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Organic pollutants in the Arctic seas have been of concern to many researchers; however, the vast dynamic marine water poses challenges to their comprehensive monitoring within appropriate spatial and
temporal scales in the Arctic. In this study, on-board passive sampling of organic pollutants using a selfdeveloped device coupled with triolein-embedded cellulose acetate membranes (TECAMs) was performed during an Arctic cruise. The TECAM extracts were used for target analysis of organophosphorus
ﬂame retardants (PFRs), and non-target screening of persistent, bioaccumulative, and toxic (PBT) contaminants using two-dimensional gas chromatography with time-of-ﬂight mass spectrometry (GC  GCTOFMS). Sixteen chemicals were screened out as PBT contaminants from the 1500 features in the nontarget analysis and further identiﬁed. Consequently, two chlorinated PFRs (tris(chloroisopropyl)phosphate and tris(1,3-dichloroisopropyl)phosphate) and four PBT contaminants (4-tert-butylphenol, 2isopropylnaphthalene, 1,1,3-trimethyl-3-phenylindane, and 1-phenylnonan-1-one) were accurately
quantiﬁed, with the temporally and spatially integrated concentrations ranging from 0.83 ng L1 to
20.82 ng L1 in the seawaters. Sources and transport of the contaminants were studied, and ocean current transport (West Spitsbergen Current, WSC) and local sources (human settlement, Arctic oil
exploitation, and petroleum fuel emissions) were found to contribute to the presence of the different
contaminants. Finally, annual transport ﬂuxes of the contaminants from the North Atlantic to the Arctic
Ocean by WSC were estimated, and the results indicate that their hazard to the Arctic should be
concerned.
© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction
In recent decades, organic pollutants in the Arctic have given
rise to ongoing public concern as increasing kinds of organic contaminants have been found in the Arctic environment (AMAP, 2017;
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Borgå et al., 2010; Brown and Wania, 2008; Letcher et al., 2010).
Many of these organic contaminants have the properties of
persistence, bioaccumulation potential, and toxicity (PBT) and are
hazardous to marine ecosystems. In addition to the traditional
organic contaminants that have been reported in the Arctic for
decades (such as persistent organic pollutants), many emerging
contaminants and PBT substances have also been reported in Arctic
environments in recent years (AMAP, 2017; Lohmann et al., 2009;
Routti et al., 2016). Organophosphorus ﬂame retardants (PFRs) are a
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group of chemicals that are widely used in products to prevent ﬁres,
but they are easily released into the environment and have subsequently been conﬁrmed to be toxic (van der Veen and de Boer,
2012). PFRs are one of the most concerning emerging contaminants in the Arctic, with an increasing number of related publica€ ller et al., 2012). The Arctic is
tions in recent years (AMAP, 2017; Mo
a special region in which marine environments dominate. However,
many studies of PFRs and PBT contaminants in the Arctic focused on
air, biota, and fresh water, and only a few focused on marine waters
nez et al., 2016; Hallanger et al., 2015; Li et al., 2017).
(Castro-Jime
The Arctic seawaters are affected by the global ocean currents,
which mean there is complicated pollution transport (Brown et al.,
2018). Furthermore, the Arctic environment has been disturbed by
many anthropogenic activities, which means there are numerous
local sources of pollutants (AMAP, 2017; Gulas et al., 2017). Hence, it
is signiﬁcant to study the fate, source, and transport of the PFRs and
PBT contaminants in Arctic seawaters.
Environmental monitoring and assessment work in Arctic marine waters is difﬁcult because the seawaters are temporally and
spatially variable, and the concentrations of organic contaminants
are extremely low (ng L1 or pg L1). When using traditional
grabbing sampling and extraction methods, a large volume of water
and multiple samples are needed to achieve representative results
for the contaminants (Gao et al., 2018). To address this issue, passive sampling has the advantage of enabling time-integrated
measurements of seawater in polar regions (Booij et al., 2014;
Gao et al., 2018). To obtain a comprehensive evaluation of the
pollution considering different spatial and temporal scales in large
seas and oceans, the method of using on-board sampling during a
cruise can decrease the error contributing to concentration ﬂuctuations among sampling sites (Allan and Harman, 2011). Hence,
the temporally and spatially (surface seawater in segments) integrated concentrations obtained by dynamic on-board passive
sampling are more accurate than multipoint grab sampling for
evaluating pollutants in Arctic seawaters. The triolein-embedded
cellulose acetate membrane (TECAM) is a type of passive sampler
that has been applied for rapid sampling of hydrophobic organic
substances from water (including Antarctic marine water) (Xu et al.,
2005; Ke et al., 2007; Gao et al., 2018), and may be suitable for onboard passive seawater sampling in the Arctic.
TECAM can collect broad ranges of organic contaminants from
seawater, and its extract can be used for chemical analysis (Huckins
et al., 2006). With target analysis, we can accurately achieve information on pollutants of public concern, but the method is
insufﬁcient for discovering all present contaminants. A further nontarget screening of the environmentally hazardous contaminants
for the passive sampler extract can be performed to supplement the
analysis of unknown contaminants. The strong separation ability of
two-dimensional gas chromatography (GC  GC) and the highspeed acquisition capabilities of time-of-ﬂight mass spectrometry
(TOFMS) have made GC  GC-TOFMS an extremely popular technique for performing the non-target analysis of environmental
samples in recent years (Blum et al., 2017; Escobar-Arnanz et al.,
2018; Gosetti et al., 2016). With the data processing software of
GC  GC-TOFMS, a notable amount of chemical information can be
obtained (Escobar-Arnanz et al., 2018). Then, a prioritization of the
chemicals according to their PBT properties could provide
comprehensive information on hazardous contaminants (Blum
et al., 2017).
In this work, on-board passive sampling using a self-developed
passive sampling device (PSD), known as the continuous ﬂow
integrative sampling device (CFISD), using TECAM was performed
for target and non-target estimation of the organic contaminants in
the Arctic seawaters. The passive sampling performance of the

