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Abstract: Soil cover of the Earth is faced with intensive polychemical contamination. The pathways
of the key pollutants are not investigated enough. Thus, the occasional transportation of soils
to remote regions could serve as an informative tool for the elaboration of threshold levels of
hazardous materials concentration. One of the most striking examples of such transboundary
impact was the transfer of soils and grounds to the Antarctic stations Russkaya and Leningradskaya
(before the implementation of the Madrid Protocol in 1991). Thus, the complex investigation of
qualitative and quantitative composition of polycyclic aromatic hydrocarbons (PAHs) in soils of
various genesis (transported from Eurasia and pristine) of Antarctic have been conducted by the
method of high-performance liquid chromatography (HPLC) in a gradient elution mode. The
variability of PAHs content was evaluated across landscapes: pristine (the Hudson Mountains and
the Haswell Archipelago), contaminated soils (stations Myrniy, Druzhnaya 4 and Bellinshausen) and
unique samples of former agrosoils transported by fly in-fly of polar staff from St. Petersburg to
Antarctic for local polar greenhouses in the Soviet times, when it was not strictly prohibited. The
selected objects of study allow us to not only estimate the degree of contamination of Antarctic soils
and grounds, but to also make it possible to assess the rate of PAH degradation in Antarctic conditions.
Both high molecular and low molecular PAHs are accumulated following intense anthropogenic
activity (fossil organic fuel combustion). The PAHs pool is dominated by low molecular weight
representatives (naphthalene, phenanthrene, fluoranthene, pyrene). In most cases, the highest
concentrations of benz(a)pyrene does not exceed the Russian Threshold Standard rate, which is
the strictest one in the world. The statistical analysis of raw data allowed us to conclude that
the contamination of pristine soils of Antarctica across variable landscapes is at the very initial
stage. However, we recorded extremely high levels of PAHs in the transported former agrosoils.
We can assume that our data could be used as background levels for the elaboration of threshold
concentrations of the PAHs for such an internationally managed region as Antarctica.

Keywords: polycyclic aromatic hydrocarbons; soil; Antarctica; PAH isomer ratios

1. Introduction

Antarctica is a continent located remotely from industrial regions and, therefore, rela-
tively mildly affected by anthropogenic impact. However, even Antarctica can no longer
be considered a clean continent, which is explained by both direct and indirect anthro-
pogenic pollution. Human presence in Antarctica, such as operating scientific stations,
tourist facilities, etc., leads to air pollution, fuel spills, waste and wastewater discharge
into the environment [1]. At present, the Madrid Protocol prohibits the importation into
the territory of Antarctica of various biological substrates and soils [2], but in Soviet times
there were facts of transporting soils and grounds from St. Petersburg on the territory
of the Leningradskaya and Russkaya Stations. At that time, it was not strictly forbidden
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and sometimes such phenomena did happen. Moreover, no control was carried out on
the level of contamination of these former agrosoils, which resulted in the transfer to the
Antarctic continent of non-typical pollutants for this region. Our study is novel in many
aspects because it is not only associated with the evaluation of current ecotoxicological
states of the soils, located in the vicinities of the Antarctic stations and soils of mature
ecosystems, but also because we aimed to obtain information about the fact of agrosoils
transportation and we have possibilities to estimate the degree of the PAHs stabilization
rate in severe polar conditions with limited microbiological activity. The fact of soil and
grounds transportation which had appeared more than 40 years ago and the existence
of these grounds in conservated stations represents quite an interesting model for model
ecotoxicological research.

