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Executive summary

1. The commercially available brominated flame retardant hexabromocyclododecane (HBCD) is lipophilic, has a
high affinity to particulate matter and low water solubility. Depending on the manufacturer and the production method
used, technical HBCD consists of 70-95% y-HBCD and 3-30 % of a- and f-HBCD. HBCD has attracted attention as a
contaminant of concern in several regions, by international environmental forums and academia. In the EU, HBCD has
been identified as a Substance of Very High Concern (SVHC) meeting the criteria of a PBT (persistent,
bioaccumulative and toxic) substance pursuant to Article 57(d) in the REACH regulation. In December 2009, HBCD
was considered by the Executive Body (EB) of the UNECE Convention on Long-Range Transboundary Air Pollution
(LRTAP) to meet the criteria for POPs, set out in EB decision 1998/2.

2. HBCD is used as a flame retardant additive in polystyrene and textile products. Its main use is in the production
of expanded and extruded polystyrene (EPS and XPS). It is also used in the production of high impact polystyrene
(HIPS) and as a textile coating. HBCD is reported to be produced in the United States of America, Europe, and Asia
and the main share of the market volume is used in Europe. There is information available about several HBCD
suppliers in China, but information about amounts imported or produced in China is not available. The demand for
HBCD is increasing as are the levels in the environment.

3. There are releases to the environment at all the different stages of the HBCD life cycle. The total releases are
increasing in all regions investigated. The largest releases are estimated to be to water from production of insulation
boards, to water and air from textile coating and there are also diffuse releases during the life cycle of insulation boards
and textiles. HBCD is found to be widespread in the global environment, with elevated levels in top predators in the
Arctic. In biota, HBCD has been found to bioconcentrate, bioaccumulate and to biomagnify at higher trophic levels.
Several trend studies show an increase of HBCD in the environment and in human tissues from 1970/1980s until recent
years. Its increased presence in the environment is likely attributed to the increased global demand. The general trend is
to higher environmental HBCD levels near point sources and urban areas. High concentrations have been identified in
Europe and in coastal waters of Japan and south China, near production sites of HBCD, manufacturing sites of
products containing HBCD and waste disposal sites including those whose processes include either recycling,
landfilling or incineration. The simulation test half-lives, together with field data on HBCD in sediments showing
persistency over time, persistency in biota and levels and trends in the Arctic, document that HBCD is sufficiently
persistent to be of global concern. a-HBCD seems to be subject to slower environmental degradation than p- and y-
HBCD.

4. HBCD has a strong potential to bioaccumulate and biomagnify. Available studies demonstrate that HBCD is
well absorbed from the rodent gastro-intestinal tract. Of the three diastereoisomers constituting HBCD, the a-form is
much more bioaccumulative than the other forms. HBCD is persistent in air and is subject to long-range transport.
HBCD is found to be widespread also in remote regions such as in the Arctic, where concentrations in the atmosphere
are elevated.

5. HBCD is very toxic to aquatic organisms. In mammals, studies have shown reproductive, developmental and
behavioral effects with some of the effects being trans-generational and detectable even in unexposed off-spring.
Besides these effects, data from laboratory studies with Japanese quail and American kestrels indicate that HBCD at
environmentally relevant doses could cause eggshell thinning, reduced egg production, reduced egg quality and reduced
fitness of hatchlings. Recent advances in the knowledge of HBCD induced toxicity includes a better understanding of
the potential of HBCD to interfere with the hypothalamic-pituitary-thyroid (HPT) axis, its potential ability to disrupt
normal development, to affect the central nervous system, and to induce reproductive and developmental effects.

6. In humans HBCD is found in blood, plasma and adipose tissue. The main sources of exposure presently known
are contaminated food and dust. For breast feeding children, mothers’ milk is the main exposure route but HBCD
exposure also occurs at early developmental stages as it is transferred across the placenta to the foetus. Human breast
milk data from the 1970s to 2000 show that HBCD levels have increased since HBCD was commercially introduced as
a brominated flame retardant in the 1980s. Though information on the human toxicity of HBCD is to a great extent
lacking, and tissue concentrations found in humans are seemingly low, embryos and infants are vulnerable groups that
could be at risk, particularly to the observed neuroendocrine and developmental toxicity of HBCD.

7. Based on the available evidence, it is concluded that HBCD is likely, as a result of its long-range environmental
transport, to lead to significant adverse human health and environmental effects, such that global action is warranted.
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1 Introduction

8. On June 18" 2008, Norway, as a Party to the Stockholm Convention, submitted a proposal to list the brominated
flame retardant hexabromocyclododecane (HBCD; some authors prefer HBCDD) as a possible Persistent Organic
Pollutant (POP) under Annex A of the Convention. A summary of the proposal may be found in document
UNEP/POPS/POPRC.5/4 and a copy of the proposal itself in document UNEP/POPS/POPRC.5/INF/16.

1.1  Chemical identity of the proposed substance

9. Commercially available HBCD is a white solid substance. Producers and importers have provided information
on this substance under two different names; hexabromocyclododecane (EC Number 247-148-4, CAS number 25637-
99-4) and 1,2,5,6,9,10-hexabromocyclododecane (EC Number 221-695-9, CAS number 3194-55-6). The structural
formula of HBCD is a cyclic ring structure with Br-atoms attached (see Table 1). The molecular formula of the
compound is C,H;sBrg and its molecular weight is 641 g/mol. 1,2,5,6,9,10-HBCD has six stereogenic centers and, in
theory, 16 stereoisomers could be formed (Heeb et al. 2005). However, in commercial HBCD only three of the
stereoisomers are commonly found. Depending on the manufacturer and the production method used, technical HBCD
consists of 70-95 % y-HBCD and 3-30 % of a- and B-HBCD (European Commission 2008; Nordic Council of
Ministers (NCM) 2008). Each of these stereoisomers has its own specific CAS number i.e. a-HBCD, CAS No: 134237-
50-6; B-HBCD, CAS No: 134237-51-7; y-HBCD, CAS No: 134237-52-8. Two other stereoisomers, -HBCD and &—
HBCD have also been found by Heeb et al. (2005) in commercial HBCD in concentrations of 0.5 % and 0.3 %,
respectively. Other information pertaining to the chemical identity of HBCD is listed in Table 2, 3, and 4.

10.  Technical HBCD has a log K, of 5.625 and is a lipophilic substance. The water solubility of the technical
mixture is low and ranges from 46.3 pg/l in saltwater to 65.6 ng/l in freshwater at 20 °C based on the sum of the water
solubilities of the individual diastereoisomers (Wildlife International 2004a and 2004b). The solubility of the individual
diastereoisomers also differs, with solubilities ranging from 2.4 pg /1 for y-HBCD to 48 pg /1 for a- HBCD in
freshwater at 20 °C.

Table 1. Information pertaining to the chemical identity of HBCD

Chemical structure

Structural formula of HBCD®:

'Structural formula for 1,2,5,6,9,10-
HBCD, i.e., CAS no 3194 55-. Note B
that CAS no 25637-99-4 is also Br
used for this substance, although
not correct from a chemical point of
view as this number is not Br Br
specifying the positions of the Br
bromine atoms. As additional
information, the structures and
CAS numbers for the diastereomers
making up 1,2,5,6,9,10-HBCD are
given below, although these
diastereomers always occur as
mixtures in the technical product.

Br

Chiral components of
commercial HBCD:

alph.a—HBCD, beta-HBCD gamma-HBCD
CAS No: 134237-50-6 CAS No: 134237-51-7 CAS No: 134237-52-8
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Table 2. Chemical identity

Chemical identity

Chemical Name:

Hexabromocyclododecane and 1,2,5,6,9,10 -hexabromocyclododecane

EC Number: 247-148-4; 221-695-9
CAS Number: 25637-99-4; 3194-55-6
IUPAC Name: Hexabromocyclododecane
Molecular Formula: C,H,sBrg

Molecular Weight: 641.7

Trade names/ other
synonyms:

Cyclododecane, hexabromo; HBCD; Bromkal 73-6CD; Nikkafainon CG 1; Pyroguard F 800;
Pyroguard SR 103; Pyroguard SR 103A; Pyrovatex 3887; Great Lakes CD-75P™; Great
Lakes CD-75; Great Lakes CD75XF; Great Lakes CD75PC (compacted); Dead Sea Bromine
Group Ground FR 1206 I-LM; Dead Sea Bromine Group Standard FR 1206 I-LM; Dead Sea
Bromine Group Compacted FR 1206 I-CM.

Stereoisomers and
purity of commercial
products:

Depending on the producer, technical grade HBCD consists of approximately 70-95% -
HBCD and 3-30 % of a- and B-HBCD due to its production method (European Commission,
2008). Each of these has specific CAS numbers. Two other stereoisomers, 3-HBCD and &—
HBCD have also been found by Heeb et al. (2005) in commercial HBCD in concentrations of
0.5 % and 0.3 %, respectively. These impurities are regarded as achiral at present. According
to the same authors, 1,2,5,6,9,10-HBCD has six stereogenic centers and therefore, in theory,
16 stereoisomers could be formed.

Table 3. Summary of physical chemical properties (adopted from European Commission 2008)

Property Value Reference
Chemical formula C,H 3Brg
Molecular weight 641.7

Physical state

White odourless solid

Melting point

Ranges from approximately:

172-184 °C to0 201-205 °C

190 °C, as an average value, was used as input data
in the EU risk assessment model EUSES.

179-181 °C a-HBCD

170-172°C  B-HBCD

207-209 °C  y-HBCD

Smith et al. (2005)

Boiling point

Decomposes at >190 °C (see also text below) Peled et al. (1995)

Density

2.38 g/em’
2.24 g/lem’

Albemarle Corporation (1994)
Great Lakes Chemical
Corporation (1994)

Vapour pressure

6.3-10” Pa (21 °C) Stenzel and Nixon (1997)

Water solubility (20 °C)

see Table 4

Partition coefficient n-
octanol/water

Log Kow = 5.62 (technical product)
5.07 £ 0.09 a-HBCD
5.12£0.09, B-HBCD
5.47 £ 0.10 y-HBCD

MacGregor and Nixon (1997)
Hayward et al. (2006)

Henry’s Law constant

0.75 Paxm’/mol
Calculated from the vapour pressure and the water
solubility (66pg/l)

Flash point

Not applicable

Auto flammability

Decomposes at >190 °C

Flammability

Not applicable-flame retardant

Explosive properties

Not applicable
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Oxidizing properties Not applicable

Conversion factor 1 ppm = 26.6 mg/m’
1 mg/m’ = 0.037 ppm

Table 4. Summary of the results of valid water solubility studies using generator column method, as evaluated
by European Commission (2008) and listed in NCM 2008.

Test substance Water Water solubility Reference
(o/)*
o -HBCD Water 48.8£1.9 MacGregor and Nixon (2004)
B -HBCD 14.7+0.5
vy -HBCD 2.1£0.2
HBCD technical product, sum of above 65.6
o -HBCD Salt-water | 34.3 Desjardins et al. (2004)
B -HBCD medium 10.2
y -HBCD 1.76
HBCD technical product, sum of above 46.3
vy -HBCD Water 3442 3%* Stenzel and Markley (1997)

*20 °C, #*25 °C

1.2 Conclusion of the Review Committee regarding Annex D information

11.  The POP Review Committee evaluated Annex D information for HBCD at its fifth meeting in October 2009
(UNEP/POPS/POPRC.5/10) and concluded that the screening criteria have been fulfilled (Decision POPRC-5/6).

1.3 Data sources

12.  This risk profile was developed using Annex E information submitted by countries and observers, national
reports from environment protection agencies in different countries, the brominated flame retardants industry, the Co-
operative Programme for Monitoring and Evaluation of the Long-Range Transmission of Air Pollutants in Europe
(EMEP) and the Arctic Monitoring and Assessment Programme (AMAP). Recent relevant information from the open
scientific literature is also included. The available literature is comprehensive. References that are cited in this risk
profile are listed under the heading ‘“References”, while additional references that were also considered but not cited,
are listed under the heading “Additional references”.

13.  Twenty-one countries have submitted information (Australia, Bulgaria, Burundi, Canada, China, Costa Rica,
Croatia, Czech, Finland, Germany, Japan, Lithuania, Mexico, Norway, Poland, Romania, Serbia, Sweden, Switzerland,
Ukraine and USA). Two observers submitted information - European HBCD Industry Working Group and the
International POPs Elimination Network (IPEN). All submissions are available on the Convention web site.

14.  Several international environmental assessments of HBCD have been conducted. Three of these have assessed
experimental data and field data against the POP criteria in the Stockholm Convention. These were performed by the
NCM, the Task Force on POPs under the Convention on Long-Range Transboundary Air Pollution (LRTAP)
(ECE/EB.AIR/WG@G.5/2009/7) and the European Brominated Flame Retardant Industry Panel (EBFRIP). EBFRIP
commissioned a body/tissue based assessment and a total daily intake based assessment, where estimated effect levels
and no-effect levels calculated for body/tissue-residue and TDI (total daily intake) are compared with estimates of
exposure in the environment (EBFRIP 2009b). EMEP under LRTAP has made a model assessment of the potential for
long-range transboundary atmospheric transport and persistence of HBCD. The European Commission risk assessment
(European Commission 2008) is the most extensive of the existing assessments, examining the data on environmental
fate, effects and exposure levels in depth. In Canada, Australia and Japan national assessments of HBCD are under
preparation. Norway has completed their national assessment and has included HBCD in its national action plan for
brominated flame retardants. USA has made an initial screening assessment and an interim evaluation of the risk of
HBCD (U.S. Environmental Protection Agency, US EPA 2008).
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15.  The Arctic Monitoring and Assessment Programme (AMAP) identifies Arctic pollution risks, their impact on
Arctic ecosystems and assesses the effectiveness of international agreements on pollution control. Scientific findings
obtained under the AMAP (AMAP 2009) have shown HBCD to be one of the pollutants of the Arctic.

16.  Inthe EU, HBCD has been identified as a Substance of Very High Concern (SVHC), meeting the criteria of a
PBT (persistent, bioaccumulative and toxic) substance pursuant to Article 57(d) in the REACH regulation (ECHA
2008b). In May 2009, HBCD was included in the European Chemicals Agency (ECHA) recommendation list of
priority substances to be subject to Authorisation under REACH, based on its hazardous properties, the volumes used
and the likelihood of exposure to humans or the environment. A proposal on classification and labeling of HBCD as a
possible reprotoxic substance is currently under discussion within the EU (Proposal for Harmonised Classification and
Labelling, Based on the CLP Regulation (EC) No 1272/2008, Annex VI, Part 2 Substance Name:
Hexabromocyclododecane Version 2, Sep. 2009) (KEMI 2009). In Ukraine the substance is registered on the hazardous
chemical list based on health effects.

