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ABSTRACT

Two Antarctic expeditions (in 2009 and 2011) were carried out to assess the local and remote anthropogenic
sources of aliphatic and aromatic hydrocarbons, as well as potential biogenic hydrocarbons. Polycyclic aromatic
hydrocarbons (PAHs), n-alkanes, biomarkers such as phytane (Ph) and pristane (Pr), and the aliphatic unre-
solved complex mixture (UCM), were analysed in soil and vegetation samples collected at Deception, Livingston,
Barrientos and Penguin Islands (South Shetland Islands, Antarctica). Overall, the patterns of n-alkanes in lichens,
mosses and grass were dominated by odd-over-even carbon number alkanes. Mosses and vascular plants
showed high abundances of n-Cy; to n-Czs, while lichens also showed high abundances of n-C;7 and n-C;q. The
lipid content was an important factor controlling the concentrations of n-alkanes in Antarctic vegetation (r* =
0.28-0.53, p-level < 0.05). n-C;, to n-Cs5 n-alkanes were analysed in soils with a predominance of odd C number
n-alkanes (n-Cys, n-Cy7, n-Cyg, and n-Czq), especially in the background soils not influenced by anthropogenic
sources. The large values for the carbon predominance index (CPI) and the correlations between odd alkanes
and some PAHs suggest the potential biogenic sources of these hydrocarbons in Antarctica. Unresolved complex
mixture and CPI values ~1 detected at soils collected at intertidal areas and within the perimeter of Juan Carlos
research station, further supported the evidence that even a small settlement (20 persons during the austral
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summer) can affect the loading of aliphatic and aromatic hydrocarbons in nearby soils. Nevertheless, the assess-
ment of Pr/n-C;7 and Ph/n-C;g ratios showed that hydrocarbon degradation is occurring in these soils.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Antarctica is one of the most pristine areas of the world due to its
geographical location and distance to populated regions. The lack of
large in-situ anthropogenic sources of pollution, and the existence of
the Antarctic Treaty, protects the Antarctica against several human ac-
tivities leading to the introduction of pollutants (Consultative Parties
to the Antarctic Treaty, 1991). The low temperatures and abundant
snow/rain events in some regions such as the Southern Shetlands and
Antarctic Peninsula, favor the atmospheric deposition of organic pollut-
ants and their persistence in soils and vegetation, which are only free of
snowy/ice cover in coastal areas and for few weeks/months during the
austral summer. However, human activities in Antarctica, especially in
accessible areas of the Antarctic Peninsula, such as growing tourism
(Tin et al., 2008), fishery activities, and scientific operations, together
with long range atmospheric transport (LRAT) and deposition, are the
main input vectors of organic pollutants (Cabrerizo et al., 2012;
Cabrerizo et al.,, 2014). A wide range of organic pollutants have been de-
scribed in Antarctic biota, soils, sediments, ocean and atmosphere
(Cabrerizo et al., 2012; Cabrerizo et al., 2014; Sanchis et al., 2015;
Galban-Malagén et al., 2013a, 2013b, Bengtson Nash, 2011; Montone
et al., 2003; Bargagli et al., 1993; Kallenborn et al., 2007; Corsolini
etal., 2006). Of significant importance and magnitude are those derived
from the use of fossil fuels, such as aliphatic and aromatic hydrocarbons
(UNEP, United Nations Environment Programme Chemicals, 2002;
USEPA, United States Environmental Protection Agency, 1985). High
concentrations of polycyclic aromatic hydrocarbons (PAHs) have been
measured in soil and sediment samples collected close to research sta-
tions or where oil spills, fossil fuel combustion, or sewage discharge
have occurred (Cabrerizo et al., 2012; Bicego et al., 2009; Aislabie
et al,, 1999; Cripps, 1992; Mazzera et al., 1999). Soil organic matter
(SOM) in Antarctica is low in background Antarctic soils (Cabrerizo
et al,, 2012), but higher under the influence of anthropogenic activities,
vegetation, biota feces (Cabrerizo et al., 2012), ancient glacial tills and
lakes (Hopkins et al., 2006). The influence of SOM on alkane concentra-
tions is still unknown. The low temperatures occurring in Antarctica
delay the biological degradation of hydrocarbons in contaminated
soils (Okere et al., 2012), but can potentially preserve information pro-
vided by soil/vegetation biomarkers to infer the source of the organic
matter (biogenic hydrocarbons) from anthropogenic hydrocarbons
originated from local sources or atmospheric deposition. Biomarkers,
such as n-alkanes, have been assessed in soils and sediments close to
scientific stations (Prus et al., 2015; Green and Nichols, 1995, Guerra
et al., 2013; Woolfenden et al., 2011), showing higher concentrations
(Prus et al., 2015; Green and Nichols, 1995, Guerra et al., 2013;
Woolfenden et al., 2011) due to accidental releases of hydrocarbons.
Conversely, input of terrigenous organic matter is indicated by a strong
predominance of high molecular weight odd-numbered alkanes (n-Cy7,
n-Cy9 and n-Cs;), which are associated with vegetation waxes
(Wakeham and Carpenter, 1976; Prahl and Muehlhausen, 1989),
while marine algae are known to produce lower molecular weight n-
alkanes with maximum at n-Cy7 (Dachs et al., 1999). The carbon pre-
dominance index (CPI) is often used to identify specific sources of n-
alkanes and to estimate relative contributions from higher plant
waxes (CPI > 1) or fossil fuel hydrocarbons (CPI = 1; Simoneit and
Mazurek, 1982). However, despite the importance of hydrocarbons
and n-alkanes to identify the source of pollutants and
palaeoclimatological reconstructions (Izarta et al., 2012), the geochem-
ical signature and extent of recent and past oil spills to Antarctic soil and

