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a b s t r a c t

As a pristine continent, Antarctica provides a good opportunity to study the spatial transport and
temporal accumulation of environmental contaminants and the impacts of anthropogenic activities, both
of which have given rise to ongoing public concern. In this research, an approach of coupling aquatic
time-integrated passive sampling with chemical analysis and bioassays was used to assess pollution by
hydrophobic organic contaminants in Antarctic waters. Passive samplers were deployed in waters of
Fildes Peninsula, Antarctica, and their extracts were used for chemical analyses of sixty-six hydrophobic
organic contaminants belonging to five groups [organophosphorus flame retardants (PFRs), phthalic acid
esters (PAEs), polycyclic aromatic hydrocarbons (PAHs), organochlorine pesticides (OCPs), and poly-
chlorinated biphenyls (PCBs)] and in vitro bioassays for endocrine disruption and genotoxicity. In total,
twenty pollutants (six PFRs, one PAE, two PAHs, six OCPs, and five PCBs) were quantified, and six PFRs
had concentrations that ranged from ND (not detected) to 44.37 ng L�1 in Antarctic waters. The con-
centrations detected in the waters were generally low and insufficient to have significant in vitro
endocrine disruption potential or genotoxicity. The source and transport pathways of PFRs and PAE in
Fildes Peninsula were studied, and multiple local sources (wastewater, air traffic, research stations, and
animal feces) for different PFRs were proposed. A spatial and temporal analysis showed slight changes in
the exposure of OCPs and PCBs in Antarctic waters. Furthermore, a comparison among a variety of
Antarctic water sampling cases revealed that passive sampling can be a tool for aquatic time-integrated
investigations in polar regions.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Antarctica is an isolated continent without permanent popula-
tion. However, the conditions have not avoided the effects of
anthropogenic activities, such as settlements and the footprint of
tourists. With the rapid development of the chemical industry,
increasing amounts of pollutants are being released and distributed
throughout the global environment (Cipro et al., 2013; Yadav et al.,
e by Maria Cristina Fossi.
2017; Ma et al., 2017). The occurrence and transport of these con-
taminants in Antarctica are the focus of much scientific research
(M€oller et al., 2012; Cincinelli et al., 2016; Vecchiato et al., 2015a).
With the intensification of global warming, climate change, and
local anthropogenic impacts, exposure to certain traditional
organic contaminants, such as polycyclic aromatic hydrocarbons
(PAHs), organochlorine pesticides (OCPs), and polychlorinated bi-
phenyls (PCBs), remains an ongoing concern in Antarctica (Prendez
et al., 2011; Bigot et al., 2016). Moreover, emerging contaminants
with persistence, bioaccumulation and toxicity, such as flame re-
tardants (FRs), phthalic acid esters (PAEs), and plasticizers with
endocrine disrupting potential, have also been focused in
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Antarctica (Cheng et al., 2013; Chen et al., 2015; Esteban et al.,
2016). In Antarctica, one of the major issues affecting inhabitants
is the high fire hazard risk due to the dry weather (Chen et al., 2015;
Vecchiato et al., 2015b). Consequently, FRs have been widely used
in buildings, furniture, plastics, textiles, and electronics to prevent
fires. With the restriction of some brominated flame retardants
(BFRs), novel flame retardants, organophosphorus flame retardants
(PFRs), are widely used; however, they have subsequently been
confirmed to be toxic (Bergman et al., 2012). Long-term studies of
the occurrence of legacy and emerging contaminants in Antarctic
waters are significant for evaluating the trends in Antarctic envi-
ronmental quality and ecological risk.

The transport of FRs and plasticizers is generally difficult to
investigate because of their worldwide sources. However,
Antarctica has limited pollution sources and could thus be an ideal
site for studying the transport of FRs and plasticizers. Many studies
have focused on the sources and transport mechanisms of PAHs and
persistent organic pollutants (POPs) in Antarctica (Na et al., 2011;
Vecchiato et al., 2015b), but few studies have investigated PFRs and
plasticizers. Studies of PAHs and PCBs in Antarctica indicated that
local sources used to greatly exceed those attributable to long-
range atmospheric transport (LRAT) (Kennicutt et al., 1995). Both
local transport and LRAT have been found to be the transport
pathways for polybrominated diphenyl ethers in Antarctica
(Vecchiato et al., 2015b). Chen et al. (2015) showed that Antarctic
research stations serve as local hexabromocyclododecane flame
retardant sources in the Antarctic environment. Some PFRs are
considered persistent or very persistent (van der Veen and de Boer,
2012), and the degradation of contaminants is limited at the low
temperatures of the Antarctic. Therefore, it is very significant to
study the local sources and transports of FRs and plasticizers in
Fildes Peninsula.

