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1. SUMMARY 35 
 
This work plan has been written to help direct the activities of the Sources Pathways and Loadings 

Work Group over the period 2008-2012. The work plan is not meant to be prescriptive or rigid but rather 
provide a living document that can be updated as necessary. The work plan presented follows a typical format 
for such documents - summarizing previous activities and achievements, presenting objectives and management 40
questions, discussing funding barriers, and providing some examples of external activities that will influence 
SPLWG work products over the next five years. This information is used as a basis for justification and 
prioritization of SPLWG activities in relation to SPLWG management questions in the context of broader 
RMP management questions. The Gant Chart at the end of document presents specific projects and funding 
allocations for projects that help to address the prioritized activities. The Chart will be updated periodically as 45
new studies are proposed and developed through the Workgroup process and approved by the Technical 
Review Committee of the Regional Monitoring Program. The work plan and Gant chart will consistent with 
the wider RMP work plan in a manage-up manage-down annual interactive process. 
 
2. INTRODUCTION 50 

 
The Regional Monitoring Program for Water Quality (RMP) is an innovative 

collaborative effort created in 1993 between the San Francisco Estuary Institute (SFEI), the 
San Francisco Bay Regional Water Quality Control Board (Water Board), and the regulated 
discharger community. The aim of the RMP is to develop and improve the understanding of 55
contaminant impacts on the beneficial uses of San Francisco Bay through monitoring, 
research and communication. In 1997 the RMP underwent a five-year program review which 
helped to develop a revised set of RMP objectives including a new objective: “Describe 
general sources and loading of contamination to the Estuary” (Bernstein and O’Connor, 
1997). The hope was to create a functional connection between the RMP and efforts to 60
identify, eliminate, and prevent sources of pollution that influence the Bay. At the same time, 
SFEI was developing the Watershed Science Approach (WSA) in the context of its new 
Watershed Program (Collins et al. 1998). A main objective of the WSA was to help 
characterize local watersheds in terms of their sources and conveyance of sediment and 
water, based on the hypothesis that local watersheds significantly influence the quantity and 65
quality of sediment along the margins of the Bay. The WSA also called for long-term 
monitoring of a regional network of local watersheds. In its review of the WSA, the Regional 
Board termed these “Observation Watersheds,” the establishment of which became a 
common objective of the RMP and the Watershed Program at SFEI. Together, SFEI and 
the Regional Board prioritized the creation of digital maps of local drainage systems 70
including storm drains as a critical step in watershed characterization.  

 
The Sources, Pathways, and Loading Workgroup (SPLWG) was formed in early 

1999 to develop a vision for the collection, interpretation, and synthesis of data on general 
sources and loading of trace contaminants to the Estuary. The initial SPLWG 75
recommendations were described in the first “Technical Report of the Sources Pathways and 
Loadings Workgroup” drafted in 1999 and finalized over several years (Davis et al., 2001). 
The strength of the workgroup is the level of “institutional knowledge” that can be largely 
measured by the persistence of a number of core members who have attended the majority 
of meetings from the beginning (Dr. Andrew Gunther, Dr. Thomas Mumley, Dr. Khalil 80
Abu-Saba, Dr. Jay Davis, Dr. James Kuwabara, Jim McGrath, Trish Mulvey, Tom Hall, Dr. 
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Rainer Hoenicke, Jon Leatherbarrow, Dr. Don Yee and Dr. Lester McKee, Terry Cooke, Dr. 
Peter Mangarella). Over the past five years the workgroup has expanded from this core to 
include a new group of persistent members (Richard Looker, Jon Konnan, James Downing, 
Luisa Valiela, Neil Ganju, and Paul Salop) and national experts (Jan Null, Ken Schiff, Dr. 85
Eric Stein, Dr. Barbara Mahler, and Dr. Michael Stenstrom), who with their injection of 
ideas, expertise and management oversight, have provided key oversight as the workgroup 
has transitioned from overseeing data collation studies and “desk top” reports to collection 
and interpretation of field based empirical observations mainly during flood flow. Thusly, 
the SPLWG has continued to provide management context and technical review and 90
continues to ensure that the projects and products are relevant and help to answer the 
constantly evolving management questions in the context of TMDLs and attainment of 
water quality standards 
 
3. MANAGEMENT CONTEXT 95 
 

During the past eight years, the SPLWG has played an integral role in the 
development of information on sources pathways and loadings of key contaminants. The 
achievements are largely recoded in the Hg and PCB TMDLs for the Bay. Each version of 
the San Francisco Bay Hg TMDL that culminated in a basin plan amendment in 2006 (Abu 100 
Saba and Tang, 2000; Looker and Johnson 2004; Looker, 2006) and the San Francisco Bay 
PCB TMDL that culminated in a draft basin plan amendment (Hetzel, 2004; 2006; 2007) 
utilized the information generated by the SPLWG on water, sediment and contaminant 
supply to the Bay from the main pathways (atmospheric deposition, large rivers, small 
tributaries, and Guadalupe River). In addition, the Guadalupe River Hg TMDL (Austin, 105 
2007) also made use of information on estimates of long term average Hg loads and an 
analysis of water quality in relation to chronic and acute thresholds generated by the 
SPLWG. The focus to-date has largely paralleled the TMDL approach; mass balances of 
single pollutants. Thus the call for the first five years of the SPLWG was for information on 
the magnitude of the main pathways and loadings integral in the development of sections of 110 
the TMDL reports (specifically: source analysis sections, and to a lesser extent linkage 
analysis, load allocations, and monitoring strategy sections). Now that these key TMDLs and 
basin plan amendments have been developed, the SPLWG has begun the gradually transition 
into generating information relevant to adaptive implementation of the TMDLs. Current 
activates include refining loads of legacy contaminants in urban runoff (Hg and PCBs), 115 
refining loads on suspended sediments in urban runoff, generating new information on 
emerging contaminants (pyrethroids, PBDEs), staying relevant on the topics of PAHs, 
dioxins, nutrients, developing models to improve interpretation and extrapolation  of 
existing data. Future activates will likely include developing tools for source identification 
and developing models to learn more about sources of contamination and the potential for 120 
urban best management practices (BMPs) to achieve load allocations but as yet, these 
activities remain unfunded. The call for this transition is recoded in the implementation and 
monitoring sections of the TMDLs and the most recent tentative draft order of the 
municipal regional permit (MRP) (RWQCB, 2007). Now, more than ever before, the 
SPLWG will also need to meet the challenge of integrating with studies on contaminant fate 125 
in the Bay (another key component of adaptive management in the wake of the TMDLs). 
For example, integrated studies that link PCB and [Me]Hg loading issuing from key 
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pathways to physical and biological processes in tidal channels on the Bay margin and 
ultimately to uptake at the base of the food web an on up to key biota and humans. 
 130 
 
4. SPLWG ACTIVITIES AND ACHIEVEMENTS TO-DATE 
4.1 PRIORITY CONTAMINANTS 

Over the past nine years since inception, there have been a number of key studies 135 
overseen by the SPLWG (Table 2) but one of the most fundamental early products of the 
SPLWG was the development of a focus list of contaminants in the context of watershed 
sources. In 1999, the order of emphasis was highest for PCBs, PAHs, and organophosphate 
pesticides (OPs). By 2005 the emphasis had changed and polybrominated diphenyl ethers 
(PBDEs), endocrine disruptors, and pyrethriods had been added. Most recently the 140 
relevance of dioxins has lifted, more emphasis has been placed on methyl mercury (MeHg), 
there is emerging evidence that PAHs may be ranked too low, and nutrients are beginning to 
be discussed again. We should anticipate changes to the SPLWG focus list as information is 
generated through the recently formed RMP “Emerging Contaminants Workgroup”. Given 
many emerging contaminants are difficult and expensive to analyze, identifying sources, 145 
measuring fluxes, and researching fate of these substances represents a major RMP 
challenge. 
 

