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Since the ban of polybrominated diphenyl ethers (PBDEs) and hexabromocyclododecane (HBCDD), other
flame retardants may be increasingly used. Thirty-one current-use halogenated (HFRs) and 24 organo-
phosphorous flame retardants (PFRs) have been sought in Arctic ecosystems so far. Air measurements
provide evidence of long-range atmospheric transport for the majority of these compounds, with much
higher concentrations for PFRs than for HFRs. Some HFRs, i.e. bis(2-ethylhexyl)-tetrabromophthalate
(BEH-TEBP), 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (EH-TBB) and hexabromobenzene (HBBz), had air
concentrations comparable to those of PBDEs in some studies. Complementary data for seawater and ice
indicate dry deposition of HFRs, while net volatilization from seawater was observed for some PFRs.
Studies in the marine environment indicate a wide presence of HFRs in marine biota, but generally at low
levels, i.e. typically lower than those of PBDEs. Exceptions exist, namely 2,4,6-tribromophenyl 2,3-
dibromopropyl ether (TBP-DBPE) and decabromodiphenyl ethane (DBDPE), which were found in con-
centrations comparable to PBDEs in some species. The same was the case for 2,4,6-tribromophenyl allyl
ether (TBP-AE) in a study from the terrestrial environment. PFRs generally had low concentrations in
biota, probably due to metabolic transformation of PFR triesters, as suggested by in vitro studies. Elevated
PFR concentrations occurred in some individuals, generally indicating a larger variability of PFRs in biota
than found for HFRs. The commercially important tetrabromobisphenol A (TBBPA) was only detected
sporadically, and only in abiotic matrices.

Copyright © 2019 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Flame retardant chemicals are added or bound to commercially
used synthetic polymers for reasons of fire protection. Based on
data from the 1990s, 50% of all flame retardants (FRs) are inorganic,
while 25 and 20% are halogenated and organophosphorous FRs
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(HFRs and PFRs), respectively [1]. In a recent update, using numbers
from 2007 but only considering Europe, inorganic FRs accounted
for 60%, while HFRs and PFRs accounted for 40%, not including
chlorinated paraffins [2]. The two groups of HFRs and PFRs overlap,
as some PFRs also include halogens. Their modes of action differ:
Halogens are effective in capturing free radicals and stop the fire
from propagating, with their efficiency increasing from fluorine to
iodine [1]. As only chlorinated and brominated molecules release
the halogens at the required temperatures, brominated compounds
were most commonly used as FRs [1]. PFRs react to a polymeric
form of phosphoric acid forming a char layer on the material and
shielding it from oxygen, but other mechanisms can exist as well
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[2]. While delaying combustion processes, the reactions with free
radicals can lead to the release of incomplete vapour phase fuel
oxidation products such as carbonmonoxide and hydrogen cyanide
and thus increased fire toxicity [3].

Polybrominated diphenyl ethers (PBDEs) and hex-
abromocyclododecane (HBCDD) isomers represent two sub-groups
of HFRs that have been studied extensively, also with regard to their
occurrence in the Arctic region [4,5]. Following regulations in the
EuropeanUnion (EU), theUSAandothercountries, PBDEsandHBCDD
arenowalso listed in theStockholmConventiononPersistentOrganic
Pollutants (POPs) on the basis of being persistent, bioaccumulative,
toxic and transported over long distances. DecaBDE, the fully
brominated BDE congener, was the latest listing addition in 2017 [6].
Hexabromobiphenyl, the main commercial FR of the group of poly-
brominated biphenyls (PBBs), was also added to the Stockholm
Convention in 2009, following the discontinuation of PBB production
in 2000 [7]. These regulations and the ongoing demand for FRs raises
the question about the environmental occurrence of potential
replacement FRs. These can be other brominated FRs, often named
“novel”, “alternative” or “emerging” FRs, since about 75 brominated
FRs have been produced commercially [8]. According to literature
reports, the Penta-, Octa- and DecaBDE formulations have mainly
been replaced by combinations of bis(2-ethylhexyl)-tetrabromoph-
thalate (BEH-TEBP) and 2-ethylhexyl-2,3,4,5-tetrabromobenzoate
(EH-TBB), 1,2-bis(2,4,6-tribromophenoxyethane (BTBPE) and deca-
bromodiphenyl ethane (DBDPE), respectively [9e11].

PFRs have been on the market concurrently with PBDEs and
have likely been used increasingly to replace PBDEs [12,13]. Some
chemicals of this group have also been used as plasticizers, but it is
not entirely clear howmuch these applications overlap or if certain
compounds were only used as either FRs or plasticizers. In addition
to the replacement of HFRs, some PFRs have also replaced other
PFRs, for example to reduce emissions of the chlorinated PFRs for
which health concerns exist [2].

Tetrabromobisphenol A (TBBPA) is mainly used as a reactive FR
in epoxy resins typically used in laminated printed circuit boards.
Other commercially important applications of TBBPA are reactions
with polycarbonate and other unsaturated polyester resins [14].
TBBPA is also used as an additive FR, mainly for the fire proofing of
acrylonitrile butadiene styrene (ABS) plastics. This use accounts for
approximately 18% of the global TBBPA use, while 55% of TBBPA is
used for reactive fire protection, based on numbers from 2007 [15].
Its use has increased in the USA and possibly elsewhere since the
beginning of the century [16].

TBBPA and some “novel” HFRs (BTBPE; hexabromobenzene,
HBBz; pentabromoethylbenzene, PBEB; pentabromotoluene, PBT;
1,2-dibromo-4-(1,2-dibromoethyl)cyclohexane, DBE-DBCH) were
included in a previous review on FRs in the Arctic [5]. However,
very limited data were available at the time. The Arctic occurrence
of some current-use HFRs and PFRs was also reviewed previously
[13,17]. The current review updates and extends previous publica-
tions as the number of studies and target analytes has grown
rapidly. The objective of this review was thus to describe and
discuss the occurrence of current-use FRs in the Arctic. Besides
providing a better understanding of their environmental fate,
knowledge of their transport to and accumulation in the Arctic can
contribute to assessments of their potential POP characteristics, for
example their long-range transport, persistence and bio-
accumulation in food webs.

2. Compounds included in this review

2.1. Compound identities

The list of FR compounds included in this review was
determined by the availability of Arctic data. It included com-
pounds which were sought, but have yet to be detected in Arctic
media, e.g. octabromotrimethylphenylindane (OBTMPI) (Table 1).
This review does not include FR metabolites or other degradation
products although these might be toxicologically relevant for
potentially less persistent FRs. This review does not include bro-
mophenols and bromoanisoles either; although these have been
reported in Arctic biota, they can also be of natural origin [18,19].
Although chlorinated paraffins have also been used as FRs [20],
their presence in the Arctic has been reviewed separately [21].
Table 1 lists the compounds included in this review, their acronyms
[22], Chemical Abstract Service (CAS) numbers and a summary of
their detection in Arctic media. Physical-chemical properties are
given by AMAP [23].

2.2. Assessments and regulations

2.2.1. Brominated flame retardants (BFRs)
BEH-TEBP and EH-TBB are used in several commercial products.

Firemaster (FM) 550 and FM 600 both contain EH-TBB (25e35%),
BEH-TEBP (14e16%) and several PFRs (50e59%) and are used in the
USA [27e29], but are not registered in Europe according to the
registration database of the EU legislation for the Registration,
Evaluation, Authorisation and Restriction of Chemicals (REACH)
[30]. Two other FR products, Uniplex FRP 45 (called DP 45 in the
USA) and FM BZ 54 are registered in Europe and used in the USA as
well [30]. Their compositions are given in Table S1 of the Sup-
porting Information.

BEH-TEBP is currently assessed under the Community Rolling
Action Plan of the European Chemicals Agency (ECHA) on the
grounds of being suspected to be persistent, bioaccumulative, toxic
and a potential endocrine disruptor [31]. The US Environmental
Protection Agency (EPA) has issued a Data Needs Assessment for
BEH-TEBP under the Toxic Substances Control Act because of
insufficient data for a quantitative risk assessment [32]. The Ca-
nadian government has also requested information on BEH-TEBP
and EH-TBB under the Canadian Environmental Protection Act
[33]. The EU Directive on Waste of Electrical and Electronic
Equipment (WEEE) requires that plastics containing any BFRs must
be removed from separately collected WEEE [34].

BTBPE, 2,4,6-tribromophenyl 2,3-dibromopropyl ether (TBP-
DBPE) and 2,4,6-tribromophenyl allyl ether (TBP-AE) were included
in a prioritization report on flame retardants for risk assessment
[35]. These compounds are structurally similar in that they are all
synthesized from 2,4,6-tribromophenol and possess the 2,4,6-
tribromophenoxy moiety [36]. Based on chronic ecotoxicology,
TBP-AE was reported to be a medium to very high risk in aquatic
and terrestrial ecosystems in connection with textile and polymer
processing, i.e. important industrial sectors for FR use [35]. The risk
for regional waters was considered low. BTBPE was considered to
be of high concern in terms of a relatively low tonnage required on
the market to indicate a risk. A preliminary prioritization did not
classify TBP-DBPE as persistent, bioaccumulative and toxic, but
more investigations were required for BTBPE, TBP-DBPE and TBP-
AE [35].

DBDPE has been on the market since the early 1990s [9]. A
British risk assessment report concluded that the risks from direct
toxicity were low, but that DBDPE might be persistent [37]. The
bioaccumulation potential could not be assessed in this report
because of lack of data. DBDPE is not on the Canadian Domestic
Substance List and therefore is subject to the New Substances
Notification Regulations under the Canadian Environmental Pro-
tection Act. A screening assessment has been performed in this
context, which concluded that DBDPE met the persistence, but not
the bioaccumulation criteria of the Canadian Environmental



Table 1
Summary of current-use flame retardants included in this review (in alphabetic order) and Arctic media for which data have been reported. The brackets indicate that the
compound was sought, but not detected in the respective medium.

Acronym CAS number Chemical name Atmosphere Terrestrial Freshwater Marine

Air Snow Soil Biota Water Sediment Biota Water Sediment Biota

Halogenated flame retardants (HFRs)
BEH-TEBP 26040-51-7 Bis(2-ethylhexyl)-tetrabromophthalate x (x) x x x x
BTBPE 37853-59-1 1,2-Bis(2,4,6-tribromophenoxy)ethane x x x x x x
DBDPE 84852-53-9 Decabromodiphenyl ethane x x (x) (x) x x
DBE-DBCH 3322-93-8 1,2-Dibromo-4-(1,2-dibromoethyl)cyclohexane x x x (x) x
DBHCTD 51936-55-1 5,6-Dibromo-1,10,11,12,13,13-hexachloro-11-

tricyclo[8.2.1.02,9] tridecene
(x)

DDC-CO 13560-89-9 Dechlorane plus x x x x (x) x x x
DDC-DBF 31107-44-5 Dechlorane 602 x x x x x x
DDC-Ant 13560-92-4 Dechlorane 603 (x) x x x x (x)
EH-TBB 183658-27-7 2-Ethylhexyl-2,3,4,5-tetrabromobenzoate x (x) x x x
HBBz 87-82-1 Hexabromobenzene x x x x x x
HCDBCO 51936-55-1 Hexachlorocyclopentadienyl-dibromocyclooctane (x)
HCTBPH 34571-16-9 Dechlorane 604 x x x x x (x)
OBTMPI 1084889-51-9 Octabromotrimethyl-phenylindane (x) (x) (x) (x)
PBB-Acr 59447-55-1 Pentabromobenzyl acrylate x (x) x x
PBBB 38521-51-6 2,3,4,5,6-Pentabromobenzyl bromide (x) x
PBBz 608-90-2 Pentabromobenzene x x x (x) x
PBEB 85-22-3 Pentabromoethylbenzene x x x (x) (x) x
PBP-AE 3555-11-1 Pentabromophenyl allyl ether x (x)
PBP-DBPE 32577-34-7 Pentabromophenyl 2,3-dibromopropyl ether (x)
PBT 87-83-2 Pentabromotoluene x x x x x x
TBB-Meth 41424-36-6 1,3,5-tribromo-2-methoxy-4-methylbenzene (x)
TBBPA 79-94-7 Tetrabromobisphenol A x (x) (x) (x)
TBBPA-DBPE 21850-44-2 Tetrabromobisphenol-bis(2,3-dibromopropylether) (x) (x)
TBBz 626-39-1 1,3,5-Tribromobenzene x
TBCO 3194-57-8 1,2,5,6-Tetrabromo-cyclooctane (x)
TBCT 39569-21-6 Tetrabromo-o-chlorotoluene x (x)
TBPA 632-79-1 Tetrabromophthalic anhydride (x) (x)
TBP-AE 3278-89-5 2,4,6-Tribromophenyl allyl ether x (x) x (x) x
TBP-BAE Not available 2,4,6-Tribromophenyl 2-bromoallyl ether x (x) (x) x
TBP-DBPE 35109-60-5 2,4,6-Tribromophenyl 2,3-dibromopropyl ether x (x) x (x) x x
TBX 23488-38-2 2,3,5,6-Tetrabromo-p-xylene x (x) x x
Organophosphorous flame retardants (PFRs)
DBPHP 2528-36-1 Dibutylphenylphosphate (x) x x
DPHBP 2752-95-6 Butyldiphenylphosphate x (x) x x
EHDPP 1241-94-7 2-Ethylhexyldiphenyl phosphate x (x) x x x x x
T2B4MP 35656-01-0 Tris(2-bromo-4-methylphenyl)phosphate (x)a) (x)a)

TBOEP 78-51-3 Tris(2-butoxyethyl)phosphate x x x (x) x
TBPP 78-33-1 Tris(4-butylphenyl)phosphate (x)
TCEP 2752-95-6 Tris(2-chloroethyl)phosphate x x (x) x x x x x
TCIPP 13674-84-5 Tris(2-chloroisopropyl)phosphateb) x x (x) x x x x x
TDBPP 126-72-7 Tris(2,3-dibromopropyl)phosphate (x) x (x) x x
TDCIPP 13674-87-8 Tris(1,3-dichloroisopropyl)phosphate x x (x) x x x x x
TDMPP 25653-16-1 Tris(3,5-dimethylphenyl)phosphate (x)
TEP 78-40-0 Triethylphosphate x x x
TEHP 78-42-2 Tris(2-ethylhexyl)phosphate x x x (x) (x) x x x
TIBP 126-71-6 Tri-isobutylphosphate x x (x) x x x x
TIPPP 64532-95-2 Tris(2-isopropylphenyl)phosphate x (x)
TMP 512-56-1 Trimethylphosphate xc)