Environmental investigations in Antarctica are greatly limited
by the harsh field conditions. The low temperatures result in frozen
water, and snowstorms can restrict human activities. The collection
and transport of environmental samples can thus be difficult
(Cheng et al., 2013). Moreover, the concentrations of most con-
taminants in Antarctica are extremely low, which means that large
sample volumes are required to reach the limit of detection
(Galban-Malagon et al., 2013; Echeveste et al., 2016). Due to these
issues, passive sampling may be a suitable approach for evaluating
the pollution in Antarctica. Passive sampling canmeasure the time-
weighted average (TWA) of trace-level chemicals, thereby avoiding
the need for multiple samplings (Huckins et al., 2006; Arp et al.,
2015). The triolein-embedded cellulose acetate membrane
(TECAM) passive sampling techniquewas developed for the passive
sampling of hydrophobic organic contaminants inwater by Xu et al.
(Xu et al., 2005; Ke et al., 2007) and has been successfully applied
for the passive sampling of OCPs, PAHs, and PAEs in both laboratory
setups and field applications (Xu et al., 2005; Ke et al., 2007; Tang
et al., 2012; Zhou et al., 2015). TECAM can rapidly accumulate hy-
drophobic organic contaminants (especially for 4< log Kow< 7),
and only a short time (days toweeks for different ranges of polarity)
is required to reach equilibrium, with the equilibrium partitions
ranging from 103 to 105 (Xu et al., 2005; Ke et al., 2007; Tang et al.,
2012). Due to the short deployment periods and ease of use, TECAM
is probably suitable for investigating the hydrophobic organic
contaminants in Antarctica.

Passive samplers collect a broad range of chemicals fromwater,
and subsequent chemical analyses can quantify the target con-
taminants (Huckins et al., 2006; Lohmann et al., 2017). Additionally,
bioassays can complement chemical analyses by providing infor-
mation about the overall toxic potency (Qiao et al., 2006; Carlsson
et al., 2014; Jahnke et al., 2017). In cases where the concentrations
of individual contaminants are too low to be detectable via
chemical analysis, the biological effects caused by mixtures can
sometimes be quantifiable at low levels (Jahnke et al., 2017). The
approach of coupling passive sampling with bioassay techniques
has been considered to improve environmental hazard and risk
assessments (Alvarez et al., 2013; Jalova et al., 2013).

In this work, TECAMs were used as passive samplers to monitor
the occurrence of hydrophobic organic contaminants in lake and
marine waters of Fildes Peninsula, Antarctica. The TECAM extracts
were chemically analyzed for sixty-six chemicals classified into five
groups (PFRs, PAEs, PAHs, OCPs, and PCBs, as shown in Table S6) of
legacy and emerging contaminants. In vitro bioassays of the TECAM
extracts were performed to supplement the assessment of risk in
Antarctic waters. Exposure to the five groups of contaminants in
Antarctic waters was analyzed, some of which (mainly for 4< log
Kow< 7) were successfully estimated by the TECAM passive sam-
pling methods. The sources and transport of PFRs and plasticizers
were explored in detail. In addition, the temporal and spatial dis-
tributions of OCPs and PCBs in Antarctic waters were discussed
according to the results of this study and many previous publica-
tions. Finally, a comparison of Antarctic water sampling methods,
i.e., active sampling vs. passive sampling, was performed.

2. Materials and methods

2.1. Materials

Standards of the selected 13 PAHs, 10 PAEs, 7 OCPs, and 28 PCBs
were purchased from AccuStandard (USA); the purity of each of
those standards was >99%. Standards of 7 PFRs were >96% pure,
except for 2-ethylhexyl diphenyl phosphate (EHDPHP, 92.8%), and
were obtained from Dr. Ehrenstorfer (Germany), Toronto Research
Chemicals (Canada), and TCI (Japan).

The TECAMs were constructed and prepared as described by Xu
et al. (2005). The traditional method of storing TECAMs is by
keeping them in Milli-Q water. For ease of transport in Antarctica, a
new method of storing TECAMs was developed. The TECAMs were
immersed in 5% sodium dodecyl sulfonate (SDS) solution for three
days and then taken out and packaged with clean aluminum foil.
After that, the TECAMs were sealed in sealing bags and stored
at �20 �C. No significant change in sampling performance was
found for the SDS-immersed TECAMs (as shown in section 2 of the
Supplementary Material (SM)). In the 2016 sampling, the TECAMs
were spiked with pyrene-d10 as the performance reference com-
pound (PRC). Fifty-four pieces of TECAMs were incubated together
in 1 L of water solution containing 15 000 ng L�1 of pyrene-d10 and
shaken for three days (Tang et al., 2012); then, SDS was added. After
another three days of immersion, the TECAMs were packaged and
stored as described above. Six pieces of the TECAMs were carried
out as blank TECAMs (provide a record of any chemical accumu-
lated in the TECAM during preparation, transport, deployment and
retrieval) and used for estimating the concentrations of pyrene-
d10 at the initial time in the field application.

