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�Synopsis



Polybrominated diphenyl ethers (PBDEs) comprise a class of substances consisting of 209 possible congeners with 1 to 10 bromine atoms. The following PBDEs are identified in a Pilot Project list of 123 substances for screening assessment under the Canadian Environmental Protection Act (CEPA 1999):

tetrabromodiphenyl ether (benzene, 1,1´-oxybis-, tetrabromo derivative; tetraBDE) (CAS N. 40088-47-9);

pentabromodiphenyl ether; diphenyl ether, pentabromo derivative (benzene, 1,1´-oxybis-, pentabromo derivative; pentaBDE) (CAS N. 32534-81-9);

hexabromodiphenyl ether (benzene, 1,1´-oxybis-, hexabromo derivative; hexaBDE) (CAS N. 36483-60-0);

heptabromodiphenyl ether (benzene, 1,1´-oxybis-, heptabromo derivative; heptaBDE) (CAS N. 68928-80-3);

octabromodiphenyl ether (benzene, 1,1´-oxybis-, octabromo derivative; octaBDE) (CAS N. 32536-52-0);

nonabromodiphenyl ether (benzene, 1,1´-oxybis-, nonabromo derivative; nonaBDE) (CAS N. 63936-56-1); and

decabromodiphenyl ether; bis(pentabromophenyl) ether (benzene, 1,1’-oxybis[2,3,4,5,6-pentabromo-; decaBDE) (CAS N. 1163-19-5).



These PBDEs are found in three commercial mixtures, typically referred to as Pentabromodiphenyl Ether (PeBDE), Octabromodiphenyl Ether (OBDE) and Decabromodiphenyl Ether (DBDE). PeBDE is predominantly a mixture of pentaBDE, tetraBDE, and hexaBDE congeners, but may also contain trace levels of heptaBDE and tribromodiphenyl ether (triBDE) congeners. OBDE is a mixture composed mainly of heptaBDE, octaBDE and hexaBDE, but may also contain small amounts of nonaBDE and decaBDE. Current formulations of DBDE are almost completely composed of decaBDE and a very small amount of nonaBDE.  



The total worldwide market demand for PBDEs was about 67,390 tonnes in 2001, including 56,100 tonnes of DBDE, 7,500 tonnes of PeBDE and about 3,790 tonnes of OBDE (BSEF 2003). Results from a Section 71 Notice with Respect to Certain Substances on the Domestic Substances List (DSL) conducted for the year 2000 indicated that no PBDEs were manufactured in Canada, although approximately 1300 tonnes of PBDE commercial products were imported into the country. Based on quantities reported, PeBDE was imported in the greatest volume followed by DBDE and OBDE.

  

Various initiatives have resulted in significant changes in the production and use of the PBDEs since 2001.The only U.S. manufacturer of PeBDE and OBDE, Great Lakes Chemical Corporation voluntarily ceased its production of these products late in 2004. ICL Industrial Products also announced that they would completely terminate their production and sale of OBDE by the end of 2004. In addition, the European Union has implemented a prohibition on the marketing and use of PeBDE and OBDE in products effective August 15, 2004. While these actions are expected to result (and have resulted) in significant changes in the global and Canadian use of PeBDE and OBDE, many manufactured items produced before the phase-out will undoubtedly remain in use for a period of time after 2004.



PBDEs are used as additive flame retardants. Generally speaking, PBDEs have been used mainly in polymer resins and plastics, and to a lesser extent adhesives, sealants and coatings. PBDEs are imported into Canada from various producers as commercial mixtures, specialty chemicals, in resins/polymers/substrates, in semi-finished articles/materials/components, and in finished products containing PBDEs. Prior to the phase-out in its production and ban in the EU, it has been estimated that approximately 90% or greater of PeBDE was used in polyurethane foams in office and residential furniture, automotive upholstery, sound insulation and wood imitation products. Most OBDE produced globally has been added to polymers which are then used to produce computers and business cabinets, pipes and fittings, automotive parts and appliances. DBDE is used as a flame retardant with broad application in polymers used in computer and TV cabinets and casings, general electrical/electronic components, cables and textile back coatings.



This environmental screening assessment (ESA) reviews relevant information and supporting lines of evidence in order to estimate risk using a “weight of evidence” approach. This is not an exhaustive review of all available data, but rather, it presents the most critical studies and lines of evidence supporting the conclusions. One of the lines of evidence includes consideration of risk quotients (to identify potential for ecological effects). But, conclusions are also based on other concerns, such as persistence, bioaccumulation, chemical transformation and trends in ambient concentrations.



This assessment has used data corresponding to the PBDE commercial products and their constituents. The presentation of data and the risk quotient analysis have been structured around the PBDE commercial products since a great deal of empirical data which are central to the assessment (e.g., relevant to environmental toxicity) have been determined using the commercial products. In spite of this framework, the assessment presented in this report relates to all tetra- to decaBDE congeners found in the commercial products, PeBDE, OBDE and DBDE. The risk of each commercial product is a result of the individual and combined activity of various co-occurring PBDEs. 



All PBDEs have a common structure, and have demonstrated similarities in chemical properties. PBDEs subject to this assessment exhibit very low levels of water solubility and have a high tendency to partition to sediment and soil compartments. 



Measured data indicate that tetra-, penta- and hexaBDEs are highly bioaccumulative and each has a reported bioconcentration factor (BCF) that exceeds 5000 for aquatic species, and thus, they satisfy the criteria for bioaccumulation in CEPA 1999 regulations. Evidence from many studies indicates that their levels in North American biota are increasing steadily and even substantially over time. For instance, concentrations of PBDEs in Canadian gull eggs and arctic biota have increased exponentially between 1981 and 2000. Concentrations of total PBDEs are now reaching mg/kg ww levels in North American fish. Based on a time trend analysis of PBDEs in Arctic ringed seals, one researcher asserts that if present rates of bioaccumulation continue unchanged, PBDEs will surpass polychlorinated biphenyls (PCBs) as the most prevalent organohalogen compound in Canadian Arctic seals by 2050.



A low level of uptake of highly brominated DEs (e.g., hepta- to decaBDEs) is also occurring in biota. This is supported by elevated measured concentrations of heptaBDEs and decaBDE in the tissues of wild fish, mammals and/or bird eggs. The implication of low concentrations of PBDEs (e.g., decaBDE) in biota, such as in bird’s eggs,is unknown. Laboratory studies using rodents provide evidence that exposure to brominated DEs may result in behavioural disturbances, disruptions in normal thyroid hormone activity and liver effects. Further study is required to determine the effects of highly brominated DEs in biota, such as bird eggs, and to better characterize their concentrations in biota.



Empirical and predicted data indicate that all PBDEs subject to this ESA are highly persistent and each satisfies the requirements for persistence as defined by CEPA 1999. Tetra-, penta-, hexa-, hepta- and decaBDEs have been measured in the arctic environment in spite of their very low vapour pressures. Evidence supports that these substances are subject to long-range atmospheric transport. DecaBDE in natural sediments has been shown to be stable and resistant to biodegradation under anaerobic conditions for up to 2 years. It is reasonable to conclude that all PBDEs subject to this assessment meet the criteria for persistence defined by CEPA 1999 based on structural similarities, as well as the known empirical and predicted data.  



Laboratory studies have shown that PBDEs including decaBDE are susceptible to abiotic and biotic degradation.  While it is difficult to extrapolate the results of these controlled experiments to the natural environment there is sufficient evidence to conclude that some level of decaBDE transformation may be occurring in the environment and that lower brominated PBDEs and PBDFs are formed. The lower brominated DE products are likely to be more bioaccumulative than the parent compound and could be considered persistent and may be directly toxic to organisms. There is limited information available on the relative rates of lower BDE formation, and the rates by which these products subsequently degrade in the environment. In addition, results from some studies suggest that other as yet unidentified products are being formed.  It is expected that decaBDE in the environment would mainly sequester into sediment or soil and this could limit the amount of decaBDE available for photodegradation; however, some amount could be available for anaerobic degradation and reaction with reducing agents under the appropriate conditions. Overall, it is very difficult to determine the extent to which transformation of decaBDE in the environment may contribute to the potential accumulation of lower BDEs and other transformation products. Nevertheless, it is reasonable to consider that transformation of decaBDE contributes to the formation of at least some amount of lower brominated diphenyl ethers and dibenzofurans.  Future monitoring would help to clarify whether and the degree to which decaBDE transformation contributes to the overall risk presented by the lower brominated DEs (e.g., tetra- to hexaBDEs).



PeBDE, OBDE and DBDE pyrolysis (e.g., during waste incineration and accidental fires) and extreme heating can result in the conversion to brominated and bromochlorodibenzo-p-dioxins and dibenzofurans. These transformation products are brominated analogues of the Toxic Substances Management Policy (TSMP) Track 1 polychlorinated dibenzofurans and dibenzo-p-dioxins.



The risk quotient analysis indicates that the greatest potential for risk from PBDEs in the Canadian environment is due to the secondary poisoning of wildlife from the consumption of prey containing elevated (and currently increasing) concentrations of congeners found in PeBDE and OBDE. Elevated concentrations of components of PeBDE and OBDE in sediments may also present risk to benthic organisms. The risk analysis for soil organisms indicates that risk quotients were below one for PeBDE, OBDE and DBDE; however, the lack of data characterizing PBDE concentrations in soil and sewage sludge applied to soil indicates the need for further research. PeBDE, OBDE and DBDE would not present a risk due to direct toxicity to pelagic organisms. In the water column, risk associated with components of PeBDE and OBDE (tetra-, penta- and hexaBDE congeners) may be due to bioaccumulation and toxicity to secondary consumers. 



While the quotient analysis did not identify environmental risk from DBDE, its release and accumulation in the environment is a source of concern. DBDE has become the prevalent commercial PBDE product used in North America and the world. In North America and Europe, it is often found in concentrations that exceed those of the other PBDEs in sewage sludge and sediments. Concentrations of DBDE are now reaching mg/kg dw levels in North American sewage sludge. Unchecked, the release and accumulation of DBDE in the environment is likely to increase further. As noted above, photodegradation of DBDE may result in the formation of lower brominated diphenyl ethers and dibenzofurans. The significance of this process in contributing to the possible build up of lower BDEs and other transformation products in the environment, and the subsequent risk posed to organisms, is still not clear. While concentrations of highly brominated DEs, such as decaBDE, in the tissues of wild fish, mammals and/or bird eggs are lower when compared with those of tetra- to hexaBDEs, potential impacts on organism health and well-being resulting from chronic exposure to these more highly brominated congeners has yet to be determined. 

 

It is therefore concluded that tetraBDE, pentaBDE, hexaBDE, heptaBDE, octaBDE, nonaBDE and decaBDE, which are found in commercial PeBDE, OBDE and DBDE, are entering the environment in a quantity or concentration or under conditions that have or may have an immediate or long-term harmful effect on the environment or its biological diversity and thus meets the criteria under Paragraph 64(a) of CEPA 1999.  Based on considerations of potential contribution to atmospheric processes, it is concluded that PBDEs are not entering the environment in a quantity or concentration or under conditions that constitute or may constitute a danger to the environment on which life depends, and thus do not meet the criteria under Paragraph 64(b) of CEPA 1999.  



It is recommended that consideration be given to adding tetraBDE, pentaBDE, and hexaBDE, which are found in commercial PeBDE and OBDE, to the Virtual Elimination List under CEPA 1999.

�

1.0	Introduction



The Canadian Environmental Protection Act (CEPA 1999) requires the Minister of the Environment and the Minister of Health to “categorize” (Section 73) and then “screen” (Section 74) substances listed on the Domestic Substances List (DSL) to determine whether they are entering or may enter the environment in a quantity or concentration or under conditions that:

(a) 	have or may have an immediate or long term harmful effect on the environment or its biological diversity; 

(b) 	constitute or may constitute a danger to the environment on which life depends; or

(c) 	constitute or may constitute a danger in Canada to human life or health.



The initial phase of this program, referred to as the categorization of substances, identifies substances that will proceed to the second phase, a screening assessment. Substances categorized in for screening assessment are those on the List that, in the opinion of the Ministers and on the basis of available information, (a) may present, to individuals in Canada, the greatest potential for exposure; or (b) are persistent or bioaccumulative, in accordance with the regulations developed pursuant to CEPA 1999, and inherently toxic to human beings or to non-human organisms, as determined by laboratory or other studies. CEPA 1999 mandates that substances reported between 1984 and 1986 that were used to compile the DSL must be categorized within 7 years of royal assent of the Act.



A screening assessment involves a more in-depth analysis of a substance to determine whether the substance meets criteria for risk as defined in CEPA 1999. The approach taken in this environmental screening assessment is to examine various supporting information and develop conclusions based on a “weight of evidence” approach as required under Section 76.1 of CEPA 1999. This approach reduces assessment biases and uncertainties that may result when only one approach is used to estimate risk. As the term “screening assessment” implies, this is not an exhaustive review of all available data, but rather, it presents the most critical studies and lines of evidence supporting the conclusions. One line of evidence includes consideration of risk quotients to identify potential for ecological effects. However, other concerns which affect risk, such as persistence, bioaccumulation, chemical transformation and trends in ambient concentrations, are also examined in this report.



Based on the results of a screening assessment, a decision is made to: 

take no further action with respect to the substance; 

add the substance to the Priority Substances List (PSL) for more in-depth risk assessment; or

recommend that the substance meets criteria for risk as defined in Section 64 of  CEPA 1999.



Polybrominated diphenyl ethers (PBDEs) are a large group of substances that are divided into 10 homologues and a total of 209 congeners. Seven PBDE homologues were identified in a Pilot Project list of 123 substances for screening assessment under CEPA 1999 (see Section 2.0). Substances included in the Pilot Project have met the categorization criteria of:

persistent and/or bioaccumulative and inherently toxic to human and/or non-human organisms; or 

having a high potential for exposure to Canadians. 

Substances in the pilot phase, including the PBDEs, will be assessed to determine whether they pose a risk to humans or the environment.  



This report summarizes information critical to the ecological component of the screening assessment for polybrominated diphenyl ethers on a Pilot Project .

Data relevant to the environmental screening assessment of PBDEs were identified in original literature, review documents, and commercial and government databases and indices. In addition to retrieving the references from a literature database search, direct contacts were made with researchers, academics, industry and other government agencies to obtain relevant information on PBDEs. The search strategies employed in the identification of data relevant to the environmental screening assessment are summarized in Appendix A. Ongoing scans were conducted of the open literature, conference proceedings and the Internet for relevant PBDE information. Information obtained as of October 2004 was considered for inclusion into this document, while that received between November 2004 and October 2005 was reviewed, but not generally added to this report. New information was found to support the conclusions of this report based on information received as of October 2004. In addition, an industry survey on PBDEs was conducted for the year 2000 through a Canada Gazette Notice issued pursuant to Section 71 of CEPA 1999. This survey collected data on the Canadian manufacture, import, uses and releases of PBDEs (Environment Canada 2003). Toxicological studies were also submitted by industry under Section 70 of CEPA 1999. This environmental screening assessment report was written by J.P. Pasternak, Environmental Protection Branch, Pacific and Yukon Region of Environment Canada with the assistance of L. Suffredine, K. Taylor and L. Lander. This report has been subjected to peer review by Canadian and international experts selected from government, and academia.�

2.0 	Summary of Information Critical to the Screening Level Ecological Risk Assessment



This report presents a screening assessment on PBDEs used as flame retardants. Several synonyms and acronyms exist for PBDEs including: 

polybrominated diphenyl ethers;

polybrominated biphenyl ethers and polybromobiphenyl ethers  (PBBEs);

polybrominated biphenyl oxides and polybromobiphenyl oxides (PBBOs); and

polybrominated diphenyl oxides and polybromodiphenyl oxides (PBDPOs).



Seven PBDE homologues are subject to this assessment. These include:

tetrabromodiphenyl ether (benzene, 1,1´-oxybis-, tetrabromo derivative; tetraBDE) (CAS N. 40088-47-9);

pentabromodiphenyl ether; diphenyl ether, pentabromo derivative (benzene, 1,1´-oxybis-, pentabromo derivative; pentaBDE) (CAS N. 32534-81-9);

hexabromodiphenyl ether (benzene, 1,1´-oxybis-, hexabromo derivative; hexaBDE) (CAS N. 36483-60-0);

heptabromodiphenyl ether (benzene, 1,1´-oxybis-, heptabromo derivative; heptaBDE) (CAS N. 68928-80-3);

octabromodiphenyl ether (benzene, 1,1´-oxybis-, octabromo derivative; octaBDE) (CAS N. 32536-52-0);

nonabromodiphenyl ether (benzene, 1,1´-oxybis-, nonabromo derivative; nonaBDE) (CAS N. 63936-56-1); and

decabromodiphenyl ether; bis(pentabromophenyl) ether (benzene, 1,1’-oxybis[2,3,4,5,6-pentabromo-; decaBDE) (CAS N. 1163-19-5).



Polybrominated diphenyl ethers (PBDEs) comprise a class of substances consisting of 209 possible congeners with 1 to 10 bromine atoms. PBDE congeners are typically numbered following the International Union of Pure and Applied Chemistry (IUPAC) nomenclature for organic substances. The IUPAC numbering system for PBDEs is the same as that used for PCBs. This numbering system is used herein when referring to the individual PBDE congeners. The total number of isomers for mono-, di-, tri- to decaBDE are 2, 12, 24, 42, 46, 42, 24, 12, 3 and 1, respectively (see Figure 1.1 for PBDE structure and Appendix B for a listing of tetra- to decaBDE congeners). 



PBDE congeners are found in three commercial mixtures, typically referred to as Pentabromodiphenyl ether (PeBDE), Octabromodiphenyl ether (OBDE) and Decabromodiphenyl ether (DBDE). Each commercial mixture contains diphenyl ethers with varying degrees of bromination (Sections 2.1.1, 2.2.1 and 2.3.1).     



Data used in this assessment have been determined for various levels of chemical specificity (i.e., data has been determined for the commercial mixtures, individual and total PBDEs with varying degrees of bromination). Although the scope of this screening assessment is on PBDEs with 4 to 10 bromine atoms per molecule, the analysis has been organized by commercial product since a great deal of the empirical data which are central to the assessment (e.g., relevant to ecotoxicity) have been determined using mixtures of PeBDE, OBDE and DBDE. For each commercial mixture, constituent congeners are considered. Conclusions made with respect to commercial products reflect the combined activity of their constituents. 





�

Figure 1.1   PBDE Structure



2.1. 	Pentabromodiphenyl Ether and its Constituents

2.1.1	Identity



Commercial PeBDE formulations vary in composition, but are typically in the range:

pentaBDE, 50-62% w/w;

tetraBDE, 24-38% w/w;

hexaBDE, 4-12% w/w;

tribromodiphenyl ether (triBDE), 0-1% w/w; and

heptaBDE, trace (European Communities 2001).



Trade names for PeBDE include Bromkal G 1, DE 60FTM, Planelon PB 501, Saytex 125, Bromkal 70, Bromkal 70-5DE, and DE-71.



Synonyms for pentaBDE include pentabromodiphenyl oxide, pentabromodiphenyl ether, and pentabromophenoxybenzene.

�

2.1.2	Physical and Chemical Properties



Physical and chemical properties of PeBDE reported in the literature are presented in Table 2.1. The available predicted data using quantitative structure activity relationships (QSARs) for PBDEs subject to this assessment are provided in Appendix C. Similar patterns are apparent when measured and predicted data are compared. For instance, these data indicate a trend of decreasing water solubility, vapour pressure and Henry’s Law Constant with increasing bromination. 



Table 2.1	Physical and chemical properties of PeBDE and constituents

Property�Value�Reference��Chemical formula�C12H6Br4O (tetraBDE)

C12H5Br5O (pentaBDE)

C12H4Br6O (hexaBDE)���Molecular weight�485.8 (tetraBDE)

564.7 (pentaBDE)

643.6 (hexaBDE)�WHO 1994��Physical state (at 20°C and 101.325 kPa)�Amber viscous liquid or semi-solid (PeBDE)

White crystalline solid (pure isomers of pentaBDE)�European Communities 2001��Melting point (°C)�-7 to -3 (PeBDE)�European Communities 2001��Boiling point (°C)�Decomposes at >200°C�European Communities 2001��Vapour pressure at 25°C (Pa)�4.69 x 10-5 (PeBDE; 21°C)





9.86 x 10-6  - 1.86 x 10-4 (tetraBDEs)

1.76 x 10-5 - 2.86 x 10-5 (pentaBDEs)

1.58 x 10-6 - 3.8 x 10-6 (hexaBDEs)



1.2 x 10-4 - 3.9 x 10-4 

(tetraBDEs)

2.2 x 10-5  - 5 x 10-5 

(pentaBDEs)

5.8 x 10-6 

(hexaBDE)�Stenzel and Nixon 1997 





Tittlemier et al. 2002













Wong et al. 2001

��

Table 2.1	Physical and chemical properties of PeBDE and constituents (cont.)

Property�Value�Reference��Water solubility at 25°C  (µg/L)�13.3 (PeBDE)

10.9  (tetraBDE) 

2.4 (pentaBDE)



6.0 -18.0 (tetraBDEs)

6.0 – 40 (pentaBDEs)

0.87 (hexaBDE)�Stenzel and Markley 1997 







Tittlemier et al. 2002��Log Kow�(PeBDE) 





5.87-6.16 (tetraBDE)

6.46-6.97 (pentaBDE)

6.86-7.92 (hexaBDE)�MacGregor and Nixon 1997  





Watanabe and Tatsukawa 1990 ��Log Koa�10.53 (BDE47)

11.31 (BDE99)�Harner and Shoeib 2002��Henry’s Law constant at 25°C 

(Pa m3 /mol)�11 (pentaBDE)



1.5 (BDE47)

0.5 (BDE66)

1.2 (BDE77)

0.11 (BDE85)

0.23 (BDE99)

0.069 (BDE100)

0.067  (BDE153)

0.24 (BDE154)�European Communities 2001



Tittlemier et al. 2002

��

2.1.3	Manufacture, Importation and Uses



2.1.3.1 Natural Production



Unsubstituted brominated diphenyl ethers (DEs) do not appear to be naturally-produced, but brominated compounds that are structurally similar to the brominated DEs have been reported in some marine species, especially sponges (European Communities 2002, 2003). These compounds have the diphenyl ether ring structure and generally contain 4 - 6 bromine atoms/molecule and a further group or groups (typically hydroxyl and methoxy groups) (e.g., Fu and Schmitz 1996). Unson et al. (1994) demonstrated that one of these substances, present in a tropical marine sponge, was biosynthesized by a symbiotic filamentous cyanobacterium within the sponge. Evidence from the chemical analyses of sediment cores suggests that PBDEs are exclusively anthropogenic in source. Zegers et al. (2003) determined levels of PBDEs in sediment cores from Western Europe (Drammenfjord, Norway; Wadden Sea, The Netherlands; Lake Woserin, Germany). The absence of all PBDE congeners in the older layers of the subject sediment cores, and their absence from a 100 to 150 million year old sediment sample from the Kimmeridge clay formation in Dorset, United Kingdom, indicated to the researchers the absence of natural production of the BDE congeners analyzed. 



2.1.3.2  Anthropogenic Production



Commercial PBDEs are produced by the bromination of diphenyl oxide under certain conditions, which results in products containing mixtures of PBDE (Alaee et al. 2003, WHO 1994). Worldwide, eight manufacturers produce PBDEs (WHO 1994). These included two companies in the U.S., three in Europe, and three in Japan. There are no Canadian PBDE producers (Environment Canada 2003). 



The total worldwide market demand for PBDEs was about 67,390 tonnes in 2001, including 56,150 tonnes of DBDE, 7,500 tonnes of PeBDE and about 3,790 tonnes of OBDE (BSEF 2003). There are significant differences in the usage of PBDEs by continent (see Table 2.2). The most apparent difference is that PeBDE is used almost exclusively in the Americas.  



Table 2.2	Market demand of PBDEs in 2001 (BSEF 2003)

Commercial�Americas1�Europe2�Asia3��Product�Market Demand�Estimated Con-

sumption (tonnes)�Market Demand�Estimated Con-sumption (tonnes)�Market Demand�Estimated Con-sumption (tonnes)��DBDE�44%�24500�13%�7600�43%�24050��OBDE�40%�1500�16%�610�44%�1680��PeBDE�95%�7100�2%�150�3%�250��Notes:

1 All countries in North, South and Central America were included.

2 All countries in Eastern and Western Europe were included.

3 Australia, New Zealand, and the Indian subcontinent were included.



Generally speaking, PBDEs are used mainly in polymer resins and plastics, and to a lesser extent adhesives, sealants and coatings. PBDEs are imported into Canada from various producers as specialty chemicals, in resins/polymers/substrates containing PBDEs, in semi-finished articles/materials/components containing PBDEs, and in finished products containing PBDEs. 



It has been estimated that approximately 90% or greater of PeBDE is used in polyurethane foams in office and residential furniture, automotive upholstery, sound insulation and wood imitation products (European Communities 2001; RPA Ltd. 2000; WHO 1994). PeBDE composes approximately 4% to 10% of total foam product weight (European Communities 2001). Wilford et al. (2003) analyzed 3 polyurethane foam samples from North America and found that PeBDE composed 4.8 to 5.5% of the total product weight. However, a polyurethane foam manufactured in California was determined to contain 32% by weight of the commercial PeBDE products (sum of BDEs 47, 99, 100, 153, and 153; Hale et al. 2002). Less than 10% of PeBDEs are used in phenolic resins, unsaturated polyesters and rubbers added to circuit boards, rubber products (e.g., conveyor belts), coatings and textiles (WHO 1994).



Canada produced 106,000 tonnes of polyurethane in 1992, and imported a net amount of 12,000 tonnes. These amounts were relatively stable over the six year period 1987-1992 (Chinn et al. 1994).  



A Section 71 Notice with Respect to Certain Substances on the Domestic Substances List (DSL) published in the Canada Gazette on November 17, 2001 was used to collect information on Canadian use patterns for the seven PBDEs evaluated in this assessment report (Environment Canada 2003). The Notice applied to any person who, in the 2000 calendar year, manufactured or imported PBDEs, whether alone or in a mixture or product, in a total quantity of greater than 100 kilograms of the substance. Results from the Section 71 survey indicated that although no PBDEs were manufactured in Canada in 2000, approximately 1300 tonnes were imported into the country in that year. 



Various initiatives have resulted in significant changes in the production and use of the PBDEs since 2001.The only U.S. manufacturer of PeBDE and OBDE, Great Lakes Chemical Corporation voluntarily ceased its production of these products late in 2004 (Great Lakes Chemical Corporation 2005; U.S. EPA 2005). ICL Industrial Products (2005) also announced the complete termination of their production and sale of OBDE by the end of 2004. Both companies are considered to be major global producers of PBDES. In addition, the European Union has implemented a prohibition on the marketing and use of PeBDE and OBDE. Specifically, the EU passed Directive 2003/11/EC which requires all member states to adopt laws that prohibit the marketing or use of any product containing more than 0.1% by mass of PeBDE or OBDE effective August 15, 2004. While these actions are expected to result (and have resulted) in significant changes in the global and Canadian use of PeBDE and OBDE, many manufactured items produced before the phase-out will, without doubt, remain in use for a period of time after 2004.



2.1.4	Releases



PBDEs are flame retardants of the additive type. They are physically combined with the material being treated rather than chemically bonded (as in reactive flame retardants). PeBDE may therefore migrate, at least to some extent, within the plastic matrix. PeBDEs are relatively large molecules; hence, their migration through the polymer would be very slow. As they reach the surface of the polymer, a process known as “blooming”, they may volatilize into the atmosphere. Losses of foam particles containing the substance (e.g., due to abrasion) will also occur, particularly after protective coatings are worn away or broken. Other factors affecting loss from foam products include age and design of product, frequency of use, ambient conditions of use (e.g., temperature) and surface area exposed. Scraps or particles of foam can also be released into the environment during the cutting of foam. These particles would be released primarily to the urban/industrial soil compartment but may also be deposited to sediment or transported in air. 



An important source of release for liquid flame retardant additives (e.g., PeBDE) is associated with the handling of the raw material prior to the foaming process, where releases to wastewater are estimated to be approximately 0.01% (i.e., 0.1 kg/tonne). There is also a potential release due to volatilization during the curing phase since foam reaches temperatures of 160°C for several hours. Wong et al. (2001) examined the atmospheric partitioning characteristics of BDEs 47, 99 and 153, and predicted that the tetra- and penta- congeners will become gaseous at warmer air temperatures. Therefore, although the low measured vapour pressure values for PBDEs indicate that volatilization is minimal at normal air temperatures (see Table 2.1), there is a potential for release to air at the elevated temperatures used during curing (European Communities 2001). The European Communities (2001) estimates the overall release of PeBDE to be approximately 0.11%, with about one-half of this going to air and the other half to wastewater. 



Hale et al. (2002) demonstrated that flame-retardant treated polyurethane foam exposed to direct sunlight and typical Virginia summer conditions of temperatures up to 30–35°C and humidity of 80% or greater, became brittle and showed evidence of disintegration within 4 weeks. The authors postulate that the resulting small, low density foam particles would be readily transportable by runoff or air currents. Such degradation processes may provide an exposure route to organisms via inhalation or ingestion of the foam particles and their associated PeBDE. At present, there is no agreed upon methodology for estimating the contribution of such mechanisms to overall exposure scenarios for PeBDE.



Based on an evaluation of vapour pressure, the European Communities (2001) estimated that total losses due to volatilization of PeBDE from polyurethane foams could be on the order of 3.9%, or 0.39%/year over 10 years (assuming that the life of the product is 10 years). Wilford et al. (2003) conducted controlled chamber experiments in which they passed air through samples of PeBDE treated foam products containing 12% PBDE w/w. They found that PBDEs volatilize from polyurethane foam at measurable levels. Average total PBDE levels of 500 ng/m3/g foam were released from the chamber. For BDEs 47, 99 and 100, the loss rates were 360, 85 and 30 ng/m3/g foam, respectively.  The average temperature range during sampling was 30-34oC.



The hydrophobic nature of the PeBDEs subject to this assessment would limit their leachability from in-use products to some extent. In most cases, a surface covering protects the foam from exposure to hot water and surfactants that might otherwise extract the PeBDE. Nevertheless, small amounts of PBDE may migrate into wash water from the covering material itself or through breaks in the fabric. PBDE congeners found in PeBDEs (and OBDE and DBDE) have also been found in dust particulates in residential, institutional and industrial interiors.  For instance, Butt et al. (2003) measured total PBDE (sum of 41 identified congeners and “several unidentified congeners”) concentrations ranging from 10.3 to 754 ng/m2 in organic films found on interior window surfaces of buildings located in Toronto and other parts of southern Ontario. Thus it is evident that wash water used for interior cleaning applications will have some accumulations of PBDEs which would then be destined for wastewater treatment facilities. 



Release to the environment could also occur at the end of article service life during disposal operations, where particles of foam containing PeBDE could be generated during article deterioration and disintegration. European Communities (2001) assumes losses to the environment from this source will equal approximately 2% of total amount disposed. Since 95% of municipal solid waste in Canada is landfilled, and because of the strong partitioning of PeBDE to soil and sediments, it may be assumed that almost all of these releases will be to soil. This soil will tend to remain immobile unless it is washed into a nearby water body by erosion. 



The amount of PeBDE which could solubilize into leachate is unknown, as no information is available on the leachability of PeBDE from foams. However, given its low water solubility and high octanol-water partition coefficient, it is considered that very small amounts of PeBDE will leach from landfilled foam products (European Communities 2001). Some data suggest that PBDEs may be more soluble in landfill leachate than in the distilled water normally used to determine solubility. For example, polybrominated biphenyls (PBBs) have been found to be 200 times more soluble in landfill leachate than in distilled water (WHO 1994).



Movement of polymer (foam) particles containing PeBDE within the landfill could provide a transport mechanism leading to entry into leachate water or groundwater. However, it is not currently possible to assess the significance of this type of process. Well-designed landfills already include measures to minimize leaching in general, and these measures would also be effective in minimizing the leaching of any PeBDE present. 



Release of PBDEs to the soil compartment may also occur through the application of sewage sludge as biosolids to agricultural and pasture lands (see Section 2.1.6.5). 



2.1.5	Environmental Fate



2.1.5.1 Environmental Partitioning



With its high log Kow value (i.e., 5.87 – 7.92, see Table 2.1), it is expected that congeners of PeBDE will tend to bind to the organic fraction of particulate matter and the lipid fraction of biota. 

	

Assuming equal quantities of pentaBDE are released to air, water and soil compartments, Level III fugacity modeling (using the EPI v. 3.10 platform and internally calculated input data) indicates that most of the substance will be expected to partition to sediment, followed by soils, water and air (see Table 2.3). When released into air, the substance is predicted to partition primarily to soil and sediment, with only a small proportion remaining in the air or partitioning into water. If all pentaBDE is discharged to water, Level III fugacity modeling indicates that almost all of the substance would partition to sediments with only a very small proportion staying in the water column, or partitioning into air or soil compartments. If all pentaBDE were released to soil, the substance would remain almost exclusively in this environmental compartment.



Table 2.3	Predicted partitioning of pentaBDE in the environment based on Level III fugacity modeling

Release scenario�Predicted partitioning (%)���Air�Water�Sediment�Soil��Equal quantities to air, water, soil�0.2�1.2�59�40��100% to air�1.07�0.4�21�77.5��100% to water�8 x 10-5�1.93�98.1�0.006��100% to soil�6.1 x 10-7�0.002�0.11�99.9��



Harner and Shoeib (2002) determined that KOA (octanol-air partition coefficient) values for PBDEs at 25°C range from 109.3 (BDE17) to 1012 (BDE126), and as a result, PBDEs will be mainly associated with condensed phases (e.g. soil, vegetation, aerosols). This has implications for their persistence, atmospheric transport and overall chemical fate. Harner and Shoeib (2002) found that a KOA-based particle-gas partitioning model showed that PBDEs are split between the gas and particle phase and that the proportion on particles is very sensitive to temperature. For instance, the dominant PBDE observed in air (PBDE 47) is mainly in the gas phase at 25oC and mainly on particles at 0oC. The extent of partitioning to atmospheric particulate matter influences the atmospheric transport and persistence of a chemical. Chemicals that are associated with aerosols are more likely to be deposited near source regions than if they existed in the gas phase. However, association with particles may also increase persistence as atmospheric removal reactions occur mainly in the gas phase.



2.1.5.2 Persistence



2.1.5.2.1 Abiotic Degradation



Predicted half-lives for atmospheric degradation, due to reaction with the hydroxyl radical, of tetra-, penta- and hexaBDE in air are 7.1, 19.4 and 30.4 d, respectively using the AOPWIN program. Note that predicted half-lives have not been empirically substantiated.



Jafvert and Hua (2001) carried out photolysis studies using BDE47 exposed to both natural sunlight and artificial UV light. BDE47 was dispersed in toluene, added to cylindrical quartz tubes and then the toluene was evaporated off and 2 mL of water was added. After 72 hours of exposure to natural sunlight, approximately 30% of the initial BDE47 concentration remained. A detailed GC-MS analysis of the possible PBDE products formed during the experiment using natural sunlight found that tribromodiphenyl ether was formed. Only about 20% of the initial BDE47 concentration remained after 16 hours of exposure to artificial UV light at 3000 Å (products were not identified).



Peterman et al. (2003) added 39 PBDE congeners (mono- to heptaBDE) in a nonane carrier to triolein, a triacylglycerol lipid which was thinly dispersed in a polyethylene tube. The tube was flattened to eliminate air pockets and to create a thin lipid membrane sandwiched between UV transparent membranes.  The tubes were sealed. One was kept at room temperature in darkness and two were exposed outdoors to afternoon sunlight for up to 120 min. The study found that BDEs 116, 166, 181 and 191 were most susceptible to photolytic degradation (10-14% of the starting nominal amount remained after 120 min). The researchers point out that all four congeners are structurally similar in that all are fully brominated on one aromatic ring. BDEs 183, 166, 138, 153, 154, 155, 126 and 85 were also significantly degraded by between 46 and 71%. Several tetra- and pentaBDEs were formed in significant amounts. The net amount of BDEs 47, 66, 77, 99 and 100 increased to 136%, 134%, 114%, 115% and 116% of the original nominal amount. No significant net photolysis was demonstrated by the mono- to triBDE congeners subject to this study.

 

2.1.5.2.2 Biodegradation



With respect to biodegradation, tetra, penta- and hexaBDE are predicted to be “recalcitrant” by the BIOWIN program. Using the EPIWIN program, estimated half-lives for PeBDE are 600 days in aerobic sediment, 150 days in soil and 150 days in water (Palm 2001). This degree of persistence is supported by the fact that no degradation (as CO2 evolution) was seen in 29 days in an OECD 301B ready biodegradation test using PeBDE (Schaefer and Haberlein 1997).



Schaefer and Flaggs (2001) carried out a 32 week anaerobic degradation study using a mixture of 14C-labelled and unlabelled BDE47 incorporated into sediments. The study showed that <1% of the total radioactivity was recovered as 14CO2 and 14CH4, indicating that essentially no mineralization had occurred. Overall, the study found that levels of degradation were not statistically significant; however, the HPLC analytical method with radiometric detection indicated that some products had been formed in the 32 week samples. Between one and three such peaks were identified in 26 of 42 samples analyzed. Work is underway to identify these products. This indicates that BDE47 has the potential to degrade very slowly under anaerobic conditions.



Rayne et al. (2003b) examined the anaerobic microbial and photochemical degradation pathways of PBDEs, using 4,4´-dibromodiphenyl ether (BDE15) as a model compound. Under anaerobic bioreactor conditions, or when present in an organic or aqueous solvent system and irradiated at 300 nm (UV-B) for up to 60 minutes, BDE15 reductively debrominated exclusively and in a step-wise manner to 4-bromodiphenyl ether (BDE3) and diphenyl ether. The results suggested that reductive debromination may form an important transformation pathway for PBDEs in the natural environment. The authors proposed that in natural systems, removal of halogen atoms through anaerobic reductive dehalogenation may reduce the hydrophobicity of a compound, allowing it to move into an aerobic aqueous environment where it is available for complete mineralization. 



2.1.5.2.3 Long-Range Transport



The lower brominated PBDEs (tetra- to heptaBDEs) are slightly more soluble in water and have a greater propensity for volatilization and atmospheric transport than the highly brominated DEs. The higher brominated DEs are reported to have higher log Kow and log Kaw values and a greater propensity to remain in a solid form, and thus, any transport of these constituents would likely be in a particle form. Researchers have noted that the transport of the lower brominated PBDEs may be characterized by a series of deposition/re-volatilization “hops” which are dependent on seasonally and diurnally fluctuating temperatures (Gouin and Harner 2003).



Wania and Dugani (2003) examined the long-range transport potential of PBDEs using a number of models (i.e., TaPL3-2.10, ELPOS-1.1.1, Chemrange-2 and Globo-POP-1.1) and various physical and chemical properties (i.e., solubility in water, vapour pressure, log Kow, log Koa, log Kaw and estimated half-lives in different media). They found that all models yielded comparable results with tetraBDE showing the greatest atmospheric transport potential and decaBDE the lowest transport potential. The researchers estimated a characteristic travel distance (CTD) ranging from 1,113 to 2,483 km for tetraBDE, 608 to 1,349 km for pentaBDEs, 515 to 854 km for hexaBDE and 480 to 735 km for decaBDE.  The CTD was defined as the distance a parcel of air has traveled until 1/e or approximately 63% of the chemical has been removed by degradation or deposition processes (Gouin and Mackay 2002).



In an earlier study modeling study, Dugani and Wania (2002) also predicted that PBDEs with four to six bromine atoms per molecule would have a higher long-range transport potential than the lower or higher brominated congeners. They found that the transport of lower brominated congeners is limited by their degradation in the atmosphere, while the transport of the more highly brominated congeners is limited by their low volatility. Atmospheric degradation is reduced at low temperatures, so some of the models may underestimate the long-range transport potential of the lighter congeners (Dugani and Wania 2002).



PBDE concentrations have increased exponentially in arctic biota over the past two decades (see Section 2.1.6.6) and have been measured in arctic air (see Section 2.1.6.1). This suggests efficient long-range atmospheric transport of PBDEs.



2.1.5.3 Bioaccumulation



An estimated bioconcentration factor (BCF) of about 27,400 l/kg for PeBDE was reported by European Communities (2001), based on a recalculation of data contained in a study by CITI (1982), in which carp, Cyprinus carpio, were exposed for 8 weeks to commercial PeBDE at 10 or 100 µg/L. This BCF for the commercial product was driven by a high BCF calculated for the tetraBDE component. The recalculated BCFs for the various components were 66,700 l/kg for tetraBDE, 17,700 and 1,440 l/kg for separate pentaBDE congeners (identities not provided) and 5,640 and 2,580 l/kg for separate hexaBDE congeners (identities not provided). 



There is a consistent pattern in the relative proportions of PBDE congeners associated with commercial PeBDE measured in biota in Europe. The major congener detected is BDE47, which typically makes up >70% of the total components detected. Levels in freshwater fish are generally slightly higher than marine fish. This may reflect closer proximity to likely sources of PeBDE and less chemical dilution in freshwater than saltwater systems. There is evidence of bioaccumulation through the fish to fish-eating bird food chain, and in marine mammals, as the substance has been measured at mg/kg levels in lipids of marine mammals such as whales, dolphins and seals (Law et al. 2003; European Communities 2001. See Appendix D).  



In a study by Burreau et al. (1997), northern pike (Esox lucius) were fed rainbow trout (Oncorhynchus mykiss) containing a mixture of BDEs 47, 99 and 153, 3 polychlorinated naphthalenes (PCNs) and 5 polychlorinated biphenyls (PCBs). The chemicals were dissolved in lipid from rainbow trout muscle tissue, and injected into the dorsal muscle tissue of the rainbow trout. The trout were then fed to the pike. After a minimum of 9 days, a period determined to allow sufficient time for digestion, the pike were sacrificed and their tissues analyzed for the presence of the target chemicals. Prior to analysis, the gastrointestinal tracts of the pike were removed in order to exclude possible residues of the chemicals that had not been absorbed. The uptake efficiencies for the 3 PBDEs, defined as the amount present in the pike divided by the total amount administered in the food, were determined to be about 90% for BDE47, 60% for BDE99 and 40% for BDE153. By comparison, uptake efficiencies for the PCNs and PCBs were 35 to 78% and 45 to 70%, respectively.   



Tomy et al. (2002) studied the uptake by juvenile lake trout, Salvelinus namaycush of thirteen tetra- to heptaBDEs plus decaBDE (Braekeveld, pers. comm. 2003) from spiked commercial fish food. They found that the chemical assimilation efficiency ranged from 0.7% for BDE190 to 90% for BDE47 with the depuration half-lives ranging from 28 d for BDE183 to 238 d for BDE85. The range of biomagnification factors ranged from 0.78 for BDE190 to 12.02 for BDE47. None of the congeners appeared to reach steady state during the 56-day exposure period. The researchers noted anomalies in the depuration rates of BDE66 and BDE85 and suggested that these may be due to metabolically induced transformation of decaBDE. 



A bioaccumulation factor (BAF) of 1.4 x 106 was reported for PeBDE in blue mussels, Mytilus edulis, exposed for 44 days (Gustafsson et al. 1999). The same study reported BAFs of 1.3 x 106 for tetraBDE and 2.2 x 105 for hexaBDE in these organisms.



Whittle et al. (2004) conducted surveys of PBDEs in fish communities of Lake Ontario and Lake Michigan in 2001 and 2002 and evaluated PBDE biomagnification in the local pelagic food web (net plankton/Mysis/Diporeia ( forage fish (smelt/sculpin/alewife) ( lake trout). Their analysis, which included a total of 41 PBDE congeners, found that BDE 47, 99 and 100 were prominent at each trophic level evaluated in this study.  The biomagnification factors (BMFs) representing total PBDEs for forage fish to lake trout ranged from 3.71 to 21.01 in Lake Michigan and from 3.48 to 15.35 in Lake Ontario. The BMF for plankton to alewife was 22.34 in Lake Ontario. 



A variety of studies have estimated biomagnification factors for various biota in the Baltic Sea (Table 2.4, de Wit 2002). Sellstr(m (1996) collected samples of herring and their predators, grey seal and guillemot, from a single area in the Baltic Sea. The herring and guillemot were both sampled during the autumn of 1987, while the grey seal sample was pooled from eight females found dead during 1979-1985. Burreau et al. (1999) studied biomagnification in Atlantic salmon by comparing PBDE accumulations in this species with those in sprat (a primary source of food for Atlantic salmon) (Table 2.4). Both species were caught in the Baltic Sea. Later, Burreau et al. (2000) also sampled and studied biomagnification of sprat, herring and salmon from the Baltic Sea, and of zooplankton, small herring, large herring and Atlantic salmon in the Atlantic Ocean near Iceland.





Table 2.4	Estimated biomagnification factors of PBDEs in Baltic Sea and Atlantic Ocean food chains.

Species�BDE

47�BDE

99�BDE

100�Reference��Herring ( Guillemot egg Herring ( Grey seal

Sprat ( Baltic Salmon



Atlantic Salmon (Herring�19

19

6.7-11



3.5�17

4.3

5.9-10



3.8�7.1

6.8

5.2-8



6�Sellstr(m 1996

Sellstr(m 1996

Burreau et al. 1999, 2000

Burreau et al. 2000��



Recent studies on thirteen pelagic and benthic feeding fish from the Detroit River found that PBDEs as well as hydroxyl (OH) PBDE compounds were present in the blood plasma of all fish tested (Letcher, pers. comm. 2003; Li et al. 2003). The OH-PBDE compound 6-OH-BDE47 was identified in the blood plasma of all 13 fish, and is suggested to be a metabolite formed in the fish from BDE47. 



Stapleton et al. (2004b) and Stapleton and Baker (2003) conducted dietary studies using the common carp (Cyprinus carpio) to trace the fate of BDEs 99 and 183 in fish tissues. The researchers dissolved BDE99 and BDE183 in a fish oil matrix, which was then added to a bloodworm/fish food mixture. The spiked mixture was fed to juvenile carp for 62 d, and then unspiked food was fed to the fish for 37 d. Throughout the course of the experiment, the fish tissues were monitored for PBDEs. Based on a separate experiment, it was determined that BDE99 and BDE183 were not lost from the food to the surrounding water. Also, concentrations of BDEs 99 and 183 were monitored in the prepared food. There were no significant changes found in the concentration of BDE99 or BDE183 in the food before and after the experiment. 



The studies revealed significant and rapid transformation of BDE99 to BDE47 and of BDE183 to BDE154 and to another unidentified hexa-BDE congener. The transformation appeared to take place within the intestinal tissues of the carp after consuming its food. The researchers found a reduction in the concentration of BDE99 from 400±40 µg/kg ww (concentration in the food) to 53±12 µg/kg ww in the gut of the carp within 2.5±1 h following feeding. At least 10±1% of the BDE99 mass in the gut was transformed to BDE47 and 9% was assimilated in carp tissues. Approximately 14% of the BDE183 mass was transformed and 11% was accumulated in carp tissues in the form of two hexaBDE congeners. The researchers indicated that the significant decrease in BDE99 and BDE183 in the gut was not entirely explained by debromination to the quantified products. They speculated that there was another as yet unidentified breakdown pathway involved, although there was insufficient information available from their study to elaborate further. They estimated a first order transformation rate of 0.81h-1 (half-life of 0.86 h) for BDE99 and 0.54 h-1 (half-life of 1.3 h) for BDE183. 