TMPP 1330-78-5 Tricresylphosphated) x (x) x (x) x x x
TNBP 126-73-8 Tri-n-butylphosphate x x x x x x x
TPEP 2528-38-3 Tripentylphosphate x x x x
TPHP 115-86-6 Triphenylphosphate x x (x) x x x x x
TPP 513-08-6 Tripropylphosphate (x) (x) (x) (x)
TTBNPP 19186-97-1 Tris(tribromoneopentyl)phosphate x (x) x
TXP 25155-23-1 Trixylylphosphate (x)
BCMP-BCEP (V6) 38051-10-4 Tetrekis(2-chloroethyl)-dichloroisopentyldiphosphate (x) (x) (x)

a) The studies also included Tris(3-bromo-4-methylphenyl)phosphate (T3B4MP) and Tris(4-bromo-3-methylphenyl)phosphate (T4B3MP), which were both below detection
limits [24,25]; b) Additional isomers exist (e.g. CAS numbers 26248-87-3, 1067-98-7, 76025-08-6, 76649-15-5, 6145-73-9, 137909-40-1, 137888-35-8); c) Tentative identi-
fication [26]; d) Several isomers exist, i.e. tri-o-cresylphosphate (CAS number 78-30-8), tri-m-cresylphosphate (CAS number 563-04-2) and tri-p-cresylphosphate (CAS number
78-32-0). In addition, the three aromatic rings can differ in the position of the methyl group.
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Protection Act [38]. However, DBDPE could contribute to the for-
mation of persistent, bioaccumulative and toxic transformation
products [38]. Following this risk assessment, the government of
Canada is considering the “implementation of regulatory and non-
regulatory controls including prohibiting the manufacture of
DBDPE in Canada and/or restrictions on the use and import of
DBDPE” [38].
Regarding the bromobenzenes, the European Food Safety

Agency (EFSA) identified HBBz as a compound that could raise
concern for bioaccumulation [39]. It is pre-registered under the EU
REACH regulation, as are PBEB, PBT and 2,3,5,6-tetrabromo-p-
xylene (TBX) [39]. In a screening assessment by Environment



Fig. 1. Air concentrations (pg/m3) of current-use halogenated flame retardants at Alert
(Canada), 2008e2015 [54]. The data are field blank corrected, and only values above
detection limits are included. The box is bounded by the 25th and 75th percentiles,
whiskers indicate the 5th and 95th percentiles, dots are data <5th and >95th per-
centiles, squares indicate arithmetic means, lines are median values. TBP-BAE, TBCT,
OBTMPI and PBB-Acr were never or rarely detected and are therefore not shown here.
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Canada and Health Canada, 1,3,5-tribromobenzene (1,3,5-TBBz)
was found tomeet the criteria for persistence, bioaccumulation and
inherent toxicity to non-human organisms, while it did not meet
the human health categorization criteria [40]. A risk assessment
classified PBEB, PBT and TBX as persistent and bioaccumulative,
while DBE-DBCH was classified as very persistent/very bio-
accumulative [35]. PBEB and DBE-DBCH were of high concern for
the aquatic environment. PBT and TBX were found to be of low and
medium risk, respectively, for aquatic organisms [35]. A Danish
health and environment assessment concluded that PBT did not
present a special hazard to humans, but that PBT was not readily
biodegradable [41].

PBEB and TBBPA are included on the List of Chemicals for Pri-
ority Action of the Oslo-Paris Commission (OSPAR) for protecting
and conserving the North-East Atlantic and its resources [42].
However, a previous review concluded that TBBPA did not meet the
criteria for persistence, bioaccumulation and toxicity as defined by
OSPAR [43,44]. TBBPA was added to the Voluntary Emissions Con-
trol Programme (VECAP) of the European Flame Retardant Associ-
ation in 2006 [45]. Environment and Climate Change Canada
undertook a screening assessment of TBBPA and concluded that
there was a low risk of harm to organisms or the broader integrity
of the environment and that the low environmental concentrations
would not endanger human health [46]. Two risk assessments
undertaken by the EU reached similar conclusions [14,47]: No risk
was expected for human health, but further information was
necessary for an assessment of aquatic and terrestrial ecosystems,
mainly owing to the potential formation of bisphenol A or
dimethyl-TBBPA. EFSA concluded that current dietary exposure to
TBBPA did not raise a health concern [48]. TBBPA has been regis-
tered under the EU REACH regulation since 2011.

2.2.2. Dechlorane plus (DDC-CO)
Dechlorane plus (DDC-CO) was added to ECHA's list of Sub-

stances of Very High Concern in 2018 following an EU risk assess-
ment which classified DDC-CO as being very persistent/very
bioaccumulative [31]. A draft screening assessment of DDC-CO is
available in Canada as DDC-CO is a priority substance for assess-
ment under the Chemicals Management Plan because of human
health concerns. It concludes that DDC-CO meets the criteria for
persistence and bioaccumulation of the Canadian Environmental
Protection Act [38]. However, it also concludes that it is not
currently emitted at concentrations that present a danger to human
health [38]. DDC-CO is on Canada's Domestic Substance List, while
dechlorane 602 (DDC-DBF) and dechlorane 604 (HCTBPH) are on
the Non-Domestic Substances List published by Environment and
Climate Change Canada [49,50]. Based on the screening assess-
ment, the government of Canada is considering “the implementa-
tion of regulatory and/or non-regulatory controls that would
restrict the conditions under which DP [dechlorane plus] and
products containing DP, may be manufactured, used and/or im-
ported” and “exploring additional measures to address potential
transboundary sources of DP” [38].

2.2.3. Organophosphorous flame retardants (PFRs)
The chlorinated PFRs tris(2-chloroethyl)phosphate (TCEP),

tris(chloroisopropyl)phosphate (TCIPP) and tris(1,3-
dichloroisopropyl)phosphate (TDCIPP) are carcinogenic or sus-
pected to be carcinogenic and must not be used in toys in the EU
[51,52]. Environment and Climate Change Canada and Health
Canada have performed draft screening assessments of TMPP,
TCIPP and TDCIPP under Canada's Chemical Management Plan and
concluded that TCIPP met the persistence, but not the bio-
accumulation criteria of the Canadian Environmental Protection
Act [38]. It was also concluded that TCIPP entered the environment
at concentrations which could cause harm, while this was not the
case for TDCIPP or TMPP [38]. Following this assessment, a limit of
1000mg/kg has been proposed for TCIPP for certain consumer
products in Canada [38].
3. Current-use flame retardants in the atmosphere of the
Arctic

3.1. Air measurements

3.1.1. North America
HFRs and PFRs have been included in measuring campaigns at

Arctic monitoring stations. A map of these stations is given in
Figure S1, with longitude and latitude of all sampling locations
given in Table S2. At Alert, in the Canadian High Arctic, BEH-TEBP,
EH-TBB, BTBPE, TBP-AE, 2,4,6-tribromophenyl 2-bromoallyl ether
(TBP-BAE), HBBz, pentabromobenzene (PBBz), PBEB, PBT, tetra-
bromo-o-chlorotoluene (TBCT), TBX, pentabromobenzyl acrylate
(PBB-Acr), OBTMPI and DDC-CO isomers have been monitored
since 2008 in combined gaseous and particle samples collected
with high volume sampling (Fig. 1). Summary statistics are given in
Table S3; analyses from 2006/2007 were reported previously [53].
The concentrations of BEH-TEBP, EH-TBB and BTBPE in these first
measurements were comparable to PBDE concentrations, while
HBBz and PBT were also detectable, but at lower concentrations
[53]. DDC-CO was detected in eleven out of these 14 initial samples
from Alert, with higher concentrations of anti- than of syn-DDC-CO.

Fig. 1 shows the box-and-whisker plot of current-use HFRs
detected in air at Alert from 2008 to 2015 [54]. The concentrations
of detectable HFRs were generally low, with highest median values
of 0.31 pg/m3 for BEH-TEBP and 0.30 pg/m3 for EH-TBB, followed by
anti-DDC-CO (0.077 pg/m3). The higher concentrations of BEH-
TEBP and EH-TBB may reflect the use of FM 550, FM 600 and/or
FM BZ-54 as PentaBDE replacements [11,27e29]. However, the
median EH-TBB/BEH-TEBP ratio of 0.48 was lower than is found in
these commercial FR products (Table S1), which would be more in
line with the reported individual use of BEH-TEBP, as a plasticizer
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and/or FR from other commercial products such as DP 45 [28,55].
TBP-AE was frequently detectable at Alert (annual detectability

up to 78%), while TBP-BAE was only detected in <20% of the sam-
ples, with a maximum concentration of 0.14 pg/m3 (Table S3). Both
compounds can be transformation products of TBP-DBPE [56]. TBP-
AE has also been used as a reactive and additive FR in polystyrene
and is listed as a low production volume chemical in the EU [8].

A similar suite of halogenated FRs wasmeasured at the subarctic
monitoring station Little Fox Lake (Yukon, Canada) between 2011
and 2014, i.e. PBT, PBEB, TBP-DBPE, TBP-AE, TBP-BAE, BTBPE, HBBz,
EH-TBB, BEH-TEBP, DDC-CO, DDC-DBF and HCTBPH (Fig. 2) [57]. The
samples were collected with a flow-through sampler consisting of
three polyurethane foam (PUF) plugs and sampling between
approximately 1000 and 10,000m3 of air. The results are summa-
rized in Table S4. BEH-TEBP and EH-TBB had again the highest
concentrations found in the dataset, withmedian values of 0.38 and
0.28 pg/m3, respectively. BDE-47 and BDE-99 were the two main
PBDE congeners and had median concentrations of 0.70 and
0.44 pg/m3, respectively, i.e. similar to the concentrations of BEH-
TEBP and EH-TBB [57]. As described for Alert, the EH-TBB/BEH-
TEBP ratio was lower than that of the commercial FR products
(0.94 on average vs. 2.2e2.3) and the two compounds were only
weakly correlated (r¼ 0.37; p¼ 0.015), suggesting differences in
environmental behaviour and/or sources.

PBT and PBEB concentrations at Little Fox Lake appeared slightly
higher than at Alert, while HBBz was comparable. The detection
frequencywas 100, 60 and 76% for PBT, PBEB and HBBz, respectively
[57]. PBEB had the lowest concentration of this dataset from Little
Fox Lake, i.e. a mean concentration of 0.013 pg/m3. TBP-DBPE was
detected in 75% of the samples, while TBP-AE and TBP-BAE had
detection frequencies of 25%. Mean concentrations were 0.049
(TBP-DBPE), 0.036 (TBP-AE) and 0.012 pg/m3 (TBP-BAE) [57].
Similarly, BTBPE was only detected in 25% of the samples. Unlike
the results from Alert, syn- and anti-DDC-CO were detectable in
100% of the samples, with mean concentrations of 0.11 and 0.14 pg/
m3, respectively. Syn- and anti-DDC-CO were highly correlated
(r¼ 0.97, p< 0.0001) indicating that they had the same source re-
gions and fate pathways. They were also weakly correlated with
Fig. 2. Air concentrations (pg/m3) of current-use halogenated flame retardants at Little
Fox Lake (Canada), 2011e2014 [57]. The box is bounded by the 25th and 75th per-
centiles, whiskers indicate the 5th and 95th percentiles, dots are data <5th and >95th
percentiles, squares indicate arithmetic means, lines are median values. The figure was
used with permission from AMAP [23].
BDE-47 and BDE-99, but not with other current-use FRs. DDC-DBF
was detectable in over 75% of the samples (mean: 0.021 pg/m3),
while HCTBPH was only detected in 2014 [57]. In most cases, mean
concentrations were higher than median concentrations indicating
a log-normal distribution of individual values (Fig. 2).

The analysis of potential source regions for the FRs measured at
Little Fox Lake linked a large portion of PBDEs to Northern Canada,
indicating long-range transport and regional transport within
Canada [57]. HBBz mainly originated from Eastern Russia. TBP-
DBPE was associated with transport across the Pacific, while PBT
was associated with sources in Northern Canada and the dechlor-
anes with both. The authors highlighted that this analysis described
the overall source contribution over three years, which as a result
was rather similar for the individual compounds [57].

Annual ship-based sample collections in the Canadian Arctic
(2007e2013) and land-based sampling campaigns at Resolute Bay
(Nunavut, Canada) in 2012 and Alert (2008/2009 and 2012) resul-
ted in 117 samples of particles collected by high volume sampling
on glass-fibre filters, which were analysed for 14 PFRs [58]. The
results are summarized in Table 2 and included in Fig. 3, showing
much higher concentrations than discussed above for HFRs. The
highest concentrations were generally found for TCEP, followed by
TCIPP, TPHP, TDCIPP and EHDPP. The concentrations at land-based
sites were within the same range as ship-based measurements
except for TNBP, which was elevated at a sampling site located near
the Resolute Bay airport. TNBP is used in aircraft hydraulic fluids
and the nearby airport can be a local source. Fig. 3 shows that the
PFR profile at Resolute Bay is different from the other Arctic sta-
tions, mainly because of the large contribution of TNBP. The PFR
concentrations did not change significantly over time, apart from a
significant increase of TPHP from 2007 to 2013.

Based on passive sampling with polyethylene strips at Cape
Bounty (Melville Island, Nunavut, Canada) in 2015 and 2016,
highest gaseous concentrations were also found for TNBP (9 and
18 pg/m3 in 2015 and 2016, respectively) and TCEP (2.4 and 14 pg/
m3 in 2015 and 2016, respectively) [63]. The concentrations of other
detectable PFRs decreased in the order TCIPP> TDCIPP> TEHP,
while more hydrophobic compounds abundant in other studies,
e.g. EHDPP and TPHP, were not detectable. This might be related to
the passive sampling technique which does not collect particle-
bound compounds [63].

3.1.2. Nordic countries
HFRs and PFRs were measured on Svalbard (Norway) in 2012/

2013 [61]. The study only analysed atmospheric particles collected
by high volume sampling on a quartz-fibre filter. An approximate
volume of 650m3 was sampled at Longyearbyen over a period of
48 h. The results are given in Table 3 and included in Fig. 3. In a
previous study at the Zeppelin Obervatory in Ny Ålesund, Svalbard,
1000m3 of air had been collected by high volume sampling in 2007
and analysed for PFRs in 3 samples combining filter and PUF [64].
These results are included in Table 3 as well.

BEH-TEBP and EH-TBBwere again the current-use HFRswith the
highest concentrations, with median concentrations of 1.8 and
2.2 pg/m3, respectively [61]. This is in agreement with the results
from North America (Fig. 1; Fig. 2) although the concentrations at
Zeppelin were higher than those measured at Alert or Little Fox
Lake and also higher than those of BDE-47, BDE-99 and BDE-209
determined in the same samples. The authors discussed that
these concentrations might be the result of an increasing use of the
FM 550 product [61]. In their study, the ratio of the two compounds
was similar to that of the commercial FR product FM 550 of 2.3,
while the North American studies generally showed a higher
fraction of BEH-TEBP [54,57].

BTBPE has a modelled particle-bound fraction Ф¼ 1 meaning



Table 2
Air concentrations (pg/m3) of organophosphorous flame retardants in ship- and land-based measurement campaigns in the Canadian Arctic [58]. Limits of detection (LOD)
varied with the sampling volume.

