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Context and Overview

Purpose and Background

Following a recommendation in December 2006 by the original Puget Sound Partnership,
Washington State statute declared that one of the objectives for ensuring the recovery of Puget
Sound is significantly reducing toxics entering Puget Sound fresh and marine waters. A team
of toxic contamination experts from various governmental entities around Puget Sound has
initiated an effort to assess toxic contaminant loading to Puget Sound so that the Puget Sound
Partnership, Department of Ecology (Ecology), and other agencies can select how and where to
target toxics reduction efforts to provide the most benefit for Puget Sound. This interagency
toxics study team has initiated a multiple phase project to:

m  Analyze toxic contaminant loading to identify areas of greatest uncertainty.
m  Provide interim results to inform subsequent analytical steps.

m  Guide the development of the 2020 Action Agenda (to be developed by the Puget Sound
Partnership by September 2008) and other initiatives to improve the management of toxic
contaminants in the Puget Sound region.

Ecology led the first phase of this long-term project with assistance from the interagency toxics
study team and using its own and U.S. Environmental Protection Agency funding. Subject area
experts beyond the study team provided technical input during project scoping/design and as
reviewers of the draft report. This Phase 1 project was an initial reconnaissance to support
characterization of toxic contaminant loadings from several main pathways. The study team
acknowledged that the effort would investigate and describe pathways by which contaminants
were conveyed to Puget Sound but would not characterize the sources that introduced
contaminants to the environment. Furthermore, the study team understood that the initial phase,
which relied on existing data, would not be able to characterize all pathways by which toxics
were introduced to Puget Sound. Despite these limitations, project participants hoped that the
Phase 1 project would provide insights about the relative importance of various pathways and
thereby be useful for identifying potential management program innovations and directions for
future studies. This document reports on the first phase of this project, representing work done
in the first nine months of 2007.

During the course of this Phase 1 project, the toxics study team designed and initiated a series of
Phase 2 projects that build upon the Phase 1 project and provide advice for developing the 2020
Action Agenda. Phase 2 analyses will:

m Refine the understanding of pathways and sources, especially roadway runoff and industrial
and municipal wastewater discharges.

m Begin to characterize the movement of toxics in the Puget Sound ecosystem, especially
movement to and from marine sediments, to and from marine biota, and to and from the
Pacific Ocean and the inland marine waters of British Columbia.
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m Update and improve a conceptual model and a simple numerical model to frame a collective
understanding of toxics in the Puget Sound ecosystem.

m  Develop plans for improved surveys of toxic contaminants and their effects, including effects
on human health and the biological organisms of the Puget Sound ecosystem.

The study team expects the results of its Phase 1 and 2 technical studies to support a policy
analysis that will be completed no later than mid-2008. This analysis will help describe
innovations for reducing the use and generation of toxics and for reducing the discharge and
emission of toxics to the Puget Sound environment. The timing of these tasks is important if the
toxics studies conducted through Phases 1 and 2 are to inform the 2020 Action Agenda.

In future years, the toxics study team anticipates that analyses will include studies to fill gaps in
existing data and to characterize and compare contaminant sources affecting toxic contaminant
loadings in each loading pathway. Additional analyses will inform policy and management
actions that can best accomplish the Puget Sound Partnership’s goals of water and sediment
quality that do not harm the Puget Sound ecosystem or human uses of the ecosystem. Ecology
has proposed to continue Phase 3 through a budget request in the FY08 legislative session. The
study team anticipates that further toxics study will be integrated into the Puget Sound
Partnership’s strategic science program, which should take form by mid-2008.

Results and Limitations

This Phase 1 study provided estimates of loadings for 17 chemicals of concern to the Puget
Sound ecosystem from surface runoff, atmospheric deposition to the marine area of the
watershed, a limited number of permitted wastewater dischargers (point sources), and direct
spills to the surface waters of the watershed. This study did not characterize other pathways,
such as leaching from sediment deposits into the water column, migration via biota, and
exchange with oceanic waters. The summary table at the end of this section provides the Phase 1
best estimate of the loadings of toxic chemicals to Puget Sound along with their uncertainties.
Future work should include assessments of other toxic substances beyond those considered in
this study.

Surface Runoff: The bulk of the toxic chemicals that enter Puget Sound marine waters have
done so through runoff from the land surface. Lands developed for commercial, industrial, and
residential uses have generated higher rates of runoff and more highly contaminated runoff.
Developed lands contributed the majority of several toxic chemicals to Puget Sound (i.e.,
cadmium, lead, zinc, nonylphenol, and oil and petroleum products). However, the large area of
undeveloped lands in the Puget Sound Basin (forest & fields and agricultural lands), covering
approximately 89 percent of the basin, has yielded a much greater quantity of runoff. Therefore,
based on the relative amounts of undeveloped lands and the limited available concentration data,
undeveloped lands have delivered to Puget Sound the bulk of the surface runoff load for several
of the contaminants of concern (i.e., arsenic, polybrominated diphenyl ethers (PBDES),
dichlorodiphenyltrichloroethane (DDT), and triclopyr). As defined in this Phase 1 study, surface
runoff consists of stormwater, non-point overland flow, and groundwater discharge to surface
waters that flow to Puget Sound. This study did not characterize separately stormwater from
urban lands and surface runoff from non-urban lands.
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Atmospheric Deposition: Atmospheric deposition directly to Puget Sound appeared to be an
important source of loading for some chemicals of concern. For several of them (i.e., for
polyaromatic hydrocarbons (PAHs) and PBDES), atmospheric loading directly to the marine
waters and tidelands was greater than or comparable to the loading from surface runoff.
Atmospheric deposition information used in the Phase 1 project came predominantly from
observations in urban areas. The limited characterization of deposition in rural areas introduced
significant uncertainty into these estimates.

Industrial and Municipal Wastewater: The characterization of toxics loadings from industrial
and municipal wastewater incompletely accounted for loadings from permitted point source
dischargers. Since the analytical approach for the Phase 1 project relied solely on matched pairs
of concentration and flow data from individual facilities, the study did not provide an estimate of
the total loading from the entire list of 200 Puget Sound Basin facilities with individual
wastewater discharge permits.

Combined Sewer Overflows: Episodic discharge of untreated and partially treated wastewaters
from combined sewer overflow (CSO) outfalls contributed relatively little to the total loading of
toxic chemicals to Puget Sound. The estimated loadings from CSO systems in the Puget Sound
Basin represented much less than one percent of that from surface runoff.

Direct Spills: The available data did not support estimation of loadings from direct spills for the
individual chemicals of concern. However, the total amount of reported oil and petroleum
products spilled directly into the surface waters of the Puget Sound Basin was only about four
percent of the amount estimated to enter via surface runoff.

Conclusions and Recommendations

The results of this study suggested that runoff from the land surface and deposition from the air
(directly to marine waters) have imposed considerable loads of contaminants to Puget Sound.
The toxics study team concluded that actions to reduce the contamination of the land surface and
air (e.g., best management practices to prevent or minimize toxics releases) and actions to
remove toxic contaminants from surface runoff (e.g., stormwater source control or treatment)
may offer the best opportunities to reduce toxics loading.

Overflows from combined sanitary and storm sewers (CSOs) represented a small percentage of
the loading from runoff because overflow volumes were much smaller than surface runoff
volumes. Across the entire basin, it appeared that CSOs do not present a significant opportunity
to reduce the toxic contaminant loadings to Puget Sound. However, in the vicinity of CSO
outfalls, overflow events may be a significant contributor to localized toxics problems.
Additional controls of CSO discharges may provide toxic reduction benefits for specific
contaminated sites, possibly at the scale of the urban bay.

The Phase 1 project did not sufficiently characterize loadings from the discharge of industrial
and municipal wastewater or from spills directly to surface waters to support conclusions about
the benefits of additional controls on these pathways. The study team recommended further
investigation of these pathways.
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The toxics study team recommended additional review of existing data and collection of new
data to improve toxics loading estimates. Section 5 of this report provides specific
recommendations. Highlights of these recommendations include the following:

m Search for and acquire wastewater concentration and flow information not obtained during
the Phase 1 project (e.g., permittee monitoring reports not stored electronically).

m  Collect and analyze environmental samples to quantify the amounts of specific toxic
chemicals released to Puget Sound. Distinguish temporal variations in loading, and establish
linkages between pollutant sources and pathways.

m Use a quantitative mass balance model to:

Determine whether the current loading estimates are consistent and realistic.

Develop a better idea of the fate of contaminants in Puget Sound and its sub-watersheds.
Establish a consistent approach for identifying key data gaps and uncertainties.

Improve management tools for predicting results from load reductions.

O oO0OO0oo

m  Conduct analyses to improve the understanding of how land use and stormwater management
practices in highly developed areas affect loadings from surface runoff.

m Improve estimates of the contributions of specific toxic chemicals in permitted discharges of
wastewater from industrial and municipal treatment facilities.

m  Develop estimates of toxic chemical loadings from specific potential sources, such as
stormwater runoff from roadways.

m  Apply regional air pollutant transport models to estimate relative differences in deposition
rates at different locations in the Puget Sound watershed.

m  Confirm the estimated atmospheric deposition rates through monitoring at mid-water
locations of Puget Sound and at selected locations on land. Adjust the expected surface
runoff concentrations from the various land uses to account for geographical differences in
air deposition rates.

m  Verify and recalculate if necessary the estimated loading values for arsenic, total PBDEs,
DDT, and triclopyr through collection and analyses of surface runoff from areas of
agricultural, residential, and forest & field land use located throughout the Puget Sound
Basin.

m Improve the understanding of seasonal variations in loading rates.
m Evaluate the relationship between stream flow rates and toxic chemical concentrations.
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1.0 Background and Objectives

The Washington State Department of Ecology (Ecology), United States Environmental
Protection Agency (EPA), Puget Sound Partnership, King County, and other interested parties
are collaborating to advance toxic chemical controls as part of a multi-year effort to protect and
restore the overall health of the Puget Sound ecosystem by 2020. Following a recommendation
made by the original Puget Sound Partnership in December 2006, Ecology and its partners
initiated a multi-year, multi-phase project to improve understanding of and controls on the
sources of toxic chemical contamination to the Puget Sound ecosystem. Some of the objectives
of the overall project include:

m |dentify the toxic chemicals of greatest ecological and human health concern for the Puget
Sound ecosystem.

m Estimate the loading rates of key contaminants from major pathways to all or selected
portions of the Puget Sound ecosystem.

m [f necessary, collect and analyze samples to fill high-priority data gaps.

m  Develop a mass budget for each of the toxic chemicals in the Puget Sound ecosystem,
including characterizing toxic chemical loadings, accumulation, and loss.

m |dentify and understand the degree and sources of uncertainty for each phase of the project.
m Evaluate the potential for reductions in toxic chemical loadings for major pathways.

m  Develop recommendations in each phase of the project for the appropriate uses of the results
and suggestions for data presentation to assure clear communication of the uncertainties.

m Prepare a strategy in collaboration with stakeholders that identifies the actions, practices, and
policies that will reduce loads of toxic chemicals to Puget Sound to protect and restore the
overall health of the ecosystem.

1.1 Report Organization

This summary report presents the results of the Phase 1 assessment of toxic chemical loadings to
Puget Sound. Following this Background and Objectives section, the report includes the
following sections:

2.0 Scope of Services

3.0 Chemicals of Concern and Mass Loading Pathways
4.0 Toxics Loadings Calculations and Results

5.0 Conclusions and Recommendations

6.0 References
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Tables and figures follow the main text. Appendices A and C summarize surface runoff water
quality and atmospheric deposition flux data, respectively, obtained from various studies.
Appendix B presents estimated surface runoff loadings for watersheds defined by Ecology for its
Puget Sound circulation and transport box model. Appendix D presents detailed calculations for
the wastewater point source loading rates.

1.2 Puget Sound Characteristics

Puget Sound, located in Washington State (Figure 1), is the largest fjord-like estuary in the
continental United States. Nestled between the Cascade and Olympic mountain ranges, the
Puget Sound Basin covers more than 43,400 square kilometers (16,800 square miles) of land and
water. It consists of a series of interconnected deep (average depth of 140 meters or 460 feet)
underwater basins separated by ridges called sills. These basins include the deep Main Basin (up
to 280 meters [920 feet] deep) and the shallower South Sound, Hood Canal, and Whidbey
Basins. Admiralty Inlet connects Puget Sound to the Pacific Ocean through the Strait of Juan de
Fuca. For the purposes of this project, the term “Puget Sound” includes all of Puget Sound,
Hood Canal, and the Straits of Georgia and Juan de Fuca within the state of Washington.

Approximately 4,000 kilometers (2,500 miles) of shoreline including a mix of beaches, bluffs,
deltas, mudflats, and wetlands surround Puget Sound. More than 10,000 streams and rivers drain
into Puget Sound and mix with Pacific Ocean-derived salt water. Almost 85 percent of the
annual surface water runoff from the basin discharges from the following ten rivers:

m Cedar/Sammamish m  Puyallup

m Elwha m  Skagit

m  Green/Duwamish m  Skokomish

m  Nisqually m  Snohomish

m  Nooksack m  Stillaguamish

Recent growth and development in the region are stressing the Puget Sound ecosystem. Puget
Sound has significant challenges, from water pollution and sediments laden with toxic pollutants
to sharp declines of salmon, orcas, marine birds, and rockfish. A steady loss of habitat, declines
in some fish and wildlife populations, recontamination of sediment cleanup sites, and closures of
shellfish beds signal that the health of Puget Sound is threatened.

1.3 Contaminant Sources and Pathways

The toxic contaminants that harm and threaten Puget Sound include:

m  Chemicals purposefully synthesized for use in industry and commerce or by individuals.
m  Byproducts of manufacturing or the combustion of fuel.
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m  Elements and compounds that occur naturally but may become concentrated in the
environment due to human uses or other activities.

Releases of toxic contaminants to the environment can occur through designed and controlled
human actions (e.g., application of pesticides or discharge of wastes through outfall pipes and
smokestacks) or as unintended consequences of human activities (e.qg., spills; leaching from
landfills; or deterioration and wear of roof, pavement, and tire materials).

