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Abstract
The Washington State Department of Ecology and other agencies initiated a multi-phase project
in 2006, the Puget Sound Toxics Loading Analysis (PSTLA), to evaluate sources of toxic
chemicals entering Puget Sound. The analysis focused on an abbreviated list of chemicals that
were known to, or threaten to, harm the Puget Sound Ecosystem. The study included an
assessment of major delivery pathways such as surface water runoff, groundwater, publiclyowned treatment works (POTWs), and direct air deposition. An assessment of the relative
hazards posed by target chemicals was also performed.
The overall goal of PSTLA is to provide technical information to help develop toxic chemical
control strategies for the Puget Sound basin. This report is a synthesis of information generated
on (1) chemical releases from human-caused sources, (2) the rates of chemical loading through
various pathways, and (3) a basin-wide hazard evaluation for chemicals of concern.
For most of the chemicals addressed, the rate of loading to Puget Sound was estimated to be one
to three orders of magnitude lower than the rate of release from human-caused sources. In most
cases, surface runoff was found to contribute the largest loads to Puget Sound, typically
accounting for more than one-half of the total loads from all environmental pathways combined.
Loads delivered through POTWs were generally the smallest among the pathways assessed,
typically accounting for less than 10% of the total loading for each of the chemicals addressed.
Results of the hazard evaluation suggest that the following chemicals are most likely to be found
at concentrations where effects are documented or at levels above criteria used to protect aquatic
organisms and consumers of aquatic organisms:
•
•
•
•
•
•
•

copper
mercury
polychlorinated biphenyls (PCBs)
polychlorinated dioxins and furans (PCDD/Fs)
the pesticide DDT (and its metabolites DDD and DDE)
polycyclic aromatic hydrocarbons (PAHs)
bis(2-ethylhexyl) phthalate (DEHP)

Results of the hazard evaluation were coupled with information on chemical sources and loading
to suggest priorities for source control among the chemicals assessed. Recommendations are
provided for source control strategies, and data needs are identified.
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Executive Summary
Background and Approach
The Washington State Department of Ecology (Ecology) and other agencies initiated the
Puget Sound Toxics Loading Analysis (PSTLA) in late 2006 to provide scientific information
that could be used to guide decisions about how best to direct and prioritize resources and
strategies for controlling toxic chemicals in the Puget Sound basin. The primary focus of
PSTLA was to estimate toxic chemical loading to Puget Sound through major pathways such as
surface water runoff, publicly-owned treatment works (POTWs), and direct air deposition.
PSTLA used a phased approach to develop technical information on toxics chemicals in the
Puget Sound basin.
• Phases 1 and 2 relied on existing data to estimate chemical loadings and identify the most
important delivery pathways.
• Phase 3 studies included collection of new monitoring data to fill data gaps identified during
earlier phases.
Other important components of the project included:
• Assessing pharmaceuticals and personal care products in wastewater treatment plants.
• Assessing persistent organic pollutants in three guilds of marine species.
• Developing numerical models for polychlorinated biphenyls (PCBs) in Puget Sound.
• Developing a framework for a toxicant-based biological monitoring system.
• Preparing a report on the estimated release of chemicals from human-caused (anthropogenic)
sources.
The present Assessment Report aims to synthesize information from all phases of the PSTLA,
focusing primarily on the Phase 3 loading studies. Since information on loading and delivery
pathways, primary chemical sources, and other PSTLA studies may not by itself be sufficient to
meet the overall goal of PSTLA, a screening-level hazard evaluation of selected chemicals was
conducted and included in this report. The hazard evaluation provides information about the
relative risk of toxic effects posed by selected chemicals at observed concentrations in the
Puget Sound basin. The information provides a scientific basis to develop a source control
strategy for toxic chemicals in the Puget Sound Basin, and to prioritize actions.
The report is organized in a chemical-by-chemical fashion. For each of the selected chemicals
addressed in the report, the major ongoing anthropogenic sources are discussed and release rates
are estimated, an assessment of loading to Puget Sound and major pathways is presented, and the
results of the hazard evaluation for the specific chemical are discussed. These elements are
expressed by asking the following questions about toxic chemicals in the Puget Sound basin:
•
•
•
•

Where do they come from?
How much is being delivered?
What delivery pathways contribute to the loading?
What is the relative toxic hazard posed by these chemicals at observed concentrations?
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In order to focus source control actions, a lines-of-evidence approach was developed to identify
(1) chemicals with large ongoing anthropogenic releases from primary sources (does not include
natural sources or legacy pollution, and (2) a relatively high potential to elicit effects based on
the results of the hazard evaluation and regionally important biological-effects data. Combining
information on chemical releases and loadings with the relative potential for effects provides for
a more robust prioritization of possible future source control efforts. Recommendations for
filling data gaps are also included.
The PSTLA focused on an abbreviated list of chemicals of concern (COCs). This list was
developed during Phase 1 of the project based on observed harm or the threat of harm to the
Puget Sound ecosystem. There is a wide range of chemicals in the Puget Sound basin for which
we lack environmental information, and yet the chemicals may have the potential to cause
biological or ecological harm. In addition, there is a large degree of uncertainty about the
sources, pathways, and hazards for the chemicals that have been addressed. Therefore, this
assessment should be viewed as the starting point for developing a larger toxic chemical control
strategy in which a much broader spectrum of chemicals is considered.

Summary of Major Findings
Sources, Loads, and Pathways
COCs (listed in Table ES-1) were selected as the core group of chemicals analyzed in PSTLA
studies (1) based on a documented history of their presence in Puget Sound and their capacity to
harm or threaten the Puget Sound ecosystem and (2) to ensure that a broad variety of delivery
pathways would be represented. While there is general consensus that a much larger number of
potentially harmful chemicals are released to Puget Sound, the identification and evaluation of
all of these chemicals were beyond the scope of the PSTLA projects.
To remain consistent with other PSTLA projects, the geographical scope of this Assessment
Report includes Puget Sound, the U.S. portions of the Straits of Georgia and Juan de Fuca, and
the entire U.S. watershed for Puget Sound and the Straits.
Chemical loads were calculated for most of the major pathways identified during the initial phase
of the PSTLA effort. These include surface water runoff, POTWs, atmospheric deposition
directly to marine waters, and direct groundwater discharge. Table ES-1 summarizes the
estimated quantities of COCs released in the Puget Sound basin and the loads delivered to
Puget Sound. Although these estimates are based on the best available information, releases and
loads for some COCs remain incomplete or reflect high levels of uncertainty. In particular, air
deposition and groundwater loading data are unavailable for many of the organic COCs.
In general, the load of metals to Puget Sound is approximately an order of magnitude lower than
the total release from ongoing anthropogenic sources. Arsenic is an exception, apparently due to
a high level of enrichment from natural sources.
For organic chemicals, loads are generally one to three orders of magnitude lower than releases
from ongoing anthropogenic sources. The comparatively large differences between release and
loading rates for organics may simply reflect the fewer number of pathways assessed for some
Page 12

organics. Closer agreement between anthropogenic releases and loads for metals may also be
due in part to natural enrichment which contributes to the loads. Historic releases may also be a
factor in loading of both metals and organic compounds.
Table ES-1. Toxic Chemical Releases and Loading in the Puget Sound Basin (metric tons/year).
COC

Total Release in the
a
Puget Sound Basin

Major Sources

Total Load to
b,c
Puget Sound

Major
Pathway(s)

Arsenic

0.8

Industrial air emissions.
CCA-treated wood leaching.
Roofing material leaching.

14 – 25

Surface Runoff

Cadmium

1.0

Roofing material leaching.

0.05 – 0.53

Groundwater
Atm. Deposition

d

Copper

180 - 250

Lead

520

Mercury

0.5

Zinc

1,500

Pesticides use on urban lawns and gardens.
Residential plumbing component leaching.
Brake pad abrasion.
Roofing material leaching.
Vessel anti-fouling paint leaching.
Ammunition and hunting shot use.
Loss of fishing sinkers and wheel weights.
Roofing material leaching.
Aviation fuel combustion.
Consumer product improper disposal.
Crematoria and industrial air emissions.
Roofing material leaching.
Vehicle tire abrasion.

e

Surface Runoff

3.6 – 12

Surface Runoff

0.11 – 0.37

Surface Runoff

140 - 200

Surface Runoff

0.003 – 0.02

Surface Runoff

33 – 80

d

150

Electrical equipment spills and leakage.
Residential trash burning.
Building sealant (caulk) volatilization and abrasion.
Furniture, computer monitors, and other components of
residential and commercial indoor environments.
Backyard burn barrels.
NA
Woodstoves and fireplace combustion emissions.
Vehicle combustion emissions.
Creosote-treated piling, railroad ties, and utility poles.
Polymer (primarily PVC) off-gassing.
Industrial, commercial, and institutional air emissions.
Roofing material leaching.
Herbicide use on crops and golf courses.

Nonylphenol

0.18

Industrial, commercial, and institutional air emissions.

Petroleum

9,300

Total PCBs

2.2

Total PBDEs

0.7

PCDD/Fs
Total DDT

0.000009
NA

Total PAHs

310

DEHP

17

Triclopyr
g

h

f

Motor oil drips and leaks.
Used oil improper disposal.
Gasoline spillage during fueling.
NA

0.028 – 0.054
NA
0.0025 – 0.032
0.19 – 1.0

e

2.0 – 3.2

Atm. Deposition
POTWs
NA
Surface Runoff
Groundwater
Surface Runoff
Surface Runoff

0.64 – 0.69

Surface Runoff

0.023 – 0.024

Surface Runoff

330 – 500

Surface Runoff

NA
8,500 – 11,000
Surface Runoff
Oil & Grease
NA=Not analyzed
a
Includes the Puget Sound, the U.S. portions of the Straits of Georgia and Juan de Fuca, and the entire U.S. watershed for
Puget Sound and the Straits.
b
Includes the Puget Sound and the U.S. portions of the Straits of Georgia and Juan de Fuca.
c
Range of all pathways combined expressed as the sum of the 25th percentile values for each pathway – sum of the
75th percentile values for each pathway.
d
Estimate is highly uncertain.
e
Does not include estimated direct releases to marine waters (54 metric tons/yr for PAHs and 26 metric ton/yr for copper).
f
Expressed as Toxic Equivalents (TEQs).
g
Sources were not fully assessed.
h
Category includes all hexane extractable material
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The relationships between rates of initial release, rates of loading to Puget Sound, and the major
delivery pathways are discussed for each COC. For most COCs, it is clear that a simple
assessment of overall release from primary sources will not translate to levels measured in the
environment. The type, mechanism, and setting of a chemical release are important factors
governing their presence in environmental pathways. For instance, large quantities of polycyclic
aromatic hydrocarbons (PAHs) are potentially released from creosote-treated railroad ties and
utility poles throughout the basin, but the mechanisms and settings of release (volatilization and
near-field leaching primarily to soil) do not translate to elevated concentrations of PAHs in
surface runoff. In contrast, estimated zinc releases from major sources such as roof materials
and vehicle tires occur in manners and settings (leaching from precipitation, abrasion to roadway
surfaces) that result in substantial entrainment of zinc to surface waters.
For the majority of COCs, surface runoff contributed the largest loads to Puget Sound, typically
accounting for more than one-half of the total loads from all pathways combined. Surface runoff
from commercial/industrial land covers typically had the highest concentrations. However,
agricultural areas produced the highest concentrations for several metals. Loading calculations
were strongly influenced by the areas occupied by different land cover types. As a result, the
largest loads were typically from forested areas (occupying 83% of all land cover), even though
COC concentrations in forest areas were often the lowest among land covers or below reporting
limits.
Loads delivered directly to the Puget Sound marine environment through groundwater were
estimated using literature values for COC concentrations and discharge estimates. Groundwater
loads were estimated to be an order of magnitude lower than surface runoff for most COCs.
Exceptions were PAH loads, which were similar to surface water, as well as cadmium, gasoline,
and diesel fuel, which had low to non-detectable surface water loads. Like surface runoff, load
calculations for groundwater were strongly influenced by methods used to estimate
concentrations from non-detected values.
Atmospheric deposition directly to marine waters was an important loading pathway for
polybrominated diphenyl ethers (PBDEs) and high molecular weight PAHs. PBDEs was the
only COC for which direct deposition from air appeared to be the largest delivery pathway to
Puget Sound. COC flux from the atmosphere was comparatively high at a monitoring station
located in a high-density urban area with nearby commercial, industrial, and major roadway
contaminant sources.
POTWs generally accounted for less than one-tenth of the delivery to Puget Sound for each of
the COCs assessed. Exceptions were diethylhexyl phthalate (DEHP, a.k.a. bis(2-ethylhexyl)
phthalate) and PBDEs, the latter of which had POTW loads larger than those in surface runoff.
POTW loads for other chemicals not specifically addressed in this report, such as
pharmaceuticals, are expected to be much higher in POTWs than in other delivery pathways.

Hazard Evaluation
To assess the relative hazards, observed environmental concentrations of COCs in various
environmental media (surface water, sediment) were compared to available data on biological
effects or to established criteria to protect aquatic life and consumers of aquatic organisms.
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Evaluations were conducted for the following categories:
•
•
•
•
•

Direct hazards to aquatic life through surface water exposure
Direct hazards to benthic organisms through sediment exposure
Direct hazards to aquatic life based on tissue residue levels
Hazards to wildlife based on ingestion of prey, water, and sediment
Hazards to human health through fish/seafood consumption

The results of these comparisons were grouped into three broad “level of concern” categories:
Priority 1 level of concern, Priority 2 level of concern, or unknown (U) level of concern. Results
were classified as Priority 1 when the upper end of a set of observed concentrations (e.g. 90th
percentile values) exceeded the lower end of a set of effects concentrations (e.g. 10th percentile
values), or exceeded selected threshold values such as water quality criteria. A Priority 2 level of
concern was assigned in cases where the upper end of a set of observed concentrations was
below the lower end of a set of effects concentrations or other threshold values. In cases where
there were not sufficient data to make a meaningful comparison, results were assigned a U.
The hazard evaluation has several limitations that should be considered prior to acting on the
results. In particular, the hazard evaluation is not a risk assessment but is instead designed to
assess the relative level of concern of COCs across the entire Puget Sound basin. Although a
COC may be assigned Priority 2 or U for a particular sub-category, this should not be interpreted
to mean there are no hazards associated with that COC. All of the COCs evaluated pose some
level of concern for Puget Sound. Locally, concentration hot spots may exist near major sources
and may cause localized toxicity to aquatic organisms or lead to violations of standards that
would not necessarily be emphasized in this broad regional assessment. To address this
shortcoming in the hazard assessment, a limited review was conducted of regionally important
biological effects information.
Results of the hazard evaluation showed that all of the COCs except lead are a Priority 1, where
sufficient data were available for evaluation, for at least one of the categories evaluated. There
were not sufficient data to conduct evaluations for PBDEs, triclopyr, nonylphenol, or petroleum.
PCBs is the only COC assigned a Priority 1 for all five categories evaluated.
COC concentrations in surface waters and sediments – particularly freshwater – resulted in the
most COCs assigned Priority 1. Tissue residue effects, wildlife, and human health evaluations
generally resulted in fewer COCs receiving a Priority 1 assignment. However, only
bioaccumulative chemicals were evaluated for these latter categories.
In addition to the hazard evaluation, reviews of regionally important biological-effects data
showed that levels of the following chemicals found in the Puget Sound basin result in
documented or potentially adverse effects to a variety of aquatic organisms:
• copper
• mercury
• PCBs
• PBDEs
• polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs)
• dichlorodiphenyltrichloroethane (DDT) and metabolites DDD and DDE
• PAHs
Page 15

Priorities for Source Control Actions
A lines-of-evidence approach was used to move further toward a goal of deciding how best to
prioritize actions and resources for controlling toxic chemicals in the Puget Sound basin.
This lines-of-evidence approach considers information on the four major components of the
assessment (sources, loading, pathways, and the relative hazards), but the approach mostly relies
on COC sources and the relative hazards posed by COCs as determined by the hazard evaluation
and review of other regional studies.
This approach adopts the rationale that chemicals with the greatest potential to elicit toxic effects
at existing concentrations should be an important factor in determining the priority for source
control efforts. Priority was also given to COCs for which we have large opportunities for
source control. This reflects the extent to which there are existing regulatory actions to control
releases, such as bans, management of materials, or other permanent actions which reduce
releases to the environment. Given the uncertainty associated with individual estimates of
releases or loadings, this lines-of-evidence approach provides a supportable rationale for
establishing relative priorities for control actions.
Opportunities for source control are considered large where the major sources of a COC have
not been addressed by control actions; where some of the major sources have been addressed,
opportunities may be considered medium. In cases where actions have been implemented to
control and reduce all or most of the major sources and this appears to have resulted in low rates
of loading to Puget Sound, the opportunities for controlling a COC are considered small. This
assessment relies principally on the Sources Report (Ecology, 2011) with limited input by
Ecology staff and management to gauge the opportunities for source control; the assessment was
not intended to be a detailed review of management initiatives. Table ES-2 summarizes major
sources for each COC and possible opportunities for reducing those sources.
Based on the lines-of-evidence approach, copper, PAHs, DEHP, and petroleum sources were
rated as have the highest priority for early actions. The reasoning for this determination is as
follows:
•

A substantial portion of the fresh and marine water copper data observed basin-wide falls
within concentrations where effects have been documented (including reduced olfactory
function in salmonids). Copper is released in large quantities from a variety of sources which
appear to translate to substantial loads to the Puget Sound ecosystem. The use of copper in
pesticide applications and the release of copper from roofing materials are sources which
warrant further investigation. In addition, the effectiveness of recent legislation to limit
copper in brake pads and vessel anti-fouling paint should be evaluated.

•

A number of individual PAHs surpass (do not meet) freshwater sediment guidelines and
human health criteria. In addition, a variety of studies have demonstrated links between
PAH exposure and adverse effects to regionally relevant aquatic species. There appear to be
numerous opportunities for control actions, primarily for combustion sources and for
creosote-treated wood.
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•

Observed DEHP concentrations in both freshwater and marine environments exceed (do not
meet) criteria for protection of benthic species and human health. Substantial amounts of
DEHP are released in the Puget Sound basin, much of which occurs initially through releases
to air from off-gassing of plasticized polymers and point-source air emissions. Several nonpolymer uses of DEHP may also provide opportunities for source reduction.

•

The relative hazard posed by petroleum in the Puget Sound basin was not able to be
evaluated due primarily to the lack of biological-effects data and the absence of criteria to
protect aquatic organisms, wildlife, or human health. However, some of the COCs addressed
in this assessment are components of petroleum and may be released in substantial quantities
along with the release of petroleum. In particular, substantial releases of PAHs are estimated
to be released from petroleum. The major sources of petroleum are diffuse, such as motor oil
drips and leaks and minor gasoline spillage during vehicle fueling, and therefore offer ample
opportunities for reduction efforts.

Several COCs were found to be a Priority 1 level of concern based on the hazard evaluation but
were not determined to be among the highest priorities for reduction actions since the major
sources have been addressed through regulatory programs or other efforts. For instance, mercury
poses a relatively high hazard to freshwater and marine aquatic organisms and wildlife based on
doses calculated from observed data. However, many of the historical regional sources of
mercury to the Puget Sound basin have been eliminated or are being addressed by the Mercury
Chemical Action Plan (Ecology and WDOH, 2003). Similarly, PCBs are a Priority 1 level of
concern for all hazard evaluation categories, but PCBs have been banned for decades, the major
sources (use in electrical equipment) are highly regulated, and current loads to Puget Sound
appear to be small.
Although the systematic prioritization approach identified four COCs for early actions, other
factors should be considered to determine the need and feasibility for developing control and
reduction strategies for other COCs. For instance, PBDEs are ubiquitous environmental
contaminants, and although voluntary actions and bans have removed major PBDE formulations
from new consumer products, much of the PBDEs produced historically may remain in
consumer products and commercial office products and these potentially represent substantial
diffuse ongoing sources. The hazard evaluation was not able to adequately assess the relative
hazards associated with PBDEs due to a lack of environmental standards, although there is
evidence in the available literature to suggest this COC may pose a hazard at observed
concentrations.
Additional research is needed to assess the relative hazards posed by PBDEs and other COCs for
which there are only limited environmental data. By the same token, COCs with limited source
information should be further evaluated to assess additional opportunities for source control.
Of the COCs addressed in this report, PBDEs and nonylphenol were the COCs that should
receive top attention for further research on potential hazard as well as possible opportunities for
source control.
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Table ES-2. Summary of Possible Actions to Reduce COCs in the Environment.
COC

Arsenic

Opportunities
for Source
Control
Medium

Major Ongoing Anthropogenic Sources

Possible Actions for Reductions

Industrial air emissions
CCA-treated wood leaching

Vehicle tire abrasion
Electrical equipment spills and leakage
Residential trash burning

Maintain existing permit controls.
Continue ban for most non-structural uses.
Possible opportunity for source control,
but more data needed on extent of releases.
Possible opportunity for source control,
but more data needed on extent of releases.
More data needed on actual pesticide use.
Continue to implement Lead and Copper Rule.
Continue to implement legislation enacted
to reduce source.
Possible opportunity for source control,
but more data needed on extent of releases.
Continue to implement legislation
enacted to reduce source.
Implement CAP and enforce existing regulations.
Implement CAP and enforce existing regulations.
Possible opportunity for source control,
but more data needed on extent of releases.
Implement CAP and enforce existing regulations.
Continue to implement CAP and
enforce existing regulations.
Continue existing permit limits.
Possible opportunity for source control,
but more data needed on extent of releases.
Investigate source where it poses local concern.
Continue programs for management and disposal.
Continue enforcing existing ban.

Building sealant (caulk) volatilization and abrasion

Investigate source where it poses local concern.

Roofing material leaching
Cadmium

Medium

Roofing material leaching
Pesticides use on urban lawns and gardens
Residential plumbing component leaching
Brake pad abrasion

Copper

Large
Roofing material leaching
Vessel anti-fouling paint leaching
Ammunition and hunting shot use
Loss of fishing sinkers and wheel weights

Lead

Small

Roofing material leaching
Aviation fuel combustion

Mercury

Medium

Consumer product improper disposal
Crematoria and industrial air emissions

Zinc

Total PCBs

Large

Small

Roofing material leaching

Total PBDEs

Medium

Furniture, computer monitors, and other components
of residential and commercial indoor environments

Enforce ban on new products but consider control
actions to reduce the release from existing products.

PCDD/Fs

Small

Backyard burn barrels

Continue enforcing existing ban.

Total DDT

Small

None apparent

Investigate source where it poses local concern.
Continue change out programs,
investigate catalysts/capture devices,
promote alternatives to wood heat.
Anti-idling programs, continue/expand engine
retrofits for private section engines,
enforce existing vehicle controls.
Control actions needed, gather information
to identify highest priority areas.
Gather additional information on extent of releases.

Woodstoves and fireplace combustion emissions
Total PAHs

Large

Vehicle combustion emissions
Creosote-treated piling, railroad ties, and utility poles
Polymer (primarily PVC) off-gassing

DEHP

Large

Industrial, commercial, and institutional air emissions
Roofing material leaching

Triclopyr

Medium

Herbicide use on crops and golf courses

Nonylphenol

Unknown

Industrial, commercial, and institutional air emissions

Petroleum

Large

Maintain existing permit controls.
Possible opportunity for source control,
but more data needed on extent of releases.
More data needed on pesticide use.
More information needed on emissions from these
sources and unidentified releases.

Motor oil drips and leaks
Used motor oil improper disposal

Expand existing education/workshop programs.

Gasoline spillage (minor) during fueling

Possible opportunity for source control,
but more data needed on extent of releases.

Bold=Recommended as priority for near-term actions based on lines-of-evidence approach.
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Recommendations
Broad recommendations are provided below. These are intended to guide development of a
long-term strategy to reduce toxic threats to Puget Sound. The reader is directed to the main
body of the report for more detailed results of this assessment that should provide further
direction towards specific chemical control actions and further source/pathway investigations.
While this report identifies sources of toxic chemicals entering Puget Sound and recommends
ways to reduce this contamination, these recommendations should be prioritized and balanced
alongside current efforts and regulatory programs that already keep millions of pounds of
business-generated COCs safely managed.
In 2010 the U.S. Environmental Protection Agency selected Ecology to lead the development
and implementation of a long-term toxic chemical control strategy for Puget Sound. Results
from the PSTLA will be a key piece of information to help design and implement actions to
reduce threats from the most important sources of toxic chemicals to the Puget Sound ecosystem.
Ecology will use funding from a National Estuary Program grant to implement priority actions
under this long-term toxics control strategy.
Major recommendations from this assessment can be summarized as follows:
•

A variety of diffuse (nonpoint) sources appear to account for the majority of contaminant
releases in the Puget Sound basin. In addition, surface water runoff during storms was
identified as the major delivery pathway for most contaminants. High priority should be
given to (1) implementing control strategies to prevent the initial release of contaminants
and (2) reducing or treating stormwater inputs.

•

Vehicles and vehicle-related activities represent an important source of a number of
contaminants. Examples include: copper and zinc from brake and tire wear, PAHs from
fuel combustion, and petroleum from motor oil drips and leaks as well as refueling
operations. Source control strategies should be developed around reducing contaminant
inputs from vehicles.

•

Runoff and leaching from roofing materials were estimated to be a major source of several
metals, particularly cadmium, copper, and zinc. Roof runoff may also be a substantial source
of DEHP. Field investigations should be conducted to gauge the accuracy of this
information, and if warranted, alternative assessments should be considered for this source
category.

•

Developed lands (commercial/industrial, agricultural, and residential) had higher
concentrations of COCs compared to undeveloped forest land. Source control strategies
should focus on identifying and controlling contaminant releases from existing and new
developments.

Page 19

•

This assessment focused on a short list of contaminants that were known to, or threaten to,
harm the Puget Sound ecosystem. Data are needed on the spatial distribution and impacts
from a much wider range of potential contaminants (e.g. pharmaceuticals and personal care
products, brominated flame retardants, nanomaterials) in the basin.

•

Businesses in Washington that routinely handle large amounts of COCs should be inspected
on a routine basis; once every three years appears to be a reasonable schedule.

Examples of other recommendations are provided below:
•

One of the largest potential releases of copper is due to the urban lawn and garden use of
products containing copper. Due to the lack of good pesticide-use information, there is a
high degree of uncertainty surrounding this conclusion. Additional information is needed to
determine release rates for this potentially important source of copper.

•

Wood-burning stoves and fireplaces along with vehicle emissions were identified as some of
the largest sources of PAHs in the Puget Sound watershed. Regional air programs should
continue to pursue abatement programs to reduce wood smoke emissions and vehicle
emissions.

•

Creosote-treated wood represented approximately one-third of the PAHs released to the
Puget Sound basin. In particular, direct release to Puget Sound occurs from treated pilings in
marine (salt) water. Programs such as the Department of Natural Resources Marine Piling
Removal program should be supported to reduce the release of PAHs from marine pilings
and bulkheads.

•

More information is needed to help distinguish natural and legacy sources of contaminants in
environmental pathways such as surface water runoff. This will help gauge the feasibility
and effectiveness of actions taken to reduce releases of chemicals from contemporary
anthropogenic (human-caused) releases.

•

Resources should be provided for local source control programs that identify and prevent the
release of contaminants on a local scale.
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Introduction
Background
The Puget Sound Basin covers more than 43,400 square kilometers (16,800 square miles) of land
and water (Hart Crowser et al., 2007) and is home to 4.5 million people (U.S. Census Bureau,
2010) including large urban metropolitan centers such as Seattle and Tacoma (Figure 1). Although
large urban and industrial areas have developed along the shores of Puget Sound and near the
mouths of major rivers – particularly on the east side of the central Sound – much of the shoreline
and the watershed remains undeveloped and the bulk of the upland basin is forest.
During the past 150 years, humans and their activities have released a wide variety of chemicals
into Puget Sound and its surrounding watershed, many of which are toxic to humans and aquatic
organisms. Due to its fjord-like structure and shallow sills, the entry of deep oceanic water into
Puget Sound is restricted, which reduces flushing of the inland marine and estuarine waters
(PSAT, 2007). As a result, toxic chemicals (toxicants) and other pollutants may accumulate in
some inlets and embayments of Puget Sound, increasing their exposure to aquatic organisms.
While the marine waters of Puget Sound may be the ultimate sink for many of the toxic
chemicals released in the basin, it is universally recognized that freshwater streams, rivers, and
lakes in the basin may be at risk from contamination as toxic chemicals travel from their points
of initial release to the Puget Sound. The health of Puget Sound ultimately depends on the health
of its upland watershed, particularly since one of its most ecologically important and iconic
organisms – pacific salmon – rely on the upland watersheds for some of their most vulnerable
stages of life.
For several decades the loading of toxicants to Puget Sound has been recognized as a serious
problem and has been documented in a number of reviews (e.g. Dexter et al., 1981; Romberg
et al., 1984; PSWQA, 1986; PTI, 1991; PSAT, 2003; Redman et al., 2006). These reviews have
primarily focused on identifying chemicals of concern (COCs), concentrations in marine
sediments, and effects to aquatic organisms, but generally provided only conjecture about
delivery pathways.

Puget Sound Toxics Loading Analysis
In December 2005, Governor Christine Gregoire and the Washington Legislature launched the
Puget Sound Initiative, a comprehensive effort by local, state, federal, and tribal governments;
business, agriculture and environmental communities; scientists; and the public to restore,
protect, and preserve the Sound by 2020. Among the top recommendations put forth by the
original Puget Sound Partnership (Partnership) in 2006 was to make the reduction of toxic
chemicals entering Puget Sound waters a primary objective for the long-term agenda.
The Washington State Department of Ecology (Ecology) and other agencies responded to the
original Partnership’s “reducing toxics” recommendation by initiating the Puget Sound Toxics
Loading Analysis (PSTLA). Phase 1 of PSTLA was an initial estimate of toxicant loading to
Puget Sound through various pathways such as surface runoff and direct air deposition. The
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analysis relied on readily accessible data to estimate chemical loading to the marine basin, and
the authors of the report acknowledged that there remained a number of significant gaps in
determining an accurate toxics budget for the Sound (Hart Crowser et al., 2007). However, the
Phase 1 study satisfied its primary goal of identifying data gaps and needs for additional studies,
and informed the Puget Sound Action Agenda (PSP, 2008), the plan for restoring Puget Sound.

Strait of
Georgia

Figure 1. Watershed area for Puget Sound and the U.S. Portion of the Strait of Georgia and the
Strait of Juan de Fuca.
The Partnership’s Action Agenda re-iterated the conclusion that toxic chemical contamination is
one of the largest problems facing Puget Sound, and a number of recommendations were
developed to tackle various aspects of this complex problem. Although many of the
recommendations were centered on implementation (e.g. programmatic, education, policy), the
Partnership also recognized the need to gain a more thorough understanding of the problem as it
currently exists. This need was expressed in the Action Agenda as Priority C.1.1.10: Continue
scientific work to better understand the sources of toxics, as well as transport and fate in the
Puget Sound ecosystem, to better refine reduction strategies. This includes the toxic loadings
assessments.
Page 22

In keeping with recommendations from the Action Agenda, two additional phases of PSTLA
projects were mapped out:
•

Phase 2 PSTLA studies were generally designed to refine loading estimates obtained during
the Phase 1 effort and relied on readily available information much like the Phase 1 study.

•

Phase 3 represented a departure from the earlier approaches in that nearly all of the Phase 3
projects included a sampling component so that refinements would include up-to-date and
region-specific data.

In general, PSTLA projects were designed to assess the loading, sources, and to some degree, the
impacts of toxic chemicals in Puget Sound. But the bulk of the PSTLA effort has been devoted
to studying the delivery of toxicants through various pathways, such as direct atmospheric
deposition, surface water runoff, and water exchange at the ocean boundary.

