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RESUMO

A distribuicdo vertical de hidrocarbonetos policiclicos aromaticos (HPAs) e
hidrocarbonetos alifaticos (HAs), incluindo biomarcadores de petréleo (BMP),
foi estudada em quatro testemunhos sedimentares coletados no entorno das
llhas Deception e Pinguim, no Arquipélago Shetlands do Sul, Antartica. As
concentracbes de HPAs totais nas amostras da llha Deception variaram de
2,01 a 26,84 ng g' e na llha Pinguim de 13,20 a 60,34 ng g". As fontes de
HPAs nas amostras da llha Deception foram multiplas, com predominéancia de
origem petrogénica nos ultimos 10 anos. Na llha Pinguim, os HPAs foram
associados a um predominio de fontes petrogénicas, e também relacionadas
as contribuicbes naturais proveniente da erosdo de depdsitos de carvéo. Os
valores de AHs totais nas amostras da llha Deception variaram de 4,50 a 19,01
ug g, e na llha Pinguin de 5,35 a 21,91 ug g™'. Na llha Deception, o padrdo de
distribuicdo de n-alcanos sugeriu a presenca de residuos de petrdleo nas
secbes de topo. Na llha Pinguim, a principal fonte de n-alcanos foi de aporte
marinho. Na llha Deception, terpanos e hopanos foram detectados,
relacionados ao uso de combustiveis fosseis para a geracdo de energia e para
os diferentes tipos de embarcacbes. Na llha Pinguim, apenas os terpanos
foram detectados, associados a erosdo de depositos de carvdo. O leve
aumento nos niveis de hidrocarbonetos observado a partir de 1980 na llha
Deception foi relacionado ao desenvolvimento do turismo na regidao e ao
estabelecimento de estacgdes cientificas. Na Ilha Pinguim, foram detectados
hidrocarbonetos de origem antropica nas secgbes recentes, podendo ser
relacionados ao desenvolvimento do turismo proximo a ilha, atividades
cientificas pontuais € ao aumento do trafego de embarcacdes na regido. Em
geral, a concentracao de hidrocarbonetos encontrada em ambas as ilhas foi

comparada aquelas encontradas em regides antarticas n&o contaminadas.

Palavras-chave: Testemunhos sedimentares. Depédsitos de carvao. Antartica.



ABSTRACT

The vertical distribution of polycyclic aromatic hydrocarbons (PAHs) and
aliphatic hydrocarbons (AHs), including petroleum biomarkers (PBMs), was
studied in four sediment cores collected around Deception and Penguin Island,
Antarctica. Total PAHs concentrations in Deception Island samples ranged from
2.01t0 26.84 ng g, whereas levels from Penguin Island varied between 13.20
and 60.34 ng g'. Multiple sources of PAHs were verified in Deception Island,
with petrogenic-derived compounds being predominant over the last 10 years.
In Penguin Island, PAHs with a petrogenic source pattern were observed, being
related to natural contributions from the erosion of coal deposits. Total AHs in
Deception Island ranged from 4.50 to 19.01 ug g, whereas those in Penguin
Island varied between 5.35 and 21.91 pg g™ In Deception Island, the n-alkanes
distribution pattern showed the presence of petroleum residues in the top
sections. In Penguin Island, the main source of n-alkanes was marine inputs. In
Deception Island, both terpanes and hopanes were detected, related to the use
of fossil fuels for power generation and in different types of vessels. In Penguin
Island, only terpanes were detected, associated with the erosion of coal
deposits. The slight increase in hydrocarbon levels observed from 1980 onward
in Deception Island was assumed to be due to the development of tourism in
the region and to the scientific station activities. In Penguin Island,
anthropogenic-related hydrocarbons were detected in the recent sections and
were linked to the development of tourism near the island, scientific activities
and the increase in vessel traffic. In general, the concentrations of
hydrocarbons found around both islands were compared to those found in

uncontaminated Antarctic regions.

Key-words: Sediment core. Coal deposits. Antarctica.
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1. Contextualizagao geral

A Antartica ja foi reconhecida como a ultima regido intocada pelas
perturbacées humanas, porém, as atividades antropicas desenvolvidas
neste continente principalmente a partir de 1900 causaram diversos tipos
de impactos, como a introducdo de espécies invasoras, através da agua
de lastro dos navios, deplecdo de estoques pesqueiros devido a pesca
excessiva, contaminagdo por compostos inorganicos e organicos, entre
outros (Bargagli et al., 2008; Aronson et al., 2011).

Nas ultimas trés décadas, diversos estudos relatam o aumento da
introducdo e acumulagdo de contaminantes na Antartica, estando os
hidrocarbonetos, principalmente os policiclicos aromaticos, entre as
maiores classes emitidas (Cincinelli et al, 2008). As atividades
relacionadas as estac¢des cientificas (instaladas principalmente a partir de
1950), ao turismo (estabelecido a partir de 1960) e ao trafego de
embarcacgdes séo listadas como as principais fontes de introdugcéo desses
compostos para o ambiente Antartico (Curtosi et al., 2007; Aronson et al.,
2011).

Os hidrocarbonetos policiclicos aromaticos (HPAs) s&o comumente
abordados em estudos de avaliagdo ambiental, uma vez que sé&o
considerados toxicos ao ambiente marinho e a saude de organismos
(Zhang et al., 2008). Além dos HPAs, hidrocarbonetos alifaticos (HAs)
podem ser utilizados para auxiliar na identificacdo da contaminacéo por
petréleo em um ambiente, bem como de possiveis contribuicbes naturais
de hidrocarbonetos, associadas a fontes biogénicas (Readman et al.,
2002; Tolosa et al., 2004).

Em uma regido de caracteristicas peculiares, onde a biodiversidade
€ unica e consequentemente mais vulneravel aos efeitos adversos de
contaminantes, estudos ambientais devem ser realizados com frequéncia,
a fim de diagnosticar e até mesmo evitar impactos irreversiveis. Nesse
contexto, tendo em vista a importancia global do continente Antartico,

estudos utilizando marcadores geoquimicos sdo extremamente
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necessarios, pois possibilitam compreender a dindmica do ambiente e
alteracdes significativas ao longo dos anos.

A presente dissertacdo de Mestrado pretende auxiliar no
levantamento de dados sobre hidrocarbonetos em sedimentos do entorno
das llhas Deception e Pinguim, por meio da construgcdo de registros
historicos da introdugdo desses compostos e do estabelecimento da
relacdo entre eles e as atividades humanas desenvolvidas na regiao,
possibilitando um maior entendimento de como as agdes antropicas estéo
influenciando regibes da Antartica. A fim de uma maior caracterizagado
quanto a introducado de hidrocarbonetos na regido, incluimos no estudo a
determinacdo dos HAs (abordando também os biomarcadores do

petréleo) e os HPAs. Portanto, os objetivos do presente estudo s&o:

1.1 Objetivo geral

- Estudar a distribuicdo vertical de hidrocarbonetos em testemunhos
sedimentares previamente datados das llhas Deception e Pinguim,
regides antarticas sujeitas a alteracbes ambientais provenientes de

atividades antropicas e de processos naturais;

1.2 Objetivos especificos

- Determinar a concentracao de diferentes classes de hidrocarbonetos
(hidrocarbonetos policiclicos aromaticos e hidrocarbonetos alifaticos:

como n-alcanos, pristano, fitano e biomarcadores do petrdleo);

- ldentificar quais as principais fontes dessas classes de hidrocarbonetos

e avaliar se existe contaminagdo nas regides estudadas;

- Associar a variagao das concentracdes dos hidrocarbonetos na coluna
sedimentar com o0s eventos histdricos e caracteristicas especificas de

cada local.