Toxic chemicals make their way from their original sources into Puget Sound through a variety
of pathways. The sources associated with major pathways are described below.

1.3.1 Surface Runoff

The surface runoff pathway includes contaminants transported by rainwater or urban activities
into water bodies that flow to Puget Sound (e.g., by irrigation overflow). For the purposes of
this Phase 1 study, toxic chemicals discharged in overland flow (also called a non-point source),
stormwater that discharges through pipes, and groundwater discharge to water bodies are
considered to be “surface runoff.” Surface runoff can include toxic chemicals dissolved in water
or adsorbed to solid particles (e.g., eroded soil particles). Excluding direct groundwater
discharge to Puget Sound, nearly 85 percent of the surface runoff that enters Puget Sound flows
into the ten large Puget Sound rivers listed above (Puget Sound Action Team 2007). In addition,
thousands of small creeks and stormdrains, and many acres of overland sheet flow contribute
freshwater surface runoff directly to Puget Sound.

Sources of toxic chemicals that surface runoff transports to Puget Sound include motor vehicle
operations, galvanized structures, illegal dumping, aerial deposition of air pollutants onto the
land, pesticide and fertilizer applications, construction materials, and stockpiled materials. For
the purpose of this study, the surface runoff pathway also includes spills onto the land surface
that become commingled with stormwater runoff and groundwater that may discharge to surface
water.

Most urban development in the region occurs along the edge of Puget Sound and in the flatlands
of the major estuaries (Figure 2). Urban lands (areas with a large number and high density of
human residents) cover 11 percent of the Puget Sound Basin. Development in these areas has
replaced trees and soil that had previously captured and filtered toxic chemicals in runoff and
provided protection to Puget Sound.

Human development of the Puget Sound Basin has converted much of the natural landscape of
forests and fields to impermeable surfaces that hasten runoff and facilitate the runoff of fine
particulates to which contaminants have adsorbed. In developed urban areas, runoff (principally
urban stormwater) typically flows through storm sewer systems where it may bypass the soils,
trees, and vegetation that would have captured and filtered toxic chemicals as occurs in
undeveloped areas.
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The National Pollutant Discharge Elimination System (NPDES) program of the federal Clean
Water Act regulates stormwater discharges from some developed areas. Ecology has issued
more than 3,000 stormwater NPDES permits, including 120 municipal separate storm sewer
system Phase | and Il permits, 1,100 industrial stormwater permits, and more than 2,000
construction stormwater permits. Not all stormwater permits require monitoring for toxic
substances. For the most part they are general (as opposed to individual) technology-based
permits (LaLiberte and Ewing 2006).

Agricultural, managed forest, and pasture land also contribute toxic chemicals to surface runoff,
although usually with a different mix of chemicals. Ongoing studies provide examples of these
differences by comparing levels of pesticides found in runoff from two major Puget Sound river
systems: Cedar-Sammamish (an urban sub-basin) and Lower Skagit-Samish (an agricultural
sub-basin). The following table shows the most frequently detected pesticides (>20 percent of
samples) in the stream data from the typical pesticide-use season (March through October) in
2006 (Ecology 2007a).

Pesticide Type Detection Frequency | Maximum Concentration
(percent) (ug/L)
Thornton Creek in Cedar-Sammamish Watershed

Dichlobenil _H 58 . 0.031

2,4-D H 22 0.12

Triclopyr L 22 i 0.097

Sub-Basins in Lower Skagit-Samish Watershed

Diphenamid H 75 0.024

24D o 45 0.43

Dichlobenil H 45 0.13

Metalaxyl | F 39 . 0.13

EPTC H 36 1.8

Simazine . H 36 i 1.6

Bentazon _H 32 0.28

Tebuthiuron  H | 32 0.31

Triclopyr _H 32 0.73

Metolachlor H 29 _ 0.11

Atrazine H 21 . 0.15

MCPA 21 _7 0.18

MCPP H 21 0.046

Pentachlorophenol ‘ WP 21 0.022

Pesticide Types: H = Herbicide
F = Fungicide WP = Wood Preservative
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1.3.2 Aerial Deposition

Air pollution in the Puget Sound Basin originates from sources in the region and areas upwind of
Puget Sound, including elsewhere in the Pacific Northwest and across the Pacific Ocean.
Emitted constituents from local sources may move into upper air strata and out of the Puget
Sound region, or they may deposit onto either water or land surfaces. Contaminants deposited
onto the land may then flow into Puget Sound via stormwater runoff. (For this study,
contaminants carried in stormwater runoff are included in surface runoff calculations.) Airborne
emissions from industrial, commercial, and transportation sources located in this region or
beyond contribute contaminants by deposition to the surface runoff pathway or directly to
surface waters. Local sources include emissions from marine traffic, point sources (such as
factories), commercial enterprises (e.g., dry cleaners, auto body paint facilities), and diffuse
activities such as car, truck, rail, and air traffic, and wood burning.

The Puget Sound Clean Air Agency (PSCAA) and other local air pollution control agencies
inventory sources of air emissions in the Puget Sound area. These efforts primarily assess
emissions of conventional pollutants in the region, such as particulates and sulfur dioxide.
PSCAA has demonstrated that nearly 70 percent of the air pollution comes from motor vehicle
emissions. To show the relative proportion of toxic chemical emissions from various sources,
the following table highlights volatile organic compounds (VOCSs) and fine particulate matter
(PM2.5) (PSCAA 2006).

2004 Emissions
(thousands of tons/year)

Category VOCs PM2.5
Large facility point sources 4 1
On-road mobile sources

On-road gasoline vehicles 78

On-road diesel vehicles 2

Non-road mobile sources

Marine vessels and watercraft 6 2
Off-road vehicles and equipment 17
Aircraft and airport equipment 2 0.2
Stationary area sources
Outdoor burning 4 10
Indoor wood burning 13 4
Other sources (such as evaporation from
paints, solvents, and fuels) 57 9
Biogenic sources 71 0
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The Puget Sound 2005 Maritime Air Emissions Inventory provided the following summary of
the numbers of maritime-related vessels, and the relative volumes of VOCs and PM2.5 from
these sources (Puget Sound Maritime Air Forum 2007).

Emissions
(tons/year)
Source VOCs PM25 Number
Ocean-going vessels 2,937 inbound calls
Hoteling 74 209
Maneuvering 24 17
Transiting 399 566
Harbor vessels 3,363 456 678 vessels
Rail >7,000 trains
Ralil, off-terminal 57 32
Rail, on-terminal 67 32
Cargo handling equipment 103 72 1,145 units
Heavy-duty vehicles, off-terminal 58 39
Heavy-duty vehicles, on-terminal 18 4
Fleet vehicles 5 0

Finally, the 2005 National Toxic Release Inventory gave a rough estimate for air releases of
toxic chemicals from point sources. These numbers likely underestimate the releases because
facilities self report and because the law requires reporting releases only above threshold
amounts. Facilities located in the 12 counties adjacent to Puget Sound reported the following air
releases in 2005 for chemicals of interest (http://www.epa.gov/tri).

: Release Number of
Constituent S
(pounds/year) Facilities
Copper and copper compounds 15,872 12
Dioxin and dioxin-like compounds 3.8 grams/yr 10
Lead and lead compounds 3,204 43
Mercury compounds 219 13
Polycyclic aromatic hydrocarbons (PAHS) 30,991 24
Phenols 47,480 13
Phthalates 4 522 4
Zinc compounds 10,437 8

1.3.3 Discharges of Industrial and Municipal Wastewater

This pathway includes point source effluent discharges from industrial facilities and sewage
treatment plants that flow through discrete pipes into rivers, lakes, and Puget Sound. The state
has regulated point sources under the federal Clean Water Act through NPDES permits since the
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1970s. This pathway also includes sources that are regulated in Washington under general
permits in broad categories such as sand and gravel operators, dairy facilities, and aquatic
pesticide applicators. This pathway does not include discharges from facilities to land surfaces
that do not overflow to surface waters (i.e., irrigation fields, infiltration beds).

Ecology regulates approximately 200 individual permitted effluent dischargers to surface waters
in the Puget Sound Basin. Only about 16 percent of these regulated facilities have permits that
limit toxic pollutants in their treated wastewater (Maroncelli 2007). Approximately 103 sewage
treatment plants discharge to surface waters in the Puget Sound Basin. Ecology regulates 95 of
them, while the EPA regulates 8. The permitted design flow from these facilities totals over 700
million gallons per day. Actual flow is less, though, because these facilities operate at levels
below their permitted design flow. Toxic contaminants in industrial and municipal point source
wastewaters include chemical byproducts and wastes from industrial processes and chemicals
from industrial, commercial, and consumer products such as cleaning products and
pharmaceuticals.

1.3.4 Discharges from Combined Sewer Overflows

Combined sanitary-stormwater sewer systems represent another pathway that conveys toxic
chemicals to Puget Sound. Combined sewer overflows (CSOs) exist in the older parts of some
cities in the Puget Sound region. For most of the year, these combined flows enter sewage
treatment plants and discharge only after treatment. The systems, however, do overflow (as
designed) at designated outfalls when large rainstorms overwhelm the wastewater treatment
plants (WWTPs).

The ten sanitary systems in Puget Sound with CSO components include:

m  City of Anacortes m  Metropolitan King County (West Point)
m City of Bellingham m  Snohomish

m  Bremerton m  City of Olympia

m  City of Everett m City of Port Angeles

m  City of Mount Vernon m City of Seattle

During large rain events, toxic chemicals from these untreated effluents sometimes flow into
Puget Sound at CSO outfalls. Some of these discharges include effluents from industrial
facilities that ordinarily flow to sewage treatment plants. These CSOs had reported flow rates in
the past few years ranging from a low of 495 million gallons in 2001 to a high of 1.7 billion
gallons in 2004. Several contaminated sediment sites in Puget Sound are located at or near CSO
outfalls.
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1.3.5 Direct Spills to Aquatic Systems

Sources of spills directly to aquatic systems include small to catastrophic releases from the
transfer or transportation of hazardous chemicals, oil and petroleum products from refining
activities, tanker ship loading and unloading, transportation of oil via land-based pipelines, and
leaking of derelict vessels. This Phase 1 study incorporates spills onto land surfaces into its
calculations for loadings from surface runoff.

Over 20 billion gallons of oil and hazardous chemicals are transported through Washington State
each year, by ship, barge, pipeline, rail, and road (Ecology 2007b). Analysis of spills from 1980
to 1989 shows that the majority of spills occur during fuel transfers and result in small releases
of several hundred gallons (US Coast Guard 2007).

Chemicals of concern from spills include polycyclic aromatic hydrocarbons (PAHs) and other
petroleum-based chemicals related to fuel. Catastrophic spills may include toxic chemicals
released during transport (such as train derailments).

1.3.6 Groundwater Discharge to Surface Waters

This Phase 1 study has incorporated groundwater discharges to surface waters in upper
watersheds into the baseflow calculations in the surface runoff pathway. A significant amount of
groundwater, however, flows directly into Puget Sound. For example, modeling results for the
Duwamish River Basin showed a total groundwater discharge rate of 0.85 cubic meters per
second (220 gallons per second) to the Duwamish River, Elliott Bay, or Lake Washington
(Fabritz et al. 1998).

Sources of toxic chemical contamination of groundwater include contact with contaminated soil
sites, leaking underground storage tanks, landfill leachate, and other releases from industrial
sites. The sites of most concern for groundwater contamination are located within a kilometer of
the edge of Puget Sound or its drainages. As of June 2006, there were 1,014 listed contaminated
sites within 0.8 kilometers (0.5 miles) of Puget Sound, although 34 percent of these had been
cleaned up (Washington GMAP 2006). Tidally-induced movement of groundwater can increase
the transport rate of contaminants at sites located within 180 meters (600 feet) of the shore.

This Phase 1 study did not evaluate groundwater discharges directly to Puget Sound. However,
this study did include groundwater discharges to streams and rivers as part of surface runoff
discharge.

1.3.7 Flow of Marine Waters from the Pacific Ocean

The exchange of waters with the Pacific Ocean and Canada influences the chemistry of Puget
Sound. For example, surface particles in the North Puget Sound, Central Puget Sound, and
Whidbey Basins can move out of the Sound in 1 to 2 weeks. In the South Sound, surface
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particles reside in the basin for up to 3 weeks before they flush out through Admiralty Inlet or
mix deeper into the water column due to the strong tidal currents in the Tacoma Narrows. At
various places, relatively shallow sills coupled with large tidal volumes result in active surface-
to-bottom mixing. Thus, some of what leaves a basin is re-entrained and returns. This re-
entrainment occurs in the Tacoma Narrows and Admiralty Inlet. Nevertheless, net exchanges
occur between basins and Pacific Ocean waters.

Pacific Ocean water exchanges with Puget Sound and Canadian waters through the Strait of Juan
de Fuca by an incoming deep ocean layer flowing below an outgoing surface fresh water layer.
Ocean conditions strongly influence the delivery of deep ocean water into the Strait of Juan de
Fuca and the rest of Puget Sound. River conditions strongly influence the outgoing surface
layer. Flow rates in the major freshwater rivers in Puget Sound peak in January and June to
levels as high as 850 cubic meters per second (225,000 gallons per second) (Snover et al. 2005).
During the 2000-2001 drought, University of Washington researchers documented a four-fold
decrease in geostatic exchange velocity in the Strait of Juan de Fuca with implications for
exchange of nutrients as well as toxic chemicals (Newton et al. 2003).

Sources of contaminants in incoming ocean water include aerial deposition from global sources
and earth crust and ocean processes that lead to concentration of some chemicals (e.g., metals) in
ocean waters.

This Phase 1 study did not evaluate loading of toxic chemicals from the Pacific Ocean and
Canadian waters.

1.3.8 Leaching or Biotic Activation from Contaminated Sediments

Toxic chemicals in Puget Sound bottom sediments, especially in the top 10 centimeters (4
inches) of the sediment, have the potential to leach into surface waters or become incorporated
into the food web by bottom dwelling organisms that are in turn consumed by higher trophic-
level aquatic species. Contaminated sediments serve as a long-term source of contamination to
Puget Sound when they remain in place. Contaminated sediments may also serve as short term
bursts of sources when dredged for maintenance or cleanup purposes.