Table 1. The evolution of priority contaminants in the context of the SPLWG. 150 
 
2000  2005  2008 
PCBs Top  PCBs and Hg Top  PCBs, Hg Top 

PAHs High  PBDEs High  Mehtyl Hg High 

OPs High  Endocrine disruptors High  Dioxins High 

Hg Medium  Pyrethroids High  PBDEs High 

Se Medium  Se Medium  Endocrine disruptors High 

Cu Medium  Cu Medium  Pyrethroids  Medium 

Ni Medium  DDT, chlordane, dieldrin Low  Se Medium 

TBT Medium  Ag, As, Cd, Cr, Ni, Pb, Zn Low  DDT, chlordane, dieldrin Medium 

Ag Medium  Dioxins/Furans Low  Cu, Ni Medium 

Cd Medium  PAH hotspots Low  PAHs Medium 

DDT, Chlordane Low  OPs Low  Ag, As, Cd, Cr, Pb, Zn Low 
OP pesticides Low? 
Nutrients Low? 
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Table 2. Bibliography of Sources, Pathways, and Loadings studies completed to-date. 
 155 
Reference Funder/Program Outcome/Conclusions 

RMP 
• xxxxxxxxx 
• xxxxxxxx 
• xxxxxxxxxxx 

RMP 
• xxxxxxxxx 
• xxxxxxxx 
• xxxxxxxxxxx 

RMP 
• xxxxxxxxx 
• xxxxxxxx 
• xxxxxxxxxxx 

RMP 
• xxxxxxxxx 
• xxxxxxxx 
• xxxxxxxxxxx 

RMP 
• xxxxxxxxx 
• xxxxxxxx 
• xxxxxxxxxxx 

RMP 
• xxxxxxxxx 
• xxxxxxxx 
• xxxxxxxxxxx 

RMP 
• xxxxxxxxx 
• xxxxxxxx 
• xxxxxxxxxxx 

RMP 
• xxxxxxxxx 
• xxxxxxxx 
• xxxxxxxxxxx 

RMP 
• xxxxxxxxx 
• xxxxxxxx 
• xxxxxxxxxxx 

RMP 
• xxxxxxxxx 
• xxxxxxxx 
• xxxxxxxxxxx 
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4.2 DEFINITION OF “SOURCES” VERSUS “PATHWAYS”

An important early debate by the workgroup was to define two key terms that were 160 
commonly used in discussions about the Bay. “Sources” were defined as the points in the 
landscape where materials were either, used, inadvertently released, discarded or 
accumulated, for example, industrial facilities, impervious surfaces such as roofs, roads, and 
parking lots, or landfills, illicit dumping, waste incinerators and other air sources including 
global circulation. Most recently, the term “true sources” has become more widely applied 165 
to provide a better link to solutions going further back in time and space back to the true 
point of origin. For example mining areas for Hg, manufacturing plants for PCBs or the long 
list of products in-which mined or manufactured chemical are used. Mostly, the early studies 
overseen by the workgroup provided data and information on mass loadings from the key 
major “pathways”. A pathway differs from a source or true source and is defined as a 170 
conduit or process that delivers water, sediment, and or contaminates from the point in the 
landscape where a source or true source is released to the Bay. The pathways considered 
were atmospheric deposition, local urban stormwater runoff, local non-urban runoff, 
municipal wastewater, industrial wastewater, the Sacramento and San Joaquin Rivers, in-Bay 
dredge material disposal, and in-Bay erosion and re-suspension of buried sediments. A key 175 
obvious difference between sources and pathways is spatial and temporal scales. Pathways 
tend to be the coalition of mass from hundreds to millions of square kilometers or sum the 
mass from many points of release and tend to be described as long-term decadal averages or 
at best annual or storm event loads. In contrast sources or true sources tend to be areas 
ranging from a single lot (0.0025 km2) to a subdivision (1 km2) or individual or groups of 180 
items or products. The process of release can occur at a moment in time associated with a 
high intensity storm, an earthquake or fire, an illicit activity or spill, or during day-to-day 
haulage or goods and use of products. As knowledge on sources and pathways matures and 
solutions on how to better control contaminants emerge, the SPLWG will be challenged to 
gather information at ever decreasing spatial and temporal scales.  185 
 

4.3 MAPPING RIVERS, CREEKS, STORM DRAINS, AND WATERSHED 
BOUNDARIES 

190 
The first report of the SPLWG (Davis et al., 2001) conceptually defined two types of 
watershed pathway: 1. Large Rivers (the Sacramento and San Joaquin Rivers), and 2. Small 
Tributaries (those that drain directly to the Bay from the Nine-County Bay Area). The 
watershed areas of these two pathways were reported as 154,000 km2 and 6650 km2

respectively (McKee et al., 2003). Maps are a key tool for understanding how sources in 195 
specific watersheds impact the Bay. It was recognized very early on that a better “base map” 
was needed (see recommendations in Davis et al., 2000; Davis et al., 2001; Leatherbarrow et 
al., 2002). In 2000, there was not consistent use of a single base map. Possible choices were 
CALWater (a Federal watershed boundary data set), user defined watershed delineations 
based on 30 m and 10 m digital elevation models (DEMs), USGS ortho-quarter-quads, 200 
USGS 7.5 minute quad sheets, and city/county boundary maps. These maps were used by 
SPLWG, BASMAA, the Water Board, and consultants to show sampling locations and to do 
modeling. In each case, the user had to construct base maps from scratch for a given 
application. The SPLWG oversaw a review project in 2000 and 2001 that recommended 
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more effort be directed towards developing a single unified base maps that included surface 205 
and under surface drainage lines and watershed boundaries based on topography as well as 
engineered boundaries (Wittner and McKee, 2002). In 2005, the SPLWG began to use GIS 
representations of the Oakland Museum of California (OMC) / William Lettis Associates 
(WLA) storm drain map series to define water conveyance systems (the combination of 
natural drainage lines and storm drains) and watershed boundaries (the combination of 210 
topographical and engineered definitions) (see McKee, 2005). This effort has continued to 
evolve to the point where today drainage lines and watershed boundaries are available for the 
east Bay (Richmond to Fremont), the south Bay (San Jose), and back up the peninsula to San 
Francisco (Figure 1) based on GIS coverage’s associated with the storm drain map series 
(Sowers, 1993; Sowers, 1997; Sowers, 1999; Sowers and Richard, 2003; Sowers, 2004; Givler et al., 215 
2005; Sowers and Thompson, 2005; Thompson and Sowers, 2005; Sowers, 2006; Sowers and Givler, 
2006; Givler et al., 2007; Ramirez-Herrera et al., 2007; Tillery et al., 2007; Sowers and Henkle, 2008). 
About xxx% of the Bay Area population resides in the mapped area. Now when water and 
sediment samples are collected, they can be properly assigned to a watershed or even 
drainage lines in the areas so far mapped. In addition, consulting groups that wish to map 220 
and model watershed processes can take advantage of a consistent contiguous base map. 
There are two remaining data gaps for this effort: 1. Maps are still needed on the Bay margin 
for southern portions of Marin County (Sausalito, Mill Valley, Tiburon, Corte Madera, San 
Rafael, and Novato), Vallejo, Fairfield/Suisun, Benicia, Hercules, Rodeo, Crockett, Martinez, 
Concord, Pittsburg, and Antioch, and 2. GIS line work needs to be attributed with additional 225 
data including flow routing (priority) and pipe dimensions and type (roughness). The index 
map developed by WLA indicates these areas will be completed with the addition of a 
further six maps in the series (Maps 13, 18, 22, 23, 24, and 26) (Figure 2). 

230 
4.4 FRESHWATER INPUT 

A key step in the determination of loads of contaminants entering the Bay from each 
pathway is an understanding of freshwater inputs. To-date, delta outflow from Sacramento / 
San Joaquin Rivers remains the best quantified pathway – daily data are provided by the 235 
California Department of Water Resources using the Dayflow Model (DWR, 2007; Manager 
Chris Enright). Data are available for water year (WY) 1956 to present, with each new WY 
published about six months after the close of the WY. A number of studies have made use 
of this data to estimate sediment and contaminant loads entering the Bay (e.g. Leatherbarrow 
et al., 2004; McKee et al., 2006a; David et al. in preparation). Another well quantified term is 240 
rainfall volume falling on the tributary watersheds in the nine-county Bay Area and on the 
Bay surface (Davis et al., 2000; McKee et al., 2003). Flow of water entering the Bay via 
wastewater is also well quantified and was reported in the Pulse of the Estuary in for 
Calendar Years 2000-03 (SFEI, 2005). In 2003, discharge to the Bay from 39 POTWs was 
207,000 million gallons equivalent to 784 million m3/year (Note Oros et al., 2005 reported 245 
871 m3/year). Water discharge from Small Tributaries in the nine-county Bay Area remains the 
least well quantified. Estimates for the total annual average flow for the combined area range 
between 890 and 918 million m3 (Russell et al., 1980 and McKee et al., 2003 respectively).  
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250 
Figure 1.  Map of drainage areas for the Bay Area based on GIS representations of the 

Oakland Museum of California (OMC) / William Lettis and Associates (WLA) 
storm drain map series (see text above for references).  
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Figure 2. Index map for existing and proposed storm drain map coverage’s in the Bay Area. 255 
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However, flows from individual watersheds are not well quantified; USGS gauging stations 
are seldom downstream from major urban areas and overall currently operating gauges in the 
watersheds of San Francisquito, Matadero, Guadalupe, Saratoga, Coyote, Alameda, San 
Lorenzo, Napa, Sonoma only sum to 58% of the area of Small Tributaries. Given, the Hg 
TMDL calls for reduction of loads on a watershed basis (Looker and Johnson, 2004) and the 260 
Municipal Regional Permit (MRP) calls for better quantification of loads of sediments and 
trace contaminants on a watershed basis and regionally, a fundamental data gap is an 
estimate of flow at the scale of single watersheds focusing on smaller watershed drained by 
engineered channels and storm drains on the Bay Margin. Our understanding of freshwater 
fluxes has not changed greatly in the past nine years; the Large Rivers remain the dominant 265 
freshwater influence on the Bay (Figure 3). There are indications that wastewater volume is 
gradually declining despite human population trending upwards (SFEI, 2007). 
 