In addition, persistent organic pollutants, including polycyclic aromatic hydrocarbons
(PAHs), are transported over long distances in the atmosphere from industrialized regions
of the southern hemisphere [3–6]. PAHs are compounds composed of several condensed
benzene rings with benzo[a]pyrene as the lead component. These are divided into "light"
PAHs with two to four and "heavy" PAHs with five to six aromatic rings. PAHs are harmful
to health and are classified as genotoxic carcinogens. The European Food Safety Authority
(EFSA) considers 16 PAHs compounds classified as toxicologically relevant to humans
because of their food intake. Due to their physicochemical properties, ecotoxicants pass
up the polar food chains rich in fats and are accumulated in biota. The combination
of harsh climatic conditions with physical and chemical properties of persistent toxic
compounds converts polar regions into an area of final accumulation of these substances,
which can lead to their increased content as compared to the source regions [7]. The
human presence in this region has become possible due to the widespread use of fossil
(caustobiolith) fuels for supply vessels, tourist, research, and other land vehicles, as well
as for heating and lighting research stations [8]. These days, most Antarctic research
stations are located in coastal areas, where they discharge untreated sewage and dispose of
household waste immediately into the ocean [9,10]. Burning fossil fuels can be considered
one of the most important anthropogenic sources in terms of environmental pollution with
substances such as PAHs. Therefore, monitoring this group of compounds can be used
to determine the anthropogenic load in Antarctica. While the Protocol on Environmental
Protection to the Antarctic Treaty (Madrid Protocol, 1991) provides strict guidelines for
the protection of the Antarctic environment and sets forth obligations to minimize any
human activity on the continent and in the South Sea, global warming, growing population
and industrial development in the Southern Hemisphere. in addition to the logistical
development of the continent, are likely to increase the exposure of the Antarctic ecosystems
to anthropogenic pollution.

Polycyclic aromatic hydrocarbons are common organic pollutants that exhibit car-
cinogenic, mutagenic and toxic effects on living organisms, and are included in the list
of priorities for continuous monitoring, for which appropriate analytical methods have
been developed [11–18]. PAHs are mainly formed from anthropogenic sources, including
through the combustion of fossil fuels, vehicle emissions, and spills of oil and petroleum
by-products [19,20]. Given the variety of processes leading to PAH formation, it is thermal
action on organic matter that should be considered as the most common mechanism for
PAH generation [21,22]. Higher molecular weight PAHs are less susceptible to microbial
degradation than lower molecular weight PAHs, especially in polar regions with low tem-
peratures [23,24]. Thus, PAHs are deposited and preserved in soils and bottom sediments
and serve as suitable objects for studying anthropogenic organic matter entering soils.

In connection with the above-mentioned, this work aims at a primary study of the
content and composition of PAHs in the former agrosoils, transported to Antarctica from
Eurasia in comparison with soils of various polar Antarctic stations. The working hy-
pothesis was that transported soils bring high rates of PAHs accumulated in urbanized
environments of the Russian North-West and the levels of soil contaminations stay stable
due to the absence or very low microbiological decomposing rate in the severe climatic con-
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ditions of Antarctica. The determination of trends and causes of anthropogenic pollution
of Antarctic soils and assessment of the levels of PAHs accumulation in them is also quite
interesting because the environmental rationing and management in Antarctica requires
the elaboration of threshold levels for soils of this remote region.

2. Materials and Methods

The environmental and physiographic characteristics of the soils are given in the
reference sources [23]. Soil samples from various regions of Antarctica were studied: the
sub-Antarctic zone, coastal and continental Antarctica. The soil of the Hudson Mountains
(Mount Moses and Maish Nunatak), the Pacific sector of West Antarctica (with no anthro-
pogenic impact), and slightly altered landscapes of the Haswell Archipelago (66◦31′34′′ S,
92◦59′55′′ E) were taken as a reference sample. Soils exposed to heavy anthropogenic
impact—at the airfield at Bellingshausen Station (62◦12′28′′ S, 58◦54′14′′ W), at the open-air
storage area for petroleum products at Druzhnaya 4 Station (69◦44′46′′ S, 73◦42′10′′ E)
were chosen to determine pollution trends in natural soils in intensely developed areas. To
analyze the pollution resistance, a soil sample in the vicinity of Leningradskaya Station
was examined. The samples were taken in January 2008 immediately after the station
had been deactivated after a 20-year period of abandonment. The soils are represented
by underdeveloped varieties (mostly Leptosols, without visible morphological signs of
pollution). The data on the soils were published in earlier studies [25–27].

Imported former agrosoils for planting flowers and vegetables in small greenhouses
were chosen to act as contrasting objects at the Russkaya and Leningradskaya Stations.
It should be noted that these imported soils have been kept at the stations for more than
20 years after their emergency conservation. These unique samples, which stayed abun-
dantly on the territory of the Russkaya and Leningradskaya stations could be considered as
good model samples for the evaluation of the stability of soil contamination levels during
the 20 years in the severe climatic conditions of remote Antarctic landscapes.

