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Abstract The Arctic Ocean is known to be contaminated by various persistent organic pollutants (POPs).
The Fram Strait, the only deepwater passage to the Arctic Ocean (from the Atlantic Ocean), represents an
unquantiﬁed gateway for POPs ﬂuxes into and out of the Arctic. Polyethylene passive samplers were
deployed in vertical proﬁles in the Fram Strait and in air and surface water in the Canadian Archipelago to
determine the concentrations, proﬁles, and mass ﬂuxes of dissolved polychlorinated biphenyls (PCBs) and
organochlorine pesticides. In the Fram Strait, higher concentrations of ΣPCBs (1.3–3.6 pg/L) and
dichlorodiphenyltrichloroethanes (ΣDDTs, 5.2–9.1 pg/L) were observed in the deepwater masses (below
1,000 m), similar to nutrient-like vertical proﬁles. There was net southward transport of hexachlorobenzene
and hexachlorocyclohexanes (ΣHCHs) of 0.70 and 14 Mg/year but a net northward transport of ΣPCBs at
0.16 Mg/year through the Fram Strait.

Plain Language Summary Persistent organic pollutants can reach the Arctic Ocean by long-range
atmospheric transport, ocean currents, and inputs from the large Arctic rivers. Polychlorinated biphenyls
(PCBs) and organochlorine pesticides, which have been extensively used since the 1930s, were banned and
listed in the United Nations Environment Programme Stockholm Convention on persistent organic pollutants
in 2001. We performed the ﬁrst pan-Arctic deployments of passive samplers to gain knowledge of the
occurrence, transport, and fate of these legacy contaminants in the remote Arctic. Our results demonstrated
the ubiquitous presence of persistent industrial and agricultural contaminants across the Canadian Arctic and
throughout the water column of the Fram Strait. While atmospheric transport seems mostly responsible
for the presence of these pollutants in the surface Arctic Ocean, in the Fram Strait, concentrations of PCBs and
dichlorodiphenyltrichloroethanes (DDTs) increased in deep waters, indicating their penetration to the deep
ocean environment. Our results also showed the legacy hexachlorocyclohexanes (HCHs) and
hexachlorobenzene (HCB) are released from the Arctic Ocean to the Atlantic Ocean via the deepwater Fram
Strait, while PCBs are still loaded from the Atlantic Ocean to the Arctic Ocean.
1. Introduction
Organochlorine pesticides (OCPs) and polychlorinated biphenyls (PCBs) are groups of legacy persistent
organic pollutants (POPs) present in the remote Arctic (Hung et al., 2010; Ma et al., 2015; Muir & de Wit,
2010). The relative distribution of these chemicals between environmental compartments, including air,
water, and sediment, depends on their physicochemical properties (Lohmann et al., 2007), enabling their
migration to the Arctic Ocean by long-range atmospheric transport, ocean currents, and inputs from the large
Arctic rivers (Carrizo & Gustafsson, 2011a).
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The Arctic Ocean comprises vast continental shelves and connecting waterways with the Atlantic Ocean and
Paciﬁc Ocean. Inﬂows to the Arctic Ocean include a major inﬂux of North Atlantic water through the eastern
Fram Strait and Barents Sea and a minor inﬂux of Paciﬁc water through the Bering Strait. All outﬂows of the
Arctic Ocean are to the Atlantic Ocean, estimated as 72% through western Fram Strait, 24% through the
Canadian Archipelago, and 4% through ice removal (Li et al., 2004). Therefore, the Fram Strait, which represents the unique deepwater channel to the Arctic Ocean, is most important for the transport of legacy
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POPs in ocean water between the North Atlantic Ocean and the Arctic basin (Beszczynska-Moeller et al.,
2012). This transport generally occurs in two opposite ocean currents: the northward West Spitsbergen
Current in the eastern Fram Strait and the southward East Greenland Current along Greenland (Hop et al.,
2006). Decades after the usage and subsequent ban of POPs, it is not clear whether the Arctic Ocean is still
a net sink of these legacy contaminants, or whether the export of POPs via ocean currents exceeds their
inﬂow.