Purpose
The overall goal of PSTLA is to provide scientific information that will help guide decisions
about how best to direct and prioritize resources and strategies for controlling toxic chemicals in
the Puget Sound basin.
The purpose of this Assessment Report is to (1) distill the data and information generated by the
PSTLA projects into a single document and (2) provide conclusions about toxic chemicals and
their sources that can be used by those developing strategies to control toxic chemicals in
Puget Sound.
The Assessment Report does not address all threats to Puget Sound. The issues regarding
cleanup and restoration of Puget Sound are complicated and multi-faceted. For every pound
of toxic chemicals released to Puget Sound by people, cars, households, etc., Washington
businesses produce and handle hundreds to thousands times the amount of these chemicals,
both in the form of chemical products and hazardous waste. While the Assessment Report
identifies sources of pollution entering Puget Sound and recommends priorities to address this
contamination, these recommendations should be balanced alongside current efforts that already
keep millions of pounds of business-generated chemicals safely managed.
In 2010 the U.S. Environmental Protection Agency (EPA) selected Ecology to lead development
and implementation of a long-term toxic chemical control strategy for Puget Sound. Results
from the PSTLA will be a key component to (1) identify the most significant sources and
delivery pathways of toxic chemicals and (2) prioritize reduction efforts to reduce threats from
toxic chemical to the Puget Sound ecosystem. Ecology will use funding from a National Estuary
Program grant to implement priority actions under the toxics control strategy.

Scope, Approach, and Organization of the Report
Many projects are included under the umbrella of the PSTLA, as shown in Figure 2. Appendix
A provides additional information on PSTLA project subject matter, authorship, and completion
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status. All completed PSTLA reports are posted on the PSTLA internet homepage:
www.ecy.wa.gov/programs/wq/pstoxics/index.html.
This Assessment Report focuses primarily on the PSTLA Phase 3 loading studies and draws on
information provided in other PSTLA studies where appropriate. Since information on loading
and delivery pathways, primary chemical sources, and other PSTLA-derived data may not by
itself be sufficient to meet the overall goal of PSTLA, a screening-level hazard evaluation of
selected chemicals was conducted and included in the Assessment Report. The hazard evaluation
provides information about the relative risk of toxic effects posed by selected chemicals at
observed concentrations in the Puget Sound basin.
This Assessment Report is organized in a chemical-by-chemical fashion. For each of the selected
chemicals addressed in the report, the major ongoing anthropogenic sources are discussed, an
assessment of loading to Puget Sound and major pathways is presented, and the results of the
hazard evaluation for the specific chemical is discussed. These elements may be re-phrased as
the following questions for specific toxic chemicals in the Puget Sound basin:
•
•
•
•

Where do they come from?
How much is being delivered to Puget Sound?
What delivery pathways contribute to the loading?
What is the relative toxic hazard posed by these chemicals at observed concentrations?

Figure 3 shows the major elements considered for this Assessment Report. As mentioned
previously, loading estimates from different pathways come primarily from the PSTLA Phase 3
loading studies. Loading information from PSTLA Phases 1 and 2, as well as additional
information on chemical transport and attenuation, may be used to supplement the PSTLA
Phase 3 loading studies.
The PSTLA Phase 3 report on primary sources provides estimates of ongoing anthropogenic
releases of selected chemicals. For each chemical addressed in this Assessment Report, the
information on loading rates and pathways is discussed in context of their ongoing releases from
primary sources (i.e. how these chemicals get in the environment in the first place).
As mentioned previously, the hazard evaluation provides information about the relative risk of
toxic effects posed by selected chemicals at observed concentrations in the Puget Sound basin.
The hazard evaluation was not produced as a separate project; it was conducted specifically for
this Assessment Repot to enhance and supply additional context to the information on loading,
pathways, and sources of toxic chemicals.
The major components used for this Assessment Report are described in more detail in
subsequent sections. The reader should be aware that the Assessment Report does not consider
these components exclusively. For instance, additional information on bioaccumulative
chemicals in three guilds of marine organisms (West et al., 2011a and b; Noel et al., 2011) are
used to provide additional context to the hazard evaluation for specific chemicals.
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Phase 3: Targeting Priority Toxic
Sources
Phase 3 Projects:
3A: Toxic Chemical Loadings via Surface Runoff
3B: Modeling Surface Runoff in Two Pilot Watersheds
3C: Evaluate Air Deposition
3D: Toxic Chemicals in Marine Waters and from
Ocean Exchange
3E: Numerical Models and Scenarios
3F: Priority Pollutant Scans for POTWs
3G: Primary Sources of Toxic Chemicals
3H: Pharmaceuticals and Personal Care Products
(PPCPs)
3J: Persistent Organic Pollutants in Three Guilds of
Pelagic Marine Species from the Puget Sound
3K: Assessment Report
3L: Groundwater Discharge Directly to Puget Sound

Phase 2: Improved Loading
Estimates
Phase 2 Projects:
2A: Loadings from Surface Runoff and Roadways
2B: Loadings from Dischargers of Municipal and
Industrial Wastewater
2C: Bioaccumulation Model Estimates of Toxics from
Sediments
2D: Water Column Data for Puget Sound and its
Ocean Boundary
2E: Support for a Human Health Risk Assessment
2F: Numerical Models for Polychlorinated Biphenyls
in Puget Sound
2G: Biological Observing System (TBiOS) for Toxics
in Puget Sound

Phase 1: Initial Estimate of Toxic
Chemical Loadings to Puget Sound
Phase 1 Project:
1A: Initial Toxics Loading Estimates

Figure 2. Timeline and Complete List of All PSTLA Projects.
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Phase 3 Loading Surface Runoff
Phase 3 Loading Atmospheric
Deposition
Phase 3 Loading POTWs
Loading and
Pathways
Phase 3 Loading Ocean Exchange
Phase 3 Primary
Sources Study
Phase 3 LoadingGroundwater

Assessment Report
Hazard Evaluation

Information on
Transport and
Attenuation

Information on
Biota Accumulation
and Effects

Figure 3. Elements Incorporated into the Assessment Report.

Selection of Chemicals
While there is general consensus that a large number of potentially harmful chemicals may be
present in Puget Sound, the identification and evaluation of all chemicals was beyond the scope
of the PSTLA projects. In order to focus on a group of chemicals that are known to be important
and likely represent at least some of the most important ones in Puget Sound, the chemicals
addressed in this Assessment Report are the chemicals of concern (COCs) first selected during
the initial phase of the PSTLA.
The COCs were selected by a Chemicals of Concern Workgroup that had been convened to
recommend a list of chemicals based on previous work and using best professional judgment.
The workgroup sought to choose chemicals that had a documented history of presence in
Puget Sound and “… 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.” The COCs list was
developed to ensure that a broad variety of delivery pathways would be represented.
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The workgroup settled on a list of chemicals that largely mirrored those identified by the thenlead agency for Puget Sound (Puget Sound Action Team; Redman et al., 2006). These chemicals
became the core group of chemicals analyzed for the subsequent loading studies, although a few
chemicals were excluded for particular studies while other studies included chemicals beyond the
COCs.
The COCs are as follows:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Arsenic
Cadmium
Copper
Lead
Mercury
Zinc
Polychlorinated biphenyls (PCBs)
Polybrominated diphenyl ethers (PBDEs)
Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs)
Dichlorodiphenyltrichloroethane (DDT) and metabolites DDD and DDE
Low molecular weight polycyclic aromatic hydrocarbons (LPAHs)
High molecular weight polycyclic aromatic hydrocarbons (HPAHs)
Carcinogenic polycyclic aromatic hydrocarbons (cPAHs)
Diethylhexyl phthalate (DEHP, a.k.a. bis(2-ethylhexyl) phthalate)
Triclopyr
Nonylphenol
Oil and petroleum hydrocarbons

It is possible that this list of COCs represents only a small subset of those chemicals that may
be impacting Puget Sound. Any conclusions drawn from the assessment of these COCs should
not signify that other chemicals may not be of equal or greater concern.

Geographical Study Area
The geographical study area addressed in this Assessment Report is Puget Sound, the
U.S. portions of the Straits of Georgia and Juan de Fuca, and the entire U.S. watershed for
Puget Sound and the Straits (Figure 1). This is consistent with all of the land-based PSTLA
loading projects (e.g. Hart Crowser et al., 2007; Envirovision et al., 2008a), except the
groundwater loading analysis which excludes loads from the western Strait of Juan de Fuca.
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Puget Sound Toxics Loading Analysis
(PSTLA) Projects
The bulk of COC data analysis in this report is contained in the Chemical-Specific Assessments
section. The COC data analyzed in the Chemical-Specific Assessments section are primarily
from the PSTLA studies. The following section summarizes the PSTLA studies used for these
analyses in order to familiarize the reader with the subject and scope of the studies conducted
under PSTLA. For more detailed information, the reader is advised to review the ChemicalSpecific Assessments section or the original PSTLA studies which are referenced in the
following section and are available online at www.ecy.wa.gov/programs/wq/pstoxics/index.html.

Loading Projects
PSTLA Phase 3 loading studies are described in the following sub-sections. PSTLA Phase 1 and
2 projects that were conducted to estimate COC loading are not included because their goal was
generally to focus information for the development of the more refined Phase 3 loading studies.
Aside from a few possible exceptions, the Phase 3 loading studies contain the best PSTLA
loading data available.

Surface Water Runoff
Description
The Phase 3 study on COCs and other chemicals in surface water runoff (Herrera, 2011) was the
primary off-shoot of the Phase 1 and 2 loading studies which identified surface runoff as the
principal delivery pathway for most COCs. Like the other loading studies conducted under
PSTLA, the surface runoff study was essentially a modeling effort which included the collection
of sampling data to provide input data for the model used to estimate surface runoff loads of
COCs.
The primary objective of the surface runoff study was to quantify the annual loading of COCs to
Puget Sound through surface runoff, defined as the water flowing over the surface of the land at
some point, including stream baseflow, stormwater, and groundwater discharging to surface
waters. In addition to calculating COC mass loading to Puget Sound, the surface runoff study
also provided data on chemical concentrations in surface runoff among different land cover types
(commercial/industrial, residential, agricultural, and forests) and during different streamflow
regimes (baseflow and storm flow).
Four sub-basins from the each of the representative land covers (commercial/industrial,
residential, agricultural, and forests) were sampled twice during baseflow and six times during
storm flow conditions between October 2009 and July 2010. Sampling was limited to stream
sub-basins in the Snohomish River and Puyallup River watersheds for logistical reasons.
Samples were analyzed for the entire list of COCs (except PCDD/Fs) as well as additional
chemicals such as phthalates, semi-volatile organic compounds, pesticides, herbicides, and
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nutrients (Appendix B). Continuous stream discharges (flows) were recorded during the study
period. The complete results of the chemistry and discharge data are included in the surface
runoff report (Herrera, 2011).
The COC concentration data obtained from sampling were coupled with stream gauging data and
converted to annual unit-area loads (e.g. kg COC/km2) specific for a land cover and flow regime
(baseflows or storm flows). The land area of the entire Puget Sound basin was assigned one of
the four land covers, and the unit-area COC loads computed from study results were assigned to
the corresponding land cover. Using this “scale-up” methodology, COC loads for the Puget
Sound basin were calculated for both storm flows and baseflows.
Summary of Major Findings
The surface runoff project team found that PAHs, phthalates, semi-volatile organic compounds,
pesticides, herbicides, and petroleum hydrocarbons were rarely detected or not detected at all.
PCBs and PBDEs were detected in a majority of samples; however, only a few individual
chemicals from each of these classes were commonly present. Most nutrients and six of the
15 metals evaluated in this study were detected in nearly all the samples. The frequency of
detection and concentrations for most chemicals was generally higher for samples collected
during storm flows than baseflow samples, a pattern generally consistent among all land cover
types.
Since COC concentrations were typically higher during storm events, the increased discharge
during storm events amplified the COC loads compared with baseflow loads. As a result, storm
flow unit-area loads were much larger than baseflow unit-area loads for most chemicals. This
suggests that environmental chemicals are mobilized during storm events; otherwise increased
storm flows would simply dilute chemical concentrations and loads would remain the same
regardless of discharge.
Although the surface runoff study demonstrated that chemicals are mobilized during storm
events, it is unclear to what extent chemicals are transported to the stream corridors versus
re-mobilization of chemicals residing in the stream corridors (e.g. sediments). It is likely that
both circumstances occur to varying degrees, and may depend largely on the chemical in
question.
COCs were generally detected more frequently and at higher concentrations in the
commercial/industrial sub-basins compared to the other land cover types with a few exceptions;
metals were occasionally detected more frequently and at higher concentrations in the
agricultural areas. Metals aside, agricultural and residential areas had roughly the same level
of chemical detection frequencies and concentration. Streams sampled in forested areas had the
lowest overall concentrations as well as frequency of COC detection.
In general, COC unit-area loading rates for the four land cover types generally showed the same
pattern as concentrations (commercial/industrial > agricultural ≥ residential > forest). However,
since approximately 83.4% of the land base in the Puget Sound basin is forested and only 0.8%
is commercial/industrial land cover, absolute loads from forested areas dominate the overall
loading from surface runoff.
Page 30

As with any study designed to extrapolate large values from a limited sample set, there are a
number of uncertainties associated with the results. The low frequencies of detection for many
organic COCs were particularly troubling since summary statistics for concentrations were
required for calculation of loads. This required substitution methods for non-detected values
within a concentration dataset, with one-half of the reporting limit typically used to substitute for
non-detected results. Appendix B shows the method used to establish representative COC values
for datasets with non-detected values. The result is that COC concentrations used to derive loads
were determined largely by reporting limit values rather than measured concentrations.
The use of unit-area loads to compute basin-wide loading has the potential to introduce bias to
the final load estimates. The unit-area load method assumes that all of a single land cover type
(e.g. agricultural) in the Puget Sound basin delivers the same COC load regardless of the runoff
volume (the runoff volume method was applied in the Phase 2 surface runoff estimates). This
essentially has the effect of dampening the load signal from forest areas where the percentage of
total runoff volume is even greater than the area. At the same time, loads from commercial/
industrial areas (and agricultural areas for some COCs) may be higher using the unit-area load
method compared with loading calculations that use precipitation-driven runoff volumes.
However, the overall effect of the unit-area load methodology results in lower absolute loads for
the Puget Sound basin due to the diminished contribution of the forest loads.

Atmospheric Deposition
Description
The study of COCs atmospherically deposited directly to the surface of the Puget Sound marine
waters (Brandenberger et al., 2010) was conducted based on recommendations from the Phase 1
report which concluded that PBDE and PAH loads delivered through this pathway may be
comparable or greater than from surface runoff. The Phase 1 report also noted that there were
few data to assess atmospheric deposition loads, and that what little data that existed was two
decades old. There were no efforts among the Phase 2 projects to improve air depositions loads.
In order to obtain estimates of air deposition loads to Puget Sound, the project team designed a
sampling network of seven locations geographically dispersed around Puget Sound that
represented a variety of possible air pollution influences and precipitation patterns. One station
was located in a high-density urban area of Tacoma with numerous potential industrial and
roadway influences; a companion station was located in a nearby undeveloped area to assess the
influence of highly localized air deposition.
Sampling was conducted at two-week intervals over the course of 14 months during 2008 –
2009. The funnel-type sampling devices used for the study collected bulk samples (dry + wet
deposition) and were not designed to distinguish between dry and wet deposition. However,
the large number (19) of discrete sampling events permitted a partial evaluation of differences
between dry and wet deposition since sampling spanned wet and dry seasons.
Samples collected from the bulk deposition collectors were analyzed for the COC metals, PCBs,
PBDEs, HPAHs, and cPAHs (Appendix B). Additional analyses were conducted for PAH
Page 31

markers and anhydrosugars in order to conduct analyses of PAH sources. Once COC
concentrations from a sample were obtained, fluxes (e.g. ng COC/m2/day) were calculated based
on the sample volumes, funnel area, and elapsed collection time.
Using the COC fluxes, three scenarios were used to estimate total annual loads to Puget Sound:
1. The first scenario applied summary statistics derived from all of the pooled results to the
entire marine surface.
2. The second scenario used location-specific deposition results and applied them to
geographically associated marine compartments based on the Puget Sound Box Model
(Pelletier and Mohamedali, 2009).
3. The third scenario used the same method as for the second scenario, but further divided the
loading into dry and wet seasons.
The three scenarios for calculating annual loads from atmospheric deposition produced similar
results, and the authors of the air deposition study did not explicitly state a preference for any
particular scenario. Loading estimates from the third scenario are used for the present report
because (1) values typically fell between estimated loads derived from the other scenarios, and
(2) loads calculated for both dry and wet deposition could provide useful information for further
analysis, much the same way baseflow and storm flow data from the surface runoff study are
able to be evaluated independently.
Summary of Major Findings
All of the COCs analyzed were detected at all stations, and fluxes and loads were calculated
based on summary statistics computed for each COC at each location. The high-density urban
station in Tacoma had COC fluxes much higher than most other stations – an order of magnitude
higher in most cases – including the nearby companion station. This finding supports the view
that strong air deposition signals may be highly localized, particularly in high-density urban
areas. Seasonal differences suggest a higher rate of wet deposition for metals, while the opposite
appears to be the case for PBDEs. There does not appear to be any effect on seasonality for
PAHs, although biomarker fluxes suggest a larger proportion of PAHs deposited during the
winter originates from biofuel (e.g. firewood) combustion.
Users attempting to interpret results of the air deposition study should be aware of several
limitations. The difficulties of attempting to extrapolate atmospheric deposition of chemicals
across a large area using a limited sampling coverage are evident. As noted by the authors of the
study (Brandenberger et al., 2010), the sampling coverage was able to capture only one location
with elevated deposition rates due to highly localized conditions. Perhaps more important,
mercury aside, there are few data on which to compare the results of the study. Most comparable
data were collected 20 years prior to this study, and advances in analytical methods, increases in
population, and emissions reduction efforts have all occurred during the intervening years. The
current COC fluxes are much lower than those reported during the early 1990s.
Users of the data should also be aware that the method for handling non-detected PBDE
congeners (14 were analyzed) was different from methods used in other loading studies. The
method detection limit was used to replace each non-detect congener result during the
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summation of individual congeners to derive a total PBDE sum. The authors of the study
acknowledged this resulted in a conservative (upward) bias of the results. This bias appears to
result in fluxes (and resulting loads) on the order of 50% higher than those derived from using
summing methods which substitute a zero for non-detected congeners when calculating a total
PBDE sum.
In contrast to the non-detect substitution method described for PBDEs, non-detected PCB
congeners were substituted with a zero, unless no congeners were detected for a sample, in
which case one-half the highest method detection limit among congeners was used as the result.
This likely resulted in a downward bias of the results. Appendix B shows the method used to
establish representative COC values for datasets with non-detected values.

Publicly-Owned Treatment Works (POTWs)
Description
The Phase 3 project to assess COC loading through POTWs (Ecology and Herrera, 2010) was
conducted based on recommendations from the Phase 1 report and results of a Phase 2 study of
discharge data from POTWs and industrial wastewater discharges (Envirovision et al., 2008b).
Both the Phase 1 and 2 studies found a limited amount of data which could be used to calculate
reliable load estimates and recommended collection of additional data in order to refine an
assessment of loading.
In order to estimate loads from POTWs, ten facilities were sampled during two events each.
Sampling was conducted during February and July 2009 to represent wet and dry seasons,
respectively. The POTWs were selected to represent varying types of treatment process, size,
and source of wastewater, and were geographically distributed around the Puget Sound region.
To obtain load estimates, the project team computed summary statistics for representative COC
concentrations then multiplied concentrations by the average annual volume of treated
wastewater discharged from all of the 96 POTWs in the Puget Sound basin.
Samples collected from POTWs were analyzed for the COCs (except arsenic, cadmium,
mercury, and PCDD/Fs) as well as additional chemicals such as phthalates, semi-volatile organic
compounds, pesticides, and herbicides (Appendix B). Few of these chemicals are routinely
monitored by POTW operators.
Summary of Major Findings
Most classes of chemicals were detected in POTW effluent, and loads were calculated for all of
the COCs analyzed except DDT, cPAHs, nonylphenol, triclopyr, and oil/petroleum. To obtain
load estimates, the project team computed summary statistics for representative COC
concentrations then multiplied concentrations by the average annual volume of treated
wastewater discharged from all of the 96 POTWs in the Puget Sound basin. Due to the limited
number of sampling events and atypical weather during the sampling period, the project team
was not able to assess any seasonal variations in loadings.
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Like the other loading studies, methods for handling non-detected results were required in order
to obtain representative COC concentrations for datasets that contained a combination of
detected and non-detected results. The POTW project team used the regression-on-order
statistical analysis to calculate summary COC concentration statistics rather than simple
substitution with one-half of the reporting limit. Perhaps more importantly, no loads were
calculated for chemicals that had less than 50% overall frequency of detection. This appears to
have introduced a downward bias in basin-wide loading estimates when compared with loading
estimates that would have been obtained using the same non-detect substitution methodology
that was applied in the surface runoff study. Appendix B shows the method used to establish
representative COC values for datasets with non-detected values.
The absolute Puget Sound COC loads were calculated based on discharge volumes from 96
POTWs in the Puget Sound basin, yet not all of these POTWs discharge directly to the marine
waters of Puget Sound. Efforts to distinguish POTW loads from surface runoff loads potentially
run the risk of double-counting surface runoff loads if surface water sampling is conducted
downstream of a POTW outfall. However, none of the surface runoff sampling stations were
located downstream of POTW outfalls, and therefore distinct COC loads can be attributable to
POTWs and surface runoff based on the methodologies used in the respective projects.

Ocean Exchange and Major Tributaries
Description
Ecology’s study of chemical load exchange at the ocean boundary (Gries and Osterberg, 2011)
was originally conceived to provide chemical input data for the Puget Sound Box Model
(Pelletier and Mohamedali, 2009) after a review of existing data (Serdar, 2008) found the
available data were inadequate for the model. The ocean exchange project was designed with a
number of marine water column stations to provide calibration data for the box model. The
study design was later expanded to include measurements of chemical concentrations in the five
rivers having the greatest annual discharges to Puget Sound in order to assess the relationships
between river COC concentrations and those in corresponding inland marine waters.
The final sample design for the project included shallow and deep water sampling at three ocean
boundary stations (eastern Strait of Juan de Fuca and Haro Strait), marine water at four locations
representing the Main, Whidbey, South Sound, and Hood Canal basins, and freshwater and
suspended particle sampling near the mouths of the Skagit, Snohomish, Nooksack,
Stillaguamish, and Puyallup Rivers. Samples collected from freshwater and marine waters
were analyzed for the COCs (except mercury, PCDD/Fs, and triclopyr; oil and petroleum was
analyzed in freshwater only) as well as additional chemicals such as phthalates, semi-volatile
organic compounds, and chlorinated pesticides (Appendix B).
The exchange of chemical loads at the ocean boundary was calculated by using concentrations
in the deep water boundary stations to represent inflow to Puget Sound, and chemical
concentrations from the Main, Whidbey, and Hood Canal basin sites to represent water flowing
out of Puget Sound. The concentrations representing the inflow and outflow were then
multiplied by the known volumes of water flowing in and out of Puget Sound, respectively.
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Summary of Major Findings
The study found metals, PCBs, and PBDEs at detectable concentrations in the marine water
column, but other COCs were either not detected or detected at such low frequencies that load
estimates were not calculated.
Metals, PCBs, and PBDEs were found at detectable concentrations in the water column of rivers,
but other COCs were either not detected or detected at such low frequencies that load estimates
were not calculated. However, PAHs and DEHP were detected at high frequencies in suspended
particles (sampled once in each river versus three water sampling events for each river).
Due to the inherent variability of chemical loads carried by rivers due to constantly shifting stage
and conditions, the authors (project team) did not feel that annual loading estimates were
supportable based on three sampling events. However, instantaneous daily loads were calculated
and reported based on the river discharges recorded during the sampling events.
Uncertainties and limitations of the ocean exchange and major tributaries project were due
more to assumptions about hydrology than difficulties associated with handling non-detected
laboratory results. Perhaps the largest assumption used by the project team is that COC
concentrations at deep water locations in the eastern Strait of Juan de Fuca and Haro Strait
represent those flowing into Puget Sound, and COC concentrations from various Puget Sound
locations represent concentrations in the outflow. Recommendations were made to improve the
assessment of chemical exchange by sampling at more representative boundary locations,
namely Admiralty Inlet (sill) and Deception Pass.
Aside from PBDEs, there was little need for the project team to adopt a method for calculating
summary statistics for datasets containing non-detects. For PBDEs, the method of substituting a
non-detect result with one-half of the estimated quantitation limit was adopted (Appendix B).
PBDE results also showed a very high degree of variability during the study, particularly for
marine waters. The project team was unable to provide an explanation for the high degree of
variability, but they did note that there was no evidence of sample contamination.

Groundwater
Description
The 2007 Phase 1 report included a specific recommendation for the development of loading
estimates for direct groundwater discharge to Puget Sound. Although the authors of the Phase 1
report (Hart Crowser et al., 2007) acknowledged the potential for the groundwater pathway to
contribute significant toxic chemical loads at the local scale, this pathway was not addressed at |
a basin-wide scale. In light of the low mobility characteristics of many of the COCs and the
assumed contaminant attenuation capacity of subsurface sediments, the transport of toxic
chemicals to Puget Sound via direct groundwater discharge was generally considered to
represent a comparatively minor component of the overall loading to Puget Sound marine waters,
but this assumption had not been confirmed by a formal technical analysis.
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The Phase 1 report recommendation to conduct a sampling-based groundwater loading
assessment was not carried forward to a Phase 3 project. Instead, a loading study was conducted
using readily available data to address the absence of data on COC loading through a direct
groundwater pathway (Pitz, 2011). The study produced estimates of upper-bound (worst-case)
mass loads of COCs delivered annually to Puget Sound through the groundwater pathway. The
reader should note that indirect groundwater contributions of toxic chemicals to freshwater
streams and rivers draining to Puget Sound are assumed to be represented in the load estimates
developed for the surface runoff pathway (Herrera, 2011).
A substantial majority of the chemistry data used for the groundwater loading analysis was from
industrial or commercial sites or from facilities that are known or suspected to have point-sourcerelated toxic contamination, typically sampled in response to the Model Toxics Control Act
(MTCA) or state Dangerous Waste regulations. Additional sources of data were also found to
represent un-impacted (i.e. ambient) groundwater, but these datasets were small compared to the
amount of data from impacted areas since most of the COCs are not typically analyzed during
routine groundwater monitoring. Only data collected within 500 meters of the marine shoreline
were used to derive representative COC concentrations for load calculations.
In an attempt to minimize potential bias from the high proportion of data from contaminated
sites, groundwater data were divided into three categories: impacted areas, urban ambient areas,
and non-urban ambient areas. Data from each category were pooled separately, and
representative concentrations from each category were derived for loading estimates. Fluxes
were then calculated by multiplying by the discharge (flow) for each shoreline segment by the
COC concentration representing the groundwater data category for the associated 500-m buffer.
This approach reduced the groundwater discharge associated with impacted areas to
approximately 1% of the overall volume, while non-urban ambient areas discharged
approximately 75% of the groundwater.
Sufficient groundwater data were generally available for metals but comparatively scarce for
organic compounds. In particular, data on PCBs, PBDEs, PCDD/Fs, triclopyr, and nonylphenol
were not sufficient to derive usable representative concentrations for groundwater.
Summary of Major Findings
The groundwater loading analysis found that COC loads from ambient areas generally exceed
loads from impacted areas as a result of the comparatively high flow volume in ambient areas.
This is similar to the dominant effect that forest land has on absolute COC loads as reported in
the surface runoff study. For many of the PAHs, however, the highly elevated concentrations in
groundwater from impacted areas more than compensated for lower flows, resulting in
comparatively high PAH loads from impacted areas.
Users of the groundwater loading data should be aware of the many limitations and assumptions
used in the report. It is an initial effort to calculate direct groundwater loads and has not
benefited from the refinement process used for some of the other loading projects. The author
(Pitz, 2011) found a low frequency of detection for nearly all of the COCs, and therefore the
concentrations used for loading are largely driven by non-detected values (and the substitution
methods used to handle non-detects). Appendix B shows the method used to establish
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representative COC values for datasets with non-detected values. Complex decision processes
were developed to derive COC concentration for use in loading computations. Even the
discharge volume estimates used to calculate loads, typically a consistent factor in loading
studies for other pathways, ranged by an order of magnitude.
In addition to the limitations and assumptions discussed above, there are also uncertainties about
the mobility and attenuation of COCs in groundwater. The groundwater loading study does not
attempt to account for attenuation – an additional reason the results represent upper-bound
estimates – but instead assumes that the COCs will migrate to the marine boundary in the same
concentrations measured in upland groundwater. These and other uncertainties and limitations
are thoroughly documented in the groundwater loading report (Pitz, 2011).

Other Projects
Inventory of COC Releases from Primary Sources
Description
In recognition that loading analyses by themselves may not provide adequate information to help
Ecology, the Puget Sound Partnership, and others to develop and implement a toxics reduction
and control strategy, an inventory of COC releases was undertaken by Ecology as part of the
PSTLA Phase 3 effort. This sources inventory, referred hereto after as the Sources Report
(Ecology, 2011), was conducted with the objectives of (1) identifying major ongoing
anthropogenic sources of COCs in the Puget Sound basin and (2) estimating the quantities in
which they are released into the environment.
The Sources Report focused specifically on the release of COCs from their primary sources. The
term source was strictly defined as the object or activity from which a COC is initially released
to environmental media or released in a form which can be mobilized and transported in an
environmental pathway (Ecology, 2011). The term primary source was used to distinguish the
initial release of a COC from a secondary release, such as mobilization of a chemical from a
toxic cleanup site.
Examples of releases from primary sources include copper and zinc released from tire and brake
pad wear, PAHs formed and released from combustion sources, and motor oil released from
vehicle drips and leaks. The Sources Report did not estimate releases from secondary or natural
sources.
All COCs except DDT were addressed in the Sources Report. The quantity of COCs released to
the environment from approximately 110 primary sources was estimated from available
information; no sampling was conducted for the project.
Summary of Major Findings
The study found that petroleum is released in the largest quantity among COCs, followed by zinc
which is the only additional COC released at a rate greater than 1,000 metric tons (t) per year.
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Lead, PAHs, and copper are released at rates greater than 200 t/yr, and triclopyr is released at a
rate over 100 t/yr. Approximately 30 t/yr of phthalates are released, but the organic chemicals
PCBs, PBDEs, PCDD/Fs, and nonylphenol, as well as the metals mercury, arsenic, and
cadmium, are generally released at rates near 1 t/yr or less. A summary of release estimates
for all COCs is included as Appendix C.
While the Sources Report provides only rough estimates for many of the COC release rates,
useful information about the relative magnitude of releases from each source is contained in the
report. The Sources Report also discusses how COCs are released from their sources, providing
insight into their transport and fate in the environment following release.
The study of COC releases from primary sources was limited in its ability to provide refined
estimates of COC releases, and the authors (project team) were not able to consider all sources of
COCs to the Puget Sound environment. The release estimates were based on many assumptions
and limited data in many cases. However, these assumptions and associated uncertainties are
documented in the report.

Evaluation of Fate and Transport Mechanisms
Description
Understanding the behavior, transport, and fate of chemicals following their initial release from
primary sources is a key element in developing strategies for controlling chemicals at their
source as well as along their transport pathways following release. The transport and fate of
chemicals in the environment is complex, particularly in the upland environment where various
media and management practices can affect chemical concentrations, loads, sequestration, and
removal. In order to better understand the transport and fate of chemicals in the environment,
staff at the U.S. Geological Survey (USGS; Paulson et al., 2011-Draft) conducted an evaluation
of transport and fate for copper released from several of the major sources identified in the
Sources Report (Ecology, 2011). The evaluation of fate and transport mechanisms was not
conducted as a discrete PSTLA project but instead was done specifically to enhance this
Assessment Report. Upon its completion, it will be included as an amendment to this report.
The authors (Paulson et al., 2011-Draft) of the transport and fate evaluation used a mass-balance
case study approach to examine factors affecting copper attenuation following release from roof
runoff, brake pads, and vehicle tires. Using information from the Sources Report, the authors
calculated the mass of copper released annually from these sources in two small urban
watersheds in King County, Washington. The annual mass of copper discharged from these
watersheds was estimated from historical sampling data for the streams comprising the
respective watershed outlets. Finally, the authors incorporated information on the types of
copper release, the likely locations of the releases, watershed characteristics including best
management practices, and stream and water quality characteristics to provide possible
explanations for copper attenuation.
The initial scope of this project included a proposal to conduct a similar evaluation for PCB and
PBDE transport and fate. However, the lack of data on these chemicals in urban streams and
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stormwater precluded the authors’ ability to conduct an evaluation for these chemicals using a
case study mass-balance approach.
Summary of Findings
Findings of the copper transport and fate evaluation suggested that less than 10% of the copper
mass estimated to be released in the watersheds was discharged at the respective watershed
outlets. It appeared that the retention of copper in the watersheds was largely governed by the
limited amount of water volume discharged from the watershed at the surface outlet; only about
15% of the estimated storm precipitation for each watershed was discharged at the surface
outlets. The authors speculated that the retention of copper was due to infiltration into
groundwater, trapping of particles by lawns, grassy road-side ditches, road shoulders and road
right-of-ways, retention in the many structures installed in the watershed, and settling of particles
in vegetated channels in low-gradient portions of the watersheds. Some of the copper released in
the watersheds may have been removed by street sweeping, but this portion was likely minor.
The movement of copper by a variety of transport mechanisms through a variety of pathways
was discussed by the authors of the fate and transport report (Paulson et al., 2011-Draft),
although most of the information provided was speculative due to a lack of data for the multiple
environmental media components required for an exhaustive evaluation. In cases where there
were available data, the information did not always yield clear conclusions regarding copper
transport and fate. For instance, data on copper analyzed from road surfaces resulted in
divergent lines of evidence as to whether copper released from brake pads remains on the road
surfaces or alternatively is suspended in air and blown away from the roads. This example
underscores the complexity and difficulties in understanding the behavior, transport, and fate of
chemicals at a small scale.

