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2.16.1 Introduction

Halogenated natural products (HNPs) are organic compounds 
containing bromine, chlorine, iodine, and sometimes fluorine. 
This section distinguishes between light halomethanes 
and haloethanes, often referred to as ‘halocarbons’ by the 
atmospheric community (WMO, 2014), and higher molecular 
weight HNPs. The latter often contain oxygen and/or nitrogen 
atoms in addition to halogens (Gribble, 2003). Many, if not 
most, HNPs are biosynthesized by marine bacteria, macroalgae, 
phytoplankton, tunicates, corals, worms, sponges and other 
organisms (Ballschmiter, 2003; Gribble, 2003, 2010; Vetter, 2006; 
Vetter and Gribble, 2007; Guitart et al., 2011; Agarwal et al., 
2014, 2015). Terrestrial plants, lichens, bacteria and fungi also 
produce HNPs (Gribble, 2003). Altogether, over 4000 HNP 
compounds have been discovered (Gribble, 2003, 2010; Vetter 
and Gribble, 2007). 

Natural and anthropogenic halocarbons have received much 
attention as regulators of ozone in the atmosphere and a 
detailed assessment has recently been published (WMO, 
2014). Bioaccumulating compounds with higher molecular 
weights such as bromophenols and bromoanisoles (BPs, BAs), 
hydroxylated and methoxylated polybrominated diphenyl 
ethers (OH-BDEs and MeO-BDEs), brominated dibenzo-p-
dioxins and dibenzofurans (PBDD/Fs), and other HNPs with 
heterocyclic ring structures have been reported in marine 
biota and less frequently in sediment, water and air. In marine 
biota, levels of HNPs often exceed those of polybrominated 
diphenyl ether (PBDE) flame retardants (Marsh et al., 2005; 
Rotander et al., 2012a; Alonso et al., 2014) or in some cases 
even exceed the concentration of recalcitrant polychlorinated 
biphenyl (PCB) 153 (Hauler et al., 2014). 

This section summarizes the occurrence and fate of HNPs in 
the Arctic physical environment and in Arctic biota. Except for 
halocarbons, there have been few investigations of HNPs in 

polar environments. Discussions of HNP formation processes 
and occurrence in temperate and Antarctic ecosystems are 
occasionally included to provide context. Information on 
HNPs is presented by compound class and generally in order 
of increasing molecular weight, as most information on lower 
molecular halocarbons relates to air/water media while higher 
molecular weight compounds are generally reported in biota. 
An overview of reported HNP occurrences in Arctic-subarctic 
media is shown in Table 2.85.

2.16.2 Halocarbons

Atmospheric halogens and ozone in the stratosphere are 
controlled by long-lived species such as halons (e.g. CBrClF2, 
CBr2F2), hydrochlorofluorocarbons (HCFCs), CH3Cl, CH3Br, 
CCl4 and CH3CCl3, which have anthropogenic or mixed 
anthropogenic and natural sources (WMO, 2014). Important 
also are a group of mostly natural ‘very short-lived substances’ 
(VSLS) which typically have atmospheric lifetimes of <0.5 y 
(WMO, 2014). VSLS include compounds such as CH2Cl2, 
CH2Br2, CHBr3, CH2BrCl, CHBrCl2, CHBr2Cl, C2H5Br, CH3I, 
CH2I2, CHI3, CH2ICl and C2H5I (WMO, 2014) (Table 2.86). 
The extensive literature for atmospheric CHBr3 was reviewed 
by Quack and Wallace (2003) and for iodocarbons by 
Carpenter (2003). Mechanisms for production and release 
of inorganic and organic halogen species at the sea surface 
were reviewed by Carpenter and Nightingale (2015). Recent 
updates have been made in the context of establishing global 
emission inventories for VSLS (Hossaini et al., 2010, 2012, 
2013; Ziska et al., 2013; WMO, 2014; Sarwar et al., 2015). The 
oceanic contribution of CH3I to stratospheric iodine has been 
estimated from measurements in air at sea level and transport 
modelling (Tegtmeier et al., 2013), and a trans-Arctic survey 
of halocarbons in surface and deep water has been conducted 
(Karlsson et al., 2013). 

Table 2.85 Reported occurrence of HNPs in Arctic-subarctic media. See Table 2.86 for abbreviations.

  Atmosphere Terrestrial Freshwater Marine

  Air Snow Soil Biota Water Sediment Biota Water Sediment Biota

Halocarbons × × × × ×

Haloacetates × × × × ×

BPs × × × ×

BAs × × ×

OH-BDEs ×

MeO-BDEs × ×

PDBPs × ×

MHC-1 ×

PBHDs ×
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2.16.2.1 Physical-chemical properties

Henry’s law constants (H, Pa m3/mol) and dimensionless 
air-water partition coefficients (KAW = H/RT) for halocarbons 
in seawater are reported in Annex Table A2.16/1, along 
with parameters of ln H = A + B/T for the range 0–20°C 
(Moore et al., 1995). These are the relevant properties for 
estimating sea-to-air fluxes, and were used in the global flux 
estimates of Ziska et al. (2013). 

2.16.2.2 Sources, production, and use

Marine phytoplankton and sea ice algae produce reactive 
species such as HOBr, HOCl and HOI from sea salt halides 
and hydrogen peroxide under catalysis by haloperoxidases, 
and these react with organic substrates to yield halocarbons 
(Sturges et al., 1992; Moore et al., 1996; Cota and Sturges, 1997; 
Abrahamsson et al., 2003; Carpenter, 2003; Karlsson et al., 2008, 
2013; Hill and Manley, 2009; Orlikowska and Schulz-Bull, 
2009; Liu et al., 2013a). Halocarbons are also formed by the 
action of bromo- and iodo-peroxidases on marine dissolved 
organic matter (Hill and Manley, 2009; Lin and Manley, 2012). 
Elevated concentrations in air and seawater occur in productive 
and upwelling regions (reviewed by Ziska  et  al., 2013). 
Photochemistry involving organic carbon compounds on snow 
surfaces can yield halocarbons (reviewed by Simpson et al., 
2007). Halocarbons are produced by ice algae (Sturges et al., 
1992), microorganisms in sea ice and frost flowers on newly 
formed ice (Granfors et al., 2013a,b, 2014) and are released to 
the atmosphere. 

Mesocosm experiments in Kongsfjord, Svalbard were carried 
out in June-July 2010 to examine relationships between 
halocarbons and ocean acidification (as indicated by pCO2) 
in an Arctic ecosystem (Hopkins et al., 2013). Production of 
halocarbons was strongly related to biological parameters 
(chlorophyll a, microbial plankton community, phytoplankton 
pigments), either positively or negatively. Concentrations of 
CHBr3 in the mesocosms were negatively correlated with total 
bacteria, suggesting biotic degradation. Positive correlations 
were found between concentrations of CH2I2, total bacteria 
and algal pigments. Concentrations, rate of net production and 
sea-to-air flux of CH2I2 were positively related to pCO2, while 
no effects of pCO2 were seen for CH3I or CHBr3. 

CH3Br and CH3Cl have both natural and anthropogenic 
sources, globally totaling 84 and 3658 Gg/y, respectively 
(WMO, 2014). Approximately 38% of CH3Br is derived from 
ocean emissions and 21% from terrestrial sources (mangroves 
1.5%, rapeseed 6.1%, fungi 2.6%, salt marshes 8.3%, wetlands 
0.7%, rice paddies 0.8%, shrublands 0.8%), leaving 41% as 
the anthropogenic contribution from gasoline combustion, 
fumigation and biomass burning. CH3Br fumigants 
accounted for 7–10% of global emissions in 2012 compared 
to 22–40% before phase-out under the Montreal Protocol 
in 1996–1998. The natural oceanic source of CH3Br is now 
comparable to its oceanic sink. For CH3Cl, 56% is emitted 
by tropical and subtropical plants, 8% from other terrestrial 
sources (mangroves 0.3%, fungi 4.0%, salt marshes 2.3%, 
wetlands 0.7%, rice paddies 0.1%, shrublands 0.4%), 19% 
from the ocean and 17% from anthropogenic sources (coal 
combustion, biomass burning) (WMO, 2014).

Table 2.86 Halogenated natural products relevant to the Arctic region.

Compound Formula or 
abbreviation

CAS 
number

methyl chloride (chloromethane) CH3Cl 74-87-3

dichloromethane CH2Cl2 75-09-2

methyl bromide (bromomethane) CH3Br 74-83-9

dibromomethane CH2Br2 74-95-3

bromoform (tribromomethane) CHBr3 75-25-2

bromochloromethane CH2BrCl 74-97-5

bromodichloromethane CHBrCl2 75-27-4

dibromochloromethane CHBr2Cl 124-48-1

ethyl bromide (bromoethane) C2H5Br 74-96-4

methyl iodide (iodomethane) CH3I 74-88-4

diiodomethane CH2I2 75-11-6

iodoform (triiodomethane) CHI3 75-47-8

iodochloromethane CH2ICl 593-71-5

ethyl iodide (iodoethane) C2H5I 75-03-6

trifluoroacetic acid (acetate) TFA 76-05-1

2,4-dibromophenol 2,4-DiBP 615-58-7

2,6-dibromophenol 2,6-DiBP 608-33-3

2,4,6-tribromophenol 2,4,6-TriBP 118-79-6

2,4-dibromoanisole 2,4-DiBA 21702-84-1

2,6-dibromoanisole 2,6-DiBA 38603-09-7

2,4,6-tribromoanisole 2,4,6-TriBA 607-99-8 

methoxylated polybrominated 
diphenyl ethers 

MeO-BDEs

hydroxylated polybrominated 
diphenyl ethers 

OH-BDEs

polybrominated dibenzo-p-dioxins PBDDs

polybrominated dibenzofurans PBDFs

polyhalogenated 1'-methyl-1,2'-
bipyrroles

PMBPs

polyhalogenated 1,1'-dimethyl-2,2'-
bipyrroles

PDBPs

polyhalogenated N-methylpyrroles PMPs

polyhalogenated N-methylindoles PMIs

bromoheptyl- and bromooctyl 
pyrroles 

BHPs, BOPs

(1R,2S,4R,5R,1'E)-2-bromo-1-
bromomethyl-1,4-dichloro-5-(2'-
chloroethenyl)-5-methylcyclohexane 

MHC-1

polybrominated hexahydroxanthene 
derivatives 

PBHDs

bromovinyl phenols BVPs

bromocoumarates BCUs
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Approximately 76% of VSLS halocarbons come from naturally 
produced CHBr3 and CH2Br2 (Hossaini et al., 2012). Transport 
of these compounds and other VSLS to the stratosphere occurs 
by deep convection, especially in the tropics (Ziska et al., 2013; 
WMO, 2014). VSLS may account for 10–40% of stratospheric 
bromine (WMO, 2014), and may be delaying stratospheric 
ozone hole recovery in Antarctica (Yang et al., 2014). The ocean 
contributes over 80% of global CH3I emissions with known 
production by phytoplankton and photochemical degradation 
of organic matter in seawater (WMO, 2014). Terrestrial sources 
include rice paddies, wetlands and biomass burning (Carpenter, 
2003). CH3I is registered as a pesticide (replacing CH3Br) in 
the United States, Japan, and Mexico. However it has been 
withdrawn from the U.S. market (WMO, 2014). CH3I is 
important for the tropospheric ozone budget, but only small 
quantities enter the stratosphere due to its short atmospheric 
lifetime (Tegtmeier et al., 2013).

Global emission inventories have been drawn up for CHBr3, 
CH2Br2 and CHI3 (Hossaini et al., 2013; Ziska et al., 2013). The 
inventories were based on ‘top-down’ aircraft observations of 
halocarbons in the atmosphere, while a ‘bottom-up’ approach 
used gas exchange calculations from surface air and ocean water 
concentrations and the Henry’s law constants of Moore et al. 
(1995) (Annex Table A2.16/1). Sea-to-air flux estimates in the 
Arctic are based on few surface water data (Section 2.16.2.5, 
Marine environment). Emission source strengths from three 
top-down and one bottom-up chemical transport models 
for CHBr3 and CH2Br2 are compared in Figure  2.118. 
Latitudinal variations in emissions of the two halocarbons 

agree qualitatively among the three top-down models, with 
fluxes in the order: tropics > subtropics and temperate > 
subpolar and polar. The one bottom-up model differs greatly 
in estimating higher fluxes of CHBr3 (but not CH2Br2) north 
of 50°N and higher fluxes of CH2Br2 (but not CHBr3) in the 
southern hemisphere between 40° and 70°S (Figure 2.118). 
Emission estimates also differ quantitatively; for example, for 
CHBr3 in the tropics between 0.25–0.9×10-13 kg/m2/s for top-
down models versus 0.1–0.35×10-13 kg/m2/s for the bottom-
up model (Figure 2.118). A similar comparison for regions 
north of 50°N showed 0–0.15 × 10-13 kg/m2/s (top-down) 
versus 0.1–0.6 × 10-13 kg/m2/s (bottom-up) (Figure 2.118). 
Estimated global emissions of VSLS in Gg/y were summarized 
by Sarwar et al. (2015) and WMO (2014) and are presented 
in Annex Table A2.16/2. 

Haloacetic acids (acetic acid in which fluorine, chlorine and/
or bromine replace one or more hydrogens) are a group of 
compounds having anthropogenic and natural origins. Since 
these compounds have pKA values <3 (Health Canada, 2008), 
they will exist as acetates at the pH of most environmental 
media. Higher concentrations of haloacetates were found in the 
northern hemisphere, suggesting human impact but substantial 
concentrations also occur in the less industrialized southern 
hemisphere (Scott et al., 2005a). Anthropogenic sources are 
atmospheric oxidation of halocarbons (Kotamarthi  et  al., 
1998; Wang  et  al., 2014c), water chlorination, waste and 
biomass combustion and herbicide use (Health Canada, 
2008). Chloroacetic acids are produced naturally in soils 
(Hoekstra et al., 1999; Fahimi et al., 2003; Laturnus et al., 2005); 
however, the overall role of forest soils as sources/sinks for 
these compounds is unclear (Laturnus et al., 2005). Higher 
concentrations of mono- and dibromoacetates in fog samples 
collected in Germany were measured when winds came off 
the ocean, suggesting a marine source (Römpp et al., 2001). 
Trifluoroacetate, monochloroacetate and monobromoacetate 
also appear to have natural sources based on findings in 
Antarctic firn layers that were formed during the 19th century 
(Von Sydow et al., 2000a,b) and occurrence of trifluoroacetate 
in deep ocean water (Frank et al., 2002; Scott et al., 2005b). 
Sources could include deep ocean vents, although estimated 
vent emissions are too low to account for the trifluoroacetate 
burden in the oceans (Scott et al., 2005b).

2.16.2.3 Transformation processes

Lifetimes of VSLS in the mid-latitude marine boundary layer 
due to photolysis and OH radical reaction are 97–750 d (CH3Cl), 
80–620 d (CH2Br2), 14–86 d (CHBr3), 38–45 d (CHBrCl2), 
32–225 d (CHBr2Cl) and 4.1–19 d (CH3I), with the shorter and 
longer times in summer and winter (WMO, 2014). Reaction with 
OH radicals accounts for 64% and 46% of total sinks for CH3Cl 
and CH3Br, with the remaining loss processes due to uptake by 
the ocean and soils and transport to the stratosphere (WMO, 
2014). Photolysis of VSLS yields halogen atoms and oxides 
which are responsible for ozone destruction (Simpson et al., 
2007; WMO, 2014). Degradation of VSLS results in ‘product 
gases’ with the general formulae CX2O, CHXO, CHX2OOH and 
CHX2O2NO2, which may also be transported to the stratosphere 
(WMO, 2014). Atmospheric oxidation of halocarbons is a source 
of haloacetates (Section 2.16.2.2). 
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Figure 2.118 Zonally averaged global emission source strengths for CHBr3 
and CH2Br2, estimated from three top-down models (Warwick et al., 
2011 = Pyle et al., 2011 update of Warwick et al., 2006; Liang et al., 2010; 
Ordóñez et al., 2012) and one bottom-up model (Ziska et al., 2013). Graphic 
from Hossaini et al. (2013).
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Halocarbons in ocean water are subject to a number of removal 
processes, including hydrolysis, reductive dechlorination, 
halogen substitution, photolysis, microbial degradation and 
volatilization (Hopkins et al., 2013). Photolysis is generally 
considered the main loss process for CHBr3, but was minor 
in Svalbard mesocosm experiments because of screening 
by a partially transparent cover. Biological processes in the 
mesocosms were suggested to account for observed losses 
of bromine and iodine compounds (Hopkins et al., 2013). 
Chlorine substitution and volatilization account for loss of 
CH3I at comparable rates, whereas photolysis and hydrolysis 
are minor (Carpenter, 2003). Concentrations of CHBr3 decrease 
with depth in the Arctic Ocean; the reduced levels in deep and 
intermediate waters are consistent with a halide substitution 
half-life of 74 y (Karlsson et al., 2013). No ocean sinks have been 
identified for trifluoroacetate (Scott et al., 2005b).

2.16.2.4 Modeling studies

Modeling is extensively used to estimate surface-air exchange 
of halocarbons, transport through the troposphere and into the 
stratosphere, and to derive emission source strengths. Other models 
consider atmospheric reactions involved in the production and 
destruction of ozone, the role of halocarbons in ozone regulation, 
and past and future trends in ozone levels. Discussion of these 
models is beyond the scope of this report and readers are referred 
to the recent WMO report (2014) and references therein.

2.16.2.5 Environmental concentrations

Air and precipitation

Much research has been done to quantify sea-to-air fluxes 
of long-lived and VSLS halocarbons. Most measurements 
have been in temperate and tropical regions and in the 
Southern Ocean, with relatively few measurements in the 
Arctic. Global data have been compiled from many sources 
(e.g. WMO, 2014) and used for global modeling by Ziska et al. 
(2013), Hossaini et al. (2012, 2013) and Warwick et al. (2006). 
Tropospheric average concentrations in 2012 were estimated as 
mixing ratios (parts-per-trillion by volume, pptv): 7.0±0.1 pptv 
(CH3Br), 540±5 pptv (CH3Cl), and 72-125 pptv (total VSLS) 
(WMO, 2014). Conversion from pptv to ng/m3 at standard 
temperature and pressure can be made using the conversion: 
molecular weight divided by 22.4. Thus, one pptv = 4.2 ng/m3 
for CH3Br and 2.3 ng/m3 for CH3Cl. 