vegetation in comparison to long range atmospheric transport have not
been comprehensively addressed.

Therefore, the main objectives of this study were: i) to contribute
with a large data set of PAHs and n-alkanes concentrations in soils and
vegetation from Deception, Livingston, Barrientos and Penguin Islands
(all belonging to the South Shetland Islands). The sampling sites cover
soils from intertidal areas affected by seawater inputs, background
soils with and without vegetation, and lichens, mosses, grass and Ant-
arctic pearlwort, ii) to assess the local and remote anthropogenic
sources of aliphatic and aromatic hydrocarbons, as well potential bio-
genic hydrocarbon inputs. This is achieved by the determination of the
concentrations of n-alkanes, biomarkers such as phytane (Ph) and pris-
tine (Pr), the unresolved complex mixture (UCM) and PAHs.

2. Experimental section
2.1. Study sites and sampling methodology

The collection of soil and vegetation samples was performed at dif-
ferent sites of the South Shetland Islands during the austral summer
campaigns in 2008/09 (ATOS-2, 10th January-14th February'09) and
2010/11 (24th January-10th February'11). Deception Island (62° 58’
S, 60° 40'W), Livingston Island (62° 39’S, 60° 23'W), Barrientos Island
(62° 24’ S, 59° 44'W), Penguin Island (62° 06’ S, 57° 56’'W) and Byers
Peninsula, (62° 34’S, 61° 13'W), an Antarctic Specially Protected Area
located in the westernmost part of the Livingston Island, were selected
as the study region (Fig. 1 and further details in Annex I of Supporting
Information (SI)). Soil samples from surface top 1 cm and profile (top
5 cm) (n = 46) and vegetation samples (n = 16) were collected in
the Islands coastal sites during the 2008-2009 campaign and at
medium-high intertidal areas mainly during the 2010-2011 campaign
(Annex I SI for information regarding sampling sites, sampling maps
and sampling information). Many of these areas are not accessible by
land and they were reached by sea. Some of these samples, especially
those within the Islands (on-land soils) and further away from intertidal
areas were collected at zones with penguin colonies, with vegetation
cover, in ancient stations or proximate to the current main research
buildings of Juan Carlos I research station. Vegetation types collected in-
clude lichens (Usnea Antarctica, n = 7), mosses (Sanionia uncinata, n =
6), and a couple of vascular plants, Antarctic hair grass, (Deschampsia
Antarctica) (n = 2) and Antarctic pearlwort (Colobanthus quitensis)
(n = 1) (Annex I for sampling sites, sampling map, vegetation types
and sampling details). Samples of soil from intertidal areas were
analysed for PAHs and n-alkanes, while vegetation and on-land soil
samples were only analysed for n-alkanes, as PAHs were reported in a
companion study (Cabrerizo et al., 2012). Both soil and vegetation sam-
ples were collected in pre-cleaned glass jars. Soil samples were collected
using a stainless steel spoon, which was rinsed with acetone between
samples to avoid cross contamination, while vegetation samples were
collected with pre-cleaned stainless steel scissors and clean nitrile
gloves for each sample. Samples were kept air-tight until their analysis.
After sampling, soil and vegetation samples were stored in freezers at
—20 °C until analysis.