Samples were taken during the 53rd and 55th Russian Antarctic expeditions by E.V.
Abakumov, after which they were processed (labeling, recording) in the vesel’s laboratory
and delivered by sea in a chilled state to St. Petersburg State University. The localization of
the study items is shown in Figure 1. The photos of the soils and anthropogenic sites can
be seen in Figure 2.

The determination of PAHs in soils is based on a number of methods [14,28] and
works [29,30]. Extraction was carried out at room temperature with a hexane/acetone
mixture (1/1) with ultrasonic treatment of the extraction system on an ultrasonic cleaner
Branson 5510 (USA) following the procedure [12]. The PAH fraction was purified by silica
gel column chromatography following the purification procedure [13].

Qualitative and quantitative PAHs content in soils was determined by means of
reversed-phase HPLC in a gradient mode and spectrofluorimetric detection on a Lumakhrom
chromatograph (Lumex, Russia). Chromatography was performed at 30 ◦C on a Supelco
Supelcosil™ LC-PAH 5-µm column (25 cm × 2.1 mm). An acetonitrile/water gradient
was used as the mobile phase. A 10-µL sample was injected with a sampling valve. PAHs
were identified through retention times and comparison of the fluorescence spectra of the
components leaving the column to the spectra of standard PAHs. The quantitative analysis
of PAHs was carried out with the external standard method. To assess the accuracy of
the method, a PAH-containing sediment standard (Standard Reference Material® 1944
New York/New Jersey Waterway Sediment (National Institute of Standards and Technol-
ogy NIST, Gaithersburg, MD, USA)) was exposed to the analysis above, which showed
satisfactory results. The results were processed by means of the SIGMAPLOT 6 software.
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Figure 1. Localization of soil sampling sites in Antarctica: 1—Bellingshausen Station, King George 
Island, 2—Mirniy Station, 3—the Haswell Archipelago, 4—the Hudson Mountains, 5—Druzhnaya 
4 Station, 6—Leningradskaya Station and 7—Russkaya Station. 
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Figure 1. Localization of soil sampling sites in Antarctica: 1—Bellingshausen Station, King George Island, 2—Mirniy
Station, 3—the Haswell Archipelago, 4—the Hudson Mountains, 5—Druzhnaya 4 Station, 6—Leningradskaya Station and
7—Russkaya Station.

The possible genesis of PAHs was identified with the help of diagnostic isomeric ratios
of individual PAHs concentrations: PHEN/ANTH; ANTH/(ANT+PHEN); BaANTH/
(BaANTH+CHRY); BaPYR/BghiPER. The PHEN/ANTH ratio exceeding 10 indicates
the petrogenic origin of these polyarenes, while the one lower than 10 is pyrogenic. [31].
Values of the ANTH/(ANTH+PHEN) ratio lower than 0.1 indicate the petrogenic ori-
gin of PAH, a value of over 0.1 points out pyrogenic sources [32]. The diagnostic ratio
BaANTH/(BaANTH+CHRY) below 0.2 is indicative of background (petrogenic) origin of
hydrocarbons, 0.20–0.35—of mixed origin, above 0.35 is an indicator of the pyrogenic origin
of PAHs [33]. The ratio of heavy PAHs BaPYR/BghiPER of less than 0.6 indicates a non-
vehicle origin of polyarenes, while more than 0.6 is an indicator of the PAHs originating
from transport sources [34].
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Figure 2. Anthropogenic and natural landscapes of the studied Antarctic stations and their vicinity: (a) Bellingshausen 
Station; (b) the Hudson Mountains; (c) Druzhnaya 4 Station; (d) Mirniy Station; (e) Leningradskaya Station; (f) Russkaya 
Station; (g) the Haswell Archipelago. 
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Figure 2. Anthropogenic and natural landscapes of the studied Antarctic stations and their vicinity:
(a) Bellingshausen Station; (b) the Hudson Mountains; (c) Druzhnaya 4 Station; (d) Mirniy Station;
(e) Leningradskaya Station; (f) Russkaya Station; (g) the Haswell Archipelago.
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Since benz[a]pyrene is the most well-studied polyarene with a well-developed regu-
latory framework regarding its concentration limits in various media, researchers often
define concentrations of individual PAHs by analogy with the one of benz[a]pyrene.