The debromination identified by Stapelton et al. (2004b) of BDE183 to form BDE154 and BDE99 to form BDE47 involves preferential cleaving of the meta-substituted Br atom. This observation suggests deidinase enzymes may be implicated in the debromination since their primary function is to remove the meta-substituted iodine atoms from naturally occurring thyroid hormones (Stapleton et al. 2004c). The researchers did not detect any other mono- to tetraBDEs in the gut material, but speculated that it could be possible that BDE99 molecules could completely debrominate to form diphenyl ethers. It also remained unclear if the observed debromination of BDEs in the gut of the carp is a result of intestinal microflora or endogenous enzyme systems along the gut. Aerobic and anaerobic bacteria have been identified in the gut of silver, grass and common carp. The bacteria are believed to aid in the digestion of detrital and herbivorous organic matter. Anaerobic bacteria have been shown to reductively debrominate polybrominated biphenyls and BDEs in controlled laboratory settings (Stapleton and Baker 2003, Gerecke et al 2005); however, debromination was shown to occur over a period of days to weeks under optimal conditions, not hours as shown in this study. Carp are stomachless fish, and it is also possible that they have evolved enhanced metabolic activities relative to other fish. Their close association with the sediment may have resulted in the evolution of enzymatic abilities to degrade substances often found in sediment. They may have also incorporated sediment bacteria within their gut in a mutualistic relationship. The researchers speculate that metabolic transformation of BDEs may be occurring in a variety of fish species. This is suggested by an intriguing pattern of BDE accumulation in which BDE99 is lacking but BDE47 is very high in certain benthic fish (e.g., common carp, largescale sucker and deepwater sculpin) (Dodder et al. 2002, Hale et al. 2001b, Johnson and Olson 2001, Stapleton and Baker 2003; see Appendix D for further selected information).



Matscheko et al. (2002) investigated the accumulation of 7 PBDEs, 8 PCBs and polychlorinated dibenzo-p-dioxins and furans by earthworms collected from Swedish soils in spring and autumn 2000. The selected sampling sites were agricultural lands receiving sewage sludge applications, and a field flooded by a river known to contain the target substances in its sediment. Reference sites were rural and urban soils with no known sources of the target substances other than background. Earthworms (primarily Lumbricus terrestris, Lumbricus spp., Aporrectodea caliginosa, A. rosea and Allolobophora chlorrotica) were collected from all field sites, starved for 24 h to clear gut contents, and then analyzed for the presence of the target substances. Biota-soil accumulation factors (BSAFs) were calculated as the ratio of the concentration of target substance in worm lipids to that in the soil organic matter. BSAFs for BDEs 47, 66, 99 and 100 ranged from 1 to 10, and were comparable to those determined for the PCBs and higher than those of PCDD/Fs. BSAFs of greater than 10 were determined at one agricultural site, where factors of 11, 18 and 34 were calculated for BDEs 99, 47 and 100, respectively. Data collected for BDEs 153, 154 and 183 were not used as levels in the earthworm blanks were determined to be unacceptably high. 



2.1.5.4 Formation of Brominated Dibenzo-p-dioxins and Dibenzofurans



Pyrolysis and extreme heating that may occur during processing (e.g., recycling and polymer manufacturing), production, accidental fires and disposal (e.g., incineration) can result in the conversion of PBDEs to brominated dibenzo-p-dioxins (PBDDs) and dibenzofurans (PBDFs). These transformation products are brominated analogues of the Toxic Substances Management Policy (TSMP) Track 1 polychlorinated dibenzofurans and dibenzo-p-dioxins. 



Several factors appear to affect the formation of PBDDs and PBDFs, such as temperature, residence time at the temperature, presence of oxygen, type of polymer matrix and presence of additives, particularly antimony trioxide (European Communities 2001, 2002 and 2003). A combustion temperature of 800°C is adequate to minimize the formation of these substances during incineration/pyrolysis of PeBDE in the laboratory (European Communities 2001). The reader is referred to European Communities (2003) for a detailed summary of research which shows that all PBDEs, including congeners in the PeBDE mixture, can form PBDDs and PBDFs under certain conditions of extreme heating, combustion and pyrolysis.



2.1.6	Environmental Concentrations



A summary of global PBDE concentrations in the environment is presented in Appendix D.



2.1.6.1  Atmosphere



Gouin et al. (2002) collected samples from a rural southern Ontario site in early spring of 2000, before bud burst and over a three day period, in order to measure the diurnal variations of PBDE concentrations in the atmosphere. Total PBDE concentrations in the air ranged from 88 to 1300 pg/m3. Following the three-day intensive sampling period, 40 samples were collected at 24-hour intervals in order to evaluate the effect of bud burst on atmospheric concentrations. Concentrations of total PBDEs over the 40 days ranged between 10 and 230 pg/m3 and declined with time. Samples were dominated by triBDE congeners (BDE17, BDE28) and tetraBDE (BDE47).



Calculated concentrations of total PBDEs (tetra- and pentaBDE) ranging from 7.7 to 46 pg/m3 were reported for air samples collected along an urban-rural transect in the southern Ontario region of Canada for the spring of 2000 (Harner et al. 2002). The two highest concentrations were from a semi-urban and a rural site, while the lowest concentration was from one of the urban sites. For summer of 2000, the concentrations ranged from 4.7 to 10 pg/m3, with the highest concentration from an urban site and the lowest from a semi-rural site.



PeBDE (as total BDE) has been detected in Canadian and Russian Arctic air at concentrations up to 28 pg/m3 (Alaee et al. 2000). Strandberg et al. (2001) reported concentrations of total PBDE (i.e., BDE47, BDE99, BDE100, BDE153, BDE154, BDE190 and BDE209) in air from the Great Lakes area during the period 1997-1999. Average concentrations based on four samples from each of four locations ranged from 4.4 pg/m3 near Lake Superior in 1997 to 77 pg/m3 in Chicago in 1998. The total PBDE average (1997, 1998 and 1999) air concentrations for the sampling sites ranged from 5.5 to 52 pg/m3. Tetra- and pentaBDE congeners accounted for approximately 90% of the total mass of PBDE in this study. At 20±3°C, about 80% of the tetraBDE congeners and 55-65% of the pentaBDE congeners were in the vapour phase while about 70% of the hexaBDE congeners were associated with the particulate phase.



The mean annual concentrations of 13 PBDE congeners (ranging from tri- to heptaBDEs) were 120 pg/m3 and 100 pg/m3 in air from two rural sites in the United Kingdom (DETR 1999). Concentrations of pentaBDE from 13-34 pg/m3 and from 4.7-18 pg/m3 were reported for air from the vicinity of recycling/incineration plants in Taiwan and an urban area in Japan, respectively, in 1991 (Watanabe et al.1992). PBDEs (ranging from tri- to octaBDEs) were detected in deposition samples collected from sites in The Netherlands, Germany and Belgium, confirming their presence in precipitation (Peters 2003). The PBDE composition of the samples could be linked to the PeBDE and OBDE mixes, with BDEs 47, 99 and 154 the predominant congeners. 



2.1.6.2 Water



Luckey et al. (2002) measured total (dissolved and particulate phases) PBDE (mono- to heptaBDE congeners) concentrations of approximately 6 pg/L in Lake Ontario surface waters in 1999. The percentage of dissolved PBDE ranged from 80 to 90%. More than 60% of the total was composed of BDE47 and BDE99, with BDE100, BDE153 and BDE154 each contributing approximately 5 to 8% of the total. According to the authors, the relative amounts of dominant congeners in Lake Ontario surface water are similar to the commercial flame retardant formulation, Bromkal 70-5DE, thereby suggesting that the measured PBDE concentrations are related to this product’s production, use or disposal. 



Stapleton and Baker (2001) analyzed water samples from Lake Michigan in 1997, 1998 and 1999 and found that total PBDE concentrations (BDEs 47, 99, 100, 153, 154 and 183) ranged from 31 to 158 pg/L.



2.1.6.3 Sediments



Kolic et al. (2004) presented levels of PBDEs in sediments from tributaries flowing to Lake Ontario, and biosolids taken from nearby wastewater treatment facilities (Reiner pers. comm. 2004) in southern Ontario. The total PBDEs (tri-, tetra-, penta-, hexa-, hepta- and decaBDEs) measured in sediment samples taken from fourteen tributary sites (6 sites were reported) ranged from approximately 12 to 430 µg/kg dw. Of the reported sediment results, concentrations of tetra- to hexaBDEs ranged from approximately 5 to 49 µg/kg dw. BDEs 47, 99 and 209 were the predominant congeners measured in both sediment and biosolid samples. Concentrations of PBDEs in the biosolid samples were considerably higher (see Section 2.1.6.5).



Rayne et al. (2003a) measured PBDE concentrations in 11 surficial sediments collected in 2001 from several sites along the Columbia River system in south eastern British Columbia. Total concentrations (sum of 8 di- to pentaBDE congeners) ranged from 2.7 to 90.9 µg/kg OC. Individual concentration ranges were 1.4 to 52.2, 0.8 to 25.8 and 0.2 to 5.8 µg/kg OC for BDEs 47, 99 and 100, respectively. Domestic wastewaters arising from septic field inputs were identified as potentially dominant sources of PBDEs in the region. 



Dodder et al. (2002) reported concentrations of total tetra-, penta- and hexaBDE ranging from approximately 5 to 38 µg/kg dw in sediment from a lake in the U.S located near suspected PBDE sources. Concentrations of tetraBDE in sediment from this lake ranged from 0.8 to 4.7 µg/kg dw and total PBDEs (tetra-, penta-, hexa-, hepta- and decaBDEs) ranged from 24 to 71 µg/kg dw  (Dodder et al. 2002).



TetraBDE and pentaBDE were detected at concentrations of 490 and 940 µg/kg dw, respectively, in sediments downstream from a factory in Sweden (Sellstr(m et al. 1996; Sellstr(m 1999; European Communities 2001). Upstream, concentrations of the two congeners were 2.5 and 7.0 µg/kg dw, respectively. The factory type is not specified in the original paper; however, KEMI (1999) indicates it was a polymer processing site involved in the production of circuit boards. Concentrations of three PeBDE-related congeners up to 1,271 µg/kg dw (i.e., 368, 898 and 4.4 µg/kg dw for BDE47, BDE99 and BDE85, respectively) were reported for sediments from one site downstream from a former production site and at other sites in the United Kingdom where the substance may be used (Allchin et al. 1999, Law et al. 1996). 



2.1.6.4 Soil



Limited data characterizing PBDE concentrations in soil are available. Hale et al. (2002, 2003) reported concentrations of total PBDEs (tetra- and pentaBDE) of 76 µg/kg dw in soil near a polyurethane foam manufacturing facility in the United States, and 13.6 µg/kg dw in soil downwind from the facility. 



Matscheko et al. (2002) analyzed Swedish soils in spring and autumn 2000 for the presence of 7 PBDEs (BDEs 47, 66, 99, 100, 153, 154 and 183), 8 PCBs, and polychlorinated dibenzo-p-dioxins and furans (PCDD/F). Accumulation of the target substances by earthworms was also investigated (see Section 2.1.5.3). The selected sampling sites were agricultural lands receiving sewage sludge applications, and a field flooded by a river known to contain PBDEs in its sediment. Reference sites were rural and urban soils with no known sources other than background. PBDEs were detected in all soil samples, with BDEs 47 and 99 predominant. Sum PBDE values ranged from 0.029 µg/kg dw in a rural reference soil with no sludge application, to 0.84 µg/kg dw in an agricultural soil receiving sludge from a municipal treatment plant connected to a textile industry that had used PBDEs in their production. Results from the study indicated that soil PBDE concentrations were considerably higher in soils receiving sludge application and in the flooded soil than in the reference soils. Additionally, the proportion of PBDEs in the sludge-applied soil increased with increasing sludge PBDE content and was an average of 20 times higher in the soil flooded with river water containing PBDE-contaminated sediment than in soil away from the river.



2.1.6.5 Waste Effluent and Biosolids



Kolic et al. (2004) determined levels of PBDEs in sediments from tributaries flowing to Lake Ontario, and biosolids taken from nearby wastewater treatment facilities (Reiner, pers. comm. 2004) in southern Ontario. The total PBDEs (tri-, tetra-, penta-, hexa-, hepta- and decaBDEs) measured at seven (only five locations were reported) wastewater treatment facilities ranged from approximately 1,700 to 3,500 µg/kg dw. Of the reported biosolid results, total concentrations of tetra- to hexaBDEs ranged from approximately 1,350 to 1,900 µg/kg dw. BDEs 47, 99 and 209 were the predominant congeners measured in both sediment and biosolid samples (see Section 2.1.6.3 and Appendix D). 



La Guardia et al. (2001) analyzed 11 sewage sludge samples before land application from southern Ontario (Toronto), New Jersey, Massachusetts, Texas, California, Illinois, Virginia and Pennsylvania,and found that the total concentration of PeBDE-related congeners (tetra-, penta- and hexaBDE) in the biosolids was 520 to 2370 µg/kg dw. Kolic et al. (2003) investigated PBDE levels in sewage sludge (from 12 sites), pulp and paper waste biosolids (from one site) and manure (three types evaluated, beef, dairy and poultry) in southern Ontario. Highest concentrations were found in the sewage sludge samples, which had total PBDE concentrations (21 mono- to decaBDE congeners) ranging from 1414 to 5545 µg/kg dw (tetra- to hexaBDE totals ranged from 873 to 2141 µg/kg dw). PBDE levels in the paper biosolids ranged from 66 to 159 µg/kg dw (tetra- to hexaBDE totals ranged from 12 to 28 µg/kg dw). Very low levels were found in the manure samples, which had maximum PBDE concentrations up to approximately 15 µg/kg dw (up to 2.6 µg/kg dw for BDE47 and up to 12 µg/kg dw for BDE209). 



Sewage biosolids in North America have higher PBDE concentrations than those measured in Europe. Sellstr(m et al. (1999) undertook sampling of sewage sludge from three wastewater treatment facilities and found that concentrations of BDE47 and BDE99 totaled approximately 150 µg/kg dw. 



2.1.6.6 Biota



Concentrations of PBDEs in biota are increasing (de Wit 2002, Law et al. 2003). For instance, concentrations in lake trout, Salvelinus namaycush, from Lake Ontario rose from 3 µg/kg lipid in 1978 to 171 µg/kg lipid in 1988 and to 945 µg/kg lipid in 1998, an increase of more than 300-fold (Luross et al. 2000).  



Rayne et al. (2003a) examined PBDE concentrations and congener profiles in mountain whitefish, Prosopium williamsoni, collected from 1992 to 2000 along the Columbia River system in southeastern British Columbia. Total PBDE concentrations in the fish increased by up to 12-fold over the duration of the study, with a doubling period of 1.6 years. Based on this rate of increase, the authors postulated that PBDEs will soon surpass PCBs as the most prevalent organohalogen contaminant in the region. Total PBDEs in whitefish sampled downstream from urban centres or industrial sites were 20–50 fold higher than those in whitefish collected from a nearby pristine watershed. PBDE levels in largescale suckers, Catostomus macrocheilus, collected from the same region were approximately an order of magnitude lower than those measured in the whitefish, providing evidence that feeding habits and trophic level are important determinants of PBDE body burdens. Congener patterns in the suckers were typical of those reported in the literature, with BDE47 predominant and lesser amounts of BDEs 100, 154, 153 and 99. However, BDE99 was the major congener in whitefish and the congener patterns determined for these samples directly correlated with those of the two major commercial PeBDE mixtures in use. 



Based on samples collected in 1997, Luross et al. (2002) determined PBDE concentrations in a single age class of Great Lakes lake trout. Mean concentrations of PeBDE congeners (BDEs 47, 66, 99, 100 and 153) were 95 µg/kg ww (434 µg/kg lipid) in Lake Ontario lake trout, 27 µg/kg ww (117 µg/kg lipid) in trout from Lake Erie, 56 µg/kg ww (392 µg/kg lipid) in Lake Superior trout and 50 µg/kg ww (251 µg/kg lipid) in trout from Lake Huron. These concentrations compare favorably to those measured by Alaee et al. (1999) who found that the average concentrations of PBDEs (mostly BDEs 47 and 99) in lake trout were 545 µg/kg lipid (ww not provided) in trout from Lake Ontario, 237 µg/kg lipid in trout from Lake Huron and 135 µg/kg lipid in trout from Lake Superior.  



Concentrations of PBDEs (total tetra-, penta- and hexaBDE congeners) up to 2970 µg/kg lipid (39.9 µg/kg ww) were reported in Lake Michigan steelhead trout (Asplund et al. 1999). Approximately 93% of the measured concentration was composed of the tetraBDE to pentaBDE congeners (BDEs 47, 66, 99 and 100), but some hexaBDE and triBDE concentrations were also reported. Manchester-Neesvig et al. (2001) reported average concentrations of total PBDE congeners (i.e., BDEs 47, 66, 99, 100, 153 and 154) of 80.1 µg/kg ww in 21 coho salmon (Oncorhynchus kisutch) and chinook salmon (Oncorhynchus tshawytscha) from Lake Michigan tributaries in 1996.



Hale et al. (2002, 2003) reported concentrations of total PBDEs up to 47,900 µg/kg lipid (1140 µg/kg ww) in fish fillets from Virginia, with the highest concentration measured in a sample collected from carp. BDE47 accounted for over 74% of the PBDE residues in the carp. Loganathan et al. (1995) measured PBDE levels in three age classes of carp (Cyprinus carpio) from the Buffalo River, New York. Composite samples comprised of 15 fish were analyzed, and total PBDE concentrations for young, middle and old age classes were 13.1, 20.2 and 22.8 µg/kg ww, respectively. TetraBDEs accounted for 94-96% of total PBDE concentrations, whereas penta-and hexaBDEs constituted 3-5 and 1%, respectively. Dodder et al. (2002) reported total PBDE concentrations of 65 µg/kg ww (2400 µg/kg lipid) in a composite sample (whole body) of white crappie (Pomoxis annularis) and bluegill (Lepomis macrochirus) and 20 µg/kg ww (2500 µg/kg lipid) in one of two samples of carp (Cyprinus carpio) muscle tissue collected from a lake in the U.S. located near suspected PBDE sources. Concentrations of tetraBDE were 13 µg/kg ww in the composite sample (white crappie and bluegill) and 9.8 µg/kg ww in the carp sample, while those of total pentaBDEs were 23.4 µg/kg ww in the composite sample and 3.7 µg/kg ww in the carp. 



Norstrom et al. (2002) evaluated the geographical distribution of polybrominated diphenyl ethers in herring gull (Larus aargentatus) eggs collected from a network of colonies scattered throughout the Great Lakes and their connecting channels in 2000. They found that total PBDE (i.e., sum of BDEs 47, 99, 100, 153, 154, 183) concentrations ranged from 192 to 1400 µg/kg ww in the eggs, with an overall mean of 662 ( 368 µg/kg ww. Mono-, octa-, nona- or decaBDE were not found at their analytical limits of detection (0.01 to 0.05 µg/kg ww) in any of the samples. The highest concentrations were found in northern Lake Michigan and in Toronto harbor (1003 to 1400 µg/kg ww), regions associated with high industrialization and urbanization. Eggs collected from more remote sampling sites in Lake Huron and Lake Erie had the lowest concentrations (192 to 340 µg/kg ww). Seven congeners (BDEs 28, 47, 99, 100, 153, 154 and 183) constituted 97.5% ( 0.5% of the total PBDEs measured in the samples. Other identified congeners included BDEs 15, 17, 49, 66, 119, 85, 155 and 140. The results provided evidence that air and water inputs from urban and industrial areas are important contributors of local contamination to the herring gull food web, acting in addition to PBDE contamination received through global or regional transport processes.



An analysis of archived herring gull eggs (sampled in 1981, 1983, 1987, 1988, 1989, 1990, 1992, 1993, 1996, 1998, 1999 and 2000) enabled Norstrom et al. (2002) to establish temporal trends in PBDE concentrations between 1981- 2000. At Lake Michigan, Lake Huron and Lake Ontario sampling sites, concentrations of total tetra- and pentaBDEs (i.e., BDEs 47, 99 and 100) increased 71 to 112 fold over the 1981 to 2000 period (from 4.7 to 400.5 µg/kg ww at Lake Ontario; from 8.3 to 927.3 µg/kg ww at Lake Michigan; from 7.6 to 541.5 µg/kg ww at Lake Huron). These increases were found to be exponential at all three locations (r2 = 0.903-0.964, p < 0.00001).



Wakeford et al. (2002) undertook sampling of great blue heron eggs in 1983, 1987, 1991, 1996, 1998 and 2000 in southern British Columbia and found that total PBDE (sum of tetra-, penta- and hexaBDE congeners) concentrations increased from 1.31 to 287 µg/kg ww between 1983 and 1996, but then dropped slightly to 193 µg/kg ww in 2000. They also undertook sampling of thick billed murre eggs in the Canadian North in 1975, 1987, 1993 and 1998. They observed a trend of gradually increasing PBDE (sum of tetra-, penta- and hexaBDE congeners) concentrations in eggs between 1975 (i.e., 0.43 to 0.89 µg/kg ww) and 1998 (i.e., 1.83 to 3.06 µg/kg ww). 



Jansson et al. (1993) reported PeBDE-related residues in a pooled sample of osprey, Pandion haliaetus, muscle tissue at a concentration of 2140 µg/kg lipid. The sample was prepared from 35 specimens collected in various parts of Sweden over the period 1982 to 1986. One congener, BDE47, at a concentration of 1800 µg/kg lipid, accounted for most of these residues. Herzke et al. (2001) reported concentrations of total PBDEs (congener composition was not reported) in eggs of nine Norwegian predatory bird species up to 732 µg/kg ww (in sparrowhawk, Accipiter nisus). 2,2’,4,4’-tetraBDE was the major congener in sparrowhawk eggs, but  penta- and hexaBDE congeners dominated in some other species.  



PBDEs have been detected in a variety of marine mammals. Alaee et al. (1999) reported average PBDE (di- to hexaBDE) concentrations in the blubber of marine mammals from the Canadian Arctic as 25.8 µg/kg lipid in female ringed seals (Phoca hispida), 50.0 µg/kg lipid in male ringed seals, 81.2 µg/kg lipid in female beluga (Delphinapterus leucus) and 160 µg/kg lipid in male beluga. BDE47 was the predominant congener, followed by BDE99. Ikonomou et al. (2000, 2002b) reported PBDE concentrations in biota samples from the west coast and Northwest Territories of Canada. The highest concentration of total PBDE residues, 2269 µg/kg lipid, was found in the blubber of a harbor porpoise from the Vancouver area. With a concentration of about 1200 µg/kg lipid, one congener, BDE47, accounted for slightly more than half of the total PBDEs in the sample. Ikonomou et al. (2002a) analyzed temporal trends in Arctic marine mammals by measuring PBDE levels in the blubber of Arctic male ringed seals over the period 1981-2000. Mean total PBDE concentrations increased exponentially from 0.572 µg/kg lipid in 1981 to 4.622 µg/kg lipid in 2000, a greater than 8-fold increase. They determined that penta- and hexaBDEs are increasing at approximately the same rate (doubling time of 4.7 and 4.3 years, respectively) and more rapidly than tetraBDEs (doubling time of 8.6 years). BDE47 was again predominant, followed by BDE99 and BDE100. A marked increase in tissue PBDE levels was also evident in blubber samples collected from San Francisco Bay harbor seals over the period 1989 to 1998 (She et al. 2002). Total PBDEs (the sum of BDEs 47, 99, 100, 153 and 154) rose from 88 µg/kg lipid in 1989 to a maximum of 8325 µg/kg lipid in 1998, a period of only nine years. Stern and Ikonomou (2000) examined PBDE levels in the blubber of male SE Baffin beluga whales over the period 1982-1997, and found that the levels of total PBDE (tri- to hexa- congeners) increased significantly. Mean total PBDE concentrations were about 2 µg/kg lipid in 1982, and reached a maximum value of about 15 µg/kg lipid in 1997. BDE47 was the dominant congener, with a mean concentration of approximately 10 µg/kg lipid in 1997. Total PBDE (concentrations for individual congeners not provided) residues in the blubber of St. Lawrence estuary belugas sampled in 1997-1999 amounted to 466 (± 230) µg/kg ww blubber in adult males and 665 (± 457) µg/kg ww blubber in adult females. These values were approximately 20 times higher than concentrations in beluga samples collected in 1988-1990 (Lebeuf et al. 2001). 



These studies indicate that PBDE levels in Canadian biota have been rising, with dramatic increases in tissue concentrations evident over the last two decades. The highest levels in biota are associated with industrialized regions; however, the increasing incidence of PBDEs in Arctic biota provides evidence for the long-range atmospheric transport of these compounds (Stern and Ikonomou 2000). Although the tetra- congener BDE47 predominates in wildlife, there are recent indications of a shift in tissue congener profiles. Ikonomou et al. (2002a) determined that over the period 1981-2000, penta- and hexaBDE levels in the blubber of Arctic ringed seals increased at rates that were roughly equivalent and about twice that of tetraBDE. Similarly, Stern and Ikonomou (2000) examined the percent contribution of tri-, tetra-, penta- and hexaBDEs to the total PBDE measured in the blubber of Arctic male belugas from 1982-1997. While the total PBDE concentrations increased over this period, the contributions by penta- and hexa- congeners increased by approximately 3% and 8%, respectively, while those of the tetra- congeners declined by 4%. These findings may reflect a shift in industrial use patterns towards commercial PBDE formulations containing greater proportions of the higher brominated congeners (Stern and Ikonomou 2000). This pattern of increasing proportions of penta- and hexaBDE congeners is not always evident. Norstrom et al. (2002) determined that while total PBDE concentrations in Great Lakes herring gull eggs increased 20 to 75 fold over the period 1981-2000, the levels of tetra- and penta- congeners increased approximately twice as quickly as those of the hexa- congeners.



Evidence from studies such as those described above indicates that the levels of PBDEs in North American biota have been increasing steadily. This is in contrast to many global POPs, such as PCBs, dioxins and some chlorinated pesticides, where a general decrease in the measured concentrations has become evident  in recent years (Bergman 2000; Hooper and McDonald 2000; Nor(n and Meironyt( 2000; Darnerud et al. 2001). However, considering the voluntary phase out of PeBDE and OBDE production by major global producers one might expect to see future decreases in ambient levels of PeBDE and OBDE congeners in the ambient North American environment including biota, There are indications from recent studies conducted in Europe that lower BDE levels in some European biota have peaked. Time trend analyses using Baltic guillemot eggs (Sellström et al.1996; Sellström et al. 2003) and pike from Lake Bolmen in Sweden (Kierkegaard et al. 1999b; Kierkegaard et al. 2004) show a levelling off and possible decline in the concentrations of penta-like congeners beginning in the early 1990s. Any observed reduction in the concentrations of PBDEs in European biota may be a consequence of recently enacted restrictions on the production and use of commercial PeBDE throughout Europe. 

2.1.7	Environmental Effects



The following section summarizes ecotoxicology studies which identify the most sensitive species to PeBDE exposures. These and other toxicity studies are described in tabular form in Appendix E. Toxicology studies using rodents and other species for the assessment of human health are summarized in the PBDE screening assessment for human health (Health Canada 2005).



2.1.7.1 Pelagic Organisms



CMABFRIP (1998) commissioned a 21-d partial life-cycle study of Daphnia magna using a commercial PeBDE mixture (33.7% tetraBDE, 54.6% pentaBDE and 11.7% hexaBDE) which was dispersed in 100 µL/L dimethylformamide. A flow-through test design was used. The 96-h and 21-d EC50 (combined mortality and immobilization endpoint) were determined to be 17 and 14 µg/L (measured data), respectively. The study also determined a 21-d EC50 of 14 µg/L for reproduction and a 21-d LOEC of 9.8 µg/L for growth (based on mean measured data). Wollenberger et al. (2002) reported 5-d EC50 values of 12.5 µg BDE47/L, 11 (g BDE99/L and 7.2 (g BDE100/L, based on larval development rate of the copepod, Acartia tonsa. 



A chronic toxicity study was conducted on the early life stage of rainbow trout (Oncorhynchus mykiss) using PeBDE (0.23% triBDE, 36.02% tetraBDE, 55.10% pentaBDE and 8.58% hexaBDE) (Great Lakes Chemical Corporation 2000a). Dimethylformamide at a concentration of 100 µg/L was used to prepare the stock solutions. The exposure was for 87 days (27 day pre-hatch and 60 day post-hatch periods). The measured LOEC for post-hatch growth (based on the length and dry weight of fish) was determined to be 16 µg/L, which was also the highest treatment concentration.



A 24-h EC10 of 3.1 µg/L based on cell density and 2.7 µg/L based on area under the growth curve was derived for the alga, Selenastrum capricornutum from a 96 hour exposure study using commercial PeBDE (CMABFRIP 1997a). This study was however characterized by the loss of test concentrations over the duration of the exposure period possibly due to adsorption or uptake by the organisms, thereby resulting in no statistically significant effects by 48 or 96 h. Exposure concentrations of the test mixture dropped below the limit of quantification (< 0.8 µg/L) for all treatments by 96 hours.



2.1.7.2 Benthic Organisms



Spiked sediment toxicity studies were conducted using the amphipod, Hyalella azteca, the midge, Chironomus riparius, and the oligochaete, Lumbriculus variegatus (Great Lakes Chemical Corporation 2000b,c,d). Each test species was exposed to a commercial mixture of PeBDE (0.23% triBDE, 36.02% tetraBDE, 55.1% pentaBDE and 8.58% hexaBDE) for 28 days in an artificial sediment (mean OM < 2%). The most sensitive of the three tested species was Lumbriculus variegatus. The results of this study are expressed as nominal concentrations in the sediments. The study reported a 28-d NOEC and LOEC for the combined survival/reproduction endpoint of 3.1 and 6.3 mg/kg dw, respectively. According to Phipps et al. (1993), “given its usual mode of reproduction (architomy), it is impossible to differentiate between young and adult organisms, which necessitates the treatment of survival and reproduction as a single end point, that is, total number of organisms at test termination.” The study could not determine the 28-d EC50 for survival/reproduction or growth since it was greater than 50 mg/kg dw, the highest treatment concentration (Great Lakes Chemical Corporation 2000d). 

�

2.1.7.3 Soil Organisms



Soil toxicity data are available for several organisms, including microorganisms, earthworm (Eisenia fetida), cucumber (Cucumis sativa), onion (Allium cepa), rye grass (Lolium perenne), soybean (Glycine max), corn (Zea mays) and tomato (Lycopersicon esculentum). The most sensitive soil organism was the tomato (Lycopersicon esculentum) for which a 21-d IC25 (growth expressed as mean shoot weight) of 136 mg/kg soil dw was determined in a study commissioned by the Great Lakes Chemical Corporation (2000e). The toxicity of commercial PeBDE to soil microorganisms was studied by Inveresk (1999). The 28-d NOEC from this test was >1 mg/kg dw, based on nitrate production.



2.1.7.4 Wildlife



No studies were identified that evaluated the toxicity of commercial PeBDE to wildlife species, but there are numerous studies using rodents. A variety of studies using commercial PeBDE formulations identify the liver as the primary target organ in adults (e.g., Great Lakes Chemical Corporation 1984, Von Meyerink et al. 1990). Recent studies by Eriksson et al. (2001b, 2002b), Branchi et al. (2002) and Viberg et al. (2002) provide evidence that other tissues, such as the brain, may be primary targets during certain critical periods of development. 



In a 90-day feeding study commissioned by Great Lakes Chemical Corporation (1984), rats were given dosages of 2, 10 or 100 mg DE-71/kg bw/day. The test compound was suspended in corn oil and administered in the diet. The composition of DE-71 was not provided in the report, however it is described elsewhere in the literature as containing 45-58.1% pentaBDE and 24.6-35% tetraBDE (Carlson 1980a; Sj(din 2000). At the end of the 90-day dosing period, absolute liver weights were increased by 11% in mid-dose (10 mg/kg bw/day) animals and by 50-70% in high dose females and males, respectively. Observed histopathological liver changes included hepatocytomegaly, with affected cells exhibiting a finely granular appearance, and individual liver cell degeneration and necrosis. Dose-related increases in serum bromide and cholesterol levels, and in the levels of liver and urine porphyrins, were also evident. High dose animals exhibited slight thyroid hyperplasia, with 30% higher thyroid weights than in the controls. Serum thyroxine (T4) levels were decreased by greater than 20% in mid and high dose test animals. Although many of the observed effects had diminished or returned to control levels by the end of a 24-week compound withdrawal period, hepatocytomegaly was still evident in mid-dose males and high-dose animals of both sexes, and liver parenchymal cell degeneration and necrosis were observed in females at all dosage levels. 



Von Meyerinck et al. (1990) administered Bromkal 70 (64% pentaBDE, 36% tetraBDE) orally to Wistar rats using one of three dosage regimes: a single dose of 300 mg/kg bw, 100 mg/kg bw/day for 4 days, or 50 mg/kg bw/day for 28 days. At all dosage levels, relative liver weights were higher in treated animals than in the controls and there was significant induction of liver enzymes. Cytochrome P450c activity increased by 2.3 to 3.9 fold, benzphetamine N-demethylation activity increased by up to 2-fold, benzo[a]pyrene oxidation activity increased 2.2 to 5.3 fold and ethoxyresorufin O-deethylase (EROD) activity increased by 4.1 to 16.6 nmol/min mg microsomal protein. The authors concluded that Bromkal 70, and pentabrominated diphenyl ethers, act as mixed-type inducers of liver enzymes.



Commercial PeBDE and its components have also been demonstrated to influence thyroid activity and immune function in mammals. Alterations in the levels of thyroid hormones are considered to be related to liver enzyme induction, which enhances the conjugation and excretion of thyroid hormones and leads to a compensatory increase in their production (European Communities 2001). In a study by Zhou et al. (2001), weanling rats were dosed with 0.3, 1, 3, 10, 30, 100 and 300 mg DE-71/kg bw/day for 4 days. Liver enzymes in the dosed animals were induced 20-fold for EROD activity and 26-fold for pentoxyresorufin O-deethylase (PROD) over control values. A dose-dependent decrease in serum total T4 levels was also observed, with a maximum decrease of 80% in high-dose animals. This was accompanied by a dose-related increase in uridinediphosphate-glucuronosyltransferase (UDPGT) activity, reaching a maximum 5-fold induction at the highest dose tested. The effect on serum triiodothyronine (T3) levels was less pronounced, with a maximum reduction of 30% at the highest test dose. There was no measurable effect on serum thyroid-stimulating hormone (TSH).



Similar responses were observed in mice given oral doses of DE-71 as a single acute dose or as daily doses over 14 days (Fowles et al. 1994). Mice used in the acute study received a single dose of 0.8, 4, 20, 100 or 500 mg/kg bw DE-71, while those used in the 14-day study received daily doses of 18, 36 or 72 mg DE-71/kg bw for total doses of 250, 500 or 1000 mg/kg bw. Significant induction of total microsomal P450, EROD and PROD activities occurred at doses greater than 250 mg/kg bw. Additionally, total serum T4 concentrations were significantly lower at all dosages except 100 mg/kg bw. Mice treated with DE-71 over a 14-day period showed a dose-dependent decrease in the levels of total and free T4 and elevated levels of corticosterone. Significant immune suppression, as measured by an antigenic response to sheep red blood cells, was observed only in mice exposed subchronically to doses of 1000 mg/kg bw DE-71.



The ability of DE-71 to increase both EROD and PROD activity led Zhou et al. (2001) to classify the commercial PeBDE product as a mixed-type inducer of liver enzyme activity, eliciting both phenobarbital and dioxin-like responses. This finding was considered consistent with the results obtained by researchers such as von Meyerinck et al. (1990), Fowles et al. (1994) and Hallgren and Darnerud (1998). Van Overmeire et al. (2001) have suggested that the observed dioxin-like activity exhibited by some commercial PBDE formulations may be due to the presence of low levels of contaminants such as polybrominated dioxins and/or furans in the mixtures. 



A subsequent study by Zhou et al. (2002) provided evidence that DE-71 can disrupt normal endocrine function in rats during development. Pregnant rats were dosed with 0, 1, 10 or 30 mg DE-71/kg bw/day from gestation day 6 to postnatal day 21, and serum thyroid hormone levels and hepatic enzyme activity were evaluated in dams, fetuses, and offspring. EROD activity was increased in both dams and fetuses and fetal serum T4 levels were decreased, suggesting significant fetal exposure to DE-71 and/or its metabolites via placental transfer. Additionally, the much greater EROD induction evident in offspring compared with that in dams and fetuses led the authors to speculate that a much greater magnitude of exposure may occur through lactation than via the placenta, a response similar to that seen with exposures to PCBs and TCDD. 



Studies by Meerts et al. (1998, 2000) indicate that the hydroxylated (OH) metabolites of some PBDEs can successfully compete with thyroxin (T4) for binding sites on the plasma protein transthyretin. Seventeen PBDEs ranging from tri- to hepta- congeners were individually incubated with hepatic microsomes from rats treated with beta-naphthaflavone, phenobarbital or clofibrate. The parent compounds and their metabolites were then tested in vitro for their ability to inhibit the binding of T4 to human transthyretin. No inhibition of T4 binding was exhibited by the parent PBDE compounds, however a number of the OH-PBDE metabolites displayed competitive binding capabilities. The phenobarbital microsomal incubation metabolites of BDEs 47 and 100, for example, were able to inhibit T4-transthyretin binding by up to 60%. These results suggest that some PBDE metabolites may be capable of disrupting normal hormone function in animals. 



Components of commercial PeBDE may be neurotoxic to mammalian systems, particularly when exposure occurs during a critical period of development. Neonatal mice administered single oral doses of 0.7 or 10.5 mg/kg bw BDE47 or 0.8 or 12.0 mg/kg bw BDE99 on day 10 of development showed permanent alterations in spontaneous behaviour, which worsened with age (Eriksson et al. 2001b). Learning and memory were also affected in adult animals exposed neonatally to BDE99. A subsequent study (Eriksson et al. 2002b) confirmed the presence of a critical development period at around 10 days of age in mice. Neonatal mice were given a single oral dose of 8 mg/kg bw BDE99 at 3 days, 10 days, or 19 days of age. Those mice receiving the BDE99 at 10 days showed significantly altered behaviour patterns as described above, while those receiving it at 3 days showed similar responses but to a lesser degree. Mice dosed with BDE99 at 19 days of age showed no significant behavioural changes when compared with control animals.



Eriksson et al. (2001b, 2002b) considered the altered behaviour patterns exhibited by mice neonatally exposed to BDEs 47 and 99 to be reminiscent of those resulting from neonatal exposure to certain ortho-substituted and coplanar PCBs. Additionally, the observed effects occurred at doses comparable with those eliciting similar responses in PCB studies. These findings led the authors to propose that PBDEs and PCBs present together in the environment may interact to enhance neurotoxicity, particularly when exposure occurs at a critical stage of development (Eriksson et al 2001b, 2002b). 



Further descriptions of the effects of PeBDE on mammalian species are available in the literature. Readers may consult references such as Darnerud et al. (2001), Hallgren et al. (2001), Branchi et al. (2002) and Viberg et al. (2002).

2.2 	 Octabromodiphenyl Ether and its Constituents

2.2.1	Identity



European Communities (2003) reported the typical composition of OBDE based on random sampling of production lots conducted between August 2000 and August 2001 as follows:

pentaBDE, 0.5% w/w;

hexaBDE, 12% w/w;

heptaBDE, 45% w/w;

octaBDE, 33% w/w;

nonaBDE, 10% w/w; and

decaBDE, 0.7%.



While commercial OBDE is in fact composed of more heptaBDE as a percentage than the octabrominated molecule, it is considered OBDE because the average number of bromine atoms per molecule is about 7.5.



Synonyms for octaBDE include diphenyl ether, octabromo derivative; octabromodiphenyl oxide; octabromodiphenyl ether; phenyl ether, octabromo derivative.



Trade names for OBDE include Bromkal 79-8DE, CD 79, DE 79, EB 8, FR 1208, FR 143, Tardex 80, Saytex 111, and Adine 404.

2.2.2	Physical and Chemical Properties



Physical and chemical properties of octabromodiphenyl ether are presented in Table 2. 5. QSAR predicted physical and chemical properties are summarized in Appendix C. Generally, QSAR models predict lower values for vapour pressure, limits of water solubility and Henry’s Law Constants (HLC) than those measured in the laboratory and presented in Table 2.5. 



Table 2.5	Physical and chemical properties of OBDE and constituents

Property�Value�Reference��Chemical formula�C12H4Br6O (hexaBDE)

C12H3Br7O (heptaBDE)

C12H2Br8O (octaBDE)

C12HBr9O (nonaBDE)

C12Br10O (decaBDE)���Molecular weight�643.6 (hexaBDE)

722.3 (heptaBDE)

801.4 (octaBDE)

880.4 (nonaBDE)

959.2 (decaBDE)�WHO 1994��Physical state�Off-white powder or flaked material (OBDE)�European Communities 2003��Melting point

(°C)�70-257(OBDE)�European Communities 2003��Boiling point (°C)�no boiling point; substance decomposes at elevated temperatures (>330)�European Communities 2003��Vapour pressure at 25°C (Pa)�6.59 x 10-6 (OBDE; 21°C)



1.58 x 10-6 - 3.8 x 10-6 (hexaBDEs)

2.82 x 10-7 - 4.68 x 10-7 (heptaBDEs) �CMABFRIP 1997b



Tittlemier et al. 2002

��Water solubility at 25°C

(µg/L)�0.5 (OBDE)



0.87 (hexaBDE)

1.50 (heptaBDE)�CMABFRIP 1997c 



Tittlemier et al. 2002��Log Kow�6.29 at 25°C (OBDE)



8.35-8.90 (OBDE)�CMABFRIP 1997d



Watanabe and Tatsukawa 1990 ��Log Koc�6.13 (estimated for OBDE)�European Communities 2003��Log Koa�12.78 (estimated for heptaBDE)

13.61 (estimated for octaBDE)�Tittlemier et al. 2002 

��Henry’s Law constant at 25°C

(Pa m3/mol)�10.6 (estimated for OBDE)



0.067– 0.24 (hexaBDEs)

0.0074 (heptaBDE)�European Communities 2003



Tittlemier et al. 2002��

2.2.3	Manufacture, Importation and Uses



Results from a recent Section 71 survey conducted for the year 2000 confirmed that OBDE is not manufactured in Canada; however, approximately 1300 tonnes of PBDEs (including OBDE) were imported into Canada in that year (Environment Canada 2003; see Section 2.1.3.2). The reported use of OBDE in Canada was as a flame retardant. BSEF (2003) estimated that the total market demand for OBDE in 2001 was 1500 tonnes for the Americas. This represents approximately 5% of the total PBDE market demand for the Americas.  



As noted in Section 2.1.3.2, the major global producers of OBDE, Great Lakes Chemical Corporation and ICL Industrial Products, have voluntarily terminated production and sale of this product as of the end of 2004. In addition, the European Union has implemented a prohibition on the marketing and use of OBDE in products effective August 15, 2004. While these actions are expected to result (and have resulted) in significant changes in the global and Canadian use of OBDE, many manufactured items produced before the phase-out will, without doubt, remain in use for a period of time after 2004.



Approximately 70% of OBDE produced globally has been added to acrylonitrile-butadiene-styrene (ABS) polymers which are then used to produce computers, television and business cabinets (WHO 1994). OBDE has been used in ABS at concentrations of 12-18% by weight in the final product (European Communities 2003). No ABS is produced in Canada; however, Canadian imports of ABS terpolymers were 70.9 kilotonnes in 2000 and 66.2 kilotonnes in 2002 (Cheminfo Services Inc. 2002; Camford 2003). Of the 54 kilotonnes of ABS consumed in Canada in 1994, the major uses included pipes and fittings (50%), automotive parts (33%), business machines (7%), and appliances (7%) (Ring and Rhomberg 1995).  



Other uses for OBDE include high-impact polystyrene (HIPS), polybutylene terephthalate, polyamide polymers, nylon and low density polyethylene, polycarbonate, phenol-formaldehyde resins and unsaturated polyesters, and adhesives and coatings (European Communities 2003). HIPS is produced in Canada by Dow Chemical (Ring 1995).  

2.2.4	Releases



Losses of powders during the handling of OBDE raw material have been estimated as 0.21% for powders of particle size >40 µm (European Communities 2003). These losses will initially be to the atmosphere, but it is expected that the dust will rapidly settle and so losses will be mainly to solid waste, which may be recycled or disposed of, or washed to wastewater (European Communities 2003).  



During thermoplastic polymers processing, it has been estimated that approximately 0.05% will be released to air and 0.05% to wastewater (European Communities 1994). During the lifetime use of an article, it is assumed that the main loss of ODBE to the Canadian environment would be due to volatilization. Based on guidance from UCD (1998), an estimate of OBDE loss from products in use would total approximately 0.54% per year or 5.4% after 10 years. 



Plastics containing OBDE will usually be disposed of either to landfill or by incineration. When plastics containing OBDE are disposed of to landfill, OBDE could volatilize to the atmosphere or leach into groundwater.



If the only loss of OBDE during service is due to volatilization, then disposal due to landfilling would account for the majority (95%) of OBDE released to the environment. All PBDE congeners in OBDE are hydrophobic and have a very strong tendency to adsorb to organic matter. Therefore, it would be expected that these releases will tend to remain immobile unless washed into a nearby water body by erosion. The amount of OBDE which would solubilize into leachate is unknown but would be expected to be a low quantity.



There is evidence that OBDE may enter the environment by dispersion of polymer particles and dusts containing the flame retardant (European Communities 2003). Such particles and dusts may be generated during manufacturing processes or released slowly by weathering and wear over the lifetime of a product. Product dismantling and other mechanical breakdown methods used at disposal may provide an additional source of these particles and dusts to the environment. Although releases would be primarily to urban and industrial soils, air and sediment compartments may also be affected. There is at present no agreed upon methodology for estimating the risk associated with this source of release. European Communities (2003) provides an example of an assessment approach, but cautions that the estimates obtained are open to uncertainty. 

2.2.5	Environmental Fate



2.2.5.1 Environmental Partitioning



With the high log Kow value measured for this substance (i.e., 6.29 to 8.9), OBDE will tend to bind to particulate matter. European Communities (2003) note that the log Kow value of 6.29 determined by CMABFRIP (1997d) likely represents a minimum value. In this study, the relative concentrations of hexa-, hepta- and octaBDE in the water phase would be expected to differ from that in the octanol phase. Since this did not appear to occur, the detected substance in the water phase could have been associated with dissolved octanol. European Communities (2003) speculates that this may have resulted in an increase in solubility in water and an overall underestimate of the Kow value. Watanabe and Tatsukawa (1990) measured higher log Kow values for a commercial ODBE product (i.e., 8.35-8.90) which would be expected due to increased bromination in comparison to PeBDE. 



When octaBDE is released in equal quantities to soil, water and air, Level III fugacity modeling (using the EPI v. 3.10 platform and internally calculated input data) indicates that most octaBDE would partition to sediment, and soil compartment, and only a small fraction would be found dissolved in water or in the atmosphere (see Table 2.6). When released into air, the substance is predicted to partition primarily to soil and sediment, with only a small proportion remaining in the air or partitioning into water. If all octaBDE is discharged to water, Level III fugacity modeling indicates that almost all of the substance would partition to sediments with only a very small proportion staying in the water column, or partitioning into the air or soil compartments. If all octaBDE were released to soil, the substance would remain almost exclusively in that compartment.