2.1.1. Analytical methods

Prior to the extraction, soil samples (~20 g) were homogenized and
dried by mixing with anhydrous sodium sulphate. Vegetation samples
(~25 g) were frozen with liquid nitrogen and homogenized and dried
by mixing with anhydrous sodium sulphate. The whole sample was
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Fig. 1. Sampling regions in Livingston and Byers Peninsula, Deception, Barrientos and Penguin Islands (South Shetland Islands, Antarctica).

transferred into a pre-extracted cellulose thimble (Whatman) and ex-
tracted in Soxhlet for 24 h in dichloromethane:methanol (2:1), followed
by a concentration using a rotary evaporator and solvent exchange to
hexane until 1 ml. Prior to the extraction, samples were spiked with a
solution containing the following deuterated compounds;
phenanthrene-d,o, pyrene-d;o, perylene-d;, and tetracosane-d;,
which were used as surrogate standards to determine the potential
losses during the analytical procedure. 1 ml extracts were cleaned and
fractionated using glass columns filled with neutral alumina (Merck,
70-230 mesh, 3 g of 3% deactivated) and a top layer of anhydrous sodi-
um sulphate (0.5 cm) to separate the aliphatic and aromatic fractions.
The fraction containing the low polarity aliphatic hydrocarbons (n-al-
kanes) and the aliphatic UCM was eluted with 6 ml of hexane and the
aromatic fraction (containing the PAHs) was eluted with 12 ml of di-
chloromethane/hexane 2:1. Samples were concentrated in a rotary
evaporator until 1 ml, and then transferred to a vial and solvent-
exchanged to isooctane under a gentle stream of nitrogen to a final vol-
ume of 150 pl. Nonadecane-dy4p, and a mix containing anthacene-do,
fluoranthene-d, and benzo(b)fluoranthene-d;, were used as internal
standards.

All samples were analysed for n-alkanes (in the range from n-C;, to
n-Css), Ph, Pr, and the aliphatic UCM using an Agilent 6890 gas chroma-
tography coupled to an Agilent 5973 mass spectrometry (GC/MS) with a
EI+ source operating in full SCAN mode with a HP-5 MS column (30 m
length x 0.25 mm i.d x 0.25 thickness). 2 ul of each sample were
injected in splitless mode with the injector temperature at 280 °C.
Helium was used as carrier gas at a flow rate of 1 ml min™'. The oven
temperature was programmed to increase from 90 °C to 180 °C (1 min
hold) and from 180 °C to 300 °C (2 min hold) at a rate of 3 °C min™ .
The mass spectrometer was operated in the electron impact (EI) mode
(70 eV) with a scanning range between m/z 50 and 500. Reference to
the sum of n-alkanes (2n-alkanes) considers the aforementioned n-
C]Z to I'l—C35.

The following parent and alkylated PAHs were analysed in the aro-
matic fraction: phenanthrene (Phe), anthracene (Ant), fluoranthrene

(Flu), pyrene (Pyr), benzo(a)anthracene (B(a)ant), chrysene (Cry),
benzo(b&k)fluoranthene (B(b + k)f), benzo(e)pyrene (B(e)pyr),
benzo(a)pyrene (B(a)pyr), perylene (Pery), dibenzo(a,h)anthracene
(Dib(a,h)ant), benzo(gh,i)perylene (B(gh,i)pery), indeno(1,2,3-
cd)pyrene (In(1,2,3-cd)pyr, dibenzonthiophene (DBT),
methyldibenzonthiophenes (SMDBT), methylphenanthrenes (XMP),
dimethylphenanthrenes (3DMPD). PAHs were analysed by GC/MS
using an Agilent 6890 operating in selected ion monitoring (SIM)
mode.  The GC system  was equipped with a
30 m x 0.25 mm x 0.25 pum i.d., Agilent, HP-5MS (5%-phenyl-95%-
dimethylpolysiloxane) capillary column with a film thickness of
0.25 mm. The oven temperature was increased to 90 °C and held for
1 min, then increased to 120 °C at 10 °C/min, and then increased from
120 to 315 °C at 5 °C/min and finally held at 315 °C for 5 min. Injector
and transfer line temperatures were 280 and 300 °C, respectively, and
2 Wl of sample were injected. Further details of the extraction, fraction-
ation, temperature programs and monitored ions are given elsewhere
(Cabrerizo et al., 2009, 2011, 2013). Reference to the sum of PAHs
(2PAHSs) considers the aforementioned parent and methylated PAHs.