The calculation of benz[a]pyrene equivalents (BaPYR-equivalents) is the product of
the PAH concentration by its toxic equivalency factor (TEF); the values of these factors are
published by Nisbet [35]. The possibility of calculating these factors for the Antarctica soils
was explained in the work earlier [36].

Statistical treatment of the data was carried out with STATISTICA 10.0 software. One-
way ANOVA was applied in order to test the statistical significance of differences among
obtained data. The essence of the method is based on the estimation of the significance of
the average differences among three or more independent groups of data combined by one
feature (factor). The null hypothesis of the average equality is tested during the analysis,
suggesting the provisions on the equality or inequality of variances. In case of rejection of
the null hypothesis, basic analysis is not applicable. If the variances are equal, the f-test
Fisher criterion is used for evaluation of the intergroup and intergroup variability. If f
statistics exceed the critical value, the null hypothesis is rejected considering the inequality
of averages. A post hoc test (Fisher’s least significant difference) was used to provide
detailed evaluation of average differences among analyzed groups of data. A feature of the
post hoc test is the application of intra-group mean squares for the assessment of any pair
averages. Differences were considered to be significant at the 95% confidence level. PAH
concentrations were analysed at least in triplicate. Calculated mean concentrations were
provided with standard deviations (X± S).

3. Results and Discussion

Data on the quantitative composition of PAHs are given in Figure 3. The data obtained
indicate that Antarctica has a group of soils with a relatively low total PAH content
(maximum—90 ng/g) and soils with a high content of PAHs (hundreds of ng/g).

Apparently, the total PAH content of approximately 30 ng/g should be recognized as
normal for the Antarctic soils. Meanwhile, in the soils of conditional reference landscapes
the content of benz(a)pyrene, which is a conditional marker of anthropogenic pollution,
is very low or equals zero (Table 1). There are also soils with increased benz(a)pyrene
concentration and cumulative PAH ratio—the ones around Mirniy and Druzhnaya 4 sta-
tions. PAHs accumulate there as a result of their light fraction, while the proportion of
benz(a)pyrene is low. The following group of soils stands out—soil from Bellingshausen
Station (a very intensely anthropogenically developed landscape) and imported agrosoils
for growing flowers (from St. Petersburg). In any case, the agrosoils show enormous
content of PAHs even in comparison with the most contaminated indigenous soils of the
Antarctica. This indicated that the baseline or threshold concentrations for soils of the
Antarctic should be completely different from those that exist in Russia or Germany. As
for component composition, light PAHs undoubtedly dominate here, and the content of
benz(a)pyrene is high. It is important to note that none of the studied natural soils of
Antarctica (even the exposed ones) exceeded the maximum allowable concentration limits
for benz(a)pyrene, while in the imported soils the share of this substance exceeds the
existing standard significantly.

Statistical processing of analytical results enabled the detection of significant variations
between the spectrum of PAHs in the soil of the reference landscape of Mount Moses, the
imported soil at Russkaya Station (p < 0.02), and the imported soil at Leningradskaya
Station (p < 0.03). The difference in the PAH content is observed as a statistical trend when
comparing the soil of the reference landscape and the contaminated soil at Druzhnaya 4
Station (p < 0.08). There is no significant increase in PAHs in the soil near the airfield at
Bellingshausen Station (p < 0.14) compared to the reference soil sample.



Land 2021, 10, 1162 7 of 12

Land 2021, 10, x FOR PEER REVIEW 6 of 12 
 

showed satisfactory results. The results were processed by means of the SIGMAPLOT 6 
software. 

The possible genesis of PAHs was identified with the help of diagnostic isomeric ra-
tios of individual PAHs concentrations: PHEN/ANTH; ANTH/(ANT+PHEN); 
BaANTH/(BaANTH+CHRY); BaPYR/BghiPER. The PHEN/ANTH ratio exceeding 10 in-
dicates the petrogenic origin of these polyarenes, while the one lower than 10 is pyrogenic. 
[31]. Values of the ANTH/(ANTH+PHEN) ratio lower than 0.1 indicate the petrogenic 
origin of PAH, a value of over 0.1 points out pyrogenic sources [32]. The diagnostic ratio 
BaANTH/(BaANTH+CHRY) below 0.2 is indicative of background (petrogenic) origin of 
hydrocarbons, 0.20–0.35—of mixed origin, above 0.35 is an indicator of the pyrogenic 
origin of PAHs [33]. The ratio of heavy PAHs BaPYR/BghiPER of less than 0.6 indicates a 
non-vehicle origin of polyarenes, while more than 0.6 is an indicator of the PAHs origi-
nating from transport sources [34]. 