2.2. Field deployment of TECAM

The sampling sites were located in Fildes Peninsula on King
George Island, located off the coast of the Antarctic Peninsula
(shown in Fig. 1). Two sampling campaigns were performed during
the 31st and 32nd Chinese Antarctic Expeditions. In the first sam-
pling event, three lake water (LW, LW1-3) and five marine water
(MW, MW1-5) sites were deployed. For the second sampling, sites
with different conditions were selected, and TECAMs were
deployed in two lake water (LW1-2) and three marine water sites
(MW1, 5, and 6). The passive sampling device (PSD) was fitted by
mounting a TECAM (9� 13 cm) in a protective deployment frame



Fig. 1. Locations of the lake water (LW) and marine water (MW) sampling sites in Fildes Peninsula, King George Island, Antarctica.
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constructed from stainless steel and deployed by cabling to nearby
structures in the water (shown in Fig. S1). For retrieval, the TECAMs
were quickly transported to the laboratory on ice after being
removed from the water. TECAMs with stains and biofouling on the
surface were repeatedly rinsed with Milli-Q water and rapidly
wiped using degreased cotton (containing 50% ethyl alcohol). The
ethyl alcohol was then quickly rinsed off with Milli-Q water. After
that, the TECAMs were dried with clean filter paper (ultrasonically
extracted twice with acetone). The clean TECAM samples were
placed in sealed glass jars and stored at�20 �C until extraction. The
field deployment and retrieval of the PSDs were largely determined
by the weather conditions on the island. Hence, the deployment
periods (shown in Table 1) differ by site (ranged from 16 to 45 days,
average 23 days).
2.3. Sample processing and analysis

The TECAMs were extracted three times with 8mL of
dichloromethane/hexane (1:1, v/v) in an ultrasonic cell disruption
system (150W, Sonics, USA) using the methods described
Table 1
Deployment times, analyses performed, and types of environment disturbance identified

Site Year Deployment date Retrieval date Days Chemical analysis

LW1 2015 14/12/2014 2/01/2015 45 ✓

2016 03/01/2016 26/01/2016 23 ✓

LW2 2015 30/12/2014 24/01/2015 25 ✓

2016 15/01/2016 04/02/2016 20 ✓

LW3 2015 09/01/2015 25/01/2015 16 ✓

MW1 2015 17/12/2014 08/01/2015 22 ✓

2016 01/01/2016 21/01/2016 21 ✓

MW2 2015 14/12/2014 06/01/2015 23 ✓

MW3 2015 16/12/2014 07/01/2015 22 ✓

MW4 2015 09/01/2015 25/01/2015 16 ✓

MW5 2015 30/12/2014 24/01/2015 25 ✓

2016 13/01/2016 01/02/2016 Lost
MW6 2016 18/01/2016 09/02/2016 22 ✓

A¼ human activities; B¼ biological activities.
A1¼ human settlement (as a water source); A2¼ near to airport; A3¼ sewage water di
previously (Xu et al., 2005). The extracts were merged, evaporated
using a gentle stream of nitrogen, and solvent-exchanged into
hexane or dimethylsulfoxide (DMSO) for use in the chemical
analysis or bioassay processes, respectively.

Pure standards were used for the qualitative and quantitative
analyses. Chemical analysis of all the samples was performed to
determine the concentrations of the contaminants in TECAMs.
PFRs, PAHs, and PAEs were analyzed using an Agilent 6890/5975
gas chromatography-mass spectrometer (GC-MS) equipped with
DB-5MS silica-fused capillary columns (30m� 0.25mm� 0.25 mm,
Agilent J&W, USA). PCBs were also analyzed using an Agilent
6890/5975 GC-MS, while a VF-5MS capillary column
(30m� 0.25mm� 0.25 mm, Agilent J&W, USA) was used. The in-
jection volumes were all 1 mL, and selective ion monitoring (SIM)
was used for the four analyses. The PFRs analyses were performed
according to Brandsma et al. (2014), and the details of the methods
are provided in section 3 of the SM. Details on the analysis methods
for PAHs, PAEs, and PCBs have been described previously (Tang
et al., 2012; Zhou et al., 2015; Zhao et al., 2008). Quantification of
PFRs was performed using internal standards of triphenyl
for the lake water (LW) and marine water (MW) sampling sites.

Bioassay Environment disturbance Detailed environment disturbance

✓ A, B A1, B1
✓

A, B A1, A2, B1
✓

B B1
A A3

✓

A A4
✓

B B2
B B2

✓

scharge; A4¼ near to wharf; B1¼ bird droppings; B2¼ penguin & seal excretion.
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phosphate-d15 (TPHP-d15). The results were corrected using the
instrumental response factor. Analyses of OCPs were performed
using a gas chromatograph equipped with an electron capture
detector (GC-ECD, 2010plus, Shimadzu) and an Rtx-5 capillary
column (30m� 0.25mm� 0.25 mm, Restek, USA) according to an
adapted procedure of the EPA Method 8081a, as previously
described (Xu et al., 2005; Ke et al., 2007).

2.4. In vitro bioassays

Two samples collected in 2015 and four samples collected in
2016 were evaluated using a battery of in vitro cell bioassays. The
battery included ethoxyresorfin O-deethylase (EROD) with an
H4IIE rat hepatoma cells bioassay for aryl hydrocarbon receptor
(AhR) agonistic activity, an SOS/umu bioassay for genotoxic ef-
fects, and four two-hybrid recombinant nuclear receptor gene
yeast bioassays for (1) estrogenic activity through estrogen re-
ceptor (ERa), (2) androgenic activity through androgen receptor
(AR), (3) thyroid receptor (TR) agonistic activity, and (4) retinoid X
receptor (RXR) agonistic activity. An overview of the reference
methods, reference materials, endpoints, REC20s (the concentra-
tion inducing 20% of the maximum effect), and LOECs (the lowest
observed effect concentration) for the six in vitro bioassays used is
provided in section 4 of the SM (Table S2) (Qiao et al., 2006; Li
et al., 2008a; Li et al., 2008b; Li et al., 2008c; Li et al., 2008d;
Yan et al., 2014).