CFISD with TECAM was veriﬁed in the laboratory, and the ﬁeld
sampling rates were estimated and compared to those of other
passive samplers. Field TECAM extracts were chemically analyzed
for nine PFRs (shown in Table S1) in addition to being analyzed by
GC  GC-TOFMS for non-target screening. A prioritization of the
TOFMS results for PBT contaminants was performed, and further
qualitative and quantitative analyses on the selected pollutants
were performed using analytical standards to conﬁrm identiﬁcation. The temporally and spatially integrated concentrations were
used to further estimate the spatial distributions of the contaminants in the Arctic seas. Sources and transport of the PFRs and the
PBT contaminants in the Arctic seawaters were discussed, and the
annual transport ﬂuxes of the contaminants from the North
Atlantic to the Arctic Ocean by the West Spitsbergen Current (WSC,
an important current that drives warm and salty Atlantic water into
the interior Arctic) were estimated (Haugan, 1999).
2. Materials and methods
2.1. TECAMs and extraction method
The passive sampling membranes (TECAMs) were constructed
by the Loeb-Sourirajan technique as described by Xu et al. (2005)
and prepared with size of 9  13 cm2 (average thickness of 50 mm,
average mass of 0.4497 g dw). All the ﬁeld deployed TECAMs were
spiked with tris(1,3-dichloro-2-propyl) phosphate-d15 (TDCIPPd15) and pyrene-d10 as performance reference compounds (PRCs)
by incubating them together in PRCs water solutions (1 L of water
solution containing 15,000 ng L1 of PRCs for ﬁfty pieces of
TECAMs) and shaking (100 r min1) for a week, as per the method
described previously (Gao et al., 2018). The TECAMs were sealed in
aluminum foils and polyethylene sealing bags and stored at 20  C
before deployment. Three TECAMs were used as blank TECAMs to
provide a record of any chemicals accumulated in the TECAM
during preparation, transport, deployment and retrieval and to
indicate the concentrations of the PRCs at the initial time of the
ﬁeld application.
The extraction method of TECAM has been described previously
(Gao et al., 2018). Each piece of TECAM was extracted three times
with 8 mL of dichloromethane/hexane (4:6, v/v) in an ultrasonic
cell disruption system (150 W, Sonics, USA). The extracts were
merged, evaporated, solvent-exchanged into 0.5 mL of hexane, and
stored at 20  C before analysis.
2.2. Passive sampling device
A passive sampling device (CFISD) was constructed for the Arctic
sampling and the design is shown in Fig. 1. Water is pumped into
the device from the entrance below, uniformly ﬂows through the
passive sampling membranes, and then ﬂows out through the exit.
The passive sampling membranes are ﬁxed in the device with
protective stainless steel frames, as shown in Fig. 1. Aluminum alloy
was used for the construction of the main body, and polytetraﬂuoroethylene (PTFE) sheets were used for seal, which materials
can prevent contamination and ensure the steadiness of the device
in harsh environmental conditions (such as low temperatures, high
temperatures, and saline water). The hosepipes (Tygon®R-3603,
USA) used for the connection between the pump and the device
were chemically resistant. There are ten positions in the device, and
each one can be equipped with a membrane (thickness less than
200 mm) with dimensions of 9  13 cm2.
The working conditions and sampling performance of the CFISD
were tested by a series of experiments in the laboratory. The
maximal water ﬂow rate and temperature ranges under which the
device can run steadily (i.e., while maintaining watertight

X. Gao et al. / Environmental Pollution 253 (2019) 1e10

3

Temperatures and ﬂow rates of the seawater through the CFISD
were recorded. The sampling line started in western Svalbard
(Kongsfjorden), travelled through the eastern Fram Strait and the
northwestern seas of Svalbard, entered Rijpfjorden in northern
Svalbard, and ended in the Arctic Ocean, as shown in Fig. 2. The
sampling was divided into ﬁve segments (S1eS5) according to the
different sea areas, and separate TECAMs were deployed for each
segment. Detailed information on the trips, sampling areas, and
deployment times are shown in Fig. 2 and Table S3. For retrieval,
the TECAMs were cleaned and dried as described above, and then
stored at 80  C until extraction. The ﬁeld deployed TECAMs were
extracted using the method described above.
2.4. Non-target screening with GC  GC-TOFMS

Fig. 1. Design, structure, and materials of the continuous ﬂow integrative sampling
device (CFISD). Main body of the device was constructed by aluminum alloy, and
polytetraﬂuoroethylene (PTFE) sheets were used for the seal. Stainless steel frames
were used for membrane ﬁtting in the box and a maximum of ten membranes can be
deployed simultaneously. Water is pumped into the box through the input ﬂow hole
and ﬂowed out from the output ﬂow hole.