2.1.2. Quality assurance/quality control

All analytical procedures were monitored using strict quality assur-
ance and control measures. Laboratory blanks were included at the
rate of one blank every five samples processed. Phe, Ant, Flu and n-
alkanes were detected in blanks at low concentrations, ranging from 4
to 12% of levels found in samples, indicating minimal contamination
during processing. Therefore, samples were not blank corrected. PAHs
and n-alkanes method quantification limits were derived from the low-
est standard in the calibration curve; they were 2 pg gdw ™! for PAHs in
soil and from 0.4 ng gdw ™! to 0.7 ng gdw ™' for n-alkanes in soil and
vegetation respectively. Recoveries were routinely monitored using
phen-d,o, chry-d;,, pery-d;» and tetracosane-d;, and they ranged
from 70 to 86% for PAHs and from 68 to 110% for n-alkanes in soil and
vegetation. Concentrations were not corrected for recoveries.
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The following physico-chemical characteristics of samples were
measured by standard methods described elsewhere (Cabrerizo et al.,
2011; Cabrerizo et al., 2012): soil temperature (Soil T), lipid content
and SOM. SOM in soils was assessed by the means of the total organic
carbon (TOC) in % or the fraction of organic carbon (foc). The determina-
tion of TOC was performed by flash combustion at 1025 °C followed by
thermic conductivity detection in a CHNS Elemental Analyser EA1108.
The limit of detection for TOC was of 0.1%.

3. Results and discussion
3.1. Occurrence of n-alkanes in Antarctic vegetation

All the measured concentrations of individual n-alkanes are listed in
Annex II SI. Extractable n-alkanes in Antarctic vegetation were dominat-
ed by odd-over-even carbon number, with high abundances of C,; to
C3s, especially for mosses and vascular plants (grass and Antarctic
pearlwort), while the carbon chain length for lichens were in the
range from Cy7 to C35 (Fig. 2). The short chain n-alkanes, such as C;7,
in lichens may be derived from the photobiont (cyanobacteria or
green algae) as reported in previous studies from temperate regions,
where cyanobacteria extracts normally contained higher abundance of
C;7 (Han and Calvin, 1969), while the long chain homologs may origi-
nate from the mycobionts (Torres et al., 2003). The distribution pattern
is consistent with previous studies for other temperate/sub-arctic spe-
cies (Bingham et al,, 2010; Vonk and Gustafsson, 2009). The most abun-
dant n-alkane was C,; for lichens, C,9 for mosses and Antarctic
pearlwort, and Cs; for grass. Carbon number predominance of n-
alkanes are usually expressed using the CPI, which is defined as (Bray
and Evans, 1961; Marzi et al., 1993),

(Ca3 + Co5 + Co7 + Cag + C31) + (Cas + Co7 + Cog + C31 + C33)

CPl =
2(Caq + Cog + C30 + C32)

(M

where C,; is the abundance of the n-alkane with m carbons. CPI values
for vascular plants such as grass and Antarctic pearlwort were of
8.3 £+ 0.2 (mean + SD) and 3.6, respectively, which are typical for
higher plants (Ficken et al., 2000; Bi et al., 2005). Lichens and mosses
showed lower CPI values, in the range of 1.3 4 0.6 and 2.9 + 1.8 respec-
tively. Previous non-Antarctic studies have shown that vegetation types
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and environmental factors are the main controls of the higher plant n-
alkane average chain length (ACL) defined as,