Large Rivers 
24,900
(92%)

Direct Rainfall
381 (1.4%)

Municipal 
Wastewater 
800 (3.0%)

Small 
Tributaries
918 (3.4%)

Industrial 
Wastewater
36 (0.13%)

270 
 
Figure 3.  Freshwater inflows to San Francisco Bay (million cubic meters (Mm3). Data 

extracted from McKee et al., 2006a (Large Rivers); McKee et al., 2003 (Small 
Tributaries); Tsai et al (Direct Rainfall); SFEI 2005 (Municipal Wastewater); Davis et 
al., 2000 (Industrial Wastewater).  275 

 

4.5 SUSPENDED AND BED SEDIMENT SOURCES, PATHWAYS, AND LOADS 

Sediment sources in our watersheds were reviewed by McKee et al. in 2003. Briefly, 280 
sediment is eroded and deposited naturally in response to energy supply by tectonics, gravity 
and rainfall. Human activities such as timber getting, agriculture, and urbanization disrupt 
natural processes and typically increase erosion generally at the landscape level and 
dramatically in smaller locations at event to decadal scales. Typically the severity of the 
erosion increases to a maximum soon after the human impact and then gradually diminishes 285 
with time. For example, during the early to mid development phases of urban areas when 
large land tracts can be exposed with bare earth, a severe rain storm can export sediment at a 
rate of 10,000 t/km2. But by the time urbanization is nearing build-out, sediment loads are 
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more typically about 160 – 300 t/km2. That said, even during the most severe erosion 
phases, much of the eroded sediment never makes it to a channel or the Bay. Broadly termed 290 
the delivery ratio, tributaries ranging in area from 1 – 1,000 km2 typically storm between x-
y% of their eroded sediment in talus, fan, floodplain, and channel deposits. Much of the now 
urbanized “Bay Plain” was a depositional environment historically and many tributaries 
terminated in seasonal wetlands (See Robin Grossinger, SFEI for details). It therefore seems 
reasonable to hypothesize that sediment loads from small tributaries have gone through 295 
increases and decreases through time but have overall increased and remained elevated over 
their historic rates. The question remains what is the magnitude of change and how has in 
compared through time with changes occurring in the Central Valley watersheds? 
 

Studies of pathways and loadings of suspended and bed load sediments entering the 300 
Bay from the Central Valley Large Rivers began in with the celebrated work of the USGS that 
discussed in detail the sources and fate of Hg laden hydraulic mining debris entering San 
Francisco Bay during and after the “49ers” gold rush of the 19th century (Gilbert, 1917). 
After a 46 year hiatus a series of authors began to update Central Valley Large Rivers sediment 
loads estimates (Smith, 1963; Schultz, 1965; U.S.A.C.E, 1967; Krone, 1979; Porterfield, 1980; 305 
Ogden Beeman & Associates, 1992). Based on these works, the perception in 2000 was that 
average annual sediment loads entering San Francisco Bay were approximately 2.5 Mt/y. 
These studies suffered from a lack of data and the assumptions that rating curves were 
translocatable, that no sediment trapping occurred in the Delta, that water exports from the 
Delta did not remove sediments, and that there is no trend in the system. However, Krone 310 
(1996) suggested that there is a downward trend in sediment loads over time and made a 
hypothesis that total sediment load from the Central Valley to the Bay would decrease to 2.1 
million cubic yards per year (0.85 Mt/y) by the year 2035. Later Wright and Schoellhamer 
(2004) showed that the water discharge and SSC relation in the Sacramento River has 
changed with time and found that the sediment yield of the lower Sacramento River has 315 
decreased by about one-half from 1957 to 2001. If this trend continues, perhaps the 
predictions of Krone (1996) will be realized. Wright and Schoellhamer (2005) used Mallard 
Island sediment loads reported McKee et al. and estimates of sediment load into the Delta to 
determine that two-thirds of the sediment that enters the Delta deposits there. Consistent 
the critique of the historic estimates and the new emerging understanding of Delta sediment 320 
processing, the most recent estimates of suspended sediment are about one million metric t 
per year or 2-3 times less than previous estimates (McKee et al., 2002; 2006). In a review of 
all the literature to-date and using hydro-statistical scaling techniques, Ganju et al. (in press) 
is about to present a 165 year simulation of annual sediment loads. This work shows that 
sediment loads for the 90s decade were in fact 2.6 Mt, however, discharge during the 90s was 325 
above average. David in preparation will show that the best current average annual estimate 
is about one million metric tonnes. The best estimate for bed load has not been recently 
updated and remains that of Krone 1996 (xx million metric t) though his estimate was likely 
bias high.  
 330 

Sediment loads entering the Bay from the nine County Bay Area have been estimated 
for three main pathways (POTWs, Small Tributaries, and In-Bay erosion). Suspended 
sediment loads entering the Bay from POTWs were estimated at 7,500 metric t (Davis et al., 
2000). The least well quantified pathway remains the local Small Tributaries. Estimates range 
between 0.32 and one million metric t (Krone, 1979; Russel, 1980; Krone 1996; Davis et al., 335 
2000; McKee et al., 2003). The present best estimate of Small Tributaries suspended sediment 
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loads based on USGS data extrapolated to all watershed areas, little of which is 
representative of urban areas, is 0.75 million metric t/ year (Krone, 1979) or you may choose 
to accept the recalculation by McKee et al. (2003): 0.394/0.45 = 0.876 million metric t. 
Suspended sediment loads for discrete watersheds are currently being measured in the 340 
Guadalupe River at Hwy 101 through a SPLWG/ USGS partnership, in Coyote Creek at 
Hwy 237 through the South Bay Salt Pond Restoration Project / USGS collaboration, and in 
Zone 4 Line A at Cabot Blvd. (SPLWG Small Tributaries loading study). An important 
remaining gap in knowledge is the relative mass of suspended sediment supplied from urban 
versus non urban areas of the Bay Area Small Tributaries since this is presently the basis for 345 
the Small Tributaries loading component of the Bay Hg TMDL (see the Hg section below). 
The Technical Review Committee (TRC) of the RMP has approved funding for a special 
study in 2008 to update estimates for Small Tributaries and make estimates of urban versus 
non-urban loads for specific watersheds. Krone’s bedload estimates have also not been 
updated and were xx million metric t. San Francisco Bay is presently considered to be in a 350 
state of net erosion (Jaffe et al., 1998; Capiella et al., 1999; Foxgrover et al., 2004) although 
the South Bay appears to be net depositing (Jaffe and Foxgrover, 2006). Average sediment 
loads entering the Bay from net erosion have recently been estimated (Schoellhamer et al., 
2005) based on bathymetric accounting work completed by Bruce Jaffe’s team at USGS, 
Menlo Park, CA. Thanks in part to the efforts of the SPLWG, the understanding of 355 
sediment inputs to the Bay have changed through time (Figure 4). Based on their sediment 
budget for the Bay, Schoellhamer et al. (2005) concluded that the largest uncertainties remain 
sediment inflow [from Small Tributaries], knowledge on bed sediment density, and improved 
coverage and more recent surveys of bathymetry. Given the importance of sediments as a 
vector for the transport of hydrophobic priority contaminants such as Hg, MeHg, PCBs, and 360 
PBDEs (Table 1), it is important to improve estimates of suspended sediment loads from 
urban and non-urban area within the Small Tributaries. Ideally such estimates would be made 
on a watershed specific basis using modeling or empiricism and be consistent with and not 
duplicate Municipal Regional Permit (MRP) requirements.  

 365 
 

Year 2000
(Total Input = 4.66 Mt)

In-Bay 
Erosion 1.4 
Mt (30%)

POTWs 
0.007 Mt 
(0.15%)

Small 
Tributaries 

0.75 Mt
(16%)

Large Rivers
2.5 Mt
(54%)

Large Rivers

Small Tributaries

POTWs

In-Bay Erosion

Year 2008 
(Total Input = 4.16 Mt)

Large 
Rivers

1 Mt (24%)

Small 
Tributaries

0.75 Mt 
(18%)

POTWs 
0.007 Mt
(0.17%)

In-Bay 
Erosion 2.4 
Mt (58%)

Figure 4.  The evolution of knowledge about sediment loads entering San Francisco Bay.  
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4.6 MERCURY AND METHYL MERCURY SOURCES, PATHWAYS, AND LOADS 370 
 

Sources of Hg in urban watersheds have been conceptually described (Davis et al., 
2001; McKee et., 2003; Looker and Johnson, 2004). Briefly, ultimate or “true sources” 
include natural lithologic, pedogenic, and soil sources, volcanic eruptions and other forms of 
off-gassing. The natural true sources of Hg were gradually augmented over the past 375 
thousands of years due to anthropogenic fires and over the past 500 years of mercury mining 
via long range atmospheric transport and deposition. In the last 150 years, this increased 
loading over the natural background took another leap when Hg mining began in the Bay 
Area (particularly in the Guadalupe River Watershed but there are 16 mine sites in the Bay 
Area nine counties) to support firstly gold mining in the Sierra Nevada, then WWII, then the 380 
post WWII personal electronics revolution (e.g. battery driven camera’s, videos, hearing aids) 
and use in paint, chlor-alkalai production, lighting, and switches. Most uses were banned or 
drastically reduced in the early 90s so that now the main sources in our watersheds are not 
true sources but rather points in the landscape where materials were either, used, 
inadvertently released, discarded or accumulated leading to contaminated soils, impervious 385 
surfaces such as roofs, roads, and parking lots, or landfills, illicit dump sites, waste 
incinerators, and other air sources in the Bay Area such as refineries, a cement plant, and 
crematoriums along with increasing globally derived air deposition. That said, a recent review 
provided evidence that Hg cannot be classed entirely as a legacy – about 7 t on new Hg is 
still imported into the Bay Area annually in personal devices and other electronics including 390 
lights and for medial and laboratory purposes (McKee et al., 2006d). 
 