=

~ wN

O 00 N o u;

10
|
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

2. Manuscrito

Registro da deposi¢do temporal de hidrocarbonetos em testemunhos

sedimentares das ilhas Deception e Pinguim (Antartica)

Depositional input of hydrocarbons recorded in sedimentary cores from

Deception Island and Penguin Island (Antarctica)
Revista pretendida: Environmental Pollution (Qualis A1, IF = 4.358)

* Marina Sutilli "%, Paulo A. L. Ferreira 3, Rubens C. L. Figueira 3, ® César
C. Martins 2

' Programa de Pés-Graduagdo em Sistemas Costeiros e Oceanicos
(PGSISCO), Universidade Federal do Parana, Caixa Postal 61, 83255-
976, Pontal do Parana, PR, Brazil.

3 Centro de Estudos do Mar, Universidade Federal do Parana, Caixa
Postal 61, 83255-976, Pontal do Parana, PR, Brazil.

2 Instituto Oceanografico da Universidade de S&o Paulo, Praca do
Oceanografico, 191, 05508- 900, Sao Paulo, SP, Brazil.

Corresponding authors:
E-mail addresses: * marinasutilli@gmail.com (M. Sutilli)
¥ cemart@ufpr.br (C.C. Martins)


mailto:marinasutilli@gmail.com
mailto:ccmart@ufpr.br

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

10

2.1 Introduction

Despite the scarce human presence on the Antarctic continent,
several studies have reported an increased accumulation of a variety of
contaminants over recent decades, showing the impact of anthropic
activities in the region (Bargagli et al., 2008; Aronson et al., 2011).
Activities related to scientific stations (established mainly since 1950),
tourism (started in approximately 1960), vessel traffic and the long-range
transport of persistent organic pollutants are known as main sources for
the input of contaminants in the Antarctic environment (Curtosi et al,,
2007; Aronson et al., 2011)

Polycyclic aromatic hydrocarbons (PAHs) are one of the most
significant groups of contaminants found in Antarctica (Bengtson, 2010;
Cincinelli et al., 2008). They are primarily associated with petroleum and
its derivates, being widely employed as markers of anthropogenic
activities. Sources of PAHs to Antarctica include sewage discharges,
garbage incineration, burning of fossil fuels, accidents involving large and
small oil spills that can occur in operational activities involving all types of
vessels (ships and support boats) (Negri et al., 2006; Curtosi et al., 2007,
Dauner et al., 2015).

Aliphatic hydrocarbons (AHs) include n-alkanes, isoprenoids (such
as pristane and phytane), and petroleum biomarkers (such as terpanes
and hopanes). Their analysis can be used as a tool to distinguish
anthropogenic from natural sources of hydrocarbons, since they have
different carbon and chemical structural signatures for each origin (Aboul-
Kassim and Simoneit, 1996). In general, the distribution of n-alkanes of
anthropic origin is marked by the non-predominance of compounds with
odd or even carbon chains, whereas the distribution in natural sources has
a marked presence of odd carbon chains (Volkman et al., 1992). However,
some authors noticed that marine organism from Antarctica can exhibit a
different distribution pattern, with the predominance of even carbon chains
or without an odd/even predominance (Venkatesan and Kaplan, 1987;
Cripps, 1989; Martins et al., 2004). Petroleum biomarkers (PBMs) have
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been used to identify and provide more accurate information from the type
and source of petroleum and by-products in marine sediments, since the
distribution of the compounds can be different from oil to oil (Wang et al.,
1999).

The South Shetland Islands (SSI, Fig. 1) are one of the most easily
accessible regions of Antarctica, mainly due to its proximity to South
America, which provides more favourable conditions for the establishment
of scientific stations and the development of tourism. Deception Island and
Penguin Island, located in the SSI, have been designated as Antarctic
Specially Protected Areas (ASPA) (Guerra et al.,, 2011) and comprise
areas largely targeted by tourism expeditions, due to their great scenic
beauty, unusual landscapes and wild life (Pfeiffer and Peter, 2004,
Dibbern, 2010).

The aim of the present study is to determine the concentrations and
the vertical distribution of PAHs, AHs and PBMs in sedimentary cores from
Deception and Penguin Island, as well as to assess the main sources of
these compounds and associate their levels with historical events and
local characteristics of the studied region. Despite the recent history of
human activities in these regions, a comprehensive study on
hydrocarbons has not been carried out in the marine sediment cores of

both islands.
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Fig. 1. Map of the study area showing: Antarctic Peninsula (Map 01), South
Shetland Islands (Map 02) and sampling locations (Map 03 - Deception
Island, DCP-1 and DCP-2 cores, surficial sediment DCP-3; Map 04 - Penguin
Island, PGI-1 and PGI-2 cores).

2.2 Study area
2.2.1 Deception Island

Deception Island (62°57’S, 60°38'W, Fig. 1, Map-03) is a volcanic
and partially submerged island (Smellie, 2001). The submerged portion
consists of a semi-enclosed caldera known as Port Foster (Flexas et al.,
2017). Regular volcanic activity occurs in the islands, and the last volcanic
eruptions occurred in 1967, 1969 and 1970 (Baker et al., 1975; Smith Jr.
et al., 2003).

Deception Island has historically been considered the ‘commercial
centre of Antarctica (Dibbern, 2010). Between 1910 and 1931, a
Norwegian whaling station was built and operated at Whalers Bay (Smith
Jr et al.,, 2003). However, with the decline in whale stocks, the whaling

station was deactivated, and in 1944, the building was transformed by the
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British Antarctic Survey into a scientific station (Smith Jr et al., 2003). In
the following years, two other countries established scientific stations on
the island: Argentina (built in 1948) and Chile (built in 1955). The Chilean
and British stations were partly buried by the eruption in 1969 (Smith Jr et
al., 2003). Currently, there are two scientific stations on the island, the
Argentinian “Decepcidon” and the Spanish “Gabriel de Castilla” (founded in
1990), located on the margins of Fumarole Bay. In the late 1950s, tourism
began to develop, and Deception Island became one of the most visited
sites in Antarctica (Dibbern, 2010).

2.2.2 Penguin Island

Penguin Island (62°06'S, 57°54'W, Fig. 1, Map-04) is an inactive
volcano located on the southeast side of King George Island (Pfeifer and
Peter, 2004; Ceschim et al., 2016). The island is frequently visited by
tourists due to the high diversity of species, great scenic value and traces
of whale fishing (such as bones and harpoons) (Pfeiffer and Peter, 2004;
Guerra et al., 2011). Although no scientific stations are placed on the
island, it is located near King George Island, where many research
stations are located, leading to an impact of the continuous presence of
research activities on this environment, especially by an atmospheric-
derived compounds contribution, since wind directions to northwest and
north are not uncommon in the region (Braun et al., 2001; Ferron et al,,
2004). The area is extremely sensitive to potential environmental impacts
due to its easy access, its diversity of flora and fauna and, and especially,

for being a breeding ground and birds nesting area.

2.3 Material and Methods
2.3.1 Sediment sampling

Four short sediment cores (length ranging from 7 to 18 cm) were
taken during the 2007-2008 austral summer, using a mini-box core

sampler (25x25x55 cm). Cores were subsampled to 1-2 cm, placed in
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aluminium containers and stored at -20 °C for further analysis (Ceschim et
al., 2016). In Deception lIsland, cores were collected near the Netuno
volcano (DCP-1, 62°59.50'S, 60°37.40'W) and Fumarole Bay (DCP-2,
63°58.30'S, 60°40.20W) at a water depth of approximately 90 m. A
superficial sediment sample was also collected in the region (DCP-3). In
Penguin Island, the samples were obtained from a water depth of 20-30
m. PGI-1 core was collected from the south of the island, 500 m offshore
from the penguin colonies (62°06’S, 58°05'W), whereas PGI-2 was
sampled in the west, across from King George Bay (62°02'S, 58°02'W).

