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A mass budget of polybrominated diphenyl ethers (PBDEs) in San Francisco Bay is developed as a !rst step
towards understanding the local sources and transport processes controlling PBDE fate in a highly urbanized
estuary. Extensive monitoring of PBDEs in estuarine water and sediment, freshwater tributaries, air, and
wastewater ef"uents and sludges were integrated with a mass budget model to provide a synthetic view of
these emerging contaminants. The Bay inventories of BDE 47 and BDE 209 in 2006 were estimated to be 33±
3 kg and 153±45 kg, respectively. Empirically derived estimates of annual inputs of BDE 47 and BDE 209 from
all quanti!able external sources ranged from 11 to 28 kg/y and 22 to 24 kg/y, respectively. BDE 47 loads were
dominated by wastewater while runoff from local tributaries represented the largest contributor to BDE 209
loads. Model results suggest the Bay PBDE inventory is highly sensitive to changes in external loads, with
degradation and out"ow being the major processes governing PBDE fate. The mass budget presented
provides a framework for integrating future monitoring and modeling efforts.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Polybrominated diphenyl ethers (PBDEs), since their increase in use
as "ame retardants in plastics and textiles, are now observed in
virtually every part of the biosphere and are rightly described as
“ubiquitous environmental pollutants” (Jansson et al., 1987). Until
recently they were unregulated and rarely included in environmental
assessments. Beginning in the 1980s, reports of PBDEs in environ-
mental samples emerged from North America (Stafford, 1983; Stanley
et al., 1991), Scandinavia and Europe (Jansson et al., 1987; de Boer,
1990; Hagenmaier et al., 1992; Sellström et al., 1993), and Japan
(Watamabe et al., 1987). Following on from this early work, a growing
volume of recent studies have con!rmed the ubiquitous nature of
PBDEs which are now present in urban and rural soils (Harrad and
Hunter, 2006), river and urban stormwater and bed sediment, lake and
marine sediments, air, sewage sludge and wastewater, shell!sh, !sh,
bird eggs and tissue, mammalian tissue and milk, and human blood,
tissue and breast milk (see recent reviews: de Witt, 2002; Watanabe
and Sakai, 2003; Hites, 2004; Law et al., 2006). European concentra-

tions as indicated by human breast milk have been increasing
exponentially since the early 1970s (Meironyté et al., 1999) but there
are indications of stabilization or even decline perhaps associatedwith
the reduction in use of Penta-BDE mixture in Europe (see review by
Law et al., 2006). In Japan, trends have been similar to those of Europe
(rapid increases in the 1970s and 1980s with leveling off after bans of
the tetra BDEs in 1990 (see review by Watanabe and Sakai, 2003). In
contrast, the exponential increase appears to be more rapid in North
America and is only in a few cases showing stabilization (deWit, 2002;
Hale et al., 2003; Hites, 2004; Jay Davis, personal communication). It is
now becoming clear that the environment and people in North
America are up to 10 or even 100 fold more contaminated with PBDEs
as compared to Europe. These observations appear consistent with the
facts that North America consumes about 51% of the world production
(Rahmanet al., 2001; Birnbaumand Staskal, 2004) and that controls on
use and bans have only recently begun.

ThepathwaysbywhichPBDEs get fromaplace ofmanufacture or use
into the physical environment are not fully understood (Alcock et al.,
2003), but conceptually release canoccurduring initial synthesis, during
incorporation into commercial products, during wear or degradation of
products, or during disposal and recycling (Hale et al., 2003). Since
PBDEs are synthesized in just a few locations, direct release is not the
likely cause of their ubiquitous nature (Hale et al., 2003). In contrast,
there are many locations where commercial manufacture of PBDE-
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containing products occurs, and the impacts of some of these sites
have been recognized (Allchin et al., 1999). There are few studies that
describe the magnitude of release from in-use product (Palm et al.,
2002; Alcock et al., 2003). Studies of concentrations in sewage sludge
and, more recently, treated wastewater and its downstream effects
are more numerous (Hagenmaier et al., 1992; de Boer et al., 2003;
North, 2004; Gevao et al., 2006; Anderson and MacRae, 2006) but
research on how PBDEs get from a location of use into thewastewater
stream are still lacking. Research into PBDE release during disposal
and recycling has been completed in a few locations; this work has
considered incineration, end-of-life vehicles and furniture recycling,
and land!ll disposal (Alcock et al., 2003). There have been several
efforts to evaluate PBDE sources and pathways throughmodeling. For
example, Rayne and Ikonomou (2002) used an aquatic transport
model in concert with semipermeable membrane devices to
reconstruct source congener patterns. Atmospheric fate modeling

was carried out by Gouin and Harner (2003) to better understand
PBDE loading sources in remote regions. Although there are a
number of papers that describe concentrations in sediments adjacent
to urban areas (e.g. Lacorte et al., 2003), there has been only one
paper on loads in river systems (Guan et al., 2007). Furthermore,
there have been no attempts to estimate a PBDE mass balance for a
receiving water body.

California, and in particular, San Francisco Bay, is a known global
PBDE hot spot. Studies have found elevated concentrations of PBDEs in
Bay Area wildlife and humans that are among the highest reported in
the world. She et al. (2002) found concentrations of PBDEs in harbor
seal blubber ranging from 88 to 8325 ng/g lipid weight. Especially
alarming, the data suggested that concentrations of PBDEs in seal
blubber had doubled every 1.8 years throughout the 1990s, with
concentrations at the end of the decade among the highest ever
reported. She et al. (2002) also reported high concentrations of PBDEs

Fig. 1. Location map: Circles indicate RMP water stations; crosses indicate RMP sediment stations (2002–2006). The shaded area on the inset map represents the Sacramento River
and San Joaquin River watersheds (collectively termed the Central Valley), which together comprise approximately 37% of California's surface area.
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in human breast adipose tissue, with concentrations ranging from 17
to 462 ng/g lipid and averaging 86 ng/g lipid, the highest concentra-
tions that had ever been reported in human tissues and at or near
levels thought to be of concern for human health. PBDE concentra-
tions in San Francisco Bay bivalves are among the highest reported
worldwide (Oros et al., 2005) and concentrations in California coast
!sh (Brown et al., 2006) and San Francisco Bay !sh (Holden et al.,
2003; Brown et al., 2006) are one, or in some cases, two orders of
magnitude greater than !sh concentrations in Japan or Europe. Most
recently, PBDE concentrations were studied in blood of pregnant
women living in a California agricultural community and although
lower than observed in other parts of the U.S., averages were well
above European concentrations (Bradman et al., 2007). Clearly,
understanding sources, release, fate, and toxicity of PBDEs in
California and San Francisco Bay is of paramount importance. The
decision to ban the use of Penta- and Octa-BDEs in Californiawent into
effect on June 1st 2006.

The objectives of this paper are to (1) document PBDE concentra-
tions in an urbanized estuary; (2) quantify pathways including !rst-
of-its-kind data on concentrations and loads in urban stormwater; (3)
develop a mass balance for San Francisco Bay using empirical data
collected locally in stormwater, wastewater, and atmospheric deposi-
tion; (4) estimate loss pathways and fate in the Bay at future times
under a variety of plausible loading scenarios; and (5) provide a
benchmark for future trend comparisons as bans are enforced. The
focus is on BDE 47 and BDE 209, congeners selected because of their
overlap in local monitoring efforts and because they are two of the
most dominant congeners observed in San Francisco Bay (Oros et al.,
2005). Further, BDE 47 is often elevated in biota (Hites, 2004) and BDE
209 concentrations are typically greatest in sediments (Hale et al.,
2003).

2. Methods

2.1. Location and setting

San Francisco Bay (Fig. 1) receives runoff, sediments and pollutant loads from the
Sacramento/San Joaquin watershed, commonly referred to as the Central Valley of
California and from local Bay Area watersheds. The Central Valley, upstream from
Mallard Island, has an area of 154,000 km2 and covers 37% of the land area of California
(411,000 km2). A further 6650 km2 (4% of the total San Francisco Bay Areawatershed) is
associated with the urban and agricultural watersheds of the nine adjacent counties
that directly fringe the Bay (Marin, Sonoma, Napa, Solano, Contra Costa, Alameda, Santa
Clara, San Mateo, and San Francisco). The Bay has a volume of 5.5 km3 and an open
water surface area of 1100 km2 at mean sea level. In addition, a discontinuous fringing
marsh with an area of 950 km2 occupies the area between the conurbation and the
open Bay. Tides in the Bay are semi-diurnal with a range of 1.78 m at the Golden Gate
Bridge (mean lowest low water to mean highest high water) but vary in magnitude
depending on location (e.g. Mallard Island: 1.25 m). Average annual water discharge for
the period 1971–2000 from the Sacramento/San Joaquin watershed past Mallard Island
was 24.9!109 m3 (162 mm of runoff) (McKee et al., 2006). A further 1.05!109 m3

(158 mm of runoff) or approximately 4% of the total freshwater input is provided by the
local urban and agricultural drainages in the nine-county Bay Area. Suspended
sediment loads entering the Bay past Mallard Island average 1millionmetric t/y (McKee
et al., 2006) or approximately 6.5 metric t/km2. There is no recent estimate of
suspended sediment loads entering the Bay from local tributaries; the best estimate
remains 0.75 million metric t (Krone, 1979) or approximately 113 metric t/km2 (43% of
the Bay sediment budget). Based on the 2000 census, the population in the nine-county

Bay Area has reached 6.78 million and is growing at a rate of about 5% a year (ABAG,
2007). Another 6 million people reside in the mostly agricultural watershed upstream
from Mallard Island. The industrial sector of the Bay area includes oil re!neries, steel
manufacturing and fabricating and the computer and the electronics industries.