structural integrity) were tested. A simulated passive sampling of
ten polycyclic aromatic hydrocarbons (PAHs) (shown in Table S2)
with CFISD and TECAM was performed in the laboratory to evaluate
the performance of the device. An 80-L exposure solution was
prepared in a stainless tank, and ten PAHs were spiked in the solution, each with a concentration of 200 ng L1. TECAMs were
deployed in the CFISD for accumulating the PAHs. The exposure
solution was pumped into the devices by a peristaltic pump with a
steady ﬂow rate of 2.4 L min1, and the outﬂows from the device
were recirculated. After 24 h, ﬁve TECAMs were removed, rinsed
with ultrapure water (resistivity 18.2 Mohm.cm normalized to
25  C), dried with clean ﬁlter paper (ultrasonically extracted twice
with acetone), and weighted as previously described (Gao et al.,
2018), and then extracted using the method described above.
Anothor piece of TECAM was removed and tailored to six parts
(each part with the size of 4.5  4.3 cm2), as shown in Fig. S1(b), and
then the six parts were separately analyzed for evaluating the homogeneity of the TECAMs loading using the method described
above.
2.3. On-board passive sampling
The on-board passive sampling was performed in the Arctic seas
during an expedition cruise of the Norwegian Polar Institute's R/V
Lance in the summer of 2017 (shown in Fig. S2). In front of the
vessel, the scientiﬁc research used seawater was continually
pumped from the seas, and the CFISD equipped with TECAMs was
connected to one of the seawater ﬂows as shown in Fig. S2(c). The
pumping water inlet was far (over 30 m) from the stern thruster
and deep (more than 3 m) under the ship bottom, which could
efﬁciently avoid the impact of contamination on board. The sampling depth was approximately 10 m below surface seawater.

The extracts were analyzed with comprehensive twodimensional GC  GC-TOFMS. A Pegasus 4D mass spectrometer
(Leco Corp., St. Joseph, MI, USA), equipped with an Agilent Technologies 6890 gas chromatograph, a secondary oven, and a twostage cryogenic (liquid nitrogen) modulator was used. An Rxi5silv (30 m  0.25 mm i. d. 0.25 mm thickness, Restek Co.,
USA)  Rxi-17 (2 m  0.10 mm i. d. 0.10 mm thickness, Restek Co.,
USA) column set was used for the separation of the extracts. Ultrapure helium (He  99.999%) was used as the carrier gas at
1.5 mL min1. One microliter of the extracts was injected in splitless
mode with an inlet temperature of 280  C. The primary oven
temperature was maintained at 60  C for 2 min, raised at a rate of
10  C min1 to 300  C, and held at that temperature for 20 min. The
secondary oven and the modulator were operated with þ10  C
and þ15  C offsets, respectively, to the primary oven. The modulation period was 4 s with a 0.8 s hot pulse time and a 1.2 s cooling
time. The transfer line temperature was set to 275  C, and the ion
source temperature was set to 250  C. The energy of the ionizing
electrons was 70 eV, and the voltage of the multiplier was 1770 V.
Full-scan mode was used for the analyses, which featured an
acquisition rate of 150 Hz and recorded mass spectra from 50 to
600 m/z.
A screening of the organic PBT substances was performed for the
TOFMS results with four steps of identiﬁcation and prioritization.
The data acquisition and processing were performed using Chroma
TOF-GC Software (v4.50.8.0, Leco®). The data processing included
automated baseline correction, picking of peaks with a signal/noise
(S/N) ratio  30, peak deconvolution, peak area and volume determination, the alkanes retention index calculation (method shown
in section 1.3 of supplementary material (SM)), and an NIST-MS
library search (covering EIMS spectra for ~240,000 chemicals)
with a minimum similarity matching of 80% (for peaks with S/
N  1000, the minimum similarity criterion was relaxed to 65%; for
the blank samples, no similarity criterion was restricted) (Step 1).
The chemicals that were identiﬁed in the blanks were excluded
unless their peak areas were more than 10 times those in the blanks
(Step 2). Additionally, chemicals that are unlikely to be of anthropogenic origin or environmentally harmful (such as long-chain
fatty acids and esters) were excluded (Step 3), following the
method of Blum et al. (2017). A further prioritization (Step 4) was
aimed at screening the persistent, bioaccumulative, and toxic
substances, and any selected contaminant should meet at least one
of the following PBT cut-off values: a) a half-life in water  60 days,
b) a bioconcentration factor (BCF)  1000, or c) an acute (LC50, lethal concentration 50) or chronic (ChV, ﬁsh chronic toxicity value)
toxicity endpoint  1.0 mg L1 or  0.1 mg L1, respectively. The
ﬁltering thresholds and criteria are based on the PBT chemical
identiﬁcation guidelines by the Regulation for Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) and
other publications (Blum et al., 2017; Gramatica et al., 2015; REACH
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Fig. 2. Locations and time of on-board passive sampling in the ﬁve segments (the colored imaginary line, S1eS5) during the cruise. Sampling line started in western Svalbard
(Kongsfjorden) (S1), travelled through the eastern Fram Strait (S2 and S3) and northwestern seas of Svalbard (S4), entered Rijpfjorden in northern Svalbard, and ended in the Arctic
Ocean (S5).