17.  An OECD SIDS Initial Assessment Profile has been compiled (OECD 2007). The OECD SIAM 24 agreed that
HBCD possesses properties indicating a hazard for human health with regard to repeated dose toxicity and possible
developmental neurotoxicity and for the environment with regard to acute aquatic toxicity to algae, chronic toxicity to
Daphnia, and a high bioaccumulation potential.

1.4  Status of the chemical under international conventions

18.  HBCD is included as part of the brominated flame retardants group in the List of Substances for Priority Action
of The Convention for the Protection of the Marine Environment of the North-East Atlantic (the OSPAR Convention).
The OSPAR Convention is made up of representatives of the Governments of 15 Contracting Parties and the European
Commission.

19.  In December 2009, HBCD was considered by the Executive Body of the UNECE Convention on Long-Range
Transboundary Air Pollution (LRTAP) based on a technical review (ECE/EB.AIR/WG.5/2009/7) to meet the criteria
for POPs as defined under the POPs protocol. In 2010 the possible management options for HBCD are being assessed
to give a basis for later negotiations.

2  Summary information relevant to the risk profile

2.1 Sources

2.1.1 Production, trade, stockpiles

20.  The production of HBCD is a batch-process. Elemental bromine is added to cyclododecatriene at 20 to 70°C in
the presence of a solvent in a closed system. Although technical HBCD primarily contains y -HBCD, thermal
isomerization of HBCD can occur and may result in the enrichment of o— HBCD and to a lesser extent f-HBCD both
during the polymer extrusion process, and during incorporation of HBCD in textiles (Peled et al. 1995, Larsen and
Ecker 1986, Heeb et al. 2008, Kajiwara et al. 2009). HBCD powder or pellets, HBCD masterbatches, HBCD containing
EPS beads and high impact polystyrene (HIPS) pellets are often exported and imported downstream in the production
chain for the manufacturing of end-products for further professional use or sales to consumers.

21.  According to the Bromine Science and Environment Forum (BSEF 2010) HBCD is produced in the United
States of America, Europe, and Asia. There is information available about suppliers and producers in China, but
information on amounts of HBCD imported or produced in China is not available. According to the global demand
reported by the industry in 2001, more than half of the market volume (9,500 of 16,500 tonnes) was used in Europe.
Total global demand for HBCD increased over 28% by 2002 to 21,447 tonnes, and rose again slightly in 2003 to 21,951
tonnes (BSEF 2006). In the US EPA assessment the sum of manufactured and imported HBCD is reported to lie
between 4,540 tons to 22,900 tons in 2005 (US EPA 2008). The authorities in Japan have reported the sum of
manufactured and imported HBCD to be 2,744 tonnes in 2008. The consumption in Japan reached 700 tonnes/year in
the beginning of the 1990s (Managaki et al. 2009), and has increased approximately four times since then. The total
volume of HBCD used in the EU was estimated to be about 11,580 tonnes in 2006. The demand of HBCD within the
EU is bigger than the production and a net import to the EU was expected to have been around 6,000 tonnes in 2006.
(ECHA 2008a). Several national authorities report an import of HBCD as a pure compound or in products; Canada
(100-1,000 tonnes), Australia (<100 tonnes), Poland (500 tonnes imported from China annually), Romania (185 tonnes)
and Ukraine.

2.1.2 Uses

22.  HBCD is used as a flame retardant additive, providing fire protection during the service life of vehicles,
buildings or articles, as well as protection while stored (BSEF 2010). The main uses of HBCD globally are in expanded
and extruded polystyrene foam insulation while the use in textile applications and electric and electronic appliances is
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smaller (ECHA 2008a, US EPA report, OECD 2007, INE-SEMARNAT 2004, Lowell Center For Sustainable
Production (LCSP 2006), BSEF 2010). HBCD has been on the world market since the 1960s. The use of HBCD in
insulation boards started in the 1980s. To manufacture flame retarded end products, a masterbatch, a concentrated
mixture of HBCD encapsulated into a carrier resin such as polystyrene, is used (European Commission 2008).

23.  According to the industry, the main application of HBCD is in polystyrene foam that is used in insulation
boards, which are widely used in the building and construction industry. These polystyrene foams exist in two forms, as
expanded polystyrene (EPS) and extruded polystyrene (XPS) foams, with HBCD concentrations ranging from 0.7% to
3.0% The manufacture of EPS, XPS and HIPS involves polymerisation and extrusion processes where HBCD is added
in the process as one of the additives used (ECHA 2008a).

24.  The second most important application is in polymer dispersion on cotton or cotton mixed with synthetic blends,
in the back-coating of textiles where HBCD can be present in concentrations ranging from 2.2 — 4.3% (Kajiwara et al.
2009). Back-coating to textiles is applied by adding a dispersion containing a polymer and HBCD among other
additives as a thin coating film (ECHA 2008a). A further smaller application of HBCD is in high impact polystyrene
(HIPS) which is used in electrical and electronic equipment and appliances at levels ranging from 1 — 7% (ECHA
2008a). HBCD may also be added to latex binders, adhesives and paints (Albemarle Corporation 2000, Great Lakes
Chemical Corporation 2005). The use of HBCD in EPS in packaging material is believed to be very small and HBCD is
not used in food packaging according to the technical report developed in the EU (ECHA 2008a). The US EPA (2008)
has reported uses in crystal and high-impact polystyrene, styrene-acrylonitrile resins, adhesives and in coatings. Costa
Rica has reported use of HBCD in the construction sector. In Mexico HBCD has been used in EPS foams and in back-
coating of textiles since the 1980s (INE-SEMARNAT 2004). In the EU the main use is in XPS and EPS, and the use in
HIPS and in textiles are each at ca 2% (ECHA 2008a). In Japan 80% of the consumption of HBCD is in insulation
boards (including tatami mat) and 20% in textiles (Managaki et al. 2009). In Switzerland construction materials are the
most important component of HBCD consumption (84%) (Morf et al. 2008).

25. HBCD is used in a wide range of end products (ECHA 2008a, US EPA 2008, OECD 2007, INE-SEMARNAT
2004, LCSP 2006). Insulation boards with EPS foam or XPS foam with HBCD may be found in transport vehicles, in
buildings and in road and railway embankments. HBCD-containing HIPS is used in electric and electronic appliances,
such as in audio visual equipment cabinets, in refrigerator lining as well as in distribution boxes for electrical lines and
certain wire and cable applications. Another use of HBCD is in textile coating agents, mainly in upholstery fabrics, but
also in bed mattress ticking, upholstery in residential and commercial furniture, vehicle seating upholstery, draperies
and wall coverings, interior textiles (roller blinds) and automobile interior textiles. According to the submission of
Germany, HBCD is used in EPS filling in nursing pillows and bean bags used as easy chairs. Granulated EPS waste is
also used to improve the texture of agricultural and horticultural soil.

2.1.3 Releases to the environment

26.  There are no natural sources of HBCD. HBCD is released into the environment during the manufacturing
process, in the manufacture of products, during their use and after they have been discarded as waste. The production
process of HBCD and industrial use processes are described in the EU technical report (ECHA 2008a). In the EU,
Japan, and Switzerland, releases from different sources and life stages of HBCD have been estimated based on
measurements of releases and modelling (ECHA 2008a, Managaki et al. 2009, Morf et al. 2008). The two national
studies are substance flow analyses based on studying the flow of HBCD through different lifecycle stages over periods
of several years. Some of the differences between studies are caused by the method used, different use scenarios,
differences in ways that releases are accounted for and in the estimation factors used. The use category ‘insulation
boards’ in the substance flow analysis in Japan, for example, also covers the use in the traditional tatami mat, that could
have a higher release potential than insulation boards.

27.  There are direct emissions to air, direct discharges to waste water and to surface water from industrial point
sources. The total releases to the environment are increasing in Japan and Switzerland. Also in the EU total releases are
increasing in spite of the decrease in the releases from textile back-coating since 2004. In the EU the releases to water
were the largest (air; 665 kg/year, waste water; 1,553 kg/year, surface water; 925 kg/year) (ECHA 2008a), while in
Switzerland (Morf et al. 2008) and Japan the releases to air were largest (air; 571 kg/year, water; 41 kg/year) (Managaki
et al. 2009).

28.  Losses to soil were considered minor in Japan, Switzerland, and the EU since waste with HBCD was disposed of
in controlled landfills or incinerated. However, an industry survey (EBFRIP 2009a) revealed that potential losses to
land may be higher than previously understood, due to disposal practices for HBCD packaging waste and that this loss
due to packaging waste can be rapidly reduced by the introduction of appropriate handling and disposal practices. The
survey included a selection of HBCD producers, warehouses and first line direct users of HBCD in Europe including
only the first stages in the HBCD life cycle. Packaging waste was found to be the main contributor to potential releases
to soil due to uncontrolled landfill or compost, recycling of empty paper packaging, substances going to unknown
destinations and the unprotected storage of packaging. Annual losses to soil were estimated at 1,857 kg HBCD /year.
Implementing best practices in handling reduced the total potential releases from 2,017 kg/year in 2008 to 309 kg/year
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in 2009 in the survey. Industry producing and using HBCD has in 2006 introduced a voluntary programme to reduce
direct emissions from industrial sources in the EU (EBFRIP 2009a).

29.  According to the Swiss substance-flow analysis, construction materials are responsible for the majority of the
releases and half of the total releases were estimated to come from diffuse atmospheric emissions from installed EPS
and XPS insulation boards (Morf et al. 2008). In the EU technical report, however the releases of HBCD during the
service life of insulation foams were assumed to be low (ECHA 2008a), but the releases from manufacture and use of
insulation boards (1,628 kg/year) were still estimated to represent more than half of the total releases (3,142 kg/year) in
2006. According to the EU technical report, the estimated total releases of HBCD from manufacture and use of
insulation boards (95% consumption) and manufacture and use of textiles (2% consumption) were in the same
magnitude. Total releases from manufacture and use of electronic devices was considered minor (12.6 kg/year) (ECHA
2008a and table. 3 in ECHA 2008b). In Japan the releases from use in textiles represents the largest releases and
atmospheric emissions of HBCD from textile coating in the industry accounts for more than half of the total releases
from 1985 to 2001 (Managaki et al. 2009).

30.  In the substance flow analysis made in Japan (Managaki et al. 2009) and the estimation of releases done in EU
the releases from industrial point sources were the largest (ECHA 2008a; industrial point sources; 2,559 kg/year,
releases during service life of products; 98.9 kg/year).

31.  HBCD is used solely as an additive in physical admixture with the host polymer and can migrate within the solid
matrix and volatilize from the surface of articles during their service life (Swerea 2010, ECHA 2008a, European
Commission 2008). There will also be particulate releases and leaching of HBCD during the service life of flame
retarded end-products. There are experiments revealing emissions of HBCD from various products (European
Commission 2008, Miyake et al. 2009, Polymer Research Centre 2006 and Kajiwara et al. 2009). There are also several
studies showing the occurrence of HBCD in indoor air and house dust (Abdallah et al. 2008a and b, Abdallah 2009,
Goosey et al. 2008, Stapleton et al. 2008, Stuart et al. 2008, Takigami et al 2009 a and b). However HBCD emissions to
indoor air from disturbance of products made from EPS or XPS during service life is estimated to be very low (ECHA
2008a). Industry data on an installed PS foam board containing HBCD showed a stable HBCD level after 25 years of
use (EBFRIP 2009c¢). Although technical HBCD primarily contains y —HBCD, in light-exposed dust, a photolytically-
mediated shift from y-HBCD to a-HBCD may occur (Harrad et al. 2009).

32.  Estimates of releases from insulation boards during their service life have been based on the results of
experiments measuring the loss of HBCD from a sample of foamed polystyrene, assuming a service life of 30 years
(ECHA 2008a). Release estimates have been developed for the service life of textiles using the results of wearing and
leaching tests on aged samples of treated textiles (ECHA 2008a-and references therein). There are no estimates on
releases of HBCD from HIPS in articles. The total estimations for releases of HBCD from diffuse sources are probably
underestimated in all analyses, since information is lacking on releases from some products, as well as the HBCD
content in imported articles.

33. At the end of their service life, products containing HBCD are likely to be disposed of in landfills, incinerated,
recycled, or remain as waste in the environment. Insulation boards form the majority of HBCD containing waste. It is
understood that most of this material goes to landfill or incineration. The use of HBCD in insulation boards and the
HBCD built into buildings and constructions is increasing. There will be some releases of HBCD in dust when
buildings insulated with flame retarded insulation boards are demolished. Releases from insulation boards becoming
waste were estimated at 8,512 kg HBCD per year in 2006 (ECHA 2008a). It is likely that those releases will be more
significant in the future; particularly from about 2025 onwards, as increasing number of buildings containing HBCD
will be refurbished or demolished. This turn-over will be different in different regions of the world, and range from 10-
50 years.

34.  Electrical and electronic appliances containing HIPS treated with HBCD are sometimes recycled. In the
substance flow analysis in Switzerland (Morf et al. 2008) emissions from the recycling of vehicles, insulation panels
and electrical and electronic equipment were estimated to account for about 2% of the total releases of HBCD and the
emissions from incineration were estimated to account for 0.1%. In developing countries, electrical and electronic
appliances containing HBCD and other toxic substances are often recycled under conditions which results in a
relatively higher release of HBCD to the environment and contamination of the sites (Zhang et al. 2009), and exposure
of workers (Tue et al. 2010). Open burning and dump sites are common destinations for HBCD-containing articles and
electronic wastes (Malarvannan et al. 2009, Polder et al 2008c).

35.  The substance flow analysis in Japan also indicates that emissions from construction materials will continue for
several decades and be potentially long-term sources of HBCD leaching or volatizing to the environment, as well as
representing larger releases when demolished or renovated in the future (Managaki et al. 2009). Additionally, the
increasing HBCD stock seen in the study indicates possible problems arising in the recycling of construction materials
in the future, when buildings of the present period are renovated or destroyed. This is also supported by the results from
the substance flow analysis in Switzerland. The Swiss study also high-lights the stock in waste management and
landfills as long-term sources of HBCD releases (Morf et al. 2008). The significance of those sources depends however
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on the waste management strategies chosen in the country, if the wastes are incinerated, or disposed of to an
uncontrolled or controlled landfill. The overall figures of municipal waste within the EU from 2006 are that 68% goes
to landfill and 32% is incinerated (ECHA 2008a).