2.2. Environmental monitoring

2.2.1. Bay water and sediment
In 2002 the Regional Monitoring Program for Water Quality in San Francisco Bay

(RMP) (www.sfei.org/rmp) began monitoring PBDEs in water and surface sediments
(top 5 cm). Samples were collected during the dry season at both random and !xed
locations. Random sampling locations were selected based on the generalized random
tessellation strati!ed design (Stevens and Olsen, 2000) used by the U.S. EPA's
Environmental Monitoring and Assessment Program. The sampling design allows for
the determination of a spatially unbiased estimate of mean contaminant concentrations
in water and sediment of the Bay as a whole and several subsections of the Bay. Water
samples were collected with an AXYS In!ltrex sampler (AXYS Analytical Services LTD,
Sydney, British Columbia, Canada) equipped with a 1.0 µm nominal pore size glass !ber
!lter and two XAD-2 resin-!lled columns. Both particulate (N1.0 µm particles captured
by glass !ber !lter) and apparent dissolved (b1.0 µm sorbed to XAD-2 resin) water
fractions were analyzed. Sediment samples were collected using a modi!ed Van Veen
grab sampler. Detailed sampling techniques are given in Oros et al. (2005). Raw data are
available on the web at www.sfei.org/rmp.

2.2.2. Sacramento–San Joaquin River Delta
Samples for determination of PBDEs and suspended sediment concentration (SSC)

in river water entering the Bay from the Central Valley were collected from the pier at
Mallard Island (see McKee et al., 2006 for site details). Land use in the 154,000 km2

Central Valley watershed is dominated by agriculture (31%) and includes some
urbanization (2%) (Gronberg et al., 1997; Domagalski and Dileanis, 2000). Sampling
effort was focused on high "ows during the wet seasons of water year (WY) 2005
(October 1, 2004–September 30, 2005; n=8) andWY 2006 (October 1, 2005–September
30, 2006; n=23). Whole water samples were collected using a peristaltic pump !tted
with C-Flex™ tubing, a Te"on sampling tube and pre-cleaned 4-L glassware. Samples
were also retrieved for mercury, PCB, OC pesticide, and PAH analysis (reported
elsewhere).

2.2.3. Local watersheds
Water sampling was carried out in three local tributaries; Guadalupe River, Coyote

Creek, and Zone 4 Line A (Fig. 1). Monitoring at Coyote Creek and Guadalupe River (the
2nd and 4th largest of the local watersheds draining the nine fringing counties) began
inWY 2005. The Coyote Creekwatershed is approximately 4% industrial, 5% commercial
and 25% residential land usewithin a land area of 335 km2 (excluding the area upstream
from reservoirs). The Guadalupe River watershed is approximately 13% industrial, 13%
commercial and 58% residential land use within a land area of 236 km2 (excluding the
area upstream from reservoirs). Monitoring began in Zone 4 Line A during WY 2007 in
response to the recognition that Coyote Creek and Guadalupe River are not
representative of the smaller urban drainages on the Bay margin, which are more
heavily industrialized, have greater commercial land use and are almost 100% urban
land use designation. Results from the monitoring program at Zone 4 Line A were not
yet available at the time this article was written.Whole water samples were collected in
Coyote Creek and Guadalupe River during the rising and falling stage of storm events. A
total of 7 samples were collected in Coyote Creek and 12 samples in Guadalupe River
during WY2005. A further 14 samples were collected at Guadalupe River during WY
2006. All samples for PBDE analysis were collected using clean sampling protocols and
pre-cleaned 4-L glassware. Samples were also collected for analysis of SSC in
collaboration with the U.S. Geological Survey (Webster et al., 2005; USGS, 2007),
mercury, urban trace metals, PCBs, and OC pesticides.

2.2.4. Municipal wastewater
The RMP conducted a study in 2005 to measure PBDEs in municipal wastewater

treatment plants. Ef"uent (whole water) and sludge samples were taken from three
wastewater treatment plants with tertiary treatment that discharge into the Bay. The
treatment plants serve residential, industrial, and commercial businesses and have
daily average "ow rates of 644 million liters per day (MLD), 284 MLD, and 152 MLD.

Table 1
PBDE congeners, grouped by homologue, targeted in Bay water and sediment samples and water samples from Coyote Creek, Guadalupe River, and Mallard Island

Di- Tri- Tetra- Penta- Hexa- Hepta- Octa- Nona- Deca-

BDE 007
BDE 008/011 1

BDE 017/025 1

BDE 028/033 1
BDE 047
BDE 049

BDE 085
BDE 099

BDE 128
BDE 138/166 1

BDE 181
BDE 183

BDE 203 BDE 206
BDE 207

BDE 209

BDE 010 BDE 030 BDE 051 BDE 100 BDE 140 BDE 190 BDE 208
BDE 012/013 1 BDE 032 BDE 066 BDE 105 BDE 153
BDE 015 BDE 035 BDE 071 BDE 116 BDE 154

BDE 037 BDE 075 BDE 119/120 1 BDE 155
BDE 077 BDE 126
BDE 079

1Coeluting congeners.
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Sampling was performed during normal dry weather operating conditions using ultra
clean methods.

2.2.5. Laboratory analysis and quality assurance
Forty individual and co-eluting PBDE congeners were targeted for chemical analysis

in all water and sediment samples (Table 1). Water samples were analyzed according to
U.S. EPA Method 1614. Analysis was by high-resolution gas chromatography/high-
resolution mass spectrometry (HRGC/HRMS) following methods outlined in Oros et al.
(2005). For Bay water samples, both dissolved and particulate fractions were analyzed.
Analysis of all other water samples (i.e., from tributaries, the Delta, and wastewater
ef"uent) was performed on whole water. All sediment samples (from Bay and
wastewater sludge) were analyzed by gas chromotagraphy/mass spectrometry (GC/
MS) following methods outlined in Oros et al. (2005). Determination of SSC in water
samples collected at Mallard Island, Coyote Creek, and Guadalupe River was made using
method 2540D (Standard Methods, 2005).

Quality assurance measures for PBDEs in the various environmental matrices are
detailed in the RMP's Quality Assurance Project Plan (SFEI, 1999) and in Oros et al.
(2005). Brie"y, for all matrices, cleaned sample extracts and blanks were spiked with
surrogate recovery standards prior to solvent extraction to monitor methodological
analyte losses. 13C-labeled PCB surrogate standards were used for all water samples. A
surrogate standard containing 2,2",4,5",6-pentachlorobiphenyl and 2,2",3,3",4,5,5",6-
octachlorobiphenyl was used for sediment samples. Recoveries between 50% and
120% were accepted. Concentrations in sediment were corrected for surrogate
recoveries. Precision on replicate samples (RPD/RSD) and recoveries on matrix spike
samples to evaluate accuracy were generally within targets (30–170%). Results in
batches with these analytes outside of data quality objectives were censored and not
reported.

2.3. Estimation of loads

2.3.1. Sacramento–San Joaquin River Delta
Sediment loads were determined forWY 2005 andWY 2006 followingMcKee et al.

(2006). PBDE loads were calculated for WY 2005 and WY 2006 by multiplying "ow
weighted mean concentrations (FWMC) for each water year by total annual Delta
out"ow. The use of a FWMC was necessary given that a signi!cant relationship was not
observed between PBDE concentrations and SSC at Mallard Island. Estimates of total
annual Delta out"ow for eachwater year were obtained from the California Department
of Water Resources (DWR, 2007). PBDE loads were then corrected for dispersive effects
using the method described by McKee et al. (2006) for suspended sediment.

2.3.2. Local watersheds
PBDE loads from Coyote Creek and Guadalupe River were estimated on 15-min

intervals by relating measured concentrations of PBDEs to measurements of stream
discharge and SSC provided by the USGS. The SSC data were generated by the USGS
using a LOESS regression estimator and USGS standard protocols to account for cross-
sectional variation in SSC. Two linear regressions were established between
contaminant concentrations and corresponding SSC: one regression for ‘rising’ stage
samples when water was derived from urban runoff and another for ‘falling’ stage
samples whenwater was derived mainly from the upper, undeveloped, watershed. The
regressions were used to construct a series of estimated contaminant concentrations on
15-min intervals over the duration of the study (WY 2005 for Coyote Creek and WY
2005 and WY 2006 for Guadalupe River). Contaminant concentrations were multiplied
by 15-min discharge to calculate 15-min contaminant loads which could then be
summed to any desired interval (days, months or annual).