Hazard Evaluation for COCs in the Puget Sound Basin
The hazards posed by different COCs are not simply associated with the quantities released to
the environment or loaded to Puget Sound, but are rather more appropriately evaluated by
assessing their concentrations in various media. To assess the relative hazards posed by COCs,
Ecology consulted with the ecological toxicology assessment team at King County Natural
Resources and Parks to design and conduct a hazard screening of COCs in the Puget Sound
basin. The hazard evaluation was not conducted as a discrete PSTLA project but instead was
done specifically to enhance this Assessment Report.
To evaluate hazards potentially posed by COCs in the Puget Sound basin, King County used a
methodology in which readily available observed environmental data for each COC were
compiled then compared to concentrations where effects are documented, or to criteria
established to protect aquatic life or consumers of aquatic organisms. These comparisons do not
attempt to estimate absolute hazards but instead provide a rough discriminator of relative hazards
among COCs using a specified methodology. A similar approach was used in a survey
conducted several years earlier to evaluate endocrine disrupting chemicals in King County
surface waters (King County, 2007).
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The hazard evaluation was conducted for the following categories:
•
•
•
•
•

Direct hazard to aquatic life through surface water exposure
Direct hazard to benthic organisms through sediment exposure
Direct hazard to aquatic life based on tissue residue levels
Hazard to wildlife based on ingestion of prey, water, and sediment
Hazard to human health through fish/seafood consumption

The results of these comparisons were grouped into three broad “level of concern” categories:
a Priority 1 level of concern, a Priority 2 level of concern, or unknown (U) level of concern due
to lack of sufficient data for an assessment. Results were classified as a Priority 1 when
high observed concentrations (e.g. 90th percentile values) exceeded low effects concentrations
(e.g. 10th percentile values), selected criteria, or other threshold values. A Priority 2 level of
concern was assigned in cases where high observed concentrations were below threshold values.
In cases where there were not sufficient data to make a meaningful comparison, results were
assigned a U. Appendix D-1 details the thresholds used for comparisons and the minimum data
required for the comparisons.
Environmental COC concentrations used for the hazard evaluation were obtained from a number
of data sources including Ecology’s Environmental Information Management (EIM) system,
King County Laboratory Information Management System, USGS data obtained from their
online database, the National Oceanic and Atmospheric Administration (NOAA) mussel watch
program, and ENVVEST data from the U.S. Department of Defense. Data from the PSTLA
Phase 3 Ocean Exchange, Pelagic Fish, and Surface Runoff studies were included among the
observed data compilations. Due to the complexities associated with handling non-detects, only
detected values were used to represent observed environmental COC concentrations for each of
the media assessed.
Effects concentrations were obtained from a variety of sources. For surface waters, effects data
were obtained from EPA’s ECOTOX database for surface water. Freshwater and marine
sediment data were compared to Washington State’s Sediment Quality Standards (2003 Floating
Percentile values for freshwater). Effects resulting from fish and invertebrate tissue burdens
were evaluated using data from the Lower Duwamish Waterway Group and the Lower
Willamette Group Remedial Investigation Baseline Ecological Risk Assessments. Wildlife
hazards were evaluated by comparing daily COC doses through various exposure routes with
daily doses where effects have been demonstrated. National Toxics Rule criteria were used as a
basis for evaluating human health hazards.
The hazard evaluation has several limitations that should be considered prior to acting on the
results. In particular, the hazard evaluation is not a risk assessment but is instead designed to
assess the relative level of concern of COCs across the entire Puget Sound basin. Although a
COC may be assigned Priority 2 or U, this should not be interpreted to mean there are no hazards
associated with that COC. Locally, concentration hot spots may exist near major sources, and
may cause localized toxicity to aquatic organisms or lead to violations of standards. Finally, no
attempt was made to evaluate hazards due to multiple COC exposures.
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Details of the methodology and assumptions used for the hazard evaluation are in Appendix D-1.
This includes rules for assigning COCs to Priority Levels for each media or receptor evaluated.
Additional sections of Appendix D include box plots of the observed and effects concentrations
and tabular summaries of the data and the results.

Puget Sound Box Model
Description
The Puget Sound Box Model study was developed as a tool to predict concentrations of PCBs in
water, sediment, and biota of Puget Sound (Pelletier and Mohamedali, 2009). Three separate
existing models were linked to achieve this task:
•
•
•

A model to predict the circulation and transport of between regions of Puget Sound and
between surface and deep layers of the water column.
A contaminant fate and transport model to predict water and sediment concentrations of
PCBs in response to external loading and internal processes.
A food web bioaccumulation model to predict PCBs in Puget Sound biota in response to
water and sediment concentrations.

Summary of Findings
Based on model outputs, concentrations of PCBs in sediments and biota were found to be very
sensitive to external loading. However, the authors found that conclusions about increasing or
decreasing trends in Puget Sound PCB mass could not be made due to the wide range in
uncertainties regarding current external loading rates.
The median estimates of PCB loading used for the model showed slight increases in the total
PCB mass for Puget Sound. However, the model was conducted using available information at
the time and did not benefit from data collected during Phase 3 studies that may have aided in
model calibration.

Persistent Organic Pollutants in Three Guilds of Marine Species
Description
Investigations of persistent organic pollutants (POPs) in three guilds of marine species were
comprised of three separate studies carried out by Washington Department of Fish and Wildlife
(WDFW), NOAA, and Fisheries and Oceans Canada. POPs were analyzed in plankton
(West et al., 2011a), pelagic fish (West et al., 2011b), and harbor seals (Noël et al., 2010).
Previous studies have suggested that some pelagic species may accumulate higher levels of POPs
from the water column and other pelagic components of the food web than from contaminated
bottom sediment. In addition, pelagic fish are considered to be the primary source of POPs to
southern resident killer whales. The overall goal of the studies on POPs in marine species was to
assess where geographically the POPs enter the pelagic food web from stormwater and the
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atmosphere, the pathways of POPs within the pelagic food web, and the sources of POPs to
species occupying the highest trophic levels (marine mammals, seabirds, and humans). The
data from these studies were also intended to be used to refine the Puget Sound Box Model
(Pelletier and Mohamedali, 2009).
For the plankton study, investigators analyzed phytoplankton (and other organisms and particles
retained in a 20-micron net) and three species of krill which graze on phytoplankton (primarily
Euphausia pacifica, but also Thysanoessa spinifera and T. raschii). Samples were obtained from
numerous locations around Puget Sound during 2009. Phytoplankton and krill were analyzed for
PCBs, PBDEs, PAHs, chlorinated pesticides, and ancillary parameters to assist with
interpretation of the results.
In the study of pelagic fishes, researchers analyzed Pacific hake (Merluccius productus), which
are an important prey item for harbor seals, and walleye pollock (Theragra chalcogramma).
These species consume a variety of zooplankton such as the krill analyzed in the phytoplankton
study, as well as small pelagic forage fishes. Hake or pollock were collected from a number of
locations representing six hydrologically distinct waterbodies and one urbanized embayment
during 2009. All fish were analyzed whole for PCBs, PBDEs, chlorinated pesticides, and
ancillary parameters to assist with interpretation of the results.
The harbor seal (Phoca vitulina) study consisted of sampling 24 pups from four widely dispersed
locations in Puget Sound. Investigators collected blood, fur, and skin/blubber biopsy samples
from the pups. Skin/blubber samples were analyzed for PCBs, PCDD/Fs, PBDEs, chlorinated
pesticides, and mercury. Hair and blood samples were analyzed for a variety of parameters to
assess the feeding ecology, contaminant trends over space, and effects on their health.
Summary of Findings
For the plankton study, PCBs, PBDEs, DDTs, and PAHs in both particulate organic matter and
krill exhibited a correlation with urban waters, and for PCBs and PBDEs in particular,
concentrations were lower in less developed, more ocean-influenced basins. This suggests that
urban waters represent areas where POPs enter the pelagic food chain.
Although PAHs are known to be metabolized and therefore do not accumulate in tissues of
aquatic vertebrates (they were not analyzed for the companion fish and harbor seal studies), the
authors of the plankton study found high levels of PAH accumulation in both phytoplankton and
krill compared to other POPs. They also noted that a potentially significant implication of this
finding was that pacific herring, a primary predator of krill in Puget Sound, exhibited significant
exposure to PAHs possibly pointing to krill as a major contaminant transfer pathway. Another
finding regarding PAHs was the relatively high concentrations in phytoplankton from nonurbanized basins, and in particular from samples collected near marinas, ferry terminals, or
shoreline roadways. This suggests that shoreline development may play an important role in
PAH transfer to the pelagic food web.
Patterns of PCB, PBDE, and chlorinated pesticide accumulation similar to plankton were found
by authors of the pelagic fish study. Greater size- and lipid-specific accumulations of these
chemicals were observed in Pacific hake from more developed basins compared to those with
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less development. As pointed out by the authors, the lipid-weighted PCB concentrations in
Pacific hake were similar to Pacific herring and higher than in Chinook salmon, all species
consumed by harbor seals. However, harbor seals may selectively prey on larger hake, which are
typically females and have lower lipid and PCB concentrations, potentially making Pacific
herring a greater overall contaminant transfer pathway than hake.
Results of the harbor seal study indicated that Hood Canal (south) seal pups were the least
contaminated overall. Pups from the Main Basin of Puget Sound had the highest PCB and
mercury levels. PBDE levels from all locations were similar, except Hood Canal which had the
lowest concentrations. There was no discernible geographical trend in chlorinated pesticide
levels, and PCDD/Fs were detected so infrequently that it was difficult to distinguish trends,
although concentrations from the South Sound (east) basin were highest.
The authors of the harbor seal study note that several indicators suggest that the health of harbor
seals may be impaired due to the contaminant exposure, particularly PCBs. These indicators
include both threshold values based on effects and developed to protect marine mammals, as
well as the health indicators measured during the study. They also noted that, while PCB
exposure and accumulation may pose health risks to harbor seals, concentrations in seals have
decreased appreciably during the 2000s.
There appear to be similarities in contaminant accumulation among the three studies conducted
on POPs in marine organisms, and some inferences can be drawn from the results. For instance,
there is a consistent geographical pattern seen in PCB concentrations across all species, which
indicates the greatest exposure occurs in the Main Basin or embayments therein (e.g. Elliott
Bay). However, at the time of this writing there has been no assessment of the results considered
as a whole to: (1) Evaluate the consistencies in geographical patterns and (2) Assess the trophic
transfer of contaminants between plankton and hake, and between hake and harbor seals. This
may be best accomplished through updates and refinements to the Puget Sound Box Model.

A Toxics-Focused Biological Observing System for Puget Sound
Description
The concept of a toxics-focused biological observing system (TBiOS) was developed by authors
from NOAA Fisheries, WDFW, and University of California (UC) Davis as a framework for
assessing and monitoring toxic chemicals in Puget Sound through biological components
(e.g. accumulation, responses, effects) rather than simply monitoring toxic chemicals through the
more conventional analysis of water and sediments (Johnson et al., 2010a). Examples of recent
research showing adverse effects to aquatic organisms from contaminant exposure are provided.
The authors point out that biological monitoring would allow us to evaluate the impacts of toxic
chemicals, the effectiveness of efforts to reduce toxic chemicals, effects to the ecosystem and the
food web, and the effects of toxic chemical exposure coupled with other stressors.
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As proposed, TBiOS would have three major components:
•
•
•

Region-wide monitoring of toxic chemicals to assess large-scale geographical or temporal
trends.
Localized effectiveness monitoring to assess the impact of local source control or cleanup
efforts.
Diagnostic studies that would help uncover biological effects caused by toxic chemicals and
develop monitoring tools to measure these effects.

The authors propose general ideas for the type and scale of monitoring and assessment programs
that might be conducted under TBiOS. These programs would be a combination of new
initiatives and building upon existing programs, such as the Puget Sound Assessment and
Monitoring Program (PSAMP).
Benefits of TBiOS would include:
•

Identifying toxic chemical-associated injury to the Puget Sound ecosystem, including the
geographic extent and severity of the problem.

•

Increasing our understanding of how toxic chemicals move through the Puget Sound
ecosystem and accumulate in shellfish, fish, wildlife, and consumers of these organisms.

•

Guiding our toxics reduction strategy efforts by helping to identify those watersheds where
contaminants are the greatest problem and help us focus where detailed evaluations are most
needed.

•

Helping us evaluate the effectiveness of regional and localized toxics reductions strategies
and actions.

•

Establishing cause-and-effect linkages between toxicant exposure and biological impacts.

•

Helping develop and establish more protective water quality and sediment guidelines.

Bioaccumulation from Sediments
Description
The study on bioaccumulation modeling was conducted to predict the concentrations of toxic
chemicals in organisms resulting from specific concentrations in Puget Sound sediments
(Ecology and Environment, 2009). In particular, the model was applied to the organic chemical
criteria of Washington’s Sediment Quality Standards (SQS). Since the model can also predict
water column concentrations, surface water concentrations were predicted to provide
comparisons with surface water criteria.
The model used for this effort was based on the Condon bioaccumulation model (Condon, 2007)
which was developed to predict PCBs in biota from the Strait of Georgia, and therefore was
deemed (with some modifications) adaptable for Puget Sound. This was the same model used as
the food-web bioaccumulation component of the Puget Sound Box Model (Pelletier and
Mohamedali, 2009; described above) to predict PCB concentrations in biota. The report
documents modifications made to the Condon model to accommodate chemicals other than
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PCBs, and in some cases, specimens in addition to those used by Condon (e.g. herring and
salmon). PCBs, PAHs, and DEHP were the only COCs analyzed for the sediment
bioaccumulation study.
Summary of Findings
Results of the modeling exercise showed that, at SQS levels in sediment, predicted water
concentrations of PCBs and several PAHs may not be protective of human health, marine
organisms, and piscivorous wildlife (PCBs only). Several non-COC organic chemicals were also
predicted to be found at non-protective concentrations in water.
The authors of the report conclude that the model provides insights into the behavior and transfer
of contaminants in the food web. However, they note the vast complexity of food-web modeling
and caution users to consider the numerous assumptions and uncertainty before applying this or
other generalized models, particularly if the model may be used for regulatory and management
decisions.

Pharmaceuticals and Personal Care Products in POTWs
Description
The study of pharmaceuticals and personal care products (collectively referred to as PPCPs)
was a screening-level effort carried out by Ecology and EPA Region 10 staff during 2008
(Lubliner et al., 2010). The study consisted of analyzing one-day composite samples of influent,
effluent, and sludge from four POTWs in the Puget Sound region and one POTW in Hayden,
Idaho. All of the plants had different processes for treatment of wastewater, with two plants
employing secondary treatment and three plants employing tertiary treatment for nitrogen and
phosphorus removal.
The screening-level of PPCPs was conducted due to concerns emerging from recent studies
(cited in Lubliner et al., 2010) documenting PPCP presence in the aquatic environment and the
possibility PPCPs may lead to effects which are not widely understood or have not been
investigated. Since POTWs are a major step along the pathway from consumer use to release
in the environment, the study sought to generate information about the effectiveness of POTWs
in removing these chemicals. The study analyzed 72 PPCPs, 27 hormones and steroids, and
73 semi-volatile organic chemicals. PAHs, DEHP, and nonylphenol were the only COCs among
the analytes selected for the PPCP study.
Summary of Findings
The authors of the study found that PPCPs are detected routinely in municipal wastewater and
that their removal in POTWs varies by chemical and treatment process. Approximately one-fifth
to one-half of the analytes were reduced to levels below reporting limits in the effluent. Overall,
the combination of enhanced biological nutrient removal and filtration processes was found to
provide the greatest PPCP removal effectiveness, although the authors note that this treatment
process is employed by relatively few POTWs in the Puget Sound basin.
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As for the COCs analyzed, DEHP was found in all influent samples, and concentrations were
greatly reduced in all but one of the POTW effluents. Nonylphenol (4-nonylphenol) was rarely
detected in POTW influent or effluent. None of the 16 PAHs analyzed were detected in either
influent or effluent samples, although indeno(1,2,3-cd) pyrene was selected as one of the few
target analytes for biosolids and was detected in three-quarters of the samples analyzed.
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Chemical-Specific Assessments
Arsenic
Arsenic is a naturally occurring element in the earth’s crust and is nearly always detectable at
concentrations >0.1 ug/l in water and >100 ug/kg (dw) in sediments from freshwater and marine
environments (PTI, 1991; Serdar, 2008; Hallock, 2010; Appendix D). Toxicity in water varies
due to pH and redox potential (Eisler, 1988a).
Historically, approximately 70% of the global arsenic emissions are from anthropogenic sources,
with the remaining 30% due to weathering of soils and rock (Moore and Ramamoorthy, 1984).
In the Puget Sound region, historical releases may have occurred due to uses of arsenic
compounds as pesticides as well as releases from large industrial sources. The Asarco Smelter in
Tacoma emitted arsenic for decades and may have resulted in large swaths of the Puget Sound
area with elevated arsenic (PTI, 1991; San Juan, 1994).

Major Releases from Primary Sources
An inventory of primary arsenic sources suggests that approximately 0.8 metric tons (t) is
released annually from anthropogenic sources in the Puget Sound basin (Ecology, 2011). The
largest current source of arsenic to the environment is point-source air emissions, accounting for
approximately one-third of the total release (Figure 4).
There is a large amount of uncertainty around estimates of arsenic released from roof runoff and
CCA-treated wood, sources which combined account for about one-half of anthropogenic arsenic
released in the Puget Sound basin. For other sources – fertilizer application, a wood treatment
facility that releases arsenic primarily to surface water, and residential fuel use (excluding wood)
– arsenic releases are relatively minor.
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Figure 4. Total Arsenic Release in the Puget Sound Basin (values shown are t/yr).
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Major Delivery Pathways and Loading
Data on major delivery pathways for arsenic loading were obtained from PSTLA loading studies
and are included in Table 1. As mentioned previously, loading through direct groundwater
discharge was estimated from literature values, whereas loadings through other pathways were
estimated from field studies specifically designed to estimate loads.
Table 1. Total Arsenic Loads (t/yr) to Puget Sound from Major Pathways.

Groundwater (a)
Air Deposition
Surface Runoff
POTWs
Ocean Exchange (b)

25th %ile

Median

75th %ile

0.06
0.25
13.5
NA
-28

0.43
0.35
16.9
NA
-23

0.79
0.54
23.4
NA
-24

(a) Lowest, highest, and mid-point of estimated loads
(b) Negative values indicate a net outflow at the ocean boundary
NA=not analyzed

Estimated groundwater loads of arsenic range by an order of magnitude (0.06 – 0.8 t/yr). The
range in estimates is due primarily to differences in flows used to establish the possible range of
loads; groundwater discharges used in the groundwater loading study ranged by an order of
magnitude.
Arsenic was not measured in POTWs for the Phase 3 loading study. Phase 1 estimates suggest
that arsenic loads from industrial wastewater are potentially substantial (0.2 – 14.6 t/yr;
Hart Crowser et al., 2007), but this is based on a limited dataset and is far in excess of industrial
discharge of arsenic reported in the Toxics Release Inventory (TRI) (0.01 t/yr total) (Ecology,
2011). In contrast, Phase 1 estimates for arsenic loading via municipal wastewater were based
on a small set of non-detected sample results, and the load estimates appear to be unrealistically
small (0 – 1 kg/yr). Due to the unreliability of the arsenic loads discharged through wastewater
treatment, estimates from this pathway were not included in Table 1.
The deposition of atmospheric arsenic directly to the marine waters of Puget Sound is
approximately 0.25 – 0.54 t/yr, based on fluxes ranging from 0.06 – 0.65 ug/m2/d. Median
arsenic fluxes are generally ≤0.2 ug/m2/d, except for one location within a high-density urban
(Tacoma) area including a nearby pulp mill, metal refiners, other industrial activities, and in
close proximity to major roadways including interstate highways. Fluxes at this location are
consistently several times higher than at other locations.
Surface runoff loads for arsenic are estimated to be approximately 13.5 – 23.4 t/yr for the entire
Puget Sound basin based on the surface runoff study. Nearly all (97%) of the total arsenic was in
the dissolved form during baseflows; the fraction of dissolved arsenic decreased during storm
flows to 74% of the total. Arsenic concentrations observed across base and storm flows were
found to significantly correlate with total suspended solids (TSS) in residential and forest areas,
partly due to a seasonal first-flush episode in the forested sub-basins.
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Forested areas had much lower arsenic concentrations than other land covers. Commercial/
industrial and agricultural land covers had the highest arsenic concentrations, approximately
double those in residential areas and four-fold higher than forests during baseflows. For all of
the land covers, arsenic concentrations decreased during storm events, particularly in commercial
basins.
Overall, there appears to be a net export of arsenic out of the Puget Sound due to exchange of
marine waters, although total arsenic concentrations in the incoming marine waters (1.44 –
1.52 ug/l; 25th -75th percentile) are slightly higher than concentrations in the outgoing marine
waters (1.36 – 1.49 ug/l). Total net export was 24 – 28 t/yr based on an inflow of 842 – 889 t/yr
and an outflow of 870 – 913 t/yr.
The net sum of arsenic loads to Puget Sound through the pathways assessed may be calculated
by summing the loads for a specified percentile value for each of the pathways. The net sum for
the 25th, median (50th), and 75th percentile values is -14, -5.3, and 0.7 t/yr, respectively. Under
estimates at the 25th and median levels, there is a net export of arsenic out of Puget Sound due to
the large mass exchanged at the ocean boundary. Estimates at the 75th percentile suggest that a
net outflow at the ocean boundary is balanced by loads from the watershed and from air
deposition.
Arsenic loading from pathways that may represent partially controllable sources of COCs
(i.e. all of the major pathways except ocean exchange) is shown as ranges (25th -75th percentiles)
and median for each pathway in Figure 5. Each pathway represented as a contribution to the
total load is displayed in Figure 6.
Total arsenic loading from the major pathways assessed is 14 – 25 t/yr. Surface runoff accounts
for the largest pathway (95% – 98%), followed by air deposition (2%). Groundwater potentially
accounts for up to 3% at the upper end of the estimated range, but this value should be viewed
with caution since it is based on literature values of arsenic in wells and variable estimates of
groundwater flow. At the lower end of the load range, arsenic in groundwater is estimated to
account for <1% of the load to Puget Sound. The loading studies failed to provide estimates of
arsenic loading through POTWs, and earlier estimates (Envirovision et al., 2008b) provide little
information on which to base reasonable load estimates.
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Figure 5. Range (25th - 75th percentiles) and Median Total Arsenic Loads to Puget Sound from
Each Major Delivery Pathway.
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Figure 6. Total Arsenic Loads to Puget Sound as the Sum of Major Delivery Pathways.
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Relationship Between Sources and Pathways/Loading
The conceptual model of arsenic transport and fate following release suggests that much of the
arsenic will be transported to Puget Sound through surface runoff. Direct deposition to marine
waters from atmospheric deposition and loading through direct groundwater discharges appear to
be only a small portion of overall loading.
Although not all anthropogenic sources of arsenic were assessed in estimates of primary releases,
the total release of arsenic was only a small fraction (3 - 6%) of estimated loads delivered from
major controllable pathways. Total arsenic initially emitted to the air (0.3 t/yr) is similar to air
deposited on the marine waters (0.25 – 0.54 t/yr), although estimates for releases are for the
entire Puget Sound basin and it is not known what portion of the air releases in the basin are
transported out of the airshed and what portion of deposited arsenic is imported from outside
airsheds.
The inventory of anthropogenic releases suggests that little arsenic is released directly to road
surfaces or released through leaching by precipitation. Leaching of arsenic from CCA-treated
wood, asphalt shingle roofs, and leaching or mobilization of arsenic-containing agricultural
fertilizers only accounts for approximately 0.5 t/yr. In contrast, surface runoff loads range from
13.5 – 23.4 t/yr.
Arsenic loads in surface runoff during baseflow and storm flow conditions are roughly equal,
and arsenic concentrations in streams from all land covers decline during storm events. This
suggests little enrichment of streams by arsenic mobilized during storms. Instead, stormwater
delivered to streams appears to simply dilute the baseflow levels of arsenic. This may indicate
that arsenic originates primarily from groundwater.
Ongoing releases of anthropogenic sources of arsenic appear to be minimal, suggesting that a
high proportion of the load is due to natural sources or historical releases which reside in the
aquatic freshwater environment. Large historical sources of arsenic in the region include the
Asarco Smelter in Tacoma which emitted arsenic for decades and may have resulted in large
swaths of the Puget Sound area with elevated arsenic (PTI, 1991; San Juan, 1994).

Hazard Evaluation
The hazard evaluation indicates that arsenic is a Priority 2 or unknown level of concern for the
categories assessed except for freshwater sediment (Table 2). There were few or no effects data
available to adequately compare observed concentrations to surface water effects or human
health criteria. Hazard due to tissue residue effects and effects to wildlife were not evaluated.
The limited set of freshwater effects for dissolved arsenic is three orders of magnitude above the
90th percentile value for dissolved arsenic in freshwater (approx. 2 ug/l) and two orders of
magnitude below the chronic and acute water quality criteria.
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Table 2. Summary of Hazard Evaluation for Arsenic.
90th%ile Observed Conc. >

Total N

FOD

10th %ile Effects Conc.
or
Acute WQC
or
Chronic WQC

Freshwater

4,528

85%

No/INS

U

Nearshore Marine

43

93%

INS

U

Offshore Marine

58

91%

No/INS

U

Surface
Water

Level of
Concern

th

90 %ile Observed Conc. >

Sediment

Total N

FOD

SQS

Level of
Concern

Freshwater

623

82%

Yes

Priority 1

Nearshore Marine

399

70%

No

Priority 2

Offshore Marine

372

84%

No

Priority 2

th

90 %ile Observed Conc. >
Tissue Residue
Effects

Total N

FOD

10th %ile Effects Conc.
Not Analyzed
Daily Dose >

Total N

Wildlife

FOD

10% of Lowest Effects Dose
Not Analyzed
90th%ile Observed Conc. >

Human Health

Level of
Concern

Level of
Concern

Freshwater

Total N
a

FOD
>99%

NTR Criterion
INS

Level of
Concern
U

Nearshore Marine

a

100%

INS

U

Offshore Marine

a

100%

INS

U

Yellow highlight indicates Priority 1 Level of Concern
FOD=Frequency of detection
INS=Insufficient observed data available for comparison to effects data
U=Unknown level of concern due to lack of sufficient data for adequate comparison
a
N = 8 for freshwater fish, 11 for nearshore marine bivalves, 2 for nearshore marine invertebrates, 2 for offshore
marine bivalves, and 0 for all other categories

Median arsenic concentrations in both freshwater and marine sediments are below the lowest
guidelines or standards. However, in freshwater sediments the 90th percentile (approx. 40 mg/kg
dw) of observed arsenic concentrations exceed the floating percentile SQS concentration. More
than 25% of observed concentrations exceed the Canadian threshold effect level (TEL) and the
consensus-based threshold effects concentration (TEC), more than 10% of values exceed the
Canadian probable effects level (PEL) and the consensus-based probable effects concentration
(PEC), and 5% of observed freshwater arsenic concentrations are at the floating percentile
cleanup screening level (CSL).
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In marine sediments, arsenic concentrations are nearly all (>95%) well below established
guidelines and standards (including the SQS) except for the Canadian TEL which is exceeded by
arsenic more than 25% of the observed concentrations in both nearshore and offshore sediments.
Arsenic hazards to human health were difficult to assess due to the paucity of data on inorganic
arsenic, the form of arsenic for which the NTR has established criteria. No data were available
for inorganic arsenic in edible freshwater fish or invertebrates. In marine waters, the few
available data on inorganic arsenic in edible tissues (2 samples each for nearshore invertebrates
and offshore fish, 11 samples for nearshore bivalves) all exceed (did not exceed) the NTR
criteria. However, due to the small sample size available for assessment and lack of any data for
one or more seafood categories, the overall human health level of concern for marine seafood
was assigned an unknown level of concern.

Cadmium
Cadmium is a heavy metal naturally occurring in the earth’s crust and is nearly always detectable
at concentrations >0.01 ug/l in water and >50 ug/kg (dw) in sediments from freshwater and
marine environments (PTI, 1991; Serdar, 2008; Hallock, 2010; Appendix D). Environmental
levels of cadmium have been increased above natural levels due largely to manufacturing-related
releases, combustion of fossil fuels, and the use of phosphorus fertilizers. Historically, the
largest source of cadmium contamination was associated with waste from the now-defunct
Asarco smelter in Tacoma (PTI, 1991).

Major Releases from Primary Sources
An inventory of primary cadmium sources suggests that approximately 1.0 metric tons (t) is
released annually from anthropogenic sources in the Puget Sound basin. The largest current
source of cadmium to the environment appears to be leaching of cadmium from roofing material
(Figure 7). Approximately 0.6 t/yr is released from rooftops, with 0.4 t/yr from asphalt
composite shingles, 0.14 from built-up roofs, and a small fraction (0.03 t) from metal roofs.
Release from fertilizers accounts for most of the remainder of cadmium release (0.26 t/yr,
27% of total). Road-related sources such as tire and brake pad wear account for approximately
4% of the total release (0.04 t/yr). Comparatively little cadmium is released from industrial
sources, with only a single facility reporting fugitive air releases during the previous ten years.
Other air releases include locomotives and residential fuel use, but combined, these sources
account for only about 6% of the total cadmium release.
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Figure 7. Total Cadmium Release in the Puget Sound Basin (values shown are t/yr).

Major Delivery Pathways and Loading
Data on major delivery pathways for cadmium loading were obtained from PSTLA loading
studies and are included in Table 3. As mentioned previously, loading through direct
groundwater discharge was estimated from literature values, whereas loading through other
pathways was estimated from field studies specifically designed to estimate loads.
Table 3. Total Cadmium Loads (t/yr) to Puget Sound from Major Pathways.
Groundwater (a)
Air Deposition
Surface Runoff (b)
POTWs
Ocean Exchange

25th %ile
0.012
0.031
0.01
NA
3.2

Median
0.22
0.052
0.01
NA
2.9

75th %ile
0.43
0.074
0.02
NA
3.9

(a) Lowest, highest, and mid-point of estimated loads
(b) Surface runoff loads based on storm flows only; not detected in any land covers during baseflows and in
commercial/industrial areas only during storm flows
NA=not analyzed

The estimated range of groundwater cadmium loads is large (0.012 – 0.43 t/yr). The range in
estimates is due primarily to differences in flows used to establish the possible range of loads;
groundwater discharges used in the groundwater loading study ranged by an order of magnitude.
Cadmium was not measured in POTWs for the Phase 3 loading study. Phase 1 estimates suggest
that cadmium loads through industrial wastewater may range from 0.02 to 0.9 t/yr (Hart Crowser
et al., 2007), but this is based on a limited dataset and exceeds the industrial discharge of
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cadmium reported in the TRI by one to three orders of magnitude (Ecology, 2011). Phase 1
estimates for cadmium loading via municipal wastewater were based on a small set of nondetected sample results, and the load estimates appear to be small (1 – 4 kg/yr).
The deposition of atmospheric cadmium directly to the marine waters of Puget Sound is
approximately 0.031 – 0.074 t/yr, based on fluxes ranging from 0.007 – 0.11 ug/m2/d. Median
cadmium fluxes were generally <0.02 ug/m2/d, except for one location within a high-density
urban (Tacoma) area including a nearby pulp mill, metal refiners, other industrial activities, and
close to major roadways including interstate highways. Cadmium fluxes at this location were
elevated three- to four-fold above fluxes at other locations.
Surface runoff loads for cadmium are estimated to be approximately 0.01 – 0.02 t/yr for the
entire Puget Sound basin based on the surface runoff study. Total cadmium was not detected in
baseflow samples, although dissolved cadmium was detected in 13% of baseflow samples.
Dissolved cadmium was also detected at a higher frequency than total cadmium in storm flow
samples (34% and 8%, respectively). In either case, cadmium was detected at such low rates that
estimates to calculate loads in surface waters were driven by the analytical reporting limits, and
no estimate was derived for baseflow loads.
No cadmium was detected in surface runoff from residential or forested areas. Total cadmium
was only detected in commercial/industrial areas – largely as a result of a seasonal first-flush
episode – but the overall low frequency of detection was low (27%). However, dissolved
cadmium was detected at a high rate in commercial/industrial areas (87%) and a more moderate
rate in agricultural land covers (34%).
Overall, there appears to be a large net import of cadmium through exchange at the ocean
boundary compared to other load pathways, although this estimate is based on very limited data.
Total cadmium concentrations (25th -75th percentile) in the incoming marine waters are 0.091 –
0.097 ug/l, and total cadmium concentrations in the outgoing marine waters are 0.072 –
0.077 ug/l. Total net import was 3.2 – 3.9 t/yr based on an inflow of 53 – 57 t/yr and an outflow
of 50 – 53 t/yr.
The net sum of cadmium loads to Puget Sound through the pathways assessed may be calculated
by summing the loads for a specified percentile value for each of the pathways. The net sum for
the 25th, median (50th), and 75th percentile values is 3.3, 3.0, and 4.4 t/yr, respectively. Under all
of these estimates, there is a net cadmium load to Puget Sound.
Cadmium loading from pathways that may represent partially controllable sources of COCs
(i.e. all of the major pathways except ocean exchange) are shown as ranges (25th -75th
percentiles) and median for each pathway in Figure 8. Each pathway represented as a
contribution to the total load is displayed in Figure 9.
Total cadmium loading from the major pathways assessed is estimated to be 0.05 – 0.53 t/yr.
Groundwater potentially accounts for the largest loading pathway, at 24 – 82% of the total, but
the groundwater numbers should be viewed with caution since they are driven largely by
analytical reporting limits rather than measurable sample concentrations. The comparatively
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small contribution from surface runoff (4% – 15% of total) is also derived by non-detected
values. Since the groundwater loading estimates are highly variable and load estimates at the
low end of the range are small (0.012 t/yr), atmospheric deposition potentially represents the
largest loading pathway (up to 62% of total load) if all estimates are assumed to be at the low
end of the range.
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Figure 8. Range (25th - 75th percentiles) and Median Total Cadmium Loads to Puget Sound
from Each Major Delivery Pathway.

Total Cadmium (t/yr)

0.6
0.5

POTWs (Not
Analyzed)

0.4

Surface Runoff

0.3
Air Deposition
0.2
Groundwater

0.1
0
25th %ile

Median

75th %ile

Figure 9. Total Cadmium Loads to Puget Sound as the Sum of Major Delivery Pathways.
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Relationship Between Sources and Pathways/Loading
The conceptual model of cadmium transport and fate following release is limited by a lack of
data on cadmium in major loading pathways. The available information suggests that most of
the anthropogenic cadmium released from primary sources – leaching from roofing material and
fertilizers – would be initially mobilized in surface runoff. This may be reflected in the presence
of cadmium in storm samples and a lack of cadmium in baseflow samples, but the data are too
limited to establish any patterns with even moderate confidence.
The combined loading of cadmium from major controllable pathways (0.050 – 0.53 t/yr) is
approximately 20 times lower than releases from all primary sources combined. Air releases of
cadmium to the watershed (0.06 t/yr) are not substantially different than atmospheric deposition
in marine waters (0.03 – 0.07 t/yr), although marine areas represent only about one-sixth of the
watershed. It is not known what portion of the air releases in the basin is transported out of the
airshed and what portion of deposited cadmium is imported from outside airsheds.

Hazard Evaluation
The hazard evaluation indicates that cadmium is a Priority 2 or unknown level of concern for the
categories assessed except for freshwater sediment (Table 4). Hazards due to tissue residue
effects, effects to wildlife, and effects to human health were not evaluated.
The 90th percentile values for dissolved cadmium in freshwater (approx. 0.3 ug/l) are one-half of
the concentrations in freshwater where 10% of effects have been documented, and are below the
chronic and acute water quality criteria. However, more than 5% of the observed cadmium
concentrations in freshwater are above the chronic water quality criterion, and at least 10% of the
observed values are above concentrations where 5% or more of the effects have been
documented.
Despite enrichment from oceanic waters, the gap between observed cadmium concentrations
and effects levels or criteria is much larger for marine waters than for freshwater. The 90th
percentiles of dissolved cadmium concentrations in both nearshore and offshore marine waters
(approx. 0.09 ug/l and 0.06 ug/l, respectively) are two orders of magnitude below the lowest
5-10% of effects as well as the acute and chronic water quality criteria. However, the limited
dataset (n<50) for dissolved cadmium nearshore and offshore marine waters does not meet the
criteria established for an adequate comparison, and this evaluation was assigned an unknown
level of concern.
Median cadmium concentrations in both freshwater and marine sediments are below the lowest
guidelines or standards. However, in freshwater sediments the 75th percentile (approx. 0.9 mg/kg
dw) of observed cadmium concentrations exceed the floating percentile SQS concentration, and
more than 10% of the observed values exceed the floating percentile CSL.
Cadmium concentrations in marine nearshore and offshore sediment have 90th percentile levels
(approx. 1.0 mg/kg dw) one-fifth the SQS. However, the observed concentrations for both
nearshore and offshore sediments exceed the Canadian TEL at the 75th percentile levels, and 5%
of the nearshore concentrations are at the Lowest Apparent Effects Threshold (LAET).
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Table 4. Summary of Hazard Evaluation for Cadmium.
90th%ile Observed Conc. >

Surface
Water

Total N

FOD

10th %ile Effects Conc.
or
Acute WQC
or
Chronic WQC

Freshwater

4,166

7%

No

Priority 2

Nearshore Marine

32

100%

INS

U

Offshore Marine

42

100%

INS

U

Level of
Concern

th

90 %ile Observed Conc. >

Sediment

Total N

FOD

SQS

Level of
Concern

Freshwater

764

67%

Yes

Priority 1

Nearshore Marine

462

62%

No

Priority 2

Offshore Marine

471

70%

No

Priority 2

th

90 %ile Observed Conc. >
Tissue Residue
Effects

Total N

FOD

10th %ile Effects Conc.
Not Analyzed
Daily Dose >

Wildlife

Total N

FOD

10% of Lowest Effects Dose
Not Analyzed
90th%ile Observed Conc. >

Human Health

Total N

NTR Criterion

FOD

Level of
Concern

Level of
Concern

Level of
Concern

Not Analyzed

Yellow highlight indicates Priority 1 Level of Concern
FOD=Frequency of detection
INS=Insufficient observed data available for comparison to effects data
U=Unknown level of concern due to lack of sufficient data for adequate comparison

Copper
Copper is a heavy metal naturally occurring in the earth’s crust and is nearly always detectable at
concentrations >0.5 ug/l in water and >3,000 ug/kg (dw) in sediments from freshwater and
marine environments (PTI, 1991; Serdar, 2008; Hallock, 2010; Appendix D). Copper is an
essential element for all living organisms and is generally not toxic to humans and terrestrial
wildlife at typical environmental concentrations. However, copper can be highly toxic to aquatic
organisms at low concentrations.

Major Releases from Primary Sources
An inventory of primary copper sources suggests that approximately 180 – 250 metric tons (t) is
released from anthropogenic sources annually in the Puget Sound basin. The largest current
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source of anthropogenic copper to the environment could potentially be due to urban lawn and
garden use (Figure 10). Copper use in urban landscaping as an herbicide/fungicide or possibly as
a micronutrient accounts for approximately 73 t/yr by some estimates, but may be as little as
1 t/yr based on other estimates. The authors of the Sources Report note the difficulty in
obtaining accurate information on pesticide use and note that these data should be viewed with
caution since they were not derived from market data, and use rates are difficult to estimate
without this information (Ecology, 2011). Estimates of copper used as an agricultural pesticide
and micronutrient in the Puget Sound basin are probably more accurate than estimates for urban
use, but agricultural use of copper only represents 4% – 6% of the total annual release.
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Figure 10. Total Copper Release in the Puget Sound Basin (values shown are t/yr).
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40%

Other major releases of copper are leaching from plumbing components (39 t/yr), vehicle brake
pad and tire wear (37 t/yr and 2 t/yr, respectively), and leaching from vessel anti-fouling paint
(26 t/yr). Industrial, commercial, and institutional facilities are estimated to release a total of
31 t/yr of copper, with approximately four-fifths reported from activities at the Fort Lewis Army
Base, possibly as solid copper from munitions use.
Smaller releases of copper also occur following the use of copper compounds in fountains and
spas as an algaecide (1.3 t/yr), and from leaching of copper from CCA-treated wood (0.05 t/yr).
There are no currently permitted uses of copper as an aquatic herbicide/algaecide in surface
waters of the Puget Sound basin.

Major Delivery Pathways and Loading
Data on major delivery pathways for copper loading were obtained from PSTLA loading studies
and are included in Table 5. As mentioned previously, loading through direct groundwater
discharge was estimated from literature values, whereas loadings through other pathways were
estimated from field studies specifically designed to estimate loads.
Table 5. Total Copper Loads (t/yr) to Puget Sound from Major Pathways.
Groundwater (a)
Air Deposition
Surface Runoff
POTWs
Ocean Exchange (b)

25th %ile
0.099
1.9
28.4
2.5
-110

Median
2.19
2.7
35.7
4.33
-100

75th %ile
4.27
4.1
66.1
5.5
-30

(a) Lowest, highest, and mid-point of estimated loads
(b) Negative values indicate a net outflow at the ocean boundary

Estimated groundwater loads of copper range by an order of magnitude (0.1 – 4.3 t/yr). The
range in estimates is due primarily to differences in flows used to establish the possible range of
loads; groundwater discharges used in the groundwater loading study ranged by an order of
magnitude.
Copper discharged from POTWs in the Puget Sound basin accounts for loads estimated to be
2.5 – 5.5 t/yr. Phase 1 estimates suggest that copper loads from industrial wastewater are
potentially substantial (6 t/yr; Hart Crowser et al., 2007), but this is based on a limited dataset
and is far in excess of industrial discharge of copper to surface waters or transferred to POTWs
as reported in the TRI (<0.7 t/yr total) (Ecology, 2011).
The deposition of atmospheric copper directly to the marine waters of Puget Sound is
approximately 1.9 – 4.1 t/yr, based on fluxes ranging from 0.5 - 19 ug/m2/d. Copper fluxes were
generally <2 ug/m2/d, except for one location within a high-density urban area (Tacoma)
including a nearby pulp mill, metal refiners, other industrial activities, and close to major
roadways including interstate highways. Copper fluxes at this location were consistently an
order of magnitude higher than other locations around the Puget Sound region, and were elevated
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five-fold above a nearby station that did not have the same air pollution influences in such close
proximity.
Surface runoff loads for copper are estimated to be approximately 28.4 – 66.1 t/yr for the entire
Puget Sound basin based on the surface runoff study. Overall, dissolved copper accounts for
63 – 76% of total copper concentrations in surface water, with the higher proportion of dissolved
copper occurring during baseflows.
Total copper concentrations were highest in agricultural areas, whereas dissolved copper
concentrations were similar in agricultural and commercial/industrial area. In agricultural,
commercial/industrial, as well as forested areas, elevated copper concentrations appeared to
correspond with elevations in TSS. The apparent links with TSS in forested sub-basins may be
related to a substantial seasonal first-flush episode in forests. However, there appeared to be
little overall increase in forest copper concentrations during storm events, whereas the median
total copper concentrations increased by two- to three-fold during storms for all other land
covers.
Based on sampling marine waters, there appears to be a large net export of copper at the ocean
boundary, although this estimate is based on very limited data. Total copper concentrations
(25th -75th percentile) in the incoming marine waters are 0.24 – 0.41 ug/l, and total copper
concentrations in the outgoing marine waters are 0.38 – 0.46 ug/l. Total net export was
30 – 110 t/yr based on an inflow of 140 – 240 t/yr and an outflow of 250 – 270 t/yr.
The net sum of copper loads to Puget Sound through the pathways assessed may be calculated by
summing the loads for a specified percentile value for each of the pathways. The net sum for the
25th, median (50th), and 75th percentile values is -77, -55, and 50 t/yr, respectively. Under the
25th percentile and median estimates, there is a net export of copper out of Puget Sound due to
the large mass exchanged at the ocean boundary. However, when the 75th percentile values are
summed, the large surface water load outweighs the smaller export at the ocean boundary,
leading to a net load of copper load to Puget Sound.
Copper loading from pathways that may represent partially controllable sources of COCs (i.e. all
of the major pathways except ocean exchange) are shown as ranges (25th -75th percentiles) and
median for each pathway in Figure 11. Each pathway represented as a contribution to the total
load is displayed in Figure 12.
Total copper loading from the major pathways assessed is 33 – 80 t/yr. Surface water runoff
accounts for the largest pathway (83 – 86%), followed by POTWs (7 – 8%) and air deposition
(5 – 6%). Groundwater potentially accounts for up to 5% at the upper end of the estimated
range, but this value should be viewed with caution since it is based on literature values of
copper in wells and rough estimates of groundwater flow. At the lower end of the load range,
copper in groundwater is estimated to account for <1% of the load to Puget Sound.
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Figure 11. Range (25th - 75th percentiles) and Median Total Copper Loads to Puget Sound from
Each Major Delivery Pathway.
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Figure 12. Total Copper Loads to Puget Sound as the Sum of Major Delivery Pathways

Relationship Between Sources and Pathways/Loading
The conceptual model of copper transport and fate following release suggests that much of the
copper transported to Puget Sound will occur through surface runoff during storm events. Direct
deposition to marine waters from atmospheric deposition and loading through direct groundwater
discharges appear to be only a small portion (<15%) of overall loading. The high proportion of
copper loading contributed by surface runoff is consistent with the types of sources accounting
for the major copper releases.
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Major unconstrained releases of copper are potentially from its use in urban landscaping and
pesticides, leaching from rooftops, and from vehicle component wear. Together, these mostly
urban sources account for as much as 140 t/yr of copper released to the environment in the
Puget Sound basin.
It is difficult to draw conclusions regarding the fate of copper released from urban landscaping
use and pesticide use. For instance, copper may be highly soluble depending on the formulation
applied, and it may be released in dissolved form during storms or irrigation. However, since
copper is likely to be used on recently disturbed soil in many instances, release through
mobilization of particle-bound copper may also occur. This latter form of release is less likely
to be infiltrated into groundwater, a seemingly distinct possible fate for copper solubilized in
permeable soil. At the lower estimate of copper pesticide use in urban areas (1 t/yr), the
comparatively low rate of use may be much more important locally than on a basin-wide scale.
Copper released from rooftops is likely to be in dissolved form since leaching is the likely
release mechanism, but anticipating its pathway following initial release is difficult since it may
run along roads and other impervious areas to surface waters, while some may be infiltrated into
the soil or delivered to storm sewers and thereafter POTWs.
Brake pad and tire wear may result in a relatively high proportion of copper finding its way to
surface runoff since approximately 50% is transported off-roadway as fugitive dust (SinclairRosselot, 2006), although the fate of brake pad dust may vary greatly due to local conditions
(Paulson et al., 2011-Draft). This and the possible attenuating factors discussed previously for
copper initially released in water, mobilized by water, or released to an impervious surface such
as a roadway likely account for much of the difference between amounts released from the
unconstrained urban sources mentioned above (140 t/yr) and the amounts loaded to Puget Sound
via surface runoff (28 – 66 t/yr).
The differences in copper releases from the unconstrained urban sources and the surface runoff
on the regional scale are much smaller than the differences between releases and loads calculated
during the mass-balance analysis of two small urban King County watersheds conducted by
Paulson et al. (2011-Draft). They calculated that the annual copper mass discharged from these
watersheds were less than 10% of the copper estimated to be released just from vehicle
component (brake pad and tire) wear and roof runoff. At the much larger scale (entire Puget
Sound basin), the high end (75th percentile) estimate of copper discharged to Puget Sound
through surface water is equal to the mass of copper released just from vehicle wear and rooftops
(66 t/yr). This suggests that while the conceptual relationships between copper sources and
loading/pathways may be valid, these relationships may be much more complex and uncertain at
finer scales.
Copper deposited atmospherically is difficult to link with its primary source(s). Copper released
from stack air emissions is small compared to overall loads (<1%), and copper reported as
fugitive air releases in the TRI accounts for only about 2% of the total annual release, for a total
maximum release to air of approximately 6 t/yr to the Puget Sound basin. This is higher than the
range of copper deposited directly to marine water from the atmosphere (1.9 – 4.1 t/yr), but the
latter only accounts for one-sixth of the basin area. However, copper released as fugitive dust
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from brake pad wear is potentially substantial (>17 t/yr). This may account for the high levels of
copper in atmospheric deposition samples at the high-density urban location, which is located
near Interstates 5 and 705, associated interchanges, and other major roadways. Copper fluxes at
this location were an order of magnitude higher than at most other locations, and the inventory of
primary releases indicates that industrial sources may not be large contributors to airborne
emissions. Copper fluxes at a location nearby but removed from close-proximity industrial and
roadway influences were one-fifth those in the high-density urban area. This indicates that urban
locations have strongly localized high copper flux signals, which are not reflected to the same
degree in regional elevations of copper.
Disposal of copper at the Ft. Lewis Army Base (25 t/yr) presumably consists of solid copper
material placed in waste piles or scattered throughout firing ranges. Solid copper disposal in the
terrestrial environment will be retained in a soil reservoir and will only be transported to surface
waters through gradual erosion or storm events with high energy flows.
Copper leached from vessel anti-fouling paint (26 t/yr) is presumed to be released entirely to
marine waters with the possible exception of the Lake Washington/Lake Union system and
freshwater marina areas near the mouths of the Snohomish and Duwamish Rivers.
Of the primary sources inventoried, copper released from residential plumbing components
represents the only constrained source assessed. The annual load of copper discharged to
POTWs from this source is estimated to be 28 t; discharges to septic systems were estimated to
be an additional 11 t/yr (Ecology, 2011). The difference between the amount released and
loading from POTWs (2.5 – 5.5 t/yr) is presumably due to the removal of solid material during
the treatment process, an assumption that might be easily checked by conducting sampling of
representative sludge material. Of course, copper from other constrained sources, naturally
occurring copper in water, and copper in stormwater represent additional releases of copper to
POTWs, but the exact extent of these contributions are not known.
Although patterns in copper loading pathways appear to be consistent with the types of primary
sources, one confounding result is the high concentrations of copper in agricultural areas
compared to other land covers. Overall copper releases as agricultural pesticides and micronutrients appear to be small (15.3 t/yr combined) compared to the other unconstrained releases
previously mentioned, most of which are expected to occur in commercial/industrial and
residential areas.
The high concentrations cannot simply be explained by excessive soil erosion in agricultural
areas during storms, a scenario that would be expected to cause waters to become enriched with
particle-bound copper. While copper in agricultural streams experienced a three-fold increase
in concentration during storms, increases in TSS loads were lowest among all land covers
(Herrera, 2011). One possible explanation for relatively high copper levels in agricultural
streams may simply be that the form(s) of copper used and methods of application in agricultural
settings are particularly prone to result in copper migration to surface waters.
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Hazard Evaluation
The hazard evaluation indicates that copper is a Priority 1 level of concern for freshwaters,
nearshore marine surface waters, and freshwater sediments (Table 6). Copper is a Priority 2
level of concern for offshore marine surface waters and marine sediments. Hazards due to tissue
residue effects, effects to wildlife, and effects to human health were not evaluated.
Table 6. Summary of Hazard Evaluation for Copper.
90th%ile Observed Conc. >

Total N

FOD

10th %ile Effects Conc.
or
Acute WQC
or
Chronic WQC

Freshwater

5,378

92%

Yes

Priority 1

Nearshore Marine

107

100%

Yes

Priority 1

Offshore Marine

71

100%

No

Priority 2

Surface
Water

Level of
Concern

th

90 %ile Observed Conc. >

Sediment

Total N

FOD

SQS

Level of
Concern

Freshwater

826

>99%

Yes

Priority 1

Nearshore Marine

519

>99%

No

Priority 2

Offshore Marine

560

98%

No

Priority 2

th

90 %ile Observed Conc. >
Tissue Residue
Effects

Total N

FOD

10th %ile Effects Conc.
Not Analyzed
Daily Dose >

Wildlife

Total N

FOD

10% of Lowest Effects Dose
Not Analyzed
90th%ile Observed Conc. >

Human Health

Total N

NTR Criterion

FOD

Level of
Concern

Level of
Concern

Level of
Concern

Not Analyzed

Yellow highlight indicates Priority 1 Level of Concern
FOD=Frequency of detection

Dissolved copper concentrations in freshwater have a 90th percentile value of approximately
3.5 ug/l, higher than the level where more than 10% of effects documented for aquatic organisms
occur and above the chronic water quality criterion (calculated at 25 mg/l calcium carbonate).
At least 5% of the concentrations are above the acute water quality criterion (also calculated at
25 mg/l calcium carbonate).
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In marine waters, nearshore concentrations of dissolved copper are distinctly higher than those
observed offshore. At the 90th percentile level, the nearshore concentration (approx. 5 ug/l) is
more than double the offshore concentration (approx. 2 ug/l) and exceeds both the chronic and
acute water quality criteria. The upper levels (90th – 95th percentile values) of both the observed
nearshore and offshore dissolved copper levels approach or exceed the 10th percentile values) of
the ECOTOX dataset used for these comparisons, but only the observed nearshore data have
90th percentile values that exceed this threshold for assigning a Priority 1 level of concern.
Median copper concentrations in both freshwater and marine sediments are below all guidelines
and standards except the marine Canadian TEL. However, in freshwater sediments the 90th
percentile (approx. 90 mg/kg dw) of observed copper concentrations exceed the floating
percentile SQS as well as the Canadian TEL and the consensus-based TEC. More than 5% of the
observed freshwater sediment values exceed the Canadian PEL and the consensus-based PEC for
copper.
In marine sediments, the 90th percentiles of the observed copper concentrations (approx.
90 mg/kg dw for nearshore and 70 mg/kg dw for offshore) are similar to those for freshwater
sediments, but the marine SQS is much higher than the freshwater floating percentile SQS.
As a result, all but possible outlier concentrations exceed the SQS in marine sediments.
Regionally Important Biological-Effects data
Copper is one of the most far-reaching potential priority toxicants in the Puget Sound region due
largely to its ability to alter the sensory capacity and behavior of a wide variety of aquatic
organisms. A number of local researchers have documented these effects in different organisms
and in different ways.
Tierney et al. (2010) reviewed over 150 papers and found that avoidance behaviors were
common in a variety of fresh and salt water fishes at less than 1 ug/l to concentrations ranging up
to 20-30 ug/l. Tested species included coho and Chinook salmon as well as rainbow trout and
golden shiner. Hecht et al. (2007) compiled a similar body of evidence for the disruptive effects
of copper on juvenile salmonids. They used EPA methodologies to calculate benchmark
concentrations predicted to represent 10% and 50% reductions in chemosensory response at
0.18 ug/l and 2.1 ug/l respectively. These values bracket a variety of other regional primary
literature sources which confirm that the environmentally relevant range of <1.0 to 5.0 ug/l
copper adversely impacts a variety of Puget Sound basin fish, particularly salmonids. Similar
neurologic impacts were found by Linbo et al. (2006) on the mechanosensory lateral line of fish.
Sandahl et al. (2004) found copper concentrations of 4.4 ug/l produced sublethal neurotoxicity in
coho salmon. In this laboratory study, copper reduced the ability of coho salmon to detect the
natural odorants taurocholic acid and L-serine. Further study by Sandahl et al. (2007) confirmed
that concentrations as low as 2 ug/l copper not only affect the neurologic systems of fish but also
alter their behavioral responses to alarm pheromones. Other studies such as Baldwin et al.
(2003) have also found olfactory inhibition at a comparable environmentally relevant
concentration of 2.3 ug/l.
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Hansen et al. (1999) produced a seminal work which was used by several of the subsequent
reviews discussed above. In it they documented Chinook salmon avoidance behaviors at
concentrations as low as 0.7 ug/l dissolved copper. However, Chinook also failed to avoid
concentrations >44 ug/l due to the extensive neural saturation. This window of effect potentially
contributes to mortality from prolonged copper exposure or impairment of olfactory dependent
behaviors such as homing. Additional studies by McIntyre et al. (2008) found that water
hardness had very little effect on copper’s ability to alter olfactory function in coho salmon
despite water hardness being a variable influencing the Washington State water quality criteria.
All of these reviews and studies on regionally relevant species provide an additional line of
evidence suggesting that copper is a very important toxicant at concentrations well within the
range found it the Puget Sound regional environment.

Lead
Lead is a naturally occurring heavy metal that is a major constituent of more than 200 minerals
and is nearly always detectable at concentrations > 0.01 ug/l in water and >100 ug/kg (dw) in
sediments from freshwater and marine environments (PTI, 1991; Serdar, 2008; Meredith and
Furl, 2009). Lead also accumulates in fish, particularly in bony material, but does not
biomagnify to any meaningful extent (Eisler, 1988b).
Although lead occurs naturally in the earth’s crust, human activity has increased environmental
levels by one-thousand-fold during the past three centuries (ATSDR, 2007). Most recently, the
use of tetra-ethyl lead in gasoline (“leaded gasoline”) accounted for hundreds of millions of
pounds of lead per year in the U.S. alone before being phased out from 1973 – 1996; by 1995,
lead emissions from gasoline were estimated to be less than 1% of the level prior to initiation of
the phase out (EPA, 1996).
Historically, concerns surrounding the effects of lead have been focused on toxicity to humans,
particularly children. Ecology and WDOH (2009) have reviewed the history, exposure
pathways, and effects of lead on humans in Washington. Environmental effects, particularly in
the aquatic environment, are less apparent.

Major Releases from Primary Sources
An inventory of primary lead sources suggests that approximately 520 metric tons (t) is released
annually from anthropogenic sources in the Puget Sound basin. The largest current source of
lead to the environment is the use of ammunition and lead shot (Figure 13). Together with lost
wheel weights, fishing sinkers, and a self-reported release at Fort Lewis presumed to be from
ammunition use, approximately 90% (480 t) of the anthropogenic releases of lead in the basin
may be as solid metallic lead in bulk form.
Other sources of lead include leaching from materials such as roof runoff (18 t/yr) and abrasion
of vehicle brake pads and tires (4 t/yr combined). Although these releases are small compared to
ammunition use, they represent the most likely sources of lead to be mobilized in stormwater
following release. To be more precise, lead in roof runoff requires rain storms for its release, and
approximately 50% of brake pad particles are released to the road surface (Garg et al., 2000;
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Sinclair- Rosselot, 2006) and may be subsequently entrained in stormwater (depending on
season and conditions). Tire particles are presumably released mainly to road surfaces, although
some portion becomes transported away from the release point as fugitive dust.
Additional releases of lead include emissions from combustion of aviation fuel (16 t/yr) and
approximately 0.5 t/yr released to the air from point sources; pulp mill emissions appear to make
up the bulk of this latter category.
Other smaller releases include approximately 1 t/yr released from residential plumbing
components, and 0.040 t/yr (40 kg/yr) released through fertilizer application.
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Figure 13. Total Lead Release in the Puget Sound Basin (values shown are t/yr).
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Major Delivery Pathways and Loading
Data on major delivery pathways for lead loading were obtained from PSTLA loading studies
and are included in Table 7. As mentioned previously, loading through direct groundwater
discharge was estimated from literature values, whereas loadings through other pathways were
estimated from field studies specifically designed to estimate loads.
Table 7. Total Lead Loads (t/yr) to Puget Sound from Major Pathways.
Groundwater (a)
Air Deposition
Surface Runoff
POTWs
Ocean Exchange

25th %ile
0.044
0.63
2.80
0.14
21

Median
1.07
1.1
4.67
0.18
21

75th %ile
2.10
1.5
7.64
0.25
18

(a) Lowest, highest, and mid-point of estimated loads

Estimated groundwater loads of lead range by two orders of magnitude (0.044 – 2.1 t/yr). The
range in estimates is due to differences in flows used to establish the possible range of loads as
well as differences in methods used to estimate representative lead concentrations; most of the
data were non-detected values.
Lead discharged from POTWs in the Puget Sound basin accounts for loads estimated to be
0.14 – 0.25 t/yr. Phase 1 estimates suggest that lead loads from industrial wastewater are
potentially substantial (0.3 – 9 t/yr; Hart Crowser et al., 2007). This is based on a limited dataset
yet brackets the estimate of the industrial discharge of lead to surface waters or transferred to
POTWs as reported in the TRI (1.4 t/yr total) (Ecology, 2011).
The deposition of atmospheric lead directly to the marine waters of Puget Sound is
approximately 0.63 – 1.5 t/yr, based on fluxes ranging from 0.15 - 8.6 ug/m2/d. Lead fluxes
were generally <1 ug/m2/d, except for one location within a high-density urban area (Tacoma)
including a nearby pulp mill, metal refiners, other industrial activities, and close to major
roadways including interstate highways. Lead fluxes at this location were consistently an order
of magnitude higher than other locations around the Puget Sound region, and were elevated
five-fold above a nearby station that did not have the same air pollution influences in such close
proximity
Surface runoff loads for lead are estimated to be approximately 2.8 - 7.6 t/yr for the entire
Puget Sound basin based on the surface runoff study. Dissolved lead accounted for only a small
portion of the total lead concentrations, and elevated concentrations of total lead appeared to
correspond with elevated TSS (Herrera, 2011). Lead has a high affinity for particulate matter
and is generally found at low proportions in the dissolved phase (Meredith and Furl, 2009;
Hallock, 2010). Lead is therefore much more likely to be transported as particle-bound lead
rather than in the dissolved phase.
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The ratio of lead concentrations in storm flows-to-baseflows was consistently higher for lead
than for other COCs analyzed. Lead in storm flows was higher compared to baseflows by
factors of 3 to 6 depending on land cover (commercial/industrial was highest). This is consistent
with particle-bound constituents which require storm flows to become mobilized.
Total lead was present at the highest concentrations in commercial/industrial land covers,
generally by factors of 2 to 5. Overall median total lead concentrations in commercial/industrial
areas increased by six-fold during storm events, while only increasing by factors of 2 to 3 in
other land cover types. Although elevations in lead during storm flows were most pronounced in
commercial/industrial areas, seasonal first-flush signals were only evident in residential
(dissolved lead) and forest sub-basins (total lead).
Like cadmium, there appears to be a large import of lead through exchange at the ocean
boundary compared to other load pathways, although this estimate is based on very limited data.
Total lead concentrations (25th-75th percentile) in the incoming marine waters are 0.087 –
0.125 ug/l, and total lead concentrations in the outgoing marine waters are 0.047 – 0.087 ug/l.
Total net import was 18 – 21 t/yr based on an inflow of 51 – 73 t/yr and an outflow of 30 –
55 t/yr.
The net sum of lead loads to Puget Sound through the pathways assessed may be calculated by
summing the loads for a specified percentile value for each of the pathways. The net sum for the
25th, median (50th), and 75th percentile values is 25, 28, and 30 t/yr, respectively. Under all of
these estimates, there is a net lead load to Puget Sound.
Lead loadings from pathways that may represent partially controllable sources of COCs (i.e. all
of the major pathways except ocean exchange) are shown as ranges (25th - 75th percentiles) and
median for each pathway in Figure 14. Each pathway represented as a contribution to the total
load is displayed in Figure 15.
Total lead loading from the major pathways assessed is 3.6 – 12 t/yr. Surface water runoff
accounts for the largest pathway (66 – 77%), followed by air deposition (13 – 17%). Groundwater potentially accounts for up to 18% at the upper end of the estimated range, but this value
should be viewed with caution since it is based on literature values of lead in wells and rough
estimates of groundwater flow. At the lower end of the load range, lead in groundwater is
estimated to account for 1% of the load to Puget Sound. Loading through POTWs represents
only a small portion of total lead loads to Puget Sound (2 – 4%).
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Figure 14. Range (25th - 75th percentiles) and Median Total Lead Loads to Puget Sound from
Each Major Delivery Pathway.
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Figure 15. Total Lead Loads to Puget Sound as the Sum of Major Delivery Pathways.

Relationship Between Sources and Pathways/Loading
The conceptual model of lead transport and fate following release suggests that much of the lead
transported to Puget Sound will do so through surface runoff during storm events. Lead released
to road surfaces through roof runoff, lost wheel weights, and tire and brake pad wear appears to
represent the largest release to road surfaces. Combined, these account for an estimated 51 t/yr
of lead released, or about 7-18 times the estimated lead load in surface runoff. These differences
can be explained largely by the source for lead released to road surfaces. For instance, not all
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rooftop runoff will be delivered to roadways; some may be infiltrated or delivered to storm
sewers and thereafter to POTWs. Lost wheel weights will largely remain in bulk metallic form
and only gradually become pulverized and leached. Brake pad and tire wear may represent the
lead source with the highest proportion of lead to find its way to surface runoff, even though a
substantial fraction may be transported off-roadway as fugitive dust.
Lost fishing sinkers and lead shot and other ammunition landing in surface waters will gradual
leach lead to the aquatic environment, although this likely results in only small increases in water
column concentrations. Lead ammunition landing in the terrestrial environment will likely be
retained in a soil reservoir and will only be transported to surface waters through gradual erosion
or storm events with high energy flows. In general, lead from ammunition will be retained in the
soil and not pose a problem to surface waters, with the exception of shooting ranges which may
accumulate large enough masses of lead to impact nearby waterbodies. Two instances of high
lead concentrations in streams and soils resulting from spent lead at shooting ranges have been
documented recently in western Washington (Era-Miller, 2009; Ecology and WDOH, 2009).
The ultimate fate of lead emitted to air is less certain; only a small fraction of the estimated
releases to air are deposited directly to the waters of Puget Sound, and it is not known what
portion of the air releases in the basin are transported out of the airshed and the portion of
deposited lead that is imported from outside airsheds. Approximately 19 t/yr are released to the
air within the Puget Sound basin (not counting fugitive brake pad and tire dust) compared to
0.6 – 1.5 t/yr directly deposited to marine waters. Considering the area of the entire Puget Sound
basin (six times the marine area) and assuming the same rate of deposition across the basin
(an assumption that has not been verified), the ranges of air deposition fall within a factor of 2
compared with lead emissions to air. Atmospherically deposited lead would presumably be
washed off surfaces in runoff – most likely in particulate form – and ultimately be transported to
the Puget Sound through surface runoff, although infiltration to groundwater and paths to
POTWs are other possible scenarios for secondary and tertiary pathways.
Although comparatively small amounts of lead are released in constrained sources, release of
lead from residential plumbing fixtures (0.2 t/yr) almost certainly is received at POTWs. Annual
loads of lead released to POTWs from this source appear to be nearly identical to the amount
discharged from POTWs. Presumably, removal of lead would occur during the removal of solid
material during the treatment process. Lead from other constrained sources, naturally occurring
lead in water, and lead in stormwater represent additional releases of lead to POTWs, but the
extent of these contributions are not known.

Hazard Evaluation
The hazard evaluation indicates that lead is a Priority 2 or unknown level of concern for all
categories assessed (Table 8). Hazards due to tissue residue effects, effects to wildlife, and
effects to human health were not evaluated.
The 90th percentile values for dissolved lead in freshwater (approx. 0.5 ug/l) are an order of
magnitude below the 10th percentile of effects data and the acute water quality criterion, although
the values are only slightly less than the chronic water quality criterion. In marine waters, the
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gap between observed concentrations and those where criteria are set and where effects occur is
similar to that for freshwater. However, the dataset for observed nearshore marine water was too
small (n<50) to assign a level of concern.
Table 8. Summary of Hazard Evaluation for Lead.
90th%ile Observed Conc. >

Total N

FOD

10th %ile Effects Conc.
or
Acute WQC
or
Chronic WQC

Freshwater

4,427

33%

No

Priority 2

Nearshore Marine

44

68%

INS

U

Offshore Marine

77

88%

No

Priority 2

Surface
Water

Level of
Concern

th

90 %ile Observed Conc. >

Sediment

Total N

FOD

SQS

Level of
Concern

Freshwater

838

96%

No

Priority 2

Nearshore Marine

472

95%

No

Priority 2

Offshore Marine

478

99%

No

Priority 2

th

90 %ile Observed Conc. >
Tissue Residue
Effects

Total N

FOD

10th %ile Effects Conc.
Not Analyzed
Daily Dose >

Wildlife

Total N

FOD

10% of Lowest Effects Dose
Not Analyzed
90th%ile Observed Conc. >

Human Health

Total N

NTR Criterion

FOD

Level of
Concern

Level of
Concern

Level of
Concern

Not Analyzed

FOD=Frequency of detection
INS=Insufficient observed data available for comparison to effects data
U=Unknown level of concern due to lack of sufficient data for adequate comparison

Unlike most other metals, lead appears to have a fairly distinct pattern of higher concentrations
in offshore marine waters compared with concentrations observed nearshore. This may reflect
lead enrichment of marine waters through ocean exchange. For cadmium, the only other metal
assessed which is comparatively high in oceanic waters, the higher concentrations in offshore
water may also be a reflection of this ocean enrichment process.
At least 10% of the observed lead concentrations in freshwater sediments exceed the Canadian
TEL and PEL as well as the consensus-based TEC and PEC. However, the 90th percentile value
(approx. 200 mg/kg dw) did not exceed the floating percentile SQS, making lead one of the few
COCs that did not exceed this threshold.
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Lead concentrations in marine nearshore and offshore sediment have 90th percentile values of
approximately 100 mg/kg dw and 70 mg/kg dw, respectively. These concentrations are not
above the SQS and exceed only the consensus-based TEC among the guidelines and standards
used for comparison.
As mentioned previously, lead hazards to fish, wildlife, and human health were not assessed due
to the lack of effects data. However, although lead shot has been prohibited in Washington for
all waterfowl, coot, and snipe hunting since a nationwide phase-in of non-toxic shot was
implemented during 1986-1991, lead poisoning of birds due to ingestion of lead shot remains a
concern (Ecology and WDOH, 2009).

Mercury
Mercury is a naturally occurring heavy metal in the earth’s crust and is nearly always detectable
at concentrations >0.005 ug/l in water and >5 ug/kg (dw) in sediments from freshwater and
marine environments (PTI, 1991; Serdar, 2008; Hallock, 2010; Appendix D). Unlike other
metals, mercury is liquid at typical ambient temperatures, is volatile, and bioaccumulates to a
high degree in edible tissues of fish (i.e. fillet), particularly those occupying high trophic
positions.
Mercury naturally degasses from soils, the rate of which may be increased dramatically by
disturbances such as logging and land development, and inundation caused by dam construction.
Historically, a large source of mercury to Puget Sound was a now-defunct chloralkali plant in
Bellingham (PTI, 1991), although mercury is released through numerous industrial and
combustion sources as well.

Major Releases from Primary Sources
An inventory of primary mercury sources suggests that approximately 0.54 metric tons (t) is
released annually from anthropogenic sources in the Puget Sound basin. The largest current
source of anthropogenic mercury to the environment may be due to thermostat and fluorescent
lamp disposals (24% and 18%, respectively) (Figure 16).
Mercury releases from improper disposal of other materials may account for an additional 11%
of the total release in the Puget Sound basin. These products contain mercury as liquid, or as in
the case of fluorescent lamps, in vapor form. Since mercury has the potential to volatilize, there
is likely some portion of liquid mercury that is released from landfills due to disposal of these
products, even though collection and recycling efforts are underway to prevent these
circumstances. Nearly all of the anthropogenic mercury sources assessed in the Sources Report
have been addressed in the Mercury Chemical Action Plan (Ecology and WDOH, 2003), and
efforts are underway to reduce or eliminate mercury releases from these sources.
Air emissions from major industrial facilities reporting under TRI represent approximately 18%
of the total mercury release, and four-fifths of these are stack air emissions. As much as of
one-quarter of the mercury release to air in the Puget Sound basin may be through combustions
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emissions. Much of this may be due to fossil fuel combustion, although mercury emissions from
crematoria and cement plants may originate from the source material rather than the fuel.
Mercury is also released from the TransAlta Centralia Generating Plant at an annual rate of
approximately 0.15 t (Ecology, 2011). Although the TransAlta plant was not included in the
source inventory since its location falls outside of the Puget Sound basin, it is upwind of the
basin and at least two nearby lakes in the Puget Sound basin have mercury levels in sediment
that appear to reflect deposition from the plant (Furl and Meredith, 2010).
Other mercury releases which do not fall under air emission or landfill disposal categories
include disposal and excretion of dental amalgam (0.03 t/yr, 6% of total) and mercury contained
in fertilizer, particularly nitrogen and potassium material (0.002 t/yr, <1% of total).
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Figure 16. Total Mercury Release in the Puget Sound Basin (values shown are t/yr).
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30%

Major Delivery Pathways and Loading
Data on major delivery pathways for mercury loading were obtained from PSTLA loading
studies and are included in Table 9. As mentioned previously, loading through direct
groundwater discharge was estimated from literature values, whereas loadings through other
pathways were estimated from field studies specifically designed to estimate loads. Mercury was
not measured in marine waters to assess exchange at the ocean boundary.
Table 9. Total Mercury Loads (t/yr) to Puget Sound from Major Pathways.
Groundwater (a)
Air Deposition
Surface Runoff
POTWs (b)
Ocean Exchange

25th %ile
0.0047
0.0094
0.091
NR
NA

Median
0.049
0.02
0.136
0.0024
NA

75th %ile
0.094
0.033
0.238
NR
NA

(a) Lowest, highest, and mid-point of estimated loads
(b) Estimate from Phase 2 (Envirovision et al., 2008b)
NR=not reported
NA=not analyzed

The estimated groundwater mercury load ranges by an order of magnitude (0.005 – 0.09 t/yr).
The range in estimates is due primarily to the range in flows used to calculate loads; groundwater
discharges used in the groundwater loading study ranged by an order of magnitude.
Mercury was not measured in POTWs for the Phase 3 loading study. Phase 2 estimates for
mercury loading through wastewater calculated an estimated release of 0.002 t/yr from municipal
wastewater treatment plants and an additional 0.007 t/yr from industrial discharges, the latter of
which is considered an underestimate due to incomplete sampling (Envirovision et al., 2008b).
The deposition of atmospheric mercury directly to the marine waters of Puget Sound is
approximately 0.009 – 003 t/yr, based on fluxes ranging from 0.003 – 0.020 ug/m2/d. Median
mercury fluxes were generally ≤0.010 ug/m2/d, except for one location within a high-density
urban (Tacoma) area including a nearby pulp mill, metal refiners, other industrial activities, and
close to major roadways including interstate highways. Fluxes at this location were two- to
three-fold higher than at other locations.
Surface water runoff loads for mercury are estimated to be approximately 0.09 – 0.24 t/yr for the
Puget Sound basin based on the surface runoff study. Elevations in total mercury concentrations
appeared to correspond with elevated TSS in all areas except agriculture land covers, although
dissolved mercury accounted for one-half to two-thirds of the total mercury concentration.
During storm events, mercury concentrations in surface water increased by factors of 2 to 3 over
baseflow concentrations. Agricultural areas have the highest mercury concentrations in surface
water during both baseflow and storm flow conditions, followed by residential areas,
commercial/industrial sub-basins, and forests. A substantial seasonal first-flush episode was
evident for total mercury concentrations in forests but was not seen in other land covers.
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The net sum of mercury loads to Puget Sound through the pathways assessed may be calculated
by summing the loads for a specified percentile value for each of the pathways. The net sum for
the 25th, median (50th), and 75th percentile values is 0.1, 0.2, and 0.3 t/yr, respectively. Under all
of these estimates, there is a net mercury load to Puget Sound, although the possibility of a net
export out of Puget Sound could not be explored since ocean boundary water was not sampled
during the loading studies.
Mercury loading from pathways that may represent partially controllable sources of COCs
(i.e. all of the major pathways except ocean exchange) are shown as ranges (25th - 75th
percentiles) and median for each pathway in Figure 17. Each pathway represented as a
contribution to the total load is displayed in Figure 18.
Total mercury loading from the major pathways assessed is 0.11 – 0.36 t/yr. Surface runoff
accounts for the largest pathway (65 – 87%), followed by air deposition (9%). Groundwater
potentially accounts for up to 26% at the upper end of the estimated range, but this value should
be viewed with caution since it is based on literature values of mercury in wells and rough
estimates of groundwater flow. At the lower end of the load range, mercury in groundwater is
estimated to account for 4% of the load to Puget Sound. The Phase 2 estimate of loading
through POTWs – data obtained from the literature – is roughly 2% of the total mercury load to
Puget Sound.
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Figure 17. Range (25th - 75th percentiles) and Median Total Mercury Loads to Puget Sound
from Each Major Delivery Pathway.
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Figure 18. Total Mercury Loads to Puget Sound as the Sum of Major Delivery Pathways.

Relationship Between Sources and Pathways/Loading
The conceptual model of mercury transport and fate following release suggests that much of the
mercury transported to Puget Sound will occur through surface runoff, mostly during storm
events, even as a high proportion of initial releases are emissions to air. Since most of the
anthropogenic mercury releases occur as air emissions, the surface water pathway may be
assumed to represent a secondary or tertiary pathway. Other possible explanations for the
differences between the high proportion of air emission as a mercury source and the high
proportion of surface runoff as a delivery pathway are natural sources of mercury or continuous
mobilization of historic releases of mercury remaining in aquatic systems.
Total inventoried anthropogenic mercury releases to air in the Puget Sound basin are
approximately 0.5 t/yr; closer to 0.7 t/yr if mercury released from the TransAlta plant is included.
Since releases to air are at least double the loads from all major pathways combined, it seems
reasonable that some of the mercury atmospherically deposited on land is entrained in surface
runoff and transported to Puget Sound. Applying the known median atmospheric mercury
deposition rates to marine waters to the entire Puget Sound watershed would result in an
additional 0.1 t/yr of deposition. If all of the mercury assumed to be deposited to land surfaces
under this scenario were mobilized in surface runoff, it would closely match the median load
delivered to Puget Sound through the surface runoff pathway.
The air deposition study found that, unlike other trace elements measured, mercury did not vary
significantly among stations, and much of the loading occurred as a result of washout during rain
events. These findings appear to support widespread “dosing” of the watershed with aeriallytransported mercury. However, the authors of the study (Brandenberger et al., 2010) note that
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while mercury deposition in the Puget Sound appears to be a result of regional transport, the bulk
deposition methods used to estimate fluxes may underestimate the dry deposition of mercury.
As a result, strong localized signals from industrial areas may be diluted out.
A consistent level of aerial mercury “dosing” across a watershed would likely result in similar
mercury concentrations among land uses, particularly since much of the load is due to washout.
The surface runoff results do not reflect a widespread dosing and washout scenario since forested
areas have lower mercury concentrations than commercial/industrial and residential areas where
combustion sources are likely to be located. However, higher mercury loads from commercial/
industrial and residential areas may simply be a result of enhanced mobilization from surfaces
(due to the comparatively high proportion of impervious surfaces) rather than localized mercury
sources.
The comparatively high concentration of mercury in agricultural area runoff samples remains a
puzzle. Loss of mercury-enriched soil during storms may be one possible explanation, although
baseflow mercury concentrations in agricultural areas are also higher than in other land covers,
and TSS increases during storm flows are smaller in agricultural areas compared to other land
types. It appears unlikely that major mercury sources would typically be located in close
proximity to agricultural lands, and the one inventoried mercury release that is specific to
agricultural practices is comparatively small (releases from fertilizer application, 0.002 t/yr).
The single inventoried source of mercury released in a constrained pathway is loss of dental
amalgam through disposal (approximately 95% of the mercury used in dental offices is currently
recovered) and excretion. Approximately 0.03 t/yr of mercury release in the Puget Sound basin
is attributed to this source. This is approximately tenfold the estimated load from POTWs during
the Phase 2 Study (0.002 t/yr) (Envirovision et al., 2008b). The differences are presumably due
to the removal of solid material during the treatment process. Mercury from other constrained
sources, naturally occurring mercury in water, and mercury in stormwater represent additional
releases of mercury to POTWs, but the extent of these contributions are not known.

Hazard Evaluation
The hazard evaluation indicates that mercury is a Priority 1 level of concern for a range of media
and receptors in both the freshwater and marine aquatic environments (Table 10).
Most (>95%) of the observed mercury concentrations in surface waters are one to two orders of
magnitude below concentrations where most (95%) of the effects have been documented. The
90th percentile of observed total mercury concentrations are slightly above the chronic water
quality criterion (0.012 ug/l), but observed dissolved concentrations are well below the acute
criterion (2.1 ug/l). Interestingly, the chronic water quality criterion is based on a value designed
to avoid exceedance of the Food and Drug Administration Action Level for mercury in seafood
(1.0 mg/kg; EPA, 1985).
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Table 10. Summary of Hazard Evaluation for Mercury.
90th%ile Observed Conc. >

Surface
Water
Freshwater

Sediment

Tissue Residue
Effects

Human Health

FOD

4,313

63%

Yes
a

Level of
Concern
Priority 1

Nearshore Marine
Offshore Marine

7
14

100%
93%

INS
a
INS
90th%ile Observed Conc. >

Freshwater

Total N
803

FOD
66%

SQS
Yes

Level of
Concern
Priority 1

Nearshore Marine

459

70%

Yes

Priority 1

Offshore Marine

367

79%

Yes
90th%ile Observed Conc. >

Priority 1

Freshwater

Total N
b

FOD
100%

10th %ile Effects Conc.
a
INS

Nearshore Marine

c

≥95%

INS

Offshore Marine

Wildlife

Total N

10th %ile Effects Conc.
or
Acute WQC
or
Chronic WQC

U
U

Level of
Concern
U

d

U

d

U

e

100%

INS
Daily Dose >

Total N

FOD

10% of Lowest Effects Dose

Level of
Concern

Great Blue Heron (FW)

--

--

Yes

Priority 1

Osprey (SW)

--

--

Yes

Priority 1

River Otter (FW)

--

--

Yes

Priority 1

Harbor Seal (SW)

--

--

Yes
90th%ile Observed Conc. >

Priority 1

Freshwater

Total N
f

FOD
>99%

NTR Criterion
No

Level of
Concern
Priority 2

Nearshore Marine
Offshore Marine

g
h

>92%
100%

No
No

Priority 2
Priority 2

Yellow highlight indicates Priority 1 Level of Concern
FOD=Frequency of detection
a
INS =Insufficient observed data available for comparison to effects data
U=Unknown level of concern due to lack of sufficient data for adequate comparison
b
N range is 11 – 16 and varies for organism type and tissue type
c
N range is 42 – 169 and varies for organism type and tissue type
d
INS =Insufficient effects data available for comparison to observed data
e
N range is 5 – 190 and varies for organism type and tissue type
FW=Freshwater
SW=Saltwater
f
N range is 34 – 776 and varies for organism type and tissue type
g
N range is 107 – 197 and varies for organism type and tissue type
h
N range is 37 – 346 and varies for organism type and tissue type
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There are few observed data to compare mercury concentrations to effects data or criteria in
marine waters. For instance, only seven usable values were found for nearshore marine waters
and only 14 values for offshore waters. Ninety percent of the effects data were at least two
orders of magnitude above the 90th percentile values for both the nearshore and offshore datasets.
Although more than 25% of the offshore values exceed the chronic water quality criterion, the
paucity of observed values precluded an adequate evaluation for any of these comparisons.
Mercury concentrations in freshwater sediments exceed the floating percentile at the 90th
percentile concentration (approx. 0.6 mg/kg dw) of the observed dataset. Marine sediments also
have observed mercury concentrations that exceed the SQS at 90th percentile levels for both the
nearshore and offshore datasets (both approx. 0.5 mg/kg dw); these concentrations are also at or
near the LAET.
Observed mercury concentrations in fish tissues are nearly identical to effects levels, but there
were insufficient observed data for an adequate evaluation. Fewer effects values are available
for marine waters. No marine effects concentrations were available for non-decapod
invertebrates and fish, and only one marine decapod effect concentration was available. There
are observed concentrations for all tissue types although only five for offshore decapods.
Evaluation of daily mercury doses based on fish and incidental sediment ingestion for the four
species evaluated – great blue heron, osprey, river otter, and harbor seal – indicate that all
species would be exposed to doses equal to or greater than the lowest effects dose. For the bird
species, the lowest effects doses are based on reproductive effects, although heron also exceed a
dose for growth effects. For the mammal species evaluated, both seal and otter exceed the
lowest dose calculated for growth effects, while the otter also exceeds the lowest dose for
mortality.
Edible tissues evaluated for comparison to the NTR criterion (based on the default consumption
rate of 6.5 g/d) reveal that fish tissue generally has higher observed mercury concentrations than
bivalves or other invertebrates, but for all organisms more than 95% of the observed values fell
below the criterion (approx. 800 ug/kg wet weight).
Comparisons were also made using exposure assumptions outlined in the NTR but with varying
daily consumption rates. More than one-half of the freshwater and marine fish tissue samples
exceed the acceptable risk level using the EPA recommended subsistence rate of 142.4 g/d.
In the nearshore marine areas, more than one-half of the mercury concentrations found in
invertebrates other than bivalves exceed the acceptable risk at the 142.4 g/d rate, and more than
one-half of the bivalves exceed the acceptable risk based on the Suquamish tribal rate (769 g/d).
In the offshore marine areas, more than one-half of the mercury concentrations found in
invertebrates other than bivalves exceed the acceptable risk at the 142.4 g/d rate, and more than
one-half of the bivalves exceed the acceptable risk based on the Tulalip tribal/King Co.
American Petroleum Institute (API) rate (242.5 g/d).
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Regionally Important Biological-Effects Data
Grove and Henny (2008) analyzed mercury in river otter carcass livers obtained from trappers
working in western Oregon and western Washington, including Puget Sound. Mercury liver
concentrations were higher in Puget Sound adult river otters (mean of 7.89 mg/kg dw) than those
from the northwest Washington area (mean of 5.85 mg/kg dw). Concentrations in Willamette
River and coastal Oregon otter livers were slightly higher (mean of 9.2-9.3 mg/kg dw) but
similar to Puget Sound levels. This study demonstrates that river otters living in the Puget Sound
area bioaccumulate mercury.
In addition to the bioaccumulation of mercury by otters, accumulation in fish tissue has led to
advisories for human consumption of fish in Puget Sound. The advisories, issued by Washington
State Department of Health (WDOH), are based on data and consumption of particular species,
and vary by region (Hardy and Palcisko, 2006). For instance, WDOH advises no consumption of
yelloweye rockfish (Sebastes ruberrimus) caught anywhere in Puget Sound, and advises limited
consumption of English sole (Parophrys vetulus) and other flatfish based on the marine area in
which they are caught. In addition, there is a statewide mercury advisory for smallmouth bass
(Micropterus dolomieui), largemouth bass (M. salmoides), and northern pikeminnow
(Ptychocheilus oregonensis) with specific advice based on risks to population segments
(e.g. children, nursing mothers) (McBride, 2003; WDOH, 2011).

Zinc
Zinc is a naturally occurring heavy metal abundant in the earth’s crust and is nearly always
detectable at concentrations >0.5 ug/l in water and >10,000 ug/kg (dw) in sediments from
freshwater and marine environments (PTI, 1991; Serdar, 2008; Hallock, 2010; Appendix D). It
occurs at comparatively high concentrations in natural waters, but zinc’s wide use as a protective
coating and alloy with other metals to reduce corrosion in outdoor environments may increase
levels in the aquatic environment.

Major Releases from Primary Sources
An inventory of zinc released from primary sources suggests that approximately 1,500 metric
tons (t) is released annually from anthropogenic sources in the Puget Sound basin. The largest
current source of zinc to the environment is the leaching of zinc from rooftops, particularly
those with galvanized components, accounting for approximately 1,300 t/yr of zinc released
(Figure 19). The authors of the Sources Report note that total inventoried zinc releases to the
Puget Sound basin probably underestimate the true extent of release since leaching from other
galvanized items (e.g. culverts, light standards, guardrails) was not assessed (Ecology, 2011).
Although small in comparison to rooftop releases, zinc released from tire wear is substantial
(82 t/yr), accounting for approximately 6% of the total. Brake pad wear accounts for
approximately 5 t/yr of zinc released in the Puget Sound basin.
Zinc contained in fertilizers and micronutrients used in agricultural applications accounted for
large zinc releases (41 t/yr). Similar to most other COC metals, concentrations were highest in
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phosphate fertilizers. However, zinc use in fertilizer applications (4 t/yr) is small compared to its
use as an agricultural micronutrient (37 t/yr).
Other inventoried sources of anthropogenic release of zinc in the Puget Sound basin included
leaching from residential plumbing components (21 t/yr) and industrial, commercial, and
institutional emissions (approximately 24 t/yr). Of this latter category, approximately one-third
of the zinc releases were from steel mills and pulp and paper mills.
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Figure 19. Total Zinc Release in the Puget Sound Basin (values shown are t/yr).

Major Delivery Pathways and Loading
Data on major delivery pathways for zinc loading were obtained from PSTLA loading studies
and are included in Table 11. As mentioned previously, loading through direct groundwater
discharge was estimated from literature values, whereas loadings through other pathways were
estimated from field studies specifically designed to estimate loads.
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Table 11. Total Zinc Loads (t/yr) to Puget Sound from Major Pathways.
Groundwater (a)
Air Deposition
Surface Runoff
POTWs
Ocean Exchange (b)

25th %ile
1.97
11
113
16
-150

Median
10.8
18
122
19
-80

75th %ile
19.7
26
134
24
10

(a) Lowest, highest, and mid-point of estimated loads
(b) Negative values indicate a net outflow at the ocean boundary

The estimated range of groundwater zinc loads is large (2.0 – 20 t/yr). The range in estimates
is due almost entirely to differences in flows used to establish the possible range of loads;
groundwater discharges used in the groundwater loading study ranged by an order of magnitude.
Zinc discharged from POTWs in the Puget Sound basin has a much narrower range of loading,
accounting for loads of 16 – 24 t/yr. Phase 1 estimates suggest that zinc loads from industrial
wastewater are potentially substantial (16 t/yr; Hart Crowser et al., 2007), but this is based on a
limited dataset and is far in excess of industrial discharge of zinc to surface waters or transferred
to POTWs as reported in the TRI (<4 t/yr total) (Ecology, 2011).
The deposition of atmospheric zinc directly to the marine waters of Puget Sound is
approximately 11 – 26 t/yr, based on fluxes ranging from 2.2 - 52 ug/m2/d. Median zinc fluxes
were generally <10 ug/m2/d, except for one location within a high-density urban (Tacoma) area
including a nearby pulp mill, metal refiners, other industrial activities, and close to major
roadways including interstate highways. Zinc fluxes at this location were consistently an order
of magnitude higher than other locations around the Puget Sound region, and were elevated
five-fold above a nearby station that did not have the same air pollution influences in such close
proximity. This pattern closely mirrored the deposition patterns of copper and lead among the
air sampling locations.
Surface runoff loads for zinc are estimated to be approximately 113 – 134 t/yr for the entire
Puget Sound basin based on the surface runoff study. Overall, dissolved zinc accounted for
approximately one-half to three-quarters of the total zinc concentrations in surface water.
Absolute zinc loads were highest in forests, with little change in loading during storms compared
to baseflows, although a seasonal first-flush episode was in forest, as well as agricultural areas.
Zinc loads in other land covers increased dramatically during storms, particularly commercial/
industrial areas, where zinc loads increased by an order of magnitude. This leads to a
disproportionately high loading of zinc in commercial/industrial areas relative to other land
areas.
Based on sampling marine waters, there appears to be a large net export of zinc at the ocean
boundary using estimates derived from the 25th and 50th percentiles of the data, although the
dataset is very limited. However at the high end of the reported data range (75th percentiles),
there is virtually no net flux across the ocean boundary. Total zinc concentrations (25th -75th
percentile) in the incoming marine waters are 0.53 – 0.88 ug/l, and total zinc concentrations in
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the outgoing marine waters are 0.70 – 0.80 ug/l. Zinc inflow is estimated to be 310 – 520 t/yr,
and zinc outflow is estimated to be 460 – 510 t/yr.
The net sum of zinc loads to Puget Sound through the pathways assessed may be calculated by
summing the loads for a specified percentile value for each of the pathways. The net sum for the
25th, median (50th), and 75th percentile values is -8, 90, and 210 t/yr, respectively. Under the
25th percentile estimate, there is a comparatively small net export of zinc out of Puget Sound due
to the large mass exchanged at the ocean boundary. However, when the median values are
summed, the large surface water load outweighs the smaller export at the ocean boundary,
leading to a net load of zinc load to Puget Sound, and all loads estimated at the 75th percentile
indicate net loads to Puget Sound.
Zinc loading from pathways that may represent partially controllable sources of COCs (i.e. all of
the major pathways except ocean exchange) are shown as ranges (25th - 75th percentiles) and
median for each pathway in Figure 20. Each pathway represented as a contribution to the total
load is displayed in Figure 21.
Total zinc loading from the major pathways assessed is 140 – 200 t/yr. Surface water runoff
accounts for the largest pathway (66 – 83%), followed by POTWs (11 – 12%) and air deposition
(8 – 13%). Groundwater potentially accounts for up to 10% at the upper end of the estimated
range, but this value should be viewed with caution since it is based on literature values of zinc
in wells and rough estimates of groundwater flow. At the lower end of the load range, zinc in
groundwater is estimated to account for 1% of the load to Puget Sound.
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Figure 20. Range (25th - 75th percentiles) and Median Total Zinc Loads to Puget Sound from
Each Major Delivery Pathway.
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Figure 21. Total Zinc Loads to Puget Sound as the Sum of Major Delivery Pathways.

Relationship Between Sources and Pathways/Loading
The conceptual model of zinc transport and fate following release suggests that much of the zinc
transported to Puget Sound will occur through surface runoff during both baseflow conditions
and storm events. The high proportion of zinc loading contributed by surface runoff is consistent
with the types of sources accounting for the major zinc releases.
Major unconstrained releases of zinc are leaching from rooftops and from vehicle component
wear. Together, these sources account for approximately 1,400 t/yr of zinc released to the
environment in the Puget Sound basin.
Once zinc is released from rooftops it may be transported in runoff to any number of pathways.
Zinc may continue to remain in runoff on impervious surfaces until it reaches surface waters or is
diverted to wastewater treatment plants, or zinc may be initially or secondarily allowed to
infiltrate into soils where it can migrate to groundwater or become retained in a soil reservoir.
Once zinc is in soil, it can be slowly leached out in dissolved form, migrate to groundwater, or
become released as soil particles during high-energy storms where it settles as aquatic sediments,
including those found in catch basins.
The surface runoff results appear to be consistent with major zinc releases from rooftops. During
storms, zinc is released through leaching, and in commercial/industrial areas, the high proportion
of rooftop area and relative dearth of attenuating components would allow for the enriched
runoff to reach surface waters. Most of the zinc released from rooftop and galvanized materials
would presumably be in the dissolved form, consistent with elevations of dissolved zinc during
storms.
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Although this conceptual model appears to fit with commercial/industrial areas during storms, it
does not explain the comparatively low concentrations of dissolved zinc from residential areas,
nor does it explain the high zinc concentrations in commercial/industrial areas during baseflows.
While there are few clues to explain the finding of low zinc in residential areas, the high levels in
commercial/industrial area baseflows may be due to a high density of galvanized culverts or a
reservoir of zinc-enriched sediments residing in aquatic systems.
Aside from zinc released from rooftops, zinc released from vehicle component wear would most
likely occur in residential and commercial/industrial areas. Abraded particles released to
roadways and mobilized in storm runoff would presumably result in increases in total zinc in
excess of comparable increases in dissolved zinc. The increase in concentrations of total zinc in
commercial/industrial and residential areas appears to be consistent with this supposition, rising
two- to three-fold, with concentrations significantly correlated with TSS. There are virtually no
elevations in total zinc in agricultural and forested land covers during storm events.
Overall zinc releases to air across the entire basin (not including fugitive dust from tire and brake
pad wear) are estimated to be approximately 18 t/yr. Zinc released as fugitive dust from tire and
brake pad wear is potentially substantial (48 t/yr), assuming 50% is emitted as airborne particles
or becomes suspended in air following release to the road surface. This may account for the high
levels of zinc in atmospheric deposition samples at the high-density urban location, which is
located near Interstates 5 and 705, associated interchanges, and other major roadways. Zinc
fluxes at this location were an order of magnitude higher than at other locations, and the
inventory of primary releases indicates that industrial sources are not large contributors to
airborne emissions. The total zinc air emissions across the basin (up to 66 t/yr) appears to match
the deposition on marine waters (11 – 26 t/yr) when one considers that marine waters only
constitute one-sixth of the basin area.
Of the primary sources inventoried, zinc released from residential plumbing components
represents the only constrained source assessed. The annual load of zinc discharged to POTWs
is estimated to be 21 t; an additional 8 t/yr is discharged to septic systems from this source. The
estimate of zinc released from plumbing components is nearly identical to loads released from
POTWs (16 – 24 t/yr), but it is unlikely that a mass balance has been achieved simply from these
loading terms. It is much more likely that zinc from other constrained sources is delivered to
POTWs, and naturally occurring zinc in water, as well as zinc in stormwater, represents
additional releases of zinc to POTWs, but the exact extent is not known. At the treatment end,
some quantity of zinc is presumably lost via solids removal prior to discharge.

Hazard Evaluation
The hazard evaluation indicates that zinc is a Priority 1 level of concern for offshore marine
surface waters and for freshwater sediments (Table 12). A Priority 2 level of concern was
assigned to fresh surface waters and marine sediments. The number of observed data in
nearshore marine waters was insufficient for an adequate comparison with effects data or criteria.
Hazards due to tissue residue effects, effects to wildlife, and effects to human health were not
evaluated.
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The 90th percentile values for dissolved zinc in freshwater (approx. 15 ug/l) are one-half the
10th percentile of effects levels and the chronic and acute water quality criteria. For marine
waters, the differences between the observed and effects/criteria is even larger, with the
difference between the 90th percentile of observed data (approx 2.1 ug/l for nearshore and
1.2 ug/l for offshore) are one to two orders of magnitude below the 10th percentile of the effects
data and the chronic and acute water quality criteria.
Median zinc concentrations in both freshwater and marine sediments are about one-half of
the lowest guidelines or standards. However, in freshwater sediments the 90th percentile
(approx. 300 mg/kg dw) of observed zinc concentrations exceeds the floating percentile SQS
concentration and floating percentile CSL.
Zinc concentrations in marine nearshore and offshore sediment have 90th percentile levels
(approx. 180 mg/kg dw and 120 mg/kg dw, respectively) less than one-half the SQS
concentration, although they exceed Canadian TEL.
Table 12. Summary of Hazard Evaluation for Zinc.
90th%ile Observed Conc. >

Total N

FOD

10th %ile Effects Conc.
or
Acute WQC
or
Chronic WQC

Freshwater

4,844

88%

No

Priority 2

Nearshore Marine

33

100%

INS

U

Offshore Marine

57

95%

Yes

Priority 1

Surface
Water

Level of
Concern

th

90 %ile Observed Conc. >

Sediment

Total N

FOD

SQS

Level of
Concern

Freshwater

822

>99%

Yes

Priority 1

Nearshore Marine

513

100%

No

Priority 2

Offshore Marine

513

100%

No

Priority 2

th

90 %ile Observed Conc. >
Tissue Residue
Effects

Total N

FOD

10th %ile Effects Conc.
Not Analyzed
Daily Dose >

Wildlife

Total N

FOD

10% of Lowest Effects Dose
Not Analyzed
90th%ile Observed Conc. >

Human Health

Total N

NTR Criterion

FOD
Not Analyzed

Yellow highlight indicates Priority 1 Level of Concern
FOD=Frequency of detection
INS=Insufficient observed data available for comparison to effects data
U=Unknown level of concern due to lack of sufficient data for adequate comparison
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Level of
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PCBs
Polychlorinated biphenyls (PCBs) were manufactured commercially in the U.S. from 1929 until
their ban in 1979 after the negative health and environmental impacts associated with PCBs
became apparent (Sittig, 1980; EPA, 1999). EPA (1997) estimated that as of 1977, U.S.
manufacturers had produced a total of 635,000 metric tons (t) of PCBs. Prior to federally
imposed use restrictions, the PCB market spanned a wide range of end products. While
electrical equipment represents the majority of PCB use – 77% from 1929-1975 according to
EPA (1997) – their chemical stability and plasticizing properties made them useful in a variety of
applications. PCBs in open system applications such as plasticizers, hydraulics fluids and
lubricants, and carbonless copy paper accounted for >20% of their historic use.
Although banned more than three decades ago, PCBs continue to be found in environmental
media. Many of the same properties that made PCBs commercially desirable – their stability and
resistance to degradation – make them extremely persistent in the environment, and they have
become one of the most ubiquitous of all environmental contaminants.
There are 209 individual forms of PCBs, known as congeners, based on the degree of chlorine
substitution and arrangement on the biphenyl molecule. The persistence of PCBs increases with
the degree of chlorination. Mono-, di-, and tri-chlorinated biphenyls biodegrade relatively
rapidly, tetrachlorinated biphenyls biodegrade slowly, and higher chlorinated biphenyls are
resistant to biodegradation. PCBs accumulate in the lipids (fats) of fish and other animals, with
lipid solubility typically increasing with the degree of chlorination (Mabey et al., 1982).
PCBs are typically present at very low concentrations in ambient waters, with water column
concentrations typically in the 10 – 1,00 pg/l range for total PCBs (Dangerfield et al., 2007;
Appendix D), although few data are available for marine waters (Serdar, 2008). In sediments,
total dry weight PCB concentrations are typically found in the 1 – 100 ug/kg (dw) range
(Appendix D).

Major Releases from Primary Sources
An inventory of PCBs released from primary sources suggests that approximately 2,200 kg is
released annually in the Puget Sound basin (Figure 22). PCB use can be placed in two
categories: closed systems and opens systems. Closed systems include PCBs used in electrical
transformers and capacitors, including those used in light ballasts. The release of PCBs due to
leakage of closed systems was estimated at 1,800 kg/yr in the Puget Sound basin.
PCBs historically were used in a number of open-system products such as adhesives, carbonless
copy paper, flame retardant coatings, pesticide extenders, lubricants, and caulking sealants. Of
the products that incorporated PCBs, caulking sealants are among the most durable. Caulking
used in commercial, industrial, and institutional buildings constructed during the 1940s through
the 1970s may contain PCBs which may continue to be released through volatilization, leaching,
or abrasion of the material. Based on the volume of commercial, industrial, and institutional
buildings constructed in the Puget Sound basin during the era of PCB caulk use, an estimated
110 kg of PCBs are released from this source annually.
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An additional source of PCB release is from residential trash burning. Based on modeling
information generated by Ecology’s Air Quality Program, PCBs are emitted from this source at a
rate of 281 kg/yr in the Puget Sound basin.
The annual rate of PCB release, estimated to be 2,200 kg/yr, should be viewed with caution and
likely overestimates actual releases. No regional sampling efforts to inventory PCB releases
from primary sources have been conducted, and therefore PCB release estimates are based on
literature values. There are also no regional field studies to estimate leakage rates, relative
amounts released indoors and outdoors, and the proportion cleaned up and contained following
spillage. The estimates displayed in Figure 22 assumed all leakage was unconfined.
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Figure 22. Total PCB Release in the Puget Sound Basin (values shown are kg/yr).

Major Delivery Pathways and Loading
Data on major delivery pathways for PCB loading were obtained from PSTLA loading studies
and are included in Table 13. No PCB loading data are available for groundwater.
The estimated discharge of PCB from POTWs is 0.13 – 1.75 kg/yr. The POTW load estimates
were based on limited sampling conducted only during the wet season.
The deposition of atmospheric PCBs directly to the marine waters of Puget Sound is
approximately 0.7 – 3.7 kg/yr, based on fluxes ranging from 0.16 – 2.8 ng/m2/d. Median PCB
fluxes were generally <0.7 ng/m2/d, except for one location within a high-density urban
(Tacoma) area including a nearby pulp mill, metal refiners, other industrial activities, and close
to major roadways including interstate highways. PCB fluxes at this location were elevated
five-fold above most other locations around the Puget Sound region, including a nearby station
that did not have the same air pollution influences in such close proximity.
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Table 13. PCB Loads (kg/yr) to Puget Sound from Major Pathways.
Groundwater
Air Deposition
Surface Runoff
POTWs
Ocean Exchange (a)
Returning Salmon (b)

25th %ile
NA
0.68
2.55
0.126
-1.4
NC

Median
NA
1.32
5.29
0.342
0.8
0.265

75th %ile
NA
3.76
15.77
1.75
0.6
NC

NA=not analyzed
NC=not calculated
(a) Negative values indicate a net outflow at the ocean boundary
(b) Best estimate using available data

Surface runoff loads for PCBs are estimated to be approximately 2.6 – 15.8 kg/yr for the entire
Puget Sound basin based on the surface runoff study. PCBs were detected in all land use types,
and median concentrations among land covers were within a factor of 3 during baseflows.
However, during storm flows, concentrations in commercial/industrial areas increased by an
order of magnitude while concentrations in other areas remained virtually unchanged. PCB
concentrations were particularly elevated during seasonal first-flush episodes in all land types
except agricultural areas.
Overall PCB loads were generally proportional to land area when evaluated by land cover type,
except commercial/industrial loads during storm events (percentage of the total PCB load was
15-fold higher than the percentage of commercial/industrial land cover in the Puget Sound
basin). However, due to the large area and flows of forested areas, overall loads from forests
accounted for 83% of the total PCB load.
Based on the sampling of marine waters, there appears to be an annual net export of 1.4 kg total
PCBs at the ocean boundary using estimates derived from the 25th percentile of the data,
although the dataset is very limited. At the median and higher range (75th percentile) of the
estimates, there is less than 1 kg annual flux into Puget Sound at the ocean boundary. Total PCB
concentrations (25th-75th percentile) in the incoming marine waters are 15 – 35 pg/l, and total
PCB concentrations in the outgoing marine waters are 14 – 47 pg/l. PCB inflow is estimated to
be 8.6 – 21 kg/yr, and PCB outflow is estimated to be 10 – 20 kg/yr.
In addition to major loading pathways, estimates of PCB influx to Puget Sound through returning
adult salmon were based on typical whole-body PCB concentrations measured during 2004-2005
and escapement estimates from 2001. Rough estimates for five species of pacific salmon
(Oncorhynchus spp.) suggest that the total influx of PCBs from this pathway is approximately
0.265 kg/yr based on whole-body PCB concentrations ranging from 4 ug/kg to 51 ug/kg
(Sandie O’Neill, National Oceanic and Atmospheric Administration, written communication).
The net sum of PCB loads to Puget Sound through the pathways assessed may be calculated by
summing the loads for a specified percentile value for each of the pathways. The net sum for the
25th, median (50th), and 75th percentile values is 2.2, 8.0, and 22 kg/yr, respectively. Under all of
these estimates, there is a net PCB load to Puget Sound.
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PCB loading from pathways that may represent partially controllable sources of COCs is shown
as ranges (25th - 75th percentiles) and median for each pathway in Figure 23. Each pathway
represented as a contribution to the total load is displayed in Figure 24.
Total PCB loading from the major pathways assessed is 3.3 – 21 kg/yr. Surface runoff accounts
for the largest pathway (74 – 76%), followed by atmospheric deposition (18 – 20%) and POTWs
(4 – 8%).
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Figure 23. Range (25th - 75th percentiles) and Median Total PCB Loads to Puget Sound from
Each Major Delivery Pathway.
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Figure 24. Total PCB Loads to Puget Sound as the Sum of Major Delivery Pathways.
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Relationship Between Sources and Pathways/Loading
The conceptual model of PCB transport and fate following release suggests that much of the
PCBs transported to Puget Sound will do so through surface runoff during both baseflow and
storm flow conditions. Surface runoff data suggest that in residential, agricultural, and forested
areas, a continuous and low level of PCB dosing from instream or upland sources occurs during
baseflow. PCB concentrations remain the same or decrease slightly during storms, indicating
that stormwater contains similar or lower PCB concentrations than the stream baseflows, and any
mobilization of instream PCB reservoirs do not effectively increase concentrations.
In commercial/industrial areas, the dynamics of PCBs in surface runoff appear to be much
different. PCB concentrations during baseflow conditions are 40% - 180% higher than in other
land covers. During storm events, PCB concentrations in commercial/industrial areas increase
six-fold. Based on the available information, it is impossible to ascertain whether the increase is
due to mobilization of land surface PCBs, re-suspension of instream PCB reservoirs, or a
combination of the two circumstances.
The major PCB sources identified in the Sources Report (Ecology, 2011) do not appear to have a
direct link with the surface runoff pathway. Most of the PCBs releases are likely to occur in and
around buildings and become bound to soil following release, volatilize and become transported
off-site, or occur indoors. Residential trash burning presumably occurs in residential areas.
However, commercial/industrial areas are the most likely to deliver PCBs to surface waters
based on the primary sources since PCBs released from buildings and from transformers/
capacitors are more likely to occur in commercial/industrial areas than in the other land covers
assessed. In addition, PCBs atmospherically deposited on land surfaces are more likely to
become mobilized during storms if they are deposited on impervious surfaces which are more
prevalent in commercial/industrial areas.
One other possible source of PCB enrichment of streams is marine-derived PCBs delivered
upstream by salmon returning to spawn. PCB residues per whole-body fish range from
approximately 7 ug for pink salmon (O. gorbuscha) to 336 ug for Chinook (O. tshawytscha)
(Sandie O’Neill, National Oceanic and Atmospheric Administration, written communication).
While the total annual PCB load entering Puget Sound from salmon is estimated to be
approximately 0.3 kg/yr, the impact to streams is likely to be somewhat less. The load estimate
does not include losses from commercial and recreational takes, live fish and carcasses removed
from streams by wildlife, and maternal transfer to eggs (and subsequent flux from out-migrating
smolts). In addition, approximately one-third of the PCB burden is carried by two species –
pink salmon and chum salmon (O. keta) – which spawn much lower in the watershed than other
species, thus diminishing upstream PCB transport.
PCB releases to air from inventoried sources are several orders of magnitude greater than air
deposition to marine water (approx. 300 – 400 kg/yr versus 0.7 – 3.7 t/yr), and this discrepancy
is large even when the deposition rates to marine water are scaled to the entire watershed area.
The primary releases to air are combustion emissions originating from residential trash burning
(280 kg/yr) and volatilization from PCB-containing building sealants (maximum of 140 kg/yr).
There is a large degree of uncertainty surrounding release estimates from both of these sources;
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neither has been sufficiently analyzed to determine if reported release rates are representative of
the Puget Sound region.
PCB deposition patterns indicate similar fluxes occur throughout Puget Sound, suggesting a
widespread atmospheric deposition pattern compounded with additional deposition from nearfield sources in high-density urban areas. PCB emissions from building sealants are expected to
be concentrated in cities, particularly older industrial cities, although it is not clear if they are
likely to be deposited near their point of release.
Based on the inventory of sources, none of the PCB releases were exclusive to constrained
systems such as sanitary sewers. Therefore it is difficult to quantitatively assess the relationship
between releases and POTW loads (0.1 – 1.8 kg/yr). Some of the PCBs released from building
sealants are likely to occur indoors and find their way to sanitary sewers after attaching to dust
particles, although the quantity has not been determined. It is likely that some portion of the
PCBs delivered to POTWs occurs through stormwater, but the extent of this contribution is not
known. Since PCBs were historically used in a variety of commercial, industrial, and consumer
applications (see Sources Report [Ecology, 2011] for a discussion of PCB uses), releases to
constrained and unconstrained sources are likely to continue from a variety of sources.

Hazard Evaluation
Comparisons to effects levels, criteria, and guidelines are done separately for both PCB Aroclor
and congener data. PCBs were historically marketed in the U.S. as Aroclors, mixtures of
individual PCB compounds (a.k.a. congeners) based on average chlorine content. Environmental
analysis of PCBs historically has focused on these Aroclor mixtures, although once in the
environment Aroclors quickly alter their original composition due to unequal degradation,
fugacity, and bioaccumulation rates of their individual components.
Beginning in the mid-1990s, the analysis of PCB congeners gained wider acceptance as the
laboratory capacity for this method became more widely available and the utility of congener
analysis became more evident. Although much more expensive than Aroclor analysis, congener
analysis provides detection limits several orders of magnitude lower than Aroclors (e.g. mid
parts per quadrillion levels versus mid parts per trillion levels in water). As a result,
environmental sample datasets are generally a mix of Aroclor and congener data. Due to the
lower congener detection limits, results of measurable PCBs are typically lower for congeners
(as mentioned previously, the hazard evaluation results are shown for detectable concentrations
only).
The hazard evaluation indicates that PCBs are a Priority 1 level of concern for a range of media
and receptors in both the freshwater and marine aquatic environments (Table 14).
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Table 14. Summary of Hazard Evaluation for PCBs.
90th%ile Observed Conc. >

Surface
Water

Total N
Freshwater
Nearshore Marine
Offshore Marine

a

1,248
11
84

a
c

10th %ile Effects Conc.
or
Acute WQC
or
Chronic WQC

Level of
Concern

a

Yes

Priority 1

a

b

FOD
4%
0%

c

100%

INS

U

No

Priority 2

th

90 %ile Observed Conc. >
Total N
Sediment

Freshwater

506

Nearshore Marine

612

Offshore Marine

387

a
a
a

FOD

SQS

Level of
Concern

a

Yes

Priority 1

a

No

Priority 2

Yes

Priority 1

43%
63%

a

47%

th

90 %ile Observed Conc. >
Tissue Residue
Effects

FOD
88%

10th %ile Effects Conc.

Freshwater

Total N
d,e

Nearshore Marine

d,f

100%

No/INS

b

Yes/INS

Level of
Concern
Priority 1/U

g

Priority2/U

i

Priority 2/U

d,h

≥99%

No/INS
Daily Dose >

Total N

FOD

10% of Lowest Effects Dose

Level of
Concern

Great Blue Heron (FW)

--

--

Yes

Priority 1

Osprey (SW)

--

--

Yes

Priority 1

River Otter (FW)

--

--

Yes

Priority 1

Harbor Seal (SW)

--

--

Yes

Priority 1

Offshore Marine

Wildlife

th

90 %ile Observed Conc. >

Human Health

Freshwater

Total N
d,j

FOD
≥77%

NTR Criterion
Yes

Level of
Concern
Priority 1

Nearshore Marine

d,k

>33%

Yes

Priority 1

Offshore Marine

d,l

>66%

Yes

Priority 1

Yellow highlight indicates Priority 1 Level of Concern
FOD=Frequency of detection
a
Based on Aroclor data
b
INS =Insufficient observed data available for comparison to effects data
U=Unknown level of concern due to lack of sufficient data for adequate comparison
c
Based on congener data
d
Based on Aroclor and congener data
e
N = 123 – 142 for non-decapod invertebrates. Observed data insufficient to evaluate fish tissue.
f
N = 27 – 28 for decapods, N = 57 – 99 for non-decapod invertebrates, and N = 70 – 96 for fish tissue.
Effects data insufficient to evaluate fish tissue.
(continued on next page)
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(continued from previous page)
g

INS =Insufficient effects data available for comparison to observed data
h
N = 11 – 32 for non-decapod invertebrates and N = 26 – 324 for fish tissue. Observed data insufficient to evaluate
decapods. Effects data insufficient to evaluate fish tissue.
i
INS =Insufficient observed or effects data available for comparison
FW=Freshwater
SW=Saltwater
j
N range is 51 – 918 and varies for organism type, tissue type, and PCB type.
k
N range is 68 – 344 and varies for organism type, tissue type, and PCB type.
l
N range is 10 – 477 and varies for organism type, tissue type, and PCB type.

PCB concentrations in surface waters vary depending on whether Aroclor or congener data
are considered. The 90th percentile of observed freshwater Aroclor concentrations (approx.
0.05 ug/l) is several times higher than the chronic water quality criterion, but the 90th percentile
of observed freshwater congener concentrations (approx. 0.002 ug/l) is several times lower than
the criterion. Although there are more Aroclor data available, the detection frequency is much
higher for congener data. For both sets of observed data, most (>95%) of the observed
concentrations are one to two orders of magnitude below concentrations where most (95%) of
the effects have been documented. It is notable that the numerical value for the chronic water
quality criterion (0.014 ug/l) is driven by adverse reproductive effects to mink through
consumption of fish, demonstrating the importance of PCBs’ high bioconcentration potential
and manifestation of effects on higher trophic organisms.
There are no detectable PCB concentrations observed in nearshore marine waters to compare
to effects data or criteria. For offshore marine waters, the 90th percentile of congener
concentrations (approx. 0.00005 ug/l) is five orders of magnitude less than the 10th percentile
of effects data and three orders of magnitude below the chronic water quality criterion.
In freshwater sediments, at least 25% of the observed PCB concentrations analyzed as congeners
or Aroclors exceed the floating percentile SQS, although the number of congener samples is
comparatively small. At least 5% of the Aroclor data exceed all of the guidelines and standards
used for comparison.
PCB concentrations in marine sediments are difficult to characterize due to the vast differences
between observed congener and Aroclor concentrations (Aroclors are two to four orders of
magnitude higher), as well as large differences between concentrations in nearshore and offshore
sediments (offshore Aroclors concentrations are two orders of magnitude higher than nearshore
Aroclor concentrations). The congener concentration, assessed on either dry weight or organiccarbon normalized bases, are well below any guideline, whereas median nearshore Aroclor
concentrations fall in the midst of guidelines, with the 75th percentile of the concentrations
(approx. 20,000 ug/kg organic carbon) above the SQS.
Interestingly, although the nearshore Aroclor concentrations are two orders of magnitude higher
than congeners, the concentrations are nearly identical on an organic-carbon normalized basis,
suggesting that the differences can be partly attributed to high levels of organic carbon in the
samples analyzed for Aroclor. The magnitude of difference between nearshore and offshore
Aroclor concentrations remain after accounting for organic carbon. All level-of-concern
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assignments for sediments were based on Aroclor data since the congener datasets were not
deemed sufficient for adequate comparisons (n ≥100; Appendix D-1).
Comparisons of observed PCB concentrations in tissues of fish, decapods, and other
invertebrates to effects due to PCB burdens were difficult to evaluate due to a paucity of either
observed or effects data. In freshwater where sufficient observed and effects data were available
for non-decapod invertebrate, most of the observed concentrations measured as both Aroclor and
congeners exceeded all of the effects concentrations.
For nearshore marine waters, both decapods and non-decapod invertebrates had sufficient
(observed and effects) data to conduct an evaluation. For both organism types, the 90th
percentile of observed data was at least five-fold lower than the 10th percentile of effects data.
In offshore marine water, non-decapods invertebrate data were available to conduct comparisons;
the 90th percentile value of observed concentrations was an order of magnitude below the
10th percentile of effects concentrations. There were not sufficient effects data for fish tissue to
conduct an adequate evaluation in marine surface waters.
Evaluation of daily PCB doses based on fish and incidental sediment ingestion for the four
species evaluated – great blue heron, osprey, river otter, and harbor seal – indicate that all
species would be exposed to doses equal or greater than the lowest effects dose (assuming a
4% sediment ingestion rate for heron). For the bird species, the lowest effects doses are based on
reproductive effects; osprey are exposed to doses three times the lowest of the effects level. For
the mammal species evaluated, both seal and otter exceed the lowest dose calculated for
reproductive effects by an order of magnitude.
Edible tissues evaluated for comparison to the NTR criterion (based on the default consumption
rate of 6.5 g/d) indicate that PCB concentrations in nearly all of the fish and non-bivalves are
higher than the NTR criterion. For freshwater, nearly all of the bivalve tissue had concentrations
above the criterion as well. Bivalve PCB concentrations in nearshore areas are higher than those
from offshore areas.
Regionally Important Biological-Effects data
PCBs have been detected in outmigrant juvenile salmon (Johnson et al., 2007) from multiple
northwest estuaries and hatcheries, including three in the Puget Sound. Whole-body juvenile
Chinook salmon from the Duwamish River contained the highest PCB concentration [103 ng/g
wet weight (ww) or 3,100 ng/g lipid] of any of the locations tested. Johnson et al. (2007) note
that this concentration is higher than the 2,400 ng/g lipid developed by Meador et al. (2002) as a
tissue threshold for adverse health effects including reduced growth, altered enzyme and
hormone activity, and increased mortality.
Separately, juvenile salmonid PCB exposures were documented as occurring via food source by
an analysis of stomach content of outmigrants at three locations in Puget Sound (Stein et al.,
1995). Meador et al. (2010) found that PCB tissue concentrations in outmigrant juvenile
Chinook salmon from the Duwamish estuary varied by time and location within the estuary,
suggesting that localized heterogeneity of sediment concentrations may substantially impact
accumulation in fishes.
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PCB concentrations in adult Puget Sound Chinook salmon tissues were found to be three to five
times higher than those measured in six other populations of Chinook salmon on the West Coast
of North America (O’Neill and West, 2009). Approximately 22% of maturing and sub-adult
Puget Sound Chinook salmon had concentrations above the 2,400 ng/g lipid threshold mentioned
previously. O’Neill and West (2009) note that these elevated tissue concentrations have resulted
in consumption advisories, and have implications for the viability of these fish and southern
resident killer whales. Cullon et al. (2009) found elevated PCBs in adult Chinook returning to
the Duwamish River, as well as in Puget Sound Chinook smolts.
PCB concentrations in Puget Sound herring and Puget Sound flatfish have also been evaluated.
Puget Sound herring were found to contain three to nine times higher concentrations of PCBs
than herring from the Strait of Georgia, with Puget Sound whole-body concentrations ranging
from about 120 to 160 ng/g wet weight (ww) (West et al., 2008).
The Puget Sound Partnership has adopted a target for PCB concentrations in fish as one of the
first “dashboard indicators” for toxic chemicals in fish (PSP, 2011a). The dashboard indicators
were developed to provide a broad range of measurements to assess the health of Puget Sound.
The PCB target is based on the documented accumulation of PCBs in a variety of Puget Sound
fish species and the availability of a PCB tissue threshold concentration (i.e., 2,400 ng/g lipid;
Meador et al., 2002). Specifically, the target is to reduce PCB levels in Puget Sound so that 95%
of the sampled species have tissue concentrations below the threshold. Currently, at least 15%
and up too 100% of the Chinook salmon, Pacific herring, and English sole analyzed have PCB
concentrations exceeding the threshold.
In addition to measurements of PCB accumulation in tissues, analyses of various biomarkers of
pollution exposures in benthic flatfish were shown to successfully differentiate between sites
with differing degrees of sediment contamination (Stein et al., 1992). Cullon et al. (2005) also
found about seven times higher levels of PCBs in a mixture of fishes designed to represent the
diet of Puget Sound harbor seals than in a similar mixture of fish designed to represent the diet
of harbor seals from the Strait of Georgia. Sol et al. (2008) found a statistically significant
correlation between PCB concentrations in English sole livers and two biological effects
parameters.
A number of studies have been conducted in the Puget Sound region investigating exposure
and/or effects of PCBs and other persistent and bioaccumulative contaminants on wildlife,
particularly marine mammals. Johnson et al. (2009) measured PCB concentrations in osprey
eggs from the Lower Duwamish River and compared them to those sampled from the upper
Willamette River. Total PCB residues were significantly higher in Lower Duwamish River
osprey eggs (geometric mean = 897 ug/kg ww) compared to those from the Willamette River
(geometric mean = 182 ug/kg ww). These results demonstrate that adult osprey bioaccumulation
and maternal transfer of PCBs is occurring in osprey nesting in PCB contaminated areas of
Puget Sound. This study also compared egg residues over time and determined that PCB
concentrations in osprey eggs from the Lower Duwamish River had decreased 53% between
2003 and 2007.
Grove and Henny (2008) also demonstrated the bioaccumulation of PCBs in river otter livers
from Puget Sound. The Puget Sound area river otters accumulated more PCBs (as total PCBs)
Page 98

than otters from other areas in western Washington. PCBs and other organochlorines have been
shown to cause immunosuppression, thyroid disruption, and possibly cancer in harbor seals
(Tabuchi et al., 2006; Ylitalo et al., 2005; Simms et al., 2000; Ross et al., 1996; Ross et al., 1995;
de Swart et al., 1996; de Swart et al., 1995; Van Loveren et al., 1994). Vitamin A disruption has
also been observed in harbor seal pups found on the Washington State coast whose mothers
contained high PCB residues in their blubber (Simms et al., 2000). This effect on seal pups is
suspected to result from exposure to contaminated milk.
There is substantial evidence that Puget Sound harbor seals and killer whales are bioaccumulating
PCBs at very high concentrations in their blubber. The prey items of Puget Sound harbor seals
were measured to have seven times higher concentrations of PCBs than prey from Strait of
Georgia on a lipid basis (Cullon et al., 2005), which corresponds to PCB concentrations
measured in harbor seal blubber.
Tissue concentrations of PCBs have often been reported as dioxin toxicity equivalents (i.e.
TEQs) which are toxicities of dioxin-like PCBs, dioxins, and furans relative to the most toxic
dioxin (2,3,7,8-TCDD). Puget Sound harbor seals have significantly higher TEQs in blubber
(158 ng/kg lipid weight) compared to seals from the Strait of Georgia (33 ng/kg lipid weight)
(Ross et al., 2004), and the TEQ contribution was greater from PCBs than dioxins and furans.
Levin et al. (2005) also found that the majority of TEQs in harbor seal pups (from southern B.C.)
were from PCBs, not dioxins and furans.
Ross et al. (2000) reported measured mean total PCBs in transient and Southern resident male
killer whales were 251 and 146 mg/kg lipid, respectively; the authors concluded these marine
mammals are among the most contaminated in the world.
Further research on the northern, southern, and transient killer whale communities have
discovered that males bioaccumulate more PCBs than females due to maternal transfer
(Krahn et al., 2007; Krahn et al., 2009). PCB concentrations in the blubber of mothers decrease
temporarily during nursing and can reach concentrations below those in their calves. Mothers
initiate bioaccumulation again after calves are weaned. Total PCB concentrations in southern
resident killer whales were measured to range from about 5,000 to 180,000 ug/kg lipid. For all
but three recent mothers, the measured concentrations exceed a marine mammal threshold for
blubber concentrations (17,000 ug/kg lipid). Although environmental concentrations of PCBs
are gradually declining, one modeled estimate of southern resident killer whale recovery projects
that blubber concentrations will not reach the marine mammal threshold until 2063 (Hickie et al.,
2007).
Accumulation of PCBs in fish tissue has led to advisories for human consumption of fish from
Puget Sound marine waters, as well as limited freshwaters in the basin. The advisories, issued
by WDOH, are based on data and consumption of particular species, and vary by region
(Hardy and Palcisko, 2006). For instance, WDOH advises limited consumption of rockfish
and flatfish based on the marine area in which they are caught. Consumption limits are also
recommended for Chinook salmon due to elevated PCB levels, and vary depending on whether
fish are migratory or the resident (blackmouth) species. WDOH also provides consumption
advice for several Puget Sound region freshwater lakes and rivers due to PCBs in fish, including
Lake Washington, Green Lake, and the Lower Duwamish River (WDOH, 2011).
Page 99

PBDEs
Polybrominated diphenyl ethers (PBDEs) have been incorporated as flame retardants in
numerous consumer products for decades and as a result, have gradually been released to the
environment where they persist and accumulate in biota. Unlike most other persistent organic
pollutants addressed in this report, environmental concentrations of PBDEs appear to be
escalating in some cases, although available data on which to assess trends are also much more
limited than for other chemicals.
Manufacturers of many different materials and products have used PBDEs as flame retardant
additives in their products since the 1960s. These products include fabrics, television sets,
computers, ABS resins, high impact polystyrene, textile coatings, carpet, polyurethane foams,
cushions, mattresses, and insulation for wire and cables.
PBDEs are not chemically bonded to the matrices of those materials and products, and therefore
they potentially escape from their matrix through volatilization to the air. Products and materials
partially composed of or treated with PBDEs off-gas PBDEs to the environment during the
useful lifetime of the product or material (i.e., while the product or material is still in use).
Volatilization is one of the primary mechanisms of the release of PBDEs to the environment
(Lorber and Cleverly, 2010).
Since PBDEs are a complex mixture of 209 congeners (varying by the number of bromine atoms
and location on the molecule), their use and behavior in manufactured materials, as well as their
behavior once released from materials, varies substantially. Major homolog groups (groups
classified by the number of bromine atoms per molecule) include penta-, octa-, and decabrominated diphenylethers (commonly referred to as Penta, Octa, and Deca, respectively). Penta
was used widely in polyurethane foam and textiles, while the heavier homologs (Octa and Deca)
were used primarily in polymers and electronics. The heavier homologs tend to be less volatile
than the lighter BDEs, although once in the environment they may degrade to the lighter
homologs. Heavier congeners such as Deca may also bind to dust more strongly than the more
volatile congeners.
Beginning in the late-1990s, concerns began to emerge over the accumulation of PBDEs in
animal tissues and the potential toxicity of PBDEs. Pressure to limit or ban PBDEs continued to
mount until manufacturers of Penta and Octa voluntarily ceased production beginning in 2004.
Deca manufacturers have agreed to discontinue the manufacture, import, and sales of Deca at the
end of 2012, but in Washington State, Deca has been banned from mattresses since 2008 and was
banned from televisions, computers, and residential upholstered furniture beginning January 1,
2011.
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Major Releases from Primary Sources
Unlike most of the other COCs addressed in the present report, PBDEs are nearly all released by
consumer products in constrained systems (i.e. indoors). For the inventory of primary sources
(Ecology, 2011), no attempt was made to quantify environmental releases based on emissions
from categories of PBDE-containing products such as computer monitors and mattress pads
since most releases occur indoors and the attenuation between initial emissions and release to an
environmental medium or pathway is uncertain. Therefore, release estimates were based on air
exchange and dust generation in residential and commercial office spaces. This approach was
taken to integrate individual component emissions and quantify PBDE releases in a simplified
manner.
Total PBDE release from the four sources assessed totaled approximately 680 kg/yr (Figure 25).
Indoor office space air accounted for 64% of the total release, while indoor residential air
accounted for only 1%; indoor residential dust was the other major contributor at 23% while the
indoor office dust contributed 12% to the overall releases. These release estimates should be
viewed with caution since there is a high degree of uncertainty around all of the variables used to
derive the values.
The PBDE Chemical Action Plan (Ecology and WDOH, 2006) largely addresses these sources
and is consistent with the bans and restriction on PBDEs mentioned previously. However, many
PBDE-containing consumer and office products are still in use and may represent diffuse sources
of PBDEs to the environment during the remainder of their life cycle.

430a (120 - 750)

Indoor office air
159b (100 - 315)

Indoor residential dust

78c (<0.001 - 1,200)

Indoor office dust

Total1: 680 kg/yr

9.5a (0.6 - 18)

Indoor residential air
0%

10%

20%

30%

40%

50%

60%

Percent of Total Release
1

Sum of best estimates. Best estimates are either the mean, mid-point, median, or most reasonable estimate for each source.

a

Mid-point of range
b
Median
c
Geometric mean

Figure 25. Total PBDE Release in the Puget Sound Basin (values shown are kg/yr).
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Major Delivery Pathways and Loading
Data on major delivery pathways for PBDE loading were obtained from PSTLA loading studies
and are included in Table 15. No loading data are available for groundwater.
Table 15. PBDE Loads (kg/yr) to Puget Sound from Major Pathways.
Groundwater
Air Deposition
Surface Runoff
POTWs
Ocean Exchange (a)

25th %ile
NA
15.7
5.14
7.01
41

Median
NA
20.3
5.67
10.6
-11

75th %ile
NA
23.8
9.95
20.7
240

NA=not analyzed
(a) Negative values indicate a net outflow at the ocean boundary

Loads from atmospheric deposition are estimated to be 16 – 24 kg/yr based on fluxes ranging
from 4.5 to 27.3 ng/m2/d (25th – 75th percentiles). Samples collected from the high-density urban
station had higher PBDE fluxes than at other sites by factors of 3 to 4. PBDE flux patterns
reflect some increased localized input, but regional sources may also play an important role in
overall loading. The authors of the air deposition loading study point out that the estimates are
likely to be conservative (high) due to the use of conservative assumptions to handle nondetected results.
PBDEs were frequently detected in the POTW loading study, with annual loads estimated at
7.0 – 21 kg. Although the authors of the POTW study caution against drawing conclusions about
seasonal differences, they point out that PBDE concentrations are generally higher during the
dry season.
Surface runoff loads for PBDEs are estimated to be approximately 5.1 – 10 kg/yr for the entire
Puget Sound basin based on the surface runoff study. PBDEs were detected more frequently in
storm runoff samples compared to baseflow. All samples from commercial/industrial areas
contained detectable PBDE concentrations, but detection frequencies were close to 50% in other
land covers (38% in forests).
Concentrations of PBDEs in commercial/industrial areas were higher than in other areas during
both baseflows and storm flows. Like PCBs, concentrations in residential, agricultural, and
forested areas were nearly identical among land types and were similar between baseflows and
storm flows. PBDE concentrations in commercial/industrial areas increased by an order of
magnitude during storms, although a seasonal first-flush episode was not evident in commercial/
industrial areas whereas it was seen in other land covers. Normalized to land cover area,
commercial/industrial area loads were 10- to 20-fold above other areas. However, absolute loads
from forests were larger overall due to the large area of forested land cover.
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Based on marine water sampling and subsequent calculation of loads at the ocean boundary,
there appears to be an annual net export of 11 kg total PBDEs at the ocean boundary using
estimates derived from the median concentrations, while loads calculated from the 25th percentile
and the 75th percentile concentrations appear to show net PBDE imports of 41 and 240 kg/yr,
respectively. Total PBDE concentrations (25th-75th percentile) in the incoming marine waters are
760 – 1,600 pg/l, and total PBDE concentrations in the outgoing marine waters are 603 –
1,071 pg/l. PBDE inflow is estimated to be 440 – 940 kg/yr, and PBDE outflow is estimated to
be 400 – 700 kg/yr.
The net sum of PBDE loads to Puget Sound through the pathways assessed may be calculated by
summing the loads for a specified percentile value for each of the pathways. The net sum for the
25th, median (50th), and 75th percentile values is 69, 26, and 290 kg/yr, respectively. Under all of
these estimates, there is a net PBDE load to Puget Sound.
PBDE loading from pathways that may represent partially controllable sources of COCs is
shown as ranges (25th - 75th percentiles) and median for each pathway in Figure 26. Each
pathway represented as a contribution to the total load is displayed in Figure 27.
Total PBDE loading from the major pathways assessed is 28 – 54 kg/yr. Atmospheric deposition
accounts for the largest pathway (44 – 56%), followed by POTWs (25 – 38%) and surface runoff
(18%). This pattern of source contribution is notably different than other COCs which typically
have the largest, and often the majority, load input from surface runoff.
25

Total PBDEs (kg/yr)

20
15
10
5
0
POTWs

Surface Runoff

Air Deposition

Figure 26. Range (25th - 75th percentiles) and Median Total PBDE Loads to Puget Sound from
Each Major Delivery Pathway.
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0
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Figure 27. Total PBDE Loads to Puget Sound as the Sum of Major Delivery Pathways.
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Relationship Between Sources and Pathways/Loading
The conceptual model of PBDE transport and fate following release suggests that much of the
PBDEs will be initially released to air and atmospheric transport will deliver comparatively high
loads directly to Puget Sound. PBDEs deposited on land will also be mobilized during storm
events and delivered to surface waters, but in quantities lower than for direct atmospheric
deposition. Some of the PBDEs deposited to land are also likely to be transported in storm
sewers and delivered directly to Puget Sound or indirectly by way of POTWs.
The inventory of primary sources (Ecology, 2011) suggests that PBDEs are released in the
highest quantities in commercial areas compared to other land covers; this notion is supported by
results of the loading studies. The air deposition study found higher PBDE fluxes in the highdensity urban (Tacoma) location relative to other sites. The surface runoff study found much
higher PBDE concentrations in commercial/industrial areas compared to other land covers.
The potential for large releases from indoor air is also supported by seasonal PBDE fluxes in
atmospheric deposition; the authors found higher flux rates during the warm season and surmised
that they may have been due to increased indoor air release (i.e. windows left open and increased
ventilation).
PBDEs are released from indoor consumer and office products, become attached to dust
particles, and are subsequently delivered to the sanitary sewer through washing machine rinse
water during the washing of fabrics with the attached PBDE-enriched dust, and rinsing other
materials with attached dust particles. This appears to be a reasonable pathway for PBDE release
and transport, although the estimated quantity delivered to POTWs via this route is highly
uncertain. However, the high frequency of detection and relative large loads from POTWs lends
support to this concept. Furthermore, due to the nature of these PBDE sources, washing machine
rinse water concentrations would be expected to remain steady throughout the year. This
appears to be consistent with PBDE loads from POTWs which did not vary appreciably between
wet and dry seasons.

Hazard Evaluation
PBDE data are available for surface waters and sediment, yet the paucity of documented effects,
standards, or guidelines for PBDEs consistent with those used for other COCs preclude the
assignment of a Priority 1 or Priority 2 level of concern (Table 16).
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Table 16. Summary of Hazard Evaluation for PBDEs.
90th%ile Observed Conc. >

Total N

FOD

10th %ile Effects Conc.
or
Acute WQC
or
Chronic WQC

Freshwater

255

59%

INS

U

Nearshore Marine

0

--

INS

U

Offshore Marine

126

20%

INS

U

Surface
Water

Level of
Concern

th

90 %ile Observed Conc. >

Sediment

Total N

FOD

SQS

Level of
Concern

Freshwater

77

97%

INS

U

Nearshore Marine

1

100%

INS

U

Offshore Marine

45

98%

INS

U

th

90 %ile Observed Conc. >
Tissue Residue
Effects

Total N

FOD

10th %ile Effects Conc.
Not Analyzed
Daily Dose >

Wildlife

Total N

FOD

10% of Lowest Effects Dose
Not Analyzed
90th%ile Observed Conc. >

Human Health

Total N

NTR Criterion

FOD

Level of
Concern

Level of
Concern

Level of
Concern

Not Analyzed
FOD=Frequency of detection
INS= Insufficient effects data available for comparison to observed data
U=Unknown level of concern due to lack of sufficient data for adequate comparison

Regionally Important Biological-Effects Data
PBDEs were detected in outmigrant Chinook salmon tissue and their stomach contents from four
sites in Puget Sound (Sloan et al., 2010). Levels in wild outmigrant juveniles were higher than in
hatchery fish, ranging from 67 to 13,000 ug/kg lipid, generally comparable to those measured in
the Lower Columbia River and Estuary. Sloan et al. (2010) conclude that PBDEs may be
contributing to reduced health and fitness in outmigrant juvenile Chinook salmon. PBDEs were
detected in adult Chinook salmon returning to the Duwamish River and were not detected in
adult Chinook returning to the Johnstone Strait, Lower Fraser River, or Deschutes River
(Cullon et al., 2009).
Lema et al. (2008) demonstrated that dietary exposures to certain PBDEs by adult fathead
minnows can alter thyroid status and thyroid hormone-regulated gene transcription. Arkoosh
et al. (2010) found that juvenile Chinook salmon exposed to moderate doses of PBDEs in their
diet may be at increased risk of disease relative to those exposed to higher or lower doses of
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PBDEs in their diet. PBDE levels were found to be about four to five times higher in a mixture
of fishes designed to represent the diet of Puget Sound harbor seals than in a similar mixture of
fish designed to represent the diet of harbor seals from the Strait of Georgia (Cullon et al., 2005).
Very few studies have been conducted examining effects of PBDEs on birds. The studies
reviewed indicate that PBDEs impact the reproduction and endocrine system similarly to PCBs.
Exposure to BDE-71 for 75 days adversely impacted courtship and mating behavior of American
kestrels (Falco sparverius)(Fernie et al., 2008). These birds also displayed significant delays in
clutch initiation and smaller eggs (Fernie et al., 2009). Eggshell thinning and reduced hatching
success also resulted. A study of species sensitivity to PBDEs (PBDE-71) observed that
pentabrominated diphenyl ether (Penta BDE) exposure to eggs at 0.01 to 20 mg/kg caused
decreased pipping and hatching success in American kestrels but not chickens (Gallus gallus) or
Mallard ducks (Anas platyrhynchus)(McKernan et al., 2009). Species sensitivity was concluded
to be Mallard ducks <chickens <American kestrels.
Total PBDE concentrations in osprey eggs and nestling plasma are significantly lower in the
Lower Duwamish River (eggs: 321 ug/kg ww; plasma: 6 ug/kg ww) compared to those from the
upper Willamette River (eggs: 897 pb ww; plasma: 22 ppb ww) (Johnson et al., 2009). Total
PBDE concentrations in the osprey eggs did not change significantly between 2003 and 2007.
Reproductive failure was observed in four of nine nests in the Lower Duwamish area. A small
dataset from this study suggests that some nestlings may have experienced immunosuppression.
However, the results were inconclusive due to the small sample size.
Compared to birds, a larger but still limited number of publications exist on the effects of
PBDEs in mammals. Rodent exposure studies have demonstrated thyroid hormone disruption
(Hallgren et al., 2001; Zhou et al., 2002) and developmental neurotoxic and behavioral effects
(Ericksson et al., 2001; Viberg et al., 2003a; Viberg et al., 2003b). A study of grey seal pups and
juveniles observed a relationship between circulating thyroid hormones, transport proteins, and
PBDE uptake (Hall et al., 2003).
Similar to PCBs, there is evidence of bioaccumulation of PBDEs in marine mammals at high
concentrations in blubber. However, absolute concentrations of total PBDEs appear to be lower
than total PCBs. Cullon et al. (2005) measured PBDE concentrations five times higher in harbor
seal prey from Puget Sound than the Strait of Georgia, but the mean PBDE concentration was
five times lower than that measured for PCBs. Krahn et al. (2009) and Rayne et al. (2004) found
the same pattern of killer whale blubber concentrations as found for PCBs in males, mothers, and
calves. Krahn et al. (2009) measured total PBDE concentrations ranged from 680 to 15,000
ug/kg lipid. Mean PBDE concentrations in northern male killer whale blubber have been found
to be significantly lower (203 ug/kg lipid) than those of southern resident (942 ug/kg lipid) and
transient males (1,015 ug/kg lipid).
Although a quantitative effects assessment was not conducted for PBDE exposure to marine
mammals, published research demonstrates that PBDEs are bioaccumulating to high
concentrations in Puget Sound killer whales. This coupled with the growing evidence that PBDE
exposure can cause thyroid and developmental effects in mammals strongly suggest that PBDEs
are an important contaminant to monitor.
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PCDD/Fs
Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs; a.k.a. dioxins)
are a class of persistent bioaccumulative compounds ubiquitous in the environment at low
concentrations. There are 210 individual PCDD/F congeners (75 PCDDs and 135 PCDFs),
but only the 17 congeners (seven PCDD and ten PCDF) with chlorines occupying the 2,3,7, and
8 positions on the molecules are considered toxic.
PCDD/Fs are generally found in mixtures, with the toxicity of the mixture translated to that of
TCDD (and more recently, PeCDD) which is the most toxic congener. Each of the 17 PCDD/Fs
are assigned a toxicity factor relative to that of TCDD and PeCDD, and the toxicity factor
multiplied by the congener concentration is termed the toxic equivalent (TEQ) when the
congeners are summed. The TEQ of an environmental sample is generally useful shorthand for
assessing comparisons to regulatory thresholds and for assessing risks. Sampling and source
data are commonly expressed as TEQs, and this convention has been adopted in the present
document.
Unlike many other environmental contaminants, PCDD/Fs are not produced intentionally, but
instead are formed and released as by-products of industrial production and combustion of
certain chlorinated materials. As a result, industrial and combustion sources are responsible for
the majority of PCDD/F releases. In the Puget Sound region, the major historical sources of
PCDD/Fs – use of elemental chlorine in pulp bleaching, pentachlorophenol wood treatment
operations, and combustion of saltwater-infused hog fuel – are all but gone (Yake et al., 1998).
However, PCDD/Fs are extremely persistent in the environment, particularly at sites where these
activities historically occurred.
One other characteristic also distinguishes PCDD/Fs from most other environmental toxicants:
their analysis requires expensive analytical techniques and is performed by only a limited
number of commercial laboratories. As a result, they are commonly excluded from screening
level investigations and are generally analyzed only if they are the focus of an environmental
investigation. Since environmental PCDD/F data are not as prevalent as for other chemicals,
there are fewer data on sources of their release to the environment.
PCDD/Fs are not typically detectable in ambient waters using conventional sampling and
analytical techniques, even at detection limits in the low parts per quadrillion (pg/l) range.
PCDD/Fs in sediments and biota are more typically found at low parts per trillion (ng/kg) levels,
depending on the specific compound, organic carbon content of sediment, and lipid content in
tissue.

Major Releases from Primary Sources
Annual PCDD/F release from the 20 sources assessed totaled approximately 9 g TEQ/yr
(Figure 28). The largest single source is backyard burn barrels, accounting for nearly threequarters of the PCDD/F release to the Puget Sound basin.
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Combustion emissions to air account for 97% of the PCDD/F release. The remaining 3% of the
release is to water, primarily from pulp and paper mills. This represents a substantial change
from two to three decades previous when PCDD/F discharges to water from pulp mills
represented the bulk of all releases to Washington State (EPA, 1991).
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Total1: 9.4 g TEQ/yr

10%

20%

30%

40%

50%

Percent of Total Release

1

Sum of best estimates. Best estimates are either mid-point, median, mean, or most reasonable estimate for each source.

Figure 28. Total PCDD/F Release in the Puget Sound Basin (values shown are g TEQ/yr).
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Major Delivery Pathways and Loading
None of the Phase 3 sampling studies included analysis of PCDD/Fs. The groundwater loading
analysis included an estimate of PCDD/Fs from values reported in the literature. However, the
groundwater data only included PCDD/Fs reported as total TCDD or total TCDF, with no
indication of whether these are 2,3,7,8-substituted congeners.
Surface runoff load estimates were estimated during PSTLA Phase 2 based on a variety of U.S.
and European runoff data, most of which were from urban areas (Envirovision et al., 2008a).
The best estimates of the medians from these concentrations were 10 pg/l for commercial/
industrial areas, 5 pg/l for residential and agricultural areas, and 0.1 pg/l for forested area. When
applied to the hydrologic model used in Phase 2, loads were estimated to be 6.1 – 103 g TEQ/yr
(25th – 75th percentiles), with a median estimate of 25 g TEQ/yr. Most of the PCDD/F load
(59%) was from residential areas, with the smallest percentage (6%) from commercial/industrial
areas.
Estimates of PCDD/F loads to marine waters from atmospheric deposition were derived in
Phase 1 from fluxes reported in Europe and adjusted to the Puget Sound region based on relative
differences in air concentration (Hart Crowser at al., 2007). Fluxes of 0.1 – 10 pg/m2/day (low to
high end of range, 1 pg/m2/day as medium value) were used to estimate the aerially deposited
loads (0.31 – 31 g TEQ/yr, medium estimate of 3.1 g TEQ/yr).
Both the atmospheric deposition (Phase 1) and surface runoff (Phase 2) load estimates for
PCDD/Fs have a large degree of associated uncertainty. The paucity of PCDD/F stream and air
deposition data from the Puget Sound region makes gauging the representativeness of other data
difficult. Therefore, these estimates should not be treated with the same level of confidence as
those derived from Phase 3 sampling efforts.

Relationship Between Sources and Pathways/Loading
The conceptual model of PCDD/F transport and fate following release is complicated by the lack
of sampling data. Based on the inventoried sources (Ecology, 2011), release to air is likely to be
the primary initial pathway for PCDD/Fs. The dominance of combustion as a formation
mechanism suggests that much of the PCDD/F release may be associated with airborne particles.
There are no reliable data to assess the degree of deposition for particle-bound PCDD/Fs in the
Puget Sound basin, but near-field deposition may be expected for much of the emitted PCDD/Fs
since the bulk of emission is from numerous non-point sources as opposed to high stacks
designed to disperse emissions. Based on the primary sources in the basin, the release of
PCDD/Fs is likely to occur in a mix of urban and rural locations, and may occur at a distance
from the Puget Sound marine waters. Delivery to Puget Sound is therefore likely to occur
through secondary pathways (e.g. surface runoff, POTWs) as well as direct deposition and would
not be expected to be dominated by a single delivery mechanism.
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Hazard Evaluation
The hazard evaluation indicates that PCDD/Fs are a Priority 1 level of concern for a wildlife
mammalian species (river otter) and human health due to concentrations found in both the
freshwater and marine aquatic environments (Table 17). However, there are insufficient
observed or effects data to adequately evaluate PCDD/Fs in surface waters, sediments, or for
tissue residue effects.
In fresh surface waters only five observed results are available to compare dioxin concentrations
with effects data. Observed concentrations of 1,2,3,7,8-PeCDD and 1,2,3,4,7,8-HxCDD are one
to two orders of magnitude below the lowest effects concentrations, and 2,3,7,8-TCDD is three
orders of magnitude below levels where effects are documented. There are no observed
environmental data available for PCDD/Fs in the marine water column.
In freshwater sediments, the median PCDD/F concentration (expressed as TEQ) is approximately
equal to the lowest available guideline, the Canadian TEL. However, the interquartile range of
concentrations spans four orders of magnitude, and at least 25% of the observed TEQs are well
above the Canadian PEL where adverse effects are expected to frequently occur.
Median PCDD/F TEQ concentrations in marine sediments are similar to freshwater sediments,
but the distribution of concentrations occupies a much narrower range. For both nearshore and
offshore sediments, the median values exceed the Canadian TEL, but only 5 – 10% of the
observed concentrations exceed the Canadian PEL.
There are few effects data to assess the potential concern of PCDD/Fs associated with tissue
residue. For freshwater, there were sufficient effects data available for decapods, but no
observed data. No tissue residue effects data were available for marine waters.
For the two bird species evaluated – great blue heron and osprey – only two daily effects doses
of PCDD/Fs (as TEQ) were calculated: one for reproductive effects and one for mortality.
Neither of the species are exposed to these doses, but heron are exposed to doses that are onefifth to one-half of the lowest (reproductive) dose. Osprey are exposed to doses three orders of
magnitude below the lowest effects dose. However, the low number of dose effects was not
deemed sufficient for an adequate comparison with calculated doses (Appendix D-1).
Based on environmental concentrations of PCDD/Fs, river otter receive approximately five to ten
times the daily doses (as TEQs) where reproductive effects have been documented, and within
10% of the lowest dose associated with mortality. Harbor seals are exposed to much lower daily
PCDD/F doses; less than 10% of the lowest effect dose.
Concentrations of 2,3,7,8-TCDD in freshwater fish, bivalves, and other invertebrates were
compared to the NTR criterion. Median concentrations for fish and tissues from other
invertebrates were above the NTR criterion in both fresh and marine waters, although no
detectable concentrations are available for 2,3,7,8-TCDD in marine nearshore fish. At least
90% of the 2,3,7,8-TCDD concentrations in freshwater bivalves are above the criterion, but in
marine nearshore areas, less than 25% of the concentrations are above the criterion.
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Table 17. Summary of Hazard Evaluation for PCDD/Fs.
90th%ile Observed Conc. >

Surface
Water
Freshwater
Nearshore Marine
Offshore Marine

Total N

FOD

10th %ile Effects Conc.
or
Acute WQC
or
Chronic WQC

7

>14%

INS

0

--

0

a

U

a

U

a

U

INS

--

Level of
Concern

INS
th

90 %ile Observed Conc. >
Sediment

Freshwater

Total N
36

FOD
89%

SQS
b
INS

Nearshore Marine

219

>99%

INS

Offshore Marine

106

>99%

Level of
Concern
U

b

U

b

U

INS
90 %ile Observed Conc. >
th

Tissue Residue
Effects

Freshwater

Total N
c

Nearshore Marine

d

Human Health

e

≥97%

10th %ile Effects Conc.
b

INS

Level of
Concern
U

b

U

b

U

INS

f

≥86%

INS
Daily Dose >

Total N

FOD

10% of Lowest Effects Dose

Great Blue Heron (FW)

--

--

INS

Osprey (SW)

--

--

River Otter (FW)

--

Harbor Seal (SW)

Offshore Marine

Wildlife

FOD
57%

Level of
Concern

b

U

INS

b

U

--

Yes

Priority 1

--

--

No
90th%ile Observed Conc. >

Priority 2

Freshwater

Total N
g

FOD
≥25%

NTR Criterion
Yes

Level of
Concern
Priority 1

Nearshore Marine

h

>18%

Yes

Priority 1

e

Offshore Marine
i
≥5%
Yes
Yellow highlight indicates Priority 1 Level of Concern
FOD=Frequency of detection
a
INS =Insufficient observed data available for comparison to effects data
U=Unknown level of concern due to lack of sufficient data for adequate comparison
b
INS =Insufficient effects data available for comparison to observed data
c
N = 175 for non-decapod invertebrates. No observed data available for other organism types
d
N = 76 for non-decapod invertebrates, N = 13 for decapods, and N = 1 for fish tissue.
e
FOD=0% for fish tissue
f
N = 28 for non-decapod invertebrates, N = 9 for decapods, and N = 10 for fish tissue.
g
N range is 35 – 72 and varies for organism type and tissue type
h
N range is 8 – 129 and varies for organism type and tissue type
i
N range is 32 – 53 and varies for organism type and tissue type
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Priority 1

Regionally Important Biological-Effects Data
Studies in Puget Sound of harbor seal and southern resident killer whale prey items have higher
PCDD/Fs compared to the same prey items from the Strait of Georgia and British Columbia
coast (Cullon et al., 2005, Cullon et al., 2009). Harbor seal prey were three to four times higher
on a lipid basis than prey from the Strait of Georgia (Cullon et al., 2005). However, Ross et al.
(2000) found that PCDD/F concentrations in killer whale blubber were much lower than PCBs,
and there were no differences between whales from the northern and southern resident and
transient communities. This was suspected to be due to metabolic removal of dioxins and furans.

DDT
The chlorinated insecticide dichlorodiphenyltrichloroethane (DDT) was banned in 1972 from
general agricultural uses in the U.S. following concerns over its effects on wildlife and human
health. However, potentially harmful levels are still found in the environment, together with its
major breakdown and metabolic products dichlorodiphenyldichloroethylene (DDE) and
dichlorodiphenyldichloroethane (DDD) due to their persistence and tendency to accumulate in
fish and wildlife. In western Washington, DDT is only rarely detected in water, even at a typical
analytical detection limit of about 1 ng/l (parts per quadrillion), but is nearly always detected in
fish due to its extremely high bioaccumulation potential.

Major Releases from Primary Sources
DDT sources were not inventoried in the analysis of primary sources since it was banned nearly
four decades ago and DDT had no uses other than as an agricultural insecticide and limited use
as an urban pesticide. Due to its persistence, however, it continues to be found in environmental
media, particularly soils and sediments, and is delivered to Puget Sound when these soil and
sediment particles become entrained in surface water runoff.

Major Delivery Pathways and Loading
Data on major delivery pathways for DDT loading were obtained from PSTLA loading studies
and are included in Table 18. No effort was made to assess DDT loads from direct deposition of
atmospheric DDT to Puget Sound during Phase 3 sampling. As mentioned previously, loading
through direct groundwater discharge was estimated from literature values, whereas loadings
through other pathways were estimated from field studies specifically designed to estimate loads.
The estimated range of groundwater DDT loads is large (0.2 – 7.3 kg/yr) due primarily to
differences in flows used to establish the possible range of loads. DDT load estimates in
groundwater should be used with caution since they are based primarily on non-detect data and
numerous assumptions, including unconfirmed assumptions about DDT mobility in groundwater.
DDT compounds were analyzed in all ten POTWs during winter and summer sampling events,
yet no concentrations were detectable. Reporting limits for DDT compounds in POTW samples
were generally 2 – 3 ng/l.
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Table 18. Total DDT Loads (kg/yr) to Puget Sound from Major Pathways.
Groundwater (a)
Air Deposition
Surface Runoff (b)
POTWs
Ocean Exchange

25th %ile
0.2
NA
2.2
ND
NC

Median
3.8
NA
23.9
ND
NC

75th %ile
7.3
NA
25.1
ND
NC

(a) Lowest and highest estimated loads
(b) Detected in commercial/industrial areas only during baseflows and in commercial, agricultural, and forest areas
only during storm flows
NA=not analyzed
ND=not detected
NC=not calculated due to insufficient data

Surface runoff loads for DDT are estimated to be approximately 2.2 – 25 kg/yr for the entire
Puget Sound basin based on the surface runoff study. DDT compounds were detected in all land
use types during storm events except residential covers, and >99% of the loads occurred during
storm flows. Loads calculated during storms generally mirrored the amount of land area for each
land use cover, a somewhat confounding result since agricultural areas would be expected to
have larger loads relative to land area.
A single commercial/industrial area had the only detection of DDT compounds during
baseflows, and only in very low concentrations. However, this particular location had DDT
concentrations an order of magnitude above all other locations – regardless of land cover –
during storm flows. For each land cover, the detection frequency for DDT compounds was low
and never exceeded 50%, and therefore the calculated median loads were driven by non-detected
values.
DDT loads were not calculated for the ocean exchange of marine waters due to the low
frequency of detection. DDT compounds were detected in only three samples at locations in the
northern boundary waters, all at low concentrations (<0.4 ng/l).
The net sum of DDT loads to Puget Sound through the pathways assessed may be calculated by
summing the loads for a specified percentile value for each of the pathways. The net sum for the
25th, median (50th), and 75th percentile values is 2.5, 28, and 32 kg/yr, respectively. Under all of
these estimates, there is a net DDT load to Puget Sound.
DDT loading from pathways that may represent partially controllable sources of COCs is shown
as ranges (25th - 75th percentiles) and medians for each pathway in Figure 29. Each pathway
represented as a contribution to the total load is displayed in Figure 30.
Total DDT loading measured from the major pathways is 2.5 – 32 kg/yr, all contributed through
surface runoff and groundwater. Surface runoff accounts for the largest portion of DDT loading
(77 – 88%), with the remaining amount (12 – 23%) contributed by the groundwater pathway.
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Figure 29. Range (25th - 75th percentiles) and Median Total DDT Loads to Puget Sound from
Each Major Delivery Pathway.
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Figure 30. Total DDT Loads to Puget Sound as the Sum of Major Delivery Pathways.
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Relationship Between Sources and Pathways/Loading
The conceptual model of DDT transport and fate following release appears to be rather simple
compared with other COCs. Releases from primary sources likely occurred during previous
decades, and soils and sediments likely serve as the major reservoirs for DDT remaining in the
environment. Soil and sediment-bound PCBs are mobilized during storm flows and delivered
toward Puget Sound in surface runoff. Comparatively low DDT occurrence and concentrations
in agricultural soils suggest that that the bulk of DDT mobilization from agricultural soils, where
the majority of DDT was likely to have been originally released, has already occurred and the
large DDT reservoirs may have advanced downstream and may largely reside in Puget Sound
sediments. Conversion of agricultural lands to commercial or other land uses may explain high
DDT concentrations in other land uses, particularly if soils are disturbed.
It is possible that DDT is also delivered to Puget Sound through direct atmospheric deposition to
marine waters, or that some of the DDT in surface waters is due to aerially deposited DDT
entrained in storm runoff. Loads of direct atmospheric deposition of DDT were calculated
during the Phase 1 effort, and were estimated to be 1.2 – 31 kg/yr (low to high end of range,
6.2 kg/yr as medium value) based on fluxes reported in the eastern and midwestern U.S.
(0.4 – 10 ng/m2/day; 2 pg/m2/day as medium value).