2.5. Quality control

The deployment and retrieval of TECAMs were carefully and
quickly performed using clean stainless steel tweezers to prevent
contamination. The blank TECAMs were prepared and transported
to Antarctica with the other TECAMs. The concentrations of the PRC
among the six blank TECAMs (averaged of 1361 ng g�1) were
comparable, with a slight relative standard deviation of 9.1%, which
showed their acceptability for indicating the initial PRC concen-
trations in the field-deployed TECAMs. Among all the target
chemicals, two chemicals [DBP (dibutyl phthalate) and fluorene]
were detected in both blank TECAMs and field deployed TECAMs
and they were be assumed as not detected (ND) in the Antarctica
waters. No targeted PFRs, OCPs, and PCBs were detected in any of
the blank samples.

The recoveries of PFRs and PAHs in TECAM pretreatment were
performed according to Xu et al. (2005), and the results varied from
97% to 127% and 77% to 123%, respectively. Recoveries of OCPs and
PAEs have been described previously, with 73% to 77% (Xu et al.,
2005) and 71% to 115% (Zhou et al., 2015), respectively. The limits
of detection (LODs) for the target chemicals in water were deter-
mined as the mean blank plus three times the standard deviation,
and the details are shown in Table S6.

2.6. Theory and modeling

TECAMwas used as ‘equilibrium samplers’ (Vrana et al., 2005) in
this study, and our previous studies showed that 23 d was a suffi-
cient time to reach equilibrium for most chemicals in TECAM (Xu
et al., 2005; Ke et al., 2007; Tang et al., 2012; Zhou et al., 2015).
The methods of using PRCs for field calibration in the TECAM
process were developed by our research group (Tang et al., 2012).
However, in this study, the PRC (pyrene-d10) was only used to
demonstrate the reaching of equilibrium of the target contami-
nants in TECAMs. As the demonstration of reaching equilibrium in
SM (section 5.1), most detected contaminants reached passive
sampling equilibrium and only TEHP reached approximate equi-
librium (>85.7%) during the 23d deployment.
Under conditions of equilibrium or approximate equilibrium,
the free dissolved concentration of a contaminant in field-sampled
water can be calculated by an equilibrium partition equation:

Cw¼ CTECAM/Kp (1)

where Cw represents the free dissolved concentration of the
contaminant in the water, CTECAM is the contaminant concentration
in a TECAM, and Kp is the equilibrium partition coefficient of
contaminant concentrations between TECAM and water. The Kp
values of PFRs were estimated experimentally in the laboratory
using a method by Xu et al. (2005), and values for PAHs, PAEs, and
OCPs were described in our previous studies (Xu et al., 2005; Ke
et al., 2007; Tang et al., 2012; Zhou et al., 2015). The Kp values of
PCBs were estimated by an empirical equation between Kp and Kow
(equation A.2 as shown in section 5.2 of the SM). The results of the
all the log Kp values are shown in Table S6.

The total dissolved concentration (Ct) of a contaminant in Ant-
arctic waters was calibrated by the effect of dissolved organic car-
bon (DOC) using the method of Huckins et al. (2002) and Tang et al.
(2012):

Ct¼ Cw(1þCDOCKDOC) (2)

where CDOC represents the dimensionless mass ratio of the DOC
concentration in water and KDOC is the partition coefficient of the
chemical between DOC and water. Details on the calibrations are
shown in section 5.3 of the SM.

3. Results

3.1. Occurrence of hydrophobic organic contaminants in Fildes
Peninsula

Six PFRs, one PAE, two PAHs, six OCPs and five PCBs were
detected and quantified by chemical analysis of the TECAM
extracts.

3.1.1. Flame retardants and plasticizers
The most frequently detected PFRs were TEHP [tris(2-

ethylhexyl) phosphate] and EHDPHP (2-ethylhexyl diphenyl
phosphate), which were detected in approximately 50% of samples.
Two PFRs [CDP (diphenylcresyl phosphate) and TOCP (tri-o-cresyl
phosphate)] were ND in any of the samples. The total concentra-
tions of PFRs (

P
PFRs) ranged fromND to 44.37 ng L�1, and LW2 had

the highest concentration. No PFRs were detected in MW2 orMW3.
PFRs were more easily detected in lake waters than in marine
waters (all lakes but in only 66% of the marine sites). The

P
PFR

concentrations in lakes (average of 19.39 ng L�1) were also higher
than those in marine waters (average of 11.43 ng L�1). Moreover,
more types of PFRs were detected in lakes (five) than in marine
waters (three). LW2 were detected with five PFRs, whereas LW3,
MW4, MW5 and MW6 each featured only one PFR. Limited reports
were found about PFR exposure in Antarctic waters, and most were
concerned with hydrophilic PFRs, which usually have much higher
concentrations in aquatic environments (van der Veen and de Boer,
2012). Esteban et al. reported the presence of three hydrophilic
PFRs [tris(2-chloroethyl) phosphate (TCEP), tris(chloroisopropyl)
phosphate (TCIPP), and tris(butoxyethyl) phosphate (TBOEP)] in
freshwater in northern Antarctica, with concentrations from
163.82 ng L�1 to 370.30 ng L�1 (Esteban et al., 2016), and very
limited concentrations of TCEP were also reported on the east
Antarctic ice sheet (Cheng et al., 2013).