online).
2.5. Chemical analysis with GC-MS
A further qualitative and quantitative analysis of the selected
pollutants was performed with GC-MS as some of the standards are
commercially available. The obtained standards were analyzed
under identical experimental conditions to the samples, and positive identiﬁcation was based on the mutual agreement of the
retention time and mass spectrum to the standard analyses. The
standards were analyzed using an Agilent 6890/5975 GC-MS
equipped
with
DB-5MS
silica-fused
capillary columns
(30 m  0.25 mm i. d. 0.25 mm thickness, Agilent J&W, USA). Onemicroliter extracts were injected in splitless injection mode with
an injector temperature of 300  C. Helium (He  99.99%) was used
as the carrier gas with a ﬂow of 1.0 mL min1. The oven temperature
was programmed to increase from 50  C (holding time 2 min) to
140  C at 10  C min1 (holding time 1 min), then to 160  C at 10  C
min1 (holding time 1 min), and then to 300  C at 10  C min1
(holding time 1 min). The MS was run in electron impact ionization
(EI) mode at 70 eV. The temperatures of the source and quadrupole
were 230 and 150  C, respectively. Selective ion monitoring (SIM)
was performed as shown in Table S4.
The chemical analysis of PFRs and PAHs were performed with
GC-MS as previously described (Gao et al., 2018; Tang et al., 2012);
detailed methods are provided in Table S1 and Table S2.
2.6. Passive sampling calculation and calibration
The theory and calibration method of TECAM passive sampling
have been described in many of our previous studies (Gao et al.,

2018; Ke et al., 2007; Tang et al., 2012). In the short deployment
time of this study, linear or curvilinear uptake mode (indicated by
PRC release) was used for the calculation. As described by Huckins
et al. (2006), the sampling rate (Rs) of a chemical by the passive
sampler can be determined by equations (1) and (2):

Rs ¼ ku m

(1)

 
Rs ¼ kp ke m

(2)

where m is the mass of the TECAM, Kp is the equilibrium partition
coefﬁcient for a chemical between the TECAM and water, and ku
and ke represent the uptake rate constant and release rate constant,
respectively. The ratio of ku to ke is used to determine the Kp value
and is usually steady over a range of environmental conditions
(such as temperature and salinity) (Gao et al., 2018). In the linear
uptake phase, the concentration of the contaminants in the water
(Cw) at a certain time (t) can be described with equation (3):

Cw ¼ N=ðks tÞ

(3)

where N represents the amount of the compound absorbed by the
passive sampler. For the curvilinear uptake phase, Cw is described
by equation (4) according to Huckins et al. (2006) and Tang et al.
(2012):

Cw ¼ N





Kp m 1  exp  Rs t Kp m

(4)

In the ﬁeld sampling, PRCs were used to calibrate the sampling
rates of the contaminants with similar log Kow values to PRC, as
described by Tang et al. (2012). The ke of a PRC released from
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TECAM can be determined by equation (5):

kePRC ¼ lnðC0 =Ct Þ=t

(5)

where C0 and Ct represent the concentrations of the PRC in the
TECAMs at times 0 and t, respectively. Then, Rs,PRC can be calculated
by equation (2). As described by Huckins et al. (2006) and Tang et al.
(2012), the sampling rate (Rs,i) of a chemical can be estimated from
equation (6):

Rs;i ¼ Rs;PRC ðai =aPRC Þ

(6)

where ai is a unitless compound-speciﬁc effect. Tang et al. (2012)
reported the ai value of a compound (i) as equation (7):

5

contaminant concentrations among the ﬁve segments were Z-score
standardized to form a heat map and statistically analyzed with
hierarchical cluster analysis using the OriginPro 2017 software.
Hierarchical clustering with Euclidean distance metric and group
average linkage was used to generate the hierarchical tree. Hierarchical cluster analysis is frequently used for thoroughly analyzing
the co-occurrence of given objects and can be complementarily
used to discuss the source and transport of the contaminants in the
seawater in this study (Wilkinson and Friendly, 2009; Zhou et al.,
2015).
3. Results and discussion
3.1. Evaluation of PSD, PRC releasing, and sampling rates

logai ¼ 0:0130ðlogKow Þ3  0:3173ðlogKow Þ2 þ 2:244 logKow
(7)
and the log Kow values of the detected compounds in this study are
suitable for this formula. The Kp values of the PFRs and selected
contaminants were obtained from laboratory experiments as
described previously (Gao et al., 2018; Tang et al., 2012).
Makarewicz et al. (2018) reported concentrations of dissolved
organic carbon (DOC) in our sampling areas of 67.64 mmol L1, and
the ﬂuctuation is slight, which shows that it is reasonable to use
this value to indicate the DOC concentrations in our sampling
campaign. Finally, the total dissolved concentrations (Ctotal) of the
contaminants in seawater were calibrated based on the effect of
DOC using the method described previously (Gao et al., 2018; Tang
et al., 2012).
2.7. Quality control
The tools, glassware, and CFISD in this experiment were soaked
overnight in 4% cleaning solution (7X, MP Biomedicals, USA) and
carefully cleaned to avoid contamination. Glassware was baked at
460  C for 4 h to clear organics. The blank of CFISD was tested with
ultrapure water and laboratory blank TECAM, and no PFRs or the
selected contaminants were detected. The deployment and
retrieval of the TECAMs were carefully performed using clean
stainless steel tweezers to prevent contamination. Blank TECAMs
were prepared, transported, stored, and analyzed using the same
method of the other TECAMs, and no target contaminants were
detected. The concentrations of the PRCs among the blank TECAMs
were comparable (shown in Fig. S3), with slight relative standard
deviations (RSDs) from 6% to 11%, which showed their acceptability
for indicating the initial PRCs concentrations in the deployed
TECAMs. Ship contaminating of the sample was strictly eliminated
by multiple efforts in the cruise and the veriﬁcation is shown in
section 1.4 of SM. The recoveries of the PFRs and PAHs in the TECAM
extraction process have been described previously (Gao et al., 2018;
Tang et al., 2012), and the results ranged from 97% to 127% and from
77% to 123%, respectively. The recoveries of the sixteen selected
contaminants in the TECAM extraction process were veriﬁed with
the same method and the results varied from 69% to 94%. The limits
of detection (LODs) for the PFRs and the selected contaminants in
waters were determined as the mean blank plus three times the
standard deviation, and the results varied from 0.003 ng L1 to
0.97 ng L1 (shown in Table S1) and from 0.002 ng L1 to 0.66 ng L1
(shown in Table S4), respectively.
2.8. Statistical analysis