36.  From both industrial point sources and diffuse sources there are releases to waste water and sewage systems
(ECHA 2008a; Morf et al. 2008; Institut Fresenius 2000a and b; Kupper et al. 2008; Remberger et al. 2004; Sellstrom et
al. 1999; Law et al. 2006b). The sewage sludge is either applied on agricultural land, incinerated or land filled (ECHA
2008a; Morf et al. 2008). There are releases of HBCD to surface water and soil, leaching from landfills (Morf et al.
2008; Morris et al. 2004) and sewage sludge (Morf et al. 2008; Morris et al. 2004).

2.2 Environmental fate
2.2.1 Persistence

37.  To evaluate the persistency of HBCD a compilation of data on experimentally measured half-lives in different
environmental compartments, data on half-lives derived from modeling, and field data have been undertaken. Results of
the estimation model, BIOWIN (v4.10, EPI Suite v4.0), which estimates the probability for aerobic biodegradation in
the presence of mixed populations of environmental microorganisms suggest that HBCD is not readily biodegradable;
the expected time of primary degradation is in the order of weeks. Moreover, an early biodegradation study using
Closed Bottle Test systems that were conducted in accordance with OECD Guideline 301D, found no biodegradation of
HBCD over a 28 day study period (Wildlife International 1996). It should be noted that while the studies were
performed using accepted test guidelines, the concentrations tested were about three orders of magnitude greater than
the water solubility of HBCD (7.7 mg/L vs 66 ng/L).

38.  Japanese authorities conducted a 28-day biodegradation study of 1,2,5,6,9,10-hexabromocyclododecane based
on the OECD Test Guideline 301C. The degradation of the test substance, a mixture containing different stereoisomers,
was assessed by high performance liquid chromatography. The percentage biodegradation of two HBCD isomeric
forms (A and B), were calculated to be 5 and 6%, respectively. (Chemicals Inspection and Testing Institute, 1990).

39.  The rate of degradation of HBCD is slower in the presence of oxygen. Davis et al. (2005) reported on the
biodegradation of technical HBCD (t-HBCD) in freshwater sediments and soils. Using OECD test guidelines 307 and
308, the authors demonstrated that the rate of loss of HBCD at 20°C was appreciably faster under anoxic conditions in
both media. Relative to biologically sterile controls, biotransformation of HBCD was faster in the presence of
microorganisms and DT50 values ranged from 11 to 32 days (aerobic) and 1.1 to 1.5 days (anaerobic) in sediment. In
soil, half-lives under aerobic and anaerobic conditions were 63 and 6.9 days, respectively. However, in this study only
the degradation of y-HBCD was studied since the test concentration was too low to allow detection of a- and f-HBCD.
It was also not possible to detect transformation products.

40. Inthe EU Risk Assessment, the degradation half-lives in aerobic sediment were calculated at 20 °C to be 113,
68 and 104 days for o-, B- and y-HBCD, respectively (European Commission, 2008). In sediment, technical-HBCD was
observed to be subject to primary degradation with half-lives of 66 and 101 days in anaerobic and aerobic sediment at
20 °C, respectively. The EU Risk Assessment notes that the study was conducted at HBCD concentrations much
greater (mg/kg) than Davis et al. (2005) (ng/kg), so the degradation kinetics may be limited by the mass transfer of
chemical into the microbes. The main transformation product was 1,5,9-cyclododecatriene (CDT) which was formed
via a step-wise reductive dehalogenation of HBCD. No CO, was detected during the study. However, in a study
performed according to OECD guideline 301F (Davis et al. 2006b), it was shown that t,t,t-CDT can be degraded to
CO,,

41.  Degradation rate constants of HBCD, under anaerobic conditions in sewage sludge have also been reported
(Gerecke et al. 2006). Experiments were conducted by adding individual target compounds or mixtures to freshly
collected digested sewage sludge. The sewage sludge was amended with yeast and starch. Experiments, performed at
37 °C, with racemic mixtures of individual diastereoisomers showed that (+/-)-f-HBCD and (+/-)-y-HBCD degraded
faster than (+/-)-a-HBCD by an estimated factor of 1.6 and 1.8, respectively. Based on the investigations of Davis et al.
(2006a) and Gerecke et al. (2006), a-HBCD seems to be subject to a slower degradation than p- and y-HBCD.

42.  There are no reliable empirical data on the degradation kinetics of HBCD in water. The hydrolysis of HBCD has
not been studied. Hydrolysis should however, not be considered as a significant route of environmental degradation for
this substance due to the low water solubility, the high partitioning to organic carbon, and the lack of hydrolysable
functional groups (OECD 2007). According to calculations in the EMEP report on HBCD, the physical-chemical
properties of the technical mixture and y-HBCD stereoisomer give a half-life in water of about 5 years (EMEP 2009).
According to EBFRIP (2009b) the half life for water and soil derived from comparing different model estimations lies
in the range 8.5 — 850 days, with a median of 85 days and confidence factor (CF) of 10. The half life in freshwater and
marine sediments lies in the range 6 — 210 days, with a median of 35 days and CF of 6. EBFRIP (2009b) does not
differentiate between fresh water and marine sediment.

11



UNEP/POPS/POPRC.6/13/Add.2

43.  Several studies using sediment cores show that HBCD congeners deposited in marine sediments in Asia and in
Europe at the beginning of the 1970s/1980s are still present in significant amounts (Minh et al. 2007, Tanabe 2008,
Kohler et al. 2008, Bogdal et al. 2008), indicating a higher persistency in sediments than derived from experimental
studies.

44.  The trophic transfer of chemicals in terrestrial or aquatic food webs can also be used to assess persistence.
Chemicals that are slow to break down by biologically mediated processes will increase in concentration with
increasing trophic level, i.e. biomagnify. The measured field data from various surveys show that HBCD biomagnifies
in some aquatic food chains. The a-HBCD appears to be the more persistent of the HBCD isomers, and to biomagnify
more than B-HBCD and y-HBCD. The findings in the Arctic provide additional evidence that HBCD can persist in the
environment long enough to be transported over long distances (EBFRIP 2009b, NCM 2008).

2.2.2 Bioaccumulation

45.  Several studies in laboratory, in local food webs and local ecosystems confirm the potential for HBCD to
bioaccumulate and biomagnify. The field studies show a general increase of concentrations in biota with increasing
trophic level in aquatic and Arctic food webs. No field studies in the terrestrial environment have been identified, but
two laboratory studies show that HBCD has a potential to bioaccumulate in terrestrial mammals. Veith et al. (1979)
estimated a steady-state bioconcentration factor (BCF) of 18,100 for technical HBCD in fathead minnow (Pimephales
promeas) in a 32-day flow-through test. Thirty fish were exposed in the test system and five fish were sampled and
analysed on days 2, 4, 8, 16, 24 and 32. The mean test concentration of ~HBCD was 6.2 pg/L which was below its
aqueous water solubility and the test temperature was 25 + 0.5 °C.

46.  Accumulation of HBCD was also observed in rainbow trout (Oncorhynchus mykiss) exposed to nominal
concentrations of 0.34 and 3.4 pg/L in a flow-through system for 35-days (Wildlife International 2000). The study
adhered to the OECD 305 test method and included a 35-day depuration period following exposure. Trout exposed to
the higher test concentration did not reach steady-state tissue concentrations over the duration of testing and calculated
BCFs were considered less reliable than those determined at the lower test concentration. A steady-state BCF value of
13,085 was calculated for the whole fish exposed to technical HBCD at the lower concentration. Based on the studies
by Wildlife International 2000 and Veith et al. (1979), an overall bioconcentration factor (BCF) for aquatic organisms
of 18,100 was chosen in the EU risk assessment (European Commission 2008).

47. A study of 1,2,5,6,9,10-HBCD in carp was conducted by Japanese authorities, based on the OECD Test
Guideline 305C for 14 weeks. As the supplied test substance was a mixture, it was separated by high performance
liquid chromatography (HPLC) into 5 components which are referred to as components A-E according to the order of
the peak appearance. The three main components B, C and E whose isomer identifications were not established but
whose molecular formulae were the same as that of the test substance were analysed in this study. For component B,
BCFs were 834-3,070 and 3,390-16,100 at 24 and 2.4 pg/L, respectively. For component C, BCFs were 816-1,780 and
3,350-8,950 at 20.2 and 2.02 pg/L, respectively. For component E, BCFs were 118-418 and 479-2,030 at 144 and 14.4
ng/L, respectively (Chemicals Inspection and Testing Institute 1995).

48.  Law et al. (2005) measured the biomagnification factors (BMF) of individual isomers under a controlled
laboratory environment. By exposing juvenile rainbow trout to food intentionally fortified with each isomer the authors
were able to calculate BMFs 0f 9.2, 4.3 and 7.2 for a-, f- and y-isomers, respectively. The authors also noted that
bioisomerization i.e., conversion of one isomer into another, can occur in vivo with this fish species.

49.  Haukas et al. (2009) reported on the dietary exposure of juvenile rainbow trout to HBCD. The authors noted that
bioaccumulation of HBCD was significant 6 hours after the single oral exposure and concentrations peaked after 4-8
days. After 48 h, the rank order of the relative distribution of the isomers in the fish were liver > muscle >> brain. The
greater distribution to the liver was thought to be due to the greater blood supply to this organ from the stomach and
intestine. After 21 days, the relative concentrations of the isomers decreased in the liver and brain, whereas no
significant change in HBCD concentration was observed in muscle. It was hypothesized that the delay in elimination of
the isomers from the muscle was due to the lower metabolic activity and circulation of blood to the muscle.

50.  Two studies in the laboratory have examined the bioaccumulation of HBCD in mammals (WIL 2001; Velsicol
Chemicals 1980). In a 90-day repeated dose (technical-HBCD, 1,000 mg/kg bw/day) toxicity study with rats, WIL
(2001) found that concentrations of the a-isomer were much greater than that of the - and y-isomers at all sampling
time points. The relative percentage of the isomers measured in the rats (o-: 65-70%; B-: 9-15% and y-: 14-20%) was
markedly different to the proportions in the HBCD formulation used (a-: 8.9%; B-: 6.6% and y-: 84.5%). Velsicol
Chemicals (1980) studied the pharmacokinetics of radiolabelled HBCD ('*C-HBCD, purity > 98%) administered to rats
as a single oral dose. The authors found that the test substance was distributed throughout the body with the greatest
amounts measured in fat tissue, followed by liver, kidney, lung and gonads. Rapid metabolism to polar compounds
occurred in the blood, muscle, liver and kidneys, but HBCD remained mostly unchanged in the fatty tissue. The study
concluded that HBCD accumulated in fatty tissues following repeated exposure.
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51.  There are numerous reports showing BMFs > 1 for HBCD in aquatic ecosystems. For example, in the Lake
Ontario food web, lipid normalized BMFs for both the a- and y-isomer were greater than one for many of the feeding
relationships (Tomy et al. 2004a). In some instances, BMFs for the HBCD isomers were greater than those of other
known persistent organic pollutants, for example, a BMF of 10.8 for the a-isomer was reported for the smelt:Mysis
feeding relationship and was ca. two times greater than that of p,p-DDE and XPCBs. The trophic magnification factor
(TMF), defined as the slope of the regression of log concentration vs trophic level, was 6.3 (p<0.001) and greater than
that of ZPCBs (5.7) (Tomy et al. 2004). In Lake Winnipeg, a freshwater lake in central Canada, BMFs of greater than
one were also reported for all three HBCD isomers for many of the established predator to prey feeding relationships
(Law et al. 2007). The calculated TMF-values were 1.4, 1.3 and 2.2 for a-, B-, and y-HBCD respectively.

52.  Similar findings have been made in the Norwegian Arctic. Sermo et al. (2006) analyzed representative species
from different trophic levels of the polar bear food chain, using samples collected from 2002 to 2003 at Svalbard in the
Norwegian Arctic. HBCD was below detection limits (minimum 0.012 ng/g lw) in the amphipod, Gammarus wilkitzkii.
HBCD biomagnified strongly from polar cod (Boreogadus saida) to ringed seal (BMF of 36.4, based on whole body
wet weight concentrations), but did not biomagnify from ringed seal to polar bear (BMF of 0.6). Lower levels in the
polar bear samples were considered to indicate possible enhanced metabolic capability in the bears. In East Greenland
the comparative bioaccumulation, biotransformation and/or biomagnification from East Greenland ringed seal (Pusa
hispida) blubber to polar bear (Ursus maritimus) tissues (adipose, liver and brain) of HBCD and legacy POPs was
investigated by Letcher et al. (2009). a-HBCD was found to only bioaccumulate in the polar bear adipose tissue. The
ringed seal blubber to polar bear adipose BMF for total-(a)-HBCD >1. The authors concluded that even if the
metabolism of HBCD in polar bears was enhanced compared to other species, the high exposure of HBCD ensures
biomagnification.

53.  Morris et al. (2004) reported on biomagnification of HBCD in the North Sea food web. Although individual
BMFs were not reported, the authors suggested that because concentrations of HBCD were higher in species in the top
of the food chain it implied that HBCD was biomagnifying. For example, HBCD concentrations in top predators such
as harbour seals (Phoca vitulina) and harbour porpoise (Phocoena phocoena) were several orders of magnitude greater
than those measured in the aquatic macroinvertebrates such as sea-star and common whelk. Similarly, HBCD
concentrations were high in liver samples from cormorant, a predator bird-species and in eggs of the common tern,
while lower levels of HBCD were detected in their prey, cod and yellow eel (Anguilla Anguilla).

54.  Haukas et al. (2009) found the concentration ratio of the diastereoisomers of HBCD to range between 3:1:10
(o:B:y) in sediments to 55:1 (a:y) in the highest trophic level species, suggesting a diastereoisomer-specific
bioaccumulation in the organisms. The study was conducted in a HBCD-contaminated Norwegian fjord in a marine
food chain, measuring levels from sediments and sediment-dwelling organisms to sea birds. This corresponds with the
results of Zhang et al. (2009) in two contaminated streams in China. In this study y-HBCD was found to be the
dominant diastereoisomer in the sediments (63% of total HBCDs), while a-HBCD was selectively accumulated in the
biotic samples and contributed to 77%, 63% and 63% of total HBCDs in winkle (Litforina littorea), crucian carp
(Carassius carassius) and loach, respectively.