2.3.2 Dating of cores

For the determination of the recent sedimentation rate and core
estimated dating, the ?'°Pb activity was measurement based on gamma-
ray spectrometry using a hyperpure Ge detector (model GEM60190;
EGG&ORTEC) (Ceschim et al., 2016). Sedimentation rate estimates were
based on the concentration initial constant (CIC) model described by
Robbins and Edgington (1975). The instrumental procedures and quality
assurances was fully described in (Combi et al., 2013). The average
sedimentation rate obtained was 0.091 + 0.004 cm yr' for PGI-1, 0.251 +
0.010 cm yr' for PGI-2, 0.212 + 0,013 cm yr' for DCP-1 and 0.167 +
0.011 cm yr'" for DCP-2. A period of 176 years (1831 to 2007), 72 years
(1935 to 2007), 47 years (1960 to 2007) and 60 years (1947 to 2007) was
estimated for PGI-1, PGI-2, DCP-1 and DCP-2, respectively.

2.3.3 Hydrocarbons analysis

Prior to the analytical method, the samples were oven-dried at 40
°C for two days, macerated with mortar and pestle and stored in glass
bottles. The procedures for sediment analysis were based on Wisnieski et
al. (2016).

Approximately 15 g of dry-weight sediment was Soxhlet extracted

for 8 h with 80 mL of a n-hexane and dichloromethane (DCM) mixture (1:1,
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vlv), copper pieces (for the removal of inorganic sulphur), boiling spheres
and 100 uL of a surrogate standards mixture containing 1-hexadecene
and 1-eicosene (25 ng pL™") for AHs, naphthalene-ds, acenaphthen-dio,
phenanthrene-dio, chrysene-dq» and perylene-di» (2.5 ng uL™") for PAHSs,
and 5a-cholestane-d4 (2.5 ng uL™) for PBMs. The extract was reduced to
2 mL using rotary evaporation and submitted to a clean-up procedure
using a column containing 3.2 g of silica, 1.8 g of alumina (both 5%
deactivated) and sodium sulphate. The column was first eluted with 10 mL
of n-hexane, removing the first fraction (AHs and PBMs), and then eluted
with 15 mL of a DCM and n-hexane mixture (3:7, v/v), removing the
second fraction (PAHs). Subsequently, the obtained fractions were
concentrated by rotary evaporation and transferred to calibrated glass
vials with a final volume of 500 pL. Before the instrumental analysis, an
internal standards mixture was added to the final extract of each sample,
containing 100 uL of benzo[blfluoranthene-dq, (2.5 ng WL™) for PAHSs, 1-
tetradecene (25 ng uL™) for AHs and pregnane-d4 (2.5 ng uL™") for PBMs.
Instrumental analysis for AHs was performed with an Agilent GC
7890A gas chromatography (GC) instrument equipped with a flame
ionization detector and an Agilent 19091J-413 capillary fused-silica
column coated with 5% diphenyl/dimethylsiloxane (30 m length, 0.32 mm
ID, 0.25 um film thickness). Hydrogen was used as the carrier gas. About
2 ML of each sample was injected in splitless mode. The injector
temperature was 280 °C and the temperature of the GC oven was
programmed as follows: 40 - 60 °C at 20 °C min™, then 60 - 290 °C at 5 °C
min”, and finally 290 - 300 °C at 5 °C min". The compounds were
identified using the HP Chemstation program (G2070 BA), by matching
the retention time to the results from the standard mixtures of n-alkanes
(C10 - C4) and isoprenoids (DRH-008S-R2, AccuStandard, USA). The
levels were obtained by using the internal standard peak area and
response factor method and a calibration curve for individual compounds
(0.25-10.0 ng uL™, r > 0.995).
The instrumental analysis for PAHs and PBMs was performed with

an Agilent CG 7890A GC instrument coupled with a mass spectrometer
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(Agilent 5975C inert MSD with Triple-Axis Detector). The column used was
an Agilent 19091J-433 capillary fused-silica column coated with 5%
diphenyl/dimethylsiloxane (30 m length, 0.25 mm ID, 0.25 um film
thickness). The oven heating program used was similar to those adopted
for AHs. Helium was used as the carrier gas. The data were obtained
using SIM (Selected lon Monitoring) mode, and the quantification was
based on the integration of specific fragment ion (m/z) peaks area using
an Agilent Enhanced Chemstation (G1701 CA) program. The PAHs were
identified by matching the retention time with the results obtained from the
standard mixtures (Z-014G-FL, AccuStandard, USA), and with a
calibration curve ranging from 0.10 to 2.00 ng uL™'. PBMs were quantified
based on response factor of 17a(H),21B(H)-Hopane-Cs-af and 5a-
cholestane-C,7-000-20R (both from Chiron) with same concentrations
range that PAHs, and identified by their m/z compared to m/z
chromatograms obtained in the literature (Wang et al., 2009; Tolosa et al.,
2009; Yang et al., 2011) and from injected oil samples (Arab Light, MF 380
and Marlim Blend). The complete list of organic compounds analyzed is

presented as Supplementary Data (Tables S1 - S3).

2.3.4 Quality assurance procedures

Quality assurance was based on blanks extraction (which consist in
15 g of sodium sulfate) and the recoveries of surrogates standard.
Procedural blanks were taken for each group of eleven samples and when
necessary (e.g. values above 3 times de detection limits), the values found
in the blanks were discounted from the samples. The mean surrogate
recoveries in the extracted samples were 43 £ 25 % for naphthalene-ds,
54 + 29 % for acenapthene-dio, 73 £ 26 % for phenanthrene-dqg, 79 £ 13
% for chrysene-di;, 71 £ 25 % for perylene-d;, 67 + 8 % for 1-
hexadecene, 95 + 8 % for 1-eicosene and 98 + 34 % for 5a-cholestane-d,.
Surrogate recoveries in the samples were in the acceptable range of
recuperation (40 - 120%) for at least 80% of samples analyzed,

considering all classes of hydrocarbons.
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The instrumental detection limits named as detection limits (DL)
was adopted in this study and were 0.001 pg g~' for the n-alkanes and
0.50 ng g~' for the PAHs and PBMs. These data are based on the lowest
sensitive of PAHs and n-alkanes concentration (0.02 and 0.04 ng uL™",
respectively) multiplied by the final extracted volume (500 pL) and divided
by the weight sediment (20 g) before extraction.

In addition, the method accuracy was checked by the extraction of
three replicates of standard reference material (SRM) for sediment from
the IAEA (International Atomic Energy Agency, IAEA408, Vienna, 1999).
The results were within the upper and lower 95% confidence interval
reference values for 81% of PAHs. Results of procedural blanks and SRM

can be found in Supplementary Data (Tables S1 - S3).

2.3.5 Data analysis

The studied area map was generated on the software Q.GIS
(version 2.18.22). Statistical analyses (Spearman correlations and
principal component analysis - PCA) were performed through the software
R Studio (version 0.98.1103). Prior to the PCA, the variables studied were
normalized (values were subtracted from the mean and divided by the
standard deviation). Additional parameters such as grain size distribution
(Fig. S1) and chlorophyll-a were used in this study to perform correlations
with our data. These data were obtained by Ceschim et al. (2016) and
Ceschim (2010), where a detailed description from each parameter can be

found.