LOD Ship-based Land-based

Mean Median Range % detection, (n) Mean Median Range % detection, (n)

TBOEP 0.33e1.0 <LOD <LOD <LOD-157 20, (5) e e <LOD 0, (10)
TCEP 0.07e0.2 187 128 <LOD-856 85, (74) 118 72 <LOD-433 94, (18)
TCIPP 0.03e0.1 85 55 <LOD-660 92, (74) 92 54 <LOD-276 78, (18)
TDCIPP 0.03e0.1 2.7 1.7 <LOD-13 72, (74) 10 4.8 <LOD-46 81, (43)
TEHP 0.03e0.1 0.56 <LOD <LOD-7.5 18, (51) n.a. n.a. n.a. n.a.
TNBP 0.33e1.0 2.3 <LOD <LOD-97 2, (42) 747 416 <LOD-2340 70, (10)a)

TPHP 0.01e0.02 84 4.7 <LOD-1930 86, (74) 22 12 1.2e96 100, (26)
TMPP (meta) 0.01e0.02 0.27 <LOD <LOD-7.0 10, (51) 0.60 0.70 <LOD-1.7 69, (16)
TMPP (para) 0.01e0.02 0.22 < LOD <LOD-4.8 7, (42) n.a. n.a. n.a. n.a.
EHDPP 0.01e0.02 1.2 <LOD <LOD-11 16, (51) 11 3.7 <LOD-40 77, (26)
TIPPP 0.03e0.10 <LOD <LOD <LOD-1.7 2, (42) n.a. n.a. n.a. n.a.

TMPP (ortho), TDMPP and TBPP were not detected in any samples. Their LODs were 0.01e0.02, 0.01e0.02, 0.03e0.10 pg/m3, respectively; n.a.: not analysed; a) only analysed at
Resolute Bay.

Fig. 3. Summary of air concentrations (pg/m3) of PFRs from different studies in the Arctic, 2007e2016. ArcticNet 2007e2013, Alert 2008/09 and Resolute Bay 2012: [58]; ArcticNet
2015e2016: [59]; Alert 2015: [58,59]; Pacific Arctic 2010: [60]; Svalbard 2012e13: [61]; Eastern Arctic 2014: [62]. The figure was used with permission from AMAP [23].

Table 3
Air concentrations (pg/m3) and detection frequencies of current-use halogenated and organophosphorous flame retardants collected at Longyearbyen, Svalbard in 2012/2013
[61] and Zeppelin, Ny Ålesund, Svalbard in 2007 [64]. The study at Zeppelin only includes ranges of organophosphorous flame retardants [64]. The study at Longyearbyen is
based on particles [61]; the study at Zeppelin is based on particles and gas phase [64].

Longyearbyen [61] Zeppelin, Ny Ålesund [64]

Mean Median Range % detection, n¼ 34 Range, n¼ 3

Halogenated flame retardants
BEH-TEBP 2.7 1.8 0.27e14 88 n.a.
EH-TBB 7.0 2.2 0.17e58 91 n.a.
BTBPE 0.04 0.03 0.01e0.09 53 n.a.
DBDPE 0.53 0.27 0.04e2.2 88 n.a.
HBBz 0.23 0.12 0.01e1.7 100 n.a.
PBBz 0.14 0.04 0.01e1.1 76 n.a.
PBEB 0.04 0.03 0.01e0.24 71 n.a.
TBX 0.07 0.07 0.01e0.16 65 n.a.
Organophosphorous flame retardants
TBOEP 100 63 47e208 25 <100-150
TCEP 19 15 4.0e63 100 <200-270
TCIPP 62 57 10e186 100 <200-330
TDCIPP 59 10 2.3e294 19 87e250
TEHP 12 9 1.0e42 97 n.a.
TNBP 174 56 5.6e1000 100 <200
TIBP n.a. n.a. n.a. n.a. <10-140
TPHP 20 17 1.1e52 100 <50
EHDPP 103 85 5.6e298 100 <200-260

n.a.: not analysed; TMPP, TDMPP, TIPPP and TBPPwere included in the study at Longyearbyen, but not detected in any sample [61]; TNBP, TPHP and BCMP-BCEPwere included
in the study at Zeppelin, but not detected in any sample [64].
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Table 4
Air concentrations (pg/m3) of current-use flame retardants at Pallas (Finland), 2004
[26], 2011/2012 [65] and 2013/2014 [66].

2004, n¼ 1 2011/2012, n¼ 2 2013/2014, n¼ 6

Mean Range

TBOEP <1.6 BEH-TEBP n.a. 0.015 <0.005e0.027
TCEP 1.6 EH-TBB n.a. 0.008 0.003e0.023
TCIPP 810 BTBPE n.a. 0.031 0.011e0.050
TDCIPP 20 DBDPE <0.99; <1.1 0.17 <0.020e0.47
TEHP <0.7 HBBz 0.1; <0.06 0.059 0.037e0.091
TNBP 280 PBT <0.03; <0.02 0.004 0.002e0.006
TPHP 12,000 PBEB <0.2; <0.2 0.003 0.001e0.004
TMP 24 a-DBE-DBCH <0.01; <0.01a) 0.037 0.017e0.077
TPP <2.4 b-DBE-DBCH 0.033 0.010e0.076
TMPP <0.7 Syn-DDC-CO n.a. 0.016 0.009e0.029
SPFR 13,000 Anti-DDC-CO n.a. 0.023 0.010e0.041

n.a.: not analysed; a) Data for SDBE-DBCH.
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that all atmospheric BTBPE is attached to particles [53]. BTBPE had
among the lowest concentrations of the current-use HFRs deter-
mined at Longyearbyen (Table 3) that were also lower than the
mean concentration at Alert. The concentrations were exceeded by
BDE-47 and BDE-99 by two orders of magnitude. DBDPE, on the
other hand, had a detection frequency of 88% and a mean con-
centration of 0.53 pg/m3 [61]. As DBDPE concentrations were not
statistically different from those of BDE-47, BDE-99 or BDE-209, the
authors concluded that DBDPE was a significant HFR in the atmo-
sphere of Svalbard (Table 3). HBBz and PBBz were detected in 100
and 76% of the samples, respectively, and the concentration of PBBz
was about half the concentration of HBBz (Table 3). The concen-
trations of PBEB and TBX were lower by about a factor of 5 and 4,
respectively, than those of HBBz and an order of magnitude lower
than for BDE-47 and BDE-99. For PBT, the modelled particle bound
fraction was only 0.01 [53], meaning that the focus on the particle
phase will likely underestimate the actual concentration of PBT in
the atmosphere.

For SDDC-CO, higher concentrations were found at Long-
yearbyen than at Alert [61]. The detection frequency was 91% for
each isomer, and median concentrations were 0.22 and 0.55 pg/m3

for syn- and anti-DDC-CO, respectively. These were not statistically
different from the concentrations of BDE-47, BDE-99 and BDE-209.
Again, the PFRs had much higher concentrations than the HFRs
(Table 3), with the highest mean concentrations in atmospheric
particles for TNBP (174 pg/m3), EHDPP (103 pg/m3) and TBOEP
(100 pg/m3) although TBOEP was only detected in 25% of the
samples [61]. TMPP, TDMPP, TIPPP and TBPP were not detected in
any of the samples, and TDCIPP had a detection frequency of only
19%. Non-chlorinated PFRs comprised about 75% of all PFRs. In the
older study, the detection limits had been higher. Still, six of the
PFRs were detectable, with highest maximum concentrations for
TCIPP, followed by TCEP, EHDPP and TDCIPP, which all had a com-
parable concentration range [64]. The concentration ranges
generally show good agreement between the two studies, with the
exception of the high concentration of TNBP in the atmospheric
particles (Table 3). Fig. 3 indicates that the PFR profile in the at-
mospheric particles from Svalbard is different from that in most
Canadian samples, in particular in terms of relatively less TCEP and
relatively more TNBP.

Current-use FRs have also been measured in air samples from
Pallas in Northern Finland. In July 2004, a single air sample was
analysed for PFRs. A measuring campaign in 2011/2012 included
DBDPE, HBBz, PBT, PBEB and DBE-DBCH, while a campaign in 2013/
2014 also included BTBPE, BEH-TEBP, EH-TBB and the DDC-CO
isomers (Table 4) [65,66]. The samples were collected with high
volume sampling on a glass-fibre filter and a PUF plug, over a period
of one week, leading to a sampling volume of approximately
5000e10,000m3. The first of the two HFR studies had higher
detection limits resulting in multiple concentrations below detec-
tion limits (Table 4).

The current-use HFRs had concentrations within one order of
magnitude of the concentration of BDE-209 [66]. The mean con-
centrations of BDE-47, BDE-99 and BDE-209 in the same samples
were 0.18, 0.11 and 0.19 pg/m3, respectively, i.e. comparable to
DBDPE. Many of the other compounds were lower by an order of
magnitude. The relatively high concentrations of BEH-TEBP and EH-
TBB reported from the Canadian monitoring stations and from
Svalbard were not confirmed at Pallas. Most concentrations were
lower than those found at Longyearbyen. The authors discussed
that the mining activities at Longyearbyen might lead to local
emission sources in this area, but this would need further investi-
gation [61]. HBBz seems to be a ubiquitous HFR found amongst the
HFRs with highest concentrations at all monitoring stations.

As shown for the measurements at Longyearbyen, PFR
concentrations clearly exceeded those of HFRs. The highest con-
centration by far was found for TPHP (Table 4), which was much
lower on Svalbard (Table 3). TBOEP, which was amongst the com-
pounds with the highest concentrations on Svalbard, was below
detection limits at Pallas. The different sampling design of only
particles vs. particles þ gas phase sampling and the fact that only
one sample was analysed from Pallas might contribute to this dif-
ference, as well as the time difference between the two sampling
campaigns and differences in air transport. The study at Pallas
showed that the air masses had mainly been transported over
Northern Europe and the Northeast Atlantic [26].
3.1.3. Multiple locations
The Global Atmospheric Passive Sampling Network (GAPS) in-

cludes some Arctic stations (Figure S1) where current-use FRs have
been measured [67,68]. The first samples originated from 2005/
2006; the second sampling was done in 2014. The following HFRs
were analysed in the first study [67]: BEH-TEBP, EH-TBB, BTBPE,
TBP-DBPE, TBP-AE, TBP-BAE, HBBz, PBBz, PBT, TBCT, PBEB, TBX,
PBB-Acr and OBTMPI. The second study did not include PBBz, TBCT,
PBT, PBEB, TBX and PBB-Acr, but added DBDPE, DBE-DBCH, b-
2,3,5,6-tetrabromoethylcyclohexane (TBCO), DDC-CO, DDC-DBF
and HCTBPH [68]. Furthermore, this study also addressed a suite of
PFRs [68]. The results are summarized in Table 5.

Regarding the 2005/2006 sampling campaign, BEH-TEBP and
EH-TBB exceeded most of the other HFRs at Barrow, Alaska and at
St�orh€ofði (Iceland), which is in line with results from Alert and
Little Fox Lake (Fig. 1; Fig. 2) [67]. However, the EH-TBB/BEH-TEBP
ratio varied considerably. Other stations showed a different HFR
profile, for example highest concentrations of BTBPE compared
with other HFRs at Ny Ålesund and Hollola. TBP-AE was the com-
pound with the highest concentration on St. Lawrence Island,
Alaska. OBTMPI and TBP-BAE were not detectable at any of the
Arctic stations, and PBB-Acr was only detectable at St�orh€ofði and St.
Lawrence Island (Table 5). Hollola (Finland) had the highest num-
ber of compounds below detection limits and a general tendency of
the lowest levels. The concentrations of BTBPE at Ny Ålesund were
much higher than those reported from Longyearbyen on Svalbard
(Table 3). Other compounds showed more agreement, e.g. HBBz,
PBBz, PBEB and TBX (Table 3; Table 5).

The results for EH-TBB being a predominant HFR at Barrow,
Alaska and at St�orh€ofði were confirmed in the 2014 sampling
campaign (Table 5), while BEH-TEBP remained< 1 pg/m3 in all
samples [68]. This observationwas also valid for St. Lawrence Island
and Ny Ålesund, with an unusually high maximumvalue of 529 pg/
m3 measured for EH-TBB on Svalbard. For Finland, the highest
maximum value was found for TBP-AE, which was also the case in



Table 5
Air concentrations (pg/m3) for current-use flame retardants reported at GAPS sites located in the Arctic/Subarctic. Data from 2005/2006: [67]; data from 2014: [68]. The ranges
represent four quarterly samples. The sampling sites are shown in Figure S1.

Barrow, Alaska (USA) St. Lawrence Island, Alaska (USA)a) St�orh€ofði (Iceland) Ny Ålesund, Svalbard (Norway) Hollola/Pallasb) (Finland)b)

2005/2006
BEH-TEBP <0.04e0.43 0.042 <0.04e6.6 <0.04e0.28 <0.04
EH-TBB <0.22e7.2 <0.09 <0.09e1.0 <0.09e0.21 <0.09
TBP-DBPE <0.2 <0.01 <0.01e0.79 <0.01e0.11 <0.01e0.012
TBP-AE 0.11e0.22 1.2e1.23 <0.008e0.94 0.02e1.2 <0.008e0.059
TBP-BAE <0.006 <0.006 <0.006 <0.006 <0.006
BTBPE 0.2e1.0 0.33 <0.2e0.94 <0.2e5.2 <0.2e0.21
HBBz <0.1e0.53 0.14 <0.02e0.25 <0.02e0.67 <0.02e0.034
PBBz <0.005e0.045 0.049 <0.005e0.10 <0.005e1.0 <0.005
TBX <0.05e0.018 0.063 <0.005e0.051 <0.005e0.031 <0.005
TBCT <0.3e0.043 0.092e0.093 <0.01e0.34 <0.01e0.038 <0.01
PBT <0.002e0.005 0.0034 <0.002 <0.002e0.005 <0.002
PBEB <0.02e0.027 <0.02 <0.02e0.11 <0.02e0.027 <0.02
PBB-Acr <0.008 0.013 <0.008e0.006 <0.008 <0.008
OBTMPI <0.06 <0.06 <0.06 <0.06 <0.06
Halogenated flame retardants, 2014
BEH-TEBP <1 <1 <1 <1 <1
EH-TBB <0.8e4.9 <0.8e3.1 <0.8e17 <0.8e529 <0.8e2.2
TBP-DBPE <0.3 <0.3 0.67e2.2 <0.3 <0.3
TBP-AE <0.1 <0.1 <0.1 <0.1e1.0 <0.1e2.8
TBP-BAE <0.2 <0.2 <0.2 <0.2 <0.2
BTBPE <0.2 <0.2 <0.2e6.2 <0.2 <0.2
HBBz 0.13e0.58 <0.06 <0.06e0.61 <0.06e0.16 <0.06e0.12
OBTMPI <0.7 <0.7 <0.7 <0.7 <0.7
DBDPE <2 <2 <2 <2 <2
b-DBE-DBCH <0.2 <0.2 <0.2 <0.2 <0.2
b-TBCO <0.2 <0.2 <0.2 <0.2 <0.2
Syn-DDC-CO <2 <2 <2 <2 <2
Anti-DDC-CO <2 <2 <2 <2 <2
DDC-DBF <0.01e0.11 <0.01e0.13 <0.01e0.78 <0.01e0.050 <0.01
HCTBPH <0.3 <0.3 <0.3 <0.3 <0.3
Organophosphorous flame retardants, 2014
TBOEP 12e68 <24-11 20e450 29e270 <24-18
TCEP 20e290 <17-54 <17-110 23e580 7.3e64
TCIPP 18e810 <45-200 <45-320 42e1400 <45-400
TDCIPP 13e30 <1.7e0.37 <1.7e2.4 <1.7e21 <1.7e3.3
TEHP <0.06 <0.06 <0.06 <0.06e0.19 <0.06
TNBP 2.3e8.8 <6 <6e1.4 <6e2.3 <6
TPHP 18e150 <11e8.5 <11-17 18e250 <11e3.2
TMP <1 <1 <1 <1 <1
TPP <0.08 <0.08 <0.08 <0.08 <0.08
TMPP (ortho) <0.6 <0.6 <0.6 <0.6 <0.6
TMPP (meta) <0.6e3.9 <0.6 <0.6 <0.6 <0.6
TMPP (para) <0.6 <0.6 <0.6 <0.6 <0.6
TEP 1.4e39 <8e0.13 <8 <8-28 <8
EHDPP <1.4 <1.4 <1.4 <1.4 <1.4
TDMPP <0.03 <0.03 <0.03 <0.03 <0.03
TIPPP <0.08e0.20 <0.08 <0.08e0.0068 <0.08e0.40 <0.08
TTBNPP <0.08e0.73 <0.08 <0.08 <0.08 <0.08
TDBPP <0.05 <0.05 <0.05 <0.05 <0.05

a) Only one value for 2005/2006 and no sampler deployed in the second quarter of 2014. b) Hollola in 2005/2006 [67]; Pallas in 2014 [68].
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2005/2006, while the relatively high concentration of TBP-AE at St.
Lawrence Island was not confirmed in 2014. Detection limits were
relatively high for DBDPE and DDC-CO in relation to previously
measured concentrations and might have prevented a positive
detection of these compounds. Interestingly, DDC-DBF was detec-
ted at all stations except Pallas. The results also confirm other
findings of HBBz being a rather ubiquitous HFR in the Arctic
atmosphere.