2.4. Mass budget model

A one-box mass budget model of PBDEs in water and sediment was developed to
enhance understanding of the fate of PBDEs in San Francisco Bay. The model was
initially developed by Davis (2004) to predict the long-term fate of PCBs in San
Francisco Bay and has proven useful in developing mass budgets for other organic
contaminants (e.g., PAHs: Green!eld and Davis, 2005; organochlorine pesticides:
Leatherbarrow et al., 2006). The one-box model of the Bay treats the ecosystem as a
single well-mixed volume with two compartments representing the water column and
surface sediments. Conceptually, the model assumes that exchange between these two
compartments is more important than exchange between the geographic sub-regions
of the Bay. The model includes parameters for describing the major physical processes
governing transport and fate of organic contaminants in aquatic systems: external loads
entering the water column, settling and resuspension of sediment particles, sediment-
water diffusive exchange, atmospheric deposition, volatilization, degradation in water
and sediment,1 tidal "ushing, and out"ow. Burial was excluded from the model, as the
Bay is believed to be net erosional (Davis, 2004; Schoellhamer et al., 2005).

Bay-speci!c model parameters were identical to those used by Davis (2004) in
predicting the long-term fate of PCBs in the Bay. The major difference between the one-
box model used here and that used by Davis (2004) is the inclusion of tidal "ushing.

Tidal "ushing was added to the one-box model in response to comments on Davis
(2004). These comments, including the equations governing tidal exchange, are found
in Connolly et al. (2005). The response of Davis (2004) to these comments is in Davis
and Oram (2005).

Chemical-speci!c model parameters include BDE-speci!c rate constants and
coef!cients (Table 2). The degradation rates listed in Table 2 are those estimated by
Wania and Dugani (2003). Lacking any empirical quantitative information on the
degradability of PBDEs, Wania and Dugani (2003) used an EPA software package
(EPIWIN, 2007) to estimate the degradation rates of PBDEs in air, water, soil, and
sediment. These values served as preliminary estimates for development of the one-box
model used here. Further analysis and re!nement of degradation rates is presented in
the Results and discussions section.

Given the lack of reliable information regarding the diffusion of PBDEs between
water and sediment, this process was ignored in this study. Sensitivity analysis
conducted by Davis (2004) revealed the PCB one-box model results were insensitive to
the water-to-sediment diffusion coef!cient. Similar analyses performed in this study,
using the range of values presented in Davis (2004), con!rmed these !ndings and
provided justi!cation for omitting this process.

The model was run in both hindcast and forecast modes. For the hindcast scenario,
themodel was initialized with no PBDEmass in Baywater and sediment. Themodel was
run for 30 years under continuous loading conditions until a steady-state PBDEmasswas
achieved. The hindcast scenarios aided in establishing a plausible range of loads of BDE
47 and BDE 209 to the Bay from all external sources. Moreover, the hindcast model
allowed for calibration of BDE-speci!c degradation rates and served as an independent
test of the PBDE loads estimated from monitoring results. In forecast mode, the model
was initializedwith the best estimate of the current PBDEmass in the Bay and run under
various continuous loading scenarios. Forecast scenarios allowed for a preliminary but
informative assessment of the future trajectory of the Bay under a range of scenarios.

BDE 47 and BDE 209 were selected for modeling because they are the two most
dominant congeners observed in San Francisco Bay (Oros et al., 2005). BDE 47 is often
elevated in biota (Hites, 2004) and BDE 209 concentrations are typically greatest in
sediments (Hale et al., 2003). These two congeners were modeled independently of
each other. No attempt was made to account for the potential transformation of high
molecular weight congeners to lower weight congeners. Laboratory studies have shown
that BDE 209 can be reductively debrominated via photolysis (e.g., Sellstrom et al., 1998)
andmicrobial processes (e.g., He et al., 2006), however the extent of occurrence of these
processes in the environment has not been established (de Wit, 2002).

3. Results and discussion

3.1. Concentrations and loads

3.1.1. Bay water and surface sediment
Concentrations of BDE 47 in whole water samples collected from 2002 to 2006

ranged from 15.5 to 337 pg/L (Table 3) with a spatially unbiased mean estimate of
54.9±4.6 pg/L (mean±std. error). Concentrations of BDE 209 inwhole water samples
collected from 2002 to 2006 ranged from 12.2 to 533 pg/L with a spatially unbiased
mean estimate of 29.2±5.1 pg/L. BDE 47 is fairly ubiquitous throughout the Bay, with
slightly elevated concentrations in the northern reaches. BDE 209 concentrations are
generally higher in the southern reaches of the Bay.

Concentrations of BDE 47 in surface sediment (top 5 cm) samples collected from
2004 to 2006 ranged from 0.04 to 3.84 ng/g with a spatially unbiased mean estimate of
0.41±0.02 ng/g. Concentrations of BDE 209 in surface sediment samples collected from
2004 to 2006 ranged from 0.02 to 19.3 ng/g with a spatially unbiased mean estimate of
1.9±0.3 ng/g. Both BDE 47 and BDE 209 are ubiquitous in Bay sediments, showing no
clear regional patterns. Concentrations of BDE 47 in Bay surface sediments are similar to
those reported in coastal and river sediments in Portugal, Spain, Sweden, and the
United Kingdom (UK) (Table 4). The high concentration of BDE 47 in UK sediments

1 Degradation is inclusive of all possible degradation pathways (i.e., photolytic,
biological, and chemical). Degradation in water is applied to both particulate and
dissolved fractions.

Table 2
Chemical-speci!c parameters used in one-box model of BDE 47 and BDE 209 in San
Francisco Bay

Parameter BDE 47 BDE 209 Comments

Degradation rate in water (1/d)1 0.0046 0.0046 Wania and Dugani, 2003
Degradation rate in sediment (1/d)1 0.0012 0.0012 Wania and Dugani, 2003
Water-side evaporation coef!cient

(m/d)
0.67 0.59 Cetin and Odabasi, 2005

Air-side evaporation coef!cient
(m/d)

251 216 Cetin and Odabasi, 2005

Water-to-sediment diffusion
coef!cient (m/d)

0 0 Process ignored; See text for
rational.

Octanol–water partitioning
coef!cient (Log Kow)

6.81 9.97 Mackay et al. (2006)

Henry's law constant (Pa-m3/mol;
@ 15°C)

0.56 0.02 Cetin and Odabasi, 2005

1Initial values used formodel development. See text for discussion of sensitivity analysis
and re!nement of these parameters.
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(368 ng/g) reported by Allchin et al. (1999) was downstream of a potential source of
PBDEs. Concentrations of BDE 209 in surface sediment in San Francisco Bay fall towards
the low end of concentrations reported elsewhere.

Assuming a total Bay water volume of 5.5!109 m3 (Davis, 2004), current mass
inventories of BDE 47 and BDE 209 in Bay water were estimated to be 0.30 kg (95%
CI=0.25–0.35) and 0.16 kg (95% CI=0.10–0.22), respectively. Mass inventories in
sediment were estimated assuming a sediment volume of 1.6!108m3 (top 15 cm) and a
concentration of solids in sediment of 0.5 kg/L (Davis, 2004). Current mass inventories
of BDE 47 and BDE 209 in Bay sediment were estimated to be 33 kg (95% CI=30–36) and
153 kg (95% CI=107–198), respectively.

3.1.2. Sacramento–San Joaquin River Delta
BDE 47 concentrations during "ood "ow at Mallard Island during WYs 2005 and

2006 ranged from 0.1 to 0.4 ng/L with a "ow weighted mean concentration of 0.2 ng/L

(Table 3). Due to blank contamination BDE 209was only quanti!ed inWY 2005 samples.
BDE 209 concentrations during WY 2005 "ood "ow ranged from 0.1 to 0.3 ng/L with a
"owweightedmean concentration of 0.1 ng/L (Table 3).WY 2006was awetter year that
exhibited peak "ow about 4 times greater than WY 2005. PBDE concentrations have
rarely been measured in "owing river water. However, the BDE 47 concentrations
measured at Mallard Island appear to about four times greater than the average
measured in eight rivers discharging to the Pearl River Delta (China) polluted with
manufacturing and e-waste sources. In contrast, the Mallard Island BDE 209
concentrations appear to be an order of magnitude lower thanmeasured in the Chinese
example (Guan et al., 2007). The main sources of PBDEs in the Sacramento/San Joaquin
watershed are likely the urban areas of Sacramento (Year 2000 census: 1.2 million
people) and a number of smaller cities and towns (e.g. the greater Stockton area:
0.4million people). Duringwetter years, the loads fromurban areas in thewatershed are
likely diluted by water that is relatively low in PBDE concentrations derived from runoff
from agricultural areas of the Central Valley "oor and foothills and runoff and snowmelt
from the Sierra Nevada mountain range. Our observations for these two water years
(Table 3) support a preliminary hypothesis that higher concentrations should be
observed during lower "ow years when proportional runoff from urban areas is greater.
Signi!cant relationships were not observed between PBDE concentrations and SSC for
either water year (Table 3; Fig. 2). A FWMC was calculated for each year and used to
estimate annual loads of PBDEs at Mallard Island. Annual loads of BDE 47 and BDE 209
were quanti!ed for WY 2005. Only BDE 47 was quanti!ed in WY 2006 (Table 5).