55. Tomy et al. (2008) investigated isomer-specific accumulation of HBCD at several trophic levels of an eastern
Canadian Arctic marine food web. There was a significant positive relationship of a-HBCD with trophic level, with a
TMF of 7.4 (p<0.01), indicative of biomagnification throughout the food web, while a significant negative relationship
was observed between concentrations of y-HBCD and trophic level (i.e. trophic dilution). a-HBCD contributed greater
than 70% of the total HBCD burden in shrimp (Pandalus borealis, Hymenodora glacialis), redfish (Sebastes mentella),
arctic cod (Boreogadus saida), narwhal (Monodon monoceros) and beluga (Delphinapterus leucas), while y-HBCD was
greater than 60% of total HBCD in zooplankton (mix), clams (Mya truncata, Serripes groenlandica), and walrus
(Odobenus rosmarus). The observed differences in diastereoisomer predominance were attributed in part to differing
environmental fate and behaviour of the isomers, with the least water soluble y-isomer more likely to diffuse passively
from the water column into zooplankton, which have proportionately high lipid content. Similarly, as benthic filter
feeders, clams may be more likely to absorb a higher proportion of the y-isomer from sediment. The presence of higher
proportions of a-HBCD, such as with the beluga and narwhal, may indicate enhanced metabolic capability based on
evidence of stereoisomer-specific biotransformation of the y-isomer to the a-form (Zegers et al. 2005, Law et al.
2006d). This also corresponds with the findings of Tomy et al. (2009) where the a-isomer accounted for >95% of the
overall burden of HBCDs in the beluga, while the Arctic cod, the primary prey species of beluga in the western
Canadian arctic marine food web, had a HBCD-profile dominated by the y-isomer (>77%). The authors concluded that
this was further evidence that beluga can bioprocess the y- to the a-isomer.

2.2.3 Potential for long-range environmental transport

56.  HBCD is persistent in air, with an estimated half-life of more than two days. Studies of and modeling of
environmental fate and environmental transport of HBCD, as well as field data provide further evidence of the potential
for long-range transport of HBCD. The detected levels in the Arctic atmosphere, biota and environment are strong
indicators of HBCD’s potential for long-range transport.
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57.  The atmospheric degradation half-life of HBCD by gas-phase reaction with hydroxyl radicals (OH) has not been
experimentally measured but can be modeled, providing an estimate (by AopWin v1.91) of 76.8 hours (3.2 days). The
estimate was obtained by assuming a concentration of 5x10° OH molecules.cm™ and that the reaction takes place 24
hours a day (these are values used in the European Union risk assessments). It is noted that the model is sensitive to the
chosen OH-concentration (NCM 2008).

58.  Bahm and Khalil (2004) derived a 24 hour global annual average OH concentration of 9.2x10° molecules-cm™,
with a value of 9.8x10° molecules-cm™ for the northern hemisphere and 8.5x10° molecules-cm™ for the southern
hemisphere. These values are consistent with Prinn et al. (1995) and Montzka et al. (2000) who deduced OH
concentrations from atmospheric measurements of methyl chloroform, reporting 24 hour global annual average values
0f 9.7(£0.6)x10° and 1.1(£0.2)x10° molecules-cm™ respectively. Considering the uncertainty in the model estimates of
kou, the half-life for photochemical degradation of HBCD ranges from 0.4 to 4 days and 0.6 to 5.4 days for the northern
and southern hemisphere respectively (EBFRIP 2009D).

59.  BSEF (2003) examined the long-range transport potential (LRTP) of HBCD using four LRTP assessment
models (TaPL3-2.10, ELPOS, Chemrange-2.0 and Globo-POP), and concluded that HBCD has a low potential to reach
remote areas. LRTP indicators were expressed as the overall characteristic travel distance (CTD) for TaPL3 and
ELPOS, the spatial range for Chemrange, and the Arctic contamination potential after 10 years of steady emissions
(ACP10) for Globo-POP. CTDs of 760 and 784 km in air were predicted using TaPL3 and ELPOS, respectively, while
Chemrange estimated a spatial range for HBCD in air of 11% of the earth’s circumference. An ACP10 of 2.28% was
estimated from Globo-POP. The results were comparable with those obtained for brominated diphenyl ether flame
retardants, in particular the penta- through decaBDE congeners that also are detected in the Arctic (Wania and Dugani
2003). BSEF (2003) concludes, that based on the properties of HBCD, its long-range transport is likely to be regulated
by transport of aerosols. Overall, the low volatility of HBCD was predicted to result in significant sorption to
atmospheric particulates, with the potential for subsequent removal by wet and dry deposition. The transport potential
of HBCD was considered to be dependent on the long-range transport behaviour of the atmospheric particles to which it
sorbs.

60. HBCD’s physico—chemical properties suggest that it may experience active surface—air exchange as a result of
seasonally and diurnally fluctuating temperatures. Subsequently, this may result in the potential for long-range transport
of HBCD through a series of deposition/volatilization hops, otherwise known as the ‘‘grasshopper effect”, described by
Gouin and Harner (2003). This assumption is supported by environmental data. The concentrations of HBCD in bulk
samples collected in urban and remote sites in Sweden and Finland had a clear seasonal and diurnal flux rate with
higher concentrations in winter and lower in summer and fall. (Remberger et al. 2004). Precipitation samples collected
from the Great Lakes Basin contained as much as 35 ng HBCD/L, with the highest levels occurring in the winter
months (Backus et al. 2005). The researchers hypothesized that observed winter peaks resulted from increased
scavenging efficiency of snow compared with rain, as well as higher concentrations in the particle phase during winter.
In the study by Yu et al. (2008) in Southern China a large variable percentage of HBCD (69.1-97.3%) existed in the
particle phase, suggesting that long-range transport of HBCDs is governed by environmental conditions.

61.  Based on model estimates HBCD seems to have a “low” to “moderately-low” long-range transport potential.
Using the bench-marking approach, HBCD’s potential for long-range transport is in the range of the legacy POPs
(EBFRIP 2009b). Detectable levels in remote regions suggest that long-range transport is occurring on a larger scale
than predicted by the models. The models do not include the full potential of transport by the “grass-hopper effect” and
some of the environmental conditions typical for the wind systems of the Arctic, for example the Arctic haze events.

62.  According to the AMAP report from 2009, transport of less volatile brominated flame retardants (BFRs) does
take place when there are large numbers of particles in Arctic air, during the Arctic haze. Therefore, periods of strong
winds and no precipitation may lead to longer transport distances than the models predict for BFRs (AMAP 2009).
Brown and Wania (2008) identified HBCD as a potential Arctic contaminant based on an atmospheric oxidation half-
life of greater than two days and structural similarities to known long range transported Arctic contaminants. The
authors explain the discrepancy between the model results and long-transport behaviour of HBCD with the possibility
that particle-bound atmospheric transport may be more efficient in delivering contaminants to the Arctic than is
currently estimated in global transport calculations; one reason may be because the effect of intermittent rain is ignored
in the models. EMEP modeling reached the same conclusion (EMEP 2009). This is also supported by field studies and
environmental monitoring. In the Norwegian pollution monitoring programme, HBCD concentrations were found to be
higher (Birkenes 30.8 pg/m® and Zeppelin 26.39 pg/m’) in the atmosphere over the Norwegian Arctic when the air
transport came from polluted areas on the continents and lower (Birkenes 1.03 pg/m® and Zeppelin 0.26 pg/m®) when
the air transport came from the North Pole Sea and Scandinavia (Climate and Pollution Agency, Norway (KLIF 2008)).
The monitoring data also demonstrated that the air from polluted regions can reach the remote areas on a short time
basis (Mang et al. 2008). In a recent review, HBCD has been found to be ubiquitous in the Arctic and Western Europe
and the eastern parts of North America were found to be important source regions via long range transport (de Wit et al.
2009). HBCD was monitored for the first time in the European Arctic atmosphere in 1990 (5-6 pg/m’; Bergander et al.
1995) and in the Canadian and Russian Arctic in 1993 (1,8 pg/m’; PWGSC-INAC-NCP 2003 and 1-2 pg/m’ (2006 and
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2007); Xiao et al. 2010), The Y HBCD air concentrations in the Canadian Arctic was similar to the air concentrations of
BDE-99 (Xiao et al. 2010).

2.3  Exposure
2.3.1 Environmental levels and trends

63. HBCD is widespread in the global environment, with high levels in the top predators. According to Covaci et al.
(2006) high concentrations have been measured in marine mammals and birds of prey. Zegers et al. (2005) published
data on HBCD concentrations in two species of marine top predators, the harbor porpoise and the common dolphin
(Delphinus delphis), from different European seas. The highest HBCD concentrations were measured in porpoises
stranded on the Irish and Scottish coasts of the Irish Sea (median concentration 2,900 ng/g Iw, maximum 9,600 ng/g lw)
and the northwest coast of Scotland (5,100 ng/g Iw). The median concentrations in porpoises from other areas were
1,200 ng/g Iw on the south coast of Ireland, 1,100 ng/g Iw on the coasts of the Netherlands, Belgium, and the North Sea
coast of France, 770 ng/g lw for the east coast of Scotland, and 100 ng/g lw for the coast of Galicia (Spain). The median
HBCD concentrations in the common dolphin, a pelagic marine mammal species feeding primarily over the continental
shelf and in offshore waters, were 900 ng/g lw on the west coast of Ireland, 400 ng/g lw in the English Channel coast of
France, and 200 ng/g lw in Galicia (Zegers et al. 2005). Law et al. (2006d) studied HBCD in the blubber of harbour
porpoises from the UK during the period 1994-2003. Eighty-five animals were analysed for HBCD. a-HBCD
dominated over the other isomers and was detected in all samples at concentrations ranging from 10 to 19,200 ng/kg
wet weight (11-21,300 pg/kg on a lipid basis) (see paragraph 71 for follow-up study).

64.  de Boer et al. (2004) have analysed HBCDs in eggs of peregrine falcons (Falco peregrinus) (71 ng/g Iw — 1,200
ng/g Iw) and muscle in sparrowhawks (Accipiter nisus) (84-19,000 ng/g lw) from the U.K., with detection frequencies
of 30% and 20%, respectively. Levels of 330-7,100 ng/g Iw were in 2001 found in eggs from the common tern (Sterna
hirundo) in the Netherlands in a study by Morris et al. (2004) and levels of 34-2,400 ng/g Iw were found in eggs of
peregrine falcons in Sweden sampled 1991-1999 (Lindberg et al. 2004).

65.  Due to their high position in the food chain and the elevated exposure in the aquatic environment, fish often
exhibit high residues of contaminants. Not surprisingly, HBCDs have been detected in many studies in both freshwater
and marine biota (Covaci et al. 2006). Concentrations of HBCDs in fish downstream of an HBCD manufacturing plant
on the River Skerne (Durham, U.K.) were very high, with levels up to 10,275 ng/g Iw (Allchin and Morris 2003).
Concentrations of HBCDs were mostly between 10 and 1,000 ng/g Iw in urban/suburban regions of Europe, while
levels in the North American Great Lakes were lower by approximately one order of magnitude (3-80 ng/g lw) (Covaci
et al. 2006). The wide spread spatial occurrence of HBCD in the aquatic environment was illustrated by Ueno et al
(2006) that measured HBCD in the muscle of skipjack tuna (Katsuwonus pelamis) (1997-2001) in the Asia-Pacific area.
Levels ranged between 0.28 ng/g lw in the waters outside Brazil to 45 ng/g lw in the waters outside Japan. The study by
Xian et al. (2008) in the Yangtze River in China in 2006 examined HBCD levels in fresh water fish. Levels ranged
between 12 ng/g ww in the muscle of grass carp (Ctenopharyngodon idella) to 330 ng/g ww in the muscle of mandarin
fish (Siniperca chuatsi).

66. HBCD is ubiquitous in the Arctic environment and has been found to be widespread in the Arctic food webs (de
Wit et al. 2006, 2009). The top predators in the Arctic are especially vulnerable due to environmental changes and a
high burden of persistent contaminants (AMAP 2009). During periods when fat reserves are used up because of
environmental stress, contaminants accumulated in the fat reserves are released and transferred to vital organs (KLIF
2007). Muir et al. (2004) detected ZHBCD concentrations in the blubber of beluga whales (Delphinapterus leucas) in
the Canadian Arctic in 2001, a species protected by the Convention on migratory species. The concentrations were in
the range of 9.8-18 ng/g lw. Muir et al. (2006) detected levels of HBCD in adipose tissue of polar bears (Ursus
maritimus) in several populations in the Arctic region in 2002. The highest levels were detected in the female bears
from the Svalbard area (109 ng/g 1w). Polar bears are listed on the IUCN Red List of threatened species. Miljeteig et al.
(2009) compared levels of contaminants in eggs between four Arctic colonies of ivory sea gull (Pagophila eburnea),
one in the Norwegian Arctic (Svalbard) and three in the Russian Arctic (Franz Josef Land and Severnaya Zemlya). The
contaminant levels presented are among the highest reported in Arctic seabirds and were identified as an important
stressor in a species already at risk due to environmental change. The population of ivory gulls in the Arctic is
decreasing and the species is on the [IUCN Red List of Threatened Species (www.iucnredlist.org/). The levels of HBCD
in the study ranged between 14 and 272 ng/g lw HBCD. In the report of KLIF (2007) glaucous gulls (Larus
hyperboreus) and great black-backed gulls (Larus marinus) found dead at Bjerneya in the Norwegian Arctic between
2003-2005 were analysed for contaminants, such as legacy POPs, mercury and emerging pollutants in the Arctic. The
levels found for some of the contaminants, including HBCD, were higher than previously reported for glaucous gulls
from Bjerneya and other bird species in the Arctic and in Europe. The a-HBCD concentrations in the brain and liver
samples of the glaucous gulls ranged from 5,1 ng/g Iw to 475 ng/g lw, and from 195 ng/g Iw to 15,027 ng/g 1w,
respectively. The levels in samples from the two great black-backed gulls were 44.7 and 44.8 ng/g Iw in the brain
samples and 1,881 - 3,699 ng/g lw in the liver samples. For a comparison, the levels found in cormorant liver
(Phalacrocorax carbo) sampled in England in 1999-2000 were in the range 138-1,320 ng/g Iw (Morris et al. 2004).
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Some 40-45% of the sea birds were found to be completely or severely emaciated. There were also observations of
dying glaucous gull on Bjerneya with apparently abnormal behavior. According to KLIF (2007) this may indicate that
high levels of contaminants, including high levels of HBCD, may have been a contributing factor to the birds’ death,
directly or indirectly.

67.  According to the reviews done by Covaci et al. (2006), Law et al. (2008b) and Tanabe et al. (2008) the HBCD
levels in the environment are generally increasing in all matrices in the environment, and seem to correlate with the
increasing use of HBCD. The reviews cover over 100 published scientific studies (up to 2007) performed in North
America, Europe, the Arctic, Asia and the South Pacific region. The reviews cover a variety of environmental
compartments (atmosphere, indoor and outdoor air, sewage sludges, soils and sediments) and a variety of biological
samples and food chains. In the review by de Wit et al. (2009) the few available temporal studies in the Arctic indicated
an increase in biota of HBCD, no or unclear trend, depending on species and locality. According to Managaki et al.
(2009), the increasing trend in releases of HBCD are in agreement with concentration data from sediment cores (Minh
et al. 2007) and historic trends of HBCD levels in human blood in Japan (Kakimoto et al. 2008).