TCEP and TCIPP had the highest PFR concentration at each sta-
tion (Table 5). The only exception was that maximum concentra-
tions of TBOEP exceeded maximum concentrations of both TCEP
and TCIPP at St�orh€ofði. TPHP had a relatively high concentration on
Svalbard, but not at Pallas, which is different from the results re-
ported from Pallas in 2004 (Table 4) [26]. Passive air samples from
Arctic Canada contained TNBP and TCEP as the main compounds,
with TNBP concentrations similar to those from Alaska, but TCEP
concentrations at the lower end of all TCEP results reported from
GAPS [63]. Previous results from Svalbard showed highest con-
centrations for TNBP and EHDPP (Table 3) [61], which are not
confirmed here. The detection limits varied between the quarterly
samples, which led to detectable concentrations in some samples,
which would be below detection limits in other samples, for
example for TNBP. TMP, TPP, TMPP, EHDPP, TDMPP and tris(2,3-
dibromopropyl) phosphate (TDBPP) were not detected in any of
the samples, except for one single sample at Barrow with a
detectable amount of TMPP (meta).

Current-use FRs have also been determined in air samples
collected in ship-based studies. A cruise in the East Greenland Sea
in 2009 included air and seawater measurements of BEH-TEBP,
BTBPE, TBP-DBPE, HBBz, OBTMPI and DDC-CO [69,70], and a
cruise in the Bering/Chukchi Sea in 2010 included BEH-TEBP, EH-
TBB, BTBPE, TBP-DBPE, HBBz, PBBz, PBT, PBEB, DDC-CO isomers,
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DDC-DBF, DDC-Ant and HCTBPH as well as a suite of PFRs [60,71]. In
2014, PFRs were also determined in the European Arctic [62]. Air
samples were collected with a high volume sampler equipped with
a glass-fibre filter and PUF/XAD-2 sorbent. The sampling volume
was between 360 and 2700m3 for the cruise in the European Arctic
[62,69,70] and 500m3 on the cruise in the Bering/Chukchi Sea [71].
Particle and gas phase samples were analysed separately, with the
exception of the samples from the Bering/Chukchi Sea analysed for
PFRs, of which only the particle phase was analysed. The results are
summarized in Table 6, including stations >60�N of the Bering/
Chukchi Sea cruise.

Unlike the results from GAPS, Longyearbyen, Alert and Little Fox
Lake, BEH-TEBP and EH-TBB did not exceed other HFRs in samples
from these cruises (Table 6). If BEH-TEBP and EH-TBB are mainly
used in North America, following the same use pattern as Pen-
taBDE, the stations of these studies might not be impacted to the
same extent by emissions of a PentaBDE replacement. HBBz was
widely detected in the Arctic air samples, which is in agreement
with themonitoring data discussed in this section. Due to themany
values below detection limits, it is difficult to compare the two
regions studied on these cruises (Table 6). TBP-DBPE appears higher
in the European Arctic where detection frequencies were 89 and
100% for the gas and particle phase, respectively, than in the Bering/
Chukchi Sea, while the opposite is the case for PBT. The PBT con-
centrations in the samples from the East Greenland Sea were more
similar to Alert. DDC-CO might also show a tendency towards
higher values in the European Arctic. A single maximum concen-
tration of 4.1 pg/m3 was observed for syn-DDC-CO in air over the
East Greenland Sea, while the corresponding concentration of anti-
DDC-COwas only 0.14 pg/m3. This pattern differed from the pattern
at Alert and Svalbard, where anti-DDC-CO had the highest con-
centrations. Of the dechloranes DDC-DBF, DDC-Ant and HCTBPH,
only DDC-Ant was detected in a single particle phase sample in the
Bering/Chukchi Sea (Table 6).

Small and relatively volatile molecules like HBBz, PBBz and PBT
Table 6
Concentrations of current-use flame retardants in gas and particle phases of the
atmosphere (pg/m3) on cruises in the European Arctic [62,69,70] and in the Bering/
Chukchi Sea from East Asia to the Arctic at stations north of 60�N [60,71].

European Arctic Bering/Chukchi Sea

Gas phase Particle phase Gas phase Particle phase

Halogenated flame retardants
BEH-TEBP <0.009 <0.009e0.12 <0.16e0.36 <0.16e0.18
EH-TBB n.a. n.a. <0.042 <0.042
BTBPE <0.019e0.06 <0.0005e0.02 <0.031e0.17 <0.031e0.03
TBP-DBPE <0.021e1.7 0.005e0.05 0.1e0.28 <0.21
HBBz 0.04e0.66 0.001e0.005 0.13e0.40 <0.002e0.03
PBBz n.a. n.a. 0.10e0.28 <0.002
PBT 0.001e0.2 <0.0001e0.001 0.22e0.79 <0.047
PBEB n.a. n.a. <0.001 <0.001
OBTMPI <0.007 <0.007 n.a. n.a.
Syn-DDC-CO <0.07e0.71 0.01e4.1 0.01e0.17 0.01e0.08
Anti-DDC-CO <0.02e0.22 0.01e0.14 <0.003e0.25 0.01e0.05
DDC-DBF n.a. n.a. <0.003 <0.011
DDC-Ant n.a. n.a. <0.047 <0.065
HCTBPH n.a. n.a. <0.008 <0.008e0.05
Organophosphorous flame retardants
TBOEP n.a. n.a. n.a. <1-11
TCEP 4e92 26e136 n.a. 130e740
TCIPP 0.8e55 <6.5e27 n.a. 85e530
TDCIPP <0.002e0.06 <0.01 n.a. <0.5e8
TEHP <0.02e0.6 <0.008e0.06 n.a. <0.1e12
TNBP <1.5e8.8 1.6e10 n.a. <4-36
TIBP 0.3e7.5 <1.8e7 n.a. <7-35
TPHP 0.01e1.5 <0.007e0.09 n.a. 10e60
TPEP <0.0003e0.02 1.6e10 n.a. n.a.

n.a.: not analysed.
were mainly detected in the gas phase. The predicted particle-
bound fraction is Ф¼ 0.023 and Ф¼ 0.010 for HBBz and PBT,
respectively [53]. However, for BEH-TEBP and BTBPE this predicted
fraction isФ¼ 1 [53], which is not supported by the data from these
cruises [70,71]. The current-use HFRs (in terms of SHFR) had higher
concentrations in the Bering/Chukchi Sea study than did SPBDE
(without BDE-209) in the same samples [71]. The PBT concentra-
tion was comparable to that of BDE-209. Significant correlations
were found between PBDEs, TBP-DBPE, PBT, PBBz and DDC-CO [71].

Atmospheric concentrations of TBBPA were studied on a cruise
from the North Sea to the Arctic in 2004 [72]. STBBPA, indicating
the sum of gaseous and particle-bound TBBPA, ranged from <0.04
to 0.17 pg/m3. However, only two out of seven Arctic samples, both
collected off the west coast of Norway, had detectable concentra-
tions of TBBPA, in both cases in the gas phase. An overall decrease in
TBBPA concentrations with latitude was observed. The low detec-
tion frequency of TBBPA in Arctic air could be related to its primary
use as a reactive FR [5,15]. However, TBBPA has been detected with
high frequencies in house dust [12,16]. As TBBPA can undergo
multiple transformation reactions, including photolysis [73], its
emission and degradation is a possible scenario as well.

TCEP had the highest concentrations amongst the PFRs, fol-
lowed by TCIPP and, for the Bering/Chukchi Sea, TPHP (Table 6). The
overall profile for the Asian measurements is similar to that in
Alaska observed in the GAPS study (Table 5) and to the ship-based
measurements in the Canadian Arctic (Table 2). The PFRs were
found to correlate, also between halogenated and non-halogenated
PFRs, indicating a similar atmospheric transport potential [60]. The
data from the European Arctic suggest that the assumption that all
atmospheric PFRs are particle-bound is not true since all of them
were also detected in the gas phase. However, the authors noted
that break-through might have occurred during sampling [62].

In summary, the combined results for current-use FRs show that
PFR concentrations in the atmosphere are much higher than HFR
concentrations, including phased-out PBDEs. Amongst the HFRs,
BEH-TEBP and EH-TBB predominate in North America and Svalbard,
but not in other measurements in the European Arctic. This might
reflect their replacement of the PentaBDE mixture [11,27e29] that
was primarily used in North America, but more data are needed to
confirm any trends. HBBz and DDC-CO seem to be ubiquitous, but
the concentrations are generally low. Studies on source regions
performed in North America identified Eastern Russia for HBBz and
the North American continent as well as cross-Pacific transport for
dechloranes [57]. DBDPE was also identified as a relevant HFR in
Arctic air, as concentrations were similar to PBDE concentrations.
Amongst the PFRs, TCEP concentrations were greater in North
America, including the Chukchi Sea, than at Svalbard or Pallas. This
might reflect the continuous use of TCEP in North America and Asia,
while it is restricted in Europe. Other high-concentration PFRs in air
included TCIPP, TNBP, TPHP and TBOEP, but PFR profiles changed in
time and space. Only few studies have addressed TBBPA and
generally found low concentrations in Arctic air, possibly related to
lower emissions of reactively used TBBPA and/or transformation
reactions.

3.2. Deposition, snow and ice measurements

3.2.1. Flux measurements
Calculations of fluxes generally showed deposition of current-

use HFRs, while both deposition, mainly with particles, and vola-
tilization were found for PFRs. A summary of currently available
flux measurements and calculations is given in Table 7. Based on
measurements in air and seawater, dry deposition was calculated
for TBP-DBPE and DDC-CO isomers in the European Arctic [69,70].
For TBP-DBPE, re-volatilization was found at one of the stations,
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where inputs of HFRs from melting land-ice might take place [70].
The physical-chemical properties of DDC-CO make re-volatilization
from seawater unlikely [69]. The same approach was used for HFRs
in the Bering/Chukchi Sea, but gas and particle-based fluxes were
differentiated. For TBP-DBPE, HBBz and PBT a gas net flux to
seawater was calculated, roughly in the 0.01e0.1 ng/m2/day range
for Arctic stations [71]. Multiple HFRs were found to deposit with
particles, but no number was given; the dry deposition was
dominated by BDE-209 (Table 7).

For PFRs, air-seawater gas exchange fluxes and dry deposition
fluxes were calculated using the same approach based on air and
seawater concentrations [62]. Gas-phase volatilization from
seawater was found for TCEP, TCIPP, TNBP and TIBP, while particle-
bound fractions of these compounds deposited from air to seawater
(Table 7). The results suggest that the water-air exchange processes
as well as gas-particle exchanges are relevant to consider for the
long-range transport of PFRs. It was noted by all authors that fluxes
were relatively uncertain because of a number of assumptions in
their calculations.

Atmospheric deposition samples representing dry and wet
depositionwere collected in Northern Sweden in 2009/2010, at the
stations Abisko and Krycklan [74]. The chemical analysis included
EH-TBB, BTBPE, TBP-DBPE, DBE-DBCH, HBBz and DDC-CO. Of these,
only BTBPE, DBE-DBCH and DDC-CO were detected in bulk depo-
sition samples, with detection frequencies of 100, 67 and 83%,
respectively. However, BTBPE could not be quantified because of
low recoveries [74]. The deposition flux of DDC-CO at Abisko was
higher than that of BDE-47 and BDE-99, while the opposite was the
case at Krycklan. At both sites, the fluxes of DDC-CO were compa-
rable to those of a-hexachlorocyclohexane (a-HCH) and span a
range that includes the results from the ship-based studies
(Table 7).
3.2.2. Ice and snow measurements
Based on ice core segments, the historical development of

BTBPE, DBDPE and PBEB deposition fluxes was studied on Svalbard,
generally showing the highest concentrations towards the top of
the ice core [75]. The PBEB flux was considerably lower than the
fluxes of BTBPE and DBDPE (Table 7). For comparison, fluxes of BDE-
Table 7
Deposition and volatilization fluxes (ng/m2/day) of current-use flame retardants in the A

Compound Location

Halogenated flame retardants
BTBPE Svalbard
DBDPE Svalbard
PBEB Svalbard
TBP-DBPE European Arctic
TBP-DBPE Bering/Chukchi Sea
HBBz Bering/Chukchi Sea
PBT Bering/Chukchi Sea
BEH-TEBP, EH-TBB, BTBPE, TBP-DBPE, HBBz, PBBz, PBT, Bering/Chukchi Sea
DBE-DBCH Abisko, Northern Swede
DBE-DBCH Krycklan, Northern Swed
DDC-CO European Arctic
SDDC-CO Abisko, Northern Swede
SDDC-CO Krycklan, Northern Swed
Organophosphorous flame retardants
TCEP European Arctic
TCIPP European Arctic
TNBP European Arctic
TIBP European Arctic
TCEP European Arctic
TCIPP European Arctic
TNBP European Arctic
TIBP European Arctic

a) Converted from pg/cm2/year;b) converted from ng/m2/month; c) For individual isomer
209 and HBCDD in the same samples were about 10 and 25 ng/m2/
day, respectively. The maximum concentration in the samples were
96, 69 and 5.8 pg/l, for BTBPE, DBDPE and PBEB, respectively [75].

