thawing and pollution
Nt foe s remobilisation.

King Geonge itma © 2021 Published by Elsavier BV,
Atucsa
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Antarctica is wndeniably the continent lesst madifled by anthropo-
genic activity.

Kevertheles, since 1960 (Peterle, 1969) signs of globsl pallution
[pesticide - dichlorodi phe nyltrichloroetiane, DDT) have been noted
at detectable levels in smow

The cryospleene encompasses all surlsoes that contain water in solid
formy a5 snow and joe swfsces, which cover approsimately 985 of the
Antarctic continent [Kang et al, 2012 Furthe mare, phenomena ob-
served in snow cover of ice may indirectly reflect the sctwal state of
e atmosphere. Analysing the properties and compos ition of smow, e
weme amaspheric polluton may be visible (iner alia Bargagli 2005,
Furn &t al, 2012 MoConnell of a1, 2004 in che mical compsition, i
wel and dry deposition on it | Bargagl L 2005 | Recent literature has re-
ported awide range of che mical characteristics of Antarctic smow._ This
includes bath inorganic species: nitrates (Jiang et al, 2019 and
ather inorganic jons (Khodzher et al, 2020), dissolved iron [Liu
et al_ 2019) and heavy metals like mercury [Mio de Ferro et al,
2014; Pérez-Rodriguez et al, 2019); and organic specjes: organa-
chiarine pesticides [Kang et al. 2012, per- and polyfluoraaliyi
substances [Cai et al, 2012), polyehlorinated dibenzo-p-dioxins
amdl dibe nzalurans, polychlorinated biphenyls and polybrominated
diphenyl ethers [Fuoco et al, 2012; Vecchiato et al_ 2015) and
polyeyclic aromatic hydrocarbons (PAHs) (Cao et al, 2018; Fuoco
o il 2012 Kemirovikiya, 2006, Veochisto et Al 2015). Moreover,
dissolved organic carbon in the form of acetate and formae | Samud
et al, 2017), and or ganic traces from biom.ass burming - bevogluosan,
vanillic and syringic scids [ Shiet a1, 2019) were lso determined

Special attention was abo paid to the pollwtant sources and trans-
ot medanisms, & well s the environmental fate of pollutants in
Antarctica [ Bargagll, 2005; Potapowicz et s 2019). Due 1015 nature,
AW BCTS A Drans port mediwm for poliwtants, which are flushed from
e avmis phere and sccumul ate on de smow surlae (Bargaghi, 20051
local and long-distance sources of pollutants described in various
Antarctic environments include contaminants of both natwral and
anthiopic origin (inter alia, Amaro et al, 2015; Bargagl, 2016 2008
05 Kukudes et al, 2000 Padeiro o al, 2006 Pérez-Rodriguer of al,
20159) Some dvemicals are strictly de pendent omn anthnopoge ko saiv-
ity, e organkc volatile and semi-volatile compounds like pesticides
andl dinsdng, which have been sttributed to long-range stmos pheric
wansport (LRAT) from the continents | Veochisto et al_ 2015; Wania
et al, 1999) and the so called grashopper effea - a series of evapora-
Hion, oondlensa don/desorpion The others, like selected jons and trace
elements, may orginate from local natural sources, mainly rock
weathering semsok, Antarctic bota activity [Szopifska etal, 2018)
and By drothermal proceses in the sctive volcanic ares (M3o de Ferra
&t al, 201 3). However, some of them, such a8 mercury, due to its high
valatility and Jorg resistance time, may be transported /distributed
aver long distances from global atmosphenc sounces [ Bargagli, 2016
AW Pérez-Rodriguez et al_ 2019) and may also originate from local
valcanic activity on Dece plion Island (Mo de Ferro et al, 2014)
Likewise, with the species | ke mitrates and sulphates, 5 well xs polyey-
dic aromatic hydrocarbon compounds, baoth local and long-range stma-
sphe ric rans port needs to be considened. Moreover, anthropogenic and
natiral processes such as biomas burming, volcano eruption [PAHS, sul-
peates ) and niwrate production from NOx (Dibb et sl 1998 ) in the at-
maspivere may be also taken into daa ine rpretaton

Mareover, the procesies ooowming at the snow surlsoe ane impor-
L, oo 5 now and firn metamorn phism processes depend on & mpera-
wre fluduatons When grain growth ocours, this incre ses the fim
e e sl li Ty, and contaminants ae transiemed o the deeper laers
A a consequende, the sccumulation of the varous abrementioned
groups of compounds inthe cryosphere leads to them being trapped
e in polar sress and crestes long -2 hamrd condiGons | Seopdisbka
el al, 2017). Another phenomenon that may oour i re-relexse of

St offthe Tl Envlronsmesd 796 (200 | 1460854

poliutants to the emvinnment wider appropriste conditions. The re-
volatils stonof volstle and semi-valatile compounds during the warmer
muonvtis, and surlsce runofl of organic and inorgan c com position | e so
called “spring pulse) may cause spow 1o be considered 252 semndary
soune of pollution [Seopifka et al 2018, 2019).

Despite & growing interest in snow sample analysis in Antarciica
[Bertler et al, 2005, Neminovskaya, 2006, Veahisto e al, 2015) there
ane still large knowledge gaps, and 3 comprehensive umderstanding of
atmas pheric pollution [ranspon proesses in bogeochemical cycles is
still peeded. However, there s no doubt that the atmosphere plays a
erucial role in ransporting any sulstances for localor long-range dis-
tanes [ Bargagll, 2016 Chambers et ai_ 2014; Mo de Ferro et al,
204 ] I & poolar envi ronment, oaminans stored insow may be re-
lemsed direaly during sexsonal thawing or stored for long times in gls-
cialice [ Bertler et al, 2005; Fuoco et al, 2012; MoConnell et al, 20041
Comprehensive analysis of inorganic and organic chemisry of smmw
cover may be selul in the ongoing disassion of the Cransport racts
of pollutants into and within the Antarctc environment, in partcul ar
pollutans of anthropogenic o gin

In this study, the snow samples were collacted in the Warszxwa
leefield [ King George tsland) in February 1500l 2007 | dve early summer
sexson) Sampling sites are located atdiflere it distances from the Pol ish
and Arge nindan polar sations, which ane possible sowrces of polluwants.
The swdied Warszrwa lefield & 2 complex drainage system that con-
sists of several land-terminating and tidewater glaciers Ablation
water and water from gladal drainsge constitute one of the main
sgurces of supply of water and contaminans for the fresh and marine
walers ot the western shore of Admiraly bay. Previows research aon-
ducied atthe study ares has poined to the ocaumence of organic pollut-
ants in air [Cabrerizo et al, 2014), fresh and marine waters and
sediments [Potapowice et al, submited, Pan 1; Potapowice et al,
200; Szopifiska et a1, 2019, marine waters and sediments | Bicego
el al, 1956, Martins e al_, 2000, and Antarctic Seabdrds | Tandguchi
eral, 2009). The rekore, this study tests the hypothesis of dee possible oc-
curmendce of chemicals referred to s contami s in snow coveran KGL
Mareover, the possible inflwence of polar stations” sctivity and long-
range atmosphenic ranspon of chemials will be discussed. The wn-
ducted research, including sampling over 3 shor period of time at
sites of variow dismnces from the scientific stations will allow it oo be
clvecked whetlver the stations are the local sowces of inorganic pollut-
s, Hinwever, due o limited local sources of organde pol hutants, that
ws selected for analysis (PAHS |, the results may also be wseful for an-
swering the question of whether regional or long-range stms pheric
transpart [LEAT) & the patisay by which these contaminants ane
deliverad.

2. Study area and sampling desis

The study is located an the King George Island (KG) (1310 k@),
which i the largest of the South Shetland klands, where 90T of the
area b coversd by a polythermal ice cap (Falk ot al, 2008) with a
mean joe thickness of approximately 240 m | Rickamp and Blindow,
2012 Researdh wis conducied in the Warszawa dome, which @vers
the area between the westemn shore of Admiralty Bay and Pomer and
Marian ooves [Fig 1) The complex drainage sysiem of he ice capis de-
termined by the underlying gealogical structure [Braun and Hock,
2004 ) and i ncluwdes two types of glaciers : land-term inat ng and tidewa-
ter glaciers Glackers at the western shore of Admiralty Bay and the
unglacdaied srexs of its fore flelds belong 1o Antanctic Specially Proteaed
Area 128 [ASPA No. 128, which was established in order 1o protect
areds Tesnin ng i mportant o wis sl assem blages of s pecies agaistun-
Toreseen and potentially hazardows hman scrivi Ty

The most visible environmental changes dur ing the | xst hall century
in the study area are climate warming | inter alia, Bockheim et al, 201 3;
Kejna et al, 2013 ; Siegert &t al, 201%; Turner et al, 2005 ) and relaed
glader retrest (Pedicki et al, 201 7; Pudetko et al, 2018 ; Sxdo and
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Bialik, 2018} Accarding ©© Pudetko et al (2018), ASPA 128 Jost around
0% (61 k) of its gladated area between 1979 and 2018 The process
o deglxciation was the DLstest in the perods 1989-2001 and
2007-2011. Detailed research shows that glaciers in the research area
havebeen subjeat 10 strong negative mass balance since 1979, induding
lateral changes and also thevertical lowering of the ice surface ( Petlicki
el al, 2017, Szio and Bialik, 2018) of the Baranows ki Glacier. Between
1975 and 2016 the ice elevation of E@logy Glader has constantly de-
aexsed though the rate of lowering was nat stable and amounted to

R
Arctowski Polish ’5 _
7

Antarctic Station

- Leved 2, obta dne & S www g s v, Congle Ears

—1.7 £ 04 myyear in 1979-2001, —15 + 05 m/year in 2001-2012,
and —Q5 + 05 myyear in 2012-2016 (Petlicki et al, 2017).A decrease
inthe ablation rate in the second decade of the 215t century was driven
by regional cooling observed in the Antarctic Peninsula (Oliva ot al
2017)

In this study, surface snow amples (9) were collected in the
summer seasonof 2017 in the transect crossing the Warszawa keefleld
area (Fig 1) The mansect was located in the main ioe cap between the
Arctowski Polsh Antarctic station and Carlini Base (Argentina)
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[samples W1, W2, W3 and W) and in Emlogy Glader [ samples E1,EZ,
3, B4 amd E5) Moreover, one BLANK sample of deionised water was
kept frozen from the date of sampling (2017, Febs 6th).

1 Laboratory and computed methids

The analysed snow mver samples were mllected manually 1o poly-
ethylens bottles [ two 1-L samples from each point, in orde r to obiain
appra 1-L ol liguid sample) Allbottles were rinsad twice with de-
jonised (M) water and dried prior sampling. During sampling the air
Emperatune was appraimately —3 °C. there was a moderate wind
spead of 5 my's, and there was intense direct solar radistion. Samples
alleaed at the Ecology Glacier (E1-ES) were taken during a walking
route on the glacier. Samples from the Warszawa lcefleld [W1-wd)
were colleded during snowmobile trips. Therefore, samples were
mken at a distance of 50 m from the rack. However, dus 1o ASPA
128 protection rules, the use of snowmobiles in the Warsawa
leefleld is sporadic. All samples were frazen and stored st —20°C
To eliminate their possible cont amination due 1o storage in a paly-
ethylene container, one of the cont ainers was fllled with deionised
water [blank sample) from the lsboratory a1 Arctowskd Statian
[Milli-G system, Millipore GTTP, USA) and subjectad to the same
teatments &5 the environmental samples. After transporing o
Poland, the samples were kept frozen, then thawed before the
analyses. Spow samples were hand led with special care 1o avoid
TS -COnTAM Ration

Dhurineg st ies, sdvanced snalytical dnigues ensbling the detac-
ton and dete rmination of many analytes during A single mexsurement
ayde were applied [Supp data Table 511 Concentrations of the 18 ele-
ments Ag AL As, Ba, Cd, Go, Cr, Cu, Fe, Mn.Ma, M. Ph 5, Se 5r. W, and Zn
were analysed sing Inductively Coupled Plasma Mass Spactiometry
[ICP-MIS L Major cations [Ma=, K+, NH;, %, Mg ) and anions (F-,
0, B~ NDY, NOT. P0G, 505 ) were de®rmined using lon Chioms-
mgraphy. PAHs were analysed using the internal standard calibeation
method, lquid-liquid extraction and gas chromatography tandem
s s pedrometry. All details regarding the operationsl @nditions of
applied analytical tachniques ane avail alde in Supp.datas | Precision er-
rors Tor the jons, all elements, TOC and PAHs analy e were 5% acoonding
0 pepest analyses of mid-range standands

The comtribution of the non-ses-salt [nss ) component of 50§~ was
cal cuslated wsing the equation: nss505 = 504" — (506 ™/ 07 swoee =
07 Thee { S8 /0 ™) e T3LHG 15 10 il envt ratio of SO~ 1o 1™
in glohal mean sexwater, whidh is0003 [ Summ and Morgan, 1996).

The arigin of air masses was modelled with NOAA HYSPUIT [Hybrid
Single-Particl Lygrangisn Integrated Trajedory, version 5) (Deaxler
&l al, 2020; Stein et al, 200 5). For caleulations, the “Reanalysis™ data-
bise was used, which in this case is the name of & datasst in the
HVSPLIT sefvices to ealoul ste trajectories, i2_ global NOAA-NCEP pres-
sure level reanalysis data archives reprocessed into the HYSPUT

Stewce off the Tl Envlronsmesd 796 (200 ) 1466054

compatible format (Draxler and Rolph, 2003; Rolph et al, 2017,
Rozwadowska et al, 2010 ). The trajectony caleulations were based an
data from the Global Data Assimilation System [ GDAS) of the Natiomal
Weather Service’s National Centre for Environmental Prediction
[NCEP )L The global data are given on a latitude-longitude grid (25 de-
gieas) st 17 pressure levels, and the time resolution of the dataisé h
[ Adr Ressources Laboratory | ARL ) 2005 | Five-day [120-h) backward tra-
Jjectories arriving at 62195, SA52°W and 500 and 1000 m AGL we re
rul every 6 b [ending at 12:00, 18:0d, 000 06:00 UTC) (Chand
et al, 201 Cristalanelli et al_, 201 1; Gao et al, 2020; Hondula et al,
2000; Bolph et al, 2017) aver the sampling period, to give a total of
736 trajecmnies r the six months [Augest 6th 2016 to February 6h
2017) and 124 trajectories for the 30th days preceding sampling. Six
clisters’ mean trajectornies were alaulsed based on total spatial vari-
ance anahysis for & hall-year period. and four chsters mean T ajeciones
for 30thdays (Draxder et al, 2020; Draxler and Rolph, 2003 ; Steinet al,
2051

4. Reaults
4.1, Basie inargani ¢ bois dnd bl arganic arboi analysis

The analysed samples are charamerised by low total @mertrations
of meaxsured jons ranging from 1.92 1o 257 mg/L [ blank sample:
071 mgy/L). The sums of cations @ncanirations in the snow samples
ranged from 023 mg/L 10671 mgL while sums of anions concenr -
tions ranged from 074 mgL © 1900 mgL The values of the determined
jons for all the analysed samples are prese noed in Table | The andyses
revealed that Cl—, Ka* and 503 clearly dominate in the inorgamic
chvemical oomposition of the analsed snow However, for some jons
[KHF, LiT, F~, KOT, Br—, PO~ ) the concentration was below the limit
detection in all studied samples. Fig 2A and B presents the percentage
of individuwal ions in the total compesition of cations and anions. O
fons constituted 670 of the total sums of andons. In turn, 505 jons
comstinged 14550l anions_ and Na* 59 7% of all ations The percentage
of ness03 ™ was small for snow samiphs collecied i the western st
of Admiraity Bay and ranged from 003X 1o 1 975 Partioul arly notewor-
thy are the KOT conentrations that were detected in smow samples EZ,
Ed and ES The ancentration values of these jons ranged from 1.1 to
5.0 mgL, and MO7 jons constituted 185% of all andons. In addition,
Thigheer concentrations of Mg~ and G~ should be noted compared 1o
K™, NHy and LiT estions. The range of Mg~ comentrations in the
s samipdes ranged fiom 009 o 460 mg L wii lethe Ca** concentra-
thons ranged from 007 1o 057 mgL

Total orga e carbon [ TOC) anent in all sndw sam ples taken atthe
western coxst of Admiraly Bay was determined [ Table 1. Fig 51). Their
warlwes ranged from 033 1o 77 mg A The TOC value for the bank was
033 mg'L The lowest TOC concentration wis lound in the E1 wample
in which its concentration was equal to the concentration in the blank

Talie 1

T £ T s aat TOC i oy b Coflbe e s o of Acimiiralley By
Sarmiple uTe Samiple [onT S warin BMa™ K L [ a- [ - TOC

masl mgL [l [l myA mi g gL mglL
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W E05 a3z =00 45 04T 0SS Ll o3l T
3] [[e-1 azl <AL ol ol 054 w0 ozo 033
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axmple. The highes1 TOC values were kound for sample W4 (077 mg/LL
W1 (052 mg/L) and W3 (050 me/L) respecively.

A2 Anahesis o mataks and non- imetak

As 3 result of the analyss of snow samples for metals and non-
metals, 17 out of 18 elements were identified and determined
[Tabdde 2). The only one that was not found in any of the samples or
wans, lbe b thee Limiit of detection was Cuw 1t i noteworthy that the con-
entrations of selected elements in the snow samples were clese o the
aMEntrations in the BLANK sample, and someti mes wene even lower
(A, As, B Cd, Ca, CrFe, Ma, Ni Pb, 5b). The higher concentr ai on inse-
lecied snow s.amples ampared to the BLANK was olserved in AL O, Fe,
M, 5 and Zn

Stemee off the ol Evwlronemesd 75 (2001 ) | 406054

In the case of some elements, an effect was olserved in wihich their
CONCETT Al aftS A1 MOSE poins wene similar 1o the BLARK samples, b in-
dividual snowve samples were Charactensed by condentration levels that
wene several 1o several daren times hgher. Al @ncentration was the
hi gheest a1 podnts dosest to the Araowskd and Carlind research stations
(W1 and W) Far AL they were respectively 629 and 576 pg/Lat points
W1 and Wi The concentration of Zn was elevated relative to other
oS in W3 [whereitwas 45.1 pg'l) and inE2 (whene it was 304 gl )

Duwring the research, it was found that V is dusrader sed by several
times higher @acenratdons ompared to the BLANK sam ple i nalmast
alll povints & xcept point W (closest to te Arctowshd research sLation ],
where the concentrations of these chemical species were several
dazen imes higher_The concentr ation of V at this point was L09ugL
Of these elements, the lowest concentration was identifled for ¥
(00091 perl) &l point W3 A similar tendency can be observed by
amalysing the concentrations of Fe and Sr, the highest conoe mrations
of which were found in samples W4 for Fe (652 pg/L) and W1 for Sr
[410ug/L). For aach of these two chemical entites, points were ident-
fhed wherethe element concentr ation was lower than that of the BLANEK
sample These poinis were W3, E1 and ES for Fe, and point W2 for Sr.

