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1 Introduction and Purpose of Sub-Report 

The Municipal Regional Stormwater NPDES Permit (MRP), adopted by the San Francisco 

Regional Water Quality Control Board (Regional Water Board) on October 14, 2009, authorizes 

stormwater discharges from 77 Permittees comprised of municipalities and local agencies in 

Alameda, Contra Costa, San Mateo, and Santa Clara counties, and the cities of Fairfield, Suisun 

City, and Vallejo.  

Provision C.14 of the MRP specifies requirements for polybrominated diphenyl ethers (PBDEs), 

legacy (organochlorine) pesticides and selenium. Provisions C.14.a.i. through a.vii. require 

Permittees to characterize the representative distribution of these three pollutant groups in urban 

areas and provide information to allow a calculation of loads to San Francisco Bay from urban 

runoff conveyance systems. Provision C.14.a also requires Permittees to determine if there are 

potential sources or source areas that may contribute to discharges in urban runoff and to identify 

control measures and/or management practices to eliminate or reduce these discharges. C.14.a.i. 

through C.14.a.v. requirements regarding characterization and load estimation in the Bay have 

been addressed through a Regional Watershed Spreadsheet Model developed through a separate 

collaborative effort as described in Attachment A.  C.14.a.vi. and C.14.a.vii. requirements are 

addressed through three separate sub-reports on PBDEs, legacy pesticides, and selenium.  

This sub-report addresses all C.14 requirements with respect to PBDEs. It summarizes urban 

runoff characterization information compiled through other sources and also identifies control 

measures and/or management practices to eliminate or reduce their discharges from urban runoff 

conveyance systems.   
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2 Introduction to PBDEs 

PBDEs are semi-volatile, diphenyl ethers with one to ten bromine atoms attached. Figure 1 

displays the structure of a diphenyl ether, as well as the structure for one of the 209 PBDE 

congeners that could possibly exist. Although 209 congeners are possible, only some of these 

congeners are manufactured or result as degradation products.  In this document, PBDE 

congeners are denoted by PBDE-X or BDE-X, where X denotes the specific congener being 

referenced.  BDE-47 and BDE-209 are the two most widely referenced congeners in literature 

studies and appear to be the two most widely monitored PBDE congeners. The three commercial 

mixtures of PBDEs, each named for the average bromination level of its components, are 

PentaBDE, OctaBDE, and DecaBDE.  PBDEs have low water solubilities. Congener vapor 

pressures vary with bromination level, which affects their movement into and within 

environmental media (USEPA 2010). For example, at air temperatures of 25°C, more than 

98%of the single, double, and triple brominated congeners may be found in air in the vapor 

phase. Congeners with four or five bromines begin to partition to atmospheric particles, such that 

BDE-47 (four bromines) is 10% particle phase, and BDE-99 (five bromines) is 39%particle 

phase. Congeners with six or seven bromines are 87-99% particle phase, while the fully 

brominated BDE-209 is expected to be 99% associated with airborne particles (Sutton et al. 

2013). Physical properties of the commercial mixtures were summarized in European Union risk 

assessment reports (European Chemicals Bureau 2000, 2002, 2003, 2004; Table 1).Differences 

in the physical properties listed in Table 1 have important implications for the transport of 

PBDE congeners through urban runoff conveyance systems, as referenced in Section 3.3. 

 

Figure 1. Diphenyl ether structure and structure of BDE-100 (Cal/EPA 2006). 

Table 1.  Physical properties of commercial PBDEs (European Chemicals Bureau 2000, 2002, 2003, 2004) 

Property PentaBDE OctaBDE DecaBDE 

Physical state at 20°C and 

1,013 hPa 

Amber, viscous liquid or 

semi-solid 

Off-white powder or 

flaked material 
Fine crystalline powder 

Melting point -7 to -3°C Varying by specific 

commercial product 
300-310°C 

Boiling point Decomposes at >200°C Decomposes at >330°C Decomposes at 320°C 

Vapor pressure 4.69x10-5 Pa at 21°C 6.69x10-5 Pa at 21°C 4.63x10-6 Pa at 21°C 

Water solubility 13.3 µg/L at 25°C 0.5 µg/L at 25°C <0.1 µg/L at 25°C 

Log octanol-water 

partition coefficient 
6.57 6.29 6.27 

Estimated atmospheric 

half-life 
12.6 days 76 days 94 days 
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Once higher-brominated PBDEs (e.g. BDE-209) enter the environment, they may undergo 

transformation via microbial, metabolic, or photolytic processes (reviewed by USEPA2010).  

This transformation is referred to as debromination.  Debromination is the transformation of a 

higher-brominated compound into a lower-brominated compound. Relative to the fully 

brominated BDE-209, many lower-brominated congeners (e.g., BDE-47) are considered more 

toxic and certainly more bioaccumulative, causing biota and humans to be more at risk 

(Darnerud 2003). Other lower-brominated products of debromination are not found in 

commercial mixtures and have not been subjected to toxicity tests (Sutton et al. 2013). 

There is concern over human exposure to PBDEs, especially for young children receiving higher 

exposures through ingestion of PBDE-laden indoor dust due to high amounts of hand-to-mouth 

activity (Sutton et al. 2013).Studies on mice and rats have shown that exposure to PBDEs cause 

neuro-developmental toxicity, weight loss, toxicity to the kidney, thyroid, and liver, and dermal 

disorders (ATSDR 2004; Birnbaum and Staskal 2004; De Wit 2002). Studies on animals and 

human beings have shown that some PBDEs can act as endocrine system disruptors and also 

tend to deposit in human adipose tissue (ATSDR 2004; Birnbaum and Staskal 2004; He et al. 

2006; McDonald 2002).  A study has indicated that OctaBDE may be a potential teratogen; 

exposure to OctaBDE may affect fetal development and lead to birth defects or developmental 

malformations (He et al. 2006).  According to USEPA, DecaBDE is described as possessing 

“suggestive evidence of carcinogenic potential” (USEPA 2008). 

Sutton et al. (2013) cited several studies that have documented the susceptibility of wildlife to 

the toxicological effect of PBDEs. For example, in birds, PBDEs have been associated with 

various reproductive effects in American Kestrels (McKernan et al. 2009) and Ospreys (Henny et 

al. 2009) at concentrations within the range of those found in San Francisco Bay tern eggs (She 

et al. 2008). Laboratory studies probing the effects of a PBDE-laden diet on fish suggest that 

juvenile Chinook salmon become more susceptible to infection (Arkoosh et al. 2010) and 

juvenile zebrafish display altered locomotion behavior (Chou et al. 2010). 

The European Union risk assessments developed predicted environmental concentrations of 

PBDEs from water, sediments, air, and biota and predicted no effect concentrations at which no 

effect would be expected (European Chemicals Bureau, 2000, 2002, 2003). With similar or 

lower levels than have been observed in San Francisco Bay (Werme et al. 2007), the European 

Union risk assessments suggested that concentrations of PBDEs were high enough to pose 

possible local risks to aquatic life in the sediments and possible risk to top predators from 

PentaBDE. Lower risk was expected from OctaBDE except when the hexabrominated 

component was considered, in which case there were possible risks to predators, and probably 

low risks from DecaBDE except if it underwent debromination. 

As discussed in Section 4.1, production and use of certain PBDEs in California has been banned, 

although these actions did not result specifically or solely because of concerns for beneficial uses 

of the San Francisco Bay (Werme et al. 2007). 
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3 PBDE Uses, Sources, and Transport Pathways 

This section provides an overview of the existing literature regarding PBDE uses, sources, and 

transport pathways. 

3.1 PBDE USES 

PBDEs are added to some plastics, electrical and electronic equipment, upholstered furniture, 

non-clothing textiles, and foam products for use as a flame retardant. These materials are found 

in products in many applications, including within homes, offices, automobiles, and airplanes 

(Sutton et al. 2013).Household products that may contain PBDEs include curtains, carpet 

padding, furniture cushions, mattress pads, and pillows. Because PBDEs are added to the 

products rather than chemically bound into them, they can be slowly and continuously released 

from the products during their manufacture, while in use, or after their disposal. Table 2 lists the 

predominant usage for the three commercial mixtures of PBDEs (PentaBDE, OctaBDE, and 

DecaBDE).  Further information is available in the PBDEs Pollutant Profile included herein as 

Attachment A. 

Table 2.  Commercial mixtures of PBDE flame retardants, congeners comprising each mixture, and the 

predominant usage of each mixture (see also Attachment A) 

Commercial 

Mixture 

Congeners present, listed in 

order of dominant composition 

(greatest to least)
a
 Predominant usage 

PentaBDE 
(commercially known 

as DE-71 and 

Bromkal 70-5DE) 

BDE 99 (35-50%), 47 (25-37%), 

100, 153, 154 and possibly 

minor amounts of 17, 28, 66, 85, 

138 and 183 

Approximately 95% used in polyurethane 

foam in furniture cushions, automobile seats 

and head rests, and mattresses; approximately 

5% used in foam-based packaging and carpet 

padding 

OctaBDE 

(commercially known 

as DE-79) 

BDE 183 (40%), 197 (21%), 203 

(5-35%), 196, 208, 207, 153 and 

154.  

Approximately 95% used in Acrylonitrile 

Butadiene Styrene (ABS) resins; 

approximately 5% used in other plastics for 

computers and kitchen appliances 

DecaBDE 

(commercially known 

as DE-83R and 

Saytex 102E) 

BDE 209 (97.5%), 206, 207 and 

208.  

General purpose flame retardant used in 

virtually any type of polymer, including 

thermoplastics, textiles, and back-coatings of 

consumer electronics, the backs of television 

sets, wire insulations, upholstery, electrical 

boxes, and high impact polystyrene plastic 

a
(Alaee et al. 2003, USEPA 2010) 

As shown in Table 3, there is very little data regarding market demand statistics for PBDEs.  

Total self-reported environmental releases of DecaBDE in the United States peaked in 1999 

(53.9 metric tons), and stayed at similar levels through 2002 (Attachment A). There has since 

been a steady decline down to 21.1 metric tons in 2007 and 8.4 metric tons in 2011 

(Attachment A), likely due to the imminent ban on production and usage, which is further 

discussed in Section 4.  Detailed information is also available in the PBDEs Pollutant Profile 

included herein as Attachment A. 
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Table 3. Market demand statistics for PBDEs reported in the literature (see also to Attachment A). Data in 

metric tons. 

 
a
Watanabe and Sakai 2003 

b
USDHHS 2004 

c
USEPA 2010 

3.2 PBDE SOURCES 

PBDEs have been widely used as a flame retardant in textiles, plastics, and polyurethane foam 

products since the 1970’s and are now both ubiquitous in the urban environment and also 

possibly being redistributed to the rural environment through application of biosolids and 

atmospheric deposition.  In the San Francisco Bay Area, SFEI made a preliminary categorization 

of potential source areas for PBDEs (Attachment A) from urban and non-urban categories in the 

Bay Area: 

 Areas surrounding manufacturing facilities that have previously reported air emission 

releases of PBDEs.  Legacy contamination may exist; the USEPA Toxic Release 

Inventory includes two business locations within the Bay Area that self-report on- and 

off-site releases of decaBDE.  Both locations are in the Peninsula region and are 

associated with Tyco Thermal Controls.  

 Lands where application of treated biosolids may cause them to be sources of PBDEs in 

runoff.  Although the total volume of biosolids applied within the San Francisco Bay 

Area is unknown, Solano County reported an approximate average of 10,000 tons being 

land applied annually between 2002 and 2011 (County of Solano 2012).  The same 

application volumes have not been reported from other less-agricultural counties in the 

Bay Area. 