Ground and aircraft observations of CHBr3 and CH2Br2 used 
for estimating emission inventories in the Arctic have been 
made at Alert (Canada) Summit (Greenland) and Point Barrow 
(Alaska, USA) (Hossaini et al., 2013). Mixing ratios of CHBr3 
at the Arctic ground stations were about 1.5–4.5 pptv in winter 
and 0.5–1 pptv in summer. Winter mixing ratios were higher 
in the Arctic relative to tropical stations (e.g. 0.3–1 pptv at 
Hawaii and Samoa) and winter/summer differences were more 
pronounced, probably because of the reduced and seasonal 
photochemical activity at high latitudes. The global range for 
CHBr3 in the marine boundary layer was 0.4–4.0 pptv (WMO, 
2014). Mixing ratios of CH2Br2 were 0.8–1.2 pptv at the Arctic 
stations and showed depletion in summer at Alert and Summit 
(although less than for CHBr3) (Hossaini et al., 2013) but not 

at Point Barrow. The global range for CH2Br2 in the marine 
boundary layer was 0.6–1.7 pptv (WMO, 2014). Mixing ratios 
of CH3Br at Alert and Point Barrow were 8–10 pptv, also higher 
in winter-spring than summer (Warwick et al., 2006), compared 
to a tropospheric average of 7.0 pptv. 

Halocarbons were measured in air over the period August–October 
2009 along a ship track across the North Pacific between Japan 
and Canada, across the Canadian Arctic from the Bering Strait to 
79°W, and at Alert during September–October (Yokouchi et al., 
2013). Mean mixing ratios on the Arctic cruise legs were: 472 pptv 
(CH3Cl), 7.6 pptv (CH3Br), 0.52 pptv (CH3I), 1.9 pptv (CHBr3) 
and 1.2 pptv (CH2Br2), and were similar to those at Alert. The 
spatial distributions of CH3I, CHBr3, and CH2Br2 differed from 
those of CH3Cl and CH3Br. Mixing ratios of the former group 
were highest near perennial sea ice and influenced by air masses 
that had originated over the Alaskan coast, suggesting the role 
of macroalgae and ice algae which produce these compounds. 
They were lowest at the northernmost sites in air masses that had 
traveled over the polar ice cap. The opposite pattern was seen for 
the monohalomethanes. This difference can be explained by the 
Arctic Ocean being a source of CH3I, CHBr3, and CH2Br2, but a 
sink for CH3Cl and CH3Br.

Tropospheric ozone-depletion events (ODEs) in the Arctic 
occur mainly from March to May when the ocean is frozen, 
the ground is covered by snow and sunlight returns after the 
winter darkness. The ODEs are triggered by reactive bromine 
produced from inorganic bromide in sea salts by ‘bromine 
explosion’ reactions (Simpson et al., 2007). Organobromine 
compounds are thought not to directly result in ODEs, but 
may be involved in ODE initiation or termination, and reactive 
iodocarbons such as CH2I2 could play a more important role 
(Simpson et al., 2007). Peaks in inorganic and organic bromine 
correspond to ODEs at polar sunrise (Li et al., 1994). 

Snow-air and sea ice-air interfaces are important sites for 
production and release of gaseous inorganic and organic halogen 
species. High events of iodine oxide (IO), probably produced 
from iodocarbons, were associated with air passing over open 
water polynyas in Hudson Bay (Mahajan et al., 2010). The 
halocarbons CH2I2, CH2IBr, and CH2ICl were found in air over 
Hudson Bay at Kuujjuarapik during spring when the bay was 
frozen (Carpenter et al., 2005). The sum of these halocarbons 
reached 5 pptv, the highest concentrations reported in Arctic 
air. Strong diurnal variations were observed with higher levels 
corresponding to daytime winds off the bay. A proposed 
mechanism of production was by reaction of inorganic halooxide 
species with organic material in sea ice, snowpack and frost 
flowers. Concentrations of C2H5I, 2-C3H7I and CH2Br2 in sea ice 
brine were enriched 1.7, 1.4 and 2.5 times above seawater levels 
in the Norwegian Sea and Greenland Sea, and supersaturation 
in both brine and seawater resulted in net sea-to-air fluxes 
(Atkinson et al., 2014). The enrichment may be due to production 
by diatoms in brine channels (connected pore spaces within 
ice through which concentrated sea salt solution can pass, 
Krembs et al., 2002; Pućko et al., 2010). Highest air concentrations 
occurred when trajectories passed over porous summer ice. 
Transition within this century to thinner and more porous ice in 
the Arctic would increase the potential for brine iodocarbons to 
be released to the atmosphere, thereby increasing levels of ozone-
depleting iodine radicals in the troposphere (Atkinson et al., 
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2014). Measurements in the Weddell Sea (Antarctica) showed 
concentrations of halocarbons in brine > ice > seawater; however 
when normalized for salinity the order was ice > brine > seawater 
(Granfors et al., 2014). Correlations with chlorophyll a suggested 
algal production of CHI3, while both biotic and abiotic processes 
were hypothesized to produce other halocarbons. Halocarbon 
levels in winter frost flowers were low, possibly due to evaporation 
losses. Halocarbons were measured in air and snow as part of 
the suite of volatile organics sampled at Alert in 2006 and Point 
Barrow in 2009 (Kos et al., 2014). Halocarbon concentration 
ranges in surface snow at Alert were 350–34 000 ng/L (CHBr3), 
140–1500 ng/L (CHBr2Cl) and <170–5070 ng/L (CH2Br2). CHBr3 
was quantified at 190±42 ng/L in frost flowers in one sampling 
event during the Ocean-Atmosphere-Sea Ice-Snowpack (OASIS) 
campaign, but was <120 ng/L in seven other sampling events. 

Halocarbons were measured in air within the firn on the Devon 
Island Ice Cap and at two Antarctic sites in 1998 (Sturges et al., 
2001). Concentrations of CH3Br increased with depth from about 
10 pptv at the surface and 10 m, to 300 pptv at 50–60 m. CH3Br 
was strongly correlated with CH3I, which also increased from 
near zero at the surface to about 60 pptv over the same depth. 
Other halocarbons (CH2Br2, CHBr2Cl, CHBrCl2, CHBr3) in firn 
air were in the range 0.5–3 pptv and showed slight increases 
with depth. Higher concentrations in deeper firn layers may 
indicate production through biotic or abiotic pathways. CH3Br 
concentrations in Antarctic firn layers were much lower and 
declined from 8 pptv at the surface to 6–7 pptv at depth.

Haloacetates are a group of compounds which have both natural 
and anthropogenic origins (Scott et al., 2005a,b). Haloacetates 
were measured in precipitation at six sites across southern 
Canada in 1997–1998, at sampling sites on the Laurentian 
Great Lakes, and at one northern site, Snare Rapids (Scott et al., 
2000). Volume-weighted mean concentrations at Snare Rapids 
were 0.4 ng/L (trifluoroacetate), 13 ng/L (monochloroacetate), 
19 ng/L (dichloroacetate) and 0.6 ng/L (trichloroacetate). 
Air parcel back trajectories point to urban areas as sources. 
Trifluoroacetate and Σchloroacetate concentrations were 
65–210 and 5–74 times higher at the southern sites.

Background levels of trifluoroacetate were determined in snow, 
glacial ice and firn from remote locations between 1994 and 
1997 (Von Sydow et al., 2000a). Sites of snow sampling were 
Östergötland (Sweden), Tod Mountain and Resolute Bay (Canada), 
Mount Cook (New Zealand) and Queen Maud Land (Antarctica). 
Trifluoroacetate concentrations in these locations ranged from 
1–32 ng/L with one high sample of 110 ng/L from Antarctica. Ice 
from the Mårma glacier (Sweden) with an age of 500 y contained 
5 ng/L of trifluoroacetate. Firn core samples from Antarctica 
were collected from the surface to 19 m. Trifluoroacetate was 
present at 6–56 ng/L with an average of 25 ng/L and showed no 
trend with depth. The deepest firn layer was formed about 190 y 
before sampling. In a related study (Von Sydow et al., 2000b), 
chloro- and bromoacetates were determined in Antarctic snow 
and firn samples. Concentrations in surface snow from six sites 
were in the range: 6–106 ng/L (monochloroacetate), nd–21 ng/L 
(dichloroacetate), 58–348 ng/L (trichloroacetate), 3–36 ng/L 
(monobromoacetate), and 1–11 ng/L (dibromoacetate). The 
chloroacetates and dibromoacetate were also present in the firn 
depths dated to the pre-industrial period, but monobromoacetate 
was only found in surface snow. 

Terrestrial environment

Concentrations of halocarbons are generally not reported 
in terrestrial compartments per se (soil, vegetation etc.), but 
rather as fluxes into or from the atmosphere. Global emissions 
of CH3Cl and CH3Br from anthropogenic, terrestrial and 
oceanic sources were summarized by WMO (2014) (Section 
2.16.2.2), but not broken down by geographical distribution. 
Peatlands are sources of CH3Cl, CH3Br, CH3I, CHBr3 and CHCl3 
(Dimmer et al., 2001; Carpenter et al., 2005), and it is suggested 
that production might occur through elevated levels of bromide 
in coastal peatlands and soils (Carpenter et al., 2005). Boreal 
forest soils and the Arctic tundra were net sinks for CH3Cl and 
CH3Br (Rhew et al., 2003) and the latter only a trivial source of 
CH3I (Rhew et al., 2007; Teh et al., 2009). The Alaska tundra was 
a net source of CHCl3 to the atmosphere (Rhew et al., 2008). 
Measurements at a subarctic wetland in Sweden indicated 
small net sinks and sources for CH3Br and CH3Cl, respectively 
(Hardacre et al., 2009), while wetlands in Scotland were net 
sources of these gases (Hardacre and Heal, 2013). 

The median concentration for trichloroacetate in 130 samples 
of pine needles from subarctic Finland was 23 ng/g ww, with 
90% of values between 5 and 70 ng/g. Trichloroacetate was also 
found in arboreal lichens (Juuti et al., 1996).

Freshwater environment

Haloacetates were measured in the Laurentian Great Lakes 
and small lakes across Canada in 1997–1998, including Great 
Slave Lake in the north (Muir et al., 2000a). Trifluoroacetate 
was <0.5 ng/L in Loon Lake, 12–28 ng/L in Lake Kejimkujik, 
<0.5–10 ng/L in Great Slave Lake and 100–360 ng/L in Lake 
Winnipeg, possibly due to urban influences from upstream 
sources. Monochloro- and dichloroacetates were also high in 
Lake Winnipeg (95–250 and 86–799 ng/L) and lower in the 
other small lakes (<1–55 ng/L). Trichloroacetate was <2 ng/L 
except for two samples from Lake Winnipeg (11 and 37 ng/L). 
In comparison, concentrations of trifluoroacetate were low in 
Lake Superior (<0.5–2 ng/L) but much higher in the other Great 
Lakes (74–159 ng/L). The monochloro- and dichloroacetates 
were found in Lake Superior (<0.5–18 and 21–450 ng/L) and 
in the other Great Lakes (67–120 and 460–1500 ng/L), while 
monobromoacetate was not detected in any of the Great Lakes 
(<30 ng/L). Trichloroacetate was <2 ng/L in all lakes except for 
one sample in Lake Superior (3 ng/L).

Marine environment

Measurements of CHBr3, CH2Br2 and CHI3 in seawater north 
of 60°N were reported by Ziska et al. (2013: Supplement S3, 
data sets 16 and 30). Data are more numerous for 50–59°N 
in the North Atlantic, North Pacific, North Sea and Baltic Sea 
(Ziska et al., 2013: Supplement S3, data sets 2, 3, 8, 10, 11, 18, 
19, 23, 24, 33, 35, 38, 39, 40 and 41).

Measurements of halocarbons in the surface and deep Arctic 
Ocean were made in 2005 on an expedition from Point Barrow 
(Alaska) to Svalbard (Karlsson et al., 2013). Mean concentrations 
of halocarbons in the polar mixed layer (PML) of the ocean 
basins were in the range 13–29 pmol/kg (CHBr3), 7–22 pmol/kg 
(CH2Br2), 1.4–3.7 pmol/kg (CHBr2Cl) and 1–2.6 pmol/kg 
(CH2ClI), and are summarized in Annex Table A2.16/3. High 
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levels of CHBr3, up to 160 pmol/kg were found in sea-ice 
brine. Concentrations were about one third to half of PML 
values in the warm Atlantic Layer at 200–800 m, and one-
fifth of PML values below the sill depth of the Lomonosov 
Ridge (88°N, 140°W, 1870 m depth), which stretches between 
the New Siberian Islands over the central part of the ocean 
to Ellesmere Island in the Canadian Arctic Archipelago. A 
summary of spatial and depth distributions for CHBr3 and 

other halocarbons in meltponds, brine and the upper 320 m 
of the water column is shown in Figure 2.119. The authors 
proposed that halocarbons are produced in the shelf areas of 
the Chukchi and Siberian seas, and that bromocarbons are also 
formed in sea ice over the Lomonosov and Makarov ridges 
during transport of riverine dissolved organic matter in the 
Transpolar Drift. Cycles of freezing and thawing enhance their 
transfer to seawater.
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Figure 2.119 Vertical distribution of CHBr3, CH2Br2, CHBr2Cl, and CH2ClI in the upper 320 m. Concentrations in melt ponds, sea-ice brine (two ice 
depths) and seawater just below the sea ice are also shown. Where identified, Alaskan Coastal Water (ACW), summer Bering Strait Water (sBSW), and 
winter Bering Strait Water (wBSW) are noted. (Karlsson et al., 2013).
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Halocarbons in Norwegian Sea and Greenland Sea seawater 
averaged: 14.1±45.2 pmol/L (CHBr3), 0.98±0.83 pmol/L 
(CH2Br2) and 0.54±0.31 pmol/L (CHI3) (3550±11 400, 
170±144 and 213±122 pg/L, respectively) (Ziska et al., 2013: 
Supplement S3 data sets 16 from 2002 and 30 from 1998). 
Especially high concentrations of CHBr3, up to 358 pmol/L, 
have been found in Svalbard fjords (Hopkins et al., 2013; 
Ziska et al., 2013). 

CHBr3 was measured in seawater, ice and snow at Resolute 
Bay (Canada) in 1992 (Cota and Sturges, 1997). Elevated 
concentrations were found in seawater and ice at the interface, 
associated with emission by ice algae. Concentrations in sea 
ice at the snow-ice interface were in the range 336–367 ng/L, 
and 462–1260 ng/L in the snowpack over sea ice, declining 
toward the snow surface. CHBr3 concentrations in recent 
snow were two orders of magnitude lower. Elevated CHBr3 
in the snowpack may have diffused from the sea ice layer. 
Concentrations of CHBr3 in bottom ice algae and kelp 
(Agarum cribosum) in Resolute Bay were 679±355 ng/g dw 
and 1806±1037 ng/g dw, respectively (Cota and Sturges, 1997). 
Further discussion of halocarbons in the air-ice-seawater 
system is found in Section 2.16.2.5, Air and precipitation.

Halocarbon distribution and production experiments were 
conducted at Svalbard (Granfors et al., 2013a). Concentrations 
in seawater, under-ice seawater, ice, ice brine and frost flowers 
are summarized in Annex Table A2.16/4; mean abundances 
were in the order CHBr3 ~ CHBr2Cl > CH2Br2 > CHBrCl2 
> CH2ICl ~ CH2IBr > CH2I2 and brine ~ ice > under-ice 
seawater > seawater. Two samplings of frost flowers showed 
CHBr3, CHBr2Cl and CHBrCl2 concentrations similar to 
those in brine and ice in one, and much lower concentrations 
in the other. The net production of CHBr3 in newly formed 
sea ice was 14 pmol/L/d. Bacterial production of halocarbons 
in ice and a role of frost flowers in transferring halocarbons 
to the atmosphere were suggested.

Trifluoroacetate is widespread in the aquatic environment, 
and has been determined in surface and deep waters of 
the Arctic, North and South Atlantic and Pacific Oceans 
(Frank et al., 2002; Scott et al., 2005b). Concentrations in the 
Arctic were in the range 8–170 ng/L (Nares Strait, eastern 
Canadian Arctic) and 34–181 ng/L (Canada Basin, western 
Arctic). Deep ocean concentrations were often as high, or 
higher than those in the upper water column; for example, 
160–181 ng/L (1800–3000 m, Canada Basin), 160 ng/L 
(3800 m, North Atlantic), and 80–150 ng/L (4800–5200 m, 
South Atlantic) (Scott et al., 2005b). The deep waters have 
14C ages exceeding 1000 years. Profiles were constant in 
the Mid-Atlantic (190–210 ng/L, 0–4100 m) and Southern 
Ocean (195–220 ng/L, 10–2000 m) (Frank  et  al., 2002). 
Concentrations were lower in the South Pacific (generally 
1–10 ng/L) (Scott et al., 2005b). Such uniformity suggests 
natural production and long lifetimes, but sources have not 
been identified. Deep profiles in the Mediterranean Sea 
and Pacific Ocean suggested the presence of ocean vents, 
although the estimated release was far too low to account 
for observed inventories (Scott et al., 2005b).

2.16.2.6 Environmental trends

Spatial trends

Spatial variation in tropospheric mixing ratios are large 
for CHBr3 and CH2Br2, although the latitudinal profile and 
magnitude of estimated emissions is dependent on the model. 
All models agree on peak levels in the tropics, but the Ziska 
‘bottom up’ model (Ziska et  al., 2013) predicts secondary 
maxima for CHBr3 from 50–70°N and for CH2Br2 from 40–70°S 
(Hossaini et al., 2013) (Figure 2.118). Ratios of CH2Br2 : CHBr3 
are also variable, and elevated mixing ratios of both VSLS are 
found in coastal regions close to macroalgae and around 
islands, and in oceanic upwelling areas (as summarized by 
Hossaini et al., 2013 and Ziska et al., 2013). Short OH radical 
lifetimes contribute to spatial and temporal inhomogeneity 
(Hossaini et al., 2013). Thus, global average mixing ratios 
are known with better precision for long-lived species than 
VSLS. For example, mixing ratios of 7.0±0.1 pptv (CH3Br) 
and 540±5 pptv (CH3Cl) versus 0.4-4.0 pptv (CHBr3) and 
0.6-1.7 pptv (CH2Br2) (WMO, 2014).

Spatial trends in halocarbon concentrations in ground-level air 
in the Canadian Arctic (Yokouchi et al., 2013) were discussed 
in connection with their atmospheric concentrations in 
Section 2.16.2.5.