2.4 Results and Discussion

2.4.1 Hydrocarbons levels

Vertical distribution of total PAHs (3> PAHs, except perylene levels,
due to its natural contribution as the principal source) in sediment cores
from Deception and Penguin Island are shown in Fig. 2. Sum parameters
and ratios results are summarized in Tables S4-S7. 3 PAHs in Deception
Island varied between 7.68 to 26.84 ng g in DCP-1 (average =14.23 +
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6.44 ng g") and from 2.01 to 19.57 ng g (average = 10.84 +6.05 ng g™)
in DCP-2. In DCP-3 (surficial sediment), > PAHs was detected in trace
amounts (3.75 ng g"). In Penguin Island, SPAHs varied from 13.20 to
55.99 ng g” (average= 22.65 + 12.61 ng g') in PGI-1 and from 23.28 to
60.34 ng g (average = 35.32 +8.53 ng g') in PGI-2 cores.

Concentrations of PAHs detected in Deception and Penguin Island
were in the same range as those found in Ardley and Nelson Islands (7.33
-13.64 and 15.32 - 33.79 ng g, respectively) (Dauner et al., 2015), Prydz
Bay (12.95 - 30.93 ng g”') (Xue et al., 2016) and Ross Sea (8 - 54 ng g”)
(Venkatesan, 1988a). The levels found in these areas do not indicate
contamination by PAHs and in specific cases were associated with natural
origin. Our levels were low compared to regions where some punctual
contamination has been expected due human activities, such as Fields
Peninsula (0.54 - 228.2 ng g') (Prendéz et al., 2001), Potter Cove (7.33 -
210.02 ng g”) (Dauner et al., 2015) and Admiralty Bay (9.45 - 270.5 ng g°
Y (Martins et al., 2004). Finally, the levels were much lower than those
observed in the region close to McMurdo Sound station, where a
pronounced history of anthropogenic hydrocarbon input has been found
(levels in the range of 270 to 5,024 ng g) (Kim et al., 2006; Negri et al.,
2006).

Vertical distribution of total aliphatic hydrocarbons (2AHS) in
Deception and Penguin Island are shown in Fig. 3. Sum parameters and
diagnostic ratios are summarized in Tables S4-S7. >AHs in Deception
Island varied between 6.27 - 19.01 ug g™ (average= 11.13 +4.36 ugg') in
DCP-1 and from 4.50 - 8.67 ug g (average= 6.61 + 1.36 ug g”) in DCP-2.
In DCP-3, value of AHs found was 4.63 ug g™'. In Penguin Island, the
levels were in the range between 5.35 to 13.39 ug g (average= 8.66
2.20 ug g in PGI-1 and from 5.57 to 21.91 ug g (average= 9.05 + 3.92
ug g’) in PGI-2.

2AHs values in this study were far below the threshold level of 100
ug g, which suggests oil contamination in marine environments (Volkman
et al.,, 1992). On average, the values found in this study were similar to
those reported for Admiralty Bay (0.15 - 13.1 ug g”') (Martins et al., 2004)
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and Davis Bay (0.25 - 9.0 ug g") (Green and Nichols, 1995), higher than
those observed in Potter Cove (0.52 - 4.94 ug g') (Dauner et al., 2015),
and lower compared to the region of McMurdo Sound (4,500 ug g™)
(Lenihan et al., 1990), which is considered highly contaminated.

The unresolved complex mixture (UCM), defined as a group of
alicyclic and branched hydrocarbons that cannot be resolved by the
traditional chromatographic techniques (Bouloubassi and Saliot, 1993),
was observed in all samples (Fig. 3), with averages of 7.10 £ 2.55 ug g™ in
DCP-1; 4.02 +1.21 ugg” in DCP-2; 437 + 0.71 ug g~ in PGI-1 and 3.84 +
2.05 ug g” in PGI-2. UCM concentrations <10 ug g™ are usually related to
weathering of ancient rocks and bacterial reworking of sedimentary
organic matter (Volkman et al., 1992), indicating a predominant natural
organic matter input for both islands. Total n-alkanes (n-alks, >n-Cqo to n-
Cao Fig. 3) ranged from 0.31 to 2.48 ug g in Deception Island, with similar
levels in both cores. In Penguin Island, the values of n-alks varied from
0.43t0 2.22 ug g, with no significant variations between the cores.

Total terpanes in Deception Island varied between 1.48 to 7.14 ng
g' (average= 4.68 + 1.74 ng g") in DCP-1 and from 12.48 to 35.45 ng g
in DCP-2 (average = 25.92 + 10.34 ng g'). In DCP-3, terpanes were
detected in trace amounts (0.65 ng g™"). In Penguin Island, values of total
terpanes were found in the range of <DL to 32.60 ng g (average= 8.31 +
8.40 ng g") in PGI-1 and from < DL to 15 ng g™ (average = 5.81 + 4.93 ng
g") in PGI-2. The values of total terpanes found in this study are
comparable to data reported in cores collected in a pristine region, Hecate
Strait, in the Pacific Ocean (1.0 to 15 ng g”) (Yunker et al., 2014) and with
values observed in surficial sediments of the Arctic Ocean (2.4to 74 ng g’
" (Yunker et al., 2011).

Total hopanes were detected in the range of <DL to 8.47 (average
=1.37 +2.81 ng g") in DCP-1 and from 4.32 to 22.10 ng g"' (average =
12.35 + 5.38 ng g") in DCP-2. Values of hopanes in Deception Island
were lower compared with those found in some regions of the Arctic
Ocean (levels reaching 800 ng g™'; Yunker et al., 2011). Hopanes were

detected neither in sediment cores from Penguin Island nor in DCP-3.
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2.4.2 Hydrocarbons distribution and sources

The mean distribution of individual PAHs in Deception Island is
presented in Fig. 4A. Concentration profiles for total alkylated PAHs
(alkyl), 2-3-ringed PAHs, and 4-6-ringed PAHs can be found in Fig. S2.
Alkyl-naphthalenes (C, and Cs, respectively) had the highest relative
concentrations in DCP-1 (alkyl PAHs represented 61.4% of Y PAHS). In
DCP-2 core, Co,-fluorene had the highest levels, followed by alkyl-
naphthalenes (C, and Cs, respectively, and alkyl PAHs represented 65.9%
of YPAHs). In DCP-3, only alkyl compounds were found, with Co-
napththalene being predominant (0.93 ng g'). The individual PAH
distribution patterns observed in both cores and in DCP-3 were similar,
suggesting the presence of petroleum residues, probably derived from the
operations of scientific stations and vessel traffic in the region.

The mean distribution of individual PAHs in Penguin Island is
presented in Fig. 4B. The concentration profiles for alkyl, 2-3-ringed and 4-
6-ringed PAHs are shown in Fig. S2. Perylene had the highest values in
PGlI-1, followed by C, and C3 naphthalene. Alkyl PAHs varied from 6.76 to
17.20 ng g" (average = 11.78 + 3.10 ng g ') representing 52.0% of
> PAHSs, being predominant in almost the entire core represented. In the
recent sections of PGI-1 (1974-2007), a predominance of 4-6-ringed
compounds was observed. In PGI-2 core, alkyl-naphthalenes (C,, C; and
Cs, respectively) had the highest levels. Alkyl PAHs in PGI-2 ranged from
20.29 to 53.20 ng g (average = 27.48 + 7.77 ng g"'), corresponding to
77.7% of > PAHs, being predominant in the entire core.