Table 2.6	Predicted partitioning of octaBDE in the environment based on Level III fugacity modeling

Release scenario�Predicted partitioning (%)���Air�Water�Sediment�Soil��Equal quantities to air, water, soil�0.1�1.1�57.0�41.8��100% to air�0.6�0.4�19.0�80.1��100% to water�9 x 10-9�1.9�98.1�1 x 10-6��100% to soil�5 x 10-10�0.002�0.1�99.9��



2.2.5.2 Persistence



2.2.5.2.1 Abiotic Degradation



Predicted half-lives for OBDE reaction with atmospheric hydroxyl radicals performed using AOPWIN ranged from 30.4 to 161.0 d for hexa- to nonaBDEs, respectively. In the atmosphere, OBDE is expected to strongly adsorb to suspended particles in the air and be removed via wet and/or dry deposition. Note that predicted half-lives have not been empirically substantiated, but are provided for reference purposes.



Due to structural similarities to decaBDE, it would be expected that the abiotic degradation of octaBDE would be like that of DBDE (see Section 2.3.5.2.1). 

Eriksson et al. (2001a) conducted a photodecomposition study in which they dispersed PBDEs in a mixture of methanol (80%) and water (20%). They indicated that degradation was faster for the higher brominated DEs than for the lower brominated congeners. The half-lives for tetraBDE, pentaBDE, hexaBDE, heptaBDE, octaBDE, and decaBDE were 12-16 d, 5.4 d, 1.2 d, 1.2 d, 5 h, and 30 min, respectively. The researchers noted that the decomposition of decaBDE generates a number of decomposition products with a lower degree of bromination. Transformation products with less than six bromine atoms were tentatively identified as polybrominated dibenzofurans (PBDFs).  



Peterman et al. (2003) added 39 PBDE congeners (mono- to heptaBDE) in a nonane carrier to triolein, a triacylglycerol lipid which was thinly dispersed in a sealed polyethylene tube and exposed to natural sunlight for up to 120 min (see Section 2.1.5.2.1). Hexa- and heptaBDE congeners (i.e., BDEs 191, 181 and 166) experienced the greatest degree of photolysis along with a pentaBDE congener (BDE116) (10-14% of the starting nominal amount remained after 120 min). The researchers point out that all four congeners are structurally similar in that all are fully brominated on one aromatic ring. 



Keum and Li (2005) investigated the reactivity of decaBDE with powdered zero valent iron or iron sulphide, or a solution of sodium sulphide as reducing agents. Details of this study are described in section 2.3.5.2.1. Although OBDE was not the subject of this study, the researchers observed that during the first 5 d of the experiment, BDE 209 transformed predominantly to hexa- and heptaBDE congeners; however, after 14 d, tetra- and pentaBDEs were the most abundant products.



2.2.5.2.2 Biodegradation



No biodegradation of OBDE, based on oxygen uptake, occurred in a 28-day closed bottle test (OECD 301D) using an inoculum from a domestic wastewater treatment plant, so the substance is not considered readily biodegradable (CMABFRIP 1996). Estimates using BIOWIN show that hexa- to decaBDEs are recalcitrant with respect to biodegradation. 



The European Communities (2003) speculated that there is a possibility of debromination based on reductive dehalogenation observed with other halogenated aromatic substances (e.g., polybrominated biphenyls, polychlorinated biphenyls). A recent study by Gerecke et al. (2005) reported the degradation of BDE 209 and the subsequent formation of octa- and nonaBDE congeners under anaerobic conditions after 238 d using sewage sludge as innoculm collected from a digester. The study also evaluated the degradation of BDE 206 and 207 under anaerobic conditions using sewage sludge innoculum and found that octaBDEs were again formed. Further details on this study are found in section 2.3.5.2.2. 



2.2.5.3 Bioaccumulation



Bioconcentration factors were reported by European Communities (2003) based on the results of a study by CBC (1982), in which carp, Cyprinus carpio, were exposed for 8 weeks to commercial OBDE at 10 or 100 µg/L using polyoxyethylene hydrogenated castor oil as a dispersing agent. If it is assumed that the actual concentrations of the OBDE components were at or around the reported water solubility for the substance of 0.5 µg/L, then the BCF for octaBDE would be <9.5 while the BCF for heptaBDE would be about <1.1-3.8 and the BCF for OBDE would be about <10-36 (European Communities 2003). These BCF values are lower than would be expected from the substance’s octanol-water partition coefficients. This may be reflective of reduced bioavailability due to the inability of the large molecule to cross cell membranes (European Communities 2003).



Stapleton and Baker (2003) and Stapleton et al. (2004b) conducted 99 d dietary studies using the common carp (Cyprinus carpio) to trace the fate of BDE183 in fish tissues (see Section 2.1.5.3) and found significant and rapid debromination of BDE183 to BDE154 and to another unidentified hexaBDE congener within the intestinal tissues of the carp after consuming its food. 



BDE183 (heptaBDE) has recently been detected at fairly high concentrations in eggs of peregrine falcons, Falco peregrinus, from Sweden (see section 2.2.6.6 and Appendix D), indicating that this substance may have the capacity to accumulate and possibly biomagnify in terrestrial organisms (Lindberg et al. 2004).



2.2.5.4 Formation of Brominated Dibenzo-p-dioxins and Dibenzofurans



European Communities (2003) provides a detailed summary of research which shows that all PBDEs, including congeners in the OBDE mixture, can form PBDDs and PBDFs under certain conditions of extreme heating, combustion and pyrolysis.



PBDDs and PBDFs are brominated analogues of the Toxic Substances Management Policy (TSMP) Track 1 polychlorinated dibenzofurans and dibenzo-p-dioxins. A combustion temperature of at least 800°C for two seconds is adequate to minimize the formation of these substances during incineration/pyrolysis of OBDE in the laboratory (European Communities 2003). For further details on the formation of PBDDs/Fs, the reader should consult European Communities (2003).

�

2.2.6	Environmental Concentrations



A summary of global PBDE concentrations in the environment is presented in Appendix D.



2.2.6.1 Atmosphere



Little information is available about concentrations of OBDE in the atmosphere. Bergander et al. (1995) analyzed air samples from two areas of Sweden remote from industry for the presence of OBDE. No octaBDE was detected in either the particulate or gas phase samples (the detection limit not stated), but indications of the presence of hexaBDE and heptaBDE were found in the particulate phase samples. A concentration of 52 000 pg/m3 was predicted for OBDE in the local atmosphere resulting from emissions from polymer processing (EUSES predictions in European Communities 2003). 



Some measurements are available for PBDE congeners present in OBDE. Strandberg et al. (2001) analyzed air samples from urban, rural and remote sites in the United States near the Great Lakes. The average total OBDE-related congeners (i.e., sum of BDEs 153, 154 and 190) present in the samples ranged from approximately 0.2 to 0.9 pg/m3.  



PBDEs (ranging from tri- to octaBDEs) were detected in deposition samples collected from sites in The Netherlands, Germany and Belgium, confirming their presence in precipitation (Peters 2003). The PBDE composition of the samples could be linked to the commercial penta- and octaBDE mixes, with BDEs 47, 99 and 154 the predominant congeners. 



2.2.6.2 Water



As discussed in Section 2.1.6.2, Luckey et al. (2002) measured total PBDE (mono- to heptaBDE congeners) concentrations of approximately 6 pg/L in Lake Ontario surface waters in 1999, with hexaBDE congeners BDE153 and BDE154 each contributing approximately 5 to 8% of the total.



OBDE was not detected in 1987 in 75 surface water samples taken in Japan at a detection limit of 0.1µg/L or in 1988 in 147 water samples at a detection limit of 0.07 µg/L (Environment Agency Japan 1991). According to European Communities (2003), the concentrations are considered to be representative of industrial, urban and rural areas of Japan, but it is not known whether any of the sampling sites were in the vicinity of a polybrominated diphenyl ether production site or a polymer processing site.



2.2.6.3 Sediments



Concentrations of OBDE in UK sediments ranged from <0.44 to 3030 µg/kg dw (Allchin et al. 1999; Law et al. 1996). The highest levels were in sediments downstream from a warehouse where DBDE was stored (Environment Agency 1997). OBDE was detected in 3 of 51 sediment samples from Japan in 1987 at concentrations from 8 to 21 µg/kg (detection limit 7 µg/kg; ww or dw not specified), and in 3 of 135 samples collected in 1988 at concentrations of 15 to 22 µg/kg (detection limit 5 µg/kg; ww or dw not specified)(Environment Agency Japan 1991).



Kolic et al. (2004) presented levels of PBDEs in sediments from tributaries flowing to Lake Ontario, and area biosolids in southern Ontario. Total hexa- and heptaBDEs (i.e., BDE 138, 153, 154 and 183) measured in sediment samples taken from fourteen tributary sites (only 6 sites were reported) ranged from approximately 0.5 to 4.0 µg/kg dw. Concentrations of PBDEs in biosolid samples were considerably higher (see Section 2.2.6.5).



2.2.6.4 Soil



Limited data are available on levels of OBDE in soil.  Hassanin et al. (2004) determined PBDEs in undisturbed surface soils (0-5 cm) and subsurface soils from remote/rural woodland and grassland sites on a latitudinal transect through the United Kingdom and Norway. In total, 66 surface soils were analyzed for 22 tri- to heptaBDEs. Concentrations of total PBDEs in the surface soils ranged from 0.065 to 12.0 µg/kg dw. Median PBDE concentrations in the surface soils ranged from 0.61 to 2.5 µg/kg dw, with BDEs 47, 99, 100, 153 and 154 dominating the total concentrations. The median concentration of the sum of these five congeners ranged from 0.44 to 1.8 µg/kg dw. The researchers noted that the congener patterns in the European background soils closely matched that reported for the PeBDE mixture. Northward along the latitudinal transect, there was an increasing relative contribution of BDE 47 and other lighter PBDEs in comparison to the heavier PBDEs measured in the samples.



Soil concentrations have been estimated by European Communities (2003) using EUSES. These consider loading of OBDE via application of sewage sludge or by wet/dry deposition from the atmosphere. The predicted concentrations for OBDE in local soil where a polymer processing facility is nearby are 3.25 mg/kg ww for agricultural soil (averaged for period of 30 and 180 days) and 1.34 mg/kg ww for grassland (averaged over 180 days). Spreading of sewage sludge is the major source of OBDE to soil in this scenario. At a regional scale, soil concentrations were predicted to be 0.047 mg/kg ww for agricultural soil, 0.061 mg/kg ww for natural soils and 4.26 mg/kg ww for industrial soil. At a continental scale, predicted concentrations were 0.018 mg/kg ww for agricultural soil, 0.027 mg/kg for natural soil and 0.457 mg/kg ww for industrial soil. Wet/dry deposition from the atmosphere becomes increasingly important to the prediction of octabromodiphenyl ether soil concentrations with larger spatial scales.



2.2.6.5  Waste Effluent and Biosolids



Kolic et al. (2004) presented levels of PBDEs in sediments from tributaries flowing to Lake Ontario, and of biosolids from nearby wastewater treatment facilities in southern Ontario. Total hexa- and heptaBDEs (i.e., BDEs 138, 153, 154 and 183) measured in biosolids ranged from approximately 111 to 178 µg/kg dw. 



La Guardia (2001) analyzed 11 sewage sludge samples before land application from Canada and the United States and found that total hexa- to octaBDE congener concentrations ranged from 40 to 2080 µg/kg dw. Kolic et al. (2003) investigated PBDE levels in sewage sludge from 12 sites in southern Ontario and found hexa- to octaBDE congener concentrations totaled 124 to 705 µg/kg dw. Hexa- to octaBDE congeners were not detected in manure samples, and were at very low levels in pulp mill biosolids (up to approximately 3 µg/kg dw).

 

2.2.6.6 Biota



Concentrations of OBDEs in biota were recently reviewed in Law et al. (2003). The concentration of OBDE in various biota found in aquatic environments in the UK ranged up to 325 µg/kg ww in the liver of dab (Allchin et al. 1999). Concentrations of octaBDE in muscle tissue from UK fish ranged from <1 to 12 µg/kg ww (Allchin et al. 1999). In Japan, octaBDE was not detected in 75 fish samples taken in 1987 (detection limit 5 µg/kg ww), nor was it detected in 144 fish samples taken from 48 locations in 1988-89 (detection limit 4 µg/kg; ww or dw not specified) (Environment Agency Japan 1991). HeptaBDE, along with other PBDE congeners, was detected in eggs of peregrine falcons, Falco peregrinus, from Sweden, at concentrations from 56 to 1300 µg/kg lipid (Lindberg et al. 2004).



Alaee et al. (1999) sampled lake trout from Lakes Superior, Huron and Ontario and found that the total of hexaBDE and heptaBDE congeners ranged from an estimated 11 to 53 µg/kg lipid.



Rice et al. (2002) compared PBDE levels and congener patterns in carp and bass sampled from two industrialized regions in the eastern U.S. The fish were collected from the Detroit River, MI. and the Des Plaines River, IL. in May and June of 1999, and analyzed for the presence of BDEs 47, 99, 100, 153, 154, 181, 183 and 190. Both river systems are considered to receive high contributions from municipal and industrial effluents. BDE47 dominated in fish taken from the Detroit River, comprising an average of 53 to 56% of the total PBDEs by wet weight. BDEs 99, 100, 153 and 154 each contributed between 8 and 9%, and BDEs 181 and 183 each comprised about 5% of the total PBDEs. BDE190 was not detected in either fish species. Only carp were sampled from the Des Plaines River, and these exhibited a markedly different PBDE profile from that seen in the Detroit River fish. BDEs 181 and 183 were predominant, contributing about 21% and 19%, respectively. BDE47 was third in prevalence, comprising about 17% of the total PBDEs. Levels of the two hexaBDE congeners, BDEs 153 and 154 were 8 to 13%, compared with about 5% for each of the penta- congeners, BDEs 99 and 100. BDE190, not detected in the Detroit River fish, was present at about 12% of total PBDE. 



The congener profile identified in the Detroit River fish, with predominance of the tetra- and pentaBDE congeners, was consistent with patterns reported in biota from other parts of North America and the world. The greater prevalence of higher brominated congeners evident in the Des Plaines River fish, however, was atypical. The authors postulated that the unusual congener pattern displayed in fish from the Des Plaines River may relate to the nature of wastewater discharges from manufacturing or waste facilities in the region. The higher quantities of hexa- and heptaBDEs evident in the fish samples may reflect higher discharge volumes of commercial OBDE products, so that levels measured in fish represent a combination of PeBDE and OBDE sources. The researchers note that the possible sources for the other heptaBDEs, BDE 181 and BDE 190 that were found in the carp in Des Plaines River are not obvious especially since no commercial products have been documented as containing major quantities of these congeners. The authors speculate that the significant presence of heptaBDE in the Des Plaines River fish may result from active metabolism of BDE209 present in the river sediment; however river sediment concentrations were not obtained in this study. They also suggest that differing contributions to the two river systems from municipal wastewater treatment facilities potentially played a role, but that congener determinations in effluent sources were also not determined in this study.



Norstrom et al. (2002) evaluated the geographical distribution and temporal trends (during the 1981 to 2000 period) of PBDEs in herring gull (Larus aargentatus) eggs from a network of colonies scattered throughout the Great Lakes and their connecting channels in 2000 (see Section 2.1.6.6 and Appendix D). Although samples were analyzed for octa- to decaBDE, these were not found at their respective limits of detection (0.01-0.05 µg/kg ww). However, total concentrations of hexa- and heptaBDE congeners (i.e., BDEs 153,154 and 183) increased 6 to 30 fold over the 1981 to 2000 period at the Lake Michigan (from 6.7 to 195.6 µg/kg ww), Lake Huron (from 13.8 to 87.6 µg/kg ww) and Lake Ontario (3.8 to 112.1 µg/kg ww) sites. This increase was not as dramatic as that found for the tetra- and pentaBDE congeners.



Wakeford et al. (2002) conducted sampling of wild bird eggs in western and northern Canada between 1983 and 2000. They determined that the total of hexa- and heptaBDE congeners ranged from 0.148 to 52.9 µg/kg ww in Great Blue Heron (Ardea herodias) eggs (on Canada’s west coast), 0.03 to 0.68 µg/kg ww in Northern Fulmer (Fulmarus glacialis) eggs (in the Canadian arctic) and 0.009 to 0.499 µg/kg ww in Thick Billed Murre (Uria lomvia) eggs (in the Canadian arctic). OctaBDE, nonaBDE and decaBDE congeners were subject to analysis by the researchers, but were not detected (detection limit was not specified) in the any of the samples. 



2.2.7	Environmental Effects



A tabular summary of OBDE ecotoxicology studies has been presented in Appendix E. 



2.2.7.1 Pelagic Organisms



There are very few studies that examine the effects of OBDE mixtures on pelagic species (Darnerud et al. 2001; de Wit 2002). These studies suggest a low level of toxicity to pelagic species for the higher brominated DEs present in octaBDE mixtures (such as heptaBDE, octaBDE and nonaBDE). For these constituents, toxicity up to their respective limits of water solubility would be very unlikely.



Short- and longer-term studies have been carried out on the toxicity of commercial OBDE to aquatic organisms, including invertebrates (Hardy 2002, CMABFRIP 1997e) and fish (CITI 1992). In all of these studies, toxic effects did not occur at the highest concentration tested (see Appendix E). CMABFRIP (1997e) reported a 21-d NOEC of >1.7 µg/L (measured concentration) for Daphnia magna, based on reproduction and growth endpoints.



2.2.7.2 Benthic Organisms



There are two available 28 day spiked sediment studies on Lumbriculus variegatus using OBDE mixtures (Great Lakes Chemical Corporation 2001a,b). These studies found no statistically significant effects relevant to survival, reproduction or growth at the highest tested concentration (1272 mg/kg dw and 1340 mg/kg dw measured for sediments with 2.4% and 5.9% OC, respectively). The available studies performed using PeBDE indicate that the hexaBDE constituent of OBDE could be implicated with toxicity to sediment organisms.



2.2.7.3 Soil Organisms



Toxicity studies using OBDE are available for earthworms (Great Lakes Chemical Corporation 2001c) and for various vegetable and grain-producing plants (Great Lakes Chemical Corporation 2001d).



Survival and growth of earthworms, Eisenia fetida, were not affected by a 56 day exposure to a commercial OBDE formulation in an artificial soil at concentrations up to 1470 mg/kg dw (measured concentration in sediments with 4.7% OC) (Great Lakes Chemical Corporation 2001c).



The toxicity of OBDE to corn (Zea mays), onion (Allium cepa), ryegrass (Lolium perenne), cucumber (Cucumis sativa), soybean (Glycine max), and tomato (Lycopersicon esculentum) was evaluated in a 21-day emergence and growth study using an artificial sandy loam soil (Great Lakes Chemical Corporation 2001d). No statistically significant effects were observed for any plant species between the controls and the treatments for emergence, survival or growth at any of the tested concentrations (up to 1190 mg/kg dw, measured concentration).



2.2.7.4 Wildlife



There are no studies available that examine the toxicity of OBDE to mammalian or avian wildlife species, but there are numerous studies using rodents. The available data indicate a very low level of acute oral toxicity to rodents. Kalk (1982) reported an acute oral LD50 of 28000 mg/kg bw. Great Lakes Chemical Corporation (1975) found that a single oral dose of 5000 mg/kg bw resulted in no mortalities and normal weight gain during the 14 day post oral-dose observation period. A variety of studies using commercial OBDE formulations identify the liver as the primary target organ (e.g., Great Lakes Chemical Corporation 1976, Carslon 1980a,b).



In two studies commissioned by Great Lakes Chemical Corporation (1976, 1977a), Charles River rats were given commercial OBDE in the diet for periods of 28 days or up to 13 weeks. No information on the composition of the test product was provided. Rats in the 28-day study were fed dosages of 100 or 1000 parts per million (ppm) OBDE, amounting to approximately 10 or 100 mg/kg bw/day, while those in the 13-week study received dosages of 100, 1000, or 10 000 ppm, or approximately 10, 100, or 1000 mg/kg bw/day. At the termination of the 28-day study (Great Lakes Chemical Corporation 1976), absolute and relative group mean liver weights were significantly higher in both the 100 and 1000 ppm treatment groups compared with the control. Statistically significant increases in absolute and relative liver weights were evident at all dosage levels at the termination of the 13-week feeding study (Great Lakes Chemical Corporation 1977a). The liver cells of treated animals were enlarged, with finely granular appearing cytoplasm and increased vacuolation. Cell necrosis occurred at the 1000 and 10 000 ppm treatment levels.



Carlson (1980a) conducted a study to examine the effects of OBDE exposure on xenobiotic metabolism mechanisms in the liver of rats. Male Sprague-Dawley rats were dosed orally with 0.1 mmol/kg bw/day, or about 76.6 mg/kg bw/day, of commercial OBDE (45.1% heptaBDE, 30.7% octaBDE, 13.0% nonaBDE, 8.5% hexaBDE, 1.6% decaBDE, 1.1% pentaBDE) for 14 days. Mean relative liver weights in the treated animals were 46% higher than in the controls, and there was significant induction of liver enzymes. Levels of cytochrome P-450 in treated animals were 135% higher than those in the control group, NADPH cytochrome c reductase levels were 86% higher, and UDP-glucuronlytransferase levels were 66% higher than in the controls. The levels of activity for O-ethyl-O-p-nitrophenyl phenylphosphonothioate (EPN) detoxification and p-nitroanisole demethylation were increased by 147% and 182%, respectively, in the treated animals. 



In a subsequent study by Carlson (1980b), male Sprague-Dawley rats received oral doses of 0.78, 1.56, 3.13, 6.25, 12.5 or 25 (mol OBDE/kg bw/day for 90 days. These doses corresponded to approximately 0.60, 1.19, 2.40, 4.79, 9.58 and 19.15 mg/kg bw/day. The OBDE formulation used was the same as that described in the 14-day study above. A significant increase in EPN detoxification and p-nitroanisole demethylation occurred at all test doses, with the level of activity increasing in a dose-related manner. These elevated activities were still apparent 60 days after the cessation of treatment. Significant cytochrome P450 induction occurred at dosages of 6.25, 12.5 and 25 (mol/kg bw/day, while levels of NADPH cytochrome c reductase were not affected at any of the dosages tested. The author concluded that OBDE is a potent inducer of xenobiotic metabolism with effects that are potentially long-lasting. 



The ability of commercial OBDE to alter hormone homeostasis is further described in a study by Zhou et al. (2001). Weanling rats received doses of 0.3, 1, 3, 10, 30, 60 or 100 mg/kg bw/day of DE-79 (30.7% octaBDE, 45.1% heptaBDE in Carlson 1980a) for a period of 4 days. Liver enzymes in the dosed animals were induced 10-fold for ethoxyresorufin O-deethylase (EROD) activity and 36-fold for pentoxyresorufin O-deethylase (PROD) relative to control levels. A dose-dependent decrease in serum total thyroxine (T4) levels was also observed, with a maximum decrease of 70% in high dose animals. This was accompanied by a dose-related increase in uridinediphosphate-glucuronosyltransferase (UDPGT) activity, reaching a maximum 2.5-fold induction at the highest dose tested. The effect on serum triiodothyronine (T3) levels was less pronounced, with a maximum reduction of 25% at the highest dose. There was no measurable effect on serum thyroid-stimulating hormone (TSH).



Developmental toxicity studies have been undertaken using rats and rabbits. Great Lakes Chemical Corporation (1986) reported toxicity and reduced body weight gain among the maternal group of Charles River rats at 50 mg/kg bw/d (LOAEL) administered via gavage from days 6 to 15 of gestation. In the same study, fetus developmental toxicity, reduced body weight, increased death/resorption, malformations and delayed skeletal ossification were observed at 50 mg/kg bw/d (LOAEL). No statistically significant effects were observed among the maternal group and the fetuses at doses equal to 25 mg/kg bw/d. Breslin et al. (1989) administered Saytex 111 to New Zealand White rabbits orally via gavage over days 7 to 19 of gestation and found increased liver weights and decreased body weight gain among the maternal treatment group at 15 mg/kg bw/d (LOAEL). They also reported delayed fetal skeletal ossification at 15 mg/kg bw/d. No significant effects were observed between treated and control groups (maternal and fetus) at a dose of 5 mg/kg bw/d.



Koster et al. (1980) reported that a 10 (g/mL concentration of commercial OBDE was strongly porphyrinogenic in chick embryo liver cells. The test substance was described as octabromobiphenyloxide, and no further details were provided on its structure and composition. 



BDE153, a component of both OBDE and PeBDE, may be neurotoxic to mammalian systems, particularly when exposure occurs during a critical period of development. Viberg et al. (2001a) exposed neonatal mice to a single dose of 0.45, 0.9 or 9.0 mg BDE153/kg bw on postnatal day 10, a time associated with rapid brain development in mice. When tested at 2, 4 and 6 months of age, the treated mice showed significantly altered motor behavior. The incidence of aberrant responses was dose-related and worsened with age. Spatial learning ability and memory function in the adult mice were also affected. 



Recent comparative studies with BDE153 and PCB153 indicate that the two compounds may exert similar neurotoxic effects on developing organisms (Eriksson et al. 2002a). When administered to male mice on day 10 of development, BDE153 and PCB153 elicited similar aberrant behavioral responses at comparable dose ranges of 0.45 to 9.0 mg/kg bw for BDE153 and 0.51 to 5.1 mg/kg bw for PCB153, leading the authors to speculate that interactive neurotoxic action may be possible between the two compounds. 



2.3	Decabromodiphenyl Ether and its Constituents

2.3.1	Identity



Current manufactured formulations of DBDE typically contain:

decaBDE, 97-98% w/w; and

other PBDEs (mainly nonaBDE), 0.3-3.0 w/w (WHO 1994).



Older DBDE products contained a higher proportion of lower brominated DEs, mainly nonaBDE and octaBDE isomers. For instance, FR-300-BA, produced in the 1970’s and no longer commercially available, contained 77.4% decaBDE, 21.8% nonaBDE and 0.8% octaBDE (Norris et al. 1975).



Synonyms for DBDE include bis (pentabromophenyl) ether; decabromodiphenylether; 1, 1'-oxybis[ 2, 3, 4, 5, 6-pentabromobenzene]; 2, 2(, 3, 3(,4, 4(, 5, 5(, 6, 6(-decabromodiphenyl ether; decabrom; decabromobiphenyl ether; decabromodiphenyl oxide; ether, bis (pentabromophenyl); pentabromophenyl ether.



Trade names for DBDE include 102 (E); Adine 505; AFR 1021; Berkflam B 10E; BR 55N; Bromkal 81; Bromkal 82-0DE; Bromkal 83-10DE; Caliban F/R-P 39P; DB 10; DB 101; DB 102; DE 83; DE 83R; DP 10F; EB 10; EB 10FP; EB 10W; EBR 700; Fire Cut 83D; Flame Cut 110R; Flame Cut BR 100; FR 10; FR 10 (ether); FR 1210; FR 300; FR 300BA; FR-PE; FR-PE (H); FRP 53; Nonnen DP 10; Nonnen DP 10(F); Planelon DB; Planelon DB 100; Planelon DB 101; Pyroguard SR 250; Pyroguard SR 270; RM 939965; S 102; Saytex 102; Saytex 102E; SR 250; Sr 270; Tardex 100; NCI-C55287; BR 55N. This list includes products currently in use and products which are no longer manufactured. The products, DE-83 and Saytex 102, represent commercial mixtures produced by North American manufacturers.



2.3.2	Physical and Chemical Properties



Physical and chemical properties of DBDE are presented in Table 2.7. QSAR predicted values are summarized in Appendix C.



Table 2.7	Physical and chemical properties of DBDE and constituents

Property�Value�Reference��Chemical formula�C12HBr9O (nonaBDE)

C12Br10O (decaBDE)���Molecular weight�880.4 (nonaBDE)

959.2 (decaBDE)�European Communities 2002��Physical state�Fine white to off white crystalline powder (DBDE)�European Communities 2002��Melting point

(°C)�300-310 (DBDE)�European Communities 2002��Boiling point

(°C) 

�Decomposes at elevated temperatures (>320) �European Communities 2002��Vapour pressure at 

25°C (Pa)�4.63 x 10-6 

(DBDE; 21°C)



2.95 x 10-9 (estimated for decaBDE)�CMABFRIP 1997f 





Wania and Dugani 2003��Water solubility 

at 25°C  

(µg/L)�< 0.1 µg/L (DBDE)�CMABFRIP 1997g ��Log Kow�6.27 (DBDE)



9.97�CMABFRIP 1997h 



Watanabe and Tatsukawa 1990 ��Log Koc�5.2 (estimated based on log Kow 6.27)�European Communities 2002��Log Koa�14.44 (estimated for nonaBDE)

15.27 (estimated for decaBDE)�Tittlemier et al. 2002��Henry’s Law constant at 25°C

(Pa m3/mole)�> 44 (estimated)�European Communities 2002��



2.3.3	Manufacture, Importation and Uses



Results from a recent Section 71 survey conducted for the year 2000 indicate that DBDE is not manufactured in Canada and a total of approximately 1300 tonnes of PBDEs (including DBDE) were imported into Canada in 2000 (Environment Canada 2003). BSEF (2003) estimated that the total market demand for DBDE in 2001 was approximately 24500 tonnes for the Americas. This represents approximately 74% of the total PBDE market demand for the Americas in 2001. 



DBDE is a general purpose flame retardant used in a broad range of applications (see Table 2.8). In polymer formulations, it usually composes approximately 10-15% to 30% of total product weight (European Communities 2002; Leisewitz et al. 2001). 



2.3.4	Releases



DBDE has been included on Canada’s National Pollutant Release Inventory (NPRI) since 1994. In 2000, only two companies located in Ontario reported using DBDE: a wire and cable manufacturer and an adhesives manufacturer (NPRI 2000). There were no on-site environmental releases reported in 2000 from these companies; however, in 2000, the total amount reported as “transfers for disposal” was 3.84 tonnes (3840 kg), and “transfers for recycling” was 1.42 tonnes. 



As Table 2.8 shows, one of the major markets for DBDE is in polystyrene. According to Camford (2001), total Canadian demand for polystyrene in 2000 was approximately 200 kilotonnes.



According to European Communities (2002), approximately 1.6% of DBDE in the form of powders with a particle size of > 40 (m will be lost during the handling of raw materials. European Communities (1994) gives estimates for the release of additives such as flame retardants during processing of thermoplastic polymers. For DBDE, it is estimated that 0.05% may be lost to air and 0.05% to wastewater. During the lifetime use of polymer products containing DBDE, the main loss of DBDE to the Canadian environment would be due to volatilization. Based on guidance from UCD (1994), an estimate of DBDE loss from products in use would total approximately 0.38% per year if it is assumed that the average product life is 10 years. 



The release of DBDE from fabric washing is not expected to be significant because DBDE is physically incorporated into a polymer backing and this is expected to minimize the loss of DBDE during washing. Also, DBDE is used primarily in upholstery fabrics, which are unlikely to receive frequent washing. Given these factors, European Communities (2002) estimates a loss rate of 3% per year. Plastics and textiles containing DBDE will usually be disposed of either to landfill or by incineration. Since 95% of municipal solid waste in Canada is landfilled, and because of the strong partitioning of DBDE to soil and sediments, it may be assumed that almost all of these releases will be to soil. This soil will tend to remain immobile unless it is washed into a nearby water body by erosion. The amount of DBDE that would solubilize into leachate would be expected to be very small. 



Table 2.8	Global uses of DBDE (OECD 1994)

Percent of Total�Resin, Substrates�End Products��30�Polystyrene�mouldings, panels, housings��20�Terephalates�mouldings, connectors, switchgears and electrical equipment��15�Polyamides�mouldings, contactors, bobbins, electrical elements��10�Strenic rubbers �textile back coatings, carpet backing��5�Polycarbonates�mouldings, panels, housings, computers, aircraft��5�Polypropylene�mouldings, capacitors, televisions, electronic equipment��15�Other (e.g., acetate copolymer, unsaturated polyester resins)�coatings, wires and cables, electrical distribution parts, moulding compounds, panels, boxes, electrical equipment��



There is evidence that DBDE may enter the environment by dispersion of polymer particles and dusts containing the flame retardant (European Communities 2002). Such particles and dusts may be generated during manufacturing processes or released slowly by weathering and wear over the lifetime of a product. Product dismantling and other mechanical breakdown methods used at disposal may provide an additional source of these particles and dusts. Although releases would be primarily to urban and industrial soils, air and sediment compartments may also be affected. There is at present no agreed upon methodology for estimating the risk associated with this source of release to the environment. European Communities (2002) provides an example of an assessment approach, but cautions that the estimates obtained are open to a high degree of uncertainty. 



2.3.5	Environmental Fate



2.3.5.1 Environmental Partitioning



If it is assumed that equal quantities of decaBDE are released to water, soils and air compartments, most of the substance, almost 60%, would be found in sediments, according to Level III fugacity modeling (using the EPI v. 3.10 platform and internally calculated input data, see Table 2.9). About 40% would be found in soil and very little would be found in water or air. When released into air, the substance is predicted to partition primarily to soil and sediment, with only a small proportion remaining in the air or partitioning into water. If all decaBDE is discharged to water, Level III fugacity modeling indicates that almost all of the substance would partition to sediments with only a very small proportion staying in the water column, or partitioning to air or soil. If all decaBDE were released to soil, the substance would remain almost exclusively in this environmental compartment.



Table 2.9	Predicted partitioning of decaBDE in the environment based on Level III fugacity modeling

Release scenario�Predicted partitioning (%)���Air�Water�Sediment�Soil��Equal quantities to air, water, soil�0.1�1.1�57.0�41.8��100% to air�0.6�0.4�19.0�80.1��100% to water�3 x 10-11�1.9�98.1�3 x 10-9��100% to soil�5 x 10-12�0.002�0.1�99.9��

�

2.3.5.2 Persistence



2.3.5.2.1 Abiotic Degradation



Atmospheric half-lives of 161 and 318 d have been estimated for nonaBDE and decaBDE, respectively, based on atmospheric reaction with hydroxyl radicals using AOPWIN. These values have not been confirmed empirically.



DBDE has been shown to photodegrade under some conditions. Its photodegradation under laboratory conditions when dispersed in solvents is well documented. 



Halogenated aromatics photodegrade by reduction in solvents capable of proton transfer (Norris et al. 1974). The first step in the process would be the cleavage of a carbon-bromine bond, leaving a nonabrominated aryl radical which would be available to extract a hydrogen atom from the solvent. This would form a debrominated product.



Norris et al. (1973 and 1974) undertook photodegradation studies using DBDE dispersed in a variety of solvents. In a preliminary study using octanol as a solvent, they estimated a half-life of 4 hours for DBDE exposed to a sunlamp (210 - 350 nm, run at hourly intervals). DBDE dispersed in xylene solution was found to degrade by reductive debromination with a half-life of 15 hours and it was believed that lower brominated DEs were formed.  In a final study, Norris et al. (1973 and 1974) placed 10 g of solid phase DBDE (98% decaBDE and 2% nonaBDE) in 8 L of water and then exposed the mixture to natural sunlight. Exposure was carried out using large desiccators with a polyethylene film lid and these were placed on the roof of a building. The control included a desiccator covered with tin foil. Over the duration of the study, the bromine concentration in the water exposed to sunlight was found to increase from 2.6 mg/L at 31 d to 7.3 mg/L at 98 d (this level is much higher than the reported water solubility limit of DBDE). The bromine in the water from the unexposed control was 0.2 mg/L after 98 d. GC analyses showed unidentified peaks which were not due to PBDEs.  However, the DBDE in the experiment was in its solid phase, and thus, only a small fraction of the total DBDE would have been exposed to sunlight.  It is not possible to infer anything about the rate and extent of photolysis of DBDE in the environment from this study.



Watanabe and Tatsukawa (1987) carried out photolysis experiments with DBDE (97% decaBDE and 3% nonaBDE) in a mixture of hexane, benzene and acetone (8:1:1). The mixtures were placed in a quartz tube exposed to either UV light using a mercury lamp (254 nm) or to natural sunlight. After 16 hours of exposure to UV light, decaBDE was found to debrominate primarily to tri- to octaBDEs, but brominated furans with 1 to 6 bromine atoms were also formed. No brominated dioxins were formed. Tetrabromodibenzofurans (TBDFs) were identified in the study. Under sunlight, similar patterns of transformation were determined. 



Söderström et al. (2004) undertook photodegradation studies in which DBDE (Dow FR-300 BA; exact composition was not provided, but contained traces of octa- and nonaBDEs) was dissolved in toluene and applied as a thin layer to silica gel, sand, soil or sediment. The toluene was evaporated off in the dark. Exposure was to natural sunlight and to UV light generated by three mercury lamps fitted with filters to give a spectrum closer to that of natural sunlight (i.e., 300-400 nm). Experiments were conducted in triplicate and each treatment series contained a blank and dark control. Sample extraction and preparation was conducted in the dark.  Prior to photolysis experiments, the sediment was reconstituted with 0.2 mL of water (Millipore quality) to resemble more natural conditions.



They found that DBDE dispersed in toluene decayed quickly (estimated half-life of less than 15 min) under UV light to nonaBDE, then octaBDE, then heptaBDE and then hexaBDE. DBDE applied to solid matrices was also observed to transform following a pathway of reductive debromination, but the process generated fewer transformation products.  Söderström et al. (2004) found that DBDE applied to silica gel decayed quickly with an estimated half-life of less than 15 min under artificial or natural lighting. The DBDE half-life on sand was 12 and 13 h under UV and continuous (calculated) sunlight, respectively. The half-life on sediment was 40-60 and 30 h under UV and continuous (calculated) sunlight, respectively. PBDEs identified from the various photodegradation experiments performed by Söderström et al. (2004) are listed in Table 2.10. In addition, tetra- and pentaBDFs were detected as phototransformation products of DBDE adsorbed to sand, sediment and soil.  Overall, decay proceeded slowest in soils exposed to UV light, with a half-life of 150-200 hours. 



Söderström et al. (2004) concluded that photodegradation of decaBDE adsorbed on solid substrates, at least initially, seems to follow a stepwise debromination process. They noted that as BDE 209 disappeared, there was a formation of lower brominated DEs (nona- to hexaBDEs), but that after the maximum occurrence of hexaBDEs, only minor amounts of lower brominated DEs were formed with a resulting discontinued mass balance. This indicated that some other unknown compounds were formed, but that they were lost during the sample clean-up. They also concluded that BDEs 47, 99, 100 and 183, which are common in environmental samples, were only formed to a minor degree from the photolysis of DBDE in toluene and/or on silica gel.  Also, BDE 153 was formed in toluene, on sand and on sediment. According to the researchers, the origin of these congeners in the environment is “probably primarily from emissions of technical PentaBDE products and possibly from other degradation pathways of decaBDE. To further investigate the degradation pathways of decaBDE, combined photolytic/bacterial degradation pathways should be examined.”



Jafvert and Hua (2001) conducted photodegradation studies of DBDE (98% decaBDE) on hydrated surfaces of glass and silica sand particles, humic acid-coated silica particles, and glass surfaces in contact with aqueous solutions. The studies were conducted at 280 to 320 nm under simulated and natural sunlight. Replicate samples were taken and controls were kept in the dark. 



The first series of experiments involved dispersing DBDE in toluene, then adding this to sand and allowing the toluene to evaporate. The sand was divided into amounts of 7.015 g and placed into Petri dishes and 9 mL of water was added.  The study had controls which were exposed to sunlight, and controls kept in the dark.  This treatment which was exposed to natural sunlight found that approximately 80% of the initial decaBDE remained in the sand after 84 hours of irradiation. However, a similar rate of loss was found in the dark controls, and thus, it was concluded that no or insignificant photodegradation had occurred. 



The second series of experiments involved the irradiation of DBDE adsorbed onto humic acid-coated sand under natural sunlight.  In this treatment, sand was coated with a commercial humic acid. DBDE was added to the sand dispersed in toluene, which was then evaporated off. The treated sand was added to sealed quartz cuvettes.  Each cuvette contained 0.5 g of spiked humic acid-coated sand and 2 mL of water.  This experiment found a slow loss of DBDE, with approximately 88% of the parent compound remaining on the sand after 96 hours. The transformation products were not identified.



In the third study series, the researchers exposed DBDE adsorbed onto quartz tubes containing humic acid solution to natural sunlight.  The results showed that approximately 70% of the initial DBDE concentration remained after 72 hours. The remaining 30% was present as unidentified compounds.  Analysis by HPLC did not indicate the presence of any lower brominated DEs, except possibly for octa- and nonaBDE which could have been present in the DBDE material used in the experiment.  A more detailed GC-MS analysis was also carried out on the possible BDE products formed during this study series, but Jafvert and Hua (2001) noted that the results were inconclusive as to whether octa- and nonaBDEs were formed. They did not comment on whether other lower brominated DEs were formed.  The EU conducted its own simple evaluation of the analytical data provided by Jafvert and Hua (2001). They compared the mean and the standard deviation of the concentration of each isomer for which an analysis was conducted at the start and at the end of the experiment. The EU noted considerable variation within the concentrations found in the two replicates which made it difficult to draw firm conclusions.  However, they noted that there was some evidence that hexaBDEs and heptaBDEs were formed. The mean concentration minus the standard deviation at 72 h was higher than the mean concentration plus the standard deviation at 0 h for BDE 155, therefore suggesting that this hexaBDE congener was formed.

Table 2.10   PBDEs identified in samples from photolysis studies conducted by Söderström et al. (2004)

BDE Congener�Toluene�Silica gel�Sand�Sediment�Soil��47
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+��Notes: -  = not identified; +  = identified. Rates of production not quantified.





The fourth study followed the same procedure as the third, except that water was added to the test system without humic acid. After a 72 hour exposure to natural sunlight, approximately 29% of the initial decaBDE remained. The identity of the transformation products could not be identified with HPLC analysis except for nona- or octaBDEs. 



The fifth study series investigated photolysis of decaBDE adsorbed to quartz tubes in aqueous solution under artificial sunlight. Approximately 69% of the initial amount of decaBDE was lost after 60 hours of irradiation. The analysis found that once decaBDE had degraded, any transformation by-products or intermediates were also degraded quickly. The fraction of bromine as unidentified products was always <27%. An additional test was conducted which was essentially the same as the fifth study except that the amount of decaBDE added to the quartz tube was increased, two artificial lamps were used instead of one lamp, and the exposure period was increased to 240 hours. Under these conditions, decaBDE was found to degrade slower than in the previous experiments. A bromine mass balance showed that decaBDE and bromine ion accounted for a significant proportion of the total bromine present over the course of the experiment, and any intermediate degradation products from decaBDE themselves degraded quickly. HPLC found the presence of small amounts of substances that could have been lower BDEs, but this could not be confirmed with the methods used. 



In a subsequent study by Hua et al. (2003), DBDE was precipitated onto surfaces (quartz glass, silica particles and humic acid-coated silica particles)  and hydrated with reagent-grade water, and irradiated at 300 nm or 350 nm using artificial sunlight or with natural sunlight. About 31% of the initial DBDE remained on the quartz surface after 60 h of irradiation at 300 nm, 56% was still present after 240 h at 350 nm, and 29% remained after 72 h of solar irradiation. Addition of humic acid slowed the rate of DBDE decay. DBDE precipitated onto a quartz surface and hydrated with a 100 mg/L humic acid solution was only about 30% degraded after 72 h of solar irradiation. Similarly, about 89% of DBDE precipitated onto hydrated humic acid-coated sand remained after 96 h of solar irradiation. Using relative peak orders and retention times from chromatograms, the researchers estimated that small amounts of nona- and octaBDE were likely formed as degradation by-products. BDE 47 and 99 were not formed at detectable levels of the analytical method used (HPLC).



In response to uncertainties highlighted in the original European Communities (2002) risk assessment report for DBDE, further analysis of decaBDE photodegradation was undertaken by Palm et al. (2003).  Palm et al. (2003) first determined the UV spectrum of decaBDE in toluene, dichloromethane, tetrahydrofuran (THF), methanol and ethanol. The spectrum was determined to be similar in all solvents used and it showed a weak absorption band above 290 nm which is the range of the solar spectrum at ground level under natural sunlight. With decreasing bromination, diphenyl ethers have a lessened overlap with absorption spectra of wavelengths >290 nm. Thus, with decreasing bromination, there would be a reduced susceptibility to photodegradation. The study found that the wavelength for absorption maxima measured in THM were 263 – 308 nm for BDE 209, 291 – 298 nm for BDE 153, 274 – 289 nm for BDE 15 (4,4’-dibromodiphenyl ether), 271 – 288 nm for BDE 3 (4-bromodiphenyl ether), and 266 – 279 nm for diphenyl ether. 



Palm et al. (2003) also investigated the photodegradation of DBDE in organic solvents irradiated with filtered (300 nm) artificial xenon lamps. In these studies, DBDE was dispersed in either toluene, dichloromethane or a solvent mixture of hexane:benzene:acetone (8:1:1). A half-life of approximately 30 minutes was determined for all the test systems used. Reductive debromination was also found to occur, first with three isomers of nonaBDE formed, then six isomers of octaBDE, then to several isomers of heptaBDE, and finally to trace amounts of hexaBDE. A mass balance showed that 75% of DBDE degradation followed a pathway of debromination. The products of the remaining 25% could not be determined.  In a follow-up study conducted under natural sunlight over two days, the researchers found complete disappearance of decaBDE with nona- to pentaBDEs formed.  A similar pattern was observed when DBDE was dispersed in THM and exposed to artificial sunlight for 84 h; however, PBDEs with less than 5 bromine atoms per molecule formed.



Palm et al. (2003) then investigated the photochemical transformation of decaBDE in an aerosol smog chamber in which decaBDE with mirex was adsorbed to silicon dioxide at a concentration of about 1% by weight.  This resulted in a sub-monolayer thickness covering the aerosol particles.  These were suspended in water, atomized, dried and dispersed as an aerosol in a smog chamber. The conditions used were assumed to maximize the degradation potential of decaBDE. Although the conditions may not replicate atmospheric transport, the particle size used (diameter of approximately 1µm in the aerosol) can be considered environmentally relevant. The aerosol was then exposed to simulated sunlight (fluorescent lamps) and/or hydroxyl radicals. The rate of degradation of decaBDE was just barely measurable with the equipment used.  They determined a rate constant of <6 x 1013 cm3 molecule-1s-1 for reaction with hydroxyl radicals. The products of reaction were not determined. 



Palm et al. (2004) provided early results of photolysis experiments with decaBDE adsorbed on pyrogenic silicon dioxide as a carrier material in aqueous suspension. They noted that the adsorbed decaBDE was found to be degradable by UV light (xenon lamps), but at a much slower rate than in solvent. The half-life of decaBDE in aqueous suspension was reported as 8.8 hours. PBDFs were confirmed as short-lived intermediates in this study. There is no information available on the other transformation products which were formed. Analysis was performed using HPLC.



The available studies show that decaBDE will undergo photodegradation under some conditions. Lower brominated DEs, which may be more toxic or bioaccumulative than decaBDE, along with PBDFs are formed when decaBDE is dispersed in a variety of organic solvents and exposed to natural or artificial sunlight. In organic solvents, it appears that the predominant pathway for transformation is reductive debromination. Nona- to triBDEs have been identified as phototransformation products of DBDE in solvents.  However, many researchers have identified the production of other unidentified products in their experiments. There is uncertainty over the identity of these products.