68.  Several sediment core analyses performed in Asia and Europe show higher levels of HBCD in the top layers and
lower concentrations in the deeper layers. These findings correlate with the trend in use of HBCD. HBCD was present
in three sediment cores and six surface sediment samples collected in 2002 from Tokyo Bay, Japan (Minh et al. 2007).
HBCDs first appeared in the mid-1970s and concentrations observed in the cores have increased since then. Based on
the data, Tanabe (2008) estimated concentration doubling times of 7 to 12 years for HBCD in the sediment. HBCD was
first detected in sediments from Lake Greifensee in the mid-1980s (Kohler et al. 2008). HBCD concentrations in the
cores then increased in an exponential manner with a peak in 2001 (2.5 ng/g, dry weight). Bogdal et al. (2008) reported
increasing HBCD concentrations up to the surface layer in two sediment cores from Lake Thun.

69. A temporal trend study of HBCD and PBDEs in eggs of herring gulls (Larus argentatus), Atlantic puftins
(Fratercula arctica), and black-legged kittiwakes (Rissa tridactyla) in northern Norway (Helgason et al. 2009) showed
that levels of a-HBCD increased in all species from 1983-2003. The mean levels increased from 16-108 ng/g Iw in
Herring gulls, 12-58 ng/g lw in Atlantic puffins and 30-142 ng/g Iw in black-legged kittiwakes at Rost and Horneya
(Northern Norway). The same result was achieved in a similar study (KLIF 2005) in eggs from the same bird species
sampled in 1983, 1993, and 2003 in northern Norway. The median levels increased from 7.9-110 ng/g lw in Herring
gulls, 8.4-72.3 ng/g Iw in Atlantic puffins and 15.9 — 161.3 ng/g lw in Black-legged kittiwakes at Rest and Horneya.
The increase in median levels was 25.3-81.4 ng/g Iw in Glaucous gulls at Bjerngya (Svalbard) (KLIF 2005). Esslinger
et al. investigated the temporal trends and enantiomeric patterns of HBCD in stored pooled egg samples of herring gulls
(Larus argentatus) collected between 1988 and 2008 from three geographically isolated colonies near the German coast
(Dioxin 2010a). The temporal trend at Trischen island showed no trend or unclear trend, at Mellum island the trend was
increasing until the beginning of 1990, where the levels in the eggs was leveling off, followed by a steep increase until
the beginning of 2000, where the levels fluctuated and showed a decrease the last four years. The same temporal pattern
was shown at the Heuwiese island, but here the data was limited to the last ten years. However, it is not possible to do a
regression analysis since the analysis was based on single and pooled egg samples. No standard deviation was given
and the significance of the variations in the levels was not possible to determine.

70.  Recent monitoring data from for fish (bream and sole) that show concentration changes of HBCD in fish tissue
is only based on data from three years (2007-2009) so any conclusion on trends can only be preliminary. Different
trends were found, two increasing, two decreasing and one with no clear trend (Fraunhofer, 2010).

71.  Stapleton et al. (2006) have shown an exponential increase in HBCD concentrations with a doubling time of
approximately two years in California sea lions (Zalophus californianus) stranded between 1993 and 2003. Law et al
(2008a,b) have continued their analysis of HBCD in UK harbor porpoises, which now includes 223 animals spread over
13 years (1994-2006). The within year variation is 4-6 orders of magnitude, which makes any conclusions uncertain.
However, the mean values indicate increasing concentrations from the mid-1990’s (30-70 pg/kg lipid weight) with a
steep and statistically significant increase between 2000 and 2001 resulting in a mean concentration of 5,450 pg/kg in
2003. The steep increase was followed by a corresponding steep decrease between 2003 and 2004, resulting in a
concentration of 817 pg/kg in 2006. Concentrations of PBDEs and HBCDs in marine mammals from Japanese and
Chinese coastal waters have drastically increased during the last 30 years (Tanabe et al. 2008). In the samples from
Japan, temporal changes in BFR levels were associated with trends in production/use of the commercial formulations.
Since the withdrawal of some PBDE products from the Japanese market in the 1990s, concentrations of HBCDs appear
to exceed those of PBDEs, reflecting increasing usage of HBCDs.

72.  The concentrations in the European environment are often higher than those measured in biota in North America
and the Asia-Pacific region (Hoh and Hites 2005; Tomy et al. 2004; Peck et al. 2008; Stapleton et al. 2006; Janak et al.
2005; Morris et al. 2004; Zegers et al. 2005; Yu et al. 2008; Kajiwara et al. 2006; Isobe et al. 2008; see reviews by
Tanabe et al. 2008 and Law et al. 2008b). The levels in the Asia-Pacific region and North America are found to be in
the lower range of the levels detected in sea mammals in Europe (Covaci et al. 2006). The results likely reflect the
substantially higher market demand for HBCD in Europe relative to other regions of the world (Law et al. 2008b;
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Tanabe et al. 2008). However, according to the review by Tanabe et al. (2008) HBCDs are also widespread in the Asia-
Pacific region. The review concluded that HBCDs were detected in all the matrices examined - mussels, fish, marine
mammals, human breast milk, house and office dust. The highest concentrations of BFRs were observed in the samples
from Korea, South China, and Japan. A similar pattern emerges from other Asian studies. Assessing HBCD levels in
skipjack tuna samples collected from thirteen offshore locations in the Asia-Pacific region during 1997-2001 (Ueno et
al. 2006) found HBCD levels that were higher in mid-latitude areas of the Far East, as relatively high concentrations
were detected in samples collected around Japan, the East China Sea and the North Pacific. In two other field studies
the spatial distribution of HBCDs in the Asia-Pacific region were assessed by analyzing fat tissue of marine mammals
from Japan and Hong Kong (Kajiwara et al. 2006; Isobe et al. 2008). The detected HBCD levels were higher in
cetaceans from Japan than in cetaceans from Hong Kong, probably due to intensive usage in Japan in recent years.
HBCD levels in mammals from Hong Kong and Japan ranged from 21 to 380 ng/g lipid wt and from 330 to 940 ng/g
lipid wt, respectively. For comparison, measured levels in blubber sampled from white-sided dolphins at the eastern
coast of US between 1993-2004 were in the range of 19-380 ng/g lw (14-280 ng/g ww) (Peck et al. 2008). Tanabe et al.
(2008) concluded that the high levels of BFRs, including HBCD, in marine mammals found in coastal waters of Japan
and south China could be due to the presence of a number of electronics manufacturing industries in this region.

73.  According to Covaci et al. (2006) there is a general trend to higher environmental HBCD concentrations (air,
sediment, and fish) near point sources (plants producing or processing HBCDs) and in urban areas, than in locations
with no obvious sources of HBCDs. Concentrations of HBCDs are often elevated by at least one order of magnitude in
the vicinity of plants either producing or using HBCDs. Several hot spots have been identified in Europe: the rivers
Viskan (Sweden), Tees and Skerne (U.K.), Cinca (Spain), and the Western Scheldt estuary (Netherlands) (Covaci et al.
20006). All of these sites were related to present or former production facilities for HBCDs or HBCD retarded materials.
Higher HBCD concentrations are also frequently found near urban centers and industrial sites (Janak et al. 2005;
Remberger et al. 2005; Petersen et al. 2005; Minh et al. 2007; Morris et al. 2004; Sellstrdm et al. 1998; Eljarrat et al.
2009; Hoh and Hites 2005). In a study by Remberger et al. (2004) the depositional fluxes measured in the urban region
of Sweden were between 5.5 and 366 ng/m’. Fluxes measured in more remote locations of Sweden and Finland were
generally smaller and ranged from 0.02 to 13 ng/m?. Air concentrations at sites near potential point sources ranged from
0.013 to 1,070 ng/m® while those at the urban stations were 0.076 to 0.61 ng/m’. In the study by Remberger et al (2004)
the highest air concentration (1,070 ng/m’), was recorded close to the exhaust for the air ventilation system of the XPS
manufacturing facility. In particular, soil samples collected near HBCD-processing factories are found to have high
levels of HBCD. Remberger et al. (2004) and Petersen et al. (2005) measured HBCDs, ranging between 111 and 23,200
ng/g dw, in soil samples collected outside an XPS producing plant. Highest concentrations (1,100 and 680 ng/g Iw a-
isomer in sole, Solea solea, muscle and liver, respectively) in the study by Janak et al (2005) were measured nearest to a
HBCD production plant at Terneuzen (ICL-IP Terneuzen formally known as, Broomchemie 7,500 tons HBCD/year).
The levels fell with increasing distance to the point source.

74.  The findings of Heeb et al. (2008) are also important to the issue of bioavailability. Heeb et al. (2008)
documented conversion of the y-isomer into a-HBCD at temperatures exceeding 100°C. In a wider context, this finding
suggests that finished products subjected to high temperatures during processing, and the releases during the service life
of HBCD containing articles, as well as the releases from the industrial use of HBCD in textiles and polystyrene, may
carry a higher proportion of the a-isomer than is present in the original formulation. This in turn may increase the
potential for organism exposure to the a-isomer, and may in part explain the predominance of a-HBCD in biota.
Compared to a-HBCD, the y- and - isomers are commonly present at lower levels or below detection limits (European
Commission, 2008).

75.  In the study by KLIF (2008) the dominating isomer at the two local sites monitored in the Norwegian Arctic was
v-HBCD (71 - 72%). In the precipitation samples at the Great Lakes Basin in the study by Bakkus et al (2005) the
dominating diastereoisomer was a-HBCD; the average percent distribution was 77%, 15% and 8% for a-, - and y-
HBCD respectively. In the study by Yu et al. (2008), air samples were collected from four sites in the city of
Guangzhou, a typical fast developing metropolitan city of South China, The analysis indicated that a-HBCD (59-68%)
was the dominant isomer and f-HBCD was a minor isomer in all air samples. For gas-particle distribution on each
diastereoisomers the percentage of f-HBCD in gas phase was higher than those in particle phase whereas the
percentage of a and y-HBCD in gas phase was lower than those in particle phase at all sites. This might be caused by
slightly different physicochemical properties of three diasteroeoisomers. The stereoisomeric profile of HBCDs in most
sediments have been found to be similar to that of commercial HBCD formulations, with y-HBCD being the most
abundant stereoisomer (Morris et al 2004). However, near production facilities using HBCD (Morris et al. 2004,
Schlabach et al 2004a, b), the contribution of a-HBCD was higher than in the technical mixture.

76.  Generally, the isomeric pattern observed in biota varies with species. This may reflect species differences in the
external exposure situation, uptake, metabolism or depuration of the three isomers. Whilst several studies show that
both a-HBCD and y-HBCD have a tendency to bioaccumulate in organisms, a-HBCD reportedly has a higher potential
to biomagnify than y-HBCD (see section 2.2.2). The a-isomer of HBCD therefore dominates especially at higher
trophic levels in the food webs. Selective biotransformation and bioisomerization, whereby the other stereoisomers are
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preferentially converted to a-HBCD, contributes to this pattern (Law et al. 2006d; Janak et al. 2005; Zegers et al. 2005;
see European Commission 2008 for overview). Another mechanism of importance can be a selective uptake of a-
HBCD and/or differences in the stereoisomeric and enantiomeric profile of prey organisms. In peregrine falcons and
white-tailed sea eagle only a-HBCD was detected, and in terns and guillemots it was the predominant diastereoisomer
(Janak et al. 2008). This is in agreement with other studies of HBCD diastereoisomers in birds (Leonards et al. 2004;
Morris et al. 2004; KLIF 2005). At the bottom of the food chain a different exposure pattern emerges. For example, in a
study by Tomy et al. (2008), the main isomer in bottom dwelling filter feeders and zooplankton was found to be y-
HBCD. As illustrated by Roosens et al. (2009), such environmental changes are reflected in the human tissue samples,
but may in addition be influenced by in vivo bioisomerization of B- and y-HBCD to o—HBCD and a more rapid
biotransformation of B- and y-HBCD than a—HBCD (Zegers et al. 2005, Law et al. 2006¢). In vivo studies with rats
suggest that HBCD is also debrominated to PBCDe and TBCDe. In total, five different species of hydroxylated HBCD
metabolites have been found by LCQ and GC-MS; monohydroxy- and dihydroxy-HBCD, monohydroxy- and
dihydroxy-PBCDe and monohydroxy-TBCDe (Brandsma et al. 2009).

2.3.2 Human exposure

77.  Humans, like other organisms, are exposed to HBCD via multiple sources: food, dust, air, textiles, polystyrene
products and electronic equipment (for overview see NCM 2008; European Commission, 2008; AMAP 2009; Covaci et
al. 2006; Harrad et al. 2010a,b). Human exposure to HBCD may be either dermal or oral, and may also result from
inhalation of vapor and particles (European Commission, 2008). In the work environment direct dermal exposure and
inhalation of fine HBCD dust or particles are particular concerns. In a study by Thomsen et al. (2007) industrial
workers at plants producing EPS with HBCD were found to have elevated HBCD levels in their blood (i.e. 6-856 ng/g
lw serum). Serum/blood levels in non-occupationally exposed individuals are typically much lower (i.e. 0.005-6.9 ng/ g
lw) though the data indicates potentially significant sources of exposure (see KEMI 2008 for overview).

78.  In non-occupationally exposed individuals indirect exposure via the environment or products, be it oral, dermal
or by inhalation, is the main concern. In a study by Stapleton et al. (2008) HBCD levels in dust samples from indoor
environments ranged from <4.5 ng/g to a maximum of 130,200 ng/g with a median value of 230 ng/g. A study by
Abdallah et al (2009) found HBCD in household air (median concentration 180 pg m™), household dust (median
concentration 1,300 ng/g), offices (median concentration 760 ng/g), and cars (median concentration 13,000 ng/g).
Reported dietary exposure levels in humans vary globally and regionally (Shi et al. 2009, Roosens et al. 2009). Surveys
in Europe and the US reveal dietary exposure levels for HBCD in the range of <0.01-5 ng/g w/w (see Roosens et al.
2009 for overview). Fatty foods of animal origin such as meat and fish are likely a major source of dietary human
exposure, and the exposure situation closely depends on the consumption of those products in the population (e.g. Shi et
al. 2009; Remberger et al 2004, Lind et al 2002, Driffield et al 2008). Among all dietary samples, the highest HBCD
concentrations (up to 9.4 ng/g w/w) are reported for fish (Knutsen et al. 2008, Remberger et al. 2004, Allchin and
Morris 2003). Accordingly in Norway, where fish is an important part of the diet, intake of fish has been found to
closely correlate with serum HBCD levels (Thomsen et al. 2008; Knutsen et al. 2008). Eggs are another potential
source of human exposure (Hiebl et al. 2007, Covaci et al. 2009). A survey of home-grown chicken eggs sampled near
contaminated sites in developing countries showed eggs to contain <3.0-160 ng/g lipid weight (IPEN, 2005). HBCD
levels in eggs were high in Mexico (91 ng/g lipid), Uruguay (89 ng/g lipid), Slovakia (89 ng/g lipid), relatively high in
Turkey (43 ng/g lipid), and extremely high in Kenya (160 ng/g lipid). That vegetables may contain HBCD at similar
concentrations as have been reported for meat and fish, was shown by Driffield et al. (2008), who assessed 19 different
food groups representing the UK diet for 2004 for brominated flame retardants. The presence of HBCD in vegetables
and vegetable oils and fats may arise from the presence of this substance in sewage sludge and the subsequent use of
sewage sludge as a food crop fertilizer (Kupper et al. 2008, Brindli et al. 2007). Stereoisomeric patterns in food
samples suggest both global and regional variation, as well as stereoisomeric differences depending on food type
(Roosens et al. 2009; Shi et al. 2009).