A wealth of studies has described the occurrence of legacy organic pollutants in open ocean seawater (Cai
et al., 2012; Carrizo & Gustafsson, 2011a; Gioia et al., 2008; Iwata et al., 1993; Lohmann et al., 2009). Their presence in deep ocean waters lacks data, due to the logistical challenges in sampling, although the transfer to
the deep ocean environment is considered one of the long-term global sinks for POPs (Dachs et al., 2002). In
the 1990s, the advective outﬂow of hexachlorocyclohexanes (HCHs) was detected in the deep waters of the
eastern Arctic Ocean (Harner et al., 1999). Moreover, vertical proﬁles with increasing concentrations of PCBs
and dichlorodiphenyltrichloroethane (DDT) with depth were demonstrated in the central Arctic Ocean basin
in samples collected in the early 2000s (Carrizo et al., 2017; Sobek & Gustafsson, 2014). Recently, the penetration of PCBs and OCPs into the deep ocean were also reported for the tropical Atlantic and the North Atlantic
Ocean (Sun et al., 2016). Unusually high concentrations of PCBs were also detected in the endemic amphipod
fauna in the deepest ocean trenches (>10,000 m; Jamieson et al., 2017). Results from these studies strongly
suggest that POPs dynamics in deeper water masses are important for their ocean cycling.
In this research, polyethylene (PE) passive samplers were deployed at two deep mooring stations in eastern
and western Fram Strait from 2014 to 2015 and in air and surface water in the Canadian Archipelago in 2015
and 2016, respectively (Figure 1). By combining samplers from these two locations, we were able to investigate trends of POPs in surface water, and their exchange with air, and contrast surface water results with
vertical ocean proﬁles. The objectives of this research were to (i) determine the occurrence, composition,
and vertical proﬁles of freely dissolved PCBs and OCPs in the Canadian Archipelago and Fram Strait, (ii) to
provide knowledge of the fate and environmental behavior of these legacy contaminants in remote deep
ocean waters, and (iii) to derive mass ﬂuxes of these legacy contaminants through the deepwater passage
Fram Strait.

2. Experimental Section
2.1. Sampling
Fifty-one micrometer PEs were pre-spiked with performance reference compounds (dibromobiphenyl [PBB 9],
tetrabromobiphenyl [PBB 52], pentabromobiphenyl [PBB 103], octachloronaphthalene [OCN]) via a method
based on Booij et al. (2002). The PEs were deployed in air, lakes, and marine surface seawaters of the
Canadian Archipelago, as well as in different water depths of two moorings deployed in the eastern and
western Fram Strait (Figure 1). For details and hydrographic conditions, see supporting information.
For surface water sampling, stainless steel cages were used to hold PE sheet samplers ﬁxed to subsurface
ﬂoats at ~4- to 5-m depth. For deepwater sampling, the cages were fastened to moorings in the eastern
Fram Strait (79.010°N, 4.328°E) and the western Fram Strait (78.528°N, 2.764°W) for around 1 year. Passive
samplers were deployed at 213, 468, 1,173, and 2,535 m (eastern Fram Strait) and 248, 511, 1,242, 1,747,
and 2,496 m in the western Fram Strait. Current velocities and current directions were measured from the
nearest current meters for each depth during the entire sampling period. Air PEs were ﬁxed inside two
inverted bowls to protect them from direct solar radiation and rainfall and generally deployed at ~1- to
2-m height. After the PE samplers were recovered, they were stored in baked aluminum foil, placed into an
air-tight bag, shipped back to the University of Rhode Island on ice and kept frozen until analysis.
For comparison, active sampling of Canadian Arctic surface water was also conducted by ﬁltering large
volumes (average 250–300 L) through columns ﬁlled with XAD-2 resin during ice-covered and open water
conditions, respectively.
2.2. Sample Analysis and QA/QC
The extraction, puriﬁcation, and analytical procedure were conducted as described earlier (Khairy et al., 2014;
Liu et al., 2016). In brief, PEs were spiked with surrogate standards (13C12 -PCBs 8, 28, 52, 118, 138, 180, 209 and
13
C12 -p,p0 -DDT, 13C6 -HCB) and extracted in hexane twice overnight. The extracts were concentrated down to
MA ET AL.
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Figure 1. Sampling sites in the Canadian Archipelago and the Fram Strait.

~100 μl and spiked with tribromobiphenyl as the injection standard. Then, PCBs and OCPs were analyzed on a
6890N GC (Agilent, USA)—Quattro Micro tandem MS (Waters, Micromass, UK) with a DB5-MS fused silica
capillary column (30 m × 0.25 mm, J&W Scientiﬁc). Sampling rates of each PE were derived based on performance reference compound loss. Ambient air concentrations and freely dissolved water concentrations were
calculated as detailed previously and described in the supporting information (Khairy et al., 2014; Liu et al.,
2016). With each batch of samples, matrix spikes, ﬁeld, and/or procedure blanks were performed.