In the early years of the SPLWG, the first estimate of Hg loads entering the Bay 
from the Central Valley was 710 kg based on combining Delta Outflow with a flow-weighted 
mean concentration (FWMC) derived from RMP status and trends data (Davis et al., 2000). 395 
About the same time, Abu Saba and Tang (2000) presented an estimate of 607 kg based on 
the late 90s knowledge of the sediment budget of the Bay and particulate Hg concentrations 
derived from either RMP bed sediment data or low flow water column data collected by a 
variety of authors. Similarly, loads from the Guadalupe River (a watershed known to be 
contaminated with Hg emanating from the historic New Almaden Mining District (Now the 400 
Quicksilver County Park) were based on RMP data collected at the Bay margin and water 
inflows (Leatherbarrow et al., 2002) or Hg concentration data collected during a small early 
season flood and sediment inflows (Thomas et al., 2002). Estimates of Hg derived from 
urban runoff were even less certain and based on suspended sediment loads (Davis et al., 
2000) and assumptions of Hg concentrations derived from studies of San Francisco Bay 405 
sediments. AbuSaba and Tang (2000) summarized the knowledge existing in the late 1990s 
concluding that the Central Valley was the pathway with the largest average annual external 
load of Hg. Although that factoid is now outdated, one of their key contributions was an 
accounting of the uncertainly of all loading estimates and recommendations on which 
loading estimates needed to be improved. Since that time, these recommendations and those 410 
of Davis et al. (2000; 2001) and Leatherbarrow et al. (2002) who also recommended a focus 
on improving knowledge on loads, have largely remained in place. 
 

SPLWG effort to improve loadings began in WY 2002 following the recommended 
methodology of McKee et al. (2002) with the Mallard Island Large Rivers Loading Study 415 
(Leatherbarrow et al., 2005; David et al in preparation). Since the inaugural samples during 
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Christmas/New Year 2001/2002, the team (UCSC, USGS, Region 5 Water Board, and 
SFEI) have been working away diligently during floods collecting 99 water samples for HgT 
analysis. The present best estimate of HgT loads entering the Bay from the Large Rivers of 
the Central Valley is 262 ± 94 kg based on 12 years of suspended sediment data and five 420 
years of Hg data (David et al., in preparation). The remaining questions include improving 
knowledge about large floods and determining if there is a trend in total mercury loading. 
Presently there is no direct measurement of MeHg concentrations or loads. There have been 
no measurements of MeHg during floods, however, we know from observations in other 
large mixed land use systems that MeHg can be 0.7 and 11% (x = 4.1%, n=9 watersheds) of 425 
the HgT load (e.g. Lawson et al., 2001; Balogh et al., 2005) depending in part on %wetland 
(xx). If we assume that the Sacramento / San Joaquin system is similar, the annual average 
MeHg load would be between 2 and 29 kg, however, impirical observation of the magnetude 
of MeHg loads remains an important data gap. 
 430 

In WY 2003, the SPLWG, with funding from the Clean Estuary Partnership (CEP) 
and subsequently the RMP, SCVWD/ USACE, and SCVURPPP, began the first Small 
Tributaries Loading Study on Guadalupe River (McKee et al., 2004; 2005; 2006b). Rainfall was 
reasonably intense during the first year of observations (>2 in / 6 hour measured at New 
Almaden) and flood flows reached a peak stage equivalent to a 5 year return interval. Flows 435 
since that time have been rather more subdued in response to lower rainfall intensities 
during storms. Based on a monthly regression relationship between water flow and Hg load, 
McKee et al. (2005) estimated long term average loads of 128 kg. The latest estimate is 129 
kg based on four years of data (SFEI, 2007, page 55). Methyl Hg loads appears to average 
about 0.5 % of the HgT load based on two years of data. Thus a long term average appears 440 
to be about 1 kg. Bed load Hg was measured during WY 2005 and also appears to be only 
about 2% of the annual loads (McKee et al., 2006) However, there remains much uncertainty 
in the loads entering the Bay from Guadalupe River including an understanding of the 
magnitude, sources, and speciation of loads during very large rainstorms. A reasonable 
hypothesis for the system is that in excess of 1,000 kg Hg may enter the Bay during rain 445 
events of 20-50 year return interval. James Rytuba, a USGS, Menlo Park Hg specialist with 
years on international experience, estimates that there is approximately 30,000 kg of Hg still 
to be released from the mining areas. At the current rate of loss, this represents 200 years of 
Hg load. An improvement of our understanding of the magnitude and speciation of Hg 
loads emanating from this large South Bay pathway during large floods remains an important 450 
data gap.  

 
There have been several efforts to quantify atmospheric Hg fluxes in the Bay Area 

(Tsai, 2001; Steding, 2002; Yee, 2005). Tsai and Hoenicke (2001) measured wet and dry 
deposition of Hg in the Bay Area based on <1 year of data from three study sites (Moffett, 455 
Treasure Island and Martinez). The average dry deposition across all three sites was 18-21 
µg/m2/y and the average wet deposition was 3.5-4.5 µg/m2/y. These wet deposition 
estimates compare closely to the estimates generated from the National Atmospheric 
Deposition Program (NADP) which maintains a sampling site in San Jose, south San 
Francisco Bay (1.7-3.6 µg/m2/y) (Yee, 2005) and the results of Steding and Flegal (2002) (4.4 460 
µg/m2/y). Using these estimates, the current average mass loading of Hg to the watershed 
areas of the Bay Area is approximately 130-170 kg/y (average 150 kg). HgT supply to the 
Bay surface alone is estimated to be 27 kg with an error of 2-5 fold (Tsai and Hoenicke, 
2001). Recently Sarah Rothenberg (post doc with SFEI) has been reviewing the potential for 
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further improvements in source control to reduce urban runoff loads. She have conducted a 465 
thorough review of all local data including monitoring and estimates of air emissions by the 
Air Resource Board (ARB) based on “emissions factors”. Her work supports 1. The Bay 
Area has the largest unit area emissions in the State, 2. Three sources (five oil refineries, one 
cement plan and 45 crematoriums) make up 98% of the estimated air sources, 3. Deposition 
is estimated at 700 kg of which more than 40% is expected to deposit locally, 4. Atmospheric 470 
sources of Hg may represent potential hotspots which may be mitigated through emission 
controls, and 5. Newly deposited Hg through atmospheric deposition is more readily 
converted to MeHg, and biomagnified in the food web, than "native" Hg (Harris et al., 2007 
and references therein). A key data gap is the understanding of understand of the magnitude, 
speciation and fate of atmospherically derived Hg in the Bay Area.     475 
 

Although the second Small Tributaries Loading Study began in Zone 4 Line A (Z4LA), 
a small 100% urban watershed in Hayward, the best estimates of loads derived from other 
urban Small Tributaries are presently those presented in the San Francisco Bay TMDL report 
and Basin Plan Amendment (Looker and Johnson, 2004). These loading estimates were 480 
based on estimates of suspended sediment loads in urban and non urban areas of the Bay 
Area and sediment Hg concentrations derived from BASMAA bed sediment studies (0.38 
mg/kg for urban areas and 0.06 mg/kg for non-urban areas). They made the assumption 
that sediment loads are presently about 410,000 metric tonnes for urban areas. Given the 
urbanized area is about 2500 km2, this equates to 164 t/km2 (reasonable compared to 485 
international urban literature: McKee et al., 2003). However, Looker and Johnsons estimate 
of sediment loads from non urban areas (400,000 t) equates to 96 t/km2. Given sediment 
loads measured in Bay Area watersheds by the USGS over the past 47 years show a range 
from 27 – 1,639 t/km2 (see McKee et al., 2003), it seems reasonable to suppose non-urban 
loads for the Bay Area average >>96 t km2. Further more, if the hypothesis that atmospheric 490 
deposition has been underestimated is accepted, it seems likely that our current estimate of 
urban and non-urban runoff loads is bias low. Local data on MeHg in urban runoff is sparse. 
Using a small amount of funding from the Water Board TMDL lab budget, water samples 
were analyzed in San Pedro storm drain in San Jose (an old urban area of about 1 km2). 
MeHg concentrations ranged between 0.021-3.1 ng/L (n=5) and ranged between 0.15-1.0% 495 
of HgT (range = 2.11-499; average 207 ng/L; n=6). There is an indication in the data that 
MeHg at a percentage of HgT increases with decreasing flow. Lawson et al. (2001) found 
that MeHg averaged 1.7% for the 100% urban Herring Run watershed with an area of 6 km2

draining to Cheasapeake Bay. Preliminary data from the Z4LA Small Tributaries Loading Study 
show MeHg ranged between 0.16-4.3% of HgT (average = 1.8%, n=20). Thus if we assume 500 
a total Hg loads of 185kg annually (160+25; Looker and Johnson, 2004), it appears MeHg 
load entering SF Bay from Small Tributaries should be between 0.3-8.0 kg, with a best current 
estimate of 1.8% or 3.3 kg annually. Given the emphasis placed on reducing urban derived 
Hg entering the Bay prescribed by the TMDL and basin plan amendment, and the lack of 
estimates or measurements of watershed specific loads remains a critical data gap. Given the 505 
lack of local MeHg data and recent increased emphasis on reactive Hg, in particular that 
derived from atmospheric deposition, effort should also be increased for these Hg species.  
 

