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1. Abstract in Polish 

W ramach pracy doktorskiej dokonano przeglądu literatury naukowej, którego 

rezultatem był wybór obszaru badawczego, rodzaju próbek oraz indywiduów 

chemicznych, które zostały oznaczone. Opublikowany cykl artykułów zawiera wnikliwy 

opis wyników analiz chemicznych próbek wód powierzchniowych, osadów i śniegu 

pochodzących z Szczególnie Zarządzanego Obszaru Antarktyki (ASMA 1) – Wyspy 

Króla Jerzego. Ponadto przeprowadzono badania dotyczące oceny wpływu zrzutu 

ścieków nieoczyszczonych do Zatoki Admiralicji na środowisko antarktyczne.  

Celem pracy doktorskiej była analiza wyników szerokiego zakresu oznaczeń 

indywiduów chemicznych, obejmujących nowo pojawiające się zanieczyszczenia w 

wybranych środowiskach Antarktyki. Przedstawiono informacje dotyczące poziomów 

stężeń m.in. związków z grupy wielopierścieniowych węglowodorów aromatycznych, 

farmaceutyków, wybranych metali, niemetali i jonów obecnych w próbkach 

środowiskowych pochodzących z obszaru Antarktyki Zachodniej, źródeł pochodzenia 

badanych indywiduów chemicznych oraz potencjalne skutki ich obecności dla 

ekosystemów antarktycznych. Analiza i interpretacja wyników stanowiła podstawę do 

oceny losu środowiskowego oznaczanych zanieczyszczeń uwzględniając wpływ 

człowieka na badanym obszarze. 

Zebrane dane mogą stanowić podstawę do stwierdzenia, że zanieczyszczenia 

obecne na tym obszarze mogą przyczyniać się do stopniowej degradacji ekosystemu 

Antarktyki. Ponadto stanowią podstawę do dyskusji na temat zaostrzenia przepisów 

prawnych dotyczących ochrony środowiska 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 (PAHs) [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
+
, Cl

-
, SO4

2-
 are clearly related to the 

impact of marine aerosols off the Antarctic coast. In addition, anthropogenic and 

biological sources of SO4
2˗

 may be contributing through atmospheric transport [16]. The 

SO2 can come from ship emissions and from stations and become a secondary source of 

sulphates by the oxidation of SO2 to SO4
2˗

 [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 
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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, I 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 
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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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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 II included in this doctoral dissertation). 
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The first of the articles presented in the dissertation: Potapowicz J., Szumińska 

D., Szopińska M., Polkowska Ż., 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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Publication II is: Potapowicz J., Lambropoulou D., Nannou C., Kozioł K., 

Polkowska Ż., 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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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. 

 

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
2
, 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 

LC08_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 
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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, Siodło 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 II 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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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 Szumińska based on [68]; Landsat image 

LC82181032014016LGN00 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
2
 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 III]. 

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

in the study area [verification: Publications IV–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, 
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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 HQ40d 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  

(Na+, K+, NH4
+, Ca2+, Mg2+) 

Ion chromatography (IC): DX ICS 3000 System, Dionex Corporation, USA 

mobile phase: 38 mM methanesulphonic acid; conductivity detector 

Anions  

(F-, Cl-, Br-, NO2
-, NO3

-, PO4
3-, SO4

2-) 

Ion chromatography (IC): DX ICS 3000 System, Dionex Corporation, USA 

mobile phase: 4.5 mM CO3
2-, 1.4 mM HCO3

-; conductivity detector 

Metals and non-metals  

(Bi, U, Cs, Pb, Ag, Ba, Cd, Co, Cu, Mo, Rb, Tl, Cr, 

Mn, Sr, Ni, Al, Li, Zn B, As) 

Inductively coupled plasma mass spectrometer – ICP-MS Thermo X Series II 

with 3rd generation collision cell technology with kinetic energy discrimination 

(CCT KED), ICP-MS 2030 (Shimadzu, Japan)  

Inorganic nitrogen compounds (N-NH4
+, N-NO3

˗, 

and N-NO2
˗), total nitrogen (TN), phosphate 

phosphorus (P-PO4
3˗) and total phosphorus (TP)  

Spectrophotometric methods (XION 500 spectrophotometer, 

Dr Lange, GmbH, Germany) 

ORGANIC ANALYTES 

Total Organic Carbon (TOC)  
Total Organic Carbon Analyser TOC-VCSH/CSN, 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-STM 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 testing 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. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 
FACULTY OF CHEMISTRY 

 

 

 

57 

 

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. 

PARAMETER/ANALYTE 

Limit of 

detection 

(LOD) 

Limit of 

Quantification 

(LOQ) 

Measurement range 

Confidence 

interval  

(cuvette tests) 

Confidence 

interval  

(other types) 

PHYSICOCHEMICAL PARAMETERS 

pH - - 0–14 - ±0.02 

Redox parameter - - -1500–+1500 mV - ±0.1 mV 

Conductivity - - 0.01 µS/cm – 400 mS/cm - ±0.5 % 

Chemical oxygen demand (COD) 0.6 mg/L 2.0 mg/L 5.0–60 mg/L O2 ±0.75 mg/L - 

INORGANIC ANALYTES 

CATIONS AND ANIONS 

Na+, K+, NH4
+, Ca2+, Mg2+ 0.010 mg/L 0.030 mg/L 

0.1–1 mg/L; 1–10 mg/L;  

10–100 mg/L 
– 0.6–1% 

F-, Cl-, Br-, NO2
-, NO3

-, PO4
3-, 

SO4
2- 0.010 mg/L 0.027 mg/L 

0.1–1 mg/L; 1–10 mg/L; 