Only one PAE [BBP (butyl benzyl phthalate)] was quantified in
Antarctica waters. BBP was detected in only 75% of the samples
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(from 2.6 ng L�1 to 20.5 ng L�1), and the concentrations in lakes
(11.8 ng L�1) were also higher than those in marine waters
(6.3 ng L�1). PAEs are widespread in the environment, even in
source waters (Liu et al., 2014), but no more reports of their
occurrence in Antarctica have been published.

3.1.2. PAHs, OCPs and PCBs
Two heavy PAHs were quantified in 66.7% of the sampling sites,

with concentrations ranging from ND to 4.31 ng L�1. Six OCPs were
quantified with the concentrations ranged from ND to 0.49 ng L�1,
and all sites were detected with OCPs. Twenty-eight PCBs were
analyzed, and five of them were detected and quantified, with
concentrations that ranged from ND to 1.50 ng L�1. PCB8 was
detected only at MW2, and the other three PCBs (PCB52, PCB126,
and PCB170) were detected only at LW1.

3.2. In vitro bioassay

In the attempt to evaluate in vitro endocrine disrupting activity
and genotoxicity of the TECAM extracts, no significant effect po-
tencies were observed (i.e., any potencies were below the detection
limits) for all samples. The detailed results are shown in Table S3.
These results appeared reasonable when compared to the relatively
low contaminant concentrations (pg L�1 to ng L�1) detected in
Antarctic waters (especially for hydrophobic organic contaminants,
as investigated in this study). To our knowledge, this report is the
first to describe the coupling of aquatic passive sampling with
bioassays for the in situ investigation of contaminants in Antarctic
waters. Only a few studies have focused on bioassays of Antarctic
Fig. 2. Sources and transport pathways of organophosphorus flame retardants (PFRs) in Fild
and biological activities are shown.
organism samples. McDonald et al. reported the AhR induction
activities of extracts from polluted Antarctic clams and fishes by
EROD assays, as most AhR-active pollutants are bioaccumulative in
tissues (Kennicutt et al., 1995; McDonald et al., 1995; McDonald
et al., 1994).
4. Discussion

4.1. Sources and transport of FRs and plasticizers in Fildes Peninsula

Release from products is the main source of FRs and plasticizers
pollution in the surrounding environment (van der Veen and de
Boer, 2012). Fig. 2 shows the main areas that are affected by hu-
man and biological activities in Fildes Peninsula. Site LW2 is close to
an airport, an oil depot and two research stations, and LW1 is
adjacent to a research station. The areas near LW1 and LW2 have
the highest population densities in Fildes Peninsula (Pang and Li,
2012). MW1, MW2, and MW3 are near a research station. There
was a small amount of wastewater input at MW1, and MW3 is near
a wharf. MW4 and MW5 are near areas with penguin and seal
activities (Zhu et al., 2014). Large amounts of bird droppings were
found at LW1, and bird activities were also observed at LW2 and
LW3 during the investigation. The surrounding environmental
disturbances at the nine sites are listed in Table 1. The detected
levels of PFRs differed among the different sites and were largely
related to the presence of nearby pollution sources. According to
the data and information in Tables 1 and 2, a series of hierarchical
cluster analyses were performed (shown in section 6 of SM). Finally,
two main types of environmental disturbances (human activities
es Peninsula, Antarctica. The main areas of airport, research stations, human activities,



Table 2
The total dissolved concentrations of twenty detected contaminants (representing PFRs, PAE, PAHs, OCPs, and PCBs) in lake waters (LW) and marine waters (MW) at different
sampling sites (ng L�1).

LW1 LW2 LW3 MW1 MW2 MW3 MW4 MW5 MW6

2015a 2016b 2015 2016 2015 2015 2016 2015 2015 2015 2015 2016

PFRs
TDCIPP NDc ND ND ND ND ND 36 ND ND ND ND ND
TPHP 1.3 ND 18.8 10.6 ND ND ND ND ND ND ND ND
TPCP ND ND 5.03 ND ND ND ND ND ND ND ND ND
EHDPHP 0.5 ND 1.0 0.5 ND ND 0.5 ND ND ND ND 0.6
TMCP ND ND 15.40 ND ND ND ND ND ND ND ND ND
TEHP 20.42 1.41 4.17 8.36 9.54 ND ND ND ND 2.40 6.20 ND
P

PFRsd 22.23 1.41 44.37 19.41 9.54 ND 36.5 ND ND 2.40 6.20 0.6
PAE
BBP 20.5 2.6 18.3 5.8 ND 8.4 4.8 ND 11.7 3.7 ND 2.9
PAHs
benzo[k]fluoranthene ND ND ND ND ND ND 1.54 2.85 2.40 ND ND 1.89
benzo[a]pyrene ND 3.20 ND 4.31 ND ND 1.88 ND ND ND ND 2.56
P