BTBPE, DBDPE and PBEB were also the main compounds studied
in a snow pit at the Devon Ice Cap (Nunavut, Canada) and ranged
from below detection limits to maximum concentrations of 120, 24
and 7 pg/l, respectively [76]. Despite lower concentrations, PBEB
was detected most frequently. All three compounds showed a
tendency of higher concentrations in most recent snow layers.

The following HFRs were also sought in a subset of snow pit
samples from the study, but not detected [76]: BEH-TEBP, EH-TBB,
TBP-DBPE, TBP-AE, TBP-BAE, TBX, PBB-Acr, hexa-
chlorocyclopentadienyl-dibromocyclooctane (HCDBCO), 1,3,5-
tribromo-2-methoxy-4-methylbenzene (TBB-Meth) and 2,3,4,5,6-
pentabromobenzyl bromide (PBBB). HBBz, PBBz, 1,3,5-TBBz, PBT
and DDC-COwere also sought in this subset and detected in at least
one layer of the snow pit. PBBz and TBBzwere found in themajority
of the snow samples with maximum concentrations of 10 and
290 pg/l, respectively. These compounds could also be degradation
products of HBBz [76].

Six snow samples collected from sea ice of the Arctic Ocean in
2014 showed higher concentrations for some, but not all PFRs
compared with the concentrations reported for HFRs. TCEP, TCIPP,
TNBP and TIBP had the highest concentrations, decreasing in the
order TCIPP (mean concentration 3890 pg/l)> TIBP (2004 pg/
l)> TCEP (1293 pg/l)> TNBP (630 pg/l) [62]. The remaining four
compounds included in the study had much lower mean concen-
trations, i.e. 11 pg/l for TPHP, 5.5 pg/l for TEHP, 0.8 pg/l for TDCIPP
and 0.3 pg/l for TPEP. TDCIPP and TPEPwere only detected in 40 and
60% of the samples, respectively. The PFR concentrations were
lowest in the samples with the greatest distance from land.

In summary, deposition from air to seawater or other surfaces in
the Arctic has been shown for both HFRs and PFRs associated with
particles. For PFRs, a net volatilization from Arctic seawater to air
has been shown as well, exceeding in magnitude the particulate
deposition. This process is in line with relatively high PFR con-
centrations in Arctic air and might also have implications for PFR
availability to and exposure of marine organisms. Snow and ice are
temporary sinks for FRs from which they can likely be released
rctic.

Flux (ng/m2/day) Characterisation Reference

up to 0.14a) Total deposition (ice core) [75]
up to 0.10a) Total deposition (ice core) [75]
up to ~0.007a) Total deposition (ice core) [75]
1.04 Dry deposition [70]
~0.05 Gas exchange, net deposition [71]
~0.05e1.4 Gas exchange, net deposition [71]
~0.05e0.2 Gas exchange, net deposition [71]
not determined Dry deposition [71]

n 0.10 b) Dry and wet deposition [74]
en 0.12 b) Dry and wet deposition [74]

up to 0.36c) Dry deposition [69]
n 0.73 b) Dry and wet deposition [74]
en 0.04 b) Dry and wet deposition [74]

5e1075 Gas exchange, net volatilization [62]
61-12,283 Gas exchange, net volatilization [62]
3e943 Gas exchange, net volatilization [62]
12e2049 Gas exchange, net volatilization [62]
2e16 Dry deposition [62]
0e2 Dry deposition [62]
0.1e0.9 Dry deposition [62]
0e0.6 Dry deposition [62]

s.



Fig. 4. Mean concentrations (pg/l for seawater, otherwise pg/g dry weight, dw) of
dechloranes in marine and terrestrial samples from Svalbard [80]. The figure was used
with permission from AMAP [23].
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again, however, more information is needed on potential degra-
dation processes. BTBPE, DBDPE and PBEB showed indications of
higher fluxes towards the surface of an ice core. In sea ice, PFRs did
not always show higher concentrations than HFRs, which is
different from the results for Arctic air.

4. Current-use flame retardants in terrestrial ecosystems of
the Arctic

To our knowledge, only a few studies have addressed current-
use FRs in terrestrial ecosystems of the Arctic. A suite of current-
use HFRs (BEH-TEBP, EH-TBB, BTBPE, DBDPE, TBP-DBPE, TBP-AE,
TBP-BAE, HBBz, PBBz, PBT, PBEB, PBBB, TBX, HCDBCO, PBB-Acr, TBB-
Meth, DDC-CO) were included in studies of vegetation, caribou
(Rangifer tarandus groenlandicus) and wolf (Canis lupus) in the
Bathurst region of the Canadian Arctic [77]. The vegetation samples
included lichens (Cladonia rangifera/mitis, Flavocetraria cucullata),
moss (Rhytidium rugosum), willow leaves (Salix sp.), graminoids
(Eriophorum vaginatum and Carex aquatilis) and non-specified
mushrooms. Only BTBPE, TBP-DBPE, TBP-AE, HBBz, PBBz, PBT and
DDC-CO were detectable in at least one vegetation sample. Their
geometric mean concentrations in vegetation decreased in the or-
der TBP-AE (10 ng/g lipid weight, lw)> PBBz (0.72 ng/g lw)> BTBPE
(0.45 ng/g lw)>HBBz (0.23 ng/g lw)> syn-DDC-CO (0.18 ng/g lw)
and was below method detection limits for the remaining com-
pounds. The geometric mean concentration of TBP-AE exceeded
that of BDE-47 (5.5 ng/g lw) in the same samples. TBP-AE was the
only HFR with significantly different concentrations in the types of
vegetation, i.e. lichen> green plants>mushrooms.

Fewer compounds were detectable in caribou and wolf muscle
or liver, i.e. TBP-AE, PBBz, PBT, TBP-DBPE, BTBPE and anti-DDC-CO
[77]. Total body concentrations could only be calculated for TBP-AE
and PBBz. For TBB-AE these were 1.6 and 2.6 ng/g lw in caribou and
wolf, respectively, while they were 0.46 and 0.24 ng/g lw for PBBz,
all concentrations presented as geometric means. The concentra-
tions of TBB-AE were similar to those of BDE-47 (1.6 and 3.3 ng/g lw
for caribou and wolf, respectively). Trophic magnification factors
were <1 for TBP-AE and PBBz, however, the biomagnification factor
for wolf - caribou muscle/total body concentration was >1 for TBP-
AE. For BTBPE, logarithmic bioconcentration factors of 8e9 were
calculated for the vegetation.

A screening study on Svalbard included the analysis of BEH-
TEBP, EH-TBB, BTBPE, DBDPE, tetrabromophthalic anhydride
(TBPA), TBP-DBPE, TBP-AE, tetrabromobisphenol-bis(2,3-
dibromoproylether) (TBBPA-DBPE), HBBz, PBEB and PBT in 10
liver samples of Arctic fox (Vulpex lagopus) collected in 2007/2008
[78]. All compounds except EH-TBB were below detection limits.
For EH-TBB, 90% of the samples were above detection limits and
had a mean concentration of 0.98 ng/g ww (range <0.037e2.5 ng/g
ww). Ten Arctic fox liver samples collected on Svalbard in 2010
were screened for PFRs [79]. TBOEP was the main component, with
a mean concentration of 955 ng/g lw. However, TBOEP was only
detected in 50% of the samples. TEHP and DPHBPwere detected in 3
and 1 out of the 10 samples, respectively, at 4.76 (mean concen-
tration) and 0.67 ng/g lw, respectively. All other PFRs (TCEP, TCIPP,
TDCIPP, TIBP, TPHP, EHDPP and TMPP) were below detection limits.

Also based on Svalbard, a study targeting DDC-CO isomers, DDC-
DBF, DDC-Ant and HCTBPH included soil, moss and reindeer dung
collected from Ny Ålesund in 2012 [80]. Seawater and sediment
were also analysed and included in Fig. 4 with detailed results given
in Table S5. Among the terrestrial samples, SDDC-CO concentra-
tions were lowest in moss and similar in soil and reindeer dung, but
with a different isomer composition (Fig. 4). HCTBPH was found at
higher concentrations than DDC-DBF and DDC-Ant. Their concen-
trations decreased in the order reindeer dung> soil>moss.
Concentrations of current-use HFRs (BEH-TEBP, EH-TBB, BTBPE,
DBDPE, TBP-DBPE and DDC-CO) were recently reported for eggs of
peregrine falcon (Falco peregrinus) collected in South Greenland
from 1986 to 2014 [81]. All compounds except DBDPE were
detectable, with highest mean concentrations for SDDC-CO
(8.43 ng/g lw), followed by EH-TBB (4.61 ng/g lw). For comparison,
the mean concentrations of BDE-47 and BDE-153 were 203 and
932 ng/g lw, respectively, in the same samples. The study described
that the peregrine falcons migrated to winter habitats in Central
and South America, with the consequence that their main
contaminant exposure occurred outside of the Arctic.

Similarly, low levels of HFRs were reported for blood plasma of
nine nestling peregrine falcons from the Eastern Canadian Arctic
sampled in 2007 [82]. The highest mean concentrations were found
for a- and b-DBE-DBCH (0.5 and 0.1 ng/g ww), followed by TBX
(0.2 ng/g ww) and pentabromophenyl allyl ether (PBP-AE) (0.13 ng/
g ww). The following HFRs hadmean concentrations�0.1 ng/gww:
TBP-AE, HBBz, PBBz, PBT, PBEB, PBB-Acr, PBBB, TBC and DDC-CO
isomers. BTBPE, DBDPE and OBTMPI were sought, but not detec-
ted in the samples.

In summary, only few FR data are available for Arctic terrestrial
ecosystems. Most HFR concentrations are in the low ng/g range,
even for high trophic level animals like peregrine falcons. However,
TBP-AE included in a Canadian study had concentrations in vege-
tation, caribous and wolf that were similar to or even exceeded
those of BDE-47. This compound also predominated in some air
measurements of the GAPS network (Table 5). None of the current-
use HFRs showed trophic magnification in the vegetation-caribou-
wolf food chain. PFRs had low concentrations in Arctic fox, with a
few higher exceptions. It is noteworthy that DDC-DBF, DDC-Ant and
HCTBPH are present in the Arctic as well, the latter in concentra-
tions near those of DDC-CO.
5. Current-use flame retardants in freshwater ecosystems of
the Arctic

5.1. Lake water and sediment

PFRs were determined in lake water sampled with polyethylene
passive samplers from three lakes in Arctic Canada (North Lake at
Resolute Bay, West Lake and East Lake at Cape Bounty, all Nunavut,
Canada) in 2015 and 2016 [63]. The concentrations of the



Table 9
Concentrations (ng/g wet weight) of current-use halogenated
flame retardants in Arctic char muscle (one sample pooled from
12 individuals) from a lake on the Faroe Islands [84].

Arctic char muscle

BEH-TEBP 0.011
EH-TBB 0.0031
TBP-DBPE <0.0042
TBP-AE <0.0037
TBP-BAE <0.0013
BTBPE 0.012
DBDPE <0.16
HBBz 0.0064
PBT 0.0015
a-DBE-DBCH <0.0039
b-DBE-DBCH <0.0036
PBEB <0.00063
TBBPA <0.03
Syn-DDC-CO <0.004
Anti-DDC-CO <0.003
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chlorinated PFRs were highly variable, ranging from below detec-
tion limits to 47,093 pg/l for TCEP. TPHP was the only compound
detected in all samples although concentrations were much lower
(maximum 39.3 pg/l). TNBP had the highest concentration of the
non-halogenated PFRs (767 pg/l), but it was only detected in three
out of the five lakewater samples [63]. TEHP and TMPP (ortho)were
not detected in any sample. Detailed concentrations are given in
Table S6. The concentrations were similar to those at marine sta-
tions, as further discussed below, except for TDCIPP, which appeared
higher in the freshwater samples. TBBPA was determined in a lake
sediment sample from Lake Ellasjøen on Bjørnøya (Norway) in 2004,
but the concentration was below the detection limit [83].

5.2. Freshwater biota

TBBPA and 13 PFRs were also determined in Arctic char muscle
(Salvelinus alpinus) (n¼ 5) from Lake Ellasjøen on Bjørnøya [83].
TBBPA was below detection limits (0.25e0.45 ng/g ww) in all
samples. EHDPP was the predominant PFR whereas DBPHP, TBOEP,
TEHP and TMPP were below detection limits in all samples
(Table 8). PFRs were also determined in lake trout (Salvelinus
namaycush) collected in water bodies across Canada in 2009/2010
[24]. Of these, twowere Arctic lakes (Lake Kusawa, Yukon and Great
Bear Lake, Northwest Territories). Two other lakes (Lake Athabasca,
Alberta and Cold Lake, Alberta) were at 59 and 54�N, respectively,
and are included here as well (Table 8). Of the suite of PFRs analysed
in these samples, the following PFRs were not detected: TNBP, TPP,
EHDPP, TEHP, TMPP, TDBPP, tris(tribromoneopentyl)phosphate
(TTBNPP) and tris(2-bromo-4-methylphenyl)phosphate (T2B4MP)
and its isomers. TCIPP, TDCIPP and TPHP were only quantifiable in
one sample from Great Bear Lake.

The studies are not directly comparable as they include different
species. However, it is striking that EHDPP is a main PFR in the
Norwegian study and below detection limits in the Canadian study
(Table 8). EHDPP was also one of the main PFRs in the particle-
based air analysis at Svalbard and in the land-based air measure-
ments in the Canadian Arctic (Table 2), while it was not detectable
in the GAPS samples (Table 5). On the other hand, TBOEPwas one of
the main PFRs in the Canadian study and below detection limits in
the Norwegian study (Table 8). TBOEP was one of the main PFRs at
some, but not all Arctic GAPS stations (Table 5), so no clear
geographical pattern emerges. Interestingly, TCEP was only detec-
ted in lake trout of these northern lakes in Canada and not in lake
trout from the more urbanised and industrialised Great Lakes [24].

A screening study in the Nordic countries included one pooled
sample (12 individuals) of Arctic char muscle from a lake on the
Faroe Islands that was analysed for a suite of current-use HFRs [84].
The majority of compounds were below detection limits, and all
measurable concentrations were in the pg/g ww range (Table 9).
Table 8
Concentration ranges (ng/g ww) for freshwater fish in Arctic/subarctic lakes [24,83].