Studies also show that DBDE will degrade when adsorbed to solid matrices (natural and artificial), when in contact with water or humic acid and when exposed to natural or artificial sunlight. Debromination has been shown to occur in these studies, but there is also another pathway yielding unknown products. The debromination pathway in these studies without solvents has been shown to yield congeners of nona-, octa-, hepta-, hexa- and pentaBDEs.



It is reasonable to conclude from the available studies that decaBDE will likely photodegrade in the environment to form lower brominated DEs.  It is also likely that PBDFs will be formed in the environment.  However, the laboratory studies indicate that both the lower brominated DEs and the dibenzofurans would, themselves, be susceptible to further degradation. The actual significance of the formation of these products, as well as their subsequent degradation, depends on the relative rates of formation and degradation of each product. Little information is currently available on the rates of these reactions under environmentally relevant conditions.



Palm et al. (2003) and Eriksson et al. (2001a, see Section 2.2.5.2.1) have shown that the rate of transformation of PBDEs decreases as the number of bromine atoms/molecule decreases.  With decreasing bromination, diphenyl ethers have a lessened overlap with absorption spectra of wavelengths >290 nm which is the range of the solar spectrum at ground level, and thus it is expected that they would be less susceptible to decay than decaBDE.  Since lower brominated DEs demonstrate slower rates of phototransformation, this suggests that in a system with a single input of DBDE, a steady-state build-up of lower brominated DEs could occur.  However, some level of continued photodegradation down to the biphenyl ether would also likely occur. The magnitude of the build-up would be difficult to predict since the formation and subsequent degradation of PBDEs depends on their relative rates of formation and degradation in the environment, both of which are not known. In addition, the magnitude of accumulation would depend on DBDE loading rates to the environment which are also difficult to predict (United Kingdom 2004).



The available research suggests that there may be two (or more) competing pathways for the reaction of the initially formed nonabrominated ether radical in the environment by phototransformation. While Norris et al. (1974) speculated that the main pathway of transformation of decaBDE in the environment would be via photohydroxylation  leading to the formation of phenolic compounds, it is apparent from the available literature that at least some of the transformation products seen are a result of reductive debromination. Evidence of a different transformation pathway (i.e., not debromination) is noted by Söderström et al. (2004).  These researchers noted a discontinued mass balance after the maximum occurrence of hexaBDEs in their photodegradation studies. They suggest that another pathway of decaBDE phototransformation would be the formation of PBDFs.



In the environment, decaBDE would be predominantly sorbed to particulate matter (e.g., suspended material in surface waters, bed sediments, soils or airborne dust) and only the surface layer of the particulates or soils would be exposed to sunlight. Particulate matter and soils could also shield decaBDE from direct solar exposure.  In surface waters, sunlight reaching suspended and bottom sediments would experience some level of attenuation. Thus, it can be concluded that only a proportion of the total decaBDE in the environment which has contact with sunlight  would be susceptible to photodegradation. 



Based on the studies by Palm et al. (2003), some degree of decaBDE transformation would also be expected in the atmosphere due to reaction with hydroxyl radicals.  However, as Palm et al. (2003) note, the relative rate of transformation of decaBDE in the aerosol form is much slower than rates of transformation observed in solution. The fact that PBDEs are less prone to photodegradation when associated with particulates supports their persistence in the atmosphere and their susceptibility to long-range atmospheric transport.



Keum and Li (2005) investigated the debromination of PBDEs (including BDE 209) in contact with the reducing agents, zerovalent iron, iron sulphide, and sodium sulphide. The experiments with zerovalent iron and iron sulphide were carried out by adding a 1 mL solution of decaBDE in ethyl acetate (50 mg/L) to 5 g of powdered iron or iron sulphide in an amber glass vial. The vial was sealed with a Teflon-lined cap and incubated at 30°C. The vials were then shaken in a rotary shaker (60 rpm). Control solutions without iron powders were prepared in a similar manner. BDE 209 (50 mg/L) was also suspended in a sodium sulphide solution (200 mg in 10 mL of water) and incubated/stirred following the same procedures as those used to conduct the experiments with the powdered iron. After 3 h and 0.5, 1, 2, 3, 5, 7, 14 and 40 d of incubation, BDEs were extracted and analyzed by gas chromatography with either an electron capture detector or mass spectrometric detector.



In the experiments with zero valent iron, decaBDE was rapidly transformed to lower BDEs. Approximately 90% of the parent was converted to mono- to hexaBDE congeners after 40 d. Little degradation of decaBDE was observed in the control solutions. During the initial reaction period (up to 5 d), BDE 209 was predominantly transformed into hexa- and heptaBDEs, but tetra- and pentaBDEs were predominant after 14 d. The results demonstrated reductive debromination.



Experiments were also conducted with BDEs 28, 47, 66 and 100 and zerovalent iron. These studies also showed that debromination had occurred, but that the rate of reaction decreased with a decreasing number of bromines.



The experiments with iron sulphide and sodium sulphide also showed transformation of decaBDE to lower brominated DEs, but the rate was slower than that found in the presence of the zerovalent iron. A similar profile of transformation products was found to that determined in the experiment using zerovalent iron.



The United Kingdom (2005) points out that the actual conditions used in the Keum and Li (2005) experiment are not directly related to the environment: however, similar reactants to those used in this study (e.g., iron-bearing minerals and sulphide ions) are present in sediments and soils under anaerobic conditions. As a result, although the rates and conditions of this study may not be directly related to those of the natural environment, it is possible that similar reactions may be taking place in the environment. The United Kingdom (2005) also describes a review of the Keum and Li (2005) study done by Vangheluwe (2005) who noted that:

conditions conducive to reductive debromination are not likely to be important in marine sediments since the excess of suphate ions in would likely act as preferred electron receptors. 

the concentrations of powdered iron were at least one order of magnitude higher than the concentrations typically encountered in freshwater sediments. 

the tests were conducted at 30 C which is much higher than those likely to be experienced in the natural environment.

iron sulphide is present in the solid phase in anaerobic sediments which are coated with organic carbon thereby limiting the area available for reaction.

 

2.3.5.2.2 Biodegradation



The biodegradation of DBDE has been studied under aerobic conditions using  activated sludge inoculum. No degradation was detected after two weeks of exposure as measured by biological oxygen demand (CITI 1992). 



The anaerobic biodegradation of 14C-labelled decaBDE has been studied in a sediment water system over 32 weeks (Schaefer and Flaggs 2001). The decaBDE tested was a mixture of unlabelled substance (97.4% decaBDE, 2.5% nonaBDE and 0.04% octaBDE) with 14C-labelled decaBDE (radio labeled purity of 96%). Overall, decaBDE was found to be stable under the conditions tested.  The study determined that less than 1% of the total radioactivitiy was found as 14CO2 and 14CH4 indicating that essentially no mineralization had occurred. Differences between decaBDE concentrations measured on day 0 and at week 32 were not statistically significant.



CMABFRIP (2001) found that DBDE was not biotransformed or mineralized in flooded sediment under anaerobic conditions over a 32-week period. A study of anaerobic degradation has been conducted in which DBDE was applied to sediments inoculated with microorganisms enriched from PBDE-contaminated sediments. 



Gerecke et al. (2005) undertook experiments under anaerobic conditions using sewage sludge as inoculum collected from a digester. The inoculum was taken from a Swiss sewage treatment plant. The experiments were conducted in glass bottles (100 mL) filled with a 1 cm layer of glass beads which were spiked with technical DBDE (10.0 nmol/sample). The decaBDE contained trace amounts of nonaBDEs (i.e., BDE 206 at approximately 2% on a molar basis, and BDEs 207 and 208 at approximately 0.04% each on a molar basis), No octaBDEs were detected in the sample (detection limit was 0.005 nmol/sample). As a positive control, gamma-hexachlorocyclohexane (á-HCH) was added to the experiments, and heat sterilized samples served as a negative control. To stimulate degradation, primers (i.e., 4-bromobenzoic acid, 2,6-dibromobiphenyl, tetrabromobisphenol A, hexabromocyclododecane and decabromobiphenyl were added in the amount of 9-11 nmol/sample). Two other experiments were carried out with two nonaBDE congeners to determine the fate of these potential BDE 209 degradation products. The subject chemicals were dispersed in solvents, and then the solvents were evaporated off overnight. Starch and yeast (50 g) were added immediately before the bottle was filled with 20 mL of freshly collected digested sewage sludge.  The bottles were tightly capped and incubated at 37 ±1 °C for up to 238 d in the dark. Following Soxhet extraction and liquid chromatography cleanup, the parent compounds and debrominated products were analysed by GC/HRMS.



The researchers found that BDE 209 decreased by 30% within 238 d in the experiments with the primers (i.e., from 11.2 to 7.9 nmol/bottle) and this corresponded to pseudo-first-order degradation rate constant of 1 x 10-3 d-1, statistically significant at the 95% confidence level. Without the primers, the rate constant was 50% lower. The apparent pseudo-first-order degradation rate constant for á-HCH was 0.40 d-1 and the researchers noted that this was in agreement with other derived rates found in the published literature. There was no degradation observed in the sterile control samples. The sample with decaBDE was observed to form 2 nonaBDEs and 6 octaBDEs. This was indicative of reductive debromination. All three nonaBDE congeners in the separate bottles were also found to undergo reductive debromination.

The mass balance between the loss of BDE 209 and it transformation products illustrated that 3 nmol disappeared, while only 0.5 mol of transformation products were identified. Lower brominated DEs were not detected in the study. The researchers noted that this may have resulted from the formation of unidentified transformation products or bound (non-extractable) decaBDE residues, or from imprecisions in the analytical procedure used.



The study demonstrated that the debromination of decaBDE proceeded most readily by the loss of bromine from the para- and meta-positions, as shown by the formation of BDE 208 or 207.



The study by Gerecke et al. (2005) demonstrates that debromination can take place microbially under specific favourable anaerobic conditions. The United Kingdom (2005) notes that the conditions of the study are not in themselves representative of sewage treatment processes (e.g., which have shorter sludge retention times), or those of the natural environment; however, such conditions could occur in landfill sites which are anaerobic, methanogenic and have high temperatures but the rates would likely be slower since the decaBDE will be incorporated inside articles and the microbial populations would differ. Thus, although the conditions of this study may have limited relevance to those experienced in the real world, the study provides evidence that decaBDE could be susceptible to some level of slow degradation under conditions of anaerobic degradation.



2.3.5.3 Bioaccumulation



Experimental results indicate that commercial DBDE does not appear to be taken up by fish in detectable amounts (European Communities 2002). The bioconcentration of DBDE was studied in carp over 6 weeks (CITI 1992). The bioconcentration factors (BCFs) measured at the end of the experiment were 

< 5 at an initial concentration of 60 µg/L and < 50 at an initial concentration of 6 µg/L (the two values are consistent if no decaBDE was detected in the fish, and the detection limit in fish was around 300 µg/kg), and thus indicate that little or no bioconcentration occurred. The water concentrations used in the study are greater than the known water solubility of decabromodiphenyl ether (< 0.1 µg/L). If it is assumed that the substance was present at < 0.1 µg/L, then the upper limit for the BCF would be < 3,000 L/kg (European Communities 2002). 



Stapleton and Baker (2003) and Stapleton et al. (2004a) exposed juvenile common carp to BDE209 (>98% purity as reported by Cambridge Isotope Laboratories) amended in food on a daily basis for 60 d followed by a 40 d period in which fish were fed clean food. BDE209 was added to a frozen bloodworm/fish pellet mixture (see Section 2.1.5.3) and administered at an exposure rate of approximately 940 ng/day/fish. While the researchers did not analytically determine the purity of the BDE209 used in the study, they did conduct an analysis for PBDEs in the spiked food and the fish tissues. They monitored the fate of BDE209 in the whole fish and liver tissues separately. BDE209 was not detected in whole fish tissues during the exposure or depuration periods (detection limit of approximately 1 µg/kg ww); however, several peaks were observed in the chromatograms of the exposed fish that were not observed in the control fish. Seven transformed products of BDE209 accumulated in the whole fish and liver tissues over the exposure period. These were identified as penta- to octaBDEs using both BC/ECNI-MS and GC/HRMS. Using estimation methods for relative retention times of phenyl substitution patterns, the researchers identified possible structures for the penta- through heptaBDE congeners in tissues. BDEs 154 and 155 were positively identified when comparing chromatograms with standards supplied by Cambridge Isotope Laboratories. The remaining five BDEs were identified according to their homologue group as pentaBDE, hexaBDE, heptaBDE (2 heptaBDE peaks identified) and octaBDE. It was not possible to identify with certainty which congener they corresponded to due to a lack of standards.



Ten days after the termination of the BDE exposure, the body burdens of a few transformed BDEs, particularly the pentaBDE congener, continued to increase (specific concentrations not given). The higher brominated products, such as octaBDE decreased in the body burdens immediately after the exposure to BDE209 was ended. This continued production of pentaBDE after the exposure period suggested to the researchers that higher brominated BDEs, such as octaBDE, may be further debrominating to lower homologue BDEs. Half-lives for BDEs 154 and 155 were generally greater than those estimated for the higher brominated diphenyl ethers. Half-lives of BDEs 155 and 154 were calculated to be 50±7 and 35±18 d, respectively. These half-lives for hexaBDEs were higher than those measured for hexaBDE in their previous study (Stapleton and Baker 2003) in which they calculated a half-life of 13.6±9 d for BDE153. The researchers consider that the high half-lives of these hexaBDE congeners suggest continued debromination of BDEs following the exposure to BDE209. 



By comparing the structure of BDE209 with those of its identified degradation products, Stapleton and Baker (2003) suggest that debromination involves the removal of meta- and some ortho- bromine atoms from BDE209. The researchers further speculate that deiodinase enzymes may play a role in debromination within carp tissues. These enzymes selectively remove iodine atoms from the meta-positions of the thyroid hormones. Stapleton et al. (2004a) and Stapleton and Baker (2003) have also suggested that debromination may have also occurred as a result of intestinal microflora. Aerobic and anaerobic bacteria have been identified in the gut of silver, grass and common carp. These bacteria are believed to aid in the digestion of detrital and herbivorous organic matter. Carp are stomachless fish, and it is also possible that they have evolved enhanced metabolic activities relative to other fish. Their close association with the sediment may have resulted in the evolution of enzymatic abilities to degrade substances often found in sediment. They may have also incorporated sediment bacteria within their gut in a mutualistic relationship.



To assess bioavailability of BDE209, Stapleton and Baker (2003) and Stapleton et al. (2004a) estimated the average total body burden of all metabolites present in the carp at the end of the exposure period. Their results suggested that at least 0.44% of BDE209 was bioavailable in the form of its metabolites. This value could be higher if other metabolites were present (not determined in these studies). 



Kierkegaard et al. (1999a) dosed juvenile rainbow trout (Oncorhynchus mykiss) with food contaminated with Dow FR-300 (composition not determined in this study, but reported as 77.4% decaBDE, 21.8% nonaBDE and 0.8% octaBDE by Norris et al. 1973 and 1974). Hardy (2002) notes production of this commercial formulation has ended.. The researchers fed fish with contaminated and uncontaminated control meal for 16, 49 or 120 days at a rate of 7.5 to 10 mg/kg bw/d in a continuous flow test system using natural brackish water. The researchers detected several hexa-, hepta-, octa- and nonaBDEs in liver and muscle tissues of the treated fish. Some of these congeners were not measured in the food. It was not possible to determine in this study whether their presence was a result of decaBDE metabolism or the efficient adsorption of congeners initially present in trace amounts in the food. Overall, a small proportion of the test material was taken up during the 120 day exposure phase of the experiment, amounting to about 0.02-0.13% based on the muscle concentrations of the total hexa- to decabromodiphenyl ethers present, or ~0.005% based only on the decabromodiphenyl ether concentrations in muscle and the mean dietary dose of DBDE. 



Metabolism studies using rats (Norris et al. 1973 and 1974; El Dareer et al. 1987) suggest DBDE has low bioaccumulation potential in mammalian species. For instance, Norris et al. (1973 and 1974) dosed male and female rats with 1.0 mg of 14C-labelled DBDE as a suspension in corn oil and found that around 90.6% of the administered 14C-labelled DBDE was excreted in the feces within 24 h and by 48 h, all of the administered chemical had been excreted. Tissue accumulation studies in which rats were fed diets of decaBDE at a rate of 0.1 mg/kg bw/d showed that bromine contents in various tissues were not significantly greater than those of the controls. The bromine content of the adipose tissue of decaBDE-dosed rats was found to be significantly increased at the p<0.03 level but not at the p<0.01 level when compared with the controls (Norris et al. 1973 and 1974).



A recent study by Mörck et al. (2003) investigated possible distribution pathways and metabolites of decaBDE in rats. A carrier formulation comprised of soya phospholipone, Lutrol F127 and water was used to enhance the solubility of decaBDE and facilitate absorption across the intestinal wall. Seventy-two hours after administration of a single oral dose of 3 µmol 14C-decaBDE/kg in the emulsion, 90% of the original dose was detected in the feces of the rats. The remaining 10% was present in the body tissues or excreted in the urine. Of the amount present in the feces, 65% occurred as decaBDE metabolites. Ten percent of the metabolized fecal decaBDE could be attributed to biliary excretion, and this amount was considered to signify that portion of the original dose that had been absorbed by the rat.  The source of the remaining fecal decaBDE metabolites was less clear, but their presence was suggestive of higher than 10% absorption. The authors postulated that other processes, such as the action of active transport proteins and metabolism by intestinal flora or cytochrome P450 enzymes located in the gut wall, may contribute to uptake and metabolism of decaBDE in the rat.



DBDE was recently detected in 18 of 21 peregrine falcon, Falco peregrinus, eggs at concentrations ranging from 28 to 430 µg/kg lipid weight (see Section 2.3.6.6). The findings represent the first reporting of DBDE in the eggs of a top predator avian species, and provide further evidence that the substance has some bioavailability. Detection of DBDE in wildlife suggests that the substance is present in the environment at concentrations or exposure frequencies which exceed the capacity of organisms to metabolize and/or eliminate it.



2.3.5.4 Formation of Brominated Dibenzo-p-dioxins and Dibenzofurans



Under certain combustion/pyrolysis and photolysis conditions, all PBDEs (including DBDE) can form brominated dibenzofurans and dibenzo-p-dioxins. These transformation products are brominated analogues of the Toxic Substances Management Policy (TSMP) Track 1 polychlorinated dibenzofurans and dibenzo-p-dioxins. For further information regarding the formation of dibenzofurans and dibenzo-p-dioxins from PBDEs, the reader is referred to Section 2.1.5.4 of this report, and to European Communities (2002, 2003).



Complete destruction of DBDE and any possible breakdown products appears to occur with exposure to temperatures of 800°C and above for 2 seconds (European Communities 2002).

2.3.6	Environmental Concentrations



Environmental concentrations of DBDE congeners are summarized in Appendix D.



2.3.6.1 Atmosphere



DBDE has been identified in 10 samples of air collected in the vicinity of two manufacturing facilities in the United States at concentrations ranging from below the analytical detection limit to 25 µg/m3 (Zweidinger et al. 1977). The substance was present mainly in the particulate phase. Concentrations of DBDE up to about 25 µg/m3 were reported in outdoor air in the vicinity of a production site (Leisewitz et al. 2001). The location of the site, type of production facility and sampling year were not provided. Indoor air during the dismantling of electronic devices in a recycling plant contained 0.0115 to 0.070 µg/m3 (Leisewitz et al. 2001). Strandberg et al. (2001) undertook air sampling near the Great Lakes from 1997 to 1999 and found that the average decaBDE concentration in urban ambient air in Chicago was 0.0003 µg/m3. This concentration was associated only with the particulate phase. They found that the concentration of decaBDE in rural ambient air was below the analytical level of detection (0.0001 µg/m3) in all years. Deposition rates for decaBDE in precipitation were measured at a site in southern Sweden, and reported as 0.000321 µg/m2/day for decaBDE in the particulate phase and 0.000673 µg/m2/day for decaBDE in the dissolved phase (ter Schure and Larsson 2001). DecaBDE and nonaBDE were not detected in 50 deposition samples collected from sites in The Netherlands, Germany and Belgium (Peters 2003).

�



2.3.6.2 Water



The low water solubility of DBDE makes it unlikely to be found dissolved in aquatic environments. DBDE was not detected (detection limit 0.2-2.5 µg/L) in 15 water samples from Japan in 1977 (Environment Agency Japan 1991). DBDE was also not detected in 1987 in 75 water samples taken in Japan at a detection limit of 0.1 µg/L or in 1988 in 141 water samples at a detection limit of 0.06 µg/L (Environment Agency Japan 1991). 



The UK Environment Agency found levels of decaBDE close to or below the analytical detection limit of 0.005 µg/L in surface water samples collected in the vicinity of a sewage treatment facility (Environment Agency 2002). Peltola (2002) measured a decaBDE concentration of 0.4 µg/L in creek water receiving runoff from an urban area in Finland. DecaBDE was not detected (detection limit 0.02 µg/L) in two leachate samples collected from a landfill at a Finnish metal dismantling plant (Peltola 2002). No details are provided on whether the concentrations measured in the leachate were for aqueous or particulate phase samples.   



A recent study by de Boer et al. (2003) provides evidence that particulate matter suspended in the water column may act as an important carrier of decaBDE in the aquatic environment. DecaBDE concentrations as high as 4600 µg/kg dw were measured in suspended particulate matter collected from surface waters in the vicinity of an industrialized region of the Netherlands. Concentrations up to 920 µg/kg dw were also found in filtered or centrifuged sewage treatment plant influent and effluent samples, and industrial wastewater filtrates contained decaBDE concentrations up to 200 µg/kg dw. These results indicate that municipal and industrial wastewaters may have significant potential to transport higher brominated DEs such as decaBDE into receiving waters. 



2.3.6.3 Sediments



Muir et al. (2003) examined the geographical extent of BDE209 along a north-south transect from southern Ontario/upper New York state to Ellesmere Island. Except for Lake Ontario, all lakes were uninhabited or had a history of very limited human disturbance. Preliminary analytical results determined that the highest concentration was determined for sediments in Lake Ontario’s west basin (112 µg/kg dw). Three Arctic lakes were sampled in Nunuvat. Romulus Lake, sampled in 2000, had nondetectable levels (detection limit 0.1 µg/kg dw) of PBDEs in its sediment core. Lake AX-AJ (80o00’N, 87o00W, sampled in 1998) and Char Lake (74o40’N; 94o50’W, sampled in 1997) had concentrations of 0.075 and 0.042 µg/kg dw, respectively (detection limit not specified). The three high Arctic lakes were found to have low concentrations of BDE209 which was consistent with their remote locations; however, Char Lake is located near the Resolute airport and so inputs of PBDEs from this source could not be ruled out. Lake AX-AJ, on the other hand, is completely isolated and was only visited for sampling purposes. The authors speculate that BDE209 was likely transported on particles to the Canadian Arctic due to its low vapour pressure and high octanol-water partition coefficient.



Zweidinger et al. (1979) undertook an exploratory study in which analytical methods were developed for the identification and quantification of DBDE. They analyzed four sediment samples taken near a manufacturing site and found that concentrations of DBDE ranged from below the analytical detection limit up to 1000000 µg/kg (ww or dw not specified). More recently, concentrations of DBDE up to 360 µg/kg dw were reported for sediments from Sweden (Sellström et al. 1998; European Communities 2002). The highest levels were generally found downstream from industry. During sampling in 1988, DBDE was detected in sediments at concentrations up to 6000 µg/kg dw in Japan (Environment Agency Japan 1991). Concentrations of DBDE in UK sediments up to 3190 µg/kg dw have been reported, with the highest concentration located near a foam manufacturer downstream of a wastewater treatment plant (Law et al. 1996; Allchin et al. 1999). 



Dodder et al. (2002) reported concentrations of DBDE ranging from 19 to 36 µg/kg dw in sediment from a lake in the U.S. located near suspected PBDE sources. A decaBDE concentration of 13 µg/kg dw was measured in surface sediment collected from Lake Ontario (Alaee 2001). Hale et al. (2002) analyzed sediment samples from streams and a pond located near the site of a former polyurethane foam production plant, but found no decaBDE (detection limit 0.1 µg/kg dw).  



Zegers et al. (2003) conducted a time trend analysis of PBDEs, including decaBDE, in sediment cores from Western Europe (Drammenfjord, Norway; Wadden Sea, the Netherlands; Lake Woserin, Germany) and noted that the congener pattern of the tri- to hexaBDE congeners showed a high resemblance to that of PeBDE. Also, the GC/negative chemical ionization (NCI)-MS did not show any peaks of brominated compounds that were not present in either the PeBDE or DBDE formulations. Alternatively, they noted that degradation processes of decaBDE could produce the same congeners that dominate the PeBDE mixture. But, since ratios between the tri- to hexaBDE congeners in the sediments and in the PeBDE mixture were clearly not dissimilar, they speculated that debromination of DBDE was not an important process contributing to the build-up of lower brominated DEs.



2.3.6.4 Soil



Watanabe et al. (1993) conducted sampling in Japan in 1991 near a recycling plant and reported DBDE concentrations of 260-330 µg/kg dw. No other data on measured levels of DBDE in soil are available; however, concentrations have been estimated. A concentration of 84900 µg/kg ww was predicted for local agricultural soils where a production facility is in the vicinity (EUSES predictions in European Communities 2002). Predicted local concentrations in the vicinity of facilities for polymer processing, textiles compounding (e.g., manufacturing of back coating formulations), textile application (e.g., application of flame retardant material to textiles) were 3300, 34000, and 17000 µg/kg ww, respectively (EUSES predictions in European Communities 2002). A local concentration in the vicinity of a textile compounding/application site was 51000 µg/kg ww. Spreading of sewage sludge is the major source of DBDE to soil in these scenarios.  



2.3.6.5   Waste Effluent and Biosolids



Using default settings of EPIWIN Version 3.10, it is predicted that 94.04% of the total DBDE input to a wastewater treatment facility would be removed via adsorption to sludge (93.26%) and biodegradation (0.78%).



La Guardia et al. (2001) reported a concentration of DBDE in Canadian land-applied sewage sludge (biosolids) of 6930 µg/kg dw. From their sampling of ten sewage biosamples from the United States, they found DBDE concentrations ranged from 170 to 21220 g/kg dw. Hale et al. (2001a, 2003) reported total concentrations of DBDE from 84.8 to 4890 µg/kg dw in biosolids from U.S. sewage treatment plants. 



Kolic et al. (2003) investigated PBDE levels in sewage sludge from 12 sites, pulp and paper waste biosolids (one site) and three manure types (beef, dairy and poultry) in southern Ontario. They found that congeners associated with DBDE were predominant in all samples. DBDE concentrations ranged from 484 to 2850 µg/kg dw in sewage sludge, 54 to 130 µg/kg dw in pulp mill biosolids, and below the analytical detection limit to 12 µg/kg dw in agricultural manure samples. 



DBDE was detected in Swedish sewage sludge at concentrations of 160 to 260 µg/kg dw (Leisewitz et al. 2001). Sellström et al. (1999) conducted sampling of sewage sludge in 1998 from 3 facilities in Stockholm, Sweden and found that the concentration of decaBDE ranged from 170 to 270 µg/kg dw.



2.3.6.6 Biota



Norstrom et al. (2002) evaluated the geographical distribution and temporal trends (during the 1981 to 2000 period) of PBDEs in herring gull (Larus aargentatus) eggs from a network of colonies scattered throughout the Great Lakes and their connecting channels (see Section 2.1.6.6 and Appendix D). Although samples were analyzed for octa- to decaBDE, these were not found at their respective limits of detection (0.01 - 0.05 µg/kg ww).



Lichota et al. (2004) measured total PBDEs (tetra- to decaBDE congeners) of 0.777 µg/kg lipid weight in a sample of mesenteric fat collected from the intestinal tract of a Vancouver Island marmot (Marmota vancouverensis). The marmot was a freshly predated, otherwise healthy female (approximately three years of age) retrieved from Mount Washington, Vancouver Island, B.C. in August of 2001. DecaBDE comprised 67% of PBDEs in the sample (approximately 0.500 µg/kg lipid), with tetra-, penta-, hexa-, hepta- and nonaBDEs present at lower concentrations. The predominance of decaBDE over the lower brominated PBDEs contrasted with the more typical congener pattern displayed in environmental media, and was considered to suggest a possible regional source of PBDEs in the area. The researchers proposed that the differing congener profile may also reflect differences in fractionation processes for PBDEs between aquatic and terrestrial ecosystems. Analytical recovery of decaBDE from the sample was reported to be low, potentially skewing the results. 



European Communities (2002) and Law et al. (2003) summarized the results of many sampling studies for which analyses were conducted for decaBDE (i.e., sampling for dab, whiting, flounder, plaice, pike, mackerel, mussels, winkles, sperm whale, minke whale, dolphin and seals taken from Europe and mullet, goby, sea bass, sardine, mackerel or hairtail taken from Japan). In this summary, it was noted that decaBDE was detected only occasionally, at a concentration close to the detection limit of the method used. DecaBDE was detected once at a concentration of 1.4 µg/kg ww (in mussels from Japan, sampling conducted from 1981 to 1985) (Watanabe et al.1987). Many of the samples were collected in areas near to potential sources of release of DBDE. 



Dodder et al. (2002) conducted analyses on 20 tissue samples of fish (white crappie, bluegill, carp and smelt) from the northeastern United States, including Lake Ontario, and found that all concentrations of decaBDE were below the analytical detection limit (ranged from 1.4 to 1.6 µg/kg ww). Ikonomou et al. (2002a) conducted sampling from ringed seal (Phoca hispida) blubber between 1981 and 2000, but none of the samples contained decaBDE concentrations in excess of the procedural blanks.



Ikonomou et al. (2000, 2002a,b) analyzed PBDE levels (mono- to decaBDE congeners) in marine biota collected from the British Columbia coast and Holman Island, NWT between 1981 and 2000. While total PBDE concentrations increased exponentially over this time period, the levels of decaBDE were equivalent to those of the procedural blanks and the sum of hepta- to decaBDE congeners accounted for 1% or less of the total PBDEs (detection limit not provided).  



DecaBDE was detected in 18 of 21 analyzed eggs of peregrine falcons, Falco peregrinus, from Sweden, at concentrations from 28 to 430 µg/kg lipid (Lindberg et al. 2004).



de Boer et al. (2004) conducted sampling to determine the occurrence of decaBDE in liver, muscle tissue and eggs of high trophic level bird species from the United Kingdom and The Netherlands. In total, 124 samples from 13 different species were analyzed. In addition, 10 peregrine falcon egg samples from the Swedish study by Lindberg et al. (2004) were re-analyzed. DecaBDE was detected in 10 of 28 liver samples (range < 1.5 to 181 µg/kg lipid weight), 14 of 28 muscle samples (range < 4.2 to 563 µg/kg lipid weight) and 25 of 68 eggs (range < 1.8 to 412 µg/kg lipid weight). Concentrations in the Swedish peregrine falcon eggs re-analyzed in the study were all within 30% of those originally determined by Lindberg et al. (2004). Highest concentrations of decaBDE were measured in muscle tissue samples collected from United Kingdom heron and peregrine falcon, and eggs from Swedish peregrine falcon. 



2.3.7	Environmental Effects



A summary of ecotoxicology studies for DBDE has been presented in Appendix E.  



2.3.7.1 Pelagic Organisms



The available studies show that DBDE is not acutely toxic to aquatic organisms at concentrations up to and exceeding its limit of water solubility (<0.1 µg/L; CMABFRIP 1997g). Due to its very low water solubility, exposure to aquatic organisms via this route will be very minimal. A 48-h LC50 >500 mg/L has been reported for orange-red killifish (CITI 1992). This value is several orders of magnitude higher than the reported water solubility limit.



In a study on the effects of a commercial DBDE mixture (composition unknown) to marine unicellular algae, a 72-h EC50 of >1000 µg/L was reported for Skeletonema costatum and Thalassiosira pseudonana, and a 96-h EC50 of >1000 µg/L was reported for Chlorella sp. (Walsh et al., 1987). DBDE was added as a solution dissolved in acetone. 



There are no studies available that describe the effects of DBDE to aquatic invertebrates. OctaBDE is the closest chemical analogue for which data are available. No effects on survival, reproduction or growth were seen in Daphnia magna over 21 days at octaBDE concentrations up to 1.7 µg/L (mean measured; the highest concentration tested) (CMABFRIP 1997e). The effects assessments of commercial PeBDE, OBDE and DBDE show decreasing direct toxicity to pelagic species with increasing bromination. Considering this pattern of decreasing direct toxicity with increased bromination, it is not expected that DBDE will result in direct toxic effects to invertebrates at concentrations up to and exceeding its water solubility limit.



Kierkegaard et al. (1999a) dosed juvenile rainbow trout (Oncorhynchus mykiss) with food contaminated with Dow FR-300 (also see Section 2.3.5.3). The researchers fed fish with contaminated and uncontaminated control meal for 16, 49 or 120 days at a rate of 7.5 to 10 mg/kg bw/d in a continuous flow test system using natural brackish water. One test group was given contaminated feed for a period of 49 days, then administered control (i.e., uncontaminated) feed for a period of 71 days to monitor depuration. Liver weights and blood lactate levels in the 120 day exposure group and the depuration group were statistically higher than those seen in the controls. These effects were not observed in the 16 day or 49 day exposure groups. The researchers speculated that increased liver weights and blood lactate levels in the depuration group may be indicative of a delayed toxic effect, possibly due to the presence of metabolites, although follow-up studies confirming delayed chronic effects were not reported. European Communities (2002) commented that the observed liver effects were associated with longer exposure periods, as well as with fish exposed for 49 days followed by a 71 day depuration period, and may have been related to a build-up of the more toxic lower brominated congeners present in the commercial formulation used. No significant effects were seen on ethoxyresorufin-O-deethylase (EROD), ethoxycoumarin-O-deethylase (ECOD) or transketolase activities after 120 days of feeding.



2.3.7.2 Benthic Organisms



There are two available 28-day spiked sediment studies on the oligochaete, Lumbriculus variegatus (ACCBFRIP 2001a,b). These studies found no statistically significant effects on survival, reproduction or growth at the highest tested concentrations (5000 mg/kg dw nominal). The mean measured concentrations were 4536 mg/kg dw for the sediments with a 2.4% OC content, and 3841 mg/kg dw for the sediments with a 5.9% OC content. Both studies incorporated ground DBDE directly into the sediments without the use of a dispersant.



2.3.7.3 Soil Organisms



In a study commissioned by ACCBFRIP (2001c), earthworms (Eisenia fetida) were exposed to a commercial mixture of DBDE (97.9% decaBDE) which was incorporated into an artificial sandy loam soil. After 28 days, there were no statistically significant decreases in survival among treatment groups and after 56 days there were no statistically significant effects observed on reproduction of organisms at any treatment concentrations. The reported NOEC was 4910 mg/kg dw (mean measured concentration) or 5000 mg/kg dw (nominal concentration).



The toxicity of DBDE to corn (Zea mays), onion (Allium cepa), ryegrass (Lolium perenne), cucumber (Cucumis sativa), soybean (Glycine max), and tomato (Lycopersicon esculentum) has been evaluated in a 21-d emergence study commissioned by ACCBFRIP (2001d). The plants were exposed to a commercial mixture of DBDE (97.9% decaBDE) incorporated into an artificial sandy loam soil. No statistically significant effects were observed for any species between the controls and the treatments for emergence, survival or growth at any tested concentrations. The highest test nominal concentration was 6250 mg/kg dw (5349 mg/kg dw measured concentration).



2.3.7.4 Wildlife



There are no studies available that examine the toxicity of DBDE to mammalian or avian wildlife species, but a number of studies have been performed using rodents. 



Commercial DBDE has been demonstrated to have low oral toxicity. Great Lakes Chemical Corporation (1977b) commissioned a study in which male and female rats were fed commercial DBDE in the diet at 100 and 1000 ppm for a period of 28 days, corresponding to approximate dosages of 10 and 100 mg/kg bw/day. The purity of the test substance was > 97% decaBDE, with nonaBDE present at 0.3 to 3% (European Communities 2002). There were no treatment-related changes in appearance, behavior, body weight or food consumption, and no mortalities occurred during the study. No compound-related gross or microscopic lesions were observed in any of the tissues and organs examined at necropsy, and organ weights were not significantly different from those of the controls. The only observed effect that could be attributed to treatment was an increased bromine content in liver and fat samples from both treatment groups.

 

In a 30-day study conducted by Norris et al. (1974, 1975), male rats were fed Dow FR-300-BA (77.4% decaBDE, 21.8% nonaBDE, 0.8% octaBDE) in the diet at 0.01, 0.1 and 1.0%, corresponding to approximate daily dosages of 8, 80 and 800 mg/kg bw. Current commercial DBDE formulations have much greater purity than Dow FR-300-BA, and are generally 97-99% decaBDE. The treated animals showed no differences in food consumption or body weight gain, and had hematology and urinalysis parameters that were comparable with the controls. There were no dose-related or statistically significant differences in heart, testes, brain or kidney weights. However, liver enlargement and thyroid hyperplasia were observed at the 0.1 and 1.0% dosage levels, with liver and kidney lesions evident in the high dose group.



In a 13-week feeding study (NTP 1986), male and female rats were administered dosages of 3100, 6200, 12 500, 25 000 and 50 000 ppm DBDE (97-99%) in the diet, corresponding to approximate daily doses of 310, 620, 1250, 2500 and 5000 mg/kg bw, respectively. No treatment-related effects on survival, health, body weight or food consumption were noted, and no gross or microscopic changes that could be attributed to the administration of DBDE were seen in the tissues and organs examined.



A 13-week study using mice was reported by NTP (1986). Male and female mice were fed 3100, 6200, 12 500, 25 000 and 50 000 ppm DBDE in the diet, for estimated daily doses of 373, 747, 1506, 3012 and 6024 mg/kg bw. Two batches of test product were used, one with 99% purity and the other with 97% purity. The mice exhibited no compound-related signs of clinical toxicity and no gross or microscopic pathological effects were observed. Survival, food consumption and body weight were comparable with that of the controls, and no histological changes were evident in any of the tissues and organs examined.



In a chronic feeding and carcinogenicity study (NTP 1986), 7-8 week-old rats and 9 week-old mice were fed diets containing 25 000 or 50 000 ppm DBDE (94-99% purity, main impurity unspecified isomers of nonaBDE) for 103 weeks. Estimated daily doses were 1120 and 2240 mg/kg bw for low-dose and high-dose male rats, respectively and 1200 and 2550 mg/kg bw for low-dose and high-dose females, respectively. For mice, the estimated daily doses were 3200 and 6650 mg/kg bw for low-dose and high-dose males, respectively, and 3760 and 7780 mg/kg bw for low-dose and high-dose females, respectively. No significant differences in survival and body weights and no compound-related clinical signs of toxicity were reported for either test species. In rats, the incidence of neoplastic nodules in the liver increased significantly in high-dose females and males at both dosage levels. The effect was considered compound-related and suggestive of a potential for carcinogenicity in rats. In this study, a NOAEL of 25 000 ppm (1120 mg/kg bw/d) is identified for systemic toxicity. A LOAEL for local effects was identified at the same level (25 000 ppm or 1120 mg/kg/d) (NTP 1986).



There was no evidence of carcinogenicity in female mice, however in males an increased incidence of hepatocellular adenomas and carcinomas occurred in both dose groups. Additionally, treated male mice had a slightly increased incidence of thyroid gland adenomas or carcinomas. The incidence of non-neoplastic lesions increased in both male and female mice, but the effect was significant only in the males. The study results were considered inconclusive with regard to the carcinogenic potential of DBDE in male mice, however, as the effects seen were not statistically significant at the highest test dose and the number of male controls was significantly reduced due to presumed fighting.



Norris et al. (1974, 1975) evaluated the potential developmental toxicity of Dow FR-300-BA. Pregnant rats were administered dosages of 10, 100 or 1000 mg Dow FR-300-BA/kg bw/day by gavage on days 6 to 15 of gestation. In dams, an increased number of resorptions occurred at all dosage levels. The effect was not dose-responsive and was therefore not considered related to treatment. No evidence of teratogenicity was observed in fetuses from dosed animals. However, fetal toxicity as evidenced by subcutaneous edema was evident in the high dose group. Fetuses from this test group also displayed a significantly increased incidence of delayed skull ossification.



BFRIP commissioned a study in which pregnant female rats received doses of 100, 300 or 1000 mg DBDE/kg bw by gavage on days 0 to 19 of gestation (Hardy et al. 2002). The test substance used had a purity of 97.34%. No clinical signs of toxicity were observed during the test, and no treatment-related effects were seen in maternal gestational parameters (body weight, body weight gain and food consumption), liver weights or necropsy findings. As well, no effect of treatment was seen in fetal body weights, fetal sex distribution, or from the fetal external, visceral or skeletal examinations. A NOEL for maternal and developmental toxicity of 1000 mg/kg/d was reported for the study by Hardy et al. (2002). However, the European Communities (2002) noted an apparent dose-dependent decrease in the percentage of viable fetuses per implant and an increase in post-implantation loss at the two highest doses. European Communities (2002) considered that the observed effects were not statistically significant and were not considered biologically significant, and they were therefore not taken into consideration for the development of a NOAEL. 



The ability of DBDE to alter thyroid hormone homeostasis was investigated by Zhou et al. (2001). Weanling rats received doses of 0.13, 1, 3, 10, 30, 60 and 100 mg/kg bw/day of DE-83R (> 98% decaBDE) for a period of 4 days. Exposure to DE-83R under these test conditions produced no discernible effect on the levels of serum thyroxine (T4), triiodothyronine (T3), thyroid-stimulating hormone (TSH), hepatic microsomal EROD and PROD, or UDPGT activities. 



Carlson (1980a) also examined the effects of exposure to DBDE on liver enzyme activity. Male rats were dosed orally for 14 days with 0.1 mmol/kg bw/day, or about 95.9 mg/kg bw/day of commercial DBDE (high purity, percentage composition not provided). Mean liver weights were 25% higher in the treated animals than in the controls. However, DBDE had no significant effect on the levels or activity of cytochrome P-450, NADPH cytochrome c reductase, UDP-glucuronyltransferase, benzo[a]pyrene hydroxylase, p-nitroanisole demethylation and O-ethyl O-p-nitrophenyl phenylphosphonothioate (EPN) detoxification.



Viberg et al. (2001b) conducted a study to evaluate potential developmental neurotoxicity of BDE209 in mice. A single oral dose of 2.22 or 20.1 mg/kg bw BDE209 was administered to neonatal mice on postnatal days 3 or 19, and a single oral dose of 1.34, 13.4 or 20.1 mg/kg bw of BDE209 was administered to 10-day old neonates. When tested at 2, 4 and 6 months of age, mice receiving the high dose of BDE209 on postnatal day 3 showed significantly altered habituation behavior, defined by the authors as a decrease in locomotion, rearing and total activity in response to diminishing novelty of the test chamber. Day 3 low dose mice displayed the aberrant behavior pattern at 6 months only. Mice exposed on postnatal days 10 and 19 did not display disrupted habituation behavior. The altered behavioral profile was comparable with profiles induced by certain PCBs, and was considered to indicate neurotoxicity in the adult mice from neonatal exposure to BDE209. 



For more detailed evaluations of these and other studies, the reader may consult European Communities (2002, 2003), Health Canada (2005) and Hardy (2002).

�

3.0	Assessment Under Section 64 of CEPA 1999



This section summarizes the screening assessment for PBDEs under CEPA 1999. The screening assessment is a conservative level assessment, which integrates known or potential exposure of a substance with known or potential adverse effects on the environment.



The exposure assessment consists of evaluating any known environmental concentrations of a substance, as well as predicting environmental concentrations of a substance from releases resulting from its production, processing, uses and disposal, and its environmental fate evaluated on the basis of intrinsic physical/chemical properties, environmental mobility, and its persistence.   



The analysis of exposure pathways and subsequent identification of sensitive receptors are used to select environmental assessment endpoints (e.g., adverse reproductive effects on sensitive fish species in a community). For each endpoint, a conservative Estimated Exposure Value (EEV) is selected based on empirical data from monitoring studies, or if monitoring data are not available, the EEVs are based on simple calculation procedures that take into account some degree of local environmental conditions, but largely rely on generic environmental parameters. Chemical concentrations from the Canadian and North American environment are used preferably for EEVs; however, data from other regions in the world are used in the absence of sufficient Canadian data of satisfactory quality or to provide a weight of evidence. Since this is a screening level assessment, EEVs usually represent worse case scenarios.



An Estimated No-Effects Value (ENEV) is also determined by dividing a Critical Toxicity Value (CTV) by an application factor. CTVs will typically represent the lowest ecotoxicity value from an available and acceptable dataset. Preference is generally for chronic (if long-term exposure is a concern) toxicity data for species of 3 trophic levels. If these data are not available, the following are used in order of preference: acute data, analogue data, QSAR data and data derived from equilibrium partitioning methods. When long-term or continuous exposures are a concern, relevant measurement endpoints (in order of preference) usually include:

	1. LC25, EC25, IC25 or LT25;

	2. LOEL, LOEC, NOEL or NOEC; and  	

3. LC50, EC50, LT50 (measures of central tendency)



For short exposures, acute toxicity data are preferred.



Application factors are derived using a multiplicative approach, which uses 10-fold factors to account for various sources of uncertainty associated with making extrapolations and inferences related to the following: 

intra- and interspecies variations;

differently sensitive biological endpoints;

laboratory-to-field impact extrapolation required to extrapolate from mono-species tests to ecosystems; and

potential effects from concurrent presence of other substances.



An application factor of 10 is also applied to the CTV to calculate the ENEV for persistent and bioaccumulative substances (i.e., those substances that meet the criteria in CEPA 1999, see Appendix F).



A conservative (or hyperconservative) quotient (EEV/ENEV or EEC/ENEV) is calculated for each of the assessment endpoints in order to determine whether there is potential risk in Canada. If these quotients are less than one, it can be concluded that the substance poses no significant risk to the environment, and the risk assessment is completed. If, however, the quotient is greater than one for a particular assessment endpoint, then the screening assessment concludes that there is a potential for risk to receptors based on conservative assumptions. A conclusion relevant to CEPA Section 64 is reached based on the derived quotient, as well as consideration to the other supporting lines of evidence such as the substance’s persistence, potential to bioaccumulate in biota, accumulation in the environment.



A summary of data used in the quotient analysis for PBDEs is found in Table 3.1.

3.1	Pentabromodiphenyl Ether and Constituents



Assessment endpoints pertain to potential harm to pelagic organisms, benthic organisms, soil organisms and wildlife.

3.1.1	Pelagic Organisms



Dissolved and particulate associated concentrations of total PBDEs (i.e., mono- to heptaBDEs) up to about 2 x 10-4 µg/L were detected in Lake Michigan in 1999 (Stapleton and Baker 2001). Although this value represents a concentration determined in the United States, it is appropriate for use as an Estimated Exposure Value (EEV) due to the similar PBDE use patterns in Canada and the United States and since jurisdiction over many of the Great Lakes is shared between the two countries. While the EEV reflects the highest ambient concentration reported in North America, it should be noted that the overall database is sparse. There is a complete lack of PBDE concentrations in sewage effluent or in effluent plumes in North American receiving waters. Therefore, concentrations of PBDEs in effluent and plumes may be higher than those reported.