The con<e nbra tons of b and Se in the Antarcic smow samples were
relatively low. Hiowever, when analysing the @ncentrations in pristine
environments, avention should be paid to even the smallest fluctws-
tions and differenes in the levels of the elements’ concentrations. The
concentration of 5b was highest in sample W1, amounting 1o
045 pg/L, and slightly lower in points W2, E1 and B3, being 056
0,057 and D033 pg/L. respectively. In the ather samples, the concentra-
tion of this @lement was similar 1o the BLANK sampl & The 52 concenira-
tion was sbave the limit of detection in samples W1 (0071 pg/lL W4
(0.16pg/L) and B4 {0074 pgil)

In the researched samples very strong positve cor relstion (08 < ||
% 1) were indicated betwe en TOC and Al Fe, 5e and srong (6 < || <
0.8 between TOC and Mn, Mo | Table 52 ). The folkwing very strong
positive cofrelations occurmed: between Al and Fe, Ma; between Ba
amd Ag; between Co and Cd, Zn; between Sh and Cr, 5, V. Mareover,
thee Tolkowi ng strong correla tions are visible: Al and M, 5b, 5r, V; Ba
And Py, Cd and Zn Fe and Mo, Moand Sh,Sr, W

43 Polyeyelic aromatic hydromrbons analysis

During the study of PAH concentrations in snow collected on the
western st of Admiralty Bay, three chemical com pownds from this

Talie 2
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grouwp were identified: naphthalene, fluorens, phenanthrens (Fig 3
Table 53). The sum of PAHS in individusl snow samples is relatively
low and ranges from 051 to 1.40 ng/L. Kaphthalens has the largest
percentage in the content of PAHL IS conce ntration level in environ-
mentsl samples ranged from 0.51 to 0.97 ng'L while in the blank
aample 0.11 ng/L was found. Unlike the other samples, the fluorene
amyCenir stion wis below the limit of detection (LOD) in the E2 and
B anow samples. Fluorene concentrations ranged from 0U06 1o
@11 ngL In asddition, phenanthrens in the E1 sample was
35 mg/L, which was equal o the LOD. Due o the properties of
five- and sid-ring PAHS, it wias dsumed that their presence in s
samples wiould not be detected or would be below the LOD. These -
sum pions were confimmed by the resul s obiained. Five- and six-ring
PAHS have lower valatility and water solubdlity compared to other
PAHs

dd Orignofair moses

During the period of August 2006 to February 2017, the ir masses
flowing into King George kland originated mastly from the Antarcric
area - mairhy the South De an | atitudes above B0°S) [ Rg 4A)_Circum-
jpolar air circul ation was represented by three dusters of tra jectonies
anstituting & total of SEY of air masses computed for 500 magl and
S4% for aif masses computed for 1000 m agl However, during the
analysed x months, air masses lorming over southern pans of 5ouh
Americ ako come 1o KGLwith the frequency of this sourcing area rang-
g from 1to 10 (Fig- 4B) The alaulation of frequencies of air mases
flor the period of 30thdays preceding sam pling show that, for three chs-
fers al trajectones, air mases originated aver the South Doaan. These
dusters of trajectories cover 88K of all air mases st 500 m agl, and
7%at 1000 m ag L Oneshould noe that the cluster re presenting trajec-
e Uhat oni ginated in the area of South Amenics shives that sif masses
from the inhabited ares take approsd mately two days 1o be transpored
into KGL

Stenceafthe Tl Envlormens 796 [ 20 ) 140054
5. Discussion
5.1, norganic chericals in snow @ver and i85 oo

Szapifska et al_ (2018}, (2013), and Potapowicz et al_ [ submitted,
Part 1) reported results of chemical analysis in the forefleld of the
Warszawa leefleld st the western shore of Admiralty Bay. This study
& at ident fing pos sible sources of chemicals obtained in the ie-ree
arexs. Previows results of fresh waers’ chemistry showed low
mineralisation of cresks fed by the glader or snowmelt [Spopiitska et d,
2018). Analysed snow samples indicaie similarly low mineralization mol
exameding 30 mg/L The study sites i the Warsenwa loefield are sley sied
4t between G088 and 46267 m asl, and are under strong marine influ-
emce, witich is confirmed by the highest share of Na~ and Cl— aom pared
1o the oter caions and anions The high influene of manine Boiors is
confirmed by the prevalence ol air misses onginating over the South
Dcean among the air mases incoming 1o the stwdy area [this smdy,
Srumiitska et al, 20181 A prevalence of marine-Soune jons in smm
wene reponted widely in different sites of Antardica (eg Ali et al, 2010
Dixcan el al, 2013, W05, Kspari of al, 3005 ). Bertler et al [2005) shaw
& wide spatial and empord varisbi iy of snow-cover and ie-cone chem-
istry scnoss the Antarctic continent and Maritime Antanctica and its re-
verse correlation with selected geographical features, Le elevation and
distance from the saa However, it s worth noting that in the case of the
studied samples allecied in the Warszwa loefield there & no simple de-
pendence betwesn elevation and Na* and O [Table 1). The highest
values of these jons are observed at the highest elevated sampling points
[EL, BB and ES), which & associsted with dase prosimity to the sea
Furthermane, the high elevation of these sites meant that there were no
onographic barrers that might limit the influene of manine semsols
The role of arogiaphic barmers in shaping pred ptation and ice diemistry
alongthe Antarctic Peninsuls was mentone d recently by Fernandoy etal
A8
: mi-stm.lad A Samiples ane charsaerised by a very low share of
nss505 ", ranging from 003X 1o 1975, which is several times lower
tham the valwes obiaimed in fresh water ot te western shore of Admi-
ralty Bry [203% to 703X) [Seopiska ot al_ 2018) Janksng ot sl
[2001) notes that the values of nSSE™ in snow and firn i
chear saerised by tempor sl variation, which i related to the influence
of non-muarine facins during snow sonmulstion, and seasonal and an-
nuwal weather changes Furthermaore, cold conditions limit the leaching
of jons and elements. Warmer condi tons, conve rsely, suppor mare in-
tensive percalstion and lesching of dwemicals into deeper layers
(Jiankanget al, 2001). The chemical status of snow pack depends a5
well on the solubility of stored @mpounds [ Koziok et al, 2017; Meyer
amd Wania, 201 1) As we mentioned belore, surface snow amples in
thissudy are charsctensed by very low mineralisation, whidh may be
the effect of the relstively warm summer conditions of 2017
[Potapowicz et al, submitted, Part 1), In 2017, and the preceding
20016, the mean annuwal temper sure on the King George 1sland was ap-
proximately 1 °C higher than the preceding years of 2013-2015
[Plenzler et al, 2019). Temper stires observed in 2006 [—0.9°C) and
27 [—14°C) in Arcwski Polish Palar Station were aka higher com-
pared to long-term data from the period of 1977-1998 (—1.6 °C). In
particular, warm conditions in December 2016 and January 2017
[ mean temperatwres of 09 “Cligher than da from 1997 © 1998 ) sup-
parted vertical percolation of chemicals into desper lyers and may be
the rexson for the generally low mineralsation of studied surlsce
siinw samples The sources of metals in surface snow on glackers may
Ibe from either manural | local rock dust, marine sersal, volcanic activity )
of anthiopogenc sources (&g, local i mpurities i ncombusted Tuel and
waste indneration) [ Koziot et al_ 2021 ; Pérez-Rodriguez ot 1, 2019)
Moreover, sninw chemistry B under the influence of long-range

TR 4 A i 55 Boepercies ar 5000 aned 10000 i e it A — Aok 5 200065 £ Febarosary 6 200 7 B - Jaesary S 1 Fiebari iy 620 20117 | ca Il o s hoe DV HPLIT mrencted
Easer! on Glbbal D Assimilas n 5 e et arcogical s - Hybrid Singe- Farsice Lagingan Ineg e e Trajecndy, wimion 5.
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amaspheric transport, wiich should be recognised a5 a mixed sowrce,
dhue 1o the fact that both naural (g volcanic) and anthropogenic con-
wminants may be ramported into Antaraica from remote areas
[Bargagli, 2016, Haraetal, 2015 Molomnell et al, 20014), and be stored
in snow pack and ice [Cambers o1 al_ 201 4; Pérer-Rodrigues et al,
2019). Taking into sccount that concentra tions of metals in the snmw
jmeck on the gladers depends on the season of deposition (Kaziodet al,
2021, the obixined resulls are quantitstive temporal evidence of the
dvemical status of sniw pack, being the result of depasition conditions
and post-sediment leaching processes | Jankang et al, 2001). The low
mntent of nssS05— in studied samples from the Warszrwa leafleld
shvonws thoe poessibi lity of [1) intensive laaching of elements originating
from bocal dust and LRAT, and/or (2] transfer into deeper parts of the
s sk dur ing Tree z- thaw processes_ andjor (3 ) small temporal de-
livery of contaminants by long-range atmospheric trans port [LRAT L
Theobtained results re lated to oni gins of air russes show that frequency
al inflowe from remote inhabited aress ranges from 1 to 10K during the
Tl year preced ing sampling. South Amerca was recognised 45 4 possi-
Ible source of contaminants trans ported by LRAT to the Antarcric Penin-
suls region {both natural and anthropogenic) by Lee et al (2007),
Pereira et al. [ XW6) and Szopdfiska et al. (3019). Fuoco et al. (2012)
pointed out the high share of nss505 in the ice horizons at Talos
Dovime [ Victor a Land) associated with strong vol canic events in remaote
regions. Low conent of nss505 ks a ko a ssociated with alow contentof
Fe lron originating from sulphide minerals acompanies nss505-
[Maoses et al, 1987). In the studied snow samples, low content of
5505 accom pandes low mntent of Fe [ higher compared to BLANK
anly at sites W1 and W), which suggess a negligible shareof gl ments
al rock and volcanicorigin. On theother hand. in thestudied smow sam-
Hes, higher valwes of Al and W than of other elements have been found
Previous research shows that Fe and Al are re presented athigh concen-
ratons in fresh waer fed by gl sder thawi ng and snow Sam ples o gla-
der foreflelds [Szopiska et al. 201 8), becase these elements are the
typical product of mechanical rock weathering in the studied region
[Birkenmuajer, 1996). However, the high content of Fein wateratthe be-
ginning of the summer sexsonand its decreasing over the next months
[Seopifska et al, 2018 ) may be the effect of dwe high mobility of Fe in
ihe glacial mel twaier [ Hopwood et al, 2014). The highest values of Fe
in the studied surface snow sam ples were obtained a1 the W1 and W4
site, which is located at the edge of the glacier i cefleld; simil arly, the
ghest contents were observed st Sites W1 and W4 for Al amd K and
at W1 lor Mg The observed increxse in studied metals at sites close 1o
the glader foreflelds is the effect of more intensive local dust in these
arexs. The low conent of elements nol associ sted with sersols may
alsobe the ellea of the prevalence of air musses that o ginaed over
Antarctica at the time preceding sampling time. The frequency of air
masses incoming from remote srexs ranges from 100 10E Tor the period
al Se prember 2016 to February 2017 (based on 5-day rajectories) Pre-
wious research obtaimed for the period of September 2015 to August
17 shinws hat e Trequendy of inaming sir masses o rkg nat ng owt-
side Antarctica amounted to appros S50% for 10-day trajectonies
[Szopiitska et sl 2018). Therelore, the time preceding sampling is
dhar saerised by LRAT being limited compared 1o the subsequent and
previous maonths [ Polapowice et al_, submitted, Part 1; Sruminska
et al, 2018)

Special interest showld be paid to dvemicals, both natural and an-
thropogenic of possible negatve influsnce on ARLAICHC &mir onmenL
Mishra et sl [2004), based on an investigation of serasols on King
George Kland [in the vicinity of King Sejong station) distingdshed an
anthropogenic groupof conminams of local sources [the smHon's -
tivity and logistics) and LRAT including: Bi, Cd, Co, Or, Cu, N V and Zn.
Hiwever, astudy of cryoconites from the Fildes Peninsula indicated
it some elements mentoned above (Or, Pl Zn Ni) have s valcanic of-
igin; and only G and Cuwere a ccumlsted 5 & result of anthropogenic
sctivity [Tuel spills and paintwork in the Antarctic station arexs)
[Palyakov et sl 2020). The mast reent studies obtained in the South

St off ke Tl Eelronsnesd 796 (200 ) 16064

Shetland Elands showed, that local volcanic 500vity in Deception 1sland
may be an important soure of He in fresh waers sediments and smow
[ Mo de Ferro et al, 2014 ). and one of the soures of Asin fresh waters
(Mo de Ferraet al, 2013) due toactive fumaroles. Moreover, ongoing
Ty rothermal sctivity mayinoesse G values in marine waters [ Mo de
Ferro et al, 200 3). Therefore, local vol canic sources of contaminans in
the South Shetland 1slands environment should also be Laking ing
comsideration

I this stuedy, shight contam ination by As, Cr, N Sh, Srand V' (8t oon-
centrations of 142, (14, 028, 043, 4.10, 1.09 pe/l. respecively) were
olserved in snow samples a1 site W1 at the edge of the glacie r icefleld
and chse to Ardowskd station, and Zn and 5r [(5.09-451 pel,
0.57-4.10 g/l respectively) also at aiher sampling points. Aseic
wis present in all samples except those from the highest poins, W3,
W2 and E2_and manganese alio occurred in samples from Emlogy Gla-
cler. Cadmium in the studied snow samples was in the range of
000N 5-0000 2 pgfl (Table 2), wiich can be congide red & natral level
far the Antarctic region [Hong et al, 2004 ). However, there i no evi-
dence of @ntamination by anthropogenc admium in sediment sam-
ples mllected in 2016 from the jce-free arexs st the westem shore of
Admiralty Bay (Potapowicz et al, 2020). Furthermore, in flowing
water, incresxsed valuwes of Sr, Cu and Zn were obse rved increeks koated
clase to Ardowskd station, and a very strong comelation (08 < r] <
1) between | Zm and Cu), and between [Coand Mn) [Szopifisks et al,
2018). The relore, some trace metals observed in surface snow at the
Warszswa leefleld may be evidence of 3 & mporal antropogenic influ-
ende ol the nearest stations and scientific logistics (snowmaobiles and
helicopters). One showld note that a very kighor high correlationis vis-
ible between these metals in the studied samples. Trae elements ob-
served scross the transea (Mn, 5r, V., Zn) should be linked with the
lomg-range sources_Dixs daCunha etal (2009, based on snow samples,
Tonenad that inareased W and Phvaluwes oowmed widely at several points
along the shore of Admiralty Bay. The suthors @nduded that these el-
ements arginaed during fuel combustion by vehicles and heating sys-
tems The presence of these contaminans in sersol observed by Dias
s Curha et al (2004) in this area may have been caiused by incressing
human sctivity in the King George kland during recent decades.

52, PAME in snow cover and irs |ang-term emd rommenial impoct

Though atlow or medinm concentrations, FAHS are amongthe most
il des pread contaminants in Antarctics Brought in by via stmosphenc
local and long-range transport (Fuooo et al, 2012; Martins et al,
2010, they are delivered by aerasols and precipitation and sccumu-
lated in abiotic e nvironments and the subsequent links in the food
chain of Anmrctic bota (Cabrerizo et al, 2012; Potapowice et al,
2019). The special sttention focused on PAHS is a result of its toxdcity
and arcinogenic and mutsgenic influence on living or ganisms [ Yang
eral, 2015). Furthermaorne, liw temperaiwnes amnd lind ved ol sdi stion
cause the longer envinmme ntal residence time of organic pollu ants
here, a5 compared o lower Lot ndes [Kubwcka et s, 20000

Summaries of research considening persistent of ganic polluants
Thave besn presemed in previous works by Seopifiska et sl [2017) and
Potapowicz et al [2019). The suthors pointed out the acourrence of
PAHs in abiotic and biotic environments in different regions of
Antarctica, including the Antarctic Peninsula and South Shetland
15l ands_ In this study the levels of PAHS in snow and ice sample s from
different Antrctcsites were compared [Table 3).

The presented data show the high var isbility of ZPAHS concen a-
oS in s now samples, ranging from 011 ng'L in de Warszswa koafleld
[ King Gearge kland ) (this study) 10 27229 ng/L on the Fikles Perinsuls
[King George Island ) (Na et al, 201 1) The highest values of TPAHS ob-
served in Fildes Peninsils were conmectad by the suithors mad iy with
At pveric rans port and combustion of fuel_ Several hots pots of pol-
lutants related to scientiflc stations were alio described for this area
Iy Araro ot sl (2015 ) and Padeifo ot sl (20161
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Spacial stenton should be paid 1o results obtained by Fuoco et sl
(2012 which desaribed high vertical variability of TPAHs @noentra-
Gons ina 52-metre-depth ice e in Tals Dome | Victona Land ). The
ocaurme noe of PAHS throughout the whaoleice core re veals their uninter-
rupted delivery to AnLaraics, even in pre-i ndus il o mes_ In the hori-
s desper than 322 m (sccumudated before 1600) TPAHS levels
were in the range 035-1.0ng/L The highest @mncenration (4.6 ng/L)
hasbeen found in an ice horizon sccumulated during the eruption of
an Inadomes ian volcand - Tambora (in 1815 ) Furthemmore, the authors
recorded an overall S0E i ncresse in PAH concentrations between 1930
aned 20032 [incremsing by abowt 0013 ng/Livear). Results obtained by
Fuodmetal [2012) and other authors [ Table 3) confirm the high tem pa-
ral and spatial varisbility of delivery of PAHS into Antarctica and bath
matural (volcanie eniptions ) and anthropoge e Sounces. | amibst on
ol bomuss, Tossil fuels, ofl spills).

The surlsce snow samples presenid in this study are charader ised
Iy low avneentrations of PAHS aympaned to the results of other suthors
[Talke 31 However, ane should note that Szopiftska et al [2013) found
st TPAHS oo mra  ons in the cree ks owi ng in the glacie riorefields
reached & value of 27 ng/Land 1365 ng L in creeks located close 1o the
Arcivwski station [Fig. 5] Szopifiska et al [2019) and Potapowice et al
[submitid Part 1) have observed that temporal duanges in PAH con-
@ntrations were caused by their being delivered from glacier and
snow melt, and also by its remobidl Sanion in Sl during the summer.
Mareover, the map of TPAH distribuions presented by Polapowicz
et al. (2019) shows that study points aaoss the whaole of Antarctica
are mainly kated inthe vidnity of scientiflc stations. However, PAHS
recorded in all snow samples slong the transect st the Warsziwa
leefleld, despite the slight LRAT in the months preceding sampling
mary conflrm the thesis that POPs are widespread in Antarctica and
heir COMCenIAton in particular horteons depend on tem poral changes
in local and globeal PAH distributions. Furthermaore, a slight influence of
local factors (sclentific station saivity] is visible in the site dase to the
Arctowsld station (E1)L The phenanthrens that ocourred ot ddis point
mury be an effea of fuel combustion in the vicinity of the station. Apar
from anmual scientific sctivity, the study area is ko under growing
Tueman impect conmeded with towrist oruises [ 2000 ourists in 2008)
[Wilkoitska et al, 2020). It is noteworthy that  similar composidon of
PAHS, with a prevalence of naphthalene, fluoranthense and phenan-
dhrene, has been found on the Fikdes Peninsuls [ Ma et al, 201 1). Kaph-
thalens and phenanthrens prevailed in five out of ten study sites
(Kukuckaet al, 20010; Kaetal, 201 1; Vecduato et al, 2005 ], located

bath in continental and Maritime Antarctica (Table 3). These kow-
ol eciilar-wetg hi, two- and three-ning PAHS may be connected with
local and long-range sources. The higher molecular weight PAHs [4-
and 5-ring). ssocisted with combustion prodesses [Marting et al,
2010). were sbsent in studied snow samples from the Warszawa
lcefleld. However, in samples collected at the Baranowski Glacier
forefleld in 2016, benzofa)pyrene and chrysene were detected
[Sropifsks et al, 2019) These PAHs were ako indicated in creeks on
ice-free areas in the vicinity of Arctowski station. Potapowice et al
[ submitted, Part 1) pointed o & domination of naphthalens phenan-
threne and anthracene in fresh and manine waters and sediments in
these aress. Both works show pyrogenic and petrogenic sources af
PAHS, and & time-varying influence of ol sources Strong tem poral
pressure of station operaton his been documenied a5 well by Martins
etal [2010) in marine sediments ot Admiralty Bay [ Fig. 5). Increasing
concentrations of PAHS have been documented by suthors since the
19804, reflecting the increxse in human sctivity in the area [inoaxses
imfossil fuel @nsumption, @mbas tion of organic matter and petrolewm
derivatives, and input of wasievater effluent)

Oryogenicenvironments may be a sink for contaminants {rom global
and ol sowces The scheme of EPAHS distributions at the western
shvore of Admira ity Bay [ Fig. 5) confirm s its complex patiemn, wibere par-
ticular elements of the abiotic e nvironment may be places ol direct ac-
cumulation of this contaminant of constitute part of the transi tomal
path. One showd note the possibility of the sinking of these pollutants
im terresorial and manne sedime s, Although PAH backg round levels
inthe inputs | air, precipitation) aregenerally kow [Fig. 51, its accumuls-
tion may have increased during hisorical volamnic events (Funam et al,
20121 periods of intense staton adivity and shi pping [ Martins et al,
2010, of inddental evens (Vechisto etal, 201 5). Gader ice horzons
enriched in PAHs by historic volcanic episodes | Fuoam et al, 2012 ) may
e imporant secondary sources of these carcinogenic com pounds being
increased by rising glader retreat in Mari me Antarcica [ Pudetko etal,
2018; Széo and Bialik, 2018)_ This phenome non [ leaching of historical
vaolcanic horizons ) may be the rexson for the high valwes of EPAHS
(427 ng/L) previously olserved by Seopifska et 4. [2019) in the direct
imbow from the S phinx Glager snow