23Cy3 + 25C55 + 27C57 + 29Cy9 + 31C31 + 33Cs3
C23 + Cas5 4 Co7 + Co9 + C31 + C33

ACL = (2)

where Cx is the abundance of the chain length with x carbons. (Bush and
Mclnerney, 2013). The ACL values for our study were 28.2 4 0.9 for li-
chens, 27.9 4 0.7 for mosses, 27.7 4 0.2 for grass and 27.3 for Antarctic
pearlwort (Fig. S2.1). Although vascular plants showed the lower ACL, a
Kruskal-Wallis test revealed that the ACL was not significant different
(p > 0.05) between vegetation types. No significant correlations be-
tween ACL of the different vegetation species and latitude were found,
consistent with results from non-polar lacustrine sediments (Sachse
et al,, 2004). 3n-alkanes' concentrations for lichens, mosses, grass and
Antarctic pearlwort were 180-1180 ng gdw ™!, 441-3054 ng gdw !,
12023-27858 ng gdw !, and 3497 ng gdw ™!, respectively. The spatial
distribution (Fig. S2.2) does not show a clear pattern accounting for the
range of concentrations. The lipid content was in the range 1.4-14% for
the different vegetation types, and its influence on n-alkanes concentra-
tion was assessed by regression analysis. Fig. 3 shows the significant de-
pendence of low and high molecular weight n-alkanes concentrations
(r? = 0.28-0.53, p-level < 0.05) on lipid content (as lipid fraction).
This is the first time this dependence is described for n-alkanes, and it
is consistent with the trends described for other hydrophobic com-
pounds, such as polychlorinated biphenyls, in Antarctic vegetation
(Cabrerizo et al., 2012).

3.2. Patterns and occurrence of PAHs at soils from intertidal areas

The spatial distribution of PAHs concentrations at intertidal soils is
shown in Fig. 4 (top panel) (complete data set and ancillary data in
Tables S3.1 to S3.3, Annex III). Overall, the profile observed at the differ-
ent islands (Fig. S3.1) were dominated by low to medium molecular
weight PAHs (those having 4 and 3 rings), such as Flu, Pyr, ZMP,
3DMP and Phe, whose contribution accounted for ~60% of ZPAHs. The
ranges of soil concentrations of ZPAHs at intertidal areas were 4-
47 ng gdw~!,9-99 ng gdw~ !, 54 ng gdw !, and 66 ng gdw ' at De-
ception, Barrientos, Livingston and Penguin Islands, respectively. Previ-
ously reported PAHs concentration at soils from Deception and
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Fig. 2. n-Alkanes concentration (mean =+ SD), in ng gdw ! in Antarctic vegetation.
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Livingston Islands (Cabrerizo et al., 2012) were of the same range or
slightly lower than those found at intertidal areas, probably related to
the influence of seawater modifying the concentrations in soils. Highly
contaminated areas where accidental spills have occurred, or close to
research stations, have shown concentrations up to thousands of
ng gdw~ ! (Cripps, 1992; Kennicutt et al., 1992, Mazzera et al., 1999;
Cabrerizo et al., 2012), while concentrations in background soils from
Western Antarctica (soils and sediments) have been reported to be
below detection limit (Aislabie et al., 1999). Antarctic soils are charac-
terized by very low values of TOC (Meijer et al., 2003; Cabrerizo et al.,
2012). At the intertidal areas, only 1 soil sample out of 20 showed TOC
values above detection limit. The intertidal soil at Penguin Island had a
TOC content of 0.33%, which is likely driven by penguin colonies feces,
and where higher concentrations of PAHs were found. This is consistent
with previous studies (Cabrerizo et al., 2012; Roosens et al., 2007)
showing that penguin colonies enhance the soil organic carbon content
and persistent organic pollutants (POPs) in Antarctic soils. Anthropogenic
activities or tourism in Antarctica has apparently not contributed to in-
crease TOC at the intertidal soils in the study area, and concentrations of
3PAHs in the samples collected at intertidal areas close to Gabriel de Cas-
tilla and Deception research stations at Deception Island showed >PAHs
in the range from 12 to 46 ng gdw !, which are not significantly different
than the concentrations from the other intertidal soils.