Concentrations of all analytes were recovery corrected and blank subtracted; average recoveries of surrogate
standards ranged from 61% ± 10.1% to 133% ± 17.8% (Table S2). The method detection limits were calculated
by the average plus 3 times the standard deviation (3σ) of ﬁeld blanks (Table S3).

3. Results and Discussion
3.1. Dissolved PCBs in the Canadian Archipelago
The sum of dissolved PCB congeners in surface waters (ΣPCBdiss) of the Canadian Archipelago ranged from
0.65 to 43 pg/L and averaged 14 ± 16 pg/L (Table S6). For seawater sites, relatively high PCB concentrations
were detected in the western Archipelago (Sachs Harbor, 11 pg/L) and the central Archipelago (Allen Bay,
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7.1 pg/L), while the PCB concentration in the open waters of Barrow Strait was much lower (1.2 pg/L). For
ΣPCBdiss in the East and West Lake at Cape Bounty (Melville Island), samples collected during June and
July ranged from 1.9 to 6.5 pg/L, while samples collected during August, when large amounts of snow had
already melted, were much higher, at 40–43 pg/L. Our results are generally comparable to samples collected
by active large volume sampler (XAD-2 columns) at the same sites; higher PCB concentrations were also
detected during end of July and August (39–100 pg/L) than May and June (7.2–23 pg/L) 2016 (Tables S7
and S8).
It is notable that similar PCB concentrations were present in seawater samples collected during May and June
and lake samples collected during June and July (Figure S1). These lake samples represent only atmospheric
deposition of PCBs, implying that atmospheric deposition continues to be important for PCBs detected in surface water samples. Of course, Arctic rivers are a major inﬂux of POPs to the Arctic Ocean, which could also
have originated from atmospheric long-range transport and deposition into the watersheds (Carrizo &
Gustafsson, 2011b). The inﬂuence of atmospheric long-range delivery is also supported by PCB congener distribution, which is dominated by the lighter PCBs for these samples (Figure S2). The higher PCB concentrations detected during August might be inﬂuenced by freshwater sources and snowmelt, which are much
more signiﬁcant in the Canadian Archipelago than for the open ocean (Dickson et al., 2007). The contribution
of higher chlorinated PCBs increased greatly during August for these lake samples (Figure S2), indicating
catchment inputs of particle-bound heavier PCBs (Dachs et al., 1999). The signiﬁcant contribution of snowmelt runoff to the inputs of POPs has also been demonstrated in the Resolute Passage of Canadian Arctic
during the transition period from winter to summer (Pucko et al., 2017).
Moreover, our dissolved PCB concentrations in the seawater of the Canadian Archipelago are generally
higher than earlier reported for the Arctic pan-shelf sea, including European, Asian, and American sectors
alike (~1 to ~2 pg/L), as well as the interior Arctic basin regions (<1 pg/L; Carrizo & Gustafsson, 2011a). The
concentrations were also higher than those detected in the North Atlantic, including the Norwegian,
Greenland, and North Seas (<1 pg/L, Table S9; Gioia et al., 2008). These comparatively high PCB concentrations might be inﬂuenced by seawater originating from the Beaufort Sea entering the Archipelago and picking up PCBs from local (secondary) sources. Water circulating in the Beaufort Gyre is relatively old (≈7 years)
but also had more time for PCBs to be removed via settling (Carrizo & Gustafsson, 2011a). PCBs currently circulating in the Gyre are only slowly released, mainly through the western and northwestern parts of the
Canadian Archipelago (Bidleman et al., 2007).
3.2. Gaseous PCBs and Air-Water Exchange Gradients
The sum of gaseous PCB congeners (ΣPCBgas) at Cape Bounty averaged 1.3 ± 0.32 pg/m3 (Table S10). These
PCB concentrations were much lower than atmospheric PCBs sampled during early 2000s in the open Arctic
Ocean (Gioia et al., 2008) and land-based sites in the Norwegian and Canadian Arctic (Hung et al., 2005, 2010).
Long-term monitoring of atmospheric PCBs from 1993 to 2012 also displayed slowly decreasing temporal
trends in the Arctic air (Hung et al., 2016).