The spatial and vertical distribution of halocarbons in the Arctic 
Ocean was reported in detail by Karlsson et al. (2013) and a 
summary for the upper 320 m of the water column is shown 
in Figure 2.119. Other graphics in the paper show the vertical 
distribution to the bottom of the Arctic Ocean, horizontal 
variation in the lower halocline and Atlantic Layer, and depth 
profiles at selected stations off Barrow (Alaska) and over the 
Lomonosov Ridge.

Temporal trends

The following trends in tropospheric halocarbon concentrations 
were reported by WMO (2014). Total organic bromine declined 
from a peak of 17 pptv in 1998 to 15 pptv in 2012, largely due 
to a decrease in CH3Br, from 9.2 pptv in the mid-1990s to 
7.1 pptv in 2012. This decrease was achieved through control 
of most fumigant uses of CH3Br under the Montreal Protocol. 
CH3Br fumigants accounted for 7–10% of global emissions 
in 2012 compared to 22–40% before 1996–1998. The natural 
oceanic source of CH3Br is now comparable to its oceanic 
sink. CH3I concentrations increased by several tens of percent 
from 2003–2004 to 2009–2010. CH3Cl concentrations showed 
a slight decline from 544 pptv in 2008 to 537 pptv in 2012. 
Total chlorinated VSLS increased from 84 pptv (70–117 pptv) 
in 2008 to 91 pptv (76–125 pptv) in 2012. CH2Cl2 accounted 
for the majority of this change, with an increase of ~60% over 
the last decade.

Seasonal variations in mixing ratios of VSLS, namely CHBr3 and 
CH2Br2, were found at Arctic stations (Alert and Summit), high in 
winter and low in summer, due to lower photochemical activity in 
winter. In comparison, less seasonality is displayed at tropical and 
temperate stations (Section 2.16.2.5). Similar seasonal variations 
have been found for CH3I (Yokouchi et al., 2012). 
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Long-term trends in CHI3 have been examined since the late 
1990s at remote sites between 82.5°N–40.4°S and over the 
western and northern Pacific Ocean (Yokouchi et al., 2012). 
CH3I concentrations declined until 2003, then rose by several 
tens of percent until 2009/2010. The interannual variation 
was approximated by a sine curve with a period of 11 y and 
showed good correlation with the Pacific Decadal Oscillation, 
suggesting that CH3I emissions are affected by global-scale 
sea-surface temperature. 

Concentrations of halocarbons in Arctic Ocean surface waters 
do not appear to have changed much over the last two decades 
(Karlsson et al., 2013). 

2.16.3 Higher molecular weight HNPs

The higher molecular weight HNPs are very diverse 
(Figure 2.120). The number of compounds identified in 
sponge extracts and/or dolphin blubber by non-target 
screening was over 400 in one report (Hauler and Vetter, 
2015) and over 300 in another (Shaul  et  al., 2015). This 
section covers bromophenolic compounds, which include 
simple bromophenols (BPs) and compounds derived from 
them: bromoanisoles (BAs), hydroxylated polybromodiphenyl 
ethers (OH-BDEs), methoxylated polybromodiphenyl ethers 
(MeO-BDEs), and polybrominated dibenzo-p-dioxins and 
dibenzofurans (PBDD/Fs). Other compound classes included 
are polyhalogenated 1'-methyl-1,2'-bipyrroles (PMBPs), 
polyhalogenated 1,1'-dimethyl-2,2'-bipyrroles (PDBPs), 
polyhalogenated N-methylpyrroles (PMPs), polyhalogenated 
N-methylindoles (PMIs), bromoheptyl- and bromooctyl 
pyrroles, (1R,2S,4R,5R,1'E)-2-bromo-1-bromomethyl-
1,4-dichloro-5-(2'-chloroethenyl)-5-methylcyclohexane 
(mixed halogen compound MHC-1), polybrominated 
hexahydroxanthene derivatives (PBHDs), bromobenzyl 
alcohols, bromovinyl phenols and bromocoumarates. 

2.16.3.1 Physical-chemical properties

Properties of high molecular weight HNPs are given in 
Annex Table A2.16/5, and include the ionization constant 
(for BPs, as pKA) octanol-water partition coefficient (log KOW), 
air-water partition coefficient (log KAW), octanol-air partition 
coefficient (log KOA), liquid-phase vapor pressure (log pL/Pa) 
and liquid-phase water solubility (log sL/(mol/m3)). 

2.16.3.2 Sources, production, use and trends

Like halocarbons, the higher molecular weight HNPs are 
synthesized by a variety of marine organisms (Fielman et al., 
1999, 2001; Whitfield et al., 1999; Ballschmiter, 2003; Gribble, 
2003, 2010; Lincoln et al., 2005; Vetter, 2006; Malmvarn et al., 
2008; Löfstrand et al., 2010; Unger et al., 2010; Guitart et al., 2011; 
Haraguchi et al., 2011; Agarwal et al., 2015). A recently discovered 
pathway is production by marine bacteria (Agarwal et al., 2014). 
Production processes for natural organohalogens in freshwater 
and marine sediment were reviewed by Müller et al. (1996) and 
for total organically bound bromine in terrestrial ecosystems by 
Leri and Myneni (2012). Organically bound chlorine is common 
in soils (Redon et al., 2013) and is produced in boreal soils by 
chlorination of organic matter (Gustavsson et al., 2012).Figure 2.120 Structures of some high molecular weight HNPs.
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Biosynthesis of BPs by macroalgae occurs from the substrates 
phenol, 4-hydroxybenzoic acid and 4-hydroxybenzyl alcohol 
under bromoperoxidase catalysis (Flodin et al., 1999; Flodin 
and Whitfield, 1999, 2000). Several pathways have been reported 
for generating OH-BDEs and MeO-BDEs from BPs, namely 
bromoperoxidase-catalyzed dimerization (Lin et al., 2014a), 
photolysis (Liu et al., 2011) and coupling on the surface of 
δ-MnO2 (Lin et al., 2014b). PBDDs are produced from BPs by 
bromoperoxidase-catalyzed coupling (Arnoldsson et al., 2012a), 
and by photolysis of MeO-BDEs (Arnoldsson et al., 2012b) and 
OH-BDEs (Bastos et al., 2009; Erickson et al., 2012). Marine 
bacteria also produce OH-BDEs and MeO-BDEs (Agarwal et al., 
2014). Marine sponges contain these and more complex PBDEs 
substituted with multiple OH groups and mixed halogens 
(Agarwal et al., 2015).

Evidence of natural origin has been obtained by radiocarbon 
(14C) analysis of 6-OH-BDE47, 2'-OH-BDE68, 2',6-diOH-
BDE159, and 2'-MeO-6-OH-BDE120 (Teuten et  al., 2005; 
Guitart et al., 2011), and for 1,1'-dimethyl-3,3',4,4'-tetrabromo-
5,5'-dichloro-2,2'-bipyrrole (Reddy et al., 2004). Other studies 
have noted the presence of 6-MeO-BDE47 and 2'-MeO-BDE68 
in environmental samples that pre-dated the advent of PBDEs; 
namely a whale oil sample archived since 1921 (Teuten and 
Reddy, 2007), sediment layers deposited since the late 1800s 
to early 1900s in the southern Yellow Sea and East China Sea 
(Fan et al., 2014a,b) and in an archived white-tailed sea eagle 
(Haliaeetus albicilla) egg laid in 1941 (Nordlöf et al., 2012). 

Phenols and anisoles containing bromine, chlorine, or both also 
have anthropogenic sources; for example, water chlorination 
(Corbi et al., 2007; Sim et al., 2009; Pan and Zhang, 2013), 
industrial use and hazardous waste incineration (Howe et al., 
2005), and metabolism or abiotic degradation of brominated 
flame retardants (Byer et al., 2014). The world production 
volume of 2,4,6-TriBP was estimated at 9500 tonnes in 2001 
(Howe et al., 2005). 1,2,4,5-tetrachloro-3,6-dimethoxybenzene 
(also known as 2,3,5,6-tetrachloro-1,4-dimethoxybenzene), 
ubiquitous in marine air, may be a natural product or a 
metabolite of anthropogenic organochlorines (Wittlinger and 
Ballschmiter, 1990; Schreitmüller and Ballschmiter, 1995). 
MeO-BDEs and OH-BDEs are produced by metabolism of 
PBDE flame retardants (Stapleton et al., 2009). 

Other high molecular weight HNPs have sources in marine 
bacteria, algae and sponges. MHC-1 was first detected in 
seafood and isolated and fully characterized from a red 
algae extract (Vetter et al., 2001, 2008). 2,3,4,5-tetrabromo-1-
methylpyrrole was identified in the seagrass Halophila ovalis 
(Gaul et al., 2011) and many PDBP congeners were found in 
sea cucumber (Holothuria sp.) (Hauler et al., 2013). The PMBPs, 
like the PDBPs, are a diverse set of compounds of which the first 
discovered in the late 1990s was the 2,3,3',4,4',5,5'-heptachloro-
1'-methyl-1,2'-bipyrrole, or Q1 (Vetter et al., 1999). Q1 and 
mixed Cl- and Br-PMBP congeners have subsequently been 
reported in many species of marine biota (Vetter et al., 1999, 
2001, 2003; Teuten et al., 2006; Pangallo and Reddy, 2008; 
Hauler  et  al., 2014) particularly from the Pacific Ocean. 
Recent work points to a microbial source of these compounds 
based on compound-specific stable nitrogen determination 
(Pangallo et al., 2012). 

2.16.3.3 Transformation processes

Abiotic and biotic degradation pathways for BPs were 
summarized by Howe et al. (2005). OH radical reaction half-
lives in air were estimated as 13.2 h (4-BP), 44.6 h (2,4-DiBP), 
22.5 d (2,4,6-TriBP), and 23 d (PeBP). The EPISUITE program 
predicts OH radical half-lives in air of 4.1 d (2,4-DiBA) and 
8.5 d (2,4,6-TriBA). It has been suggested that the ubiquitous 
presence of OH-BDEs in precipitation is due to OH radical 
reaction with PBDEs (Ueno et al., 2008).

Bromophenols and OH-BDEs are O-methylated to form 
BAs and MeO-BDEs. MeO-BDEs and OH-BDEs in sediment 
are interconverted by O-methylation-demethylation 
reactions (Zhang et al., 2012; Fan et al., 2014a). MeO-BDEs 
(Arnoldsson et al., 2012b) and OH-BDEs (Bastos et al., 2009; 
Erickson et al., 2012) can be photochemically converted to 
PBDDs. Metabolism also produces OH-BDEs from MeO-
BDEs (Wan et al., 2009; Wiseman et al., 2011; Liu et al., 2012; 
Wang et al., 2012), and it has been suggested that OH-BDEs 
in wildlife from remote areas arise from demethylation of 
accumulated MeO-BDEs (Wan et al., 2009). Evidence of this 
demethylation was not seen in harbor porpoise (Phocoena 
phocoena) (Weijs et al., 2014) nor in ringed seal (Phoca hispida) 
(Kelly et al., 2008), while no conclusions could be drawn for 
harbor seal (P. vitulina) (Weijs et al., 2014). The opposite, 
conversion of 6-OH-BDE47 to 6-MeO-BDE47 has been 
shown to occur in the fish Japanese medaka (Oryzias latipes) 
(Wan et al., 2010). Positive correlations among OH-BDEs, MeO-
BDEs and 2,4,6-TriBP in cetaceans suggest that they may share 
common sources or metabolic pathways (Nomiyama et al., 
2011, 2014). A strong correlation was found in polar bear 
(Ursus maritimus) adipose tissue between log-transformed 
6-OH-BDE47 and 6-MeO-BDE47 (p<0.001), ΣOH-BDEs 
and ΣMeO-BDEs (p<0.001), and (ΣOH-BDEs + ΣBPs) and 
ΣMeO-BDEs (p<0.001) (Wan et al., 2009). The ΣOH-BDEs 
were correlated to ΣPBDEs in plasma of bald eagle (Haliaeetus 
leucocephalus) from British Columbia (Canada) and California 
(USA) (Cesh et al., 2010).

Significant correlations have been found between 6-MeO-
BDE47 and PBDE-47, a possible precursor, in Greenland 
shark (Somniosus microcephalus) (Strid et al., 2010), glaucous 
gull (Larus hyperboreus) (Verreault  et  al., 2005a), beluga 
(Delphinapterus leucas), ringed seal and seaduck species 
(Kelly  et  al., 2008). Jaspers  et  al. (2013) found significant 
correlations between 6-MeO-BDE47 or 2'-MeO-BDE68 and 
all seven monitored PBDE congeners in muscle tissue of white-
tailed sea eagle. Rotander et al. (2012a) found such a correlation 
was significant but weak in the marine mammals they studied. 

Many reports indicate that biotransformation of PBDEs 
produces OH-BDEs with the OH-group meta- or para- 
to the diphenyl ether bond, whereas ortho-positioning is 
favored for the naturally produced compounds (reviewed by 
Wiseman et al., 2011). This interpretation was criticized by 
Ren et al. (2013), who found hydroxy groups in the ortho-
position in some OH-BDEs from an e-waste recycling plant. 
PBDEs substituted with a single OH- in the para position are 
rare in marine species; however, PBDEs containing one ortho-
MeO- and two OH- (meta- and para-) have been identified 
in marine sponges (Agarwal et al., 2015). By analogy, natural 
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versus PBDE-derived MeO-BDEs might also be distinguished 
by ortho- versus meta-/para- substitution of the MeO- group 
(Marsh et al., 2004). However, since MeO-BDEs have not been 
identifi ed in PBDE exposure studies, their source remains 
unclear and the possibility of naturally-produced MeO-
BDEs with meta-/para- substitution should be considered 
(Wiseman et al., 2011). 

Haglund et al. (2010) examined congener profiles of MeO-
BDEs and PBDDs in Baltic perch (Perca fl uviatilis) and fl ounder 
(Platichthys fl esus) in relation to lower organisms collected in the 
same area. MeO-BDEs without adjacent substituents (6-MeO-
BDE47) or with two adjacent substituents (2'-MeO-BDE68 and 
6-MeO-BDE90) were retained in the fi sh more than MeO-BDEs 
with three adjacent substituents (6-MeO-BDE85 and 6-MeO-
BDE99). For PBDDs, 1,3,6,8-tetraBDD and 1,3,7,9-tetraBDD were 
retained more than other PBDDs which have vicinal hydrogens. 
Debromination of 6-MeO-PBDE85 and 6-MeO-BDE99, and 
cytochrome P-450 mediated oxidation of PBDDs containing 
vicinal hydrogens were suggested to explain their limited retention.

2.16.3.4 Modeling studies

No modeling studies of higher molecular weight HNPs for the 
Arctic were available.

2.16.3.5 Environmental concentrations

Air and precipitation 

Halophenolic compounds have been identifi ed in air, at 
concentrations two to three orders of magnitude below 
the halocarbons (Section 2.16.2.5). BAs have been found in 
marine air worldwide, but there are few reports. Quantitative 
measurements in Arctic air were made in 2007–2008 during 
expeditions to the Labrador Sea, Hudson Bay and the southern 
Beaufort Sea. Mean (± standard deviation) concentrations of 
BAs in surface water and air were as shown in Figure 2.121. 
Earlier, 2,4,6-TriBA had been identifi ed, but not quantifi ed, in 
air at Zeppelin Mountain (Svalbard) (Vetter et al., 2002). Later, 
starting in 2007, TriBA was monitored in air at Birkenes in 
southern Norway and at Zeppelin (Svalbard), and monitoring 
was started at another Norwegian Arctic station (Andøya) in 
2010 (Bohlin-Nizzetto et al., 2015). In 2014, TriBA levels at 
Zeppelin were among the lowest observed since the start of 
monitoring (see Figure 2.124 in Section 2.16.3.6), with weekly 
concentrations of 0.44–12.4 pg/m3 and an annual mean of 
5.37 pg/m3. Monthly monitoring indicated a seasonal trend 
in TriBA air concentrations with the lowest levels observed 
in spring. Concentrations increased in summer and early 
autumn; a likely consequence of increased algal blooms 
during the summer months (Bohlin-Nizzetto et al., 2015).

For comparison, BA concentrations measured in air over the 
northern Baltic (63°48'N; 20°50'E) during 2011–2015 averaged 
21±16 pg/m3 (2,4-DiBA), ≥4 pg/m3 (2,6-DiBA) and 43±34 pg/m3 
(2,4,6-TriBA) (Bidleman et al., 2016). Th ese concentrations can 
be compared to mean air concentrations at Lista (southern 
Norway) in 2003, which were 19±12 pg/m3 (2,4-DiBA) and 
13±9 pg/m3 (2,4,6-TriBA), with higher concentrations from 
May–December than January–April (Melcher et al., 2008).

BAs in air and atmospheric deposition (rain, snow, particle 
fallout) were measured in archived samples collected along 
a temperate to Arctic gradient in Fennoscandia between 
2002 and 2015 (Bidleman et al., 2017). Geometric mean 
air concentrations were 18–36 pg/m3 (2,4-DiBA) and 
38–65 pg/m3 (2,4,6-TriBA) at the most southern station Råö 
on the Swedish west coast (57.39°N, 11.91°E) to 1.9–11 pg/m3 
(2,4-DiBA) and 2.7–11 pg/m3 (2,4,6-TriBA) at the Arctic 
station Pallas, Finland (68.00°N, 24.23°E). Intermediate 
air concentrations were measured in the northern Baltic 
region (Geometric means 14–30 pg/m3 for 2,4-DiBA and 
15–34 pg/m3 for 2,4,6-TriBA). Geometric mean deposition 
fl uxes in 2012–2015 were 50–73 pg/m2/day (2,4-DiBA) and 
43–79 pg/m2/day (2,4,6-TriBA) at Råö; 33–48 pg/m2/day 
(2,4-DiBA) and 30–35 pg/m2/day (2,4,6-TriBA) at Pallas. 
Deposition fl uxes were similar at Råö and Pallas despite 
lower air concentrations at Pallas, due to greater precipitation 
scavenging at lower temperatures.

