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An extraction, separation, and purification method was
developed for the identification and quantification of total

bromine (TBr), extractable organobromine (EOBr), and five
classes of identified EOBrs. Instrumental neutron activation
analysis (INAA) was utilized to quantify EOBr and TBr. The
method was then applied to liver samples of tuna, albatross, and
polar bear collected from remote marine locations. Polybro-
minated biphenyls (PBBs), polybrominated diphenyl ethers
(PBDEs), bromophenols (BRPs), hydroxylated (OH-) and
methoxylated (MeO-) PBDEs were analyzed as identified
EOBr. The majority of the bromine in these marine organisms
was nonextractable or inorganic, with EOBr accounting for
10-28% of the TBr. Of the identified EOBr, in tuna and albatross,
naturally occurring compounds, including MeO-PBDEs, OH-
PBDEs, and BPRs, were prevalent. However, the identifiable
EOBr in polar bears consisted primarily of synthetic compounds,
including PBDEs and PBBs. Overall, 0.08-0.11% and
0.008-0.012% of EOBr and TBr, respectively, were identified.
The proportion of EOBr that was identified in marine organisms
was relatively small compared to the proportions for
organofluorine and organochlorine compounds. This could be
related to the great diversity of naturally occurring organo-
bromine compounds in the environment. Naturally occurring
brominated fatty acids were estimated to be the predominant
compounds in the EOBr fraction.

Introduction
Due to their persistence, bioaccumulation, and toxicity,
organohalogen compounds are of concern as contaminants
in aquatic and terrestrial ecosystems. Some well-known
synthetic organohalogens such as perfluorooctanesulfonate
(PFOS), polychlorinated biphenyls (PCBs), and polybromi-
nated diphenyl ethers (PBDEs) have become ubiquitous
environmental pollutants (1-3). In addition to the known
synthetic organohalogens there are a number of unidentified
organohalogens in the environment (4, 5). Identification and
quantification of these novel organohalogen compounds is
essential for the assessment of potential risks to exposed
organisms.

Synoptic quantification of individual organohalogen
compounds along with quantification of total halogens is an
effective method to estimate the mass balance of identified
and unidentified organohalogen compounds in the environ-
ment. Several studies have examined the contributions of
known organohalogens to extractable organohalogens and
total organohalogens in abiotic and biological matrices (4-8).
Mass balance studies of chlorine in samples collected near
a former chloralkali facility indicated that the identified
organochlorines accounted for 48% and 1-35% of the
extractable organic chlorine (EOCl) in sediment and biota,
respectively (4). Methods for the mass balance analysis of
fluorine have been developed and applied to environmental
samples (5, 8). In these studies, most of the fluorine (>50%)
was in the nonextractable fraction and the identified per-
fluorinated compounds (PFCs) contributed 30-85% of
extractable organic fluorine (EOF) in human blood and
wildlife tissues (5, 8).

Brominated flame retardants (BFRs) have recently
emerged as contaminants of concern. Among BFRs, PBDEs
and polybrominated biphenyls (PBBs) are of primary interest
due to their high production volume, widespread use, and
ubiquitous occurrence in the environment (9, 10). The
occurrence of hydroxylated (OH-) and methoxylated (MeO-)
PBDEs has been investigated in aquatic ecosystems (11), and
concentrations of MeO-PBDEs were greater than those of
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PBDEs in some samples (12). Bromophenols (BRPs), which
are structurally similar to PBDEs, are key natural flavor
components of some marine fish. However, synthetic BRPs
have also been produced and widely used as flame retardants
(2,4,6-triBRP) with a worldwide production of 9500 t in 2001
(13).

Extractable organic bromine (EOBr) has been investigated
in a variety of environmental samples (4, 6, 14-16). However,
few studies have determined the proportion of EOBr that
could be identified, and the contribution of natural and
synthetic compounds to EOBr concentrations in environ-
mental samples is unknown. In this study, the relative
contribution of natural and synthetic organobrominated
compounds to EOBr and total bromine (TBr) was determined.
Both EOBr and TBr were determined by instrumental neutron
activation analysis (INAA) of either crude samples or organic
solvent extracts of samples. PBBs, PBDEs, and related
brominated compounds were analyzed as identified EOBr
(9, 11, 17, 18). An extraction and cleanup method for TBr,
EOBr, and five classes of identified EOBr was developed. The
method was applied to determine concentrations of EOBr
and TBr as well as the concentrations of individual congeners
of PBBs, PBDEs, OH-PBDEs, MeO-PBDEs, and BRPs in livers
of tuna (Katsuwonus pelamis), five species of albatrosses
(Thalassarche chlororhynchos, Phoebetria palpebrata, Thalas-
sarche chrysostoma, Thalassarche cauta, and Thalassarche
melanophrys) and polar bear (Ursus maritimus) collected
from remote marine locations. Absolute and relative con-
tributions of identified EOBr to EOBr and TBr were deter-
mined, and the predominant forms of brominated com-
pounds in the marine organisms are suggested.

Materials and Methods
Tissue Collection. Livers from fifteen albatross, ten tuna,
and ten polar bear were used for quantification of TBr, total
EOBr, and identified EOBr. Albatross were collected from
the Indian and South Atlantic Oceans, polar bear were
collected from Northern and Western Alaska, and tuna were
collected from the North Pacific Ocean in 1992-2002 (Table
1) (11). All samples were stored at -20 °C from the time of
collection until analysis.

Sample Preparation. An efficient fractionation method,
requiring a single extraction of 5 g ww of liver tissue that
allows for the simultaneous analysis of TBr, EOBr, and five
groups of identified EOBr was developed (Figure 1). The
identified EOBr included 10 PBBs, 21 PBDEs, 12 MeO-PBDEs,
10 OH-PBDEs, and 16 BRPs. Details of chemicals and
standards are provided in Supporting Information. To
estimate the concentrations of organobromines in the
environment, EOBr has been quantified in various matrixes,
such as sediment, atmosphere, and aquatic biota (4, 6, 15).
The current study is the first to compare TBr, EOBr, and
identified EOBr in tissues (Figure 1) (4). Due to the limited
sample mass available for the analysis of multiple target
compounds, direct quantifications of TBr in tissues were not
attempted. In contrast to the method used to quantify total

chlorine (TCl) and total fluorine (TF), TBr was quantified by
summing EOBr and nonextractable bromine (NEBr), and the
concentrations of NEBr were determined by analyzing the
residues from solvent extracted samples and normalized to
lipid and water contents. The calculation is based on an
assumption that negligible amounts of bromine (Br) were
lost during extraction.

Samples (approximately 5 g wet weight (ww)) were
homogenized and freeze-dried. Water content was measured
gravimetrically. Sample extraction was conducted using an
accelerated solvent extractor (Dionex ASE-200, Sunnyvale,
CA). Two kinds of solvents were used for the extraction: (1)
n-hexane/dichloromethane (DCM) (1:1) at 100 °C and 1500
psi, and (2) n-hexane/methyl tert-butyl ether (MTBE) (1:1)
at 60 °C and 1000 psi. Two extraction cycles (10 min each)
were performed for each solvent per sample (about 50 mL
for each solvent), and both extraction fractions were com-
bined. The residual materials after solvent extraction were
air-dried and used for quantification of NEBr. The solvent
extract was reduced to 10 mL by rotary evaporation and 2
mL was used for the determination of EOBr.

Lipid content of each extract was determined gravimetri-
cally by evaporating the remaining extract to constant weight.
Extracts were then spiked with a mixture of 13C-labeled PBB,
PBDE, and BRP surrogates for analysis of PBBs, PBDEs, MeO-
PBDEs, OH-PBDEs, and BRPs. Thus, the spiking solutions
did not influence quantification of Br EOBr, and the details
of the analysis of PBDEs, MeO-PBDEs, OH-PBDEs, and BRPs
have been reported previously (11). The method was modified
to accommodate simultaneous identification and quantifi-
cation of PBBs (Figure 1). The neutral and phenolic fractions
in extracts were separated with 0.5 M potassium hydroxide
(KOH) in 50% ethanol. The methods for purification of PBDEs,

TABLE 1. Concentrations of Bromine in Five Groups of Identified Organic Brominated Compounds, Identified EOBr, EOBr, and TBr
Extracted from Liver Samples Collected from Species Inhabiting Remote Marine Locationsa

species
name water (%) lipid (%) MeO-PBDEs OH-PBDEs BRPs PBDEs PBBs

identified
EOBr EOBr TBr

tuna 67 ( 3.7 5.0 ( 2.7 0.31 ( 0.10 0.014 ( 0.005 0.45 ( 0.21 0.13 ( 0.05 0.003 ( 0.006 0.9 ( 0.3 1100 ( 540 10700 ( 3400
(58-72) (1.9-9.0) (0.17-0.47) (0.008-0.03) (0.14-0.67) (0.063-0.22) (N.D.-0.014) (0.5-1.3) (600-2000) (8300-17200)

albatross 60 ( 2.2 10 ( 3.5 0.65 ( 0.85 0.34 ( 0.24 0.021 ( 0.033 0.19 ( 0.21 0.049 ( 0.057 1.3 ( 1.1 1700 ( 950 11300 ( 2600
(55-64) (4.3-15) (0.08-2.8) (0.11-0.90) (N.D.-0.10) (0.05-0.85) (N.D.-0.21) (0.2-3.8) (810-3500) (7000-14400)

polar bear 60 ( 5.2 7.1 ( 2.2 0.014 ( 0.01 0.004 ( 0.005 0.11 ( 0.12 0.49 ( 0.16 0.34 ( 0.29 1.0 ( 0.5 2800 ( 2300 12400 ( 6100
(54-71) (4.7-12) (0.003-0.03) (0.001-0.02) (N.D.-0.39) (0.19-0.68) (0.064-1.0) (0.5-1.9) (310-6100) (6200-21800)

a ng/g ww, mean ( SD (range in parentheses). N.D. Not detected.

FIGURE 1. Flow diagram for the procedure used to fractionate
total bromine, extractable organic bromine, and known ex-
tractable organic bromines in liver tissue samples.
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MeO-PBDE, BRPs, and OH-PBDEs have been reported
previously (11). For analysis of PBBs, the extract was treated
with sulfuric acid because PBBs, unlike MeO-PBDEs and
PBDEs, are not degraded by concentrated sulfuric acid.
Extracts were passed through a column packed with 2 g of
sodium sulfate and 8 g of acidified silica (50 g of silica gel
mixed with 27 mL of concentrated sulfuric acid). After
application of the sample, the column was eluted with 15
mL of n-hexane and 10 mL of DCM. Eluates were concen-
trated to 40 µL for quantification of PBBs. Instrument analyses
of identified EOBr are in Supporting Information.

Calculations of Bromine Concentrations. Concentra-
tions of EOBr (ng Br/g ww) were determined (eq 1)

where CBr in extract is the concentration of bromine in the extract
(µg/mL), 10 is the final volume of extract (mL), and Wwet is
the wet weight of sample (g). The residual materials after
solvent extraction were used for quantification of Br to
determine the nonextractable Br content (NEBr). Concen-
trations of NEBr (ng Br/g ww) were calculated (eq 2)

where CBr in RSP is the concentration of bromine in the residual
sample powders (RSP) (µg/g), Wat% is the water content of the
samples (%), and Lipid% is the lipid content of the samples (%).
Thus, the concentration of TBr, expressed as ng Br/g ww, was
the sum of concentrations of EOBr and NEBr (eq 3).

Identifiable EOBr, including PBBs, PBDEs, MeO-PBDEs,
OH-PBDEs, and BRPs, were quantified in liver samples.
Masses of Br contributing to total EOBr were determined by
multiplying the concentration of each compound identified
by its mole fraction of Br. Concentrations of identified EOBr
were the sum Br concentrations of all detected compounds
(eq 4).

where Ci is the concentration of organic brominated com-
pound i (ng/g ww), Ni is the number of Br atoms contained
in the compound i, MWi is the molecular weight of compound
i, 80 is the molecular weight of Br, and m is the number of
detected organobromine compounds.

Bromine Analysis. Concentrations of Br were deter-
mined by INAA. Samples were activated for 15 min in 1.5 mL
NAA-grade polyvials at a neutron flux of 5.0 × 1011 (n/cm2)/s
in the SLOWPOKE 2 nuclear reactor (Saskatchewan Research
Council Analytical Laboratories, Saskatoon, SK, Canada). After
activation, γ-rays from 80Br were measured by γ-ray spec-
trometry by use of an Ortec model GMX20P4 HPGe solid-
state detector and Ortec DSPEC Pro 8192 channel digital
gamma ray spectrometer for peak area calculations. Quan-
tification was based on γ-peaks from 80Br (t1/2 ) 17.6 min,
Eγ ) 616 keV). The count time was 15 min. Known
concentrations of bromoform (CHBr3) dissolved in toluene
were used as standards for the quantification of EOBr and
TBr using INAA.

Quality Assurance and Quality Control (QA/QC). Count-
ing efficiency of INAA was determined for EOBr and TBr for
each type of sample geometry. This was done by analyzing
a set of four standards and calculating counts per second per
microgram of bromine (cps/µg). The average efficiency factor

was used to calculate the EOBr and TBr concentrations. To
smooth out minor fluctuations that occur in individual
standards or batches, each time a new set of calibration
standards was quantified, a new average was calculated from
all standards run and maintained as a running average.

The QA/QC for the analysis of PBDEs, MeO-PBDEs, OH-
PBDEs, and BRPs has been reported previously (11). A
laboratory blank and a matrix spike were analyzed for every
batch of 15 samples. Beef liver was used for matrix spike
samples, and the spiking solutions were added before
accelerated solvent extraction. Recoveries of spiked materials
from samples were 80-127%, 81-126%, 87-128%, 81-123%,
and 65-126% for PBBs, MeO-PBDEs, PBDEs, OH-PBDEs,
and BRPs, respectively, in the entire analytical procedure.
Concentrations quantified in spiked samples were within
20% of the spiked concentrations. Thus, both accuracy and
precision of the analysis were deemed to be acceptable.
Quantification of PBBs, PBDEs, and BRPs was performed
with 13C-PBBs, 13C-PBDEs, and 13C-BRPs as surrogates.
Concentrations of OH-PBDEs were quantified relative to
2,3,4,6-13C-TeBRPs, and MeO-PBDEs were quantified relative
to 13C-PBDEs with the same number of Br atoms.

The instrumental limits of quantification for Br analysis
were 2 µg Br/g dw for solid samples and 0.08-0.5 µg Br/mL
for liquid samples. Method detection limits (MDL) were
defined to be mean plus three times the standard deviation
of concentrations in the blank. MDLs for compounds that
were not detected in the blank were set to be the instrumental
minimum detectable amounts. The MDLs were 0.4 pg/g ww
for MeO-PBDEs, 0.2-10.1 pg/g ww for PBDEs, 2-4 pg/g ww
for OH-PBDEs, 2.0-10 pg/g ww for BRPs, and 2-50 pg/g
ww for PBBs. For those results that were less than the MDL,
a sensitivity analysis was conducted and no statistically
significant differences could be found by using different
values ranging from 0 to the MDL. Thus, a value of 0 was
assigned to avoid missing values in statistical analyses.

Results and Discussion
Bromine Fractions. Concentrations of TBr, EOBr, and
identified EOBr in liver of tuna, albatross, and polar bear are
presented (Table 1). Mean ((SD) concentrations of TBr were
10 700 ( 3400, 11 200 ( 2600, and 12 400 ( 6100 ng/g ww
in tuna, albatross, and polar bear, respectively. Concentra-
tions of EOBr were approximately 3- to 9-fold less than those
of NEBr, which ranged from 1100 ( 540 (tuna) to 2800 (
2300 ng/g ww (polar bear). Among the species analyzed, polar
bear liver contained the greatest concentrations of both TBr
and EOBr. However, concentrations of identified EOBr were
relatively small, ranging from 0.9 ( 0.3 (tuna) to 1.3 ( 1.1
ng/g ww (albatross) and accounted for only a small proportion
of the TBr.

Few studies have investigated concentrations of EOBr in
marine biota. The mean concentration of EOBr in harbor
porpoise (1700 ng/g ww) from the Baltic Sea (16) was
comparable to concentrations in tuna and albatross observed
in this study. However, concentrations of EOBr in marine
organisms in the present study were greater than those in
Atlantic herring from the Baltic Sea (120-240 ng/g ww) (16)
and northern pink shrimp from the North Atlantic Ocean
(60-1030 ng/g ww) (19). Overall, the reported concentrations
of EOBr in the organisms analyzed in this study ranged from
of 60 to 6100 ng/g ww. Similar variation in EOBr concentra-
tions has been reported for tissues of terrapins, birds, and
fish collected from coastal waters of Georgia, U.S., which
ranged from 110 to 3700 ng/g ww. Although the underlying
reasons for this variation are unknown, it has been suggested
that concentrations of EOBr are species- and location-spe-
cific (4).

Concentrations of bromine associated with identified
EOBr compounds are presented (Figure 2 and Table 1). The

CEOBr )
CBr in extract × 10

Wwet
× 1000 (1)

CNEBr ) CBr in RSP × (1 - Wat%) × (1 - Lipid%) × 1000
(2)

CTBr ) CEOBr + CNEBr (3)

Cknown EOBr ) ∑
i)1

m (80 × Ni

MWi
× Ci) (4)
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proportion of Br contributed by MeO-PBDEs was relatively
large in tuna (0.31( 0.10 ng/g ww) and albatross (0.65( 0.85
ng/g ww). The greatest contributions of OH-PBDEs to
identified EOBr were found in albatross (0.34 ( 0.24 ng/g
ww), and the greatest bromine contributions from BRPs were
observed in tuna (0.48( 0.21 ng/g ww). In these two species,
the predominant congeners of MeO-PBDEs, OH-PBDEs, and
BRPs were 6-MeO-BDE-47, 6-OH-BDE-47, and BRP-24,
respectively. Previous studies have demonstrated that these
compounds originate primarily from natural synthesis by
marine algae (11, 12, 20, 21). Thus, most of the identified
compounds contributing to concentrations of identified EOBr
in tuna and albatross are from naturally occurring com-
pounds. Contributions of Br from the naturally occurring
MeO-PBDEs (0.014 ( 0.01 ng/g ww) and OH-PBDEs (0.004
( 0.005 ng/g ww) were small in polar bear, relative to those
in tuna and albatross. The relative contributions of orga-
nobromine compounds of human origin in polar bear liver
(PBDEs: 0.49 ( 0.16 ng/g ww and PBBs: 0.34 ( 0.29 ng/g ww)
were greater than those in tuna or albatross. Profiles of relative
proportions of identified compounds including PBDEs and
PBBs in polar bears were dominated by BDE-47 and PBB-
153, respectively. Similar profiles of PBDEs and PBBs have
been reported for other marine organisms (17, 22). Because
point sources play only a minor role in regional contamina-
tion of the Arctic marine ecosystem (23), the relatively great
concentrations of PBDEs and PBBs in polar bear are likely
due to atmospheric transport and deposition of these
anthropogenic compounds (24).

Proportions of Identified Compounds in EOBr and
TBr. A mass balance analysis of Br composition showed that
NEBr accounted for a major proportion of TBr (72 ( 24% to
90 ( 4%) in all samples (Figure 3). Similar to the results
reported here, the major proportions of total fluorine (TF)
found in human blood and dolphin livers were nonextractable
organic fluorine (NEOF) and inorganic fluoride (IF) (5, 8).
The EOBr accounted for a relatively small fraction of TBr in
each species, ranging from 10 ( 4% in tuna to 28 ( 24% in
polar bear. Although the contributions of EOBr to TBr in
polar bear liver were variable (2-53%), the large percentages
are comparable to the contributions of extractable organic

fluorine (EOF) to TF measured in livers of marine mammals
in Hong Kong such as the Indo-pacific humpback dolphin:
58%, and finless porpoise: 27% (8).

Identified EOBr accounted for only 0.08-0.11% and
0.008-0.012% of EOBr and TBr, respectively (Figure 3) in the
three species, all of which are at the top of the food chain.
Contributions of identified EOBr to the total concentrations
of EOBr were small compared to the ratios of identified EOF
to total EOF (Indo-pacific humpback dolphin: 30%, finless
porpoise: 30%, and human blood: higher than 60%; refs 5,
8) and identified EOCl to total EOCl (fish: 5-25%; blue crab:
35%, birds: 1-14%, and terrapin: 4.2%; refs 4, 14). The small
proportion of identified EOBr contributing to total EOBr
concentration is probably due to the diversity of naturally
occurring organobromine compounds. Previous studies have
shown the existence of nearly 3200 known naturally occurring
organohalogen compounds in the environment, with more
than 1600 containing bromine (25). The predominance of
naturally occurring organobrominated compounds is likely
a result of the relatively low energy requirement for the
formation of the C-Br bond. The stronger halogen-carbon
bonds are less likely to be derived from naturally biological
processes. The relationship between identifiable synthetic
and unidentified organohalognes is given in Figure 4. Since
the C-F bond is relatively strong, it is much less likely to be
formed naturally and there are likely to be fewer F atoms in
naturally occurring organic molecules. Therefore, most of
the organically bound fluorine is attributable to identifiable,
synthetic, per- and polyfluorinated compounds.

FIGURE 3. Relative contribution (%) of identified EOBr, EOBr,
and NEBr to TBr concentration in livers of polar bear, alba-
tross, and tuna from remote marine locations.

FIGURE 4. Relationship between carbon-halogen bond ener-
gies and contributions of identified anthropogenic organohal-
ogens to extractable organic halogens. Bond energies were
referenced from 26.

FIGURE 2. Concentrations of major organic brominated com-
pounds detected in liver samples collected from species in-
habiting remote marine locations.
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Estimating the Major Organobromine Compounds in
EOBr. There is a variety of synthetic and natural organo-
brominated compounds that were not quantified in this study
that could have contributed to the EOBr of these samples
(Table 2). Since the masses of samples available for this study
were limited and standards are not available for many of the
classes of brominated compounds that could have contrib-
uted to the EOBr, an assessment of the potential for those
unquantified compounds to contribute to the EOBr was made
from information available in the literature (Table 2). PBDEs
were generally the predominant compounds among bro-
minated flame retardants, which is also consistent with the
fact that they are used in the greatest quantities globally.
Among naturally occurring brominated compounds, con-
centrations of MeO-PBDEs, BRPs, and polybrominated
hexahydroxanthene derivatives (PBHDs) were generally
greater than other brominated compounds of natural origin
(28-30). In the current study, PBHDs were not analyzed, but
concentrations of PBHDs have been reported to be as great
as 5000 ng/g lipid weight (lw) in some deep-ocean fishes
(28). Since authentic PBHD standards were not commercially
available, PBHDs were identified and quantified based on
previously reported methods (28). While MeO-PBDEs in the
sample extracts can be detected by GC-EI-MS, no obvious
peaks that would have corresponded to masses of PBHDs
were observed (Supporting Information Figure S1). This result
suggests that concentrations of PBHDs in the samples studied
were not significant contributors to TBr. The presence of
PBHDs and other organobromine compounds were further
studied by GC-ECNI-MS, and no brominated compounds
with concentrations greater than approximately 1 ng/g ww
could be detected (Supporting Information Figure S2). In
addition, concentrations of the detected organobromine
compounds reported previously were very small compared
with those of EOBr (Table 2). Including the estimated
concentrations of these additional brominated compounds,
the identified proportion of the EOBr would not exceed 1%.

Brominated fatty acids (BFAs) could be the predominant
compounds in EOBr, since BFAs have been reported to occur
at concentrations ranging from 2.2 to 82 µg/g ww in marine
fishes and invertebrates (34). These concentrations are
comparable to those of EOBr determined in this study
(1.1-2.8 µg/g ww). However, reported concentrations of BFAs

were based on the analysis of bromine content. As one of the
most interesting groups among the naturally occurring
halogen compounds, BFAs comprise a relatively large and
diverse class of compounds (35, 36). BFAs with different
structures have been identified in marine algae and inver-
tebrates, and some compounds contain as many as 28 carbon
atoms (35, 36). However, none of the studies has attempted
to quantify BFAs. In the current study concentrations of
saturated BFAs (C2-C21) were estimated by use of GC-EI-
MS after derivatization of the extracts with N-methyl-N-(tert-
butyldimethylsilyl) trifluoroacetamide with 1% t-BDMS-
chloride (MTBSTFA) (FigureS3 in Supporting Information).
However, the chain lengths of BFAs in marine organisms
were generally greater than 16 (35, 36), and standards for
BFAs of this chain length are not commercially available. A
number of possible peaks with relatively great concentrations
were observed (Figure S4 in Supporting Information), but
without authentic standards, it was difficult to accurately
identify or quantify the individual BFAs. Further studies
should focus on the analysis and potential effects of these
compounds.
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TABLE 2. Concentrations of Organobromine Compounds Reported in Previous Studiesa

brominated flame retardants originated from both sources naturally occurring brominated compound

sample ref PBDEs PBBs TBBPA HBCD PBDD/Fs BRPs OH-PBDEs MeO-PBDEs PBHDs TBA MHC-1 BRI

glaucous gull 18 1325 21.9 26.5 54.3
polar bear 18 533 N.D. N.D. N.D.
eel 27 24.6 0.1 N.D. 57.5
cormorant 9 1419 14.4 0.1
predatory birds 17 1753 63.0 N.D.-0.26
deep sea fish 28 16.9 <1.5 28.9 530 0.3 9.7
deep sea fish 28 5.1 <1.5 6.5 7040 <0.2 0.6
food web 29 6.4-115.4 1.0-3.0 0.7-110.1 4.7-146 11.7-30.1 0.1-1.6
wild tuna 30 58-74 134-167 3580-5241 3.1-4.2 26-30
whale oil 31 0.1 0.008
sediment 32 13.3-360.8 0.4-118
fish and

mussels 33 <5-1140 <1-3

tuna b 5.7 0.2 18.8 0.6 13.4
albatross b 2.6 0.6 0.4 6.7 12.3
polar bear b 11.0 0.8 2.1 0.6 0.4

a (ng/g lw (lipid weight). Number underlined indicates the predominant brominated compounds detected. The
concentrations of EOBr in tuna, albatross, and polar bear in current study were 23 000, 17 000, and 40 000 ng/g lw,
respectively. TBBPA: tetrabromobisphenol A; HBCD: hexabromocyclododecane; PBDD/Fs: polybrominated dibenzo-
p-dioxins and dibenzofurans; PBHDs: polybrominated hexahydroxanthene derivatives; TBA: tribrominated anisole; BRI:
brominated indole. Locations of references: (18), Norwegian Arctic; (27), Irish waters; (9), Japan; (17), Norway; (28, 30), and
(33), Mediterranean Sea; (29), Sydney Harbour; (31), historical sample; (32), North and Baltic Sea. b Current study.
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