79.  Although fish and meat are the major dietary sources in Europe, USA and China (Covaci et al. 2006; Schecter et
al. 2008; Thomsen et al. 2008; Shi et al. 2009), two British studies assessing HBCD exposure in humans also highlight
indoor air, and in particular dust, as important sources of exposure in both adults and toddlers (Abdallah et al. 2008a
and b). For a toddler of 10 kg who ingests an estimated 200 mg dust/ day (HBCD contamination at the 95" percentile)
the intake via dust may exceed by 10 times the levels received via diet alone (Abdallah et al. 2008a). In the study of
Roosens et al. (2009), daily exposure from food and dust was found to be approximately similar in magnitude, and
HBCD concentrations in serum only correlated significantly with estimates of exposure via dust. As postulated by the
authors, exposure to dust may be an important exposure route because exposure remains more constant over time
compared to exposure from food which depends on the more periodic intake of contaminated food items (Roosens et al.
2009). However, as fish and meat are common food commodities in many regions, diet could cause potentially higher
exposures than dust, depending on consumption rates, dietary patterns and geographic distribution.

80.  As aresult of continuous exposure in homes, offices and cars, HBCD is found in human adipose tissue
(Pulkrabova et al. 2009; Johnson-Restrepo et al. 2008; Antignac et al. 2008; Abdallah and Harrad 2009) and blood
(Weiss et al. 2004; Weiss et al. 2006; Lopez et al. 2004; Brandsma et al. 2009; Thomsen et al. 2007; Meijer et al. 2008;
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Roosens et al. 2009). Exposure occurs at an early stage of development as HBCD is transferred across the human
placenta to the fetus (Mejier et al. 2008), and is also transferred from mother to child via breast milk. HBCD has been
detected in breast milk in Europe (Covaci et al. 2006; Lignell et al. 2009; Eljarrat et al. 2009, Colles et al. 2008; Polder
et al. 2008a; Polder et al. 2008b; Fangstrom et al. 2008; Antignac et al. 2008), in Asia (Kakimoto et al. 2008; Shi et al.
2009; Malarvannan et al. 2009; Tue et al. 2010), in Russia (Polder et al. 2008b), Mexico (Lopez et al. 2004) and in
USA (Schecter et al. 2008). Hence exposure to HBCD occurs at critical stages of human development, both during
pregnancy and postnatally via breast milk. Reported concentrations of HBCD in breast milk range from below detection
limit to 188 ng HBCD/g Iw (for overview see European Commission 2008). According to EBFRIP 2009b the typical
range of total HBCD concentrations in human breast milk in populations inhabiting industrialized areas appears to be
<I to 5 ng/g lw. Geographically, the highest HBCD levels have been found in mothers’ milk from two areas in
Northern Spain (Catalonia and Galicia). The reported HBCD levels from these studies ranged from 3-188 and 8 -188
ng/g Iw, with median values of 27 and 26 ng/g Iw, respectively (Eljarrat et al. 2009; Guerra et al. 2008a).

81.  As documented by a Japanese study (Kakimoto et al. 2008), HBCD levels in human milk appear to mirror the
market consumption of HBCD. In mothers’ milk from Japanese women (age 25-29) HBCD levels were below the
detection limit in all samples collected during the 10-year period from 1973-1983, but then increased from 1988
onwards. In the period 1988-2006, a-HBCD was detected in all 11 pooled milk samples with levels ranging from 0.4-
1.9 ng/g Iw. Mean total HBCD concentrations over the period 2000 — 2006 ranged from 1-4 ng/g Iw. The levels
reported from this Japanese study are higher than values reported for women from Northern Norway where HBCD was
detected in only 1/10 samples, at a concentration of 0.13 ng/g Iw (Polder et al. 2008a). In a study from Stockholm,
Sweden, temporal trends show an increase in HBCD levels in milk up to 2002 after which a levelling occurs.

82.  The extent of oral absorption of HBCD in humans is largely unknown (ECHA 2008a). Estimations suggest that
the uptake of HBCD via this exposure route ranges from 50-100% (ECHA 2008a, European Commission 2008).
According to calculations made in the EU risk assessment (European Commission 2008) intake of HBCD via breast
milk is 1.5 ng/ kg bw/ day for 0-3 month olds and 5.6 ng/ kg bw/ day in 3-12 month old babies. However, with the
levels found in mothers’ milk from some locations in northern Spain (A Corufia), Eljarrat et al. 2008 calculated the
intake to be 175 ng/ kg bw/day for 1 month olds. This is 12 times higher than the estimated daily intake (EDI) for 0-3
month old infants as determined in the EU risk assessment (European Commission 2008) and 25-1,458 times higher
than the EDI for adults in Sweden, Netherlands, United Kingdom and Norway (KEMI, 2009; Eljarrat et al. 2009,
Roosens et al. 2010). A Flemish dietary study suggests that the age group between 3 and 6 years seems to be the highest
exposed with an EDI for ZHBCD of 7 ng/kg bw day. Newborns and adults are less exposed with EDI’s of 3 and 1
ng/kg bw day, respectively (Roosens et al. 2010). In all instances, however, children appear to be more exposed than
adults.

83.  Data from China, which are based on a-HBCD levels in the range of <LOD to 2.78 ng/ g as measured in
mothers’ milk from 1,237 donors from 12 different provinces, suggest an EDI of 5.84 ng / kg bw/ day when assuming a
body weight of 7.8 kg and a milk consumption for 6-month-olds as specified by the U.S. Environmental Protection
Agency (Exposure Factors Handbook US EPA). This value is approximately 3 to 10 times lower than the calculated
EDI for infants in the EU region which were proposed to be 15 and 56 ng/ kg bw/ day for 0-3 month and 3-12 month
old infants, respectively (European Commission, 2008). Still, the EDI for infants in China is estimated to be 14 times
that of Chinese adults, where an EDI of 0.432 ng/kg bw/day was given for a “reference” man (Shi et al. 2009).

84.  Although a-HBCD, followed by y- and B-HBCD, appears to be the predominant diastereoisomer in all biota,
including humans (European Commission 2008), the profiles of a-, f-, and y-HBCD isomers in human tissues are not
consistent and differ somewhat between studies (Weiss et al. 2006, Thomsen et al. 2007, Roosens et al. 2009, Shi et al.
2009, Schecter et al. 2008, Eljarrat et al. 2009, Guerra et al. 2008a). The external exposure situation (time, dose and
stereosisomeric pattern), toxicokinetics, biotransformation, and time of sampling may all be important.

2.4 Hazard assessment for endpoints of concern

85.  The hazard potential of HBCD has been assessed in several reports (European Commission 2008, ECHA 2008b,
US EPA 2008 and EBFRIP 2009b). In the EU, HBCD has been identified as a substance of very high concern based on
its persistency, bioaccumulation and toxicity. In the US an initial screening assessment of HBCD concluded that there
is a high concern for aquatic organisms from environmental releases, based on the bioaccumulation potential of HBCD,
the high acute toxicity for aquatic plants and chronic toxicity for aquatic invertebrates, and also the potential for
exposure and presence in remote regions (US EPA 2008).

86.  Most toxicological studies with HBCD focus on HBCD mixtures and the available data on stereoisomer specific
toxicity is very limited. It is difficult to draw any firm conclusions regarding the risks posed by the different
stereoisomers and enantiomers at this point since partly contrasting results have been obtained that may depend on
differences in the endpoints and methods used in the different studies (Dingemans et al. 2009, Zhang et al. 2008,
Hamers et al. 2006, Palace et al. 2008).
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2.4.1 Ecotoxicity to aquatic organisms

87.  Ecotoxicity testing of HBCD in aqueous media is complicated by its very low water solubility and high
adsorption potential (EBFRIP 2009b, NCM 2008). HBCD has a low acute toxicity to aquatic organisms owing in part
to its limited solubility in aqueous media (Wildlife International 1997, Walsh et al. 1987, CEPA 2007 and ACCBFRIP
2001 for overview). Regarding the long-term toxicity of HBCD it was concluded to be very toxic to aquatic organisms
in the EU Risk Assessment (European Commission 2008). This conclusion was based on the long-term ecotoxicity test
with Daphnia magna (28d-NOEC 3.1 pg/l; Wildlife International 1998) and on the growth inhibition test with
Skeletonema costatum (72h-EC50 52 pg/L; Wildlife International 2005). In both tests calculated NOEC and ECs
values were below the water solubility of the technical mixture of HBCD (66 pg/L). Based on the effects in long-term
tests with Lumbriculus variegates, HBCD is known to cause adverse effects to aquatic sediment organisms at exposure
level relevant for the environment (Institute of Hydrobiology 2001).

88.  Fish-feeding studies indicate effects on key biological processes. For example an interference of HBCD with the
HPT-axis and liver biotransformation enzymes were reported in rainbow trout exposed to individual HBCD
diastereoisomers via food for 56 days followed by a depuration period of 112 days when fish were fed a reference diet
(Palace et al. 2008). Lipid corrected concentrations of a-, -, y-isomers in the food were 29.14 = 1.95, 11.84 + 4.62, and
22.84 + 2.26 ng/g, respectively (means £SEM). Liver detoxification processes (P450 CYP1A activity) were inhibited
by all HBCD stereoisomers after 7 days of dosing, and also after 56 days of dosing but then only in a- and - exposed
fish. Thyroid follicle epithelial cell heights were significantly greater in y-HBCD exposed fish at day 56 of the uptake
phase and in fish from the a- and y-HBCD exposed groups at day 14 of the depuration phase. More recent studies also
support that HBCD may interfere with the fish thyroid system (Palace et al. 2010). The link between HBCD induced
disturbances in the HPT-axis and the importance of such effects to smoltification in Atlantic salmon has also been
examined (Lower and Moore 2007). To assess this, Lower and Moore (2007) exposed juvenile salmon to 11 ng/L of a
HBCD mixture for 30 days during the peak smoltification period in freshwater. The fish were then transferred to clean
seawater for 20 days. Throughout the HBCD-dosing and saltwater exposures, 5-8 fish were sampled every 7 days and
gill and blood tissues were collected. In addition, electro-olfactrograms were recorded in an additional 5 fish every 10
days using urine from salmon from the same stream (considered to be the cue for returning smolts) as an effector. The
exposure to HBCD was not observed to affect seawater adaptability, although the peak of thyroxine was shifted and
occurred one week earlier in HBCD exposed fish than in controls. A reduction in olfactory function, as evidenced by
attenuated olfactory responses during early freshwater transition, was also observed. This latter effect is important as it
can affect successful homing, and thereby ultimately also reproductive capacity in adult salmon. In contrast to the
above findings, in a third reported study assessing TH effects in European flounders (Platichtys flesus), no effects
neither on the liver’s biotransformation capacity or TH-levels were reported, even though HBCD accumulated dose-
dependently (Kuiper et al. 2007). The fish were in this instance exposed to HBCD in food (pg/g lipid) and sediment
(ng/g total organic carbon) in the following combinations; 0+0 (control); 0.3+0.08; 3+0.8; 30+8; 300+80; 3,000+800;
and 0+8,000 for 78 days. Lastly, HBCD may also interfere with amphibian metamorphosis, a process that is tightly
regulated by TH-hormones. As shown in vitro, HBCD at 10, 100 and 1000 nM potentiates T3 induced tadpole tail
regression in a concentration dependent manner (Schriks et al. 2006). /n vivo such effects may result in precocious
metamorphosis.

89.  Recent studies with fish models suggest that HBCD may also induce oxidative stress and apoptosis. Deng et al.
(2009) examined oxidative stress and the apoptosis pathway in four-hour post-fertilization zebrafish (Danio rerio)
embryos by exposing them to waterborne HBCD at concentrations of 0, 0.05, 0.1, 0.5, and 1.0 mg/ L for 92 hours.
Survival was reduced at the three middle doses equivalently, but was elevated at the highest dose (1mg/L). Hatching
rate was only affected at the highest dose (1 mg/L) with a 10 % reduction from controls. Malformation rates (including
epiboly deformities, yolk sac and pericardial edema, tail and heart malformations, spinal curvatures and improper
inflation of the swimbladder) increased dose dependently, and heart rate and body length both also decreased with
exposure to HBCD. The levels of reactive oxygen species (ROS) also increased dose dependently in fish exposed to
HBCD concentrations above 0.05 mg/L. With regard to apoptosis, HBCD elevated expression of the pro-apoptotic
genes p53, Bax, Puma, Apaf-1, and caspase-9 and caspase-3, of which the response of the latter two was verified at the
enzyme level. The anti-apoptotic genes Mdm2 and Bcl-2 were both significantly down regulated at the highest HBCD
exposure concentration. The overall results demonstrate that waterborne HBCD may produce oxidative stress in
zebrafish embryos and lower survival at doses below the water solubility of technical HBCD. The latter effect is
important since HBCD has been documented to be maternally transferred to off-spring in oviparous animals, hereunder
also fish (Nyholm et al. 2008, Jaspers et al. 2005, Lundsted-Enkel et al. 2006). The potential of HBCD to induce
oxidative stress in zebra fish embryos has also been demonstrated by Hu et al. (2009). Here, the oxidative stress,
assessed by lipid membrane damage (effects at 0.5, 2.5 and 10 mg /L) was also accompanied by delays in hatching
(<0.5 mg HBCD/ ml), dose-independent changes in superoxide dismutase enzyme activity (higher at 0.1, lower at 2.5
and 10 mg/ L) and an elevation of heat shock proteins (Hsp70) activity (=0.1 mg/L), the latter effect likely indicating
increased protein repair activity. Moreover, in a study with Chinese rare minnows (Gobiocyprinus rarus) Zhang et al.
(2008) observed a consistent increase in oxidative stress and cellular macromolecules in brain (ROS, carbonylation,
TBARS) and erythrocytes (DNA) by waterborne HBCD in the 100-500 pg/l range (42 days). Protective enzymatic-
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(superoxide dismutase) and non-enzymatic antioxidant glutathione were compromised even at concentrations of 10 and
1 ug /L respectively. A shorter 28 day exposure resulted in somewhat higher effect concentrations. However, since
most test concentrations in these studies are above the water solubility of HBCD, the studies may not be suited to derive
dose-response relationships and to set thresholds of toxicity.

