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1 Introduction
This document is an introduction to dioxins and furans for Bay Area stormwater
managers and other interested parties. The emphasis is on issues related to urban runoff
in the Bay area, including regulatory context, impacts, sources, pathways, review of
relevant Bay Area, national and international studies, and qualitative review of potential
stormwater controls. The intent was not to perform an exhaustive review on these
pollutants of concern, but rather to provide Bay Area stormwater managers with
sufficient background to begin planning any future actions related to dioxins and furans.
As such, this document contributes to compliance with certain provisions related to
dioxin-like compounds included in some Bay Area municipal stormwater NPDES
permits, including the following:

• Alameda Countywide Clean Water Program – Provision C.10.d
• Santa Clara Valley Urban Runoff Pollution Prevention Program – Provision C.9.e
• San Mateo Countywide Stormwater Pollution Prevention Program – Provision

C.2
• Fairfield-Suisun Urban Runoff Management Program – Provision C.9.d
• Contra Costa Clean Water Program – Provision C.2

This project is a Bay Area Stormwater Management Agencies Association (BASMAA)
Task of Regional Benefit and was funded collaboratively by the following agencies:

• Alameda Countywide Clean Water Program
• Santa Clara Valley Urban Runoff Pollution Prevention Program
• San Mateo Countywide Stormwater Pollution Prevention Program
• Vallejo Sanitation and Flood Control District
• Fairfield-Suisun Urban Runoff Management Program

2 Background
The term “dioxins” typically refers to one of a class of related chemical compounds
broken down into three main categories, polychlorinated dibenzo-p-dioxins (PCDDs),
polychlorinated dibenzofurans (PCDFs), and dioxin-like polychlorinated biphenyls
(dioxin-like PCBs). Most previous analyses have not included analysis of PCBs within
the determination of total dioxins/furans, but rather have discussed PCBs as a separate
class of compounds. This report follows this same convention, as dioxin-like PCBs are
associated with different sources and are being considered under a separate PCB TMDL
for the San Francisco Bay region. For the remainder of this report, the term PCDD/F will
be used to refer to dioxin and furan compounds.

2.1 Chemical Description
PCDD/F are chlorinated tricyclic compounds consisting of two benzene rings linked by
either two (PCDD) or one (PCDF) oxygen atom(s) (Figure 1). Chlorine atoms can be
substituted for hydrogen on any of the eight positions on the benzene rings, making it



BASMAA Dioxins Synthesis - Preliminary Draft

3

possible for a large number of different congeners. There have been a total of 75 different
dioxin and 135 furan congeners identified.

Figure 1. Chemical Structure of PCDD/PCDFs. Chlorine atoms may be substituted at
any of the unfilled positions shown (2,3,7,8 TCDD and 2,3,7,8 TCDF depicted below).

   PCDD  PCDF

2.2 Environmental Fate
PCDD/F formed via combustion are emitted into the atmosphere. From there, they may
be transported within the particulate-bound or vapor phases in air, or within the
particulate or dissolved phases in precipitation (Eitzer and Hites, 1989). Atmospheric
PCDD/F can be deposited on land and water surfaces via “dry” depositional processes
(i.e., settling unrelated to precipitation) or “wet” processes (i.e., via rain, fog, or snow).
Dry depositional processes are thought to be the more important of the two (Hites, 1990).

PCDD/F will adsorb strongly onto organic material in both the dissolved and particulate
phases. The fate of this PCDD/F is then tied strongly to the fate of the organic material
with which it is associated. Broman et al. (1991) estimated between thirty-five and sixty-
five percent of total PCDD/F were associated with particulate matter in water samples
collected in the Baltic Sea. This report also found good correlation between PCDD/F
concentration and lipid content of the particulate matter.

The hydrophobic and lipophilic nature of PCDD/F suggests that, as PCDD/F are largely
associated with particulate matter, settling particles are important to the environmental
fate of PCDD/F. After settling out of the water column, PCDD/F adsorbed onto
particulates can be incorporated into the sediment layer, or can be resuspended into the
water column by physical processes such as waves and currents or by biological
processes such as bioturbation. PCDD/F not sequestered in sediments can therefore re-
enter the food web via ingestion by benthic feeders or may be ingested or taken up in
dissolved form after resuspension (Broman et al, 1989).

PCDD/F are considered very resistant to degradation. It is widely assumed that PCDD/F
are immobile once they become incorporated into sediments; evidence for this is,
however, largely circumstantial (Fletcher and McKay, 1993). Early studies into the
environmental fate of PCDD/F suggested that photolysis of combustion-related PCDD/F
while still in the air particulate phase was a likely pathway of degradation (Czuczwa and
Hites, 1986). This hypothesis was based largely upon differences in congener profiles
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between combustion particulate matter and deposited sediments, for which there may
now be alternative explanations.

In general, PCDD/F are only sparingly soluble in water, with solubility being a function
of the degree and pattern of chlorination (Ross et al, 1996). Thus, PCDD/F can
bioaccumulate relatively easily in the fatty tissue of animals. The environmental fate of
bioaccumulated PCDD/F is then tied to the environmental fate of the host organism. A
depiction of fluxes between different environmental media is presented in Figure 2.

Figure 2. Representation of Fluxes of PCDD/F Among Different Environmental
Media. Reproduced from Winters, 2002.
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2.2.1 Data Limitations
Compared with other POCs important to stormwater managers, there is a relative scarcity
of information with reasonable methods and detection limits characterizing PCDD/F in
general and in the Bay Area environment specifically. California EPA (1999) proposes
two main reasons for this: (1) the cost of PCDD/F analysis is relatively high compared
with other pollutants1 and (2) the sources and transport of PCDD/F loads are difficult to
regulate and control as compared with a more typical water quality pollutant.

Due to this relative lack of available information, there is far more uncertainty associated
with study and management of PCDD/F than with other traditional POCs associated with
urban runoff. If recent history in the field of PCDD/F study is repeated, it is quite likely
that estimates of PCDD/F sources will change significantly as further basic research is
completed.

3 Regulatory Background
The Clean Water Act (CWA) requires that states develop water quality standards
protective of human health and the aquatic environment. Section 303(d) of the CWA
requires the development of a list of “impaired” water bodies that do not meet these
standards. The State Water Resources Control Board (SWRCB) and its Regional Water
Quality Control Boards are responsible for compiling and periodically updating the
303(d) list of impaired water bodies in California. The list is subject to approval by the
United States Environmental Protection Agency (USEPA).

All segments of San Francisco Bay were initially listed as impaired by certain dioxin and
furan compounds in the 1998 303(d) list (SWRCB, 1999). The listing was repeated in the
2002 303(d) list (SWRCB, 2003). The specific dioxin compounds listed are shown in
Table 2.

Table 1.PCDD/F Compounds Listed as Impairments for San Francisco Bay on the
2002 CWA 303(d) Listing. Full names of listed compounds are shown in Table 2.

Dioxin Compounds Furan Compounds
2,3,7,8-TCDD 2,3,7,8-TCDF
1,2,3,7,8-PeCDD 1,2,3,7,8-PeCDF
1,2,3,4,7,8-HXCDD 2,3,4,7,8-PeCDF
1,2,3,6,7,8-HXCDD 1,2,3,4,7,8-HxCDF
,2,3,7,8,9-HXCDD 1,2,3,6,7,8-HxCDF
,2,3,4,6,7,8- HpCDD 1,2,3,7,8,9-HxCDF
OCDD 2,3,4,6,7,8-HxCDF

1,2,3,4,6,7,8-HpCDF
1,2,3,4,7,8,9-HpCDF
OCDF

                                                  
1 Approximately $800 per sample in 2003.
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The impetus for the listing was an interim advisory on the consumption of fish from the
Bay issued by the California Office of Environmental Health Hazard Assessment
(OEHHA, 1997, 1999). The advisory was issued after dioxins, furans and other pollutants
(e.g., mercury and PCBs) were found in Bay fish tissue at levels that potentially pose a
health risk to people consuming fish caught in the Bay.

The 303(d) listing has led the San Francisco Bay Regional Board (Regional Board) to
include provisions related to dioxins and furans in municipal stormwater NPDES permits
issued to BASMAA member agencies. Recently reissued permits require Bay Area urban
runoff programs to:

• Characterize the concentrations and types of dioxin-like compounds in urban
runoff and their distribution and sources

• Provide information to allow calculation of dioxin-like compound loads to San
Francisco Bay from urban runoff conveyance systems

• Identify and begin to implement control measures and/or management practices to
eliminate or reduce discharges of dioxin-like compounds conveyed by urban
runoff conveyance systems.

There is considerable controversy regarding the Bay 303(d) listing and the associated
potential threats to human health by dioxins and furans. The SWRCB and the Regional
Board opposed the 1998 listing of dioxins and furans in the Bay for the following reasons
(BACWA, 2002):

• Water column concentrations did not exceed dioxin water quality criteria
• Fish tissue concentrations of dioxins and furans were consistent with national

background levels
• The fish consumption advisory was an interim action that only included dioxins

because of exceedances of informal screening levels.