The PAH distribution found in Penguin Island had a “petrogenic
pattern” in both cores, due the predominance of alkyl PAHs. However, the
levels (especially those observed in the deeper sections) can be related to
constant natural inputs. The PAH compositions found in PGI-1 and in PGI-
2 were quite similar to those found in coal samples, as coal contains large
amounts of PAHs, and a predominance of naphthalene, phenanthrene and
their alkyl derivates was detected in coal in some studies, being

considered typical of native coals (Barrick and Prahl, 1987; Stout and
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Emsbo-Mattingly, 2008; Achten and Hofmann, 2009). The occurrence of a
brown-coal deposit in Lions Cove formation (Birkenmajer et al., 1991),
located relatively close to the sampling sites at Penguin Island, may have

contributed to the PAH inputs in the region.
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Fig. 4. Distribution of individual PAHs (mean in ng g and standard deviation)

in Deception Island (A) and Penguin Island (B).
Naph=naphthalene; Flu=fluorene; Phe=phenanthrene; Ant=anthracene; Fluo=fluoranthene;
Pyr=pyrene; BaAnt= benz(a)anthracene; Chr=chrysene; BbFluo=benzo(b)fluoranthene,
BjkFluo= benzo(j+k)fluoranthene; BePyr=benzo(e)pyrene; BaPyr= benzo(a)pyrene; lpyr=
indeno [1.2.3-¢,d]pyrene; DBahAnt= dibenz(a,h)anthracene; BghiPer= benz(g,h,i)perylene;
C1-Naph=3-C;-naphthanele; C2-Naph=3}-C,-naphthalene; C3-Naph=3 -Cs-naphthalene; C1-
Flu=3-C,-fluorene; C2-Flu=3-C,- fluorene; C1-Phe=3 -C;-phenanthrene; C2-Phe=5-C,-
phenanthrene; C1-FluoPyr=3-C,-(fluoranthene+pyrene), C1-Chr=3-C,-chrysene;
Per=Perylene.

Despite this “petrogenic” PAH pattern found in coal samples, the

distribution and composition may vary according to the type of coal and
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the characteristics of the environment where it was formed. Particularly in
lignite (a type of brown-coal) deposits, a high concentration of perylene
occurs (Bojakowska and Sokotowska, 2001; Stout and Emsbo-Mattingly,
2008), which could have reinforced the natural inputs to the Penguin
Island samples, since perylene was observed in all the sections of both
cores, and predominantly in PGI-1.

Nonetheless, the distribution of PAHs in coals is similar to that
found in oil sources (Achten and Hofmann, 2009) and in some cases
analogous to that of diesel fuel arctic (DFA), a common fuel used in
Antarctic operations (Kennicutt et al., 1992; Taniguchi et al., 2009; Dauner
et al., 2015), which has high amounts of naphthalene, phenanthrene and
their alkyl derivates (Yu et al., 1995). Thus, a natural source of PAHs from
coal could mask an anthropic origin, and the data must be carefully
interpreted, taking into account the characteristics of each region. In our
data, natural inputs of PAHs derived from coal erosion in the bottom
sections cannot be ignored. However, anthropic sources should also be
considered in the top layers. The predominance of 4-6-ringed PAHSs in the
most recent sections of PGI-1 core (1974-2007) confirms the probable
influence of anthropic sources over recent sections.

Perylene can be derived from both natural and anthropic origin
(Venkatesan, 1988b). The concentration of perylene over penta-aromatic
isomers PAHs can be used to access perylene sources, since values
greater than 10% probably indicate a natural origin, whereas values lower
than 10% are related to pyrolytic sources (Baumard et al., 1998, Readman
et al., 2002; Tolosa et al., 2004). Penguin Island showed all the values of
perylene over 5-ringed PAHs above 10% (within the range of 60-90%),
suggesting a natural input. An exception was seen in recent sections of
PGI-1 core, where the proportion decreased from 76 to 17%, indicating the
influence of pyrolytic sources.

Natural perylene has been associated with in sifu degradation of
marine or terrestrial biogenic precursors (Venkatesan, 1988b; Readman et
al., 2002). Marine precursors include phytoplankton, mainly diatoms

(Venkatesan, 1988b). Formation of perylene by in situ degradation usually
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requires anoxic environments, whereas minor levels are found at oxic
sediment layers (Garrigues et al., 1988; Silliman et al., 1998). Ceschim et
al. (2016) suggested that both cores were characterized by oxic sediment
layers, due to the high amounts of phosphorous (P) in the samples. Thus,
perylene in this case would not be formed by degradation of precursors,
being deposited under oxic conditions. The weak Spearman correlation
between chlorophyll-a (photosynthetic pigment associated with
phytoplankton) and perylene in both cores (0.11 and -0.38 in PGI-1 and
PGI-2, respectively) suggested that perylene was not formed by marine
precursors, reinforcing a natural input derived from the erosion of coal
deposits.

Another method to evaluate PAH sources is to analyse diagnostic
ratios involving isomeric compounds (Martins et al., 2010; Dauner et al.,
2015). According to Yunker et al. (2002), values < 0.20 for
benz(a)anthracene to benz(a)anthracene + chrysene ratio (BaA/228)
indicate petroleum sources, while values between 0.20 - 0.35 indicate a
mixed origin (petroleum and combustion), and values > 0.35 imply a
predominance of combustion sources; the indeno[1,2,3-c,d]pyrene to
indeno[1,2,3-c,d]pyrene + benzo(g,h,i)perylene (IP/IP+Bghi) ratio indicates
petroleum sources for values < 0.20, combustion from vehicle exhaustion
and/or petroleum and by-products values between 0.20 to 0.50 and
combustion derived from grass, wood or coal for values > 0.50.

Diagnostic ratios between unsubstituted and alkyl PAHs have also
been used to access the possible PAHs sources, since alkyl PAHs are
firstly associated with petroleum origin and unsubstituted PAHs (mainly 4-
6 ringed) are found in combustion sources, whereas 2-3 ringed PAHs can
be related to both sources (Soclo et al., 2000; Yunker et al., 2002; Zhang
et al., 2008). The ratio between phenanthrene/phenanthrene + methyl-
phenanthrenes (Co-P/3(Co+C1)-P), indicates petroleum source for values
< 0.40, while values > 0.50 suggest biomass combustion and intermediate
values as 0.40 - 0.50 suggest oil combustion (Yunker et al., 2002).

When calculated, values of the BaA/228 and IP/IP+Bghi (Fig. 5)

showed a predominance of oil combustion-derived PAHs for PGI-1,
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especially in the most recent sections, where an increase in 4-6-ringed
PAHs was observed (Fig. S2). Values of the BaA/228 ratio in PGI-2
showed a mixed source from 1983 onward, probably related to mixed
inputs from natural and anthropic sources due to the initial development of
tourism around the island. In Deception Island, when calculated, both
ratios showed a predominance of combustion-derived PAHs along DCP-1
core (Fig. 5), mainly from biomass/coal combustion. In DCP-2 core these
ratios could not be calculated (PAH concentrations < DL).

The values of the Co-P/3(Co+Cq)-P ratio (Fig. 6) indicate
combustion-derived source for PAHs in all sections of PGI-1 and PGI-2
cores. However, phenanthrene can be derived from both pyrolytic and
petroleum sources, especially the latter in the absence and/or low
presence of 4-6-ringed PAHs (Boehm, 2006). Owing to the high presence
of alkyl PAHs in both cores, phenanthrene could reflect petroleum
sources, not combustion, as showed by the ratio.

An exception can be considered in recent sections of PGI-1 core
(1974-2007), where the amount of 4-6-ringed PAHs increase, suggesting
a pyrolytic source for phenanthrene. When calculated, the Co-P/3>(Co+Cy)-
P ratio values showed combustion-derived sources for DCP-1 (mixed from
oil and biomass/coal combustion) and DCP-2 core (biomass/coal
combustion).