Similarly, the TMDL report summarized wastewater loads. Municipal (POTW) loads 
were estimated based on NPDES generated HgT data and annual flow volumes. The data 510 
were not deemed sufficient to estimate inter-annual loads but an annual average estimate of 
17 kg was presented (Looker and Johnson, 2004). Using the same method, industrial HgT 
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loads were estimated at 2.1 kg annually. Presently there are no estimates of MeHg loads in 
wastewater for the Bay Area partly because of the known large variability between facilities. 
If the unlikely assumption is made that the San Jose treatment plant is representative, it is 515 
tentatively suggested the MeHg load could be around 1.8% of the HgT loads from all 
wastewater discharges to the Bay or about 0.35 kg annually. 
 

Given what has been learned over the past eight years, the understanding of the HgT 
budget for the Bay has changed (Figure 5). There is still little information on MeHg loads in 520 
each pathway. For example, what is the net supply of MeHg from wetlands into the Bay and 
food web? What is the supply of MeHg from bottom sediments of the Bay? There is 
virtually no information on reactive Hg loads. Continued effort is needed to improve MeHg 
and reactive Hg loads. Ideally loading studies would be coordinated with studies aimed at 
understanding how Hg gets into the base of the food web.  525 

 

Water Year 2000 (Estimated Inputs = 1,334 kg)

Guadalupe R., 
49 kg (4%)

Wastewater 
(All)

44 kg (3%)

Atmosphere, 
15 kg (1%)

In-Bay Erosion
500 kg (37%)

Small 
Tributaries 

(All)
119 kg (9%)

Large Rivers, 
607 kg (46%)

 
Water Year 2008 (Estimated Inputs = 1,068 kg)

Industrial Discharge 
2.1 kg (0.2%) POTWs 17 kg (1.6%)

Atmosphere
27 kg (2.5%)

In-Bay Erosion
460 kg (42%)

Large Rivers 
262 kg (25%)

Guadalupe R. 
115 kg (11%)

Small Tributaries 
(Non-urban)
25 kg (2.3%)

Small Tributaries 
(Urban) 

160 kg (15%)

Large Rivers
Small Tributaries (Urban)

Small Tributaries (Non-urban)

Guadalupe R.
POTWs

Industrial Discharge

Atmosphere

In-Bay Erosion

Figure 5.  Summary of the evolution of knowledge of Hg loads entering San Francisco Bay.  
 530 
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4.7 PCB SOURCES, PATHWAYS, AND LOADS 

PCB sources in the Bay Area have been summarized by Davis et al., 2001; McKee et 
al., 2003; Hetzel, 2004; Davis et al., 2006; Hetzel, 2006). Unlike Hg, PCBs are not natural. 
They are invented in the 1930s and went into commercial levels of production in the 1940s, 535 
reaching a peak production in the early 1970s before bans in the late 1970s and early 1980s. 
To a greater extent, that Hg, PCBs may be considered a legacy contaminant, there is no new 
PCBs being imported into the Bay Area – those still in use have been “in place” since the 
1980s. Therefore, although true sources were manufacturing plants, today’s sources are 
contaminated soils, impervious surfaces, waste dumps, and atmospheric deposition. In a 540 
recent review, McKee et al. (2006) made the argument that the majority of PCB sources and 
contamination can still be found in industrial areas in the Bay Area.  

 
Attempts to estimate PCB loads estimating the Bay began a little later than attempts 

for Hg largely because the Bay Hg TMDL was tackled first and because data were even more 545 
lacking. In 2000, the understanding of PCB loading from the Large Rivers was generally weak 
because few data were available during the individual storms that were thought to transport 
large proportions of total annual loads. In a similar fashion to the Hg loads estimates, the 
best estimate of PCB loads (11 kg) was based on multiplying a FWMC generated from RMP 
sampling cruse data (1993-98 collected 3 times a year) by annual average Delta Outflow 550 
(David et al., 2000). Given data were not collected during floods, the early estimates were 
thought to be bias low. Data collection during floods began at Mallard Island downstream 
from the confluence of the Sacramento and San Joaquin Rivers in WY 2002 and the first 
WY specific loads were presented (Leatherbarrow et al., 2005). The PCB TMDL project 
report (Hetzel, 2004) contained an independent estimate (42 kg) based upon the average of a 555 
larger set of RMP data (1993 – 2001) and Delta Outflow. The PCB TMDL staff report and 
basin plan amendment (Hetzel, 2006; 2007) included a new estimate of PCBs loads (11 kg) 
based on the average of two years of loads data reported by Leatherbarrow et al. (2005). The 
most recent long term average loading estimate (11 kg) was presented at the November 2006 
SPLWG meeting (Oram, 2006) based on five years of data and was consistent with the input 560 
data used for the PCB multi-box model for San Francisco Bay (Leatherbarrow et al., 2005; 
Oram et al., 200xx). Further work is still required to better understand the cause of high 
concentrations and loads observed during smaller floods. In direct contrast to Hg, the 
present hypothesis is that PCB concentrations and loads may be diluted during large runoff 
events when the majority of water is derived from less urbanized non-valley flood watershed 565 
and snow melt. A re-analysis of congener patterns during differing runoff sources and 
magnitudes and a calculation of a new long term loading estimate is planned for calendar 
year 2009 after the collection of another wet season of data.  

 
In 2000, there was no data available to estimate PCB loads in Small Tributaries (Davis et 570 

al., 2000). The first PCB load estimate (34 kg) was generated by BASMAA (KLI, 2002) based 
on the sediment loads estimates of Davis et al. (2000) and bed sediment concentrations in 
Bay Area urban stormwater conveyances (Gunther et al., 2001; Salop et al., 2002; KLI, 2001; 
2002). McKee et al. (2003) provided an argument against using bed sediment concentrations 
as a surrogate for transport during floods in the water column and also argued that the 575 
sediment load estimates of Davis et al. (2000) were likely an underestimate, never-the-less, 
the KLI estimates were then the only ones available for the first TMDL report (Hetzel, 
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2004). Measurement of PCBs in urban stormwater runoff began with the first Small 
Tributaries Loading Study in the Guadalupe River during WY 2003 (McKee et al., 2004; 2005; 
2006b). The most recent estimate of long term average PCB loads entering the Bay from 580 
Small Tributaries was provided by McKee et al. (2006c). They extrapolated long term loads 
estimates (WY 1971-2006) based on discharge records in Guadalupe River and Coyote Creek 
and four years of data (Guadalupe River) and one year of data (Coyote Creek) to the rest of 
the Bay Area Tributaries based on 3 methods (1. total area excluding area upstream from 
reservoirs, 2. urban area, and 3. “calibrated unit export” based on a literature review (McKee 585 
et al., 2006d)). All three of these methods converged on a best long term estimate of 21 kg 
but the authors suggested that if anything, the estimate was bias low, suggested that data 
from the 2nd Small Tributaries Loading Study in Zone 4 Line A (Hayward) will help to test this, 
and recommended that more sophisticated estimates be developed using a calibrated 
hydrological model. The TRC has approved a special study for 2008 to develop a calibrated 590 
hydrological model for Guadalupe River, the first step towards a regional model. In 2002, an 
estimate of non-urban runoff loads (1%) was presented by BASMAA (KLI, 2002). Their 
estimate was included in the PCB TMDL (Hetzel, 2004; 2006, 2007) and was based on the 
SIMPLE model (after Davis et al., 2000) and bed sediment concentrations found by 
BASMAA in non-urban settings. 595 