The State of California was overruled by the USEPA, which cited two primary reasons
for the Bay listing (USEPA, 1999):

• Failure to attain a designated beneficial use of the Bay, Commercial and Sport
fishing (COMM), based on the interim fish consumption advisory

• Violation of a narrative objective found in the San Francisco Bay Water Quality
Control Plan (Basin Plan) pertaining to bioaccumulation of pollutants.

More recently, the Bay Area Clean Water Agencies (BACWA) requested that the
SWRCB move dioxins and furans from the 303(d) list to the “Monitoring List”
(BACWA, 2002). BACWA believes the original rationale for listing dioxins and furans
in San Francisco Bay was inadequate, and that new information developed since 1999
further supports removal of these compounds from the 303(d) list. This new information
includes studies on pollutant concentrations in San Francisco Bay fish and local fish
consumption, and information found in the California Toxics Rule and the State
Implementation Policy.
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The Clean Estuary Partnership is currently developing an Impairment Assessment /
Conceptual Model report on dioxins and furans in the Bay. This report will provide a
more detailed analysis of the status of the impairment and associated uncertainties based
on the most current data available. The Technical Committee of the Clean Estuary
Partnership is overseeing development of this report, and BASMAA will provide input
through its participation in this committee.

Total Maximum Daily Loads (TMDLs) are a type of water quality attainment strategy
often employed to restore impaired water bodies. TMDLs examine water quality
problems, identify sources of pollutants, and specify actions to restore water quality. The
2002 303(d) list (SWRCB, 2003) designates the TMDL priority for dioxins and furans in
the Bay as low, and a schedule for performing a TMDL is not included. The Regional
Board is currently performing TMDLs for other pollutants thought to impair the Bay
(e.g., mercury and PCBs). However, BASMAA understands that the Regional Board does
not currently intend to perform a TMDL for PCDD/F in the Bay.

4 Impacts
In the panoply of persistent organic pollutants, the PCDD/F are some of the most toxic
compounds known. This appears to be due to their ability at very low concentrations to
bind to and activate biological receptors. Thus they probably mimic natural regulatory
molecules that are effective in controlling growth, immune function, and reproduction at
very low concentrations. Therefore, a great deal of attention has been given to these
compounds in the recent past due to concerns of the threats posed by these compounds,
especially to human health.

4.1 Concerns – Human Health

4.1.1 Toxic Equivalence
It is well documented that individual PCDD/F congeners vary widely in the health risk
they pose. Seventeen of the 210 PCDD/F congeners are thought to be a likely risk to
human health. These seventeen congeners each have chlorines substituted, at a minimum,
in the 2,3,7,8 positions. The most toxic of these isomers is 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD), a contaminant that among other sources can be found in Agent Orange, a
defoliant used during the Vietnam War.

Systems or schemes have been developed that relate the toxicity of each of the other
PCDD/F congeners to 2,3,7,8-TCDD. The scheme most frequently cited is that prepared
by the World Health Organization (WHO) in 1998 (Table 2) and currently used by the
USEPA and most national and international agencies. In this system, 2,3,7,8-TCDD and
each of its sixteen dioxin and furan isomers2 are assigned a toxic equivalent factor (TEF)
that is multiplied by its measured concentration to determine a toxic equivalence (TEQ).
                                                  
2 The seventeen WHO congeners are identical to those included in the CWA 303(d) list
for San Francisco Bay.
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The TEF for TCDD is defined as 1.0 and each of its isomers is assigned a TEF between 0
and 1. For example, 1,2,3,4,8-hexachlorodibenzodioxin is estimated to be half as toxic as
TCDD and is therefore assigned a TEF of 0.5. All remaining PCDD/F congeners not on
the WHO list are assumed to have TEFs of 0 and are therefore not considered to be
human health risks (Clement, 1991). A total TEQ for a particular mixture can be
developed by summing the TEQs of the individual congeners present.

Table 2. World Health Organization Derived Toxic Equivalency Factors for
Mammals and Fish. Information from Van den Berg et al. (1998).

Congener TEF for
Mammals

TEF for
Fish

TEF for
Birds

2,3,7,8-tetrachlorodibenzodioxin 1.0 1.0 1.0
1,2,3,7,8-pentachlorodibenzodioxin 1.0 1.0 1.0
1,2,3,4,7,8-hexachlorodibenzodioxin 0.1 0.5 0.05
1,2,3,6,7,8-hexachlorodibenzodioxin 0.1 0.01 0.01
1,2,3,7,8,9-hexachlorodibenzodioxin 0.1 0.01 0.1
1,2,3,4,6,7,8-heptachlorodibenzodioxin 0.01 0.001 <0.001
octachlorodibenzodioxin 0.0001 <0.0001 0.0001
2,3,7,8-tetrachlorodibenzofuran 0.1 0.05 1.0
1,2,3,7,8-pentachlorodibenzofuran 0.05 0.05 0.1
2,3,4,7,8-pentachlorodibenzofuran 0.5 0.5 1.0
1,2,3,4,7,8-hexachlorodibenzofuran 0.1 0.1 0.1
1,2,3,6,7,8-hexachlorodibenzofuran 0.1 0.1 0.1
1,2,3,7,8,9-hexachlorodibenzofuran 0.1 0.1 0.1
2,3,4,6,7,8-hexachlorodibenzofuran 0.1 0.1 0.1
1,2,3,4,6,7,8-heptachlorodibenzofuran 0.01 0.01 0.01
1,2,3,4,7,8,9-heptachlorodibenzofuran 0.01 0.01 0.01
octachlorodibenzofuran 0.0001 <0.0001 0.0001

Use of a TEQ scheme assists in estimating the toxicity of a mixture of congeners but does
not make all the TEQs for PCDD/F directly comparable. First, not all studies make use of
the same TEQ scheme (most notably studies performed before 1998), and therefore may
diverge slightly in calculations of TEQs. This drawback is mitigated somewhat by the
fact that most dose-response studies performed for PCDD/F have investigated TCDD,
which is assigned a TEF of 1.0 in every scheme. Second, algebraic calculation of TEQ
does not take into consideration any antagonistic or synergistic effects that might be
occurring (USACE, 1993).

Exposure to PCDD/F at high enough doses may cause a number of human health effects,
depending upon a number of factors including concentration, frequency, and duration of
exposure. Potential impacts upon human health from PCDD/F include chloracne, skin
rashes, liver damage, cancer, and reproductive and developmental effects (IWG, 2003).
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4.1.2 Routes of Exposure for Humans
For the general population, food consumption is thought to be the primary route of
exposure to PCDD/F for humans (Fries, 1995; Huwe, 2002). Estimates produced from
USEPA data for various routes of exposure are shown in Figure 3. For the Bay Area, the
Bay Area Air Quality Management District (BAAQMD) has stated that in general,
“health risks from dioxin for the Bay Area population are likely due to sources (i.e., both
contemporary formation and reservoir sources) that contribute most significantly to air
deposition levels in rural areas where feed crops are produced for the commercial food
supply” (BAAQMD, 2002).

Freshwater Fish and 
Shellfish

21%

Marine Fish and Shellfish
7%

Inhalation
2%

Milk
7%

Other Dairy
15%

Eggs
5%

Beef
20%

Pork
7%

Poultry
5%

Other Meats
8%

Vegetable Fat
2%

Soil Ingestion
1%

Figure 3. Estimated Contribution of Various Routes of Exposure to PCDD/F for
United States General Population. Data from Den, 2002.

There exist a number of scientific investigations that have researched the link between
food sources and PCDD/F uptake. Researchers have shown a link between breastfeeding
and infant PCDD/F body burden, though breastfeeding is still strongly recommended by
the WHO and USEPA because of its overall benefits for a baby’s health.3 Several
investigations have found detectable concentrations of PCDD/F in common foodfishes
(e.g., SFEI, 1999; Gardner and White, 1990). Schechter et al. (2001) measured 110
common foods purchased at supermarkets across the United States and found PCDD/F
TEQs ranging from 0.20 to 0.81 ppt in foodfishes (ocean and freshwater, respectively),
0.13 to 0.662 ppt in dairy, 0.20 to 0.29 ppt in meat products, and 0.08 ppt in vegan

                                                  
3 Subsequent research has also shown presence of PCDD/F in commercial baby food
containing meat at parts per quadrillion TEQ concentrations (Schecter et al., 2002).
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foods.4 As part of the National Fish Tissue Study, the USEPA (in prep) found detectable
concentrations of PCDD/F in fish collected from all 143 lakes and reservoirs sampled.

Although plants are not thought to take up PCDD/F to any large degree due to their
hydrophobicity, air deposition of PCDD/F onto animal feeds and rangeland grasses and
soils with adsorbed PCDD/F contained in these feeds are thought to allow entry of
PCDD/F into the domestic food supply for dairy and meat products (McLachlan, 1996).
In a similar fashion, PCDD/F adsorbed to soils can reach receiving waters via runoff and
therefore become accessible to food fishes in addition to air depositional processes
depositing directly on receiving waters (Huwe, 2002).