Previous analyses of air mass trajectories show relatively fre quent
[31%) influx of air masses from southem Sowh America, which i one
of thevalcanically mare sctive ares [Srumifiska etal, 2018) Acording
o Gilotal Volcandsm Program bt | www vol cano_sbed ), inthe months
preeding surface snow sampling in this study, several volcanoes were
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aaive in South Amenaa (i.e Copahue, Nevados de (hilian, Sabancaya,
Villarica) In the case of the Sabancaya vokana, ane of the largest explo-
S0ns was observed in Nove mber 2016 (www.vokanasiedu ). Further-
more, research obtained by Lee et al {2007) show that about 10% of
ephrafound in Holocene Lake on KGI or iginated from distant voka-
noes. The confirmed role of South America in shaping air masses incom-
ing 10 KGl (Fernanday et al_ 2018; Lee et al_ 2007; Pereira et al,2006)
shows the possibility of an inflix of PAHS related to vokcanic activity
and combustion of fuels in that region prior 10 sampling However, k-
ing into consideration up-to-date resul s related to the influence of con-
emporary local volcanic sources on Hg and As concentration in spow
and waters at the nearest island of Deception (Mio de Ferro et al,
2014, 2013 ) and Hg conceniration in soils on the Byers Pepinsula (Liv-
ingswone Island ) (Pérez-Rodriguez et al, 2019) it s worth considering
a passible localvokeanic sowrce of PAHS on the South Shetland klands

The remobilisation of stored PATS s a predictable potential eflea of
the observed climate changes (Bockheim et al, 2013; Tumer et al,
2005; Vaughan et al, 2003). Temporal increases in PAH acumulations
cause increasing amounts of PAHS in Antarctica, and, in connection
with its incre asing release from snowand ice, may increase its negative
Iinfluence on living organisms (eg. via constant accumulation of this
pollution in tissues and fat) (Fig. 5). Its negative influence has been ob-
served inter alia as cardnogenic and for damaging liver celks of
Notothenia carriceps ( Curtosi et al, 2009), and toxic for sea urchins im-
mediately subsequent to hatching ( Alexander et al, 2017) in Antarctica

6. Conclusions

Only afew published studies have considered pollution in snow on
the Antarctic continernt and Maritime Antarctica The resulis obtained
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at the Warszawa keefleld confirmed the ooarrence of chemicals re-
ferred 1o &5 oOma minants in snow cover, the limited influence of the
ne arest scientiflc stations, and the mainly stmospheric ongin of ob-
served pollutants [ from regional and LRAT sources | The study shows
low concentrations of inorganic elements [ <30 mg/L), TOC (<1 mg/L)
amd PAHS (011-1.4 ng/L) in snow samples colleded during the 2017
aistral summer. The low cone iiradons may be the eflect of low em-
poral delivery of pollwtants and/or leaching into dee pe r horizons. De-
spite low pollutant levels, a slight increxse in XPAHs and trace-metal
anentrations his been olserved at the marginal pans of the icefleld
witich s the result of the influence of scientific stations and morne eflec-
tive local dust in these arexs Naphthalens and fluorene predominasted
saoss all the swdy sites, exeept that site close to e Arciowski station,
where phenanthfens wis obse rved in spow_ All three @mpounds ane
low Maolecular Weigh PAHs, which are present in diesel Hence, they
may originate from either local diesel @mmbustion or from long-range
Atmosplveric Tansport, of both. The pattemn of PAHS a1 Admiralty Bay
slvonws an sccumul stion in subsequent environments via the lollowing
jpath: smowlice — fresh water/ emestral sediments — marine water/
marine sediments - Antanctic iota

Maoreover, ahigher diversityol marine-origin jons [ Na™ and O™ ) was
olserved relative 1o previous research, and the influene of orogr aphic
barriers on its delivery has been pointed out One should mote that
local topography may be an important beror in the de position of sero-
sol s at the dynamically changed ice-free areas of Maritime AnLarctica

The risk associsted with rapid glader thawing and the rele x5 of pal-
lurants from ice indicaes the nead for research into poll wants insurlsce
s and doe cores on King George 1sland. The potential negative elle a
al the presence of hesvy metals and hydrocarbons in the snow and ice
should be investigated in detail during further research. Gompar son
al the presence of PAHS in different types of envi ronme nis would help
o indicate the sources of pollutants, and 1o asess the rsk of is
remobilisation. Furthermore, particulady in the close vicinity of
Arctovesk i scientific station, the risk of locl emission of polluants has
been increxsed by the @nstruction of new (acilities staned at 2020
Therelore, pol lutans need tobe monitored in different environments.
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7.3 Verification of detailed hypothesis 3: Untreated wastewater discharge into
Admiralty Bay constitutes a threat to the marine Antarctic environment

Inappropriate discharge of wastewater into Antarctica’s fragile marine ecosystems
can result in the introduction of not only persistent organic pollutants and other organic
and inorganic pollutants but also non-indigenous microorganisms, including human-
associated pathogens and viruses [87]. For Antarctica, wastewater quality guidelines and
management principles are included in Annex IlIl (Waste Disposal and Waste
Management) of the Protocol on Environmental Protection to the Antarctic Treaty, which
requires countries to preserve the environment for future generations. The rules in this
document state that wastewater can be discharged directly into Antarctic marine waters
(Article 5, Annex 1l1), only if proper dilution and rapid dispersion are ensured. It has been
proven that the Antarctic environment creates good conditions for dispersion of
wastewater at the discharge points, which is caused by local hydrodynamic conditions,
especially tides [71].

The verification of the third detailed hypothesis is presented in the article:
Szopinska M., Luczkiewicz A., Jankowska K., Fudala-Ksiazek S., Potapowicz J.,
Kalinowska A., Bialik R.J., Chmiel S., Polkowska Z., First evaluation of wastewater
discharge influence on marine water contamination in the vicinity of Arctowski
Station (Maritime Antarctica), Sci. Total Environ., 789 (2021) 147912 [publication
VI1]. Samples of wastewater and water after discharge into Admiralty Bay were collected
at different time intervals during research expeditions in 2017 and 2019 and analysed.
The research included measurements of nutrients, organic matter, trace metals (Pb, Fe,
Cd, Zn, Cu, Ni, Co, and Cr), different groups of surfactants (non-ionic-SNI, cationic-SC
and anionic-SA), and formaldehyde concentrations. In addition, principal component
analysis (PCA) was performed to observe potential correlations and (due to the data’s
suitability for the purpose) to contribute towards a preliminary risk assessment. The
simplified risk assessment was made by comparing the obtained results against no-

observed-effect concentrations (NOECS) for selected Antarctic bioindicators.

Based on the measurements taken and the results obtained, it was confirmed that
the proposed set of contaminants can be determined by simple analytical procedures

(including spectrophotometric methods). In addition, they may be useful for routine
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analysis in Antarctica to monitor compliance with environmental regulations. This is
particularly true for parameters such as SC, SA and SNI surfactants, which we confirmed
are markers of human activity in Antarctica. Moreover, based on the results of chemical
analyses, no wastewater contamination was detected in seawater after one day due to
natural processes — except for the presence of anionic surfactants and Zn. Comparing the
results against the assumptions of the Protocol requirements (Annex I, Article 5),
Arctowski Station’s wastewater management was proven to comply with the
requirements set out in this document and that the receiving marine environment provided
assimilative capacity, suitable dilution and rapid dispersal conditions. Based on the
determination of chemical compounds by simple analytical methods, it can be tentatively
stated that this method of wastewater management has little effect on Antarctic
ecosystems. However, this is not conclusively confirmed, as the scope of knowledge
should be expanded to include analyses of other groups of chemical pollutants as well as

bottom sediments in Admiralty Bay.
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Antarcics has wnique valee, x50t S an inee st onal termiory desig-
mated for pesceful and scientific purposes (The Antarctic Treaty,
1959). Howe ver, signs of anthropogenic sctivity in AnCarctica have
been visible since the 1960s (Sladen et al, 1966). The environmental
nsequences of human sctivities [ both scientific and towriste) have
been documented by several suthors (Bargagli 2008; Benningholl and
Bonmer, 1985; Corsalind, 2009; Ssopifisks et al, 2017, Polapowice
el al_, 2019), indicating diflerent sowrces of pollution, such as aima-
spheric depasition and diesel fusl combustion; however, recently,
wwaste and wastewaler management have gained incnesSing oncem
[Connar, 2008; Kumar Bharti et al, 2006). Improper wastewater dis-
dhuarge i pristine A ACic manne waler may introduce not only per-
sitent of gandc pol lutants and other emerging of gandc and inorgandc
@ntaminants b ako non-indigenous miqoorganisms, including
Iuman-assod ated pathogens and virsss [Tort et al, 20017).

Todate, na continent-wide was tewater quality discharge gusdeli mes
havebeen developed and aaepted by the countries oper aingbases and
daiming te mitory in Antarctica Annes N1 [Waste Disposal and Waste
Manxzgement) of the Prowam] on Environmenta] Pratection to the Ant-
arctic Treaty (herealter, the Protoal) requires countries 1o preserve
e environment for lwre generabons (The Protoa] on Environmental
Protedion to the Antarctic Treaty | 1t is there ke necessary to develop
oper wasle mansgement plans Annex 01 requires that all wastes ro-
duced ar disposed of in the Antanctic Treaty ares have limied negatve
impact on the emdronment All quid wastes, including domestic
westewater, need 1o be removed from the Antrdic Treaty area tothe
maximum pracicable extent [Amicke Z Annex 11 of the Protocol |
Only il properdilutonand rapid dispersion are ensured can wastewater
e discharged direaly ino mar ne vaters [ Article 5, Anmnes; 11, but this
redquirement israther vague because no deflnitions were given for key
e, such a5 “sssimilstive capacity™, "imitial dilution™ or “rapid dis-
jpersal. Investigaton of the impact of continuwous wastewater di spasal
inDo ANLARCTIC s ine waler eceyEienms has been rel stively limived. A
few stations, such xs McMurdo [Conlan et al, 2004; Lenihan and
Oliver, 1955) and Davis [ 5tark &t al, 2016, Stark et al_, 2015 sLations,
have bcused directly on this topic. The wastewater influence on the
marine water quality of Admiralty Bay has been studied since 1997,
eg  research conduded At the Martel Indet [de O Martns et al, 2005,
Marting et al 2002 Montone et sl 2010) and sbo $hows the Tavoured
dispersion of wastewater a1 the discharge points, which is caused by
local hydrodynamic conditions, espacially tides [Maontone et al, 2000)
Hiwever, at the same time, some dvemical indicators [ such a5 sterols
and linear alkylbenzenes) have been found in marine sedimens [de C
Mlarting et al, 2005, Marting et al, 202 |, i i ot ng contand mation by
@i meos wastewater discharge. Combined evidence of environmen-
] impaas caused by wastewater discharge from the Davis Station,
Exst Antarcticy [fon-mative miaob ota and antibkdotc resistance deter-
rinants in sediments, water in mard ne benthic oom e des, and histo-
paithaol og ical sbmormal ities i local fish species | was also presented by
Smrket al (2016 L

It the ares of curre it inerest, Admir alty Bay, wasewater influence
o ecosys tems uas been re ported only in terms ol microbiological pollu-
ton [ [secal backer i), presence of sterols and linear alkylbenzenes (de C
Martins et al, 2005, Marting ef al, 2002 |, whil & waste waier discharpe
from the Anctoveskd Polish Antarctic Station [ western shoreol Admir sity
Bary ) s not been investigated. Previous studies have confirmed that
sewape discharges in the ANLArdic ares cin Chuse environmenial im-
[scts o the Jocal marine ecosystem and pose arisk of envinmmental
de gradation (de O Marting &t al, 2005, Marting &t al, 2002, Stark
el Al 2001 6; Stark et al, 2015) Thus inothis sody, the dispersal and dis-
wibution of wastewater alter discharge in the recaiving envi ronme it
[Ad i ralty Bay) wias e samined in 2007 and 2119 wsing messis ements
al nutrients, organic matter, trace metals (Pb, Fe, Cd. Zn, Cu, Ni Ca,
and Cr), different growps of sursct s (non-ionic-SNL cation - SC and

Soimee off ke Tyl Evelromamasnd 785 (200 ) 14TS0 2

anionic-5A1 and formaklehyde concentrations. Principal component
amalysis [POA) was performed toobserve potential correlations which
provide valusble informaton on the environmental Tate of the chemical
pollutants under study. Inowr wor k vwe desaibed in detail deemicl dis-
turbanees in Admiralty Bay afver wastewater discharge The main
purpdse of this study ws an inidal fsk ssesment given that the data
obtained can be wsed for this purpese. Risk assessment has been
evalusted by comparing the obiained resuls from the valuwes of the
no observed effect concentratons [NDECs) on selected Antarcric
Idoindicators This type of research and data e valuation has been @n-
ducted for the first time in te vicinity of Araowski Station, and the
results may thus constitute baseline condi tions for any future anthropo-
geni impact xisessment. Mareover, our research confirms that the
propased setof contami nants, whichcan be determ ined by simple ans-
Iytical procedures [inchiding spectrophotometnc methods |, may be
considered suitablefor rowtne analysts i n Antarcticato monitor oompli-
ance with environmental regulstions

2. Material and met hods
2.1, Arctonws kd Sraton wiastewaater sys em and sampling design

The sty area i located on the western shore of Admiralty Bay
[ King George Island, Souh Shetland klands, Fig 1A) in 2 small iea-fres
area on the north-exstern tip of the Warsnw lefleld Araovsld Sation
(62909 34°5, 5H28 15°W; Fig. 1B which was builtin 1977, @nsists of
& lacility with fifteen se parate b ldings_ The mscimum populstion dur-
ing the peak sexson (summer) at the station may reach 37 persons
[ Suppie mentary Ma e risl Table 511 These people conduct sciantific re-
saarch and other soivitkes connected with maimenance of the station
Duri ng the winter season, there are only 8 persons on the stall who
are res ponsille for station maintenance and the long-term maonitoring
programmes | Le, programmes in eaology, hydrology, oo anog raphy,
chemistry, and gladology | Due to the freezing of surlsce waters, sup-
plying the station with drinking and hygiens water [ freezing of the
lake from which thewater is pumped) and wastewater dis posal [ freez-
img of the bay - plae of disduarge) are especially challenging during the
winter seasorn Duily watercons umplon 8T Arciows b Station during the
period 2016-201 9 was relatively bow [ 149 L per person per day, Supple-
mentary Materisl Table 51). Nevertheless, acess to drinking and
household water i limited due to the s tainable usage of nanral re-
sounces and the nead to stay below the daily limit of 230 L per peson
jper day [Supplementary Material Table 51, Fig 511

Wister (glacial and smow mell water | is obtained from the lake k-
cated near the station, which s supplied by Petrified Forest Creek [see
Fig 1B and Fig 1C) There is no wastewater treastment plant at the
Arciowski Station Wstewater [grey and bilsck water) i colleced and
directed to four buried septic tanks The first tank (A) isconneaed to
thee rain building and labora ory; the second (B) covers ediical fadl-
ithes, including todlets, showers and laundry Taalities; the third () is
connected o summer houses; and the lourth (D) & connected 1o the
il dineg kw2 the metearological station [Fig. 1C). The Gality at
thee o b g i limited priman ly to treating non-solid wse | mec-
eration)_ In the other buildings, no wastewater treatment is applied.
There is no information regarding the total volume of esch septic
tank; lowever, the amount of produced wastewser s estimated tobe
in the range of 31.4-80.7 v per year [Supplementary Maerial
TableS1; Fig2 | Water s wmplion inrelation 1o te number of pe aple
present ot Ardowsld Station B presented in Fig 52 (Supplementary
Materisl |

The liquid residues of seplic tanks are discharged to Admir ity Bay.
The wastewater discharge pointis at Poinl Thomas (627105 58°30°W)
o the south side ol the entrance to Ezcurta Inket in Admiralty Bay
[Fig- 1 B, sampling point na. 1) This location and the depth of the bay,
which is more than 550 m [ Rakuss-Susrcrewskd, 1993), are expected
to provide proper conditions for the initisl dilution™ and “rapid
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dispersal” of discharged wastewater. Nonetheless 10 date, no research
cneer ning the possible contamination of local ma ine ecosystems has
been conduaed.

In this study, wastewater and marnine water samples were col-
lected during two sampling campaigns conducted on 18-20 January
2017 and 1-5 April 2019. Waste water was collected from septictank
A which & connected 1o the main building and boratory (see
Fig. 1C). To analyse the dilution and dispersion of wastewater in
the marine environment, the sampling points were placed in the dis-
charge area (point no. 1) and near the lighthouse {point no. 2}, ap-
proximately 1 km away from the discharge point The samples
were collected at regular time intervals after discharge: after05 h,
1h, 2 h,24 b, 48 h and 96 b Sampling at point no. 2 was not possible
during 2019.

22 Sample analysis

Alter collection, all samples were transported 1o the Arctowski
Station Lshoratory. Redox potertial pH and conductivity were

measured using a HQ40d portable multimeter in the field. For other
physical and chemical analysis, ssmples were stored frozen at 20°C
and ransported under unchanged temperatuwre conditions (o Poland.
Before analysts all samples were allowed © thaw slowly overnight
Analysis included the determination of chemical oxygen demand
(COD), inorganic nitrogen compounds (N-NHZ, N-NOT, and N-NOZ ),
total nitragen (TN), orthophas phate (P-PO3~) and total phosphonus
(TP) 1sing spectrophotmetr ic methods (XION 500 spectopholometer,
Dr. lange, GmbH, Gennany). To exclude charide i nfluence an COD anal-
ysis, the sample was diluted 10-fold. According to EN 5056673, sam-
ples for ammonium determination can be stored in plastic bottles up to
1 month in afreezer at below —18 °C. Specific chemical analysis in-
cluded trace metal (P, Fe, Cd, Zn, Cu, N, Ca, and Cr) determination
using inductvely coupled plasma mass spectrometry (Thenmo XSERIES
2 IP-MS). Acidified samples were analysed without filtration - total
concentration of each metal was rearded under the following condi-
tions: cllision gas (Ar) flow: 13 Lmin™"; sux Gas flow: 0.7L min™";
nebulizer gas flow: 0.9L min~"; collision cell chnology - CCT gas (8%
Hydrogen in Helium ) flow 55 mL min—", CCT mode + 3 Kinetk Energy
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Asaxeic sea sachins (Xing and Riddie, 2001 ); B) erganic micro-poligion concenrations in wastewaet in wixion torhe lrerom akes of e NDECS on Ancarenic red aiga
Choorghe e al, 013; Stebwy, 2007 Adbrevasons: SC - sam of caionic safucams ; SA -sum of aost sefuacase s, SN - aum of aon-bai sefuctins; HCHO-praalichyde. For
e gprete oo of She references 1o cllowr in s frue lgend, e mader & nfemed 10 e web verdon of e arncle)

Discrimination. A multi-element 10P-MS standards mix 10 mgl™" from
Inorganic Ventures (Christiansburg, VA, USA ) was used [or calibration
Different groups of surlacants (SNI, SC and SA) and formakde hyde
were determined using cuvetie tests and a UV-VIES spearophotometer
(Spectroquant Pharo 300 Merck, Germany ). Blological axygen demand
in wastewater samples (5-day test, BODsy ) was measured using WTW
QxiTop OC 100

All analyses were carried out acording © the Good Laboratory Prac-
dce (GLP) requirements The basic validation parameters of the
methods used are presented in Supplementary Informatiorn, Table S4
ICK Cuvette Tests quality assurance is provided in certificates based
on Analytical Quality Assurance (AQA) System in accordance with the
American Public Health Association et al {2005

23. Saisteal amalys i

Applying the results [rom two sampling campaigns, a multivar iate
dataset was created, and Principal Comporent Analysis (PCA) was
employed to reveal correlations in the dat using MATLAB Version:
R2020a with Statistics and Machine Learning Toolbox Version 11.7.
3. Results
3.1. General chenical charaderistics