3.3. Occurrence of n-alkanes in Antarctic soils

Fig. 5 shows the patterns of n-alkanes at the different islands, and
the spatial distribution of Sn-alkanes at intertidal soils and on-land
soils within the Islands are shown in Fig. 4 (bottom panel) and Fig.
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S3.2 respectively (data set in Tables S3.4 to S3.9). Generally, we ob-
served a decrease of n-alkanes concentrations in soils (p < 0.05) at
higher latitude (Fig. S3.3), while no longitudinal gradient (p > 0.05)
was observed. Overall, C;,-C35 n-alkanes were occurring in most of
the soils with a predominance of odd C number n-alkanes (n-Css, n-
Cy7, n-Cag, and n-Czy), especially in the background soils not influenced
by research stations. Concentrations of 3n-alkanes ranged from 7 to
1769 ng gdw ™! in soils at Deception Island, 30-1300 ng gdw ™! at Liv-
ingston Island, 635 ng gdw ™! at Penguin Island, 30-746 ng gdw ! at
Barrientos Island, and 827 ng gdw ! at Byers Peninsula. These concen-
trations are in the same range than those reported in soil samples (13-
2200 ng gdw ') from McMurdo Dry Valleys of Southern Victoria Land
(Matsumoto et al., 1990). Higher predominance of shorter n-alkanes
(n-Cy5 to n-Cys) in comparison to high molecular weight n-alkanes
were detected in soils collected within the perimeter of the Juan Carlos
[ research station (Fig. 5), which in fact showed the highest concentra-
tions of 3n-alkanes (334-3310 ng gdw ™). Soils collected near the
Juan Carlos I research station also showed one order of magnitude
higher 3PAHs concentrations in comparison to those collected at back-
ground areas of the Livingston Island (Cabrerizo et al., 2012). There are
significant correlations (r? from 0.18 to 0.62, p-value < 0.05) between
3PAHs and n-alkanes concentrations for both even (Cyg, C29, C24), and
odd numbered (Cqg, C21) n-alkanes for on-land soils (Fig. 6 and Fig.
S3.4) and soils at intertidal areas (Fig. S3.5). These correlations explain
a higher fraction of variability for even carbon n-alkanes, than for odd
carbon n-alkanes. The fact that even n-alkanes are correlated with
3PAHs, and individual PAHs (Fig. S3.6 and Fig. S3.7) suggests a common
source of hydrocarbons in Antarctic soils and/or common partitioning
processes.
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station.
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TOC content was always below 0.1% for all soils collected at intertidal
areas and on the islands, with the exception of samples with vegetation
cover (0.12-0.43%), samples within the perimeter of Juan Carlos I re-
search station (0.17%), and samples closed to penguin colonies (0.33-
2.6%). The influence of TOC on n-alkanes was studied by means of a
least square regression. Overall, a stronger significant dependence of
odd carbon n-alkanes (r? of 0.38-0.78, p < 0.05) than even carbon n-
alkanes (r? of 0.40-0.46, p < 0.05) on fyc was observed (Fig. 7)
confirming the important role of soil organic carbon, even at low
amounts, in the retention of biogenic derived n-alkanes. The larger per-
centage of variability that foc explains for odd carbon n-alkanes is due to
the biogenic (vegetation) origin of most of these hydrocarbons. In addi-
tion, a close coupling correlation between biogenic derived n-C;; and
phenanthrene, SMP and 3DMP was found (r? = 0.30-0.49) (Fig. 6)
for soils collected within the Islands, which may evidence the potential
biogenic generation of more volatile PAHs from degradation of SOM as
suggested previously for temperate soils (Wilcke, 2007, Cabrerizo
etal., 2011). Conversely, there were no significant correlations between
n-Cy7 and Phe in soils from intertidal areas indicating a larger presence
of anthropogenic sources of PAHs, in contrast with on-land soils. In
order to distinguish the anthropogenic sources of PAHs, a diagnostic
ratio such as Phe/Ant versus Flu/Pyr (Lima et al., 2005) was assessed

to identify petrogenic from combustion-derived sources of PAHs, but a
combination of both signatures (with a potential contribution of bio-
genic PAHs) was observed in on-land soils and intertidal areas from
the Southern Shetlands (Fig. S3.8).