Based on data collected from 1997 to 2003 (PSAMP 2007), Puget Sound contains approximately
18 square kilometers (6.9 square miles) of degraded sediments and more than 820 square
kilometers (320 square miles) of sediments of intermediate quality. Identified contaminated
sediment sites in the Puget Sound Basin include 49 federal Superfund sites (Washington GMAP
2006). Ecology’s most recent sediment cleanup status report in 2005 catalogued the following
Puget Sound sites (Ecology 2005a).
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Location* Clear.1ed.up/
:  Monitoring
Bellingham Bay 7 10 7 2
Commencement Bay 4 9
Duwamish River 10 2
Elliott Bay/Harbor Island 13 11
Everett and Port Gardner 6 5
Fidalgo Bay _ 7 _ 1
Kitsap Peninsula/Sinclair Inlet 4 12
Lake Union 6 1
Lake Washington 3 3

*Includes sites under federal oversight

Toxic chemicals enter water bodies and accumulate in bottom sediment from shipping and
boating activities (such as paint flaking off ships or from boatyard activities), stormwater
discharge, wastewater effluent, CSO outfalls, spills, and aerial deposition.

This Phase 1 study did not evaluate toxic chemical loading from sediment flux.

1.3.9 Migration of Biota into Puget Sound

Migrating biota can carry accumulated contaminants from urban/industrial areas and from
globally distributed contaminants in the north Pacific Ocean into the Puget Sound Basin. For
example, Krummel et al. (2006) showed this chemical transfer process from sockeye salmon to
otherwise pristine lakes and creeks in Alaska.

This Phase 1 study did not evaluate the impact of migrating biota on the loading of toxic
chemicals into Puget Sound.
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2.0 Scope of Services

Ecology and its partners plan to perform the overall toxic chemical loadings project in phases.
The objective of the Phase 1 work is to develop a preliminary assessment of loadings of toxic
chemicals to the Puget Sound ecosystem. Specific Phase 1 tasks identified by Ecology and the
interagency project steering committee include the following:

m Identify and prioritize a list of toxic chemicals of concern that enter the Puget Sound
ecosystem.

m |dentify simple models that can be used to evaluate toxic chemical loadings to the Puget
Sound ecosystem.

m  Obtain and review available data to characterize and evaluate the loading of the toxic
chemicals of concern to the Puget Sound ecosystem.

m Characterize sources and pathways of toxic chemicals of concern.

m  Prepare this summary report to present results of Phase 1 activities and identify uncertainties
and data gaps.

Ecology and the project steering committee selected Hart Crowser to assist with completing the
Phase 1 project. Ecology also formed several work groups to accomplish specific technical
tasks, such as selecting chemicals of concern and obtaining pathway-specific loading data. The
project steering committee selected the members of the work groups from their own agencies,
other stakeholders with particular knowledge or skills, and the general scientific community.

The following sections describe the scope of Phase 1 tasks in greater detail.

2.1 Identify Toxic Chemicals of Concern

Hart Crowser and the chemicals of concern work group identified a list of toxic chemicals of
concern and appropriate indicator parameters that enter the Puget Sound ecosystem and pose
significant threats to ecological and/or human health. The work group prioritized the list of toxic
chemicals based on the relative magnitude of their threat as discussed in Section 3.1.

2.2 ldentify Simple Toxics Loading Models

Hart Crowser and the modeling work group identified simple models that could be used to
evaluate toxic chemical loadings in the Puget Sound ecosystem, including watershed hydrology
and loading tools. Ecology’s Environmental Assessment Program provided guidance to ensure
that the selected hydrologic model would be consistent with and be able to “feed” the Puget
Sound circulation model (box model) currently under development. Modeling of other pathways

Phase 1: Initial Estimate of Toxic Chemical Loadings Page 17
October 2007



was straightforward (e.g., atmospheric deposition) or was not attempted by Hart Crowser (e.g.,
municipal and industrial wastewater point sources).

2.3 Obtain Toxic Chemicals Loading Data

Hart Crowser and the data work group identified available data to characterize and evaluate the
loading of the toxic chemicals of concern to the Puget Sound ecosystem via the various
pathways. The sources of data included peer-reviewed, trade, and unpublished literature;
databases maintained and provided by various agencies and non-governmental organizations;
and other information identified by the Ecology project steering committee and project work
groups. Table 10 lists data sources and the types of information provided. Hart Crowser
compiled pertinent data into a GIS-linked database.

Ecology and the project steering committee determined that the loading of toxic chemicals of
concern associated with sediment transport and biota would be addressed in later phases of the
project.

2.4 Characterize Sources and Pathways of Toxic Chemicals
of Concern

Hart Crowser used ArcMap 9.2 with Spatial Analyst (ESRI 2006) to assemble the geographic
data and organize it into study units. Sources of shapefiles and geo-referenced data included
Ecology, the United States Geological Survey, Washington Department of Natural Resources,
United States Department of Agriculture, and King County. Hart Crowser clipped or extracted
existing shape files to the extent of the project area. Hart Crowser compiled a 90-meter digital
elevation map of the Puget Sound area from county-wide coverage produced by the Washington
Department of Natural Resources. Hart Crowser queried land use and land cover information
using Spatial Analyst for ArcGIS 9.2 from the MRLC Consortium’s Washington grid data.
Table 11 lists the GIS data sources that were used.

Hart Crowser used the toxic chemical data to develop spreadsheet summaries of regional or
Puget Sound-wide loading estimates by pathway and major groups of the chemicals of concern
(e.g., metals, PAHSs, pesticides). Hart Crowser used these tables to assess the relative
contributions of toxic chemicals to the Puget Sound ecosystem for the identified pathways.

Due to the lack of readily available data, loading estimates were not developed for the following
pathways:

m  Groundwater discharge to surface waters

m  Flow of marine waters from the Pacific Ocean
m Transfer from contaminated sediments

m Migration of biota into Puget Sound
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2.5 Prepare Summary Report

This report summarizes the results of the Phase 1 activities completed, including:

m Rationale for selection of the toxic chemicals of concern.

m  Description and listing of data source references reviewed as part of research on loading of
toxic chemicals of concern to the Puget Sound ecosystem.

m Rationale used to develop Puget Sound regions and chemical groupings for calculating
loading estimates.

m  Spreadsheet summaries of Puget Sound loading data estimates by pathway and toxic
chemicals of concern groupings.

m Discussion of data gaps and uncertainties.
m  Suggested future Phase 2 scope items.
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3.0 Chemicals of Concern and Mass Loading
Pathways

3.1 Identify Chemicals of Concern

Ecology and its partners intend to use the loading information from this Phase 1 project and
future estimates to reduce the releases of toxic chemicals to Puget Sound. Both Phase 1 and
future studies will develop increasingly accurate information about the relative contributions of
the various sources of toxic chemical loadings to the Puget Sound ecosystem. In later phases of
the project, Ecology and its partners will use this information to help guide decisions about how
to most effectively direct resources to address toxic contamination problems (e.g., which sources
or pathways should receive priority attention; how much toxic reduction can be accomplished by
sediment cleanup, by stormwater management, etc.). Therefore, the chemicals addressed in the
Phase 1 study include those that harm or threaten to harm the Puget Sound ecosystem and those
that represent, or serve as an indicator for, a particular class of chemicals. For all of the toxics
included in Phase 1, uncertainty exists in quantifying the sources and pathways by which
chemicals enter the Puget Sound ecosystem.

Over the past 150 years, human activities have released numerous toxic chemicals into Puget
Sound. The Puget Sound Action Team (PSAT) review of “Toxics in Puget Sound” dated April
2006 provides a list of toxic contaminants that harm or threaten to harm the Puget Sound
ecosystem and human uses of the ecosystem. The PSAT list of toxic contaminants included six
metals (arsenic, cadmium, copper, lead, mercury, and tributyl tin) and seven classes of organic
compounds (polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHS),
pesticides, dioxins and furans, phthalate esters, polybrominated diphenyl ethers (PBDEs), and
hormone disrupting chemicals). Ecology, Hart Crowser, and the chemicals of concern work
group used PSAT’s list as a starting point in its deliberations about which chemicals to address in
this Phase 1 project.

The work group recommended to eliminate tributyl tin, one of the chemicals identified in the
PSAT review, from evaluation in this Phase 1 study because the harm and threats that it poses in
Puget Sound relate to its use as an anti-fouling agent in marine environments. Hart Crowser did
not address this as a chemical of concern for this Phase 1 study because the sources and
pathways by which tributyl tin is introduced to the Puget Sound ecosystem are already well
understood.

The work group recommended that Hart Crowser should include oil and petroleum products on
the list of Phase 1 chemicals of concern. The PSAT review discussed threats from oil spills in
the Puget Sound region but did not include oil or petroleum products in its list of contaminants of
concern. The work group and Hart Crowser also included zinc. Although zinc was not
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discussed in the PSAT review, it appears to be an emerging issue for aquatic resources as
evidenced by tentative findings of increasing sediment concentrations.

Table 1 presents the specific parameter list and rationale for the selection of the 17
chemicals/groups studied in Phase 1. Work group members suggested a number of other
chemicals or groups (e.g., chromium, chlordane, diazinon, and a general category labeled
“poisons”) for consideration in the project. The work group did not reach consensus on these
other parameters and, therefore, Hart Crowser did not address them in this Phase 1 project. The
project steering committee will continue discussions about a larger list of contaminants to
identify any chemicals that should be addressed in later phases of the loading studies.

3.2 Description of Mass Loading Pathways Addressed in
the Study

Figure 3 graphically illustrates the pathways by which contaminants can be transported to Puget
Sound. The Phase 1 study addressed only the following pathways: runoff from urban lands and
non-urban areas, atmospheric deposition to marine waters, point source discharges of industrial
and municipal wastewater, CSO outfalls, and direct spills to marine waters and tidelands.

The availability of resources and sufficiency of compiled data did not allow estimates for all
pathways by which toxic chemicals of concern enter Puget Sound. Pathways not addressed by
this Phase 1 study included: direct groundwater discharge, ocean inputs, sediment flux, and
biota migrations. Excluding these pathways from the Phase 1 analysis may leave significant
gaps in overall loading estimates since some of these pathways may contribute sizable loads of
some contaminants (e.g., arsenic from tidal exchange with the ocean).

Chemical transport in water derived from precipitation occurs as both overland flow of water and
groundwater recharge. This Phase 1 study addresses chemical loadings via groundwater that
discharges to surface waters other than Puget Sound (i.e., streams and rivers) as the baseflow
component of the surface runoff pathway. Groundwater that flows directly into Puget Sound
was not addressed separately in this study. Hart Crowser characterizes in this report contaminant
loads in overland flow and groundwater recharge from commercial/industrial, residential,
agricultural, and forest and field land and from urban and non-urban areas as surface runoff.

As shown on Figure 3, chemicals of concern can transfer from the atmosphere to land and water
surfaces. Deposition of chemicals from the atmosphere to land surfaces represents one of the
sources of contamination in urban stormwater and other runoff. This Phase 1 project does not,
however, distinguish this or other sources of toxics in runoff. Three mechanisms transfer
chemicals of concern from the air to water: wet deposition (rain or snow), dry deposition (falling
particles), and gas absorption (gas-phase transfer from air to water). Section 4.2 provides more
discussion of the atmospheric loading mechanisms.
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This Phase 1 project estimates toxic contaminant loads in discharges of treated wastewater from
industrial facilities and publicly owned treatment works (POTWSs). This project also
characterizes discharges of minimally-treated effluent from CSO events. As discussed in Section
1.3.4, in ten Puget Sound jurisdictions stormwater is mingled with municipal wastewater in
combined sewer systems. Overflows from these CSOs are episodic, but typically receive lower
levels of treatment than municipal wastewater.
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4.0 Toxics Loadings Calculations and Results

4.1 Runoff Pathway

To address the uncertainty involved with chemical concentrations in runoff, Hart Crowser
developed a probabilistic approach to estimating chemical mass loadings to Puget Sound. This
Phase 1 study did not assess or present the uncertainties involved in characterizing runoff
quantity or land use, two other key determinants of runoff pathway loadings.

Rather than computing one “best estimate” and making arbitrary estimates of “high” and “low”
mass loading rates, Hart Crowser used the results of statistical analyses of chemical
concentrations in runoff to quantify the probabilities of a range of mass loading rates from the
study units. For example, statistical evaluations of chemical concentrations in runoff, as
documented in the comprehensive National Stormwater Quality Database (NSQD; Maestre and
Pitt 2005), have shown that the concentrations for most constituents follow lognormal
probability distributions. The NSQD contains water quality information from the EPA’s NPDES
stormwater permits during the period 1992 to 2002. The database contains data for about 3,765
storm events from 360 cities throughout the United States.

Evans et al. (1993) describe the mathematical formulation of the lognormal probability
distribution for a variable, such as chemical concentration (c) in runoff. Two parameters define
the lognormal distribution: the median (m) and the standard deviation (o) of In(c) (the natural
logarithm of the concentration). Larger values of o indicate greater uncertainty in the
concentration estimates for a particular runoff chemical. Figure 6 shows (a) the lognormal
probability density function (PDF) and (b) the cumulative probability function (CPF) for m = 1.0
and 6 = 0.6 and 1.0. The horizontal scale of both the PDF and CPF represents uncertainty.

The CPF can be used to estimate the probability of exceedance of a specific value of a variable
(e.g., concentration or mass loading). CPF can also be used to evaluate the likelihood that a
concentration or loading lies within a certain range of values. For example, in Figure 6b, the
probability that X (e.g., concentration or loading) is less than or equal to 1.0 is about 50 percent.
Similarly, the probability that X is less than or equal to 0.5 is approximately 10 percent for c =
0.6, and 20 percent for o = 1.0. By reversing the logic, the CPF shows that the probability that X
is greater than 0.5 is approximately 90 percent (i.e., 100 minus 10) for ¢ = 0.6, and 80 percent
for o = 1.0.