To assess the environmental impact re lated 1o wastewater depaosi-
tion, wastewaie r generated at both Arciowski Station and the seawater
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allected near the discharge point (1e i ving environment) [Fig 1B na
1) and the sacond sampling point [Fig. 18, no. 2], were anslysed. The
properties of the collected samples are presented in Table 52
Supplementary Iformation and summarsed in Table L Acording to
physicochemical analyss wastewater presented values similsr to
thase produced in countries with low populations and oold climates
(Table 52, Supplementary Material). such a5 Norway (Pons et al,
AW | The BOD, valwes ©sted andy in wistewater were 1099 ma0,/L
in 201 7 aind 806 mgOwL in 2019, with & BOD. /000 rato of Q46-058,
imchicating that half of the organic mater is amenable o bodegrad ation
In sexwater samples collected i mmedia ey afer wastewater discharge.
the 00D varhee equalled 586 mg0oL in 2017 and 754 mglaL in 2018
After 24 b, the COD decreased back to the values measured before dis-
charge [ Table 52, Supplementary Material). In the cxse of pH, conduct v-
ity and redox value, their minor fluctutions cn be the result of sea
CufTe s ratber than wastewater disposal_ In terms of nulient disper-
sion, the concentation levels of phosphorus and nitrogen compownds
reverted in Sea water o the val ues before disdharge within 2 o Addi-
donally, mosignificant changes i phos phorus and ritrogen com pownd
onEnrations at point w2 were observed (Table 52, Supplementary
Material |

A2 Sadeced o pallutants analyi

The presence ol race metals [Table 53 Supplementary Mater ial )
and selected organic miaopoll umnts such x5 formaldehyde and the
sums. of cationdc [5C), andonde (SAL and non-ionde [ SN suraants
[Fig 52, Supplementary Mateni al), were also analysed in waste water
andd Pecehing walsr An incresse in 2 ande ITATon i sexwalar sam-
pes alier wastewater discharge was noticeable in 2017 atboth the sec-
o [ up 0 B2 /L) and flrst (up to 304 pe/L) sampling points (see
Table 53, Supplementary Maierial)_In 2019, an incresse in Zn concen-
ration after wastewater discharge was alsoobserved [inoexse from
19pgl bekre discharge to 0598 pg/l sfter discharge). Never theless,
the: Zi CoRCELr SN i n wastewstar in 2017 was approsd mately tvo
omes lower than thatin 2019, However, an increase inFe concen AHon
in seawater directly after discharge was also observed [from 054 to
201 gL in 2017 and from 331 © 2442 pg/Llin 2019 ) and it decrexsed
within thee sampling time 10035 in 2017 and 024 pe'l in 2009, Pb was
present in wastewater al copcentrations of 048 pgil in 2017
and 014 pgl in 2019, however, it was below the detaction limit
(= W01 pg/L) in seawaer, even directly sfter wastewater discharge &
similar phemome mon was observed for G and Co during bath sam pling
CAIT pagnE 1 wisle waiter Samples in 2017 and 2009, conoe mf stons
ranged between @03 and 0.45 pg/l (Cd) and 1E8-2.13 pg/L (Col
while in the seswater samples after 24 h, Cd and G mncentrations
we e wp 1o (032 pe/L Regarding K, lower concentrstions during the

ey af dhe Toanl Eavironenens 785 (200 ) 14750 2

2019 sampling campaign were observed in both wastewater and ma-
rime water [ Table 53 Supplementary Materisl | For Cu an incre xse in
CONCENTIAtion in wistewater and its receiver in sampling area no. 1
wis obderved between 2007 and 2019 However, no visible trend
(e, decresse in concentration in time sfter discharge) wis observed
during e 2019 sampl ing campalgn.

Considering the twdomlogical properties of the analysed parameters
[ Kiovvaal ik 20011 ; Dlkowska ot a1, 200 1; Thornton oCal, 201 ), the resuls
have been assessed in relation o the svailable literature on the pre-
dicted mo-effect @ncentration [PNEC) values. The analysis results
alongside relevant FRECs are presenied [Fig 2)_Considering the waste-
water micro- pollution charactentstics, the cnentrations of 50, 54, SHL
and heavy metak such x5 Cu excesd the NOEC parameter [Fig 2A and
B) for native species [ Antaraic red slga and Antardic sea urchin] It
should be noted dut this olservaton does not include the dilution -
tor after discharge

Far multivariste parameter analysis, physico-chemical dats were
divided into two Seres, e with raw wastewater results inchided
[Fig. 3AC) and without (Fig. 38.0). For this analysis the redox parame-
ter has been excluded In addition, in the case of data without raw
wastewaier (Fig- 3BD) . inorder 1o charactertse the mast imporan pa-
TAMEter Mg companents with low conde niraions | migopolluion)
the following variables were also removed: OO0, conductvity, pH. TP,
THLFor all fowr series of data, two principal components were identifled
that represent 995 (Fig 3A)L 96% [Fig. 3B 99% [Fig. 3C) and 9%
[Fig- 30) of the vanance, respective . For the first case (Fig 3ALPCI
and PC2 we re found 1o have a strong correlation with COD, but come la-
tions with Fe amd conduaivity for both years were also significant. On
the ather hand, when the DD was exduded, (Fig. 3C) PC1 and P2
were strongly positivel y comel e d with Fe for both years of dam_In ad-
dition, there is positive correlation with N-NH; Tor the dam oltained in
2019 (N} The PCA anahsis peformed Tor the series without raw wiste-
water characieristic [Fig 38) conflrmed a posiive correl ation with COD
and conduethity, butit is noteworthy that there isa noticealile come la-
tion with Zn for the first year data and Fe for the second year data
Moreover, participation of the semnd amponents (PC2) in the repre-
sentation of the entire varance increxses significantly, up to 285
These results are confirmed in the fourth case [Fig. 30). in which
some ol the variables were omitted

4. DS Cusion

Wastewater generated al polar research stations is mainly derived
from domestic [ag, kitchens, toilets, Lsundry rooms, and bathrooms)
and from some technological [|abeoratories, repair workshops, etc)
sounces. This type of wastewater has prope ries typical of mumrici pal
wisstewater [lor detsils see Table | | Dillerent stations, however, may

ke 1
WS v e ST |y e . 04T A B e e AGTVTN T S S
ATATION MAME YEARE = OOy [ BN MNOT M-MDT ™ Rl
I ip) [Laa -
[l | [ o] [rgadl]  fegl] gl el [l | [
AxwvwsiiTain 2017 - 1350 1385 in nz L33 ooss a0 | i T Sy
{Podand ) 1408,
picl L} - 1618 B0 iy =X ass ooas ]
(10K}
Darwiks 5 marion el 1u} EE5- 1596 14444213 S0-ET ¥-B3 - - - W4T Sarker a (2005
Wagmlia)
L B e ] 158519653 33540 113100 I5- SO0 LEe-250 Zi-s0 =00 -0ES =0, 003004 S3-130 Cmacines {1557)
JFEA ) 1953-1963 E5-1000 Je04100 170-13@m 1513 1539 004035 =000 045 B- 0
Wil S an Modam 1o 3800 3300 - 3 - - - Taragsasnios | 2006 )
)
Dere A Smamiion Modam 4050 B0-00 30-=0 - ] - - - Taransnio {2006 |
China
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generate dferent kinds of wastewater depending, &g, on the spacific
reseanch conductad there. In wastewater onginating from AnLarchic sa-
i, arganic com pounds of Limite d biodegradability [ Wild ecal, 2015),
il el n i cro plastics | Ghearghe et sl 201 3), hydrocxbons, surlsce
aitive agents and endocrine disrupring compounds [ Smith and Riddle,
NG|, x5 well s pharmaceuticals | Gonzilez-A lonso et al, 2017), were
noted.

Nevertheless, the development and im plementation of proper traat-
ment me thods may significantly mitigate this anthnopogend impact de-
spite the lack of appropriaie legal regulstions lor wisewater discharge
in the requirements of the Environmental Protocol to the Antrctic

Treaty (the Madrid Promeal).

41 Maoo- and migo-pollution asessment in the westem shore of
Ad s ralry Fay

Presented e xperimental design lends itsell to answer questions
about the initial dilution and dispersion of wastewater. In this
study, savording to basic parameters suchas 000, pH, redox and nu-
rients | TableSZ, Supple me ntary Material ), receiver quality re turned
o the same state x5 belore wastewater discharge, in general, after
24 h Based on this indication, it could be ssumed that Arctowski
Station wastew aler management achieved the Protocol require-
ments [Annes 1, Artide 5) and that the receiving manne envinn-
ment provided assimilative capacity, suitable dilution and rapid
dispersal conditions. Nutrients are not suspected 1o have asignifi-
cant effect on Bunas and flora in the vicinity of the wastewater dis-
charge. This is due to their rapid dilution in the waters of the
Admiralty Bay, which has been demonstrated in this research
There is mo eutrophication phenomenon in the vicinity of the
Arctowsk station, & in the case of urbanized areas. Nonetheless,
natural biogeochemical cycles are potentially influenced by
the continuwous discharge of emily biodegradable wastewater

[BOD, \COD =05 ). This & of special concern and should be momi-
tored, since the yearly volume of wastew ater generated by the
station can reach 807 n'. Considering the mean values of daily
waler @mnsumption [Table 51, Supplementary Material) and me s
sured nuirient concentrations (Table 52 Supplementary Material ],
based on the product of these values, the total load of nitrogen
is estimated to resch 2.38-534 kgyas [061-3.48 kg'year in am-
mania form ), phosphomns s estmated to resch 0U18-0019 kg'ye ar
[D6-0.11 kg/vear in phosphaie fom L and organic matier e xpressed
a5 COD is estiruted to resch BE.0-1299 kpivear Especially in
nutrient-limited environments, any wastewater discharge entering
the food web may upset the balance of the environment High levels
of Organie Mater Al in waslewsDer iy (EwTe O3B N inwaler, Cals-
ing reduced dissolved ygen zone frmation | Smith and Riddle, 20091
Hence, boTom water somnes iogether with benthic invenebrae s may be
particulary st risk.

In our research, a5 important chemical markers of wastewaler
dissemination in the receiving e nvironment, trace me Lals, sursctants
and formaldehydes were chosen [Fig. 52, Table 53, Supplementary
Material | Among the race metal, potentially oxic heavy metals
[Thornion et AL, 2001 ), such &8 Cd, O, Cu, Ni, Pband Zin, have been
amalysed. Moreder, Laking ino sccount ongoing discusion reganding
the inrease in filter sble Fe concentration caused by the i nflow of sur-
Tace runofl into Antarctic costal seawater [Hodson et al, 201 7), this
element has alio been analysed, condide ring wastewater xi an sddi-
tional sounce of Fe Haavy metals were present in the Arciowski Station
wastewater, with Zn, Pl Fe and N at the highest oncentrations
[Tabde 53, Supplementary Material)l and Zn and Fe of high significance
[Fig. 3C, D) Sownces of Cd, Zn, Cu and M i ndomestic wa stewaterindude
persomal care produwas, pharmacewticals, deaning produas and liquid
wastes (El Khatib et al, 20012 Eriksson and Donner, 209
Tjandr astmsdjia e al, 2006). These products wsed by people staying
at the station go directly to the sewage tank or indirectly along with
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e waste Part of the Zn and G losd may also originate from T ansport
emissions [El Khatib et al, 2012). Additionally, plumbing might be a
spurce of Cu and Pb (Drozdova et al. 2019; E1Khatib et sl 2012).1n
this case, the gradual replscement of Pbwater pipes and fitings is rec-
ommendad, especially during building renewal and renovation
programmes (Thormton et al, 2001 ). 15on in wastewser iy ik ong-
inate from household products such a5 floorcleaner s, lmmdry soakers or
serosol deodorants | Tand rastmadjia etal, 2006). However, in the case
al iFon, i 5 conERTIANon in wastewater i ako influenced by natur al be-
s [ Szopifiska et al, 3018 | Fresh water in per jgladal emvironments in
i s area contains easily soluble Al and Fe becase the environment of
Kireg Gearge bl and is rich in pyrite | Paulo and Rubinowski, 1987 | Con-
Sidering the noticealle inoe e in Zn and Fe @nenirabions in sexwater
after wastewater discharge [Table 52, Supplementary Material Fig_ 3C
and D), their accumulstion in the impacted sediments i expected
[Galdberg et al, 1975). Future studies are needed to analyse the re-
spondes of marine biota and benthic communities 1o the prese ne of
hesvy metals since their tosde effects have slready been indicated
[Bryan and Langston, 1992; King and Riddle, 2001; Lenihan et al,
AME; Siiligo]. 2013).

Another special group of micropollutants analysed in this study
are surlsct ants. Currently, surlactants are common components of
ithe reagents uwsed in industries and howse holds [washing wetting
el fying. and dispersing | due to their speciflc properties As are-
sult, different types of surfactants are sdded inter alia to personal
care products, laundry and cleaning detergents [Olkowska et al,
2012). Thus, these compounds witimately end up inwxitewater
The classification of surfactants & usually made based on the
chemical characteristics of hydrophobic groups: (1) jonic: cationic
[eg. benzyl ammonium chloride and dislkyl dimet iyl ammoniem
dhloride) and anionic (g, linear alkybenzene sul fonates, secondary
alkyl sulfates, perfluomoctanoic acid, and pe il worooctane sullo-
nates ) [2) nof-lomie: [eg, octylphenal, nonyl phenol ethaoystes,
and octyiphenal ethoxylate) [Dikowska et al_ 2012). In this study,
the concentrations of cationic, anionic and mon-ionic surfactants
were analysed by spectrophotometry. This method & very useful
for regular monitoring of this group of compownds and could be ap-
pied to Arctowski Station due to its reliability, availability and exse
al use, which are important in the case of & lack of qualified staff
[analytical chemists), especially during winter. The obiained results
show the highest concentrations of anjonic and non-jonic surfae-
tants in both wastewater and sexwater (Fig. 52, Supplementary
Material ). This finding is consistent with the more frequent use of
anionic and non-jonic surlictants than cationdc surfactants
[Dilkowska et a1, 2015)

W abo chedied the formaldehyde concentration level which was
detectable in wastewater and in sexwater only directly after d scharge
[04-0.08 /L) Due to its ogh resctivity, colourless nature, stability
and low cost, formaldehyde has been applied 25 2 resinification sgent
auring agent. synthetic agen, disinfecan. fungicide. and preservative
[Lathy and Rashad, 2002). Considering its minor concentration in the
studied wastewater samples [0U60-075 mg/L L formaldelyde may orig-
inate from sgents and disinfectans used during everyday activities at
the station. Nevertheles, this sdehyde is i ghly tosd < to living of gan-
iems - it may inhibit the physiological adivity of cells by creating per-
manent conmection with amino groups of proteins. Due to the ability
o dameage DA and cause mUuLations in miooorganisms, it also oestes
acarcinogenic risk. Hence, any wastewater antaining formaldehyde
might be tamic to microorganisms (Kowalik, 201 11 Note that in miches
exposed to formaldehyde or surlsctants and other biocides [which
permeabilize cell membranes and aa xs disindectants | bacteris have
evolved detmification systems, eg. the frmRA[B) operon [Denby
et al, 2016 ) or gack efflux pump genes (Pal et al, 20151

Considering the availshble water mnsumption data [Table 51,
Supplementary Material | the tom] annual loads of surlsctants [ 5C, 5A,
SNl and formaldehyde are estimated tobe 000060082 ; 00492 -0.165;

Soimmce off the Tiind Emwlronsnesd 785 (200 ) 1470 T

OUIE0-0.132 and QUE2-0041 kg'year, respective ly. Because wasiews-
ter is constantly disposed into Admiralty Bay, it may influence indige-
nous species Potentia] environmental impacts, expresed s KWOEC
[the highest cyneentrationiose of 4 ghven substance in the &5 organ-
jism that does ot cause severe elfeas or a signiflcant increxse |, are pre-
Sefnted i relstion Do il o d-pol lulion detected in wis tevwa e r. The data
summarni sed inFig 2 donot take into scount thedilution facor that oc-
curs in seawater after discharge Theredore, it s merely illustrative to
present the potental risks of faw Sewape amissions 1o the e mimonment
The 5C,5A, 5N, and Cu conentrations excesd the NDEC parameter,
wihich suggests that these substances may case damage in the tested
species [ Aniredc red alga and Antarctic sea wohin] Moreover, meral
toxicity 5 abo known for other species, g Dwo ARQICHc marine
micraalgse - Phaeocystis anfarchica [Gissi et all 2015) and
Cryathemitonas anrdgen | Koppel et al, 3017 However, dats are e
senbed vi adillere i tomddty sy sto NOED These two s pede s represent
a very sensitive and a more tolerant species to metal contaminants,
respectively. Bxsed on 10% inhibition of populstion growth rate
[1C10) values, Phoscysiis anfaraio was most sensiive 1o copper
(33 mg/LL followed by cadmium (135 mg/LL lead [260 mg/L), and
zine (450 mgL) [Gissi et al, 2015) On the other hand, for manine
microalga Cryothecamanas anmigera, the @ncentrations that reduced
popul ation growth rate by 10% (EC10) after 24-day for Cu, Pb, Zn, Gl
and Ni were 215, 152, 366, 454, and 1220 mg/L~", respectively.
Mareover, recently the data for the sea wichin used in Fig. 2 was
reanalysed in [Koppel et al, 2020) 1o give EC values The inve stigation
alvinwed ECUD amd BCS0 valies, respeatively, of Cu: 009 and 14 pgl ™",
and Zr: 56 + 31 and 195 + 44 pgL " for 23 dary larval deve lopment in-
hibition. Hence based on data presenied by Koppel and oo-authors
[Kappel etal, 2030 procesed comsidening the msk afcomtm inant mis-
owres s ng & tood - units. approach, the combinaton of Cu and Zn con-
cenations in the 2017 wastewater [Fig. 2) may be considersd
el inter alis to the saa wichin [ eg 5 newmyer) Additionally, pre-
liminary studies for migoalgae have shown that P antanciom and
i anmigera are capable of scoummulating potent ally toxic conentrations
of metals like copper and zine [Koppel et al, 2020

Maoreover, a5 previowsly mentioned, trae metals have an affinity
for pamiculate organic matter and thus may socumulate in the
bottom zone [Licinio et sl 2008). Hence, a detailed study of micro-
pollution concentration levels in sedimeants and the ir & nvi romnme neal
[ecotoxdcological ) i mpact needs to be addressed a5 a next step in re-
search on wastewater disposal influence on wildlife health in
Admiralty Bay.

42 Wastewater lechnology innovations for sistainable impack of
Arcloweskd Siatian

The treatment of domestic wastewater i & multitep process that in-
cludes physical, biological and dhemical treatment steps [USEPA, 20121
Recently, advanced treatment methods such 5 sdvanced o idation
PrOCesses & az0nAlon, of sorplion-bised procesess ag sctivated
carbon technol ogies (Kasek et al, 2020)_have been applied consec-
ut hvely in the context of pharmaceutical and other arganic micno-
pollution remaval According to the abtained results, there is no
doubt that proper wastew ater reatment is required to limit the
adverse impact on receiving water and to comply with environmen-
tal safery requirements. However, the choice of proper wastewater
trestment method/s is 2 complex engineering and economic
problem that depends on the properties and wol umes of generated
walewater, expecied discharge requirements, potential shdge
management and loml conditions.