BAs ranging from monobromo- through pentabromo- 
were previously found on expeditions in the northern and 
southern hemispheres in 1987, 1993–1994 and 1999–2000. 
Concentration ranges were: <0.1–2.2 pg/m3 (2-BA); ≤0.1 pg/m3 
(3-BA); <0.1–3.6 pg/m3 (4-BA); <0.1–17 pg/m3 (2,4-DiBA); 
<0.1–6.2 pg/m3 (2,6-DiBA); 0.5–69 pg/m3 (2,4,6-TriBA); 
<0.1–0.8 pg/m3 (2,3,4,5-TeBA); <0.1–1.2 pg/m3 (2,3,4,6-TeBA); 
<0.1–1.1 pg/m3 (2,3,5,6-TeBA) and <0.1–5.7 pg/m3 (PeBA) 
(Wittlinger and Ballschmiter, 1990; Führer and Ballschmiter, 

Figure 2.121 Bromoanisoles in surface water and air of the Canadian Arctic, 
2007–2008 (mean±SD, nm: air not measured). Data from Wong et al. (2011).
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1998; Pfeifer and Ballschmiter, 2002). So although data are 
limited, concentrations of BAs in Arctic air appear comparable 
to levels seen at lower latitudes (Figure 2.122). 

BPs have occasionally been reported in ambient air and 
deposition in the Arctic. Concentrations of 2,4,6-TriBP in air 
samples from 2001–2002 were <1 pg/m3 at Pallas (Finland) as 
well as the background station of Rörvik on the Swedish west 
coast (Remberger et al., 2002). These levels can be compared 
to urban areas of southern Sweden where concentrations were 
8–30 pg/m3. Concentrations of 2,4-DiBP were <10 pg/m3 at 
Pallas and Rörvik (Remberger  et  al., 2002). Atmospheric 
fluxes (rain, snow, dry particle deposition) at Rörvik were 
0.8–4.4 ng/m2/d (2,4-DiBP) and 1.8–6.6 ng/m2/d (2,4,6-TriBP); 
with corresponding fluxes at Pallas of <0.3 ng/m2/d (2,4-DiBP) 
and 0.6 ng/m2/d (2,4,6-TriBP) (Remberger et al., 2002).

BPs were measured in 2014 in air at Pallas and Råö, an 
Environmental Monitoring and Evaluation Program 
(EMEP) station not far from Rörvik, as part of a screening 
study of alternative brominated flame retardants in air 
(Haglund, 2015). The ranges in air concentration at Råö 
and Pallas were 1.1–13 and 0.21–3.6 pg/m3 (2,4-DiBP), 
0.050–0.070 and 0.031–0.27 pg/m3 (2,6-DiBP), 0.48–1.6 and 
0.14–1.3 pg/m3 (2,4,6-TriBP), respectively. MonoBPs were 
measured at 0.54–4.1 pg/m3 at Råö and 0.21–9.3 pg/m3 at Pallas 
for individual species.

Sea-air exchange of BAs has been estimated using concentrations 
in surface seawater and air, employing the Henry’s law constants 
reported by Pfeifer et al. (2001) (Annex Table A2.16/5). BAs 
in Hudson Bay and the southern Beaufort Sea were close to 
air-water equilibrium or showed net volatilization. Net fluxes 
(deposition minus volatilization) estimated by the Whitman 
two-film model were small: -1.2±0.69 (2,4-DiBA) and 
-0.46±1.1 ng/m2/d (2,4,6-TriBA) (Wong et al., 2011). A larger 
departure from equilibrium was found in the northern Baltic 
Sea, where net volatilization fluxes between May and September 
were -12 to -44 ng/m2/d (2,4-DiBA) and -54 to -310 ng/m2/d 
(2,4,6-TriBA) using the Pfeifer et al. (2001) Henry’s law constants 
(Bidleman et al., 2014, 2015). By comparison, estimated net fluxes 
of CHBr3 for 50–80°N were about -860 to -5200 ng/m2/d by the 
two-film model (see Figure 2.118). 

Recently, experimental measurements of Henry’s law constants 
for 2,4-DiBA and 2,4,6-TriBA were made as functions of 
temperature (Bidleman et al., 2016) (Annex Table A2.16/5). 
These are lower than the Pfeifer  et  al. (2001) values. BA 
volatilization fluxes from the northern Baltic were lowered 
to about half the previous estimates using these new Henry’s 
law constants (Bidleman et al., 2016). The new Henry’s law 
constants were also used to reassess the gas exchange of BAs 
in Hudson Bay and the southern Beaufort Sea, based on the 
2007–2008 air and water data (Wong et al., 2011), with the 
result that 2,4,6-DiBA was near air-water equilibrium, while 
2,4-DiBA was near equilibrium or undergoing net deposition 
(F. Wong, Environment and Climate Change Canada, unpubl.). 
Outgassing of BAs from the temperate and tropical Atlantic 
Ocean has also been reported, but fluxes were not quantified 
(Pfeifer and Ballschmiter, 2002).

Two chlorinated phenolic compounds routinely monitored in 
Arctic air at the Canadian station Alert are pentachloroanisole 
(PCA, annual means 1–12 pg/m3) and tetrachloroveratrole 
(1,2,3,4-tetrachloro-5,6-dimethoxybenzene) (annual 
means 0.67–2.0 pg/m3) (Hung et al., 2005). Chloroanisoles 
(CAs) including PCA and bromochloroanisoles have also 
been identified over oceans in the northern and southern 
hemispheres (Atlas et al., 1986; Wittlinger and Ballschmiter, 1990; 
Schreitmüller and Ballschmiter, 1995; Führer and Ballschmiter, 
1998; Pfeifer and Ballschmiter, 2002). Concentration ranges 
were: <0.1–16 pg/m3 (2,6-DiCA); <0.1–243 pg/m3 (2,4,6-TriCA); 
<0.1–0.7 pg/m3 (2,3,4,5-TeCA); <0.1–11 pg/m3 (2,3,4,6-TeCA); 
0.2–40 pg/m3 (PCA); 1.6–5.7 pg/m3 (2,4-dibromo-6-chloroanisole) 
and 0.6–2.5 pg/m3 (2,6-dibromo-4-chloroanisole) (Wittlinger 
and Ballschmiter, 1990; Führer and Ballschmiter, 1998; Pfeifer 
and Ballschmiter, 2002). Another chlorophenolic compound 
found in marine air is 1,2,4,5-tetrachloro-3,6-dimethoxybenzene 
(also known as 2,3,5,6-tetrachloro-1,4-dimethoxybenzene), not 
to be confused with the tetrachloroveratrole mentioned above. 
Concentrations of 1,2,4,5-tetrachloro-3,6-dimethoxybenzene 
in marine air were 2–96 pg/m3 over the North and South 
Atlantic oceans (Schreitmüller and Ballschmiter, 1995) and 
20–280 pg/m3 at Réunion (Wittlinger and Ballschmiter, 1990). 
There is concern that this compound may coelute with PCA, 
a common organochlorine found in Arctic air, on some gas 
chromatography columns. This may lead to inflation of PCA 
levels when using electron capture detection, including those 
measured at Alert up to 2012. 

Figure 2.122 Bromoanisoles in ocean surface water and air. Data sources 
as follows: Baltic-2012 (Bidleman et al., 2014, 2015, 2016), Atlantic-1999 
(Pfeifer and Ballschmiter, 2002), Atlantic-1993 (Führer and Ballschmiter, 
1998), Atlantic-1986 (Wittlinger and Ballschmiter, 1990), Norway-2003 
(Melcher et al., 2008), Arctic-2007 (Wong et al., 2011), Arctic-2007-2014 
(Bohlin-Nizzetto et al., 2015), Great Barrier Reef-2007 (Vetter et al., 2009).
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It is not known whether the CAs and related compounds 
are natural, formed from anthropogenic phenols, or both 
(see discussion in Section 2.12 for PCP and PCA). Higher 
concentrations were found in the northern hemisphere than 
the southern hemisphere, suggesting anthropogenic origins 
(Schreitmüller and Ballschmiter, 1995; Führer and Ballschmiter, 
1998). In contrast, BAs were highest near upwelling zones off 
the coast of Africa (Führer and Ballschmiter, 1998; Pfeifer and 
Ballschmiter, 2002). The tetrachloroveratrole found in air at 
Alert may have origins in the chlorine bleaching process used 
for pulp and paper (Brownlee et al., 1993).

No data on MeO-BDEs in Arctic air are available but mean 
concentrations of 0.017±0.016 pg/m3 (2'-MeO-BDE68) and 
0.014±0.014 pg/m3 (6-MeO-BDE47) were found in air over the 
northern Baltic Sea in 2011–2013 (Bidleman et al., 2016). These 
levels are much lower than those reported for the Σtribromo- 
and Σtetrabromo-MeO-BDEs in air (gas phase) of Busan 
(South Korea) in 2010–2011 (means 2.1±1.8 and 6.9±8.7 pg/m3, 
respectively) (Kim et al., 2014c, 2015).

Terrestrial environment

Organically bound bromine is widespread in the terrestrial 
environment. X-ray absorption near edge structure (XANES) 
spectroscopic studies show that all the bromine in isolated 
humic substances, decaying plant material, and the organic 
fraction of soils is covalently bonded to carbon (Leri and 
Myneni, 2012). Organically bound chlorine in soils is discussed 
in Section 2.16.3.2.

No reports were found for most high molecular weight HNPs 
in Arctic soils or plants (PCP and PCA are discussed below 
and in Section 2.12). BPs were determined in moss around two 
incinerator facilities on the subarctic Faroe Islands (62°N, 7°W) 
in 2009. Levels at one site were 0.53 ng/g dw (2,4-DiBP) and 
0.46 ng/g dw (2,4,6-TriBP) and <0.3 ng/g dw (2,4-DiBP) and 
<0.1 ng/g dw (2,4,6-TriBP) at the other (Schlabach et al., 2011). 
In comparison, two soil samples from Gårdsjön research forest in 
southern Sweden contained higher concentrations: <3–15 ng/g dw 
(2,4-DiBP) and 2–5 ng/g dw (2,4,6-TriBP) (Remberger et al., 2002). 

Although biogenic MeO-BDEs are mainly associated with the 
marine environment, there may be terrestrial sources which 
have not yet been identified. There are no published studies 
of MeO-BDEs or OH-BDEs in Arctic soils. However, MeO-
BDEs and OH-BDEs have been found in soils and pine needles 
near Busan (South Korea) sampled in 2010–2011 at pg/g levels 
(Kim et al., 2014c, 2015).

PCA has been extensively investigated in air and vegetation 
and was thought to be primarily a metabolite of the PCP 
wood preservative. However, a recent study casts doubt on 
this (Section 2.12). The two compounds are poorly correlated 
in conifer needles, with PCP dominating in temperate North 
America and Europe, and PCA dominating in the Arctic (see 
Figure 2.12/1). Anthropogenic versus natural origins of PCA 
are still unclear. 

Freshwater environment

Pike (Esox lucius) from subarctic Lake Storvindeln (collected 
1993) in the north and Lakes Bolmen (collected 1967–2000) 
and Roxen (collected 1972) in southern Sweden were analyzed 

for PBDEs and MeO-BDEs (Kierkegaard et al., 2004b). 2'-MeO-
BDE68 and 6-MeO-BDE47, two congeners shown to have 
biogenic origins in the marine environment (Section 2.16.3.2), 
were found in all years. Highest concentrations of 6-MeO-
BDE47 and 2'-MeO-BDE68 were found in muscle of pike 
from Lake Bolmen (290–3600 and 110–1800 pg/g ww) > Lake 
Storvindeln (35 and 110 pg/g ww) > Lake Roxen (1.9 and 1.4 
pg/g ww). MeO-BDE levels in pike were equal to or greater 
than PBDE concentrations, but did not correlate with PBDEs 
nor did they show relationships with eutrophication, location 
or sampling season. Concentrations of 2'-MeO-BDE68 and 
6-MeO-BDE47 in Arctic char (Salvelinus alpinus) collected 
from the Arctic Lake Abiskojaure in 2005 were 15 and 4 ng/g lw 
(Nordlöf et al., 2010). 

Geometric mean concentrations of ΣMeO-BDEs (2'-MeO-
BDE68 + 6-MeO-BDE47 + 5-Cl-6-MeO-BDE47) in eggs of 
white-tailed sea eagle from freshwater lakes in Sweden were 
86 ng/g lw in the Arctic region (collected 1994–2005) and 
39 ng/g lw in central and southern inland habitats (1992–2005). 
Geometric mean ΣPBDE concentrations in these birds were 720 
and 1500 ng/g lw, respectively (Nordlöf et al., 2010). 

Marine environment: bromophenolic HNPs

Seawater and sediment
BAs in seawater were measured on expeditions across the 
Canadian Arctic Archipelago and the southern Beaufort Sea 
in 2007–2008 (Wong et al., 2011). Mean concentrations in 
surface water of the southern Beaufort Sea off Banks Island 
were 8.8±7.7 pg/L (2,4-DiBA) and 10.2±8.1 pg/L (2,4,6-TriBA). 
Higher concentrations of the two BAs were found in Hudson 
Bay and Hudson Strait (19±3.3 and 34±0.7 pg/L) and the 
Labrador Sea (38±14 and 163±32 pg/L) (see Figure 2.121). 
It is possible that BAs in surface seawater may have arrived 
via air or ocean current transport from lower latitudes, but 
the wide variation in concentrations and differing compound 
proportions suggests local production, as for halocarbons 
(Section 2.16.2.5). Concentrations of BAs in Arctic seawater 
are lower than those reported for the Baltic Sea, Atlantic Ocean 
and on the Great Barrier Reef (Figure 2.122).

No data are available for BPs in seawater in the Arctic, but 
they have been identified in surface water and sediment of 
the North Sea and southern Baltic Sea (Weigel et al., 2005; 
Reineke et al., 2006). 

No reports of other high molecular weight HNPs in Arctic 
seawater were found. Mean concentrations in northern Baltic 
Sea seawater in 2011–2013 were 25±17 pg/L (6-MeO-BDE47) 
and 8.2±5.9 pg/L (2'-MeO-BDE68) (Bidleman et al., 2016). 

Concentrations in sediment at harbor sites in the Faroe Islands 
were 0.79–2.9 ng/g dw (2,4-DiBP) and 0.47–7.8 ng/g dw 
(2,4,6-TriBP), while ranges for other areas in Scandinavia 
were <0.07–1.7 ng/g dw (2,4-DiBP) and <0.02–4.8 ng/g dw 
(2,4,6-TriBP) (Schlabach et al., 2011). BPs are widespread in 
temperate marine sediments, especially if they contain infauna 
which produce them (Fielman et al., 2001; Lincoln et al., 2005). 

MeO-BDEs or OH-BDEs were not found in sediment of 
eastern Hudson Bay or Hudson Strait in the Canadian 
Arctic Archipelago, sampled 1999–2003, at detection limits 
of 1–4 pg/g dw (Kelly et al., 2008). PBDDs have not been 
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reported in sediment from the Arctic. MeO-BDEs and OH-
BDEs (Zhang et al., 2012; Fan et al., 2014a,b) and PBDDs 
(Terauchi et al., 2009; Haglund et al., 2010) have been reported 
in temperate marine sediments. 

Marine vegetation
The bromophenolic compound 2,3-dibromo-4,5-
dihydroxybenzyl alcohol was identified in the red alga 
Polysiphonia arctica, collected from Kongsfjorden, Spitzbergen 
(Dummermuth et al., 2003). Neither OH-BDEs nor MeO-BDEs 
were found in macroalgae from eastern Hudson Bay at detection 
limits of 0.06–0.2 ng/g lw (Kelly et al., 2008). No other reports 
from the Arctic were found. Production of higher molecular 
weight HNPs by macroalgae and phytoplankton in temperate 
and tropical ecosystems is well documented (Section 2.16.3.2). 

Invertebrates
Low bioaccumulation of BPs is expected because of their low 
log KOW values: 2.56–3.48 (2,4-DiBP), 3.74–4.24 (2,4,6-TriBP) 
(Howe et al., 2005) and dissociation at seawater pH. BAs 
are neutral and have higher log KOW – 3.75 (DiBA) and 
4.44 (2,4,6-TriBA) – and therefore higher bioaccumulation 
potential (Pfeifer et al., 2001). Nonetheless, concentrations of 
BPs were similar or higher than those of BAs in blue mussel 
(Mytilus edulis) from three sites on the Baltic or Swedish west 
coast, sampled in 2008. Mean concentrations were in the range 
2.4–16 ng/g eom (extractable organic matter) (2,4-DiBP), 
11–28 ng/g eom (2,4,6-TriBP), nd–3.5 ng/g eom (2,4-DiBA), 
and 1.9–46 ng/g eom (2,4,6-TriBA) (Löfstrand et al., 2010). 
Pooled samples of blue mussel collected from 10 stations in 
the Baltic Proper in 2011–2012 contained 0.56–44 ng/g lw 
(2,4-DiBP), 17–240 ng/g lw (2,4,6-TriBP), 0.33–5.3 ng/g lw 
(2,4-DiBA), and 5.2–66 ng/g lw (2,4,6-TriBA) (Dahlberg et al., 
2016a). Hauler et al. (2014) found 2,4,6-TriBA in the majority 
of blue mussels, collected from the Baltic Sea and North Sea 
between 2007 and 2012, at concentrations of <0.1–19 ng/g lw. 

2,4,6-TriBA was found in invertebrates sampled in 2003 along 
the Norwegian coast (Vetter et al., 2007). Periwinkle (Littorina 
littorea) from Sklinna contained 0.50 ng/g ww, and the range 
in blue mussel from the Trondheim Fjord at Munkholmen 
and Ekne was 1.6–9.8 ng/g ww. 2,6-DiBA was found at Ekne 
at 0.49 ng/g ww. BPs or BAs have not been reported in other 
Arctic/subarctic invertebrates. Concentrations of 2,4,6-TriBA 
in Antarctic krill (Euphausia superba) were 57–398 pg/g lw 
(Bengtson-Nash et al., 2008). Several species of Antarctic sponge 
contained 2,4-DiBP, 2,4,6-TriBP and their corresponding BAs 
(Vetter and Janussen, 2005). 

OH-BDEs were not found in blue mussel from eastern Hudson 
Bay at detection limits of 0.06–0.2 ng/g lw. However, the geometric 
mean concentrations of ΣMeO-BDEs and ΣPBDEs were 14 and 
5.4 ng/g lw, respectively (Kelly et al., 2008). Concentrations of the 
predominant congeners were 2.3–34 ng/g lw (6-MeO-BDE47) 
and 0.8–10 ng/g lw (2'-MeO-BDE68). Other MeO-BDEs found 
were 2'-MeO-BDE28, 6'-MeO-BDE49 and 6'-MeO-BDE66. Blue 
mussel from Munkholmen contained 0.15–0.48 ng/g ww of 
2'-MeO-BDE68 while 6-MeO-BDE47 was found only at Ekne 
at 0.28 ng/g ww. Periwinkle from Sklinna contained 0.042 ng/g 
ww of each MeO-BDE (Vetter et al., 2007). 