PAHs ND 3.20 ND 4.31 ND ND 3.42 2.85 2.40 ND ND 4.45
OCPs
heptachlor epoxide ND ND ND 0.33 ND ND 0.45 ND 0.49 ND ND 0.42
dieldrin ND ND 0.10 ND 0.11 0.04 0.27 0.14 0.12 ND 0.01 0.42
a-chlordane ND ND 0.060 ND 0.083 ND ND ND ND 0.024 0.029 ND
g-chlordane ND ND ND ND ND ND ND ND 0.01 ND ND ND
4,40-DDE ND 0.072 ND 0.073 ND 0.008 0.044 ND 0.014 0.006 ND 0.044
Aldrin 0.034 ND ND 0.034 ND ND ND ND ND ND ND ND
PCBs
PCB8 ND ND ND ND ND ND ND 1.50 ND ND ND ND
PCB28 ND 1.17 ND 1.11 ND ND 0.52 ND ND ND ND 0.39
PCB52 ND 0.79 ND ND ND ND ND ND ND ND ND ND
PCB126 1.16 ND ND ND ND ND ND ND ND ND ND ND
PCB170 ND 1.35 ND ND ND ND ND ND ND ND ND ND
P

PCBs 1.16 3.31 ND 1.11 ND ND 0.52 1.50 ND ND ND 0.39

a for the 2015 sampling.
b for the 2016 sampling.
c ND: not detected.
d P

: total concentrations.
The concentrations in this table were calibrated by the effect of dissolved organic carbon.
The contaminants that are not detected at any site are not shown in this table.
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and biological activities) are addressed, and each group of PFRs is
discussed in a separate paragraph according to the clustering
analysis results in Figure S6.
4.1.1. Human activities as sources of PFRs
TDCIPP (tris(1,3-dichloro-2-propyl) phosphate), which is mainly

used in plastics, textiles and polyurethane foam, was primarily
detected in wastewater (van der Veen and de Boer, 2012). Among
the nine sampling sites, TDCIPP was detected only at MW1 (the
only site that had wastewater), suggesting that its origin was
wastewater inputs.

Tricresyl phosphate [TCP, including TPCP (tri-p-cresyl phos-
phate), TMCP (tri-m-cresyl phosphate), and TOCP (tri-o-cresyl
phosphate)] are frequently used in aircraft engine oil. Bleed air from
aircrafts was reported to contain traces of TCP (Johnson et al., 2015;
Winder and Balouet, 2002). As shown in Fig. 2, TPCP and TMCP
were detected only at LW2 (near the airport) at concentrations of
4.48 ng L�1 and 8.15 ng L�1, respectively. The hydrophobic TCP
might be transported via dust from the airport to the surrounding
area and migrate via snowmelt and streams, and subsequently
accumulate at LW2. Nevertheless, no TCP was detected in the two
lakes that are farther from the airport. These observations indicate
that human activities at the airport near LW2 have played an
important role in TCP pollution in Fildes Peninsula. Moreover, the
results suggest that LRAT is not always responsible for the occur-
rence of hydrophobic PFRs, such as TCP.

TPHP (triphenyl phosphate) and EHDPHP are used in a wide
range of products. TPHP is one of the most widely used PFRs (e.g., in
hydraulic fluids, PVC, electronic equipment, resins, glues, and en-
gineering thermoplastics) and was detected at LW1 and LW2.
EHDPHP is used in hydraulic fluids, PVC, and food packaging (van
der Veen and de Boer, 2012) and was detected at LW1, LW2,
MW1, and MW6. Among the sites, LW2 had the highest concen-
trations of TPHP and EHDPHP due to the nearby research stations.
The concentrations of TPHP and EHDPHP were highly related to the
human disturbances and population density in Fildes Peninsula.
4.1.2. Biological activities as sources of PFRs
TEHP is widely used in PVC, paints and coatings, rubber, and

polyurethane foam, and is easily released to the environment (van
der Veen and de Boer, 2012). The TEHP residue in Antarctic waters
appeared to be strongly related to the presence of biological activity
near the sampling sites (shown in Fig. 2). The five sampling sites
(LW1, LW2, LW3, MW4, and MW5) with intensive bird droppings,
penguin feces, or seal feces, also featured detectable concentrations
of TEHP, whereas negligible levels of TEHP were detected at the
other sites. LW1, which featured severe bird dropping pollution,
yielded the highest concentrations of TEHP. Among the analyzed
PFRs, TEHP has the highest log Kow value (9.49) and the highest
bioconcentration factor (1� 106) (van der Veen and de Boer, 2012)
and, consequently, represented the potential for biological accu-
mulation and magnification (Hou et al., 2017). High levels of TEHP
were found in the fecal excretions of rats in an inhalation study of
TEHP (Van Esch and Organization, 2000), which indicated TEHP
transport by biota. In Fildes Peninsula, animals hunt on a large scale
but usually intensively excrete in their habitats (as shown in
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Table 1), the dispersed TEHP in the environment can easily be
accumulated by biota and subsequently released to their habitats
via excretion. Thus, droppings represent another source of TEHP
pollution in Antarctic water.