 PBDEs were added as fire retardants in the plastics and foam within automobiles and thus 

automobile shredding facilities (autoshredders) produce particulate autoshredder waste 

(ASW) which may contain PBDEs. There are two autoshredder facilities in the Bay Area 

which generate an estimated 300,000 tons of waste (including millable components of 

automobiles, refrigerators, and ovens) each year (California Department of Toxic 

Substances Control (DTSC) 2002). ASW consists of mostly non-metallic materials: glass, 

fiber, rubber, automobile fluids, dirt and plastics found in automobiles and household 

appliances that remain after the recyclable metals have been removed (DTSC 2002). 

ASW materials are treated with inorganic binders to reduce their potential to leach heavy 

metals, for example in ultimate disposal as alternative daily cover (ADC) at landfills.  

While usage as ADC in lined landfills is not expected to release PBDEs into the 

environment (U.S. Department of Health and Human Services 2004) such that it would 

be available for transport to the Bay, production or transportation of ASW or “auto fluff” 

may involve release to the environment and storm drain conveyances. Ambient air 

monitoring taken by the California Air Resources Board showed PBDE levels in urban 

1991 2003
c

PentaBDE PentaBDE OctaBDE DecaBDE PentaBDE OctaBDE DecaBDE All PBDEs

Americas 4,000        8,290        1,375        24,300        7,100 1,500 24,500 not reported

Europe unknown 210           450           7,500          150 610 7,600 not reported

Asia unknown --- 2,000        23,000        150 1,500 23,000 not reported

Rest of world unknown unknown unknown unknown 100 180 1,050 not reported

Total 4,000        8,500        3,825        54,800        7,500 3,790 56,100 56,418         

2001
b

1999
a
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areas increased ten-fold in the vicinity of e-waste recycling and autoshredder facilities 

(Charles et al. 2005) 

 Other source areas noted in Attachment A are: carpet/foam recycling facilities and 

plastics, electronics, cars and textiles manufacturers; however few data are available on 

these sources or from areas surrounding these types of facilities.   

3.3 PBDE TRANSPORT PATHWAYS 

The pathways by which PBDEs get from a source into the physical environment are not fully 

understood (Alcock et al., 2003), and the pathways to the San Francisco Bay are even less 

known. Conceptually, release can occur during initial synthesis, during incorporation into 

commercial products, during wear or degradation of products, or during disposal and recycling 

(Hale et al., 2003). PBDEs are not manufactured in the San Francisco Bay Area; however, 

manufacturing of PBDE-containing products and/or use of PBDE-containing products is 

widespread.  The release of PBDEs from PDBE-containing products has been quantified in few 

studies (Palm et al. 2002; Alcock et al. 2003), and no comprehensive survey has been done in 

California (Werme et al. 2007). 

In the San Francisco Bay Area, PBDEs follow the following pathways (Werme et al. 2007): 

• Direct input from activities in ports and other entities operating in close proximity to the 

estuary. 

• Discharge of municipal and industrial wastewater. 

• Atmospheric deposition. 

• Runoff from local watersheds. 

• Transport from the Sacramento and San Joaquin rivers. 

This sub-report specifically addresses the runoff from the local watersheds pathway. The runoff 

from the local watersheds pathway represents a particularly important pathway for the particle-

bound, higher-brominated PBDEs like BDE-209 to move from the terrestrial landscape to the 

Bay. Figure 2 presents a conceptual model of how sources are released and transported through 

this pathway.   
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Figure 2. Sources and pathways of PBDEs that enter the San Francisco Bay in stormwater runoff (Werme et 

al. 2007) 
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4 Regulatory Status of PBDEs 

Over the last 60 years, concurrent with increasing applications of petroleum-based polymers, 

usage of flame retardants also increased as regulations led to their integration into the polymers 

to meet fire safety expectations (Attachment A).  The following section discusses regulations 

aimed at decreasing the use of PBDEs as flame retardants, proposed revisions to the standards 

that resulted in the use of PBDEs as flame retardants, and existing assessments of whether water 

bodies within the San Francisco Bay Area are impaired due to PBDEs. 

4.1 REGULATIONS AND POLICIES BANNING PBDES PRODUCTION AND USE 

Governments have responded to the rising environmental and health concerns over PBDEs with 

bans on production and usage.  Due to the greater evidence of bioconcentration by lower-

brominated congeners, PentaBDE and OctaBDE were banned in most places prior to DecaBDE 

(Table 4).  As indicated in Table 4 and further detailed in Attachment A, Europe phased out 

PBDEs faster than the U.S.  In 2003, California passed Assembly Bill 302, becoming the first 

U.S. state to prohibit the manufacture, distribution, and processing of products containing 

PentaBDE and OctaBDE.  This phase-out was originally scheduled for 2008, although the 

Legislature later accelerated that timeframe for phase-out to begin as of June 1, 2006 

(Attachment A).  Also, USEPA has issued a Significant New Use Rule to phase out the 

PentaBDE and OctaBDE homologs (USEPA 2013). According to this rule, no new manufacture 

or import of these two homologs has been allowed since January 1, 2005, without a 90-day 

notification to USEPA for evaluation (USEPA 2013).  As a result, the major manufacturers of 

PentaBDE and OctaBDE ceased production of these compounds at the end of 2004. 

USEPA has also supported and encouraged the voluntary phase-out of manufacturing and 

importation of DecaBDE.  USEPA received commitments from the principal manufacturers and 

importers of DecaBDE to initiate reductions in the manufacture, import, and sales of DecaBDE 

starting in 2010, with all sales to cease by December 31, 2013.  The USEPA intends to 

encourage other importers of DecaBDE to join this initiative. As part of this encouragement, the 

USEPA intends to develop “Design for the Environment and Green Chemistry Alternatives 

Assessment” for DecaBDE to aid users in selecting suitable alternatives (USEPA 2013). 

Table 4. Years when bans on PBDEs went into effect in various parts of the world (see also Attachment A) 

Location PentaBDE OctaBDE DecaBDE 

California 2006 2006 2013 

European Union 2004 2004 2008 

Sweden 1999 unknown 2007 

Australia 2007 2007 unknown 

China 2006 2006 unknown 

4.2 ADDITONAL PBDE REGULATIONS 

The Bureau of Electronic and Appliance Repair, Home Furnishings and Thermal Insulation 

(BEARHFTI), through their promulgation n 1975 of strict fire-resistance standards for 

upholstery, furniture, carpets, and other consumer products, is the State of California agency that 

is largely responsible for the widespread use of PBDEs and other chemical flame retardants.  The 
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BEARHFTI has proposed revised flammability standards that could eliminate the incentive to 

incorporate these substances into upholstered furniture and many items for infants and young 

children (BEARHFTI 2013a).The BEARHFTI has determined that the 1975standarddoes not 

“adequately address the flammability performance of the upholstery cover fabric and its 

interactions with underlying filling,” and has proposed a new standard that is designed to better 

address fires caused by smoldering materials, the predominant source causing upholstered 

furniture fire deaths. The new standard will be implemented starting July 1, 2014, but will allow 

products manufactured prior to this date to continue to be offered for sale without a sell by date. 

Nevertheless after July 2014, chemical fire retardants would disappear from a variety of newly 

produced consumer goods (BEARHFTI 2013b).  It is anticipated that after current PBDEs-

containing products have reached their useful life, the concentration of PBDEs in California’s 

environment will see significant reductions.  

4.3 IMPAIRMENT ASSESSMENT 

There are no local, state, or federal criteria, standards, or screening levels for PBDEs in water, 

sediment, fish, or wildlife tissues.  USEPA continues to evaluate and assess the risks posed by 

PBDEs (USEPA 2013). No federal cleanup standards or guidelines have been set for PBDEs 

(ATSDR 2004; USEPA 2013).  Although numeric objectives have not been set for PBDEs, the 

following narrative objectives from the San Francisco Bay Basin (Region 2) Water Quality 

Control Plan (Basin Plan)
1
 could be interpreted to evaluate whether urban runoff loads of PBDEs 

are contributing to an impairment of beneficial uses: 

"Many pollutants can accumulate on particles, in sediment, or bioaccumulate in 

fish or other aquatic organisms. Controllable water quality factors shall not cause 

a detrimental increase in concentrations of toxic substances found in bottom 

sediments or aquatic life. Effects on aquatic organisms, wildlife, and human 

health will be considered." 

"Controllable water quality factors shall not cause a detrimental increase in the 

concentrations of toxic pollutants in sediments or aquatic life." 

Without defined standards, it is not possible to definitively state that PBDEs are impairing water 

bodies located within the San Francisco Bay Area.  During the 2006 and 2010 303(d) listing 

cycle, the Regional Water Board made the decision not to place the San Francisco Bay on the 

303(d) list as impaired by PBDEs because, without a numeric guideline or objective, it could not 

be determined if the pollutant is likely to cause or contribute to -adverse effects on biota.  

Sutton et al. (2013) cited several studies that have assessed whether San Francisco Bay PBDE 

concentrations are impairing beneficial uses related to wildlife.  PBDE contamination of the San 

Francisco Bay does not impair the commercial and sport fishing (COMM) beneficial use based 

on comparison to thresholds developed by the Office of Environmental Health Hazard 

Assessment (OEHHA) (Klasing and Brodberg 2011).  PBDE concentrations are also unlikely to 

impair reproduction and development of San Francisco Bay birds, according to a recent study of 

the toxicity of PentaBDE to tern eggs (Rattner et al. 2011).  An analysis of whether current 

concentrations of PBDEs in the San Francisco Bay impair the health of harbor seals has been 

inconclusive (Neale et al. 2005) and further research would be necessary to evaluate this risk. 

                                                 
1
 http://www.waterboards.ca.gov/rwqcb2/basin_planning.shtml 
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5 MRP Requirements (C.14) 

Provisions C.14.a.i. through vii. of the MRP ask Permittees to undertake efforts to determine if 

urban runoff is a conveyance mechanism associated with the possible impairment of San 

Francisco Bay for PBDEs, legacy pesticides (such as DDT, dieldrin, and chlordane), and 

selenium.  The provisions specify actions that MRP Permittees must take regarding PBDEs.  The 

C.14.a. provisions and actions undertaken by Permittees to comply with the provisions, in 

regards to PBDEs, are summarized as follows: 

 Characterize the representative distribution of PBDEs in the urban areas of 

the San Francisco Bay Region (a.ii. and a.iii.).  The Permittees developed 

the Regional Watershed Spreadsheet Model Profile to comply with this 

requirement. 

 Provide information to allow calculation of PBDE loads to San Francisco 

Bay from urban runoff conveyance systems (a.iv. and a.v.).  San Francisco 

Estuary Institute (SFEI) is developing a report “PBDEs in San Francisco 

Bay”, cited herein as Sutton et al. (2013).  The Report is based on 

environmental and biota data from the Regional Monitoring Program for 

Water Quality in the San Francisco Bay (RMP) and will be finalized for 

submittal with the MRP 2013 Annual Report.  Many of the preliminary 

findings are summarized in Section 6 of this Report. 

 Identify control measures and/or management practices to eliminate or 

reduce discharges of PBDEs conveyed by urban runoff conveyance 

systems (a.vi. and a.vii.).  The document herein satisfies this requirement. 
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6 Pollutant of Concern Characterization Summary 

As part of the RMP, SFEI has undertaken a series of monitoring and research projects to 

investigate the effects of PBDEs on the San Francisco Bay (Sutton et al. 2013).  The following 

sections include summary text, tables and figures of the distributions of PBDEs found via urban 

San Francisco Bay area monitoring data and PBDE concentrations that have been measured in 

runoff from local watersheds within the San Francisco Bay Area. 

6.1 PBDE DISTRIBUTIONS DERIVED FROM URBAN SAN FRANCISCO BAY 

AREA MONITORING DATA 

Sutton et al. (2013) found that PBDEs are widely detected in San Francisco Bay matrices 

including water and sediment, in small and large tributaries to the Bay, and wildlife in the area. 

Figure 3 and Figure 4 illustrates a spatial distribution of PBDE concentrations in water and 

sediment, respectively, in the Bay Area while Figure 5 shows a comparison of average 

concentrations found in shiner surfperch (Sutton et al.2013). 
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Figure 3.  Concentrations of BDE-47 in water in San Francisco Bay (pg/L) (Sutton et al. 2013). Map plot 

based on 206 RMP data points from 2002-2011. Trend plot shows annual Bay-wide averages. Colored 

symbols on map show results for samples collected in 2010: circles represent random sites, and diamonds 

represent historic fixed stations. 
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Figure 4.Concentrations of BDE-47 in sediment in San Francisco Bay (ng/g dry weight) (Sutton et al. 2013). 

Contour plot based on 338 RMP data points from 2002–2009 and 2011. Trend plot shows annual Bay-wide 

averages. Colored symbols on map show results for samples collected during the wet season (April) in 2012. 

Circles represent random sites. Diamonds represent historic fixed stations. Red circle on trend plot indicates 

a wet season sample; other samples were dry season. 
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Figure 5.  PBDE concentrations (ppb) in shiner surfperch in San Francisco Bay, 2009 (Sutton et al. 2013). 

Bars indicate average concentrations. Points represent composite samples. 

 

Likely in response to the regulatory actions and policies banning production and use of PBDEs 

described in Section 4.1, Sutton et al. (2013) indicated a decline in contaminant levels for all San 

Francisco Bay organisms under study (Figure 6, Figure 7, Figure 8, Table 5, and Table 6).  

PBDEs are one success story, where a ban and phase-out in 2004 appear to have caused a 

marked decline in concentration in the San Francisco Bay food web (Mumley et al. in progress).  

This decline is expected to continue and should diminish any potential impacts of PBDEs on San 

Francisco Bay biota (Sutton et al. 2013).  Sutton et al. (2013) developed a PBDE mass budget 

model that indicates rapid recovery is possible with reduced contaminant loads expected as these 

compounds are removed from the market. 
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Figure 6.  Concentrations of BDE-47 in bivalves (ng/g dry weight) (Sutton et al. 2013) 

 

 

Figure 7.  PBDE concentrations (ppb) in shiner surfperch in San Francisco Bay, 2003-2009 (Sutton et al. 

2013). Bars indicate average concentrations. Points represent composite samples. 
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Figure 8.  Concentrations of total PBDEs in cormorant eggs (ng/g lipid) (Sutton et al. 2013) 

 

Table 5.  Total PBDE concentrations in Forster’s tern eggs from San Francisco Bay (ng/g lipid) (Sutton et al. 

2013) 
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Table 6.  Recently collected total PBDE measurements in Bay harbor seals (Sutton et al. 2013) 

 

Despite the decline in contaminant levels for all San Francisco Bay organisms under study, 

Sutton et al. (2013) documented that San Francisco Bay water and sediment concentrations have 

shown fewer clear temporal trends.  San Francisco Bay-wide averages of the dominant congener 

in water, PentaBDE component BDE-47, suggest that this congener has disappeared from most 

locations in the San Francisco Bay with the exception of the Lower South Bay (Figure 9).  In 

contrast, San Francisco Bay-wide averages of BDE-47 and the dominant congener in sediment, 

DecaBDE component BDE-209, show little change (Sutton et al. 2013). Because the phase-out 

of DecaBDE is still ongoing (Section 4.1), and because natural mixing and sample compositing 

may cloud any signal of recent changes to sediment contaminant loads, it may be some time 

before a clear trend emerges from study of this matrix (Sutton et al. 2013). 

 

Figure 9.  Regional distribution of BDE-47 in San Francisco Bay water over time (pg/L) (Sutton et al. 2013) 
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6.2 PBDE CONCENTRATIONS IN RUNOFF FROM LOCAL WATERSHEDS 

Little data exist in the world literature on PBDE concentrations in stormwater, and where PBDEs 

have been sampled in stormwater, it has been done in mixed-use urban areas (Attachment A).  

Through funding from the RMP, SFEI has sampled 10 mixed-use watersheds around the San 

Francisco Bay Area for PBDEs in stormwater runoff.  Table 7 presents summary statistics for 

this monitoring effort.  As noted in the table, most of these watersheds have only been studied at 

a pilot level, with fewer than 10 samples collected.  One Alameda County watershed (Zone 4 

Line A in Hayward) had 38 sample points with mean and median concentrations of 47 ng/L and 

27 ng/L, respectively. 

Table 7.  PBDE concentrations in runoff from local watersheds based on locally collected data by the RMP. 

All watersheds include mixed-urban land uses (see also Attachment A) 

Specific Location N 

PBDE concentrations (ng/L) 

Reference Min Max Mean Median 

Borel Ck, Peninsula Bay Area, CA 3 9 20 14 12 McKee et al. 2012 

Coyote Ck, Santa Clara County, CA 7 7 36 15 13 SFEI unpublished 

Guadalupe River, San Jose, CA 13 15 369 88 38 
SFEI unpublished (WY 

2012); McKee et al. 2006 

Lower Marsh Ck, Brentwood, CA 1 20 20 20 20 SFEI unpublished 

Lower Penetencia Ck, Milpitas, CA 4 13 22 18 19 McKee et al. 2012 

San Leandro Ck, San Leandro, CA 3 41 80 57 50 SFEI unpublished 

Santa Fe Channel, Richmond, CA 2 24 30 27 27 McKee et al. 2012 

Sunnyvale East Channel, 

Sunnyvale, CA 
6 5 100 48 42 

McKee et al. 2012; SFEI 

unpublished (WY 2012) 

Zone 4 Line A, Hayward, CA 38 0 430 47 27 Gilbreath et al. 2012 

Zone 5 Line M, Union City, CA 4 34 128 75 69 McKee et al. 2012 

6.2.1 Results of Investigation of Local Watershed with Anomalous Elevated PBDE 

Concentrations 

Although the stormwater data for the San Francisco Bay Area does not exist for homogenous 

land uses, SFEI preliminarily explored correlations between PBDE concentrations in the San 

Francisco Bay Area watersheds and the land uses in those watersheds (Attachment A). This 

exploration yielded strong correlations with the combined sum of High Residential and Open 

Compacted spaces (Figure 10).  However, the linear trend line in Figure 10 excludes the Zone 5 

Line M watershed in Union City because it does not follow this correlation. The Zone 5 Line M 

watershed land uses are approximately 31% residential, 11% transportation, 36% open, 15% 

commercial, and 7 % industrial (Attachment A).  SFEI conducted a cursory review of the current 

industrial sector of this small watershed using Google Maps and Google Earth.  This cursory 

review revealed several parcels that may be contributing to the elevated PBDE concentrations.  

These parcels included two custom plastics manufacturers, and a furniture distribution 

warehouse plus possible small-scale furniture recycling at this location.  Given the anomalous 

results obtained from this watershed, SFEI suggested that these parcels may warrant local or site-
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specific control measures after further investigation. Past uses as industrial facilities (e.g. Pacific 

States Steel clean-up site) may also pose legacy issues in this watershed.   

 

Figure 10.  Median PBDE concentrations in relation to the percentage of high density residential development 

(< 0.333 acres/unit) and percentage compacted open space in nine Bay Area watersheds (see also 

Attachment A). The linear trend line is related only to the nine watersheds represented by blue markers; the 

red marker is Zone 5 Line M. 

6.2.2 Correlation between Elevated PBDE Concentrations and Other POCs 

SFEI also regressed local PBDEs in stormwater data with total mercury (HgT) and PCBs (sum of 

40 congeners) to provide preliminary evidence if, at a regional average scale, targeting the clean-

up of either of these high priority POCs would result in multiple benefits for management of 

PBDEs (Attachment A).  In water, median PBDE concentrations correlated fairly well with HgT, 

but not with PCBs (Figure 11).  When normalized to suspended sediment concentration, PBDEs 

did not correlate well with either HgT or PCBs (Figure 12).  This data suggests that, on a spatial 

scale, control measures aimed at reducing HgT loads in water may be coordinated with control 

measures aimed at reducing PBDE loads in this media. However, control measures aimed at 

reducing PCBs in water and sediment or HgT in sediment may not be beneficial for reducing 

corresponding PBDE loads in those media. 
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Figure 11.  Median PBDE concentrations in relation to median HgT and median PCB concentrations in San 

Francisco Bay area watersheds (Attachment A). The Guadalupe River watershed data is excluded as 

anomalous from the regression with median HgT due to Hg mining influence in this watershed. The outlier 

data point in red for median PCBs is the PCB hot spot watershed, Santa Fe Channel. 

 

 

Figure 12.  Relationships of median PBDE particle ratios with HgT and PCB particle ratios in San Francisco 

Bay Area watersheds (Attachment A) 
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7 Current and Planned Control Measures 

This section provides a summary of control measures implemented by Permittees to control the 

discharge of PBDEs from municipal stormwater to the San Francisco Bay.  

Under the MRP, and through many other efforts, Permittees are currently implementing a series 

of control measures to improve the quality of stormwater runoff into the Bay.  These measures, 

though not directly aimed at controlling PBDEs, have the effect of reducing all Pollutant of 

Concern loads conveyed through stormwater into the Bay.  The evidence of declining PBDE 

levels in San Francisco Bay biota and the outcome of the RMP’s modeling suggest that existing 

management actions to eliminate production and use of PBDEs should be sufficient to address 

the potential impacts of contamination of San Francisco Bay (Sutton et al. 2013).  Therefore new 

PBDE-specific control measures for municipal stormwater Permittees in the Bay Area are not 

included in the list below or planned for the future.  The implementation of pilot and new control 

measures that are focused on other high priority sediment-associated pollutants (e.g., PCBs and 

mercury) will also have reduction benefits for PBDEs.  

7.1 MEASURES TO PREVENT AND REDUCE PBDE DISCHARGES 

Many existing activities in the MRP serve to reduce discharges of PBDEs. 

 Best Management Practices (BMPs) at municipal operations sites: Provision C.2 requires 

development and implementation of appropriate BMPs by all Permittees to control and 

reduce non-stormwater discharges and polluted stormwater to storm drains and 

watercourses during operation, inspection, and, routine repair and maintenance activities 

of municipal facilities and infrastructure.  Requirements such as development of site-

specific BMPs and implementation of Stormwater Pollution Prevention Plans at corporate 

yards can reduce sediment and runoff discharges into the stormwater conveyance systems 

ultimately reducing the POC loadings (including PBDEs) into the Bay. 

 Source control, site design, stormwater treatment, and low impact development for land 

development projects: Practices required under Provision C.3 are ultimately aimed at 

retaining or infiltrating stormwater on site and reducing runoff volumes to the Bay.  

Increases in runoff may cause excess erosion in stream channels, releasing potentially 

contaminated sediments, including those with elevated PBDE concentration. 

 Industrial and Commercial Site Controls:  Provision C.4 of the MRP requires Permittees 

to implement an industrial and commercial site inspection and control program at all sites 

that could reasonably be considered to cause or contribute pollutants to urban runoff. 

Follow‐up and enforcement actions consistent with local Enforcement Response Plans 

(ERPs) to prevent discharges of pollutants and impacts on beneficial uses of receiving 

waters are implemented as needed. Inspections are carried out to ensure that the facilities 

have implemented adequate and appropriate control measures. The ERP provision allows 

for future incorporation of information-gathering at specific types of facilities if 

regulatory priorities for PBDEs change in the future.  Facilities covered under the new 

statewide Industrial General Permit would also be subject similar self-reporting 

standards. 

Enhancing stormwater pollution prevention plans at industrial and commercial sites can 

be beneficial for reducing PBDEs and other contaminants in their stormwater. If PBDE 
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loading reductions increase in priority, local agencies may choose to identify electronics 

and carpet/foam recycling facilities, as well as manufacturers of plastics, electronics, 

cars, and textilesas potential sources which could be prioritized for higher frequency 

inspections.  In one recent case, USEPA conducted several inspections and noted 

evidence of non-compliance with the Federal Clean Water Act at Sims Metal, an 

autoshredder in Redwood City.  Under an EPA-issued Order, Sims Metal is now required 

to sample storm water discharges more frequently throughout the rainy season, to revise 

their stormwater pollution prevention plan to update monitoring and sampling, and to 

develop and implement stormwater pollution control measures for all areas of activity 

(USEPA2011).  As further noted in Section 7.3, DTSC has initiated a review of current 

technical data and information on treatment processes at these facilities and it is re-

evaluating the non-hazardous waste classification of autoshredder waste.  A decision is 

expected late 2014. 

 Construction Site Control: Provision C.6 of the MRP requires Permittees to implement a 

construction site inspection and control program at all construction sites.  Permittees 

conduct inspections to determine compliance and effectiveness of the construction site 

measures, and require timely correction if violations are found. Permittees require all 

construction sites to have site‐specific and seasonally‐ and phase‐appropriate control 

measures such as: 

o Erosion and sediment control; 

o Good site management;  

o Run‐on and Run‐off control;  

o Non-urban runoff management; and  

o Active treatment systems (as necessary). 

Erosion and sediment control approaches are helpful in preventing mobilization of 

sediment that may have been enriched by PBDEs from legacy uses.   

 Urban Runoff Treatment Retrofits: Storm drain inlet inserts, flow through separation 

devices (e.g., hydrodynamic separators), vegetated filtration systems (grassy swales), 

infiltration trenches/basins, media filtration, detention basins, wet ponds and constructed 

wetlands can intercept sediments in the urban runoff conveyance system and may reduce 

the load of POCs, including PBDEs, to the Bay.  These urban runoff treatment structures 

may be installed by municipalities on public and capital improvement projects or as 

retrofits projects targeting pollutants of concern.  Through pilot studies conducted in 

compliance with provisions C.11/12.e of the MRP, Permittees are currently evaluating 

the effectiveness of urban runoff treatment retrofits and assessing the costs of 

implementing these actions. The focus of these studies is PCBs and mercury, however, all 

pollutants in urban runoff, including PBDEs will likely benefit from the information 

being collected. Although sources and pathways differ between PBDEs and other POCs, 

potential focused implementation of enhanced urban runoff system operation and 

maintenance for PCBs/mercury in the future may also assist Permittees in reducing the 

load of PBDEs to the Bay from urban runoff. 

 Solid and Household Hazardous Waste Disposal.  Permittees also operate, promote, 

coordinate or otherwise facilitate programs for collection of household hazardous waste 

or electronic waste, and recycling or collection of furniture and other bulky waste. These 
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efforts are driven primarily by targets for solid waste reduction but also have the effect of 

reducing PBDE release from improper disposal of various consumer goods. 

7.2 BAY AND WATERSHED MONITORING 

Through their participation in the RMP, the MRP Permittees have supported status and trends 

monitoring of PBDEs in San Francisco Bay water and sediment since 2002 (reviewed in Sutton 

et al. 2013).  The RMP has also supported research into PBDE effects on biota through funding 

from the Pilot/Studies and Special Studies program. While these data show that regulatory bans 

and phase-outs have already led to declines in PBDE contamination in Bay biota over the last 

decade, there may be increasing occurrence in the Bay of alternative (non-PBDE) flame 

retardants substituted in consumer products by manufacturers;  thus Sutton et al. (2013) propose 

that continuing RMP monitoring and research on PBDEs be combined with additional 

investigation of the most likely alternative chemicals.  Future RMP planning will consider these 

recommendations and allocate resources for monitoring and special studies according to the 

management priorities and information needs for PBDEs or  alternative flame retardants. 

The Small Tributaries Loading Strategy (STLS) is a collaboration of Permittees and the RMP 

that addresses the MRP Provision C.8.e requirement to conduct Pollutants of Concern (POC) 

monitoring to assess inputs of priority POCs to the San Francisco Bay from local tributaries and 

urban runoff, and also provide stormwater monitoring data for POCs with lower regulatory 

priority including PBDEs.  The STLS Multi-Year Plan*
2
 documents monitoring methods and 

design, as well as the complementary development of a Regional Watershed Spreadsheet Model 

(Lent and McKee 2011, Lent et al. 2012)  and guidance for articulating the model for specific 

POCs (e.g. Attachment A for PBDEs).   

Due to limited data, the contribution of specific potential sources identified in Attachment A to 

PBDE releases into the Bay is unclear.  It is also unknown what portions of those releases are 

conveyed through stormwater.  Many of the sources may release PBDEs through air emissions 

which ultimately accumulate into the Bay through air depositions.  Any such releases are beyond 

the scope of the stormwater controls.   

7.3 RELATED REGULATORY CHANGES 

The types of facilities identified as potential PBDE sources (autoshredders, electronics and 

carpet/foam recyclers, and plastics, electronics, cars, and textiles manufacturers) are also 

considered industrial operations under the Federal Clean Water Act and are subject to the State’s 

Industrial General Stormwater Permit. This permit is in the process of being reissued by the State 

Water Resources Control Board (State Water Board); increased monitoring, more stringent 

BMPs, and increased self-inspections are proposed in the draft permit
3
 (State Water Board draft 

2013). In addition, these facilities are regulated directly by the Regional Water Board and 

USEPA can enforce the Federal Clean Water Act. 

As previously mentioned, autoshredders generate considerable amounts of non-metallic waste 

from materials found in automobiles and household appliances that remain after the recyclable 

                                                 
2
 STLS Multi-Year Plan included as Appendix D-1 of the Urban Creeks Monitoring Report available at 

 www.waterboards.ca.gov/sanfranciscobay/water_issues/programs/stormwater/UC_Monitoring_Report_2012.pdf 
3
 The anticipated effective date of the reissued permit is January 1, 2015. 

http://www.waterboards.ca.gov/sanfranciscobay/water_issues/programs/stormwater/UC_Monitoring_Report_2012.pdf
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metals are removed. These waste materials are treated with inorganic binders to reduce their 

potential to leach heavy metals in their ultimate disposal as ADC at landfills. In 2012, the 

Altamont Landfill in Livermore used a total of 131,700 tons of autoshredder waste (ASW) for 

ADC (CalRecycle 2012).  In recent years ASW has come under scrutiny from DTSC as the 

Department is concerned that the concentrations of heavy metals in this waste may ultimately 

pose environmental risks (DTSC 2013).  The treated waste is currently subject to an exemption 

from hazardous waste designation; the exemption allows the facilities to treat their waste on-site 

without a DTSC permit, and allows for the treated ASW to be disposed as nonhazardous waste 

(hence its disposal as ADC in municipal landfills).According to DTSC, the exemption was 

granted in the late 1980s and it is based on scientific evidence available at that time   (DTSC 

2013). To account for advances in testing and analytical methods, DTSC has initiated a review of 

current technical data and information on ASW treatment processes and it is re-evaluating the 

non-hazardous waste classification of ASW. Because DTSC is involving many stakeholders not 

only from the industry but also from affected state and local agencies (CalRecycle, State Water 

Board, local air quality management districts, etc.), the re-evaluation process is expected to last 

until late 2014.  DTSC will announce its decision at that time and then develop a course of action 

based on the findings of this process (DTSC 2013).  

Ultimately, a potential classification of ASW as hazardous waste may not necessarily affect the 

release of PBDEs from autoshredding sites, but would prevent the PBDE-containing ASW from 

being disposed in municipal landfills and from potentially being released back into the 

environment from these sites. This type of wide-reaching regulatory decisions can have 

significant impact in controlling PBDE releases into the environment.  Overall, source-control 

activities taken at the local level have limited effectiveness for PBDEs; the most effective form 

of source control is legislation to ban the use and importation of PBDEs as flame retardants. 
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PBDEs Pollutant Profile 

Introduction and Purpose of Document 
 

This profile was prepared by SFEI as one of a series supporting development of the 

Regional Watershed Spreadsheet Model (RWSM) for estimating pollutant loads to the 

San Francisco Bay per the joint RMP-BASMAA Small Tributaries Loading Strategy. The 

RWSM will be used to generate pollutant-specific sub-models using spatial datasets that 

define input runoff coefficients for local land use types and also pollutant-specific 

“source areas”. The first step for each pollutant-specific sub-model is to review what is 

known locally and/or internationally about the sources or use characteristics and 

processes of release and transport of the San Francisco Bay. This information is then put 

together with what is known about available GIS layers on the proposed most important 

sources and a model structure and generalized work plan is recommended. This 

information for Polybrominated Diphenyl Ethers (PBDEs) is compiled into this profile. 

BASMAA funded the preparation of this document to assist in fulfilling C.14 MRP 

requirements, but the profile’s focus is on all potential sources to Bay, as well as 

conveyance by stormwater and local tributaries from the SF Bay watershed. 

PBDEs: description, historical usage, and behavior in environment 
 

Polybrominated diphenyl ethers (PBDEs) are a group of flame retardant additives used in 

thermoplastics, polyurethane foam, and textiles. These materials are found in products 

within clothing, homes, offices, automobiles and airplanes. PBDEs are diphenyl ethers 

with one to ten bromine atoms attached (Figure 1) and although 209 congeners are 

possible, only some of the congeners are manufactured or result as degradation products.  

 

 
Figure 1. Diphenyl ether structure and structure of BDE-100 (illustration from California 

Environmental Protection Agency, 2006). 

 

 

Over the last 60 years, concurrent with increasing applications of petroleum-based 

polymers, usage of flame retardants also increased as regulations led to their integration 

into the polymers to meet fire safety expectations. Organobromine compounds are the 

most effective of the halogenated organic flame retardants, and widespread usage and 

commercial production of PBDEs as a flame retardant began in the 1970s. There are 
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three commercial mixtures of PBDEs, each named for the average bromination level of 

the various congeners that comprise the mixture (“penta-”, “octa-”, and “deca-BDE”; 

Table 1).  

 

 
 

Table 1. Commercial mixtures of PBDE flame retardants, congeners comprising each mixture, 

and the predominant usage of each mixture.  

 
 

Commercial 

Mixture 

Congeners present, listed 

in order of dominant 

composition (greatest to 

least)
a
 

 

Predominant usage 

pentaBDE
b
 

(commercially known 

as DE-71 and 

Bromkal 70-5DE) 

BDE 99 (35-50%), 47 (25-

37%), 100, 153, 154 and 

possibly minor amounts of 

17, 28, 66, 85, 138 and 183 

Approx 95% used in polyurethane foam in 

furniture cushions, automobile seats and head rests, 

and mattresses; Approx 5% used in foam-based 

packaging and carpet padding 

octaBDE
b
 

(commercially known 

as DE-79) 

BDE 183 (40%), 197 (21%), 

203 (5-35%), 196, 208, 207, 

153 and 154.  

Approx 95% used in ABS resins; Approx 5% used 

in other plastics for computers and kitchen 

appliances 

decaBDE
b
 

(commercially known 

as DE-83R and 

Saytex 102E) 

BDE 209 (97.5%), 206, 207 

and 208.  

General purpose flame retardant used in virtually 

any type of polymer, including thermoplastics, 

textiles, and back-coatings of consumer 

electronics, the backs of television sets, wire 

insulations, upholstery, electrical boxes, and high 

impact polystyrene (HIPS) plastic 
aCongener composition information from Alaee et al. 2003 and U. S. Environmental Protection Agency 2010.  
bFor this report, “pentaBDE”, “octaBDE”, and “decaBDE” will refer to the commercial mixtures and not the 

homologue group.  

 

 

Scarce data on market demand for PBDEs is available (Table 2). The period of peak 

usage of each formulation is not well-known and likely varies across regions of the 

world. As described in a review by Hale et al. (2006), sediment core data from Europe 

and Japan show peaks in the early to mid-1990’s, suggesting that peak market demand 

and usage occurred sometime prior given the time required for PBDEs to cycle from their 

products into sediments where they would be observed in sediment core data. In contrast, 
total self-reported environmental releases of decaBDE in the United States (U.S.) peaked in 

1999 (53.9 metric tons (metric t)), and stayed at similar levels through 2002 (Toxic Release 

Inventory, accessed January 2013). There has since been a steady decline down to 21.1 

metric t in 2007 and 8.4 metric t in 2011, likely due to the imminent ban on production and 

usage (in 2013, discussed later). If the US market tracks self-reported releases by US 

production/processing entities, this may suggest concentrations in the U.S. environment 

may not be expected to peak until post-2002, although it is unclear whether or not 

environmental peaks have yet occur ed. Indeed, core data from two out of three wetland 

areas in the San Francisco (SF) Bay collected in 2005-2006 showed increasing trends in 

PBDE concentrations without any sign of plateau (Yee et al., 2011). On the other hand, in 

a recent review of PBDEs in the SF Bay, Sutton et al.,  (in prep) reported that 

concentrations in water and sediment over the ten year period of record have not shown 

distinct trends, while concentrations in Bay wildlife are trending downward. 
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Table 2. Market demand statistics for PBDEs. Data in metric tons (metric t).  

 

 
a
 = Watanabe and Sakai, 2003 

b
 = U.S. Department of Health and Human Services, 2004 

c
 = U.S. Environmental Protection Agency, 2010 

 

 

Recent History of Environmental Concerns and Regulatory Response: 
 
Studies of PBDEs in laboratory animals have suggested potential concerns about liver 

toxicity, thyroid toxicity, developmental and reproductive toxicity, and developmental 

neurotoxicity (reviewed in U.S. Environmental Protection Agency, 2010). There is concern 

over human exposure to PBDEs, especially in children given the typical exposure 

mechanism being indoor dust coupled with the increased hand-to-mouth frequency for 

children. Studies of human blood, breastmilk and adipose tissue samples indicated 

rapidly increasing concentrations of PBDEs over the last two decades, with 

concentrations in North Americans generally several times higher than those seen in 

Europeans (U.S. Environmental Protection Agency, 2010). Although the most recent 

findings suggest that concentrations in SF Bay biota are decreasing (Sutton et al., 2013), 

PBDEs measured in humans and wildlife in the SF Bay Area are amongst the highest 

concentrations reported anywhere in the world (She et al., 2007; reviewed in Shaw and 

Kannan, 2009). One hypothesis for these elevated concentrations is the existence of 

California Technical Bulletin 117 (Zota et al., 2008) first passed in 1975, which requires 

a stricter degree of flame retardation in upholstered furniture than fire safety regulations 

elsewhere. Until phase-out in 2006, pentaBDE was the predominant flame retardant used 

to comply with TB 117.  

 

Governments have responded to the rising environmental concerns over PBDEs with 

bans on production and usage (Table 3). The earliest bans went into effect in parts of 

Europe, and focused on the penta- and octa-BDE formulations due to the evidence that 

lower-brominated congeners bioconcentrate more readily than the higher-brominated 

congeners. Nevertheless, bans on deca-BDE have followed in some locations. In 2003, 

California passed Assembly Bill 302, becoming the first U.S. state to prohibit the 

manufacture, distribution, and processing of products containing the penta- and octaBDE 

formulations. This phase-out was originally scheduled for 2008, although the Legislature 

later accelerated that timeframe for phase-out to begin as of June 1, 2006. The United 

Stated Environmental Protection Agency (USEPA) has now negotiated with the two 

major U.S. manufacturers to end production, importation, and sales of decaBDE for most 

uses by December 31, 2012, and to end all uses by late 2013 (U.S. Environmental 

Protection Agency, 2010). The USEPA has also encouraged the other minor importers of 

decaBDE to join this initiative, although the ban does not prevent decaBDE importation.  

1991 2003
c

PentaBDE PentaBDE OctaBDE DecaBDE PentaBDE OctaBDE DecaBDE All PBDEs

Americas 4,000        8,290        1,375        24,300        7,100 1,500 24,500 not reported

Europe unknown 210           450           7,500          150 610 7,600 not reported

Asia unknown --- 2,000        23,000        150 1,500 23,000 not reported

Rest of world unknown unknown unknown unknown 100 180 1,050 not reported

Total 4,000        8,500        3,825        54,800        7,500 3,790 56,100 56,418         

2001
b

1999
a
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Table 3. Years when bans on PBDEs went into effect in various parts of the world.  

 
 Year of Ban 

Location pentaBDE octaBDE decaBDE 

California 2006 2006 2013
1
 

European Union 2004 2004 2008 

Sweden 1999 unknown 2007 

Australia 2007 2007 unknown 

China 2006 2006 unknown 

 

 

 

How do PBDEs behave in the environment?  
 

PBDEs enter our surface waters primarily from stormwater runoff and sewage treatment 

plant discharges, as well as in minor amounts from rainfall and direct atmospheric 

deposition. PBDEs in the terrestrial landscape are primarily atmospherically deposited 

after emissions from production, use, and disposal/recycling. PBDEs are semivolatile 

organic compounds and have low water solubilities, however their vapor pressures differ 

enough from one another to affect their movement into and within various media of the 

environment. At air temperatures of 25°C, > 98% of the mono-, di-, triBDE (homologue 

group) congeners may be present in the vapor phase, tetra- and pentaBDE (homologue 

group) congeners begin to distribute more to atmospheric particles (e.g. BDE-47 is 10% 

particle phase, BDE-99 is 39% particle phase), hexa- and hepta- congeners are 87 - 99% 

particle phase, and 99% of BDE-209 is expected to be associated with airborne particles. 

This vapor versus particle phase distribution has important implications for how and 

where different BDEs move and settle in the environment.  

 

Air: Lower-brominated homologs (e.g., tri- and tetraBDE) are volatile and persistent 

enough to permit long-range transport. In fact, the tetra-brominated BDE-47 has even 

been detected in environmental samples in remote regions of the world such as the Arctic 

and Tibetan Plateau (de Wit et al., 2006; Wang et al., 2009a). Higher-brominated 

congeners (e.g. BDE-209) may also be found in air samples, but are more likely to 

deposit closer to their sources as they are more prone to wet and dry atmospheric 

deposition. For example, in a study of atmospheric concentrations of PBDEs in urban and 

rural areas of the Great Lakes region, Strandberg et al. (2001) found that the dominant 

congeners in air samples were BDE-47, -99, and -100, while BDE-209 was only detected 

in the Chicago area, likely near to point sources. Ambient and near source air monitoring 

has been conducted by the California Air Resources Board (CARB) in California urban 

areas and near automobile shredders and electronics recycling facilities. While all urban 

areas contained background levels, the near source areas were highly elevated in 

comparison (results discussed in greater detail later). 

 

                                                 
1
 As described in the text above Table 3, this “ban” is actually a negotiation between the U.S. EPA and the 

two major U.S. manufacturers to end production, importation, and sales of all decaBDE by the end of 2013. 

This does not effectively ban importation of decaBDE by smaller importers. 
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Soil/Sediment: Adsorption of PBDEs increases with bromination and organic carbon 

content of soil and sediment. PBDEs in soils across the landscape are therefore expected 

to be in greater concentrations nearest to point sources – urban areas, and source areas 

within the urban environment. In particular, decaBDE (predominantly BDE-209) is 

expected to deposit near its source and not be particularly mobile in the environment. 

DecaBDE will transport however, via the particle it is bound to as that particle is 

mobilized through the environment (e.g. in stormwater runoff).  
 

Water: In water, greater proportions of the lower-brominated homologs will remain 

suspended in the water column as compared to the higher-brominated homologs that are 

more likely to settle out on sediment particles. In the SF Bay, BDE-47 is the congener 

found in the highest concentrations in the water column, whereas BDE-209 is the 

dominant congener in the Bay’s surficial sediment samples (Klosterhaus et al., 2012).  

 

Stormwater: Stormwater represents an important pathway particularly for the particle-

bound higher-brominated PBDEs (e.g. BDE-209) to move from the terrestrial landscape 

to the Bay. Stormwater concentrations in Zone 4 Line A, a 100% urban tributary in 

Hayward, showed a strong correlation with turbidity, for both the sum of PBDEs as well 

as the individual congeners BDE-47 and BDE-209 (r
2
 = 0.88, 0.9, and 0.86, respectively; 

Gilbreath et al., 2012). In this watershed, an estimated 99.3% of the total PBDE load was 

transported during storm flow conditions and 58% of the total load was BDE-209 and 6% 

was BDE-47 thus the majority of PBDEs in stormwater are accounted for with these two 

BDEs alone. BDE-99, 206, 207 and 208 contributed another 5-10% of the load. These 

observations are consistent with other local urbanized tributaries in the SF Bay Area well 

(Oram et al., 2008).  

 

Debromination and Transformation: Lower-brominated PBDEs are more lipophilic, 

and hence more likely to accumulate in aquatic organisms, than their higher-brominated 

counterparts. However, studies suggest that transformation of higher-brominated 

congeners to more bioaccumulative forms may occur through microbial degradation, 

metabolic debromination, photodegradation, and possibly reaction with the hydroxyl 

radical (reviewed in U.S. Environmental Protection Agency, 2010).  

Release Mechanisms to the Environment and Possible Pollutant 
Source Areas 
 

Environmental sediment core data from numerous studies generally show increases in 

PBDEs beginning in the late 1960’s or early 70’s (Qiu et al., 2010; Zegers et al., 2003), 

concurrent with the beginnings of commercial production. Although in California the 

penta- and octa- formulations were banned in 2006, and production, importation, and 

sales of decaBDE by the two major US manufacturers will end for all uses by the end of 

2013, the volume of PBDEs still in use in products manufactured prior to these bans is 

enormous. Steadily over the next several years to decades, this standing stock will be 

disposed of or recycled, creating still further opportunities for PBDEs to enter the 

environment. Releases of PBDEs to the environment can occur during initial synthesis of 
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the compounds, during its incorporation into polymers, during the usage of products 

containing PBDEs, and as the result of disposal, recycling or incineration of PBDE-

containing products. These pathways of release into the SF Bay Area environment are 

explored in this section.  

 

Initial Synthesis: There are no locations of manufacture of PBDEs in the SF Bay Area. 

PBDEs were historically manufactured within the U.S. only in Arkansas and will no 

longer be manufactured at all in the U.S. after 2013.  

 

Releases from Incorporation Processes into Polymers: Given the recent bans on usage 

in consumer products, sites of PBDE incorporation into polymers should not be a 

continuing mechanism of release into the environment. However, legacy contamination 

may exist around areas where such manufacture occurred in the past. While not an 

exhaustive list of decaBDE sources as only certain emitters are required to self-report, the 

USEPA Toxic Release Inventory (TRI) includes two business locations within the Bay 

Area that self-report on- and off-site releases of decaBDE. Both locations are in the 

Peninsula region (Redwood City and Menlo Park) and are associated with Tyco Thermal 

Controls. While the majority of decaBDE disposal from these businesses has been done 

through landfilling and recycling, air emission releases have also been reported. At the 

Redwood City location for nearly the entire period between 1991 and 2005, Tyco self-

reported air emission releases of 113 kg of decaBDE each year. This is a significant load 

in relation to the previously estimated annual load to the SF Bay of 33-52 kg (BDEs 

47+209; Oram et al., 2008). Other business types that may be important source areas 

include manufacturers of electronics equipment, plastics, cars, carpet and furniture.  

 

During Product Usage: Degradation of in-use products containing PBDEs is an 

important mechanism of exposure for humans and release particularly to the indoor 

environment. PBDEs are additive flame retardants, meaning they are simply blended into 

polymers rather than chemically bonded, enabling them to readily leach out of products. 

As a result, indoor dust represents the primary exposure pathway for most humans. Some 

of this dust migrates outside, some goes down our drains to sewage treatment plants, and 

some goes into the garbage can (e.g. through disposal of waste from vacuum cleaners) for 

disposal at a landfill. In addition, clothing is both a source as well as a filter for air and 

thus dryer lint is enriched with PBDEs (Stapleton et al., 2005), which is usually partially 

trapped in the dryer lint trap and disposed of in the garbage and partially vented to an 

outside wall of each house. In the outdoor environment, PBDEs are found ubiquitously, 

with more densely populated urban areas generally containing higher concentrations of 

PBDEs than agricultural and rural areas (with the exception of sewage sludge-applied 

lands (e.g. Strandberg et al., 2001)).  

 

Source areas of in-use products that may have concentrations of PBDEs greater than the 

general urban signal might include: 

o Carpet, upholstery and furniture manufacturers and warehouses 

o Electronics manufacturers and distribution warehouses 

o Foam manufacturers and distributors 
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Due to recent bans on PBDEs, these source areas are not expected to continue to release 

PBDEs at the same rates in the future, however, the immediate surrounding landscapes of 

the above-listed areas may have elevated PBDE concentrations due to a legacy build-up 

of leached PBDEs.  

 

Disposal and Recycling: The most important remaining pathway for PBDE release into 

the environment is in the process of disposal – into landfills, recycling, or in sewage 

sludge. Landfill disposal is not expected to result in significant environmental releases 

because of the US laws for municipal solid waste landfills aimed at creating conditions to 

prevent such releases (liners, treated leachate
2
) (U.S. Environmental Protection Agency, 

2010). However, environmental releases are expected or have been shown to result for all 

of the following source areas: 

 

o E-waste recycling facilities 

o Automobile shredding and recycling facilities or “Autoshredders” 

o Carpet and foam recycling facilities 

o Sewage Sludge application to rural lands 

o Publicly Owned Treatment Works (POTW) sewage sludge incinerators 

 

California e-waste is estimated at 1200 metric t/yr (Petreas and Oros, 2009) and 

comprises the largest proportion of PBDEs in the California waste stream. E-waste today 

is reflective of the magnitude of electronics sold in previous years, which increased (by 

weight, see Figure 2) steadily in the 1980’s, and sharply in the 1990’s to a peak of nearly 

3 million short tons (2.92 M metric t) in 2000, and has since plateaued (U.S. 

Environmental Protection Agency, 2011). The USEPA estimates the average lifespan of 

most electronic products to range between 5 and 15 years, depending on the product. 

Therefore, despite the recent PBDE bans in California, we would expect PBDEs to 

remain in the e-waste stream for many years to come, and BDE-209 is expected to 

dominate the congener profile for these products. E-wastes are usually recycled, 

landfilled or incinerated, and a large proportion of e-wastes are exported to China. 

Elevated PBDE concentrations in runoff from e-waste recycling facilities may be 

expected, however the only studies to report sample data near such facilities are from 

China (see Table 4) where e-waste recycling practices may differ from practices in the 

U.S.  

 

Autoshredders may pose as another important source area for PBDE releases given that 

PBDEs have been used in the plastics and foam within automobiles. Seven autoshredder 

facilities in California, two of which are in the SF Bay Area (Sims Metal Recycling in 

Redwood City and Schnitzer Steel in Oakland), generate an estimated 300,000 tons of 

waste (including millable components of automobiles, refrigerators, and ovens) each year 

(Department of Toxic Substances Control, 2002) primarily to be used as alternative daily 

cover (ADC; material other than soil placed on the surface of municipal solid-waste  

                                                 
2
 Untreated leachate has been found to contain PBDEs, however in the one study that addressed PBDE 

concentrations in treated leachate, no PBDEs were detected (reviewed in U.S. Environmental Protection 

Agency, 2010). 
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Figure 2. Annual sales of electronic products (in thousands of short tons) (from U.S. 

Environmental Protection Agency, 2011, without permission). PBDEs in these products range up 

to 30% by weight (Hale et al., 2003). 

 

 

 

landfills at the end of each operating day). Shredder waste consists of glass, fiber, rubber, 

automobile fluids, dirt and plastics found in automobiles and household appliances that 

remain after the recyclable metals have been removed (Department of Toxic Substances 

Control, 2002). Autoshredder waste sampled in the SF Bay Area contained 

approximately 50,000 ng/g of total PBDEs (Petreas and Oros, 2009), though higher levels 

have been reported elsewhere (310,000 ng/g in Japan, Sakai et al., 2006). While usage as 

ADC in lined landfills is not expected to release PBDEs into the environment (U.S. 

Department of Health and Human Services, 2004) such that it would be available for 

transport to surface waters, autoshredder facilities can be an important local source when 

wind blows shredder residue or “auto fluff” onto surface waters or surrounding areas).  

 

The CARB conducted ambient air monitoring in urban areas of California and near e-

waste recycling and autoshredder facilities. BDE-209 near an electronics recycling 

facility measured up to 11,000 pg/m
3
 and up to 1,900 pg/m

3
 near an auto-shredding 

facility (Charles et al., 2005). These elevated near-source concentrations contrast sharply 

with ambient urban concentrations averaging 25 pg/m
3
 of BDE-209 in six SF Bay Area 
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and Southern California cities (average of 160 pg/m
3
 for the sum of PBDEs in 2004 

monitoring; CARB website http://www.arb.ca.gov/app/dioxin/cadamp.php).  

 

No data could be found on water or soil concentrations of PBDEs in or around carpet, 

carpet padding and foam recycling facilities. However, exposure to these sources has 

been shown to cause significantly elevated blood serum levels of PBDEs in humans 

(Stapleton et al., 2008) and thus areas surrounding these facilities may have elevated 

concentrations due to PBDE releases through the crumbling of this material at the end of 

its life and as it is being physically manipulated for disposal. A simple hypothetical 

scenario (inclusive of numerous untested assumptions) illustrates the potential magnitude 

of PBDEs that may be released into the environment from this source. An estimated 

175,000 metric t of carpet and carpet padding was discarded to landfills and recycling in 

California in 2011 (CARE, http://www.carpetrecovery.org/, accessed Jan.2013). 

Assuming carpet padding represents approximately one quarter of the total discarded 

mass by weight, PBDEs in the carpet padding equal approximately 0.3% by weight 

(based on studies overseen by Dr. Robert Hale and reported by the Carpet Cushion 

Council, http://www.carpetcushion.org/bonded-cushion.cfm), 0.5%
3
 of the PBDEs in that 

material are released to the environment during the disposal or recycling process, and 

then weighting the resulting load by the percentage of the California population living in 

the Bay Area (19%), then 125 kg of PBDEs would be released annually from discarded 

carpet padding. Again, this is a significant load in relation to the previously estimated 

annual load to the SF Bay of 33-52 kg (BDEs 47+209; Oram et al., 2008).  

 

PBDEs have been found in high concentrations in sewage sludge. Land application of 

biosolids is generally viewed as beneficial (e.g. the U.S. EPA: 

http://water.epa.gov/polwaste/wastewater/treatment/biosolids/genqa.cfm), however, it 

also is a mechanism of redistribution of PBDEs out into the rural environment. Hale et al. 

(2001) tested 11 sludge samples from four different states and found that the sum 

concentrations of the -47, -99, -100, -153, and -154 congeners were relatively consistent 

regardless of location of pre-treatment, ranging from 1,100 to 2,290 ng/g. This exceeds 

some European sludge concentrations of these congeners by 10 to 100-fold (Hale et al., 

2001; reviewed in de Wit, 2002). Concentrations of BDE-209 in the Hale et al. (2001) 

samples varied more greatly between 84.8–4,890 ng/g. Measurements of PBDEs in 

sewage sludge of the SF Bay Area are within a similar range: one POTW sampled in 

2002 (North, 2004) and three others sampled in 2005 (Petreas and Oros, 2009) contained 

average total PBDE concentrations of 2,600 ng/g, and biosolids measured from two SF 

Bay Area treatment plants were 2,917 and 3,651 ng/g (County of Solano, 2012).  

 

A report commissioned by the Bay Area Clean Water Agencies noted that the SF Bay 

Area produced 158,000 metric t of sewage sludge in 2007, and this number is projected 

to rise with increasing population (Mitchell, 2009). Of this, 19% (~30,000 metric t) was 

land applied (Figure 3; Mitchell, 2009). At an average concentration of 2,800 ng/g, an 

estimated total of 84 kg of PBDEs are annually released through sewage sludge land 

application. Although it is unknown how much of this load is applied within the Region 2 

                                                 
3
 It is unknown how realistic this assumption is. 
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boundary, Solano County reported an approximate average of 10,000 tons being land 

applied annually between 2002 and 2011 (County of Solano, 2012), so at least 

approximately 25-30 kg of PBDEs are being land applied within Solano County. Again, 

as compared with the previously estimated annual loads to the SF Bay, this back-of-the-

envelope calculation shows that sewage sludge land application may have a significant 

role in PBDE loading to the Bay from at least certain small tributaries. Note however, 

that Solano has a higher proportion of crop agricultural land than most other Bay Area 

counties thus Solano is not necessarily typical. 

 

 

 
Figure 3. Bay Area and California biosolids management practices in 2007 (figure from Mitchell, 

2009 without permission).  

 

 

Landfilling of sewage sludge (as ADC) is not expected to result in environmental release, 

but incineration may. Only two POTWs in California incinerate biosolids, both of which 

are located in the SF Bay Area, explaining why a much greater portion of biosolids in the 

SF Bay Area are incinerated as compared to California as a whole (Figure 3). In a 2004 

study in which stack emissions from a SF Bay Area POTW incineration facility were 

analyzed for brominated dioxins and furans, North noted that PBDEs were not measured 

because it was assumed all PBDEs would be transformed to dioxins during the process. 

Given that this study reported 96% of the PBDEs entering the POTW were trapped 

within the sludge, a follow-up study to verify that assumption may be warranted. Areas 

surrounding the two POTW incinerators located in the cities of Palo Alto and Concord 

may therefore represent source areas, however this hypothesis has not been studied.  

Source Areas and Pollutant Concentrations in Soils 
 

Soils data from a survey of the world literature supports the hypothesis that higher PBDE 

concentrations are generally found in the urban environment relative to the rural 

environment. The world literature on PBDE concentrations in soils is dominated by 

studies conducted in Europe (UK, Sweden, Norway, France) and China. Few studies have 

reported soils concentrations in the U.S. and to our knowledge, no soils data is available 
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for the SF Bay Area. In the following tables, we report statistics on soils data collected in 

individual studies (Table 4), as well as summarize this data into land use classes (Table 5) 

that may be considered for our regional modeling efforts. 

 

The ordering scheme was chosen because most of the studies reported mean 

concentration data, whereas fewer studies reported medians (Table 5). The ordering 

would be very similar if the classes had instead been organized by maximum 

concentrations measured in each class, though the “urban” category would have moved 

farther down the list. This general ordering matches the conceptual model of PBDEs as a 

relatively ubiquitous urban contaminant, with a few important source areas. However, 

there is much deviation within this scheme when considering the individual studies 

(Table 4), and in part this is due to the variable definitions for land use terms. For 

example, Duan et al. (2010) looked at PBDE concentrations on a small island in China 

where the mean concentrations sampled amongst the various rural land uses there (5.5-14 

ng/g) are elevated above some urban areas in France, the UK, and even other locations in 

China (Muresan et al., 2010; Harrad, 2006; Jiang et al., 2010). Likely, these more 

elevated concentrations are the result of Chongming Island’s proximity to a very urban 

landscape (Chongming Island is part of the Shanghai municipal area and includes modern 

shipbuilding, port machinery and communications equipment manufacturing, and 

biopharmaceutical manufacturing). Other agricultural areas in China also indicate more 

elevated concentrations (e.g., Luo et al., 2009; Zou et al., 2007) and again, this may be 

due to the proximity to urban centers, or in the case of agriculture, it may be due to 

practices in biosolids application. With this in mind, there may be good justification to 

create a new land use category that describes open spaces that are in close proximity to 

urban (e.g. “rural with urban influence”), and to recognize that agricultural lands may 

have widely varying concentrations depending on biosolids application practices. 

 

The very elevated levels of PBDEs in sludge applied lands are striking in that it provides 

further support for the hypothesis that PBDE distributions in soils are not isolated to the 

urban environment alone and PDBEs are being redistributed at high concentrations into 

portions of the rural environment. Commensurate with usage and market demand 

statistics, PBDE concentrations in sewage sludge tend to be higher in the U.S. than in 

Europe (Hale et al., 2001; Andrade et al., 2010), and therefore sludge applied lands in and 

near the SF Bay Area may have concentrations elevated beyond those reported outside 

the US. Ironically, of the studies reported here, the U.S. sludge applied lands return some 

of the lower concentrations. Complicating the understanding of PBDE concentrations in 

sludge applied lands, Andrade et al. (2010) demonstrated that multiple applications over 

the years leads to greater PBDE concentrations in the soil, and Gorgy et al. (2013) found 

that PBDE concentrations decrease exponentially with time following the application of 

biosolids with part of the losses attributed to downward migration of the PBDEs into the 

soil and hypothesizing that a large proportion of the PBDEs degrade. One might also 

hypothesize that some of the losses may be attributed to mobilization in stormwater 

runoff or irrigation runoff. Further additional factors such as the tonnage of biosolids 

applied per acre or differences in crop practices that enhance local degradation, 

resuspension, or wash-off of PBDEs may alter PBDE mass that may find its way into 

stormwater and result in elevated concentrations from sewage applied lands. 



12 of 27 

 

Table 4. PBDE concentrations in soils data from a search of world literature.  

 

Class Description Specific Location 
PBDE concentrations (ng/g) 

Reference 
Min Max Mean Median 

 Arctic Russian Arctic 0.16 0.23 0.20
a
  de Wit et al., 2006 

Background Reference soils Sweden 0.03 1.9 0.15 0.61 Sellström et al., 2005 

 Upland soils Tibetan Plateau, China 0.004 0.04 0.0111  Wang et al., 2009a 

 Woodland Chongming Island, China 7.0 16 12  Duan et al., 2010 

 Woodland France 0.23 5.1 1.2 0.59 Muresan et al., 2010 

Open Space Woodland UK 0.11 12 6.1
a
 2.5 Hassanin et al., 2003 

 Woodland Norway 0.13 3.0 1.6
a
 0.97 Hassanin et al., 2003 

 Grassland Chongming Island, China 0.48 9.5 5.5  Duan et al., 2010 

 Grassland UK 0.07 6.0 3.0
a
 0.61 Hassanin et al., 2003 

 Agriculture Pearl River Delta, China   15  Zou et al., 2007 

 Agriculture USA < MDL 11 2.2 < MDL Andrade et al., 2010 

 Agriculture USA   0.5  Rieck, 2004 

 Agriculture Canada   0.3  Gorgy et al., 2013 

 Agriculture France 0.24 44 1.9 0.66 Muresan et al., 2010 

Agriculture Agriculture Sweden 0.03 0.10 0.066 0.06 Matscheko et al., 2002 

 Agriculture Surabaya, Indonesia 0.08 0.35 0.23  Ilyas et al., 2010 

 Agriculture (near urbanized area) Chongming Island, China 0.32 37 14  Duan et al., 2010 

 Agriculture (rural) Qingyuan,China 5.3 29 20  Luo et al., 2009 

 
Agriculture near an electric and electronic 

manufacturing zone 
Qingyuan,China 50 81 64  Luo et al., 2009 

Rural Rural UK 0.07 0.29 0.22 0.24 Harrad, 2006 

 Road - Rural (near urbanized area) Chongming Island, China 5.7 26 14  Duan et al., 2010 

 Suburban UK 0.24 0.40 0.32 0.32 Harrad, 2006 

 Urban Taiyuan city, China 0.02 211 26 2.1 Li et al., 2008 

 Urban France 0.32 18 2.2 1.1 Muresan et al., 2010 

Urban Urban UK 0.54 3.9 1.8 0.84 Harrad, 2006 

 Urban Shanghai, China 0.02 3.8 0.74  Jiang et al., 2010 

 Urban Harbin, China 0.002 0.06 0.026  Wang et al., 2009b 

 Urban Ningbo, China 1.0 20 11a 10 Wang et al., 2011 
a
 The mean reported here was calculated as the average of the minimum and maximum concentrations reported in each reference. 
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Table 4 (cont). PBDE concentrations in soils data from a search of world literature.  

 

Class Description Specific Location 
PBDE concentrations (ng/g) 

Reference 
Min Max Mean Median 

 Urban roads Surabaya, Indonesia 1 22 10  Ilyas et al., 2010 

 Urban sewer sediments Hochiminh city 55 119 82 83 Minh et al., 2010 

Urban (cont.) Urban 15 states in USA 0.09 1200 82 5.3 

Offenberg et al., 2006 
in U.S. Environmental 

Protection Agency, 
2010 

 Mixed urban/rural: Floodplain soils Shiawassee R, Michigan 0.94 55 14  Yun et al., 2008 

 Mixed urban/rural: Floodplain soils Saginaw R, Michigan 0.09 19 3.0  Yun et al., 2008 

 Industrial Taiyuan city, China 6.0 144 46 28 Li et al., 2008 

Industrial Urban/Low-voltage electrical industrial area Liushi, China 1.0 155 78
a
 30 Wang et al., 2011 

 Sludge Applied Lands (1x application) USA 0.51 34 14 11 Andrade et al., 2010 

 Sludge Applied Lands (2x applications) USA 8.5 140 58 55 Andrade et al., 2010 

Sludge Applied Lands Sludge Applied Lands Sweden 0.06 3900 608 1.2 Sellström et al., 2005 

 Sludge Applied Lands Spain 30 689 266 184 Eljarrat et al., 2008 

 Sludge Applied Lands USA 140 7600 3870
a
  Rieck, 2004 

 Sludge Applied Lands Canada 30 600 315
a
  Gorgy et al., 2013 

 E-waste site soils China 858 991 940 961 Cai and Jiang, 2006 

 
E-waste site soils (acid leaching and printer-

roller dump site) 
Guiyu, China 1440 3570 2505  Leung et al., 2007 

At and Near E-waste Centers Near E-waste site soils Pearl River Delta, China 28 122 79 86 Zou et al., 2007 

 Road soils of e-waste recycling area Qingyuan, China 191 9156 2689  Luo et al., 2009 

 Urban/E-waste heavy area Fengjiang, China 95 220 158
a
 140 Wang et al., 2011 

 Ag soils near e-waste recycling area Qingyuan, China 5.0 207 42  Luo et al., 2009 

Near Polyurethane Foam 
(PUF) Plant 

Near PUF manufacturing plant USA ND 76 30 14 Hale et al., 2002 

a
 The mean reported here was calculated as the average of the minimum and maximum concentrations reported in each reference. 
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Table 5. Summary of PBDE concentrations by class and organized from least to greatest by the 

mean of the mean
4
 concentrations within each class.  

 

Class N studies 

PBDE concentrations (ng/g) 

Minimum Maximum Mean of Means 

Background 3 0.004 1.9 0.12 

Open Space 6 0.065 16.2 4.9 

Rural 2 0.073 26.0 7.3 

Agriculture 10 ND 81.2 12 

Urban 12 0.002 1200 20 

Near PUF Plant 1 ND 76.0 30 

Industrial 2 1.00 155 62 

Sludge Applied Lands 6 0.063 7600 855 

At and Near E-waste Centers 6 5.00 9156 1250 

 

 

 

Given the differences in usage of PBDEs between the U.S. and Europe (see market 

demand in Table 2), and the differences in end-use disposal practices between the U.S. 

and China (the U.S. typically exporting large quantities of e-waste to China), 

extrapolation from the world literature to the SF Bay should be done with caution. 

Although magnitude of use may be elevated in California relative to European countries, 

the use categories should be the same perhaps leading to generally similar land use 

relationships. 

 
It should be noted that the PBDE concentrations presented in these two tables are generally 

much less than seen in the SF Bay Area for PCBs in soils and sediments (e.g. Yee and 

McKee, 2010). For example, the open space and urban soil concentrations for PCBs are 

approximately 0.02 mg/kg and 0.06 mg/kg or 20 ng/g and 60 ng/g respectively. Given we 

generally see higher concentrations and loads of PBDEs relative to PCBs in our mixed land 

use urban areas, it is a little surprising that PBDE soil concentrations are not at least as high if 

not higher than the PCB concentrations. If PBDEs are not in the soils at the same magnitude 

as PCBs and yet they are in urban stormwater at 2-3 times the concentrations of PCBs, they 

must be coming from real source areas that are specific to PBDEs or from atmospheric 

fallout onto impervious surfaces such as roadways and rooftops and being washed off during 

storm events and particulate phase. At this time we cannot be certain of the pathways and 

processes. 

Pollutant Concentrations in Stormwater 
 

Little data exist in the world literature on PBDE concentrations in stormwater, and where 

PBDEs have been sampled in stormwater, it has been done in mixed-use urban areas 

                                                 
4
 This includes central tendency figures calculated by averaging the minimum and maximum 

concentrations provided by each reference for those cases in which no average concentration was reported. 
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(Table 6). Only two studies from outside of the SF Bay Area were found to report on 

concentrations in small tributaries in Washington and Oregon. Through funding from the 

RMP, SFEI has sampled 10 mixed-use watersheds around the SF Bay Area for PBDEs in 

stormwater runoff. Most of the SF Bay Area watersheds have only been studied at a pilot 

level, with <8 samples collected. In two of these watersheds, more concentration and 

loading information exists (Guadalupe and Zone 4 Line A).  

 
 

 

Table 6. PBDE concentrations in stormwater based on review of peer-reviewed literature and 

locally collected data by the RMP. All watersheds include mixed-urban land uses. White and light 

gray highlighted data are from studies outside of the SF Bay Area, and dark gray highlighted data 

are from local small tributaries.  

 

Specific Location N 
PBDE concentrations (ng/L) 

Reference 
Min Max Mean Median 

Spokane River, WA 14   7 5 Lubliner, 2009 

Columbia River Basin 16 ND 53 9 0.2 Morace, 2012 

Borel Ck, Peninsula Bay Area, CA 3 9 20 14 12 McKee et al., 2012 

Coyote Ck, Santa Clara County, CA 7 7 36 15 13 SFEI unpublished 

Guadalupe River, San Jose, CA 13 15 369 88 38 
SFEI unpublished (WY 

2012); McKee et al., 2006 

Lower Marsh Ck, Brentwood, CA 1 20 20 20 20 SFEI unpublished 

Lower Penetencia Ck, Milpitas, CA 4 13 22 18 19 McKee et al., 2012 

San Leandro Ck, San Leandro, CA 3 41 80 57 50 SFEI unpublished 

Santa Fe Channel, Richmond, CA 2 24 30 27 27 McKee et al., 2012 

Sunnyvale East Channel, Sunnyvale, 
CA 

6 5 100 48 42 
McKee et al., 2012; SFEI 
unpublished (WY 2012) 

Zone 4 Line A, Hayward, CA 38 0 430 47 27 Gilbreath et al., 2012 

Zone 5 Line M, Union City, CA 4 34 128 75 69 McKee et al., 2012 

 
 

Table 7. Summary table of PBDE concentrations in SF Bay Area stormwater runoff data.  

 

  Bay Area Data (N=10) 

Minimum of dataset (all watersheds, all samples) (ng/L) 0.4 

Maximum of dataset (all watersheds, all samples) (ng/L) 430 

Mean of the Means (ng/L) 41 

    

Mean of the Means % BDE-47 8 

Mean of the Means % BDE-209 58 

Mean of the Means Ratio BDE-209:BDE-47 10 
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Although stormwater data does not exist for homogenous land uses, we preliminarily 

explore concentrations in the SF Bay Area watersheds with the land use in those 

watersheds. This exploration yielded strong correlations with the combined sum of High 

Residential and Open Compacted spaces (Figure 4). The linear trendline in these graphs 

excludes the one high outlier watershed, Zone 5 Line M in Union City. Zone 5 Line M 

also had elevated median concentrations, particularly for total mercury (HgT) and to a 

lesser degree PCBs relative to other watersheds sampled in WY 2011 reconnaissance 

study (McKee et al., 2012). Although Zone 5 Line M represents an anomaly relative to 

the other nine Bay Area watersheds with PBDE data, it also represents an opportunity to 

investigate possible sources. The watershed land uses are approximately 31% residential, 

11% transportation, 36% open, 15% commercial, and 7 % industrial. The watershed 

includes former industrial areas that have been re-zoned and are being redeveloped into a 

mixed-use transit village. Additionally, a cursory review of the current industrial sector of 

this small watershed using Google Maps and Google Earth revealed several parcels that 

may be contributing to the PBDEs or HgT concentrations. These parcels included two 

custom plastics manufacturers, and a furniture distribution warehouse plus possible 

small-scale furniture recycling at this location. The most elevated sample concentration at 

this location was unlike the other samples collected in the same watershed and unlike the 

rest of the Bay Area samples in that the ratio BDE-209:BDE-47 was 38, as opposed to 

the SF Bay Area average ratio of 10, and 90% of the sample was comprised of BDEs 

206-209, indicating that decaBDE was the dominant source. Further investigation could 

be done in this watershed to identify important source areas for the regional modeling 

effort. Particle ratios of PBDEs to suspended sediment concentration (SSC) in local 

stormwater data was also analyzed for relationships to land uses. No strong correlation 

was noted. The relationship to percent high density residential was only R
2
=0.05. The 

strongest relationship was to industrial land use (R
2
=0.42). 

 

For perspective, Oram et al. (2008) completed a first effort at estimating PBDE loads into 

SF Bay from various sources. In this study, Oram and colleagues estimated that the small 

tributaries contributed 11-27% of the BDE-47 load to SF Bay, and 74% of the BDE-209 

load. In contrast, effluent from POTWs has concentrations similar to stormwater runoff in 

the SF Bay Area (mean 29 ng/L; North, 2004) but is dominated by BDE-47 and other 

pentaBDE congeners (North, 2004). POTW effluent contributes an estimated 36-75% of 

the BDE-47 load to the Bay, and only 9% of the BDE-209 load (Oram et al., 2008). 

Presumably most of the BDE-209 load into POTWs is settled out in the sewage sludge. 

These concentrations in effluent from POTWs and stormwater runoff from small 

tributaries are about 3 orders of magnitude greater than concentrations sampled in SF Bay 

waters (Werme et al., 2007).  

 

Local PBDEs in stormwater data was regressed with total mercury (HgT) and PCBs (sum 

of 40 congeners) to provide preliminary evidence if, at a regional average scale, targeting 

the clean-up of either of these high priority pollutants of concern would result in multiple 

benefits for management of PBDEs. On a water concentration basis, PBDEs were 

correlated with HgT, but not with PCBs (Figure 5). When normalized to suspended 

sediment concentration, PBDEs did not correlate well with either HgT or PCBs, nor did 

HgT and PCBs correlate well with one another (Figure 6). The relationship between  
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Figure 4. Median PBDE concentrations in relation to the % high density residential (< 0.333 

acres/unit) and % compacted open space in nine Bay Area watersheds. The linear trendline is 

related only to the nine watersheds represented by blue markers; the red marker is Zone 5 Line M.  

 

 

 

 

 

 

 

  
 

Figure 5. Median PBDE concentrations in relation to median HgT and median PCB 

concentrations in Bay Area watersheds. The Guadalupe River watershed data is excluded as 

anomalous from the regression with median HgT due to Hg mining influence in this watershed. 

The outlier datapoint in red for median PCBs is the PCB hot spot watershed, Santa Fe Channel. 
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Figure 6. Relationships of median PBDE, HgT and PCB particle ratios in Bay Area watersheds. 

 

 

 

 

median particle ratios for PBDEs and PCBs (Figure 6, center graph) is improved when removing 

the high PCB outlier (Santa Fe Channel) on the far right of the graph, in which the R
2
 raises to 

0.45 and the equation line is y = 1.64x + 92.4. No relationship could be found between land use 

and the ratio of PCBs to PBDEs (median particle ratios), nor between HgT and PBDEs (median 

particle ratios), for local watersheds. This data suggests that management of PBDEs may 

coordinate with management of HgT, but not with PCBs. This matches our conceptual models of 

HgT as being a largely ubiquitous, atmospherically derived source versus PCBs being very much 

associated with very specific source areas. This is further corroborated by regression of the ratio 

of median PBDE:PCB water concentrations in stormwater and landscape characteristics 

(imperviousness, open space, and residential land use) (Figure 7). If we accept the standing 

hypothesis that PCBs are associated most strongly with sources and source areas in older 

industrial settings, these relationships appear to suggest that PBDEs are not strongly associated 

with local old industrial sources/source areas. Instead, more ubiquitous urban use and 

atmospheric deposition play a stronger role in PBDE concentrations observed in SF Bay Area 

stormwater. 

 

 

 

 

   
 

Figure 7. Relationships between landscape characteristics and median PBDE:PCB concentrations 

in stormwater during rain storms in Bay Area watersheds. The outlier in red is Lower Penetencia 

Creek. 
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Summary and Options for Event Mean Concentration (EMC) 
Development for Pollutant 
 

PBDEs have been widely used as a flame retardant in textiles, plastics, and polyurethane 

foam products since the 1970’s and are now both ubiquitous in the urban environment 

and also possibly being redistributed to the rural environment through application of 

biosolids and atmospheric deposition. PBDE loads to SF Bay have been previously 

estimated (Oram et al., 2008). However, since that time, more local empirical data has 

been collected for input, calibration, and verification for an improved estimate of loads 

from the small tributaries, and through the development of this contaminant profile, at 

least two important sources (sludge applied lands and areas surrounding Tyco Thermal 

Controls in the Peninsula) have been identified that were not previously captured by the 

input data into the previous estimate. 

 

To model loads of PBDEs in stormwater runoff from the small tributaries to the SF Bay, 

unique PBDE concentration/loadings factors could be applied to select land use and 

source area classes. The systematic review of synthesis, product incorporation and uses, 

disposal processes, and soil and water concentration data supports a general distinction in 

PBDE concentrations between urban and rural areas, as well as select source areas. A 

strong correlation exists between PBDE concentrations in stormwater runoff from nine 

SF Bay watersheds and the percentage of high residential and compacted open spaces in 

those watersheds. This correlation alone may provide a good basis for an improved 

estimation of regional loads, however the one high outlier watershed (Zone 5 Line M) 

highlights the potential importance of adding in source areas to the PBDE model, to be 

weighed against the effort needed to identify and obtain reliable data for each type of 

source area. The potential source areas of most interest for PBDEs and the estimated 

magnitude of emission factor for each category is presented in Table 8. 

 
Table 8. Proposed land use / source area categories for PBDE based on our present conceptual 

model generated through this review.  

Land use / source areas 

Estimate 

emission 

factor1 

GIS 

layer 

created?2 

Particle 

concentration 

data? 2 

Water 

concentration 

data? 2 

All industrial M/H Y Y 

N 

Plastics, Electronics, Cars and Textiles Manufacturers 

H N 

N Autoshredders 

Carpet/Foam Recycling Facilities 

Electronics Recycling Facilities Y 

Area surrounding Tyco Thermal Controls 

N 
Auto recycling/ refurbishing M/H Y 

Landfills that use auto-shredder fluff as daily alternative cover 

M 

N 

All transportation 

Y 

Urban (except industrial) Y 

Commercial  

N High density residential M/H 

Low density residential L/M 

All nonurban (except sludge applied lands) L 
Y 

Sludge Applied Lands H N 
1 Estimated magnitude of emission factor: High (H); Medium (M); Low (L). 
2 Indication of current availability of GIS shapefile and concentration data for each source area category: Yes (Y); No (N). An “N” 
indicates additional effort is needed to integrate this category into the RWSM. 
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To support the development of a regional PBDE loads model, GIS databases and 

shapefiles of the above listed source areas could be developed, and average soils, 

suspended particulate matter, or stormwater concentrations in those areas would need to 

be defined. Differences in usage patterns between the U.S. and elsewhere, and even 

California versus the rest of the U.S., confounds the usage of concentration data from 

outside areas but the general pattern of more highly versus less contaminated areas might 

hold true for the SF Bay Area more than the magnitude of concentrations. Therefore, to 

the extent possible, we recommend the use of local data as a starting point and data from 

the rest of the U.S. and outside of the U.S. for making decisions about the relative order 

magnitude of EMCs or concentration factors. Where necessary, data from outside the SF 

Bay Area can be used to augment the local dataset with the expectation that initial model 

runs might indicate the need for development of local data for input into the model. 

Options for developing the SF Bay Area specific EMC estimates needed for input into the 

spreadsheet model include: 

 

A. Back calculating the EMCs for both land uses and source areas from the 

current local stormwater datasets. This method has shown promise for the Hg 

and PCB versions of the RWSM, however the success of this method is in part 

dependent on the source area classes being present in the watersheds with 

empirical data and the size of the data set (number of locations sampled 

assuming a robust number of samples per location – at least 4 but ideally 6-8 

samples collected during storm flow conditions).  

 

B. Conduct empirical studies of PBDEs in runoff or soils from the above listed 

source areas. Such studies may have added benefit for sampling of other 

priority analytes in similar source area classes (e.g. metals near 

autoshredders). These source area EMCs could potentially be added to the 

more generalized urban versus rural land use model, or a model that applies 

concentrations based on high residential and compacted open spaces.  

 

C. Use air monitoring data and assumptions regarding particle settlement and air 

deposition of PBDEs to estimate EMCs for source areas where air sampling 

has occurred (near autoshredders, e-waste recyclers, etc.) assuming storage 

and runoff characteristics of the local landscape (e.g. perhaps scaling for the 

runoff coefficient). 

Preliminary Recommendations for Pollutant RWSM development 
 

Most studies reporting environmental concentrations of PBDEs are for soils. 

Unfortunately no local soils data have been collected for comparison to measurements 

from other parts of the world, and given differences in use and recycling practices, we 

suggest using the soils data in combination with a sediment model only as a line of basic 

QA. Fewer stormwater studies have been conducted and none for homogenous land use 

types, but we do have 10 local watershed datasets and preliminary analysis of this data 

shows concentrations correlate fairly strongly with some identified land uses. As a result, 
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we suggest estimating regional loads of PBDEs based on the application of our local 

stormwater concentration data to the volume results of the hydrology model. In short, we 

recommend a land-use based volume-concentration model. This approach appears to be 

supported by the correlations with mercury and the lack of correlations with PCBs. Given 

that concentrations of PBDEs in stormwater are expected to be continually trending 

downward due to the effects of the recent bans on PBDEs, such modeling should be 

considered to represent baseline conditions and not to predict future loads. 

 

To develop a baseline model of the regional PBDE load, we suggest the following steps: 

 

1) Further explore land use correlations between the SF Bay Area specific 

stormwater runoff data and the >150 ABAG defined land use classes. This may be 

the simplest approach towards reaching a calibrated model with a level of 

uncertainty we can feel comfortable with in this first version of the PBDE model. 

This approach would allow us to utilize the already-developed land-use based 

volume-concentration model that was used for the test case copper model.  

 

2) If the above approach does not produce strong enough results, develop GIS layers 

for some or all of the source areas identified and apply effort towards developing 

EMCs for those source areas (further updated literature review focused on recent 

studies to account for the expected downward trend in PBDE concentrations due 

to the effects of recent bans on PBDEs, back calculation, or – as a last resort – 

empirical field data collection). This type of model would also be a land-use 

based volume-concentration model; however it would require integration of the 

source areas into the land use layer as was done for the Hg and PCB models.  
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