Although the ratios revealed combustion sources as predominant in
Deception Island, the composition pattern of PAHs showed a mixed
source for the region, due to the low levels of both alkyl and 4-6-ringed
PAHs in the region. The mixed source over the years in Deception Island
could reflect the direct input of oil from the use of several types of fuels
(such as DFA) and combustion-derived hydrocarbons generated by
scientific stations activities and vessel traffic in the area. Petrogenic
sources predominated mainly in the recent sections of DCP-2 (Fig. S2),
where the amount of alkyl PAHs was significantly higher than 4-6-ringed
PAHSs (15.61 and 0.57, ng g, respectively).

In general, the composition pattern brings evidence that the main

source of PAHs in Penguin Island was petrogenic. Nevertheless, this
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‘petrogenic” pattern reflects natural inputs along the cores, derived from
the erosion of coal deposits located in the vicinity of the island. Anthropic
influence appears in the recent sections of both cores, as observed by the
predominant combustion sources in recent sections of PGI-1 and the

mixed sources found in recent sections of PGI-2 (1980-2007).
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The mean distribution of the n-alkanes in Deception Island samples
is shown in Fig. 7A. In DCP-1, n-C, had the highest concentrations,
without long (> n-Cy3) or short (< n-Co4) n-alkane chain predominance.
Values of low-molecular-weight (LMW, <n-Cy4) odd/even ratio showed a
clear predominance of even carbon chains (ratio < 0.73), whereas the
high-molecular-weight (HMW, >n-C,3) odd/even ratio indicated a
predominance of even carbon chains only in 1979-1983 and 1998-2007
(0.66 and 0.46, respectively). Especially in the top section (1998-2007),
this pattern can be related to the presence of petroleum and by-product
residues (Tolosa et al., 2004), given the occurrence of the entire n-alkane
sequence (n-Cq2 to n-C40) and the highest value of Y AHs and UCM found
in this section (19.01 ug g™ and 12.18 ug g, respectively).

In DCP-2, n-Ci7 had the highest values, also without a
predominance of long or short carbon chains. LMW odd/even ratios were
in the range of 0.90-1.06, Iindicating an absence of remarkable
predominance of odd or even carbon chains, whereas the HMW odd/even
ratio showed an even carbon chain predominance in 1971-1977 (0.35),
suggesting the presence of oil residues in this section, confirmed by the
occurrence of a full n-alkane sequence (n-Cq4 to n-Css). In the remaining
core sections, no predominance of odd over even chains was observed
(values in the range of 0.83-1.21). In DCP-3, short n-alkane chains were
predominant (n-C47 n-C4g and n-C4s), suggesting marine sources.

The mean distribution of individual n-alkanes in Penguin Island is
shown in Fig. 7B. In PGI-1, n-C47 was the most abundant compound, and
a predominance of short n-alkane chain was observed, accounting for
70.5% of n-alks. The values of the LMW odd/even ratio and HMW
odd/even ratio were in the range of 0.96-1.66 in PGI-1, suggesting
discreet predominance of odd over even n-alkane chains. In PGI-2, n-Cq4
was found at the highest levels, and a predominance of short chains was
also observed, representing 78.1% of n-alks. The LMW odd/even ratio
showed a predominance of even chains from 1947 to 1955 (values in the
range of 0.73-0.83), whereas the HMW odd/even ratio showed an even

chain predominance only in 1999-2007 (value of 0.81). In the remaining
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547  core section, both ratios showed a slight predominance of odd over even

548 chains (range of 0.84-1.69).
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553 Fig. 7. Distribution of individual n-alkanes (mean, in ug g"' and standard
554 deviation) in Deception Island (A) and Penguin Island (B).
555
556 The distribution pattern of n-alkanes observed in Penguin Island

557 could be related mainly to marine inputs derived from phytoplankton and
558  zooplankton, considering the predominance of short n-alkane chains and
559 the presence of n-C47 and n-Cs in all the samples (Harada et al., 1995). A
560 non-predominance of odd over even chains could also be related to
561 natural inputs, a pattern that was reported by other authors in Antarctica

562 sediments (Venkatesan and Kaplan, 1987; Martins et al., 2004; Dauner et
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al., 2015). According to them, n-alkanes in marine organisms from
Antarctica do not show a predominance of odd over even n-alkane chains
and can also present sequences of long chains, which can be associated
with oil contamination (Martins et al., 2004).

However, the presence of long chains in all the samples may also
have had an input from the coal deposit erosion, as described for PAHSs,
since they are present in coal samples, derived from higher plants (Wang
and Simoneit, 1991; Stout, 1992). In this case, long n-alkane chains were
derived by multisource (marine and coal seams).

The carbon preference index (CPI) has been used to distinguish
natural from anthropogenic sources of AHs. Generally, it can be calculated
for long n-alkane chains (CPly) as well as short chains (CPl,). CPI values
close to 1 have been related to petroleum sources and higher values to
contributions from higher plants (Aboul-Kassim and Simoneit, 1996;
Commendatore et al., 2000; Stortini et al., 2009). Due to the lack of higher
plants in Antarctica and the possible sequence of long n-alkane chains in
some marine organisms, the values of CPly related to petroleum inputs
must be corroborated with other parameters (such as PAHs and UCM);
otherwise, the values close to 1 can indicate biogenic inputs. In fact, CPl4
values close to 1 were reported in Antarctic vegetation (lichens and
mosses) (Cabrerizo et al., 2016), being another possible source of long n-
alkane chains. In CPl,, values close to 1 can be related mainly to biogenic
inputs, due the different distribution of n-alkanes in Antarctica (as
described previously). However, values much lower than 1 can indicate
petroleum inputs if corroborated with other parameters. In addition, the
UCM/Zn-alkanes (UCM/n-alks) ratio may be used as an indicator of
petroleum input: values >10 suggest the presence of degraded petroleum,
whereas lower values can indicate fresh oil or natural inputs (in the
absence of a possible anthropogenic source) (Simoneit, 1982; Tolosa et
al., 2004). The Fig. 8 shows a comparative plot between CPIl; and UCM/n-
alks indexes.

CPIy values (calculated as = 0.5* (((3_C25-C3s3) / (3. C24-C32)) + ((3.Cos-

Cs3)/(> C2-C34)))) showed a clear predominance of natural contributions in
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Penguin Island (values in the range of 0.90 - 2.26), confirmed by values of
UCM/n-alks (mean of 5.78 £ 2.29 for PGI-1 and 4.39 + 2.23 for PGI-2).
Only at the top section of PGI-2, CPl; and UCM/n-alks values indicate
petrogenic sources. CPly levels showed a petrogenic contribution in the
top section of DCP-1, while the lower value of UCM/n-alks (4.92) in this
same section indicates recent oil input, confirming petroleum sources.

Relative high values of UCM/n-alks from 1960 - 1988 in DCP-1
(9.15 - 18.60) suggest the presence of degraded petroleum in these
sections. However, it was not indicated by CPIly values, reflecting a
possible mixed source (biogenic and petrogenic). Despite CPl; and
UCM/n-alks values suggests petrogenic source for 1979-1983, it could be
related to mixed sources, due to the absence of a significant increase of
parameters as AHs, UCM and PAHSs.