 
Estimates of atmospheric deposition were developed through the SPLWG and 

presented by (Tsai et al., 2002). Data collected by this study cover 6 months and were from a 
single location (Concord, Ca) in the northern part of the San Francisco Bay Area. Taking the 
average of the monthly estimates provided by Tsai et al. (2002), the average annual dry 600 
deposition is approximately 0.92 ng/m2/d or 0.34 µg/m2/y (monthly range 0.14-0.75 
µg/m2/y) or about 0.35 kg directly to the Bay surface annually, however, about 7.4 kg are 
lost through gaseous exchange so Tsai et al estimated a net loss. These estimates are those 
included in the TMDL reports (Hetzel, 2004; 2006). The aerial estimates of Tsai et al. (2002) 
are considerably lower than the estimate for urban United Kingdom by Harrad, (1994) (310 605 
µg/m2/y) who might have included both wet and dry deposition. A study completed in Paris 
reported a dry deposition of 29 µg/m2/y and that dry deposition only accounted for 35% of 
the total deposition of PCBs (Granier and Chevreuil, 1997). A study in Switzerland found a 
dry deposition of 1.06 µg/m2/y (Rossi et al., 2004). Apparently, a ratio of 2:1 wet : dry is 
common but others have used a ratio of 10:1 (see references in Granier and Chevreuil, 1997) 610 
or even 12:1 (Rossi et al., 2004). Based on this quick literature review, it appears our local 
estimates are anything from 3x to 900x lower than those reported else where. It seems 
reasonable to hypothesize that Bay Area loads have been underestimated perhaps because 
the sampling location was chosen to try to reflect general background loading; local air 
sources such as landfills, industrial fires, recyclers, and auto shredders may provide additional 615 
local loads that are presently not taken into account. Given that wet deposition appears to 
dominate in other systems, the lack of local wet deposition data for PCBs limits a confident 
understanding of the contribution of atmospheric PCB deposition to the Bay. For example if 
we assume the real annual average deposition rate is 10x higher than that reported by Tsai et 
al. (2002), and the wet to dry ratio is 2:1, there would be a net loss of just 0.6 kg/year to the 620 
Bay rather than a net loss of 7 kg. If real annual average deposition rate is 20x higher than 
that reported by Tsai et al. (2002), and the wet to dry ratio is 5:1, there would be a net gain of 
27 kg/year to the Bay. Alternatively, PCB concentrations in rainfall have been measured 
around the world and range between 1.3-35 ng/L (Bremle and Larsson, 1997; Rossi et al., 
2004). Using this range and assuming an average Bay rainfall of ~500 mm (~20 in), the total 625 
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load to the Bay (~1,300 km2) would be 0.85-15 kg/y. Clearly, the magnitude of dry and 
particularly wet PCB deposition to the Bay has important implications for management and 
recovery of the Bay and may be a critical data gap. 

 
Loads in urban and industrial wastewater were first estimated by Davis et al. (2000) 630 

based on data from 14 POTWs and six industrial dischargers accounting for 85% of the 
water discharge. The data on PCBs was of poor quality due to analyses being near or below 
detection limits. Loads were estimated to be between 0-14 kg/year on average and further 
data collection was recommended using better analytical techniques. Subsequently, an 
improved estimate was presented by Hetzel (2004) based on sampling overseen by the 635 
SPLWG (Yee et al., 2001; 2002a; 2002b). Wastewaters from the POTWs with secondary 
treatment were reported by Yee et al. to have average PCBs concentrations between 1,100 – 
7,900  pg/L, and wastewaters from POTWs with advanced treatment were reported to have 
an average PCBs concentrations between 170 - 310 pg/L. Wastewaters from petroleum 
refineries in the North Bay had average PCBs concentrations of between 85 - 650 pg/L. 640 
Hetzel (2004) combined these concentrations with daily flow volumes to derive an annual 
load estimate to the Bay of 2.3 kg and 0.012 kg for municipal and industrial wastewater 
respectively. Industrial loads were updated in 2006 to 0.035 kg/year based on improved 
information on concentrations in industrial wastewater (Hetzel, 2006, 2007).  

 645 
Annual average PCBs derived from net erosion of bottom sediments in the Bay has 

been a debated subject for the past eight years (Davis, 2004; Leatherbarrow et al., 2005; 
Oram et al., 200x). Taking the estimates of net erosion (2.4 Mt: Schoellhamer et al., 2005) 
based on bathometric change (Jaffe et al., 1998; Capiella et al., 1999; Foxgrover et al., 2004; 
Jaffe and Foxgrover, 2006) and assuming a bed sediment concentration of 10 ng/g (Hetzel 650 
2007), an estimate of 24 kg can be derived. The most recent and best estimate is 12±6 
kg/year (Oram personal communication) based on the average input from buried sediment 
into the active layer (5 cm) over the next 100 years derived from the most recent run of the 
PCB multi-box model. 

 655 
In summary, our understanding of PCB inputs to the Bay has changed substantially 

over the past 6-8 years (Figure 6). The largest uncertainties remain urban runoff and 
atmospheric deposition, both impacting the recovery of the Bay. Improving estimates of 
both have direct implications for management policies aimed as reducing impairment.   

 660 
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Water Year 2002 (Estimated Inputs = 76 kg)
Atmosphere

(Net loss)

Large Rivers
42 kg (54%)

Small Tributaries
(Non-urban)
0.1 kg (0.1%)

Small Tributaries 
(Urban)

34 kg (43%)

POTWs
2.3 kg (2.9%)

Industrial Discharge 
0.012 kg (0.1%)

Water Year 2008 (Estimated Inputs = 53 kg)

POTWs
2.3 kg (4.3%)

Atmosphere
7 kg (13%)

In-Bay Erosion
12 kg (22%)

Industrial Discharge
0.035 kg (0.1%)

Small Tributaries (All)
21 kg (40%)

Large Rivers
11 kg (21%) Large Rivers

Small Tributaries (All)

Small Tributaries (Non-urban)
POTWs

Industrial Discharge

Atmosphere
In-Bay Erosion

Figure 6.  Summary of the evolution of knowledge of PCB loads entering San Francisco Bay.  
 

4.8 DIOXIN SOURCES PATHWAYS AND LOADS 665 
 

Presently everything that is known about dioxin sources for San Francisco Bay is 
summarized in a conceptual model impairment assessment report (Conner et al., 2005). 
Quoting them, “Dioxins comprise a group of several hundred chemical compounds with 
similar chemical structures and toxicological properties. While all the compounds are often 670 
collectively referred to as dioxins, they actually fall into two related groups: polychlorinated 
dibenzo-p-dioxins (known themselves as dioxins and also known as PCDDs or CDDs) and 
polychlorinated dibenzofurans (also known as furans, PCDFs, or CDFs). Together, the two 
groups are called “dioxins,” “dioxins and furans,” or PCDD/Fs. A third, related group, not 
considered by this report, is the dioxin-like polychlorinated biphenyls (dioxin-like or co-675 
planar PCBs). Toxicity of the individual dioxin and furan compounds varies and is defined 
by toxic equivalency factors (TEFs), which are based on results of in vivo and in 
vitro studies” (Connor et al., 2005). “Dioxins are present in very low concentrations in 
environmental samples. Units used to report levels in this report are typically in the range of 
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picograms per gram or picograms per liter (pg/g or pg/l). Total concentrations of dioxins 680 
are usually presented as toxic equivalents (TEQs). TEQs are calculated as the sums of the 
concentrations of individual compounds, weighted by their TEFs. That is, the TEQ equals 
the sum of the concentrations of individual compounds after they have been multiplied by 
their TEFs. The present best estimate of total load to the Bay is 8 g TEQ/year (Table 1) 
however there are many uncertainties and information gaps including: 685 
 

1. Basic concentration data. The data available is sparse at best and include many non-
detects and estimates 

2. There are uncertainties in the representativeness of data used for emissions and 
loading calculations, the applicability of national inventories to the Bay Area 690 

 

Table 1.  Estimated loads of PCDD/Fs to San Francisco Bay (g TEQ/year) (After Connor 
et al., 2005). 

 695 

4.9 PBDE LOADS 
700 

Presently everything that is known about PBDE loads has been summarized in a 
conceptual model impairment assessment report by Werme et al. (2007) and a paper being 
developed for the peer-reviewed literature (Oram et al. in preparation). Polybrominated 
diphenyl ethers (PBDEs), since their increase in use as flame retardants in plastics and 
textiles, are now observed in virtually every part of the biosphere and are rightly described as 705 
“ubiquitous environmental pollutants”. The pathways by which PBDEs get from a place of 
manufacture or use into the physical environment are not fully understood but conceptually 
release can occur during initial synthesis, during incorporation into commercial products, 
during wear or degradation of products, or during disposal and recycling. Since PBDEs are 
synthesized in just a few locations, direct release is not the likely cause of their ubiquitous 710 
nature in San Francisco Bay. There are few studies in the world that describe the magnitude 
of release from in-use product. Studies of concentrations in sewage sludge and, more 
recently, treated wastewater and its downstream effects are more numerous but research on 
how PBDEs get from a location of use into the wastewater stream are still lacking anywhere. 
Research into PBDE release during disposal and recycling has been completed in a few 715 
locations; this work has considered incineration, end-of-life vehicles and furniture recycling, 
and landfill disposal.  
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California, and in particular, San Francisco Bay, is a known global PBDE hot spot. 
Studies have found elevated concentrations of PBDEs in Bay Area wildlife and humans that 720 
are among the highest reported in the world (She et al., 2002; 2004; Oros et al., 2005; 
Holden et al., 2003; Brown et al., 2006). Clearly, understanding sources, release, fate, and 
toxicity of PBDEs in California and San Francisco Bay is of paramount importance. 
Presently it is estimated that municipal wastewater is the largest pathway for PBDEs entering 
the Bay (Table 2). Given the recent decision to ban the use of Penta- and Octa-BDEs in 725 
California on June 1st 2006, it is possible that a downward trend in many of the pathways 
may begin to occur over the next decade. However, it is possible that an increase in the Deca 
formulation may counteract the benefits of the ban, since some of the degradation products 
of Deca-BDE are similarly toxic. It will be important to continue to make observations to 
determine trends and toxicity. 730 
 

Table 2.  Summary of PBDE loads entering San Francisco Bay from major pathways (After 
Oram et al., in preparation). 

 735 

 

4.10 LOADS OF MEDIUM AND LOW PRIORITY CONTAMINANTS  
740 

In 1999 and 2000, the SPLWG oversaw the completion of a project titled: 
“Contaminant Loads from Stormwater to Coastal Waters in the San Francisco Bay region: 
Comparison to other pathways and recommended approach for future evaluation” (Davis et 
al., 2000). Davis, McKee, Daum, and Leatherbarrow collated existing information on 
stormwater contaminant concentrations found in the urban storm drains and creeks tributary 745 
to San Francisco Bay. They used a SIMPLE model based on land use, rainfall, and estimated 
runoff generated using runoff coefficients, to estimate loadings based on land use specific 
concentration data where they existed. Loadings in stormwater runoff for cadmium, 
chromium, copper, lead, nickel, zinc, nitrate, and phosphate were estimated (Table 3). Based 
on the work of Davis et al. (2000), DDT and chlordane loads were estimated using the 750 
SIMPLE model and bed sediment concentrations collected by BASMAA during 2000 and 
2001 (KLI, 2002). There remains no small tributary loading estimates for PAHs, selenium, 
pyrethroids, silver, and arsenic. Davis et al. (2000) also presented loadings for cadmium, 
chromium, copper, nickel, and zinc for the other pathways (wastewater, atmospheric 
deposition, and dredge material) (Table 3). In general, all of these estimates should be 755 
considered planning level only. In the event that any of these contaminants are elevated in 
priority, reevaluation of the loading estimates will be necessary.  

 

Source ΣPBDEs BDE 047 BDE 209
Sacramento-San Joaquin Delta 13 3 3
Local Tributaries 33 3 17
Municipal Wastwater 12 - 58 4 - 21 1 - 3
Atmospheric Deposition 1 - 2 ~1 ~1
Total 59 - 106 11 - 28 22 - 24
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Table 3.  Estimated annual average loads (kg/ year) of medium and low priority 
contaminants entering San Francisco Bay. 760 

 
Stormwater Wastewater Atmospheric 

Deposition 
Author 

Nitrate-N 1,500,000 3,015,000  Davis et al., 2000 

PO4-P 510,000 990,000  Davis et al., 2000 

Cadmium 2,300 82 1.4 Davis et al., 2000 

Chromium 40,000 1,311 1.1 Davis et al., 2000 

Copper 66,000 5,920 1.3 Davis et al., 2000 

Lead 81,000 Davis et al., 2000 

Nickel 49,000 4,800 0.7 Davis et al., 2000 

Zinc 280,000 35,200  Davis et al., 2000 

Total DDT 9.2   KLI, 2002 

Total Chlordane 33   KLI, 2002 

4.11 SUMMARY OF DATA GAPS 765 
 

Based on work completed to-date by the SPLWG and through the development of 
the TMDLs for the Bay Area, the following data gaps have been identified (Table 4). Given, 
funding challenges, these will need to be prioritized and, as more is learned over the next 
five years, some may be elevated or relegated and other may be added. 770 
 
Table 4. Summary of all data gaps by pathway or issue. 
 
Pathway or Issue Target 

information or 
analytes 

Ancilliary 
information 
or analytes 

Method Estimated 
cost 

Oversight 
Group 

Large Rivers  

Transport processes, loads 
during large floods (>150,000 
cfs) and concentration and 
loading trends. 

Suspended sediments, 
MeHg, total Hg, 
PCBs, PBDEs 

Dioxins, 
pyrethroids, PAHs, 

OC pesticides, 
nutrients  

Mallard Island 
Large Rivers Study 

$140 K every 
3 years 

SPLWG 

Small trubutaries  

Storm drain maps: Sausalito, 
Mill Valley, Tiburon, Corte 
Madera, San Rafael, Novato, 
Fairfield/ Suisun, Vallejo, 
Benicia, Hercules, Rodeo, 
Crockett, Martinez, Concord, 
Pittsburg, Antioch 

Drainage lines and 
watershed boundaries 

for six map areas 
(WLA Map 13, 18, 22, 

23, 24, 26) 

 WLA/ OMC 
mapping protocols 

$600 K ($100 
K / map) 

SPLWG 
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Stormwater routing and other 
attributes 

Flow direction, pipe 
dimension and 

roughness 

 To be determined To be 
determined 

SPLWG 

Flow magnitude Step 1. Static 
discharge estimates for 
specific watersheds 

Annual average 
volume 

 SIMPLE model $10 K SPLWG 

Flow magnitude: Step 2. 
Dynamic discharge estimates 
for specific watersheds 

Daily or hourly rate 
(cfs) 

 HSPF, SWMM of 
similar model 

To be 
determined 

SPLWG 

Sediment load: Step 1. Static 
sediment load estimates for 
specific watersheds and for 
urban versus non-urban 

Annual average mass 
(t) 

 Statistical  model $40 K (funded 
2008) 

SPLWG 

Contaminant load: Step 1: . 
Static contaminant load 
estimates for specific 
watersheds and for urban 
versus non-urban 

Hg, MeHg, PCBs PBDEs Combine particle 
concentrations 

with static 
sediment loads 

estimates 

$10 K SPLWG 

Contaminant load: Step 2. Six 
observation watersheds  

Suspended sediments, 
MeHg, total Hg, 

reactive Hg, PCBs, 
PBDEs 

Dioxins, 
pyrethroids, PAHs, 

OC pesticides, 
nutrients  

Small tributaries 
loading studies 

$150 K / 
tributary / 

year 

SPLWG, 
BASMAA 

(MRP) 

Contaminant load: Step 3. All 
Bay Area small tributaries and 
for urban versus non-urban 

Suspended sediments, 
MeHg, total Hg, 

reactive Hg, PCBs, 
PBDEs 

Dioxins, 
pyrethroids, PAHs, 

OC pesticides, 
nutrients  

HSPF, SWMM of 
similar model 

To be 
determined 

SPLWG 

Guadalupe River speciation 
and loads during large floods  

Suspended sediments, 
MeHg, total Hg, 

reactive Hg, PCBs, 
PBDEs 

Dioxins, 
pyrethroids, PAHs, 

OC pesticides, 
nutrients  

Field studies  $120 K / year 

 

SPLWG / 
SCVWD 

Guadalupe source attribution 
and predicting BMP 
effectiveness  

Suspended sediments, 
MeHg, total Hg, 

reactive Hg, PCBs 

 HSPF modeling $75 K / year 
over 3 years 

SPLWG 

Atmospheric 
deposition 

 

Atmospheric local and global 
loads (magnitude, speciation, 
and trends) 

Hg0, HgP, reactive Hg,  PCBwer, PCBdry To be determined To be 
determined 

SPLWG 

Bay erosion and 
resuspension 

 

Bay erosion and re-suspension Suspended sediment, 
grain size 

 Bathymetric 
surveys, modeling 

To be 
determined 

CFWG 

Municipal and 
industrial wastewater 

 

Annual average loads MeHg, total Hg, 
reactive Hg, 

PCBs, PBDEs, 
dioxins, 

pyrethroids, 
nutrients 

To be determined To be 
determined 

SPLWG 

775 
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5. RMP PROGRAM OBJECTIVES AND MANAGEMENT QUESTIONS 

In concert with the development of a comprehensive five-year plan for the RMP (of 
which this document represents one component), the objectives and management questions 
that guide the Program have recently been revised.  The current RMP objectives and 780 
management questions are shown below, with questions that are pertinent to the SPLWG 
shown in outlined italics. The overarching goal of the RMP is to provide information 
needed to support management decisions.

Objective 1. Describe spatial patterns and long-term trends of 785 
pollutant concentrations in the Estuary 

 
1.1 Do pollutant spatial patterns and long-term trends indicate particular regions 

of concern? 
 790 
1.2 Are management actions effective in reducing pollutant concentrations in the 

Estuary?   
 
Objective 2. Project future impairment  
 795 

2.1 What patterns of impairment are forecast for major segments of the Estuary 
under various management scenarios? 

 
2.2 Which contaminants are predicted to increase and potentially cause 

impairment in the Estuary? 800 
 

Objective 3. Describe sources, pathways, loading, and processes 
leading to pollutant-related impairment in the Estuary 

3.1 Which sources, pathways, and processes contribute most to impairment?   805 
 
3.2 What are the best opportunities for management intervention for the most 

important pollutant sources, pathways, and processes? 

3.3 Are management actions effective in reducing loads from the most important 810 
sources, pathways, and processes? 

Objective 4. Characterize the potential for adverse effects on 
humans and aquatic life due to pollution of the 
Estuary ecosystem  815 

 
4.1 Which chemicals have the potential to adversely effect humans and aquatic 

life and should be monitored? 
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4.2 What potential for adverse effects on humans and aquatic life exists due to 820 
pollutants in the Estuary ecosystem?   

 
4.3 Are management actions effective in reducing the potential for adverse 

effects on humans and aquatic life due to Bay pollution?   
 825 

Objective 5. Provide monitoring information for comparison to 
regulatory guidelines and for establishing regulatory 
guidelines 

 
5.1 What percentage of the Bay is impaired? 830 
 
5.2 What is the percentage and degree of  impairment in each Bay segment? 
 
5.3 What are appropriate guidelines for protection of beneficial uses? 
 835 

 
Objective 6.  Effectively communicate information from a range of 

sources to present a comprehensive picture of the 
sources, distribution, fate, and effects of pollutants 
and beneficial use attainment or impairment in the 840 
Estuary ecosystem. 