A risk assessment performed on Columbia River fish theorized very little lifetime cancer
risk to consumers based upon consumption levels and TCDD concentrations in fish
sampled (Parsons et al, 1991). The USEPA is currently re-developing a much more
extensive risk assessment for PCDD/F to help clarify risk posed by PCDD/F in the
environment (USEPA, 2000).

4.2 Concerns – Wildlife
The lipophilic and degradation-resistant characteristics of PCDD/F result in their
accumulation in organisms and biomagnification in the food web. The most toxic
PCDD/F congeners, those chlorinated in the 2,3,7, and 8 positions, are preferentially
bioaccumulated by fish, reptiles, birds, and mammals (Peterson et al., 1993). This is of
special concern to higher trophic levels. For example, Whittle et al. (1992) showed
typically higher concentrations of PCDD/F in Great Lakes trout relative to forage fish.

4.2.1 Threshold Concentrations for the Effects on Aquatic Species
Early life stages of fish appear to be more sensitive to mortality from PCDD/F exposure
than adults. For example, the LD50 (the dosage at which fifty percent mortality occurs) of
rainbow trout sac fry, 0.4 µg/kg egg weight, is twenty-five times less than that of juvenile
rainbow trout, 10 µg/kg body weight (Peterson, et al., 1993).

A number of studies have examined the toxic effects of PCDD/F to a variety of fish
species (Grimwood and Dobbs, 1995). Adams et al. (1986) calculated an LC50 (the
concentration at which fifty percent mortality occurs) for the fathead minnow,
Pimephales promelas, of 1.7 ng/L, with full mortality after 23 days at a concentration of
6.5 ng/L. Wannemacher et al. (1992) found reduced reproductive success in 500 – 700
mg female zebrafish, Brachydanio rerio, from a single consumed dose of 5 ng TCDD and
loss of body weight at a dose of 10 ng. Van der Weiden et al. (1990) observed growth
inhibition and 20% mortality in rainbow trout, Onchorhynchus mykiss, approximately 12
weeks after injection with a single dose of 5 µg/kg TCDD; lower dosages resulted in
other non-lethal effects.

                                                  
4 Vegan foods defined as fruits, vegetables, legumes, and cereals for this study.
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Lake trout appear to be the fish most sensitive to PCDD/F exposure. An investigation of
the effects of exposure of Lake Superior lake trout eggs to TCDD found various effects,
including reduced hatchability, increased hemorrhaging, yolk sac edema, and mortality
resulting from laboratory experiments (Cook et al, 1991). This study found a no
observable adverse effect level (NOAEL) of 34 pg TCDD/g and lowest observable
adverse effect level (LOAEL) of 55 pg TCDD/g for sac fry mortality, and an LD50 of 65
pg TCDD/g.

4.2.2 Threshold Concentrations for the Effects on Birds
Early life stages of birds are also far more sensitive to PCDD/F exposure than mature
stages. For example, bird embryos are more sensitive to PCDD/F induced toxicity than
adults. The LD50 for TCDD in the chicken embryo, 0.25 µ/kg egg weight, is two orders of
magnitude less than for adult chickens (Peterson, et al., 1993).

PCDD/F related toxicity has been shown to cause pericardial and subcutaneous edema,
liver lesions, beak deformities, cardiovascular malformations, and mortality in chickens.
A similar study performed in eastern bluebirds could link only the mortality to exposure
to PCDD/F, and not the other impacts found in chickens (Peterson, et al., 1993).

Nosek et al. (1992) observed mortality in ring-necked pheasant hens at a dosage of 25 µg
TCDD/kg body weight, and subchronic toxicity at cumulative dosages as low as 1.0
µg/kg. Grieg et al. (1973) observed that chickens given a single oral dose of 25-50 µg
TCDD/kg body weight suffered full mortality.

4.2.3 Threshold Concentrations for the Effects on Mammals
As is the case for fish and birds, early life stages of mammals are also more sensitive to
PCDD/F exposure than adults. Exposure to TCDD during pregnancy has been shown to
cause prenatal mortality in the monkey, guinea pig, rabbit, rat, hamster, and mouse, with
mortality linked as much to developmental stage of exposure as to dosage (Peterson, et
al., 1993).

Ross et al. (1996) noted several toxic effects in captive juvenile harbor seals and
laboratory rats from exposure to PCDD/F in contaminated herring and herring oil.
Specific effects included liver enzyme induction, embryotoxicity, skeletal deformities,
and reduced parental attentiveness.

Mink was found to be one of the most sensitive mammals to TCDD exposure. Specific
observed impacts included weight loss and enlargement of brain, kidneys, heart, thyroid,
and adrenal glands. Hochstein et al., (1988) calculated a 28-day LD50 value of 4.2 µg/kg
of body weight. NIEHS (2003) has compiled LD50 dosages for a variety of other
mammalian test species (Table 3).
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Table 3. LD50 Values for Mammalian Species Based on Method of Exposure. Data
compiled from NIEHS (2003).

Species Method of Exposure LD50 (µg/kg)
Rat Oral 20
Rat Intraperitoneal 60
Hamster Oral 1157
Hamster Intraperitoneal 3000
Monkey Oral 2
Dog Oral 1
Rabbit Intraperitoneal 252
Rabbit Skin 275

5 Sources and Pathways

5.1 Sources and Pathways, General

5.1.1 Sources
The ability to trace PCDD/F sources by the patterns of congeners in environmental
samples has allowed researchers to make great strides in identifying PCDD/F sources in
the last two decades. Sources discussed in this section are limited to those associated with
congeners on the WHO TEQ list (Van den Berg, et al., 1998). There may be additional
sources responsible for contributions of other non-WHO congeners, but they have not
been investigated nearly as thoroughly in the scientific literature.

5.1.1.1 Natural Sources
PCDD/F can occur naturally in the environment, though there is disagreement in the
literature as to the importance of natural sources in the inventory of PCDD/F in the
environment. Hashimoto et al. (1990) found detectable concentrations of PCDD from
sediments over 8000 years old in cores taken in Osaka Bay. Early studies by Nestrick and
Lamparski (1982) and Sheffield (1985) suggested that forest fires are perhaps major
sources of PCDD/F in the environment.

5.1.1.2 Contemporary Sources
In comparison, most recent investigations have proposed anthropogenic processes as far
more important contributors of PCDD/F to the environment than natural sources.
PCDD/F are generally considered byproducts of two main processes:

• Chemical production processes – Processes involved with the production and use
of chlorinated organic compounds such as chlorinated herbicides, chlorinated
insecticides, and chlorine bleaching of pulp and paper products

• Combustion processes – Combustion of organic matter in the presence of
chlorine, including such sources as motor vehicle exhaust, domestic fires, and
municipal, chemical, and hospital incineration.
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Through the mid-1970s, there was a widely-held belief that PCDD/F was created only as
the result of chemical processes and that any environmental contamination would
therefore be limited to areas in close proximity to where they were intentionally or
accidentally applied. It wasn’t until the late 1970s that combustion was identified as a
source of PCDD/F (Baker and Hites, 2000).

Initially, waste incineration, manufacture and use of chlorinated herbicides and
insecticides, and chlorine bleaching of pulp and paper products were thought to constitute
the major anthropogenic sources of PCDD/F to the environment. With increased attention
paid to curbing sources of PCDD/F to the environment since the 1970s, increased
regulation and industry changes have resulted in great reductions of these sources in the
United States, though perhaps not in the rest of the world.

There have been many investigations into emissions and aerial deposition of PCDD/F to
the environment, with a fairly wide variation in findings. Emissions from diesel engines
have been suggested as a potential large source of PCDD/F to the environment. Gullett
and Ryan (1997) investigated the emissions of heavy-duty diesel vehicles (HDDV) and
calculated projected U.S. annual emissions from these vehicles of 4.4 g TEQ/yr (with an
95% confidence upper bound of 16.1 g TEQ/yr).5 Their data also suggested greater
emissions per kilometer of city driving as compared with highway driving. These
findings were based on five samples with high within-sample variability, therefore
introducing a good deal of uncertainty into the findings.

In comparison, Geueke et al. (1999) investigated diesel engine emissions in Europe and
estimated approximately 0.5% of the total loading of PCDD/F from Western Europe as
emanating from diesel engines. The authors indicated that this figure may be much higher
in countries where leaded fuel is still in widespread use. This study also relied on a fairly
limited dataset to extrapolate throughout the continent and should therefore be viewed in
this context.

A more recent study of HDDV by Ryan and Gullett (2000) used on-road emission
sampling to attempt to reduce the uncertainty associated with estimates of emissions from
HDDVs. This study generated estimates of emission factors associated with a
combination of city and highway driving of 0.029 ng TEQ/km, with a 95% confidence
interval of 0.106 ng TEQ/km, which corresponds to an estimated annual loading of
PCDD/F of 5.6 g TEQ/yr, with a 95% confidence upper bound at 20.7 g TEQ/yr.6 These
are at the lower end of the USEPA currently estimated range of emissions for this source
category of 10.6 to 106 g TEQ/yr.