Air-water fugacity ratios (fa/fw) of most PCB congeners were <<1 (Table S11), indicating that they were in the
process of volatilization. That might be explained by PCBs in water becoming secondary sources, especially
during summer time with more open waters due to reduced ice coverage and increased water temperature
(Jantunen et al., 2007).
3.3. Dissolved OCPs in the Canadian Archipelago
Of the targeted OCPs, only HCHs, HCB, and DDTs were regularly detected in both atmosphere and surface
water. In the surface water, HCH was the most abundant OCP observed. Interestingly, different from PCBs,
relatively high concentrations of α-HCH were detected in Barrow Strait (590 pg/L), followed by α-HCHs in seawater at Sachs Harbor (280 pg/L), whereas the lake water in the same area had quite low concentrations
(~100 pg/L); γ-HCH could only be detected in one sample from East Lake of Cape Bounty (59 pg/L). As
expected, these concentrations were generally comparable to HCH levels observed in the North Paciﬁc
(Cai et al., 2012) and earlier research conducted in the Canadian Arctic, including Beaufort Sea, Labrador
Sea, and Hudson Bay (Wong et al., 2010) but higher than concentrations detected in the North Atlantic
(Table S9; Lohmann et al., 2009).
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HCB was only detected in Barrow Strait seawater and lake water samples. Similar to α-HCH, higher concentrations were present in the Barrow Strait (9.4 pg/L) than lake water samples in the area (average: 2.8 ± 1.6 pg/L).
These results were comparable to those observed in the North Paciﬁc, North Atlantic, and Arctic Oceans
(Table S9) (Barber et al., 2005; Cai et al., 2012; Lohmann et al., 2009; Wong et al., 2010).
Total DDT residues ranged from non-detect to 2.5 pg/L, with the highest concentration detected in the West
Lake at Cape Bounty. The detection frequency of DDT (<10%) and its metabolites (<30%) was rather low,
indicating the absence of new sources of DDT to the Arctic. These results were comparable to earlier reported
concentrations in Chukchi Sea and North Atlantic (Table S9; Iwata et al., 1993; Lohmann et al., 2009).
Generally, our results for all dissolved OCPs were comparable to those collected by active large volume
sampler. The inﬂuence of snowmelt runoff in elevating OCP concentrations was not as important as for
PCBs (Tables S7 and S8).
3.4. Gaseous OCPs in the Canadian Archipelago
For the atmospheric samples, α-HCH and HCB concentrations averaged 0.84 ± 0.73 and 0.75 ± 0.72 pg/m3,
respectively, while DDTs concentrations were lower at 0.15 pg/m3 (Table S10). Concentrations of HCH and
HCB present in this study were 1 to 2 orders of magnitude lower than those observed in the Western and
Norwegian Arctic atmosphere during 1990s and 2000s; however, no decreasing trends were observed for
DDTs (Becker et al., 2012; Cai et al., 2012; Iwata et al., 1993). Similar to PCBs, fugacity ratios of most detected
OCPs were <<1 (Table S11), indicating volatilization from the surface waters to the atmosphere.
In summary, HCHs and HCB were the dominant detected OCPs, and the dissolved OCP concentrations
derived from PE samplers are within the range previously observed, but gaseous OCP concentrations were
much lower. Dissolved OCPs, which displayed greater concentrations in seawater than in the Arctic lakes,
underwent net volatilization to the atmosphere during the summer/sampling period.
3.5. Dissolved PCBs and OCPs at the Fram Strait Mooring Sites
Dissolved PCB congener concentrations were hundreds of femtograms per liter or less in the Fram Strait. The
sum of PCB congeners ranged from 0.7 to 3.6 pg/L and 0.9 to 1.6 pg/L in the eastern and western Fram Strait,
respectively (for details, see Table S12). PCB concentrations of this study were comparable to those previously
reported for deepwater samples (Table S13; Booij et al., 2014; Sobek & Gustafsson, 2014; Sun et al., 2016).
Generally, OCP concentrations in the Fram Strait were higher than PCB concentrations. For all compounds,
α-HCH was present at highest concentrations in deep water, at hundreds of picograms per liter, followed
by γ-HCH and HCB at tens of picograms per liter, while DDT and its metabolites were at several picograms
per liter or less (Table S12). HCH concentrations we detected were lower than those reported during the
1990s (Table S13) in Eastern Arctic Ocean deep waters (Harner et al., 1999). A continuous decline of HCHs
due to degradation (microbial and hydrolysis) and export is expected (Harner et al., 1999; Li et al., 2004).