In the laboratory control experiment, the maximal water ﬂow
rate for the CFISD to remain watertight was approximately
8 L min1. No signiﬁcant alterations in the device and hosepipes
were observed at temperatures of 20  C, 0  C, 25  C, and 40  C for
three days, demonstrating acceptable transportation and application performance in most environmental conditions. In the simulated passive sampling experiment, the ten PAHs were accumulated
in the ﬁve TECAMs at average concentrations ranging from
602 ng g1 to 2418 ng g1 (shown in Fig. S1(a)). The concentrations
of the PAHs in the ﬁve TECAMs varied slightly with the RSDs, from
11% to 19%. Furthermore, the concentrations of the PAHs in the six
parts of a TECAM were comparable with the RSD, from 8% to 18% for
the ten PAHs (shown in Fig. S1(b)). The results showed comparable
sampling performance and representative results for the TECAMs at
each position and each part of one TECAM in the CFISD.
In the on-board sampling, the percentages of the PRCs TDCIPPd15 and pyrene-d10 released in the TECAMs ranged from 19.9% to
59.7% and from 21.0% to 62.3%, respectively (shown in Table 1),
which are in the range of the recommended optimal PRC release
percentages in other publications (20%e80%) (Shaw et al., 2009).
Both TDCIPP-d15 and pyrene-d10 released less than 50% in the
sampling trips of S1 to S4 and over 50% in the sampling trip of S5.
Upon normalization of sampling time to 24 h for the ﬁve samplings,
the 24 h normalized release percentages (estimated by equation
(5)) of TDCIPP-d15 and pyrene-d10 ranged from 21.4% to 34.0% and

Table 1
The sampling time, releasing percentages of performance reference compounds
(PRCs), and the estimated passive sampling parameters (elimination rate constant,
half-life time, equilibrium time, and sampling rates) for the PRC or PRC relevant
compounds in the on-board passive sampling.

Sampling Time (h)
TDCIPP-d15
Release Percentage
24 h Release Percentagea
keb (1/h)
t1/2c (h)
4t1/2d (h)
Rse-TDCIPP (L/d)
pyrene-d10
Release Percentage
24 h Release Percentage
ke (1/h)
t1/2 (h)
4t1/2 (h)
Rs-pyrene (L/d)
a
b
c

To visualize the similarity between the contaminant concentrations and between the different investigated segments, the

d
e

S1

S2

S3

S4

S5

22.0

25.5

22.5

23.5

68.5

22.1%
32.5%
0.011
61.0
244.0
2.7

38.6%
34.0%
0.019
36.2
144.7
4.2

29.8%
28.0%
0.016
44.0
176.1
3.0

19.9%
21.4%
0.009
73.5
294.0
2.0

59.7%
29.0%
0.013
52.2
208.8
2.8

30.3%
23.9%
0.016
42.3
169.2
12.9

35.7%
36.8%
0.017
40.0
160.1
12.5

26.5%
31.5%
0.014
50.6
202.3
8.4

21.0%
20.3%
0.010
68.9
275.8
6.8

62.3%
27.3%
0.014
48.6
194.5
9.7

The 24 h normalized release percentage, estimated by “1-exp(-ket)”.
The elimination rate constant.
The half-life time.
Four times the half-life time, assumed as the equilibrium time.
The sampling rate.
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from 20.3% to 36.8%, respectively, indicating a comparable releasing
rate among the ﬁve samplings. Water environment conditions and
expected PRC releasing concentrations should be studied in
advance by investigation or simulation experiments. The calculated
ke values for TDCIPP-d15 and pyrene-d10 in the ﬁve sampling trips
are shown in Table 1 and ranged from 0.009 d1 to 0.019 d1 and
from 0.010 d1 to 0.017 d1, respectively. The estimated half-life
times for TDCIPP-d15 (t1/2-TDCIPP-d15) and pyrene-d10 (t1/2-pyrened10) were from 36.2 h to 73.5 h and from 40.0 h to 68.9 h, respectively, as shown in Table 1. The t1/2 of a released PRC can be used to
indicate the period of its “linear release phase”, which is also the
“linear uptake phase” time for the relevant chemical (Huckins et al.,
2006). Hence, TDCIPP and pyrene reached the stage of “linear uptake phase” in sampling trips S1 to S4 and the “curvilinear uptake
phase” in sampling trip S5, as indicated by the calibration model of
the sampling rates in the passive sampling calculations. In fact, a
longer period of passive sampling is better for contaminant accumulation, but the ready cruise plan of R/V Lance limited the
deployment time in this study.
The sampling rates for the relevant PRC compounds (TDCIPP and
pyrene) in the ﬁeld TECAMs were estimated according to the PRC
kinetic parameters (isotropic exchange kinetics) (Huckins et al.,
2006; Tang et al., 2012), and the results are shown in Table 1.
During the sampling period, the temperature of the seawater was
approximately 4  C, and the linear ﬂow rates of the seawater in the
CFISD cavity were approximately 0.3 cm s1 to 1.0 cm s1 (ﬂow
rates from 0.6 L min1 to 2.4 L min1, shown in Table S3). The
average Rs values for TDCIPP and pyrene during the sampling trips
were 2.9 L d1 (from 2.0 L d1 to 4.2 L d1) and 10.1 L d1 (from
6.8 L d1 to 12.9 L d1), respectively. The Rs value of a chemical
varies by passive sampler and environmental conditions. Huckins
et al. (2004) reported that the Rs of pyrene in an SPMD (460 cm2)
was 2.5 L d1 at a temperature of 16.5  C and a ﬂow rate of
0.1 cm s1, and Yang et al. (2017) reported that the Rs of TDCIPP in a
modiﬁed POCIS (45.8 cm2) was 0.042 L d1 at a temperature of
20  C and a ﬂow rate of 1.6 cm s1, both of which are lower than the
value in this study. Hence, the high sampling rate of the TECAMs in
this study is useful for rapid passive sampling monitoring in a
short-term cruise.