Gullett et al. (2001) suggested domestic waste burning as an important source of PCDD/F
emissions. Their findings suggest that emissions of PCDD/F are related to chlorine
content of the waste itself (regardless of the form of chlorine), and burn condition
variables (e.g., heat of incineration and copper content of waste). Katami et al. (2002)
                                                  
5 Calculation based on an estimated 152 billion km traveled annually from 1992 statistics.
6 Calculation based on an estimated 195 billion km traveled annually from 1995 statistics.
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supported these findings and also suggested concentration of carbon monoxide in the
burn process as a contributing factor to amount of PCDD/F formed through the
combustion process of municipal and industrial waste. Specifically, combustion of
polyvinyl chloride under low temperature and high CO concentrations is proposed as a
potentially significant source of PCDD/F.

Baker and Hites (2000) suggested volatilization of pentachlorophenol (PCP), a fungicide
used as a wood preservative, as one possible important source of PCDD/F to the
environment. PCP has historically contained large amounts of PCDD/F contamination.
The low vapor pressure of PCP (0.1 Pa) suggests relatively easy volatilization and
resulting release of PCDD/F not associated with incineration processes. The vast majority
of PCP treated wood currently in use is thought to be associated with use in treated wood
utility poles. Winters et al. (1999) investigated the effect of aging upon PCP treated poles
and found migration of select PCDD isomers toward the outside of the pole, but did not
attempt to quantify release to the environment. A similar investigation by Lorber et al.,
(2002) supported the finding of outward migration of PCDD/F in utility poles, and while
also not able to perform a mass balance to estimate releases to the environment, did
propose mechanisms for these releases, including evaporation, seepage, and vapor
diffusion.

The USEPA (2000) characterized all U.S. sources as part of its original dioxins risk
assessment in 1994 and re-assessment in 2000, and produced estimates of U.S. sources of
dioxin-like compounds for the years 1987 and 1995 and projections for 2002/04. Their
estimates suggest a nearly eighty percent reduction in quantifiable emissions over this
period (Table 4).7 Overall, the USEPA projects a ninety percent decrease in known
emissions of PCDD/F from 1987 levels to be achieved by approximately 2004 (IWG,
2003). However, their slow rate of degradation ensures their persistence in the
environment for an indeterminate amount of time.

5.1.1.3 Reservoir Sources
In addition to the natural and contemporary source categories mentioned previously, a
third type of source category, referred to as “reservoir sources,” is also of potential
importance for current loadings of PCDD/F. These sources are due to historic releases on
surfaces, rather than current uses, that may currently be washing off to receiving waters.
For example, in an investigation of sediments in Tokyo Bay, Yao et al. (2002) found that
two paddyfield herbicides, pentachlorophenol and chloronitrofen, for which use declined
precipitously in the early 1970s are still important contributors to PCDD/F loadings to
Tokyo Bay. In fact, inputs from these two herbicides have not decreased significantly
since their drop in use and are estimated to currently contribute approximately ninety
percent of total loadings of PCDD/F and sixty-six percent of TEQ. USEPA estimates of
1995 reservoir sources are similar in scale to those of contemporary sources (2900 g
TEQ/yr and 3300 g TEQ/yr, respectively).

                                                  
7 An additional 1500 g TEQ/yr not accounted for in Table 3 are estimated to result from
unquantifiable or poorly quantified contemporary sources (US EPA, 2000).
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Table 4. Estimates of Sources of Dioxin-like Compounds in the United States.
Estimates include dioxins, furans, and dioxin-like PCBs. Emissions quantified on the
basis of the 1998 WHO-TEQ and are reported as g TEQ/yr. 2002/04 estimates are based
on reduction projections developed by USEPA. Reproduced from Den, 2002.

Source 1987
Emissions

1995
Emissions

2002/04
Emissions

Municipal Solid Waste Incineration 8877.0 1250.0 12.0
Backyard Refuse Barrel Burning 604.0 628.0 628.0
Medical Waste Incineration 2590.0 488.0 7.0
Secondary Copper Smelting 983.0 271.0 5.0
Cement Kilns (haz waste burning) 117.8 156.1 7.7
Sewage Sludge (Land) 76.6 76.6 76.6
Residential Wood Burning 89.6 62.8 62.8
Coal-fired Utilities 50.8 60.1 60.1
Diesel Trucks 27.8 35.5 35.5
Secondary Aluminum Smelting 16.3 29.1 29.1
2,4-D Application (Land) 33.4 28.9 28.9
Iron Ore Sintering 32.7 28.0 28.0
Industrial Wood Burning 26.4 27.6 27.6
Bleached Pulp and Paper Mills (Water) 356.0 19.5 12.0
Cement Kilns (non-haz waste burning) 13.7 17.8 17.8
Sewage Sludge Incineration 6.1 14.8 14.8
EDC / Vinyl Chloride NA 11.2 11.2
Oil-fired Utilities 17.8 10.7 10.7
Crematoria 5.5 9.1 9.1
Unleaded Gasoline 3.6 5.6 5.9
Hazardous Waste Incineration 5.0 5.8 3.5
Lightweight Ag Kilns, Haz Waste 2.4 3.3 0.4
Kraft Black Liquor Boilers 2.0 2.3 2.3
Petrol Refine Catalyst Reg. 2.24 2.21 2.2
Leaded Gasoline 37.5 2.0 2.0
Secondary Lead Smelting 1.29 1.72 1.7
Paper Mill Sludge (Land) 14.1 1.4 1.4
Cigarette Smoke 1.0 0.8 0.8
EDC / Vinyl Chloride (Land) NA 0.73 0.7
EDC / Vinyl Chloride (Water) NA 0.43 0.4
Boiler / Industrial Furnaces 0.78 0.39 0.4
Tire Combustion 0.11 0.11 0.1
Drum Reclamation 0.1 0.1 0.1
TOTALS 13,995 3,252 1,106
Percent Reduction from 1987 N/A 77% 92%
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5.1.2 Pathways
Aerial deposition is thought to be the most important current pathway of PCDD/F to the
environment. Several studies have investigated a mass balance between emissions and
deposition of PCDD/F. For example, Bruzy and Hites (1996) estimated global annual
deposition of 3000 +/- 600 kg/yr from investigation of PCDD/F in soils. Wagrowski and
Hites (2000) analyzed soil and tree bark to estimate global annual deposition of PCDD/F
at 5500 kg/yr.

Stormwater is a much-less investigated pathway for PCDD/F. Fisher et al. (1999)
analyzed both dry season and wet season stormwater grab samples (unfiltered) in the
Santa Monica Bay Area and found detectable concentrations of PCDD/F in 17 of 18
samples collected. Concentrations were higher in wet season samples (maximum 58 pg
TEQ/L) than dry season (maximum 1.6 pg TEQ/L). Congener profiles showed highest
concentrations of OCDD and HpCDD and were more similar in nature to profiles found
in receiving water sediments than profiles of incinerator emissions. These findings are
consistent with the suggestion of Baker and Hites (2000) that breakdown of PCP is an
important contributor of PCDD/F to the environment.

Horstman and McLachlan (1995) investigated contributions of PCDD/F from urban
runoff in a small Bavarian city. Concentrations in the two time series stormwater samples
reached maximums of 2.9 pg TEQ/L and 10 pg TEQ/L respectively. Analysis of fine
sediments accumulated within the stormwater system showed, as expected, higher
concentrations of PCDD/F than stormwater samples (29, 15, and 10 ng TEQ/L,
respectively).

The sanitary waste stream is another likely pathway of PCDD/F to the environment.
Hagenmaier (1986) investigated PCDD/F in sewage sludge in southwest Germany,
finding detectable concentrations of PCDD and PCDF in all samples. McLachlan further
investigated sources of PCDD/F to German POTWs and concluded that the most
important sources included laundry graywater (due to transfer of PCDD/F from clothing
during washing) shower and bath water (due to transfer from skin that was likely
deposited from clothing).

5.2 Sources and Pathways in San Francisco Bay Area
Several efforts have estimated contributions of specific sources and pathways to total
loadings of PCDD/F to San Francisco Bay, as discussed below.

5.2.1 Sources
All recent attempts to quantify sources of PCDD/F are limited by a great deal of
uncertainty associated with their estimates, mainly due to limited data used to produce
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these estimates.8 Two investigations performed by BAAQMD suggest that there are
significant differences between sources of PCDD/F in the Bay Area and those associated
with the rest of the nation. BAAQMD (1996) estimated sources of PCDD/F for the Bay
Area based upon a combination of a particular source’s estimated activity, or usage, rate
with an “emission factor that was considered appropriate for that source.” This
investigation quantified all Bay Area sources of PDDD/F as 2.9 g TEQ/yr, and suggested
the major sources of PCDD/F in the Bay Area are on-road mobile sources9 (1.4 g TEQ/yr
or 50%), off-road mobile sources (0.6 g TEQ/yr or 19%), and residential wood burning
(0.4 g TEQ/yr or 15%). Other identified sources contributing greater than 0.05 g TEQ/yr
included landfill gas combustion, fires, hazardous waste incineration, and petroleum
refining catalyst regeneration. One source category that ranked among the top 15
estimated sources in 1996, medical waste incineration, no longer appears to be a source in
the Bay Area with the recent closure of the last remaining medical waste incineration
facility in the area, IES in Oakland.