90. In fish proposed novel mechanisms of HBCD toxicity are decreased protein metabolism and changes in
cytoskeleton dynamics and cellular defense mechanisms (Kling and Forlin 2009). Recently, HBCD was also
demonstrated to have a genotoxic potential and to increase cell death in benthic clams (Macoma balthica) (Smolarz and
Berger 2009).

2.4.2 Toxicity in soil organisms and plants

91.  Long-term toxicity of HBCD to earthworms has been assessed by ABC (2003), who measured survival and
reproduction in Eisenia fetida (clittelate adults) following 56 day exposure to a technical HBCD mixture. HBCD was
mixed dry into artificial soil media at concentrations of 78.5 to 5,000 mg/kg dry soil weight. In this study, the NOEC
for survival and reproduction were determined to be 4,190 and 128 mg HBCD/kg dry soil respectively. The NOEC for
reproduction was later recalculated to 59 mg/kg dry soil weight because the soil that was used contained a higher
amount of organic matter than standard soil (NCM 2008).

92.  Assessments of the toxicity of HBCD in the terrestrial ecosystems have also been conducted with plants
(Wildlife International 2002). This study, yielding a NOEC of > 5,000 mg HBCD/ kg dry soil for the test species corn
(Zea mays), cucumber (Cucumis sativa), onion (Allium cepa), ryegrass (Lollium perenne), soybean (Glycine max) and
tomato (Lycopersicon esculentum), was determined using a technical HBCD mixture in a seedling emergence test. For
effects on soil micro-organisms, the only conducted study reports a NOEC of > 750 mg HBCD/ kg dw using nitrate
production as an endpoint for assessment (ECT 2007).

2.4.3 Toxicity in birds

93. A recent study with American kestrels indicates that a technical HBCD mixture administered to birds via the diet
is readily taken up and distributed to internal organs (BFR 2009a; SETAC 2009). The main stereoisomer detected in
liver, fat and egg was a-HBCD, followed by y-HBCD and B-HBCD. According to these observations, HBCD is
preferentially stored in fat and is transferred to eggs during development. Tissue concentrations were such that
fat>>eggs>liver>plasma (SETAC 2009). In this study, administration of 800 ng/g ww of technical HBCD formulation
in safflower oil for 21 days followed by a 25 day depuration period, resulted in environmentally relevant internal doses,
i.e., 2 HBCD 934.8 ng/g lw (20 ng/g ww) in liver and 4216.2 ng/g Iw (181. 5 ng/g ww) in eggs) with the level of a-
HBCD being 164 ng/g ww in egg) (BFR 2009b). In a parallel study, and ) assessed reproductive effects of HBCD in
American kestrels (Falco sparverius) (BFR 2009b; Dioxin 2010b). Also here kestrels were exposed daily to 800 ng/g
ww of a technical HBCD mixture in safflower oil from three weeks prior to pairing until two days before hatching. a-
HBCD dominated in eggs, where it was found at a concentration of 164 ng/g ww following exposure. While clutch size
(number of eggs per female) was greater in the treated kestrels, hatchling numbers were comparable to that of controls
(Dioxin 2010b). Treated kestrel nestlings were smaller in weight and had a slower growth rate than controls as
determined by overall body weight. Behavioural parameters related to parental care were also affected by HBCD
exposure (BFR 2009b; Dioxin 2010c¢). Collectively, the findings from these studies suggest that there is reason for
concern of reproductive and developmental effects in wild birds, because the 800 ng/ g ww dose that elicited effects in
the studies by Marteinson and Fernie (see BFR 2009 for overview) are similar to what have previously been observed
in wild birds in Central Europe and the Norwegian Arctic, i.e., (cormorant (liver): 138-1,320 ng/g lw and tern (egg):
330-7100 ng/g lw (Morris et al. 2004); glaucous gulls (liver):195-15,027 ng/g lw and great black- backed gulls (liver):
1,881 - 3,699 ng/g lw (KLIF 2007); glaucous gulls (liver): 75.6 ng/g ww (Verreault et al. 2007).

94.  The avian developmental and reproductive toxicity of HBCD was also examined in a Japanese study in 2009. In
this study the Japanese quails (Coturnix coturnix japonica) that were fed diets containing 0, 125, 250, 500 or 1,000 ppm
of HBCD (a mixture of isomers: a-, 27%; B-, 30%; v-, 43%) for 6 weeks. HBCD caused a reduction in hatchability at
all concentrations examined. A statistically significant reduction in egg shell thickness was also observed at
concentrations above 125 ppm. Decreases in egg weights and egg production rate and an increase in the number of
cracked eggs were observed at 500 and 1,000 ppm of HBCD. Adult mortality increased at 1,000 ppm. Additional tests
were conducted with concentrations of 0, 5, 15, 45 or 125 ppm of HBCD to confirm no-observed-effect concentration
(NOEC) on reproductive performance. Survival of chicks hatched from eggs of HBCD fed hens was significantly
reduced at 15 ppm (2.1 mg/kg bw/day) and more. A tendency to reduced hatchability with increasing concentration of
HBCD was also observed at 15 ppm and more. The NOEC for reproductive performance of quails was considered to be
5 ppm (0.7 mg/kg bw/day) of HBCD (Ministry of the Environment, Japan, 2009, Japanese submission).

95.  When technical HBCD was injected into the air cell of chicken eggs prior to incubation, a lowering of hatching
success was observed at concentrations of 100 and 10,000 ng/g (Crump et al. 2010). In the same study, effects on the
mRNA expression of CYP2H1, CYP3A37, UGT1A9, deoiodinase 2, liver fatty acid binding protein and insulin-growth
factor 1 in chicken were also documented (both doses). The observation that HBCD may interfere with key metabolic
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pathways in chickens is further supported by Crump et al. (2008), who assessed effects on mRNA expression in
chicken embryonic hepatocytes exposed to 0.01 to 30 uM a-HBCD or a technical mixture of HBCD. a-HBCD, but not
technical HBCD, induced Phase [ (CYP2H1 and CYP3A37) and Phase II (UGT1A9) metabolizing enzymes in a dose
dependent manner. The Phase II metabolic enzyme, UGT1A9 is an avian ortholog to mammalian UGT1A1. These
enzymes facilitate the excretion of the thyroid hormone thyroxine (T4) by glucuronidation. Hence, the up-regulation of
this enzyme provides a mechanism by which T4 may be depleted in exposed organisms (i.e. through more rapid
conjugation and excretion). Crump et al. (2008) also observed that the gene encoding transthyretin (TTR) was down-
regulated by technical mixture of HBCD and a-HBCD at concentrations of >1uM. TTR is a serum and cerebrospinal
fluid carrier of T4 and retinol. The observed down-regulation of TTR could therefore add to the effect caused by
UGT1A9, and lead to even more lowering of T4 in blood/ serum.

2.4.4 Toxicity in terrestrial mammals

96.  Available studies demonstrate that HBCD is rapidly absorbed from the rodent gastro-intestinal tract. The highest
concentrations are subsequently reached in adipose tissue and muscles, followed by the liver. At long-term exposure,
higher concentrations are achieved in females than in males, but the substance is bioaccumulating in both sexes, with
the time to reach steady-state concentrations in the order of months. Of the three diastereoisomers constituting HBCD,
the a-form is much more accumulating than the others (the relative bioaccumulation factor was in one study 99:11:1 for
a-, B-, and y-HBCD, respectively). HBCD can be slowly metabolised and eliminated mainly via faeces (European
Commission 2008).

97.  In mammals HBCD primarily targets biotransformation processes in the liver and also affects the HPT-axis (see
NCM 2008; European Commission 2008, ECHA 2008b). Induction of oxidative stress and interference with apoptotic
programmes and hormone signalling could possibly be the initial toxic effects of HBCD exposure (e.g. Zhang et al.
2008; Reistad et al. 2006; Dingemans et al. 2009; Fery et al. 2009; Yamada-Okabe 2005; Hamers et al. 2006; Deng et
al. 2009; Kling and Forlin 2009; Hu et al. 2009). In rats daily oral HBCD exposure of 3 to 100 mg/ kg bw affects key
metabolic pathways including metabolism of lipid, triacylglycerol, androstenedioene, testosterone, estrogen and
cholesterol, as well as Phase I and II biotransformation (Canton et al. 2008; van der Ven et al. 2006). In in vitro studies
HBCD acts as an antagonist of important hormone receptors such as the androgen, thyroid hormone and progesterone
receptors (Yamada-Okabe 2005, Hamers et al. 2006). Together with available in vivo data (see NCM 2008, European
Commission 2008 and ECHA 2008b for overview), these studies indicated HBCD as a likely endocrine disruptor of
both the hypothalamus-pituitary-thyroid hormone axis and of sex-steroid regulated processes in mammals. The thyroid
hormone effects of HBCD have hitherto received most attention and a series of studies have been undertaken. The
results from in vivo subchronic tests with rats range from no observed effects to increase in thyroid- and overall body
weight, decreased serum T4 and increased serum TSH (WIL 2001, van der Ven et al. 2006, Ema et al. 2008, van der
Ven et al. 2009, see KEMI 2009 for overview). Effects have been observed in both sexes but have also been limited to
females only. Though the results may appear inconsistent, there is now considerable consensus that HBCD, like other
brominated flame retardants, can interfere with the HPT-axis (KEMI, 2009, European Commission 2008, NCM 2008).
The mechanism for the thyroid effects is not clear, but a mode of action has been proposed where changes in hepatic
metabolism of thyroid hormone (TH) precedes changes in circulating TH levels, the pituitary, increased TSH levels and
activation of thyroid with hypothyroidism and with secondary effects on lipoprotein synthesis and cholesterol- and fatty
acid homeostasis as possible outcomes (van der Ven et al. 2006, KEMI 2009, Canton et al. 2008).

98.  Besides their role as major regulators of body metabolism (Norris, 2007), thyroid hormones are required for
normal development of the nervous system, as are retinoids (Forrest et al. 2002, Maden 2007), and disturbances in these
systems may therefore result in long term neurotoxic effects in off-spring. For HBCD, a neurotoxic potential has
previously been indicated both in vivo and in vitro with rodent models (Reistad et al. 2006, Mariussen and Fonnum,
2003, Dingemans et al. 2009, Eriksson et al. 2006, Lilienthal et al. 2009). In the in vivo study of Eriksson et al. (2006)
neonatal direct exposure of pups to a single oral dose of HBCD (0.9 mg/ kg or 13.5 mg/ kg bw on postnatal day 10),
induced alterations in spontaneous behavior with initial hypo-reactivity, followed by impaired habituation in adult
mice. This study also reported effects on spatial learning and memory as assessed in a Morris water maze test with
exposed mice. In contrast, in their two-generation study with rats where exposure of pups occurred indirectly via human
breast milk, Ema et al. (2008), only observed transient changes in the performance of F1 males in a water-filled T-maze
test at an exposure level of 1,500 ppm and higher and no effects on other parameters (locomotor activity). According to
Ema et al. (2008), the discrepancy in their results from the results obtained in previous studies could be explained by
differences in exposure regime and/or by differences in species sensitivity. Results from in vitro studies suggest that
HBCD may be cytotoxic to nerve cells and possibly also interfere with neuronal signalling events such as Ca2+ and
neurotransmitter uptake (Reistad et al. 2006, Mariussen and Fonnum 2003, Dingemans et al. 2009).

99.  The in vivo neurotoxic potential of HBCD has also been studied by Lilienthal et al. 2009. In a one generation
reproduction feeding study, they showed that HBCD-induced loss in hearing function was paralleled by changes in
dopamine dependent behaviour (Lilienthal et al. 2009). Loss of hearing function was attributed to a cochlear effect of
HBCD that resulted in increased thresholds and moderate prolongations of latencies in the lower frequency range from
0.5 to 2 kHz and after clicks. Both observed effects were dose-dependent with lower bounds of bench mark doses
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(BMDL) between <1 and 10 mg/ kg bw. Saegusa et al. (2009) on the other hand detected weak hypothyroidism with
increases in thyroid weight, thyroid follicular cell hypertrophy and serum TSH concentrations as well as a decrease in
serum T3 levels in rat off-spring exposed to 10,000 ppm HBCD in a soy-free diet from gestation day 10 to day 20 after
delivery. The TH changes were accompanied by a reduced density of CNPase-positive oligodentrocytes, which is
indicative of impaired oligodendroglial development. Increased thyroid weights and decreased serum T3 concentrations
were also observed in the adult stage from 1,000 ppm. Though the above data suggest that HBCD induced disturbances
in TH-signalling is linked to effects on the nervous system in rodents, changes in behaviour and cognition may also be
impacted by a decrease in apolar retinoids as observed in female rat livers following HBCD exposure (van der Ven et
al. 2006, van der Ven et al. 2009). Moreover, the interferences of HBCD with sex-steroid hormones and their receptors
should not be neglected as these hormones also exert non-genomic effects on brain functions such as learning and
memory, fine motor control, pain perception and mood (Boulware and Mermelstein 2005, Chakraborti et al. 2007,
Meaney et al. 1983, Schantz and Widholm 2001).

100. There are several studies on reproductive effects of HBCD. Saegusa et al (2009) performed a one-generation
developmental toxicity study in rats, with maternal dietary exposure to 0, 100, 1,000 or 10,000 ppm HBCD from
gestation day 10 until weaning of the offspring. In this study thyroid effects were observed both in dams (thyroid
weight increase and follicular cell hypertrophy at 10,000 ppm) and offspring (thyroid weight increase, decreased serum
T3 and increased serum TSH at 1,000 and 10,000 ppm). The thyroid effects together with the impaired oligodendroglial
development in the brain cortex (statistically significant at the high dose (-24%) supported by a dose-dependent trend in
the mid (-12%) and low (-8%) dose groups) and the decreased female body weight (9% in the high dose group) could
indicate developmental hypothyroidism. The LOAEL of this study is 1,000 ppm (81-213 mg/kg/day), and the NOAEL
100 ppm (8-21 mg/kg/day). The long continuous exposure study of van der Ven et al. (2009) suggest that male
reproductive organs are particularly sensitive to HBCD exposure i.e. a decreased testicular weight was observed at a
BMDL of 52 ng/ g bw in F1 males. A weight reduction in other male organs; prostate, the adrenals, heart and brain as
well as in F1 males' total weight was also observed. The observed body weight loss makes it impossible to say whether
any of these effects on organs’ weights are specific or secondary to the general body weight loss. In females the
cytochrome P450 19 enzyme activity, based on group averages, showed a correlation to the internal concentration of y-
HBCD (linear correlation coefficient of 0.90). The cytochrome P450 19 enzyme converts androgens to estrogens
(Norris 2006), and is essential for differentiation and development of gonads and brains of higher vertebrates,
maintenance of reproductive tissues, and sexual behavior (Conley and Hinshelwood, 2001, Simpson et al. 2002). In
females the time to vaginal opening was also delayed, but only at the top dose (BMDL 82.2 pg/ g bw at a benchmark
critical effect (BMR) of 10%)).