In the case of wastevater eatm et plant construction it Antancta,
i1 b5 necessary to condider 3t least [ 1) operations ot kw lemperatunes
[even —60*C); (2) large Muctuations in sation population be tween
the summer and winler seasons, causing significant varations in the
generalied wisewater volume, and [ 3) different effluent charsctenstics
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within e stations. Ciper st ons AT kow lem peratures require heating or
insulation of the wastewater lines, holding tanks pumps and other
reatment [acilities (Stark etal, 2015 L Moreover, the majority of wastie-
waaler reatment technology requines sdequate pipe he tng systems to
prevent freezing and needs tobe placed in enclosed buildings to limit
the possibility of cntsct with wildlife_ Additionally, the differences in
wansiewater characterstics are noticeable between various bases
[Talse 1)

As an example, we may consider BOD values in the non-ir eated
wasteweater, witich in An retica are relatively high [up 1o 3167 mg/L
at Do vis Station (5 tark et al, 2015)) and associated with high calorific
value food input that i rich in (st within the standard diet [ Connor,
2008 ). In addition o organic matter, conventional wastewater e st-
ment plants are designed Lo re move nutnients and suspended solids Ki-
mogen can be removed from wastewater mainly during biological
processes, while phosphons is removed mastly by iological treatment
of by dhemical predpmion [ with iron or sluminiem salis | However,
in polar regions, Tastme nt elfectiveness dwe 1o exireme Lam pe ralure
aonditions may vary significanty. Thas, the im plementation of ad-
vanced wastewater treatment s needed, especially in terms of micra-
poliution contamination According to the available survey, in the ma-
jority of Antarctic stations, there is alack of wastewater treatment
Graindahl et al [2009) reported that 37% of permanent stations and
% of summer Antarctic stations ladk any form of treatment Tacility.
Hiwever,, apart from biologio | and secondary trestment, even the pres-
ene of sepric tanks or macera don i considered wastewaier reatment
(Grindahl et sl 20081 Keverthaless, in recent years, aronation, micr
ulra/nanofiiration, biologically sctivated carbon filtration, reverse os-
masts, ultraviolet disinfection and chlorination were tested to oblain
potabile water and nontoic brine concentrate in Antanctica | Allinson
&t al, 2018), especially for the separated “grey” wastewater [liquid
waste without input from oilets). This shows the elfors being made
0 minimise the environmental impaa caused by wastewater effluent
disposal Considering the high expeaation for protecting the AnLardic
environment, novel approaches should also be considered, induding
e zero disduarge of contam inants or introduced microorganisms, as
weell 25 thee potential rewse of treated water, which is an important as-
pect of drcular economy [ Stark et al, 2015 The choice of technology
should consider eficient energy consum piion and redudion of carbon
oo tprint [ Zaworowska et a1 2019)_There are some innovative technol-
ogies based on advanced oxidation processes that may also be consid-
ered for implementation in polar regions of in small remote
mmmunities. Currently, electrolysis & a promising technology for
smuall and variable flow wastewaser reatment instal lations where sim-
pidty of use with high efficiency of removal of mio opoll Wants and re-
duction in by-products, B imporant [Gomez-Ruiz e al, 2017)
Blearochemical experiments were anducted with anades consisting
al boron-doped diamond (BEDD) during |andfill leadhate treatment,
wiltich is very hard to tre st It was fownd that in BDD, organd ¢ substances
we e prelerentially axidised via a (a5t rescton with hydroxyl radicals,
leading o very high removal rates, including micropoliutans like
bisphenol A [BPAL perfluoroalkyl and polyfluoraalkyl substances
[PFASs) etc. [Fudala-Kiiazek et al, 2018, Gomez-Ruiz et al, 2017,
Pierpsodi et al, 202 1). BDD-hised alectrodvem ical osddation could ako
e integr sted with i ochenmical tres tment proces e to obiain synergs-
deelfeas inpollutant degradation Zhao et al (2010) wsed asynergistic
mimibrination of bochemical rrestment and electrochemical oxddaton
for the selection trestment of landfill leachate on the electrode. There-
fore, technology that combines BDD with a biological membrane reac-
o ensbles the effective remov al of ammonium nitrogen and of ganic
matter (together with micropolluants and microorganisms), and the
reatment e ficiency is rather stable and hig h, despite the hghilow var-
iability of ws tewater. An additiona | sdvantage is the limited produc-
don of excess sludge [Fudals-Ksiapek et al, 2018). Thus, such a
maodule sysiem seems 1o be the opti mal sol uon for wasiewaer treat-
ment in the Antarctic region.

S offthe Tdn! Evvironsment 755 (2021 ) 147902
5. Conchesions

Specific properties of waste water generaied a1 polar research s1a-
tions may have direct consequences on the Antarctic scosystem. This
study shows that Arciowski SLation vestewater s conLam ination
such i trace metak, different groups of surfscants and for maldehydes
Parameters such & the 5C, SA and SN surfacrants may be selected as
markers of human sctivity in Antarctica and can be considered x5 pa-
rameters for rouine wistewaster quality contral belore its disposal
inbo the environment. Moreover, our resulis ko ind icate that wastewa-
Ler ConLami nation canmnol be mexsured in seawater after 1 day of natwral
processes, excepl for the presence of anionic surlsctants and Zn
Nevertheless, thesa results indicate that Arctow ski Station wastewa-
rer management schieved the Protocol require ments [Annex 111
Article 5 and that the receiving marine environment provided xs-
similative capacity, suitable dilution and rapid dispersal conditions.
Hewever, the Protoco] does not indude microbdological parameters
and emerging pollutants such xs BPA and PFAS Detailed examins-
tion of the wide range of micropollution determination [including
pharmaceuticals, poly- and per-flluonnated compounds, pesticides
etc) 5 meeded to Tully ssess wastew ster pollution and its impact
an Antarclic ecosyslems Such detailed knowledge will help
to focus appropriate research in the future and to target proper
prevention and mitigation sctions, especially in the development of
suitable wastewaler (reatment systems in AnLarctica 1o reduce its
negative impact Inthis process, in addition o scientific stations,
the potential impact of incressing commendal tourism must also be
considered.
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Suppleme ntary Material consists of: 51, Additional information
regarding the influence of wastewater discharge in Admiralty Bay,
and 52, Detailed information regarding the applied chemical
methods. Supplementary data to this articke can be kund online at
dod: hops.: fdoi or g 100100 6| scitoteny 202 1147912,
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The continuation of the third hypothesis verification is presented in the paper
Szopinska M., Potapowicz J., Jankowska K., Luczkiewicz A., Svahn O., Bjorklund
E., Nannou C., Lambropoulou D., Polkowska Z, Pharmaceuticals and other
contaminants of emerging concern in Admiralty Bay as a result of untreated
wastewater discharge: Status and possible environmental consequences, Sci. Total
Environ., 835 (2022) 155400 [publication VII11]. The article presents the research results
that assess the occurrence of emerging contaminants (pharmaceutical and personal care
products, illegal drugs and a few industrial chemicals) as well as selected antibiotic-
resistance genes and integrons in wastewater and its receiver in the western shore of
Admiralty Bay (King George Island). In addition, the environmental risk of the detected

substances and genes to Antarctic aquatic ecosystems was assessed.

Chemical analyses allowed us to identify the presence of 34 PPCPs and other ECs
from among the more than 170 substances analysed in the water and wastewater samples
collected in the surroundings of the Arctowski Station (western shore of Admiralty Bay).
Samples were taken during two field campaigns in 2017 and 2019. Water from the bay
was collected at time intervals, starting from the moment of wastewater discharge. On the
basis of the results obtained, it was concluded that many of these substances that are not
neutralised or are difficult to neutralise are excreted into the wastewater and ultimately
reach the aquatic environment after discharge. As a result of the analyses, the presence of
antibiotic resistance genes (ARGs) was found in the study area, which may raise
concerns. The obtained data on resistome changes in polar regions significantly improves

the capacity to recognise and solve threats to Antarctic fauna and flora.

Therefore, an important element is the control of the use of drugs in polar stations,
e.g. in the form of a centralised record of the medication prescribed and consumed in situ.
Additionally, the emission of harmful substances into the environment could be reduced
by using more environmentally friendly substitutes for both pharmaceuticals and personal
care products (limiting consumption at the source). In addition to constant monitoring of
PPCPs and other ECs in Antarctica concentrations, it is also recommended to perform

more detailed analysis of the antimicrobial resistance phenomenon.
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As a result of the conducted chemical analyses, the presence of many
anthropogenic pollutants was found in Admiralty Bay. Moreover, the concentrations of
some contaminants exceeded the values that pose a threat to the representatives of the
Antarctic ecosystem. It can therefore be concluded that untreated wastewater discharge
into the Admiralty Bay constitutes a threat to the marine Antarctic environment. Because
some of the chemical contaminants are persistent in the environment, preventive and

mitigating solutions were proposed to minimise their negative effects.
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1. Introd vt on

Today, humen activity i having an evergrowing impact on the snwi:
ronmen t, while there i also e ng miemest in nabume pressrvation. Cone
sequently, a detuiled charascterisation of emer ging contaminants (BCs) in
tthes aruati cemvinonment is of primary impontance. In the Antanot c sooys-
tem, where very little mfvrmation is availshle even today { Smith amd
Riddl =, 2004}, halistic approsches and actions i prevent, remesdy, neshare,
and momniinr the polution of waier & nesded The mncepis for a Water
Smart Socisty in Europe meams that the value of waiier is apprecisted amd
all water sounees are properly memaged, &g, waber scancity and pall ution
of water ane avoided and dosed water loops are implemented (Water
Europe, The value of water) These concepts, however, ame suppossd to be
omsidersd not anly in Europe but worl dwide to foster a cinoular sconamy
and optimal water resounce effidency. Undersuch cnditions the water sys-
tem will absobe nesilient agaimst the impac of dimate chamge svents (Water
Exrape, 202 1) Owverall, this describes the Zoo Pabifion Action Plam and fits
within the Bumpean G [henl objectives, which also might be applied to
polar regions, whens proper westewaier management 15 stll under evalns
tion {Water Enrope, 20217 Wastewaier treatment and disposal is a chal-
lenge fior all conntries mamaging Antanctic reseanch stations, as they may
pose a threat to the enviromment and o lnman heslth in the AntarcticRe
gion {Conmor, 20048 Grandahl et 2l , 20090 There is a intal of 82 summer
amd all year-nound reseanch stations in the An@notic (COMNAF, 20130
Mast of the stations are located along the coasts, and they discharge
treated and unireated wastewater directly into the marine enviran-
ment (Hughes, A04). Stations that are remote from the seashore nse
desp ice pits or subsnrface ios wells (Stark ot al., 2015} Due to the =ne
virommesn tal oonditions, the harsh Antardtic climate and the properties
af the wastewa s, the use of & Fective wastewater frestment technalo
gies is a challenge for all research station infrastructures. The weak
paint of the washewa =1 management strategy is that sinos 2009 there
has been no open-acoess repart available regarding the ooment situa.
tiom in Antarctica Beosnt data shows that of the 44 all- year-ronnd sta.
tians, 37% do not have any type of wastewater trestment, while as
mamy 25 §9% of summer stations lack trestment (Grindah] =t al,
2004; Hughes, 20047

The main d omment d esoribin g proper waste management in Antancbica
is the Frodncd on Eminoemenstal Frodechion io ghe Amtarotic Treaty (Froioan),
primarily Armex [IL, Wasie Disposal and Waste Management The ammex
obliges the countries managing research stations o redue wasEwater
(ot produdtion and disposallzs much as possible in orderto maim mise ime
pact on the emviromment. The Proinoal wes adopied in 1991 and, since
then, our knowledge regarding the environmental threst of 2 wide range
of contaminamts has incressed signifiently (BouissouSchorte et al,
X)14; Minguer etal , 201 & Stramb and Sewart, X7 ). The Protom] allows
far the discharge of sewage and domestic liquid waste di rectly into the sea
{Annex 11, Article 5), bot only where the discharge izkes place into an en
virammeent that allows dihtion and rapid dispersion. When the mmber of
inhahitamts in a research station, e g, during the summer period,, is 30or
muare, the sewagemast be ireated at least by maperation befone discharging
it imto the sem (Strk =tal , 2015 Butdilution i nota proper soltion far
Eil {including FPCFs). Some scientific Antancti c stations wse much. stricher
stamidamds (hemed on thesir national nequiremen ) them requined by the Pro-
tocal Por example, the westewater treatment plant (WWTF) imstllsd in
Mew Zealand's Scott Base in 2001502 wes designed to mest the national
stamdamds then in forcein New Zedand §Comoar, 2008 ). Despite nestrictive
regulations and effsctive mathads of westewsier manmapement at ressanch
stations in Antarctica, the presence of long: lasting emerging contaminamnts
{HCs) in the emvimmment, « g, phanmscenticals and personal mre prodoats
(PPCPs) d stergents and sven microplestics, & worrying (Bhardwaj =t al_,
2018%

The coneentrations of FFCPs and illicit dogs in Antanctica has been
cuite Httle sudied (Emnet =t 2l 2015; Estehan et al, 2016; Goneslez
Alonsa et al., 2017 After lmmam consumption, pharmaceutials ane
Inown to be exoeted - via urine and fecss - a5 the parent compound
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amd/ar metabalites thereof Personal care prodoots ane primarily imbend ed
for extemnal wee on the luman bady and therefore immdergo fav matabalic
chamges (Temes ot al, X ). Owverall, there i a risk of FPCF smission to
the Anianctic emviromnment through the discharge of both trested and -
treated wastewater. Under natural conditions, FPCPs might be degraded
via phondegradation, hydrolysis and microbial degradation prooesses
{Calimam and Gevrilescy, A8 However, becanse of the simultaneous
presence of many types of FRCEs and other emerging contaminamts {EC)
and thesir regular nelesms, & reati vely high level of persisenos in the smd-
romment & afforded io many of these chemicals {Daughton and Ternes,
19949, Mamicaz et al , 2008). The harsh Antarctic climate, charscerissd by
low emperatunes, polarnight periods, and the presence of icein the cosstal
sesywater e, may oonin bate in 2 demesmsd d egradation of FPCPs, which
will result in thesir prolnged persistence in the emiromment (Emnet =t al,
2015 Antibintics dis ssminated with weshewaier may also favonr the selec:
i af messistam t po ol ations main rally oomrming i the macrobotaof the re
cehving waters (Martiner, 2012 This is of sevious coneem in the pristine
Antarchic enviromment, a5 it leads to changes in the original nesistome
amd to genetic homogenisation of the hacterial commamity {Cowan =t al ,
2011; Babbia etal ., 2016). Additionally, the discharge of westewater may
errich the emyinonment with mobile genetic elements, sch 2 oonj ugative
plemids, transposons and integrons (Kotlerska ot al, 201 5% Marano and
Cytryn, 2018), which act a5 effective orriers of antibiotic nesi stance
genes (ARGs)

A inves i gartion an the presenos of ongam c matter, trace metals (Ph, Pe,
Cd, Zn, Cu, Ni, Co, and Cr), different groups of surfactants (nan<domnic, cat-
o and o iic]) amd formaldeh yde conoentTation in the samples of waste.
waier amd sweaier (its redpient) examined both in 2017 and X019 is
summaris el in (Smopirisks =t al, 202 1) The aim of this work wes to amses
the ocoumenoe of emerging contaminamts (phar macentical and persanal
came producs, ilegal drogs and & few indminal chemicaks) o well 252
lected antibiotic- resistance gemess and integons in waskewaier and its re-
oefver inthe wesien share of Admimalty Bay (King George [sland). This &
the first such study ever condnated in this region. Henoe, the main ohjec-
tives weres (I} to determine the presence of a wide range orgamic
micropalintemis; {11 to charscerise A RiGs (T o estimaie the e inonmen.-
tal risk that the detescied substancesan d genes pose in squatic Antarctic sm-
systems; and (T¥) to proposs prevention and mitigation solotions to
minimise their negative impants.

2. Materials and methods

2.1, Srdy aren and sampling design

Thestud y anea wars the wesiern shore of Admiratty Bayin the vicimity of
Arnchowsld Station (Poland), King Gearge Island, South Shefland Islands,
Antarctic Penimsula, 25 shown in Fig. 1. It is a small, ice-free anea
characterised by a cold, maritime climate (Falk et al, 201& Yaughan
etal , M) Longterm dimatic obesrvations in the Arcirwsld Station far
tthes yeears 197 798 provi ded the basis forthe il onlation of the meam ammal
air temperature of <1.6 °C and total amual predpitation of 49498 mm
M=z, 20007

The Arcinwsld Station consistsaf fiftern separae buildings and does not
have a WWTFunit The siation has four buried septic tamkes to which sew.
age (grey and blsck waer) is fed from individual facilities. Details an
each of the tanks and water corrumption at the station ame deson bed «lse-
where (Szopifiska et al, 2021} Drinking and hygiene water is provided
from the Iake next i the station buildings. The lake is fed by the Petrifiad
Porest Creek, which has its source at the Wanzawa lodfield glade’s front.
The maximum mumber of inhabitnts atthe sttion during the pealk of the
summeT seaesnn can resch 17, whils in the winier ssason, the stff consists
af anly =ight people, who are responsible for station maintenance and
longterm monitoring programmes. Dally water consumption at the
Amtowski Station in 2016-19 wes on sversge shout 149 L per pemson per
day, while it is estimaied that the total amual amount of sewage produced
is fom 314 to 807 m” (Sropirfika o al, 2021}
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Fig. 1. Locagon of mmpling pansc(D) in ﬁcmmdmn:mnnd(l)m Shelr geogap hic locaion at the westem shose of Admdnly Bay (Ax ol

Surion, King George Bland) preented in a fragment of th

Wastwater samples were taken fram the tank near e main building
(Fig 1, sampling paint A) where non-salid waste is macerated. This tank
s mmected © the main bullding and the labaratary. The Bquid residues
of the septic tanks are discharged into Admiralty Bay (Fig. 1, li

p by Pudelie (2007).

purchased fram Fisher Scientific (Gothenburg, Sweden), Sigma- Aldrich
(Steinheim, Gmy) and Merck KGaA (Iarmstadt, Germany). Formic
2cid (FaA), hydroxide salutian (25% sal), ium hydro-
gen carby disodium ethylensdiasminetetrascetate (Na;EDTA), asmrbic

point B) at the entrance to Ezcurra Bay at the foot of Paint Thamas Hll.
Transpart is organised periodically (depending an the number of penple ac
ommodated at the station) via sewage tanker. As part of this study, waste
water and seawater samples were callectsd during two palar epeditions
carmiad out on January 18-20. 2017 and April 1-5, 2019. To evaluate the
de gree of disp samples at point 2 wers @]
lected: (1) before and (2) directly after discharge (at 0 h), and (3) after
2hand 24 hin 2017 and after 1 h, 2h,24h,48h and 96 hin2019. The
sampiles were taken mamually into 1.1 palyethylene containers. Each battle
was rinsed three times with the sampled water at thecallection siee. Then,
the sewage md water samples were stred at .20 °C uns] sample prepara.
tion, which was conducesd just priar to analysis.

22, Chemicals and magnes

For the applied analytical methods, ile phase chemicals, inchdi
itrile ( ACN) and meth ‘Mvmwwewﬂn:ﬂ
Bjarkhund, 2016) and LCMS grade (Ofrydopoulou et al, 2021), and were

acid and ammonium hydraxide were purchased faom Sigma Aldrich
(Steinheim, Gemnany) and Merck KGaA (Dermstadt, Germany).

All reference standards for PPCPs wem of high purity grade (>9896) and
supplied by Pramochem (Wesel, Germany), Fluka and SigmaAldrich
(Steinheim, Germany) and from SigmaAkdrich Sweden AB (Stockholm,
Sweden). ITict drugs were kindly & d by the R ic Medical Schoal
of the Aristotle University of Thessalanikd. Stock standard solutions (1000
mg L) were prepared in methanal (LC-MS grade) and stared in darkmess
at .20 'C. Warking solutions were prepared in methanol/water 50/50 (v/v)
and their sbility was chedied an a trimestral bais.

Oasis HLB cartrid ges (200 mg, 6 cm”) were purchased from WatersCor-
paration (Milfard, MA, USA).

2.2 Analysical meshods for PPCPs and ather ECs

Al samples (: and ) callected in 2017 and 2019
were tested far PPCPs and other ECs (mdysudvdwlem mﬁu
with suspended solids) in accardance with previ

l oy Syr 3
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{Svahn and Barklund, 2016, 2019} In 2019, the chemial anah=iswas ex
pnded and samples were analysed for a wider mmge of FPCFs and illicit
drugs using an optimised multiresidoe method (Ofrydoponlon =t al,
X221}, enabling screenimg for 172 BCs in the dissolved phase. The main
steps af both methodo logies are presenied in the folowing subsection.

Z3.1. 5 omple preparati m

Upon callection, the water samplss wene rampornted in pontable
frerers and thereafter sinred in & fresser 2t — X “C. Prior to sample prep-
amation, the samples wene l=ft out i neach Toom: tempeTainne.