In DCP-2 core, values of CPl; showed petrogenic inputs in 1971 -
1977. In the same section, low value of the UCM/n-alks ratio was found
(2.41), reflecting the presence of preserved oil derivates in the sediment,
confirmed by a slight increase in PAHs. The highest values of UCM/n-alks
ratio were observed in 1947 - 1965 (values in the range of 10.5 - 17.0),
followed by 1977 - 1989 (values in the range of 11.9 - 12.4) and at the top
of the core (11.8), indicating petroleum sources. However, it was not
indicated by CPI; values, suggesting mixed sources in these sections of
DCP-2. CPl; and UCM/n-alks values for DCP-3 (1.51 and 9.83,
respectively) suggest natural inputs, confimed by the n-alkanes

distribution pattern.
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622 Fig. 8. Plot between CPI, (long n-alkanes chains) and UCM/n-alks ratios for
623 PGI-1, PGI-2, DCP-1 and DCP-2 cores and DCP-3 (surficial sediment).
624 CPI, (calculated as = 0.5* (((3C13-C21) / (3C12-C20)) + ((3.Cys-

625  Cao1)/(3C14-C2)))) ranged from 1.01 to 1.35 in PGI-1 and from 0.78 to 1.72
626 in PGI-2. The values found in Penguin Island can be related to natural
627 inputs, as reported in CPly, confirming the predominance of biogenic
628 source for n-alkanes in the region. In DCP-1, values were found in the
629 range of 0.54 to 0.71 and in DCP-2 from 0.82 to 1.00. Only in the top
630 section of DCP-1 the value of CPI, (0.57) can be related to petroleum
631 inputs, as observed in CPly and UCM/n-alks ratios. In DCP-2, the value of
632 CPIl, (0.82) from 1971 - 1977 was related to petroleum inputs, in
633 agreement with the CPl; and UCM/n-alks ratios. In the remaining of the
634  cores sections the values of CPIl, were probably reflecting mixed sources,
635 as reported in CPl; and UCM/n-alks ratios. In DCP-3 CPIl, was also
636 indicating biogenic value (0.89), in agreement with the other ratios.

637 The isoprenoid hydrocarbons pristane and phytane were present in
638 all samples. They are found in petroleum by-products, and their natural

639  source usually is associated with degradation of phytyl side chains present
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in chlorophyll-a (Volkman et al., 1992; Bicego et al., 2009). However,
pristane has also been associated with direct input from zooplankton
(Volkman et al., 1992), and both have been related to archaeal lipids
(Rowland, 1990).

The values of pristane and phytane occurred in similar levels along
the cores in Penguin Island, except for the recent sections of PGI-2 core,
where pristane predominated. This pattern was similar to data previously
observed in waters and in biota collected in Bransfield Strait (Cripps,
1989), suggesting that ratios involving isoprenoids in this case would not
be indicative of environmental pollution. A strong Spearman correlation
between pristane and phytane with short n-alkane chains (0.87 and 0.90
for PGI-1; 0.83 and 0.85 for PGI-2, respectively) suggests the same
source for these compounds, probably derived from marine inputs. The
absence of a correlation with chlorophyll-a may reflect multiple sources for
these compounds, in agreement with observations made by Ceschim et al.
(2016), which suggests multiple sources of sedimentary organic matter in
Penguin lIsland, due to the distinct contributions of sterols related to
zooplankton, macroalgae, and microalgae.

In DCP-1, the values of pristane and phytane were also similar
along the core. A strong correlation with YAHs and UCM in this case
(pristane = 0.75 and 0.74 and phytane 0.69 and 0.79, respectively) can
indicate petrogenic sources for these compounds. In DCP-2, the
predominance of pristane in almost the entire core (from 1959-2001) could
be related to phytoplankton inputs (Readman et al., 2002). Although site
DCP-3 showed similar levels of pristane and phytane, a marine source
may be assumed, as observed by CPl; and CPI; values.

Tricyclic terpane series ranging from Coo to C,s were detected in
Deception Island, with a predominance of the Cas-tricyclic terpane. DCP-2
also showed the presence of the Cy4. tetracyclic terpane. Hopane series
ranging from Cy7 to Cs with the predominance of the 170,21
configuration were detected in 1965-1969 at DCP-1 and in all sections of
the DCP-2 core. On average, C3-170,21B-Hopane was predominant in

the samples. The highest values of terpanes and hopanes in DCP-2 were
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detected in 1965-1971 (35.45 and 22.10 ng g-', respectively), where a pair
of Cai-diastereocisomers (22R, 22S) was also observed, with a value of
0.48 for the ratio Cz1-ap 22S/C31-ap 22S + C31-ap 22R, which is very close
to the equilibrium value of 0.60 found in typical petroleum (Aboul-Kassim
and Simoneit, 1996), reinforcing a petrogenic input in this section.

The composition and distribution patterns of petroleum biomarkers
observed in Deception Island suggest a petrogenic input (Silva and
Bicego, 2010), probably related to the use of fossil fuels to power
generation and for the different types of vessels that operate in Antarctic
waters. Petroleum products used in the Antarctic include DFA, special
Antarctic blend diesel (SAB), lubricating and engine oils, petrol, marine
gas oil and other marine diesels, representing a source of these
biomarkers to the environment (Green and Nichols, 1995; Snape et al,,
2005; Wang et al., 2006; Raymond et al., 2016), even in lower amounts as
those observed in Deception Island.

A tricyclic terpane series ranging from Cyo to Czs were detected in
sediments from Penguin Island. These compounds could be related
mainly to the erosion of coal deposits, as they had been recorded in coal
samples (Simoneit et al., 1986; Liu et al., 1991). Tricyclic terpanes in coal
are derived from algal and bacterial precursors, from terrestrial plant
debris (especially the Cyo-tricyclic terpane), and from the thermal
degradation of pentacyclic triterpanes (as hopanes) (Liu et al., 1991,
Schwarzbauer and JovancCicevi¢, 2015). Unexpectedly, no correlation
between PAHs and terpanes was detected, probably due to the
multisource nature of PAHs in the region (natural from erosion of coal

deposits and the burning of fossil fuel, particularly in the recent sections).
2.4.3 PCA
A PCA model was adopted to evaluate the main hydrocarbon

sources in each core (Fig. 9), as well as to determine if the sediment grain

size distribution (silt+clay) and chlorophyll-a values (in Penguin Island)
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were factors that may have influenced the hydrocarbon accumulation in
sediments

In DCP-1, the principal component (PC) 1 explained 62.4% of the
data variability, being positively correlated with PAHs (2-3 ringed, 4-6
ringed and alkyl), grain size, AHs, UCM, n-alkanes and negatively
correlated with terpanes. The grain size distribution in DCP-1 was related
mainly with alkyl, 4-6 ringed PAHs and short n-alkanes chain, suggesting
that the accumulation of these compounds are related to the deposition of
the fine fraction sediments. PCA revealed that from 1988 to 1998 the
sources in the region were mixed (grouped near combustion and
petrogenic related PAHSs), whereas from 1998 to 2007 a petrogenic source
was predominant, as reported in CPly, CPl, and UCM/n-alks values. PC2
explained 15.4% of the data and was related mainly to hopanes. PCA
confirmed the presence of degraded petroleum by-products in sediments
from 1960-1969, as reported by the UCM/n-alks values.

In DCP-2, PC1 explained 33.9% of the data and was negatively
correlated with hopanes, terpanes, n-alkanes and 4-6 ringed PAHs. PC2
explained 28.8% of the data, being positively correlated with alkyl, UCM,
AHs and 2-3 ringed PAHs (petrogenic-related PAHs). PCA revealed that
samples from the bottom core sections (A = 1947 to 1965) had little
anthropogenic influence, whereas samples from the middle sections until
the top of the core (B = 1965 to 2007) were grouped near petroleum-
related hydrocarbons. This is in agreement with the hydrocarbons
distribution, which showed an increase in petrogenic sources in the top
sections. From 1971 - 1977, a petroleum input is suggested due presence
of PBMs, as well as by the CPly, CPIl, and UCM/n-alks ratios values.