In 1999, BAAQMD used emissions factors developed by the USEPA in conjunction with
1996 estimates of vehicle usage and residential wood burning to revise estimates for
major sources of PCDD/F in the Bay Area. Based on this methodology, the contribution
of on-road diesel-fueled trucks, off-road diesel-fueled trucks, and unleaded gasoline
vehicles was estimated at 0.41 g TEQ/yr, 0.27 g TEQ/yr, and 0.12 g TEQ/yr, respectively
(BAAQMD, 1999). The contribution of all Bay Area mobile sources was estimated at 0.8
g TEQ/yr, a two-fold decrease from earlier estimates. In comparison, the estimated
contribution of residential wood burning doubled over the 1996 estimate (0.84 g TEQ/yr
in 1998 estimate versus 0.4 g TEQ/yr in 1996).

In 2002, BAAQMD produced estimates for several source categories not previously
quantified for the Bay Area (Table 4). It should be noted that these newly quantified
source categories (i.e., 2,4-D herbicide use, paper bleaching, and PVC products) are
considered “first-order” estimates and have not been subject to the same level of
evaluation used for estimating other source categories. It should also be noted that one
additional source category not included in the USEPA Dioxin Reassessment, PCP treated
wood products, has potential as a relatively large source category, but is not included in
this discussion due to the large amount of uncertainty associated with the estimate
produced by the BAAQMD. Finally, as mentioned previously, the only active medical
waste incineration facility, IES in Oakland, has ceased operations.

                                                  
8 For a full discussion of limitations associated with previous estimates of sources, see
Appendix B in TDC Environmental, LLC. (2001).
9 BAAQMD (1996) defined off-road mobile sources as including locomotives, water
craft, farm equipment, utility equipment, mobile industrial equipment, construction
equipment, off-road motorcycles, terrain vehicles, and aircraft.
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Table 5. Estimates of Sources of Dioxin-like Compounds in the Bay Area. Estimates
from BAAQMD (2002). Categories of 2,4-D use, paper bleaching, and PVC products are
considered rough “first-order” estimates by BAAQMD.

Source Category Estimated PCDD/F Emissions
(g TEQ/yr)

Wood Burning 0.84
Diesel Engines 0.68
Petroleum Refining 0.05
Drum Reclamation 0.009
Agricultural Burning 0.005
Medical Waste Incineration 0.004
2,4-D Herbicide Use 0.44
Paper Bleaching 0.1
PVC Products 0.96

Total 3.088

Gullett et al., (2003) more closely examined the issue of PCDD/F emissions factors
associated with residential wood combustion in the San Francisco Bay Area. They
examined the effect of varying fuel type and containment structure using conditions
similar to those typical of Bay Area residential wood burning. However, these data have
not been used to-date to refine the estimates of sources of PCDD/F in the Bay Area.

5.2.2 Pathways
Gervason and Tang (1998) suggested the most important pathway for PCDD/F to the Bay
was through urban runoff (estimated as 5.1 g/yr, or 80% of total loadings). Other
pathways mentioned include direct deposition onto water (1.2 g/yr or 18%) and sewage
treatment plants (0.13 g/yr or 2%). These percentages of total do not include contribution
from Delta sources.

The City of Palo Alto supported an investigation of the loading of PCDD/F from sewage
treatment plants. For this study, EIP Associates (1997) estimated loads of PCDD/F from
the City of Palo Alto Regional Water Quality Control Plant. Though there is a large
degree of uncertainty associated with these estimates, this investigation suggested the
most important sources to the Control Plant were from laundry graywater, storm water
inflow, human waste, shower water, toilet paper (bleaching), and food waste, supporting
the conclusions of McLachlan et al. (1996).

SFEI (2001) measured a suite of organic compounds, including PCDD/F, in the
wastewater stream discharged from four Bay Area POTWs and quantified loadings of
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PCDD/F from these facilities.10 This investigation calculated TEQs that ranged from 22
to 154 fg/L in samples collected. Based on these calculations and an estimated 505 MGD
discharged by Bay Area POTWs (Ellgas, 2001), this corresponds to an annual
contribution of 0.01 to 0.1 g TEQ/yr.

6 Bay Area PCDD/F Environmental Monitoring Data
There are several factors present in the San Francisco Bay Area that should be taken into
consideration when reviewing data from national and international studies and attempting
to apply their findings locally. The geographic setting of the Bay Area is one
compounding factor in the interpretation of such studies. For example, prevailing
westerly winds in the Bay Area perhaps lessen the impact of aerial deposition relative to
other sources as compared to other regions of the country. Also, the Bay itself is
downstream of one of the largest watersheds in the country that may contain residual
PCDD/F from historic uses (e.g., herbicides from agricultural applications).

Studies of other pollutants of concern to stormwater managers, for example PCBs and
polycyclic aromatic hydrocarbons (PAHs), often have inherent data comparability issues
in that the list of chemical compounds analyzed in studies are not always consistent
between studies. For PCDD/F, the use of a TEQ allows comparability of PCDD/F
congeners when the analyte lists are not identical, subject to caveats mentioned
previously.

Several studies have been performed recently to attempt to quantify the concentrations of
PCDD/F in various media within the Bay Area. These studies typically take one of four
forms, analyzing PCDD/F concentrations in Bay Area sediments, waters, biota, or
ambient air. It is worth noting that concentrations of PCDD/F in biota are what resulted in
the finding of impairment for San Francisco Bay and that efforts to link concentrations in
the other media to resultant concentrations in biota are lacking to-date.

6.1 Sediment
PCDD/F are not regular analytes of the RMP Status and Trends Sediment Sampling
Program. In 1988, the US Navy analyzed PCDD/F in two cores as part of an EIR
developed for extension of the Point Molate Fuel Pier. This report was not available at
the Regional Board and was not reviewed for this report.

The USEPA’s Environmental Monitoring and Assessment Program (EMAP), in
coordination with the National Oceanic and Atmospheric Administration (NOAA)
National Status and Trends Program, conducted a survey of dioxin concentrations in Bay
sediments during the summer of 2000. Shallow sediment samples were collected
throughout the Bay using a probabilistic sampling design, with a majority of samples
collected from Bay margins. Fifty-six samples were analyzed for PCDD/F. The range of
TEQs as determined by standard analytical methods was 0.02 –114 ppt, with all but 4
                                                  
10 Four samples were collected from Fairfield-Suisun, Palo Alto, San Jose / Santa Clara,
and Sunnyvale POTWs.
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samples below 10 ppt TEQ (USEPA Region 9, 2003). Concentrations of PCDD/F found
in San Francisco Bay are in general lower than those found in other bays near
metropolitan areas.

6.2 Water
PCDD/F are not regular analytes of the RMP Status and Trends Water Sampling
Program. However, in 2002-03, the San Francisco Estuary Institute implemented a semi-
annual sampling effort to measure California Toxics Rule (CTR) analytes not on the
RMP list, including sampling for PCDD/F congeners. SFEI analyzed PCDD/F at three
RMP Status and Trends sites, Dumbarton Bridge, Yerba Buena Island, and Sacramento
River, collected by two different techniques: (1) analysis of 4 liter grab samples and (2)
analysis of 100 liter solid phase extraction. Analyses of 4 liter samples were for the most
part non detects, with the exception of some of the more abundant and least toxic
congeners (e.g., octa- and hepta-dioxins and furans). In comparison, analyses of 100 liter
samples found detectable concentrations of most congeners at all sites, with TEQs greater
than the CTR criterion of 14 fg/l (SFEI, in prep).

Wenning et al. (1999) investigated PCDD/F concentrations at stormwater outfalls
emanating from a variety of land uses in and around San Francisco Bay. One goal of the
project was to compare pollutant concentrations in flows emanating from petroleum
refineries to other land uses. This study involved grab samples collected near the
beginning and end of storm events at thirteen sites in the Bay Area, five refineries and
eight land use sites in Alameda, Contra Costa, Solano, and Santa Clara Counties. For two
sampling events undertaken, average TEQs for refineries (29 pg/L and 22 pg/L,
respectively) were found to be higher than those of the land use sites (11 pg/L and 16
pg/L, respectively).

A second study area of Wenning et al. (1999) comprised comparison of hourly runoff
samples collected during the same storm event at Oakland (urbanized) and Benicia
(mixed land use) outfalls. Mean concentrations of total PCDDs and PCDFs were higher
for Oakland samples (2602 pg/L and 480 pg/L, respectively) than corresponding Benicia
samples (480 pg/L and 49 pg/L, respectively); the average TEQ calculated for Oakland
samples was nearly sevenfold higher than that of the Benicia samples. The results of this
study also suggest that pollutant concentrations did not peak until several hours after
onset of precipitation, and therefore, discrete samples of water are probably not an
effective characterization tool for PCDD/F in urban runoff.