4.1.3. Human activities as sources of PAEs
The widespread use of PAEs in plastics can result in emissions

into the environment. As the identified PAE in Antarctic waters, BBP
had also frequently been detected in global waters (Liu et al., 2014).
In this study, we found that the BBP levels at lake water sites with
anthropogenic disturbances were generally higher than those at
isolated marine water sites. These results indicate that the residues
of PAE in Antarctica waters are mainly due to human activities.

Local pollution sources of PFRs and PAE were discussed in this
section. Furthermore, atmospheric transport and oceanic transport
should also be considered potential sources of PFRs and plasticizers
in Antarctica. Future research should seek to better understand the
comprehensive sources and transport pathways of emerging
organic contaminants.
Table 3
Sampling methods and concentrations of PCBs and OCPs in aquatic environments in Ant

Location Sample type Year Sampling
(Va)

Extraction Analytical
instrument

Fildes Peninsula lake water 2015
e2016

PSb (-) ultrasonic GC-MS/ECD

Fildes Peninsula marine
water

2015
e2016

PS(-) ultrasonic GC-MS/ECD

Fildes Peninsula lake water 2013
e2014

ASc (8 L) SPEd GC-ECD

Fildes Peninsula marine
water

2013
e2014

AS (8 L) SPE GC-ECD

Fildes Peninsula snow 2013
e2014

AS (8 L) SPE GC-ECD

Victoria Land lake water 2011
e2012

AS (10 L) LLEe HRGC-HRMS

Victoria Land snow 2011
e2012

AS (10 L) LLE HRGC-HRMS

Victoria Land snow 1993
e1995

e e e

Weddell Sea marine
water

2009 AS (175
e378 L)

SPE (XAD-
2)

GC-ECD

Weddell Sea marine
water

2009 AS (100
e300 L)

SPE (XAD-
2)

GC-MS

Bellingshausen Sea marine
water

2009 AS (175
e378 L)

SPE (XAD-
2)

GC-ECD

Bellingshausen Sea marine
water

2009 AS (100
e300 L)

SPE (XAD-
2)

GC-MS

Atlantic Ocean marine
water

2009 AS (100
e300 L)

SPE (XAD-
2)

GC-MS

Mediterranean Sea marine
water

2009 AS (100
e300 L)

SPE (XAD-
2)

GC-MS

East Antarctica
region

snow 2003
e2004

AS (0.5 L) LLE HRGC-HRMS

Talos Dome snow 2003 AS (7 kg) LLE GC-MSf

Dakshin Gangotri polynya
water

1987
e1988

e e e

a V: sampling volume (L) or mass (kg).
b PS: passive sampling with TECAM.
c AS: active sampling.
d SPE: solid-phase extraction.
e LLE: liquid-liquid extraction.
f 20-mL injection volume.
g P

n: total concentration of the analyzed chemicals, where n is the total number of c
h nd: not detected.
i P

7: seven detected OCPs in this study, contain heptachlor epoxide, dieldrin, aldrin,
j P

13: thirteen OCPs, contain heptachlor epoxide, dieldrin, aldrin, a-chlordane, g-c
endosulfan, and g-endosulfan.

k P
18: eighteen OCPs, contain heptachlor epoxide, dieldrin, aldrin, a-chlordane, g-ch

2,40-DDT, HCB, oxychlordane, trans-nonachlor, cis-nonachlor, and mirex.
4.2. Spatial and temporal exposure of OCPs and PCBs in the
Antarctic region

Descriptions of the spatial and temporal patterns of the OCP and
PCB levels in Antarctic waters are presented in Table 3.

OCPs and PCBs can be detected in various types of waters from
different regions in Antarctica. No significant differences (the
same orders of magnitude) were found among the different wa-
ters, which included lake water, marine water, and snow, in both
Fildes Peninsula and Victoria Land. However, the aquatic levels
varied significantly among different locations. The OCP and PCB
concentrations in Fildes Peninsula are much higher than at the
other locations in Antarctica. Some research has suggested that
the OCPs [for hexachlorocyclohexane (HCH) and dieldrin] con-
centrations decrease with increasing latitude in oceans (Bigot
et al., 2016). Fildes Peninsula was found to feature high PCB and
OCP concentrations in its waters, probably due to its low latitude
in Antarctica and the fact that it is easily affected by the LRAT of
pollution.
arctica in this and previous studies.
P

PCBs (ng L�1)
P

HCHs (ng
L�1)

Other OCPs (ng
L�1)

Reference

P
28g: 1.11e3.31 e

P
7i: 0.034

e0.437
this study

P
28: 0.39e1.50 e

P
7i: 0.030

e0.884
this study

P
30: 0.88e2.89 3.55

P
13j: 4.51e7.67 Zhang et al., 2016

P
30: 0.81e3.16 5.50

P
13j: 0.19

e15.96
Zhang et al., 2016

P
30: 0.85e2.33 1.55

P
13j: 1.14

e21.26
Zhang et al., 2016

P
127: 0.046

e0.143
e e Vecchiato et al., 2015a

P
127: 0.11e0.58 e e Vecchiato et al., 2015b

P
14: 0.28e0.73 e e Fuoco and Ceccarini,

2001
P

26: 0.0014 0.0053 e Galban-Malagon et al.,
2013

P
26: 0.0071 0.0074 e Echeveste et al., 2016

P
26: 0.0024 0.0013 e Galban-Malagon et al.,

2013
P

26: 0.0053 0.0069 e Echeveste et al., 2016

P
26: 0.0459 0.010 e Echeveste et al., 2016

P
26: 0.015 ndh e Echeveste et al., 2016

e 0.065e0.204
P

18k: nd-0.182 Kang et al., 2012

P
7: 0.22 e e Fuoco et al., 2012

P
0.097e0.104 0.086e0.091 e Gupta et al., 1996

hemicals.