PBDE concentrations normalized to SSC appear to differ in their congener pro!le to
sediment concentrations measured in other parts of the world. Although concentra-
tions were within the range reported in Portugal, Spain, Sweden, and the UK, the
average ratio of BDE 47 to BDE 209 in Mallard Island samples (1.2) is much greater than
for other locations where this can be estimated (Table 4). These ratios also differ to the
only other river loading study to-date (Guan et al., 2007) who reported BDE 209
dominating over BDE 47 by between 93:1 and 391:1 for eight rivers discharging to Pearl
River Delta. Such a ratio suggests either a unique source of PBDEs to the Sacramento and
San Joaquin River watersheds or a unique transport phenomenon.

Given the large size of the combined watersheds (approximately 37% of California's
surface area) and the land-use patterns of the region (2% urban, 31% agricultural, and
67% forest and open space) it is likely that atmospheric deposition of PBDEs onto
watershed soils is a major driver for distributing PBDEs throughout the non-urban
portions of the watershed. BDE 47 is more volatile than BDE 209 and is thus more
susceptible to long-range atmospheric transport (Hale et al., 2001) and subsequent
deposition. Unfortunately, information regarding PDBE congener patterns in soils of the
Sacramento-San Joaquin watershed is lacking, which precludes testing of this
hypothesis. Concentrations in air have been studied (see recent reviews: de Witt,
2002; Watanabe and Sakai, 2003; Hites, 2004; Law et al., 2006). These studies show
variation in the ratios of BDE 47:BDE 209 but in general show that BDE 209 can
signi!cantly dominate the !PBDE concentrations in atmospheric samples. However,
due to differing use patterns between the U.S. and other countries and phase out of
Penta-BDE mixture and BDE 47 and 49 (EU) and tetra-BDEs (Japan), atmospheric data
collected in Europe and Japan are likely rendered inapplicable to the San Francisco Bay
analysis presented here. Atmospheric concentrations in Great Lakes air may be more
applicable and appear to indicate a dominance of BDE 47 relative to BDE 209
(Strandberg et al., 2001). Air concentrations have been studied in California and San
Francisco by the California Air Resources Board. At their control site at University of
California at Davis (25 km from the City of Sacramento), the ratio of BDE 47 to BDE 209

Table 3
PBDE concentrations (ng/L) and regression statistics of PBDEs versus SSC at Coyote Creek, Guadalupe River, and the Delta (Mallard Island). PBDE concentrations are reported on a
whole-water basis. San Francisco Bay water concentrations included for completeness

Location Congener Min Max FWMC1 Slope (ng/mg) Intercept (ng/L) R2 Region of hydrograph Water Year

SF Bay BDE 47 0.02 0.34 0.062 – – – – 2002–2006
SF Bay BDE 209 0.01 0.53 0.032 – – – – 2002–2006
Guadalupe BDE 47 5.4 26.5 14.8 0.1 1.5 0.7 Rising 2005
Guadalupe BDE 209 48.7 115.0 94.7 0.2 49.0 0.7 Rising 2005
Guadalupe BDE 47 1.7 20.1 6.8 0.0 0.7 0.7 Falling 2005
Guadalupe BDE 209 8.5 92.6 34.3 0.1 8.8 0.6 Falling 2005
Guadalupe BDE 47 1.7 26.5 8.0 – – – All 2005
Guadalupe BDE 209 8.5 115.0 43.3 – – – All 2005
Coyote Creek BDE 47 1.3 3.5 2.6 0.0 0.0 0.9 Rising 2005
Coyote Creek BDE 209 7.3 22.4 14.7 0.2 0.0 0.7 Rising 2005
Coyote Creek BDE 47 0.9 1.7 1.4 0.0 0.0 0.7 Falling 2005
Coyote Creek BDE 209 3.4 5.9 4.6 0.0 0.0 1.0 Falling 2005
Coyote Creek BDE 47 0.9 3.5 1.8 – – – All 2005
Coyote Creek BDE 209 3.4 22.4 8.0 – – – All 2005
Mallard BDE 47 0.2 0.2 0.2 – – – – 2005
Mallard BDE 209 0.1 0.3 0.1 – – – – 2005
Guadalupe BDE 47 0.6 18.4 5.3 0.0 0.0 0.9 All 2006
Guadalupe BDE 209 1.7 119.0 32.3 0.1 0.0 0.9 All 2006
Mallard BDE 47 0.1 0.4 0.1 – – – 2006
Mallard BDE 209 – – – – – – – 2006
1FWMC = Flow-Weighted Mean Concentration; calculated on a per sample basis.
2Spatially unbiased mean estimate.

Table 4
PBDE concentrations (ng/g) in San Francisco river and bay sediments compared toworld
river and coastal sediments

Location BDE 47 BDE 209

China (Pearl River Delta)1 0.4–7340
China (Yangtze River Delta)2 0.16–94.6
Denmark3 3.67–21.5
Japan3 b25–11600
Netherlands3 4–510
Portugal4 0.03–9.91
Spain 0.1–0.25 2.1–1323

Sweden b1.66 68–71003

UK b0.3–3687 0.6–31903

USA b0.5–52.38 29–15483,9

This study
Coyote Creek, CA10 4.6–31.9 17.1–202.9
Guadalupe River, CA10 7.4–219.9 23.3–1997.6
Mallard Island, CA10 2.4–3.7 2.2–6.5
SF Bay, CA11 0.04–3.84 0.02–19.3

ND = Non-detect.
1Adapted from Mai et al., 2005.
2Chen et al., 2006.
3From Mai et al., 2005.
4Lacorte et al., 2003.
5Eljarret et al., 2004.
6Sellstrom et al., 1998.
7Allchin et al., 1999.
8Hale et al., 2001; sum of tetra- to hexa-BDEs; approx. 55% BDE 047.
9Raff and Hites, 2004; Conc. on suspended sediments; Sum of 15 congeners with
approx. 96% BDE 209.
10Total concentration in water normalized to instantaneous SSC.
112004-2006 RMP Data; www.sfei.org/rmp.
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was 3.2:1 on average (Charles et al., 2005). Thus, the hypothesis for a dominance of
atmospheric sources in water sampled at Mallard Island is not rejected but cannot be
con!rmed without further research.

Additionally, it is plausible that solubility is controlling the relative loads of BDE 47
and BDE 209 at Mallard Island. If the dissolved fraction of total loads at Mallard Island is
signi!cant, a likely scenario given the relatively low SSC, the greater solubility of BDE 47
combined with the long hydraulic residence time of the River-Delta system (weeks to
months during non-"ood conditions; Mierzwa et al., 2006), could explain the high BDE
47 to BDE 209 ratio. A higher dissolved fraction would also help explain a lack of
signi!cant correlation between PBDEs and SSC at Mallard Island (Fig. 2). To date, only
whole-water samples have been collected at Mallard Island and analyzed for PBDEs,
which precludes testing of the solubility hypothesis. Presently it is uncertain which
hypothesis provides the most plausible explanation (or perhaps a combination of both),
but the ratio of BDE 47 to BDE 209 is unique when compared with other studies in the
world and other tributaries in the Bay Area.

3.1.3. Local watersheds
BDE 47 concentrations in Guadalupe River water samples collected during WYs

2005 and 2006 varied from 0.6 to 26.5 ng/L (Table 3). BDE 209 concentrations ranged
from 1.7 to 119 ng/L. When the data are strati!ed for rising stage (dominantly urban
runoff) and falling stage (dominantly rural runoff), greater concentrations are observed
in urban runoff water. Coyote Creek BDE concentrations varied in a similar manner but
were generally lower (Table 3) probably due to sampling small "oods with lower SSC
concentrations and perhaps land use differences (Coyote Creek has proportionally less

urban land use than Guadalupe River). Concentrations in both Coyote Creek and
Guadalupe River were greater than those observed at Mallard Island on the
Sacramento-San Joaquin River Delta, presumably due to proximity to sources and
proportionally greater urban area in the small watersheds of Guadalupe (84%) and
Coyote (34%) relative to the Sacramento/San Joaquin (2%). The BDE 47 and BDE 209
concentrations in Guadalupe River are about two orders and one order of magnitude
greater than measured in the only other river loading study to-date in the Pearl River
Delta, China (Guan et al., 2007). Concentrations of PBDEs in Coyote Creek and
Guadalupe River samples normalized to SSC were compared to concentrations
measured in coastal and river sediments throughout the world (Table 4). The ratios
of BDE 47 to BDE 209 in both Coyote Creek and Guadalupe River samples
(approximately 0.2) were within the range observed in sediments elsewhere.