Both HCB and p,p0 -DDE concentrations in the present study were of the same order of magnitude as
previously reported in the eastern Fram Strait, Irminger Sea, and the central Arctic Ocean Basin (Booij et al.,
2014; Carrizo et al., 2017; Sun et al., 2016).
3.6. Depth Proﬁles of Dissolved PCBs and OCPs in the Fram Strait
3.6.1. PCBs
Depth proﬁles of PCBs at both the eastern and western Fram Strait mooring sites generally showed higher
concentrations of dissolved PCBs in the deepwater masses and thus, a similar shape as nutrient proﬁles in
the open ocean (Figure 2). While we could not measure PCBs and OCPs in the Fram Strait surface waters
directly, a comparison to previous work supports our notion that surface water concentrations were likely
lower than results deeper in the water column (Carrizo et al., 2017; Carrizo & Gustafsson, 2011a; Lohmann
et al., 2009). Sorption of PCBs to (settling) particles (Galbán-Malagón et al., 2012), as well as complex water
sources and water mixing processes in the Fram Strait will contribute to such vertical proﬁles. In contrast,
the less hydrophobic PCB congener 44 displayed a ﬂat vertical proﬁle, as it is not moved as effectively with
settling particles to deeper waters as the other PCB congeners.
We observed a change of the PCB composition with depth, whereby the contribution of higher-chlorinated
PCBs increased with depth. The contribution of heavier PCBs (hepta and hexa PCBs) increased from ~40% at
200-m depth to >50% at the depth below 1,500 m. The most hydrophobic heptachlorinated PCBs were only
MA ET AL.

5

Geophysical Research Letters

10.1029/2018GL078759

Figure 2. Depth proﬁle of detected PCBs and OCPs in the western (left) and eastern (right) Fram Strait, as well as water mass
distributions at both sites. HCB = hexachlorobenzene; PCB = polychlorinated biphenyl; DDT = dichlorodiphenyltrichloroethane;
HCH = hexachlorocyclohexane. Water mass deﬁnitions: AW = Atlantic Water; AIW = Arctic Intermediate Water; PW = Polar
Water; RAW = Recirculating Atlantic Water; MAW = Modiﬁed Atlantic Water; UPDW = Upper Polar Deep Water; EBDW = Eurasian
Basin Deep Water; GSDW = Greenland Sea Deep Water.

detected below 1,000-m water depth (Figure S3). The higher-chlorinated PCBs are more hydrophobic, with
higher octanol-water partitioning (Kow) values and tend to bind more strongly to particles (Dachs et al.,
1999). Thus, particles settling could be an important removal pathway for these PCBs from well-mixed
surface waters, while dissolution and/or mineralization of settling particles could release these chemicals
back to deeper water masses.
Moreover, the water masses with the highest PCB concentrations (ΣPCBs of 3.6 pg/L) observed in eastern
Fram Strait at ~1,200 m was typically Arctic Intermediate Water (see Figure 2); high concentrations of PCBs
have been reported previously for Arctic Intermediate Water (Sobek & Gustafsson, 2014). A similar
nutrient-like vertical proﬁles of PCBs were reported in samples gathered in the central Arctic Ocean in
2001, with greater concentrations in both intermediate and deep waters than in surface polar mixed waters
(Sobek & Gustafsson, 2014). These studies indicate the fractionation of PCBs with depth. In contrast,
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decreasing concentration proﬁles of PCBs in both solution and suspension were reported earlier for the North
Atlantic (Schulz et al., 1988; Schulz-Bull et al., 1998) and for particle-bound PCBs in the Mediterranean Sea
(Dachs et al., 1997). Those different results might be due to relatively shorter time for them to develop subsurface concentration maxima when sampled back in the 1980s.
3.6.2. DDTs
The depth proﬁles of DDTs (including o,p0 and p,p0 isomers of DDE, DDD, and DDT) in the eastern and western
Fram Strait are shown in Figure 2. DDTs displayed similar vertical proﬁles to PCBs, and the highest concentrations occurred in the deeper water layers; p,p0 -DDE concentrations also increased with depth in the Makarov
and Amundsen Basins of the central Arctic Ocean (Carrizo et al., 2017).