101. Like the studies of van der Ven et al. (2009) and Saegusa et al. 2009, Ema et al. (2008) document reproductive
and developmental effects (decreased pup viability, fewer primordial follicles), and also changes in organ weights (e.g.
liver and thyroid), and thyroid hormone levels. Several effects were trans-generational and affected both FO parents and
F1 and F2 parents and offspring. From the point of view of reproductive toxicology, the general decrease in viability in
F2 pups on post-natal days 4 and 21 at 1,500 and 15,000 ppm and the decrease in primordial follicles at 1,500 and
15,000 ppm HBCD exposure in F1 females were the most severe effects. A reduced number of primordial follicles
suggests that reproductive potential of the female may be reduced, and is generally regarded as sensitive biomarkers for
adverse reproductive effects (Parker et al. 2006). It should be noted however that the highest dose used by Ema et al.
(2008) may be considered to be very high. However, dosing was in this study done by mixing HBCD particles into an
appropriate amount of powdered basal diet for each dietary concentration. The absorption kinetics of HBCD likely
depends on both the particle size and amount of particles administered, and is expected to be lower than for dissolved
HBCD. The actual tissue doses from this study are therefore presumably lower than the original dose would suggest, as
may also be assumed from the findings of similar studies such as that of WIL 2001 who only observed reversible
effects at doses up to 1,000 mg/kg bw/day in their 90-day oral exposure study.

2.4.5 Human toxicity

102. The EU risk assessment of HBCD completed in 2008 provides the most comprehensive assessment of toxic
effects and risks of HBCD exposure to human health and welfare (European Commission 2008). This assessment
concludes that HBCD may cause reproductive toxicity and long term toxicity, whereas there is no concern for acute
toxicity, irritation, sensitization, mutagenicity and carcinogenicity. It moreover states that HBCD poses no risk to adult
consumers or to workers when standard industrial hygiene measures are applied (current EU practice). These
conclusions are founded on an extensive list of toxicity studies and on a comprehensive selection of exposure and risk
assessments that consider not only workers and adult consumers, but also indirect exposure of humans via the
environment (European Commission 2008). The EU risk assessment documents that currently in the general (human)
population, HBCD tissue concentrations are much below those reported to induce adverse effects in other mammals
(European Commission 2008).

103. In the EU, the proposal to classify and label HBCD for reproductive and developmental toxicity is currently
under discussion. The substance is suspected of damaging fertility and the unborn child (CLP: Repr 2; H361fd), and the
substance may cause harm to breast-fed children (CLP: Lact. Effects H362) (KEMI 2009).
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2.4.6 Comparison of exposure levels and effect data
Near point sources and source regions

104. A comparison of measured concentrations in the tissues and organs of species of prey (fish) with the predicted
no-effect concentration (PNEC) for secondary poisoning reveals that the concentrations in fish exceed the PNEC of 5
mg HBCD/ kg food for predators (mammals and birds) both near local point-sources and source regions. In the vicinity
of point sources such as the river Skerne in the UK and the river Scheldt basin in Belgium, HBCD concentrations above
5 mg/kg wwt have been measured in fish (eel and brown trout). Also in marine mammals, concentrations higher than
the PNEC have been measured, the highest being 6.4 mg/kg wwt whole body weight in harbour porpoise from the UK
(European Commission 2008). The potential risk of HBCD to wild life near local point-sources and source regions is
further supported by the body/tissue residue based risk assessment made by EBFRIP (2009b). Notably the upper third
of the monitoring data used in the assessment exceeds the specific-toxicity residue-based PNEC for freshwater fish and
for mammals. The upper limit of the monitoring data for birds also enters this range.

105.  Further indications for concern come from recent preliminary data obtained with captive American kestrels
which suggest a risk for reproductive and developmental effects in source regions. The findings from Marteinson et al.
(Dioxin 200910c) and Fernie et al. (Dioxin 2010eb) suggest that there is reason for concern of reproductive and
developmental effects in wild birds, not only because of the seasonal changes in fat stores experienced by wild birds
and the observed transfer to eggs, but also because the 800 ng/g ww dose and the subsequent in ovo HBCD
concentrations that elicited effects in these studies are similar to what has previously been observed in wild birds in
Central Europe, i.e., cormorant liver, 138-1,320 ng/g Iw; and, tern eggs, 330-7100 ng/g lw (Morris et al. 2004). In the
study, administration of 800 ng/g ww of technical HBCD formulation in safflower oil for 21 days followed by a 25 day
depuration period, resulted in environmentally relevant internal doses, i.e., >, HBCD, 934.8 ng/g Iw (20 ng/g ww) in
liver; and, 4216.2 ng/g Iw (181. 5 ng/g ww) in eggs (with the level of a-HBCD being 164 ng/g ww in eggs) (BFR
2009b; SETAC 2009).

Remote regions

106. HBCD has been detected in many Arctic species (invertebrates, birds, fish, terrestrial and marine mammals).
Levels in Polar cod from Svalbard (Arctic Norway) have been reported at 1.38-2.87 ng/g lipid weight (see levels and
effects tables in UNEP/POPS/POPRC.6/INF/25). The findings of HBCD in fish in remote regions suggest a potential
for endocrine effects considering the laboratory studies done by Lower and More (2007), Palace et al. (2008 and 2010)
showing effect on the thyroid axis for salmoid fish. Endocrine disruptor effects may arise from low dose exposure and
are highly dependent on the timing of exposure (WHO and IPCS, 2002). The study on American kestrels (BFR 2009b;
Dioxin 2010c) also suggests a risk for reproductive and developmental effects in wild birds in remote regions, where
the internal doses (164 ng/g ww of a-HBCD) that elicited effects in the studies by Marteinson and Fernie (BFR 2009b)
is exceeded by internal doses observed in wild birds in the Norwegian Arctic, i.e. glaucous gulls (liver), 195-15,027
ng/g Iw; and, great black- backed gulls (liver), 1,881 - 3,699 ng/g Iw (KLIF 2007); glaucous gulls (liver): 75.6 ng/g ww
(Verreault et al. 2007). Muir et al. (2004) detected ZHBCD concentrations in the blubber of beluga whales
(Delphinapterus leucas) in the Canadian Arctic in 2001, a species protected by the Convention on migratory species.
The concentrations were in the range of 9.8-18 ng/g lw. Muir et al. (2006) detected levels of HBCD in adipose tissue of
polar bears (Ursus maritimus) in several populations in the Arctic region in 2002. The highest levels were detected in
the female bears from the Svalbard area (109 ng/g Iw Effects on polar bears and other marine mammals were not
investigated in these studies.

Human health

107. Regarding the risk associated with human exposure to HBCD, it is important to note that the environmental
background levels of HBCD have increased over the last decades (Law et al. 2008b, Law et al. 2006d), and that HBCD
is found in most human tissues, including serum and blood of pregnant women as well as in mothers’ milk (e.g.
European Commission 2008; NCM 2008; ECHA 2008b). The increasing environmental levels are also mirrored in
mothers’ milk (Féngstrom et al. 2008; Kakimoto et al. 2008) and in some instances the reported levels in human milk
have been quite high (Eljarrat et al. 2009; Guerra et al. 2008). As demonstrated by its presence in cord serum and
mothers’ milk, HBCD is transferred from mothers to their children (Meijer et al. 2008; European Commission 2008).
Young children may additionally ingest more HBCD via their environment than adults (Abdallah et al. 2008b) and
generally have a higher intake of HBCD than adults (Roosens et al. 2010). Prenatal exposure to HBCD may lead to
subtle behavioural changes in rodents, particularly motor activity and cognition are affected (Eriksson et al. 2006). No
negative effects of this sort have been confirmed in humans (Roze et al. 2009). Early phases of human development are
tightly controlled by hormones and intracellular signalling processes such as apoptosis, of which the latter is necessary
for normal embryonic- and tissue differentiation (Oppenheim, 1991; Davies 2003; Barres et al. 1992). Thus, the
developmental- and neurotoxic potential of HBCD observed in animal studies give cause for concern, particularly for
unborn babies and young children.
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3 Synthesis of information

108. HBCD is persistent in the environment and has a strong potential to bioaccumulate and biomagnify in food
chains. a-HBCD appears to be the more persistent of the isomers of HBCD and to biomagnify more than f-HBCD and
v-HBCD. HBCD is widespread in the global environment and biota; elevated levels are found in top predators and other
threatened species in the Arctic. Releases of HBCD to the environment are increasing in all regions investigated. The
increasing standing masses of construction materials are potentially long-term sources of HBCD to the environment, as
well as representing larger releases when demolished or renovated in the future. Releases during recycling of
construction materials and electronic appliances can be of importance and are likely to increase in the future. A general
trend seems to be that a-HBCD dominates in the upper trophic levels while the main isomer in the lower levels appears
to be y-HBCD. In human tissue a-HBCD seems to predominate in the general population. Most toxicological studies
with HBCD focus on HBCD mixtures and the available data on stereoisomer specific toxicity is very limited.

109. HBCD is considered very toxic to aquatic organisms. There is a risk of adverse effects in marine mammals and
fish in the vicinity of point sources and in regions with elevated background levels. The measured concentration levels
in biota exceed the PNEC for secondary effects of 5 mg/kg wwt in the EU risk assessment of HBCD (European
Commission 2008). Levels in birds from European regions with elevated back ground levels or near local point sources
are concluded to lie near the threshold levels for adverse effects. In avian species, preliminary data from recent studies
report effects such as reduced eggshell thickness, growth and survival. Further indications for concern come from
recent preliminary data obtained with captive American kestrels which suggest a risk for reproductive and
developmental effects also in wild birds in remote regions.

110. Both older and recent available literature suggest that HBCD can induce effects in mammals and that both
chronic and subchronic, high and low dose exposure to HBCD may have wide ranging and potentially severe effects,
particularly to the neuroendocrine system and to offspring during early phases of development. HBCD has a potential
to interfere with the hypothalamic-pituitary-thyroid (HPT) axis and cause reproductive and developmental effects.
Many effects were trans-generational and affected both parents and offspring. HBCD is maternally transferred to
offspring, both in humans and in wildlife. Significant levels of HBCD in human milk and exposure through food has
been reported near local sources. In humans the main risks of HBCD exposure are possible neuroendocrine and
developmental disturbances from exposure during the early developmental phases of the child. Within the EU, a
proposal to classify HBCD for reproductive and developmental toxicity is under discussion.

111. In addition to the findings in the in vivo animal studies, there are a large number of recent in vitro studies that
document how HBCD upon adsorption may act on, and possibly interfere with biological processes such as cell
homeostasis, protein repair, metabolism, intracellular signalling and neuroendocrine processes. Such studies add to the
understanding that exposure to HBCD has various effects on human health and the environment, and should also be
regarded when considering the toxicity of HBCD.

Table 5. POP characteristics of HBCD

Meets the

L. criterion
Criterion Remark

(Yes/No)

Dated sediment cores indicate very slow degradation rates of HBCD.

HBCD is found to be widespread in the global environment, with high levels in Arctic
Persistence Yes top predators. Temporally increasing concentrations found in biota support the picture of
HBCD as a persistent substance.

The half-life of HBCD in water exceeds 60 days.

Found in elevated concentrations in top predators.
Log K,y is estimated to 5.62.

Yes Fish studies document a BCF of 18,100 (Wildlife International 2000, Veith et al. 1979)
(European Commission 2008).

Bio-
accumulation

BMFs > 1 in aquatic ecosystems (Tomy et al 2004a,b, 2009, Sermo et al. 2006)

Potential for

Long-Range v HBCD is found in the Arctic air and is widespread in the Arctic environment.
; es

Environmental Modelling data show an estimated atmospheric half-life of two to three days.

Transport
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Criterion

Meets the
criterion

(Yes/No)

Remark

Adverse
effects

Yes

Highly toxic for aquatic species with a 72h ECsq of 52 ng/1 for Skeletonema costatum and
a NOEC of 3.1 pg/l for Daphnia magna.

HBCD exerts reproductive, developmental and neurotoxic effects in mammals and birds
with a NOEC/NOAEL in the order of 1 mg/kg/day. In vivo data include:

Decreased pup survival and fewer primordial follicles in rats at 100 mg/kg/day,
NOAEL 10 mg/kg/day (Ema et al. 2008).

Decreased pup weight, decreased testis and prostrate weights, impaired hearing,
and reduction in female bone mineral density in rat offspring at 30-100 mg/kg/day
(van der Ven et al. 2009, Lillienthal et al. 2009).

TH imbalance and impaired oligodendroglial development in the brain cortex of
rat offspring at 1,000 ppm (81-213 mg/kg/day), NOAEL 8-21 mg/kg/day
(Saegusa et al. 2009).

Behavioural effects in mice exposed to 13.5 mg/kg/day at day 10, NOAEL 0.9
mg/kg/day (Eriksson et al. 2006).

Bird egg/chick survival was decreased in quails exposed via the feed to 15 ppm
HBCD (2.1 mg/kg/day), NOEC 5 ppm (0.7 mg/kg/day) (Ministry of the
Environment, Japan, 2009).

Differences in courtship behaviour, earlier egg-laying, and a slower growth rate
were observed in American kestrels exposed daily to 800 ng/g HBCD, internal
dose of 164 ng/g ww a-HBCD (Dioxin 2010b and Dioxin 2010c).

4 Concluding statement

112.  HBCD is a synthetic substance with no known natural occurrence that continues to be used in many countries
including in imported articles and products. Releases of HBCD to the environment are increasing in all regions
investigated, i.e., Europe and in Asia (Japan). HBCD is persistent in the environment and bioaccumulates and
biomagnifies in fish, birds and mammals. A number of measured levels in biota, including higher trophic levels such as
birds and mammals, in source and remote regions are of significant concern for human health and the

environment. Therefore it is concluded that HBCD is likely, as a result of its long-range environmental transport, to lead
to significant adverse human health and environmental effects, such that global action is warranted.
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