The CPI value for soil samples (Eq. (1), Tables $3.4-S3.9) varied be-
tween locations and soil types. Overall, CPI values were <1.5 for most
soils collected at intertidal areas (1.3 + 0.4) and for those soils having
TOC<0.1% (1.2 £ 0.6). CPI values of 1 have been suggested in the liter-
ature as indication of anthropogenic origin from raw hydrocarbon
deposits and during combustion of fossil fuels (Simoneit and
Mazurek, 1982), but also direct input of long-chain n-alkanes de-
rived from microorganisms into soil and sediment can result in the
pronounced decrease of CPI ranging from 0.54 to 1.61 with a mean
value of 1.1 (Pan et al., 2012). The low CPIs for the soils affected by
the Juan Carlos I research station confirms a potential anthropogenic
influence on the PAHs and n-alkanes occurrence discussed above.
Conversely, higher CPI values were observed for those soils collected
close to penguin colonies and soils covered by vegetation (2.6 & 0.9).
CPI values in the range from 4 to 10 have been suggested as markers
of higher plant residues in soils (Wakeham and Carpenter, 1976;
Prahl and Muehlhausen, 1989) indicating an influence of vegetative
detritus. Due to the lack of higher plants in the Antarctica and the
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fact that CPI values in Antarctic vegetation (see above) were always
much lower than 4 for mosses, lichens and Antarctic pearlwort,
with the exception of grass, it is unlikely to expect CPI values from
4 to 10 in Antarctic soils. However, the CPI > 1 observed here may re-
flect the influence of grass and moss derived n-alkanes on the soil CPI
values. Atmospheric deposition could also be a source of n-alkanes
with a CPI> 1. Indeed, CPI in the range from 1.4 to 3.4 were observed
in aerosols in the Greenland atmosphere (Von Schneidemesser et al.,
2009), showing largest values in the early summer and reaching a
minimum in the early winter, corresponding to the seasonality of
vegetation in the northern hemisphere and the increasing domi-
nance of a fossil fuel alkanes during winter. However, aerosol depo-
sition is unlikely an important source of n-alkanes for the South
Shetland Islands due to the low amount of remote continental aero-
sols. Previous studies in the Antarctic McMurdo Dry Valleys reported
CPI values of 1.98-2.59 in soils (Matsumoto et al., 2010), which were
attributed to lichens and/or vascular debris, consistent with the re-
sults reported here. In order to study the influence of TOC on CPI,
only those samples having TOC values above detection limit were
considered for statistical analysis. Overall, a significant dependence
of CPI on foc was observed with r? of 0.41, p < 0.05 (Fig. $3.9),
which further confirms the influence of vegetation increasing the
SOM content and CPI values (odd carbon n-alkanes).

The influence of environmental factors such as temperature (T) has
been reported to influence the average chain length (Bush and
Mclnerney, 2013). ACL values were 25 4 0.8 for soils collected in inter-
tidal areas and slightly larger, 27 + 1 for the rest of the soils collected on
the Islands. Although soil T was not measured in all soils due to logistical
limitations, T was observed to influence ACL (r* = 0.32, p < 0.05) for the
subset of samples for those T was measured (Fig. S3.10). This is in agree-
ment with previous studies in warmer environments (Bush and
Mclnerney, 2013), and can be attributed to an enhanced volatilization
of the shorter chain n-alkanes (more volatile) during warm periods,
and higher abundance of vegetation contributing with long chain n-
alkanes at the warmer regions.

3.4. Local sources of organic pollutants from research stations and other hu-
man activities

The unresolved complex mixture of aliphatic hydrocarbons was de-
tected as a hump (Annex IV, Fig. S4.1) in the chromatogram of the ali-
phatic hydrocarbon fraction from almost half of the samples collected
at intertidal soil samples (8 out of 20). The UCM concentrations were
in the range from 3.3 to 4.9 ug gdw—'. The fact that these samples
showed higher concentration of UCM and PAHs in comparison to sam-
ples taken within Islands, and CPI values around unity, in the range of
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0.5-1.2 for these samples, further supported the hypothesis of the pres-
ence of anthropogenic sources of hydrocarbons, such as petroleum con-
tamination, at the soils collected at intertidal areas. Overall, a significant
dependence of UCM on CPI was observed with r? of 0.54, p < 0.05 (Fig.
S4.2). These hydrocarbons may have originated from anthropogenic ac-
tivities occurring in coastal waters of the South Shetland Islands such as
oil spill/leakage during ships operations (research vessels or tourist
vessels).