10–100 mg/L 
– 0.6–1% 

METALS AND NON-METALS 

Bi, U, Cd 0.0020 µg/L 0.0060 µg/L 0.006–1 µg/L – 0.5–1.5% 

Cs, Pb, Be, Rb, Ag, Cs,Th 0.0030 µg/L 0.010 µg/L 0.01–1 µg/L – 0.5–1.5% 

Tl 0.010 µg/L 0.030 µg/L 0.03–10 µg/L – 0.5–1.5% 

Li, Al, V, Cr, Mn, Co,  

Ni, Cu, Zn, As, Ba, Sr 
0.030 µg/L 0.10 µg/L 0.10–10 µg/L; 10–1000 µg/L – 0.5–1.5% 

P 0.060 µg/L 0.18 µg/L 1–100 µg/L – 0.5–1.5% 

Fe 0.30 µg/L 0.60 µg/L 0.60–10 µg/L; 10–1000 µg/L – 0.5–1.5% 

B 2.0 µg/L 6.0 µg/L 6.0–100 µg/L – 0.5–1.5% 
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PARAMETER/ANALYTE 

Limit of 

detection 

(LOD) 

Limit of 

Quantification 

(LOQ) 

Measurement range 

Confidence 

interval  

(cuvette tests) 

Confidence 

interval  

(other types) 

NITROGEN AND PHOSPHORUS FORMS 

P-PO4
3- 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-NH4
+ 0.005 mg/L 0.015 mg/L 

0.015–2.0 mg/L 

 
±0.012 mg/L – 

N-NO3
- 0.210 mg/L 0.629 mg/L 

0.23–13.5 mg/L 

 
±0.45 mg/L – 

N-NO2
- 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 

TOTAL ORGANIC CARBON 

Total organic carbon (TOC) 0.030 mg/L 0.10 mg/L 0.15–10 mg/L – 0.1–1.5% 

PHARMACEUTICALS AND PERSONAL CARE PRODUCTS 

Analysis of pharmaceuticals and 

personal care products (PPCPs) – 

172 compounds 

0.030 ng/L 0.10 ng/L 0.10–50 ng/L – 0.1–1.5% 

POLYCYCLIC AROMATIC HYDROCARBONS 

Polycyclic Aromatic 

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 ±0.087 mg/L  

DIFFERENT GROUPS OF SURFACTANTS 

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 

PURPOSE OF 

USE 

TOOLS EFFECT 

Identify main 

determinants of 

chemical 

composition of 

environmental 

samples 

Principal Component 

Analysis (PCA) 

On the basis of data reduction and/or structure detection 

in relationships between variables, it was possible to 

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) SO4
2-

 

This was used to demonstrate the proportion of sulphate 

(VI) 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., Szumińska D, Szopińska M., 

Czapiewski S., Polkowska Ż, , 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 III]. 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 (SEC25). 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 (SEC25) 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 SEC25 to 100 

µS·cm
˗1

, while the waters in the catchments without glacial supply, which were already 

under the influence of periglacial conditions, had SEC25 in the range of 100–250 µS·cm
˗1

. 

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/SEC25 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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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 PAHs 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., Szumińska D., Szopińska M., Bialik R.J., Machowiak K., Chmiel S., 

Polkowska Ż., 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 IV]. 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
-
, Cl

-
, Br

-
, NO3

-
, PO4

3-
) and cations (Na

+
, NH4

+
, K

+
, Mg

2+
, Ca

2+
). 

Based on the obtained results, the analysis of geo-accumulation index (Igeo) 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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A continuation of the second hypothesis verification is presented in the paper: 

Potapowicz J., Szopińska M., Szumińska D., Bialik R.J., Polkowska Ż., 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 PAHs 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 PAHs 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 PAHs 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 
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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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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: Szumińska D., Potapowicz J., Szopińska M., Czapiewski 

S., Falk U., Frankowski M., Polkowska Ż., 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

+
, NH4

+
, 

Ca
2+

, Mg
2+

), anions (F
˗
, Cl

˗
, Br

˗
, NO2

˗
, NO3

˗
, PO4

3˗
, SO4

2˗
), 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 ΣPAHs 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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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 III (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 III), 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: 

Szopińska M., Łuczkiewicz A., Jankowska K., Fudala-Książek S., Potapowicz J., 

Kalinowska A., Bialik R.J., Chmiel S., Polkowska Ż., 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 

VII]. 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 III, 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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The continuation of the third hypothesis verification is presented in the paper 

Szopińska M., Potapowicz J., Jankowska K., Łuczkiewicz A., Svahn O., Björklund 

E., Nannou C., Lambropoulou D., Polkowska Ż, 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 VIII]. 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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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.  
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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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6.09.2019 (presentation). 

7. Joanna Potapowicz, Małgorzata Szopińska, Danuta Szumińska, Robert Józef Bialik, 
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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: 

 “Problems of water quality in coastal areas”, organisers: Coastal Landscape Park, 

Gdańsk University of Technology, University of Silesia, Władysławowo, 2–

4.03.2018. 

 "The latest technological solutions for analytical chemistry", Shim-pol, Gdańsk, 

24.10.2018. 

 “Water quality in the context of local and global dispersion of pollutants”, 

organisers: Coastal Landscape Park, Gdańsk University of Technology, University 

of Silesia, Władysławowo, 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 o.o., Gdańsk, 13.04.2021. 

 climbing and rope training, Climbing Wall Elevator, Gdańsk, 5.11.2021. 
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Scholarships: 

 Rector’s scholarship for the best PhD students: 2017/18, 2018/19, 2020/21 

 Pro-quality scholarship: 2017/18, 2018/19, 2020/21 

 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: 
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