The most sensitive organism to PeBDE could be considered a freshwater algae species. A 24 h EC10 (growth) of 2.7 ug/L for Selenastrum capricornutum was derived from a chronic 96 h exposure study (CMABFRIP 1977a). This study was however limited by the loss of test concentrations over the duration of the exposure period possibly due to adsorption or uptake by the organisms, thereby resulting in no statistically significant effects after 48 or 96 hours. The next most sensitive organism to exposures of PeBDE is Daphnia magna. A 21-d NOEC (growth) of 5.3 µg commercial PeBDE/L was reported for Daphnia magna. This value is selected as the Critical Toxicity Value (CTV) for pelagic organisms. Dividing the CTV by a factor of 10 to account for extrapolation from laboratory to field conditions and interspecies and intraspecies variations in sensitivity, and a further factor of 10 because PeBDE is persistent and bioaccumulative, gives an Estimated No-Effects Value (ENEV) of 0.053 µg/L.



The risk quotient, EEV/ENEV, for pelagic organisms is therefore 2 x 10-4 / 0.053 = 4 x 10-3. It is concluded that PeBDE concentrations in surface water in Canada are unlikely to cause direct adverse effects on populations of pelagic organisms. However, constituents of PeBDE (tetra-, penta- and hexaBDE) are all highly bioaccumulative and may result in impact to consumers via secondary poisoning.



3.1.2	Benthic Organisms



Limited data are available characterizing PeBDE constituent concentrations in Canada and the United States. Kolic et al. (2004) presented levels of PBDEs in sediments from tributaries flowing to Lake Ontario. The total PBDEs (tri-, tetra-, penta-, hexa-, hepta- and decaBDEs) measured in sediment samples taken from fourteen tributary sites (6 sites were reported) ranged from approximately 12 to 430 µg/kg dw. Of the reported sediment results, concentrations of tetra- to hexaBDEs ranged from approximately 5 to 49 µg/kg dw. BDEs 47, 99 and 209 were the predominant congeners measured in both sediment and biosolid samples. Hale et al. (2002) detected PBDEs in two of three surficial bed sediments from two small streams exiting a polyurethane foam manufacturing site in Virginia, USA. Total BDEs (BDEs 47, 99 and 100) ranged from < 0.3 to 0.132 mg/kg dw (BDEs 153 and 154 were below analytical detection limits). Some data are available in Europe. For instance, in the UK, Allchin et al. (1999) found high concentrations of PBDEs (BDEs 47, 99 and 85) in River Skerne (to 0.568 mg/kg dw) and River Tees (to 1.271 mg/kg dw) sediments downstream of a known manufacturing facility. Due to a lack of empirical data characterizing PeBDE sediment concentrations in Canada and due to uncertainty in concentrations throughout North America, data from Sweden will be used as a surrogate for Canadian data. Concentrations of PeBDE-related components (tetraBDE and pentaBDE) totalled 1.4 mg/kg dw in sediments from Sweden in a heavily industrialized area downstream from a polymer processing site involved with the production of circuit boards (Sellström et al. 1996; Sellström 1996, 1999). This value is used as the EEV. Although climate and local hydrological regimes may be different in the two countries, polymer and polyurethane processing facilities also exist in Canada. The European Union risk assessment of PeBDE also used this value to assess local risk from a polyurethane production site. 



The lowest reported LOEC from a long-term toxicity study is 6.3 mg PeBDE/kg dw (< 2% OM, or approximately < 1.2% OC), the 28-d LOEC for survival and reproduction of the oligochaete, Lumbriculus variegatus. This study determined a NOEC of 3.1 mg/kg dw which is selected as the Critical Toxicity Value (CTV) for benthic organisms. Dividing the CTV by a factor of 10 to account for extrapolation from laboratory to field conditions and interspecies and intraspecies variations in sensitivity, and a further factor of 10 because PeBDE is persistent and bioaccumulative gives an Estimated No-Effects Value (ENEV) of 0.031 mg/kg dw. This ENEV is compared to the EEV of 1.4 mg/kg dw. The risk quotient, EEV/ENEV, for benthic organisms is therefore, 1.4 / 0.031 = 45.2. It is concluded that PeBDE concentrations in sediments have the potential to cause adverse effects on populations of benthic organisms.



3.1.3	Soil Organisms



There are no reported PBDE concentrations in Canadian soils and few in soils from the United States. Concentrations of total PBDE (i.e., BDEs 47, 99 and 100) up to 0.076 mg/kg dw have been reported in soils with approximately 0.2% OC downwind from a nearby polyurethane foam manufacturing facility in the United States (Hale et al. 2002, 2003).  



Sewage sludge application to agricultural land is a direct pathway for PBDE accumulation in Canadian soils. Various researchers have shown that PBDE concentrations are high in sewage biosolids (e.g., Kolic et al. 2003, Hale et al. 2002 and 2003, La Guardia et al. 2001), and therefore, this could be a major source of PBDEs in Canadian soils.



La Guardia et al. (2001) found that total PeBDE related congener concentrations (tetra-, penta- and hexaBDE) in sewage sludge in North America ranged from 0.52 to 2.38 mg/kg dw. It is not unreasonable to assume that PBDE concentrations in Canada and the United States are similar given similarities in product usage and openness of trade in both countries. Due to the lack of measured data, the EEV will be estimated for tilled agricultural soil and pasture land based on the approach described by Bonnell Environmental Consulting (2001). In order to calculate the EEV, a PeBDE concentration of 2.380 mg/kg dw reported in biosolids from a California wastewater treatment facility will be used (La Guardia et al. 2001). The following assumptions are made:

�Table 3.1	Summary of data used in quotient risk analysis of PBDEs.





Commercial Product�

Pelagic Organisms�

Benthic Organisms�

Soil Organisms1�

Wildlife Consumers���EEV

((g/L)�CTV

((g/L)�Applic.Factor�ENEV

((g/L)�Q

(EEV/ ENEV)

�EEV

(mg/ kg dw)�CTV

(mg/kg dw)�Applic.

Factor�ENEV

(mg/kg dw)�Q

(EEV/ ENEV)�EEV

(mg/kg dw)�CTV

(mg/kg dw)�Applic.Factor�ENEV

(mg/kg dw)�Q

(EEV/ ENEV)�EEV

mg/kg ww�CTV

(mg/kg ww food)

�Applic.Factor�ENEV

(mg/kg ww food)�Q

(EEV/ ENEV)��PeBDE�2 x 10-4�5.3�100�0.053�4 x   10-3�1.4�3.1�100�0.031�45.2�0.035 – 0.070�16�100�0.27�0.13 – 0.26�1.250�8.4�1000�0.008�149��OBDE�2 x 10-4�1.7�100�0.017�0.01�3.03�1340�100�9.1�0.33�0.03 – 0.06�1470�100�6.3�0.005 – 0.01�0.325�62.9�1000�0.06�5.4��DBDE�NA2�NA�NA�NA�NA�3.19�4536�100�76�0.04�0.31 – 0.62�4910�100�21�0.02 - 0.03�0.03�336�1000�0.34�0.1��Notes:

1 Soil organisms include plants.

2 Not Applicable. Quotient analysis not conducted (see Section 3.3.1).�dry sludge is applied annually to soil at the rate of 0.05 kg/m2;

sludge is applied every year for ten years; 

soil has a bulk density of 1700 kg/m3; 

sludge is mixed in soil to a depth of 0.2 m (depth of tillage) in agricultural soils and 0.1 m in pastureland (European Communities 1994);

no PBDE loss due to erosion;

no PBDE transformation (including transformations of highly brominated BDEs to tetra- to hexaBDE congeners); 

no PBDE input from atmospheric deposition; and 

no background PBDE accumulations in the soil. 



EEV agricultural soil 	= (2.38 x 0.5 x 10) / (0.2 x 1700)

			= 0.035 mg/kg dw



EEV pastureland 	= (2.38 x 0.5 x 10) / (0.1 x 1700) 

			= 0.070 mg/kg dw



The lowest reported LOEC from a long-term toxicity study is 16 mg PeBDE/kg dw soil (2% OM, or approximately 1.2% OC), the 21-d IC5 for inhibition of growth of corn, Zea mays. This value is selected as the Critical Toxicity Value (CTV) for soil exposures of PBDE. Dividing the CTV by a factor of 10 to account for extrapolation from laboratory to field conditions and interspecies and intraspecies variations in sensitivity, and a further factor of 10 because PeBDE is persistent and bioaccumulative gives an Estimated No-Effects Value (ENEV) of 0.16 mg/kg dw.



It is assumed that the EEV for agricultural soils and pasturelands both have a standard level of OC (2%) and in order to compare the EEV and the ENEV, the ENEV is standardized to represent a soil with 2% OC (0.27 mg/kg dw). The risk quotient, EEV/ENEV, for soil organisms is therefore 0.035 / 0.27 = 0.13 for tilled agricultural soil and 0.07 / 0.27 = 0.26 for pastureland. While this quotient is less than one there is a general lack of data characterizing exposure to PeBDE related congeners in soils, and thus, there is uncertainty associated with this evaluation.



3.1.4	Wildlife

Measured concentrations of PeBDE in North American fish range up to 1250 µg/kg ww (Johnson and Olson 2001). Johnson and Olson (2001) measured a total PBDE (i.e., BDEs 47, 99, 100, 153 and 154) concentration of 1250 µg/kg ww in mountain whitefish from the Spokane River in an area receiving drainage from urbanized areas. No sources other than those typically associated with urbanization (e.g., sewage discharge and urban runoff) are known to exist upstream of the sampling sites (Johnson, pers. comm. 2003). Although these data are from the United States, such a scenario could exist in Canada, and therefore, the concentration 1250 µg/kg ww in mountain whitefish is used as the EEV. The lowest reported LOAEL is 2 mg PeBDE/kg bw/d, the 90-d LOAEL for rats, based on incidence of hepatocytomegaly. This value is selected as the CTV for daily food intake of PeBDE. Interspecies scaling using data for a typical adult mink will be used to extrapolate to a food concentration protective of this species. This calculation will involve the use of a typical adult body weight (i.e., 0.6 kg), and daily food ingestion rate (0.143 kg/d ww) of a female American mink (Mustela vison) (CCME 1998).

CTV 	= (2 x 0.6) / 0.143

= 8.4 mg/kg food ww



To derive the ENEV, the CTV is divided by a factor of 10 to account for extrapolation from laboratory to field conditions, a factor of 10 to extrapolate from a rodent to a wildlife species, and a further factor of 10 since PeBDE congeners are persistent and bioaccumulative. Therefore, the ENEV equals 0.0084 mg/kg. 



The risk quotient, EEV/ENEV, for mink is therefore 1.25 / 0.0084 = 149. It is concluded that PeBDE concentrations in fish have the potential to cause adverse effects on populations of wildlife.  



3.2	Octabromodiphenyl Ether and Constituents



3.2.1	Pelagic Organisms



The available data poorly characterize concentrations of OBDE constituents in ambient water. Dissolved and particulate associated concentrations of total PBDEs (i.e., mono- to heptaBDEs) up to about 2.0 x 10-4 µg/L were detected in Lake Michigan in 1999. The survey did not quantify concentrations of octa-, nona- and decaBDE isomers. In spite of this limitation, it can be assumed that constituents found in OBDE will not accumulate in water due to their exceptionally low limit of water solubility (see Table 2.5). It is not expected that constituents of OBDE would accumulate in water to a greater extent than constituents of PeBDE. Therefore, the EEV for OBDE in water is assumed to equal that determined for PeBDE (2 x 10-4 µg/L).



The 21-d NOEC for Daphnia magna of ( 1.7 (g OBDE/L will be used as the CTV to derive an ENEV. Since this value is already quite conservative, and it seems that all pelagic species have a limited sensitivity to highly brominated DEs, an application factor of 10 to account for extrapolation from laboratory to field conditions and interspecies and intraspecies variations in sensitivity will be used. OBDE contains hexaBDE congener, which is considered to be bioaccumulative (see Section 2.1.5.3) and heptaBDE, which has been shown to debrominate to form hexaBDE congeners (Hakk and Letcher 2003, Stapleton and Baker 2003, Stapleton et al. 2002). This is considered sufficient evidence to apply an additional application factor of 10 to account for persistence and bioaccumulation of OBDE. Applying an overall application factor of 100 to the CTV results in an ENEV of 0.017 µg/L. 



The risk quotient, EEV/ENEV, for pelagic organisms is therefore 2 x 10-4 / 0.017 = 0.01. It is concluded that OBDE is unlikely to cause direct adverse effects on populations of pelagic organisms in Canada. However, there is evidence that the hexaBDE congeners may bioaccumulate in aquatic biota.



3.2.2	Benthic Organisms



PBDEs found in OBDE are very poorly characterized in sediments from North America. Therefore, measured OBDE concentrations from Europe will be used as a surrogate for Canadian data. Concentrations of OBDE up to 3.03 mg/kg dw have been reported for sediments in the UK downstream of a warehouse facility. This value is used as the EEV (Environmental Agency 1997; European Communities 2002, 2003). 



A 28-day NOEC of 1340 mg OBDE/kg dw (measured concentration) was reported for the oligochaete, Lumbriculus variegatus, in sediments with an organic carbon content of 5.9%. This CTV is divided by a factor of 10 to account for extrapolation from laboratory to field conditions and interspecies and intraspecies sensitivity, and an additional factor of 10 since OBDE congeners are persistent and bioaccumulative (either directly or indirectly via debromination to form bioaccumulative PBDE congeners). Applying an overall application factor of 100 to the CTV results in an ENEV of 13.4 mg/kg dw, based on sediment with an organic carbon content of 5.9%. The OC of the sediments represented as the EEV is unknown and therefore will be assumed to reflect sediment with a standard level of 4%. To facilitate comparison with the EEV, the ENEV is converted to a concentration representing 4% OC, resulting in a value of 9.1 mg/kg dw.



The risk quotient, EEV/ENEV, for benthic organisms is therefore 3.03 / 9.1 = 0.33. While this quotient is less than one, there is a general lack of data characterizing exposure to OBDE congeners in North America, and thus, it is not possible to conclusively state whether or not there may be a potential for risk to benthic organisms from exposures of OBDE. Further data are required.



3.2.3	Soil Organisms



No data on measured levels of OBDE in soils are available. However, it is expected that an important pathway for PBDE loading to soils would be from the application of sewage sludge. Following the methodology described in Section 3.1.3, EEVs are estimated in agricultural soil and pastureland. These estimates use measured PBDE concentrations (total of hexa- to octaBDE congeners) of 2.08 mg/kg dw reported by La Guardia et al. (2001) from a Massachusetts wastewater treatment facility biosolids sample. The EEVagricultural soil and EEVpastureland are estimated at 0.031 and 0.061 mg/kg dw, respectively.



A 56-day NOEC of 1470.0 mg/kg dw (measured concentration) has been reported for earthworms, Eisenia fetida, in artificial soil with 4.7% OC, based on survival and growth. Dividing this CTV by a factor of 10 to account for extrapolation from laboratory to field conditions and to account for interspecies and intraspecies variations in sensitivity, and an additional factor of 10 since OBDE congeners are persistent and bioaccumulative gives an Estimated No-Effects Value (ENEV) of 14.7 mg/kg dw. The ENEV is converted to a concentration representing 2% OC to facilitate comparison with the EEV which is assumed to reflect a soil with a standard level of OC (2%). Therefore, the ENEV is 6.3 mg/kg dw.



The risk quotient for tilled agricultural soils is therefore 0.031 / 6.3 = 0.005, and for pastureland, 0.061 / 6.3 = 0.01. Based on this scenario, it is concluded that OBDE concentrations in soils are not expected to adversely affect populations of soil-dwelling organisms.



3.2.4	Wildlife

The database of OBDE concentrations in biota is very limited (de Wit 2002; Law et al. 2003). Most of the available PBDE concentrations are for congeners with six or fewer bromine atoms. Due to very limited sampling for PBDEs found in the commercial OBDE mixture in Canadian biota, the concentration of OBDE of 325 µg/kg ww in dab from the River Tees, UK will be used as the EEV (Allchin et al. 1999). Although this concentration was determined in liver tissues, it will be assumed to equal the concentration of OBDE on a whole body basis.

There are no toxicity studies using wildlife species. Based on a review of toxicology studies using rodents, the daily intake of 15 mg/kg bw/d will be used as the CTV. Breslin et al. (1989) administered Saytex 111 to New Zealand White rabbits orally via gavage over days 7 to 19 of gestation and found increased liver weights and decreased body weight gain among the maternal treatment group at 15 mg/kg bw/d (LOAEL). Breslin et al. (1989) also reported fetal delayed skeletal ossification at 15 mg/kg bw/d. Interspecies scaling will be used to extrapolate the daily intake of 15 mg/kg bw/d to a concentration in food of mink, a surrogate wildlife species. The calculation uses the typical adult body weight (i.e., 0.6 kg), and daily food ingestion ra` te (0.143 kg/d ww) of a female American mink (Mustela vison). 

CTV	= (15 x 0.6) / 0.143

= 62.9 mg/kg food ww



To derive the ENEV, the CTV is divided by a factor of 10 to translate this low adverse effect level to a no effect level, a factor of 10 to account for extrapolation from laboratory to field conditions and to account for interspecies and intraspecies variations in sensitivity, and a further factor of 10 since OBDE congeners are persistent and bioaccumulative. This results in an ENEV of 0.06 mg/kg food ww.



The risk quotient, EEV/ENEV, for wildlife is therefore 0.325 / 0.06 = 5.4. It is concluded that OBDE concentration in biota may result in impacts to wildlife consumers.  



Concern is particularly expressed with respect to the hexaBDE constituent of OBDE since it is highly bioaccumulative. This could lead to a conclusion that the risk to secondary consumers associated with OBDE is due to this congener. However, there is also concern with respect to heptaBDE, octaBDE and nonaBDE. Highly brominated DE congeners have been measured in tissues of fish, marine mammals and birds’ eggs. Although the concentrations of highly brominated DEs are lower than those of tetraBDE and pentaBDE, there has been only a small amount of monitoring conducted to characterize tissue concentrations (de Wit 2002; Law et al. 2003). Therefore, current concentrations in biota could be higher than those summarized in this report.



3.3	Decabromodiphenyl Ether and Constituents



3.3.1	Pelagic Organisms





No data were identified on concentrations of DBDE components in water. It can be assumed that constituents found in DBDE will not accumulate in water due to their extremely low limit of water solubility (see Table 2.7) and therefore an EEV for DBDE is not derived. 



There are no studies that have documented any effects resulting from DBDE in the water column, even at concentrations that exceed the limit of the substance’s water solubility by several orders of magnitude. Based on the available DBDE studies and the toxicity of other less brominated PBDEs, it is very unlikely that effects will be observed in aquatic organisms up to the substance’s water solubility limit of < 0.1 µg/L (CMABFRIP 1997g). Therefore, an ENEV for DBDE for pelagic organisms is not derived. It is concluded that DBDE is unlikely to cause adverse effects on populations of pelagic organisms in Canada through direct toxicity. However, as shown by Stapleton et al. (2004a) there is a possibility that a small amount of DBDE may be transformed to form lower brominated and bioaccumulative PBDEs such as hexaBDE and these substances may be accumulated in fish. In addition, results derived from laboratory-based transformation studies relevant to photolysis degradation provide evidence that under certain conditions DBDE has the potential to debrominate to lower brominated PBDEs. Therefore, transformation of DBDE to PBDE congeners which are bioaccumulative and responsible for direct toxicity to aquatic organisms cannot be ruled out without further study.



3.3.2	Benthic Organisms



There has been insufficient sampling conducted to properly characterize DBDE concentrations in sediments in North America. Sampling of sewage sludge conducted by La Guardia et al. (2001) has shown that total nona- and decaBDE concentrations from facilities in Canada and the United States ranged up to 16050 µg/kg dw, thereby suggesting that sewage treatment plants are a source for constituents of DBDE. Concentrations of DBDE in UK sediments up to 3190 µg/kg dw (or 3.19 mg/kg dw, OC content not reported) have been determined, with the highest concentration located near a foam manufacturer downstream of a wastewater treatment plant (Allchin et al. 1999; Law et al. 1996). As a surrogate for the Canadian environment, this value is taken as the EEV.



A 28-day NOEC of 4536 mg/kg dw was reported for Lumbriculus variegatus exposed to DBDE using sediments with an OC content of 2.4%. To derive the ENEV, an application factor of 10 will be applied to the CTV to account for extrapolation from laboratory to field conditions and interspecies and intraspecies variations in sensitivity. Although DBDE is not directly responsible for bioaccumulation, it is possible that at least some DBDE may transform in the environment to form potentially bioaccumulative forms of PBDEs such as hexaBDEs which are also likely persistent in the environment. As a result, an additional factor of 10 will be applied to determine the ENEV. Applying a total application factor of 100 to the CTV of 4536 mg/kg dw results in an Estimated No-Effects Value (ENEV) of 45 mg/kg dw or 76 mg/kg dw, standardized to an OC content of 4% (ACCBFRIP 2001a, b). 



The risk quotient, EEV/ENEV, for benthic organisms is therefore 3.19 / 76 = 0.04. Using the available data, it is concluded that DBDE concentrations in sediments would not cause adverse effects on populations of benthic organisms; however, the possibility exists that lower brominated congeners resulting from the transformation of DBDE may contribute to the formation of lesser brominated congeners which have been shown to present potential direct toxicity to benthic biota in the PeBDE mixture and bioaccumulation in the food chain. 

�

3.3.3	Soil Organisms



A very limited amount of data exist which characterize levels of DBDE in soils. As a result, the concentration of DBDE in soils resulting from sewage sludge application has been estimated. Using DBDE concentrations (total of nonaBDEs and decaBDE) of 21,220 µg/kg dw (21.22 mg/kg dw) reported in sewage biosolids from the United States (La Guardia et al. 2001), an EEVagricultural soil and EEVpastureland are calculated at 0.31 and 0.62 mg/kg dw, respectively. These calculations followed the methodology described in Section 3.1.3.



The lowest NOEC from the available studies was 5000 mg/kg soil dw nominal, or 4910 mg/kg soil dw measured (4.7% OC) for the earthworm Eisenia fetida (28- day survival and 56-day reproduction). To derive the ENEV, an application factor of 10 will be applied to the CTV to account for extrapolation from laboratory to field conditions and interspecies and intraspecies variations in sensitivity. An additional factor of 10 will be applied to account for uncertainty regarding the potential for degradation of DBDE in the environment, with subsequent formation of likely more bioaccumulative PBDE congeners which are also persistent. Applying a total application factor of 100 to the CTV of 4910 mg/kg dw results in an ENEV of 49 mg/kg dw or 21 mg/kg dw, standardized to OC content of 2%. 



The risk quotient, EEV/ENEV, for soil organisms is therefore 0.31 / 21 = 0.015 and 0.62 / 21 = 0.03 for tilled agricultural soil and pastureland, respectively. It is therefore concluded that DBDE concentrations in soils are unlikely to have adverse effects on populations of soil-dwelling organisms in Canada. 



3.3.4	Wildlife



DBDE was detected in 18 of 21 analyzed eggs of peregrine falcons, Falco peregrinus, from Sweden, at concentrations from 28 to 430 µg/kg lw (Lindberg et al. 2004). The value 430 µg/kg lw (or 0.43 mg/kg lw) will be used as the EEV. Since the mean lipid content of these 21 eggs was 5.94% (de Wit pers. comm. 2003), the EEV is converted to 0.03 mg/kg ww.

Increased liver and thyroid weights were reported for Sprague Dawley rats administered 80 mg DBDE/kg bw/d in food over 30 days (Norris et al. 1974, 1975). It is noted that Norris et al. (1974, 1975) used the product, Dow FR-300-BA, an older DBDE formulation which was composed of 77.4% decaBDE, 21.8% nonaBDE and 0.8% octaBDE. This product is no longer produced and current formulations of DBDE are composed of a much higher proportion of decaBDE (e.g., usually > 97%). The value, 80 mg DBDE/kg bw/d in food is nevertheless considered appropriate for use as a CTV since the subject study is of acceptable quality and represents a conservative measured endpoint. Although this study used an older DBDE formulation, its constituents represent homologue groups (predominantly nonaBDEs and decaBDE) subject to this assessment. This assessment is not limited to analyses of the commercial products, but rather PBDE in the homologue groups with four to 10 bromine atoms/molecule. Thus, this study is deemed appropriate for use in the quotient analysis, but it is noted that it reflects a mixture with a greater proportion of nonaBDE (and a small fraction of octaBDE) than current DBDE formulations. Interspecies scaling will be used to extrapolate the CTV, which represents a total daily intake to a CTV in food (in units mg/kg food ww) which will be protective of mammalian wildlife species. The calculation below uses the typical adult body weight (i.e., 0.6 kg), and daily food ingestion rate (0.143 kg/d ww) of a female American mink (Mustela vison) (CCME 1998). 

CTV	= (80 x 0.6) / 0.143

= 336 mg/kg food ww



To derive the ENEV, the CTV is divided by a factor of 10 to account for extrapolation from laboratory to field conditions, a factor of 10 to extrapolate from a rodent to a wildlife species, and a further factor of 10 since there is a weight of evidence showing that DBDE debrominates to bioaccumulative PBDE congeners. This results in an ENEVfood of 0.34 mg/kg food ww.



The risk quotient, EEV/ENEV, for wildlife is therefore 0.03 / 0.34 = 0.1. This would seem to indicate that DBDE concentrations in biota are unlikely to cause adverse effects on populations of wildlife in Canada. However, there is some uncertainty associated with this evaluation. First, DBDE concentrations in biota have been poorly characterized, and thus, it is not known whether those reported in this report reflect actual levels. 



Of particular concern is that current toxicological methods do not demonstrate the significance of low level accumulation of DBDE in biota, and particularly in birds’ eggs. It is not known whether exposure in the egg will have negative implications for developing birds, or on adults. 



In mammals, there is evidence that effects elicited in newborns exposed to DBDE may differ substantially from those demonstrated in exposed adults. Mice receiving a single oral dose of DBDE during a critical period of neonatal brain development displayed behavior patterns in adulthood that differed significantly from those seen in mice that were not exposed (Viberg et al. 2003). The observed effects, manifested as aberrant patterns of activity and reduced habituation capability, were irreversible and worsened with age. Similar results were obtained from studies conducted with PBDEs 47, 99 and 153 and PCBs 77 and 153 (Eriksson et al. 1991, 2001b, 2002a,b; Viberg et al. 2001a, 2002). This suggests there may be similarities in the mode of action for these substances, raising concerns of possible additive or synergistic effects in the environment. 

Although it can be difficult to relate the effects exhibited in mice to impacts in wildlife species, it must be remembered that the measured endpoints in these studies reflect alterations in the neurophysiology of the test organisms. In this regard, it can be argued that any deviation from the normal pattern of behavior has implications for the survivorship of individuals and populations in the wild. 

Further research is required to better characterize concentrations of DBDE in biota in Canada, and further toxicity testing is required to evaluate the significance of low-level accumulation of DBDE in biota, particularly in pre- and neonatal organisms.



There is also a concern with regard to secondary poisoning due to the formation of lower brominated DEs as a result of photolysis and metabolism. 



3.4	Abiotic Effects



Each PBDE subject to this assessment has a low vapour pressure and Henry’s Law Constant and they are not expected to partition significantly into the atmosphere. Due to their affinity to partition to organic matter, it would be expected that PBDE congeners would be associated with particulates and removed from the atmosphere via wet and dry deposition. Based on studies showing that decaBDE is susceptible to photodegradation, it is speculated that other lesser brominated DEs could also experience degradation via this process. BDEs are considered to present a negligible risk with respect to global warming, stratospheric ozone depletion and ground-level ozone formation. While PBDEs are not a factor in global warming, stratospheric ozone depletion or ground-level ozone formation, they can reside in the atmosphere, particularly adsorbed to suspended particulates, and some lower brominated PBDEs can be transported over long distances.



3.5	Conclusions



The approach taken in this environmental screening assessment was to examine various supporting information and develop conclusions based on a “weight of evidence” approach as required under Section 76.1 of CEPA 1999. One supporting line of evidence relates to the risk quotient analysis others relate to persistence, bioaccumulation, chemical transformation and trends in environmental concentrations.



The ESA of PBDEs has used data corresponding to commercial products, individual congeners and homologues/isomer groups. The presentation of data and the risk quotient analysis have been structured around the PBDE commercial products since a great deal of empirical data which are central to this assessment (e.g., relevant to environmental toxicity) have been determined using the commercial products. In spite of this framework, the risk analysis and scientific evidence presented in this report relate to all congeners found in the commercial products, PeBDE, OBDE and DBDE. 



The risk determined for each commercial product is a result of the combined activity of the various co-occurring PBDEs. Although the actual levels of the individual PBDE congeners may vary between batches of the same commercial product, hexaBDE and heptaBDE will be present in both PeBDE and OBDE products, and both nonaBDE and decaBDE are present in OBDE and DBDE products. This adds complexity to the interpretation of the results and indicates that a portion of the identified environmental risk to biota determined for one commercial product can be due to their use of a different commercial mixture. Due to these reasons, their common chemical structure, and due to issues relating to their chemical transformation, PeBDE, OBDE, DBDE and their brominated constituents are assessed as a group.



There are a variety of data indicating that all PBDEs subject to this ESA are highly persistent and each satisfies the requirements for persistence as defined by CEPA 1999 (Appendix F). Tetra-, penta-, hexa-, hepta- and decaBDEs have been measured in air, sediments and biota in the Canadian Arctic and this supports a conclusion that they are subject to long-range atmospheric transport and are thus considered to be persistent as defined by CEPA 1999 Persistence and Bioaccumulation Regulations. Tetra- to decaBDEs are predicted by AOPWIN (v1.90) to have air degradation half-lives which exceed 2 days (i.e., ranging from 7.14 to 317.53 days). It has been shown that BDE 47 and DBDE are not subject to statistically significant anaerobic biodegradation over a period of 32 weeks; however, decaBDE is susceptible to some slow biodegradation under certain anaerobic conditions using sludge innoculum as described by Gerecke et al (2005). Neither PeBDE, OBDE nor DBDE are readily biodegradable based on short-term studies conducted under aerobic conditions using an activated sludge inoculum. In natural sediments, decaBDE has also been shown to be stable and resistant to biodegradation under anaerobic conditions for up to 2 years. Tetra- to decaBDEs are predicted by BIOWIN (v.4.00) to be recalcitrant with respect to biodegradation. It is reasonable to conclude that all PBDEs subject to this assessment meet the criteria for persistence as defined by CEPA 1999 based on known empirical and predicted data, as well as structural similarities.

 

Although all PBDEs subject to this assessment are considered to be persistent, evidence shows that PBDEs are susceptible to some degree of abiotic and biotic transformation under certain laboratory conditions. 



The available studies show that decaBDE will undergo photodegradation under some conditions. Lower brominated DEs, which may be more toxic or bioaccumulative than decaBDE, along with PBDFs are formed when decaBDE is dispersed in a variety of organic solvents and exposed to natural or artificial sunlight. In organic solvents, it appears that the predominant pathway for transformation is reductive debromination. Nona- to triBDEs have been identified as phototransformation products of DBDE in solvents.  However, many researchers have identified the production of other unidentified products in their experiments. There is uncertainty over the relevance of these studies to environmental conditions.

	

Studies with conditions more closely resembling those found in the natural environment have also been conducted. For instance, DBDE has been shownt to degrade when adsorbed to solid matrices (natural and artificial), when in contact with water or humic acid and when exposed to natural or artificial sunlight. Debromination has been shown to occur in these studies, but there is also another pathway yielding uncertain products. The debromination pathway in these studies without solvents has been shown to yield congeners of nona-, octa-, hepta-, hexa- and pentaBDEs, with positive identification of, for instance, BDEs 119, 154, 153, 140, 128 and 183. Tetra- and pentaBDFs have also been identified as products in these studies. DecaBDE has also been shown to be susceptible to slow rates of reductive debromination to nona- and octaBDEs under anaerobic conditions using sewage sludge as innoculum. Further, a recent study has also shown that decaBDE and nonaBDEs will rapidly debrominate in the presence of various reducing agents (i.e., zerovalent iron, iron sulphide and sodium sulphide). While the conditions of these studies do not replicate those found in the natural environment, they provide evidence for the existence of these transformation processes. Thus, it cannot be ruled out that some degree of decaBDE debromination is taking place in the natural environment under certain conditions.

	

PBDE congener patterns found in the environment closely resemble those of the PeBDE and OBDE commercial products, and thus, some researchers (e.g., Rayne and Ikonomou 2002 and Song et al. 2004) have concluded that the predominating sources of PBDEs in the environment are the commercial products. Söderström et al. (2004) also conclude that the main source of the lower brominated DEs (e.g., BDEs 47, 154 and 183) found in the environment is likely predominated by emissions from the commercial PeBDE and OBDE mixtures. In their studies, they note that the most commonly found PBDEs in environmental samples (BDEs 47, 99 and 100) were only formed to a very minor degree during their photolysis studies. However, it should be noted that most monitoring studies to date have investigated PBDEs for which standards are available. These also happen to be the main components of the commercial products. As a result, one can expect that environmental samples would be dominated by PBDEs which predominate in the commercial products. Analytical standards are not readily available for all congeners, and thus, studies have so far not necessarily investigated the presence of all possible photodegradation products of decaBDE photolysis in the environment (United Kingdom 2004).



Zegers et al. (2003) conducted a time trend analysis of PBDEs, including decaBDE, in sediment cores from Western Europe (Drammenfjord, Norway; Wadden Sea, the Netherlands; Lake Woserin, Germany) and noted that the congener pattern of the tri- to hexaBDE congeners showed a high resemblance to that of PeBDE. Also, the chemical analyses did not show any peaks of brominated compounds that were not present in either the PeBDE or DBDE formulations. Alternatively, they noted that degradation processes of decaBDE could produce the same congeners that dominate the PeBDE mixture. But, since ratios between the tri- to hexaBDE congeners in the sediments and in the PeBDE mixture were clearly not dissimilar, they speculated that debromination of DBDE was not an important process contributing to the build-up of lower brominated DEs.



While current studies demonstrating decaBDE debromination are not necessarily reflective of conditions in the natural environmental conditions, it is concluded that some level of decaBDE transformation likely occurs in the environment and that lower brominated DEs and dibenzofurans are potentially formed. In addition, other unidentified products possibly are being formed. However, there is insufficient information available on the relative rates of transformation product formation, and then the rates of their subsequent degradation in the environment.  Most decaBDE would be sequestered into sediments or soils which may limit the amount of decaBDE available for photodegradation; however, if conditions were appropriate, decaBDE could then be prone to anaerobic degradation or reductive debromination in the presence of reducing agents. 



Studies have also shown the transformation of higher brominated PBDEs (e.g., hepta- to decaBDEs) to lower brominated congeners (e.g., tetra- to hexaBDEs) which are associated with high levels of bioaccumulation via metabolic-related processes. A dietary exposure study has shown that BDEs 183 and 99 will rapidly biotransform in the gut of carp, and at least 10-12% is debrominated to BDEs 154 and 47, respectively.  These transformation products were then accumulated in the tissues of the carp under study. Carp have also been shown to biotransform BDE209 when exposed via food to produce various penta- to octaBDEs. Approximately 0.44% of the consumed BDE209 has been shown to biotransform in carp to form penta- to octaBDEs.

 

Measured data indicate that tetra-, penta- and hexaBDE are highly bioaccumulative and each congener has reported BCFs that exceed 5000 for aquatic species, and thus, they satisfy the criteria for bioaccumulation in CEPA 1999 regulations (Appendix F). The efficiency by which these congeners pass through cell membranes is substantiated by elevated tetraBDE, pentaBDE and hexaBDE concentrations in globally measured biota. Concentrations of PBDEs in herring gull eggs have increased exponentially between 1981 and 2000 at Lake Ontario, Huron and Michigan sampling sites. Concentrations of PBDEs (predominantly tetra- and pentaBDE congeners) have also increased exponentially between 1981 and 2000 in Arctic male ringed seals. There is a weight of evidence showing that highly brominated PBDEs are precursors of bioaccumulative and persistent PBDEs. While it is not known the degree to which this phenomenon adds to the overall risk presented to organisms from the tetra- to hexaBDE congeners, there is evidence for concern.



Pyrolysis and extreme heating can cause PeBDE, OBDE and DBDE to form PBDDs and PBDFs. These transformation products are brominated analogues of the Toxic Substances Management Policy (TSMP) Track 1 polychlorinated dibenzofurans and dibenzo-p-dioxins.



The risk quotient analysis indicates that the greatest potential for risk from PBDEs in the Canadian environment is due to the secondary poisoning of wildlife from the consumption of prey containing elevated PeBDE and OBDE congener concentrations. Elevated concentrations of components of PeBDE in sediments may present risk to benthic organisms. HexaBDE is a component of both PeBDE and OBDE and could be a product of hepta- to decaBDE transformation. Therefore, risk associated with components of PeBDE may be due to the use of OBDE or could be from the debromination of highly brominated DEs. The risk analysis for soil organisms indicates that risk quotients were below one for PeBDE, OBDE and DBDE; however, the lack of data characterizing PBDE concentrations in soil and sewage sludge applied to soil indicates the need for further research. PeBDE, OBDE and DBDE would not present a risk due to direct toxicity to pelagic organisms. In the water column, risk associated with components of PeBDE and OBDE (tetra-, penta- and hexaBDE congeners) may be due to bioaccumulation and toxicity to secondary consumers.



While the quotient analysis did not identify environmental risk from DBDE, its release and accumulation in the environment is a source of concern. DBDE has become the prevalent commercial PBDE product used in North America and the world. In North America and Europe, it is often found at concentrations which exceed those of the other PBDEs in sewage sludge and sediments. Concentrations of DBDE are now exceeding mg/kg dw levels in North American sewage sludge. As noted earlier, transformation of highly brominated DEs may be contributing at least some amount of lower brominated DEs and possibly DFs in the environment. The significance of this process on the possible build-up of lower BDEs and other transformation products in the environment is not clear. Congener patterns found in the environment closely resemble those of the PeBDE and OBDE commercial products, and thus, some researchers have concluded that the predominating sources of PBDEs in the environment are these commercial products. However, these studies are limited by analytical capabilities which are currently focused on the identification and quantification of PBDE congeners which are also predominant in the commercial mixtures. A low level of DBDE uptake in biota is supported by elevated concentrations of heptaBDEs and decaBDE in the tissues of wild fish, mammals and/or bird eggs. Laboratory studies using rodents provide evidence that exposure to brominated DEs may result in behavioural disturbances, disruptions in normal thyroid hormone activity and liver effects. Further study is required to determine the effects (e.g., behavioural and hormonal endpoints) of highly brominated DEs in biota, such as birds, and to better characterize their concentrations in biota. 



It is therefore concluded that tetraBDE, pentaBDE, hexaBDE, heptaBDE, octaBDE, nonaBDE and decaBDE, which are found in commercial PeBDE, OBDE and DBDE, are entering the environment in a quantity or concentration or under conditions that have or may have an immediate or long-term harmful effect on the environment or its biological diversity and thus meets the criteria under Paragraph 64(a) of CEPA 1999.  Based on considerations of potential contribution to atmospheric processes, it is concluded that PBDEs are not entering the environment in a quantity or concentration or under conditions that constitute or may constitute a danger to the environment on which life depends, and thus do not meet the criteria under Paragraph 64(b) of CEPA 1999.  



It is recommended that consideration be given to adding tetraBDE, pentaBDE, and hexaBDE, which are found in commercial PeBDE and OBDE, to the Virtual Elimination List under CEPA 1999.



3.6	Sources of Uncertainty



There are a variety of uncertainties associated with the screening assessment of PBDEs. These are identified below:

While it is reasonable to conclude that higher brominated DEs will debrominate to form lesser brominated DEs in the environment, whether this adds to the overall risk presented by the lower brominated DEs is not known. 

A variety of QSAR predicted data are referenced throughout this ESA, particularly in relation to persistence. While providing useful relative information, these estimates are subject to uncertainty.

There are a lack of data characterizing PBDE concentrations in the environment, particularly in soils and sediments in Canada. There is also a lack of data characterizing biota concentrations of OBDE and DBDE constituents. A large proportion of the data used in this assessment originated from the United States and Europe due to a lack of Canadian data.

There are data characterizing PBDE imports and use in Canada, but there are limited data quantifying the amount of PBDEs in consumer products currently in use. Available information suggests that this could be substantial.

Analytical methods for the detection and quantification of PBDEs are in the development stage at many laboratories and this has led to some variability in the quantification of PBDEs between laboratories, particularly in relation to BDE209. In the future, it is expected that the analytical performance of laboratories will be substantially improved (de Boer and Cofino 2002, de Boer et al. 2002).

A recent study of PBDEs in sewage sludge found that the relative proportion of nonaBDEs exceeded those in the available commercial products. Further research is required to determine whether this may be evidence supporting the debromination of decaBDE (and other highly brominated DEs) under conditions of sewage treatment.

Further study is required to determine the effects of highly brominated DEs in biota, such as bird eggs, and to better characterize their concentrations in biota.

There are no data characterizing the toxicity of PBDEs to wildlife. There are uncertainties regarding the representativeness of rodent toxicity studies to infer effects on wildlife species. There is a lack of data characterizing PBDE effects over long periods of exposure. There is a need for PBDE toxicity studies on wildlife, sediment and soil species present in Canada with focus on effects of prolonged (e.g., lifetime and multi-generational) exposures. 

�

4.0 	International Activities



Some of the international activities in relation to the PBDEs are summarized below.



The European Union’s (EU) ban (Directive 2003/11/EC) on the PentaBDE and OctaBDE commercial mixtures started August 15, 2004.  While the EU has not concluded that decaBDE is causing environmental harm, concerns about the possible formation of toxic degradation products has led to the implementation of a multi-year monitoring program.  The EU has further recommended a policy level review to determine if precautionary risk management of decaBDE is needed.



The European Union banned the use of PeBDE and OBDE in new electronics and electronic products as of July 1, 2005 persuant to its Restrictions on Hazardous Substances (RoHS) Directive. The European Union, however, exempted DBDE from this directive thereby allowing its continued use in electronics and electronics products.



The European Union passed the Directive on Waste Electrical and Electronic Equipment (WEEE) on January 27, 2003 which requires the separation of all brominated flame retardant containing plastics from electronics and electronic products equipment prior to recycling energy recovery or disposal by December 31, 2006.



In the European Union, two voluntary codes of practice have been implemented by industry associations and the Bromine Science and Environmental Forum (BSEF); one respecting the use of the DBDE in the plastics sector, and the other for the use of DBDE in textile applications.



Sweden, concerned about perceived risks, has unilaterally decided to draft plans for a ban on the use of DecaBDE in national production.



In July 2003, the State of California passed Assembly Bill (AB) 302, which prohibits the manufacture, processing or distribution in commerce of products, or flame-retarded parts of products, containing more than one tenth of 1% PeBDE or OBDE, by mass. The ban is effective January 1, 2008.



The State of Hawaii will ban the manufacture, use or sale of products containing PeBDE or OBDE by 2006.



The State of Maine has approved a bill to ban the sale of PentaBDE and OctaBDE by January 2006, and DecaBDE in 2008.  Other American States, such as Washington, Michigan and New York are considering or have passed similar legislation restricting/banning certain PBDEs.



Under the OSPAR Convention for the Protection of the Marine Environment of the North East Atlantic, brominated flame retardants have been included in the list of “Chemicals for Priority Action’. The OSPAR commission’s aim for these substances is a “cessation of discharges, emissions and losses” by 2020 (RPA 2003).



In 1986, members of the German Association of Chemical Industries voluntarily instituted a phase-out of the production and use of PBDEs. Recently, leading European companies in the electric and electronic industry have proclaimed an official policy of avoiding PBDEs and PBBs in their products (Danish Environmental Protection Agency 1999).



TetraBDE and hexaBDE have been the focus of a voluntary phased out in Japan (Danish Environmental Protection Agency 1999).
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�APPENDIX A.  SEARCH STRATEGIES EMPLOYED FOR IDENTIFICATION OF RELEVANT DATA 



Data relevant to the environmental screening assessment of PBDEs were identified in original literature, review documents, commercial and government databases and indices. This included on-line searches conducted during July 2001 using CAS registry numbers from the following databases: Aquatic Science and Fish Abstracts (Aquatic Science and Fish Abstracts Advisory Board, 1970-2001), Biosis Previews (Biosciences Information Services; 1969-2001), Canadian Transportation of Dangerous Goods Data Base (2001), Chemical Abstracts (HCAPlus, 1967-2001), CAB (Commonwealth Agriculture Bureaux; 1972-2001), CHEMINFO (Canadian Centre for Occupational Health and Safety; 2001), CESARS (Chemical Evaluation Search and Retrieval System, Ontario Ministry of the Environment and Michigan Department of National Resources; 2001), Chemical Business Newsbase (Engineering Information Inc.; 1984-2001), CHRIS (Chemical Hazards Response System; 2001), Current Contents (Institute for Scientific Information; 1990-2001), EI Compendex (Engineering Information Inc. 1970-2001), Enviroline (Environmental Abstracts, 1975-2001), Environmental Bibliography (1974-2001), GeoRef (1967-2001), Life Sciences Collection (Cambridge Science Abstracts, 1982-2001), HSDB (Hazardous Substances Data Bank; 2001), MSDS (Material Safety Data Sheets, Canadian Centre for Occupational Health and Safety; 1996), NPRI (National Pollutant Release Inventory, Environment Canada; 1994-1999), NTIS (National Technical Information Service, U.S. Department of Commerce; 1964-2001), New Jersey Hazardous Substances Data Base (2001), Pollution Abstracts (Poltox, Cambridge Scientific Abstracts, 1970-2001), RTECS (Registry of Toxic Effects of Chemical Substances, U. S. National Institute of Occupational Safety and Health; 2001), Toxline (U.S. National Library of Medicine; 1965-2001), TRI (Toxic Release Inventory Database, Office of Toxic Substances, U.S. Environmental Protection Agency; 1995-1999), U.S. EPA - ECOTOX (Ecotoxicology, U.S. Environmental Protection Agency; 2001), Water Resources Abstract (Cambridge Scientific Abstract; 1967-2001).



In addition to retrieving the references from the literature database search, direct contacts were made with researchers, academics, industry and other government agencies to obtain relevant information on PBDEs. Ongoing scans were conducted of the open literature, conference proceedings and the internet for relevant PBDE information. Information obtained as of October 2004 was considered for inclusion into this technical draft document while that received between November 2004 and October 2005 was reviewed, but not generally added to this report.  The new information received from November 2004 to October 2005 was determined not to change the conclusions based on information received up November 2004, rather it supports major lines of evidence presented in this report. In addition, an industry survey on PBDEs was conducted for the year 2000 through a Canada Gazette Notice issued pursuant to Section 71 of CEPA 1999. This survey collected data on the Canadian manufacture, import, uses and releases of PBDEs (Environment Canada 2003). Toxicological studies were also submitted by industry under Section 70 of CEPA 1999.