3.2. Non-target screening and identiﬁcation of PBT contaminants
The ﬁltering process and results for the non-target screening of
potential organic PBT contaminants in the seawaters are shown in
Fig. 3. In Step 1, more than 1500 features were obtained by GC  GCTOFMS analysis and Chroma TOF-GC Software processing of the
extracts passively sampled from ﬁve segments of the cruise.
Consequently, following manual blank ﬁltering (Step 2), the identiﬁed compounds (such as ketones, aldehydes, bionic acids, and
bionic esters) also detected in blanks were excluded from the list.
After the origin ﬁltering of Step 3, only 33 suspect contaminants
(shown in Table S5) were tentatively identiﬁed after taking out
non-anthropogenic chemicals or low harmful compounds. The
suspect list consisted of 11 alkylated PAHs (6 of which are
condensed ring PAHs), 2 heterocyclic PAHs, 2 cycloalkanes, 2 phenols, 1 halogenated benzene (1,3,5-trichlorobenzene), 3 furans, and
12 phenyl-substituted compounds (aliphatic hydrocarbons, ketones, ethers, and amines). What's more, some compounds in the
suspicious list have other potential isomers and are ﬂagged in
Table S5. In the Step 4 of PBT ﬁltering, 16 chemicals were screened
out meeting at least one of the PBT criteria, while 12 of them (or
their isomers) were commercially available as standards for further
qualitative and quantitative conﬁrmation. It should be noted that

Fig. 3. Methods, processes, and results (the red text) of the non-target screening of the
potential organic PBT contaminants with TECAM passive sampling and GC  GCTOFMS. Abbreviations: TECAM, triolein-embedded cellulose acetate membranes;
GC  GC-TOFMS, two-dimensional gas chromatography with time-of-ﬂight mass
spectrometry; S/N, signal/noise ratio; PBT, persistent, bioaccumulative, and toxic. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to
the Web version of this article.)

the non-target screening of PBT contaminants in this study was a
preliminary result and not an exhaustive screening because the
short sampling time in scheduled cruise and weak capability of
polar chemicals in TECAM limited the accumulation of more
contaminants.
After qualitative and quantitative analysis of 12 commercially
available PBT contaminants and their isomers with standards, only
4 contaminants (4-tert-butylphenol, 2-isopropylnaphthalene, 1,1,3trimethyl-3-phenylindane, and 1-phenylnonan-1-one) were ﬁnally
conﬁrmed quantiﬁcation in the Arctic seawater. 4 other compounds
in the Step 4 list including 4-tert-octylphenol, 2-methyl-9H-ﬂuorene, 2,6-diisopropylnaphthalene, and 4-methyldibenzothiophene,
were detected in both the Arctic samples and the blanks with
sample concentration less than 10 times the blank, then these 4
compounds were not assumed as detected in Arctic seas. The
remaining
4
chemicals
(1-isopropylnaphthalene,
4methyldiphenylmethane,
1-methylphenanthrene,
and
3,6dimethylphenanthrene) and their isomers were not detected
(ND) in either the Arctic samples or the blanks, which was probably
due to that the available standards we used for veriﬁcation were
not the exact isomers detected in the extracts. The identiﬁcation of
chemicals by NIST library matching and their retention indices are
seriously challenged by a large number of isomers with same molecular weights and fragments (Escobar-Arnanz et al., 2018).
Therefore, the inconsistent detection results with or without
standards can be expected.
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3.3. Occurrence of the quantiﬁed contaminants in Arctic seawater
Two chlorinated PFRs [tris(chloroisopropyl)phosphate (TCIPP)
and tris(1,3-dichloroisopropyl)phosphate (TDCIPP)] were detected
with concentrations from 2.71 ng L1 to 7.92 ng L1 and from
2.95 ng L1 to 8.38 ng L1, respectively (shown in Table S6). The
concentrations of the other seven PFRs were below the detection
limits. Chlorinated PFRs commonly dominate the total concentrations of PFRs in water (van der Veen and de Boer, 2012), and this
was also observed in the Arctic seawater. PFRs with chlorine substituents are much more persistent than other PFRs and are
conﬁrmed to be toxic to aquatic organisms (van der Veen and de
Boer, 2012). Some publications have reported PFRs in the Arctic
biota and atmosphere, but very few have focused on water or
seawater. The only publication on PFRs in the Fram Strait seawater
is by Li et al. (2017), and their samples were obtained by active
sampling coupled with liquid-liquid extraction. Li et al. (2017) reported a TCIPP concentration of approximately 3.2 ng L1 in the
eastern Fram Strait (near the location of S3 in this study), which
was comparable to our results (5.77 ng L1 in S3) estimated by
TECAM passive sampling. However, Li et al. (2017) reported TDCIPP
with concentrations from ND to 0.043 ng L1, which were much
lower than the values in our study. McDonough et al. (2018) reported TDCIPP concentrations of ND to 0.96 ng L1 in other marine
areas in the Arctic (Barrow Strait), and these values are closer to the
concentrations in our study. The presence of another halogenated
PFR (tris(2-chloroethyl)phosphate, TCEP) was also reported in
Arctic surface seawater (Li et al., 2017; McDonough et al., 2018), but
its strong hydrophilic nature (log Kow ¼ 1.44) makes it not suited for