Finally, the difference between two cumulative probabilities on the vertical axis can be used to
estimate the likelihood that a specific value of X lies within a certain range. For example, using
the preceding example, the likelihood that X lies between 0.5 and 1.0. is 40 percent (50 minus
10) for o = 0.6 or 30 percent (50 minus 20) for ¢ = 1.0.
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Thus, this Phase 1 report expresses loading estimates in terms of best estimates of the median
and “probabilities of exceedance” (POEs). For example, the values shown below have the
following meanings:

. . Probability of Exceedance Loading
Toxic Chemical ;
(percent) (metric tons/year)

Arsenic 95 3.6

75 8.8

50 16.

25 31.

5 77.

m  The best estimate of the median (50th percentile) for the total
loading of arsenic is 16 metric tons/year.

m A 25 percent probability exists that the actual loading of arsenic is
greater than 31 metric tons/year.

m  We are 95 percent certain than the actual loading of arsenic is not
less than 3.6 metric tons/year.

4.1.1 Hydrologic Study Units and Land Use Delineation

Hart Crowser delineated six hydrologic study units (Figure 4) based on topography, land use, and
available hydrologic information. These include the following basins: Bellingham, Whidbey,
Main, South Sound, Hood Canal, and Olympic Peninsula. Hart Crowser based topographic
analyses on 90-meter digital elevation maps of the Puget Sound area compiled from county-wide
coverage areas produced by the Washington State Department of Natural Resources (DNR).

Hart Crowser determined hydrologic boundaries by evaluating existing Water Resource
Inventory Areas (WRIA) and the discharge regions defined by Lincoln (1977).

Figure 5 shows land use variations in the study area, which were estimated from the Multi-
Resolution Land Characteristics (MRLC) Consortium’s Washington grid data. As part of a
cooperative project between the United States Geological Survey (USGS) and the EPA, the
MRLC grid offers a consistent land cover data layer for the contiguous United States based on
30-meter Landsat data.

Table 2 summarizes the land use distributions in the six study areas based on four groups or
categories: commercial/industrial (includes transportation), residential (high and low intensity),
agricultural, and forest and field, and a division of each basin into urban and non-urban areas.
Most of the Puget Sound drainage area consists of open area, mostly made up of forest and field
land use (about 80 percent or more) (Figure 5). The Bellingham study area contains the largest
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percentage of agricultural use (about 15 percent). The highest degree of development occurs in
the Main Basin area (about 10 percent residential and 3 percent commercial/industrial) and the
South Sound area (about 6 percent residential and 2 percent commercial/ industrial).

Based on the U.S. census definition of urbanized areas, 11 percent of the Puget Sound watershed
is urban. The urban portion of the watershed covers about 385,000 hectares (1,490 square miles)
and encompasses 79 percent of the watershed’s residential lands and 71 percent of the
commercial/industrial lands, but only 13 percent of the agricultural lands and 7 percent of the
forests and fields.

4.1.2 Surface Runoff Rates

Hart Crowser computed surface runoff rates for the hydrologic study units using long-term
stream discharge measurements from several gauging stations located throughout the Puget
Sound drainage basin. Hart Crowser followed the methodology of Lincoln (1977) with two
exceptions: (1) they modified the calculations to account for the hydrologic study areas
described in Section 4.1.1 and (2) they used the most recent 10-year period of gauging station
data. For most rivers and streams, the averages (means) of the last 10 years of discharge data
very closely approximated the magnitude of the averages for the entire period of record.

The Lincoln method is a traditional hydrologic technique that uses long-term annual and monthly
averages of stream discharge measurements to characterize the rate of runoff from the watershed
area that drains into the river/stream upstream from the gauging station. This method
characterizes runoff from a watershed in units of discharge per unit area (e.g., cubic meters per
year per acre [m®/yr/acre]). Runoff rates depend on the local precipitation and evapotranspiration
rates, the drainage properties of surficial soils, topography, etc. In order to account for runoff
from ungauged watersheds, Hart Crowser assessed the hydrologic characteristics in nearby
gauged watersheds, compared them with those in the ungauged watersheds, and then applied
normalized discharge rates to the ungauged watersheds.

Table 3 summarizes the computed monthly and annual average total runoff rates for the six study
areas. The total runoff rate for the six areas is 1,717 m*/sec (454,000 gallons/sec). The
combined annual mean runoff from the Main Basin, Whidbey Basin, Hood Canal, and South
Sound units is 1,420 m%sec, which is very close to the value of 1,400 m*/sec (371,000
gallons/sec) estimated by Lincoln (1977). The largest average annual runoff per study area
(0.00024 m*/sec/acre) occurs in the Whidbey Basin area, whereas the smallest normalized annual
runoff (0.00013 m®/sec/acre) occurs in the South Sound area. The mean runoff for the six areas
is 0.00020 m*/sec/acre.
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4.1.3 Surface Runoff Water Quality Data

As part of this Phase 1 study, Hart Crowser performed an extensive literature survey to obtain
runoff water quality data that they could use for the loading calculations. Appendix A
summarizes the results of this literature review. Section 4.1.4.2 presents the land use-based
concentrations for each toxic chemical used in the mass loading calculations for the surface
runoff pathway.

4.1.4 Mass Loadings for Runoff Pathway
4.1.4.1 Runoff as a Function of Land Use

The study area discharge rates presented in Section 4.1.2 represent spatial averages of runoff
from all land uses in the respective drainage areas. To calculate runoff loadings as a function of
land use, Hart Crowser distributed the total runoff volumes across different land uses based on
the runoff coefficient technique (Chow 1964) using the following equation:

g =rfQ
where:
o} = total study area discharge rate (volume/time) from land use i
fi = fraction of total study area represented by land use i (Table 2)
Q = study area discharge rate (Table 3)

=
1

relative runoff rate (dimensionless) for land use i

Hart Crowser computed the values of r; for the four land use types using the following four
equations:

rify + rofs + rgfg+rafy = 1.0
ro/r, = (Re)/ (Re),
ri/rz3 = (Rc)/ (Re)s
ri/ry = (Re)/ (RC)4

where:

(Rc), = runoff coefficients (fraction between 0 and 1) for land use i
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The following equation shows the approach used to compute runoff chemical loading rates to
Puget Sound, m; (mass/time), for each land use i :

m; = {; G
where:

Ci = best estimate of the representative chemical concentration in the runoff
from a specific land use

Hart Crowser used the following runoff coefficient values to estimate the study area loading rates
for each chemical of concern:

(RC)commercialindustrial = 0.85
(RC)residential = 0.70
(RC)agricuttural = 0.60
(RC)forest & field = 0.50

To determine these values of (Rc); , Hart Crowser reviewed various published data for the Puget
Sound Region assembled by the U.S. Geological Survey, King County, and others. These data
included runoff coefficient values, flow data from monitored gauging stations, and land use
coverages (e.g., for Skagit River in the Whidbey Basin and Green River in the Main Basin).
Hart Crowser employed the selected runoff coefficients (listed above) in the loading calculations
for all of the study areas in the Puget Sound watershed.

4.1.4.2 Selection of Concentrations for Loading Calculations

Based on the data presented in Appendix A and discussions with Ecology and the project work
groups, Hart Crowser selected representative concentrations of the toxic chemicals of concern in
runoff as a function of the four types of land use. Table 4 summarizes these available data, along
with the predominant land use associated with each measurement, and lists the selected
concentrations for the runoff loading calculations.

Since the concentrations were derived from measurements at various geographic locations with
differing climatologic conditions, Hart Crowser gave the highest priority to monitoring data from
water bodies and drainage areas within the Puget Sound watershed. Hart Crowser assigned
second priority to monitoring data from water bodies in the United States and elsewhere with
climatologic conditions similar to the Puget Sound region (e.g., British Columbia, United
Kingdom). Monitoring data from water bodies in the United States with climatologic conditions
dissimilar to the Puget Sound region (e.g., California, eastern Washington) had third highest
priority. However, analyses of data in the NSQD (Maestre and Pitt 2005) demonstrated that
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chemical concentrations in runoff do not show a strong dependence on geography or climate, but
rather on land use.

4.1.4.3 Results of Runoff Loading Calculations

Figures 7 and 8 depict the estimated ranges of Puget Sound surface runoff loading rates (total
and by study area, respectively). Table 5 summarizes estimated runoff loading rates (Mg) to
Puget Sound based on five probabilities of exceedance (POE): 95, 75, 50, 25, and 5 percent.
Hart Crowser estimated the runoff concentrations, c, for each POE based on the water quality
information in Table 4 [median concentration (m) and standard deviation (c)] and the
mathematical form of the lognormal probability distribution. The values of the loading rates
(Mg) increase with decreasing probability of exceedance. The median Mg corresponds to the 50
percent probability of exceedance. Using copper as an example, the estimated median total Mg
is approximately 102 metric tons per year (mt/yr). Similarly, the expected probability that
(MR)copper 1S greater than about 198 mt/yr is 25 percent (75 percent likelihood that (Mr)copper < 198
mt/yr).

In addition, we can analyze the ranges of probability of exceedance (POE) to determine the
probability that a particular loading rate lies within a specific range. For example, there is a 50
percent likelihood that (Mg)copper 1S bEtWEEN approximately 49 (75 percent POE) and 198 (25
percent POE) mt/yr. Similarly, there is an expected 90 percent chance that (Mg)copper li€S in the
range of approximately 17 (95 percent POE) to 621 (5 percent POE) mt/yr.

4.1.4.4 Discussion of Runoff Loading Results

Land use was the key determinant of the toxic chemical loading in surface runoff. Compared to
undeveloped forests and fields:

m Lands developed for industrial/commercial, residential, and agricultural use generated more
runoff per unit area.

m This runoff from developed areas carried greater concentrations of toxic chemicals.

The runoff coefficients developed for this study were consistent with the results of other models
and our understanding that developed lands produce greater rates of runoff than do undeveloped
lands. The coefficients suggested that a given area of commercial/industrial land typically
produces 70 percent more runoff than would have come from that land in the forested condition.
Similarly, runoff rates from residential lands and agricultural lands were 40 percent and 20
percent greater, respectively, than the runoff rates from forests and fields lands.

Runoff from industrial/commercial lands generally had the poorest quality, with concentrations
of many chemicals 20 to 200 times greater than the concentrations in forest and field runoff.
Runoff from residential and agricultural lands was of intermediate quality for most chemicals,
with concentrations 2 to 100 times those in forest and fields runoff. Since mass loading of toxic
chemicals combined the effects of both greater flows and greater concentrations, the loading per
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unit area of developed lands was considerably greater than that from forests and fields. However
since forests and fields cover almost 90 percent of the Puget Sound Basin, the total loading from
these undeveloped lands is still considerable for some chemicals.

Table 6 presents study area runoff loading rates (median values) expressed as (1) a percentage of
the total Puget Sound runoff loading, and (2) runoff mass loading per unit of drainage area
(mt/yr/ha). For all the toxics evaluated except the pesticides, runoff from the highly urbanized
Main Basin contributed most to the total loading to Puget Sound. The Main Basin contributed
the highest relative percentage (38 to 43 percent) of cadmium, lead, zinc, and mercury, and about
twice as much as the Whidbey Basin and South Sound Basin. The Main Basin and Whidbey
Basin yielded the greatest arsenic and copper loadings (27 to 34 percent), contributing about two
times more than those for the South Sound. Almost one-half of the total loading of PCBs,

PAHSs, petroleum products, and nonylphenol appeared to originate in the Main Basin (about two
times greater than the corresponding loading rates for the Whidbey and South Sound Basins).
Most of the PBDEs, bis(2-ethylhexyl)phthalate (BEHP), and dioxin loadings originated in the
Main Basin (29 to 39 percent) and the Whidbey Basin (22 to 31 percent). About 37 percent of
the estimated DDT loading originated in the Whidbey Basin, which was almost twice the loading
rate for the Main Basin. Most of the estimated total triclopyr loading originated in the Whidbey
Basin (30 percent) and Main Basin (28 percent).

Evaluation of loading from runoff on a per study area basis demonstrated differences between
the highly urbanized Main Basin and the other basins. The mercury, zinc, lead, copper, and
cadmium runoff loading rates per study area showed similar magnitudes in the South Sound,
Hood Canal, Whidbey Basin, Bellingham, and Olympic Peninsula areas. These estimated metals
loading rates per study area for these five study areas were two to three times smaller than those
for the highly urbanized Main Basin. The arsenic runoff loading rate per study area was similar
in magnitude for all study areas.

The PCBs, PAHSs, petroleum products, and nonylphenol runoff loadings per study area showed
similar magnitudes in the South Sound, Hood Canal, Whidbey, and Bellingham Basins. The
runoff loading rates per unit area for these four chemical groups in the four study areas were
about two to four times smaller than those for the Main Basin and generally 1.5 to 2 times
greater than those for the Olympic Peninsula. The PBDEs, BEHP, and dioxin loading rates per
study area in the South Sound, Hood Canal, Whidbey Basin, and Olympic Peninsula areas
showed a similar pattern (up to a factor of three less than those for the Main Basin and
Bellingham Basin). The largest DDT and triclopyr loading rates per area originated in the
Whidbey Basin and Bellingham areas. However, these were similar in magnitude to those in the
Main Basin, Hood Canal, and Olympic Peninsula areas. DDT and triclopyr runoff from the
South Sound area was less than the loadings from the other study areas on a unit-area basis.

The results for bis(2-ethylhexyl)phthalate were consistent with the Sediment Phthalates Work
Group determination (2007) that the primary source of phthalates is off-gassing from plastic
products. Apparently, after volatilizing from populated areas, phthalates fall to the ground
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nearby either directly or by attaching to particulates that then settle to the ground. These
phthalates then migrate to Puget Sound via the surface runoff pathway (e.g., stormwater
flushing).

From an evaluation of loadings as a function of land use, a different pattern emerged. The last
columns of Table 6 summarize runoff loading percentages as a function of land use. The loading
calculations indicated that undeveloped areas (forest/field and agricultural land uses) contributed
most (about 60 to 70 percent or more of the median loading) of the arsenic, copper, PBDEs,
DDT, and triclopyr loadings by surface runoff to Puget Sound. Mercury, lead, PCBs, BEHP,
and dioxins loadings showed a relatively even distribution between developed and undeveloped
areas. Total Puget Sound loadings for cadmium, zinc, nonylphenol, PAHSs, and oil/petroleum
product most strongly correlated with high-development land uses (about two-thirds of the total
median loadings).

Monthly estimates of runoff loading rates (metric tons per month) equal the product of the
annual mass loadings (Table 5) and the relative monthly runoff coefficients (Table 7). The
monthly runoff coefficients represent the total monthly runoff volume divided by the annual
volume (Table 3). This approach to monthly loading estimation assumes that runoff quality does
not exhibit a strong seasonal correlation. This assumption needs further evaluation. Analyses of
data in the NSQD show that seasonal variations of runoff concentrations are not as obvious as
the land use or geographical variations, except for bacteria. Bacteria appear to be lowest during
the winter season and highest during the summer and fall (Maestre and Pitt 2005). Evaluations
of historical data collected as part of the Nationwide Urban Runoff Program (USEPA 1983)
provided similar conclusions. For example, a recent water quality analysis of the Green-
Duwamish drainage system (King County 2007) indicated the concentrations of several
chemicals during peak-flow periods were as much as 2 to 3 times higher than concentrations
during lower baseflow conditions.

4.1.4.5 Loading Results to Feed the Ecology Box Model

The fate and transport box model of Puget Sound that Ecology has been developing employs
loading inputs that differ from the loading outputs that Hart Crowser could provide based upon
its study areas. Therefore, Hart Crowser determined loading rates for an additional set of 14
study areas that corresponded to the loading inputs of the box model. Table B-1 in Appendix B
shows the total average annual surface runoff rates for the box model study areas, which
corresponds to the total average annual surface runoff rates shown in Table 3 for the Hart
Crowser study areas. The total flows differed between these two differing sub-divisions of the
Puget Sound watershed. The Hart Crowser study areas yielded 1,717 m®/sec, and the box model
study areas yielded 1,785 m*/sec. This small 4 percent difference was the expected result of
computations based upon different sub-watershed groupings in each of the study areas.

The estimated loading rates for surface runoff for the box model study areas are presented in
Table B-2 in Appendix B. Similarly, the total loading to Puget Sound for each chemical of
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concern differs from that based upon the Hart Crowser study areas. The differences between the
two sets of calculations were small relative to the uncertainties of the estimates themselves.

4.2 Atmospheric Deposition Pathway

Three mechanisms transfer pollutants from air to water (Figure 3): wet deposition (rain or snow),
dry deposition (falling particles), and gas absorption (gas phase transfer from air to water). Wet
deposition is the product of the volume-weighted mean precipitation concentration, the rate of
precipitation, and the water body surface area. Dry deposition rates reflect the amount of
contaminant transferred to the surface via the settling of particles (the product of particle velocity
and the concentration on the solid phase).

Contaminant mass may also leave the water body by volatilization (water to air transfer).
Together, gas absorption and volatilization are called gas exchange (IADN 2000). The gas
exchange rate may be positive (absorption greater than volatilization) or negative. Gas exchange
represents the dominant atmospheric deposition process for many semivolatile toxic chemicals
such as LPAHSs (low molecular weight PAHS). For example, gas absorption represents the
dominant atmospheric mechanism for LPAHSs loading to the Great Lakes (IADN 2000).
However, wet and dry deposition served as the main atmospheric pathways for the HPAHs
(other high molecular weight PAHS).

4.2.1 Atmospheric Deposition Flux Measurements from Various Studies

As part of this Phase 1 study, Hart Crowser performed an extensive literature survey to obtain
atmospheric deposition flux measurements that could be used for the loading calculations.
Appendix C summarizes the results of this literature review.

4.2.2 Atmospheric Loadings
4.2.2.1 Selection of Atmospheric Deposition Rates

Based on the data presented in Appendix C and the results of discussions with Ecology, Hart
Crowser selected representative atmospheric deposition rates for the Puget Sound water surface
for each of the chemicals of concern. Table 8 summarizes these available data and lists the
selected fluxes for the atmospheric loading calculations. Comments in the table explain the
rationale for flux selection.

Many of the flux measurements from the literature review were taken in urban or otherwise
developed areas that are not representative of the Puget Sound water surface as a whole.
Therefore, Hart Crowser selected the estimated fluxes in Table 8 to represent areas of less
development [e.g., the “rural” and “marine” sites in the Crecelius (1991) study] so that the
corresponding atmospheric loadings estimates would not be overly biased by urban/industrial
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centers. Hart Crowser selected the upper- and lower-bound fluxes (i.e., low and high
probabilities of exceedance, respectively) to mirror the variability (i.e., potential range) of the
measurements reported in the literature.

4.2.2.2 Results of Atmospheric Loading Calculations

Figure 7 shows the estimated range of atmospheric loading rates to Puget Sound for each of the
chemicals of concern. Table 9 summarizes the estimated average annual atmospheric loading
rates, M, (mt/yr), for the chemicals of concern. Hart Crowser computed M, as the product of the
mean atmospheric deposition flux, F (Tables 8 and 9), and the Puget Sound water surface area,
Aps , using the following equation:

Ma = F Aps

Aps , wWhich also includes the portions of the Strait of Juan de Fuca and Strait of Georgia located
within the United States border (Figure 1), represents approximately 8,530 square kilometers
(3,290 square miles).

4.2.2.3 Discussion

As summarized in Table 9, the atmospheric loading for most chemicals of concern represented a
fraction of the surface runoff loading. The estimated medium POE atmospheric loading rates for
the metals varied from 5 to 35 percent of the total median surface runoff loading rates for Puget
Sound. Atmospheric loading rates for PCBs, dioxin, DDT, and BEHP represented about 4 to 7
percent of the runoff pathway. Total estimated air-to-water transfer rates of cPAHs
(carcinogenic PAHSs) and HPAHs showed similarities in magnitude to the corresponding median
runoff loading rates. Unlike the other chemicals of concern, the estimated atmospheric loading
rate of PBDES was ten times greater than the total runoff loading. However, both pathways had
few available PBDE measurements.

Hart Crowser considers the atmospheric deposition fluxes to have a greater degree of uncertainty
than the surface runoff loading rates based on the limited number of measurements in the Puget
Sound area. For example, as discussed earlier, most of the available atmospheric flux data were
land-based or shoreline measurements taken in areas that did not directly reflect the air quality
and atmospheric physics (i.e., chemical deposition and air-water exchange) of offshore regions
(i.e., over-water areas) of Puget Sound. In addition, no direct measurements of gas exchange
(absorption and volatilization) rates for semivolatile chemicals of concern were available. Gas
exchange served as the dominant atmospheric deposition process for many semivolatile toxic
chemicals such as LPAHs.
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4.3 Wastewater Loading Pathway

4.3.1 Data Sources

Ecology provided more than one million data points for the wastewater loading calculations. In
most cases, the wastewater data consisted of either a flow rate or a chemical concentration, but
rarely both. Approximately 55,000 of these measurements consisted of matched flow rate and
wastewater concentration data, which are required to directly compute the mass loading rate. Of
these, 7,146 measurements were for Phase 1 chemicals of concern. Separating wastewater data
from CSO and surface water (rivers and streams) data left 5,770 matched pairs of flow rate and
concentration measurements that could be used to compute wastewater loadings for the
chemicals of concern.

4.3.2 Wastewater Loading Rates

Appendix D presents information on the calculated wastewater loadings for chemicals and
facilities at which paired flow and concentration data were available. This appendix also
includes details about the time period of sampling, number of data points, and number of
sampling locations.

Hart Crowser computed the wastewater chemical loading rate, My , for each facility for which
paired concentration and flow data were available as the product of the mean discharge rate,
Qww, and average chemical concentration in the wastewater effluent, Cww, for the monitoring
period using the formula:

Mww = Quww Cww

This approach to characterizing toxic chemical loadings from municipal and industrial
wastewater provided an incomplete accounting of loadings from this pathway. Paired data on
concentration and flow existed for relatively few of the approximately 200 facilities in the Puget
Sound Basin with individual wastewater discharge permits, municipal or industrial. Table 12
summarizes the estimated annual average wastewater loading rates for Puget Sound based on
this partial data set. Figure 7 depicts the estimated total wastewater loading rates for each
chemical of concern. The actual loading rates from municipal and industrial point sources may
be significantly greater.
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4.4 CSO Loading Pathway

4.4.1 CSO Loading Calculations

Combined sewer overflows (CSOs) were another pathway for conveyance of toxic chemicals to
Puget Sound. On an average annual basis for the period 2001 through 2005 these reported
overflows equaled 0.15 m%/sec (5.12 ft*/sec or 40 gallons/sec).

A City of Seattle CSO characterization project (Seattle Public Utilities, 2000) measured average
chemical concentrations in CSO effluent. Hart Crowser used these water quality data and the
reported overflow rates for the Puget Sound outfalls to estimate average annual mass loading
rates for the CSO pathway. Hart Crowser assumed that the Seattle CSO effluent concentrations
(Table 13) represent other CSO outfalls.

4.4.2 Discussion

CSO concentrations were similar in magnitude to the best estimate of the median values selected
for the commercial/industrial and residential land uses in the surface runoff loading calculations
(Table 4). For example, the measured concentrations of arsenic, cadmium, mercury, PAHS,
BEHP, and dioxin from CSOs lay in the middle of the ranges defined for commercial/industrial
and residential runoff concentrations. The CSO concentrations for lead, copper, zinc,
nonylphenol, and oil/petroleum were similar in magnitude (but higher) than the respective
commercial/industrial runoff concentrations. However, similar concentrations do not equate to
similar loadings.

Table 13 summarizes the results of the CSO loading calculations for chemicals of concern that
were included in the City of Seattle study. Figure 7 shows the estimated Puget Sound CSO
loading rates for each chemical of concern. For corresponding chemicals of concern, the CSO
loading rates approximated 0.1 to 0.5 percent of the combined commercial/industrial plus
residential (i.e., urban) runoff loading rates for Puget Sound (Table 5). This difference reflected
primarily the significantly lower reported total CSO flow rate (about 0.15 m®/sec or 40
gallons/sec) compared to the total estimated urban runoff from the Puget Sound Watershed
(about 125 m*/sec or 33,000 gallons/sec).

4.5 Direct Spill Pathway

The readily-available information quantifying the amounts of the chemicals of concern spilled
directly to Puget Sound and the associated tidelands was limited. The Emergency Response
Tracking System (ERTS) database did contain historical information regarding releases of oils
and petroleum products to Puget Sound and surface waters in the Puget Sound Basin. The
average amount of oils and petroleum products spilled each year from 2000 through 2006 was
960 metric tons. The actual amount that reached the marine waters (i.e., that which did not
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degrade or volatilize between where it was spilled and where it may have been flushed to the
Sound) was not estimated in this Phase 1 study.

4.6 Previous Loading Studies

Table 14 compares the mass loading estimates from two previous Puget Sound studies (Strayer
and Pavlou 1987, National Oceanic and Atmospheric Administration (NOAA) 1988) with the
results of the present study.

4.6.1 Runoff

In general, the computed runoff loading rates of metals, PCBs, PAHSs, and oil/petroleum product
to Puget Sound from Strayer and Pavlou (1987) and NOAA (1988) were within or close to the
50 percent probability range of loading estimates from this study (i.e., between the high (75
percent) and low (25 percent) POE loading values). The arsenic, cadmium, and oil/petroleum
loading values from NOAA (1988) showed only moderately similar results to the present study
(close to the 95 to 75 percent POE range). The mercury loading estimate by Strayer and Paviou
showed greater similarity with the present study (in the 5 to 25 percent POE range).

4.6.2 Wastewater

The Strayer and Pavlou and NOAA studies also characterized municipal and industrial
discharges. For comparison purposes, Hart Crowser assumed that the “high,” “medium,” and
“low” POE effluent loadings from the present study correspond to the manner in which effluent
concentrations lower than the detection limit (DL) were handled. Specifically, “high” POE
corresponds to the assumption that the concentrations of non-detects (ND) are equal to zero
(ND=0). “Medium” and “low” POEs are the effluent loadings for the assumptions of ND=%DL
and ND=DL, respectively.

Overall, the Strayer and Pavlou and NOAA effluent loading estimates are 4 to 20 times higher
compared with the “medium” loading values presented in Appendix D. The NOAA
oil/petroleum effluent loading rate is a factor of 160 greater. The present study’s failure to
extrapolate from the small number of the facilities with paired flow and concentration data to the
larger population of all permitted wastewater dischargers is one possible reason for the large
differences.

4.6.3 Atmospheric Deposition

The atmospheric loading rates from the Strayer and Pavlou (1987) study are located within the
“high” to “low” POE range of loading estimates from the present study. However, as discussed
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earlier, only a limited amount of data are available to characterize the atmospheric transfer of
chemicals of concern to Puget Sound.

4.7 Data Uncertainty

Table 15 outlines a preliminary assessment of the degree of certainty (DoC) associated with the
mass loading estimates developed in this study. For these purposes, DoC refers to the adequacy
of the database that exists for calculating chemical loadings to Puget Sound for the surface
runoff, wastewater discharge, and atmospheric deposition pathways. Hart Crowser assigned four
confidence levels: high, medium, low, and incomplete (no data available).

For the surface runoff pathway, Hart Crowser found that all the toxic chemicals of concern had
less than a high DoC. Metals, oil/petroleum, and DDT loading estimates had a higher DoC
(medium) than the other chemicals of concern (low) for all land uses. Several studies have
monitored DDT levels in runoff from undeveloped areas and have shown significant
concentration decreases during the past decade in Puget Sound watersheds. Therefore, DDT
may not require further assessment. The data characterizing PAH concentrations in surface
runoff from high-development areas (which includes commercial/industrial/transportation and
residential/urban land uses) had a generally higher DoC (medium) than the available data for
PCBs, dioxins, PBDEs, triclopyr, and hormone-disrupting compounds (nonylphenol and BEHP)
for all land uses (low DoC).

Metals and oil/petroleum concentrations in wastewater discharges showed better characterization
(medium/low) than the concentrations of the other chemicals of concern. The DoCs based on the
available wastewater effluent data are lower for mercury, arsenic, cadmium, and lead because
many of the effluent concentrations were less than analytical method detection limits. Ecology
should identify and require use of analytical methods with lower detection limits for these four
metals. A very limited number of data were available to quantify mercury, PAHs, and BEHP
effluent loading rates (low DoC). Ecology should require all wastewater dischargers to monitor
for these toxins as part of priority pollutant scans. The DoCs for the other chemicals of concern
are incomplete due to an absence of effluent quality data. To better calculate loadings, Ecology
should also include these toxics in required priority pollutant scans.

Atmospheric loading estimates for metals showed more accuracy (medium/low DoC) than the
other chemicals of concern (low DoC for PBDEs, PAHs, PCBs, BEHP, DDT, and dioxins). The
DoCs for nonylphenol, triclopyr, and oils were incomplete.
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5.0 Conclusions and Recommendations

1. Estimated Chemical Loadings
This Phase 1 study provided estimates of loadings of chemicals of concern to the Puget
Sound ecosystem from surface runoff, atmospheric deposition to the marine area of the
watershed, a limited number of wastewater dischargers, and direct spills to the surface waters
of the watershed. This study did not characterize other pathways, such as leaching from
sediment deposits, migration via biota, and exchange with oceanic waters. The summary
table at the end of the Context and Overview section provides the present best estimate of the
loadings of toxic chemicals to the Puget Sound Basin along with their uncertainties.

(@) Surface Runoff: The bulk of the toxic chemicals that enter Puget Sound marine waters
enter through runoff from the land surface. As defined in this Phase 1 study, surface
runoff consists of stormwater, non-point overland flow, and groundwater discharge to
surface waters that flow to Puget Sound. For most of the chemicals of concern,
estimates of loading from the surface runoff pathway were much greater than estimates
of loading from the other pathways (Figure 7).

(b) Atmospheric Deposition: Atmospheric deposition directly to Puget Sound appeared to
be an important source of toxics loading for some chemicals. For several of the
chemicals of concern (i.e., for PAHs and PBDES), atmospheric loading directly to the
marine waters and tidelands was greater than or comparable to the loading from surface
runoff.

(c) Wastewater: The characterization of toxics loadings from industrial and municipal
wastewater incompletely accounted for loadings from permitted point source
dischargers. Since the analytical approach for the Phase 1 project relied solely on
matched pairs of concentration and flow data from individual facilities, the study did
not provide an estimate of the total loading from the entire list of 200 Puget Sound
Basin facilities with individual wastewater discharge permits.

(d) Combined Sewer Overflows: Episodic discharge of untreated and partially treated
wastewaters from CSO outfalls contributed relatively little to the total loading of toxic
chemicals to Puget Sound. The estimated loadings from CSO systems in the Puget
Sound Basin represented much less than 1 percent of that from surface runoff.
However, in the vicinity of CSO outfalls, overflow events may be a significant
contributor to localized toxics problems. Additional controls of CSO discharges may
provide toxic reduction benefits for specific contaminated sites, possibly at the scale of
the urban bay.

(e) Direct Spills: Although the available data did not support estimation of loadings from
direct spills for the individual chemicals of concern, the total reported oil and
petroleum products spilled directly into the surface waters of the Puget Sound Basin
was only approximately 4 percent of the amount estimated to enter via surface runoff.
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The findings show that Ecology and the other agencies in the toxics study team must collect
or develop certain additional information to enable selection of appropriate control actions.

2. Collection of Additional Data
Limited time and budget for this Phase 1 study constrained the literature search and
estimation approaches. Table 15 highlights significant gaps in the current understanding of
the sources and quantities of toxic chemicals. Additional monitoring results and other
scientific data likely exist that will improve the loading estimates determined in this study.

The toxics study team should conduct focused searches of the literature and existing data that
they can use to improve key loading estimates. Data collection should focus on:

m Seasonal and geographic variations in loading rates
m Data for specific chemicals, sources, and pathways

The agencies should prioritize data collection that will promote the selection of more
effective control actions. Based on the results of this Phase 1 study, the particular toxic
chemicals for which the toxics study team should obtain more information include:

bis(2-Ethylhexyl)phthalate Polybrominated diphenyl ethers (PBDES)
Nonylphenol Polyaromatic hydrocarbons (PAHS)
Polychlorinated biphenyls (PCBs)  Triclopyr

The particular sources and pathways of these chemical for which the toxics study team
agencies should obtain more information are:

Industrial wastewater Marine sediment
Municipal wastewater Exchange of ocean waters
Combined sewer overflows Biotic transport
Stormwater from various land uses Groundwater discharge

Atmospheric deposition

Bis(2-ethylhexyl)phthalate, nonylphenol, and triclopyr represent specific classes of chemicals
of concern, i.e., phthalates, hormone disruptors, and current-use pesticides, respectively.
Future data collection to fill gaps should ensure that any indicator chemicals adequately
represent their chemical class.

To minimize delays and maximize efficiencies, the toxics study team should prioritize their
efforts to incorporate additional data as follows:

(a) Search for and obtain existing data. Study team agencies should search

(i) Their own files for relevant concentration and flow information (e.g., permittee
monitoring reports not stored electronically).
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(if) Additional published and unpublished literature to obtain existing data focused on the
Puget Sound Region and on other locations with similar characteristics.

(b) Extrapolate from selected data. Employ secondary data along with scientifically-
grounded assumptions to improve loading estimates. For example, Ecology may estimate
municipal wastewater loadings by extrapolating discharge concentrations from similar
facilities with data to those without data by using the average concentrations for
comparable small, medium, and large facilities. Ecology could also apply the actual
measured concentrations of pollutants in stormwater from one watershed to unmonitored
drainage areas that contain similar distributions of land uses.

(c) Collect and analyze new environmental samples. Specific goals may include quantifying
the amounts of specific toxic chemicals released to Puget Sound, distinguishing temporal
variations in loading, and establishing linkages between pollutant sources and pathways.
For example, Ecology should require all individual NPDES permit holders to analyze
their wastewater discharges for priority pollutants, including the chemicals of concern
identified in this study. Ecology should also specify that each discharger should sample
and analyze at least one wet weather sample and one dry weather sample and use
particular sampling and analytical methodologies to achieve adequate
detection/quantitation levels for each analyte.

3. Improvement of Loading Estimates
The toxics loadings estimates developed in this Phase 1 study have a high degree of
uncertainty. Some of this uncertainty relates to the quantity of available data (as addressed in
Table 15), and some relates to the approaches used for estimating loadings for this study.
Apart from the data uncertainties, using the results from this study to quantify relative
contributions of toxic chemicals is difficult because:

(a) The method used to characterize loadings from permitted industrial and municipal
wastewater dischargers was limited and resulted in loading estimates for only a fraction
of the total number of those dischargers in the Puget Sound Basin.

(b) The pathways not quantified in this study may contribute substantial loads of some
chemicals (e.g., PAHs from direct spills, PBDE deposition downwind of major sources
onto the land surface, and metals imported from the ocean).

(c) The loading calculation approach included an assumption of mass balance that did not
account for the likely biological, chemical, and physical degradation or transformation of
toxic chemicals.

Hart Crowser necessarily employed numerous assumptions to estimate loadings for this
Phase 1 study. For example, they assumed that land use was a greater determinant than
geographic location of surface runoff concentrations. Thus, they used surface runoff
concentrations based on data from areas far removed from the Puget Sound region, e.g., the
National Stormwater Quality Database and various published assessments of locations in
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Europe and Asia. These assumptions created large uncertainties in the various loading
estimates.

In the face of the Phase 1 study uncertainties, the toxics study team should establish methods
to improve loading estimates for each toxic substance, source, and pathway. The steps
necessary to manage improvements in loading estimates include:

(a) Update the conceptual mass balance model of toxic contaminants in Puget Sound.

(b) Create a framework for tracking the sources of toxic chemicals based on Ecology’s “box
model” and the conceptual model approach of the Puget Sound Assessment and
Monitoring Program.

(c) Use a quantitative mass balance model (e.g., the Ecology “box model”) to evaluate and
refine estimates of toxic chemical loadings to Puget Sound. Improving the estimates will
entail prioritizing efforts to reduce the uncertainties of those estimates among the various
toxic substances, sources, and pathways, and ensuring that the loading rate of each toxic
substance entering Puget Sound (less the amount stored, transformed, or degraded) equals
the rate of the substance leaving the Sound. This mass balance approach should:

(i)  Assess whether the loading estimates are consistent and realistic.
(i)  Evaluate the fate of contaminants in Puget Sound and its sub-watersheds.
(iii) Develop a consistent approach for identifying key data gaps and uncertainties.
(iv) Develop or establish a management tool for predicting results from load reductions.
(d) Revisit the assumptions upon which loading estimates have been made. Verify loading
estimates by collecting environmental data from the Puget Sound Basin to determine the
validity of the assumptions for representing the actual conditions in the watershed and to
refine the loading estimates with additional hard data.
(e) Periodically update the conceptual model and modify the mass balance pathways as
Ecology and others acquire a greater understanding of the transport and fate of toxic

substances within Puget Sound.

(F) Use each iteration of the model to adaptively control the sources of toxics to the Puget
Sound Basin.

4. Surface Runoff Pathway
(a) Highly Developed Urban Lands
Extrapolating from the demonstrated relationships between land use and toxic chemical
discharges from stormwater runoff is a powerful method for estimating toxic loadings.
However, the literature estimates of these relationships vary considerably. The only
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comprehensive determination of these relationships locally (by Cullinan, et al. (2006) for
the ENVVEST project) did not address heavily urbanized land uses, such as in Seattle
and Tacoma. Thus, our understanding of the relationships between land use and toxic
chemical loadings is incomplete for highly urbanized areas.

The toxics study team should improve their understanding of how land use and
stormwater management practices in highly developed areas affect loadings from surface
runoff. For example, the team should develop estimates of toxic chemical loadings from
specific potential sources, such as stormwater runoff from roadways. Agencies should
also develop mass loading data from locations in major rivers where urban runoff has a
greater influence to improve the accuracy of loading estimates.

(b) Undeveloped and Agricultural Lands
This Phase 1 project found that the primary source of DDT and triclopyr was surface
runoff from undeveloped (forests and fields) and agricultural lands. The total loadings of
arsenic, total PBDEs, DDT, and triclopyr from the Whidbey Basin (a relatively
undeveloped and agricultural area) were larger relative to the Main Basin than they were
from the other areas around Puget Sound. However, limited concentration data were
available, particularly for runoff from agricultural areas. Therefore, the relative
contribution from the Whidbey Basin to the total loading of these four chemicals may
have been overstated.

Ecology should verify and recalculate if necessary the loading values for arsenic, total
PBDEs, DDT, and triclopyr through collection and analyses of samples of surface runoff
from areas of undeveloped and agricultural land uses located throughout the Puget Sound
Basin.

(c) Seasonal Variations
Seasonal variations in toxic chemical loading rates may justify significantly different
control actions at different times of the year. Some of the data reviewed for this study
indicated that chemical concentrations in stormwater varied as a function of stream
discharge rates. A better understanding of the relationships between stream discharge
rates and chemical concentrations in stormwater will likely improve the accuracy of
loading estimates.

Ecology should improve its understanding of seasonal variations in toxic chemical
loading to Puget Sound and the correspondence between stream flow rates and toxic
chemical concentration.

5. Atmospheric Deposition Pathway
Based upon a review of the literature (e.g., a study in the Great Lakes), gas exchange
(absorption and volatilization) was the dominant atmospheric deposition process for many
semivolatile persistent bioaccumulative toxic pollutants. In this Phase 1 study, the limited
data may have biased estimates of atmospheric loading directly to Puget Sound toward near-
shore conditions rather than mid-water. Proximity to local sources is likely to create
differences in the expected concentrations in surface runoff.
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Ecology should account for the effects of geography on its estimates of loadings by
implementing the following actions:

(a) Apply regional air pollutant transport models to estimate relative differences in
deposition rates at different locations in the Puget Sound watershed.

(b) Confirm the actual atmospheric deposition rates through monitoring at mid-water
locations of Puget Sound and at selected locations on land.

(c) Recalculate the loading estimates for direct atmospheric deposition to the water and
tidelands of Puget Sound.

(d) Adjust the expected surface runoff concentrations from the various land uses to account
for geographical differences in air deposition rates, and then recalculate the estimates of
loadings from surface runoff.

6. Wastewater
This Phase 1 study did not provide accurate estimates of the total toxic chemical loadings
from the permitted discharge of wastewater.

The toxics study team should improve estimates of the contributions of specific toxic
chemicals in permitted discharges of wastewater from industrial and municipal treatment
facilities.

7. Sediment and Biota Pathways
The contaminated sediment on the bottom of Puget Sound may serve as a source of toxic
chemicals to the overlying water. This study did not quantify the mass transfer of toxic
chemicals between the sediments, aquatic life, and the Puget Sound water column.

The toxics study team should develop estimates of mass transfer of toxic chemicals between
the Puget Sound water column, sediments, benthic organisms, and other aquatic life.

Ecology could use the information in its Puget Sound circulation and chemical transport “box
model” to evaluate the water quality impacts of sediment contamination.

8. Groundwater Pathway
The Phase 1 study incorporated groundwater inflow only through surface runoff. Chemical
loadings through direct discharge of groundwater along the Puget Sound shoreline were not
estimated separately. If direct discharge of groundwater significantly contributes toxic
chemicals, control actions designed to reduce contaminants in stormwater runoff may not
prevent loading to Puget Sound via the groundwater.

The toxics study team should evaluate loadings associated with direct groundwater discharge
to Puget Sound to assess the importance of this pathway relative to the others, particularly
with regard to localized impacts.
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9. Analytical Detection Limits
Inadequate detection limits and sporadic monitoring efforts in the past have rendered much
data unusable for estimating loading. In this Phase 1 study, the wastewater loading estimates
for arsenic, cadmium, lead, mercury, and PAHs were strongly influenced by analytical
method detection limits that were not low enough.

Ecology should ensure that analytical detection limits are as low as feasible whenever the
agency requires sampling and analyses.

10. Probabilistic Analyses
Limited data, time, and budget for this Phase 1 study precluded the use of a probabilistic
approach to estimate chemical loadings (such as a Monte Carlo simulation). If sufficient data
were available, a probabilistic approach would improve the credibility of the total loading
estimates and may identify more explicitly the parameters that drive the loading estimates for
the various sources and pathways, e.g., surface runoff and wastewater flows derived for the
different study areas.

Ecology should employ probabilistic methods in future refinements of loading estimates.
This approach may also be useful for predicting the likely outcomes from proposed control
actions. Ecology should consider using the AquaTox ecological risk assessment simulation
(Park and Clough 2004) to estimate pollutant concentrations in surface water bodies. This
method determines the variables that have the greatest impact on the loading results. After
gathering more accurate data for the most important variables, Ecology should then calculate
more accurate loading estimates.
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Table 1 - Chemicals of Concern

. Categor
Chemical of Concern gory Harm or threat
Addressed -
Arsenic Arsenic Associated with sediment toxicity and benthic community impairment
Cadmium Cadmium Accumulation in shellfish
Associated with sediment toxicity and benthic community impairment;
Copper Copper

affects salmonids and stream health

Lead Lead Associated with sediment toxicity and benthic community impairment

Target of fish consumption advice; Associated with sediment toxicity and

Mercury Mercury benthic community impairment

Target of fish consumption advice; accumulation in fish, birds, mammals;

Total PCBs (a) PCBs associated with sediment toxicity and benthic community impairment

Low molecular weight PAHS Liver lesions and reproductive impairment in fish from urban bays;
PAHSs (b) associated with sediment toxicity and benthic community impairment

Liver lesions and reproductive impairment in fish from urban bays;

Carcinogenic PAHs (c) PAHS associated with sediment toxicity and benthic community impairment

Other high molecular Liver lesions and reproductive impairment in fish from urban bays;

weight PAHSs (d) PAHS associated with sediment toxicity and benthic community impairment

Sum of DDT and - Accumulation in fish, birds, and mammals; associated with sediment
- Pesticides - ) o .

metabolites (e) toxicity and benthic community impairment

Triclopyr (f) Pesticides Category thought to affect salmonids and stream health

Total dioxin TEQs from L Accumulation in birds and mammals; furans associated with sediment
o Dioxins and furans - . - ;
dioxins & furans (g) toxicity and benthic community impairment

Category shown to accumulate in fish, invertebrates, and sediment of

bis(2-Ethylhexyl)phthalate - Phthalate esters urban waterways at levels triggering sediment clean up activities

Total PBDEs (h) PBDEs Accumulation in sediments, fish, and harbor seals
Hormone disrupting |Category thought to cause reproductive impairment observed in fish from
Nonylphenol .
chemicals urban bays
Oil or petroleum product (i) Kills and reduces fitness of marine organisms
Zinc Increasing concentrations may threaten aquatic resources

(@) Sum of polychlorinated biphenyl congeners.

(b) Polyaromatic hydrocarbons: acenaphthene, acenaphthylene, anthracene, fluorene, naphthalene, and phenanthrene
(per WAC 173-204-320).

(c) Polyaromatic hydrocarbons: benz(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene,
benzo(k)fluoranthene, chrysene, dibenz(a,h)anthracene, and indeno(1,2,3-c,d)pyrene (per USEPA).

(d) Polyaromatic hydrocarbons: benzo(g,h,i)perylene, fluoranthene, and pyrene
(WAC 173-204-320 high molecular weight PAHs not on U.S. EPA list of carcinogenic PAHS).

(e) DDT = Dichlorodiphenyltrichloroethane.

() Input from the project team did not reflect consensus to include this compound as currently used pesticide.
Other candidates suggested by project team members included diazinon and dichlorbenil.

(g) TEQ = Toxicity equivalent.
(h) PBDEs = Polybrominated diphenyl ethers. Sum of congeners have been normalized.

(i) Specified as crude oil, specific refined product (e.g., diesel, gasoline, heavy fuel oil), or analytical result
as TPH-D or TRPH.
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Table 4 - Selection of Runoff Concentrations Sheet 1 of 10

Measured Concentrations in Runoff (ug/L) Selected Value for Loading Calculations (ug/L)
Chemical of Concern Standard Best Standard
Location Reference Land Use Sample Range Median Deviation of Land Use Estimate Deviation of Comments
Type Min Max In[c] of Median In[c] (Footnotes)
Stillaguamish River, WA Ecology (2004a) Forest & Field In-Stream 0.1910 0.6 11t04.1
Lower Similkameen River, WA Ecology (2004b) In-Stream 1.0 15t02.5
. . . Urban Runoff 09to 1.5 Forest & Field 1 1.0 1
Sinclair/Dyes Inlets Watersheds, WA ENVVEST (Cullinan et al. 2006) Industrial RuNoff 6109 Ayl 15 08 >
Arsenic (Total) Guadalupe River, CA McKee et al. (2005) Urban In-Stream 2.2 4.2 Residential 2 0.85 1
Open Runoff 3.0t04.0 Commercial/Industrial 4 0.8 1
Various Locations, U.S. NSQD (Maestre and Pitt 2005) Residential Runoff 3.0 0.85
Commercial/Industrial Runoff 2.0t0 4.0 0.66 to 0.95
. . Colich (2003) Commercial/Industrial Runoff 0.3 2.0
Evergreen Point Bridge, WA King County (2006) Commercial/Industrial Runoff 1.4 2.75 2.4
Green River, WA Forest & Field In-Stream 0.002 0.051 0.006
Duwamish River, WA In-Stream 0.005 0.041 0.012
Puyallup River, WA In-Stream 0.005 0.091 0.026
Snohomish River, WA Ecology (1994) Forest & Field In-Stream 0.014
Yakima River, WA In-Stream 0.010 0.045 0.015
Upper Columbia River, WA In-Stream 0.17
Lower Columbia River, WA In-Stream 0.029
Spokane River, WA In-Stream 0.28
Sinclair/Dyes Inlets Watersheds, WA ENVVEST (Cullinan et al. 2006) Urbaq Runoff 2
' Industrial Runoff 0.6 Forest & Field 0.013 2.6 3
. Open Runoff 0.4 Agricultural 0.5 1.1 4
Cadmium (Total) Loadings to San Francisco Bay, CA Davis et al. (2000) Residential Runoff 1.7 Residential 0.5 1.2 1
Commercial/Industrial Runoff 19t03.1 Commercial/lndustrial 15 11 1
Open Runoff 0.09
e . Agriculture Runoff 4.3
Southern California Bight Ackerman and Schiff (2003) Residential RuNoff 020
Commercial/Industrial Runoff 0.26 to 0.46
Open Runoff 0.4 2.6
Various Locations, U.S. NSQD (Maestre and Pitt 2005) Residential Runoff 0.5t0 0.9 1.2
Commercial/Industrial Runoff 0.9t0 2.0 0.8t0 1.3
Guadalupe River, CA McKee et al. (2005) Urban In-Stream 0.48 to 0.69
. . Colich (2003) Commercial/Industrial Runoff 0.2 0.5
Evergreen Point Bridge, WA King County (2006) Commercial/Industrial Runoff 0.54 2.24 1.0
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Table 4 - Selection of Runoff Concentrations

Sheet 2 of 10

Measured Concentrations in Runoff (ug/L)

Selected Value for Loading Calculations (ug/L)

Chemical of Concern Standard Best Standard
Location Reference Land Use Sample Range Median Deviation of Land Use Estimate Deviation of Comments
Type Min Max In[c] of Median In[c] (Footnotes)
Green River, WA Forest & Field In-Stream 0.26 17 0.41
Duwamish River, WA Mixed Forest & Urban In-Stream 0.69 3.8 0.96
Puyallup River, WA In-Stream 1.1 41 17
Snohomish River, WA Ecology (1994) Forest & Field In-Stream 1.3
Yakima River, WA In-Stream 1.0 2.9 2.2
Upper Columbia River, WA In-Stream 1.7
Lower Columbia River, WA In-Stream 1.7
Spokane River, WA In-Stream 0.74
. . In-Stream 0.4 t0 0.7 (B)
Green River, WA Forest & Field In-Stream 0.87t0 1.4 (S)
Major Streams: Green-Duwamish Watershed Mixed Forest & Urban In-Stream 0 0 10 ([
In-Stream 1.3t0 5.0 (S)
In-Stream 0.20 to 0.63 (B)
Forest
King County (2007) In-Stream 0.52 to 2.0 (S)
Agriculture In-Stream 1.6 t0 4.9 (B)
. In-Stream 4.71t0 7.2 (S)
Green-Duwamish Watershed
Low/Medium Development In-Stream ST 1 1.2 ()
In-Stream 2.1t04.6 (S)
. In-Stream 1.6t03.2 (B)
High Development In-Stream 3.7t0 5.0 (S)
Snohomish River near Monroe, WA In-Stream 0.51
Quilceda Creek, WA . In-Stream 2.0
May Creek, WA Ecology and Other Agencies In-Stream 13 Forest & Field 1 1.2 1
Allen Creek, WA In-Stream 3.0 Agricultural 5 1.2 1
Copper (Total) Residential 4 1.0 1
. . . Runoff 1.5 (W) 16 (W) Commercial/Industrial 25 0.9 1
Sinclair/Dyes Inlets Streams, WA Crecelius et al. 2003 Runoff 0.26 (D) 11 (D)
Urban Runoff 6 to 15
Industrial Runoff 25t0 75
Sinclair/Dyes Inlets Watersheds, WA ENVVEST (Cullinan et al. 2006) Low Development Runoff lto4
Moderate Development Runoff 25t04.5
High Development Runoff 4109
Open Runoff 11
Loadings to San Francisco Bay, CA Davis et al. (2000) Residential Runoff 51
Commercial/Industrial Runoff 51to 53
Open Runoff 5
T . Agriculture Runoff 150
Southern California Bight Ackerman and Schiff (2003) Residential Runoff 16
Commercial/Industrial Runoff 21to 28
Open Runoff 10 1.2
Various Locations, U.S. NSQD (Maestre and Pitt 2005) Residential Runoff 12 to 16
Commercial/Industrial Runoff 17 to 23 0.8t0 1.0
Guadalupe River, CA McKee et al. (2005) Urban In-Stream 9to 55
In-Stream 0.94 13.6
Industrial-Area Creek, WA Ecology (2006a) Commercial/Industrial In-Stream 0.89 14
In-Stream 1.2 6.0
. . Colich (2003) Commercial/Industrial Runoff 34 59
Evergreen Point Bridge, WA King County (2006) Commercial/Industrial Runoff 36 77 53
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Table 4 - Selection of Runoff Concentrations

Sheet 3 of 10

Measured Concentrations in Runoff (ug/L)

Selected Value for Loading Calculations (ug/L)

Chemical of Concern Standard Best Standard
Location Reference Land Use Sample Range Median Deviation of Land Use Estimate Deviation of Comments
Type Min Max In[c] of Median In[c] (Footnotes)
Green River, WA Forest & Field In-Stream 0.035 2.0 0.099
Duwamish River, WA Mixed Forest & Urban In-Stream 0.13 2.0 0.26
Puyallup River, WA In-Stream 0.19 4.5 1.5
Snohomish River, WA Ecology (1994) Forest & Field In-Stream 0.17
Yakima River, WA In-Stream 0.2 1.0 0.64
Upper Columbia River, WA In-Stream 3.2
Lower Columbia River, WA In-Stream 0.35
Spokane River, WA In-Stream 1.1
Snohomish River near Monroe, WA Forest & Field In-Stream 0.0074
et e W2 ot
Allen Creek, WA In-Stream 0.29
Urban Runoff 9to 10 Forest & Field 0.5 1.9 1
Industrial Runoff 10 to 14 Agricultural 5 1.15 2
Lead (Total) Sinclair/Dyes Inlets Watersheds, WA ENVVEST (Cullinan et al. 2006) Low Development Runoff 0.3t0 1.4 Residential 10 15 1
Moderate Development Runoff 1.3t02.4 Commercial/Industrial 20 1.15 1
High Development Runoff 3to 11
Open Runoff 7
Loadings to San Francisco Bay, CA Davis et al. (2000) Residential Runoff 52
Commercial/Industrial Runoff 143 to 151
Open Runoff 0.7
e . Agriculture Runoff 43
Southern California Bight Ackerman and Schiff (2003) Residential RuNoff 40
Commercial/Industrial Runoff 3.7t05.9
Open Runoff 10 1.9
Various Locations, U.S. NSQD (Maestre and Pitt 2005) Residential Runoff 12 to 16
Commercial/Industrial Runoff 17 to 25 1.0t0 1.3
Guadalupe River, CA McKee et al. (2005) Urban In-Stream 19to 34
. . Colich (2003) Commercial/Industrial Runoff 6 18
Evergreen Point Bridge, WA King County (2006) Commercial/Industrial Runoff 11 47 16
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Table 4 - Selection of Runoff Concentrations

Sheet 4 of 10

Measured Concentrations in Runoff (ug/L)

Selected Value for Loading Calculations (ug/L)