Arctic char, Ellasjøen

Range % detection, n¼ 5

TBOEP <0.6 0
TCEP 0.5e5.0 100
TCIPP 1.4e2.9 100
TDCIPP <0.3e6.7 40
TNBP 1.1e3.6 100
TIBP 0.9e4.8 100
TPHP 0.3e3.2 100
EHDPP 1.3e16 100

TBOEP, TEHP, DBPHP and TMPP were not detected in any sample from Ellasjøen [83]; TEH
not detected in any sample from the Canadian northern lakes [24]; n.a.: not analysed; a) L
Cold Lake, Alberta.
The highest concentrations were found for BTBPE and BEH-TEBP.
In summary, PFRs have been detected in lake water, at highly

variable concentrations. TCEP had the highest concentrations,
while TPHP was found most frequently. Based on analyses of Arctic
char and lake trout, only a subset of the current-use FRs have been
detectable in freshwater biota of the Arctic. While PFRs are still
detected at higher concentrations than current-use HFRs, the dif-
ference is much smaller than for air concentrations. Triester PFRs
can be metabolized to diesters, as was discussed for the PFR results
from the Canadian lakes [24]. In addition, microbial degradation in
water and sediment can reduce the exposure to freshwater fish
[24]. TBBPA was below detection limits in both freshwater sedi-
ment and biota.
6. Current-use flame retardants in marine ecosystems of the
Arctic

6.1. Seawater and sediment

Seawater samples matching the air samples in Table 6 were
collected on cruises in the European Arctic and the Bering/Chukchi
Sea [62,69e71]. The seawater (1000 liter for HFRs in the European
Arctic, 176e1120 liter in the Bering/Chukchi Sea) was pumped
through a glass-fibre filter and a sorbent material for collection of
particle-bound and dissolved compounds, respectively. The particle
and dissolved fractions were analysed separately [69e71]. For PFRs
in the European Arctic, 1 liter was collected in glass bottles and
extracted without separation of dissolved and particle-bound
compounds [62]. To our knowledge, PFRs have not been
Lake trout, Canadian northern lakesa)

Range % detection, n¼ 12

<0.07e3.5 67
<0.03e3.4 75
Concentration not given 8
Concentration not given 8
<0.04 0
n.a. e

Concentration not given 8
<0.02 0

P, TPP, TNBP, EHDPP, TMPP, TDBPP, TTBNPP and T2B4MP and related isomers were
ake Kusawa, Yukon; Great Bear Lake, Northwest Territories; Lake Athabasca, Alberta;



Table 10
Concentrations (pg/l) of current-use flame retardants in gas and particle phases of seawater on cruises in the European Arctic [62,69,70] and in the Bering/Chukchi Sea from
East Asia to the Arctic at stations north of 60�N [71]. The samples match the air samples presented in Table 6.

European Arctic Bering/Chukchi Sea

Dissolved phase Particle phase Dissolved phase Particle phase

Halogenated flame retardants
BEH-TEBP <0.013e1.3 <0.013e0.12 <0.089 <0.089
BTBPE <0.021 <0.0007e0.002 <0.017 <0.017
TBP-DBPE <0.028e0.3 <0.076 <0.03e0.078 <0.12
HBBz <0.0002e0.003 <0.001e0.002 0.001e0.020 <0.001e0.012
PBBz n.a. n.a. <0.001 <0.001
PBT <0.0007 <0.0007 <0.001e0.030 <0.026e0.002
PBEB n.a. n.a. <0.0004 <0.0004
OBTMPI <0.011 <0.011 n.a. n.a.
Syn-DDC-CO <0.01e0.04 <0.002e0.86 0.003e0.011 0.002e0.011
Anti-DDC-CO <0.003e0.03 <0.002e0.38 <0.002e0.009 <0.003e0.007
DDC-DBF n.a. n.a. <0.007e0.021 <0.006
DDC-Ant n.a. n.a. <0.005e0.192 <0.036
HCTBPH n.a. n.a. <0.005e0.046 <0.005e0.016
Organophosphorous flame retardants
TCEP <210-2401 n.a. n.a.
TCIPP 279e5773 n.a. n.a.
TDCIPP <8-43 n.a. n.a.
TEHP <23-69 n.a. n.a.
TNBP <30-412 n.a. n.a.
TIBP 39e638 n.a. n.a.
TPHP <88 n.a. n.a.
TPEP <7-35 n.a. n.a.

n.a.: not analysed; Unlike the air samples in Table 6, EH-TBB was not determined in the seawater samples.

Fig. 5. Mean water concentration (pg/l) derived from active sampling in Barrow Strait
(Canada) [63] in comparison with results from the European Arctic [62].
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determined in seawater on the Bering/Chukchi Sea expedition,
however, results have been reported for sediment concentrations
on this route (Fig. 7) [85].

BEH-TEBP, TBP-DBPE and DDC-CO were important HFRs in
seawater in the European Arctic, while HBBz and PBT had higher
concentrations in the Bering/Chukchi Sea (Table 10). DDC-CO iso-
mers had higher concentrations in particles than in the dissolved
phase, while TBP-DBPE and PBT had a tendency of higher dissolved
concentrations. Interestingly, the dechloranes DDC-DBF, DDC-Ant
and HCTBPH were mainly detected in the dissolved fraction. PBBz
and OBTMPI were not detected at all, and BTBPE was only found in
one particle-phase sample (Table 10). As shown for air measure-
ments, PFRs had much higher concentrations than HFRs in
seawater (Table 10). TCEP had higher concentrations in air than
TCIPP, while the opposite was the case for seawater [62]. PFR
concentrations were higher near the coast than in the open ocean.

In the Fram Strait, i.e. the waters between Greenland and Sval-
bard, which had also been studied on the cruise [62], two sets of
polyethylene passive samplers were deployed at four and five
depths for one year (2014/2015) for sampling and analysis of PFRs
in deep water [63]. In addition, surface water was sampled with the
same type of passive sampler at three coastal marine sites (Sachs
Harbour, Barrow Strait, Allen Bay) in the Canadian Arctic in 2015/
2016. Surface water samples (1 liter) were also taken in Barrow
Strait with active sampling and found to have higher mean PFR
concentrations than reported previously [62]. The mean values of
these two studies are shown in Fig. 5. In addition, the Canadian
study included EHDPP and TDBPP, with mean values of 290 and
1.7 pg/l, respectively.

The passive sampling at Barrow Strait only yielded dissolved
concentrations above detection limits for TDCIPP (183e606 pg/l),
TNBP (19.4e138 pg/l), TPHP (3.81e5.61 pg/l) and TMPP
(1.14e1.15 pg/l), i.e. TCEP and TCIPP were not detectable [63]. The
concentrations at Sachs Harbour were considerably higher
(Table S6). Of the two measurements at Allen Bay, one was more
similar to Barrow Strait, while the other one was more similar to
Sachs Harbour (Table S6). The passive sampling in Fram Strait
showed concentrations that were similar at the two sites. TCIPP
was the most abundant compound, detected in all but one depth
with a maximum concentration of 825 pg/l. TCEP was detectable at
only two depths, but reached a maximum concentration of
2367 pg/l. The other compounds except TNBP and TMPP were
detectable in the majority of samples. The authors evaluated that
>90% of the most frequently detected PFRs occurred in the dis-
solved phase [63].

Additional data for DDC-CO isomers, DDC-DBF, DDC-Ant and
HCTBPH in seawater and sediments are available from Svalbard
(Fig. 4, Table S5) [80]. DDC-CO was detected in all samples. The
concentrations in seawater were 22e116 pg/l (syn-DDC-CO) and
13e88 pg/l (anti-DDC-CO), i.e. higher than the concentrations
previously reported from the European Arctic (Table 10). The
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highest concentrations were found near the inlet of King's Bay,
suggesting that glacier melt water and freshwater run-off are po-
tential sources of dechloranes. This was consistent with the highest
concentrations found for HFRs and PFRs near the coast in the
cruises discussed above [62,69e71]. HCTBPH was also detected in
all seawater samples, at concentrations similar to those of DDC-CO
isomers. DDC-Ant was detected in only 38% of the seawater sam-
ples, and DDC-DBF was not detected in any sample. The concen-
trations in sediment were 85e648 and 23e228 pg/g dry weight
(dw) for syn- and anti-DDC-CO, respectively (Table S5). The con-
centrations in sediment did not follow the same spatial distribution
as the concentrations in seawater.

Other studies from Svalbard and the Barents Sea included ana-
lyses of TBBPA in six and eleven sediment samples, respectively, but
all samples had TBBPA concentrations below detection limits
[83,86]. As discussed for air, the absence of TBBPA in the Arctic
environment could be related to its main use as a reactive FR,
possibly in combinationwith its transformation through photolytic
or biological processes [73]. The eleven sediments samples
collected in 2006/2007 were also used for PFR analysis, but all PFRs
(TCEP, TCIPP, TDCIPP, TNBP, TIBP, TBOEP, TPHP, EHDPP, BCMP-BCEP)
were below detection limits. The detection limits ranged from
4000 pg/g dw (TCIPP) to 20,000 pg/g dw (BCMP-BCEP) [86].

A total of 24 surface sediment samples were collected in the
Bering Sea, Chukchi Sea and the Canada Basin in 2008 for analysis
of PBDEs and DBDPE [87]. The concentrations of DBDPE exceeded
those of BDE-209 at all three locations, although BDE-209 was the
main PBDE congener (Fig. 6). Based on arithmetic mean values, the
ratio between DBDPE and BDE-209 decreased in the order Canada
Basin> Bering Sea> Chukchi Sea. For the Bering and Chukchi Seas,
means were much higher than median values for BDE-209, but not
for DBDPE. The results showed that these two compounds with
presumably exchangeable commercial applications co-occur, but
do not follow the same spatial distribution in this study. The con-
centrations of DBDPE were similar to those of DDC-CO in sediments
from Svalbard (Fig. 4).

PFRs were determined in sediments on a cruise in the Bering/
Chukchi Sea and the Arctic Ocean in 2010, i.e. the same cruise that
provided the PFR air data in Table 6 [60,85]. Mean concentrations in
Fig. 6. Sediment concentrations (pg/g dry weight) of BDE-209 and DBDPE at three
locations in the Arctic [87]. Bering Sea: n¼ 7; Chukchi Sea: n¼ 8; Canada Basin: n¼ 9.
Solid bars are mean values, hatched bars are median values.
sediment are shown in Fig. 7, and ranges are given in Table S7. TCEP
was the compound with the highest concentrations for all regions,
except for the Bering Strait where TIBP dominated. For TCEP, TCIPP
and TPEP, the concentrations increase in the order Bering
Strait< Chukchi Sea< Canada Basin< Arctic Ocean, while this trend
is not apparent or less apparent for the other PFRs. This spatial
distribution is different from that of DBDPE (Fig. 6). The concen-
trations of the PFRs except TCEP were similar to or even lower than
those of BDE-209 and DBDPE in the same area (Fig. 6).

In a recent study targeting local sources of pollution on Svalbard,
large differences were found in PFR concentrations in sediments
[88]. No PFRs were detected in sediments from a reference site
(Kongsfjorden). The potential local sources included sewage out-
lets, the airport, landfills and urban settlements in the Adven-
tfjorden and Grønfjorden (Table 11) where the settlements
Longyearbyen and Barentsburg, respectively, are located. The
sediment samples were collected in 2015 and 2016, and additional
biota samples are discussed below. The highest SPFR concentration
among the Adventfjord samples was found near a sewage outlet.
BDPHP and TNBP were only detected in those Adventfjord samples
that had been collected near the airport, and DBPHP had the
highest concentrations in these samples. The highest concentra-
tions in the Grønfjorden were found near a sewage outlet and
landfill. In general, the samples from this fjord had higher PFR
concentrations, however, BDPHP and DBPHP were more specific of
the Adventsfjorden. The authors noted that the absence of PFRs at
the reference site could be influenced by bias in the organic carbon
content of the samples [88].

6.2. Marine biota

Several screening studies exist from the Arctic that have
addressed current-use FRs in a selection of Arctic animals. Some of
these only presented data on a wet weight basis. For the hydro-
phobic HFRs, this makes comparisons difficult between tissues
with different lipid contents, for example muscle and plasma with
low lipid contents and fat or blubber, which are almost pure lipids.

Mussels, fish and seabirds were included in a screening study of
the Nordic countries, i.e. mussels (Mytilus edulis) and cod liver
(Gadus morhua) from Iceland as well as cod liver and black guil-
lemot eggs (Cepphus grylle) from the Faroe Islands [84]. All samples
were pools consisting of 9e10 (black guillemot eggs) and 20e25
(cod liver) specimens. Results for Arctic char collected in this study
were discussed in section 5 (Table 9). The results for the marine
species are given in Table 12.

All HFR concentrations were very low. TBP-AE, PBEB and TBBPA
were not detected in any samples (Table 12). For BEH-TEBP, EH-TBB
and the two isomers of DBE-DBCH the data suggest some regional
differences, as BEH-TEBP and EH-TBB appear higher in cod liver
from the Faroe Islands than from Iceland, while the opposite is the
case for the DBE-DBCH isomers. BTBPE, HBBz and PBT were found
in all samples. The omnipresence of HBBz and PBT agrees with the
air measurements. The two results for black guillemot eggs from
the Faroe Islands were similar, possibly with some difference for
the DDC-CO isomers. The wet weight concentration data indicate
mussels< cod liver for Iceland and black guillemot eggs< cod liver
for the Faroe Islands, but these comparisons are uncertain because
of the many values below or close to detection limits. The authors
remarked that the highest HFR concentrations were found in lipid-
rich tissues and samples [84].

Besides Arctic fox, as discussed in section 4, a study from Sval-
bard included capelin (Mallotus villosus) (whole fish), liver of
common eider (Somateria mollissima), Brünnich's guillemot eggs
(Uria lomvia) and liver of black-legged kittiwake (Rissa tridactyla),
as well as liver of ringed seals (Pusa hispida) and polar bear (Ursus



Fig. 7. Sediment mean concentrations (pg/g dry weight) of organophosphorous flame retardants at four locations in the Arctic. Bering Strait (only stations north of 60�N): n¼ 4;
Chukchi Sea: n¼ 12; Canada Basin: n¼ 3; Arctic Ocean: n¼ 7 [85]. Figure B zooms in on Figure A and shows the same results without TCEP. TCIPP is the sum of three isomers.

Table 11
Concentrations (pg/g dry weight) of organophosphorous flame retardants (PFRs) in
two fjords on Svalbard where pollution point sources were suspected [88]. No PFRs
were detected at the reference site, Kongsfjorden.

Adventfjorden Grønfjorden

BDPHP <10-70 <10
DBPHP <10-200 <10
TCEP <300-370 680e9380
TCIPP <500-9200 <500e43,110
TNBP <120-140 <120-760
TPHP <400-1320 1470-18,950
TEP <200-280 <200e13,880
TEHP <110-220 <110-190
TMPP <10-70 510e3270
EHDPP <50-750 <50-580

The results have been converted from ng/g dw. TBOEP, TDCIPP, TIBP, TPP were not
detected in any sample.

Table 12
Concentrations (ng/g wet weight) of current-use halogenated flame retardants in
pooled samples of mussels, cod liver and black guillemot eggs from Iceland and the
Faroe Islands [84].