7

passive sampling by TECAM (veriﬁed by laboratory experiments).
The PFR concentrations in the Arctic seawater were 1e3 orders of
magnitude lower than those in seawater in other areas. For
example, Bollmann et al. (2012) reported total PFR concentrations
of 85 ng L1 to 500 ng L1 in German coastal waters, and Hu et al.
(2014) reported concentrations of 91.87 ng L1 to 1392 ng L1 in
Chinese coastal waters.
The concentrations of the four selected (non-target screened)
PBT contaminants in the seawater are shown in Fig. 4 and Table S6.
4-tert-Butylphenol had concentrations that ranged from
6.90 ng L1 to 20.83 ng L1 in our sampling areas. As far as we know,
the occurrence of 4-tert-butylphenol in the Arctic environment has
not been previously reported, likely because of the low concern of
them by researchers. In other areas, high levels of 4-tert-butylphenol have been found, with concentrations ranging from ND to
1060 ng L1 in Singaporean coastal seawaters, as reported by
Basheer and Lee (2004), and in concentrations of 130 ng L1 and
110 ng L1 in Spanish industrial port waters and irrigation canal
waters, as reported by Brossa et al. (2009). 1-Phenylnonan-1-one
was found with concentrations ranging from 0.95 ng L1 to
7.21 ng L1 in our sampling areas, and the literature contains few
reports of this compound in either Arctic water or other waters. The
concentrations of the two PAHs (1,1,3-trimethyl-3-phenylindane
and 2-isopropylnaphthalene) in the seawater ranged from
1.59 ng L1 to 14.93 ng L1 and from ND to 0.83 ng L1, respectively.
1,1,3-Trimethyl-3-phenylindane has been reported to be present in
European rivers and 2-isopropylnaphthalene has been reported in
Chinese coastal seawater, with concentrations ranging from ND to
1.39 ng L1 (Schwarzbauer and Ricking, 2010; Hong et al., 2016).

Fig. 4. West Spitsbergen Current (WSC) and concentrations of the quantiﬁed PFRs (green and orange in the histograms) and PBT contaminants (dark red, purple, red, and luminous
yellow in the histograms) in the ﬁve sampling segments (S1eS5). The Main currents near the Fram Strait and Svalbard also showed. Abbreviations: PFR, organophosphorus ﬂame
retardants; PBT, persistent, bioaccumulative, and toxic. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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3.4. Sources and transport of the contaminants in Arctic seawater
The heat map (Fig. S4) shows the concentration data from
passive sampling clustered together. Overall, contaminant concentration clustering followed geographical grouping (ﬁve sampling areas). As we know, the water in S1 (Kongsfjorden) and S5
(Rijpfjord) is dominated by Atlantic water masses and Arctic Ocean
water masses, respectively, and are negligibly affected by the other
masses (Ambrose et al., 2006; Nilsen et al., 2008). The water in S2
and S3 is in the transverse of WSC in the eastern Fram Strait, and S4
is in the downstream area of WSC (Granskog et al., 2012). The hierarchical cluster analysis results showed contaminant concentrations in S1 and S5 clustered separately from the other sampling
areas (S2, S3, and S4), which is concordant with their different
water source. Contamination levels in S4 showed better resemblance to S2 and S3 than the other two areas, suggesting its
geographical correlation (downstream area) to S2 and S3. Finally,
the sampling areas of S2 and S3 formed a further cluster, which
showed their similar source from WSC. As a result, it is reasonable
to discuss the sources and transport of the contaminants in Arctic
seawater based on the integrated concentrations and environmental conditions of the ﬁve sampling areas.
TCIPP and TDCIPP had the highest concentrations in S1, and low
concentrations were found in S5. Among the ﬁve areas, S1 was
unique because it features high intensities of human and shipping
activities and S5 was located in the remote area, which is in
consistent with the opinion that the occurrence of PFRs is highly
related to anthropogenic activities (van der Veen and de Boer,
2012). The detection of PFRs in S5 showed that the Arctic Ocean
has suffered PFRs pollution. The concentrations of PFRs in S3 and S4
were higher than those in S2, even though the two areas are farther
from Svalbard, which means that the PFRs in S3 and S4 might not
be from the human activities of Svalbard. Hence, the WSC from the
North Atlantic and Norway seas is the most likely contributor of the
contaminants in the areas of S3 and S4, as well as in S2 and S1.
As shown in Fig. 4 and Fig. S4, segments S4 and S5 had higher
concentrations of 4-tert-butylphenol than S1, S2, and S3, even
though they are in remote areas from high latitudes, which means
there might be some sources for their pollution in the remote
seawaters. 4-tert-Butylphenol is an endocrine-disruption compound which is known to occur in efﬂuents from oil production
facilities (Tollefsen et al., 2006). As there were some oil exploitation
activities in the Arctic Ocean (Gulas et al., 2017), the occurrence of
4-tert-butylphenol in the seawater was assumed to be largely
related to Arctic oil exploitation activities.
High concentrations of 1-phenylnonan-1-one were found in S3
and S4, and low concentrations were found in other areas, which
showed they might mainly be derived from the WSC and then
spread. Rontani et al. (1987) studied the degradation of n-nonylbenzene in seawater and found that 1-phenylnonan-1-one was
one of the photo-oxidation products. n-Nonylbenzene has been
widely used in industry and is found in most petroleum fuels, and
some publications have reported its large dispersion in marine
environments (Gibson, 1977; Hopper, 1978). As a result, the
detection of 1-phenylnonan-1-one in the Arctic seawater was
probably related to the degradation of the n-nonylbenzene that
released from worldwide petroleum fuel emissions and pollution.
The concentrations of 1,1,3-trimethyl-3-phenylindane in S2 and
S3 were higher than those in other segments, and the lowest
concentrations were found in S5. 1,1,3-Trimethyl-3-phenylindane is
used as a heat transfer ﬂuid and synthetic lubricant because of its
heat stability and reaction resistance (Robert et al., 1964). Hence,
the 1,1,3-trimethyl-3-phenylindane in Arctic seas was probably
from product emissions and transported to the Arctic by WSC. 2Isopropylnaphthalene is also used as a heat transfer media and