Congener profiles for both study areas of Wenning et al. (1999) were similar in nature,
and generally dominated by the higher chlorinated PCDD/F congeners, including the
octa- and hepta-chlorinated compounds. This pattern is typical of combustion-related
sources. The most toxic 2,3,7,8-TCDD compounds were only detected in one sample
collected as part of this investigation (sixth hour of Oakland time series).
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6.3 Biota
PCDD/F are not a regular analyte of the RMP Status and Trends Bioaccumulation
Program. However, SFEI has cooperated on periodic studies of accumulation of PCDD/F
in foodfishes of the Bay Area. Fairey et al. (1997) collected samples of white croaker,
walleye, shiner surfperch, jacksmelt, leopard shark, striped bass, white sturgeon, and
halibut in May and June of 1994, and analyzed for a variety of contaminants. Nineteen
samples were analyzed for PCDD/F concentrations, sixteen of which exceeded human
health screening values used for the study (0.15 pg/g).11 Concentrations for PCDD/F were
found to be proportional to lipid levels in the fish studied, with the lowest concentrations
found in fish with the lowest lipid levels, leopard shark and halibut.

The fish contamination study was repeated in 1997, with six white croaker samples (each
a composite of five skin-on fillets) analyzed for PCDD/F. All white croaker samples were
above the screening value of 0.15 pg/g wet weight with a median TEQ of 1.4 pg/g wet, a
minimum of 1.2 pg/g wet, and a maximum of 1.9 pg/g wet (SFEI, 1999).12 One striped
bass sample (a composite of 12 skinless fillets) was also analyzed. The TEQ for this
sample was 0.4 pg/g wet weight.

6.4 Ambient Air
The California Air Resources Board monitors PCDD/F in ambient air monthly at five
Bay Area sites (San Jose, Richmond, Oakland, Crockett, and Livermore) as part of its
California Ambient Dioxin Air Monitoring Program (CADAMP). Samples are collected
via autosamplers that continuously filter ambient air over 28-day periods. Samples are
analyzed for the 17 WHO congeners, as well as 14 dioxin-like PCB congeners. Results
for this sampling effort have yet to be published.

The Bay Area Air Quality Management District (BAAQMD) in conjunction with the
USEPA National Dioxin Air Monitoring Network (NDAMN) also maintains an ambient
air sampler at Fort Cronkhite in the Golden Gate National Recreation Area in Marin. The
Fort Cronkhite13 site is included in a network of 18 rural and 8 National Parks site. Initial
results suggest that concentrations at suburban and rural sites are somewhat similar, but
much higher than those associated with National Park sites (Cleverly et al, 2002). The
Bay Area site showed lower TEQ of PCDD/F compared with the other suburban site
(Beltsville, MD). The Fort Cronkhite site also had lower TEQ than several rural sites
(e.g., Benton, OR; Dixon Spring, IL; and Fond Du Lac, MN).

7 Possible Control Options for PCDD/F in Stormwater Runoff
                                                  
11 This study quantified congener non detects as one-half the detection limit; this
technique may serve to elevate TEQs relative to studies that quantify non detects as zero.
12 The Toxic Equivalence scheme used by SFEI for these studies predates the WHO
scheme and varies slightly in TEFs.
13 The Fort Cronkite site was included as part of the monitoring network to represent a
site upwind of the Bay area urban activities but downwind of PCDD/F thought to be
transported to the U.S. from Asia (Kelly Moran, personal communication).
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7.1  Existing Practices by Bay Area Stormwater Agencies
Existing management practices implemented by Bay Area stormwater agencies do not
specifically target PCDD/F. However, current practices that reduce sediment discharges
from stormwater conveyances potentially reduce discharges of PCDD/F and other
particle-bound pollutants of concern, including PCBs, mercury, chlorinated pesticides
and PAHs. Bay Area stormwater program components most closely associated with
sediment control are related to 1) municipal maintenance activities and 2) new
development and construction controls.

7.1.1 Municipal Maintenance Activities
The municipal maintenance component of stormwater programs is designed to maximize
removal of pollutants during routine municipal maintenance activities and minimize
discharges of pollutants to storm drains from municipal operations. Maintenance
activities typically must meet performance standards designed to maximize pollutant
removal during the following activities:

• Street sweeping.
• Storm drain facility inspections and maintenance (e.g., removal of solids from

storm drain system inlets, piping and detention basins).
• Channel desilting operations.

Some mass of sediment and any associated particle-bound pollutants present, such as
PCDD/F, are removed during these activities.

7.1.2 New Development and Construction Controls
This stormwater program component is designed to reduce or eliminate pollutant
discharges and minimize increases in runoff flows and volumes associated with
development. During construction, municipalities typically require developers to prepare
a Stormwater Pollution Prevention Plan (SWPPP). The SWPPP includes actions to
eliminate non-stormwater discharges from construction sites and minimize or eliminate
discharges of pollutants in stormwater runoff. Municipalities typically perform
construction site inspections to ensure SWPPP implementation and educate developers
and municipal staff, including construction site inspectors, on proper management
practices. A principal goal of construction controls is to minimize erosion and discharges
of sediment to storm drains and streams.

Bay Area municipal stormwater NPDES permits have recently been amended to expand
requirements related to new and redevelopment (“C.3 Provisions”). The new
requirements emphasize site planning and design to minimize increases in stormwater
runoff flows and volumes and incorporation of stormwater treatment measures to reduce
pollutants. Typical measures include minimization of impervious surfaces and some
combination of filtration, detention and/or infiltration of runoff. Such stormwater
treatment measures may remove sediment and associated pollutants. It is important to
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note that C.3 Provisions will only be implemented in older urban areas, which are
typically built-out in the Bay Area, when redevelopment occurs.

7.2 Possible Additional Control Options for PCDD/F in Stormwater Runoff
Three general categories of potential control options for PCDD/F in stormwater runoff
were identified and are discussed in the following sections: pollution prevention, on-land
remediation, and stormwater treatment. Control measures that fall under the latter two
categories may be most cost-effective if implemented to address multiple particle-bound
pollutants. Some of the pollution prevention measures involve additional expenditure for
municipalities and community members; a few may produce limited cost savings for
certain community members. Other possible strategies to address PCDD/F that are not
discussed in this report include remediating sediments that have already entered the Bay
(e.g., in-Bay capping or sediment dredging and disposal) and placing controls on air
emission sources (e.g., diesel vehicles and crematoria).

7.2.1 Pollution Prevention
Beginning in 1999, the Bay Area Dioxins Project began investigating the problems posed
by PCDD/F and potential source control activities. This effort is managed by the
Association of Bay Area Governments and is funded through grants from USEPA and
contributions from the City of Berkeley, the City of Palo Alto, the City of Oakland, the
City and County of San Francisco, the County of Alameda, and the Port of Oakland. The
primary goals of this effort are to:

• Pool local governments’ knowledge and resources to study dioxins and to provide
information about possible solutions or actions for local governments in the San
Francisco Bay Area.

• Coordinate efforts with state, federal, and regional agencies working on dioxins
issues.

• Work with community groups, trade and industry groups, and the general public
on issues of concern related to dioxins.

The Dioxins Project is focused specifically on pollution prevention (i.e., preventing the
formation of dioxins); it has not taken up dioxins treatment or remediation. On behalf of
the Bay Area Dioxins Project, TDC Environmental (2001) conducted a screening
evaluation of a set of dioxins pollution prevention options identified by the municipalities
participating in the Project. The evaluation process consisted of identifying benefits,
detriments, implementation issues, and costs associated with various pollution prevention
options. The options investigated are listed in Table 6.
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Table 6. PCDD/F Pollution Prevention Options. Table from TDC Environmental
(2001), with sources applicable to dioxin-like PCBs not included.

PCDD/F Source Pollution Prevention Options
2,4-D (broadleaf weed insecticide) Mechanical weed control

Other weed control insecticides
Agricultural Burning Non-burning alternatives
Diesel Engines Natural gas

Biodiesel
Oxydiesel
Diesel engine retrofits
Reduce trips/change modes

Drum Reclamation Non-burning methods
Medical Waste Non-incineration medical waste

management methods
Reduce medical waste volumes
Eliminate medical PVC use

Paper Bleaching Process or totally chlorine free paper
Elemental chlorine free paper

Pentachlorophenol (PCP) Non-wood alternative utility poles
Different wood preservatives

Petroleum Refining Refining process modifications
Polyvinyl Chloride (PVC) Non-PVC alternatives
Wood Burning Natural gas fireplaces

USEPA-certified wood stoves
BAAQMD model ordinance “Better wood
burning practices”
No burning

The Bay Area Dioxins Project has facilitated a series of public meetings, including a
workshop and vendor fair, to educate public agency staff, elected officials, and the public
on the environmental impacts of dioxins and pollution prevention options. The Project
has provided resources for municipalities to implement four dioxins pollution prevention
pilot projects:

• Diesel alternatives
• Purchasing of dioxin-free paper products
• Purchasing of PVC alternative building materials
• Medical waste management

The Bay Area Dioxins Project is currently preparing a final report that is planned to
include a review of the extent of implementation of the dioxins pollution prevention
measures in Table 1. Many Bay Area municipalities are implementing one or more of the
measures. One example of implementation is the City of Palo Alto’s public information
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project to reduce PCDD/F emissions associated with residential wood burning. A flyer
associated with this campaign is shown in Appendix A.