PBDDs have not been reported in Arctic invertebrates.

Fish, seabirds and marine mammals 
Most studies of bromophenolic HNPs in Arctic/subarctic 
regions have concerned fish, seabirds and marine mammals. 
Reports are summarized in three Annex tables (Tables A2.16/6, 
A2.16/7, A2.16/8) as ranges, means (arithmetic or geometric) or 
medians of 2,4,6-TriBP, 2,4,6-TriBA, two abundant MeO-BDE 
congeners (6-MeO-BDE47 and 2'-MeO-BDE68) and their OH-
analogs, and ΣMeO-BDEs and ΣOH-BDEs. The ΣPBDEs and 
BDE-47 are also listed where available. PBDDs appear not to 
have been investigated in the Arctic in these organisms. 6-MeO-
BDE47 concentrations generally exceed those for 2'-MeO-
BDE68. The following discussions include some reports from 
the Baltic region and southern-central Norway for comparison 
with Arctic/subarctic regions.

Fish
2,4,6-TriBA, MeO-BDEs and PBDEs were measured in 
20 Greenland shark muscle and liver samples collected in 
2001–2003 from Icelandic waters (Strid et al., 2010). Median 
concentrations of 2,4,6-TriBA in muscle and liver were 0.37 
and 0.38 ng/g lw, respectively. Median concentrations of 
ΣMeO-BDEs for muscle and liver were both 100 ng/g lw, 
which was higher than for the ΣPBDEs (35 and 41 ng/g lw, 
respectively). The predominant congeners were 6-MeO-
BDE47 and 2'-MeO-BDE68. A significant correlation was 
found between log-transformed concentrations of 6-MeO-
BDE47 and BDE-47 in Greenland shark muscle, but not liver. 
Concentrations of the two OH-BDE analogs of these were 
much lower at <0.01–0.11 ng/g lw. 

Geometric mean concentrations of ΣMeO-BDEs in muscle 
of fish from Hudson Bay (collected 1999–2003) were 
9.9 ng/g lw (polar cod, Boreogadus saida), 3.0 ng/g lw (sculpin, 
Myoxocephalus scorpioides) and 42 ng/g lw (salmon, Salmo sp.). 
The geometric mean concentrations of ΣPBDEs were 9.8, 73 
and 9.3 ng/g lw, respectively. OH-BDEs were not detected 
(Kelly et al., 2008). 

Cod liver from Vestertana Fjord (Finland) collected 
between 1987 and 1998 contained two structurally 
unidentified tetraMeO-BDEs with total concentrations 
0.32–17.3 ng/g lw (Sinkkonen et al., 2004). In the same study, 
whole-body homogenates of 40 pooled Atlantic salmon (Salmo 
salar) collected from Hraunsfjördur (Iceland) in 1998 contained 
3.0 ng/g lw (ΣMeO-BDEs) and 12 ng/g lw (ΣPBDEs). 

Cod liver from Trondheim Fjord contained 6.3–6.4 ng/g ww 
2,4,6-TriBA, 0.75 ng/g ww 2,6-DiBA, 2.5–3.3 ng/g ww (Σ2'-
MeO-BDE68 + 6-MeO-BDE47) and 19-22 ng/g ww Σ6PBDEs. 
Saithe (Pollachius virens) liver from Sklinna contained 
54.7 ng/g ww 2,4,6-TriBA, 1.7 ng/g ww 2,6-DiBA, 1.4 ng/g ww 
(Σ2'-MeO-BDE68 + 6-MeO-BDE47) and 14 ng/g ww Σ6PBDEs 
(Vetter et al., 2007). 

A few reports from the Baltic Sea are available for comparison. 
MeO-BDEs and similar compounds with both bromine and 
chlorine substitution were identified in Baltic salmon, but 
levels were not quantified (Marsh et al., 2004). Salmon muscle, 
sampled in 1991 contained ng/g lw ΣMeO-BDE (structures 
not identified) of 40, while the ΣPBDE concentrations was 
300 ng/g lw (Haglund et al., 1997). ΣMeO-BDE concentrations 
in perch muscle collected between 1990 and 2005 averaged 
34 ng/g lw (Haglund  et  al., 2010), which is similar to the 
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salmon concentrations. ΣMeO-BDE concentrations in liver 
of Baltic cod caught in 2013 averaged 5.4±2.9 ng/g lw, which 
is of the same order of magnitude as concentrations for cod 
in Trondheim Fjord. The mean ΣOH-BDE concentration in 
these cod liver samples was 2.8±1.3 ng/g lw, while Σ36PBDEs 
was 58±31 ng/g lw (Roszko et al., 2015). Baltic herring (Clupea 
harengus) collected in 1993 contained 0.38 ng/g ww 6-MeO-
BDE47 and 0.11 ng/g ww 2'-MeO-BDE68 (Kierkegaard et al., 
2004b). Herring collected in 2012 from two Baltic Proper sites 
contained 9.3–420 ng/g lw 6-MeO-BDE47 and 1.5–73 ng/g lw 
2'-MeO-BDE68 (Dahlberg et al., 2016b).

Seabirds
White-tailed sea eagles from Greenland were sampled 
in 2007–2009 (Jaspers  et  al., 2013). Median ΣMeO-BDE 
concentrations were 41, 16, 29, 26, 22, and 8.8 ng/g lw in muscle, 
preen oil, liver, kidney, blood and adipose tissue, respectively, 
and consisted of 56–75% 6-MeO-BDE47. Median ΣPBDE 
concentrations in these tissues were 420, 190, 180, 150, 150 and 
150 ng/g lw, respectively. Significant correlations were found 
between individual BDE congeners and the MeO-BDEs, which 
suggests similar bioaccumulation pathways. 

For comparison, geometric mean concentrations of ΣMeO-
BDEs in egg of white-tailed sea eagle from the southern 
Bothnian Sea (collected 1992–2004) and Baltic Proper 
(1994–2001) were 350 and 230 and ng/g lw, and the ΣPBDEs 
averaged 4200 ng/g lw. These Baltic ΣMeO-BDEs concentrations 
were 4–6 times higher than in white-tailed sea eagle egg from 
northern and southern inland locations in Sweden, while the 
Baltic/inland ratios for ΣPBDEs were 3–6 (Nordlöf et al., 2010). 
Geometric mean concentrations in five white-tailed sea eagle 
eggs from 1996–2001 collections on the southern Baltic coast 
were 23 ng/g lw 2'-MeO-BDE68, 90 ng/g lw 6-MeO-BDE47 
and 3120 ng/g lw ΣPBDEs (Nordlöf et al., 2012). 

HNPs and PBDEs were measured in blood, plasma, liver, egg 
yolk and whole body (with and without feathers) of glaucous 
gull collected in the Norwegian Arctic between 2002 and 2006 
(Verreault  et  al., 2005a, 2007a,b,c) (Annex Table A2.16/7). 
Concentrations (mean±SD) in blood of glaucous gull from 
Svalbard in 2002 were 3.54±0.97 ng/g ww (ΣOH-BDEs), 
2.78±0.80 ng/g ww (ΣMeO-BDEs) and 51.5±15.9 ng/g ww 
(ΣPBDEs). Concentrations in liver were 3.57±2.83 ng/g ww (ΣOH-
BDEs), 32.2±12.4 ng/g ww (ΣMeO-BDEs) and 522±154 ng/g ww 
(ΣPBDEs). Whole-body homogenate samples (without feathers) 
had concentrations of 0.27±0.07 ng/g ww (ΣOH-BDEs), 
19.4±4.3 ng/g ww (ΣMeO-BDEs) and 202±20 ng/g ww 
(ΣPBDEs) (Verreault et al., 2007c). Means in plasma of male 
and female glaucous gull from Bjørnøya in 2004 and 2006 ranged 
from 0.37±0.07 to 2.7±1.3 ng/g ww (ΣOH-BDEs), 0.67±0.10 to 
2.1±0.4 ng/g ww (ΣMeO-BDEs), and 8.6±1.1 to 21.3±5.4 ng/g ww 
(ΣPBDEs) (Verreault et al., 2007a,b). Concentrations in egg yolk 
were 20.2±2.7 ng/g ww (ΣMeO-BDEs) and 163±14 ng/g ww 
(ΣPBDEs). OH-BDEs were not determined in the egg yolk 
(Verreault et al., 2007b).

Eggs of guillemot (Uria aalge) were collected between 2002 
and 2005 from Vestmannaeyjar (Iceland), Sandøy (Faroe 
Islands), and Hjelmsøya, Bjørnøya and Sklinna (Norway), with 
comparative sampling at Stora Karlsö in the Baltic Proper. 
The range of geometric mean concentrations of BDE-47 in 

Arctic/subarctic birds was 5.9–38 ng/g lw. MeO-BDEs were 
only detected at the Baltic site: geometric means of 9.8 ng/g lw 
2'-MeO-BDE68, 5.1 ng/g lw 6-MeO-BDE47 and 2.9 ng/g lw 
6-MeO-BDE90, and the Baltic guillemots had a geometric 
mean BDE-47 concentration of 120 ng/g lw. Concentration 
ranges of 6-OH-BDE47 and 2'-OH-BDE68 in Arctic/subarctic 
birds were 0.44–17 and ND–0.53 ng/g lw, respectively 
(Jörundsdóttir et al., 2009). A whole-body homogenate of 
guillemot from the Baltic Proper, collected in 1998, contained 
2.0 ng/g lw of Σtetrabrominated MeO-BDEs with unidentified 
structures, but no MeO-BDEs were found in guillemot from 
the Norwegian west coast. The ΣPBDEs in the Baltic versus 
Norwegian coastal guillemot were 231–332 and 76–118 ng/g lw, 
respectively (Sinkkonen et al., 2004).

Eggs of common eider (Somateria mollisima) were collected 
in 2012 from the Norwegian coastal sites of Sklinna and 
Røst (Huber  et  al., 2015). The ΣBP concentrations were 
0.29–23 ng/g ww in two egg pools from Sklinna. Lower variation 
in concentrations was seen in three egg pools from Røst 
(0.29–1.1 ng/g ww). 2,4,6-TriBP and 2,4,6-TriBA concentrations 
in eggs were 0.29–21 and 0.55–1.1 ng/g ww, respectively, at 
Sklinna and 0.29–0.67 and 0.25–0.61 ng/g ww, respectively at 
Røst. The ΣPBDE concentrations in eggs from Sklinna and Røst 
were 0.77–1.39 and 0.55–1.40 ng/g ww, respectively. Geometric 
mean concentrations of ΣMeO-BDE in livers of common eider 
collected between 1999 and 2003 in Hudson Bay (Canada) were 
1.3 and 2.1 ng/g lw, while the ΣPBDE concentrations were 20 
and 71 ng/g lw (Kelly et al., 2008). 

Long-tailed duck (Clangula hyemalis) which breeds in freshwaters 
of Siberia and northern Europe were collected in the Baltic Proper 
between 2000 and 2009 and their livers analyzed for BPs, BAs, OH-
BDEs and MeO-BDEs (Dahlberg et al., 2016a). Concentration 
ranges were 0.22–3.1 ng/g lw (ΣBP), 0.63–1.2 ng/g lw (ΣBA), 
3.4–8.0 ng/g lw (ΣOH-BDE) and 2.3–6.9 ng/g lw (ΣMeO-BDE). 
The latter two classes were dominated by 6-OH-BDE47, 6-OH-
BDE99, 6-MeO-BDE47 and 6-MeO-BDE99. 

Two studies have examined bromophenolic HNPs in egg and 
liver samples from European shag (Phalacrocorax aristotelis 
aristotelis) from coastal Norway, at Sklinna (Vetter et al., 2007; 
Huber et al., 2015) and Røst (Huber et al., 2015). 2,4,6-TriBA 
concentrations in shag egg samples collected in 2012 were 
0.45–1.02 ng/g ww (Sklinna) and 1.45–1.76 ng/g ww (Røst) 
(Huber et al., 2015). In comparison, 2,4,6-TriBA concentrations 
in egg and liver samples from Sklinna collected in 2003 were 
0.35–11.4 and 0.61–3.3 ng/g ww, respectively (Vetter et al., 
2007). 2'-MeO-BDE28 and 6-MeO-BDE47 concentrations 
in the 2003 egg samples from Sklinna were 0.023–0.09 and 
0.059–0.36 ng/g ww, while liver samples contained only 2'-MeO-
BDE68 at 0.18–12.8 ng/g ww. ΣPBDE concentrations in the 2012 
shag egg samples were 2.0–3.9 ng/g ww (Huber et al., 2015), while 
ΣPBDE concentrations in shag egg and liver samples collected in 
2003 were 0.8–4.9 and 0.13–0.43, respectively (Vetter et al., 2007). 

Herring gull (Larus argentatus) egg samples from Sklinna and 
Røst collected in 2012 contained 2,4,6-TriBA concentrations 
of 0.10–0.13 and 0.10–0.57 ng/g ww, respectively, 2,4,6-TriBP 
concentrations of 0.12–0.17 and 0.26–0.50 ng/g ww, respectively 
and ΣPBDE concentrations of 9.8–13 and ND–6.8 ng/g ww, 
respectively (Huber et al., 2015).
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Geometric mean concentrations of ΣMeO-BDEs and ΣPBDEs 
in liver of white-winged scoter (Melanitta fusca) from eastern 
Hudson Bay were 1.3 and 71 ng/g lw; OH-BDEs were not 
determined (Kelly et al., 2008).

2,4,5-TriBA concentrations in liver of northern fulmar from 
Bjørnøya averaged 0.6±0.1 4 ng/g lw (Knudsen et al., 2007).

PBDDs have not been reported in Arctic seabirds.

Marine mammals
Rotander et al. (2012a) determined MeO-BDEs and PBDEs in 
pooled blubber samples of pilot whale (Globicephala melas), 
ringed seal, minke whale (Balaenoptera acutorostrata), fin 
whale (B. physalus), harbor porpoise, hooded seal (Cystophora 
cristata), and Atlantic white-sided dolphin (Lagenorhynchus 
acutus), collected from Arctic and subarctic locations off 
the Faroe Islands, Norway, Greenland and Iceland, over a 
period of more than 20 years (1986–2009). The ranges of 
concentration for 2'-MeO-BDE68, 6-MeO-BDE47, BDE-47 
and Σ10PBDEs in each species and year are given in Annex 
Table A2.16/8. The overall concentration ranges for all marine 
mammal species were 0.2–23 ng/g lw (2'-MeO-BDE68), 
0.3–653 ng/g lw (6-MeO-BDE47), 2.4–1389 ng/g lw (BDE-47) 
and 18–2792 ng/g lw (ΣPBDEs). Highest MeO-BDE levels 
were found in the toothed whales (pilot whale and white-sided 
dolphin), and these often exceeded concentrations of BDE-47. 
Levels were lower in the baleen whale species (minke whale 
and fin whale), and lowest in hooded seal and ringed seal. 
Strong correlations were found between the log-transformed 
concentrations of 2'-MeO-BDE68 and 6-MeO-BDE47 in 
seven marine mammal species from the North Atlantic and 
western Greenland. Out of 14 OH-BDEs sought in pilot whale 
plasma (sampled 2010–2011), only 4'-OH-BDE was found in 
10 animals at 1.77±0.40 ng/g ww, and 6-OH-BDE was found 
in one whale at 0.8 ng/g ww (Hoydal et al., 2015).

Liver samples from two beluga from Hudson Bay (collected 
2002–2003) contained 2'-MeO-BDE68 and 6-MeO-
BDE47, whereas two beluga liver samples collected from 
the St. Lawrence estuary (2000–2003) in southern Canada 
contained 4'-MeO-BDE17 and 6-MeO-BDE47. The sum 
concentration of these two congeners in both locations was 
43–100 ng/g lw in Hudson Bay and 20–25 ng/g lw in the 
St. Lawrence estuary (McKinney et al., 2006). Hudson Bay 
beluga blubber samples collected between 1999 and 2003 
contained geometric mean ΣMeO-BDE concentrations of 
310 ng/g lw (calves), 62 (females) and 300 ng/g lw (males). 
The predominant congeners were 6-MeO-BDE47 and 2'-MeO-
BDE68. Other compounds found at lower levels were 6'-MeO-
BDE17, 2'-MeO-BDE28, 4-MeO-BDE42, 5-MeO-BDE47, 
6'-MeO-BDE49, 6'-MeO-BDE66, 6-MeO-BDE90 and 6-MeO-
BDE99. Geometric mean concentrations of ΣOH-BDEs were 
0.23 ng/g lw (calves), 0.06 ng/g lw (females) and 0.1 ng/g lw 
(males), whereas ΣPBDE concentrations averaged 27 ng/g lw 
(calves), 16 ng/g lw (females) and 34 ng/g lw (males). MeO-
BDEs and PBDEs were also reported in beluga milk (females), 
whole blood (males and females) and liver (males) (Annex 
Table A2.16/8) (Kelly et al., 2008). 

The geometric mean ΣMeO-BDE concentration in blubber 
samples of male ringed seal collected from Hudson Bay was 
6.7 ng/g lw and consisted almost entirely of 6-MeO-BDE47 (67%) 

and 2'-MeO-BDE68 (27%). The geometric mean concentration 
of Σ15PBDEs was 11 ng/g lw. OH-BDE congeners were below 
0.007 ng/g lw (Kelly et al., 2008). OH-BDEs and PBDEs were 
reported in plasma of ringed seals from Svalbard and the 
Baltic Sea (Routti et al., 2009a). For the Svalbard animals, the 
mean concentrations of ΣOH-BDEs and Σ10PBDEs were 0.019 
(consisting of only 6-OH-BDE47) and 1.1 ng/g ww, respectively. 
Levels were higher in Baltic seals, averaging 0.36 ng/g ww ΣOH-
BDEs and 7.1 ng/g ww ΣPBDEs. A greater variety of OH-BDEs 
was found in Baltic seals, consisting of 2'-OH-BDE68, 6-OH-
BDE67, 3-OH-BDE47, 6-OH-BDE90 all at 0.066–0.079 ng/g ww 
and 4'-OH-BDE49 at 0.026 ng/g ww. 