Mussels Cod livera) Black guillemot eggsb)

BEH-TEBP 0.009 <0.18; 0.2 <0.026; 0.021
EH-TBB 0.0041 <0.022; 0.12 0.024; <0.016
TBP-DBPE 0.049 <0.027; <0.13 <0.009; <0.016
TBP-BAE 0.00072 <0.014; <0.0091 <0.0025; <0.0036
BTBPE 0.0085 0.045; 0.2 0.019; 0.024
DBDPE 0.036 <1; <0.7 0.085; <0.082
HBBz 0.0082 0.042; 0.072 0.03; 0.023
PBT 0.002 0.0097; 0.021 0.0063; 0.0054
a-DBE-DBCH <0.0021 0.14; <0.042 0.02; 0.018
b-DBE-DBCH <0.0019 0.22; 0.037 0.066; 0.059
Syn-DDC-CO <0.004 <0.03; <0.03 0.0093; <0.008
Anti-DDC-CO <0.003 <0.02; <0.02 0.024; 0.012

TBBPA, TBP-AE, PBEB were not detected in any sample. a) Results for two locations
on Iceland and the Faroe Islands, respectively; b) results for two locations on the
Faroe Islands.
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maritimus) plasma [78]. Ten individuals were analysed for each
species, sampled between 2007 and 2009. The compounds sought
in these samples were the same as for Arctic fox, i.e. BEH-TEBP, EH-
TBB, BTBPE, DBDPE, TBPA, TBP-DBPE, TBP-AE, TBBPA-DBPE, HBBz,
PBEB and PBT. Most of these were not detected in any sample.
BTBPE and DBDPE were found in 40 and 10%, respectively, of
Brünnich's guillemot eggs, at mean concentrations of 0.66 and
0.58 ng/g ww. For DBDPE, this was only one out of ten samples.
BEH-TEBP and EH-TBB on the other hand were widely detected
(Fig. 8). The EH-TBB/BEH-TEBP ratio was between 0.52 and 0.92, i.e.
lower than in several of the commercial FR products (i.e. 2.2e2.3 for
FM 550, FM 600 and FM BZ 54) and also lower than observed in air
[57], see section 3.1. It was similar to the ratio in cod liver from the
Faroe Islands (Table 12).

A second study from Svalbard included some of the same spe-
cies, but different tissues: Pools of whole fish of polar cod (Bor-
eogadus saida), Atlantic cod liver, eggs of common eider and
kittiwake, plasma of glaucous gulls (Larus hyperboreus), ringed seals
and polar bear were collected in 2010e2012 [89]. BEH-TEBP and
DBDPE were the only current-use FRs addressed in this study. The
results are included in Fig. 8, because of the similarity in study
design. BEH-TEBP was not detected in polar cod and generally had
much lower levels than in the previous study [78], with the
exception of polar bear plasma. DBDPE had higher concentrations
than BEH-TEBP in all samples except common eider and kittiwake
(Fig. 8). Eggs were analysed for these two species, while the other
samples were liver tissue or plasma. The concentrations of DBDPE
were higher than those of BDE-47 in all samples [89].

PFRs were determined in polar cod (whole fish with and
without the liver), Atlantic cod (liver and whole fish minus liver)
and liver of kittiwake and common eider collected on Svalbard in
2008 [83]. The study also included Arctic char for which results
were shown in Table 8. TPHP was detected in all fish samples, but
the concentrations were relatively low (Table 13). TEHP was only
detected in one fish sample. EHDPP was the predominant com-
pound in both fish species (up to 52 ng/g ww) and seabird species
(up to 28 ng/g ww). TCEP, TCIPP and TDCIPP were detected in the
fish samples, while only TCEP and TCIPP were detected in the
seabird samples. On a wet weight basis, Atlantic cod liver had the
highest PFR concentrations in this study. Interestingly, the PFR
profile seems to differ between liver samples and whole fish ho-
mogenates (with livers excluded) of Atlantic cod.

In a recent study on local pollution sources on Svalbard,
involving sediment and biota samples, PFRs were determined in
great spider crab (Hyas araneus), Atlantid cod and shorthorn
sculpin (Myoxocephalus scorpius) [88]. The samples were collected
in Adventfjorden and Grønfjorden on Svalbard, close to suspected
point sources such as sewage outlets or landfills. While many of the
17 PFRs included in the analysis were detectable in sediment, in
relatively high concentrations (Table 11), only four PFRs could be
detected in the biota samples, i.e. EHDPP, TCEP, TCIPP and TPHP. No
PFRs were detected in shorthorn sculpin from Adventfjorden, while
Atlantic cod samples from 1 to 2 stations contained TCIPP (0.31 ng/g
ww) and TPHP (0.20 and 0.22 ng/g ww). Of the cod samples from
Grønfjorden, TCEP (0.14 ng/g ww) and TPHP (0.13 ng/g ww) were
found at one station each. The remaining results were equally low,



Fig. 8. Mean concentrations (ng/g wet weight or ng/ml) of current-use halogenated flame retardants in fish, seabirds and marine mammals from Svalbard [78,89]. A: N¼ 10 for each
species. B: Polar cod: n¼ 1, pooled sample; Atlantic cod: n¼ 10; common eider: n¼ 12; kittiwake: n¼ 12; glaucous gull: n¼ 12; ringed seal: n¼ 10; polar bear: n¼ 20. Note that the
concentrations of BEH-TEBP and DBDPE refer to different axis scales.

Table 13
Concentration ranges (ng/g wet weight) of organophosphorous flame retardants in polar cod, Atlantic cod, common eider and kittiwake collected on Svalbard in 2008 [83]. No
differentiation was made between polar cod samples with and without the liver.

Polar cod Atlantic cod Common eider Kittiwake

Whole fish, n¼ 12 Liver, n¼ 3 Whole fish, n¼ 5 Liver, n¼ 5 Liver, n¼ 8

TCEP 1.8e6.7 13e26 <1.5e1.7 <1.5e3.5 <0.6e4.7
TCIPP <0.5e5.7 5.5e8.9 <0.1e2.3 <0.5e2.1 <0.5e2.6
TDCIPP <0.6e8.1 <6 <0.6 <1.5 <1.5
TEHP <0.2 <1e4.6 <0.1 <0.2 <0.2
TNBP 1.5e7.5 <2-11 0.6e2.6 <1e2.3 <1e6.8
TIBP 1.0e4.9 <2 <0.3e2.0 <0.5e2.4 <0.5e2.6
TPHP 0.6e2.1 5.7e13 0.4e1.0 0.6e2.8 0.9e3.3
EHDPP 3.3e12 35e52 <2e2.2 6.2e12 6.0e28
DBPHP <0.2 <1 <0.2 <0.2 <0.2e0.33

TBOEP, DPHBP and TMPP were not detected in any sample.
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with a maximum of 0.44 ng/g ww for TCIPP and TPHP in shorthorn
sculpin from Grønfjorden. TCEP and TCIPP were the only com-
pounds detected in spider crab, but only at one out of four stations.
Thus, the levels found in sediments were not confirmed in biota,
possibly indicating a low bioaccumulation potential [88].

Largely the same samples as those in Fig. 8A were also analysed
for PFRs (Table 14) [79]. The study did not include common eider,
but added eggs of glaucous gull and Brünnich's guillemot from
Bjørnøya, plasma of harbour seals (Phoca vitulina) from Svalbard
and polar bear plasma samples from 2010, in addition to samples
from 2008. The highest detection frequency was found for TCEP
(detected in 17% of the samples and five species), followed by
EHDPP (detected in 15% of the samples and three species) and TEHP
(13% of samples from six species). The detection frequencies were
generally low, with the exception of capelin where all PFRs except
TIBP could be detected (Table 14). No other species had a detection
frequency >50% for any of the PFRs included in the study. The au-
thors concluded that PFRs did not show biomagnification in this
food web [79].

Greenland sharks (Somniosus microcephalus) are long-lived,
high trophic level animals known to accumulate persistent con-
taminants. Of eleven HFRs determined in liver samples of 15
specimens accidently caught in waters around Iceland in
2001e2003, only BTBPE, PBEB and TBX were detected, with ranges
of <0.16e8.1, <0.11e13 and< 0.10e2.8 ng/g lw, respectively [90].
The detection frequencies were 66, 93 and 33%, respectively. For
comparison, BDE-47 concentrations in the same samples ranged
from 5.8 to 95 ng/g lw [91]. The following compounds were below
detection limits in all liver samples: EH-TBB, BEH-TEBP, TBP-DBPE,
TBP-AE, TBP-BAE, HBBz, PBBz, PBT, TBCT, PBB-Acr, OBTMPI and
DDC-CO. This study indicates low levels of current-use HFRs even in
high trophic level samples.

Glaucous gulls from Bjørnøya in the Norwegian Arctic were
analysed in one of the first studies on current-use HFRs in the Arctic
[92]. The study addressed BTBPE, HBBz, PBEB and PBT in egg yolk
(n¼ 31) and plasma (n¼ 49). The concentrations in plasma were
generally low. In females, only HBBz and PBT were detectable, in
four and three, respectively, out of ten birds and with a maximum
concentration of 0.10 and 0.06 ng/g ww, respectively. In males,
BTBPE was detectable as well, but only in one bird (0.26 ng/g ww).
HBBz and PBT were detectable in about half of the plasma samples,
each at a maximum concentration of 0.15 ng/g ww. The detection
frequencies and concentrations were clearly higher in egg yolk.
HBBz and PBEB were detectable in all eggs, while PBT and BTBPE
were detectable in 29 and 42%, respectively. However, the con-
centration of PBEB remained low (mean of 0.07 ng/g ww). HBBz
had a mean concentration of 1.09 ng/g ww in eggs.

A more recent study addressed current-use HFRs and PFRs in
livers of glaucous gulls nesting off Cape Dorset (Nunavut, Canada)
[93]. The HFRs included BEH-TEBP, EH-TBB, BTBPE, DBDPE, HBBz,
PBEB and the DDC-CO isomers, however, BTBPE and DBDPE were
below method detection limits in all samples. The detection fre-
quency of the other HFRs ranged between 21% (BEH-TEBP, DDC-CO
isomers) and 36% (EH-TBB) in female birds and was between 12%
(BEH-TEBP) and 65% (syn-DDC-CO) in male birds. Mean values were
calculated for HBBz (0.07 ng/g ww), syn-DDC-CO (0.18 ng/g ww)
and anti-DDC-CO (0.16 ng/g ww) in male gulls. BEH-TEBP had the
highest maximum concentration among the HFRs, at 2.05 and
2.58 ng/g ww in a female and a male specimen, respectively.

Among the PFRs of this study, TBOEP was not detected in



Table 14
Ranges (ng/g lipid weight) of organophosphorous flame retardants in Arctic biota from Svalbard [79]. Data for Brünnich's guillemot and polar bear were summarized for two
locations and two years, respectively.

Capelin Kittiwake Brünnich's guillemot Glaucous gull Ringed seal Harbour seal Polar bear

Tissue Whole fish Liver Eggs Eggs Blubber Plasma Plasma
N 10 12 10a) 12 10 10 20b)

TBOEP <LOD-537 <LOD <LOD <LOD <LOD <LOD <LOD
EHDPP 11.1e485 <LOD-136 <LOD <LOD <LOD-9.60 <LOD <LOD
TCEP <LOD-9.41 <LOD-13.0 <LOD <LOD-10.8 <LOD <LOD-3.51 <LOD-52.5
TCIPP 36.6e92.9 <LOD <LOD <LOD <LOD <LOD-372 <LOD
TDCIPP <LOD-9.56 <LOD <LOD <LOD-29.5 <LOD <LOD <LOD-6.89
TEHP <LOD-26.4 <LOD-8.86 <LOD-7.11 <LOD-6.79 <LOD-3.16 <LOD <LOD
TIBP <LOD <LOD <LOD <LOD <LOD <LOD-7.44 <LOD-10.0
TPHP 15.8e78.6 <LOD <LOD <LOD <LOD <LOD-15.4 <LOD-5.36
TMPP <LOD-23.7 <LOD <LOD <LOD <LOD <LOD-14.9 <LOD
DPHBP <LOD-9.85 <LOD <LOD <LOD <LOD <LOD <LOD

TNBP, DBPHP and BCMP-BCEP were not detected in any sample; LOD: limit of detection. a)Two locations. b)Two years.
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females and TDBPP was not detected in males [93]. The remaining
compounds that were detected (TCEP, TCIPP, TDCIPP, TNBP, TMPP,
TPHP, EHDPP) had varying detection frequencies, with fewest de-
tections of TEHP (7 and 6% in females and males, respectively). The
highest mean concentrationwas 15.5 and 7.42 ng/g ww for TCIPP in
females and males, respectively, followed by TPHP (1.71 and
1.00 ng/g ww in females and males, respectively). For all com-
pounds, females had higher mean concentrations than males
although this pattern was not observed for PBDEs or organochlo-
rine compounds [93]. The study also included the compounds TEP,
TPP, TTBP, BCMP-BCEP, T2B4MP and its isomers, but these were
below method quantification limits in all samples.

Seabird eggs from two remote islands (Sklinna and Røst) in
Norway were screened for a suite of current-use HFRs and PFRs
(Table 15) [94]. The study included pooled eggs of common eider,
European shag (Phalacrocorax aristotelis) and herring gulls (Larus
argentatus). Two and four samples were analysed from Sklinna and
Røst, respectively. Of the HFRs, DBDPE and DBE-DBCH were
detected in all samples, anti-DDC-CO, HBBz and PBT were detected
sporadically and at very low levels, and the majority of HFRs were
not detected at all (Table 15). The concentrations of HBBz were
lower than the results reported from Bjørnøya [92], however, these
latter results were based on egg yolk. EHDPP, TCEP and TCIPP had
the highest concentrations among the PFRs. The concentrations
were relatively uniform between the three species, however, her-
ring gulls had a tendency of higher DBE-DBCH concentrations
compared with the other species. The PFR pattern in the common
eider was similar to that found in a study from Svalbard (Table 13),
but the PFR level appears slightly higher in the samples from Røst.

Some current-use HFRs were determined in seabirds (black
guillemot eggs and glaucous gull liver) and marine mammals
(blubber of ringed seals and polar bears) from Greenland collected
in 2012 and are presented on a lipid weight basis in Fig. 9 [95]. BEH-
TEBP and DBDPE had low detection frequencies, but also higher
detection limits than the remaining compounds, and were there-
fore not included in Fig. 9. BEH-TEBP was detectable in all black
guillemot eggs, at a mean concentration of 0.061 ng/g ww, i.e.
slightly higher, but in the same order of magnitude as the results
from the Faroe Islands (Table 12). The same was the case for EH-
TBB. Based on the limited data, the EH-TBB/BEH-TEBP ratio was
between 0.6 and 1.2, which is similar to the results from Svalbard
[78]. EH-TBB was amongst the compounds detected most
frequently and generally had the highest concentrations, which
were similar to anti-DDC-CO for black guillemot eggs and glaucous
gull liver. With lowest concentrations in polar bears for some of the
compounds, there are no clear indications of biomagnification. The
results are in line with the findings for Greenland sharks where low
levels and relatively low detection frequencies were found in a high
trophic level species [90].
TBP-DBPE concentrations exceeded PBDE concentrations in

harp seal (Pagophilus groenlandicus) from the Barents Sea and
Greenland Sea, with concentrations of TBP-DBPE of 322e470 and
130e340 ng/g ww in four samples of blubber and brain, respec-
tively [56]. Compared to polychlorinated biphenyls (PCBs) and
PBDEs, TBP-DBPE was enriched in brain samples by a factor of five
in harp seals from the Greenland Sea and 30 for seals from the
Barents Sea. The concentrations of TBP-AE and TBP-BAEwere lower,
i.e. TBP-AE had concentrations between 5.4e9.1 and 3.1e10 ng/g
ww in blubber and brain, respectively, while the corresponding
concentrations of TBP-BAE were 4.9e6.5 and 1.9e8.0 ng/g ww,
respectively [56]. TBP-DBPE was also the predominant brominated
compound in blubber samples from hooded seals (Cystophora
cristata) in the Barents Sea [56,96].