a-chlordane, g-chlordane, 4,40-DDE, and 4,40-DDD.
hlordane, 4,40-DDE, and 4,40-DDD, heptachlor, endrin, endrin ketone, 4,40-DDT, a-

lordane, 4,40-DDE, and 4,40-DDD, heptachlor, endrin, 4,40-DDT, 2,40-DDE, 2,40-DDD,
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Temporally, the concentrations of OCPs and PCBs have shown no
significant changes over recent decades. The earliest report of OCP
(0.086 ng L�1 to 0.091 ng L�1) and PCB (0.097 ng L�1 to 0.104 ng L�1)
concentrations in Antarctica dates to 1987. The total concentrations
of PCBs in lakes (0.046 ng L�1 to 0.143 ng L�1) and snow
(0.110 ng L�1 to 0.580 ng L�1) showed little variation from 1993 to
2012 in Victoria Land. The concentrations of PCBs detected in Fildes
Peninsula (

P
28 PCBs: ND to 3.31 ng L�1) in the present study

(2015e2016) are similar to those obtained from the 2013 and 2014
sampling campaigns (

P
30 PCBs: 0.81 ng L�1 to 3.16 ng L�1) by

Zhang et al. (2016). The approximately stable temporal levels of
OCPs and PCBs in Antarctica are likely due to their persistence and
resistance to degradation. Additional systematic investigations and
data are needed to interpret the temporal and spatial changes in
OCPs and PCBs in the Antarctic region.

4.3. Comparison of sampling methods in the Antarctic water
environment

Aquatic sampling (active sampling and passive sampling) for
monitoring environmental contaminants has rapidly developed in
recent decades. The estimated concentrations of hydrophobic
organic contaminants in the waters of Fildes Peninsula are com-
parable between passive sampling (this study) and active sampling
cases. Zhang et al. (2016) reported total concentrations of PCBs
[from grab sampling coupled with solid-phase extraction (SPE)]
that ranged from 0.81 ng L�1 to 3.16 ng L�1, which are similar to the
concentrations (0.39 ng L�1 to 3.31 ng L�1 for PCBs) estimated by
TECAM in the present study. The estimated benzo[k]fluoranthene
concentrations are also comparable between TECAM (ND to
2.85 ng L�1) and active sampling (ND to 0.91 ng L�1) (Na et al., 2011)
in Fildes Peninsula. However, the TECAM passive sampling could
not evaluate the contaminants that are hydrophilic or weakly hy-
drophobic (log Kow< 4). As a result, the missing estimations of
some contaminants (such as hydrophilic PFRs, low molecular
weight PAHs, and HCHs) by TECAM passive sampling leads to the
underestimation of the total concentrations of the pollutants in the
environment.

Active sampling methods (such as grab sampling coupled with
SPE) have relatively higher accuracies but require more field op-
erations than passive sampling. A comparison of sample collection
and chemical analysis procedures for PCBs and OCPs studies in
Antarctic waters is provided in Table 3. The concentrations of OCPs
and PCBs in Antarctica are extremely low (at ultra-trace levels).
Therefore, a large volume of water is required to reach the LOD via
SPE (100e378 L) or liquid-liquid extraction (7e10 L) (Galban-
Malagon et al., 2013; Echeveste et al., 2016); otherwise, advanced
instrument equipment is required for detection (Kang et al., 2012;
Vecchiato et al., 2015b). Compared with active grab sampling,
passive sampling can alleviate a considerable amount of the work
involved in sample collection, transportation and pretreatment.
Moreover, the time-weighted average (TWA) concentrations esti-
mated via passive sampling are more representative than are the
instantaneous concentrations measured via active sampling
(Huckins et al., 2006). Therefore, aquatic passive sampling has
extensive applications in investigations of the polar environment.

5. Conclusions

In this study, we successfully applied an in situ passive sampling
approach by the TECAM in lake and marine waters in Fildes
Peninsula, Antarctica, to estimate the time-weighted average con-
centrations of hydrophobic organic contaminants in water as well
as their in vitro toxicity. As a result, concentrations of the detected
twenty hydrophobic organic contaminants were generally low, and
no significant in vitro endocrine disruption potential or genotox-
icity was observed in the TECAM extracts. PFRs and PAE, the
emerging contaminants, showed different pollution pattern among
different sampling sites, due to the presence of different forms of
human disturbance (wastewater, air traffic, and research stations)
and biological activities (feces frompenguins, birds and seals). OCPs
and PCBs, with relative abundant historic data available, showed
higher levels in Fildes Peninsula water than in other areas of
Antarctica, and no significant temporal changes observed over the
past thirty years. In addition, the time-integrated passive sampling
approach showed advantages over grab sampling in field applica-
tion and operation, particularly under the harsh conditions of polar
regions.
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