has been used as one of the substitutes for polychlorinated biphenyls (Honda et al., 1987). However, 2-isopropylnaphthalene was
detected only in S5 and its source could not be determined in this
study.
In summary, sources and transport of the contaminants (except
for 2-isopropylnaphthalene) were probably related to WSC, indicating that WSC may be an important means of transport of the
organic contaminant pollution in Arctic seas. Furthermore,
anthropogenic activities such as human settlement, Arctic oil
exploitation, and petroleum fuel emissions contributed to the
pollution by PFRs, 4-tert-butylphenol, and 1-phenylnonan-1-one in
Arctic seas, respectively. More research should be carried out
regarding the WSC transport and PBT contaminants in Arctic seas.
3.5. The contaminant transport ﬂux of the WSC
The main current in the eastern Fram Strait is the WSC, which
ﬂows from the North Atlantic to the Arctic Ocean (as shown in
Fig. 4), and the contaminant transport ﬂux can be calculated to
estimate the environment hazard. As the locations described above,
S2, S3, and S4 cover the main areas of WSC transport, and the
average concentration of them represents the integrated contaminant concentrations in the surface seawaters of WSC. The concentrations of contaminants in seawater may vary with depth, and an
average RSD of 30.4% was found for the concentrations of PFRs in
vertical distribution (211 me2153 m) in the eastern Fram Strait
(calculated with the data of McDonough et al. (2018)). Hence, a
variable coefﬁcient (±30.4%) was used to evaluate the average
contaminant concentrations in the WSC with depth. Granskog et al.
(2012) reported the annual volume ﬂux of the WSC in eastern Fram
Strait to be 1.545  1014 m3, and their research area is in accord with
our sampling areas. Then, the approximate annual transport ﬂux
(F(x)) of a contaminant x via the WSC to the Arctic Oceans is
calculated by equation (8):

FðXÞ¼ CX f

(8)

where Cx represents the concentration of contaminant x in the WSC
and f represents the annual volume ﬂux of the WSC in the eastern
Fram Strait. The results of the approximate transport ﬂuxes for the
contaminants ranged from 707 ± 215 tons year1 to 2015 ± 613 tons
year1; the details are shown in Table S7.
The approximate transport ﬂuxes of TCIPP and TDCIPP via the
WSC were 707 ± 215 tons year1 and 842 ± 256 tons year1,
respectively. PFRs were high-production-volume chemicals, with
global consumption of approximately 550,000 tons in 2012 and
would increase to 1,050,000 tons in 2018, as reported by He et al.
(2017). Compared to the global total production of PFRs, the percentages of TCIPP and TDCIPP that were transported northward to
Arctic were low. However, the high persistence and increasing usage of the two PFRs worldwide will still make them a group of highconcern contaminants in the Arctic (AMAP, 2017). The transport of
the other three PBT contaminants via WSC may not reﬂect the
whole pollution situation, as there were many uncertain sources.
Nevertheless, with the high PBT properties, in-depth research
about the occurrence and environmental risks of the contaminants
in the Arctic is needed.
4. Conclusion
In this study, we successfully applied an on-board dynamic
passive sampling approach by CFISD and TECAM in an Arctic cruise
in the northwestern seas of Svalbard and the Arctic Ocean. Steady
performance and high sampling rates were found for the CFISD
with TECAM passive sampling in both laboratorial and ﬁeld
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experiments. The target and non-target analysis result in the discovery of six contaminants in Arctic seawaters, with the concentrations ranging from ND to 20.83 ng L1; two PFRs were highconcern emerging pollutants and the other four PBT contaminants were harmful but low-concern chemicals. The WSC was
found likely to contribute to the sources and transport of the
detected contaminants in Arctic seas. Anthropogenic activities like
human settlement, Arctic oil exploitation, and petroleum fuel
emissions were assumed related to the pollution by PFRs, 4-tertbutylphenol, and 1-phenylnonan-1-one in Arctic seas, respectively.
Estimated approximate annual transport ﬂuxes of the contaminants show that a considerable amount of the contaminants were
transported to Arctic Oceans via WSC, hence their risks should be
concerned.
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