Signi!cant relationships were observed between PBDE concentrations and SSC at
both Guadalupe River (Fig. 2; Table 3) and Coyote Creek (Table 3). During WY 2005
stronger relationships were observed when the datawere strati!ed by rising and falling
stage in both Guadalupe River and Coyote Creek (Table 3). The differences between
rising and falling stage PBDE concentrations were attributed to land use and !t with our
conceptual understanding of the association of PBDEs with urban land use more than
agricultural or open space land use. During the rising stage, water is derived mainly
from the lower areas of these watersheds, which are almost completely urbanized.
Water from the rural upper watershed dominates the falling stage. Concentrations of
PBDEs are known to be elevated in urban areas relative to rural areas (Butt et al., 2004),
which supports the rising/falling dichotomy seen in Guadalupe River and Coyote Creek
WY 2005 data. Stratifying the data relative to sourcewater was not justi!ed inWY 2006
partly because the sampling strategy that year focused on capturing more samples in
the “falling stage” water associated more with the upper watershed where there are
mercury sources (mercury data will be reported in a future paper). The watershed
received many low intensity rainstorms in WY 2006. Although the total annual
discharge was much higher, under low rainfall intensity conditions, most of the runoff
was generated from impervious surfaces in the urban areas and proportionally less was
derived from rural areas. Thus, the falling stages tended to have mixed urban and rural
water disallowing strati!cation of the PBDE data. Regressions were applied to the
appropriate regions of the hydrograph to determine the annual loads of BDE 47 and BDE
209 (Table 5). Because most base "ow is generated from the upper watershed, loads
during base "ow conditions were generated using "ow and 15-min estimates of

Fig. 2. Scatter plots of BDE 47 and BDE 209 versus instantaneous SSC at Guadalupe River and Mallard Island during WY 2005 and WY 2006.

Table 5
Annual PBDE loads (kg) to San Francisco Bay from Coyote Creek, Guadalupe River, and
the Delta (Mallard Island)

Water year Congener Coyote Creek Guadalupe River Mallard Island

2005 BDE 47 0.17 0.16 3.30
BDE 209 0.72 1.24 2.75

2006 BDE 47 – 0.28 7.06
BDE 209 – 1.65 –
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concentrations based on the “falling stage” regressions. In any case, because SSC is
b50mg/L during base "ow, applying either regression equationmade little difference to
the estimates of annual load.

Loads determined for Coyote Creek and Guadalupe River were used to derive a
preliminary estimate of combined loads from all local small tributaries from the Bay
Area conurbation. This estimate was based on the assumption that Coyote Creek and
Guadalupe River was representative of all the local watersheds both in terms of land use
and runoff characteristics (although neither assumption is strictly valid; these issues are
discussed further below in relation to BDE 209 loading estimates). Runoff in Guadalupe
River during WY 2005 was near average but Coyote Creek had below average runoff.
Better methods for extrapolation of these limited data sets, including watershed
models, are being developed. Here, using the assumption of representative land use and
climate, loads were extrapolated based on watershed area excluding area upstream
from reservoirs (Coyote Creek = 336 km2, Guadalupe River = 236 km2, Bay
watersheds=5,050 km2) and PBDE data for WY 2005 (the only water year with data
from both Coyote Creek and Guadalupe River). The total loads from all local small
tributaries were estimated to be 2.9 kg/y and 17.3 kg/y for BDE 47 and BDE 209
respectively (Table 6).

3.1.4. Municipal wastewater
Concentrations of !PBDEs in treated ef"uents ranged from 14 to 66 ng/L. Percent

contribution from BDE 209 ranged from 6% to 28%. A previous study of a municipal
wastewater treatment plant which discharges ef"uent into the southern reach of San
Francisco Bay reported ef"uent !PBDEs ranging from 0.004 to 29 ng/L, with BDEs 47
and 209 accounting for 36% and 6%, respectively (North, 2004). Mean concentrations

in municipal sludge ranged from 1400 to 4900 ng/g !PBDEs. Municipal sludges in the
region are incinerated, used as soil amendments, or are applied as alternative daily
cover at municipal land!lls and do not directly enter the Bay. It is estimated that 96%
of the PBDEs entering municipal treatment plants are removed in sludges (North,
2004).

North (2004) reported !PBDE loads in ef"uent from a single wastewater
treatment plant to be 0.9 kg/y. Using the range of measured concentrations in
municipal ef"uent reported above and extrapolating to all municipal dischargers in
the Bay (total discharge of approximately 230,000 Mgal/y (equivalent to
8.71!108 m3/y); Oros et al., 2005) results in an estimated annual load range of 12.2
to 57.5 kg !PBDEs. Oros et al. (2005) estimated an annual load of 23 kg from all
municipal discharges, within the range estimated here. Using congener pro!les
reported by North (2004), annual loads of BDE 47 and BDE 209 were estimated to be
4.4 to 20.7 kg and 0.7 to 3.4 kg, respectively.

3.1.5. Atmospheric deposition
In 2003 and 2004 the California Air Resources Board measured PBDE concentra-

tions of ambient air at six urban areas, three of which are in the San Francisco Bay Area.
Site average !PBDE concentrations ranged from 35 to 420 pg/m3 (CARB, 2004). The
420 pg/m3 site average concentration was anomalously high and has not been
explained. Using 35 pg/m3 as the representative concentration in air, a deposition rate
of 0.2 cm/s (the rate for 0.5 "m particles), the surface area of the Bay (approximately
1100 km2), and assuming PBDEs are half gaseous and half particulate (a reasonable
assumption given !ndings by Harner and Shoeib, 2002), an estimated 1 to 2 kg of
!PBDEs enter the Bay through atmospheric deposition annually.

3.1.6. Summary of loads
Based on local data reported here, PBDE sources to San Francisco Bay are dominated

by municipal wastewater and local tributary loads (Table 6). The Sacramento/San
Joaquinwatershedwas a smaller contributor despite its large size and dominance in the
water budget of the Bay. BDE 209 dominated the loads in the local urbanized tributaries
of the nine-county Bay Area conurbation, whereas BDE 47 dominated loads at Mallard
Island on the Sacramento/San Joaquin River system. Wastewater, in contrast, was
dominated by BDE 47 largely because the treatment process more ef!ciently removed
BDE 209 in sludge (North, 2004). Total external loads of BDE 47 and BDE 209 to San
Francisco Bay are estimated to be 20 kg/y and 23 kg/y (Table 6). Due to the balance
between municipal wastewater and urban storm water from local tributaries, the ratio
of BDE 47 to BDE 209 in combined loads is 0.87:1.

Table 6
Summary of estimated annual PBDE loads (kg) to San Francisco Bay

Source BDE 47 BDE 209

Sacramento-San Joaquin Delta1 3 3
Local tributaries! 3 17
Municipal wastewater 4–21 1–3
Atmospheric deposition ~1 ~1
Total 11–28 22–24
1Determined using only data from WY 2005. Assumes WY 2005 representative of
average water year.

Fig. 3. Hindcast model results for BDE 047 and BDE 209. The dashed lines indicate the best current estimates of mass inventory in Bay water and sediment. The shaded regions
indicate the 95% con!dence intervals around the best estimates. Blank contamination of a large number of samples is the cause of the wide con!dence interval for BDE 209. Slow
degr.=slow degradation in water (13 y half-life) and sediment (50 y half-life).
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3.2. Mass budget model

3.2.1. Hindcast–estimation/veri!cation of current loads and degradation rates
The model was used in hindcast mode to estimate a plausible range of PBDE loads

to the Bay from all external sources (Fig. 3). The shaded regions indicate best estimates
of the current inventory of BDE 47 and BDE 209 in Bay water and sediment. For BDE 47,
results indicate that under a continuous external loading scenario of 20 kg/y there
would be slightly less than 30 kg BDE 47 in the Bay after 30 years. Running the model
with an annual external loading scenario of 30 kg/y yields an estimate of approximately
40 kg BDE 47 in the Bay after 30 years. The mass of BDE 47 in the Bay estimated using
these two loading scenarios bound the independent estimates of mass inventory
determined from monitoring data, providing further evidence that our empirical
measurements of annual BDE 47 loads from external sources are likely well quanti!ed
and between 20 and 30 kg/y.

Sensitivity of model results to changes in degradation rates was evaluated to
evaluate con!dence in model predictions of BDE 47. The default degradation rates for
BDE 47 in water and sediment (Table 2) were altered to simulate slow degradation.
Results indicate that considerable degradation is needed to keep model results in
agreement with empirical inventory and loading estimates for BDE 47 (Fig. 3). These
!ndings suggest that the degradation estimates of Wania and Dugani (2003) are
suf!cient for the !rst-order mass budget of BDE 47 presented here.

For BDE 209, model results indicate that under a continuous external loading
scenario of 80 kg/y therewould be slightly more than 100 kg BDE 209 in the Bay after 30
years. Running the model with a continuous loading scenario of 140 kg/y estimates
there would be approximately 200 kg BDE 209 in the Bay after 30 years. The estimates
of BDE 209 mass in the Bay given by these two loading scenarios closely approximate
the 95% con!dence intervals around the mean estimate determined from empirical
data. These loads are considerably higher than the range estimated from empirical data
(22–24 kg/y; Table 6), indicating that either the rates governing the key BDE 209 loss
pathways in the model (e.g., degradation) are incorrect or that the actual BDE 209 load
from all external sources is in the range of 80 to 140 kg/y.

There are arguments to support both hypotheses. First, the agreement between
model results and empirical inventory estimates of BDE 209 is indeed improved when
the model is runwith substantially slower degradation rates (half-lives of 13 y for water

and 50 y for sediment) (Fig. 3). This suggests that the degradation rates estimated by
Wania and Dugani (2003) for BDE 209 (Table 2) are not appropriate for San Francisco
Bay. It is interesting to note that degradation rates estimated by Wania and Dugani
(2003) were the same for BDE 47 and BDE 209. Indeed, there is no reason to expect that
47 and 209 would exhibit the same degradation rates. As for PCBs, one might expect
higher degrees of halogenation to decrease the rate of degradation (e.g., Sinkkonen and
Paasivirta, 2000). In fact, a recent study suggests such a trend for PBDEs (e.g., Robrock
et al., 2008). The one-box model results presented here support such a relationship
between halogenation and degradability of BDEs. Alternatively, the hypothesis of
underestimated BDE 209 loads from empirical data is supported by the facts that only
one, below average, water-year was used to construct the loads and that the Guadalupe
River and Coyote Creek watersheds may not be representative of land uses found in the
rest of the San Francisco Bay area. It is dif!cult to determine which of these two
hypotheses explains the discrepancy betweenmodeled and empirical loading estimates
of BDE 209. In actuality it may be a combination of both. Continued monitoring efforts
and model re!nements will help resolve this discrepancy and yield a more accurate
mass budget of BDE 209.

While using the model to estimate current PBDE loads to the Bay it must be
acknowledged that currently no information exists regarding historic loads. While such
information would be useful in re!ning the mass budget presented here the lack of
information likely has only a small effect on model results. Davis (2004) found the long-
term steady-state mass (of PCBs) estimated by the model to be independent of the
initial mass. Further, the PBDE model achieves quasi-steady-state within 10 years,
thereby minimizing the effects of unknown loading histories. Finally, one must
acknowledge that the model parameters for BDE 47 and BDE 209 are uncertain. The
model results presented here could indicate that the uncertainty of the BDE 209
parameters is greater than that of the BDE 47 parameters.

3.2.2. Forecast—estimation of recovery under various management scenarios
Forecast modeling was used to estimate the trajectory of the Bay under plausible

future scenarios. Baywater and sediment were initialized with best estimates of current
PBDE concentrations (Table 7). A quarter of the Bay-widemean PBDE concentrationwas
used to represent the PBDE concentration in ocean water near the Golden Gate (Fig. 1;
Table 7). This estimate remains a key information gap for the forecast model. However,
model results were only moderately sensitive to this parameter (not shown). For BDE
47, the degradation rates used in the forecast were identical to those used in the
hindcast (Table 2). For BDE 209, however, forecasts scenarios were run using the
degradation rates in Table 2 as well as those that produced the best agreement between
model and data (Fig. 3).

Running the model using a scenario of BDE 47 loads continuing at the upper end of
estimates of today's annual loading (approximately 30 kg/y), a nearly 40% increase in
the total BDE 47 inventory is likely (Fig. 4). However, using a scenario at the lower end of
current load estimates (approximately 10 kg/y), a 50% decrease in the total inventory of
BDE 47 in 40 yearswas predicted. Actually, themodel suggests most of the 55% decrease
will be realized in 10 years. Important loss pathways of BDE 47 from the Bay were
degradation in sediment and out"ow (Table 8).

The considerable difference between the 30 kg/y and 10 kg/y scenarios highlights
the sensitivity of the Bay to changes in BDE 47 loads. The trajectory of the Bay is
uncertain if loads remain the same. However, if loads are reduced slightly from current
levels it is predicted that the mass in the Bay will decline appreciably. The recovery
would be more rapid and more complete if loads of BDE 47 were stopped altogether; a
recovery of 90% in less than 10 years is possible. This rate of recovery is considerably

Table 7
Concentrations of PBDEs in Water and Sediment used for one-box forecast model

Parameter Magnitude Source

Average BDE 47 conc. in water (pg/L) 54.9 RMP data 2002–2006
Average BDE 47 conc. in water in Central

Bay (pg/L)
46.8 RMP data 2002–2006

Average BDE 47 conc. in sediment (ng/g) 0.4 RMP data 2004–2006
Average BDE 47 conc. in Paci!c Ocean

water (pg/L)
13.7 0.25!bay average as

preliminary estimate
Average BDE 209 conc. in water (pg/L) 29.2 RMP data 2002–2006
Average BDE 209 conc. in water in

Central Bay (pg/L)
19.4 RMP data 2002–2006

Average BDE 209 conc. in sediment (ng/g) 1.9 RMP data 2004–2006
Average BDE 209 conc. in Paci!c Ocean

water (pg/L)
7.3 0.25!bay average as

preliminary estimate

Fig. 4. Model estimated future trajectory of BDE 47 mass in Bay water and sediment.
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different than that estimated for PCBs by Davis (2004) (90% recovery in 70 years) owing
to higher degradation rates of PBDEs relative to PCBs. Fortunately reductions in BDE 47
loads appear to be imminent. As of June 2006 the manufacture, distribution, and
processing of products containing Penta-BDE and Octa-BDE commercial mixtures were
prohibited in the State of California. BDE 47 is a signi!cant congener in the Penta-BDE
mixture. As use of these mixtures declines, loads to the Bay are expected to also
gradually decline as the inventory in the watershed is depleted over time.

Similarly, model results suggest high sensitivity of the Bay to BDE 209 loads. Using
the degradation rates in Table 2 and the estimates of current loads that produced the
best agreement with empirical inventory estimates in the previous section (80–
140 kg/y), the Bay appears to be at the point where inventories will either continue to
increase or begin to decrease (Fig. 5, top panel). Under this scenario, a total reduction
of BDE 209 loads (0 kg/y) resulted in a 90% decrease in Bay inventory in less than
10 years. Alternatively, when using the degradation rates that produced the best
agreement between model and empirical data, a much slower recovery of the Bay is

forecast. A total reduction of loads under this scenario resulted in a 50% reduction in
Bay inventory in approximately 10 years (Fig. 5, bottom panel). Important loss
pathways of BDE 209 from the Bay were out"ow and degradation in sediment
(Table 8). The relative importance of these two processes was dependent on which
degradation rates were used in the model; slow degradation rates increased the
importance of out"ow as a loss pathway for BDE 209.

Given the uncertainty in determining true environmental degradation rates for BDE
209, it is dif!cult to discern which of the BDE 209 scenarios is most plausible. Results
from the Zone 4 Line A study and continued monitoring at Guadalupe River and Coyote
Creek will help gauge the accuracy of present load estimates. As the load estimates are
re!ned, the hypothesis of slow degradationwill also be tested. If load estimates prove to
be correct, for example, slow degradation of BDE 209 will become the more plausible
scenario. The implications of reduced BDE 209 loads on the recovery of San Francisco
Bay are therefore uncertain, though the model estimates presented here suggest a quick
response (relative to PCBs for example) in the total inventory of BDE 209 in the Bay is
plausible. Additionally, there remains concern that DecaBDE can degrade to lower
molecular weight congeners (de Wit, 2002) that will continue to affect the Bay
ecosystem, a process not accounted for in this mass budget.

4. Conclusions

The simplemass budgetof BDE47 andBDE209presented represents
a!rst step towards understanding the fate of PBDEs in San FranciscoBay.
Considerable uncertainty surrounds the derivation ofmodel parameters
(especially degradation rates), current in-Bay inventories, and current
loads fromexternal sources.However, the!eld data presented represent
a pioneering effort to monitor these contaminants of emerging concern
in an urbanized estuary while the mass budget model provides a
framework in which these data can be integrated and synthesized. The
end result is a more complete understanding of the pathways

Fig. 5. Model estimated future trajectory of BDE 209 mass in Bay water and sediment under two scenarios. The top panel shows the trajectory assuming literature values for
degradation in water and sediment (Table 2). The bottom panel shows the trajectory using degradation rates shown to produce the best agreement between modeled and empirical
inventory and load estimates.

Table 8
Cumulative mass (kg) in each loss pathway after 40 y forecast simulation

Loss pathway BDE 47 BDE 209 BDE 209–
slow degr.

Burial 0 (0%) 0 (0%) 0 (0%)
Degradation in sediment 537 (63%) 681 (71%) 107 (14%)
Degradation in water 26 (3%) 28 (3%) 2 (0%)
Out"ow 290 (34%) 244 (26%) 672 (86%)
Volatilization 4 (0%) 0 (0%) 0 (0%)
Total 856 952 781

Each simulation used a total external loading rate of 20 kg/y. Degradation rates in the
BDE 47 scenario are listed in Table 2. For BDE 209, the !rst scenario used degradation
rates from Table 2 while the second scenario (slow degr.) used the degradation rates
that produced the best agreement between the hindcast model and empirical inventory
and loading estimates (see Fig. 3).
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transporting PBDEs to the Bay, the processes controlling their ultimate
fate, and the potential for management actions. Additionally, this mass
budget provides a framework into which future monitoring and
modeling efforts can be incorporated.

Acknowledgments

The authors would like to acknowledge, Jay Davis, Don Yee, Susan
Klosterhaus, Meg Sedlak, and Jon Leatherbarrow for the thoughtful
review of this manuscript; Dave Schoellhamer, Neil Ganju, and Larry
Freeman of the USGS for their collaboration on estimating sediment
loads; the Sources Pathways and Loadings Workgroup and the
Contaminant Fate Workgroup of the RMP for technical guidance and
thoughtful review; USGS and DWR for runoff data; Bay Area Clean
Water Agencies for collaboration on wastewater monitoring; the
Regional Monitoring Program for Water Quality in San Francisco
Estuary for !nancial and technical support; San Francisco Estuary
Institute (SFEI) !eld and data management staff for high quality !eld
data; East Bay Municipal Utilities District for analysis of sediment
samples; AXYS Analytical Services, LTD for analysis of water samples;
and Paul Salop at AppliedMarine Sciences for projectmanagement and
guidance. Funding for the various components was provided by the
RMP, the Santa Clara Valley Water District, the US Army Corps of
Engineers, the Regional Water Quality Control Board, and the Clean
Estuary Partnership. We are particularly indebted to the anonymous
reviewers who provided thorough and thoughtful review and
additional data and citations.

References

ABAG. Association of Bay Area Governments; 2007. http://www.abag.ca.gov.
Alcock RE, Sweetman AJ, Prevedouros K, Jones KC. Understanding levels and trends of

BDE-47 in the UK and North America: an assessment of principal reservoirs and
source inputs. Environ Int 2003;29:691–8.

Allchin CR, Law RJ, Morris S. Polybrominated diphenylethers in sediments and biota
downstream of potential sources in the UK. Environ Int 1999;105:197–207.

Anderson TD, MacRae JD. Polybrominated diphenyl ethers in !sh and wastewater
samples from an area of the Penobscot River in central Maine. Chemosphere
2006;62:1153–60.

Birnbaum LS, Staskal DF. Brominated "ame retardants: cause for concern? Environ
Health Perspect 2004;112(1):9–17.

Bradman A, Fenster L, Sjödin A, Jones RS, Patterson Jr DG, Eskenazi B. Polybrominated
diphenyl ether levels in the blood of pregnant women living in an agricultural
community in California. Environ Health Perspect 2007;115:71–4.

Brown FR, Winkler J, Visita P, Dhaliwal J, Petreas M. Levels of PBDEs, PCDDs, PCDFs, and
coplanar PCBs in edible !sh from California coastal waters. Chemosphere
2006;64:276–86.

Butt CM, Diamond ML, Truong J. Spatial distribution of polybrominated diphenyl ethers
in Southern Ontario as measured in indoor and outdoor window organic !lms.
Environ Sci Technol 2004;38:724–31.

California Air Resources Board; 2004. http://www.arb.ca.gov.
Cetin B, Odabasi M. Measurement of Henry's law constants of seven polybrominated

diphenyl ether (PBDE) congeners as a function of temperature. Atmos Environ
2005;39:5273–80.

Charles MJ, Groskova D, Cahill TM. Near-source Ambient Air Monitoring of
Polybrominated Diphenyl Ethers. A report prepared for the California Air
Resources Board Project #01-407; 2005. http://www.arb.ca.gov/pub/dioxin/
!les/ucd_pbde.pdf.

Chen SJ, Gao XJ, Mai BX, Chen ZM, Luo XJ, Sheng GY, Fu JM, Zeng EY. Polybrominated
diphenyl ethers in surface sediments of the Yangtze River Delta: levels, distribution
and potential hydrodynamic in"uence. Environ Pollut 2006;144:951–7.

Connolly JP, Ziegler CK, Lamoureux EM, Benaman JA, Opdyke D. Comment on “The long-
term fate of polychlorinated biphenyls in San Francisco Bay (USA)”. Environ Technol
Chem 2005;24:2397–8.

Davis JA. The long-term fate of polychlorinated biphenyls in San Francisco Bay. Environ
Toxicol Chem 2004;23:2396–409.

Davis JA, Oram JJ. Author's response. Environ Technol Chem 2005;24:2399–400.
Davis, J.A., Personal communication. Jay A. Davis, Senior Scientist of the Regional

Monitoring Program for Water Quality in San Francisco Estuary. San Francisco
Estuary Institute, Oakland, CA.

de Boer J. Brominated diphenyl ethers in Dutch freshwater and marine !sh.
Organohalog Comp 1990;2:315–8.

de Boer J, Wester PG, van der Horst A, Leonards PEG. Polybrominated diphenyl ethers in
in"uents, suspended particulate matter, sediments, sewage treatment plant and
ef"uents and biota from the Netherlands. Environ Pollut 2003;122:63–74.

de Wit CA. An overview of brominated "ame retardants in the environment.
Chemosphere 2002;46:583–624.

Domagalski JL, Dileanis PD. Water-quality assessment of the Sacramento River Basin,
California-water quality of !xed sites, 1996–1998. U.S. Geological Survey Water-
Resources Investigations Report 00-4247; 2000. 60pp.

DWR. Daily delta out"ow for the period water year 1956 to 2006. California Department
of Water Resources. Interagency Ecological Program (I.E.P), Sacramento, CA; 2007.
http://iep.water.ca.gov/day"ow/ cited March 2007.

Eljarret E, De La Cal A, Raldua D, Duran C, Barcelo D. Occurrence and bioavailability of
polybrominated diphenyl ethers and hexabromocyclododecane in sediment and
!sh from the Cinca River, a tributary of the Ebro River (Spain). Environ Sci Technol
2004;38:2603–8.

EPIWIN. Estimation Programs Interface for Windows. Syracuse Research Cooperation;
2007. http://www.syrres.com/esc/epi.htm.

Gevao B, Beg MU, Al-Ghadban AN, Al-Omair A, Helaleh M, Zafar J. Spatial distribution of
polybrominated diphenyl ethers in coastal marine sediments receiving industrial
and municipal ef"uents in Kuwait. Chemosphere 2006;62:1078–86.

Gouin T, Harner T. Modeling the environmental fate of the polybrominated diphenyl
ethers. Environ Int 2003;29:717–24.

Green!eld BK, Davis JA. A PAH fate model for San Francisco Bay. Chemosphere
2005;60:515–30.

Gronberg JM, Dubrovsky NM, Kratzer CR, Domagalski JL, Brown LR, Burow KR.
Environmental setting of the San Joaquin–Tulare Basins, California. U.S. Geological
Survey Water-Resources Investigations Report, vol. 97–4205. 1997. 45 pp.

Guan Y, Wang J, Ni H, Luo X, Mai B, Zeng EY. Riverine inputs of polybrominated diphenyl
ethers from the Pearl River Delta (China) to the coastal ocean. Environ Sci Technol,
2007;41(17):6007–13.

Hagenmaier H, She J, Benz T, Dawidowsky N, Dusterhoft L, Lindig C. Analysis of sewage
sludge for polyhalogenated dibenzo-p-dioxins, dibenzofurans, and diphenylethers.
Chemosphere 1992;25:1457–62.

Hale RC, La Guardia MJ, Harvey EP, Mainor TM, Duff WH, Gaylor MO. Polybrominated
diphenyl ether "ame retardants in Virginia freshwater !shes (USA). Environ Sci
Technol 2001;35:4584–91.

Hale RC, Alaee M, Manchester-Neesvig JB, Stapleton HM, Ikonomou MG. Polybromi-
nated diphenyl ether "ame retardants in the North American environment. Environ
Int 2003;29:771–9.

Harner T, Shoeib M. Measurements of octanol-air partitioning coef!cients (Koa) for
polybrominated diphenyl ethers (PBDEs): predicting partitioning in the environ-
ment. J Chem Eng Data 2002;47:228–32.

Harrad S, Hunter S. Concentrations of polybrominated diphenyl ethers in air and soil on
a rural–urban transect across a major UK conurbation. Environ. Sci. Technol.
2006;40(15):4548–53.

He J, Robrock KR, Alvarez-Cohen L. Microbial reductiove debromination of polybromi-
nated diphenyl ethers (PBDEs). Environ Sci Technol 2006;40(14):4429–34.