Since benz[a]pyrene is the most well-studied polyarene with a well-developed regu-
latory framework regarding its concentration limits in various media, researchers often 
define concentrations of individual PAHs by analogy with the one of benz[a]pyrene. 

The calculation of benz[a]pyrene equivalents (BaPYR-equivalents) is the product of 
the PAH concentration by its toxic equivalency factor (TEF); the values of these factors are 
published by Nisbet [35]. The possibility of calculating these factors for the Antarctica soils 
was explained in the work earlier [36]. 

Statistical treatment of the data was carried out with STATISTICA 10.0 software. 
One-way ANOVA was applied in order to test the statistical significance of differences 
among obtained data. The essence of the method is based on the estimation of the signifi-
cance of the average differences among three or more independent groups of data com-
bined by one feature (factor). The null hypothesis of the average equality is tested during 
the analysis, suggesting the provisions on the equality or inequality of variances. In case 
of rejection of the null hypothesis, basic analysis is not applicable. If the variances are 
equal, the f-test Fisher criterion is used for evaluation of the intergroup and intergroup 
variability. If f statistics exceed the critical value, the null hypothesis is rejected consider-
ing the inequality of averages. A post hoc test (Fisher’s least significant difference) was 
used to provide detailed evaluation of average differences among analyzed groups of 
data. A feature of the post hoc test is the application of intra-group mean squares for the 
assessment of any pair averages. Differences were considered to be significant at the 95% 
confidence level. PAH concentrations were analysed at least in triplicate. Calculated mean 
concentrations were provided with standard deviations (𝑋ത ± 𝑆). 

3. Results and Discussion 
Data on the quantitative composition of PAHs are given in Figure 3. The data ob-

tained indicate that Antarctica has a group of soils with a relatively low total PAH content 
(maximum—90 ng/g) and soils with a high content of PAHs (hundreds of ng/g).  

  

Land 2021, 10, x FOR PEER REVIEW 7 of 12 
 

  
(a) (b) 

Figure 3. PAH fractions in Antarctica soils (a) and former agrosoils (b). 

Apparently, the total PAH content of approximately 30 ng/g should be recognized as 
normal for the Antarctic soils. Meanwhile, in the soils of conditional reference landscapes 
the content of benz(a)pyrene, which is a conditional marker of anthropogenic pollution, 
is very low or equals zero (Table 1). There are also soils with increased benz(a)pyrene 
concentration and cumulative PAH ratio—the ones around Mirniy and Druzhnaya 4 sta-
tions. PAHs accumulate there as a result of their light fraction, while the proportion of 
benz(a)pyrene is low. The following group of soils stands out—soil from Bellingshausen 
Station (a very intensely anthropogenically developed landscape) and imported agrosoils 
for growing flowers (from St. Petersburg). In any case, the agrosoils show enormous con-
tent of PAHs even in comparison with the most contaminated indigenous soils of the Ant-
arctica. This indicated that the baseline or threshold concentrations for soils of the Antarc-
tic should be completely different from those that exist in Russia or Germany. As for com-
ponent composition, light PAHs undoubtedly dominate here, and the content of 
benz(a)pyrene is high. It is important to note that none of the studied natural soils of Ant-
arctica (even the exposed ones) exceeded the maximum allowable concentration limits for 
benz(a)pyrene, while in the imported soils the share of this substance exceeds the existing 
standard significantly. 

Statistical processing of analytical results enabled the detection of significant varia-
tions between the spectrum of PAHs in the soil of the reference landscape of Mount Mo-
ses, the imported soil at Russkaya Station (p < 0.02), and the imported soil at Lenin-
gradskaya Station (p < 0.03). The difference in the PAH content is observed as a statistical 
trend when comparing the soil of the reference landscape and the contaminated soil at 
Druzhnaya 4 Station (p < 0.08). There is no significant increase in PAHs in the soil near the 
airfield at Bellingshausen Station (p < 0.14) compared to the reference soil sample. 

Table 1. Mass fraction of PAHs (ng/g) in Antarctica soils. 

Subject of 
Research 

NAPH 1 
(2 2) 

FLU 
(3) 

PHEN 
(3) 

ANTH 
(3) 

FLUOR 
(4) 

PYR 
(4) 

BaANTH 
(4) 

CHRY 
(4) 

Non-disturbed soils 
Moses n/d 3 n/d 2.0 ± 0.8 14 ± 6 n/d 4.0 ± 1.6 6.0 ± 2.1 0.30 ± 0.12 
Maish 13 ± 5 n/d 1.8 ± 0.7 14 ± 6 n/d 9 ± 4 n/d 1.3 ± 0.5 

Haswell n/d n/d 2.2 ± 0.9 11 ± 5 1.6 ± 0.6 2.9 ± 1.2 2.6 ± 0.9 1.2 ± 0.5 
Polluted soils 

Bellingshausen 
near airport 60 ± 25 n/d 6.0 ± 2.5 70 ± 14 2.5 ± 1.0 3.9 ± 1.6 25 ± 9 3.1 ± 1.3 
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The obtained primary and original results of the studied content and fractional compo-
sition of PAHs indicate the initial-stage contamination of soils in landscapes that are exposed
to intensive anthropogenic development. Soils that can be considered comparison objects or
reference samples have also been identified. Imported soils are fundamentally different in
the composition of PAHs, which is reflected in predominating anthropogenic components.

Despite the recorded low content of individual PAHs in undisturbed areas, the calcu-
lation of indicator (isomeric) ratios showed that both heavy and light PAHs in all samples
under study are of pyrogenic genesis (Table 2). On the territory of the Antarctic stations
and in imported soils at the Russkaya and Leningradskaya stations the origin is seen
as pyrogenic. Calculation of the BaPYR/BghiPER ratio indicates the transport-induced
origin of heavy polyarenes in imported soils at concentrations comparable with the St.
Petersburg soils [37]. Thus, the requirement of the Madrid protocol, which prohibits the
soil transportation to Antarctica, are correct and based on potential environmental damage
and contamination risk for a pristine environment. Meanwhile, those substrata, which
were transported legally, could be used for experimental work and the monitoring of PAHs
fate in both cases—if the stations mentioned above will be renovated and whole-wintering
again and in case of the continuation of their state as abandoned stations with fly in
fly visiting.
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Table 1. Mass fraction of PAHs (ng/g) in Antarctica soils.

Subject of
Research

NAPH 1

(2 2)
FLU
(3)

PHEN
(3)

ANTH
(3)

FLUOR
(4)

PYR
(4)

BaANTH
(4)

CHRY
(4)

Non-disturbed soils

Moses n/d 3 n/d 2.0 ± 0.8 14 ± 6 n/d 4.0 ± 1.6 6.0 ± 2.1 0.30 ± 0.12
Maish 13 ± 5 n/d 1.8 ± 0.7 14 ± 6 n/d 9 ± 4 n/d 1.3 ± 0.5

Haswell n/d n/d 2.2 ± 0.9 11 ± 5 1.6 ± 0.6 2.9 ± 1.2 2.6 ± 0.9 1.2 ± 0.5

Polluted soils

Bellingshausen
near airport 60 ± 25 n/d 6.0 ± 2.5 70 ± 14 2.5 ± 1.0 3.9 ± 1.6 25 ± 9 3.1 ± 1.3

Druzhnaya 4 21 ± 9 n/d 3.0 ± 1.2 28 ± 6 1.5 ± 0.6 13 ± 5 28 ± 10 3.0 ± 1.3
Mirniy 19 ± 8 n/d 4.5 ± 1.8 40 ± 8 1.3 ± 0.5 8 ± 3 8.0 ± 2.8 1.7 ± 0.9

Former agrosoils

Russkaya 47 ± 20 30 ± 10 48 ± 20 700 ± 140 120 ± 40 1500 ± 230 1300 ± 220 700 ± 170
Leningradskaya n/d n/d 4.6 ± 1.8 70 ± 14 10 ± 4 150 ± 60 120 ± 26 70 ± 30

Subject of
Research

BbFLUOR
(5)

BkFLUOR
(5)

BaPYR
(5)

DBahANTH
(5)

BghiPER
(6)

IPYR
(6) ∑PAH

Non-disturbed soils

Moses 0.7 ± 0.3 n/d 0.31 ± 0.12 0.60 ± 0.24 n/d n/d 28 ± 11
Maish n/d n/d 0.42 ± 0.16 n/d n/d n/d 40 ± 16

Haswell 1.3 ± 0.5 n/d 0.34 ± 0.14 n/d n/d n/d 23 ± 9

Polluted soils

Bellingshausen
near airport 6.0 ± 2.4 n/d 1.8 ± 0.8 3.0 ± 1.2 n/d 7.0 ± 2.6 190 ± 40

Druzhnaya 4 19 ± 8 10 ± 4 2.0 ± 0.8 4.3 ± 1.7 n/d 8 ± 3 141 ± 28
Mirniy 5.0 ± 2.0 2.7 ± 1.1 1.0 ± 0.4 1.1 ± 0.4 n/d n/d 92 ± 18

Former agrosoils

Russkaya 700 ± 150 800 ± 160 370 ± 70 600 ± 150 110 ± 22 650 ± 130 8100 ± 1600
Leningradskaya 70 ± 24 80 ± 30 36 ± 15 100 ± 25 9 ± 3 65 ± 24 820 ± 160

1 Abbreviations: naphthalene (NAPH), acenaphthene (ACE), fluorene (FLU), phenanthrene (PHEN), anthracene (ANTH), fluoran-
thene (FLUOR), pyrene (PYR), benz[a] anthracene (BaANTH), chrysene (CHRY), benz[b]fluoranthene (BbFLUOR), benz[k]fluoranthene
(BkFLUOR), benz[a]pyrene (BaPYR), dibenz[a,h]anthracene (DBahANTH), benz[ghi]perylene (BghiPER), indeno[1,2,3-cd]pyrene (IPYR),
total PAH (∑PAH); 2 number of condensed rings in a PAH molecule; 3 not detected.

Table 2. Values of indicator (isomeric) ratios and possible origin sources of polyarenes.

Subject of
Research

PHEN/
ANTH ANTH/(ANTH + PHEN) BaANTH/

(BaANTH + CHRY)
BaPYR/

BghiPER

Value Genesis Value Genesis Value Genesis Value Genesis

Non-disturbed soils

Moses 0.14 Pyro 1 0.88 Pyro 0.95 Pyro n/d n/d
Maish 0.13 Pyro 0.89 Pyro n/d 2 n/d n/d n/d

Haswell 0.20 Pyro 0.83 Pyro 0.68 Pyro n/d n/d

Polluted soils

Bellingshausen
near airport 0.09 Pyro 0.92 Pyro 0.89 Pyro n/d n/d

Druzhnaya 4 0.11 Pyro 0.90 Pyro 0.90 Pyro n/d n/d
Mirniy 0.11 Pyro 0.90 Pyro 0.82 Pyro n/d n/d

Former Agrosoils

Russkaya 0.07 Pyro 0.94 Pyro 0.65 Pyro 3.36 Trans 3

Leningradskaya 0.07 Pyro 0.94 Pyro 0.63 Pyro 4.00 Trans
1 Pyrogenic; 2 no data; 3 Transport.

The sum of the studied PAHs in BaPYR equivalents (Figure 4) exceeds the rates of
benz[a]pyrene (maximum permissible concentration (MPC)—20 ng/g [38]) allowed in
the Russian Federation in soils from the Bellingshausen and Druzhnaya 4 stations, as
well as in imported argosoils at the Russkaya and Leningradskaya stations. The highest
concentration of PAHs in BaPYR equivalents was recorded in former transported agrosoils
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(3731.84 and 571.15 ng/g). In this case, there is an obvious excess of the current PAHs
concentrations in the Urbic soils of St. Petersburg [37].
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According to some other researchers, the soil cover around Antarctic stations may be
strongly contaminated with polyarenes. For example, in a 3.5 cm layer of soil around the
Ferraz station, Martins [8] presents data about the content of the sum of high molecular
weight PAHs (4–6 rings) equal to 454.9 ng/g. Also based on the calculations of isomer
ratios, the authors identified a pyrogenic source of these polyarenes. At the same time,
the content of these compounds is significantly lower (from 11.8 to 270.5 ng/g) in non-
anthropogenic affected areas of Admiralty Bay [8,39]. Aislabie published shocking data,
where at Scott’s Base they found ∑15PAHs concentrations of 8105 ng/g near the old drum
storage. Although in background soils around Scott’s Base (McMurdo Dry Valley) the sum
of PAHs is 15–45 ng/g [40]. At the opposite end of the globe, also in the polar environment
(Ny-Ålesund, Svalbard, Arctic) Wang and colleagues found PAH sum content in soils from
36.9 to 323 ng/g [41]. Comparing our data with literature sources, we can see that the
background content of polyarenes is comparable with the results of other researchers in
both the Antarctic and Arctic regions. However, many authors provides data on extremely
high PAH content in anthropogenic-loaded areas, which are comparable with our results
for the Leningradskaya and Russkaya stations.

In this study, we used the HPLC method for the identification of PAHs, which method
is effective for the detection the biogenic and anthropogenic PAHs in soils. Its effectiveness
has been approved both for mineral soils [17,29,42] and for peat sediments [30]. However,
some (mainly highly contaminated) samples of environmental compounds also contain
large concentrations of other polyarenes (alkyl-substituted, hydroxyl-derivatives, etc.) in
excess of the 16 priority PAHs. In these cases, usage of the HPLC method causes problems
due to identification errors of the detected components. Their quantification can also be
difficult as a result of overlapping or incomplete separation of the chromatographic peaks.
One way to solve this problem is to use a detector with a diode matrix that gives the
possibility of identifying compounds by their ultraviolet spectra. However, the issues of
valid and high-quality quantification of PAHs in such complex and highly contaminated
samples remain open.

4. Conclusions

Data on PAHs distribution in Antarctic soils showed that former agrosoils, transported
from St. Petersburg to Antarctica contain the PAHs fractions in a stable state during two
decades after polar stations abandoning. The content of PAHs is numerously higher in
transported agrosoils than in both contaminated and pristine soils of Antarctica. Obviously,
the climatic conditions of the Antarctic region do not stimulate the processes of biological
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and physico-chemical decomposition of contaminants. This fact shows the absolute neces-
sity to implement international agreements (Protocol on Environmental Protection to the
Antarctic Treaty, Madrid, 1991) on the prevention of anthropogenic impacts on Antarctic
ecosystems. The pool of polyarenes in the studied local Antarctic soils is represented mainly
by light PAHs—naphthalene, phenanthrene, fluoranthene, pyrene, etc. Pollution changes
the composition of PAHs in soils—a quantitative accumulation of both light and heavy
PAHs is accompanied by a qualitative increase in the proportion of heavy polyarenes. The
content of benz(a)pyrene does not exceed the maximum allowable concentration (adopted
in the Russian Federation) [38]. However, the calculation of BaPYR equivalents showed
that the sum of the studied PAHs exceeds the limits in the soils of the Bellingshausen
and Druzhnaya 4 stations and in the former transported agrosoils at the Russkaya and
Leningradskaya stations. The primary empiric and statistical analysis of the data showed
that the pollution of Antarctic soils with heavy PAHs is at the very initial stage, as there
is no stable or statistically significant accumulation of PAHs in the soils of both maritime
and continental Antarctica. However, while the concentrations of individual polyarenes
are at a low, the calculation of indicator ratios showed that the genesis of PAHs, even
in anthropogenically undisturbed territories, is pyrogenic. The transportation of soils to
Antarctica, which was occasional in Soviet times before the implementation of the Madrid
protocol, resulted in the fact that we have two soils which existed in two of the most
remoted stations for 20 years. These soils do not show any features of self-remediation and
stay intensively contaminated with polyarenes. A decision to ban the transport of soil and
ground to Antarctica is certainly the right one. This rule should not be ignored now and in
the future, because it will ensure the sustainability of the Earth’s pristine ecosystem and
provide a benchmark for future research.
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