 
This objective applies to all of the questions listed under objectives 1 – 5.   

 
845 

6. SPLWG PRIORITY MANAGEMENT QUESTIONS 

In 2000, the SPLWG developed a set of refined guiding principals (Davis et al., 
2000) (Table 5), that built on the SPLWG work plan presented in the first report of the 
SPLWG (Davis et al., 1999-2001), and was the guiding philosophy of the SPLWG for the 850 
past seven years. Back then the management questions focused on improving estimates of 
loads from the main pathways, essentially paralleling the needs of the Hg and PCB TMDL 
development (Looker, 2006; Hetzel, 2007) in development from 2000 to present. Although 
these guiding principles remain largely valid today for emerging contaminants, pyrethroids, 
dioxins, and most of the medium to lower priority contaminants, in the case of Hg and 855 
PCBs, in the wake of the Hg and PCB TMDLs, the SPLWG must now adapt to address 
questions associated with the implementation and monitoring recommendations sections of 
the TMDLs and resulting basin plan amendments. Focus areas include source identification, 
BMP effectiveness, and concentration and loading trends. Fortuitously, these focus areas 
were listed as the last step of the work plan described in the first report of the SPLWG 860 
(Davis et al., 2001). In the specific case of stormwater management, these focus areas are 
reflected in the municipal regional permit tentative order (RWQCB, 2007).   
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Table 5.  Guiding principal of SPLWG (2000-2007) (Davis et al., 2000). 865 
 
A. Watershed Characterization: Characterize and classify the watersheds in the region with regard to 

factors that control stormwater transport of priority contaminants. 
B. Conceptual Model Development: Develop conceptual models for the generation, distribution, 

transformation, transport, and effects of classes of priority contaminants. 870 
C. Develop Evaluation Strategies: Design and implement appropriate evaluation strategies for classes of 

contaminants with similar properties.   
D. Establish Regional Network of “Observation Watersheds”: Carefully select representative 

“Observation Watersheds” for detailed, long-term evaluation of stormwater loading and related functions. 
E. Extrapolate to Other Watersheds: As appropriate, extrapolate results from the Observation Watersheds 875 

to other watersheds with similar characteristics.   

For the next five years covered by this work plan (2008-12), the highest priority management 
questions for the SPLWG are essentially those of RMP Objective 3 and are consistent with a 880 
continued focus on quantifying the magnitude of loads from the main pathways for 
emerging contaminants, while at the same time assisting with source identification, BMP 
effectiveness, and concentration and loading trends. Here these are elaborated upon to 
provide guidance on how they can be practically implemented. 
 885 
Objective 3. Describe sources, pathways, loading, and processes leading to 

pollutant-related impairment in the Estuary 
 

3.1 Which sources and pathways, and processes contribute most to impairment?   
 890 
In general, this question has largely been answered for total Hg, PCBs, and PBDEs for the 
main pathways with the exception of urban runoff where the loads estimates are still based 
on the SIMPLE model or variations of that model. The RMP Hg strategy and the CFWG is 
focusing on improving our understanding of the connection between total Hg, methylation 
and uptake into the food web. A possible outcome from that work may be a renewed 895 
emphasis on improving loading knowledge for Hg species from “high leverage pathways”. 
Learning more about the main urban sources of Hg and PCBs is being worked on through a 
Proposition 13 grant awarded to SFEI (McKee project Manager). That work is beginning to 
indicate the need for reinvestigating atmospheric sources of Hg and perhaps even PCBs. 
Although there is still some work to do refining the loads estimate during large floods in 900 
Guadalupe River (main Hg) and the Large Rivers (PCBs and Hg), the area of focus for this 
next five years needs to be on urban runoff. The tools include:  
 

a) Implementing another four observation watershed studies that would ideally 
incorporate nested sampling sits to learn about source-release processes 905 

b) Statistical modeling (Fist step for sediments, Hg and PCBs) 
c) Dynamic modeling (HSPF, SWMM or other similar) firstly in several watersheds 

(Guadalupe River and Zone 4 Line A) and then expanding to the area encompassed 
by all the small tributaries as a whole  

 910 
The focus contaminants include emerging contaminants (particularly PBDEs, dioxins, 
pyrethroids), methyl-Hg (pending the outcomes of the RMP mercury strategy and CFWG 
efforts), separation of dissolved and particulate phases (better for modeling), and perhaps 
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trash. In general, with all the work, we will continue to collect information suitable for 
understanding patterns of loading (e.g. first flush, seasonal differences based on rainfall or 915 
antecedent dry conditions). 
 
In the case of other pathways, there remain data gaps for atmospheric deposition and 
municipal and industrial wastewater for most of the emerging contaminants. 
 920 
 

3.2 What are the best opportunities for management intervention for the most 
important pollutant sources, pathways, and processes? 

 
Even though the work plan outlined in the first report of the SPLWG recommended this 925 
kind of effort, to-date the SPLWG has prioritized improving information on the magnitude 
of loads issuing from the main pathways. It is time to increase effort in this area and begin to 
address questions outlined in the adaptive implementation sections of the Hg and PCB 
TMDLs and basin plan amendments. The best tool will be the development of a dynamic 
model (HSPF, SWMM or other similar) firstly in several watersheds (Guadalupe River and 930 
Zone 4 Line A) and then expanding to the area encompassed by all the small tributaries as a 
whole. The focus contaminants will initially be PCBs, Hg, other trace metals, and PBDEs 
given there is a large body of existing data, but later the models could be expanded to 
include emerging contaminants as data become available.  
 935 

3.3 Are management actions effective in reducing loads from the most important 
sources, pathways, and processes? 

 
The work plan outlined in the first report of the SPLWG recommended measuring trends. 
Presently the only tool enacted to-date through SPLWG is the opportunity provided by 940 
monitoring over the longer term in observation watersheds. This will be particular effective 
in watershed where we think there will be a strong trend (e.g. the Sacramento River at 
Mallard Island and the Guadalupe River at Hwy 101 in San Jose). Presently our focus 
contaminants are PCBs, Hg, and PBDEs and perhaps meHg (Guadalupe). It will be 
important to continue to improve information on both spatial and temporal trends and in 945 
the cases of PCBs and PBDEs, track trends of specific congeners (especially pertinent for 
PBDEs). Determining trends from water quality data is notoriously difficult. Presently the 
CFWG is overseeing a sediment coring study in wetland that may yield trends that can be 
attributed to watershed loads. However, it may be important over the next five years to 
explore alternative indicators such as sediment coring in urban lakes (see the USGS national 950 
program), and sediment concentration trends in watersheds where management is removing 
small patches of highly contaminated sediments not just generally focusing on urban 
sediment management. It will also be important to track trends and efforts associated with 
mass removal and other remediation activities such as river and wetland restoration. In 
particular river restoration has the likelihood of impacting loads through trapping fine 955 
sediment in set-back reaches and changing methylation environments. 
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7. SPLWG FIVE-YEAR WORKPLAN

Table 6. SPLWG 5-year work plan.
Year

Element Description Funder/Program 08 09 10 11 12 MQs Addressed
*Workgroup meetings 25 25 25 25 25

*SPLWG expert review and
meeting attendance 6 6 6 6 6

*Five-year plan maintenance 3 3 3 3 3
Subtotal 34 34 34 34 34

Small tributaries loading
(Observation watershed No 2)

Focus on wet weather
with some dry weather RMP (S&T) 150 100

3.1 Which sources and pathways contribute most to impairment?
3.2 What are the best opportunities for management intervention for the most

important pollutant sources and pathways?
3.3 How do the most important loads change over time in response to

management activities?

Small tributaries loading
(Observation watershed No 3
to be determined)

Focus on wet weather
with some dry weather RMP (S&T) 150 100 100

3.1 Which sources and pathways contribute most to impairment?
3.2 What are the best opportunities for management intervention for the most

important pollutant sources and pathways?
3.3 How do the most important loads change over time in response to

management activities?

Mallard Island large rivers
loading study

Wet weather sampling to
determine concentrations

and loads
RMP (S&T) 140*

3.1 Which sources and pathways contribute most to impairment?
3.3 How do the most important loads change over time in response to

management activities?

Small tributary suspended
sediment loads

Static sediment load
estimates for specific

watersheds and for urban
versus non-urban

RMP (P&SS) 40

Guadalupe River Model

Refine loading estimates,
source attribution, and

predicting BMP
effectiveness

RMP (P&SS)
(Note only first
year funded
presently)

75

3.1 Which sources and pathways contribute most to impairment?
3.2 What are the best opportunities for management intervention for the most

important pollutant sources and pathways?
3.3 How do the most important loads change over time in response to

management activities?

Small tributaries loading
(Observation watershed No 1:
Guadalupe River)

Focus on wet weather
with some dry weather

RMP (S&T)
(Note perhaps 5
years of funding
for Hg from
SCVWD)

65*

3.1 Which sources and pathways contribute most to impairment?
3.2 What are the best opportunities for management intervention for the most

important pollutant sources and pathways?
3.3 How do the most important loads change over time in response to

management activities?
To be determined based on
SPLWG priorities ???? RMP (P&SS) 100 100 100 100 ????

Subtotal 265 200 455 200 200
Total 299 234 489 234 234
* Every three years960
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