‘Whale sample anatysis {inchding of solid parts) wes performed aooond-
ing in the following proincal. Wesewarter samples {5 g each ) wene Inaded
on SPE cartridges (Oasis HLE 200 mg, & cm™ mamally padked with 2 g
finely ground samd {ion top of the HLE mevterial) for pre. £ tration using a tra-
ditiomal SPE setap with negative pressore application. Marine water same
piles were prepaned wsing high-flowrate sample lnading (500 g each) with
the: applimtion of positive pressme and finely ground samd (2 g) 25 an SPE
mhumn in-line filier scmrding to Svahn and Biirkdund (20197 Next, same
iless weme driesd, ehuted, recomstituted amd amal ysed by ubtr-performanae g
wd chromatog raphy:dectrospray tandem mass spectrometry (LFLC-ESE
MS/ME). A detailed deseription of methnd validation paameters and chro-
matographic canditions are svadlablein & vabn and Borkhmd, 2016, 20097

Selented samples from the 2019 sampling empeign were anahsed for a
wider range of anahytes inchding pharmscenticals and illegal dmgs in the
dizmal ved phase. Detailed infommation of the main properties of the targst
mmpmm:ds @n be fund in (Odfydopoulon etal, 2021, 2020, Thed issol ved
phass of the samples was anahsal nsing the fallowing proosdume. Water
samnpl ess {200 ml. for wastewater and 500 ml. for waier) wene filiered (1-
pmm las fibre filers GF/R, Whatmam, UK) and subjected to solid- phase o
trartion (SPE) accarding 1o & previous by published protooal Ofrypdo pon
etal (021 aftersmme modi firati ons. [n brief, the HLE cartri dges were oon-
ditioned with methamn] amd waster, taldng cane not to allow the sorbent to
dry out priar to losd ing the ssmple. Afterwards, the amtridges wene washed
with waterand vasomm dried , and analy = were sluied with methanol The
final eluent wes oncentrated under a gentle stream of nitrogen nearly to
dryness and remnstituted in 1 mi. of methanal ‘water S50 fv A7) Priar to
amalysiz, all samples woene filtened through FTPE fikters {022 pomL

232 Incrumemintion and shroma ingraphic analyc

Whole water analysis of PRCF was performed using a Waters Acquity
ultrahigh-performance liquid chromatography UPLE H- Class, which was
amipped with 3 (maemary Sol vent Manager ((EM), a Ssmple Manager
with Flow- Through Nesdle {SM-FTN) and a Calumn Manager (CM) en-
ahling fast column swiching (Waters, Miliord, MAL A Xevo TO-STM tripls
tuadrmpals mass spectrometer (Waters Micnomaes, Manchester, UK)
equipped with a £ spoy elecospray inerfare wa meed.

Maoreover, for FRCEs anal ysis in the di ssohved phese of selecta] samples,
an uhra-high-performance lignid dromangraphy (LHALC) = high
resolntion mass spectrometry {HREMS) system wes ussd The MS system
wass a ) Exactive Poous Orbitrap equipped with a heaterd electnos pray ioni-
mtion souree (H ESI 1L Therma Scientific, Bremen, Germamy). The Orbitop
amalyser was opetaied at & resolotion of 70,000 for full scan MS (PS) amd
17,500 for datadependent aomuisition (ddMS2). The mass range was set
at 100-1000 Dm 2nd 50-1000 D for FS and ddMS2, respectively. Detadls
af the applisd chromatographic methodologies are described in (Svaln
and Bjarkhmad, 200 & Ofrydopoulou =t d., 20211

23.3 Quakity acermmee/quality aoetrol (G ADC)

Method performance was besed on Environmental Frotesction Agency
Method no. 1694 and the EU regulstions (Enropesn Commission Decsion,
2012 2w weell s the BOCTEC 17{0523017 guidelines. In brief a system st
ahility salution contai ning represen ttive anal yiess wes amaly sed to check
system performance. A method blank was anahysed 1o ersnne the ahsence
of target amalyies, while solventblanks were analysa] within the ssquence
o chesck far any potential camy-aver effects. A five point matrix maiched
calihration ourve wes analysed at the begiming and end of the batdh. A

138

GDANSK UNIVERSITY

S of e Tkl Brfron man 855 [2027) § 55400

quality contral ((C) sample wes prepared under the ssme conditions 2=
the sampiless amd injected everytwen ty samples. Pora reliahle identifimtion
af the tarpet analytes, the folkowing criteria werne established: () the reien-
tion time diference benween the stand ands and the mlmowns should be =
(1.1 mim, (b)) the mass ermor of the quam tification peak shonld be not maone
tham = 5 ppm, {c)at |east one fragment ion should be prsent, {d)the Hoio-
pic pattern ma iching should be »75%, and (=) theanahyte ares should beat
Tevels » 107 Detailed information on the methad performame | dissahyed
phese amal ysis) is summarised in Table 81 {Sopplementarmy Material)

2.4 Analysisof antitintic rediconce genes and integrons

Samples (¥ = 1 L) were filtered through pol yerbonabe membrame fil-
ters {0122 pm) amd stored at - 20 “Cuntil DNA extraction . [NA ws extracted
using the Genamic Min AN Bacheria + (A& Biotechnnology, Poland ) ac-
oarding to the manufacthmer's instroctions. The DNA cncentration was
mezearal using a NanolrmopR Spectrophotometer W 1000 {Thermo Sd-
entific, Wadham, LEA]) n this smdy, the Barterial 168 riNA penes, rexis-
tamce genes ol 1, ol 2 ond oul 3, ingesher with the cless 1 io clees 3 indegron
imtegrase it 1, it 2 and it 3 gene wene anal ysed. Sequences of primers
were wsed sccanding to Barrand et al. (20100, Perris =t al (1996, Psi
etal (X060 qPCH amsays wene perfommed with a resction mixtune of 240
pl. comtaining: 10 pl. of Real Time 2cRTFCH Mix SYBR A (A& Botechnol -
agyl, (L4 pl of respective primers (sinde oncentration 10pM]), 1 plof =
traceed DA template (10 ngal'Jand 82 pl. of nucless & free water. The
gFCR oyding programme comsisted of 3 min of initial densturation at
95 °C, ollowed by 40 ordes of denzhration at 95°C far 15 5, fallowed
by primer annealing at 60 "C far 30 s (58 "C for bacterial 165 rRNA
prnes) and primer elongation at 72 *C for 30 5. Melting mrves wene ob-
tained i confirm amplhi firstion sped ficity. Assns wensperformed in triphi-
cate with a MOOOSF real fime detedion system (Stratagenef Agilent
Technologies ). The nesul 5 werne presented 25 oopies of nesisn e genes noT-
malized tothe mmber of Barterial 168 rRMA genes, which s the level
af sul 1-3and int 1-3 propartional to the size of theoverd] population. The
stamdard deviation of six replicates in three independ ent - FCR rums was
caloulsted

2.5 Emérommeninl risk assecoment dota analyss

An ecalogical risk aeessment @n be perfommed to evaluate the poden-
tial ahverse ecalogical effects on recipient aquati c emsysbams. Following
the recommendstions of the Enropesn regnlatory guidsnce - the
Eurapean Technical Guidance Dooument on Risk Assessment (de Bruin
amd ten Heuvelhaf, 20(21, risk quotients (R{s) wene appliad to asses the
peoten tisl squtic scalogical risks of detscte] and mesarsa] coneentration
af ECs and wes caloulated by Bq. (1

MHED
RO o i

where MBC & the messured emdronmental onceniration and PNEC the
predicted no-affect concemtration. The FNEC values for marine arganisms
were obtained from the NOBMAN Bootoxicalogy Datsbass [NORMAN],
or other lierature dats sowrces, if avadlable.

Amarding tothe dats presented by the NORMAN Bootond ml ogy Dt
bame, maost of the lnwest FNEC values were derived for freshwater organ-
isms. An experimental vale for manne water argamisms wes calol ated
using the fallowing equatiomr

_ Lowes PVE apa, wamr
1

PHEC i war [

3. Besults and discussi on

Rerently, scientists imder]med the problem: of synengistic neTactions
betwesn growing stresors in the ecosystems of polar regions (Amigo
et al_, 20X Stressors are nelated to both global climate change and
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increased mman adhivity {scientific and owristic). Specificall y they may
abn inchide overfishing, mining, long range tansportof polhtion, inefeo
tive wastewaier management =hc. Not all anstinte threat for Antanctbic res
giom, however the lst will be further discussed in detxdls.

X1 .M iemls o

P | e provucs, illegnl drugs and other BC:

The dassification of FPCPs and other ECs detected and determined in
the studisd samples fom the two campaigns in 2017 and 2019 (whale
water analysis) is presentesd in Table 1, dividing the pollutns into Jdifferent
groups. Table 2 summariss the nesolts of the targersd mmpound determi.
nxtion in X019 {dissal ved phes ). The whole datshase of obtained resulson
amal ysed micropol hetamts umder both field cmped gnes & listsd in Supp. Mat.
(Table 52-54). In the individual emdnmmental samples, upto 14.81% of
the temiesd chemicals wene dedescisd, althongh in the ket po Thted samples,
amy af compounds from the PPCPs, llagal drugs and Eds groups wene de
terted (Tahle 55, Supp. Mat). Moreover, it was found that some groups of
impurities wene not detected at all (= g, antnsoplestics, orinary trac phar-
maruticals, antiprychaotic drogs).

The overall remlts {Table 1) revealed that among the wide mmge of ECs
amalysmsd, thirtsen could e detected and quantifisd in the wasewater same
ple=. The data represents grab sampling remlts, and the ol emision of
Eis might differ each sesson doe to variation in the corsumption patiems
af visitors. Medidne comumption may diffr sven among coumtries
(Kaiser et al, 2019 Additionally, the mumber of station visitars may vary
aver the year (Bese ot al, 2008 Smpifiska et al, 2021)

The highs=t conoe nirations in wesewater symples were detscted for
three pharmacentimls didafena c (IHC; 74-747 :ngl"’].. naproxen (NAF;
662-2653 ngl") and ketoconamale (KCE P60 ngl. ™ ), 25 well a5 fr benmtr:
amls (BTA, 726340 :131"’]. which i widely nssd 2= & oorroeian inhibitar
(MontesdeocaEsponda et al., 2019) (Table 1). Morsover, PFCPs such 2=
aceaminophen { AFAP) = commonly lmown a5 paraetamal = was deter
minadin 2019 (332 ngl-") mgether with ihuprafen (IEF, 477 ngl") and
caffeine (CAF, 3310 ngL™") (Tabls 2). Reslts presented by (Gommiles
Alamsa et al., 2017 showed that the highest conoenirations observed for
PFPECPs in analysed nmresied wastewater in the northemn A ntanctic Penin
sula negion wene found for the amal gesic phar maceuticals APAF (44.74
pElo"), DIG (15,09 pgls ") and IBP (1005 pgl. "), and for the simulant CAF
{7133 |.|gi."‘;|. Those samples were taken in 2012 /13, Some nons eroida
amti-inflammainry drogs (NSAIDs, [HC), amalgesicamtipyretios {APAF)
and eniralnervows stimolants (CAP) are commen for thess twao

Tabde1

& of e Tkl Bh B35 (X0} 155400

imd =pendent studies. Ome or more of these thres FPCPs might be a good
camd idarte 2 & marker of anth ropog emic pall utbion fiar the imbemati onal maon-
itoring of other sdentific stations. CAP, for example, has heen suggested 2=
a marker of recent feecal contamination of river water used for drinking
waiteT amd was deterter] in monethen 904 of the anal ysed mver water sam-
pless {Demes hvar ot al, 201 2. All the above mention &d compounds are -
doubiedly anthropogeni cand their emission o the Antrctic emd romment
should be strong]y mited in the near futume.

DHC belongs to the pharmaceutical of group musoal o skeleton sysiem
amd is an NSADD. The phammaco-kinetical excretion mate & up to 15%
(Perrari ot al, 20909; Temes, 19989 Based an our results (Tables 1and 2)
oy traces could be deteoted after wes e water discharge. However, the
TuEwesst s cen i fic reparts mnderline the need for its removal from westewa-
ter to protect warter resourees (Alssandrett et al , 2021} Bven very low
ooncentrations of IHC in the aquetic snviromment might be tmoc to several
arganisms {Adewsandrett et al , 20210 A similar phenamenan i observed
fiar other K5 AIDs (induding NAF, IEP, ketprofen (KET) and nimesulide
(NIM), which wene present in the analyssd westewaters. Thess types aof ac-
tive substances might be subs tittted by melocdcam, which is onsid ened to
hawve a betier safety profile than alder NSAID agents (Evamson, 2007) or at
ezt NAP might be vs o 2= a replscement, 2= it was recenthy shown to be a
mare environmentaly friendly altenative than didofenac (Nashind et al,
200} (for details, plesse see Section 330

APAP iz one of the iop-s=lling nonprescription drogs warldwide.
Today, sdentists pay attention to reducing it inadverent overuse
(Kaufman et al , 20190 Therefore, it is not surprising that it is alo detert-
ahlein high amounts in wastewater (122 ngl! ), and low amountsin seawva.
ter {465 :ngl"’] {Tahl= 2} In comparisan ta other studies in the US and
Burope, it was quantified in infinent wastewater at 2-43mgl " and in effiu-
ent wastEwater at (L025-4.3 pgl (AlKaf =t al, 2017 APAP is not
oo mulative or tmoc in ) uatic ongams ms, and heoes isnot amsid ened
ta be emdronmentally persisent (Peake etal | 2016). Nevertheles, the Iack
af infarmation sbout the environmental behanvdour of its metshal ites and
trars formation products suggess that we should be contiows before emit-
ting it inin particular]y semsitive emvinomments such 2 the palar regons.

Far KCE, which is an amls antifongal, no traces wer = detectahls afier
wastewater discharge. This compound has brosd spactrum fimgicidal prop-
erties and i widely applied in shampoos, creams, gels and @bl o et
slim infartions emssd by a fungs (=5, pon onon disidoemyoncic, shromie mu.-
. fiizcis, ¢er cdliniommyenc and Ficepl iz}, ECE hass am
excretion rate in wine of @ 13%, high permeability and a low salubilicy

o emmratons of PPCPS and oy emerging comminans (ECS in whobe wasy analydsof wasewaes and seaems aumples colieoed during fel campalgns in 2007 and

2019 {mbsmnce b deerned — o shading; <ML - pale gey; SMOL —dask greyl
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inwater (Zaddizsghar et al |, 20207, which explains why it wes not detecied
in water samples. {In al] ssmples it wes bdow d etection mits )

CRZ s a widely mmed presoription amti-=pil=ptic dmg . Bxed on (Temes
et al., X)) the pharmaoo kinetical excretion mate is only 1-2% in un
chamged form. Mare recent reseanch by (¥erlicdhi and Zambella, 20160
summarised s=veral different sources of svcretion rates and concluded
that it is sometimes di ficultto identify such data Verliochi and Zambello
{20 16) indicated both an imterval for excetion rates betwesn 1 and 61%,
amd an average of 31%. CBZ has been found in wastewater sample cal
lected hoth in 2017 (9ngl ") and in 2019 {<method quantifiction limit)
{Werbicchi and Zambello, 20016 No traces wers detedabls in seawater,
however. Other smdies performed in Antarctics ako show CBZ results
belowithe method quantification lmit {Gonzél er-Admnso etal, 20170 Howe
ever, we 5till sugpest monftaring its presence dus o the negative eminm
mental comssquences after chronic expomrne (Perar = al, 20030
Recen il y, resemrchers i meestigated both the acuteamd chronic effecs of ar
marepine an Dopheia seiks (2 relative of the mare well dnown Daphma
magna)) (Chen =t al, 2019). For example, after 21 days of the dhranictrials,
a resdocesd number of o fspring per hitier wes observed alresdy at anoenis
tions as low 2 30 ngl.”", while #he otal number of affpring per female de
crezmed at 3000 ngl.”. (her ressarchers sypomed two marine species to
CRZ ot different coneentration levels for 28 days (Predtas of al, 20157, the
] Soobdoularia plona; and the ringworm [dopaira negpaitona. The =
periments anahysed diffenent biochsmical responsss in the animals amd
were ahls in show that CRZ camed oxidative stress and cell damage at &
ncentration of 90040 ngl".

Antihintics comprise a group of ommpommds known 25 antimicrobial
agenis. In this group, thres componnds were id entified n the wes Ewater
sampiet (1) trimethoprim (TR, whidh is commonly applied during medi
cal trestment together with mfamethorarale (SULY, was fonnd at 199
ngl! in the dimoled phase and 5 ngl?! in &l water analysis;
{2y clindamy dn (CLIY, which is a badericidal agpent, was found in concen
trations <50 ngi.":amd () somazd = {INH) & usesd for trestment of tuber
culewis and was found in mncentrations <25 ngl-'. The World Health
g saiti on. (WHO) hes 2 mising amaem that antibiotics amstitute a grow
ing threat to world communities doe to the development of antibiotic

140

resistant bacteria (Patta Kassinos et al., 2011 This phenomenon is dis
o in maone detail in Section 3.2 and inclodes & description amd amalysis
af our preliminary stod jes o f the pressnce o f antibiot c resstant genes in the
waiteT samypiles.

U¥AUYE filters are wsed to proted: skin against sunboms, premature
skin ageing and the risk of developing skin ancer. They ame id entified 2=
Els due in their persistence in the environment, potential to acoumulaie
inbiota and possible threat 25 endocrine disuptors (Ramos =t al, 20167,
Using 'V A/UVE filters 2= protection i especially necessary in the South
PFale region, whene the stratespheric apane bayer deaessed begiming in
the: miid -1 %8s due to the presence of chlorofluorocarbans (CPCs). Despite
evidence now emerging that the omne hals in the Antarotic mnes & neomw
ering {Bermhard and Stierle, 2020}, spedal skin protection is stll nequined.
Para-aming benmaic 2cd (FABA) was found in the wasewater samples from
2019 at a concentration 17.7 :ngi.", while benmphenone 1 (BP 1) was
quamtified at 4.48 ngi.".'T'heatha Tepresentatives of this group (not de
tected inder present study) reparted in (Ramas etal.., 201 ), such 25 benm
phenane 3 (BP-3) and berrophenons 4 (BP-4), #nd 1o scoommulste in
wastewater up toa few n'gl":}ﬂ'lc&.agq:]ica‘lim aof BE-1, B3, BRdm r=
marte polar arsss needs to be limited to 2 minimum and o7 their emission
mitigated using sdvanesd technologies.

Traces of angi otensin receptar blodoes, imtermed iste acting bermod
epine, antidepresants, antidiamhosals, antidiabetics, candiovasoular
gents, lipid regnlstars, cardinvasonlar sgents, inseot repellents and ==
temic insediddes were also determined at trace levels (<14 :131" L Far
ather groups of PPCPFs indluding antihistamines, anaesthetios, be
blockers, f2 adrenergic recpinr agomists and boosting mpplements, the
omnceniTations in wastwater and ssawater were mostly below method
qquaamtification limit (ML) ornot deteched (for detadls, se= Tables 1 and 2.

Asregands toother B, henmntrizonl= (BTA) and bisphenal A (BPA) are
drawing attention due to their presencs in the Antarctic environment-
726340 ngl." for BTA in wastewater and 71.0-98.3 ngl. in seawater.
Baoth helong to the group of chemicals known 25 endooins dismpinms and
were previomly identifisd in the nonthern Antarctic Penimsula region in
omcentration ranges of <LIF-17.71 :l'gi.'I in fresh water (streams) and
172 ngl! in unirested wastewater for BTA and <(L12-18.74 ngl." in
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Fresh warter {streams) and <12 :131"' in umtreated wastewater for BRA
(Esteham et al , 2016). Bennotriarol = ane nsed a5 amtioom osive agents in
cleaming producs for dishwashing and might be nsed 2 mbermesdiam e
for colorants, pharmacetical s and fungicdes. Benpotriazale (1 H-benzotri
arnlke]) is also used a5 am antifreere, in heating and maling systems and in
de-icing flnids for aincraft. There ane several poss ble petiays for its dis-
semination io the Antarobic emviromment, bot, wastewater is considersd
s the: main emission sounee {Careghini ot al, 2015). n tum, BPA &5 a ley
mamamer in the production of plasties (spoxy resins, flame r=tardants
etc ) amd is used 2% an additive in thermal papers and paper coatings
(Pusthacker, 2003 Maorenver, even though BFA showed weak estrogenic
activity (Pusthacker, 2003) it belangs to Caiegory 1 of the Endocrine Dhs-
rupter Priority List (Petersen ot al, 2007) for wildlif and human health.
Based om our study (Tahde 17, it is not deteciable in wastewater, but quan
tifiable in sexwarter. This might be related to the strong matric effecs n
wasstewaiter, where itis notpossible to detsct BPA bedow 10ngl . Besides
thait, external sources af BPA (exchding mn treated wos ewater) might akso
e pmmibile.