Blubber of ringed seals sampled in East Greenland in 1986, 
2000 and 2006 were analyzed for 6-MeO-BDE47, 2'-MeO-
BDE68 and Σ10PBDEs. In 1986, concentrations were 
1.6–2.8 ng/g lw 6-MeO-BDE47, 0.5–0.8 ng/g lw 2'-MeO-
BDE68) and 27–38 ng/g lw (Σ10PBDEs. Corresponding 
concentrations in 2000 were 1.4–2.2 ng/g lw, 0.4–0.9 ng/g lw and 
34–72 ng/g lw, and in 2006 were 0.3–2.1 ng/g lw, 0.2–0.4 ng/g lw 
and 23–34 ng/g lw (Rotander et al., 2012a). Out of 15 MeO-
BDEs and 14 OH-BDEs sought in ringed seal blubber from East 
Greenland in 2010–2011, only 6-MeO-BDE47, 2'-MeO-BDE68, 
6-MeO-BDE85, and 6-OH-BDE47 were found. Concentrations 
were 4.6±0.4 ng/g lw (ΣMeO-BDEs) and 0.7±0.5 ng/g lw (6-OH-
BDE47), while the ΣPBDE concentration was 149±87 ng/g lw 
(Letcher et al., 2009). Biomagnification factors from ringed 
seal to polar bear (adipose tissue) were 1.0 (Σ3MeO-BDEs), 
1.3 (6-OH-BDE47), and 0.64 (ΣPBDEs).

Only two OH-BDE congeners were detected among the 14 
congeners monitored in polar bears from East Greenland 
(collected 1999–2001) (Gebbink et al., 2008b). There were 
tissue-specific differences. 6-OH-BDE-47 was found only in 
adipose tissue, while 3-OH-BDE-47 was found mainly in blood 
but also in adipose tissue. These tissues were also screened for 
15 MeO-BDE congeners (4'-MeO-BDE17, 6'-MeO-BDE17, 
2'-MeO-BDE28, 4-MeO-BDE42, 3-MeO-BDE47, 5-MeO-
BDE47, 6-MeO-BDE47, 4'-MeO-BDE49, 6'-MeO-BDE49, 
2'-MeO-BDE68, 6-MeO-BDE85, 6-MeO-BDE90, 6-MeO-
BDE99, 2-MeO-BDE123, 6-MeO-BDE137). Only three MeO-
BDE congeners were detected in the adipose tissue and blood 
and none in liver or brain. ΣOH-BDE concentrations were 
0.9±0.5 ng/g ww (adipose tissue) and 2.9±1.0 ng/g ww (blood), 
while ΣMeO-BDE concentrations were <0.1–25 (adipose 
tissue) and <0.19–0.78 ng/g ww (blood). Concentrations of 
ΣPBDEs were 83±19 ng/g ww (adipose tissue), 1.2±0.1 ng/g ww 
(blood), 2.9±0.4 ng/g ww (brain), and 40±4 ng/g ww (liver). In 
a study of Svalbard polar bears sampled in 2002, concentration 
ranges were <0.01–0.17 ng/g ww (ΣMeO-BDEs) and 
<0.08–0.54 ng/g ww (ΣOH-BDEs), while the range of ΣPBDEs 
was 2.65–9.72 ng/g ww (Verreault et al., 2005a).

The ΣBP, ΣOH-BDE, ΣMeO-BDE and ΣPBDE concentrations 
in liver of polar bear, collected in Alaska, between 1993 and 
2002, averaged 0.15±0.19, 0.023±0.015, 0.012±0.009 and 
0.74±0.23 ng/g ww, respectively (Wan et al., 2009). There were 
strong correlations between log-transformed concentrations of 
6-OH-BDE47 and 6-MeO-BDE47 (p<0.001), between ΣOH-
BDEs and ΣMeO-BDEs (p<0.001), and between Σ7OH-BDEs 
+ ΣBPs and ΣMeO-BDEs (p<0.001).
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Kelly et al. (2008) performed a detailed study of MeO-BDE 
biomagnification in the food web of east Hudson Bay (Canadian 
Arctic) with samples collected between 1999 and 2003. MeO-
BDEs were not detected in sediment or macroalgae but 
measurable concentrations were found in blue mussel (14 ng/g lw), 
Arctic cod muscle (9.9 ng/g lw), sculpin muscle (3.0 ng/g lw), 
salmon muscle (42 ng/g lw), eider duck liver (1.3 ng/g lw), 
white-winged scoter liver (2.1 ng/g lw), male ringed seal blubber 
(6.7 ng/g lw), and beluga blubber (310, 62, 300 ng/g lw in calves, 
females, males, respectively). The predominant congeners were 
2'-MeO-BDE68 and 6-MeO-BDE47. Trophic magnification 
factors (TMFs) for 2'-MeO-BDE68 and 6-MeO-BDE47 were 2.3 
and 2.6, respectively. These were lower than TMFs of 3–11 for 
recalcitrant PCBs, but higher than TMFs of 0.1–1.6 for PBDEs. 
The ΣMeO-BDE concentrations exceeded those of ΣPBDEs in 
beluga, salmon and blue mussel while the opposite was the case 
for other members of the food web. ΣMeO-BDE concentrations 
were generally lower than for ΣPCBs and ΣDDTs, but were 
comparable to concentrations of other legacy organochlorines 
such as chlorobenzenes, hexachlorocyclohexanes (HCHs), and 
chlorinated cyclodienes. Compared to the MeO-BDEs, OH-BDEs 
in the Hudson Bay food web were orders of magnitude lower or 
not detected (Kelly et al., 2008). 

The Hudson Bay TMFs are similar to those for ΣMeO-BDEs 
(2'-MeO-BDE68 + 6-MeO-BDE47) and ΣPBDEs of 2.9 and 
3.9, respectively, in a Sydney Harbour (Australia) food web 
comprising squid, crustaceans and fish (Losada et al., 2009). 
Biomagnification factors in a North Sea fish to harbor seal or 
harbor porpoise food web for 2'-MeO-BDE68 and 6-MeO-
BDE47 ranged from 0.1–1.9 and 0.4–23.3, respectively 
(Weijs et al., 2009b). The transformation capacity appears to 
be higher for harbor seal than porpoise (Weijs et al., 2009a,b).

Median concentration ranges for 2'-MeO-BDE68 + 
6-MeO-BDE47 in blubber of humpback whale (Megaptera 
novaeangliae) from three sites on the Antarctic Peninsula, 
biopsied in 2000–2003, were 0.25–0.4 ng/g lw (males) and 
0.11–0.18 ng/g lw (females). The ΣMeO-BDEs accounted for 
about 5–20% of organobromines (the remainder was PBDEs) 
in both males and females at two sites, but 60% in males versus 
15% in females from the third (Dorneles et al., 2015). 

PBDD/Fs have not been reported in Arctic marine mammals. 

Marine environment: other HNPs

Compared to bromophenolic compounds, there have been few 
reports of other high molecular weight HNPs in the Arctic 
environment. These are discussed along with more numerous 
reports in temperate and tropical ecosystems to guide research 
into the types of compounds which could be sought in future 
Arctic investigations.

Other HNP classes reported in biota include polyhalogenated 
1'-methyl-1,2'-bipyrroles (PMBPs), polyhalogenated 
1,1'-dimethyl-2,2'-bipyrroles (PDBPs), polyhalogenated 
N-methylpyrroles (PMPs), polyhalogenated N'methylindoles 
(PMIs), bromoheptyl- and bromooctyl pyrroles (BHPs, BOPs), 
1R,2S,4R,5R,1E)-2-bromo-1-bromomethyl-1,4-dichloro-5-
(2-chloroethenyl)-5-methylcyclohexane (mixed halogen 
compound MHC-1), polybrominated hexahydroxanthene 
derivatives (PBHDs), bromovinylphenols (BVPs) and 

bromocoumarates (BCUs) (Vetter  et  al., 1999, 2001, 
2007, 2008; Fielman et al., 2001; Tittlemier et al., 2002a,b; 
Lincoln et al., 2005; Vetter and Janussen, 2005; Vetter, 2006; 
Melcher et al., 2007; Vetter and Gribble, 2007; Gaul et al., 2011; 
Hauler et al., 2013, 2014; Barón et al., 2015; Hauler and Vetter, 
2015; Shaul et al., 2015). 

PDBPs are a structurally diverse group of compounds 
comprising many potential congeners. Early studies were 
able to confirm the presence of several PDBP congeners in 
Arctic fauna as well as to describe their bioaccumulation in 
the Arctic food web of the Northwater Polynya (northern 
Baffin Bay) in 1988 (Tittlemier et al., 2002b). Samples analyzed 
included sediment, zooplankton, whole Arctic cod, liver of 
the seabirds, dovekie (Alle alle), black guillemot (Cepphus 
grylle), black-legged kittiwake (Rissa tridactyla), glaucous 
gull, as well as ringed seal blubber. DBP-Br4Cl2 (BC-10) and 
DBP-Br6 compounds were found in sediment at 0.0020±0.0002 
and 0.028±0.028 ng/g dw. Mean concentrations of ΣPDBPs 
(DBP-Br3Cl3, DBP-Br4Cl2, DBP-Br5Cl, DBP-Br6) in the 
three zooplankton species were 0.021 ng/g lw (Calanus), 
0.057 ng/g lw (Sagitta; only DBP-Br4Cl2 detected) and 
0.93 ng/g lw (Mysis; all four congeners found). The four 
congeners were also found in all bird species, with ΣPDBP4 
concentrations in the order glaucous gull (68 ng/g lw) > black-
legged kittiwake (32 ng/g lw) > black guillemot (9.6 ng/g lw) 
> dovekie (3.2 ng/g lw), and Arctic cod (1.1 ng/g lw). The 
ΣPDBP concentration in ringed seal was 0.14 ng/g lw and only 
three congeners were present. TMFs (excluding the seal data) 
were 14.6 (DBP-Br4Cl2) > 7.0 (DBP-Br6) = 6.9 (DBP-Br5Cl) 
> 5.2 (DBP-Br3Cl3). These were comparable to the TMF of 
9.8 for CB-153 observed in the same food web (Fisk et al., 
2001), indicating that PDBPs are highly bioaccumulative. 
The very low concentrations observed in ringed seal relative 
to other organisms at a similar trophic level strongly suggest 
metabolism of the PDBPs by seals (Tittlemier et al., 2002b). 

A comparative study was made of PDBPs in blubber of marine 
mammals from the eastern and western Arctic with those 
worldwide (Tittlemier et al., 2002a). The ranges in geometric 
mean for ΣPDBPs in Arctic species were 0.4–1.2 ng/g lw 
(ringed seal), 0.6 ng/g lw (bowhead whale, Balaena mysticetus), 
2.0–17.8 ng/g lw (beluga), 4.3–8.3 ng/g lw (harbor seal) and 
234 ng/g lw (Steller sea lion, Eumetopias jubatus) from Alaska. 
Similar concentrations were found in Steller sea lion from 
Japan and California (331 and 177 ng/g lw, respectively). 
However, far higher geometric mean concentrations (range: 
14.3–2540 ng/g lw) were generally found in other marine 
mammals (pinnipeds, cetaceans) from temperate and tropical 
latitudes (Tittlemier et al., 2002b). 

Higher concentrations of PDBPs and different patterns of 
congeners were observed in samples from Pacific Ocean 
influenced environments relative to non-Pacific Ocean 
influenced environments. DBP-Br4Cl2 dominated the 
congener profile in Pacific seals (excluding ringed seals), 
whereas DPB-BrCl3 and DBP-Br5Cl were more prominent in 
seals from coastal Europe and Svalbard. Congener patterns 
also differed in beluga from different Arctic regions, with 
DBP-Br4Cl2 predominating in Alaskan animals and DBP-Br6 
in beluga from the Canadian Arctic Archipelago, Svalbard and 
the St. Lawrence River. It was suggested that PDBPs undergo 
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extensive transport from a source located primarily in the 
Pacific Ocean. Evidence from congener patterns indicates 
that both ocean currents and atmospheric transport are likely 
to play a role in the movement of PDBPs. The occurrence of 
ΣPDBPs at 0.35 ng/g lw in the Baikal seal (Pusa sibirica) also 
suggests air transport (Tittlemier et al., 2002a).

Several PDBP congeners were detected in blubber from juvenile 
male northern fur seals (Callorhinus ursinus) collected from 
St. Paul Island, Alaska (N. Rosenfelder, pers. comm.). The 
congeners detected included DBP-Br2Cl4 (BC-10), Br3Cl3 (two 
congeners), Br5Cl and Br6. Confirming the observation made 
previously, BC-10 was the most abundant of the PDBPs found 
in the northern fur seal samples. 

As for the PDBPs, PMBPs are a diverse set of compounds 
of which the first to be discovered was the perchlorinated 
PMBP-Cl7, or Q1 (2,3,3',4,4',5,5'-heptachloro-1'-methyl-1,2'-
bipyrrole). This compound was first described in the late 
1990s and has subsequently been reported in many species 
of marine biota particularly from the Pacific Ocean along 
with PMBPs with mixed bromo- and chloro- substitution 
(Vetter et al., 1999, 2001, 2003; Teuten et al., 2006; Pangallo 
and Reddy, 2008; Hauler et al., 2014). Q1 was measured in 
waters from the Great Barrier Reef (Australia) at a mean 
concentration of 25 pg/L (Vetter et al., 2009), and in Antarctic 
air at 0.007–0.009 pg/m3 (Vetter et al., 2000). 

Q1 was sought, but not found, in air samples from Svalbard 
(Vetter  et  al., 2002). In contrast, Q1 concentrations of 
0.004–0.069 pg/m3 were found in 32 of 49 samples collected at Lista 
(Norway) in 2003 (Melcher et al., 2008). Q1 was also quantified 
at 0.004–0.092 pg/m3 in air at Lista (Melcher et al., 2008), but was 
<0.00006 pg/m3 in air at Svalbard (Vetter et al., 2000). 

Recent work points to a microbial source for these 
compounds based on compound-specific stable nitrogen 
determination (Pangallo et  al., 2012). Approximately 70 
mixed bromo- and bromo- chloro- PMBP congeners have 
now been reported in marine mammal blubber and liver 
collected from the Pacific and Atlantic Oceans (Teuten et al., 
2006; Vetter  et  al., 2007; Pangallo  et  al., 2008). PMBP 
concentration profiles, with concentrations increasing 
with trophic level strongly suggests that these compounds 
biomagnify similarly to persistent organic pollutants (POPs) 
(Pangallo and Reddy, 2008). Concentrations of several PMBP 
congeners, in particular MBP-Br6Cl, in cetaceans and seals 
from the temperate North Atlantic Ocean, were equal to 
or near concentrations of CB153 (about 1 ng/g lw). While 
there are no published data for PMBPs in Arctic fauna, 
their presence is suggested by their occurrence in marine 
mammals from adjacent latitudes.

MHC-1 was first detected in seafood from northern European 
waters and isolated and fully characterized from a red algae 
extract (Vetter et al., 2001, 2008) MHC-1 concentrations 
from Arctic and subarctic fauna were 84 and 140 ng/g lw 
respectively, in blubber of Greenland harp seal (Pagophilus 
groenlandicus) and hooded seal (Cystophora cristata) 
from Jan Mayen (sampled 1991) (Vetter et al., 2008). For 
Norwegian coastal fauna collected between 1992 and 2003, 
concentrations were 14–20 ng/g lw (egg of white-tailed sea 
eagle), 1.8–25 ng/g ww (shag), 0.24–0.17 ng/g ww (blue 

mussel), and 2.9–13 ng/g ww (liver of cod and saithe). The 
MHC-1 concentration was 2250 ng/g lw in salmon from 
the Faroe Islands (Vetter et al., 2008). Tribrominated and 
tetrabrominated PBHDs were found in cod liver from Ekne 
in the Trondheim Fjord, Norway at 0.50 and 0.39 ng/g lw. 
Tetrabrominated PBHD was found in saithe liver from 
Sklinna, Norway at 0.89 ng/g lw (Vetter et al., 2007). 

2.16.3.6 Environmental trends

Spatial trends

Based on a recent review of PBDE and MeO-BDE concentrations 
in marine mammals globally, ΣPBDEs exceeded ΣMeO-BDEs 
by about a factor of 9 in the northern hemisphere, whereas 
MeO-BDEs in southern hemisphere marine mammals were 
about 100 times higher than those in the northern hemisphere. 
Highest concentrations in cetaceans are found in the tropical 
southern hemisphere, where specimens were collected near 
coral reef areas that were subject to upwelling. In comparison, 
cetaceans collected in the northern hemisphere were from 
temperate and polar regions (Alonso et al., 2014). It is probable 
that MeO-BDE concentrations exceed those of legacy POPs in 
the southern hemisphere while in the northern hemisphere, 
including the Arctic, MeO-BDE concentrations are generally 
a small fraction compared to total legacy POPs. 

Although many HNPs are produced in the ocean, they are 
also found in wildlife from inland areas. Whether they are 
atmospherically transported or produced locally is unclear. 
MeO-BDE and PBDE concentrations in white-tailed sea eagle 
eggs from freshwater lakes in Sweden were lower than in eggs 
from white-tailed sea eagles living on the Baltic Sea coast 
(Section 2.16.3.5, Freshwater environment) (Nordlöf et al., 2010). 

OH-BDE and PBDE concentrations were similar in eggs of 
guillemot from Iceland, the Faroe Islands and coastal Norway, 
whereas levels in eggs of guillemot from Stora Karlsö in the 
Baltic Proper were many times higher. MeO-BDEs were only 
detected in the Baltic eggs (Jörundsdóttir et al., 2009). 

PDBP congener profiles in seal species (excluding ringed 
seals, where levels were low) suggest Pacific versus non-Pacific 
influence. This also extends to the Arctic, where the congener 
profile in beluga from Pt. Lay (Alaska) differs from the Canadian 
Arctic Archipelago and Svalbard profiles (Figure 2.123).

Temporal trends

A time series of measurements for HNPs in air exists for 
a non-Arctic coastal station at Lista (Norway), where BAs, 
Q1 and anthropogenic HCHs were measured throughout 
2003 (Melcher et al., 2008). Concentrations of 2,4-DiBA and 
2,4,6-TriBA were low in January–April, increased rapidly during 
May and were relatively stable through December. Q1 showed 
lower levels from February–August and higher levels from 
September–January. In comparison, HCHs showed a typical 
POPs concentration cycle of higher concentrations in summer–
autumn and lower concentrations in winter–spring. 