�APPENDIX B.  Identity of Polybrominated Diphenyl Ethers with four to ten Bromine atoms/molecule

IUPAC Number�Compound/Substituent�Compound��40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81�2,2’,3,3’

2,2’,3,4

2,2’,3,4’

2,2’,3,5

2,2’,4,5’

2,2’,3,6

2,2’,3,6’

2,2’,4,4' 

2,2’,4,5

2,2’,4,5' 

2,2’,4,6

2,2 ,4,6' 

2,2’,5,5' 

2,2’,5,6' 

2,2’,6,6' 

2,3,3’,4 

2,3,3’,4’

2,3,3’,5

2,3,3’,5’

2,3,3’,6

2,3,4,4’

2,3,4,5 

2,3,4,6 

2,3,4’,5

2,3,4’,6

2,3,5,6

2,3’,4,4’

2,3’,4,5

2,3’,4,5’

2,3’,4,6

2,3’,4’,5

2,3’,4’,6

2,3’,5,5’

2,3’,5’,6

2,4,4’,5

2,4,4’,6 

2’,3,4,5

3,3’,4,4’

3,3’,4,5

3,3’,4,5’ 

3,3’,5,5’

3,4,4’,5�tetrabromodiphenyl ether���APPENDIX B.  Identity of Polybrominated Diphenyl Ethers with four to ten Bromine atoms/molecule (continued)
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2’,3,4,4’,5�Pentabromodiphenyl ether���APPENDIX B.  Identity of Polybrominated Diphenyl Ethers with four to ten Bromine atoms/molecule (continued)
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127�2’,3,4,5,5’
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3,3’,4,5,5’�Pentabromodiphenyl ether (continued)��128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165�2,2’,3,3’,4,4’

2,2’3,3’,4,5

2,2’,3,3’,4,5’

2,2’,3,3’,4,6
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2,3,3’,4’,5,5’

2,3,3’,4’,5,6

2,3,3’,4’,5’,6 

2,3,3’,5,5’,6�Hexabromodiphenyl ether



���APPENDIX B.  Identity of Polybrominated Diphenyl Ethers Ethers with four to ten Bromine atoms/molecule (continued)

IUPAC Number�Compound/Substituent�Compound��166

167

168

169�2,3,4,4’,5,6

2,3’,4,4’,5,5’

2,3’,4,4’,5’,6 

3,3’,4,4’,5,5’�Hexabromodiphenyl ether (continued)��170
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2,2’,3,4’,5,6,6’ 

2,3,3’,4,4’,5,5’

2,3,3’,4,4’,5,6 

2,3,3’,4,4’,5’,6

2,3,3’,4,5,5’,6

2,3,3’,4’,5,5’,6�Heptabromodiphenyl ether��194

195

196

197

198

199

200

201
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203

204

205�2,2’,3,3’,4,4’,5,5’

2,2’,3,3’,4,4’,5,6

2,2’,3,3’,4,4’,5’,6

2,2’,3,3’,4,4’,6,6’ 

2,2’,3,3’,4,5,5’,6

2,2’,3,3’,4,5,6,6’

2,2’,3,3’,4,5,6,6’

2,2’,3,3’,4,5’,6,6’

2,2’,3,3’,5,5’,6,6’

2,2’,3,4,4’,5,5’,6

2,2’,3,4,4’,5,6,6’

2,3,3’,4,4’,5,5’,6�Octabromodiphenyl ether���APPENDIX B.  Identity of Polybrominated Diphenyl Ethers Ethers with four to ten Bromine atoms/molecule (continued)

IUPAC Number�Compound/Substituent�Compound��206

207

209�2,2’,3,3’,4,4’,5,5’,6 

2,2’,3,3’,4,4’,5,6,6’

2,2’,3,3’,4,5,5’,6,6’�Nonabromodiphenyl ether��209�2,2’,3,3’,4,4’,5,5’,6,6’ �Decabromodiphenyl ether��

Source: US DHHS 2002.

�Appendix C.  Predicted physical and chemical properties of polybrominated diphenyl ethers

Property�TetraBDE�PentaBDE�HexaBDE�HeptaBDE�OctaBDE�NonaBDE�DecaBDE��CAS N. �40088-47-9�32534-81-9�36483-60-0�68928-80-3�32536-52-0�63936-56-1�1163-19-5��Melting Point 

((C)�161.73 

(MPBPWIN v1.40)�182.80

(MPBPWIN v1.31)�197.14

(MPBPWIN v1.31)�211.48

(MPBPWIN v1.31)�225.82

(MPBPWIN v1.31)�240.16

(MPBPWIN v1.31)�254.5

(MPBPWIN v1.31)��Boiling Point 

((C)�405.51

(MPBPWIN v1.40)



�436.21

(MPBPWIN v1.31)



451 

(MMP)�466.91

(MPBPWIN v1.31)



484.493 

(MMP)�497.61

(MPBPWIN v1.31)



516.263 

(MMP v1.44)�528.31

(MPBPWIN v1.31)



546.624 

(MMP v1.44)�559.01

(MPBPWIN v1.31)



575.738 

(MMP)�589.71

(MPBPWIN v1.31)



603.741 

(MMP)��Vapour Pressure

(Pa)�3.21 x 10-5

(MPBPWIN v1.40)



�3.25 x 10-6 at 25(C 

(MPBPWIN v1.31)



4.67 x 10-9 at 25(C (MMP)�3.83 x 10-7 at 25(C

(MPBPWIN v1.31)



1.69 x 10-10 at 25(C (MMP)�4.39 x 10-8 at 25(C

(MPBPWIN v1.31)



6.64 x 10-12 

(MMP v1.44)�4.91 x 10-9 at 25(C

(MPBPWIN v1.31)



2.81 x 10-13

(MMP v1.44)�5.37 x 10-10 at 25(C

(MPBPWIN v1.31)



1.27 x 10-14 at 25(C (MMP)�5.75 x 10-11 at 25(C

(MPBPWIN v1.31)



6.20 x 10-16 

(MMP)��Water Solubility

(mg/L)�2.0 x 10-3 

(ASTER)



0.001461

(WSKOW v1.40)

�3.85 x 10-4 (ASTER)



1.17135 x 10-2 (MMP)



7.861 x 10-5 at 25(C

(WSKOW v1.33)�3.50 x 10-5 at 25(C

(ASTER)



0.0014092 at 25(C (MMP)



4.148 x 10-6 

(WSKOW v1.36)�6.8641 x 10-2

at 25(C (MMP v1.44)



2.156 x 10-7

(WSKOW v1.36)



�1.18653 x 10-2 at 25(C (MMP v1.44)



1.107 x 10-8

(WSKOW v1.36)



�0.0020365 at 25(C

(MMP)



5.61 x 10-10 at 25(C

(WSKOW v1.36)

�1.31 x 10-10 (ASTER)



2.6078 x 10-7 at 25(C (MMP)



2.841 x 10-11 at 25(C 

(WSKOW v1.33)��Log Koc�4.274

(PCKOCWIN v1.66)



5.4 

(ASTER)�4.484

(PCKOCWIN v1.67)



5.74 

(ASTER)�4.702

(PCKOCWIN v1.66)



6.23 

(ASTER)�4.947

(PCKOCWIN v1.66)�5.157

(PCKOCWIN v1.66)�5.3839

(PCKOCWIN v1.66)�5.611

(PCKOCWIN v1.66)



7.95 

(ASTER)��Log Kow�6.77 

(KOWWIN v1.66)



6.142 

(TOPKAT v6.0)



7.46 

(ASTER ClogP)�7.66

(KOWWIN v1.63)



8.555 at 25(C (MMP)



7.31

 (MMP G&C)



8.095

 (ClogP v1.0.0)



8.09

(ASTER ClogP for Unix)�8.55

(KOWWIN v1.65)



9.418 at 25(C (MMP)



8.2264

 (MMP G&C)



8.99

(ASTER ClogP for Unix)�9.44

(KOWWIN v1.65)



8.791

 (ClogP v1.0.0)



10.281 at  25(C

(Hansch MMP v1.44)



9.0182 at 25(C

(Ghose MMP v1.44)�10.33

(KOWWIN v1.65)



9.654

 (ClogP v1.0.0)



11.144 at 25(C

(Hansch MMP v1.44)



9.81

(Ghose MMP v1.44)�11.22

(KOWWIN v1.65)



12.007

 (MMP)



10.6018

 (MMP G&C)



10.117

 (ClogP)�12.11

(KOWWIN v1.63)



12.1 

(ASTER ClogP)



12.87 

(MMP)



11.39 

(MMP G&C)



9.860 

(ClogP v1.0.0)��

�

APPENDIX C.  PREDICTED PHYSICAL AND CHEMICAL PROPERTIES OF POLYBROMINATED DIPHENYL ETHERS (CONTINUED)

Property�TetraBDE�PentaBDE�HexaBDE�HeptaBDE�OctaBDE�NonaBDE�DecaBDE��Henry’s Law Constant

(atm-m3/mole)�0.30 (HENRYWIN v3.10 Bond Method)



0.86

(HENRYWIN v3.10 Group Method)�0.12

(HENRYWIN v3.02 Bond Method)



0.36

(HENRYWIN v3.02 Group Method)�0.05

(HENRYWIN v3.04 Bond Method)



0.15

(HENRYWIN v3.04 Group Method)�0.02

(HENRYWIN v3.04 Bond Method)



0.06

(HENRYWIN v3.04 Group Method)�0.008

(HENRYWIN v3.04 Bond Method)



0.023

(HENRYWIN v3.04 Group Method)�0.003

(HENRYWIN v3.04 Bond Method)



0.011

(HENRYWIN v3.04 Group Method)�0.001

(HENRYWIN v3.02 Bond Method)



0.005

(HENRYWIN v3.02 Group Method) ��



















�Appendix D.  Environmental concentrations of polybrominated diphenyl ethers



Table D.1 	Measured concentrations of polybrominated diphenyl ethers in the atmosphere

Sampling Location; Year�Chemical�Concentration

(pg/m3)�No. of Samples�Detection Limit (pg/m3)�Reference��North America, Great Lakes;  

May-October 1997-1999

Eagle Harbor, Lake Superior

 (remote site)













Sturgeon Point, Lake Erie 

(rural site)













Sleeping Bear Dunes, Lake Michigan (rural site)













Chicago, Lake Michigan

(urban site)�



BDE47

BDE99

BDE100

BDE153

BDE154

BDE190

BDE209

sum PBDE

BDE47

BDE99

BDE100

BDE153

BDE154

BDE190

BDE209

sum PBDE

BDE47

BDE99

BDE100

BDE153

BDE154

BDE190

BDE209

sum PBDE

BDE47

BDE99

BDE100

BDE153

BDE154

BDE190

BDE209

sum PBDE�average for 1997-1999:



2.9

2.1

0.29

0.13

0.088

< 0.062

< 0.10

5.5

3.8

2.8

0.39

0.19

0.11

< 0.065

< 0.10

7.2

8.4

5.3

0.80

0.25

0.15

< 0.069

< 0.10

15

33

16

2.0

0.53

0.41

< 0.060

0.30

52�48�BDE190:

0.060 - 0.069;

BDE209:

0.10

other BDEs:

not specified�Strandberg et al. 2001���Table D.1	Measured concentrations of polybrominated diphenyl ethers in the atmosphere (continued)

Sampling Location; Year�Chemical�Concentration

(pg/m3)�No. of Samples�Detection Limit (pg/m3)�Reference��Lake Michigan; 1997-1999�sum of BDE47, BDE99, BDE100, BDE153, 

BDE154 and BDE183�5.4 ( 5�not specified�not specified�Stapleton and Baker 2001

��southern Ontario, Canada; 

24-27 April 2000



















April-May 2000�dominant congeners:

BDE28

BDE37

BDE47

BDE99

BDE100

BDE153 

sum of 21 PBDE

(tri- to hepta- congeners)





sum of 21 PBDE 

(tri- to hepta- congeners)�mean; range:

12; <0.8 - 46

10; <6.9 - 20

150; 10 - 650

110; <47 - 330

20; <8.1 - 65

13; <18 - 25

mean: 295

range: 88 - 1300





10 - 230 �36 

(2 h intervals over 3 d)

















daily from 

28 April-25 May�Method Detection Limit: 0.3-47



Instrument Quantification Limit: 0.8�Gouin et al. 2002��Canada, Ontario;

February-June 2000

2 urban sites                    

1 semi-urban site                 

1 semi-rural site                   

1 rural site

June-November 2000

3 urban sites

1 semi-urban site

2 semi-rural sites

1 rural site�sum of 37 PBDEs (congeners not specified)�

 

7.7 - 8.4

46

21

41



5.1 - 10 

4.1 - 9.3 

4.7 - 7.0

3.4 �not specified�not specified�Harner et al. 2002

��United States; no year

vicinity of two manufacturing sites �decaBDE�nd1 -

2.5 x 107

(may reflect dust rather than vapour releases)�10�2 x 104�Zweidinger et al. 1977���Table D.1 	Measured concentrations of polybrominated diphenyl ethers in the atmosphere (continued)

Sampling Location; Year�Chemical�Concentration

(pg/m3)�No. of Samples�Detection Limit (pg/m3)�Reference��Arctic; 1994-1995

Tagish, Yukon�congeners not specified�range:

10 - 750�not specified

�not specified

�Cannon et al. 2000 

��Arctic; 1994-1995

Alert, Canada



Dunai, Russia

�sum of  PBDE 

 (congeners not specified)



sum of PBDE 

(congeners not specified)�1 - 28





0 - 8

�not specified�not specified�Alaee et al. 2000 ��Arctic; 

Pallas, Finland

winter 2001

fall 2000�



sum of BDE47 and BDE99

sum of BDE47 and BDE100  (reported as “BDE00”)�



1.2

2.6�not specified�not specified�Peltola 2001 ��Sweden;  

Hoburgen; July 1990









Ammarn(s; January 1991







(areas remote from industry)�

BDE47 

BDE99

BDE100

octaBDE

decaBDE

BDE47 

BDE99

BDE100

octaBDE

decaBDE�gas-phase:

0.5 

0.15 

0.04 

nd1

nd

4.1 

0.3

0.1

nd

nd�not specified�not specified�Bergander et al. 1995 ��United Kingdom; no year

two rural sites  �sum of PBDE 

(13 congeners ranging from tri- to heptaBDEs)�mean annual:

100, 120 

�not specified�not specified�DETR 1999 ��United Kingdom; 1997

Stoke Ferry (rural site)





Hazelrigg (semi-rural site)�

BDE47

BDE99

BDE100

BDE47

BDE99

BDE100�

4.7 - 50

5.5 - 13

1.1 - 3.9

3.2 - 61

3.1 - 22

0.62 - 5.4�not specified�not specified�Peters et al. 1999 

���Table D.1	Measured concentrations of polybrominated diphenyl ethers in the atmosphere (continued)

Sampling Location; Year�Chemical�Concentration

(pg/m3)�No. of Samples�Detection Limit (pg/m3)�Reference��Osaka, Japan; no year

�triBDE

tetraBDE

pentaBDE

hexaBDE�4.7-10

10-39

4.7-18

12-33�not specified�not specified�Watanabe et al. 1992 ��Kyoto, Japan; 

August 2000













January-February 2001











September 2001�

BDE47

BDE99

BDE153

BDE183

BDE209

sum PBDE 

(mono- to deca- congeners)

BDE47

BDE99

BDE153

BDE183

BDE209

sum PBDE

BDE47

BDE99

BDE153

BDE183

BDE209

sum PBDE�

1.3 - 23

1.2 - 20

0.97 - 1.9

2.4 - 4.9

15 - 48

65 - 80



0.59 - 0.78

0.44 - 0.64

0.071 - 0.13

0.14 -0.19

< 1.5

4.4 - 6.5

1.1

0.38

< 0.3

< 0.3

3.7

12�

2













2











1�not specified or 

0.3 - 1.5�Hayakawa et al. 2002��Taiwan; no year

 vicinity of recycling and incineration plants�triBDE

tetraBDE

pentaBDE

hexaBDE�30-34

48-55

13-34

5.6-81�not specified�not specified�Watanabe et al. 1992 ��

Notes:



1 nd = not detected





�Table D.2	Measured concentrations of polybrominated diphenyl ethers in water

Sampling Location; Year�Chemical�Concentration

(pg/L)�No. of Samples�Detection Limit (pg/L)�Reference��Lake Michigan; 

1997

1998

1999�sum of  BDE47, BDE99, BDE100, BDE153, 

BDE154 and BDE183�

31 ( 26

112

158 ( 9�

7

1

2�not specified�Stapleton and Baker 2001

��Lake Ontario, Canada;

1999�sum PBDE

(mono- to heptaBDEs)�6�not specified�not specified�Luckey et al. 2002

��United Kingdom; 2002

sewage treatment plant (STP) receiving wastewater from DBDE supplier - influent



              - effluent



upstream of above STP



downstream of above STP�

decaBDE:



dissolved

suspended solids

dissolved

suspended solids

dissolved

suspended solids

dissolved

suspended solids�





nd1

1.2 x 106

nd

nd

nd - 1.5 x 104

nd

nd

nd�





1



1



3



3�5.0 x 103�Environment Agency 2002 

��The Netherlands; 1999

suspended particulate material (SPM) from:

surface waters







STP influent







STP effluent







industrial wastewaters�





BDE47

BDE99

BDE153

BDE209

BDE47

BDE99

BDE153

BDE209

BDE47

BDE99

BDE153

BDE209

BDE47

BDE99

BDE153

BDE209�median (range)





2.2 (< 0.2 – 9)

2.4 (< 0.1 – 23)

< 0.6 (< 0.1 – 9.7)

71 (< 9 – 4600)

2.3 (< 0.1 – 68)

5.2 (0.3 – 33)

< 0.9 (< 0.02 – <5)

24 (< 0.5 – 330)

22 (11  – 35)

< 1 (< 1 – < 1)

< 5 ( < 0.4 – < 7)

350 (310 – 920)

0.4 (< 0.1 – 68)

6.6 (0.3 – 66)

< 1 (< 0.02 – 2.6)

45 (< 0.5 – 200)�





44







10







3







3�– 1

�de Boer et al. 2003���Table D.2	Measured concentrations of polybrominated diphenyl ethers in water (continued)

Sampling Location; Year�Chemical�Concentration

(pg/L)�No. of Samples�Detection Limit (pg/L)�Reference��The Netherlands, Germany, Belgium; no year

deposition samples collected from precipitation�BDE17

BDE28

BDE47

BDE49

BDE85

BDE99

BDE100

BDE153

BDE154

BDE183

octaBDE

nonaBDE

BDE209�nd1

5.7 x 103 – 1.71 x 104

1.4 x 103 – 8.0 x 103

9.0 x 102

nd

1.5 x 103 – 8.8 x 103

1.3 x 103 – 2.9 x 103

8.0 x 102 – 3.9 x 103

1.0 x 103

2.3 x 103 – 9.5 x 103

2.4 x 103

nd

nd�in 0 of 50

in 2 0f 50

in 6 of 50

in 1 of 50

in 0 of 50

in 5 of 50

in 2 of 50

in 4 of 50

in 1 of 50

in 3 of 50

in 1 of 50

in 0 of 50

in 0 of 50�5.0 x 102

5.0 x 102

1.0 x 103

5.0 x 102

1.0 x 103

1.0 x 103

1.0 x 103

5.0 x 102

5.0 x 102

1.0 x 103

2.0 x 103

5.0 x 103

2.5 x 104�Peters 2003��Halmstad, Sweden; no year

landfill leachate from car parts removal center�sum of BDE47, BDE99 

and BDE100

octaBDE

nona- and decaBDE�300



nd

nd�not specified�not specified�de Wit 1995, 1997 ��Finland;

creek receiving storm water from urban area; 2000

landfill leachate; 2002�decaBDE�



4.0 x 105

nd�



1

2�2.0 x 104�Peltola 2002 

��Japan; no year

Kino River�decaBDE�

nd�

12�1 x 105�Yamamoto et al. 1991 

��Japan; 

1977

1987





1988

(sampling sites representative of industrial, rural and urban areas)�

decaBDE

hexaBDE

octaBDE

decaBDE

hexaBDE

octaBDE

decaBDE�

nd

nd

nd

nd

nd

nd

nd�

15

75

75

75

150

147

141�

2 x105  - 2.5 x 106

4 x 104

1 x 105

1 x 105

4 x 104

7 x 104

6 x 104�Environment Agency Japan 1991 ��

Notes:



1 nd = not detected�Table D.3	Measured concentrations of polybrominated diphenyl ethers in sediment

Sampling Location; Year�Chemical�Concentration

((g/kg dw)�No. of Samples�Detection Limit 

((g/kg dw)�Reference��Lake Ontario tributaries; no year



�BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209

sum of 17 PBDE

(tri- to deca- congeners)�2.2 – 21

2.1 – 20

0.36 – 3.0

0.23 – 1.7

0.18 – 1.3

0.084 – 1.3

6.9 – 400

12 – 430�not specified�not specified�Kolic et al. 2004��Columbia River system, southeastern B.C.; 2001�

BDE47

BDE99

BDE100

sum of 8 PBDE

(di- to penta- congeners)�(g/kg OC:

1.4 – 52.2

0.8 – 25.8

0.2 – 5.8

2.7 – 90.9�11�(g/kg OC:



0.0001 – 0.0005�Rayne et al. 2003a��Lakes along a north-south transect from southern Ontario and New York state to Ellesmere Island;

Nunavut (Arctic); 1998

Nunavut (Arctic); 2000

Nunavut (Arctic); 1997

northern Quebec; 2000

western Quebec; 2000

eastern Ontario; 1998

upper NY state; 2001

Ontario/NY state; 1998�BDE209�





0.075

< 0.1

0.042

< 0.1

0.561

8.180

1.147

112�not specified�0.1 or not specified�Muir et al. 2003��United States, mid-Atlantic region;

2000

near polyurethane foam production plant operational from 1981-1997

from streams leaving plant site







from pond located downwind of plant�







BDE47

BDE99

BDE100

BDE209

BDE47

BDE99

BDE100

BDE209�







< 0.1 - 36.2

< 0.1 - 86.3

< 0.1 - 9.01

nd1

< 0.1 - 0.50

< 0.1

< 0.1

nd�







3







2

�0.1�Hale et al. 2002���Table D.3	Measured concentrations of polybrominated diphenyl ethers in sediment (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg dw)�No. of Samples�Detection Limit 

((g/kg dw)�Reference��United States; 

November 2000

lake near suspected PBDE sources �BDE47

BDE99

BDE100

BDE153

BDE154

BDE190

BDE209

sum PBDE�0.80 - 4.7

- 22

0.32 - 2.5

1.1 - 4.2

1.0 - 4.2

< 0.02 - < 0.03

19 - 36

24 - 71�4�0.02 - 0.03�Dodder et al. 2002��Lake Superior; 2001-2002

surficial sediment�sum of 9 PBDEs

(tetra- to hepta- congeners

BDE209�0.49 – 3.14



4.3 – 17.5�6�not specified�Song et al. 2004��Lake Michigan; 

May 1998�sum of 6 PBDE 

(tetra- to hepta- congeners)�average concentration:

4.2 ( 2�detected in 1 of 2 core samples�not specified�Stapleton and Baker 2001

��United States; no year

near to a manufacturing site�decaBDE�nd1 - 1 000 000 

(wet or dry weight not specified)�not specified�100�Zweidinger et al. 1979��United Kingdom; no year

upstream of warehouse storing decaBDE



downstream of warehouse�

pentaBDE

octaBDE

decaBDE

pentaBDE

octaBDE

decaBDE�

< 100

1480

< 500

< 100

3030

< 500�not specified�pentaBDE: 100 

octaBDE: not specified

decaBDE: 500�Environment Agency 1997 ��United Kingdom; 

background site - river; 1995









sites near flame retardant producer/user; 1995-1996







sites near landfill receiving brominated waste; 1995-1996



�BDE47

BDE99

BDE85

octaBDE (DE-79)

decaBDE (DE-83)

BDE47

BDE99

BDE85

octaBDE (DE-79)

decaBDE (DE-83)

BDE47

BDE99

BDE85

octaBDE (DE-79)

decaBDE (DE-83)�< 0.3 - 0.4

< 0.6 - 0.6

< 0.4

< 0.44

 < 0.6

< 0.3 - 368

< 0.6 - 898

< 0.4 - 72

< 0.44 - 1348

< 0.6 - 3190

0.4 - 21

< 0.6 - 36

< 0.4 - 1.2

< 0.44 - 29

< 0.6 - 17�29�0.3 - 0.6�Allchin et al. 1999 

��

�Table D.3	Measured concentrations of polybrominated diphenyl ethers in sediment (continued)

Sampling Location; Year�Chemical�Conc. ((g/kg dw)�No. of Samples�Det. Limit ((g/kg dw)�Reference��river Tees, United Kingdom; 1999

Upper Tees















Middle Tees















Lower Tees































Tees Estuary�

in < 2000 (m fraction:

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

sum 14 PBDE (ex.209)

in < 2000 (m fraction:

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

sum 14 PBDE (ex.209)

in < 2000 (m fraction:

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

sum 14 PBDE (ex.209)

in < 63 (m fraction:

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

sum 14 PBDE (ex.209)

in < 2000 (m fraction:

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

sum 14 PBDE (ex.209)�



< 0.2 - 0.36

< 0.2 - 0.3

< 0.2

< 0.2

< 0.2

< 0.2 - 2

< 0.2 - 1



0.21 - 12

< 0.2 - 25

< 0.2 - 3.4

< 0.2 - 4.2

< 0.2 - 2.1

< 0.05 - 107

< 0.2 – 73



< 0.2 - 16.9

< 0.05 - 28

nd1 - 4.3

< 0.2 - 4.7

< 0.2 - 5.6

10.3 - 378

7 – 61



< 0.26 - 21.3

< 0.26 - 35.1

< 0.26 - 5.5

< 0.26 - 6.8

< 0.26 - 7.7

12.2 - 474.2

12 – 77



0.06 - 32.2

< 0.05 - 38

< 0.05 - 4.5

< 0.05 - 4.6

< 0.05 - 3.7

< 0.05 - 1400

< 0.05 - 92�



6















7













15















15















23











�not specified or 0.05 - 0.26�de Boer et al. 2001���Table D.3	Measured concentrations of polybrominated diphenyl ethers in sediment (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg dw)�No. of Samples�Detection Limit 

((g/kg dw)�Reference��The Netherlands; 1999

< 63 µm fraction�

BDE47

BDE99

BDE153

BDE209�median (range)

1.1 (0.3 – 7.1)

0.6 (< 0.2 – 5.5)

< 0.7 (< 0.1 – 5)

22 (< 4 – 510)�22�0.1�de Boer et al. 2003��Drammenfjord, Norway; 1999

sediment core

1946















1957















1966















1975













�



BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209�(g/kg TOC:



< 0.1

< 0.1

< 0.1

< 0.1

< 0.1

< 0.1

< 0.2

< 0.9

< 0.1

< 0.1

< 0.1

< 0.1

< 0.1

< 0.1

< 0.2

< 1.1

< 0.1

< 0.1

< 0.1

< 0.1

< 0.1

< 0.1

< 0.2

< 1.1

1.2

1.9

0.2

< 0.2

< 0.2

< 0.2

< 0.2

1.3�1�(g/kg TOC:



0.1 – 1.1�Zegers et al. 2003���Table D.3	Measured concentrations of polybrominated diphenyl ethers in sediment (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg dw)�No. of Samples�Detection Limit 

((g/kg dw)�Reference��Drammenfjord, Norway; 1999

sediment core

1986















1993















1998















1999













�



BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209�(g/kg TOC:



2.8

4.2

1.2

< 0.2

0.6

0.8

< 0.3

86

5.4

6.9

1.9

< 0.4

1.2

1.4

< 0.5

88

5.7

9.3

2.9

< 0.6

1.6

1.8

< 0.8

145

5.8

8.3

2.8

< 0.5

1.6

1.9

< 0.7

105�1�(g/kg TOC:



0.1 – 1.1�Zegers et al. 2003���Table D.3	Measured concentrations of polybrominated diphenyl ethers in sediment (continued)

Sampling Location; Year�Chemical�Conc. ((g/kg dw)�No. of Samples�Det. Limit ((g/kg dw)�Reference��Wadden Sea, The Netherlands; 1997

sediment core: 1937















1945















1965















1978















1989













�

BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209�(g/kg TOC:

< 1

< 1

< 1

< 1

< 1

< 1

< 1

< 9

< 2

< 2

< 2

< 2

< 2

< 2

< 3

< 16

7

7

< 1

< 1

< 1

< 1

< 1

< 6

14

16

< 1

< 1

< 1

< 1

< 2

229

19

21

< 3

< 2

< 3

< 3

< 3

380�1�(g/kg TOC: 1– 16

�Zegers et al. 2003���Table D.3	Measured concentrations of polybrominated diphenyl ethers in sediment (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg dw)�No. of Samples�Detection Limit 

((g/kg dw)�Reference��Wadden Sea, The Netherlands; 1997

sediment core

1995















Lake Woserin, Germany; no year

sediment core

1928















1973















1979�





BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209





BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209�(g/kg TOC:





13

14

< 2

< 1

< 2

< 2

< 2

250





< 0.2

< 0.2

< 0.2

< 0.2

< 0.2

< 0.2

< 0.3

< 2

2.16

3.17

1.29

< 0.3

< 0.3

< 0.3

< 0.4

< 2

7.58

7.16

2.30

< 0.3

< 0.3

< 0.3

< 0.4

< 2�1�(g/kg TOC:



1 – 16

















0.2 – 2



�Zegers et al. 2003���Table D.3	Measured concentrations of polybrominated diphenyl ethers in sediment (continued)

Sampling Location; Year�Chemical�Conc.  ((g/kg dw)�No. of Samples�Det. Limit ((g/kg dw)�Reference��Lake Woserin, Germany; no year

sediment core: 1985















1991















1994















1997�

BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE138

BDE153

BDE154 & BDE183

BDE209

BDE47

BDE99

BDE100

BDE138

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE138

BDE153

BDE154 & BDE183

BDE209�(g/kg TOC:

6.73

9.44

2.05

< 0.2

1.39

< 0.2

< 0.2

14.8

5.60

11.58

1.70

< 0.2

1.57

< 0.2 & < 0.2

14.3

5.78

11.26

1.57

< 0.2

1.70

< 0.2

< 0.3

10.7

4.97

8.99

1.52

< 0.3

1.45

< 0.3 & < 0.4

3.29�1�(g/kg TOC:

0.2 – 2



�Zegers et al. 2003��Western Scheldt, The Netherlands; 1999�BDE47

BDE99

BDE100

BDE153

BDE209�0.05 - 0.77

0.02 - 1.04

< 0.11 - 0.35

0.06 - 0.86

5.3 - 916�19�not specified or  0.11�de Boer et al. 2001��Western Europe; no year

22 estuaries discharging into North Sea�in < 63 (m fraction:

tetraBDE

pentaBDE

decaBDE�

< 0.17 - 5.8

< 0.20 - 6.93

< 0.51 - 1700�not specified�0.17 - 0.51�van Zeijl 1997 ���Table D.3	Measured concentrations of polybrominated diphenyl ethers in sediment (continued)

Sampling Location; Year�Chemical�Conc. ((g/kg dw)�No. of Samples�Det. Limit ((g/kg dw)�Reference��southern Sweden; 1988 sediments from near a polymer factory

upstream







downstream







background site, Baltic Sea�



BDE47

BDE99

BDE100

sum PBDE

BDE47

BDE99

BDE100

sum PBDE

sum PBDE�



2.5

5.9

1.1

9.5

490

770

170

1430

0.52�not specified�not specified�Sellstr(m et al.1996;

 Sellstr(m 1999��River Viskan area, Sweden; 1995

upstream from possible point sources (textile industries)





downstream 







a nearby parallel water system�

BDE47

BDE99

BDE100

BDE209

BDE47

BDE99

BDE100

BDE209

BDE47

BDE99

BDE100

BDE209�See Note2 below:

< 0.62 - 0.46

0.31 - 0.86

0.10 - 0.18

6.2 - 68

0.24 - 1.5

0.32 - 1.59

0.08 - 0.57

< 2.4 - 360

< 0.74

< 0.74

0.23

< 11.1�16�0.62 - 11.1

�Sellstr(m et al. 1998 

��Japan; 

1977

1987



1988�

decaBDE

octaBDE

decaBDE

octaBDE

decaBDE�

nd1

8 - 21

10 - 1370

15 - 22

4 - 6000�

15

in 3 of 51

in 16 of 60

in 3 of 135

in 39 of 129�

25 - 870

7

7

5

4�Environment Agency Japan 1991 ��Osaka Bay, Japan; 2000-2001

centre of Bay





close to river mouth





coastal area of Bay�

sum of Br9-10 BDEs

sum of Br7-8 BDEs

sum of Br3-6 BDEs

sum of Br9-10 BDEs

sum of Br7-8 BDEs

sum of Br3-6 BDEs

sum of Br9-10 BDEs

sum of Br7-8 BDEs

sum of Br3-6 BDEs�

nd

nd

nd

120 - 910

1.3 - 8.6

0.20 - 1.4

nd - 130

nd

nd - 1.5�8�6�Sakai et al. 2002

��



�

Table D.3	Measured concentrations of polybrominated diphenyl ethers in sediment (continued)







Notes:

1 nd = not detected

2 Original values were reported as ng/g IG (ignition loss). These were converted to (g/kg dw by multiplying each value by its respective ignition loss (%) as described in European Communities 2001.







�Table D.4	Measured concentrations of polybrominated diphenyl ethers in soil 

Sampling Location; Year�Chemical�Concentration

((g/kg dw)�No. of Samples�Detection Limit 

((g/kg dw)�Reference��United States, mid-Atlantic region; 2000

polyurethane foam production facility operational from 1981-1997:

near foam production building







downwind of foam plant







downwind of foam plant





�







BDE47

BDE99

BDE100

BDE209

BDE47

BDE99

BDE100

BDE209

BDE47

BDE99

BDE100

BDE209�





surface soil:

31.6

41.2

3.15

nd1

8.11

4.75

0.77

nd

< 0.1

< 0.1

< 0.1

nd�3�0.1�Hale et al. 2002��United Kingdom and Norway; 1998

surface soil (0-5 cm)

United Kingdom grassland













United Kingdom woodland













Norway woodland�



BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

sum of 22 PBDE

BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

sum of 22 PBDE

BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

sum of 22 PBDE

(tri- to hepta- congeners)�median value

(range)

0.061 (0.007 – 0.520)

0.280 (0.078 – 3.200)

0.036 (0.008 – 0.470)

0.072 (0.019 – 0.600)

0.022 (0.008 – 0.240)

0.026 (0.010 – 0.900)

0.610 (0.065 – 6.000)

0.490 (0.050 – 1.400

0.900 (0.190 – 3.200)

0.110 (0.011 – 0.360)

0.210 (0.038 – 1.200)

0.100 (0.014 – 0.420)

0.070 (0.010 – 7.000)

2.500 (0.110 – 12.00)

0.250 (0.012 – 0.860)

0.360 (0.063 – 1.400)

0.058 (0.018 – 0.230)

0.051 (0.011 – 0.270)

0.046 (0.013 – 0.310)

0.025 (0.009 – 0.130)

0.970 (0.130 – 3.000) �



21













21













24�0.06 – 0.5

�Hassanin et al. 2004��

�Table D.4	Measured concentrations of polybrominated diphenyl ethers in soil (continued)

Sampling Location; Year�Chemical�Concentration ((g/kg dw)�No. Samples�Detection Limit ((g/kg dw)�Reference��Sweden; 2000 

reference sites (6)















sludge applied sites (7)















sediment overflow site (1)�BDE47

BDE66

BDE99

BDE100

BDE153

BDE154

BDE183

total BDE

BDE47

BDE66

BDE99

BDE100

BDE153

BDE154

BDE183

total BDE

BDE47

BDE66

BDE99

BDE100

BDE153

BDE154

BDE183

total BDE�0.008 - 0.064

nd1 - 1

0.008 - 0.080

0.002 - 0.025

nd - 0.011

nd - 0.007

nd - 0.010

0.029 - 0.190

0.026 - 230

nd - 1.500

0.031 - 410

0.008 - 120

nd - 28

nd - 49

nd - 1.300

0.075 - 840

1.100

0.043

1.900

0.480

0.230

0.210

0.043

4�16�not specified�Matscheko et al. 2002��Kyoto, Japan; 

August 2000









�BDE47

BDE99

BDE153

BDE183

BDE209

sum PBDE (mono- to deca- congeners)�0.021

0.022

0.025

0.120

9.100

9.500�1�not specified�Hayakawa et al. 2002��Japan; January 1991

recycling plant in Taiwan�triBDE

tetraBDE

pentaBDE

hexaBDE

heptaBDE

octaBDE

decaBDE�38 - 40

75 - 104

41 - 84

20 - 23

nd

nd

260 - 330�2�not specified�Watanabe et al. 1993



��Notes:

1 nd = not detected�Table D.5	Measured concentrations of polybrominated diphenyl ethers in sewage sludge

Sampling Location; Year�Chemical�Concentration

((g/kg dw)�No. of Samples�Detection Limit ((g/kg dw)�Reference��biosolids sampled near Lake Ontario tributaries; no year� (tri- to deca- congeners)

BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209

sum of 17 PBDE

(tri- to deca- congeners)�

540 – 700

580 – 840

84 – 140

48 – 90

45 – 68

7.4 – 20

310 – 2000

1700 - 3500�not specified�not specified�Kolic et al. 2004��southern Ontario; no year

treated sewage biosolids �

BDE17

BDE28

BDE47

BDE49

BDE66

BDE71

BDE77

BDE85

BDE99

BDE100

BDE119

BDE126

BDE138

BDE153

BDE154

BDE183

BDE196

BDE197

BDE206

BDE207

BDE209�

0.77 – 21

3.3 – 9.7

330 – 730

12 – 89

6.1 – 17

0.64 – 4.2

nd1

11 – 39

370 – 910

68 – 150

0.37 – 1.1

0.25 – 0.65

3.0 – 9.6

41 – 100

31 – 81

5.0 – 25

2.8 – 120

3.5 – 39

24 – 550

9.3 – 340

460 - 2300�

12�not specified�Kolic et al. 2003���Table D.5	Measured concentrations of polybrominated diphenyl ethers in sewage sludge (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg dw)�No. of Samples�Detection Limit ((g/kg dw)�Reference��southern Ontario; no year

pulp and paper waste biosolids 

































manure (beef, dairy, poultry) �

BDE17

BDE28

BDE47

BDE49

BDE66

BDE71

BDE77

BDE85

BDE99

BDE100

BDE119

BDE126

BDE138

BDE153

BDE154

BDE183

BDE209

BDE17

BDE28

BDE47

BDE49

BDE66

BDE71

BDE77

BDE85

BDE99

BDE100

BDE119

BDE126

BDE138

BDE153

BDE154

BDE183

BDE209�

0.036 – 0.066

0.079 – 0.16

5.4 – 12

0.13 – 0.39

0.11 – 0.32

0.012 – 0.015

nd1

0.15 – 0.40

4.2 – 11

0.79 – 2.1

nd

nd

nd

0.41 – 1.2

0.25 – 0.69

0.52 – 1.4

54 – 130

nd – 0.011

0.012 – 0.022

nd – 2.6

nd – 0.53

nd – 0.40

nd

nd

nd

nd

nd – 0.03

nd

nd

nd

nd

nd

nd

nd - 12�

4

































6�not specified�Kolic et al. 2003���Table D.5	Measured concentrations of polybrominated diphenyl ethers in sewage sludge (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg dw)�No. of Samples�Detection Limit ((g/kg dw)�Reference��wastewater treatment plant biosolids from 6 countries;  no year

Canada (Toronto area)























continental United States

(10 sites)





















United Kingdom�



BDE47

BDE49

BDE85

BDE99

BDE100

BDE153

BDE154

BDE183

octaBDE

nonaBDE

BDE209

total PBDE

BDE47

BDE49

BDE85

BDE99

BDE100

BDE153

BDE154

BDE183

octaBDE

nonaBDE

BDE209

total PBDE

BDE47

BDE49

BDE85

BDE99

BDE100

BDE153

BDE154

BDE183

octaBDE

nonaBDE

BDE209

total PBDE�



170

nd1

20

250

40

20

20

nd

120

710

6930

8280

230 - 950

nd - 130

10 - 40

200 - 1140

20 - 140

20 - 100

20 - 60

nd - 510

nd - 1450

nd - 7190

170 - 16 050

730 - 24 900

60 - 90

nd - 70

nd

80 - 130

20

nd

nd

nd

nd

170 - 210

4860 - 11 120

5260 - 11 570�



1























10























2





















�10�La Guardia et al. 2001

���Table D.5	Measured concentrations of polybrominated diphenyl ethers in sewage sludge (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg dw)�No. of Samples�Detection Limit ((g/kg dw)�Reference��wastewater treatment plant biosolids from 6 countries; no year

Australia























New Zealand�



BDE47

BDE49

BDE85

BDE99

BDE100

BDE153

BDE154

BDE183

octaBDE

nonaBDE

BDE209

total PBDE

BDE47

BDE49

BDE85

BDE99

BDE100

BDE153

BDE154

BDE183

octaBDE

nonaBDE

BDE209

total PBDE�



50

nd1

nd

40

40

nd

nd

nd

nd

nd

60

190

40

nd

nd

30

10

nd

nd

nd

nd

nd

40

120�



1























1�10�La Guardia et al. 2001

��United States; 2000

regional sewage treatment plant discharging to Dan River, VA.�BDE47

BDE99

BDE100

BDE209�544

725

266

1470�1�not specified�Hale et al. 2002��United States: Virginia, Maryland, New York state, California; no year�BDE with 4-6 Br atoms

BDE209�1100 - 2290

84.8 - 4890�11�not specified�Hale et al. 2001a, 2003��The Netherlands; 1999

sewage treatment plant sludge�BDE47

BDE85

BDE99

BDE138

BDE153

decaBDE�9.5 – 40

<0.4 - < 0.7

11 – 38

< 0.8 – 4.0

< 2.2 – 4.8

8.6 - 190�3�0.4�de Boer et al. 2003���Table D.5	Measured concentrations of polybrominated diphenyl ethers in sewage sludge (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg dw)�No. of Samples�Detection Limit ((g/kg dw)�Reference��The Netherlands; no year

effluent residues from several sewage treatment plants�

BDE47

BDE99

BDE153

BDE209�median concentration:

22

< d.l.2

< d.l.

350�not specified�not specified�de Boer et al. 2000 

��Stockholm, Sweden; 

1997-1998

sludge from 3 sewage treatment plants�BDE47

BDE99

BDE100

BDE209�36 - 80

56 - 100

13 - 25

170 - 270�4�not specified�Sellstr(m 1999; Sellstr(m et al. 1999

��Sweden; no year�decaBDE�160 - 260�not specified�not specified�Leisewitz et al. 2001��Germany; no year

sewage sludge from 13 municipal wastewater treatment plants�ranges for 9 samples:

triBDE

tetraBDE

pentaBDE

hexaBDE

heptaBDE

tri- to hepta- PBDE (n = 13)�0.10 - 0.97 (n=4)

0.17 - 7.52

0.22 - 7.51

0.00 - 1.21

nd1  - 0.46

0.49 - 17.73

(mean 8.58)�13�not specified�Hagenmaier et al. 1992 ��Gothenburg, Sweden; 

September 1988

secondary treatment plant sludge

32-d composite during dry period







7-d composite during rainy period�





BDE47

BDE99

unknown PeBDE4

sum PBDE

BDE47

BDE99

unknown PeBDE

sum PBDE�see Note3 below:





10.1

12.7

2.5

25.4

8.6

10.8

1.9

21.1�2�not specified�Nylund et al. 1992��

Notes:



1 nd = not detected

2 < d.l. = below detection limit

3 Original values were reported as ng/g IG (ignition loss). These were converted to (g/kg dw by multiplying each value by its respective ignition loss (%) as described in European Communities 2001.