In PGI-1, PC1 explained 28.6% of the data variability and was
related mainly with the grain size distribution (positively correlated); and 2-
3 ringed PAHs, AHs, UCM, and long n-alkanes chains (negatively
correlated). PC2 represents 23.2% of the data, being related mainly to
chlorophyll-a (positively correlated), whereas 4-6 ringed PAHs were
probably explained by another principal component. PC2 was negatively

correlated with alkyl, short n-alkane chains and terpanes. PCA
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discriminate among samples from the bottom and middle core sections (A
= 1831 to 1952), being positively correlated with the grain size and with
compounds related to natural sources (short chains, chlorophyll-a and
those related to erosion of coal deposits = alkyl PAHs and terpanes). From
1952 until the top sections (B) a change in hydrocarbons sources was
observed, being correlated mainly with anthropogenic-related compounds
(UCM, AHs and 2-3 ringed PAHSs), especially in the top section. The grain
size in this core was influencing mainly the deposition of alkyl, terpanes
and short n-alkanes chain.

In PGI-2, PC1 represents 27.8% of the data and was related to 2-3
and 4-6-ringed PAHs (positively correlated), long n-alkanes chains, AHs
and UCM (negatively correlated). PC2 explained 23.0% of the data,
related mainly to chlorophyll-a (negatively correlated), short n-alkane
chains, terpanes, grain size and alkyl (positively correlated). PCA also
made discrimination from the top sections of the core (A=1995 to 2007),
with samples grouped near anthropogenic compounds (2-3 and 4-6-ringed
PAHs), whereas the ancient sections (1935 - 1955) were grouped near
natural-related inputs (chlorophyll-a). Grain size also influenced mainly the

deposition of alkyl and terpanes, as observed in PGI-1 core.
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2.4.4 Historical record of hydrocarbons in Deception and Penguin islands

The maximum level of Y PAHs in DCP-1 core was detected in 1993-
1998, followed by 1998-2007. Slight increases in ZAHs, n-alks and UCM
levels from the bottom until the recent sections were observed, reaching
maximum concentrations in the top layer (1998-2007). In DCP-2 core, the
highest levels of > PAHs were reported in 2001-2007 and in 1971-1977,
whereas the highest levels of > AHs were found in 1971-1977 and in 1989-
1995.

Unexpectedly, a significant increase in the levels of PAHs during
the years of volcanic eruptions (1967, 1969 and 1970) did not occur. This
could be explained by the fact that volcanic eruptions do not necessarily
act as a direct source in PAH formation but as a transport/scavenger
mechanism. The combustion of the available organic material during
eruptions, such as vegetation (as lichens and mosses), could release
PAHs (Pereira et al.,, 1980; Stracquadanio et al., 2003). However, the
vegetation is scarce in this region, and the PAHs in the sediments from
Deception Island are probably not from these events. Instead, the slight
increase in PAHs reported in DCP-2 from 1965-1977 could be associated
mainly with the development and increase in scientific activities around
Fumarole Bay, as also evidenced by the increase of petroleum
biomarkers, *AHs, n-alks and UCM values in this same period.

The levels of 2PAHs, >AHs and PBMs found from 1990 onward in
both cores from Deception Island could be a result of the development of
tourism in the region, as well as the establishment of a Spanish scientific
station (Smith Jr. et al.,, 2003), which increased the use of fossil fuels.
Despite some events found in Deception Island, a clear tendency of
hydrocarbons was not observed, since the levels did not vary significantly
throughout the cores.

The highest values of >PAHs in Penguin Island cores were
reported in recent sections, from 1974-2007 in PGI-1 (values reaching
55.99 ng g") and from 1987-2007 in PGI-2 (values reaching 60.34 ng g™).

PGI-1 showed a slight increase in 3 AHs from 1908 until the recent layers,
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with the highest level in 1974-1985. PGI-2 showed higher values of ZAHs
and UCM in 1943-1947, and it showed a slight increase in the recent
sections. In the deeper sections of the cores, the presence of PAHs and
AHs could be related mainly to natural inputs, given the low levels of UCM;
the absence of biomarkers related to petroleum (as hopanes); the
presence of terpanes related to the erosion of coal deposits; and the
marine biogenic n-alkane origin observed in the compound distribution. An
anthropogenic origin of hydrocarbons for the deeper sections is
inconsistent with the history of anthropic activities of the region, and the
PAH levels are probably derived from natural inputs by the erosion of coal
deposits, acting as a continuous contributor, as discussed above.
However, an input from both natural and anthropogenic sources of
PAHs and AHs in the recent sections needs to be considered for both
cores, especially after 1970. The anthropogenic source was reported by
the increase in combustion-related compounds in recent sections of PGI-
1, reflecting a possible deposition from atmospheric inputs, and by CPl4
values in the top section of PGI-2, showing a petrogenic source. The
period from 1950-1990 was marked by the building of several scientific
stations around King George Island, increasing the use of fuel for snow
vehicles, power generation and local boating, as well as the initial
development of tourism (Bicego et al., 2009; Martins et al., 2010), which

could have contributed to the atmospheric input of PAHSs.

2.5 Conclusions

The determination of hydrocarbons in the sediment cores of
Deception and Penguin Island allowed an assessment of the main sources
of these compounds in the region and established a relationship with the
characteristics of each area. Relatively low levels of hydrocarbons were
reported in our study, and the results were compared to those found in
other pristine regions of Antarctica.

Deception Island showed a similar pattern distribution in both cores,

with mixed sources for the analysed hydrocarbons, including combustion,
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petrogenic, and natural contributions. An increasing tendency in
petrogenic PAH inputs was found in the recent sections, as observed in
the CPly, CPIl, and UCM/n-alk ratios in DCP-1 and by the PCA in DCP-2.
No predominance of long or short n-alkane chain was found in the cores,
and little dominance of odd over even carbon chains was detected. This
pattern was related to a probable mixed source (natural and anthropic) of
n-alkanes in the majority of the core sections. In the surficial sediment
(DCP-3), n-alkanes related to marine inputs were reported, with short
carbon chain dominance. The presence of anthropogenic hydrocarbons in
Deception was related mainly to tourism and scientific station activities,
such as the use of fossil fuels for energy and vessel traffic.

Penguin Island showed relatively high values of alkyl PAHs, with a
‘petrogenic” pattern. However, it was associated mainly with natural
inputs, which were derived from coal deposits that are located in the
vicinity of the island, a factor that needs to be considered in future studies
in the region. Short n-alkane chains were predominant in the region,
reflecting strong marine inputs, as also evidenced by CPIl; and CPI, values
and by the isoprenoids hydrocarbons. Marine sources for the region were
derived from distinct contributions (zooplankton, macro and microalgae).
Terpanes found in the region were also associated with coal contributions.
In the recent sections of both cores, anthropogenic hydrocarbons were
reported due to the increase of combustion-derived compounds in PGI-1
and by the values observed by CPly and UCM/n-alks for PGI-2. The
anthropogenic-related hydrocarbons in the recent sections were
associated with tourism activities, the increase in vessel traffic and the
atmospheric deposition of PAHSs.

Despite being located in remote areas (especially Penguin Island),
both islands showed evidence of anthropogenic-derived contaminants,
with a growing tendency in recent years. This constant increase can lead
to a chronic pollution and, as a consequence, to negative effects to the
biota and severe degradation of Antarctic ecosystems. The scientific
stations located in Deception Island could use renewable sources of

energy and effective law enforcement for the ships operating in both
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areas, as heavy-grade fuel oil has been already prohibited in Antarctica.
Additionally, continuous and long-term monitoring of hydrocarbons is
highly advised, as these compounds are an important tool in the
assessment of human impacts. This monitoring would facilitate the
tracking of principal sources of the contaminants and their trends, and this
tracking could lead to the determination of priority sites for environmental
monitoring. Such scientific work would certainly be helpful in the
improvement of environmental policies and management plans, favouring
a potential reduction of human traces and risks to the Antarctic fauna and

flora.
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