TriBA has been monitored in air at Zeppelin (Svalbard) and 
Birkenes in southern Norway since 2007, and since 2010 
at Andøya in Arctic Norway (Bohlin-Nizzetto et al., 2015). 
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Svalbard concentrations are higher than at the other sites, 
but no temporal trend in annual concentrations is apparent 
(Figure 2.124). As in southern Norway (Melcher et al., 2007), 
2,4,6-TriBA concentrations in Svalbard air increased in early 
summer and remained stable through late autumn, declining 
in winter-spring (Bohlin-Nizzetto et al., 2015).

BAs in air were measured at station Råö in southern Sweden 
between 2004–2015 and at station Pallas in Arctic Finland 
between 2002–2015. No temporal trends were found at Råö. A 
significant increase was found at Pallas for 2,4-DiBA (p<0.05), 
but not for 2,4,6-TriBA (Bidleman et al., 2017).

Changes in MeO-BDE concentration that show no trend 
over time or are different from those of classical POPs such 
as PCBs and PBDEs are frequently invoked as an indication 
of their natural origin. In the marine mammals studied by 
Rotander et al. (2012a), there was no clear relationship between 
the 20-y trends of PBDEs and MeO-BDEs. 

Concentrations of individual congeners relative to the sum of 
PDBPs were not significantly correlated to year of collection 
(1987 to 2007) in juvenile male northern fur seals collected from 
St. Paul Island, Alaska (N. Rosenfelder, pers. comm.). Likewise 

the relative proportion of the five PDBP isomers was identical 
in a seal collected in 1987 compared to a seal collected in 2007. 
These observations support a natural source of the PDBPs 
because strong temporal trends were generally observed for 
anthropogenic POPs in these samples while there was no trend 
for the PDBPs. 

No other temporal trends for HNPs in the Arctic were available.

PBDE congeners in eggs of white-tailed sea eagles on the Baltic 
Sea coast, collected between 1992 and 2004, decreased between 
the early and late 1990s, then increased in the early 2000s. 
MeO-BDEs displayed no trends over this period (Nordlöf et al., 
2010). POPs in five white-tailed sea eagle eggs from 1996–2001 
collections on the southern Baltic coast were compared with 
an archived egg laid in 1941, also on the southern Baltic Sea 
coast (Nordlöf et al., 2012). 2'- MeO-BDE68 and 6-MeO-BDE47 
concentrations were virtually the same in the 1996–2001 egg 
(geometric means 23 and 90 ng/g lw) and the single 1941 egg 
(30 and 86 ng/g lw). By contrast, the geometric mean of ΣPBDEs 
in the recent egg was 3120 ng/g lw, while PBDE congeners were 
<2 ng/g lw in the 1941 egg.

2.16.4 Conclusions

Halogenated natural products existed before industrial 
production of anthropogenic organohalogens and the roles 
of these compounds in ecosystem functioning are still being 
investigated and debated. The diversity of HNPs is immense – 
over 4000 compounds have so far been identified (Vetter and 
Gribble, 2007). These range in complexity from simple, low 
molecular weight halocarbons (e.g. CHBr3) to large compounds 
with molecular weights in the same range as those of POPs or 
higher (e.g. MeO-BDEs, PDBPs). 

Halocarbons contribute to the bromine cycle and ozone 
regulation. The role of largely natural VSLS halocarbons has 
come into prominence in recent years. A recent development 
is the detailed mapping of halocarbon concentrations in the 
Arctic Ocean and possible links to dissolved organic matter 

Figure 2.124 Annual mean concentrations of TriBA in air. Adapted from 
Bohlin-Nizzetto et al. (2015). 
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(Karlsson et al., 2013). Concentrations of halocarbons in 
surface water do not appear to have changed much over the 
last two decades (Karlsson et al., 2013). This could change 
in the future, with changes in river runoff, precipitation 
and loss of ice cover affecting primary production, species 
composition, circulation patterns, formation of halocline 
water and air-sea exchange (Karlsson et al., 2013). A decline 
in the extent of summer sea ice in the Arctic is expected to 
result in an increase in photosynthetically active radiation at 
the sea surface and thus primary production (Zhang et al., 
2010). It has been suggested that the role of halocarbons in 
Arctic atmospheric chemistry may increase with a loss of ice 
cover (Hopkins et al., 2013). Freshening of the polar mixed 
layer is an unknown factor which might affect bromocarbon 
production by limiting the availability of bromide.

Higher molecular weight HNPs are found at all levels of Arctic/
subarctic ecosystems. The bulk of research has focused on 
MeO-BDEs and OH-BDEs with less attention given to BPs, 
BAs, PBDDs and HNPs with heterocyclic ring structures. There 
are only a few, unpublished, measurements of PDBPs since 
the studies of Tittlemier et al. (2002a,b) were published, and 
only one investigation of MHC-1 in Arctic/subarctic biota 
(Vetter et al., 2008). PBDDs, PMBPs and PDHPs have not been 
reported in Arctic biota, but their presence can be inferred from 
their occurrence in oceans at southern latitudes. 

Measurements of bromophenolic HNPs have mainly 
been carried out on seabird and marine mammal species. 
Investigations of HNPs in algae, fish and invertebrates are 
sparse. Only one study has examined macroalgae and sediments 
for MeO-BDEs and OH-BDEs, with negative results (Kelly et al., 
2008). It seems likely that Arctic macroalgae and phytoplankton 
would produce these compounds, as well as BPs and BAs, 

given their widespread occurrence in the Baltic Sea and other 
marine areas. Trophic magnification of HNPs in the Arctic has 
been reported only by Kelly et al. (2008) and Tittlemier et al. 
(2002b). Temporal/spatial trends are poorly known relative 
to anthropogenic POPs. There have been some studies of 
metabolic transformations, such as for MeO-BDEs, OH-BDEs 
and PBDEs, but not for other compounds.

Many biosynthetic pathways and subsequent transformation 
mechanisms have been identified for higher molecular weight 
HNPs. Work in this area has been largely confined to temperate 
and tropical environments, with little attention paid to the polar 
regions, even though it is apparent that HNPs are found there. 
Measurements of HNPs in abiotic samples are lacking. Very 
little is known about production of higher molecular weight 
HNPs in Arctic ecosystems, but relevant factors are likely to 
be similar to those for halocarbons (Section 2.16.2.2). It is not 
known if these compounds are produced or occur in snow and 
ice. As for the halocarbons, air-sea exchange of higher molecular 
weight HNPs would be enhanced by a loss of ice cover. 

The relative importance of higher molecular weight HNP 
biosynthesis within the Arctic versus delivery by atmospheric 
and oceanic currents is unknown. If these external processes 
are important, levels of HNPs in the Arctic may also respond 
to changes in temperate and tropical oceans. Atmospheric 
transport is suggested by the presence of MeO-BDEs and/or 
OH-BDEs in precipitation and biota from inland lakes and 
rivers (Section 2.16.3.5), although biosynthesis from available 
bromine in terrestrial and lentic ecosystems cannot be ruled 
out. The possibility of delivery by ocean currents is suggested 
by different congener profiles of PDBPs in beluga from 
Alaska versus the Canadian Arctic Archipelago and Svalbard 
(Tittlemier et al., 2002b).
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Section 2.16 Annex

Table A2.16/1 Henry’s law constants and dimensionless KAW 
of volatile halocarbons at salinity 30.4‰ (Moore et al., 1995).

  Intercepta Slopea  

  KAW, 20°C A B Range, °C

CH3Cl 0.37 9.17 -2982 0–6

CHCl3 0.15 11.17 -3840 0–20

CH2Br2 0.034 11.70 -4418 0–20

CHBr3 0.022 13.16 -4973 0–20

CHBr2Cl 0.043 13.62 -4914 0–20

CHBrCl2 0.080 13.43 -4678 0–20

CH3I 0.23 13.32 -4338 0–20

CH2I2 0.013 12.77 -5006 0–20

CH2ClI 0.036 11.37 -4305 0–20

aParameters of ln KAW = A + B/T.

Table A2.16/2 Global annual estimates of VSLS release.

Compound Global release, 
gigagrams1

Reference

CHBr3 120–820 (1,2)

CH2Br2 57–280 (1,2)

CHBr2Cl 19.7–26 (1)

CHBrCl2 17–22.6 (1)

CH2BrCl 10–11 (1)

CH3I 157–550 (1,2)

CH2I2 116–128 1

CH2ICl 234–258 1

CH2IBr 87.3–96 1

(1) Ordóñez et al. (2012), Sarwar et al. (2015); (2)WMO (2014).

Table A2.16/4 Halocarbons in seawater and ice at Svalbard, mean and range (pmol/L). Summarized from Granfors et al. (2013a).

Brine Ice Under-ice seawater Seawater Frost flowers

CHBr3 86 (47–120) 65 (13–270) 18 (11–59) 13 (3.3–25) 2.1–66

CH2Br2 28 (27– <120) 35 (8.7–150) 14 (4.3–19) 11 (2.6–25) 0.71–5.2

CHBr2Cl 68 (29–150) 53 (4.7–200) 18 (4.6–29) 9.6 (2.7–21) 0.66–56

CHBrCl2 10 (4.0–21) 10 (0.71–40) 2.8 (0.38–7.0) 3.1 (0.23–30) 0.13–6.7

CH2I2 0.72 (0.44–1.9) 2.5 (0.29–11) 0.70 (0.17–3.0) 0.55 (0.19–1.2)

CH2ICl 3.0 (1.2–5.1) 4.1 (0.60–9.2) 1.1 (0.63–2.0) 0.81 (0.47–1.0) 0.062–0.75

CH2IBr 1.8 (0.46–7.0) 2.8 (0.25–8.5) 1.5 (0.84–3.0) 1.0 (0.37–1.8) 0.019–0.53

Salinity, psu 120 (91–140) 120 (49–200) 35 (30–39) 34 (34–35) 51–53

Table A2.16/3 Halocarbons in the polar mixed layer of the Arctic Ocean (pmol/kg) (Karlsson et al., 2013).

Alaskan shelf/slope Canada Basin Makarov Basin Eurasian Basin

CHBr3 13±3 14±3 29±11 18±3

CH2Br2 7±3 12±3 22±7.3 15±4

CHBr2Cl 1.4±0.4 2.2±0.8 3.7±0.7 3.3±0.5

CH2ClI 1±0.6 2.2±0.9 3.3±0.8 2.6±0.6
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Table A2.16/5 Physicochemical properties of higher molecular weight HNPs. References given in parentheses. Properties are at 25°C unless stated 
otherwise (see Ref. (5)).

  pKA log KOW log KAW log KOA log pL, Pa log sL, mol/m

Bromophenols (1,2)

2.4-DiBP 7.79 2.56 to 3.48 -4.83 -0.41 1.02

2,6-DiBP 2.37  

2,4,6-TriBP 6.08 3.74 to 4.24 -5.84 to -4.90 -1.54 to -1.38 -0.04

PeBP 4.4 5.30 to 5.96 -6.50 to -5.32 -4.3 -1.83

Bromoanisoles

2.4-DiBA 3.75 (3) -2.29 (3), -2.71 (4) 6.04 (3) 0.64 (3) -0.46 (3)

2,6-DiBA 3.42 (3) -1.95 (3) 5.37 (3) 1.03 (3) -0.42 (3)

2,4,6-TriBA 4.44 (3) -1.52 (3), -2.46 (4) 5.96 (3) -0.09 (3) -1.96 (3)

PeBA 5.43 (3) -3.44 (3) 8.87 (3) -3.52 (3) -3.47 (3)

OH-BDEsa  

6'-OH-BDE17 5.18, 5.33 (5,6)  

2'-OH-BDE28 5.50, 5.50 (5,6)  

5-OH-BDE47 10.82 (7), 11.23 to 11.26 (8)  

6-OH-BDE47 6.59, 6.02 (5,6) -4.98 to -4.24 (9) 10.83 (7), 10.89 to 11.00 (8)  

4'-MeO-BDE49 6.09, 5.98 (5,6) -5.27 to -4.91 (9) 11.00 (7), 11.25 (8)  

2'-OH-BDE68 6.17, 6.00 (5,6) -4.68 to -4.51 (9) 10.68 (7)  

6-OH-BDE90 6.60, 6.57 (5,6)  

6'-Cl-2'-OH-BDE68 6.22, 6.35 (5,6)  

5-Cl-6-OH-BDE47 6.54, 6.34 (5,6)  

MeO-BDEsa

6'-MeO-BDE17 5.74, 6.03 (5,6)  

2'-MeO-BDE28 6.06, 6.13 (5,6) -4.10 to -3.80 (9) 10.16 (7), 9.93 to 10.12 (8)  

5-MeO-BDE47 6.72, 6.72 (5,6)  

6-MeO-BDE47 7.17, 6.73 (5,6) -4.11 to -3.43 (9) 10.84 (7), 10.60 to 10.71 (8)  

4'-MeO-BDE49 6.68, 6.70 (5,6)  

2'-MeO-BDE68 6.91, 6.78 (5,6) -3.95 to -3.72 (9) 10.64 (7), 10.63 to 10.73 (8)  

6-MeO-BDE90 7.36, 7.26 (5,6)  

6'-Cl-2'-MeO-BDE68 7.33, 7.06 (5,6)  

5-Cl-6-MeO-BDE47 7.34, 7.05 (5,6)  

PBDDs (10)  

MoBDD 5.23 -3.72 8.95 -2.17 -3.70

DiBDD 6.12 -4.12 10.24 -3.35 -5.02

TriBDD 7.01 -4.52 11.53 -4.24 -6.37

TeBDD 7.90 -4.92 12.82 -5.21 -7.70

PDMPsb (11)

DBP-Br3Cl3 6.5 -4.25 -3.72 -2.87

DBP-Br3Cl3 6.4 -4.92 -4.03 -2.50

DBP-Br4Cl2 6.5 -4.84 -4.37 -2.93

DBP-Br5Cl 6.6 -5.56 -4.77 -2.60

DBP-Br6 6.7 -6.09 -5.12 -2.43

Q1c (12,13)    6.3 to 6.4     -2.61 to -2.81  

(1) Howe et al. (2005); (2) Kuramochi et al. (2004a); (3) Pfeifer et al. (2001), experimental; (4) Bidleman et al. (2016), experimental log H/(Pa/m3/mol), 2,4-
DiBA = 8.79-2418/T, 2,4,6-TriBA = 7.88-1980/T; KAW = H/RT; (5) Yu et al. (2008a), experimental, 30°C; (6) Zhai et al. (2014), predicted; (7) Zhao et al. (2010), 
experimental; (8) Liu et al. (2013b), predicted; (9) calculated from log KAW = log KOW - log KOA; (10) Arnoldsson (2012), predicted; (11) Tittlemier et al. (2004), 
experimental; (12) Vetter et al. (2004), experimental; (13) Hackenberg et al. (2003), experimental. aReferences (6), (8) and (8) include log KOW and KOA values 
for additional OH-BDE and MeO-BDE compounds, and Reference 7 includes parameters for log KOA = A + B/T; bpolyhalogenated 1,1'-dimethyl-2,2'-
bipyrroles; cQ1 = 2,3,3',4,4',5,5'-heptachloro-1'-methyl-1,2'-bipyrrole.
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Table A2.16/7 Bromophenolic HNPs and PBDEs in Arctic and subarctic seabirds (ng/g)a,b.

Species Location Year Tissue Lipid (L) or 
wet (W) weight

PBDEs
2,4,6-TriBP 2,4,6-TriBA

MeO-BDEs OH-BDEs
Reference

PBDE-47 ΣPBDEsc 6-47 2'-68 ΣMeO-BDEsc 6-47 2'-68 ΣOH-BDEsc

White winged scoter
(Melanitta fusca)

Hudson Bay, Canada Liver L 71 2.0 0.22 2.1 nd (1)

Eider duck
(Somateria mollissima) 

Hudson Bay, Canada 1999–2003 Liver L 20 0.86 0.29 1.3 nd (1)
Coastal Norway 2012 Egg W <0.01 0.55-1.4 0.29-21 0.25-1.1 (2)

White-tailed sea eagle
(Haliaeetus albicilla)

East Greenland 1999–2009 Liver L 98 180 20 8.7 29 (3)
Muscle L 213 420 23 18 41 (3)

Swedish Arctic 1994–2005 Egg L 280 720 40 40 86 (4)
Bothnian Sea 1992–2004 Egg L 2500 4100 270 50 340 (4)
Inland, southern Sweden 1994–1995 Egg L 830 1500 20 12 39 (4)
Baltic Proper 1994–2001 Egg L 2600 4300 180 40 230 (4)

1996–2001 Egg L 1830 3120 90 23 (5)
1941 Egg L <2 83 30 (5)

Glaucous gull
(Larus hyperboreus)

Svalbard 2002 Liver W 522±154 32.2±12.4 3.57±2.83 (6)
Blood W 51.5±15.9 2.78±0.80 3.54±0.97 (6)

Whole body W 202±20 19.4±4.3 0.27±0.07 (6)
2004 Plasma, M W 8.8±1.6 20.2±5.1 0.05±0.01 0.95±0.32 0.14±0.02 <0.07 0.43±0.07 (7)

Plasma, F W 10.6±1.1 19.8±2.1 0.04±0.01 0.69±0.10 0.14±0.02 <0.07-0.19 0.37±0.07 (7)
Bjørnøya 2006 Plasma, M W 18.8±3.1 2.10±0.40 2.71±1.29 (8)

Plasma, F W 8.6±1.1 0.92±0.12 2.21±0.75 (8)
Egg yolk W 163±14 20.2±2.7 nad (8)

Guillemot
(Uria aalge)

Iceland 2002 Egg L 38 nd nd 2.7-8.1 0.23-0.53 (9)
Norwegian Arctic 2005 Egg L 5.9-12 nd nd 0.44-17 ND-0.51 (9)
Faroe Islands 2003 Egg L 21 nd nd 1.0-4.5 0.077-0.50 (9)
Norwegian west coast 1998 Whole body L 57-82 76-118 nd (10)

Northern fulmar
(Fulmarus glacialis)

Bjørnøya Liver L 0.6±0.1 (11)

Shag
(Phalacrocorax aristotelis)

Coastal Norway 2003 Egg W 0.23-1.3 0.8-4.9 0.35-11.4 0.059-0.36 0.023-0.09 (12)
Liver W 0.09-0.43 0.13-0.43 0.61-3.3 0.18-12.8 (12)

2012 Egg W 2.0-3.9 0.14-0.72 0.45-1.9 (2)

Herring gull
(Larus argentatus)

Coastal Norway 2012 Egg W 0.32-0.52 0.12-0.32 0.10-0.57 (2)

a PBDEs are only reported for studies which also include HNPs; b single numbers are arithmetic means, geometric means or medians; c see references for 
number of congeners sought and found. (1) Kelly et al. (2008), (2) Huber et al. (2015); (3) Jaspers et al. (2013); (4) Nordlöf et al. (2010); (5) Nordlöf et al. 
(2012); (6) Verreault et al. (2007c); (7) Verreault et al. (2005a); (8) Verreault et al. (2007b); (9) Jorundsdottir et al. (2009); (10) Sinkkonen et al. (2004); 
(11) Knudsen et al. (2007); (12) Vetter et al. (2007).

Table A2.16/6 Bromophenolic HNPs and PBDEs in Arctic and subarctic marine fish (ng/g)a,b.

Species Location Year Tissue Lipid (L) or wet (W) 
weight

PBDEs
2,4,6-TriBP 2,4,6-TriBA

MeO-BDEs OH-BDEs
Reference

PBDE-47 ΣPBDEsc 6-47 2'-68 ΣMeO-BDEsc 6-47 2'-68 ΣOH-BDEsc

Salmon (Salmo spp.) Hudson Bay, Canada 1999–2003 Muscle L 9.3 34 6.1 42 nd (1)

Sculpin (Myoxocephalus scorpioides) Hudson Bay, Canada 1999–2003 Muscle L 73 1.4 0.63 3.0 nd (1)

Arctic cod (Boreogadus saida) Hudson Bay, Canada 1999–2003 Muscle L 9.8 4.9 2.3 9.9 nd (1)

Cod (Gadus morhua callarias) Vestertana Fjord, Finland 1987–1998 Liver L 0.32-17 (2)

Atlantic cod (Gadus morhua) Trondheim Fjord Norway 2003 Liver W 13-16 18-22 6.3-6.4 2.5-3.3 (3)

Saithe (Pollachius virens) Sklinna, Norway 2003 Liver W 8.7 12 54.7 1.4 (3)

Atlantic salmon (Salmo salar) Hraunsfjord, Iceland 1998 Whole body L 7.3-7.9 11-13 1.9-4.1 (2)

Greenland shark (Somniosus microcephalus) Iceland 2001–2003 Muscle L 24 35 0.37 74 15 100 <0.01 0.03 (4)

Liver L 24 41 0.28 79 12 100 0.02 0.11  

a PBDEs are only reported for studies which also include HNPs; b single numbers are arithmetic means, geometric means or medians; c see references for 
number of congeners sought and found. (1) Kelly et al. (2008); (2) Sinkkonen et al. (2004); (3) Vetter et al. (2007); (4) Strid et al. (2010).
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Table A2.16/7 Bromophenolic HNPs and PBDEs in Arctic and subarctic seabirds (ng/g)a,b.

Species Location Year Tissue Lipid (L) or 
wet (W) weight

PBDEs
2,4,6-TriBP 2,4,6-TriBA

MeO-BDEs OH-BDEs
Reference

PBDE-47 ΣPBDEsc 6-47 2'-68 ΣMeO-BDEsc 6-47 2'-68 ΣOH-BDEsc

White winged scoter
(Melanitta fusca)

Hudson Bay, Canada Liver L 71 2.0 0.22 2.1 nd (1)

Eider duck
(Somateria mollissima) 

Hudson Bay, Canada 1999–2003 Liver L 20 0.86 0.29 1.3 nd (1)
Coastal Norway 2012 Egg W <0.01 0.55-1.4 0.29-21 0.25-1.1 (2)

White-tailed sea eagle
(Haliaeetus albicilla)

East Greenland 1999–2009 Liver L 98 180 20 8.7 29 (3)
Muscle L 213 420 23 18 41 (3)

Swedish Arctic 1994–2005 Egg L 280 720 40 40 86 (4)
Bothnian Sea 1992–2004 Egg L 2500 4100 270 50 340 (4)
Inland, southern Sweden 1994–1995 Egg L 830 1500 20 12 39 (4)
Baltic Proper 1994–2001 Egg L 2600 4300 180 40 230 (4)

1996–2001 Egg L 1830 3120 90 23 (5)
1941 Egg L <2 83 30 (5)

Glaucous gull
(Larus hyperboreus)

Svalbard 2002 Liver W 522±154 32.2±12.4 3.57±2.83 (6)
Blood W 51.5±15.9 2.78±0.80 3.54±0.97 (6)

Whole body W 202±20 19.4±4.3 0.27±0.07 (6)
2004 Plasma, M W 8.8±1.6 20.2±5.1 0.05±0.01 0.95±0.32 0.14±0.02 <0.07 0.43±0.07 (7)

Plasma, F W 10.6±1.1 19.8±2.1 0.04±0.01 0.69±0.10 0.14±0.02 <0.07-0.19 0.37±0.07 (7)
Bjørnøya 2006 Plasma, M W 18.8±3.1 2.10±0.40 2.71±1.29 (8)

Plasma, F W 8.6±1.1 0.92±0.12 2.21±0.75 (8)
Egg yolk W 163±14 20.2±2.7 nad (8)

Guillemot
(Uria aalge)

Iceland 2002 Egg L 38 nd nd 2.7-8.1 0.23-0.53 (9)
Norwegian Arctic 2005 Egg L 5.9-12 nd nd 0.44-17 ND-0.51 (9)
Faroe Islands 2003 Egg L 21 nd nd 1.0-4.5 0.077-0.50 (9)
Norwegian west coast 1998 Whole body L 57-82 76-118 nd (10)

Northern fulmar
(Fulmarus glacialis)

Bjørnøya Liver L 0.6±0.1 (11)

Shag
(Phalacrocorax aristotelis)

Coastal Norway 2003 Egg W 0.23-1.3 0.8-4.9 0.35-11.4 0.059-0.36 0.023-0.09 (12)
Liver W 0.09-0.43 0.13-0.43 0.61-3.3 0.18-12.8 (12)

2012 Egg W 2.0-3.9 0.14-0.72 0.45-1.9 (2)

Herring gull
(Larus argentatus)

Coastal Norway 2012 Egg W 0.32-0.52 0.12-0.32 0.10-0.57 (2)

a PBDEs are only reported for studies which also include HNPs; b single numbers are arithmetic means, geometric means or medians; c see references for 
number of congeners sought and found. (1) Kelly et al. (2008), (2) Huber et al. (2015); (3) Jaspers et al. (2013); (4) Nordlöf et al. (2010); (5) Nordlöf et al. 
(2012); (6) Verreault et al. (2007c); (7) Verreault et al. (2005a); (8) Verreault et al. (2007b); (9) Jorundsdottir et al. (2009); (10) Sinkkonen et al. (2004); 
(11) Knudsen et al. (2007); (12) Vetter et al. (2007).

Table A2.16/6 Bromophenolic HNPs and PBDEs in Arctic and subarctic marine fish (ng/g)a,b.

Species Location Year Tissue Lipid (L) or wet (W) 
weight

PBDEs
2,4,6-TriBP 2,4,6-TriBA

MeO-BDEs OH-BDEs
Reference

PBDE-47 ΣPBDEsc 6-47 2'-68 ΣMeO-BDEsc 6-47 2'-68 ΣOH-BDEsc

Salmon (Salmo spp.) Hudson Bay, Canada 1999–2003 Muscle L 9.3 34 6.1 42 nd (1)

Sculpin (Myoxocephalus scorpioides) Hudson Bay, Canada 1999–2003 Muscle L 73 1.4 0.63 3.0 nd (1)

Arctic cod (Boreogadus saida) Hudson Bay, Canada 1999–2003 Muscle L 9.8 4.9 2.3 9.9 nd (1)

Cod (Gadus morhua callarias) Vestertana Fjord, Finland 1987–1998 Liver L 0.32-17 (2)

Atlantic cod (Gadus morhua) Trondheim Fjord Norway 2003 Liver W 13-16 18-22 6.3-6.4 2.5-3.3 (3)

Saithe (Pollachius virens) Sklinna, Norway 2003 Liver W 8.7 12 54.7 1.4 (3)

Atlantic salmon (Salmo salar) Hraunsfjord, Iceland 1998 Whole body L 7.3-7.9 11-13 1.9-4.1 (2)

Greenland shark (Somniosus microcephalus) Iceland 2001–2003 Muscle L 24 35 0.37 74 15 100 <0.01 0.03 (4)

Liver L 24 41 0.28 79 12 100 0.02 0.11  

a PBDEs are only reported for studies which also include HNPs; b single numbers are arithmetic means, geometric means or medians; c see references for 
number of congeners sought and found. (1) Kelly et al. (2008); (2) Sinkkonen et al. (2004); (3) Vetter et al. (2007); (4) Strid et al. (2010).
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Table A2.16/8 Bromophenolic HNPs and PBDEs in Arctic and subarctic marine mammalsa,b (ng/g).

Species Location Year Tissue lipid (L) or wet 
(W) weight

PBDEs
2,4,6-TriBP 2,4,6-TriBA

MeO-BDEs OH-BDEs
References

PBDE-47 ΣPBDEsc 6-47 2'-68 ΣMeO-BDEsc 6-47 2'-68 ΣOH-BDEsc

Beluga whale
(Delphinapterus leucas)

Hudson Bay, Canada                            

calves 1999-2003 Blubber L   27     250 53 310   0.12 0.23 (1)

adult F 1999-2003 Blubber L   16     48 12 62   0.02 0.06 (1)

adult F 1999-2003 Milk L   9.6     50 12 63   0.02 0.05 (1)

adult F 1999-2003 Blood L   3.9     8.7 2.4     nd nd (1)

adult M 1999-2003 Blubber L   34     240 58 300   0.04 0.1 (1)

adult M 1999-2003 Blood L   6.8     25 4.8 31   nd nd (1)

adult M 1999-2003 Liver L   18     250 52 310   nd nd (1)

adult MF 2002-2003 Liver L   2-193         43-100     <0.5 (2)

Pilot whale, M
(Globicephala melas)

Faroe Islands 2006-2007c Blubber L 489-711 1081-1565     228-307 11-18         (3)

1997 Blubber L 304-1389 708-2792     90-461 4.3-18         (3)

1986 Blubber L 11-37 470-704     416-653 12-23         (3)

2010-2011 Plasma W 1.77±1.40 (4)

Minke whale, M
(Balaenoptera acutorostrata)

W. Iceland 2003-2006 Blubber L 41-68 125-210     52-86 6.8-13         (3)

Greenland 1998 Blubber L 29-69 86-228     29-56 6.7-11         (3)

Norway 1993, 1999 Blubber L 54-212 86-412     2.9-18 0.9-3.3         (3)

Fin whale, MF
(Balaenoptera physalus)

W. Iceland 2006-2009 Blubber L 7.6-13 41-82     17-55 4.0-8.1         (3)

W. Iceland 1986-1989 Blubber L 2.4-5.1 18-62     11-48 1.4-6.8         (3)

Ringed seal, M (Phoca hispida) Hudson Bay, Canada 1999-2003 Blubber L   11     4.5 1.8 6.7 <0.007 <0.007   (1)

MF E. Greenland 2006 Blubber L 16-28 23-34     0.3-2.1 0.2-0.4         (3)

MF 2000 Blubber L 23-55 34-72     1.4-2.2 0.4-0.9         (3)

MF 1986 Blubber L 18-28 27-38     1.6-2.8 0.5-0.8         (3)

MF 2001-2002 Blubber L   149±87         4.6±0.4 0.7±0.5     (5)

MF Svalbard 2007 Plasma W   1.1           0.019   0.019 (6)

Hooded seal, F
(Cystophora cristata)

W. Iceland 2007 Blubber L 19-21 46-69     6.4-6.7 1.3-1.6         (3)

1997 Blubber L 25-47 86-161     6.8-11 1.2-2.3         (3)

1990 Blubber L 15-90 53-87     8.3-14 1.2-2.3         (3)

Harbour porpoise, M
(Phocoena phocoena)

Norway 2000 Blubber L 53-301 171-605     56-95 3.3-4.9         (3)

W. Iceland 1997 Blubber L 43-59 106-207     36-107 3.3-4.8         (3)

1992 Blubber L 38-52 140-174     43-110 3.2-4.4         (3)

White-sided dolphin, M
(Lagenorhynchus acutus)

Faroe Islands 2006 Blubber L 94-112 508-545     225-249 9.3-13         (3)

2001-2002 Blubber L 204-221 906-1021     220-438 13-14         (3)

1997 Blubber L 70-110 333-425     5.6-195 1.6-8.4         (3)

Polar bear, MF
(Ursus maritimus)

E. Greenland 1999-2001 Adipose W   83±19         <0.1-25     0.9±0.5 (7)

MF 1999-2001 Blood W   1.2±0.1         ≤0.78     2.9±1.0 (7)

MF 1999-2001 Brain W   2.9±0.4         <0.5     <0.2 (7)

MF 1999-2001 Liver W   40±4         <0.5     <0.5 (7)

F Norwegian Arctic 2002 Plasma W 5.0±0.5 5.4±0.5         ≤0.17     ≤0.54 (8)

MF Alaska, USA 1993-2002 Liver W   0.74±0.23         0.023±0.015     0.012±0.009 (9)

a PBDEs are only reported for studies which also include HNPs; b single numbers are arithmetic means, geometric means or medians; c see references for 
number of congeners sought and found. (1) Kelly et al. (2008); (2) McKinney et al. (2006); (3) Rotander et al. (2012a); (4) Hoydal et al. (2015); (5) Letcher et al. 
(2009); (6) Routti et al. (2009a); (7) Gebbink et al. (2008b); (8) Verreault et al. (2005a); (9) Wan et al. (2009).
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Table A2.16/8 Bromophenolic HNPs and PBDEs in Arctic and subarctic marine mammalsa,b (ng/g).

Species Location Year Tissue lipid (L) or wet 
(W) weight

PBDEs
2,4,6-TriBP 2,4,6-TriBA

MeO-BDEs OH-BDEs
References

PBDE-47 ΣPBDEsc 6-47 2'-68 ΣMeO-BDEsc 6-47 2'-68 ΣOH-BDEsc

Beluga whale
(Delphinapterus leucas)

Hudson Bay, Canada                            

calves 1999-2003 Blubber L   27     250 53 310   0.12 0.23 (1)

adult F 1999-2003 Blubber L   16     48 12 62   0.02 0.06 (1)

adult F 1999-2003 Milk L   9.6     50 12 63   0.02 0.05 (1)

adult F 1999-2003 Blood L   3.9     8.7 2.4     nd nd (1)

adult M 1999-2003 Blubber L   34     240 58 300   0.04 0.1 (1)

adult M 1999-2003 Blood L   6.8     25 4.8 31   nd nd (1)

adult M 1999-2003 Liver L   18     250 52 310   nd nd (1)

adult MF 2002-2003 Liver L   2-193         43-100     <0.5 (2)

Pilot whale, M
(Globicephala melas)

Faroe Islands 2006-2007c Blubber L 489-711 1081-1565     228-307 11-18         (3)

1997 Blubber L 304-1389 708-2792     90-461 4.3-18         (3)

1986 Blubber L 11-37 470-704     416-653 12-23         (3)

2010-2011 Plasma W 1.77±1.40 (4)

Minke whale, M
(Balaenoptera acutorostrata)

W. Iceland 2003-2006 Blubber L 41-68 125-210     52-86 6.8-13         (3)

Greenland 1998 Blubber L 29-69 86-228     29-56 6.7-11         (3)

Norway 1993, 1999 Blubber L 54-212 86-412     2.9-18 0.9-3.3         (3)

Fin whale, MF
(Balaenoptera physalus)

W. Iceland 2006-2009 Blubber L 7.6-13 41-82     17-55 4.0-8.1         (3)

W. Iceland 1986-1989 Blubber L 2.4-5.1 18-62     11-48 1.4-6.8         (3)

Ringed seal, M (Phoca hispida) Hudson Bay, Canada 1999-2003 Blubber L   11     4.5 1.8 6.7 <0.007 <0.007   (1)

MF E. Greenland 2006 Blubber L 16-28 23-34     0.3-2.1 0.2-0.4         (3)

MF 2000 Blubber L 23-55 34-72     1.4-2.2 0.4-0.9         (3)

MF 1986 Blubber L 18-28 27-38     1.6-2.8 0.5-0.8         (3)

MF 2001-2002 Blubber L   149±87         4.6±0.4 0.7±0.5     (5)

MF Svalbard 2007 Plasma W   1.1           0.019   0.019 (6)

Hooded seal, F
(Cystophora cristata)

W. Iceland 2007 Blubber L 19-21 46-69     6.4-6.7 1.3-1.6         (3)

1997 Blubber L 25-47 86-161     6.8-11 1.2-2.3         (3)

1990 Blubber L 15-90 53-87     8.3-14 1.2-2.3         (3)

Harbour porpoise, M
(Phocoena phocoena)

Norway 2000 Blubber L 53-301 171-605     56-95 3.3-4.9         (3)

W. Iceland 1997 Blubber L 43-59 106-207     36-107 3.3-4.8         (3)

1992 Blubber L 38-52 140-174     43-110 3.2-4.4         (3)

White-sided dolphin, M
(Lagenorhynchus acutus)

Faroe Islands 2006 Blubber L 94-112 508-545     225-249 9.3-13         (3)

2001-2002 Blubber L 204-221 906-1021     220-438 13-14         (3)

1997 Blubber L 70-110 333-425     5.6-195 1.6-8.4         (3)

Polar bear, MF
(Ursus maritimus)

E. Greenland 1999-2001 Adipose W   83±19         <0.1-25     0.9±0.5 (7)

MF 1999-2001 Blood W   1.2±0.1         ≤0.78     2.9±1.0 (7)

MF 1999-2001 Brain W   2.9±0.4         <0.5     <0.2 (7)

MF 1999-2001 Liver W   40±4         <0.5     <0.5 (7)

F Norwegian Arctic 2002 Plasma W 5.0±0.5 5.4±0.5         ≤0.17     ≤0.54 (8)

MF Alaska, USA 1993-2002 Liver W   0.74±0.23         0.023±0.015     0.012±0.009 (9)

a PBDEs are only reported for studies which also include HNPs; b single numbers are arithmetic means, geometric means or medians; c see references for 
number of congeners sought and found. (1) Kelly et al. (2008); (2) McKinney et al. (2006); (3) Rotander et al. (2012a); (4) Hoydal et al. (2015); (5) Letcher et al. 
(2009); (6) Routti et al. (2009a); (7) Gebbink et al. (2008b); (8) Verreault et al. (2005a); (9) Wan et al. (2009).
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