4 PentaBDE congener of unknown structure



�Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Vancouver Island, Canada; 2001

marmot, fat�tetraBDE

pentaBDE

hexaBDE

heptaBDE

octaBDE

nonaBDE

decaBDE

sum BDEs��0.100

0.100

0.030

0.010

n.d.1

0.025

0.500

0.777�1�not specified�Lichota et al. 2004��West coast, Canada; 



Reference sites (2): 

Dungeness crab, hepatopancreas; 1993



























English sole, liver; 1992



























�





BDE15

BDE17

BDE28/33

BDE47

BDE49

BDE66

BDE75

BDE99

BDE100

BDE119

BDE153

BDE154

BDE155

other BDE2

sum PBDE

BDE15

BDE17

BDE28/33

BDE47

BDE49

BDE66

BDE75

BDE99

BDE100

BDE119

BDE153

BDE154

BDE155

other BDE

sum PBDE��





nd

0.016

0.12

2.8

0.72

0.015

nd

0.20

0.21

0.008

nd

0.066

0.023

0.019

4.2

0.002

0.067

0.12

8.0

0.66

0.18

0.090

3.6

2.4

nd

5.7

1.0

0.12

0.028

22�composite samples of 2-6 crab or 1-13 sole 

1





























1

























�not specified�Ikonomou et al. 2002b���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��West coast, Canada; 



Principal harbors (4):

Dungeness crab, hepatopancreas; 

1994-1995

























English sole, liver; 

2000



�





BDE15

BDE17

BDE28/33

BDE47

BDE49

BDE66

BDE75

BDE99

BDE100

BDE119

BDE153

BDE154

BDE155

other BDE2

sum PBDE

BDE15

BDE17

BDE28/33

BDE47

BDE49

BDE66

BDE75

BDE99

BDE100

BDE119

BDE153

BDE154

BDE155

other BDE

sum PBDE��





nd1 - 0.024

0.43 - 1.2

2.5 - 4.5

110 - 210

46 - 74

0.70 - 2.8

0.14 - 0.26

19 - 140

13 - 45

0.26 - 0.43

1.6 - 9.3

5.2 - 20

1.5 - 2.6

0.88 - 1.1

200 - 480

0.074 - 0.078

4.9 - 5.1

0.88 - 1.1

130 - 160

10 - 11

2.3

nd

35 - 46

48 - 54

0.21 - 2.6

22 - 26

24 - 25

2.8 - 3.2

4.2 - 5.7

280 - 340�composite samples of 2-6 crab or 1-13 sole

3





























2�not specified�Ikonomou et al. 2002b���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��West coast, Canada; 





Near pulp/paper mills (5):

Dungeness crab, hepatopancreas; 1994

























English sole, liver; 

1992 and 2000









�







BDE15

BDE17

BDE28/33

BDE47

BDE49

BDE66

BDE75

BDE99

BDE100

BDE119

BDE153

BDE154

BDE155

other BDE2

sum PBDE

BDE15

BDE17

BDE28/33

BDE47

BDE49

BDE66

BDE75

BDE99

BDE100

BDE119

BDE153

BDE154

BDE155

other BDE

sum PBDE��







0.054 - 0.23

0.60 - 3.2

4.9 - 5.3

170 - 180

61 - 77

0.82 - 2.3

0.23

27 - 36

20 - 25

0.28 - 0.37

1.9 - 2.8

10 - 11

1.6

0.93 - 1.5

320

nd1 - 0.047

0.010 - 0.64

0.061 - 0.94

6.1 - 64

0.35 - 4.7

0.13 - 1.5

nd - 0.086

3.1 - 32

1.6 - 20

nd - 0.27

nd - 8.9

0.31 - 8.8

0.13 - 1.2

0.046 - 0.59

12 - 140�composite samples of 2-6 crab or 1-13 sole



2





























11�not specified�Ikonomou et al. 2002b���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��West coast, Canada;

harbor porpoise, blubber; 

1991-1993�BDE15

BDE17

BDE28/33

BDE47

BDE49

BDE66

BDE75

BDE99

BDE100

BDE119

BDE153

BDE154

BDE155

other BDE2

sum PBDE��blubber: 0.008 - 0.036

0.14 - 0.84

4.0 - 17

190 - 1200

9.5 - 130

1.8 - 15

0.045 - 0.43

61 - 480

49 - 340

0.29 - 2.0

4.5 - 40

8.1 - 61

0.69 - 5.4

0.15 - 0.76

350 - 2300�5�not specified�Ikonomou et al. 2002b



��Pacific coast, North America; 

no year

wild salmon, whole body

Alaska; chinook �mono- to tri- BDE

BDE47

BDE49

BDE66

BDE71

BDE75

BDE77

BDE85

BDE99

BDE100

BDE116

BDE119

BDE126

BDE138/166

BDE140

BDE153

BDE154

BDE155

BDE190

BDE206, -207, -208

BDE209

sum of PBDE�nd1 - 0.019

0.280

0.029

0.011

0.00098

< QC3

< QC

nd

0.097

0.043

nd

0.00039

nd

< QC

0.0007

< QC

< QC

0.0032

nd

nd

nd

0.4852��1





















�0.00022 - 0.00161�Easton et al. 2002���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)           ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Pacific coast, North America; 

no year

wild salmon, whole body

Alaska; chum 



































British Columbia; sockeye 





�mono- to tri- BDE

BDE47

BDE49

BDE66

BDE71

BDE75, -77, -85

BDE99

BDE100

BDE116

BDE119

BDE126

BDE138/166

BDE140

BDE153

BDE154

BDE155

BDE190

BDE206, 207, 208 & 209

sum of PBDE

mono- to tri- BDE

BDE47

BDE49

BDE66

BDE71

BDE75

BDE77

BDE85

BDE99

BDE100

BDE116

BDE119

BDE126

BDE138/166

BDE140

BDE153

BDE154

BDE155

BDE190

BDE206, 207, 208 &`209

sum of PBDE�nd1 - 0.0026

0.029

0.0029

< QC3

< QC

nd

< QC

0.0042

nd

nd

nd

nd

nd

nd

nd

< QC

nd

nd 

0.0387

nd - 0.0058

0.045 - 0.058

< QC - 0.0053

< QC - 0.0016

< QC

nd - < QC

nd

< QC - 0.00047

0.017 - 0.023

0.0065 - 0.0083

nd - 0.00043

< QC

nd - < QC

nd

nd

< QC - 0.0030

0.0048 - 0.0052

< QC - 0.0020

nd 

nd

0.0930 - 0.0945��1









































2�0.00022 - 0.00161�Easton et al. 2002���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Washington State, USA;

undeveloped watershed:

Rock Island Creek; 1997

rainbow trout, whole







Douglas Creek; 1997

rainbow trout, whole







Soleduck River; 1994

mountain whitefish, fillet





area draining urbanized watershed:

Snake River; 1995

channel catfish, fillet







Yakima River; 1995

carp, fillet







largescale sucker, whole





�5 congeners (tetra- to hexaBDEs)



tetraBDE

pentaBDE

hexaBDE

total PBDE



tetraBDE

pentaBDE

hexaBDE

total PBDE



tetraBDE

pentaBDE

hexaBDE

total PBDE





tetraBDE

pentaBDE

hexaBDE

total PBDE



tetraBDE

pentaBDE

hexaBDE

total PBDE

tetraBDE

pentaBDE

hexaBDE

total PBDE�





< 2.2

< 2.2

< 2.2

nd1



0.65 - 0.71

0.69 - 0.74

< 2.2

1.4 - 1.5



< 2.1

< 2.1

< 2.1

nd





4.3

3.0

0.72

8.0



21

< 2.0

0.84

22

61

< 2.1

2.9

64��composite samples of 

5 fish

2









3









1











1









1







1

�Method Detection Limit 

0.9 - 1.7�Johnson and Olson 2001���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Washington State, USA;

area draining urbanized watershed:

Spokane River, WA.; 

rainbow trout, fillet; 1996







rainbow trout, fillet; 1999







rainbow trout, whole; 1999







mountain whitefish, whole; 1999







largescale sucker, fillet; 1999







largescale sucker, whole; 1996







Columbia River, WA.; 1999

starry flounder, whole



�5 congeners (tetra- to hexaBDEs)





tetraBDE

pentaBDE

hexaBDE

total PBDE

tetraBDE

pentaBDE

hexaBDE

total PBDE

tetraBDE

pentaBDE

hexaBDE

total PBDE

tetraBDE

pentaBDE

hexaBDE

total PBDE

tetraBDE

pentaBDE

hexaBDE

total PBDE

tetraBDE

pentaBDE

hexaBDE

total PBDE

tetraBDE

pentaBDE

hexaBDE

total PBDE�







11

7.9

1.4

20

53 - 75

56 - 86

10 -15

119 - 174

129

146

22

297

520

650

80

1250

100

13

6.9

120

95

< 2.1

10

105

21

8.1

0.84

30��composite samples of 

5 fish



1







3 individual fish

(not composites)





1







1







1 individual fish

(not composite)





1









1



�Method Detection Limit 

0.9 - 1.7�Johnson and Olson 2001��

�Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)               ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Columbia R., southeastern B.C.

downstream of urban centres and zinc/lead smelter; 

mountain whitefish; 1992











mountain whitefish; 1996











mountain whitefish; 2000











downstream of urban centre and bleached softwood kraft pulp mill

mountain whitefish; 1992











mountain whitefish; 1994/1995











mountain whitefish; 2000

�(sum PBDE  di- to hexa- congeners)



BDE47

BDE99

BDE100

BDE153

BDE154

sum of 13 PBDEs

BDE47

BDE99

BDE100

BDE153

BDE154

sum of 13 PBDEs

BDE47

BDE99

BDE100

BDE153

BDE154

sum of 13 PBDEs





BDE47

BDE99

BDE100

BDE153

BDE154

sum of 13 PBDEs

BDE47

BDE99

BDE100

BDE153

BDE154

sum of 13 PBDEs

BDE47

BDE99

BDE100

BDE153

BDE154

sum of 13 PBDEs�





0.6096-2.0123

0.8754-2.6276

0.1793-0.6702

0.1181-0.3609

0.0715-0.2330

1.930-5.974

13.8174

19.2387

4.5547

2.4922

1.5501

43.076

2.6202–21.7295

3.7412–28.5795

0.8615–10.5575

0.6085–7.2806

0.2984–4.6922

8.539–74.974





1.1290–2.6453

1.6595-3.4425

0.4682–1.0735

0.2284–0.5379

0.1526–0.4031

3.776–8.421

3.5049–8.4078

5.2747–12.2504

1.6548–3.9204

0.7075–1.6161

0.4876–1.1310

12.105–28.589

9.0944–42.0528

10.9455–58.007

3.5755–15.1342

1.7760–8.8531

0.9753–4.5171

31.016–130.990��





4











1











9















2











5











12







�not specified�Rayne et al. 2003a���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)               ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Columbia R., southeastern B.C.

near urban centre

mountain whitefish; 1998











largescale sucker; 2000











reference site; 1996

mountain whitefish



�(sum PBDE  di- to hexa- congeners)

BDE47

BDE99

BDE100

BDE153

BDE154

sum of 13 PBDEs

BDE47

BDE99

BDE100

BDE153

BDE154

sum of 13 PBDEs



BDE47

BDE99

BDE100

BDE153

BDE154

sum of 13 PBDEs�



1.9094–15.6386

2.0196–10.7953

0.6925–2.6487

0.2957-1.3406

0.2833–0.7834

5.908–32.820

2.2562–6.9498

0.0091–0.0126

0.5104–1.6201

0.0148–0.1140

0.182–0.6586

3.286–9.610



0.2531–0.3081

0.2587–0.3575

0.0831–0.1179

0.0423–0.0809

0.0373–0.0676

0.726–1.003��



5











6













3





�not specified�Rayne et al. 2003a��San Francisco Bay, CA.;

1989-1998

harbor seal, blubber, 1989; male











1991; male











1991; female









�



BDE47

BDE99

BDE100

BDE153

BDE154

sum of PBDE

BDE47

BDE99

BDE100

BDE153

BDE154

sum of PBDE

BDE47

BDE99

BDE100

BDE153

BDE154

sum of PBDE��blubber:



45.6

16.2

4.16

4.06

17.7

88

87.4

23.5

5.82

6.75

38.0

161

308

149

33.6

41.8

230

763�



1











1











1







�not specified�She et al. 2002��

�Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��San Francisco Bay, CA.;

1989-1998

harbor seal, blubber

1992; fetus











1992; female











1993; male











1993; female











1997; male











1998; male









�





BDE47

BDE99

BDE100

BDE153

BDE154

sum of PBDE

BDE47

BDE99

BDE100

BDE153

BDE154

sum of PBDE

BDE47

BDE99

BDE100

BDE153

BDE154

sum of PBDE

BDE47

BDE99

BDE100

BDE153

BDE154

sum of PBDE

BDE47

BDE99

BDE100

BDE153

BDE154

sum of PBDE

BDE47

BDE99

BDE100

BDE153

BDE154

sum of PBDE��blubber:





277

85.6

12.4

10.5

44.6

430

350

151

26.4

35.4

220

782

299 - 956

95.4 - 102

26.9 - 67.5

25.9 - 59.7

51.0 - 91.4

498 - 1276

331

51.6

47.7

15.5

26.7

473

1633

60.6

121

74.0

55.0

1944

6682

303

307

649

384

8325�





1











1











2











1











1











1









�not specified�She et al. 2002���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��San Francisco Bay, CA.;

1989-1998

harbor seal; blubber

1998; female�



BDE47

BDE99

BDE100

BDE153

BDE154

sum of PBDE��



2343

172

231

160

79.1

2985�



1�not specified�She et al. 2002��Canadian Arctic:

female ringed seal

male ringed seal

female beluga

male beluga�sum of PBDE��blubber:

25.8

50.0

81.2

160�not specified�not specified�Alaee et al. 1999��Holman Island, NWT

male ringed seal (age 0-15 yrs)

1981

























1991�



BDE15

BDE28/33

BDE47

BDE49

BDE66

BDE75

BDE99

BDE100

BDE119

BDE153

BDE154

BDE155

sum PBDE

BDE15

BDE28/33

BDE47

BDE49

BDE66

BDE75

BDE99

BDE100

BDE119

BDE153

BDE154

BDE155

sum PBDE��blubber:



0.002

0.019

0.375

0.128

0.003

0.002

0.012

0.023

0.0007

0.004

0.002

0.0013

0.572

0.007

0.117

1.434

0.071

0.024

0.0014

0.076

0.104

0.0026

0.006

0.012

0.005

1.863�



7

























5

�not specified�Ikonomou et al. 2002a���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Holman Island, NWT

male ringed seal (age 0-15 yrs)

1996

























2000

























male ringed seal (age 16-35 yrs)

2000�

BDE15

BDE28/33

BDE47

BDE49

BDE66

BDE75

BDE99

BDE100

BDE119

BDE153

BDE154

BDE155

sum PBDE

BDE15

BDE28/33

BDE47

BDE49

BDE66

BDE75

BDE99

BDE100

BDE119

BDE153

BDE154

BDE155

sum PBDE



BDE15

BDE28/33

BDE47

BDE49

BDE66

BDE75

BDE99

BDE100

BDE119

BDE153

BDE154

BDE155

sum PBDE��blubber:

0.004

0.145

2.712

0.067

0.030

0.0009

0.172

0.212

0.008

0.050

0.025

0.011

3.437

0.009

0.134

3.749

0.131

0.027

0.005

0.190

0.253

0.006

0.069

0.036

0.014

4.622



0.005

0.130

3.412

0.352

0.026

0.007

0.191

0.276

0.007

0.098

0.050

0.022

4.575�



8

























7

























8�not specified�Ikonomou et al. 2002a���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Holman Island, NWT

female ringed seal (age 0-15 yrs)

1996

























female ringed seal (age 16-35 yrs); 2000�



BDE15

BDE28/33

BDE47

BDE49

BDE66

BDE75

BDE99

BDE100

BDE119

BDE153

BDE154

BDE155

sum PBDE



BDE15

BDE28/33

BDE47

BDE49

BDE66

BDE75

BDE99

BDE100

BDE119

BDE153

BDE154

BDE155

sum PBDE��blubber:



0.003

0.114

2.037

0.049

0.031

0.0011

0.165

0.170

0.008

0.042

0.023

0.007

2.650



0.003

0.065

1.266

0.140

0.021

0.007

0.159

0.170

0.007

0.055

0.041

0.013

1.948�



9



























5�not specified�Ikonomou et al. 2002a��St. Lawrence estuary, Canada; 1997- 1999

female beluga whale

male beluga whale�sum of 40 PBDE (breakdown for individual congeners not provided)

�

�blubber:



665 ( 457

466 ( 230�



15

14�not specified�Lebeuf et al. 2001

��

�Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Great Lakes; 2000

herring gull, eggs



Lake Superior

















Lake Michigan

















Lake Huron

















Detroit River















�





BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of 25 BDEs

BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of 25 BDEs

BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of 25 BDEs

BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of 25 BDEs�pooled whole egg homogenates: 

3.1 - 3.8

253 - 323

83.6 - 113

202 - 284

25.4 - 28.8

71.6 - 106

7.1 - 8.0

646 - 866

664 - 887

5.1 - 8.2

522 - 602

167 - 203

323 - 459

55.6 - 59.5

118 - 143

7.1 - 22.0

1332 - 1362

1366 - 1400

2.5 - 6.9

127 - 291

37.3 - 89.5

74.6 - 161

11.7 - 29.1

22.8 - 50.6

2.6 - 7.9

299 - 635

308 - 652

6.3

322

92.6

130

17.6

53.5

4.5

627

639��10-16 eggs per site;

2 sites

















2 

















3 

















1�0.01 - 0.05 

�Norstrom et al. 2002���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Great Lakes; 2000

herring gull, eggs 



Lake Erie

















Niagara River

















Lake Ontario

















St. Lawrence River�





BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of 25 BDEs

BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of 25 BDEs

BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of 25 BDEs

BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of 25 BDEs�pooled whole egg homogenates: 

1.0 - 4.8

70.0 - 163

24.6 - 51.8

52.0 - 55.9

7.2 - 10.3

25.6 - 37.5

3.3 - 10.2

188 - 329

192 - 340

1.7

168

53.0

111

17.9

57.6

13.8

423

432

2.7 - 7.0

220 - 401

66.5 - 108

113.0 - 322

28.8 - 38.9

65.2 - 89.9

5.1 - 15.1

515 - 975

530 - 1003

2.8

220

56.6

89.8

20.0

47.7

7.3

444

453��10-16 eggs per site;

2 sites

















1

















3

















1�0.01 - 0.05 

�Norstrom et al. 2002���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Great Lakes;

herring gull, eggs

Shelter Island, Lake Huron

1981

















1996

















1998

















1999

�





BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs  

sum of all BDEs

BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of all BDEs

BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of all BDEs

BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of all BDEs�pooled whole egg homogenates:

0.3

6.3

0.6

0.7

3.2

10.4

0.2

22

31

1.1

126

49.8

104

22.0

58.1

26.8

387

402

3.7

210

63.4

115

23.2

60.5

7.7

483

498

4.0

206

79.2

215

31.4

81.1

13.0

630

650��10-13 eggs per site;

15 sites�0.01 - 0.05

�Norstrom et al. 2002



���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Great Lakes;

herring gull, eggs

Shelter Island, Lake Huron

2000

















Gull Island, Lake Michigan

1981

















1996

















1998















�





BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of all BDEs



BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of all BDEs

BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of all BDEs

BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of all BDEs�pooled whole egg homogenates:

6.9

291

89.5

161

29.1

50.6

7.9

635

652



0.3

4.5

1.3

2.5

2.0

3.7

1.0

15

18

6.9

261

108

176

33.0

69.1

6.5

660

679

4.6

358

202

567

82.0

218

43.8

1475

1544��10-13 eggs per site;

15 sites�0.01-0.05

�Norstrom et al. 2002

���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Great Lakes;

herring gull, eggs

Gull Island, Lake Michigan

1999















2000



















Snake Island, Lake Ontario

1981

















1996













�





BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of all BDEs

BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of all BDEs



BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of all BDEs

BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of all BDEs�pooled whole egg homogenates:

6.4

313

126

220

38.4

91.3

3.6

800

820

8.2

602

203

323

55.6

118

22.0

1332

1366



0.2

2.8

0.7

1.2

1.4

2.2

0.2

8.5

9.4

4.2

125

35.7

59.7

18.4

40.1

3.7

287

297��10-13 eggs per site;

15 sites�0.01-0.05

�Norstrom et al. 2002

���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Great Lakes;

 herring gull, eggs

Snake Island, Lake Ontario

1998

















1999

















2000

�



BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of all BDEs

BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of all BDEs

BDE28

BDE47

BDE100

BDE99

BDE154

BDE153

BDE183

sum of 7 BDEs

sum of all BDEs�pooled whole egg homogenates:

3.6

159

50.0

83.8

19.6

50.4

4.4

371

382

5.8

229

72.2

133

31.7

61.2

7.4

540

557

3.9

220

67.5

113

31.8

65.2

15.1

515

530��10-13 eggs per site;

15 sites�0.01-0.05

�Norstrom et al. 2002

��British Columbia; 

great blue heron, eggs 

1983









1987�



BDEs -17 + -28

BDEs -47 + -49 + -66 

BDEs -85 + -99 + -100

BDEs -153 + -154 + -155

BDE183

BDEs -17 + -28

BDEs -47 + -49 + -66 

BDEs -85 + -99 + -100

BDEs -153 + -154 + -155

BDE183�whole egg:



-

0.803

0.357

0.148

-

0.057

4.483

3.569

4.379

-��not specified�not specified�Wakeford et al. 2002

��

�

Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��British Columbia; 

great blue heron, eggs

1991









1996









1998









2000









northern Canada;

thick billed murre, eggs

1975









1987









1993





�



BDEs -17 + -28

BDEs -47 + -49 + -66 

BDEs -85 + -99 + -100

BDEs -153 + -154 + -155

BDE183

BDEs -17 + -28

BDEs -47 + -49 + -66 

BDEs -85 + -99 + -100

BDEs -153 + -154 + -155

BDE183

BDEs -17 + -28

BDEs -47 + -49 + -66 

BDEs -85 + -99 + -100

BDEs -153 + -154 + -155

BDE183

BDEs -17 + -28

BDEs -47 + -49 + -66 

BDEs -85 + -99 + -100

BDEs -153 + -154 + -155

BDE183





BDE28

BDEs -47 + -49 + -66 

BDEs -99 + -100

BDEs -153 + -154 + -155

BDE183

BDE28

BDEs -47 + -49 + -66 

BDEs -99 + -100

BDEs -153 + -154 + -155

BDE183

BDE28

BDEs -47 + -49 + -66 

BDEs -99 + -100

BDEs -153 + -154 + -155

BDE183�whole egg:



0.111

20.322

21.253

11.874

0.070

0.547

122.235

110.573

53.882

0.442

-

65.505

85.997

50.419

-

0.157

55.638

85.047

52.599

0.291





0.009 - 0.021

0.268 - 0.521

0.141 - 0.255

0.022 - 0.114

0.002 - 0.007

0.010 - 0.023

0.343 - 0.622

0.152 - 0.303

0.007 - 0.159

-

0.023 - 0.038

0.771 - 0.915

0.385 - 0.460

0.211 - 0.226

0.004 - 0.019��not specified�not specified�Wakeford et al. 2002

���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��northern Canada;

thick billed murre, eggs

1998









northern fulmer, eggs

1975









1987









1993









1998�



BDE28

BDEs -47 + -49 + -66 

BDEs -99 + -100

BDEs -153 + -154 + -155

BDE183



BDE28

BDEs -47 + -49 + -66 

BDEs -99 + -100

BDEs -153 + -154 + -155

BDE183

BDE28

BDEs -47 + -49 + -66 

BDEs -99 + -100

BDEs -153 + -154 + -155

BDE183

BDE28

BDEs -47 + -49 + -66 

BDEs -99 + -100

BDEs -153 + -154 + -155

BDE183

BDE28

BDEs -47 + -49 + -66 

BDEs -99 + -100

BDEs -153 + -154 + -155

BDE183�whole egg:



0.036 - 0.069

1.048 - 1.701

0.585 - 0.881

0.192 - 0.478

0.003 - 0.021



0.004

0.101 - 0.124

0.081 - 0.128

0.021 - 0.034

0.004 - 0.012

0.006

0.213

0.203

0.180

0.018

0.007 - 0.010

0.351 - 0.454

0.449 - 0.677

0.582 - 0.725

0.025 - 0.049

0.010 - 0.018

0.545 - 0.736

0.543 - 0.806

0.581 - 0.791

0.018 - 0.022��not specified�not specified�Wakeford et al. 2002

��North America; 

lake trout, lipid 

Lake Ontario

Lake Huron

Lake Superior�sum PBDE��average:



545

237

135�not specified�not specified�Alaee et al. 1999 ��Lake Ontario;

lake trout, whole body

1978

1983

1988

1993

1998�sum PBDE

(23 congeners, breakdown of congeners, concentrations for each congener not provided)

��



3

8

171

434

945�not specified�not specified�Luross et al. 2000���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Great Lakes; 1997

lake trout, whole

Lake Ontario









Lake Erie











Lake Superior











Lake Huron�mono- to hepta- congeners

BDE47

BDE66

BDE99

BDE100

BDE153

total PBDE

BDE47

BDE66

BDE99

BDE100

BDE153

total PBDE

BDE47

BDE66

BDE99

BDE100

BDE153

total PBDE

BDE47

BDE66

BDE99

BDE100

BDE153

total PBDE�mean ( SD

58 ( 15

1.3 ( 0.38

14 ( 3.5

5.7 ( 1.1

4.9 ( 1.6

95 ( 22

16 ( 4.2

0.18 ( 0.12

2.0 ( 0.48

2.5 ( 0.89

0.89 ( 0.14

27 ( 8.6

29 ( 9.8

0.89 ( 0.31

12 ( 5.9

4.1 ( 1.3

1.5 ( 0.54

56 ( 19

27 ( 8.6

0.82 ( 0.38

7.7 ( 3.8

3.8 ( 1.8

2.3 ( 0.98

50 ( 19�mean ( SD











434 ( 100











117 ( 37











392 ( 159











251 ( 98�10 per lake�Method Detection Limit 

0.01 - 0.25

(ww)�Luross et al. 2002



��Lake Michigan; 

1995-1996

steelhead trout, muscle













River Dal(ven, Sweden; 1995

Baltic salmon, muscle�Mean concentrations:



BDE28

BDE47

BDE99

BDE100

BDE153

BDE154

total PBDE

BDE28

BDE47

BDE99

BDE100

BDE153

BDE154

total PBDE�



1.5

23

7.9

4.8

1.5

2.7

41.4

0.13

4.2

1.3

0.95

0.12

0.22

6.92�



110

1700

600

360

110

200

3080

3.5

110

35

26

3.2

6.0

183.7�6 steelhead trout, 

8 Baltic salmon�not specified�Asplund et al. 1999 

���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Great Lakes;

lake trout, whole: Lake Superior

1980

1984

1990

1992

1996

1998

2000

Lake Michigan: 1980

1984

1990

1992

1994

1996

2000

Lake Huron:1980

1984

1990

1992

1994

1996

1998

2000

Lake Ontario:1980

1984

1990

1992

1994

1996

2000



walleye, whole: Lake Erie

1980 

1984

1990

1992

1994

1996

2000�

Total PBDE (sum of BDE47, BDE49, BDE66, BDE71, BDE85, BDE99, BDE100, BDE138, BDE153, BDE154, BDE183, BDE190)�



3.050

4.095

9.500

28.233

63.164

62.103

149.786

1.124

18.303

38.447

83.841

30.787

267.613

251.604

1.144

7.269

22.046

30.841

39.267

56.076

77.308

68.171

1.971

5.913

31.351

55.971

104.088

110.455

111.347



0.755

2.308

8.448

16.657

19.769

24.392

47.468�



16.562

24.855

57.594

76.203

454.262

426.436

988.842

13.899

81.204

176.987

420.425

210.426

1355.056

1395.987

10.979

32.827

119.379

166.239

194.767

301.232

434.417

369.115

10.035

97.040

147.856

296.818

589.307

542.674

545.734



6.510

19.452

77.923

181.440

210.088

262.011

599.955�composite sample of 5 fish

1

1

3

3

3

3

3

1

3

3

3

3

3

3

1

1

3

3

3

3

3

3

1

1

3

3

3

3

3



1

1

3

3

3

3

3�not specified�Zhu and Hites 2004��� Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��two Lake Michigan tributaries; 

fall 1996

16 coho and 5 chinook salmon,

“standard” steak containing skin, muscle, bone and organ tissues�



BDE47



BDE66



BDE99



BDE100



BDE153



BDE154



total PBDE�Mean ( SD

(range)

52.1 ( 17.1

(26.0 - 95.1)

1.7 ( 0.4

(1.2 - 2.5)

9.3 ( 3.0

(5.9 - 18.9)

9.7 ( 3.4

(5.2 - 18.8)

2.7 ( 0.7

(1.8 - 4.8)

4.5 ( 1.4

(2.8 - 8.5)

80.1 ( 25.3

(44.6 - 148)�mean ( SD

(range)

























2440 ( 1550

(773 - 8120)�21�not specified�Manchester-Neesvig et al. 2001



���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)



Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��northeastern United States; 1994 and 1999

Lake Superior; 1994:

smelt, whole body













Lake Ontario; 1994:

smelt, whole body













Lake of the Ozarks, MO.; 1999:

white crappie, bluegill,

whole body�



BDE47

BDE99

BDE100

BDE153

BDE154

BDE190

BDE209

sum PBDE

BDE47

BDE99

BDE100

BDE153

BDE154

BDE190

BDE209

sum PBDE

BDE47

BDE99

BDE100

BDE153

BDE154

BDE190

BDE209

sum PBDE�



5.7

1.8

 0.98

0.20

0.45

< 0.007

< 1.5

9.1

10

5.3

1.6

0.49

0.90

< 0.007

< 1.6

18

3.5

1.9

1.1

0.27

0.20

< 0.007

< 1.4

6.9�

















150















240















300�





3















3















6











�0.006 - 1.6�Dodder et al. 2002���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Northeastern United States; 1994 and 1999

Hadley Lake, IN.; 1999:

white crappie, bluegill,

whole body









carp, muscle only�

BDE47

BDE99

BDE100

BDE153

BDE154

BDE190

BDE209

sum PBDE

BDE47

BDE99

BDE100

BDE153

BDE154

BDE190

BDE209

sum PBDE�

13

16

7.4

15

13

< 0.007

< 1.4

65

3.2, 9.8

0.07, 0.12

0.89, 3.6

0.10, 0.04

2.1, 6.9

< 0.007, < 0.006

< 1.4, < 1.3

6.2, 20�















2400















760, 2500�

6















2

�0.006 - 1.6�Dodder et al. 2002��United States;  July 1991

Buffalo River, New York

carp, muscle tissue

3 age classes 

(young, middle-aged, old)

�



tetraBDE

pentaBDE

hexaBDE

sum PBDE�



12.3 - 21.3

0.63 - 1.17

0.19 - 0.32

13.1 - 22.8��15 per age class�not specified�Loganathan et al. 1995��United States; 1998-1999

Virginia

33 species of freshwater fish�sum of BDE47, BDE49, BDE99, BDE100, 

BDE153, and BDE154 �maximum value (carp):

1140�



47900�332 samples 

in total�5 

(based on lipid weight)�Hale et al. 2001b, 2003��United States; mid-Atlantic region; 2000

pond located downwind of polyurethane plant operational from 1981-1997

bluegill, muscle fillet



bluegill, remainder of body�



BDE47

BDE99

BDE100

sum PBDE

BDE209

BDE47

BDE99

BDE100

sum PBDE

BDE209�



18.1

6.18

2.78

27.1

nd1

44.9

12.5

4.75

62.2

nd�









624









709�not specified�not specified�Hale et al. 2002���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��eastern United States; 1999

Detroit River, MI.

bass

















carp

















Des Plaines River, IL.

carp









�



BDE47

BDE99

BDE100

BDE153

BDE154

BDE181

BDE183

BDE190

sum PBDE

BDE47

BDE99

BDE100

BDE153

BDE154

BDE181

BDE183

BDE190

sum PBDE

BDE47

BDE99

BDE100

BDE153

BDE154

BDE181

BDE183

BDE190

sum PBDE�Mean:



2.80

0.48

0.45

0.44

0.43

0.26

0.26

-

5.25

3.0

0.50

0.48

0.47

0.45

0.24

0.25

-

5.39

1.34-2.54

0.50

0.44-0.49

0.66-1.01

0.98-1.89

1.44-3.28

1.31-2.99

0.97-1.75

7.68-14.4��

12



















10

















14

�0.2-0.30�Rice et al. 2002��Atlantic coast off Virginia, United States; 1987

bottlenose dolphin, blubber�sum PBDE (tetra- to hexa congeners)��blubber:

180 - 220�3 females�not specified�Kuehl et al. 1991���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��United Kingdom; no years

peregrine falcon UK, liver

muscle

egg

peregrine falcon Sweden,eg g

sparrowhawk, liver

muscle

egg

kestrel,

liver

muscle

great crested grebe,

liver

muscle

barn owl,

liver

muscle

egg

heron,

liver

muscle

gannett, egg

red kite, egg

Montagu’s harrier, egg

marsh harrier, egg

sea eagle, egg

osprey, egg

golden eagle, egg

merlin, egg�decaBDE�

< 0.17 – 6.7

1.8 – 9.5

< 0.08 – 7.5

< 0.3 – 21

< 3.2 - < 9.8

0.26 – 2.2

< 0.16 – 1.5



< 0.26 – 5.5

< 0.11 – 0.29



< 0.11 – 0.52

< 0.4 – 1.2



< 0.13 – 2.5

< 0.5 – 1.2

< 2 – 1.7



< 0.08 - < 0.25

< 0.32 – 4.5

< 0.2 - < 2.2

< 0.09 – 2.3

< 0.12 – 1.3

< 0.09

0.48

< 0.2 - < 1.5

< 0.2

< 3.8 – 0.3�

< 5.7 – 181

53 – 344

< 1.8 – 108

< 4 – 412

< 82 - < 200

13 – 275

< 2.1 – 38



< 5.8 – 120

< 4.2 – 10



< 1.5 – 9.1

< 8.1 – 31



< 2.6 – 37

< 6.3 – 14

< 20 – 30



< 2.3 - < 5.7

< 6.3 – 563

< 4 - < 57

< 2.1 – 29.1

< 2.1 – 28

< 2 - < 2.4

6.2

< 4 - < 27

< 4.1

< 43 – 4.3�

in 4 of 6

in 5 of 5

in 2 of 6

in 11 of 20

in 0 of 4

in 5 of 5

in 3 of 5



in 2 of 5

in 1 of 5



in 1 of 4

in 1 of 3



in 3 of 5

in 1 of 5

in 3 of 4



in 0 of 4

in 1 of 5

in 0 of 12

in 1 of 4

in 3 of 4

in 0 of 2

in 1 of 1

in 0 of 3

in 0 of 5

in 1 of 2�ww: 

0.08 – 9.8



lipid:

1.5 – 200�de Boer et al. 2004 ��United Kingdom;

harbor porpoise, blubber; 

1996-1999







cormorant, liver; 

1996-1997 and 1999-2999�14 congeners (tri- to hepta-)

BDE47

BDE99

BDE100

BDE153

sum 14 PBDE

BDE47

BDE99

BDE100

BDE153

sum 14 PBDE�blubber:

< 5 - 6110

< 5 - 1287

< 5 - 634

< 5 - 300

nd1 - 6900

1.1 - 76

< 0.2 - 15

< 0.2 - 38

< 0.2 - 14

1.8 - 140��

60









47�porpoise data:

5

cormorant data:

0.2�Law et al. 2002���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��North Sea; 1999

starfish, pyloric caeca











hermit crab, abdomen











male whelk, whole (no shell)











shrimp, whole (no shell)











herring, liver











herring, fillet











herring, milt and eggs









�

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209�

0.115 - 4.070

0.034 - 1.720

0.130 - 2.900

< 0.019 - 0.169

< 0.023 - 1.440

< 0.150 - 0.310

0.820 - 8.740

0.163 - 4.730

0.270 - 2.680

< 0.020 - 1.190

0.130 - 3.750

< 0.160 - 0.470

0.044 - 0.450

0.050 - 0.260

< 0.015 - 0.146

0.029 - 0.320

< 0.007 - 0.150

<0.052 - <0.190

0.460 - 1.310

0.060 - 0.180

0.066 - 0.290

<0.009 - <0.010

< 0.010 - 0.130

<0.073 - <0.081

0.780 - 2.480

0.402 - 1.010

0.230 - 0.820

< 0.040 - 0.190

< 0.051 - 0.210

<0.300 - <0.520

3.440 - 5.130

1.303 - 1.650

0.958 - 1.210

0.086 - 0.123

0.180 - 0.190

<0.160 - <0.250

0.280 - 0.950

0.120 - 0.410

0.078 - 0.270

< 0.016 - 0.040

< 0.026 - 0.058

<0.130 - < 0.200�

3.4 - 55.7

1.0 - 49.1

2.2 - 82.5

< 0.3 - 4.8

< 0.5 - 41.0

< 2.0 - 8.9

8.6 - 120

1.7 - 71

2.8 - 40.0

< 0.2 - 17.7

1.5 - 56.0

< 1.1 - 7.0

2.6 - 30

2.9 - 17

< 1.0 - 9.7

1.7 - 14

< 0.3 - 6.3

< 1.9 - < 14

35 - 39

4.6 - 5.5

5.1 - 8.7

< 0.3 - < 0.7

< 0.7 - 3.9

< 2.4 - < 5.6

19 - 52

8.0 - 21

5.6 - 17

< 0.9 - 3.9

< 0.9 - 4.4

< 4.6 - < 11

23 - 47

9.9 - 17

6.3 - 12

0.57 - 1.3

1.3 - 1.9

< 1.4 - < 2.6

4.5 - 15

1.9 - 6.4

1.2 - 4.3

< 0.2 - 0.64

< 0.4 - 0.91

< 1.9 - < 5.0�

8











9











7











2











4











4











4







�not specified or 0.005 - 0.610 ww 

0.2 - 53 lw�de Boer et al. 2001���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��North Sea; 1999

cod, liver











cod, fillet











whiting, liver











whiting, fillet











harbor porpoise, liver











harbor porpoise, blubber









�

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209�

0.570 - 68.0

0.200 - 6.69

0.240 - 23.4

< 0.045 - 0.360

< 0.048 - 2.83

< 0.110 - 0.380

0.170 - 0.370

< 0.006 - 0.098

0.035 - 0.110

<0.006 - <0.021

<0.007 - <0.022

<0.049 - <0.170

3.51 - 86.0

0.880 - 22.45

0.800 - 20.14

0.120 - 2.02

0.280 - 7.03

<0.280 - <0.610

0.037 - 0.280

< 0.007 - 0.086

< 0.007 - 0.078

<0.005 - <0.010

<0.005 - 0.027

<0.042 - <0.078

-

-

-

-

-

-

-

-

-

-

-

-�

63 - 310

1.4 - 53

18 - 93

0.49 - < 6.6

4.3 - 12

< 0.22 - < 53

26 - 74

< 1.1 - 16

5.9 - 21

< 1.0 - < 5.0

< 1.1 - < 5.2

< 8.1 - < 40

7.6 - 130

1.9 - 34

1.7 - 31

0.3 - 3.1

0.6 - 11

< 0.4 - < 1.2

7.1 - 40

< 1.3 - 14

< 1.4 - 12

< 0.8 - < 1.6

< 0.9 - 4.4

< 6.5 - < 13

1 - 4880

0.5 - 2490

0.3 - 2140

0.1 - 500

0.2 - 1050

1.2 - < 7.4

250 - 1310

43 - 760

47 - 480

6 - 770

13 - 800

< 2.7 - 26�

6











7











6











6











6











9









�not specified or 0.005 - 0.610 ww 

0.2 - 53 lw�de Boer et al. 2001���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��North Sea; 1999

harbor seal, liver











harbor seal, blubber











whitebeaked dolphin, blubber











whitebeaked dolphin, kidney











whitebeaked dolphin, heart











whitebeaked dolphin, lungs









�

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209�

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-



-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-�

95 - 5070

29 - 1580

8.7 - 270

7.5 - 690

2.6 - 160

< 6.5 - 160

57 - 9250

11 - 3070

6.2 - 540

3.4 - 720

2.4 - 83

< 1.8 - 16

24400

5540

6330

140

870

< 3.8

18900

8020

8640

750

2350

< 8.2

17100

6910

7980

640

1950

< 4.9

28500

10700

11800

990

3150

35�6











9













1











1











1











1









�not specified or 0.005 - 0.610 ww 

0.2 - 53 lw�de Boer et al. 2001���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��North Sea; 1999

whitebeaked dolphin, brain











whitebeaked dolphin, liver











bottlenose dolphin, blubber











bottlenose dolphin, liver











bottlenose dolphin, kidney











bottlenose dolphin, muscle

�

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209�

--

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-�

4620

2010

2120

220

540

< 0.8

280 - 27900

130 - 10600

125 - 10800

17 - 910

43 - 2700

140 - 318

1300

500

240

9.2

31

< 2.5

1140

590

260

53

74

< 6.4

1340

770

330

66

90

< 3.0

1390

720

330

67

95

< 7.7�

1











2











1











1











1











1









�not specified or 0.005 - 0.610 ww 

0.2 - 53 lw�de Boer et al. 2001���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Tees Estuary, United Kingdom;

1999

shrimp, whole body













Nereis sp. polychaete worm, whole body











starfish, whole body and tentacle













sprat, whole body













whiting, whole













whiting, muscle

�



BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

sum 14 PBDE (ex. 209)

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

sum 14 PBDE (ex. 209)

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

sum 14 PBDE (ex. 209)

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

sum 14 PBDE (ex. 209)

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

sum 14 PBDE (ex. 209)

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

sum 14 PBDE (ex. 209)�



0.65 - 0.7

0.9 - 0.95

0.23 - 0.24

0.19 - 0.2

0.17

< 0.5

2.65 - 2.83

1.9

6.9

1.1

1.1

1.43

< 0.5

13.02

12

2.4 - 2.5

2.5 - 2.7

< 0.2

0.2 - 1

< 0.5

18.82 - 19.38

4.5 - 4.8

2.2

1.7 - 1.8

0.26 - 0.29

0.65 - 0.71

< 0.5

12 - 12.8

7.1

3.5

2

0.28

0.86

< 0.5

15.81

1.1 - 6.9

0.12 - 3.2

0.25 - 1.9

0.03 - 0.25

0.07 - 0.79

< 0.5

1.86 - 14.94�



162.5 - 350.0

225.0 - 475.0

57.5 - 120.0

47.5 - 100.0

42.5 - 85.0

< 100

662.5 - 1415.0

475.0

1725.0

275.0

275.0

357.5

< 50

3255.2

545.5

109.1 - 113.6

113.6 - 122.7

< 9

9.1 - 45.5

< 9

855.5 - 880.9

225.0 - 300.0

110.0 - 137.5

85.0 - 112.5

13.0 - 18.1

32.5 - 44.4

< 10

600.0 - 800.0

1775.0

875.0

500.0

70.0

215.0

< 33

3952.5

450 - 1150.0

60 - 533.3

93 - 316.7

10 - < 50

35 - 131.7

< 33 - < 100

930 - 2490.0�



2













1













2













2













1













11



�not specified or 0.2 - 7.5 ww 

0.625 - 100 lw�de Boer et al. 2001���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Tees Estuary, United Kingdom;

1999

whiting, liver











flounder, liver













porpoise, blubber













cormorant, liver�



BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

sum 14 PBDE (ex. 209)

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

sum 14 PBDE (ex. 209)

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

sum 14 PBDE (ex. 209)

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

sum 14 PBDE (ex. 209)�



-

-

-

-

-

-

-

1.7

0.44

0.39

0.15

0.29

< 0.5

3.21

187 - 6109

< 5 - 1287

< 5 - 634

6 - 300

< 5 - 168

< 7.5

370 - 6899

1.1 - 76.1

< 0.2 - 15

< 0.2 - 38.2

< 0.2 - 14

< 0.2 - 9.4

< 0.5

1.8 - 140.4�



577 - 1500

< 0.625 - 843

163 - 338

17 - 86

62 - 211

< 1.56

791 - 1972

22.7

5.9

5.2

2.0

3.9

< 2.7

42.8

209 - 6788

< 6 - 1480

< 6 - 773

7 - 337

< 5.8 - 193

< 8.7 - < 9

413 - 7666

< 12.5 - 4870

< 8.7 - 729

< 9.4 - 1884

8 - 689

8 - 570

< 17 - < 25

0 - 7510�



10













1













28











47�not specified or 0.2 - 7.5 ww 

0.625 - 100 lw�de Boer et al. 2001��Maasvlakte, The Netherlands;

1999

common tern, egg�



BDE47

BDE99

BDE100

BDE153

BDE209�total



21 - 54

6.6 - 28

6.6 - 17

< 0.13 - 14

< 0.46 - 7.1�



202 - 614

74 - 307

63 - 182

< 1.7 - 159

< 5.6 - 70�



15�not specified or  0.13 - 0.46 ww 

 1.7 - 5.6 lw�de Boer et al. 2001��

�Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Western Scheldt, 

The Netherlands; 1999-2000 

mysid shrimp









copepod









gudgeon









greater sandeel









common tern, egg�



BDE47

BDE99

BDE100

BDE153

BDE209

BDE47

BDE99

BDE100

BDE153

BDE209

BDE47

BDE99

BDE100

BDE153

BDE209

BDE47

BDE99

BDE100

BDE153

BDE209

BDE47

BDE99

BDE100

BDE153

BDE209�



0.45 - 4.5

0.21 - 2.3

0.10 - 1.1

0.04 - 0.29

< 0.2 - 0.98

0.48

< 0.08

0.07

< 0.08

< 0.3

9.9 - 32

4.2 - 12

1.7 - 5.6

0.63 - 2.0

< 0.1 - < 0.4

2.2 - 3.9

0.12 - 0.34

0.33 - 0.62

0.10 - 0.16

< 0.2

6.7 - 23

2.7 - 8.9

1.6 - 6.0

5.0 - 24

0.45 - 2.9�



56 - 300

26 - 157

12 - 76

3.5 - 20

< 20 - 93

51

< 9.1

8.0

< 8.7

< 37

577 - 1536

245 - 590

100 - 267

36 - 97

< 6.0 - < 17

192 - 327

10 - 28

29 - 52

9.1 - 13

< 18 - < 22

64 - 220

25 - 98

17 - 66

46 - 264

4.4 - 27�



10









1









6









3









15�not specified or  0.08 - 0.4 ww 

 6.0 - 37 lw�de Boer et al. 2001��The Netherlands; 1999

flounder







bream







marine mussels







freshwater mussels





�

BDE47

BDE99

BDE153

BDE209

BDE47

BDE99

BDE153

BDE209

BDE47

BDE99

BDE153

BDE209

BDE47

BDE99

BDE153

BDE209�

0.6 – 20

< 0.01–4.6

< 0.02 – <1

< 0.2 – <6

0.2 – 130

<0.01– < 0.8

< 0.04 – 4.1

< 0.03 – < 21

0.9 – 4.3

0.3 – 1.6

< 0.1 – < 0.2

< 4 – < 5

0.7 – 17

0.4 – 11

< 0.1 – 1.5

< 4 – < 34��35 flounder and bream; 16 mussels (freshwater and marine)�0.01�de Boer et al. 2003���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��United Kingdom; 

background site - river; 1996

winkles







sites near flame retardant producer/user; 1994-1996

flounder, muscle









flounder, liver









sites near flame retardant producer/user; 1994-1996

whiting, liver









plaice, muscle









plaice, liver







�

BDE47

BDE99

BDE85

octaBDE (DE-79)

decaBDE (DE-83)





BDE47

BDE99

BDE85

octaBDE (DE-79)

decaBDE (DE-83)

BDE47

BDE99

BDE85

octaBDE (DE-79)

decaBDE (DE-83)





BDE47

BDE99

BDE85

octaBDE (DE-79)

decaBDE (DE-83)

BDE47

BDE99

BDE85

octaBDE (DE-79)

decaBDE (DE-83)

BDE47

BDE99

BDE85

octaBDE (DE-79)

decaBDE (DE-83)�

1.9

1.8

1.5

< 1

< 1.2





1.2 - 22

< 1 - 4.4

< 1 - 1.1

< 1 - 7

< 1.2

14 - 1294

3.1 - 108

  < 1 - 130

< 1 - 115

< 1.2





102

21

< 1

< 1

< 1.2

0.6 - 8.3

< 1 - 1.6

< 1 - 2.2

3.3 - 12

< 1.2

15 - 161

3 - 12

3.6 - 14

< 1 - 41

< 1.2��23�1 - 1.2�Allchin et al. 1999��

�Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��United Kingdom;

sites near flame retardant producer/user; 1994-1996

dab, muscle









dab, liver









sites near landfill receiving brominated waste; 1994-1996

dab, liver









flounder, liver









mussel�





BDE47

BDE99

BDE85

octaBDE (DE-79)

decaBDE (DE-83)

BDE47

BDE99

BDE85

octaBDE (DE-79)

decaBDE (DE-83)





BDE47

BDE99

BDE85

octaBDE (DE-79)

decaBDE (DE-83)

BDE47

BDE99

BDE85

octaBDE (DE-79)

decaBDE (DE-83)

BDE47

BDE99

BDE85

octaBDE (DE-79)

decaBDE (DE-83)�





< 1 - 7.0

< 1 - 1.0

< 1 - 1.6

6 - 9.7

< 1.2

37 - 601

9.4 - 29

< 1 - 55

<1 - 325

< 1.2





117

23

< 1

18

< 1.2

217

22

< 1

126

< 1.2

3.5

3.9

2.0

16

< 1.2��23�1 - 1.2�Allchin et al. 1999���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Sweden;

rabbit, muscle; 1986 





moose, muscle; 1985-1986 





reindeer, suet; 1986





ringed seal, blubber; 1981





grey seal, blubber; 1979-1985 





whitefish, muscle; 1986





Arctic char, muscle; 1987





herring; 1986-1987





bream, muscle; 1987





pike, muscle; 1987-1988 

                        



perch, muscle; 1987





trout, muscle; 1988

 �

BDE47

BDE99

unknown pentaBDE4

BDE47

BDE99

unknown pentaBDE

BDE47

BDE99

unknown pentaBDE

BDE47

BDE99

unknown pentaBDE

BDE47

BDE99

unknown pentaBDE

BDE47

BDE99

unknown pentaBDE

BDE47

BDE99

unknown pentaBDE

BDE47

BDE99

unknown pentaBDE

BDE47

BDE99

unknown pentaBDE

BDE47

BDE99

unknown pentaBDE

BDE47

BDE99

unknown pentaBDE

BDE47

BDE99

unknown pentaBDE��

< 1.8

< 0.34

< 0.21

0.82

0.64

0.24

0.17

0.26

0.04

47

1.7

2.3

650

40

38

15

7.2

3.9

400

64

51

12 - 450

3.4 - 46

1.6 - 32

250 - 750

2.3 - 2.4

11 - 37

94 - 6500

60 - 1100

25 - 640

2200-24 000

380 - 9400

230 - 3500

120 - 460

64 - 590

33 - 150�

15





13





31





7





8





35





15





310





2





11





2





22



�0.21 - 1.8�Sellstr(m et al. 1993;

Jansson et al. 1993

��

�Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Sweden; 

osprey, muscle 1982-1986 





starling, muscle; 1988





guillemot , egg; 1970- 1989�

BDE47

BDE99

unknown pentaBDE4

BDE47

BDE99

unknown pentaBDE

BDE47

BDE99

unknown pentaBDE��

1800

140

200

2.7 - 7.8

2.3 - 4.2

0.62 - 1.1

130 - 1500

24 - 330

4.2 - 79�

35





4





64�0.21 - 1.8�Sellstr(m et al. 1993;