7.2.2 On-land Remediation
Four options associated with remediating soils, sediments or other materials with
PCDD/F were identified:

• Remediation of reservoirs of PCDD/F in erodible soils or other materials.
• Increased removal of sediments during routine maintenance of storm drain

systems.
• Non-routine removal of sediments containing PCDD/F from stormwater

conveyances.
• Natural attenuation.

7.2.2.1 Remediation of Reservoirs of PCDD/F in Erodible Soils or Other Materials

The erosion of soils and other materials containing PCDD/F from historic releases is
potentially an ongoing source of PCDD/F to stormwater conveyances. Examples of
activities potentially associated with historic releases include the use of PCDD/F-
containing herbicides and garbage and medical waste incineration, as discussed in
Section 5.1.1.3. This strategy would likely employ land use research and field
investigations to attempt to identify on-land reservoirs of PCDD/F. If such areas were
identified, they would be prioritized and selected sites remediated. Potential remediation
methodologies would include immobilization or removal/proper disposal of soils and
other materials containing PCDD/F.

This approach would have the advantage of reducing new inputs of PCDD/F to storm
water conveyances. A limitation is that identifying all areas with PCDD/F in locations
where it may be released to the environment (e.g., in erodible soils) would likely be
difficult. Costs associated with this approach would include identifying PCDD/F
reservoirs and remediation of selected sites. Remediation costs would depend on many
factors, including the extent and concentrations of PCDD/F (and possibly other
pollutants) at each site, the number of sites remediated, and the cleanup standard chosen.
Remediation would be prioritized based on criteria such as mass of PCDD/F present,
mobilization potential, proximity to storm drains, anticipated costs and whether a
responsible party could be identified. Responsible parties would ideally perform
remediations, but their identification would likely be infeasible in most cases.

7.2.2.2 Increased Removal of Sediments during Routine Municipal Maintenance
Activities

As discussed previously, some mass of sediment and associated particle-bound pollutants
are removed during routine municipal maintenance practices such as inlet/catch basin
cleaning, street sweeping and channel desilting. This control option would entail
modifying maintenance practices to increase removal of sediment and associated particle-
bound pollutants. Potential modifications would include increasing the frequency of
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inlet/catch basin cleaning, street sweeping and channel desilting, particularly in areas
where concentrations of PCDD/F in sediments are known to be elevated.

This approach has the advantage of building on established practices already
implemented in the Bay Area. In addition, it would potentially reduce loadings of other
pollutants of concern. One limitation is that most potential modifications would not
reduce new inputs of PCDD/F to stormwater conveyances.

Potential costs to implement this control option would include additional labor,
maintenance, and depreciation of equipment (e.g., street sweepers), and testing and
disposal of sediments. The ACCWP is currently performing a preliminary evaluation of
some modifications to maintenance practices to increase pollutant removal (Salop and
Akashah, in prep). If appropriate data are available, the ACCWP may be able to perform
similar type of estimates for removal of PCDD/F as is currently being produced for PCBs
and mercury.

7.2.2.3 Non-routine Removal of Sediments Containing PCDD/F from Stormwater
Conveyances.

Storm drain systems are generally designed to efficiently convey stormwater and
associated sediments away from urban areas to surface waters. Sediments typically
accumulate, however, at depositional areas within a system, including flood control
channels in low lying areas and low areas in storm drain system pipes caused by
settlement. Sediments also accumulate by design in some structures such as pump station
wet wells and detention basins. Sediments are removed from storm drain conveyances to
some extent during routine maintenance practices.

Regional sediment surveys conducted in the Bay Area revealed that some urban
stormwater conveyances contain reservoirs of sediments with relatively elevated levels of
PCBs and other pollutants of concern (KLI, 2001; KLI, 2002; Gunther et al., 2001; Salop
et al., 2002). Little is known about the spatial extent and residence time of such sediments
in the system. In addition, it is not known whether there are similar reservoirs of
sediments containing PCDD/F in Bay Area stormwater conveyances. The ACCWP’s
analysis of archived stormwater conveyance sediment samples for PCDD/F will be a first
step in characterizing PCDD/F in such sediments (see Section 9. Future Activities).

This approach would initially use field investigations to identify conveyances, if any,
with accumulated sediments containing PCDD/F (and potentially other pollutants of
concern). Any such areas would then be prioritized and targeted dry season sediment
removals with proper disposal implemented. In general, the fieldwork would not be
associated with routine municipal maintenance practices and would require extra
mobilization of labor and equipment.

An advantage to this approach is that it would directly remove PCDD/F and potentially
other pollutants of concern from stormwater conveyances. A potential limitation is that
periodic removal actions might be needed if there are ongoing inputs of PCDD/F to a
storm drain conveyance. Thus identification and abatement of any ongoing inputs might
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be desirable before performing removal actions. On the other hand, removing sediments
and then testing new sediments that accumulate might help determine whether there are
continuing inputs to the system. Another potential limitation to this strategy is that in
some creeks and flood control channels removal of sediment would conflict with
regulations designed to protect in-channel habitat.14

Costs associated with this control option would include identifying stormwater
conveyances containing accumulated sediments with PCDD/F and sediment removal
actions in selected areas. Sediment removal costs would depend on factors such as the
type of conveyance, the extent and concentrations of PCDD/F (and other pollutants), and
the cleanup standard chosen. Removal actions would be prioritized based on criteria such
as costs, mass of PCDD/F present and whether a responsible party could be identified.
Responsible parties would ideally perform sediment removal and disposal, but their
identification would likely be infeasible in most cases.

7.2.2.4 Natural Attenuation

This approach would allow PCDD/F in soils and accumulated stormwater conveyance
sediments to naturally degrade or be flushed through the system. No actions would be
taken except periodic monitoring. The principal advantage of this approach is that the
only costs incurred would be for periodic monitoring to evaluate whether concentrations
were declining in urban runoff. However, since PCDD/F degrade very slowly in the
environment, a prohibitively long time period might be required for concentrations to
attenuate to acceptable levels. This strategy also would not address any new inputs to
soils or stormwater conveyances, and would not reduce loadings to the Bay on the short
term.

7.2.3 Stormwater Treatment

In contrast to pollution prevention and some of the above sediment cleanup options,
stormwater treatment would not reduce any new inputs of PCDD/F to stormwater
conveyances. Gervason and Tang (1998) discussed treatment of all stormwater for
dioxins before discharge to the Bay. The authors recognized several constraints to this
option’s feasibility, including cost (“potentially in the range of $10’s of millions for each
creek”), effectiveness under high flow conditions, and availability of space at confluences
with the Bay.

Two stormwater treatment options are discussed below:

• Stormwater treatment retrofits.
• Diversion of stormwater flows to wastewater treatment plants.

                                                  
14 Parties performing projects that include substantial sediment removal are required to
obtain Clean Water Act Section 401 water quality certifications from the Regional Board
before work commences.
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7.2.3.1 Stormwater Runoff Treatment Retrofits

Solids removal is generally the most feasible option to treat PCDD/F and other sediment-
bound pollutants in stormwater runoff. Stormwater treatment structures that remove
solids commonly rely on filtration, sedimentation, flow through separation or some
combination of these processes. Structures may be built in-place or proprietary
manufactured devices may be installed. Examples include storm drain inlet inserts,
manufactured flow through separation devices (e.g., vortex separator), vegetated filtration
systems (e.g., grassy swale), infiltration trenches/basins, media filtration (e.g., sand
filter), detention basins, wet ponds and constructed wetlands (CASQA, 2003).

This approach would require retrofitting stormwater treatment structures such as the
above into the urban landscape. Retrofits are potentially applicable at widely varying
scales, ranging from, for example, a storm drain inlet filter in a small parking lot to a
constructed wetland at the base of a watershed. An advantage to this approach is that
stormwater treatment retrofit technologies are readily available and can effectively
remove sediment and associated pollutants when designed, installed, operated, and
maintained properly. However, siting of some technologies may be limited by factors
such as soil type, groundwater elevation, slope, insect breeding, and space constraints.
Treatment structures such as wet ponds and constructed wetlands would also need to be
designed to minimize mercury methylation.

Costs associated with stormwater treatment retrofits include facilitating public
involvement, planning and siting (including field reconnaissance), design, permitting,
installation/construction, and operation and maintenance. For a variety of reasons,
available data typically indicate variable treatment performance for a given type of
treatment and pollutant, often making comparisons of cost-effectiveness among treatment
technologies problematic (CASQA, 2003). Total suspended Solids (TSS) is often used as
a surrogate for particle-bound pollutants of concern when evaluating treatment
performance. In general, costs and benefits would be site specific. Current efforts in
California to test the cost-effectiveness of stormwater treatment methods include 121
pilot studies by the California Department of Transportation (Caltrans, 2003).

The planning of stormwater treatment retrofitting is potentially complex, since it should
be carried out in a watershed context. The specific objective related to PCDD/F would be
to help protect beneficial uses of San Francisco Bay by reducing loadings to the Bay. To
meet this goal retrofits would likely target urban areas with high potential for discharges
of PCDD/F in urban runoff. However, retrofit planning should also consider other
objectives such as removing other pollutants, stabilizing stream channels, and improving
aquatic habitat within urban streams.

7.2.3.2 Diversion of Stormwater Flows to Wastewater Treatment Plants

Sanitary sewer collection systems and wastewater treatment plants are often designed
with capacity exceeding that needed to accommodate dry weather flows. The extra
capacity typically is used to treat increased wet weather flows caused by inflow and
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infiltration into the collection system and to accommodate population growth in a
community.

This strategy would divert urban runoff to wastewater treatment plants for removal of
PCDD/F and other pollutants (LWA, 2002; Abu-Saba, 2002). This practice has been used
in Southern California during dry weather flows to reduce microorganism levels
associated with beach closures. Applying such a strategy to reduce loads of particle-
bound pollutants such as PCDD/F, however, would likely require diversion and treatment
of wet weather flows. This is because urban runoff typically only has significant
concentrations of suspended solids and associated pollutants during wet weather, with the
highest levels found during first flush storm events.

This approach would include identifying wastewater treatment plants with excess wet
weather treatment capacity that serve areas discharging urban runoff containing relatively
elevated levels of PCDD/F and other pollutants. It has the advantage of potentially using
excess treatment capacity of existing treatment works, rather than requiring construction
of new treatment facilities. A principal limitation is that wastewater treatment plants may
not have sufficient excess capacity to accept large additional flows or sediment-laden
flows during wet weather. Excess capacity in existing facilities was generally not
designed and constructed with consideration to accepting stormwater flows. Storage of
urban runoff and subsequent treatment during lower sanitary system flows could
potentially help address this issue. Another potential limitation would be the ability of
wastewater treatment plants accepting urban runoff to meet certain requirements of their
current NPDES permits. Such requirements include 85 percent removal of suspended
solids and biological oxygen demand, toxic pollutant effluent limits (sometimes including
mass limits), and bypass prohibitions. Also, sanitary sewer ordinances typically contain
prohibitions against the intentional introduction of flows other than wastewater into
sewerage systems.

Costs associated with connecting storm drain systems to wastewater treatment plants
would include facilitating public involvement, planning and siting, design, permitting,
and constructing potentially significant new infrastructure such as diversion/capture
structures, conveyance piping, pumps, storage structures and controls. In addition, the
treatment plant would potentially incur additional operational costs associated with
purchase of extra power and chemicals, increased biosolids management, increased
sediment/grit removal and disposal, and additional wear on physical facilities associated
with increased sediment concentrations. Wastewater treatment plants and stormwater
agencies would need to work together to devise equitable means of addressing all of these
costs. Overall cost-effectiveness would depend on factors such as the capacity of the
existing sanitary sewer collection system and wastewater treatment plant to accept water
from the targeted stormwater conveyance, the number of pollutants for which treatment
would be valuable, and the magnitude of the pollutant loads diverted.

8 Future Activities
BASMAA plans to continue establishing and regionally coordinating a strategy to
address municipal stormwater NPDES permit requirements related to dioxins and furans.
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The BASMAA Monitoring Committee is currently the primary forum for developing
such a strategy. In addition, BASMAA agencies will continue to work with other Bay
area dischargers and Regional Board staff through the Clean Estuary Partnership and the
San Francisco Estuary Regional Monitoring Program for Trace Substances y to
coordinate and plan any future TMDL-related dioxins and furans activities.

To assist with development of pollutant control plans, the ACCWP will be analyzing
PCDD/F in archives collected as part of a watershed sediment sampling program
conducted in 2000-01 (Salop, in prep). The purpose of this investigation is to help
characterize presence of PCDD/F in stormwater conveyances and provide information
that could be used to calculate loadings to the Bay. A subset of the sites previously
analyzed for PCBs, mercury, PAHs, and organochlorine pesticides will be analyzed for
PCDD/F as part of this study. Results of this investigation are expected in early 2004.

Additionally, many Bay Area municipalities are implementing dioxins reduction
measures associated with reduction programs targeting other pollutants of concern.
Primary areas of municipal activities relate to diesel emissions, wood burning, pesticide
use, and paper purchasing. The Bay Area Dioxins Project is developing a report that is
expected to summarize current local actions that reduce PCDD/F releases. This report is
anticipated near the end of 2003.
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11 Appendix A. Example Pollution Prevention Option
Produced by the City of Palo Alto
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Woodsmoke 
Pollution

A Growing Concern

A HOT DEAL!
Get $1 off a ‘fire log’ of your 

choice with this coupon.

Operated by the City of Palo Alto for the East Palo Alto Sanitary District,
Los Altos, Los Altos Hills, Mountain View, Palo Alto, and Stanford

We want to kindle your interest in burning densified ‘fire logs’
in your fireplace instead of wood. Fire log flames are warm,
beautiful, and generate 50% less particulates, carbon monoxide
and health-threatening chemicals. Read inside for more
information or, visit www.sparetheair.org/wbh/wbh01.htm.

Pharmacies and stores:
Mail coupons to Regional Water Quality Control Plant,
2501 Embarcadero Way, Palo Alto, 94303 
(650) 329-2495.

Store name:

Address:

Contact name/phone:

Coupon expiration date March 1, 2001

Participating stores:

EAST PALO ALTO

Home Depot
1781 East Bayshore Road

PALO ALTO

Palo Alto Hardware   
875 Alma Street            

Long's  Drug Stores 
• 2701 Middlefield Road
• 352 University Avenue

Walgreen's
• 300 University Avenue
• 4170 El Camino Real

MOUNTAIN VIEW

Blossom True Value
Hardware 
141 East El Camino Real

LOS ALTOS

Rancho Hardware 
1150 Riverside Drive

Albertsons
2175 Grant Road

Safeway
160 First Street

Regional Water Quality Control Plant
2501 Embarcadero Way
Palo Alto, CA 94303
(650) 329-2495
email: cleanbay@city.palo-alto.ca.us
www.sparetheair.org/wbh/wbh01.htm
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Health problems
associated with
woodsmoke
Numerous scientific

studies show significant

correlations between

exposure to woodsmoke

and a variety of respiratory

ailments, lung cancer, and even

premature death. Those most at

risk for health problems due to

woodsmoke are small children, the

elderly, and people with asthma or emphysema.

Air pollution causes
water pollution!
In the Bay Area,

woodsmoke can

easily become a

water pollution

problem. Some of

the particles and

related toxins in the

air fall back into the

Bay. The toxic effects

of this transformation of air

pollution into water pollution are

now documented. The U.S. Environmental

Protection Agency has recently listed San

Francisco Bay as impaired due to the buildup of

dioxins and other contaminants in fish tissues!

How to reduce pollution from
your existing (traditional)
fireplace
Minimize use of your traditional fireplace.

Save that romantic glow for special

occasions!

If you do burn, follow these guidelines:

● Burn only seasoned hardwood (oak,

almond, madrone, apple).

● Minimize burning of softwoods (pine,

poplar, cedar, redwood).

● Never burn garbage, plastic, glossy or

colored paper, or scrap wood that has

been painted or stained.

● Make sure the fire is very hot and has a

good air flow. Don’t try to “choke it

down.”

● Burn manufactured (“densified”) logs. Logs

made of compressed sawdust burn slowly at

high temperatures, producing less smoke and

emitting 50 percent less fine particulates,

carbon monoxide, and volatile organic

compounds (VOCs).

For detailed information about how to burn safely

and heat with wood, call the Regional Water

Quality Control Plant, (650) 329-2495, or visit

www.sparetheair.org/wbh/wbh01.htm

A natural gas
fireplace eliminates
more than 99 percent
of the pollution
generated by a traditional
fireplace, and is six to 
nine times more energy-
efficient!

In winter, fireplaces and
wood-stoves generate
40 percent of the 
Bay Area’s particulate
air pollution. The 
very fine particles —
invisible to the eye — 
are the most harmful to
health because they lodge
deep in the lungs.

Bay Area Quality Management
District woodsmoke
factsheet (BAAQMD), 12/98

Woodsmoke
contributes 39
percent of dioxin
air emissions in the
Bay Area. Woodsmoke is
also an important
source of dioxins and
other toxic compounds.

BAAQMD Information
update, 12/98

In 2000, Palo Alto
woodsmoke concerns led
to an ordinance allowing
only gas fireplaces to 
be built in new 
homes.

EPA lists San Francisco
Bay as an impaired water
way due, in part to dioxin.

BAAQMD 5/00