A2 Amtimicrobial necconee

The: warld wid = incresse in barterial resistancs is indicatsd to be aconse
quence of the extensive nse of antimicrobial agents in medim] practice
{Dindd, 201 2y, and nonmed ical vesge mdh 2 veterinany, ayusculire, zgri-
culture, and animal growth promotion. Additionally, numenous domestic
produas (e g, detergents, ceaning chemicals, cosmetics) have antibac
rial, antifomgal amd amfiviral poperties, which may cosslsot for antimioo-
bzl resistance. Since the level of becterial resistance has been mainly
atiributerd to anthropogenic adivity, the grographially isoleied Antardtica
e heen oo idered 2 s pristins ames, whenes bacten s harhonring resistance
peness @ be disseminaied o some sxtent, mainly by mi grating binds,/ami-
mak (having direst mntact with mmams) and by reseanch activity
(Baorm ssdah] =t al , 2008; Gordon and Cowling, 20007, However, the recent
comsiderable incresss in tourism and scientific investigation in Antardtica
(Bomedah] etal, 2004 Cowan et al, 2011) muld affed the local emdran-
mentsl miches, inchnding the hscteria resistome.

This study tries to shed light on the presence and distribotion of
integroms {int 1-3) and sulphonamide resistance genes (sul 1-3) in the
towtal microhial commam ity st & westewater dis charge paint in Admiralty
Bay. Impartantly, the sulphonamide group mnsiss of synthetic an timicro-
izl agents; thus, sul genes are directly linked with human activity. Simi-
larly, integrons, especially cles.] int=grondntegrass gene (it 1), wens
suggested a5 a generic marker of anthropogenic polltion (Gillings et al.,
20150 T zsmsess the level af resistance proportional io the size of the averall
ol ation detsoed in the tesisd sampl e, the obtxinea] mmbers of quamti-
fied copies of the sul 1-3and int 1-3 genes were plotiesd nomalised to the
mumber of copiesof Bacterial 1658 rfENA genes (Fig. 20 Aacarding to the ob-
taimesd resmibts, the total number of copies of Racterial 168 rRNA penes was
fommd tohe o sistent hetwesn samples, exoept the discharge, wherns it was
two timss higher. lersstingly, ;ul 1 and sul 2 wersdeteced topether with
the int 1 pene in =ach sample, =ven priar to di scharges, which charscterisad
the hackground level of resistance (Fig. 21 Indirectly, italso ndicsted that
microtial populations may retain resisenoe: genes, even afier the discharge
event, in the ares of the perindical discharge of wasewater (sccording to
personal commumnicatian, the frequency of discharge during the snummer-
times is about every 24 wesls). All tesiesd resisnos genes and inbegrons
were fiound at d ischarge fime (sexwerier ( b, with the hi ghest conoen tration
of sul 1 andint 1 {42 « 10r*and 96 = 10° copy genes/copy of 165 rRNA
peness, resspectivelyl. With time, the conoentration of tested genes in geneTal
decreased ewcept forint 2, whose highest level wes nated 2 h after dis-
charge (2.1 ® 10~ copy genes/mopy of 168 tRNA genes). Our results
agree with other siudies suggesting a strong comelation of int 1 amd sul 1
in wastewater (Wang =t al, 20141 It is estimated that up to 80% of
humam relsted enterchacteris may be squipped with clams-1 integrans
{Tenazillmn etal., 20107 thus, 2 large mumber of them might be realised to
wasewaier and then {depending on westewater trestment =fficencoy]) to
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of Bacesial 166 sRMA genes pirkor o, dusing and & 2 cestaln dme afer de Al harge
of wampwaer v Adminay Ray.

the e ver {Gillings etal_, 201 51 Itis, howewver, sug gesied that abwm danoe
af int 1, and resistmos in general, may ven noesse doring the westavater
treximent process a5 a result of selacting presune driven by antimicrobial
agents, heavy metals, swfactants and others (Gillings =t al, 2015). This &
af high concemn sinee, in this smdy, the residnals of antimicrohial spents
amd other pharmacuticals were deiected in wastewater generaied at
Arctowsld Station Since there is a lad of such data, further investigation
i= meseded to determine whether and how the quality of westewater and of
the receiver is linked with the presence, distribution, tramsfer and persis-
tence of resistanoe genes. Moniinring of changes in the resistome of polar
Tegions can paovide impartant data for the holistic “0n e Health™ approsch,
which aims to recognise and sohe heslth thrests ot the omen -ammal-en.-
viromment interfae.

3% Fma | ik

fior selerted PPCPs and osher BCs

Up tonow, there i no smed rommental gudeline procsdn e for the redne.
tion af harmful omtaminent emissions in Antarctica. Nevertheless, thecur.
et USand European regulatary guidance might be applied {de Bruijn and
ten HemveThaf, 200:2). This regmlstion meoquined new phammarenticals ta -
dergn standard iowicity tests nsing algas, inventebrates (=g, Daplmia
magma) and fish if the prediced or mesmred emvinnmental anomtmtion
(PEC or MEC) of the sctive species is =1 pgl” (IS legislation) or 10ngl"
{European Medicines Agency). Considering that Antaratic trophic wehs
havea simpl e strocture 2md the detodfication meschamisms in the parti oo lar
arganisms ame not yet folly nnderstood (Corsolim, 20097, we decided to
apply the lowest PNEC obizined for marine orgamizms besed on the
MORMAN Ecoinxicalogy Database and available lieraiure data (Minguer
et al , X116 to svalate potential snvironmental risks (Risk (motients,
o)) o the: marine smdnonment poased by wasewater discharged o Admi-
ralty Bay. The remlts for the highest value of MEC of the detected ECs at
alevel excending 10ngl”, topether with the caloulsted QR am presented
in Tahle 3.

The R [wastewater] values obtained show that KET, NAP, NIM and
FABA pose a low risk for marine species. Amaong the nonstenoidal amti-
imflammatary drgs, NAF has the highest concentration in wesiswater,
but alsa the highest PNEC value, at 4440ngl" . Henee, it is suggssied to
apply this rather than the nonsteroidal antiinflammatory dmg HC 2=
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alrezdy sugpested by (Maslund =t al, 20200, This will hel p to minimise the
possibls envinommenial conssquences of using pharmacenticals from this
group. Por U filters, simdlar resmlts ame observed by (Olalls ot a1, X020
The authars concluded that this group did not presentan envir ommeen tal
risk at the presenisd omncentrations. Neverthelss , they emphasiosd that,
duoe to their lipophilic properties, they may b asconmulaste, and their con-
centTations ars recommended to be monitared in the Antarctic emviron-
et ((lally et 2l , 202000

In the mme of APAF, loperamide, venlaforne, [BFand BTA, wecan con-
chude that the mezared concentrations detected pose 2 moderaie risk to
aquatic marine life. Aooond ing to Olalls et al (X020}, acstsminophen has
abio been identified as high risk in wastewater discharges, but we do
agres with the authors that the risk posed by this compoumd will be lower
after dilution.

Regarding [BF, a mod erate () @ be nodesd, and recent sin dies s uggest
that exposme to it many affect the oo dative sires nesponse, csmaoneg ulation
and the synthesis of homones imvohved in the reprodoct on of a quatic ar-
g =ms {Jeffries etal |, X015 Henos, their emizsion in soch smdnomments
needs to be reduced. Moreover, consideting not only the moderate RO for
BTA, but also its limited biodegradahility and cancinogenic properti=s
(BEstehan =t d, 2016), its emission should alwo be stronghy Emdted.

Finally, thehighest atention should be paid o KCZ, G and CAF, since
thesir detscted concemirations poss a high risk to marine species (Tahls 33

K2, together with other amnle compomeds, 5 onmmaon Ty deterted in the
environment and may have several detrimenta] efects on fish (Bhagat
etal, A ) Corent nowisd ge and s indies reporting adverss biologica
effects of azale on fish (Bhagat =t al, 20210, and the RO nesult presented
in Tahle 3 call fiar better memagement of theseECs.

As under]ined before, didofenac b ongs to the NSAI s, 2nd mamy stod-
e highlight this compound {Perrar et al., 2003; Gonziler- Alomso =t al_,
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2017; Olalla et al, 20X due to its possible negative consequences in the
envimmmment Tahle 3 shows that for microal gee the risk will be low but
cmmnsidering the lowest awvailahl= MOEC for a marine emviromnment, the risk
increnes to high,and the R exmeds the imit mare than tenfald. Unfor-
naiely, the weather cond ition s in polar regions ane condocive to te = of
such pharmacenticals, which conssquently remlts in incresssd emision
during the most intense anthropogenic activites (Olalla et al, 20247 In
contrast to (Dlalls =t al , 202007, the B) for CAF (Table 3) shows a high
risk 1o the marine envirmnment This compomd 15 e desdly the mas toom-
mamnly detected lifestyl e compound in waier a5 anesultof anthropogeic ac-
tivity (Stefmalds and Bescloer, 201 5). Despite this compomnds capacity to
disord e envirommental stahility, itis also biodegradahle, and, by innod o
ing a bioremediation step, CAF @n be substantially rednced prior to dis-
charge of wasewater tothe emironment (Ibrahim et al, 2014

Ttshould be nodsd that the presesterd] mesuol#s {Tahle 3) take nto consd -
eration the number and typalogy of standard ecotmd calogical tests (and
recommendead organisms) and commanly these do notinchide argamisms
from exiremes habitais soch s Antarobica. Om the other hand, B() calonls.
tiom. in marine water (Table 3) shows insign ificant infiuence of determined
micropalintm s, except TRE, NIM and CAF (R shows low risk). This indi-
caie=s proper d il uton fachar in the sampling point. However, wensad to em-
phasize that the R for such a pristine smviromment might be sven mare
worTying than thoee presented in this article. §low degradation processss,
accumulstion of micropollntion and continuowms westewaier discharge
mary have great impact on R{) increase in the marine emdromment. To -
derstand the problem of oommmence of ECs in the Antanctic soos ystem,
brosder and mare prolongsd maoniioring of targeied pollntants & nesded.
This would help firsily in selecting the general markers for monitoring
amonyg all Antamctic stations, and sscondly in king action to mitigate the
influence of pollutant « missions. What is mare, pallntion sounces vary
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greatly, amd wmiti gation is & grest challenge . However, by oonsi dering point
sorureess lilke wass ewarter discharges thereisa grest possibility 1o redoce con-
taminanis using end-of pipe tschnokgies d escribed for in deta for eg.in
Smopifid et al (A2

i Conchision

This is the first sindy describing the presence of 2 wide Tangs of FRCFs
amd other emerging mntaminan, inchding il kegal drogs in the water and
wastewaier samples o lecisd in the sumound ings of the Arcinwsld Station
{wesstem share of Admimlty Bay), using a risk quotient (RO caloulstion to
identify their environmental risk. This analysis has allowed s 1o identify
the presence af 34 PPCEs and other ECs from a mong the mane than 170 s b
stances mnalysed. b needs i be noted that in Antrctio no systematic data
mn the pharmarenti @l profile (medication for regular we, or medication
for nomsional we) of the homan popolation is monitoresd. As ssen from
our study, mamy of these substances are excretesd inin the westewater amd
il timtesty neach the aquatic smvinonment a fier discharge. Hence, it i sog-
gester] to coeate a ceniral imed record of the medicabion prescribsd and cone
sumed in sito. Monsover, it is reo desd, when paossible touse mone
emmvinommmeentally friendy suhstitutes for both pharmaseen ticals and personal
e producs (Emiting consnmption at the soumee).

Additionally, based an the presenied resulis we ane calling for 2 wider
muni inring of FPCPs among other stations, and the ephancement of mitiga
tian sctions to reduce their emission to the Antanohc squatic emdromment
by the installation of more ady d trextments ystems {mnd-
af pipetedinology L Candidate markers for continuows monitoring needs
to be selsoted after a prdimnary screening of & wid & range of PPCPs/ECs
at ench station. However, amp: = 2 inaphen, didofenac, ibo-
prafen, and caffeine seem o oour at several sdentific stations and may
be good first endidates for a more regolar monftoring at {or near) some
af the 82 stafions in the Antarctic

The presence of ARGs in polar regions may aise a lot of concems. Om
the other hand, the detiled analy=is of resistome changes in palar negian
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8. Summary

Due to its geographical isolation and extremely unfavourable weather conditions,
Antarctica remained relatively free of any pollution for a very long time, making it an
excellent place to study environmental changes. For this reason, the area around the South
Pole has become a site for numerous studies on air quality, soil, cryosphere and aquatic
environment. The constantly, dynamically developing urbanisation of highly
industrialised areas and the related long-range transport of thousands of toxic compounds,
as well as growing Antarctic tourism and the construction of scientific and research

stations, have increased the concentration of chemical pollutants.

As part of this study, samples of surface waters, sediments and snow from several
locations on ASMA 1 (King George Island) at different distances from the Polish
Antarctic Station and Carlini Station (Argentina) were analysed. This made it possible to
determine the impact of global and local human activity on the amount of pollution in
Antarctic ecosystems. Based on the analysis of the test results, the presence of chemical
pollutants in the tested samples was confirmed and it was shown that snow and ice-
cover meltwaters may affect the chemistry of Antarctic waters and sediments. An
important phenomenon that may affect the re-release of accumulated compounds into the
environment is the increase in global air temperature. It intensifies the degradation of
features of the cryosphere, including permafrost, melting glaciers and snow cover, and
thus also contributes to the re-emission of chemical compounds accumulated there. It has
also been proven that long-range atmospheric transport of pollutants and their
deposition in areas of little anthropogenic activity can significantly modify the chemical

composition of various elements of the environment.

However, analysis of the data determined that wastewater discharge on the
western coast of Admiralty Bay is a source of organic micropollutants in seawater.
The concentrations of some pollutants exceeded the values that affect the life cycle of
representatives of the Antarctic ecosystem. The research period being only two years, we
could not state to what extent long-term exposure to low concentrations of PPCPs and
other ECs is harmful to fauna and flora. Though the risk of this harm should not be

underestimated, longitudinal studies would be required to assess it.

146


http://mostwiedzy.pl

A\ MOST

GDANSK UNIVERSITY
s OF TECHNOLOGY

FACULTY OF CHEMISTRY
The results of the analyses included in doctoral dissertation confirm the following:

(1) There was variation in the values of physicochemical parameters of creeks and lakes

depending on feeding source in the area of the western coast of Admiralty Bay.

(2) There are water—sediments—snow interactions that influence the transport and
distribution of pollutants in the study area and correlations between these elements of the

environments result in changes in chemistry of each of matrix.

(3) Untreated wastewater discharge into the Admiralty Bay constitutes a threat to the

marine Antarctic environment.

The analysis of the available information shows that human activity on a local and
global scale is leading to degradation of Antarctic ecosystems. The main direction of
contemporary polar research on pollution should be to determine Antarctic fauna and
flora's responses and levels of tolerance to chemical anthropogenic disturbances in the
environment and to mitigate their negative effects. Moreover, it is worth paying attention
to changes in legislation and intensification of programmes aimed at verifying the degree

of human impact in other areas.
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161. https://doi.org/10.1017/S0954102014000522.

C.C. Martins, M.C. Bicego, N.L. Rose, S. Taniguchi, R.A. Lourenco, R.C.L. Figueira,
M.M. Mahiques, R.C. Montone, Historical record of polycyclic aromatic hydrocarbons
(PAHSs) and spheroidal carbonaceous particles (SCPs) in marine sediment cores from
Admiralty Bay, King George Island, Antarctica, Environ. Pollut. 158 (2010) 192-200.
https://doi.org/10.1016/j.envpol.2009.07.025.

A.G. Fountain, J.S. Levy, M.N. Gooseff, D. Van Horn, The McMurdo Dry Valleys: A
landscape on the threshold of change, Geomorphology. 225 (2014) 25-35.
https://doi.org/10.1016/j.geomorph.2014.03.044.

M. Oliva, J. Ruiz-Fernandez, Geomorphological processes and frozen ground conditions
in  Elephant Point (Livingston Island, South Shetland Islands, Antarctica),
Geomorphology. 293 (2017) 368-379. https://doi.org/10.1016/j.geomorph.2016.01.020.
M. Oliva, P. Pereira, D. Antoniades, The environmental consequences of permafrost
degradation in a changing climate, Sci. Total Environ. 616-617 (2018) 435-437.
https://doi.org/10.1016/j.scitotenv.2017.10.285.

J. Szito, R.J. Bialik, Bedload transport in two creeks at the ice-free area of the Baranowski
Glacier, King George Island, West Antarctica, Polish Polar Res. 38 (2017) 21-39.
https://doi.org/10.1515/popore-2017-0003.

M. Toro, A. Camacho, C. Rochera, E. Rico, M. Bafion, E. Fernandez-Valiente, E. Marco,
A. Justel, M.C. Avendafio, Y. Ariosa, W.F. Vincent, A. Quesada, Limnological
characteristics of the freshwater ecosystems of Byers Peninsula, Livingston Island, in
maritime Antarctica, Polar Biol. 30 (2007) 635-649. https://doi.org/10.1007/s00300-006-
0223-5.

Z. Zwolinski, M. Kejna, G. Rachlewicz, 1. Sobota, J. Szpikowski, Solute and sedimentary
fluxes on King George Island, in: A.A. Beylich, J.C. Dixon, Z. Zwolinski (Eds.), Source-
to-Sink Fluxes Undisturbed Cold Environ., Cambridge University Press, Cambridge, n.d.:
pp. 213-237. https://doi.org/10.1017/CB0O9781107705791.018.

R. Fuoco, S. Giannarelli, Y. Wei, C. Abete, S. Francesconi, M. Termine,
Polychlorobiphenyls and polycyclic aromatic hydrocarbons in the sea-surface micro-layer
and the water column at Gerlache Inlet, Antarctica, J. Environ. Monit. 7 (2005) 1313-
1319. https://doi.org/10.1039/b507329b.

A. Cabrerizo, J. Dachs, C. Moeckel, K.C. Jones, Ubiquitous Net Volatilization of
Polycyclic Aromatic Hydrocarbons from Soils and Parameters Influencing Their Soil A
Air Partitioning, Environ. Sci. Technol. (2011) 4740-4747.

M. Szopinska, J. Namie$nik, Z. Polkowska, How Important Is Research on Pollution
Levels in Antarctica? Historical Approach, Difficulties and Current Trends, in: Rev.
Environ. Contam. Toxicol., 2016: pp. 79-156. https://doi.org/10.1007/398 2015 5008.
L.F.L. Tort, K. Iglesias, C. Bueno, A. Lizasoain, M. Salvo, J. Cristina, N. Kandratavicius,
L. Pérez, R. Figueira, M.C. Bicego, S. Taniguchi, N. Venturini, E. Brugnoli, R. Colina, M.
Victoria, Wastewater contamination in Antarctic melt-water streams evidenced by
virological and organic molecular markers, Sci. Total Environ. 609 (2017) 225-231.
https://doi.org/10.1016/j.scitotenv.2017.07.127.
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Research achievements

Publications:

1.

154

Joanna Potapowicz, Danuta Szuminska, Malgorzata Szopinska, Zaneta
Polkowska, The influence of global climate change on the environmental fate of
anthropogenic pollution released from the permafrost. Part I. Case study of
Antarctica, Sci.  Total  Environ., 651, 1534-1548, 2019, doi
10.1016/j.scitotenv.2018.09.168, (IF: 7.963; 5-Year IF: 7.842; 200 pt), Q1.
Joanna Potapowicz, Dimitra Lambropoulou, Christina Nannou, Krystyna Koziot,
Zaneta Polkowska, Occurrences, sources, and transport of organochlorine
pesticides in the aquatic environment of Antarctica, Sci. Total Environ., 725,
139475, 2020, doi 10.1016/j.scitotenv.2020.139475 (IF: 7.963; 5-Year IF: 7.842;
200 pt), Q1.