The composition of DDT isomers along the depth proﬁle is shown in Figure S4 (Table S14). It is notable that
DDEs (dominated by p,p0 -DDE) were most abundant throughout the water column (average 59% ± 4.4%),
followed by DDDs (average 28% ± 5.4%), and DDTs (average 14% ± 4.9%). Recent research also reported p,
p0 -DDE as the only detectable DDT in the intermediate and deep waters of the central Arctic Ocean
(Carrizo et al., 2017). Ratios of o,p0 and p,p0 isomers of DDT and DDE and DDT compositions suggest the
DDTs we observed represent historical inputs (see supporting information for more details).
3.6.3. HCHs and HCB
The depth proﬁles of HCHs and HCB were quite different from those found for the more hydrophobic PCBs
and DDTs, which bind to particles (Galbán-Malagón et al., 2013). Proﬁles of HCHs and HCB were similar to PCB
44, which all represent more soluble compounds. We observed greater concentrations of α-HCH, at approximately 130–150 pg/L, both at ~1,000- to 2,000-m and at ~200-m water depth, while γ-HCH generally exhibited a decreasing trend with depth at both sites. Moreover, there were no signiﬁcant changes of (the
persistent) HCB concentrations through the water column at both sites (Figure 2), indicating its utility as a
geochemical tracer. In contrast, α-HCH decreased in the deepest samples due to its slow degradation (hydrolysis and/or microbial) over time (Harner et al., 1999).
The ratios of α-HCH and γ-HCH (α/γ-HCH) were in the range of 1.3 to 2.8 (Table S14). Technical HCHs were one
of the most extensively used pesticides worldwide in the twentieth century, comprising 55–80% α-HCH,
5–14% β-HCH, and 8–15% γ-HCH (Li, 1999). γ-HCH, also known as lindane, continued being used in some
countries of Europe and in North America after technical HCHs were phased out in the 1990s (Li &
Macdonald, 2005). Relatively low α/γ-HCH and decreasing trend of γ-HCH through the water column detected
in this study might be affected by the continued application of lindane after technical HCH was no
longer used.
The net air-sea gas exchange of α-HCH has been shown to change from net deposition to net volatilization in
the Arctic Ocean due to decreased worldwide emissions (Jantunen & Bidleman, 1995); the ablation of sea ice
also contributed greatly to this change (Wu et al., 2010). Re-emitted α-HCH could then redeposit to the surface seawaters (Cai et al., 2012). Therefore, the relatively higher concentrations of α-HCH observed at ~200-m
depth might be inﬂuenced by its iterative environmental behavior including deposition, volatilization to the
atmosphere, and redeposition in the background of decreasing primary sources and climate change.
In summary, most legacy hydrophobic POPs are not good water mass tracers due to their binding to particles
(PCBs and DDTs), reactivity (HCHs), environmental recycling, and varying emission strengths. Exceptions are
the less hydrophobic and recalcitrant compounds such as HCB and PCB 44.

3.7. Mass Transport of PCBs and OCPs Through the Fram Strait
Based on the observed depth proﬁles of PCB and OCP concentrations, we derived POP mass ﬂuxes through
the Fram Strait. We used a water volume ﬂux based on long-term measurements of 6.6 ± 0.4 Sv northward
and 8.7 ± 2.5 Sv southward (Beszczynska-Moeller et al., 2012; de Steur et al., 2014). These estimates were
derived from direct high-density observations from current meter moorings (Table S15). As the PE samplers
were not equally spaced in the water column, we derived average values based on the trapezoidal integration of the contaminant concentrations through the water column. The estimated mass transport ﬂuxes
are listed in Table S16 (Figure 3). For HCHs and HCB, the southward mass ﬂuxes (Arctic export) were greater
than the northward mass ﬂuxes (Arctic import) through the Fram Strait, with a net transport from the Arctic to
the North Atlantic. This means that these legacy OCPs, which have been loaded to the Arctic since the 1930s,
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Figure 3. Mass transport of PCBs and OCPs through the Fram Strait (Mg/year). DDT = dichlorodiphenyltrichloroethane;
PCB = polychlorinated biphenyl; HCB = hexachlorobenzene; HCH = hexachlorocyclohexane; EGC = East Greenland
Current; WSC = West Spitsbergen Current.

are slowly released to the North Atlantic through Fram Strait. However, PCBs are still moving into the Arctic,
with net transport from the Atlantic Ocean to the Arctic Ocean.
For the ΣPCBs, the estimated mass transport was 0.55 ± 0.03 Mg/year to the north and 0.39 ± 0.11 Mg/year to
the south, with a net northward transport of 0.16 ± 0.12 Mg/year (For the International Council for the
Exploration of the Sea (ICES) 7 congeners, the estimated mass transport was 0.39 ± 0.02 Mg/year to the north
and 0.29 ± 0.08 Mg/year to the south, with a net northward transport of 0.11 ± 0.09 Mg/year). These ﬂuxes are
of the same magnitude as mass ﬂuxes of PCBs from Arctic rivers (0.30 Mg/year) and those estimated for the
ﬂux of PCBs into deeper Arctic waters (0.5–0.7 Mg/year; Carrizo & Gustafsson, 2011a).
A novel PCB simulation in a global ocean circulation model (MITgcm, modiﬁed from Zhang et al., 2017; for
details, see the supporting information) also derived the advective PCB ﬂow for 2015 along a transect at
79°N based on different water ﬂows. The model reproduced observed Arctic surface water concentrations
well. Model results also support a net inﬂow into the Arctic Ocean between 10°W and 15°E. Our estimated
mass transports for speciﬁc PCB congeners are comparable to the model output (Table S17). The model also
estimated that between 1930 and 2015 a total of 80 Mg of the four congeners (PCB 28, 101, 153, and 180)
were transported through Fram Strait. Therefore, there is a net inﬂow of PCBs into the Arctic Ocean, especially
in deep waters.
In contrast to PCBs, mass ﬂows of HCHs indicated net export from the Arctic Ocean: For α-HCH, there was a
net export of 7.7 ± 9.5 Mg/year (25 ± 1.5 Mg/year into the Arctic and 33 ± 9.4-Mg/year outﬂow); and for γ-HCH,
MA ET AL.
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there was a net southward transport of 6.3 ± 4.8 Mg/year (10 ± 0.63 Mg/year into Arctic and 17 ± 4.8 Mg/year
to the south). An Arctic Mass Balance Box Modal developed by Li et al. (2004) demonstrated that microbial
degradation and ocean currents contribute ~50% and ~25% to the disappearance of α-HCH in the Arctic
Ocean during 1945–2000, respectively (Li et al., 2004). In this study, the mass transport estimations of
α-HCH were similar in magnitude to the output results of Arctic Mass Balance Box Modal (mass ﬂux of
α-HCH was estimated as 29 Mg/year to the north by West Spitsbergen Current and 67 Mg/year to the south
by East Greenland Current in 1992). For HCB, the estimated net export based on our measurements was
0.65 ± 1.7 Mg/year (5.3 ± 0.32 Mg/year into the Arctic and 5.9 ± 1.7-Mg/year outﬂow) from the Arctic Ocean.
Finally, the estimated mass ﬂows of ΣDDTs into (1.6 ± 0.45 Mg/year) and out of the Arctic (1.6 ± 0.10 Mg/year)
were identical. Considering the Arctic Ocean inventory of DDTs (on the order of several tons, Carrizo et al.,
2017), it will take time for DDTs to disappear from the Arctic Ocean via water mass outﬂow.

4. Conclusions
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Results from the ﬁrst pan-Arctic deployments of passive samplers demonstrated the ubiquitous presence of
PCBs and OCPs across the Canadian Arctic and throughout the water column of the Fram Strait. Results also
show the importance of atmospheric inputs of POPs from meltwaters and that nearshore areas (such as the
archipelago) continue to be inﬂuenced by ongoing freshwater inputs. While atmospheric transport is still
important for the presence of POPs in the surface Arctic Ocean, air-water fugacity gradients implied net volatilization to the atmosphere during the summer/sampling time for most POPs. In the Fram Strait, higher PCB
and DDT concentrations were detected in the deepwater masses, similar to nutrient-like vertical proﬁles.
Based on our measurements, there is net export of legacy HCHs and HCB from the Arctic to the Atlantic
Ocean (~14 ± 14 Mg of HCHs and ~0.65 ± 1.7 Mg of HCB per year), but import of PCBs from the Atlantic to
the Arctic Ocean (0.16 ± 0.12 Mg/year) through the Fram Strait, similar in magnitude to model-based predictions. Finally, estimated mass ﬂows of ΣDDTs into (1.6 ± 0.45 Mg/year) and out of the Arctic (1.6 ± 0.10 Mg/
year) were identical.
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