Jansson et al. 1993

��Sweden; 1995

pike, muscle

reference site







site upstream from industry







sites downstream from industry�

BDE47

BDE99

BDE100

BDE209

BDE47

BDE99

BDE100

BDE209

BDE47

BDE99

BDE100

BDE209��

130 - 190

< 37 - 58

20 - 495

nd1

40 - 63

< 50 - < 70

9.3 - 16

nd - trace

150 - 2000

< 37 - 1600

24 - 1000

nd - trace�

3







3







9�37 - 70�Sellstr(m et al. 1998��Baltic Sea;

guillemot, egg

1969





1971





1975





1980





1985



�



BDE47

BDE99

BDE100

BDE47

BDE99

BDE100

BDE47

BDE99

BDE100

BDE47

BDE99

BDE100

BDE47

BDE99

BDE100��



66

8.5

5.2

78

12

5.1

360

81

22

700

130

67

1100

170

78�



10 (pooled)





10 (pooled)





10 (pooled)





10 (pooled)





10 (pooled)

�not specified�Sellström et al. 2003���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Baltic Sea;

guillemot, egg

1990





1995





1996





1997





1998





1999





2000





2001�



BDE47

BDE99

BDE100

BDE47

BDE99

BDE100

BDE47

BDE99

BDE100

BDE47

BDE99

BDE100

BDE47

BDE99

BDE100

BDE47

BDE99

BDE100

BDE47

BDE99

BDE100

BDE47

BDE99

BDE100��



760

120

100

250

21

33

230

21

56

140

13

36

82

10

na6

130

13

na

59

8.1

na

89

12

na�



10 (pooled)





10 (mean)





10 (mean)





10 (mean)





10 (mean)





9 (mean)





10 (mean)





10 (mean)�not specified�Sellström et al. 2003��Lake Bolmen, Sweden;

pike 

1967









1968









1969







�



BDE47

BDE99

BDE100

BDE153

BDE154

BDE47

BDE99

BDE100

BDE153

BDE154

BDE47

BDE99

BDE100

BDE153

BDE154�



0.031

0.024

na6

0.0027

0.0026

0.024

0.021

na

0.0031

0.0024

0.032

0.021

na

0.003

0.0022��



10 (pooled)









10 (pooled)









10 (pooled)�not specified�Kierkegaard et al. 2004���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Lake Bolmen, Sweden;

pike 

1976









1980









1985









1990









1995









1996









1997









1998







�



BDE47

BDE99

BDE100

BDE153

BDE154

BDE47

BDE99

BDE100

BDE153

BDE154

BDE47

BDE99

BDE100

BDE153

BDE154

BDE47

BDE99

BDE100

BDE153

BDE154

BDE47

BDE99

BDE100

BDE153

BDE154

BDE47

BDE99

BDE100

BDE153

BDE154

BDE47

BDE99

BDE100

BDE153

BDE154

BDE47

BDE99

BDE100

BDE153

BDE154�



0.180

0.043

0.067

0.0054

na6

0.170

0.100

0.056

na

na

0.630

0.340

0.150

0.022

0.028

0.560

0.310

0.150

0.043

0.057

0.500

0.290

0.140

0.046

0.057

0.260

0.180

0.089

0.033

0.038

0.350

0.190

0.095

0.039

0.051

0.310

0.150

0.098

0.039

0.052��



10 (pooled)









10 (pooled)









10 (pooled)









10 (pooled)









10 (median)









10 (median)









10 (median)









10 (median)�not specified�Kierkegaard et al. 2004���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Lake Bolmen, Sweden;

pike 

1999









2000�



BDE47

BDE99

BDE100

BDE153

BDE154

BDE47

BDE99

BDE100

BDE153

BDE154�



0.350

0.110

0.110

0.030

0.045

0.270

0.060

0.078

0.018

0.033��



10 (median)









10 (median)�not specified�Kierkegaard et al. 2004��Sweden; 1987-1999

peregrine falcon, egg

captive population

1987













1988













1997











�





BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209�





�





1.3

2.6

2.7

12

4.8

< 7

na6

< 0.6 - < 0.8

3.0 – 3.6

3.3 – 4.0

11 – 14

6.8 – 7.4

< 6

< 8 (1)

1.3 – 1.4

2.6 – 2.7

1.1 – 1.3

14 – 16

2.1 – 2.2

12 – 17

na�



10

1













2













2



�0.3 - 20�Lindberg et al. 2004���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Sweden; 1987-1999

peregrine falcon, egg

captive population

1998













1999













northern wild population

1991













1993













1994











�





BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209



BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209��





< 0.4 - < 0.5

1.2 – 4.4

< 0.4 – 2.8

7.7 – 270

1.1 – 14

8.0 – 23

8.6 – 9.0 (2)

< 0.3 - < 0.4

2.0 – 3.2

< 0.9 – 1.6

15 – 120

1.8 – 6.5

13 – 14

< 7 (1)



29 – 130

110 – 250

80 – 310

270 – 1300

50 – 210

96 – 600

42 – 210

34 – 100

170 – 460

130 – 420

630 – 1100

89 – 260

140 – 180

na6

47 – 1300

170 – 2000

270 – 1100

840 – 3700

98 – 400

640 – 700

na�



10

3













2













18

2













2













2







�0.3 – 20

�Lindberg  et al. 2004

���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Sweden; 1987-1999

peregrine falcon, egg

northern wild population

1996













1999













southern wild population

1992













1993













1994









�





BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209



BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209��





63 – 220

200 – 460

100 – 390

500 – 930

58 – 230

170 – 380

46 (1)

22 - 3800

130 - 9200

77 – 5200

530 - 16000

120 - 4400

56 - 490

28 – 190



53 – 220

270 – 1200

78 – 560

450 – 2100

65 – 480

180 – 460

na6

78 – 1600

500 – 8000

160 – 2700

690 – 3400

120 – 1100

260 – 1800

140 (1)

55 – 61

250

110 – 130

500 – 1000

57 – 120

160 – 410

81 (1)�





2













10













24

2













5













2











�0.3 – 20

�Lindberg  et al. 2004���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Sweden; 1987-1999

peregrine falcon, egg

southern wild population

1995













1996













1997













1999�





BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE183

BDE209��





98 – 300

460 – 1300

220 – 280

680 – 1200

130 – 190

110 – 410

28 – 44 (2)

590

1900

880

3500

270

830

430

38

320

140

740

170

260

na6

15 – 250

140 – 1300

100 – 390

540 – 2500

78 – 330

58 – 1100

< 20 – 190 (3)�





3













1













1













10









�0.3 – 20

�Lindberg  et al. 2004��Dutch coast; 1995

mackerel,

muscle





minke whale,

blubber

�

BDE47

BDE99

unknown pentaBDE4

BDE209

BDE47

BDE99

unknown pentaBDE

BDE209�

5.4

1.9

1.8

< 2

88

23

11

< 1��

1







1

�BDE209:

1 - 15

BDE47, BDE99 and unknown pentaBDE:

not specified�de Boer et al. 1998���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Dutch coast; 1995

sperm whale,

blubber







liver







whitebeaked dolphin,

blubber







liver







harbor seal,

blubber







liver





�



BDE47

BDE99

unknown pentaBDE4

BDE209

BDE47

BDE99

unknown pentaBDE

BDE209



BDE47

BDE99

unknown pentaBDE

BDE209

BDE47

BDE99

unknown pentaBDE

BDE209



BDE47

BDE99

unknown pentaBDE

BDE209

BDE47

BDE99

unknown pentaBDE

BDE209�



58 - 95

10 - 26

7.5 - 15

< 3 - < 6

2.7

0.91

0.54

< 3



5500

1000

1200

< 10

22

3.0

5.8

< 1



280 - 1200

40 - 160

18 - 110

< 10 - < 15

12 - 21

0.53 - 5.1

0.07 - 0.93

< 1 - < 2��



3







1









1







1









3







3



�BDE209:

1 - 15

BDE47, BDE99 and unknown pentaBDE:

not specified�de Boer et al. 1998��Norway; birds of prey, egg:

merlin

white-tailed sea eagle

goshawk

golden eagle

peregrine falcon

osprey

gyrfalcon

eagle owl

sparrowhawk�sum PBDE (congener breakdown not reported)

�

36

411

200

7

224

113

18

513

732��

3

5

7

9

6

4

2

1

2�not specified�Herzke et al. 2001

���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Inland Sea of Seto, Japan;

October - December 1998

conger eel











flounder











gray mullet











horse mackerel











red sea bream











sea bass

�



BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209 

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209 

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209

BDE47

BDE99

BDE100

BDE153

BDE154

BDE209 � 



0.067 - 0.120

0.0063 - 0.011

0.0064 - 0.013

0.0054 - 0.010

0.012 - 0.021

< 0.020 - 0.029

0.038 - 0.091

0.0057 - 0.014

0.0044 - 0.010

0.0021 - 0.0045

0.0040 - 0.0080

0.015 - 0.022

1.800 - 2.300

0.024 - 0.041

0.087 - 0.140

0.035 - 0.150

0.041 - 0.130

< 0.010 - 0.013

0.120 - 0.240

0.0014 - 0.019

0.0088 - 0.029

0.003 - 0.019

0.0065 - 0.030

< 0.030 - 0.047

0.053 - 0.064

0.0025 - 0.0075

0.0099 - 0.012

0.00066 - 0.0021

0.0080 - 0.017

< 0.010 - 0.020

0.091 - 0.190

0.0095 - 0.014

0.011 - 0.019

0.0059 - 0.0097

0.0094 - 0.016

0.0087 - 0.017�



1.0 - 1.5

0.09 - 0.17

0.09 - 0.16

0.07 - 0.13

0.16 - 0.26

< 0.2 - 0.53

7.9 - 8.4

1.2 - 1.3

0.87 - 1.0

0.39 - 0.45

0.70 - 0.87

1.9 - 3.2

30 - 46

0.38 - 0.83

1.4 - 2.7

0.56 - 2.9

0.67 - 2.7

< 0.2 - 0.25

1.8 - 8.7

0.04 - 0.17

0.22 - 0.63

0.09 - 0.22

0.19 - 0.71

< 0.2 - 1.4

1.7 - 2.3

0.09 - 0.23

0.36 - 0.39

0.02 - 0.07

0.25 - 0.62

< 0.2 - 0.74

3.8 - 8.7

0.40 - 0.74

0.47 - 0.87

0.25 - 0.45

0.39 - 0.75

0.40 - 0.81�pooled: 1-30 fish



3











2











2











3











3











3�not specified or 

0.01 - 0.03 ww

0.2 lw�Akutsu et al. 2001���Table D.6	Measured concentrations of polybrominated diphenyl ethers in biota (continued)

Sampling Location; Year�Chemical�Concentration

((g/kg ww)            ((g/kg lipid)�Number of Samples�Detection Limit ((g/kg)�Reference��Japan; 1981-1985

mussels





mullet





goby





sardine





sea bass





horse mackerel





mackerel





hairtail�

tetraBDE

pentaBDE

decaBDE

tetraBDE

pentaBDE

decaBDE

tetraBDE

pentaBDE

decaBDE

tetraBDE

pentaBDE

decaBDE

tetraBDE

pentaBDE

decaBDE

tetraBDE

pentaBDE

decaBDE

tetraBDE

pentaBDE

decaBDE

tetraBDE

pentaBDE

decaBDE�

nd1 - 14.6

nd - 2.8

1.4

nd

nd

nd

nd

nd

nd

nd - 0.8

nd

nd

0.1

nd

nd

nd

nd

nd

0.3

nd

nd

0.1

nd

nd��

not specified

not specified

in 1 of 5

not specified

not specified

4

not specified

not specified

2

not specified

not specified

2

not specified

not specified

1

not specified

not specified

1

not specified

not specified

1

not specified

not specified

1�tetraBDE and pentaBDE = 

0.1;

decaBDE = 

0.5�Watanabe et al. 1987��Japan; 1987



1988�octaBDE

decaBDE

octaBDE

decaBDE�nd

nd

nd

nd��75

75

144

138�5 

5

4

5�Environment Agency Japan 1991 ��



Notes:



1 nd = not detected

2 Other BDE = sum of BDEs 25, 30, 32, 77 and 140

3 < QC = amount detected was less than the quantification criteria

4 PentaBDE congener of unknown structure (Sellstr(m et al. 1993; Jansson et al. 1993)

5 maximum value due to interfering compound (Sellstr(m et al. 1998)

6 Not analyzed 

�Appendix E.  Summary of toxicology studies for polybrominated diphenyl ethers

 

Table E.1	Summary of toxicology studies for commercial pentabromodiphenyl ether 

Species, Life Stage�Composition of Test Material�Test Duration�Test Concentrations 

�Study Design�Effect Level�Reference��Oncorhynchus mykiss,

 juvenile�33.7% TetraBDE

54.6% PeBDE

11.7% HexaBDE�96 h�Nominal:  0, 1.6, 3.3, 6.5, 13 and 26 (g/L



Measured:  0, 1.1, 2.3, 3.9, 7.8 and 21 (g/L



�flow-through

12 ( 2(C, pH 8.2-8.3, D.O. > 82% saturation, hardness 128-132 mg/L as CaCO3, alkalinity 172-176 mg/L as CaCO3, conductance 280(mhos/cm

20 animals/treatment

GLP, protocol based on TSCA Title 40, OECD 203, ASTM E729-88a�96 h LOEC > 26 (g/L (nominal) or 21 (g/L (measured)

96 h NOEC  ( 26 (g/L (nominal) or 21 (g/L (measured)1 

96 h LC50 > 26 (g/L (nominal) or 21 (g/L (measured)





�CMABFRIP 1997i 

��Oncorhynchus mykiss, 

newly fertilized embryos < 24 h old at test initiation�0.23%TriBDE

36.02% TetraBDE

55.10% PeBDE

8.58% HexaBDE

(Great Lakes Chemical Corporation 2000f)�87 d (27 d hatch, 60 d post-hatch)�Nominal:  0, 1.6, 3.3, 6.5, 13, and 26 (g/L



Measured:  0, 1.2, 2.5, 4.0, 8.9 and 16 (g/L



�flow-through

12 ( 1(C, pH 7.9-8.2, D.O. ( 6.8 mg/L (63% saturation), conductance 270-300 (mhos/cm, hardness 128-136 mg/L as CaCO3,  alkalinity 172-182 mg/L as CaCO3

120 embryos/treatment, reduced to 60 larvae/treatment post-hatch

GLP, protocol based on  U.S. EPA OPPTS 850.1400, OECD 210, ASTM E1241-88a �LOEC and NOEC expressed in measured concentrations only

LOEC (time to hatch, hatching success, time to swim up, post-hatch survival) > 16 (g/L 

NOEC (time to hatch, hatching success, time to swim up, post-hatch survival) ( 16 (g/L1

LOEC (post-hatch growth) = 16 (g/L 

NOEC (post-hatch growth) = 8.9 (g/L

      �Great Lakes Chemical Corporation 2000a��Oncorhynchus mykiss

(species assumed, authors identify organism only as rainbow trout), 

embryo to swim-up fry�Bromkal 70: 



36% TeBDE

64% PeBDE

(Norstrom et al. 1976)�7 wk. (exposed        1 wk prior to hatch, analysis of swim-up fry  6 wk later)�Injected: 0, 0.08, 0.8 and 4 (g/embryo (nominal or measured not specified), considered to give theoretical concentrations of 0, 1, 10 and 50 (g/g fresh weight

�continuous flow using natural ground water

10 ( 1(C

100-200 eggs/test group

endocrine effects assessed by evaluating liver morphology and changes in ethoxyresorufin O-deethylation (EROD) activity�weak but statistically significant increase in EROD activity at the 0.8 (g/embryo dose; non- significant increases at 0.08 and 4 (g/embryo doses

authors speculate that increased EROD activity may be due to the presence of impurities in commercial formulation or metabolism by fry into an inducing compound

some change in liver morphology relative to control but authors do not indicate if changes are significant

cumulative mortality in carrier (DMSO-injected) control 33% vs. non-injected control  < 5%. Authors state this lies within the range of mortalities found in other microinjection studies with rainbow trout embryos.�Norrgren et al. 1993���Table E.1	Summary of toxicology studies for commercial pentabromodiphenyl ether (continued)

Species, Life Stage�Composition of Test Material�Test Duration�Test Concentrations �Study Design�Effect Level�Reference��Oncorhynchus mykiss,

age 1+�2,2(,4,4(,5-PeBDE,

> 99% pure�6 d and 22 d�in diet:



6 d: total dose 4.9 mg/kg fish



22 d: total dose 19.5 mg/kg fish



(nominal or measured not specified)�continuous flow

natural brackish water with annual salinity fluctuations of  7.0-7.5 ppt.

13-15(C, 8 fish/treatment 

effects assessed by evaluating somatic weight, total length, somatic condition factor, liver somatic index, spleen somatic index, hematocrit, leukocytes, thrombocytes, granulocytes, lymphocytes, hemoglobin, blood glucose, EROD, glutathione reductase, catalase�6 d exposure period: significant reduction in hematocrit and increase in blood glucose; other parameters not significantly affected

22 d exposure period: significant decrease in glutathione reductase activity; other parameters not significantly affected



[NB. Confidence interval (95%) values for some parameters quite wide making it possible that effects may not show as statistically significant]  �Tjarnlund et al. 1998��Gasterosteus aculeatus,

three-spined stickleback�Bromkal 70-5DE:



44% TetraBDE

56% PeBDE

(Sellstr(m et al. 1990; Jansson et al. 1993)�3.5 mo. exposure period to maximum 

4.5 mo. Reproduct-ive period�Nominal: 

Low dose (LD) group fed 2% of body weight daily with freeze-dried chironomids containing 6.29 mg of 4.00 mg/mL Bromkal 70-5DE

High dose (HD) group fed as above with food containing 10.39 mg of 4.00 mg/mL Bromkal 70-5DE�20 female fish/treatment during exposure, 8-11 females/treatment used in spawning, weight range for fish 0.9 ( 0.1 g

artificial seawater with salinity 6 ppt.

static renewal exposure with one-half renewal of test solutions once per month

10 ( 1(C during exposure period, 15(C during spawning period, 21(C during egg hatch

light:dark cycle synchronized to natural conditions�no dose-dependent mortality

reproduction: decreased  spawning success in HD group (20% spawned) but not LD group (100% spawned) relative to control (80% spawned); no significant difference in number of eggs laid/g female 

liver morphology: pronounced intracellular lipid accumulation relative to control group (not analyzed statistically)

cytochrome P450 activity: induction in both dose groups relative to control; authors comment that induction was not statistically significant but was very close to significance limit (P< 0.05)�Holm et al. 1993��Daphnia magna, 

< 24 h old at test initiation�33.7% TetraBDE

54.6% PeBDE

11.7% HexaBDE�48 h�Nominal:  0, 1.6, 3.3, 6.5, 13 and 26 (g/L



Measured: 0, 1.2, 2.4, 4.9, 9.1 and 20 (g/L





�flow-through using well water

20 ( 2(C, pH 8.3-8.4, D.O. > 96% saturation, hardness 132 mg/L as CaCO3, alkalinity 182 mg/L as CaCO3, conductance 315 (mhos/cm

20 animals/treatment

GLP, protocol based on TSCA Title 40, OECD 202 and ASTM E729-88a�48 h LOEC = 13 (g/L (nominal) or 9.1 (g/L (measured)

48 h NOEC = 6.5 (g/L (nominal) or 4.9 (g/L (measured) 

48 h EC50 = 19 (g/L (nominal) or 14 (g/L (measured) 

Authors state effects may have been due to physical impairment from accumulation of undissolved substance rather than direct toxic effect since two static range finder tests showed lesser effects at higher concentrations. Flow-through system may have allowed accumulation on animals and test system.�CMABFRIP 1997j

���Table E.1	Summary of toxicology studies for commercial pentabromodiphenyl ether (continued)

Species, Life Stage�Composition of Test Material�Test Duration�Test Concentrations �Study Design�Effect Level�Reference��Daphnia magna, 

< 24 h old at test initiation�33.7% TetraBDE

54.6% PeBDE

11.7% HexaBDE�21 d�Nominal: 0, 1.9, 3.8, 7.5, 15 and 30 (g/L



Measured: 0, 1.4, 2.6, 5.3, 9.8 and 20 (g/L



�flow-through using well water

20 ( 1(C, pH 7.9-8.3, D.O. ( 76% saturation, hardness 128-136 mg/L as CaCO3, alkalinity 174-176 mg/L as CaCO3, conductance 310-315 (mhos/cm

40 animals/treatment

GLP, protocol based on OECD 202, TSCA Title 40 and ASTM E1193-87�21 d LOEC (mortality/immob.) =  20 (g/L

21 d NOEC (mortality/immob.) =  9.8 (g/L

96 h EC50 (mortality/immob.) = 17 (g/L 

7-21 d EC50 (mortality/immob.) =  14 (g/L

21 d EC50 (reproduction) = 14 (g/L

21 d LOEC (growth) = 9.8 (g/L

21 d NOEC (growth ) = 5.3 (g/L

LOEC (overall study) = 9.8 (g/L

NOEC (overall study) = 5.3 (g/L�CMABFRIP 1998��Selenastrum capricornutum�33.7% TetraBDE

54.6% PeBDE

11.7% HexaBDE�96 h�Nominal:  0, 1.6, 3.3, 6.5, 13 and 26 (g/L

Measured:  0, 1.7, 3.1, 5.9, 12 and 26 (g/L at start of test period

Mean measured concentrations  over duration of test: 0, 1.1, 1.8, 3.3, 6.6 and 14 (g/L

Concentrations at end of test period were below analytical limit of < 0.8 (g/L in all treatments. Possible adsorption or uptake by organisms (European Communities 2000).�static

24 ( 2(C, pH 7.4-8.2, continuous cool-white light 3880-4694 lux 

3 replicates/treatment

GLP, protocol based on TSCA Title 40 and OECD 201�statistically significant inhibition at 24 h. By 48 h and longer, no significant difference seen. 

96 h LOEC (growth inhibition) > 26 (g/L (nominal) or > 14 (g/L (mean measured)

96 h NOEC ( 26 (g/L (nominal) or ( 14 (g/L (mean measured)1

96 h EC10 (growth inhibition ) > 26 (g/L (nominal) or > 14 (g/L (mean measured)

24 h EC10 (growth inhibition, based on cell density) = 3.1 (g/L (nominal) or 1.7 (g/L (mean measured)

24 h EC10 (growth inhibition, based on area under growth curve) = 2.7 (g/L (nominal) or 1.5 (g/L (mean measured)�CMABFRIP 1997a

��Hyalella azteca, 

12 days old at test initiation�0.23% TriBDE

36.02% TetraBDE

55.10% PeBDE

8.58% HexaBDE

(Great Lakes Chemical Corporation 2000f)�28 d�Nominal:  0, 3.1, 6.3, 13, 25 and 

50 mg/kg dw of sediment



Analysis of test concentrations at days 0, 7 and 28 indicated they were well maintained throughout the test. Results reported based on nominal concentrations. �flow through using well water

23 ( 2(C, pH 8.2-8.6, D.O. 6.3-8.5 mg/L, hardness 129 mg/L as CaCO3

artificial sediment: pH 6.6, water holding capacity 11%, mean organic matter < 2%, 83% sand, 11% clay, 6% silt

80 animals/treatment

GLP, protocol based on ASTM E1706-95b and U.S. EPA OPPTS No. 850.1735 �control mortality 30% - no test acceptability criteria for 28 d test provided; maximum control mortality for 10 d test in referenced methods is 20%

authors state in report “EC50 value could not be calculated”

authors provide LOEC and NOEC values “based on the general increase in mortality at concentrations ( 13 mg/kg dw sediment” 

28 d LOEC (mortality) = 13 mg/kg dw 

28 d NOEC (mortality) = 6.3 mg/kg dw  

growth data highly variable; any reduction in dry weight in comparison to pooled controls not concentration-dependent and not statistically significant�Great Lakes Chemical Corporation 2000b���Table E.1	Summary of toxicology studies for commercial pentabromodiphenyl ether (continued)

Species, Life Stage�Composition of Test Material�Test Duration�Test Concentrations 

(Nominal or Measured) �Study Design�Effect Level�Reference��Chironomus riparius,

first-instar larvae,

approximately 3 days old�0.23% TriBDE

36.02% TetraBDE

55.10% PeBDE

8.58% HexaBDE

(Great Lakes Chemical Corporation 2000f)�28 d�Nominal:  0, 3.1, 6.3, 13, 25 and 50 mg/kg dw of sediment 



Analysis of test concentrations at days 0, 7 and 28 indicated actual concentrations were  lower than nominal. Results of study based on nominal concentrations. �static using well water

20 ( 2(C, pH 8.1-8.4, D.O. 6.0-8.6 mg/L, hardness 130 mg/L as CaCO3

artificial sediment: pH 6.6, water holding capacity 11%, mean organic matter < 2%, 83% sand, 11% clay, 6% silt

80 animals/treatment

GLP, protocol based on OECD draft test guideline  (May 1998)�28 d EC50 (mortality) > 50 mg/kg dw  of sediment 

28 d LOEC (mean emergence rate, mean development time) > 50 mg/kg dw of sediment

28 d NOEC (mean emergence rate, mean development time) ( 50 mg/kg dw of sediment1 

28 d LOEC (mean development rate) = 50 mg/kg dw of sediment

28 d NOEC (mean development rate) = 25 mg/kg dw of sediment�Great Lakes Chemical Corporation 2000c��Lumbriculus variegatus

adult

�0.23% TriBDE

36.02% TetraBDE

55.10% PeBDE

8.58% HexaBDE

(Great Lakes Chemical Corporation 2000f)�28 d�Nominal:  0, 3.1, 6.3, 13, 25 and 50 mg/kg dw of sediment



Analysis of test concentrations at days 0, 7 and 28 indicated they were well maintained throughout the test. Results based on nominal concentrations. 

�flow through, filtered well water

23 ( 2(C, pH 7.9-8.6, D.O. 6.0-8.2 mg/L, hardness 130 mg/L as CaCO3

artificial sediment: pH 6.6, water holding capacity 11%, mean organic matter < 2%, 83% sand, 11% clay, 6% silt

80 animals/treatment

GLP, protocol based on Phipps et al. (1993), ASTM E1706-95b and U.S. EPA  OPPTS No. 850.1735 �28 d LOEC (survival/reproduction) = 6.3 mg/kg dw of sediment

28 d NOEC (survival/reproduction) = 3.1 mg/kg dw of sediment

28 d EC50 (survival/reproduction) > 50 mg/kg dw of sediment

growth (dry weights) not significantly different from solvent control and not concentration-dependent�Great Lakes Chemical Corporation 2000d��Soil microorganisms�0.23% TriBDE

36.02% TetraBDE

55.10% PeBDE

8.58% HexaBDE

(Great Lakes Chemical Corporation 2000f)�28 d�0.01, 0.03, 0.10, 0.33 and 1.00 gm/kg dry soil weight (nominal or measured not specified)�20 ( 2(C 

aerobic test conditions

sandy loam soil, 1.0% organic carbon content, pH 6.8, soil water content around 17%

OECD 216 �28 d LOEC (nitrate production) > 1 mg/kg dw

28 d NOEC (nitrate production) ( 1 mg/kg dw1�Inveresk 1999 ���Table E.1	Summary of toxicology studies for commercial pentabromodiphenyl ether (continued)

Species, Life Stage�Composition of Test Material�Test Duration�Test Concentrations 

(Nominal or Measured) �Study Design�Effect Level�Reference��Eisenia fetida,

adult earthworm�0.23% TriBDE

36.02% TetraBDE

55.1% PeBDE

8.58% HexaBDE

(Great Lakes Chemical Corporation 2000f)�14 d�Phase I: 

Nominal: 0, 3.1, 6.3, 13, 25 and 50 mg/kg dw soil

Phase II:

Nominal:  0, 100, 300 and 500 mg/kg dw of soil



Analysis of test concentrations at end of test indicated they were well maintained.�artificial soil: 70% sand, 20% clay, 10% sphagnum peat, pH 6.0, soil water content 33% by weight 

20 ( 2(C, pH 6.6-8.7,  continuous light

40 animals/ treatment

GLP, protocol based on OECD 207�no significant treatment-related effects

14 d LOEC (mortality, mean body weight)       

       > 500 mg/kg dw of soil

14 d NOEC (mortality, mean body weight) ( 500 mg/kg dw of soil1

14 d LC50 in soil > 500 mg/kg dw of soil�Great Lakes Chemical Corporation 2000g��Zea mays, 

corn�0.23% TriBDE

36.02% TetraBDE

55.10% PeBDE

8.58% HexaBDE

(Great Lakes Chemical Corporation 2000f)�21 d�Nominal:  0, 62.5, 125, 250, 500 and 1000 mg/kg soil dw

                  or

0, 50.0, 100, 200, 400 and 800 mg/kg soil wet weight, assuming 20% soil moisture content



Analysis of test concentrations  indicated they were well maintained throughout the test. Results reported based on nominal concentrations. 

�artificial soil: 92% sand, 8% clay and 0% silt, pH 7.5, organic matter content 2.9%

watering with well water using subirrigation, 14:10 light: dark photoperiod, 16.0-39.9(C, relative humidity 19-85%

40 seeds/treatment

GLP, protocol based on U.S. EPA OPPTS Numbers 850.4100 and 850.4225 and OECD 208 (based on 1998 proposed revision)�no apparent treatment-related effects on seedling emergence

21 d LC25, LC50 (seedling emergence) > 1000 mg/kg soil dw

mean shoot height significantly reduced at 250, 500 and 1000 mg/kg soil dw relative to controls

21 d EC25, EC50  (mean shoot height) > 1000 mg/kg soil dw

mean shoot weight significantly reduced at 62.5, 125, 250, 500 and 1000 mg/kg soil dw relative to controls 

21 d EC25 (mean shoot weight) = 154 mg/kg soil dw 

21 d EC50 (mean shoot weight) > 1000 mg/kg soil dw 

21 d LOEC (mean shoot weight) = 62.5 mg/kg soil dw

21 d EC05 and (estimated) NOEC (mean shoot weight) = 16.0 mg/kg soil dw �Great Lakes Chemical Corporation 2000e���Table E.1	Summary of toxicology studies for commercial pentabromodiphenyl ether (continued)

Species, Life Stage�Composition of Test Material�Test Duration�Test Concentrations 

(Nominal or Measured) �Study Design�Effect Level�Reference��Lycopersicon esculentum, 

tomato�0.23% TriBDE

36.02% TetraBDE

55.1% PeBDE

8.58% HexaBDE

(Great Lakes Chemical Corporation 2000f)�21 d�Nominal:  0, 62.5, 125, 250, 500 and 1000 mg/kg soil dw

                  or

0, 50.0, 100, 200, 400 and 800 mg/kg soil wet weight, assuming 20% soil moisture content



Analysis of test concentrations  indicated they were well maintained throughout the test. Results reported based on nominal concentrations. 

�artificial soil: 92% sand, 8% clay and 0% silt, pH 7.5, organic matter content 2.9%

watering with well water using subirrigation, 14:10 light: dark photoperiod, 16.0-39.9(C, relative humidity 19-85%

40 seeds/treatment

GLP, protocol based on U.S. EPA OPPTS Numbers 850.4100 and 850.4225 and OECD 208 (based on 1998 proposed revision)�no apparent treatment-related effects on seedling emergence

21 d LC25, LC50 (seedling emergence) > 1000 mg/kg soil dw

mean shoot height of 500 mg/kg group significantly reduced relative to controls

21 d EC25 (mean shoot height) = 369 mg/kg soil dw 

21 d EC50 (mean shoot height) > 1000 mg/kg soil dw

mean shoot weight of 250, 500 and 1000 mg/kg groups significantly reduced relative to controls

21 d EC25 (mean shoot weight) = 136 mg/kg dw 

21 d EC50 (mean shoot weight) = 217 mg/kg dw 

21 d LOEC (mean shoot weight) = 250 mg/kg soil dw

21 d NOEC (mean shoot weight) = 125 mg/kg soil dw�Great Lakes Chemical Corporation 2000e��Cucumis sativa, cucumber

Allium cepa,  

onion

Lolium perenne,

ryegrass

Glycine max,

soybean�0.23% TriBDE

36.02% TetraBDE

55.1% PeBDE

8.58% HexaBDE

(Great Lakes Chemical Corporation 2000f)�21 d�Nominal:  0, 62.5, 125, 250, 500 and 1000 mg/kg soil dw

                  or

0, 50.0, 100, 200, 400 and 800 mg/kg soil wet weight, assuming 20% soil moisture content



Analysis of test concentrations  indicated they were well maintained throughout the test. Results reported based on nominal concentrations. �artificial soil: 92% sand, 8% clay and 0% silt, pH 7.5, organic matter content 2.9%

watering with well water using subirrigation, 14:10 light: dark photoperiod, 16.0-39.9(C, relative humidity 19-85%

40 seeds/treatment

GLP, protocol based on U.S. EPA OPPTS Numbers 850.4100 and 850.4225 and OECD 208 (based on 1998 proposed revision)�no statistically significant differences observed between treatments and controls for emergence, mean shoot height and mean shoot weight

21 d LC25, LC50 (seedling emergence) >   1000 mg/kg soil dw for each of cucumber, onion, ryegrass and soybean

21 d EC25, EC50 (mean shoot height, mean shoot weight) > 1000 mg/kg soil dw

21 d NOEC (seedling emergence, mean shoot height, mean shoot weight) ( 1000 mg/kg soil dw for each of cucumber, onion, ryegrass and soybean1�Great Lakes Chemical Corporation 2000e��

Notes:



1 Study identified that the highest concentration (or dose) tested did not result in statistically significant results. Since the NOEC or NOAEL could be higher, the NOEC or NOAEL are described as being greater than or equal to the highest concentration (or dose) tested.

�Table E.2	Summary of toxicology studies for commercial octabromodiphenyl ether

Species, Life Stage�Test Material Composition�Test Duration�Test Concentrations �Study Design�Effect Level�Reference��Oryzias latipes

orange-red killifish, 

adult 

�congener mix of  6-10 Br/molecule with ( 86% hepta, octa  and nonaBDE �48 h�not specified�25(C

mean body weight 0.32 g

at 500 mg/L, concentration of dispersing agent ( 20 g/L�48 h LC50 > 500 mg/L�CITI 1992 ��Daphnia magna, life stage not specified�commercial product�48 h�not specified

�GLP�48 h EC50 > water solubility (< 1 (g/L)



�Hardy 2002��Daphnia magna

< 24 h old at test initiation�5.5% HexaBDE

42.3% HeptaBDE

36.1% OctaBDE

13.9% NonaBDE

2.1% DeBDE

(European Communities 2002)�21 d�Nominal: 0,0.13, 0.25, 0.5, 1.0 and 2.0 (g/L

Measured: 0, *, *, 0.54, 0.83 and 1.7 (g/L

* two lowest concentrations could not be measured�flow-through using filtered well water

20 ( 1(C, pH 8.2-8.5, D.O. ( 77% saturation, hardness 132-136 mg/L as CaCO3

20 animals/ treatment

GLP, protocol based on OECD 202, ASTM E1193-87 and TSCA Title 40  �21 d LOEC (survival,  reproduction, growth)  > 2.0 (g/L (nominal) or 1.7 (g/L (measured)

21 d NOEC (survival, reproduction, growth)  ( 2.0 (g/L (nominal) or 1.7 (g/L (measured)1

21 d EC50 (survival, reproduction, growth) > 2.0 (g/L (nominal) or 1.7 (g/L (measured)�CMABFRIP 1997e��Lumbriculus variegatus,

adult� DE-79:



78.6%  bromine content�28 d�Nominal: 0, 94, 188, 375, 750 and 1500 mg/kg dw of sediment



�80 animals/treatment

flow-through using filtered well water, hardness 128-132 mg/L as CaCO3 

Two trials with different artificial sediments: (i) 6% silt, 9% clay, 85% sand, 2% total organic carbon (TOC), water holding capacity 9.3%,  23 ( 2(C, pH 7.6-8.4, D.O. ( 45% saturation (3.8 mg/L) (ii) 6% clay, 14% silt, 80% sand, 5% TOC, water holding capacity 13.9%, 23 ( 2(C, pH 7.5-8.3, D.O. ( 64% saturation (5.4 mg/L)

GLP, protocol based on Phipps et al. (1993), ASTM  E1706-95b and U.S. EPA OPPTS 850.1735�for both 2% and 5% TOC studies: 



28 d LOEC (survival/reproduction, growth)  > 1500 mg/kg dw of sediment

28 d NOEC (survival/reproduction, growth)  ( 1500 mg/kg dw of sediment1

28 d EC50 (survival/reproduction, growth) > 1500 mg/kg dw of sediment



For 2% TOC study:



average individual dry weights for treatments statistically lower than in control; not considered treatment-related by authors as average biomass in treatments comparable to control. �Great Lakes Chemical Corporation 2001a,b��



�Table E.2	Summary of toxicology studies for commercial octabromodiphenyl ether (continued)

Species, Life Stage�Test Material Composition�Test Duration�Test Concentrations �Study Design�Effect Level�Reference��Eisenia fetida,

adult earthworm�DE-79:



78.6%  bromine content�56 d�Nominal:  0, 94.0, 188, 375, 750 and 1500 mg/kg dry soil



Measured: 0 , 84.9, 166, 361, 698 and 1470 mg/kg dry soil

�artificial soil: sandy loam, 69% sand, 18% silt, 13% clay, 8.0% organic matter (4.7% carbon), pH 6.0 ( 0.5 

17-21(C, 16:8 light:dark photoperiod, pH 5.9-6.8,  soil moisture 22.0-33.5%

40 animals/ treatment

GLP, protocol based on U.S. EPA OPPTS 850.6200, OECD 207 and proposed OECD (2000) guideline�28 d LOEC (mortality) > 1470 mg/kg dry soil

28 d NOEC (mortality) ( 1470 mg/kg dry soil1

28 d EC10, EC50 (survival) > 1470 mg/kg dry soil



56 d LOEC (reproduction) > 1470 mg/kg dry soil

56 d NOEC (reproduction) ( 1470 mg/kg dry soil1

56 d EC10, EC50 (reproduction) > 1470 mg/kg dry soil�Great Lakes Chemical Corporation 2001c��Zea mays, 

corn

Cucumis sativa,

cucumber

Allium cepa,

onion

Lolium perenne,

ryegrass

Glycine max,

soybean

Lycopersicon esculentum,

tomato





�DE-79:



78.6%  bromine content�21 d�Nominal:  0, 94, 188, 375, 750 and 1500 mg/kg soil dw



Measured:  0, 83.4, 157, 326, 664 and 1190 mg/kg soil dw

                 

�artificial soil: 92% sand, 8% clay and 0% silt, pH 7.5, organic matter content 2.9%

watering with well water using subirrigation, 14:10 light: dark photoperiod, 15-31(C, relative humidity 10-64%

40 seeds/treatment

GLP, protocol based on U.S. EPA OPPTS Numbers 850.4100 and 850.4225 and OECD 208 (based on 1998 proposed revision)�no apparent treatment-related effects on seedling emergence, mean shoot height or mean shoot weight

21 d LOEC (emergence, mean shoot height, mean shoot weight) > 1500 mg/kg soil dw for each of corn, cucumber, onion, ryegrass, soybean and tomato

21 d NOEC (emergence, mean shoot height, mean shoot weight) ( 1500 mg/kg soil dw for each of corn, cucumber, onion, ryegrass, soybean and tomato1

�Great Lakes Chemical Corporation 2001d��

Notes:



1 Study identified that the highest concentration (or dose) tested did not result in statistically significant results. Since the NOEC or NOAEL could be higher, the NOEC or NOAEL are described as being greater than or equal to the highest concentration (or dose) tested.



�Table E.3	Summary of toxicology studies for commercial decabromodiphenyl ether

Species, Life Stage�Composition of Test Material�Test Duration�Test Concentrations �Study Design�Effect Level�Reference��Oncorhynchus mykiss,

juvenile�Dow FR-300-BA



77.4% deBDE, 21.8% nonaBDE, 0.8% octaBDE

(Purity not determined, but noted by Norris et al. 1973 and 1973)

�4 treatment regimes:



16 d



49 d



120 d



49 d  +  71 d depuration�Control and one exposure concentration of 7.5-10 mg/kg bw/d (nominal or measured not specified) for each treatment regime



�continuous flow

natural brackish water

salinity 7.0-7.5 ppt.

natural light 

outdoor water temperatures corresponding to June to September in Sweden 

endpoints measured were mortality, condition factor, liver body index, tissue levels, hematocrit, blood lactate, hemoglobin,  differential blood cell counts, ethoxyresorufin-O-deethylase (EROD), ethoxycoumarin-O-deethylase (ECOD) and transketolase activity�no significant difference between treated groups and controls in condition factor, mortality, and EROD, ECOD and transketolase activity

significant decrease in hemoglobin levels at    16 d exposure; effect not evident at 120 d (levels not measured at 49 d). Authors suggest effects are reversible.

no significant difference between treatment and control for any endpoints in 49 d exposure group. Blood lactate and hemoglobin not analyzed at 49 d.

significantly higher liver body index (increased liver weight) and blood lactate levels in 120 d exposure and 49 d exposure + 71 d depuration treatment groups. 

significantly higher percent leucocytes in 49 d + 71 d depuration treatment group, possibly related to abnormally warm seasonal water temperatures�Kierkegaard et al. 1999a��Skeletonema costatum

and 

Thalassiosira pseudonana�commercial product�72 h�Saturation concentration 

1 mg/L



�two replicates/test

population density estimated by cell counts using a hemocytometer 

salinity 30 ppt.

pH range 7.6-8.2 �growth reduced by < 50% at highest concentration, therefore not possible to calculate EC50 value 

study does not indicate whether any toxic effects occurred at 1 mg/L �Walsh et al. 1987 ��Chlorella sp.�commercial product�96 h�Saturation concentration 

1 mg/L



�population density estimated by cell counts using a hemocytometer 

salinity 30 ppt.

pH range 7.6-8.2 �growth reduced by < 50% at highest concentration, therefore not possible to calculate EC50 value 

study does not indicate whether any toxic effects occurred at 1 mg/L �Walsh et al. 1987 ��earthworm 

Eisenia fetida

adult�commercial product sample:

97.90% DecaBDE

�28 and 56 d�Nominal soil concentrations:   

0, 312, 650, 1260, 2500 and 5000 mg/kg soil dw



Mean measured concentrations: <DL, 320, 668, 1240, 2480, 4910 mg/kg dw� artificial sandy loam soil: 69% sand, 18% silt, 13% clay, 8% TOM, 4.7% TOC, pH adjusted to 6.0(0.5, 60% moisture content, 26% water holding capacity�28 d LOEC (survival) > 4910 mg/kg dry soil (mean measured)

28 d NOEC (survival) 1 4910 mg/kg dry soil (mean measured) 1

28 d EC10, EC50 (survival) > 4910 mg/kg dry soil (mean measured)

56 d LOEC (reproduction) > 4910 mg/kg dry soil (mean measured)

56 d NOEC (reproduction) 1 4910 mg/kg dry soil (mean measured) 1 

56 d EC10, EC50 (reproduction) > 4910 mg/kg dry soil (mean measured)�ACCBFRIP2001c���Table E.3	Summary of toxicology studies for commercial decabromodiphenyl ether (continued)

Species, Life Stage�Composition of Test Material�Test Duration�Test Concentrations �Study Design�Effect Level�Reference��Lumbriculus variegatus,

adult�97.3% DecaBDE

2.7% Other (not specified)

 (composite from three manufacturers)�28 d�Nominal: 0, 313, 625, 1250, 2500 and 5000 mg/kg dw of sediment



Mean measured (i) 2.4% OC Trial: <1.16, 291, 2360, 4536 (no measurement of 625, 1250 nominal) mg/kg dw: (ii) 5.9% OC Trial: <DL, 258, 2034, 3841 (no measurement of 625, 1250 nominal) mg/kg dw �80 animals/treatment

flow-through using filtered well water, hardness 128 - 132 mg/L as CaCO3  

Two trials with different artificial sediments: (i) 6% silt, 9% clay, 85% sand, 2.4% total organic carbon (TOC), water holding capacity 9.3%,  23 ( 2(C, pH 7.7-8.6, D.O. ( 36% saturation (3.1 mg/L) (ii) 6% clay, 14% silt, 80% sand, 5.9% TOC, water holding capacity 13.9%, 23 ( 2(C, pH 7.7-8.6, D.O. ( 56% saturation (4.8 mg/L)

gentle aeration from day 7 to test end

GLP, protocol based on  Phipps et al. 1993, ASTM  E1706-95b and U.S. EPA OPPTS 850.1735�for both 2.4% and 5..9%  TOC studies: 

28 d NOEC (survival/reproduction, growth) ( 5000 mg/kg dw of sediment1

28 d LOEC (survival/reproduction, growth) > 5000 mg/kg dw of sediment

28 d EC50 (survival/reproduction, growth) > 5000 mg/kg dw of sediment 

 �ACCBFRIP 2001a; 2001b��Zea mays,

corn

Cucumis sativa, cucumber

Allium cepa,  

onion

Lolium perenne,

ryegrass

Glycine max,

soybean

Lycopersicon esculentum,

tomato�97.9% DecaBDE

2.1% other BDE (composite from three manufacturers)�21 d�Nominal: 0, 391, 781, 1563, 3125 and 6250 mg/kg dry soil



Mean measured:  0, 292, 707, 1177, 2098 and 5349 mg/kg dry soil�artificial soil: sandy loam, 84% sand, 8% silt and 8% clay; pH 7.7, organic matter content 2.8%

watering with well water using subirrigation, 14:10 light:dark photoperiod, 18-33 (C, relative humidity 10-79% 

40 seeds/treatment 

GLP, protocol based on OECD 208 (based on 1998 proposed revision), U.S. EPA OPPTS 850.4100 and OPPTS 850.4225�no statistically significant differences observed between treatments and control for emergence, mean shoot height or mean shoot weight with any of the species tested

21 d LOEC (emergence, mean shoot height, mean shoot weight) > 6250 mg/kg soil dw for each of corn, cucumber, onion, ryegrass, soybean and tomato

21 d NOEC (emergence, mean shoot height, mean shoot weight) ( 6250 mg/kg soil dw for each of corn, cucumber, onion, ryegrass, soybean and tomato1

�ACCBFRIP 2001d

��

Notes:



1 Study identified that the highest concentration (or dose) tested did not result in statistically significant results. Since the NOEC or NOAEL could be higher, the NOEC or NOAEL are described as being greater than or equal to the highest concentration (or dose) tested.







�Appendix F.  Persistence and bioaccumulation criteria as defined in CEPA 1999 Persistence and Bioaccumulation Regulations 



Persistencea�Bioaccumulationb��Medium�Half-life���Air



Water

Sediment

Soil�( 2 days or is subject to atmospheric transport from its source to a remote area

( 182 days (( 6 months)

( 365 days (( 12 months)

( 182 days (( 6 months)�

BAF( 5000;

BCF ( 5000;

log Kow( 5��a	A substance is persistent when at least one criterion is met in any one medium.

b When the BAF of a substance cannot be determined in accordance with generally recognized methods, then the BCF of a substance will be considered, however, if neither its BAF nor its BCF can be determined with recognized methods, then the log Kow will be considered.



�



�



�



�



�PAGE  �89�









�PAGE  �145�





�PAGE  �148�





�PAGE  �167�





�PAGE  �










