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a b s t r a c t
Flame retardant chemical additives are incorporated into consumer goods to meet ﬂammability standards, and
many have been detected in environmental matrices. A uniquely wide-ranging characterization of ﬂame retardants was conducted, including polybrominated diphenyl ethers (PBDEs) and 52 additional brominated, chlorinated, or phosphate analytes, in water, sediment, bivalves, and harbor seal blubber of San Francisco Bay, a highly
urbanized estuary once considered a hot spot for PBDE contamination. Among brominated ﬂame retardants,
PBDEs remained the dominant contaminants in all matrices, though declines have been observed over the last
decade following their phase-out. Hexabromocyclododecane (HBCD) and other hydrophobic, brominated
ﬂame retardants were commonly detected at lower levels than PBDEs in sediment and tissue matrices.
Dechlorane Plus (DP) and related chlorinated compounds were also detected at lower levels or not at all across
all matrices. In contrast, phosphate ﬂame retardants were widely detected in Bay water samples, with highest
median concentrations in the order TCPP N TPhP N TBEP N TDCPP N TCEP. Concentrations in Bay water were
often higher than in other estuarine and marine environments. Phosphate ﬂame retardants were also widely detected in sediment, in the order TEHP N TCrP N TPhP N TDCPP N TBEP. Several were present in bivalves, with levels
of TDCPP comparable to PBDEs. Only four phosphate ﬂame retardants were detected in harbor seal blubber:
TCPP, TDCPP, TCEP, and TPhP. Periodic, multi-matrix screening is recommended to track contaminant trends impacted by changes to ﬂammability standards and manufacturing practices, with a particular focus on contaminants like TDCPP and TPhP that were found at levels comparable to thresholds for aquatic toxicity.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
Flame retardant chemical additives have been incorporated into a
broad array of consumer products (Chen et al., 2009; Stapleton et al.,
2009, 2011, 2012; van Bergen and Stone, 2014; Cooper et al., 2016;
Petreas et al., 2016), largely in response to regulatory or voluntary industry ﬂammability standards. Examples of standards include Technical
Bulletin 117 (TB 117), a unique regulatory ﬂammability standard promulgated in 1975 that applied to upholstered furniture and infant products sold in California (BHFTI, 2000), and Underwriters' Laboratories 94
(UL 94), adopted by the electronics industry as a ﬂammability standard
applicable to plastic materials for parts in devices and appliances
(USEPA, 2014). Widespread use of PBDEs in response to standards like
these contributed to unusually high PBDE exposure in San Francisco residents (She et al., 2002), as well as contamination of San Francisco Bay
(“the Bay”) and its wildlife (She et al., 2002, 2008).
Subsequent state bans and nationwide phase-outs of PBDEs have resulted in declining levels of contamination in the Bay (Sutton et al.,
2015), but product testing initially indicated that manufacturers shifted
from PBDEs to alternative ﬂame retardant additives (Stapleton et al.,
2012). While revisions to TB 117 now eliminate the need for these additives in regulated products (BEARHFTI, 2013), studies indicate reduced
but continuing use of a variety of ﬂame retardants in upholstered furniture and infant care items (Cooper et al., 2016; Petreas et al., 2016). In
addition, regulatory or voluntary ﬂammability standards remain in
place for electronics, building and construction materials, and other
products (Babrauskas et al., 2012; USEPA, 2014).
For the diverse array of bromine-, chlorine-, and phosphatecontaining compounds that have replaced PBDEs, considerable data
gaps concerning production and use, environmental occurrence, and
toxicity remain (Covaci et al., 2011; van der Veen and de Boer, 2012).
Many of these chemicals have been in use for decades, while others
are relatively new (de Wit, 2002; Covaci et al., 2011; van der Veen and
de Boer, 2012; Cooper et al., 2016). Some (e.g., TCPP and TPhP; acronyms deﬁned in Table S1) are high production volume chemicals (van
der Veen and de Boer, 2012). Some (e.g., HBCD and DP) are known to
bioaccumulate (Covaci et al., 2011; Wang et al., 2016a), and some
(e.g., TDCPP and TPhP) exhibit aquatic toxicity or endocrinedisrupting (e.g., estrogenic and reproductive) properties in laboratory
tests (Covaci et al., 2011; Liu et al., 2012, 2013; van der Veen and de
Boer, 2012; ECHA, 2018a, 2018b). Some (e.g., PBDEs, HBCD) have been
the subject of phase-outs in many countries (Stockholm Convention,
2017), though production and use has not ceased worldwide.
Prompted by the observations of rapid changes in chemical use via
product testing, as well as the shifting regulatory landscape, a thorough
characterization of current Bay contamination by ﬂame retardants was
undertaken. PBDE congeners as well as dozens of brominated, chlorinated, and phosphate-based ﬂame retardants were examined in
water, sediment, and tissue; this broad array of analytical targets was
intended to “cast a wide net” to detect the presence of alternative
ﬂame retardants that may be in greater use in recent years. Observed
ﬂame retardant concentrations were compared to: a) concentrations
of PBDEs, given concerns relating to historical accumulation in the
Bay; b) concentrations of alternative ﬂame retardants found in a previous study of the Bay (Klosterhaus et al., 2012), as well as in other estuarine locations in recent years; and c) available toxicity thresholds.
2. Materials and methods
2.1. Sample collection
Ambient Bay water and sediment were collected as part of routine
chemical contaminant monitoring conducted by the Regional Monitoring Program for Water Quality in the San Francisco Bay (RMP; http://
www.sfei.org/rmp). Sites are shown in Figs. 1 and S1. Surface water
grab samples (4 L) were collected directly into amber glass containers
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from a total of 12 sites in 2013: six in July (dry season), four in October,
and two in November (beginning of wet season). Water samples were
stored at 4 °C up to 14 days until extraction, and were ﬁltered with a
0.45 μm Whatman ﬁlter to allow measurement of total suspended solids
(TSS) and analysis of particulate and dissolved phases. Surface sediment
samples were collected from 10 sites in July of 2014. Sediment (0 to
5 cm depth) was collected from two or more grabs using a Youngmodiﬁed Van Veen sampler with a surface area of 0.1 m2 and was
composited by mixing with a stainless steel spoon. Sediment samples
were kept at −20 °C prior to chemical analyses.
Two stormwater grab samples (4 L each) were collected from two
urban, industrial channels during the rising limb of each of two storm
events in the winter of 2013–2014 (n = 8). Single grab samples of
ﬁnal efﬂuent (4 L) were collected from three urban wastewater treatment plants in the spring of 2014. Additional details on sampling and
analytical measurements for stormwater and wastewater samples can
be found in Supplementary Information.
Transplanted bivalves (Mytilus californianus) were deployed at six
stations in the Bay for 90 days during the summer. Bivalves were retrieved whole, wrapped in foil, and frozen at −20 °C prior to compositing using clean techniques. Generally, 30–40 bivalves were retrieved
from each site; each sample was divided into two subsamples and
composited and analyzed separately. Bivalves from Bodega Bay, a reference site with minimal urban impacts located outside of San Francisco
Bay (and source of the transplanted bivalves), was also collected and
analyzed.
Blubber was collected in June of 2014 from seven seals captured at a
major haul-out site in the South Bay, Corkscrew Slough (37.5242°N,
122.2171°W). Samples of blubber were obtained from each animal
using a sterile 8 mm dermal biopsy punch (Miltex, Inc., York, PA) after
shaving the area, administering lidocaine, and disinfecting with alcohol.
The skin was cut from the blubber with a solvent rinsed stainless steel
scalpel blade, and the blubber placed into a solvent rinsed glass jar
and then into a cooler with ice packs. Blubber was shipped overnight
on ice, then stored frozen at −80 °C. The sex, age class, length and
mass of these seals are provided in Supplementary Information, along
with the lipid content of the samples (Table S2).
For all samples, exposure to plastic, a potential source of phosphate
compounds, was avoided during collection and processing.
2.2. Sample treatments
Detailed information on standards and reagents is provided in Supplementary Information. Filtered water samples (approximately
1000 mL) were adjusted to approximately pH 3, spiked with surrogate
standards, and then treated via liquid-liquid extraction with dichloromethane (DCM) three times (50, 25, and 25 mL each). The waterDCM mixture was hand shaken for approximately 15 min. The extracts
were combined, concentrated, and divided into two halves. One half
was concentrated and solvent exchanged to a ﬁnal volume of approximately 200 μL and spiked with internal standard (FBDE-154), and analyzed on a gas chromatography – mass spectrometer (GC–MS) for the
determination of hydrophobic, halogenated ﬂame retardants. The
other half was cleaned through a solid phase extraction (SPE) cartridge
packed with 1 g of ammonium silica (Biotage, Charlotte, NC), which was
pre-cleaned in sequence with 15 mL each of methanol, DCM, and hexane (HEX). After sample loading, the SPE cartridge was cleaned with
2 mL of a mixture of HEX:DCM (20:80, v/v) and the target phosphate
ﬂame retardants were then eluted out with 4 mL of 20:80 (v/v) HEX:
DCM and 8 mL of DCM. The ﬁnal extract (approximately 200 μL) was
spiked with internal standard (coumaphos-d10) for the determination
of phosphate analytes on a liquid chromatography – tandem mass spectrometer (LC-MS/MS).
Dried solid phase portions of the water samples (on the ﬁlter), sediment (sieved through a 100 μm stainless cloth sieve), or bivalve tissues
and wet harbor seal blubber were spiked with surrogate standards and
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Fig. 1. San Francisco Bay sample sites (left), with a closer view of the South and Lower South Bay sites (right).

subjected to accelerated solvent extraction (Dionex ASE 350, Sunnyvale,
CA, USA), employing two 5-min extraction cycles with DCM at 100 °C
and 1500 psi. The sediment extract was divided into two halves with
equal volumes. One half was treated with pre-activated copper powder
to remove sulfur, and cleaned by a Shimadzu Prominence Semi-Prep
HPLC (Shimadzu America Inc., Columbia, MD) equipped with a
Phenogel size exclusion chromatography column (350 × 21.1 mm, 5 μ,
100 Å, Phenomenex, Torrance, CA). The mobile solvent was 100% DCM
and the ﬂow rate was set at 4 mL/min. Target analytes were collected
in the fraction eluted from 16 to 45 min. The resulting extract was further cleaned on a 2-g Isolute® silica SPE cartridge which was preconditioned with 10 mL HEX. After the sample was loaded, the ﬁrst fraction was eluted with 3 mL HEX and discarded. The second fraction was
eluted with 11 mL of a mixture of HEX:DCM mixture (6:4, v/v). The ﬁnal
extract was concentrated and spiked with internal standard prior to the
instrumental analysis of hydrophobic ﬂame retardants. The other half of
the sediment extract was cleaned through an ammonium silica cartridge, following the same SPE method used for the analysis of phosphate ﬂame retardants in aqueous water.
The extract of biological tissues following ASE was subjected to
moisture removal and gravimetric determination of lipid content by
using 10% of the extract. The remaining extract was divided into two
halves, one for the determination of halogenated ﬂame retardants and
the other for the determination of phosphate ﬂame retardants, using
the same cleanup methods employed for sediment analysis. The extract
of solid phases of water was also divided into two halves for the determination of halogenated or phosphate ﬂame retardants, respectively,
following the same cleanup methods mentioned above.
2.3. Instrumental analysis
The instrumental determination of hydrophobic, brominated and
DP-related ﬂame retardants, excluding HBCDs, was conducted on an
Agilent 7890B GC coupled to an Agilent 5977A MS (Agilent Tech., Palo
Alto, CA). The GC was equipped with a 15 m DB-5HT column
(0.25 mm i.d., 0.1 μm ﬁlm thickness, J&W Scientiﬁc, Folsom, CA).

Identiﬁcation and quantiﬁcation of individual substances was achieved
via selected ion monitoring (SIM) of characteristic ions in electron capture negative ionization (ECNI) mode (Table S3). After GC-MS analysis,
the same extract was solvent exchanged to methanol and determined
for HBCDs on an Agilent 1260 HPLC coupled to a 3200 Q Trap triple
quadrupole/linear ion trap MS (AB Sciex; Toronto, Canada). The HPLC
system was equipped with a Waters Xterra® phenyl column (2.1 mm
× 100 mm, 3.5 μm particle size). The MS was equipped with a
TurboIonSpray® electrospray ionization (ESI) probe operated in the
multiple reaction monitoring (MRM) mode for quantitative measurement of HBCD diastereomers (Table S3). Phosphate ﬂame retardants
were determined on the same LC-MS/MS system equipped with a
Kinetex EVO C18 column (2.1 mm × 100 mm, 5 μm particle size;
Phenomenex, Torrance, CA). The SIM ions or MRM ion pairs of target
analytes, as well as the detailed GC or LC programs, are summarized in
Table S3.
2.4. Quality control
Five spiking tests per matrix and extraction revealed average absolute recoveries of target analytes ranging from 66% to 105% for phosphate ﬂame retardants and 63% to 96% for hydrophobic, halogenated
ﬂame retardants prior to adjustment with the recoveries of respective
surrogate standards (Table S1), which ranged from 81% to 92% for phosphate ﬂame retardant analysis and from 69% to 93% for halogenated
ﬂame retardant analysis. PBDE measurements for the National Institute
of Standards and Technology (NIST) reference sediment (SRM 1944)
and reference ﬁsh tissue (SRM 1947) showed average agreement ranging from 83% to 97% relative to reference levels for up to eight congeners
(Table S4). The instrumental detection limit (IDL) was deﬁned as three
times the standard deviation of the noise from the instrumental determination. The method limit of quantiﬁcation (MLOQ) of an analyte
was assessed by multiplying a Student's t-value designated for a 99%
conﬁdence level with standard deviations in replicate analyses (n =
8) of each matrix. The MLOQ for each analyte in each matrix is summarized in Table S3.
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Field and lab replicate analysis on dissolved phase water samples
typically revealed standard deviations b 15% of measured concentrations. Exceptions with analytical values well above MLOQs include
TCPP, TDCPP, TPhP, TnBP, TBEP, EHDPP, and TCrP in the dissolved
phase of water; these values are considered semi-quantitative. Limited
homogenization of ﬁltered water prior to extraction may explain the
higher variability in replicate measures of these analytes in dissolved
phase. Replicates in other matrices did not display this level of
variability.
2.5. Statistical analysis
Individual ﬂame retardant concentrations in each matrix were analyzed for correlations using Spearman's rank correlation tests, chosen
due to the non-normal distribution of results, small sample size, and
the test's limited sensitivity to outliers. The correlation analyses were
conducted using R 2.10.1 (R Development Core Team, 2009) on compounds that were detected in at least 50% of the samples. In addition,
cluster analysis (OriginPro 2017, OriginLab Corporation) was performed
to assess correlations among total concentrations of ﬂame retardant
classes (PBDEs, HBCDs, additional brominated ﬂame retardants, DPrelated substances, and phosphate ﬂame retardants) present in water
and sediment. Sample sizes for bivalves and harbor seals were deemed
too low for robust cluster analysis. Statistical signiﬁcance was determined using a p-value b 0.05.
3. Results and discussion
3.1. Brominated ﬂame retardants
3.1.1. Polybrominated diphenyl ethers
As hydrophobic compounds, PBDEs generally partition to sediment.
Summed PBDE concentrations in Bay sediment were b5 ng/g dry weight
(dw), and were dominated by BDE-209, the primary component of the
commercial mixture DecaBDE (Table 1). BDE-209 is the dominant congener in sediment collected from a variety of locations worldwide, including Asia, Europe, and the Great Lakes (Moon et al., 2007).
Sediment levels of BDE-47 (median 0.31 ng/g dw; Table 1), a major
component of commercial mixture PentaBDE, were consistent with a
recently documented decline in contamination in San Francisco Bay
over the last decade (Sutton et al., 2015), likely due to a California ban
and U.S. industry phase-out of PentaBDE.
Deployed bivalves provide an integrated measure of contaminant
exposure from food, water, and sediment. Summed PBDE concentrations in Bay bivalves were b30 ng/g lipid weight (lw) and were dominated by BDE-47 (Table 1); no BDE-209 was detected. Bivalves from
the reference site also contained a low level of BDE-47 (0.26 ng/g lw;
Table S8). BDE-47 has declined signiﬁcantly in deployed Bay bivalves
over the last decade (Sutton et al., 2015), and levels reported here are
consistent with those reported recently (e.g., in 2012; Sutton et al.,
2015).
Harbor seal blubber is an ideal matrix for study of hydrophobic contaminants that accumulate in higher trophic organisms from food
sources, which for Bay harbor seals includes, at minimum, 22 species
of ﬁsh and one species of crustacean (Gibble and Harvey, 2015). Harbor
seals residing in San Francisco Bay generally exhibit relatively high site
ﬁdelity (Nickel, 2003), such that contaminant exposure is likely to be
derived from sources within the Bay. Summed PBDE concentrations in
Bay harbor seal blubber collected for this study ranged between 270
and 1100 ng/g lw (median 390 ng/g lw; Table 1); BDE-47 was the dominant congener. Concentrations of PBDEs in blubber were an order of
magnitude or more higher than any other ﬂame retardant class analyzed. With the exception of BDE-209, PBDEs have been shown to
bioaccumulate and biomagnify within marine and estuarine food
webs (Shaw et al., 2009; Brandsma et al., 2015); higher levels of
PBDEs in higher trophic organisms like Bay harbor seal blubber, relative
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to lower trophic organisms such as bivalves, are consistent with this
behavior.
Summed PBDE levels in these 2014 blubber samples were generally
lower than observed in three previous studies of Bay harbor seal blubber, including samples of ﬁve deceased adult harbor seals collected in
2007 and 2008 (530–5075, median 770 ng/g lw; Klosterhaus et al.,
2012), 35 recently weaned harbor seal pups captured in 2007 and
2008 (200–10,000, geometric mean 1100 ng/g lw; Greig et al., 2011),
and three deceased adult harbor seals collected in 1997 and 1998
(1944, 2985, 8325 ng/g lw; She et al., 2002). Measurements are suggestive of declining levels of PBDEs in Bay harbor seals. Temporal trend
studies indicate recent declines in PBDEs in other marine mammal populations (Law et al., 2012; Zhu et al., 2014).
BDE-47 was detected at low levels in ambient Bay water, and BDE49, -99, and -100 were detected intermittently (Tables S5–S6). The
amount of water sampled at each site, 4 L, was not sufﬁcient for frequent
detection of hydrophobic contaminants (Sections 3.1–3.2), and was better suited for detection of highly soluble contaminants (Section 3.3).
3.1.2. Hexabromocyclododecanes
Commercial mixtures of HBCD, consisting primarily of diastereoisomer γ-HBCD with smaller amounts of α-HBCD and β-HBCD, have been
widely used as ﬂame retardants in polystyrene foam building insulation,
upholstery textiles, and to a smaller degree in electronic housings
(Covaci et al., 2006). Two of three diastereoisomers, α- and γ-HBCD,
were commonly detected in Bay sediment (Table 1). Summed concentrations (non-detect [nd] to 0.33 ng/g dw; median 0.12 ng/g dw) were
signiﬁcantly lower than PBDEs. The isomer proﬁle was dominated by
γ-HBCD (67–80%), followed by α-HBCD (17–23%), similar to that
found in commercial mixtures, as well as in sediment from other locations (Covaci et al., 2006). Levels were generally lower than those in
ten Bay sediment samples (0.1–1.7 ng/g dw; median 0.3 ng/g dw) collected in 2007, as well as in sediment from the Great Lakes
(0.04–3.1 ng/g dw; Yang et al., 2012), and from estuaries in Australia
(1.8–5.3 ng/g dw; Drage et al., 2015) and China (0.03–634 ng/g dw;
Feng et al., 2012; Zhang et al., 2013). In contrast, Bay levels were comparable to or higher than found in coastal sediments near the Yangtze
River Delta (nd to 0.16 ng/g dw; Zhu et al., 2014).
α-HBCD and γ-HBCD were frequently detected in deployed bivalve
and harbor seal blubber samples at levels signiﬁcantly lower than
PBDEs (Table 1). The tissue isomer proﬁles showed enrichment of αHBCD (bivalve α-HBCD 60–100%; harbor seal blubber α-HBCD
67–86%), a widely reported observation (Covaci et al., 2006; Isobe
et al., 2012; Klosterhaus et al., 2012; Munschy et al., 2015; Ruan et al.,
2018) that may be caused by factors including bioisomerization of γand β-HBCD to α-HBCD, faster metabolism of γ- and β-HBCD, and the
higher water solubility of α-HBCD (Covaci et al., 2006).
Bay bivalve HBCD levels were similar to or lower than those observed in recent studies of estuarine or coastal bivalves. Analysis of 19
resident mussel samples collected along the California coast in
2009–2010, including three from San Francisco Bay, revealed intermittent detection of HBCD (α-HBCD b 0.1–1.5 ng/g dw; β-HBCD b
0.1–0.4 ng/g dw; γ-HBCD b 0.1–2.5 ng/g dw; Dodder et al., 2014) at
levels comparable to or higher than observed in this study (α-HBCD b
0.14–2.2 ng/g dw; β-HBCD b 0.14–0.25 ng/g dw; γ-HBCD b
0.14–0.71 ng/g dw; Table S8). Resident bivalves may have higher levels
of contamination relative to deployed bivalves given their longer exposure to contaminants. Bay mussels also showed sums of HBCDs (nd to
3.1 ng/g lw; Table S8) on the lower end of the range reported for resident mussels collected along the coasts of developing countries in Asia
(b0.01–140 ng/g lw; Isobe et al., 2012); higher concentrations were reported in samples from Japan (10–1400 ng/g lw; Isobe et al., 2012) and
Korea (6.0–500 ng/g lw; Ramu et al., 2007). Levels of α-HBCD in shellﬁsh from the coast of France (0.02–0.3 ng/g wet weight [ww];
Munschy et al., 2015) were comparable to those in deployed Bay bivalves (nd to 0.23 ng/g ww; see Table S8 for moisture content).
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Table 1
Brominated ﬂame retardants in San Francisco Bay samples. Medians b MLOQ are labeled nd (non-detect).
Brominated
ﬂame retardants

Sediment (n = 10) ng/g dw
% Detect
Range

Median

Bivalves (n = 6) ng/g lw
% Detect
Range

BDE-28
BDE-47
BDE-49
BDE-66
BDE-85
BDE-99
BDE-100
BDE-138
BDE-153
BDE-154
BDE-183
BDE-196
BDE-197
BDE-201
BDE-202
BDE-203
BDE-206
BDE-207
BDE-208
BDE-209
Sum of PBDEs

70
100
60
0
0
90
90
0
100
70
90
10
20
30
0
70
60
70
50
100
–

α-HBCD
β-HBCD
γ-HBCD
TBP-AE
BTBPE
DBDPE
EH-TBB
BEHTBP
HBBZ
HCCPD
HCDBCO
PBBA
PBBB/PBT
BB-101
PBBZ
PBEB
α-DBE-DBCH
β-DBE-DBCH
γ-DBE-DBCH
TBCT
TBPX

70
30
70
100
30
0
10
80
90
0
0
20
0
10
0
0
50
20
30
0
0

b0.02–0.18
0.06–0.62
b0.02–0.07
b0.02
b0.02
b0.02–0.27
b0.02–0.29
b0.02
0.02–0.13
b0.02–0.05
b0.02–0.07
b0.03–0.03
b0.03–0.07
b0.03–0.09
b0.03
b0.03–0.07
b0.03–0.15
b0.03–0.20
b0.03–0.08
0.11–2.8
0.27–4.5

0.02
0.31
0.03
–
–
0.12
0.08
–
0.08
0.02
0.02
nd
nd
nd
–
0.04
nd
0.05
nd
0.77
1.7

83
100
100
0
0
100
100
0
100
100
0
0
0
0
0
17
0
0
0
0
–

b0.01–0.07
b0.01–0.02
b0.01–0.24
0.03–0.10
b0.03–0.07
b0.05
b0.02–0.04
b0.02–0.48
b0.02–0.79
b0.02
b0.03
b0.02–0.07
b0.02
b0.02–0.03
b0.03
b0.02
b0.03–0.21
b0.03–1.6
b0.03–1.1
b0.03
b0.03

0.03
nd
0.09
0.05
nd
–
nd
0.11
0.31
–
–
nd
–
nd
–
–
0.03
nd
nd
–
–

83
17
50
33
50
0
0
17
33
0
0
0
0
100
0
0
0
17
0
0
0

Blubber from deceased adult harbor seals in San Francisco Bay had
levels of HBCDs (4.4–19.3 ng/g lw) similar to those detected in this
study (4.4–27 ng/g lw), and were likewise dominated by α-HBCD
(Klosterhaus et al., 2012). Levels of α-HBCD in blubber from adult harbor seals stranded along the northwest Atlantic coast from 2001 to
2006 (2–29 ng/g lw; Shaw et al., 2012) were also comparable. HBCDs
were not detected in Bay water (Tables S5–S6); as noted above, a larger
volume of water would be needed to detect these contaminants.
3.1.3. Other brominated ﬂame retardants
Among the 19 other brominated ﬂame retardants analyzed
(Table 1), HBBZ was most abundant in sediment, with concentrations
comparable to BDE-47 and ranging from nd to 0.79 ng/g dw. Several
others were detected at lower levels, including TBP-AE, BTBPE, EHTBB, BEHTBP, PBBA, BB-101, and DBE-DBCH (or TBECH).
Five of these may be compared with results from the previous analysis of ﬂame retardants in 2007 Bay sediment (Klosterhaus et al., 2012).
BEHTBP, an ingredient in ﬂame retardants including Firemaster 550,
Firemaster 600, and DP-45, was detected for the ﬁrst time in the present
study of 2014 Bay sediment, perhaps due in part to the lower MLOQ
achieved. The other brominated Firemaster 550 and 600 component,
EH-TBB, was also detected in this study for the ﬁrst time, in a single sediment sample at a level near the MLOQ. While the present analysis detected HBBZ widely in sediment, the previous study did not detect it

Median

Harbor Seal Blubber (n = 7) ng/g lw
% Detect
Range
Median

b0.14–0.69
3.5–15
0.33–1.6
b0.14
b0.14
0.97–4.4
2.0–5.9
b0.14
0.59–1.1
0.23–0.69
b0.28
b0.28
b0.28
b0.28
b0.28
b0.28–0.72
b0.28
b0.28
b0.28
b0.70
7.9–29

0.18
4.5
0.51
–
–
1.3
2.3
–
0.79
0.34
–
–
–
–
–
nd
–
–
–
–
10

100
100
100
0
0
100
100
0
100
100
0
0
0
0
43
14
0
0
0
0
–

0.82–2.3
120–850
11–18
b0.60
b0.60
36–69
7.2–54
b0.60
28–64
8.4–130
b0.60
b1.0
b1.0
b1.0
b0.60–6.7
b1.0–1.5
b1.0
b1.0
b1.0
b1.5
270–1100

1.5
260
15
–
–
50
23
–
53
32
–
–
–
–
nd
nd
–
–
–
–
390

b0.14–2.2
b0.14–0.25
b0.14–0.71
b0.14–0.27
b0.14–0.66
b0.42
b0.28
b0.28–0.26
b0.14–1.4
b0.28
b0.56
b0.42
b0.28
0.62–1.4
b0.14
b0.28
b0.28
b0.28–0.93
b0.28
b0.42
b0.28

0.35
nd
nd
nd
nd
–
–
nd
nd
–
–
–
–
0.79
–
–
–
nd
–
–
–

100
43
86
0
0
0
100
43
100
0
0
14
0
100
0
0
0
0
0
100
0

3.1–18
b0.60–2.8
b0.60–6.1
b0.60
b1.0
b1.6
4.0–27
b0.60–3.0
2.3–7.4
b0.60
b1.0
b0.60–18
b0.60
0.68–4.9
b1.0
b0.60
b1.0
b1.0
b1.2
2.1–20
b1.0

4.60
nd
1.3
–
–
–
9.2
nd
5.3
–
–
nd
–
2.9
–
–
–
–
–
5.1
–

at all. In contrast, BTBPE was detected at similar levels in both studies
(present b 0.03–0.07 ng/g dw; Klosterhaus et al. (2012) b
0.03–0.1 ng/g dw) and PBEB was only detected in the earlier study.
Levels of several brominated ﬂame retardants in Bay sediment were
generally comparable to or lower than found in estuarine or marine sediment from China (Chen et al., 2013; Zhu et al., 2013; Liu et al., 2014;
Wang et al., 2015a; Zhen et al., 2016) and Europe (López et al., 2011;
Sühring et al., 2015, 2016). Levels of BTBPE, DBDPE, DBE-DBCH,
HCDBCO, TBCT, and TBPX were also generally lower in the Bay relative
to the Laurentian Great Lakes (Yang et al., 2012). In contrast, HBBZ in
Bay sediment (b0.02–0.79 ng/g dw) was often higher than reported
for the Great Lakes (b0.005–0.43 ng/g dw; Yang et al., 2012).
Among these brominated ﬂame retardants, BB-101 was detected at
the highest levels in bivalves (0.62–1.4 ng/g lw, median 0.79 ng/g lw;
Table 1). Other analytes were detected sporadically. Resident bivalves
from coastal Asia often have detectable levels of DBDPE (Isobe et al.,
2012; Sun et al., 2015), unlike deployed Bay bivalves; occasional detections of BTBPE (Isobe et al., 2012) and TBPX (Sun et al., 2015) are also
reported. BTBPE was found in just three of ten Bay bivalve samples,
and TBPX was not detected. Shellﬁsh from the coast of France contained
levels of DBDPE, BTBPE, and HBBZ that were generally below the MLOQs
of the method used in the present study (Munschy et al., 2015). EH-TBB
was detected in wild mussels and BTBPE in clams from the northern
coast of Spain (Villaverde-de-Sáa et al., 2013).
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Harbor seal blubber contained notable levels of EH-TBB
(4.0–27 ng/g lw, median 9.2 ng/g lw), HBBZ (2.3–7.4 ng/g lw, median
5.3 ng/g lw), TBCT (2.1–20 ng/g lw, median 5.1 ng/g lw), and BB-101
(0.68–4.9 ng/g lw, median 2.9 ng/g lw). BEHTBP and PBBA were detected sporadically and at levels signiﬁcantly lower than PBDEs. The
brominated components of Firemaster 550 and other ﬂame retardants,
EH-TBB and BEHTBP, were not detected in a previous study of Bay harbor seal blubber (Klosterhaus et al., 2012). In contrast, PBEB was detected in this earlier study, but at levels (0.07–0.50 ng/g lw) lower
than the MLOQ in this study (0.60 ng/g ww). HBBZ was not detected
(b0.30 ng/g ww) in this earlier study of Bay harbor seals as well
(Klosterhaus et al., 2012). Differences between the previous study and
the present one may reﬂect an increase in Firemaster 550 components
in the Bay, differences in the behavior of the seals sampled, or could
be partially due to variation in sample pretreatment and instrumental
analysis.
There is a dearth of data for alternative brominated ﬂame retardants
in harbor seals. Blubber from harbor porpoises stranded along coastal
U.K. in 2008 contained quantiﬁable levels of PBEB and EH-TBB, the latter
at lower levels than seen in Bay blubber (b0.6–3.4 ng/g ww; Law et al.,
2013; relative to Bay values of 3.6–24 ng/g ww; Table S9); other compounds in Bay harbor seal blubber, including HBBZ, TBCT, PBBB, and
BEHTBP, were either not detected, or detected at levels below the
MLOQ. Blubber from Indo-Paciﬁc humpback dolphins and ﬁnless porpoises in coastal waters of Hong Kong had detectable levels of EH-TBB
and BEHTBP (Zhu et al., 2014; Lam et al., 2009), similar to that found
in Bay harbor seal blubber; in contrast, these species also contained detectable levels of DBDPE, BTBPE, and DBE-DBCH (Zhu et al., 2014; Ruan
et al., 2018), analytes not observed here. BTBPE, DBDPE, and EH-TBB
were detected in blubber from ringed seals in Greenland at levels comparable to or below the MLOQs for these analytes in the present study;
BEHTBP was not detected (Vorkamp et al., 2015), but was detected in
three of seven Bay harbor seals. A summary of studies of blubber from
various Arctic species suggests limited to no detection of DBDPE and
BTBPE (de Wit et al., 2010).
Apart from PBDEs, hydrophobic, brominated ﬂame retardants were
not detected in dissolved phase water samples, and rarely detected in
the particulate phase (Tables S5-S6).
3.2. Dechlorane Plus-based ﬂame retardants
The only DP-related contaminants with consistent detections in sediment were anti-DP and syn-DP, components of Dechlorane Plus, and
Dec-602 (Table 2). Current measurements of anti-DP and syn-DP
(0.02–1.3 and b0.02–0.45 ng/g dw, respectively) are consistent with relative fractions found in commercial mixtures (Sverko et al., 2008), and
are comparable to earlier analyses in Bay sediment (0.06–0.6 and
0.03–0.3 ng/g dw, respectively; Klosterhaus et al., 2012). Levels of DP
were generally lower than observed in the top 0.5 cm of Great Lakes
sediment (0.002–14 ng/g dw; Yang et al., 2011). Bay levels were also
lower than generally observed in the Pearl River Delta (nd to
45 ng/g dw; He et al., 2014; Chen et al., 2013) and the coasts of northern
China (anti-DP 0.02–4.9 ng/g dw, syn-DP nd to 5.4 ng/g dw; Jia et al.,
2011). In contrast, comparable detections were reported in the Pearl
River Estuary (nd to 2.1 ng/g dw; Sun et al., 2016; Chen et al., 2013), industrial bays in Korea (0.01–0.9 ng/g dw; Fang et al., 2014), and coastal
North Sea sites (anti-DP nd to 0.61 ng/g dw, syn-DP nd to 0.92 ng/g dw;
Sühring et al., 2015). Bay levels were often higher than observed in sediment samples from coastal areas of the East China Sea
(0.01–0.2 ng/g dw; Wang et al., 2016b).
A limited number of analyses of other DP-related contaminants in
sediment are available for comparison. North Sea sediments had levels
of Dec-602 (nd to 0.47 ng/g dw) comparable to the Bay
(b0.02–0.25 ng/g dw); DBALD and HCPN were also detected in North
Sea sediment, but not in Bay sediment (Sühring et al., 2015). Great
Lakes sediment contained detectable levels of Dec-602, -603, and -604
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(Yang et al., 2011), and coastal sediment from northern China contained
sporadic detections of Dec-602 and -603 (Jia et al., 2011); only Dec-602
was detected in the Bay. Cl11-DP was detected in half the sediment samples from both San Francisco Bay and the Pearl River Estuary (Sun et al.,
2016).
Dechlorane Plus was only occasionally detected in bivalves and harbor seal blubber; in blubber, higher frequency and/or levels of detection
were observed for Dec-602 and Dec-603 (Table 2). The majority of the
DP-related analytes were not detected in any Bay tissues.
Bay bivalves were less frequently contaminated by DP-related compounds relative to other regions for which data are available. Widespread detection of DP was reported in resident oysters from northern
China (76% and 78% for anti- and syn-DP, respectively; Jia et al., 2011).
Sporadic detection of Dec-602 and Dec-603 was also reported (Jia
et al., 2011). Dechlorane Plus was likewise detected in two species of
clams collected from the Pearl River Estuary (Sun et al., 2015), and in
clams but not mussels or cockles from Spain (Villaverde-de-Sáa et al.,
2013).
Lower DP detection frequency in harbor seal blubber in the present
study, relative to 100% detection in the earlier study of San Francisco
Bay seals (Klosterhaus et al., 2012), is likely due to a higher MLOQ.
Higher and more ubiquitous DP contamination was reported for blubber from Indo-Paciﬁc humpback dolphins and ﬁnless porpoises in
coastal waters of Hong Kong (1.7–64 ng/g lw and 0.45–5.1 ng/g lw, respectively; Zhu et al., 2014). Levels comparable to Bay harbor seal blubber were reported for blubber from ringed seals in Greenland (anti-DP
0.04–1.8 ng/g ww, syn-DP 0.01–0.42 ng/g ww; Vorkamp et al., 2015)
and porpoises in the U.K. (anti-DP nd to 0.36 ng/g ww, syn-DP nd to
0.17 ng/g ww; Law et al., 2013). DP-based ﬂame retardants were not detected in ambient Bay water samples (Tables S5–S6).
3.3. Phosphate ﬂame retardants
Unlike the hydrophobic ﬂame retardants described previously,
phosphate ﬂame retardants are generally more water soluble (van der
Veen and de Boer, 2012). TCPP was typically the most abundant phosphate ﬂame retardant in Bay water samples, with concentrations
(sums of dissolved phase and particle-associated contributions) ranging
from 46 to 2900 ng/L (median 140 ng/L; Table 3). Levels were generally
higher than measured in other estuarine or marine settings, including
the southern California Bight (nd to 56 ng/L; Vidal-Dorsch et al.,
2012), the River Elbe estuary and German Bight (3–250 ng/L;
Bollmann et al., 2012), and the North Atlantic and Arctic Oceans (nd –
5.8 ng/L; Li et al., 2017; McDonough et al., 2018). TPhP and TBEP were
typically the next most abundant, with concentrations ranging from
41 to 360 ng/L (median 90 ng/L), and from 24 to 1000 ng/L (median
69 ng/L), respectively; levels were generally higher than those found
in the River Elbe estuary (0.3–4 and nd to 80 ng/L, respectively;
Bollmann et al., 2012) and Maizuru Bay, Japan (6–14 and 26–62 ng/L,
respectively; Harino et al., 2014). Other notable detections included
TDCPP (14–450 ng/L; median 33 ng/L) and TCEP (7.4–300 ng/L; median
24 ng/L); levels were often greater than in the Southern California Bight
(TCEP nd; Vidal-Dorsch et al., 2012), the River Elbe estuary (TDCPP
6–30 ng/L, TCEP 5–20 ng/L; Bollmann et al., 2012), Maizuru Bay, Japan
(TDCPP 12–25 ng/L, TCEP 11–12 ng/L; Harino et al., 2014), and the
North Atlantic and Arctic Oceans (TDCPP nd to 0.96 ng/L, TCEP nd to
3.8 ng/L; Li et al., 2017; McDonough et al., 2018).
In contrast, sediment samples were most contaminated by TEHP,
TCrP, TPhP, TDCPP, and TBEP, with median concentrations of 8.2, 3.4,
1.9, 0.96, and 0.81 ng/g dw, respectively (Table 3), greater than the median for BDE-209. Sediments from the Great Lakes contained similar
concentrations of many phosphate ﬂame retardants (sum of phosphates 0.44–48 ng/g dw, relative to Bay sums of 9.5–33 ng/g dw; Cao
et al., 2017) and those from the southern California Bight contained
comparable or higher levels of TCEP, TCPP, and TDCPP (nd to 6.98, nd to
57.3, and nd to 13.6 ng/g dw, respectively; Maruya et al., 2016). Sediment
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Table 2
DP-based ﬂame retardants in San Francisco Bay samples. Medians b MLOQ are labeled nd (non-detect).
DP-based
ﬂame retardants

Sediment (n = 10) ng/g dw
% Detect
Range

Cl10-DP
Cl11-DP
Cplus
DBALD
DPMA
DEC-601
DEC-602
DEC-603
DEC-604
DEC-604CB
Br-DEC604
Br2-DEC604
Cl4-DEC604
Br2Cl2-DEC604
HCPN
syn-DP
anti-DP

0
50
0
0
0
0
80
0
0
60
0
0
0
0
0
90
100

b0.02
b0.02–0.05
b0.02
b0.02
b0.03
b0.02
b0.02–0.25
b0.02
b0.03
b0.02–0.03
b0.03
b0.02
b0.02
b0.02
b0.02
b0.02–0.45
0.02–1.3

Median

Bivalves (n = 6) ng/g lw
% Detect
Range

–
nd
–
–
–
–
0.08
–
–
0.02
–
–
–
–
–
0.12
0.26

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
17
33

from the Scheldt Estuary, Holland, also showed similar levels of contamination, with lower levels of TEHP and TCrP (0.4–3.3 and nd to
0.9 ng/g dw, respectively), and comparable or higher levels of TBEP (nd
to 19.6 ng/g dw; Brandsma et al., 2015), while those from Maizuru Bay,
Japan had higher levels of TCEP, TDCPP, and TBEP (2–3 ng/g dw,
3–56 ng/g dw, and nd to 15 ng/g dw, respectively; Harino et al., 2014).
Of note, much of San Francisco Bay is considered to be an erosional rather
than depositional sediment environment (Barnard et al., 2013), such that
contaminants within surface sediment samples may not fully reﬂect current uses within the surrounding urban setting. Marine sediment from
the North Paciﬁc and Arctic Oceans, sites farther from urban inputs,
contained lower levels of phosphate ﬂame retardants than found in the
Bay, with the exception of TCEP (sum of phosphates
0.159–4.658 ng/g dw; TCEP 0.081–3.903 ng/g dw; Ma et al., 2017).
Bivalve samples were dominated by TDCPP, with 100% detection frequency and levels ranging from 2.9 to 13 ng/g lw (median 6.7 ng/g lw;
Table 3), comparable to BDE-47. Lower levels of TPhP, EHDPP, TnBP,
TBEP, and TCPP were also detected in over 50% of samples. In contrast,
bivalves from the reference site outside of San Francisco Bay contained
low but detectable levels of TDCPP (0.38 ng/g lw; see Table S8 for moisture and lipid content).
TDCPP, TCPP, and TCEP were not detected in a previous study of resident Bay and California coastal bivalves collected in 2009–2010
(Dodder et al., 2014). An earlier European study examining TDCPP,
TCPP, TCEP, TPhP, and TCrP was also unable to detect these

b0.14
b0.14
b0.14
b0.14
b0.14
b0.14
b0.14
b0.14
b0.14
b0.14
b0.28
b0.28
b0.42
b0.28
b0.42
b0.14–0.20
b0.14–0.28

Median

Harbor Seal Blubber (n = 7) ng/g lw
% Detect
Range
Median

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
nd
nd

0
0
0
0
0
0
100
57
0
0
0
0
0
0
0
29
43

b0.30
b0.30
b0.30
b0.30
b0.50
b0.30
0.91–11
b0.30–3.1
b1.0
b0.30
b0.50
b0.30
b0.30
b0.30
b0.30
b0.30–1.2
b0.30–1.2

–
–
–
–
–
–
2.2
0.51
–
–
–
–
–
–
–
nd
nd

contaminants in blue mussels (Leonards et al., 2011). In contrast, a
later study of bivalves from coastal European locations measured higher
levels of TBEP (up to 39.4 ng/g dw; Álvarez-Muñoz et al., 2015) than
seen in Bay bivalves (up to 2.0 ng/g dw; Table S8). TBEP was frequently
detected in other European biota as well (Álvarez-Muñoz et al., 2015).
Meanwhile, TCEP was only detected below MLOQ in European bivalves
(Álvarez-Muñoz et al., 2015); TCEP was detected at quantiﬁable levels
in two of six Bay bivalve samples (at 0.29 and 0.13 ng/g dw; Table S8).
Tri-n-butyl phosphate was the dominant phosphate ﬂame retardant in
mussels from Maizuru Bay, Japan, followed by TDCPP; levels of each
(23–34 and 6–15 ng/g ww, respectively; Harino et al., 2014) were generally at least an order of magnitude higher than seen in the Bay (nd –
0.13 and 0.18–0.75 ng/g ww; see Table S8 for moisture content). TBEP,
TCrP, TPhP, and TCEP were also detected in Maizuru Bay bivalves
(Harino et al., 2014).
Just four phosphate ﬂame retardants were detected in harbor seal
blubber (Table 3): TCPP (nd – 30 ng/g lw, median 13 ng/g lw), TDCPP
(nd – 56 ng/g lw, median 4.3 ng/g lw), TCEP (nd – 8.3 ng/g lw, median
3.4 ng/g lw), and TPhP (nd – 27 ng/g lw weight, median b 1.0 ng/g lw).
Levels of these ﬂame retardants were signiﬁcantly lower than levels of
BDE-47. Blubber may not be an ideal matrix for examination of these
less hydrophobic contaminants. Broadly speaking, low levels of phosphate ﬂame retardants observed in wildlife are frequently attributed
to rapid degradation and metabolism, suggesting that tissue levels
may be a poor indicator of exposure (Strobel et al., 2018).

Table 3
Phosphate ﬂame retardants in San Francisco Bay samples. Medians b MLOQ are labeled nd (non-detect).
Phosphate-based
ﬂame retardants

Water (n = 12) ng/La
% Detect
Range

TEP
TCEP
TCPP
TDCPP
TPhP
TnBP
TCrP
TPrP
TBEP
TEHP
EHDPP
TDBPP
T2iPPP
Sum of phosphates

33
100
100
100
100
100
50
0
100
25
8
0
8
–

b0.2–3.2
7.4–300
46–2900
14–450
41–360
7.8–43
b0.4–33
b0.4
24–1000
b0.4–11
b0.4–2.3
b0.8
b0.4–0.5
170–5100

Median

Sediment (n = 10) ng/g dw
% Detect
Range
Median

nd
24
140
33
90
13
nd
–
69
nd
nd
–
nd
460

20
40
100
100
100
100
100
0
100
100
70
80
40
–

b0.03–0.06
b0.03–0.13
0.26–1.6
0.73–2.0
0.44–7.5
0.35–1.2
1.6–6.7
b0.05
0.51–4.8
2.3–20
b0.10–1.5
b0.10–1.0
b0.10–1.4
9.5–33

nd
nd
0.54
0.96
1.9
0.57
3.4
–
0.81
8.2
0.28
0.23
nd
23

Bivalves (n = 6) ng/g lw
% Detect
Range
0
33
67
100
67
83
0
0
67
33
67
17
0
–

b0.14
b0.14–0.45
b0.14–5.3
2.9–13
b0.56–2.7
b0.14–2.3
b0.35
b0.35
b0.42–2.6
b0.42–1.9
b0.56–6.7
b1.1–2.7
b0.42
8.7–25

Median

Harbor Seal Blubber (n = 7) ng/g lw
% Detect
Range
Median

–
nd
0.50
6.7
1.1
1.0
–
–
0.79
nd
1.1
nd
–
12

0
71
86
71
43
0
0
0
0
0
0
0
0
–

b1.0
b1.0–8.3
b2.5–30
b1.0–56
b1.0–27
b1.5
b2.0
b2.0
b2.5
b5.3
b2.0
b2.0
b1.0
17–67

–
3.4
13
4.3
nd
–
–
–
–
–
–
–
–
30

a
Values represent total water levels, including dissolved and particulate contributions; values for TCPP, TDCPP, TPhP, TnBP, TCrP, TBEP, EHDPP are considered semi-quantitative in
water, quantitative in other matrices.
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The four phosphate ﬂame retardants found in Bay harbor seals were
not detected in the blubber of ringed seals from Svalbard, Norway and analyzed using a method with higher detection limits; instead, occasional
detection of TEHP and EHDPP was reported (Hallanger et al., 2015). In
contrast, East Greenland ringed seal blubber found TEP, TDCPP, TPhP,
TnBP, and TEHP, but not TBEP (Strobel et al., 2018). These ringed seal
blubber samples contained lower levels of TDCPP relative to Bay harbor
seal samples (b0.17–1.2 ng/g ww vs. b1.0–37 ng/g ww [Table S9], respectively) and comparable levels of TPhP (b0.40–7.2 ng/g ww vs.
b1.0–24 ng/g ww [Table S9], respectively); other detections were generally below the MLOQs of the present study. Blubber from stranded or
bycaught harbor porpoises in the UK contained TEP, TPhP, TBEP, and
EHDPP (Papachlimitzou et al., 2015); the maximum TPhP level reported
was 6.7 ng/g ww, relative to the maximum Bay TPhP level of
24 ng/g ww (Table S9). The three other phosphate ﬂame retardants observed in Bay blubber, TCPP, TDCPP, and TCEP, were not detected in UK
blubber, though the detection limits were relatively high (26, 8.9, and
38 ng/g ww, respectively; Papachlimitzou et al., 2015).
3.4. Statistical examination of ﬂame retardants
Several statistically signiﬁcant correlations were present in the analysis of ﬂame retardants with ≥50% frequency in a given matrix
(Tables S13-S17). In water (both total and dissolved-phase), positive
correlations were observed among chlorinated phosphate ﬂame retardants (TCEP, TCPP, TDCPP); TnBP was also positively correlated with
each of these three (Tables S13–S14). Such correlations suggest similar
urban sources and/or fate processes in the San Francisco Bay region, as
reﬂected in spatial patterns of distribution (Fig. 2; Tables S5–S6), including elevated concentrations in the South and Lower South Bays.
Southern portions of the Bay are more strongly inﬂuenced by discharges of treated wastewater and associated contaminants because
these waters experience the least amount of mixing with non-efﬂuent
ﬂow and have the highest hydraulic residence time compared to other
portions of the Bay. Wastewater-derived contaminants such as pharmaceuticals (Klosterhaus et al., 2013) and triclosan (Kerrigan et al., 2015)
are often observed at higher concentrations in this part of the Bay.
Stormwater is also a signiﬁcant inﬂuence during the wet season. Characterization of a limited number of treated wastewater efﬂuent and
stormwater samples indicated that both of these urban pathways discharge ﬂame retardants to the Bay (Tables S10–S12). Of note, wastewater efﬂuent was found to contain signiﬁcant levels of a number of
phosphate ﬂame retardants, particularly TCPP, TDCPP, and TCEP
(Table S10). Efﬂuent concentrations were comparable to higher Bay
concentrations obtained from sites in southern portions of the Bay.
Local stormwater samples contained similar ranges of TCPP, TCEP, and
TDCPP concentrations as found in the Bay (Tables S11–S12).
Correlations were not observed among the PBDE congeners frequently
detected in water (BDE-47, -49, -99), but TDCPP was positively correlated
with BDE-47 (Tables S13–S14). Both TDCPP and BDE-47 (as part of PBDE
commercial mixture Penta) have been used as ﬂame retardants in foam
furniture and infant products (Stapleton et al., 2009, 2011, 2012; van
Bergen and Stone, 2014; Cooper et al., 2016). Wastewater efﬂuent samples were found to contain trace levels of PBDEs (Table S10); stormwater
samples generally contained PBDEs at higher levels than found in the Bay
(Tables S11–S12). Correlation analysis of water samples revealed signiﬁcant positive correlation between the PBDEs and phosphate ﬂame retardants. This analysis similarly suggests that both types of ﬂame
retardants are likely to be derived from the urban landscape.
Sediment samples contained a broader range of ﬂame retardants,
and a greater number of statistically signiﬁcant correlations
(Tables S15A–S15C). Several positive correlations were observed
among phosphate ﬂame retardants, and among the brominated and
DP-based ﬂame retardants. Such correlations may be explained by similar sources and/or partitioning behaviors for the respective classes of
compounds. Some positive correlations were observed between both
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TDCPP and TEHP and a number of brominated and DP-based ﬂame retardants, again suggesting similar sources and/or fate processes. Higher
concentrations of many of these contaminants in sediment were often
found at southern sites in the Bay (Fig. 2; Table S7).
In contrast, some negative correlations were observed between
other phosphate ﬂame retardants (TPhP, TnBP, TBEP, and TDBPP) and
various brominated and DP-based ﬂame retardants, possibly reﬂecting
differences in sources and/or partitioning and transport of these contaminants (Tables S15A–S15C). Some of the ﬂame retardants with few
statistically signiﬁcant positive correlations, or more negative correlations, show higher contaminant levels in central or northern portions
of the Bay (Fig. 2; Table S7). The regional distributions of these contaminants suggest the role of additional factors, which may include discrete
sources or sites of higher pollutant discharge, and which are likely to be
contaminant-speciﬁc.
Cluster analysis of sediment samples indicated that PBDEs and DPrelated substances were closely associated with each other; these classes formed another cluster with HBCDs with modest distance
(i.e., signiﬁcant correlation; Fig. S2). This clustering pattern suggests
that these contaminant classes may have some sources in common
(Liu et al., 2016; Wu et al., 2017). In contrast, the signiﬁcant distance between this cluster and the other two classes examined, the remaining
hydrophobic, brominated ﬂame retardants and the phosphate ﬂame retardants, may be attributed to differences in their sources and/or environmental fate in the Bay.
For bivalve samples, several statistically signiﬁcant, positive correlations were observed among PBDE congeners, as well as between α- and
γ-HBCD (dw and lw basis; Tables S16A–S16B). The dominant PBDE congener, BDE-47, was not correlated with either α-HBCD or γ-HBCD. The
previous study of San Francisco Bay identiﬁed a signiﬁcant correlation
between BDE-47 and summed HBCDs (lw basis) in shiner surfperch, a
sport ﬁsh species, though not in sediment (Klosterhaus et al., 2012).
Among the broader brominated ﬂame retardant analytes, a positive correlation was observed between BTBPE and BDE-99. A positive correlation was also observed between EHDPP and BDE-153 (dw and lw basis).
For harbor seal blubber samples, observed correlations (ww and lw
basis) appear scattered across the different classes of ﬂame retardants,
with few patterns evident (Tables S17A–S17B). There were no observed
correlations among phosphate ﬂame retardants. There were only a few
positive correlations among PBDE congeners, while BDE-47 was only positively correlated with α-HBCD, γ-HBCD (lw only), and TBCT. Meanwhile,
α- and γ-HBCD were positively correlated with each other, but the two
DP-based ﬂame retardants (Dechlorane 602 and 603) were not. BB-101
was negatively correlated with TCEP and positively correlated with
BDE-153 (ww only) and BDE-154. The lack of deﬁned patterns of correlation observed in harbor seal blubber likely reﬂects the diverse contaminant exposures possible among individuals living in the same general
location due to variations in age, sex, and diet, as well as the metabolism
and relative lipophilicity speciﬁc to each compound.
3.5. Environmental implications: Comparison to toxicity thresholds
Limited toxicity data for marine and estuarine settings suggest some
concern may be warranted for current levels of TDCPP and TPhP in the
Bay. Concentrations of TDCPP (median 33 ng/L total water, 29 ng/L dissolved phase; Tables 3, S5) frequently exceeded a marine predicted no
effect concentration (PNEC) of 20 ng/L (ECHA, 2018a). TDCPP levels at
some Bay sites also exceed a level shown to reduce body length in the
model organism Daphnia magna (65 ± 7.1 ng/L; Li et al., 2015). Meanwhile, levels of TPhP in some southern Bay samples (e.g., 360 ng/L
total water, 300 ng/L dissolved phase; Tables S5–S6) approached a marine PNEC of 370 ng/L (ECHA, 2018b). Additional monitoring is underway to ascertain whether these concentrations are typical for the Bay.
In contrast, the relatively high levels of TCPP and TBEP detected in the
Bay were signiﬁcantly below available marine PNECs (TCPP 64–420
μg/L [ECHA, 2018c]; TBEP 2.4 μg/L [ECHA, 2018d]).
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Fig. 2. Concentrations of select phosphate ﬂame retardants in San Francisco Bay. Dissolved phase water concentrations of TCEP (upper left) and TCPP (upper right) show similar spatial
distributions, with higher levels in the South and Lower South Bays. Sediment concentrations of TEHP (lower left) show a similar spatial distribution, in contrast to sediment
concentrations of TPhP (lower right).

Studies indicate that many members of the phosphate ﬂame retardant family can produce the same types of toxic impacts in exposed organisms; this suggests that evaluation of the risks posed by individual
contaminants may not fully capture the potential impacts of exposure
to environmentally relevant mixtures. For example, in vitro and
in vivo analyses indicate multiple members of this group can cause endocrine disruption, with observations of estrogenic (TDCPP, TPhP, TnBP,

TCrP; [Kojima et al., 2013; Liu et al., 2013; Suzuki et al., 2013; Zhang
et al., 2014; Wang et al., 2015b]), antiestrogenic (TCEP, TEHP, T2iPPP;
[Suzuki et al., 2013; Zhang et al., 2014]) and antiandrogenic responses
(TCPP, TDCPP, TPhP, TnBP, TCrP, T2iPPP; [Kojima et al., 2013; Suzuki
et al., 2013]). Studies in ﬁsh show measurable sex hormone disruption
or reproductive impacts at exposure levels for individual phosphate
ﬂame retardants that are signiﬁcantly higher than found in San
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Francisco Bay (Liu et al., 2012, 2013; Wang et al., 2015b; Zhu et al.,
2015). Rather than considering each contaminant individually, sums
of speciﬁc contaminants with the same mode of action could provide
a more useful indicator of potential for risk, though varying potency
and antagonistic interactions must also be considered.
While PBDE contamination was once of moderate concern for the
Bay, observed declines now suggest low concern (Sutton et al., 2015,
2017). For example, a study of polychaete larval settlement and growth
found BDE-47 exposure triggered effects in three species at a sediment
concentration of 3.0 ng/g dw, with a no observable effect concentration
(NOEC) of 0.5 ng/g dw (Lam et al., 2010); just one of ten Bay sediment
samples exceeded the NOEC (0.62 ng/g dw; Table S7). A previous
study of California harbor seals found correlation between higher
PBDE levels in blood samples and higher white blood cell counts, suggesting that high levels of contaminants could potentially be linked to
increased rates of infection (Neale et al., 2005); toxicity thresholds for
harbor seals have not been developed. A study of grey seals found a signiﬁcant relationship between total blubber PBDE levels above
1500 ng/g lw and circulating thyroid hormone concentrations (Hall
et al., 2003); the highest level of PBDE contamination observed in the
seven Bay seals was 1100 ng/g lw. A study of killer whales in the Northeast Paciﬁc suggested via a food web bioaccumulation model that a sediment summed PBDE concentration of 1.0 ng/g dw could be considered
a protective benchmark (Alava et al., 2016). Seven of ten Bay sediment
samples exceeded this conservative threshold.
4. Conclusions
Periodic monitoring to track a broad range of ﬂame retardant
analytes is recommended as a means of observing trends impacted
by changes in ﬂammability standards and manufacturing practices.
Levels of ﬂame retardants in Bay matrices reported in this study relative to those measured in a previous Bay study (Klosterhaus et al.,
2012), or in monitoring conducted elsewhere in the world, are consistent with temporal trends or spatial patterns in production and
use of individual chemical ﬂame retardants. In particular, detection
of a broad array of ﬂame retardants in Bay matrices is consistent
with recent product testing that indicates a number of alternative
compounds are now in current use, in some cases as replacements
for PBDEs (Stapleton et al., 2009, 2011, 2012; van Bergen and
Stone, 2014; Cooper et al., 2016).
The uniquely broad ﬂame retardant dataset presented here can be
used to establish a baseline against which future measurements in the
region may be compared; continued monitoring can help determine
whether these compounds are increasing in use, or if there may be a
general shift away from ﬂame retardant additives due to changes in
ﬂammability standards. Special attention should be granted to TDCPP
and TPhP, as Bay concentrations were observed at levels comparable
to toxicity thresholds (ECHA 2018a,b).
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