Chemical of Concern Standard Best Standard
Location Reference Land Use Sample Range Median Deviation of Land Use Estimate Deviation of Comments
Type Min Max In[c] of Median In[c] (Footnotes)
Green River, WA Forest & Field In-Stream 0.38 7.5 1.3
Duwamish River, WA Mixed Forest & Urban In-Stream 0.88 9.5 2.2
Puyallup River, WA In-Stream 1.4 44 17
Snohomish River, WA Ecology (1994) Forest & Field In-Stream 3.1
Yakima River, WA In-Stream 1.3 5.7 3.0
Upper Columbia River, WA In-Stream 2.1
Lower Columbia River, WA In-Stream 1.4
Spokane River, WA In-Stream 109
. . In-Stream 0.59t0 1.0 (B)
Green River, WA Forest & Field In-Stream 171036 (S)
Major Streams: Green-Duwamish Watershed Mixed Forest & Urban In-Stream LS00 L (E)
In-Stream 1.8 to 30 (S)
Forest :n—gtream 063985to 02.650((88))
. n-Stream .95 to 2.
King County (2007) Agriculture In-Stream 2.4 10 6.6 (B)
. In-Stream 6.6 to 20 (S)
Green-Duwamish Watershed
Low/Medium Development In-Stream Ot [0 5D ()
In-Stream 3.0t0 10 (S)
. In-Stream 10 to 24 (B)
High Development In-Stream 200 40 (S)
Snohomish River near Monroe, WA Forest & Field In-Stream 0.44 Forest & Field 2 1.2 1
Quilceda Creek, WA Ecology and Other Agencies In-Stream 45t06.4 Agricultural 10 1.2 1
Zinc (Total) May Creek, WA In-Stream 3.4 Residential 30 1.0 1
Allen Creek, WA In-Stream 6.0 Commercial/Industrial 120 0.9 1
Urban Runoff 50 to 65
Industrial Runoff 80 to 130
Sinclair/Dyes Inlets Watersheds, WA ENVVEST (Cullinan et al. 2006) Low Development Runoff 4109
Moderate Development Runoff 13to 18
High Development Runoff 14 to 35
Open Runoff 34
Loadings to San Francisco Bay, CA Davis et al. (2000) Residential Runoff 188
Commercial/Industrial Runoff 371 to 397
Open Runoff 3.2
e . Agriculture Runoff 220
Southern California Bight Ackerman and Schiff (2003) Residential RuNoff 70
Commercial/Industrial Runoff 160 to 200
Open Runoff 40 1.2
Various Locations, U.S. NSQD (Maestre and Pitt 2005) Residential Runoff 73 t0 95
Commercial/Industrial Runoff 150 to 200 0.8t0 1.0
Guadalupe River, CA McKee et al. (2005) Urban In-Stream 140 to 190
Runoff 5.0 105
Industrial-Area Creek, WA Ecology (2006a) Commercial/Industrial Runoff 6.0 89
Runoff 19 76
. . Colich (2003) Commercial/Industrial Runoff 53 158
Evergreen Point Bridge, WA King County (2006) Commercial/Industrial Runoff 427 3,020 1,240
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Table 4 - Selection of Runoff Concentrations

Sheet 5 of 10

Measured Concentrations in Runoff (ug/L) Selected Value for Loading Calculations (ug/L)
Chemical of Concern Standard Best Standard
Location Reference Land Use Sample Range Median Deviation of Land Use Estimate Deviation of Comments
Type Min Max In[c] of Median In[c] (Footnotes)
Stillaguamish River, WA Ecology (2004a) Forest & Field In-Stream [0.002 to 0.0036| 0.015 to 0.05
. . In-Stream 0.005 (B)
Green River, WA Forest & Field In-Stream 0.005 (S)
. . . . In-Stream 0.0013 to 0.005 (B)
Major Streams: Green-Duwamish Watershed Mixed Forest & Urban In-Stream 0.0036 to 0.0075 (3)
In-Stream 0.0012 to 0.005 (B)
. Forest In-Stream 0.0029 to 0.0079 (S)
King County (2007) Agriculture In-Stream 0.0043 to 0.0054 (B)
. In-Stream 0.0073 to 0.0086 (S)
Green-Duwamish Watershed
Low/Medium Development In-Stream 0.0014 to 0.005 (B)
In-Stream 0.0057 to 0.03 (S)
High Development In-Stream 0.005 (B) Forest & Field 0.005 1.5 1
In-Stream 0.0061 to 0.0094 (S) Agricultural 0.007 2.0 1
Sr_lohomish River near Monroe, WA Ecology and Other Agencies Forest & Field In-Stream 0.002 Residential 0.01 1.5 1
Mercury (Total) Mill Creek, WA In-Stream 0.0052 Commercial/Industrial 0.2 15 1
Urban Runoff 0.008 to 0.02
Industrial Runoff 0.02t00.1
Sinclair/Dyes Inlets Watersheds, WA ENVVEST (Cullinan et al. 2006) Low Development Runoff 0.003 to 0.01
Moderate Development Runoff 0.007 to 0.013
High Development Runoff 0.005 to 0.026
Open Runoff 0.07
e . Agriculture Runoff 0.11
Southern California Bight Ackerman and Schiff (2003) Residential RUNoff 004
Commercial/Industrial Runoff 0.02 to 0.06
Open Runoff 0.15
Various Locations, U.S. NSQD (Maestre and Pitt 2005) Residential Runoff 0.2
Commercial/Industrial Runoff 0.2t0 0.3
Guadalupe River, CA McKee et al. (2005) Urban In-Stream 0.8t0 3.8
Evergreen Point Bridge, WA Colich (2003) Commercial/Industrial Runoff 0.003 0.012
' King County (2006) Commercial/Industrial Runoff 0.01 0.04 0.0152
Green River, WA Nairn (2007) Forest & Field In-Stream 0.001
Residential Runoff 0.15
Newport Bay TMDL, CA Peng et al. (2002) Agriculture RUNoff 005
Switzerland Rossi et al. (2004) Urban Runoff COBTE N 0.4 Fore§t il 0.001 2.5 1
Total PCBs _ . Runoff 0.00024 Agricultural 0.01 2.0 1
Toronto Stormwater Outfall, CA Pitt et al. (1996) ReS|den.t|aI Runoff 020 [REsldsihiol D el !
' Industrial Runoff 0.033 Commercial/Industrial 0.03 2.0 1
. . In-Stream 0.00042 to
Walla Walla River Watershed, WA Ecology (2004c) Rural/Agricultural In-Stream 0.0036
. . Rain 0.0001 to
Baltic Sea, Europe ter Schure et al. (2004) Mixed Rain 0.002

Phase 1: Initial Estimate of Toxic Chemical Loadings

October 2007



Table 4 - Selection of Runoff Concentrations

Sheet 6 of 10

Measured Concentrations in Runoff (ug/L) Selected Value for Loading Calculations (ug/L)
Chemical of Concern Standard Best Standard
Location Reference Land Use Sample Range Median Deviation of Land Use Estimate Deviation of Comments
Type Min Max In[c] of Median In[c] (Footnotes)
Duwamish River, WA Mixed Forest & Urban In-Stream < 3E-6
Lake Washington, WA Urban Lake 1E-6 80E-6
Upper Columbia River, WA Forest & Field In-Stream 16E-6
Middle Columbia River, WA Mixed Forest & Agriculture] In-Stream 50E-6
Lower Columbia River, WA Ecology (2006b) Mixed Forest, Urban, Ag | In-Stream 21E-6 57E-6 Forest & Field 8E-6 2.0 1
Yakima River, WA Agriculture In-Stream 3E-6 40E-6 Agricultural 30E-6 2.0 1
Total PBDEs Queets River, WA Forest & Field In-Stream 8E-6 12E-6 Residential 40E-6 1.5 1
Potholes Reservoir, WA Agriculture In-Stream 9E-6 Commercial/Industrial 20E-6 2.0 5
Lake Ozette, WA Forest & Field Lake 4E-6
Urban (Light Industrial) Runoff <0.05
Urban (Old Housing) Runoff 0.8
United Kingdom Rule et al. (2006) Urban (New Housing) Runoff 0.3
Urban (Town Center) Runoff <0.051t0 0.15
Urban (WWTP Influent) Runoff 0.2
Non-Urban Runoff 0.36
Boston, MA Menzie et al. (2002) Urban Runoff 2.9
Urban Residential/Comm | Runoff 1.9t03.4
Suburban Residential Runoff 0.042
Urban Runoff 0.06 to 0.36 (E1)
Industrial Runoff 0.06 to 0.11 (E1) Forest & Field 0.006 2.0 6
cPAHS Sinclair/Dyes Inlets Watersheds, WA ENVVEST (Cullinan et al. 2006) Low Development Runoff 0.006 to 0.012 (E1) Agricultural 0.15 1.5 4
Moderate Development Runoff 0.006 to 0.024 (E1) Residential 0.15 1.5 1
High Development Runoff 0.012 to 0.036 (E1) Commercial/Industrial 1 15 1
Vancouver, British Columbia Hall et al. (1996) Mixed Rain 0.26 (E1)
Urban (Light Industrial) Runoff 0.29 (E1)
Urban (Old Housing) Runoff 0.19 (E1)
United Kingdom Rule et al. (2006) Urban (New Housing) Runoff 0.17 (E1)
Urban (Town Center) Runoff 0.17 to 0.29 (E1)
Urban (WWTP Influent) Runoff 0.38 (E1)
Non-Urban Runoff 0.29
Boston, MA Menzie et al. (2002) Urban Runoff 2.2
Urban Residential/Comm | Runoff 1.41t02.5
Suburban Residential Runoff 0.036
Urban Runoff 0.05 to 0.27 (E2) Forest & Field 0.005 2.0 6
Industrial Runoff 0.05 to 0.081 (E2) Agricultural 0.1 1.5 4
HPAHS Sinclair/Dyes Inlets Watersheds, WA ENVVEST (Cullinan et al. 2006) Low Development Runoff 0.005 to 0.009 (E2) Residential 0.1 1.5 1
Moderate Development Runoff 0.005 to 0.018 (E2) Commercial/Industrial 0.8 15 1
High Development Runoff 0.01 to 0.027 (E2)
Vancouver, British Columbia Hall et al. (1996) Mixed Rain 0.18 (E2)
Urban (Light Industrial) Runoff 0.22 (E2)
Urban (Old Housing) Runoff 0.14 (E2)
United Kingdom Rule et al. (2006) Urban (New Housing) Runoff 0.13 (E2)
Urban (Town Center) Runoff 0.13t0 0.22 (E2)
Urban (WWTP Influent) Runoff 0.29 (E2)
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Measured Concentrations in Runoff (ug/L) Selected Value for Loading Calculations (ug/L)
Chemical of Concern Standard Best Standard
Location Reference Land Use Sample Range Median Deviation of Land Use Estimate Deviation of Comments
Type Min Max In[c] of Median In[c] (Footnotes)
Non-Urban Runoff 0.66
. Urban Runoff 7.1
Boston, MA Menzie et al. (2002) Urban Residential/Comm |  Runoff 3.91t0 10
Suburban Residential Runoff 0.23
Urban Runoff 0.15 to 0.87 (E3)
Industrial Runoff 0.15 to 0.26 (E3) Forest & Field 0.015 2.0 6
Sinclair/Dyes Inlets Watersheds, WA ENVVEST (Cullinan et al. 2006) Low Development Runoff 0.015 to 0.029 (E3) Agricultural 0.3 1.5 4
LPAHs Moderate Development Runoff 0.015 to 0.058 (E3) Residential 0.3 1.5 1
High Development Runoff 0.029 to 0.087 (E3) Commercial/Industrial 3 15 1
Vancouver, British Columbia Hall et al. (1996) Mixed Rain 0.58 (E3)
Urban (Light Industrial) Runoff 0.70 (E3)
Urban (Old Housing) Runoff 0.46 (E3)
United Kingdom Rule et al. (2006) Urban (New Housing) Runoff 0.41 (E3)
Urban (Town Center) Runoff 0.41t0 0.70 (E3)
Urban (WWTP Influent) Runoff 0.93 (E3)
Thornton Creek (Seattle), WA Ecology and Other Agencies Urban In-Stream 0.12 16 0.24
IStream/River (dry weather) In-Stream 16 0.5t0 2 (E4)
Stream/River (wet weather| In-Stream 4.6 0.2t0 0.5 (E4)
King County, WA King County DNRP EDC Study 100% Bridge/Road Runofff Runoff 20 0.7to 2 (E4)
Mixed Lake 13 0.4t0 1 (E4)
Mixed Marine 40 1to 4 (E4)
U.S. Streams Kolpin et al. (2002) Urban & Agricultural In-Stream 20 7
Urban (Light Industrial) Runoff 6
Urban (Old Housing) Runoff 9
United Kingdom Rule et al. (2006) Urban (New Housing) Runoff 57
Urban (Town Center) Runoff 18 to 23
Urban (WWTP Influent) Runoff 23
Freshwater (spring) I-S+Runoff 0.27
- i, Freshwater (summer) | I-S+Runoff 0.39 Forest & Field 0.1 2.5 1
Netherlands Peijnenburg and Struijs (2006) Freshwater (autumn) |-S+Runoff 0.32 Agricultural 10 2.0 4
"Pristine" Waters |-S+Runoff ~0.01 (est.) Residential 10 2.0 1
BEHP Three Puget Sound Boatyards, WA Ecology (2006c) Commercial/Industrial Runoff 2.1 15 Commercial/Industrial 10 2.0 1
Evergreen Point Bridge, WA King County (2006) Commercial/Industrial Runoff 4 15
Various Locations, U.S. (17 Cities) Pitt et al. (1994) Residential Runoff 4 62
Various Locations, U.S. NSQD (Maestre and Pitt 2005) All Runoff 10
Sweden (Rivers) Thuren (1986) Maximum=Industrial In-Stream 0.32 3.1
Various Rivers, Japan In-Stream ND 3.1
Various Cities, Japan 0.1 2.2
River Meuse, Netherlands In-Stream <0.1 35
River Rhine, Netherlands WHO (1992) Freshwater In-Stream ND 1.2
River Rhine, Netherlands In-Stream ND 4.0
Lake Yssel, Netherlands Lake <0.1 0.3
River Rhine, Netherlands In-Stream 0.1 0.7 0.3
U.S. (2 cities) 1
Japan Tapwater 1.2 1.8
U.S. (2 cities) WHO (2003) Drinking Wat 0.05 11
Several Major Cities, Eastern U.S. Drinking Wat <1
Japan Highest=Industrial Rain 0.6t0 3.2
North Pacific Rain 0.0053 0.21 0.055
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