Joanna Potapowicz, Danuta Szuminska, Malgorzata Szopinska, Sebastian
Czapiewski, Zaneta Polkowska, , Electrical conductivity and pH in surface water
as tool for identification of chemical diversity, Ecol. Chem. Eng., S, 27, 95-111,
2020, doi 10.2478/eces-2020-0006, (IF: 1.545; 5-Year IF: 1.504; 40 pt), Q3.
Joanna Potapowicz, Danuta Szuminska, Malgorzata Szopinska, Robert Jozef
Bialik, Katarzyna Machowiak, Stanistaw Chmiel, Zaneta Polkowska, Seashore
sediment and water chemistry at the Admiralty Bay (King George Island,
Maritime Antarctica) — geochemical analysis and correlations between the
concentrations of chemical species, Mar. Pollut. Bull., 152, 110888, 2020, doi
10.1016/j.marpolbul.2020.110888 (IF: 5.553; 5-Year IF: 5.907; 100 pt), Q1.
Joanna Potapowicz, Matgorzata Szopinska, Danuta Szuminska, Robert Jozef
Bialik Zaneta Polkowska, Sources and composition of chemical pollution in
Maritime Antarctica (King George Island), part 1: Sediment and water analysis for
PAH sources evaluation in the vicinity of Arctowski station, Chemosphere, 288,
132637, 2022, doi 10.1016/j.chemosphere.2021.132637, (IF: 7.086; 5-Year IF:
6.956; 140 pt), Q1.

Danuta Szuminska, Joanna Potapowicz, Matgorzata Szopinska, Sebastian
Czapiewski, Ulrike Falk, Marcin Frankowski, Zaneta Polkowska, Sources and

composition of chemical pollution in Maritime Antarctica (King George Island),
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part 2: Organic and inorganic chemicals in snow cover at the Warszawa Icefield,
Sci. Total Environ., 796, 149054, 2021, doi 10.1016/j.scitotenv.2021.149054, (IF:
7.963; 5-Year IF: 7.842; 200 pt), Q1.

7. Matgorzata Szopinska, Aneta Luczkiewicz, Katarzyna Jankowska, Sylwia Fudala-
Ksigzek, Joanna Potapowicz, Agnieszka Kalinowska, Robert Jozef Bialik,
Stanistaw Chmiel, Zaneta Polkowska, First evaluation of wastewater discharge
influence on marine water contamination in the vicinity of Arctowski Station
(Maritime  Antarctica), Sci. Total Environ.,, 789, 147912, 2021, doi
10.1016/j.scitotenv.2021.147912, (IF: 7.963; 5-Year IF: 7.842; 200 pt), Q1.

8. Malgorzata Szopinska, Joanna Potapowicz, Katarzyna Jankowska, Aneta
Luczkiewicz, Ola Svahn, Erland Bjorklund, Christina Nannou, Dimitra
Lambropoulou, Zaneta Polkowska, Pharmaceuticals and other contaminants of
emerging concern in Admiralty Bay as a result of untreated wastewater discharge:
Status and possible environmental consequences, Sci. Total Environ., 835,
155400, 2022, doi 10.1016/j.scitotenv.2022.155400, (IF: 7.963; 5-Year IF: 7.842;
200 pt), Q1.

9. Joanna Potapowicz, Malgorzata Szopinska, Zaneta Polkowska, Aminy w
srodowisku - niebezpieczenstwo czy jego naturalny element?, Analityka, 3, 70,
2018.

Articles in the journal of the Gdansk University of Technology:

1. Klaudia Kosek, Matgorzata Szopinska, Joanna Potapowicz, Horyzontem II za koto
polarne — arktyczna wyprawa polarna naukowcoéw z Politechniki Gdanskiej, Pismo

PG, 3941, Gdansk 2020, ISSN: 1429-4494.

Conferences:

1. Malgorzata Szopinska, Joanna Potapowicz, Erwin Rosenberg, Zaneta Polkowska,
Application of GC-MS/MS for analysis of PAHs and PCBs in polar environmental
samples, ISSS 2017 — 23rd International Symposium on Separation Sciences, Vienna
19-22.09.2017 (poster).

2. Malgorzata Szopinska, Danuta Szuminska, Robert Bialik, Joanna Potapowicz,
Zaneta Polkowska, Markers of anthropogenic activities in fresh waters at periglacial
environments (Western Shore of Admiralty Bay, King George Island, Antarctica),
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IPSIP 2017 International Conference “Interdisciplinary Polar Studies in Poland”,
Warsaw 17-19.11.2017 (poster).

Joanna Potapowicz, Malgorzata Szopinska, Danuta Szuminska, Stanistaw Chmiel,
Robert Jozef Bialik, Zaneta Polkowska, Selected chemical determinants of human
activity in land-surface and shallow aquatic sediments at cold environment (King
George Island, South Shetland Island, Antarctica), XXXVII Sympozjum Polarne
Polar Change — Global Change, Poznan 7-10.06.2018 (poster).

Sara Lehmann-Konera, Waldemar Kociuba, Joanna Potapowicz, Zaneta Polkowska,
Rainfall as a factor influencing organic pollutants level in Scott River water in the
summer of 2016 (Bellsund Fjord, Spitsbergen), XXXVII Sympozjum Polarne Polar
Change — Global Change, Poznan 7-10.06.2018 (poster).

Matgorzata Szopinska, Danuta Szuminska, Joanna Potapowicz, Robert Jozef Bialik,
Zaneta Polkowska, Examination of fresh water chemistry at Lions Rump headland
(Maritime Antarctica, King George Island) — preliminary results, XXXVII
Sympozjum Polarne Polar Change - Global Change, Poznan 7-10.06.2018 (poster).
Matgorzata Szopinska, Aneta Luczkiewicz, Katarzyna Jankowska, Sylwia Fudala-
Ksigzek, Joanna Potapowicz, Klaudia Kosek, Zaneta Polkowska, Problems of
micropollutants introduced with wastewater into the Admiralty Bay (Maritime
Antarctica), Mikrozanieczyszczenia w $rodowisku czlowieka, Czgstochowa 4—
6.09.2019 (presentation).

Joanna Potapowicz, Matgorzata Szopinska, Danuta Szuminska, Robert Jozef Bialik,
Zaneta Polkowska, Occurrence and spatial distribution of polycyclic aromatic
hydrocarbons in sediments and surface water on the western shore of the Admiralty
Bay (King George Island, Maritime Antarctica), 38th International Polar Symposium
“Environmental changes in polar regions: new problems — new solutions” Torun, 18—
20.11.2021 (poster).

Klaudia Kosek, Marek Ruman, Joanna Potapowicz, Sebastian Czapiewski, Aneta
Fuczkiewicz, Zaneta Polkowska, Revelva catchment: chemical characteristics and
changes in the concentration levels of selected pollutants over two summer seasons,
southernwestern Svalbard, 38th International Polar Symposium “Environmental
changes in polar regions: new problems — new solutions” Torun, 18-20.11.2021

(poster).
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Matgorzata Szopinska, Danuta Szuminska, Joanna Potapowicz, Robert Jozef Bialik,
Stanistaw Chmiel, Zaneta Polkowska, Heavy metals content in fresh water samples at
Lions Rump headland (Maritime Antarctica, King George Island), 38th International
Polar Symposium “Environmental changes in polar regions: new problems — new
solutions” Torun, 18-20.11.2021 (poster).

Danuta Szuminska, Joanna Potapowicz, Malgorzata Szopinska, Sebastian
Czapiewski, Zaneta Polkowska, Distribution of Persistent Organic Pollutants (POPSs)
in Antarctic biotic and abiotic environment (South Shetland Islands), 38th
International Polar Symposium “Environmental changes in polar regions: new

problems — new solutions” Torun, 18-20.11.2021 (poster).

Internships and expeditions:

1.

Participation in the polar expedition to the Polish Polar Station Hornsund S. Siedlecki
on Spitsbergen as part of the grant project “Preludium 137, No.
2017/25/N/NZ9/01506, entitled “Determination of nutrients that are the basic factor
enabling the growth of bacteriocenosis in the Arctic river basin of south-west
Spitsbergen”, led by Klaudia Kosek, PhD. 07-28.09.2018.

Internship in the laboratory of the Department of Hydrology and Climatology at the
Faculty of Earth Sciences and Spatial Management of the Maria Curie-Sktodowska
University in Lublin, 12-18.11.2018.

Participation in the polar expedition to the Polish Antarctic Station H. Arctowski on
King George Island (Antarctica) under project No. POWR.03.02.00-1P.08-00-
DOK/16 entitled “Development of an interdisciplinary PhD studies with an
international dimension”, 17.01-17.04.2019.

Internship in the Environmental Pollution Control Laboratory at Aristotle University
of Thessaloniki (Department of Chemistry) under the project No. POWR.03.02.00-
IP.08-00-DOK/16 entitled “Development of an interdisciplinary PhD studies with an
international dimension”, 02.07-30.09.2019.

Participation in the polar expedition to the Polish Polar Station Hornsund S. Siedlecki
on Spitsbergen as part of the grant project “Preludium 137, No.
2017/25/N/NZ9/01506, entitled “Determination of nutrients that are the basic factor
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enabling the growth of bacteriocenosis in the Arctic river basin of south-west
Spitsbergen, PhD. 24.08-15.09.2020.

6. Participation in the polar expedition as part of a grant project financed by the National
Science Centre (2020/37/N/ST10/02199); King George Island, Polish Antarctic

Station; “Determination and characterization of pollutants release as a result of

climate change from glaciers and snow melting in Antarctica”, 15.11.2021-
14.02.2022.

Projects:

Manager of grant research project “Preludium 19” financed by the National Science

Centre

(2020/37/N/ST10/02199) entitled “Determination and characterization of

pollutants release as a result of climate change from glaciers and snow melting in
Antarctica” (18.01.2021-17.01.2024).

Courses, trainings, workshops:

158

“Problems of water quality in coastal areas”, organisers: Coastal Landscape Park,
Gdansk University of Technology, University of Silesia, Wtadystawowo, 2—
4.03.2018.

"The latest technological solutions for analytical chemistry”, Shim-pol, Gdansk,
24.10.2018.

“Water quality in the context of local and global dispersion of pollutants”,
organisers: Coastal Landscape Park, Gdansk University of Technology, University
of Silesia, Wtadystawowo, 8-10.03.2019.

training in rope belaying, avalanche auto-rescue and ice-crevice auto-rescue
(winter tourism), Zakopane, near Eye of the Sea and Black Lake below Mount
Rysy, 1-3.03.2020.

"A new approach to personal data protection after the entry of GDPR", Uniseco
Sp z 0.0., Gdansk, 13.04.2021.

climbing and rope training, Climbing Wall Elevator, Gdansk, 5.11.2021.
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Scholarships:
e Rector’s scholarship for the best PhD students: 2017/18, 2018/19, 2020/21
e Pro-quality scholarship: 2017/18, 2018/19, 2020/21
e Scholarship of the project “Development of an interdisciplinary PhD studies with an
international dimension” — Operational Programme Knowledge Education
Development (POWER): 2017-22
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Declarations of co-authors on contributions to publications:

May 5, 2022

Frof, Bobert Bualik, Phi

Institute of Biochemistry and Biophysics
Polish Academy of Science
Pawinskicgo 5a,

02106, Warsaw, Poland

Statement of contribution

I have contribute to the peblication that constitutes a part of PhD dissertation in the following way:

[ Publication - Contribution to the article
Toanna  Potapowicz, Danuta Sremunsks,  Malporzaa
Szopifnska, Robert Jozel Bialik, Katarzryna Machowiak,
Stanishiw Chmiel, faner Polkowska, Seashore sediment Conceptunlization, Software, Forrmal analysis,
ard water chemristry at the Adwmirality Bay (King George Writing - Original
fsland, Maritime Antractical = geochemical amalysis and  Drafl, Writing - Review & Editing, Visualization
correlarions, Mar. Pollur. Bull, 152, 110888, 2020, dod
10.1016/.marpolbul 2020.110888 (5-Year IF: 5,207), Q1.

Joanna  Potapowice, Malgoreata  Sropinska,  Danuta
Sruminska, Robert Jawef Bialik, Faneta Polkowska, o )
Soarces and composition of chemical poilution in Mariime Conceptualization, Software, Formal analysis,

Antarcrica (King George Island), pavt 1: Sedimert and Investigation, Dats

water anafyiis for PAH sources evaluation in the vicinity of  Curation, Writing - Original Draft, Writing - Review
Arciowski station, Chemosphere, 288, 132637, 2022, doi & Editing, Visualization

11046 .chemosphere. 202 1. 132637, (5-Year IF: 6.956),

01,

Malgorzata  Sropinsks, Anetan Bucrkiswicz, Katarsyma
Jankowska, Sylwia Fudala-Ksigiek, Joanna Pompowicz,
Agnieszka Kalinowska, Robert Jizel Bialik, Smnishow
Chmiel, Zancta Polkowska, First evaluation of wastewater
discharge influence on marine water contamination in the
wicinity of Arctowski Station (Maritime Antarctica), Seci.
Taotal Environ., TEG, 147912, 021, doi
10,1016/ scitateny, 2021147912, (5-Year IF: 7.842), 1.

Visunlization, Formal analysis

Instytul Biochami KIERCWNIE
1 u'._ lachamii | Biofizyki Zat] Biologii Antackivki
r’ﬁs""a:_?gﬂkademiu Nauk # _9““ - U:ﬂ ntarkly
ull. Ewirski 53 -y —
02-104% '—'-‘a-*ufEnm d cﬂ&léﬁ! J. Bialik
Leh, 32 5822448
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May 5, 2022

Prof. Stanistaw Chmicl, PhD
Department of Hydrology and Climatology
Faculty of Earth Sciences and Spatial Management
Mana Curie-Sklodowska University
2 ud Krasnicka Ave.,
20-718 Lublin, Poland
Statement of contribution

I have contribute to the publication that constitutes a part of PhD dissertation in the following way

[ Puhlication Cantribution to the article
Joanna Potapowicz, Danuta Szummnska, Malgorzata
Szopinska, Robert Jozef Bialik, Katarzyna Machowiak,
Stanislaw Chmiel, Zaneta Polkowska, Seashore sediment
amd water chemisiry ai the Admirahity Bay (King George
Ieland, Maritime Anmtractica) — geochemical analysis and
correlations, Mar. Pollut. Bull , 152, 110888, 2020, doi
10,1016/ marpolbul 2020.1 10888 (5-Year IF: 5.907), Q1.

Malgorzats  Szopifiska, Aneta Luczkiewicz, Katarzyna
Jankowska, Sylwia Fudala-Ksigzek, Joanna Potapowicz,
Agnieszka Kalinowska, Robert Jozef Bialik, Stanistaw
Chmiel, Zaneta Polkowska, First evaluation of wastewater
discharge mfluence on manme water coniamination i the
vicinity of Arciowski Station (Maritime Antarciica), Sci
Total Environ., 789, 147912, 2021,  doi
10.1016/ scitoteny. 2021, 147912, (5-Year IF: 7.842), QL.

Methodology, Investigation, Resources, Wniting -
Review & Editing

Investigation
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May §. 2022

Sebastian Czapiewski, MSc
Institute of Geography
Kazimierz Wielki University
8 Kaoscielecki Sq.,

85-033 Bydgoszcz. Poland

Statement of contribution

I have contribute to the publication that constitutes a part of PhD dissertation in the following way:

L Publication Contribution ta the articke ]

Joanna Powpowicz, Danuta Szuminska. Malgorzata

Szopifska, Sebastian Czaplewski, Zancta Polkowska,

Electrical Conductivity and pH in fresh water as usefull ool

for fiddd identification of geochemical diversity (King Writing - review & editing
George Istand, Maritime Antarctica), Ecol. Chem. Eng., S,

27, 95-111, 2020, doi 10.2478/cces-2020-0006, (5-Year IF:

1.504), Q3.

Danuta Szumifska, Joanna Potapowicz, Malgorzata

Szopifiska, Sebastian Czapiewski, Ulnke Falk, Marcin

Frankowski, Zaneta Polkowska, Sources and compasition of i :

chemical pollution in Marime Antarerica (King George — Software, Formal analysis, Wnung.—oqgmal draft,
Island), pari 2: Crganic and Inorganic chemicals in snow Writing — review & editing, Visualizaton
cover af the Warszawa [cefield, Sci. Total Environ., 796,

149084, 2021, doi 10.10164.scitoteny. 2021, 149054, (5-

Year IF: 7.842), Q1
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May §, 2022

Ulnke Falk, PRD
Climate Lab
Institute for Geography
Bremen University
28359 Bremen, Germany
Statement of contribution

| have contribute to the publication that constitutes a part of P dissertation in the following way
' &

Publication Contribution to the article
Danuta  Szuminska.  Joanna  Polspowics.  Malgorzata
Szopinska, Schastian Czapiewski. Ulrike Falk, Marcin
Frankowski, Zaneta Polkowska, Sowrces and oo

tion of
chemical pollution m Maritime Antarctica (King Georg Investigation
Island) part 2: Organic and inorganic ceemiicaly in 1o Whting - review & ehiting
cover at the Warszawa foefleld, Scl. Totl Environ, 796

149054, 2021, dos 10 1016) scatoteny 2021 149054, |5
Year [F: 7.842), QI
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May 5, 2022

Prof. Marcin Frankow:ki, PhD
Diepartment of Environmental and Analytical Chemistry
Faculty of Chemistry
Adam Mickiewicz University
£ Uniwersytetn Poznanskiezo S5t.,
61-614 Poman, Poland
Statement of comtribution

I have conmibute to the publication that constimtes a part of PhD dissertation in the following way:

[ Publication Contribution to the article
Damita Souominska, Joanna Potpowicz, DMalgoszata
Szopinsks, Sebastian Czapiewski, Ulrike Falk, Marcin
Frankewski, Zaneta Polkowska, Sources and composition
of chemical pollution in Maritime Antarctica (Eing George Methodology, Seftware,
Island), part 2: Organic and inorganic chemicals in mow Formal analysis, Writing — review & editing
cover at the Warszawa Iegffeld, 5ci. Total Eoviron., 794,
149054, 2021, doi 10.101 6. scitotenv. 2021, 140054, (5-
Year IF: 7.842). QL.
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May §, 2022

Prof. Sylwia Fudala-Ksigzek, PhD
Department of Environmental Engineering Technology
Faculty of Civil and Environmental Engineering
Gdansk University of Technology
11712 Narutowicza St
80-233 Gdansk, Poland
Statement of contribution

| have contribute to the publication that constitutes a part of PhDD dissertation in the following way:

[ Publication Contribution to the article |
Malgorzata  Szopinska, Aneta Luczkiewicz. Katarzyna
Jankowska, Sylwia Fudala-Ksigzek. Joanna Potapowicz,
Agnieszka Kalinowska, Robert Jozef Bialik, Stanistaw
Chmiel, Zaneta Polkowska, First evaluation of wastewater Visualization,
discharge influence on marine water contamtination in the Writing - review & editing
vicinity of Arciowskl Station (Maritime Antarctica), Sci.
Total Environ., 789, 147912, 2021, doi
10.1016/.scitotenv.2021,147912, (5-Year IF: 7.842). Q1.

oS dade s Mg
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May 5, 2022
Prof. Katarzryna Jankowska, PhD
Department of Environmental Engineering Technolozy
Faculty of Civil and Environmental Engineering
Gdanck Unmiversity of Technolozy
11/12 Marutowicza 5t.,
£0-233 Gdansk_ Poland
Statement of contribution
I have contribate to the publication that constitates a part of PhD dissertation in the following way:
| Puoblication Contribution to the article

Malzorzata Szopinska, Aneta Luczkiewicz, Katarzyma

Jankowska, Sylwia Fudala-Esiafek Joanna Potapowicz,

Agnieszks Ealinowsks Robert Jozef Bislik, Stanislaw

Chmiel, Fanets Polkowska, First evalugtion af wastewaser Concepmualization,
discharge mfiuemce on maring warer contamingtion in the Investigation
vicinity qf Arctowski Station (Maritime Antarcrical, Sci.

Tiotal Emvirom,  TE9, 147912, 2021, doi
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