For those soils collected further away from intertidal/coastal areas, at
locations with penguin colonies, with vegetation cover, or proximate to
the current main research buildings of Juan Carlos I research station,
only 4 soils out of 25 showed the presence of a large UCM (25-
1402 pg gdw~"). These four soil samples belong to the areas sampled
within the perimeter of Juan Carlos research station, which in fact
showed the highest concentration of PAHs (Cabrerizo et al., 2012),
and which further support the evidence that even a small settlement
(20 persons during the austral summer) can affect the loading of ali-
phatic and aromatic hydrocarbons in nearby soils. Whether the input
of anthropogenic hydrocarbons are fresh or weathered was assessed
by the used of two isoprenoid alkanes; pristane and phytane. Soil sam-
ples were divided in samples collected: i) at penguin colonies, ii) at
Byers Camp, iii) at abandoned old research stations visited by tourists
(Deception Island), iv) samples contaminated by hydrocarbons as sug-
gested from UCM and CPI values (samples taken at on-going research
station Juan Carlos I and intertidal areas, v) at other background soils,
and vi) below vegetation communities. Phytane is essentially absent
in the uncontaminated recent soil/sediments. A high concentration of
pristane can be derived from zooplankton and some other marine ani-
mals, which results in a higher Pr/Ph ratio (typically between 3 and 5)
(Volkman et al., 1999). This is consistent with the Pr/Ph values (6-28)
from the samples collected at penguin colonies (Fig. S4.3). The lowest
values were detected in the soils collected at on-going Juan Carlos I re-
search station and at soils collected at intertidal areas which showed
the presence of the UCM, with values slightly below than 1. Pr/Ph ratios
in soils influenced by the presence of lichens, grass and mosses were not
significantly different from those found in bare soils from other back-
ground areas. As alicyclic Pr and Ph biodegrade more slowly when com-
pared to the straight chain C;7 and Cyg, the Pr/C;7 and Ph/C;g indices are
widely used as indicators of hydrocarbon degradation (Kennicutt et al.,
1987). As the easily degraded normal hydrocarbons (Cy7 and Cyg) are
lost, the more degradation resistant isoprenoids (pristane and phytane)
are conserved. Fig. S4.4 showed higher values of Pr/C;; and Ph/C;g ratios
(Pr/Cy7>1 and Ph/Cyg> 1) at soils of Juan Carlos I and intertidal areas in
comparison to soils having biogenic inputs of hydrocarbons from pen-
guin colonies and/or vegetation, thus suggesting that despite the con-
tamination of petroleum found in those samples, biodegradation
processes are occurring in the contaminated soils of the South Shetland
Islands.

4. Conclusions

The pristine and severe conditions of Antarctica, together with the
lower content of organic matter in ice free areas where soil and vegeta-
tion have developed, make the study of biogenic and anthropogenic
sources of hydrocarbons of great importance. The presence of biogenic
over anthropogenic sources of hydrocarbons in Antarctic vegetation
were shown by the predominance of odd-over-even carbon number al-
kanes and high abundances of n-Cy7 to n-Cs; in mosses and grass, and
also n-Cy in lichens, being the lipid content an important factor control-
ling the load of n-alkanes in Antarctic vegetation. The presence of an-
thropogenic sources such as oil spills, fossil fuel combustion, etc., were
mostly observed in soils within the perimeter of Juan Carlos I research
station and at soils collected at intertidal areas, most likely due to re-
search activities and ships operation (research or tourist vessels) in
coastal areas close to the Islands. This was confirmed by the presence
of an UCM, higher concentrations of PAHs, CPI values close to 1 and

higher ratios of Pr/Cy7 and Ph/C;g. The predominance of odd-to-even C
number n-alkanes and the correlations between n-C;7 and most volatile
PAHSs such as Phe and SMP, especially in on-land soils, together with CPI
values higher than 1, further support that biogenic derived sources of
not only aliphatic, but also aromatic hydrocarbons, from vegetation
waxes, SOM decomposition or marine algae, are not negligible in
Antarctica and should be considered when assessing the overall inven-
tory of hydrocarbons in Antarctica or elsewhere.
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