Being a chiral molecule, TBP-DBPE was studied for its
enantiomer-specific accumulation in brain and blubber of harp and
hooded seals from the Barents Sea and harp seals from the
Greenland Sea [97]. TBP-DBPE was close to racemic in all samples,
except for a small enrichment (up to 2.5%) of (þ)-TBP-DBPE in
samples from the Barents Sea and a similarly small (up to 4%)
enrichment of (�)-TBP-DBPE in samples from the Greenland Sea. As
transformation products of TBP-DBPE had been detected in the
same samples [56], the authors concluded that this transformation
proceeded in a non-enantioselective process [97].

Ringed seals from multiple locations in the Canadian Arctic
collected between 2007 and 2013 contained low levels of current-
use HFRs [98]. The study included BEH-TEBP, EH-TBB, BTBPE,
DBDPE, TBP-DBPE, TBP-AE, TBP-BAE, PBBz, PBEB, PBT, PBB-Acr, TBX,
TBCT, OBTMPI and DDC-CO. Of these, TBP-AE, TBP-BAE, OBTMPI and
TBCT were not detected in any sample. HBBz and EH-TBB had the
highest detection frequency (31 and 23%, respectively) and a
maximum concentration of 2.18 and 1.12 ng/g lw. The results for
EH-TBB were thus similar to the results from Greenland (Fig. 9).
Compounds with a detection frequency between 10 and 20%
included BEH-TEPE, BTBPE, TBP-DBPE, PBBz, TBX and PBT. The
concentrations were generally <0.5 ng/g lw and thus considerably
lower than those of individual BDE congeners. However, the au-
thors noted that the current-use HFRs were mainly detected in
samples collected in recent years, which could be due to increased
commercial use [98].

The two main isomers of DBE-DBCH, a- and b-DBE-DBCH, were
determined in beluga blubber (Delphinapterus leucas) collected at
four locations in the Canadian Arctic between 2003 and 2006 [99].
Only b-DBE-DBCH was detectable in a total of 17 out of 29 samples
and ranged from 1.1 to 9.3 ng/g lw. The concentrations were
generally lower than those of PBDEs, but higher than HBCDD in the
same samples. The spatial distribution between the four locations is



Table 15
Concentration ranges (ng/g wet weight) of current-use flame retardants in eggs of common eider, European shag and herring gull collected on Sklinna (n¼ 2) and Røst (n¼ 4)
(Norway) [94].

Common eider European shag Herring gull

Sklinna Røst Sklinna Røst Sklinna Røst

Halogenated flame retardants
DBDPE 0.45; 0.79 0.41e0.94 0.40; 0.41 0.36e1.20 0.45; 0.53 0.33e1.45
a-DBE-DBCH <0.02 <0.21 0.17; 0.24 0.27e0.35 <0.71; 0.57 1.05e1.39
b-DBE-DBCH 0.04; 0.04 0.12e0.26 0.36; 0.46 0.51e0.55 0.96; 1.12 1.59e2.33
HBBz <0.01 <0.01 <0.01 <0.01e0.01 <0.01 <0.01
PBT <0.01 <0.01 <0.01 <0.01e0.01 <0.01 <0.01
Anti-DDC-CO <0.04; 0.044 <0.04 <0.04 <0.04 <0.04 <0.04e0.080
Organophosphorous flame retardants
TCEP n.a. 6e25 13; 15 16e38 29; 39 13e16
TCIPP n.a. 4e27 23; 20 21e25 27; 28 11e13
TDCIPP <0.2 <0.2e1.7 5.5; 2.7 2.9e5.6 6.6; 7.9 <0.2e1.9
TEHP 0.24; <0.2 <0.2e0.35 <0.2 <0.2 <0.2 <0.2
TNBP n.a. 1e9 3; 3 3e4 4; 4 1e2
TIBP n.a. 1e4 0.2; 0.2 0.2e0.4 0.3; 0.3 0.3e0.3
TPHP <2 <2e3.7 4.7; 3.9 3.7e4.7 6.4; 6.3 <2e2.8
EHDPP <1; 19 5e11 18; 15 16e19 25; 23 4.6e11
DBPHP 0.5; 1.5 0.1e0.3 0.6; 0.5 0.3e0.7 0.5; 0.5 0.2e0.5
DPHBP <0.2 <0.2e3.1 <0.2 <0.2 <0.2 <0.2

n.a.: not analysed; The following HFRs were not detected in any sample: EH-TBB, BEH-TBP, BTBPE, TBP-DPTE, TBP-AE, TBP-BAE, PBEB, syn-DDC-CO. The following PFRs were
not detected in any sample: TBOEP, BCMP-BCEP and TMPP.

Fig. 9. Mean concentrations and standard deviations (ng/g lipid weight) of current-use
halogenated flame retardants in seabirds and marine mammals from Greenland [95].
All samples were collected in Ittoqqortoormiit (East Greenland) in 2012, except for
ringed seal West, collected at Qeqertarsuaq (West Greenland) in 2012. Ringed seal East,
polar bear: n¼ 5; otherwise n¼ 4.

Fig. 10. Mean concentrations and standard deviations (ng/g lipid weight) of b-DBE-
DBCH in beluga whale blubber from four locations in the Canadian Arctic [99,100].
Hendrickson Island: n¼ 8; Igloolik: n¼ 5; Pangnirtung: n¼ 10; Resolute: n¼ 6. Values
below the detection limit were set to zero.
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shown in Fig. 10. EH-TBB and BEH-TEBP were also detected in
beluga from the Canadian Arctic, but no further details were given
[100]. DDC-CO, DDC-Ant and HCTBPH were undetectable in beluga
blubber from Hendrickson Island, whereas DDC-DBF was found at
concentrations from 0.08 to 0.3 ng/g lw [101]. Similar concentra-
tions of transformation products of DDC-DBFwere detected as well.
DDC-DBF e and a tentatively identified dechlorinated trans-
formation product e were also detected in polar bears from East
Greenland that had swum to Iceland in malnourished conditions
[102].

BTBPE, DBDPE, DBE-DBCH, PBT and HBBz were included in a
screening study of pilot whales (Globicephala melas) from the Faroe
Islands, minke whales (Balaenoptera acutorostrata) from Norway
and ringed seals from East Greenland [103]. The majority of results
were below detection limits, but HBBz was detectable in pilot
whale and minke whale blubber, with ranges of 3.7e14 and
1.6e8.8 ng/g lw, respectively. The detection limits in this study
were 0.5e3 ng/g lw. Focussing on TBBPA, no detectable levels were
found in fish, seabirds and marine mammals from Greenland,
neither in samples of fulmar (Fulmarus glacialis) and pilot whale
from the Faroe Islands [104].

In a multi-location study on polar bears, HBBz was detected in
100% of the samples of polar bear adipose tissue from the European
Arctic, while the detection frequency at other locations decreased
in the order Canadian Arctic>Hudson Bay>Alaska [105]. PBEB had
a higher detection frequency than HBBz in the Hudson Bay and the
Alaskan samples, but was not detected in polar bears from the
European Arctic. No absolute concentrations were given, except for
a maximum of 3 ng/g lw. BTBPE and DBPDE had again a different
pattern with the highest detection frequency (about 25 and 10%,
respectively) in the Canadian Arctic. These results were based on
samples collected between 2005 and 2008. A more recent study on
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polar bears from the Western and Southern Hudson Bay
(2013e2014) included a suite of HFRs (BEH-TEBP, EH-TBB, BTBPE,
DBDPE, TBP-DPTE, TBP-AE, DBE-DBCH, HBBz, PBT, PBEB, PBB-Acr,
TBCT, TBX, OBTMPI, DDC-CO, DDC-DBF, DDC-Ant, 5,6-dibromo-
1,10,11,12,13,13-hexachloro-11-tricyclo[8.2.1.02,9]tridecene
(DBHCTD), PBP-AE and 2,3-dibromopropyl pentabromophenyl
ether (PBP-DBPE)) of which only HBBz, PBEB and anti-DDC-CO
were detectable [25]. Of the 17 polar bear adipose samples from the
Western Hudson Bay, PBEB and anti-DDC-CO were only detected in
one sample, while HBBz was detected in five samples. From the
Southern Hudson Bay, 24 polar bear samples were analysed, and
HBBz was detected in one of them.

The same samples were also screened for a suite of PFRs [25].
The only PFR that was quantifiable in polar bear fat was TEHP, with
concentrations of 0.16e0.31 ng/g lw. The TEHP concentrations were
relatively uniform, as no differences were noted within or between
subpopulations. Detectable, but not quantifiable trace amounts of
TPHP, TCIPP, TBOEP and TNBP were also reported, but with <50%
frequency of detection. These low levels of PFRs in polar bears are
probably due to low level exposure via the diet and rapid meta-
bolism of accumulated PFRs. A recent study addressed the hepatic
in vitro metabolisms of PFRs (TBOEP, TDCIPP, TEP, TEHP, TNBP,
TPHP) in East Greenland polar bears and ringed seals [106]. In vitro
metabolism of organophosphate triesters was found in both spe-
cies, but proceeded generally more rapidly in polar bears than in
ringed seals. TEHP, the only PFR triester quantifiable in the Cana-
dian polar bears [25], showed marginal depletion in the experi-
ments, and TEP was not metabolized at all. Complete depletionwas
observed for TBOEP in both species and for TNBP and TPHP in polar
bears, but not in ringed seals. TDCIPP wasmetabolized partially, but
only by polar bears. Both species- and compound-specific differ-
ences existed in the extent of diester formation.

The PFR concentrations in polar bear fat (n¼ 6) and ringed seal
blubber (n¼ 7) of the same animals reflected these metabolic
processes, with generally higher detection frequencies in ringed
seals [106]. However, TBOEP was not detected in any sample except
for one polar bear. TNBP, on the other hand, was detected in all
samples, at mean concentrations of 0.98 and 1.5 ng/g ww for polar
bear and ringed seals, respectively. For TEP and TEHP, all concen-
trations were <1 ng/g ww, while individual high concentrations
were found for TDCIPP (54 ng/g ww) and TPHP (7.2 ng/g ww). The
results are consistent with the polar bear samples from the Hudson
Bay [25]. The occurrence of individual high concentration samples
was also found in the data from Svalbard [78].

The low levels and detection frequencies of current-use HFRs in
polar bears are in line with the findings from Greenland (Fig. 9).
However, results from Norway showed relatively high levels of
DBDPE in polar bear plasma (Fig. 8). Whether this is a question of
tissue chosen for analysis or whether there are other explanations
warrants further investigation. The study from Svalbard included
several species from the polar bear food chain and showed
increasing concentrations of DBDPE with increasing trophic level,
i.e. a trophic magnification factor >1, indicating biomagnification.

In summary, PFRs had higher concentrations than HFRs in
seawater, whichmatches the observations for air. DBDPEwas found
in Arctic sediment at concentrations comparable to or even
exceeding those of BDE-209. These concentrations were also higher
than those of PFRs, with the exception of TCEP, in sediments from
the same regions. HFRs were widely detected in Arctic biota, but
their concentrations were generally low, even in high trophic level
species, with the exception of TBP-DBPE in harp seal from the
Barents and Greenland Sea and DBDPE in biota from Svalbard, the
latter findings also indicating biomagnification of DBDPE. HBBzwas
detected relatively frequently, which agrees with its omnipresence
in Arctic air. Compared with their high concentration in the
atmosphere, levels of PFRs in marine biota were low, probably
caused by metabolic transformation of the triesters. TPHP was
detected frequently in biota, but not necessarily at the highest
concentrations. The PFR results are slightly inconclusive in terms of
sporadic and variable versus rather uniform presence in marine
biota from the Arctic.

7. Conclusions

Since the publication of previous reviews and assessments, the
database of FRs in the Arctic has grown considerably. A larger suite
of HFRs has now been analysed in screening studies, on cruises, and
as part of Arctic environmental monitoring programmes. Less in-
formation is available for PFRs, but is likely to grow, triggered by
recent findings of high concentrations in Arctic air providing evi-
dence of their long-range transport.

Based on their detection in Arctic air and seawater, all com-
pounds covered in this review seem to undergo long-range trans-
port. However, TBBPA was only found sporadically in air. Some
HFRs, i.e. BEH-TEBP, EH-TBB and HBBz, have been detected in air at
concentrations comparable to PBDEs. Given that commercial FR
products containing BEH-TEBP and EH-TBB are being used as re-
placements for PentaBDE, future studies examining whether their
emissions and environmental occurrence follow geographical
trends previously established for the PentaBDE congeners are
warranted. HBBz appears omnipresent in the Arctic and also war-
rants further study, especially considering its structural resem-
blance to the well-known POP hexachlorobenzene (HCB). While it
can be established that PFRs have high concentrations in Arctic air,
exceeding those of the HFRs by several orders of magnitude, their
atmospheric profile appears variable. EHDPP, TPHP, TCEP and TCIPP
seem to be amongst the predominant compounds, but relation-
ships to emission sources, transformation processes, or other ex-
planations of varying PFR compositions need further study. The
volatilization of PFRs from seawater to the atmosphere is an
important finding in the understanding of long-range transport
processes.

DBDPE had relatively high concentrations in marine sediments,
comparable to BDE-209. The relatively high levels of DBDPE in
marine biota reported in some studies (i.e. exceeding concentra-
tions of BDE-47) suggest biomagnification in the food chain.
However, some studies did not provide evidence of bio-
magnification, meaning the occurrence and accumulation DBDPE
cannot currently be characterised clearly. Being a potential
replacement of BDE-209, more research seems relevant.

Other HFRs were detectable in Arctic biota, but had relatively
low concentrations, i.e. close to analytical detection limits. The low
levels suggest limited bioaccumulation of HFRs, including the
commercially important TBBPA, but further research into specific
compounds is needed, e.g. DDC-CO and related chlorinated FRs. In
this context, lipid contents of tissues are import information to
better study spatial and temporal trends and to be able to perform
appropriate bioaccumulation and biomagnification studies.
Compared with the high concentrations in the atmosphere, levels
of PFRs in marine biota were low. Current studies do not suggest
they undergo biomagnification in the marine food web, likely as a
results of the rapidmetabolism by biota. Indications of local sources
exist for PFRs, mainly reflected by elevated levels in nearby sedi-
ments, but not in biota. The results presented here can serve as
baselines for monitoring the development of temporal and spatial
trends of FRs in the Arctic.
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