Hites RA. Polybrominated diphenyl ethers in the environment and in people: a meta-
analysis of concentrations. Environ Sci Technol 2004;38:945–56.

Holden A, She J, Tanner M, Lunder S, Sharp R, Hooper K. PBDEs in the San Francisco Bay
area: measurements in !sh. Organohalog Comp 2003;61:255–8.

Jansson B, Lillemor Asplund L, Olsson M. Brominated "ame retardants—ubiquitous
environmental pollutants? Chemosphere 1987;16:2343–9.

Krone RB. Sedimentation in the San Francisco Bay system. In: Conomos TJ, editor. San
Francisco Bay: the Urbanized Estuary. Paci!c Division of the American Association
for the Advancement of Science, San Francisco; 1979. p. 85–96.

Lacorte S, Guillamon M, Martinez E, Viana P, Barcelo D. Occurrence and speci!c
congener pro!le of 40 polybrominated diphenyl ethers in river and coastal
sediments from Portugal. Environ Sci Technol 2003;37:892–8.

Law RJ, Allchin CR, de Boer J, Covaci A, Herzke D, Lepom P, Morris S, et al. Levels and
trends of brominated "ame retardants in the European environment. Chemosphere
2006;64:187–208.

Leatherbarrow JE, David N, Green!eld BK, Oram JJ, Davis JA. Organochlorine pesticide
date in San Francisco Bay. RMP Technical Report: SFEI Contribution #433. San
Francisco Estuary Institute, Oakland, CA; 2006.

Mackay D, Shiu WY, Ma KC, Lee SC. Handbook of Physical–Chemical Properties
and Environmental Fate for Organic Chemicals. Second Edition. USA: CRC Press; 2006.

Mai B, Chen S, Luo X, Chen L, Yang Q, Sheng G, Peng P, et al. Distribution of
polybrominated diphenyl ethers in sediments of the Pearl River Delta and adjacent
South China Sea. Environ Sci Technol 2005;39:3521–7.

McKee LJ, Ganju NK, Schoellhamer DH. Estimates of suspended sediment entering San
Francisco Bay from the Sacramento and San Joaquin Delta, San Francisco Bay,
California. J Hydrol 2006;323:335–52.

Meironyté D, Norén K, Bergman A. Analysis of polybrominated diphenyl ethers in
Swedish human milk. A time-related trend study, 1972–1997. J Toxicol Environ
Health A 1999;58(6):329–41.

MierzwaM,Wilde J, Suits B, ans Sommer T. Methodology for "ow and salinity estimates
in the Sacramento-San Joaquin Delta and Suisun Marsh: developing a residence
time index to study changes in 1990–2004 circulation patterns. 27th Annual
Progress Report of the Ca. Dept. of Water Resources; 2006. http://modeling.water.
ca.gov/delta/reports/annrpt/2006/2006Ch3.pdf.

North KD. Tracking polybrominated diphenyl ether releases in a wastewater treatment
plant ef"uent, Palo Alto, California. Environ Sci Techol 2004;38:4484–8.

Oros DR, Hoover D, Rodigari F, Crane D, Sericano J. Levels and distribution of
polybrominated diphenyl ethers in water, surface sediments, and bivalves from
the San Francisco Estuary. Environ Sci Technol 2005;39:33–41.

Palm A, Cousins IT, Mackay D, Tysklind M, Metcalf C, Alaee M. Assessing the
environmental fate of chemicals of emerging concern: a case study of the
polybrominated biphenyl ethers. Environ Pollut 2002;117:195–213.

Rahman F, Langford KH, Scrimshaw MD. Review: polybrominated diphenyl ether
(PBDE) "ame retardants. The Science of the Total Environment 2001;275:1–17.

10 J.J. Oram et al. / Environment International xxx (2008) xxx–xxx

ARTICLE IN PRESS

Please cite this article as: Oram JJ, et al, A mass budget of polybrominated diphenyl ethers in San Francisco Bay, CA. Environ Int (2008),
doi:10.1016/j.envint.2008.04.006

http://www.abag.ca.gov
http://www.arb.ca.gov
http://www.arb.ca.gov/pub/dioxin/files/ucd_pbde.pdf
http://www.arb.ca.gov/pub/dioxin/files/ucd_pbde.pdf
http://iep.water.ca.gov/dayflow/
http://www.syrres.com/esc/epi.htm
http://modeling.water.ca.gov/delta/reports/annrpt/2006/2006Ch3.pdf
http://modeling.water.ca.gov/delta/reports/annrpt/2006/2006Ch3.pdf
http://dx.doi.org/10.1016/j.envint.2008.04.006


Rayne S, Ikonomou MG. Reconstructing source polybrominated diphenyl ether
congener patterns from semipermeable membrane devices in the Frasier River,
British Columbia, Canada: comparison to commercial mixtures. Environ Toxicol
Chem 2002;21(11):2292–300.

Robrock KR, Korytar P, Alvarez-Cohen L. Pathways for the anaerobicmicrobial debromina-
tion of polybrominated diphenyl ethers. Environ Sci Technol 2008;42(8):2845–52.

Schoellhamer DH, Lionberger MA, Jaffe BE, Ganju NK, Wright SA, Shellenbarger GG. Bay
sediment budget: sediment accounting 101 in the pulse of the estuary: monitoring
and managing water quality in the San Francisco Estuary. SFEI Contribution vol. 78.
San Francisco Estuary Institute, Oakland, CA; 2005.

Sellström U, Jansson B, Kierkegaard A, de Wit C, Odsjö T, Olsson M. Polybrominated
diphenyl ethers (PBDE) in biological samples from the Swedish environment.
Chemosphere 1993;26:1703–18.

Sellström U, Söderström G, de Witt C, Tysklind M. Photolytic debromination of
decabromodiphenyl ether (DeBDE). Organohalogen Compd. 1998;35:447–50.

SFEI. Quality Assurance Project Plan. RMP Contribution 33, San Francisco Estuary
Institute, Oakland, CA; 1999.

She J, Petreas M, Winkler J, Visita P, McKinney M, Kopec D. PBDEs in the San Francisco
Bay Area: measurements in harbor seal blubber and human breast adipose tissue.
Chemosphere 2002;46:697–707.

Sinkkonen S, Paasivirta J. Degradation half-life times of PCDDs, PCDFs, and PCBs for
environmental fate modeling. Chemosphere, 2000;40:943–9.

Stafford CJ. Halogenated diphenyl ethers identi!ed in avian tissues and eggs by GC/MS.
Chemosphere 1983;12:1487–95.

Eaton AD, Clesceri LS, Rice EW, Greenberg AE, editors. Standard Methods for the
Examination of Water and Wastewater. 21st Edition. Washington DC: American
Public Health Association; 2005.

Stanley JS, Cramer PH, Thornburg KR, Remmers JC, Breen JJ, Schwemberger J. Mass
spectral con!rmation of chlorinated and brominated diphenylethers in human
adipose tissues. Chemosphere 1991;23:1185–95.

Stevens Jr DL, Olsen AR. Spatially-restricted random sampling designs for designed-based
and model-based estimation. Accuracy 2000: Proceedings of the 4th international
symposium on spatial accuracy assessments in natural resources and environmental
sciences. Delft, Netherlands: Delft University Press; 2000. p. 609–16.

Strandberg B, Dodder NG, Basu I, Hites RA. Concentrations and spatial variation of
polybrominated diphenyl ethers and other organohalogen compounds in Great
Lakes Air. Environ Sci Technol 2001;35:1078–83.

USGS. Water-Data Report CA-2005: station number 11169025 Guadalupe River at Hwy
101. United States Geological Survey; 2007.

Wania F, Dugani CB. Assessing the long-range transport potential of polybrominated
diphenyl ethers: a comparison of four multimedia models. Environ Toxicol Chem
2003;22(6):1252–61.

Watanabe I, Kashimoto T, Tatsukawa R. Polybrominated diphenyl ethers in marine !sh,
shell!sh and river and marine sediments in Japan. Chemosphere 1987;16:2389–96.

Watanabe I, Sakai S. Environmental release and behavior of brominated "ame
retardants. Environ Int 2003;29:665–82.

Webster, M.D., Pope, G.L., Friebel, Freeman, L.A., and Brockner, S.J., 2005. Water
Resources Data, California, Water Year 2004, Volume 2. Paci!c Slope Basins from
Arroyo Grande to Oregon State Line except Central Valley. Water-Data Report CA-
04-2. Prepared in cooperation with California Department of Water Resources and
with other agencies. United States Geological Survey, Sacramento, California.

11J.J. Oram et al. / Environment International xxx (2008) xxx–xxx

ARTICLE IN PRESS

Please cite this article as: Oram JJ, et al, A mass budget of polybrominated diphenyl ethers in San Francisco Bay, CA. Environ Int (2008),
doi:10.1016/j.envint.2008.04.006

http://dx.doi.org/10.1016/j.envint.2008.04.006