Hazard Evaluation
The hazard evaluation indicates that DDT compounds are a Priority 1 level of concern for a
range of media and receptors in both the freshwater and marine aquatic environments (Table 19).
In fresh surface waters, the 90th percentile of total DDT (sum of DDT, DDE, and DDD)
concentrations (approx. 1 ug/l) is slightly higher than the acute water quality criterion, and at
least 95% of the observed concentrations are above the chronic water quality criterion. More
than 90% of the values from the fairly extensive dataset on DDT effects are above the 90th
percentile value for observed concentrations. There are not sufficient data to evaluate DDT in
marine surface waters.
The chronic freshwater water quality criterion is three orders of magnitude lower than the acute
water quality criterion. This difference stems from the high bioaccumulative potential of DDT,
on which the chronic criterion is indirectly based (reproductive effects in the piscivorous brown
pelican), whereas the acute criterion is based on LC50 concentrations for numerous fish and
invertebrate species (EPA, 1980).
There are no SQS for freshwater or marine sediments to compare to DDT concentrations.
However, median DDT concentrations exceed the Canadian TEL, and at least >75% of the
concentrations exceed the consensus-based TEC, although concentrations are well below the
Canadian PEL and consensus-based PEC.
In the marine environment, median DDT concentrations in both nearshore and offshore
sediments are similar to the Canadian TEL. However, a number of the nearshore sediments have
much higher concentrations than those from offshore locations, and at least 10% of the DDT
concentrations exceed the Canadian PEL as well as the LAET and the 2LAET (2x the LAET).
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Table 19. Summary of Hazard Evaluation for DDT.
90th%ile Observed Conc. >

Surface
Water
Freshwater
Nearshore Marine
Offshore Marine

Total N

FOD

10th %ile Effects Conc.
or
Acute WQC
or
Chronic WQC

2,179

4%

Yes

11
0

0

Priority 1

a

U

a

U

INS

--

Level of
Concern

INS
th

90 %ile Observed Conc. >

Sediment

Tissue Residue
Effects

Total N

FOD

SQS

Freshwater

365

30%

INS

Nearshore Marine

350

41%

INS

b

U

b

U

b

U

Offshore Marine

457

25%

INS
90th%ile Observed Conc. >

Freshwater

Total N
c

FOD
≥92%

10th %ile Effects Conc.
No

Nearshore Marine

d

≥31%

INS

b

U

b

U

≥18%

INS
Daily Dose >

Total N

FOD

10% of Lowest Effects Dose

Level of
Concern

Great Blue Heron (FW)

--

--

Yes

Priority 1

Osprey (SW)

--

--

Yes

Priority 1

River Otter (FW)

--

--

No

Priority 2

Harbor Seal (SW)

--

--

No

Priority 2

90th%ile Observed Conc. >
Human Health

Level of
Concern
Priority 2

f

Offshore Marine

Wildlife

Level of
Concern

Freshwater

Total N
g

FOD
>68%

NTR Criterion
Yes

Level of
Concern
Priority 1

Nearshore Marine

h

≥20%

Yes

Priority 1

j

Offshore Marine
i
No
≥6%
Yellow highlight indicates Priority 1 Level of Concern
FOD=Frequency of detection
a
INS =Insufficient observed data available for comparison to effects data
U=Unknown level of concern due to lack of sufficient data for adequate comparison
b
INS =Insufficient effects data available for comparison to observed data
c
N = 83 for non-decapod invertebrates and 139 for fish tissue
e
N = 84 for non-decapod invertebrates, N = 20 for decapods, and N = 131 for fish tissue.
f
N = 33 for non-decapod invertebrates, N = 5 for decapods, and N = 543 for fish tissue.
g
N range is 56 – 634 and varies for organism type, tissue type, and DDT compound
h
N range is 48 – 491 and varies for organism type, tissue type, and DDT compound
1
N range is 33 – 1,036 and varies for organism type, tissue type, and DDT compound
j
FOD=0% for 4,4’-DDD in bivalve tissue
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Priority 2

Observed DDT concentrations in freshwater invertebrates and fish are well below concentrations
where effects are documented. Insufficient effects data were available to adequately compare
with observed concentrations from invertebrates or fish from the marine nearshore and offshore
environments.
Calculation of DDT doses for the two bird and two mammalian species evaluated indicate that
only great blue heron are exposed to daily DDT doses above a concentration where at least one
effect (reproductive) has been documented. However, for osprey, the calculated daily DDT dose
is only slightly (<50%) below this lowest effects dose. For both of the mammalian species
evaluated – river otter for freshwaters and harbor seal for marine waters – calculated daily DDT
doses are more than an order of magnitude below doses where effects have been documented.
NTR criteria for DDT compounds are based on individual DDT compounds (4,4’-DDD,
4,4’-DDE, and 4,4’-DDT) rather than total DDT. For freshwater tissues, DDD and DDE
90th percentile concentrations exceed the NTR criterion for invertebrates other than bivalves. In
nearshore marine waters, the observed 90th percentile DDT concentration exceeds the criterion
for fish and invertebrates other than bivalves. None of the tissues have observed 90th percentile
values exceeding the NTR criterion in offshore marine waters.
In general, the interquartile range of concentrations for all three compounds falls between the
NTR criteria at the 17.5 g/d EPA recreational consumption rate and the 769 g/d Suquamish
Tribal rate. This pattern is consistent across the observed concentrations in freshwater and in
nearshore and offshore marine waters.
Regionally Important Biological-Effects Data
Total DDT (sum of DDT, DDE, and DDD) concentrations in stomach contents of outmigrant
juvenile Chinook salmon were found to be elevated in fish from the Duwamish Estuary and
Commencement Bay relative to the stomach content concentrations of fish from the Nisqually
Estuary (Stein et al., 1995). Whole-body total DDT concentrations of juvenile Chinook salmon
were found to be relatively high (over 1,000 ng/g lipid or 25 ng/g ww) in fish from the Nisqually,
Duwamish, and Columbia River estuaries (Johnson et al., 2007).
Johnson et al. (2007) also found detectable levels of DDTs in stomach contents, with stomach
content concentrations substantially higher in Columbia River and Grays Harbor juvenile
Chinook than in Duwamish and Nisqually Estuary. They suggested that at the levels measured,
DDTs are unlikely to cause adverse effect by themselves, but that they may contribute via
additive or synergistic effects with other contaminants. Substantially higher levels of DDTs
were found in adult Chinook salmon returning to the Duwamish River than in adult Chinook
returning to Johnstone Strait, the Lower Fraser River, or the Deschutes River (Cullon et al.,
2009).
An analysis of DDT concentrations in Pacific herring tissues found that concentrations from
Puget Sound herring were 1.5 to 2.5 times higher than those from the Strait of Georgia (West
et al., 2008), with Puget Sound concentrations ranging from 19 to 27 ng/g ww (240 to 330 ng/g
lipid). Cullon et al. (2005) found similar levels of DDTs in a mixture of fishes designed to
represent the diets of Puget Sound and Strait of Georgia harbor seals.
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Grove and Henny (2008) did not find detections of DDT and only low detections of DDE (mean
of 0.004-0.28 mg/kg ww) in river otter livers from Puget Sound. These DDE levels are much
lower than those found in river otters living along the Columbia River (mean of 0.12-1.65 mg/kg
ww). The prey items of harbor seals in Puget Sound are 1.6 times higher in total DDT (lipid
weight) than those from the Strait of Georgia (Cullon et al., 2005).
Puget Sound Chinook, the major prey of southern resident killer whales, have higher body
residues of DDTs and lower lipids compared to Chinook from the British Columbia coast
(Cullon et al., 2009). Krahn et al. (2009) found the same pattern of killer-whale blubber
concentrations as found for PCBs in males, mothers and calves; total DDT concentrations ranged
from 1,000 to 160,000 ug/kg lipid.

PAHs
Polycyclic aromatic hydrocarbons (PAHs) are a class of compounds characterized by two or
more fused aromatic rings composed of carbon and hydrogen. There are hundreds of such
compounds, but most studies have focused on 16 compounds that were designated as “priority
pollutants” in the federal Clean Water Act. These 16 compounds are:
Low Molecular Weight PAHs (LPAHs)
• Acenaphthene
• Acenaphthylene
• Anthracene
• Fluorene
• Naphthalene
• Phenanthrene
High Molecular Weight PAHs (HPAHs)
• Benzo(a)anthracene*
• Benzo(a)pyrene*
• Benzo(b)fluoranthene*
• Benzo(k)fluoranthene*
• Benzo(g,h,i)perylene
• Chrysene*
• Dibenzo(a,h)anthracene*
• Fluoranthene
• Indeno(1,2,3-c,d)pyrene*
• Pyrene
*Designated as probable human carcinogens by EPA (cPAHs)
LPAHs tend to be found at elevated concentrations in uncombusted fossil fuels, while HPAHs
are formed during incomplete combustion of fossil fuels and other organic materials such as
wood (PTI, 1991). However, source identification of PAHs found in the environment cannot
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simply be distilled down to comparisons of LPAHs to HPAHs for a variety of reasons. LPAHs
and HPAHs are not typically exclusive to particular sources; releases occur from diffuse sources,
and degradation processes may alter PAH compositions following their release.
Most PAHs are found in mixtures, but biochemical processes and accumulation potentials, as
well as toxicity of individual PAHs, may vary considerably. Creosote, a tarry substance formed
as coke distillate, is used to preserve wood and has historically been a major source of PAHs in
Puget Sound, particularly in areas with pole treating operations adjacent to marine waters.
In Puget Sound, PAHs are associated with liver disease and reproductive impairment of
English sole, particularly in urban bays (PSAT, 2007). Concentrations in the water are difficult
to measure, but limited data suggest that typical freshwater concentrations for total PAHs are in
the 0.1 – 1.0 ug/l range (Appendix D-3), with marine water column concentrations slightly lower
(Serdar, 2008). Total PAHs in freshwater and marine sediments are typically 100 – 1,000 ug/kg
(dw) (Appendix D-4) although mean concentrations in urban bays may be up to ten-fold higher
(Partridge et al., 2005).

Major Releases from Primary Sources
Total annual PAH releases from sources inventoried total approximately 310,000 kg/yr in the
Puget Sound basin (Figure 31). Generally speaking, the releases can be placed into two
categories: combustion emissions and releases from creosote-treated wood.
Combustion releases account for most (55%) of the PAH release in the Puget Sound basin, with
more than half of that amount due to woodstove and fireplace use, and smaller amounts due to
residential trash burning and industrial emissions. The remainder of the combustion emissions is
from petroleum fuel combustion, primarily due to gasoline use in vehicles.
Creosote-treated wood accounts for approximately one-third of the PAH release, with marine
pilings (54 t/yr), railroad ties (43 t/yr), and utility poles (17 t/yr) representing the major sources.
Releases from large petroleum spills (≥ one gallon) and minor petroleum drips leaks, spillage,
and improper disposal of motor oil account for PAH release of approximately 11 t/yr.
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Figure 31. Total PAH Release in the Puget Sound Basin (values shown are thousands kg/yr).
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Major Delivery Pathways and Loading
Data on major delivery pathways for PAH loadings were obtained from PSTLA loading studies
and are included in Table 20. As mentioned previously, loading through direct groundwater
discharge was estimated from literature values, whereas loadings through other pathways were
estimated from field studies specifically designed to estimate loads.
Table 20. PAH Loads (kg/yr) to Puget Sound from Major Pathways.
25th %ile
Groundwater (a)
Air Deposition
Surface Runoff (b)
POTWs
Ocean Exchange

7
NA
102
3.27
ND

Median
LPAH
159
NA
104
8.05
ND

75th %ile

Groundwater (a)
Air Deposition
Surface Runoff (c)
POTWs
Ocean Exchange

6
48.8
25.2
3.71
ND

HPAH
124
95.8
36.2
4.93
ND

244
153
50.7
7.46
ND

Groundwater (a)
Air Deposition
Surface Runoff (d)
POTWs
Ocean Exchange

5
20.8
18.0
NC
ND

cPAH
83
43.2
24.0
NC
ND

161
69.8
34.0
NC
ND

Groundwater (a)
Air Deposition (e)
Surface Runoff (b)
POTWs
Ocean Exchange

13
48.8
119
7.55
ND

Total PAH
284
95.8
224
18.5
ND

555
153
244
45.8
ND

311
NA
190
34.9
ND

(a) Lowest, highest, and mid-point of estimated loads
(b) Detected in commercial/industrial areas only during baseflows
(c) Detected in commercial areas only during baseflows and in commercial, residential, and agricultural areas only
during storm flows
(d) Surface runoff loads based on storm flows only; not detected in any land covers during baseflows and in
commercial, residential, and agricultural areas only during storm flows
(e) Total PAH based on HPAH only
NA=not analyzed
ND=not detected
NC=not calculated due to insufficient data
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The estimated range of groundwater total PAH loads is large (13 – 555 kg/yr). The range in
estimates is due to differences in flows used to establish the possible range of loads as well as
differences in methods used to estimate representative PAH concentrations; most of the data
were non-detected values. The groundwater loading calculations suggest that slightly over
one-half of the groundwater loads of PAHs may be due to LPAH loads.
PAH load estimates in groundwater should be used with caution since they are based primarily
on non-detect data and numerous assumptions, including unconfirmed assumptions about PAH
mobility in groundwater. It is also notable that the “rule” used to sum individual PAHs to
establish total PAHs (e.g. LPAH) resulted in higher values than results derived when applying
summing rules used for other loading studies.
The deposition of atmospheric PAHs directly to the marine waters of Puget Sound is
approximately 50 – 153 kg/yr, based on fluxes ranging from 0.012 – 0.69 ug/m2/d. This estimate
is based completely on HPAH; LPAHs were not analyzed. Median PAH fluxes were generally
<0.05 ug/m2/d, except for one location within a high-density urban (Tacoma) area including a
nearby pulp mill, metal refiners, other industrial activities, and close to major roadways
including interstate highways. PAH fluxes at this location were consistently an order of
magnitude higher than other locations around the Puget Sound region, and were elevated six-fold
above a nearby station that did not have the same air pollution influences in such close
proximity. This pattern closely mirrored the deposition patterns of copper, lead, and zinc among
the air sampling locations.
The total PAH load discharged from POTWs is estimated to be 6.6 – 46 kg/yr. Approximately
one-half to three-quarters of the PAHs loaded from POTWs are LPAHs. Phase 1 estimates
suggest that PAH loads from industrial wastewater are potentially substantial (2 – 87 kg/yr;
Hart Crowser et al., 2007), although this is based on a limited dataset. The amount reported to be
discharged to surface waters or transferred to POTWs from industries – as reported in the TRI –
is also highly uncertain, with a high-end estimate of 90 kg PAH/yr (Ecology, 2011).
Surface water runoff loads for total PAH are estimated to be approximately 119 – 244 t/yr for
the entire Puget Sound basin based on the surface runoff study, with LPAHs comprising
approximately four-fifths of the load. The higher reported LPAH loads may be attributable in
part to overall higher detection frequencies for LPAHs, although individual HPAH components
were detected at generally higher frequencies than individual LPAH components.
In terms of land cover, PAHs are detected much more frequently in commercial/industrial areas
(83%), about four times more frequently than in any other land cover. HPAH concentrations
were highest in commercial areas, leading to loads calculated to be 16 – 32 kg/yr. Most of the
remaining surface water PAH surface water loads were driven by a single LPAH constituent
(phenanthrene) detected in 16% of the samples from forested lands, leading to a high calculated
LPAH load for forests (102 – 190 kg/yr).
Most of the PAH detections occurred during storm events; PAHs were rarely detected during
baseflows. Commercial/industrial areas were the only land covers where PAHs were detected
during baseflow, and detection frequencies were so low (7% each for LPAH and HPAH) that
baseflow loads for total PAH were ≤1 kg/yr under all scenarios used for load calculations.
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PAHs were not detected in any of the marine water samples, and therefore no exchange could be
calculated at the ocean boundary.
The net sum of total PAH loads to Puget Sound through the pathways assessed may be calculated
by summing the loads for a specified percentile value for each of the pathways. The net sum for
the 25th, median (50th), and 75th percentile values is 190, 620, and 1,000 kg/yr, respectively.
Under all of these estimates, there is a net PAH load to Puget Sound. However, it was not
possible to assess the possibility of a net export out of Puget Sound since no PAHs were
detectable in marine waters.
PAH loading from pathways that may represent partially controllable sources of COCs (i.e. all
of the major pathways except ocean exchange) are shown as ranges (25th - 75th percentiles) and
medians for each pathway in Figures 32-35. Each pathway represented as a contribution to the
total load is displayed in Figures 36-39.
The surface runoff and groundwater are the largest loading pathways, accounting for a combined
total of 70 – 82% of total PAH loads. Estimates at the median and 75th percentile levels suggest
that approximately one-half of the total PAH loading occurs through groundwater. Air
deposition accounts for 15 – 26% of the total PAH loads, while POTW loads account for 3 – 5%.
As noted previously, estimates of PAH loads from surface runoff and groundwater are driven by
concentrations derived from non-detected results. Since these are the two largest reported
loading pathways for PAHs, there is a large degree of uncertainty surrounding these load
estimates. The authors of the present report did not attempt to modify or otherwise recalculate
loads reported in the individual loading studies. However, readers are encouraged to review the
loading studies to gain an understanding of the methodologies used to estimate loads where
many of the sample results were below reporting limits.
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Figure 32. Range (25th - 75th percentiles) and Median LPAH Loads to Puget Sound from Each
Major Delivery Pathway.

Figure 33. Range (25th - 75th percentiles) and Median HPAH Loads to Puget Sound from Each
Major Delivery Pathway.

Figure 34. Range (25th - 75th percentiles) and Median cPAH Loads to Puget Sound from Each
Major Delivery Pathway.

Figure 35. Range (25th - 75th percentiles) and Median Total PAH Loads to Puget Sound from
Each Major Delivery Pathway.
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Figure 36. LPAH Loads to Puget Sound as the Sum of Major Delivery Pathways.

Figure 37. HPAH Loads to Puget Sound as the Sum of Major Delivery Pathways.

Figure 38. cPAH Loads to Puget Sound as the Sum of Major Delivery Pathways.

Figure 39. Total PAH Loads to Puget Sound as the Sum of Major Delivery Pathways.
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Relationship Between Sources and Pathways/Loading
The conceptual model of PAH transport and fate following release is complex, and the ability to
draw conclusions is hampered by the limitations of PAH loading estimates derived for Puget
Sound.
The inventory of sources (Ecology, 2011) suggests that releases to air – either in particle,
aerosol, or vapor form – account for two-thirds of the PAH released in the Puget Sound basin
(approximately 200,000 kg/yr). Releases of chemicals to air are by nature difficult to track
through a watershed, but several generalizations may be made regarding PAH releases. For
instance, nearly all of the PAHs released to air originate from combustion sources and would
therefore be expected to be HPAHs, the major type of PAHs formed pyrogenically.
The Air Emissions Inventory (Ecology, 2007) indicates that woodstove use is the largest single
combustion source (and overall PAH source) to the Puget Sound basin (Ecology, 2011).
Through analysis of anhydrosugars (markers of wood combustion), the air deposition study
appears to confirm a strong signal of woodstove use during the late winter months. Nearly all of
the remaining PAH combustion sources are from petroleum, such as light-and heavy-duty
vehicle emissions, and from the use of other machinery using internal combustion engines.
The air deposition study measured several LPAHs and related compounds to assess PAH source
signatures. The authors concluded that all of the PAHs were derived from combustion sources,
originating from a mixture of petroleum and biomass (Brandenberger et al., 2010).
Geographically, the widespread and relatively homogeneous distribution of PAHs among many
of the sampling stations – except those in urban areas – supports a notion of a widespread
regional distribution of combustion products. Air deposition sites located in urban areas showed
higher PAH concentrations apparently derived from fossil fuel combustion sources, a finding
supported by correlation with metals (copper and lead) associated in part with vehicle traffic.
The air deposition study appears to be consistent with the types of PAH sources inventoried in
the Puget Sound basin and with other contemporary studies of PAH sources conducted on a
regional level (e.g. Stein et al., 2006). However, the amounts released are three orders of
magnitude higher than the amounts delivered to Puget Sound from all major loading pathways
combined. If the air deposition results were extended to the entire Puget Sound watershed
(approximately 750 kg/yr at the 75th percentile), and all of the deposited PAHs were entrained
and delivered through surface runoff, this load would still represent <0.5% of the combustion
releases. One explanation for the difference is that PAHs loads reported for surface runoff may
underestimate actual loads to Puget Sound, while at the same time releases from combustion
sources may be largely overestimated. However, there are no clear lines of evidence to support
either supposition.
Of the remaining non-combustion sources of PAHs (130,000 kg/yr), approximately 90% is
released from creosote marine pilings, railroad ties, and utility poles (Ecology, 2011). Valle
et al. (2007) estimated that in the New York/New Jersey Harbor area, approximately 13% of the
PAHs released over the lifetime of these products is to air, resulting in a total loss to air of
14,000 kg/yr from all three product types combined. Remaining releases occur through leaching
and washout, presumably directly to marine waters for pilings. PAH leaching from rail ties and
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utility poles is most likely to result in enrichment of adjacent soils (except in the case where
these products are surrounded by impervious surfaces, or over-water in the case of railroad
bridges). Once bound to soils, PAHs will generally remain immobile unless soils are removed or
scoured through mechanical force. It is possible that some of the PAHs detected in commercial/
industrial area surface runoff during storm events were derived from utility poles or rail
crossings, but the lack of major PAH components from creosote (naphthalene, acenaphthene)
suggests that creosote leaching is not a major source in these instances.
Aside from PAHs released from creosote structures mounted on impervious surfaces, PAHs
released from spillage of petroleum products is a potentially large source of LPAH to surface
waters. An inventory of petroleum spills ≥ one gallon in the Puget Sound basin suggests that
approximately 1,000 kg/yr of PAHs are released due to spillage of over 150,000 kg/yr of
petroleum (Ecology, 2011). However, much larger quantities of PAHs released from small oil
drips and leaks (8,500 kg/yr) and from improper disposal of used oil (1,300 kg/yr) account for
the bulk of PAHs released as spills. Minor drips and leaks are likely to occur on impervious
surfaces, which vastly increase the odds that PAH from this source will become entrained in
runoff, some of which will find its way to surface waters. However, the results of the surface
runoff study do not indicate motor oil as a major source of PAHs. Although the overall load of
LPAH was higher than for HPAH, this did not appear to reflect widespread petroleum releases
on impervious surfaces since the bulk of the LPAH load was from forested watersheds.
Of the POTW sources inventoried, only improper disposal of used oil is likely to be released in a
constrained pathway. Most of the PAH loads discharged by POTWs is due to LPAHs, and the
individual compounds frequently detected are those which are typically found at the highest
concentrations in motor oil (fluoranthene, naphthalene, pyrene). This supports “down-the-drain”
disposal of motor oil as a potential source of PAHs. Overall detection frequencies and
concentrations of motor oil related PAHs in POTW effluent were similar between winter and
summer season sampling, indicating a non-stormwater source of these PAHs and supporting the
notion that improper disposal of motor oil may be a continuing PAH source to POTWs.
However, there remain large differences in the quantity of PAHs released from this source
(1,300 kg/yr) and the amount discharged from POTWs (8 – 46 kg/yr). At the treatment end,
some quantity of PAH is presumably lost via solids removal prior to discharge, but the degree
and extent of this removal is not known.

Hazard Evaluation
The hazard evaluation indicates that PAHs are a Priority 1 level of concern for freshwater
sediments and for human health (Table 21). No effects data were available to adequately
compare observed concentrations to tissue residue effects or effects to wildlife. The hazard
evaluation indicates that levels of concern for PAHs may vary considerably depending on the
media evaluated and whether PAHs are assessed individually or as groups (i.e. LPAH or HPAH).
In general, it appears that observed PAH concentrations in surface waters are much lower than
effects data, although effects data are limited for freshwaters and observed data are limited for
marine waters. Where both observed data and effects data were sufficient to conduct adequate
comparisons, 90th percentile values of the observed concentrations were generally well below the
10th percentile values for effects concentrations.
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Table 21. Summary of Hazard Evaluation for PAHs.
90th%ile Observed Conc. >

Surface
Water
Freshwater

Total N
a

FOD
≥5%

Nearshore Marine

11-12

>8%

Offshore Marine

e

<4%

10th %ile Effects Conc.
or
Acute WQC
or
Chronic WQC
b

c

No /INS
d

U

INS
b

Level of
Concern
Priority 2/U

f

No /INS
90 %ile Observed Conc. >

Priority 2/U

th

Sediment

Freshwater
Nearshore Marine
Offshore Marine

Tissue Residue
Effects

SQS
h
Yes/No
No
No
90th%ile Observed Conc. >

Total N
g
i
j

FOD
>25%
≥44%
>34%

Total N

10th %ile Effects Conc.
FOD
Not Analyzed
Daily Dose >

Total N

Wildlife

FOD

10% of Lowest Effects Dose

Level of
Concern
Priority 1/2
Priority 2
Priority 2
Level of
Concern

Level of
Concern

Not Analyzed
90th%ile Observed Conc. >
Human Health

Freshwater
Nearshore Marine
Offshore Marine

Total N
k
n
p

FOD
l
>21%
>20%
>2%

NTR Criterion
m
Yes/No
o
Yes/No
b
f
No /INS

Yellow highlight indicates Priority 1 Level of Concern
FOD=Frequency of detection
a
N range is 1,447 – 1,577 and varies for Individual PAH or PAH group
b
No for several individual PAHs
c
INS =Insufficient effects data available for comparison to observed data for several individual PAHs
U=Unknown level of concern due to lack of sufficient data for adequate comparison
d
INS =Insufficient observed data available for comparison to effects data
e
N range is 12 – 84 and varies for individual PAH or PAH group
f
INS =Insufficient observed data available for comparison to effects data for several individual PAHs
g
N range is 284 – 1,182 and varies for individual PAHs or PAH group
h
No for benzo(a)anthracene; Yes for all other individual PAHs or PAH groups
i
N range is 196 – 1,051 and varies for individual PAHs or PAH group
j
N range is 217 – 906 and varies for individual PAHs or PAH group
k
N range is 17 – 102 and varies for organism type, tissue type, and for individual PAHs
l
FOD=0% for fish tissue
m
Yes for 5 of 9 individual PAHs
n
N range is 50 – 117 and varies for organism type, tissue type, and for individual PAHs
o
Yes for 4 of 9 individual PAHs
p
N range is 14 – 74 and varies for organism type, tissue type, and for individual PAHs
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Level of
Concern
Priority 1/2
Priority 1/2
Priority 2/U

In freshwater sediments, for all individual PAHs (except benzo(a)anthracene), LPAH, and
HPAH, the 90th percentile values of observed concentrations are above the floating percentile
SQS. In many cases, more than 25% of the values exceed this threshold.
In marine sediments, none of the 90th percentiles of observed concentrations exceed the SQS.
Median concentrations of LPAH in marine sediments are much closer to the lowest guideline,
and the 75th percentile concentrations exceed this level (Canadian TEL). Sediments located in
the nearshore environment had slightly higher LPAH concentrations than those located offshore.
The 95th percentiles of nearshore LPAH concentrations exceed all of the guidelines. However,
on an organic carbon-normalized basis, at least 95% of the nearshore and offshore concentrations
are below the lowest guideline. HPAH concentrations in marine sediments mirror the patterns
(relative to guidelines) of LPAHs, except median HPAH concentrations in both nearshore and
offshore sediments exceed the lowest guideline.
Human health concerns were evaluated for nine of the 16 individual PAHs, but not for LPAH or
HPAH since there are no NTR criteria for PAHs as groups. Several individual PAHs pose a
Priority 1 level of concern for human health based on comparisons to the NTR criteria. For
the nine PAHs evaluated for human health, benzo(a)pyrene, benzofluoranthenes (b and k),
dibenzo(a,h)anthracene, and indeno(1,2,3-cd)pyrene exceed the NTR for at least one organism
type in either freshwater or marine waters.
Regionally Important Biological-Effects Data
Multiple investigations have identified biomarkers of exposures to PAHs in various Puget Sound
fishes. Bile and stomach content of outmigrant juvenile Chinook salmon were found to contain
various PAHs (Johnson et al., 2007), demonstrating that diet pathways are important for PAH
exposures. The authors suggest that the levels of exposure may result in immunosuppression
and other health effects. These results expanded and confirmed previously documented PAH
exposures (Stein et al., 1992; Stein et al., 1995). A dietary feeding study on juvenile Chinook
documented growth and physiological responses from dietary exposures to PAHs at
concentrations that were environmentally realistic in the Puget Sound (Meador et al., 2006).
Biomarkers of PAH exposures were confirmed in Puget Sound English sole, rock sole, and starry
flounder collected from up to five sites in Puget Sound (Stein et al., 1992). Stein et al. (1992)
found the biomarkers of exposure were related to the degree of sediment contamination.
Further field study by Johnson (2000) resulted in recommended various threshold sediment
concentrations of PAHs to protect English sole against liver lesions, DNA adducts in liver, and
other effects. The causal relationship between elevated sediment PAH concentrations and
English sole liver effects was confirmed by Myers et al. (2003). In a study of English sole from
the Hylebos Waterway and Colvos Passage, Sol et al. (2008) found no correlation between PAH
exposure and age and little correlation between reproductive end points and PAH exposure.
However, Pacific herring embryos were found to be affected by tricyclic PAHs in weathered
crude oil (Incardona et al., 2009; Carls et al., 1999).
Several laboratory studies have documented that developmental defects in fish are associated
with exposures to PAHs released by weathered crude oil, notably the tricyclic-PAHs
(Incardona et al., 2005; Incardona et al., 2006; Carls et al., 2008). Carls and Meador (2009)
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developed a description of the oil weathering, PAH toxicity, and embryo exposures to explain
the observed toxicity from PAHs in weathered oil at relatively low levels. Driscoll et al. (2010)
developed a framework for describing PAH exposure as a dose to fishes in order to understand
the mechanisms of exposure and toxicity.

Bis(2-ethylhexyl) phthalate
Phthalates are 87% of the 10.4 billion pounds per year world market for plasticizers, with
bis(2-ethylhexyl) phthalate (a.k.a. di(2-ethylhexyl) phthalate [DEHP]) as the most common
plasticizer for polyvinylchloride (PVC), constituting more than 50% of the phthalates produced
(SPWG, 2007; ECB, 2008). Approximately 90-95% and possibly as much as 97% of DEHP is
used to plasticize PVC products, which may contain up to 60% DEHP, although 30% may be
more typical (ECB, 2008). Roughly 200-300 million pounds of DEHP are produced in the
U.S. each year, with unknown amounts contained in imported products. According to ATSDR
(2002), relatively little is imported (4 million pounds in 1998) or exported (14-27 million pounds
per year in 1994-1998).
Phthalates are not covalently bound to PVC polymer chains and migrate out over time
(Rudel and Perovich, 2009). The amount of phthalates that leach out of the PVC into air is quite
variable. Factors that affect the rates of volatilization include the temperature and surface area of
the material; emission rates among phthalates may also be quite variable. At a certain point the
PVC undergoes glassification when it becomes stiff and brittle, and very little phthalate
continues to off-gas. Once emitted, phthalates tend to adhere to dust particles rather than remain
in vapor phase (ATSDR, 2002; SPWG, 2007).
Plasticized PVC products are widely used and include exterior siding and roofing materials,
automobiles, wires/cabling, advertizing banners, flooring, weather stripping, upholstery, garden
hoses, swimming pool liners, footwear, clothing, food containers, tablecloths, shower curtains,
rainwear, and toys. Rigid PVC products, such as pipes and windows, do not contain phthalates
or other plasticizers. In Western Europe, DEHP emissions were estimated at 300 tons per year
from indoor uses and 2,600 tons per year from exterior uses after measuring emissions to the air
from PVC products (ATSDR, 2002). The population of Western Europe is about 400 million
people, compared to about six million people in Washington State.
Non-plasticizer (non-polymer) uses of DEHP are a small percentage (<10%) of overall use.
These uses include PCB replacement (dielectric fluids for electric capacitors), de-foaming agents
in paper manufacturing and detergents, as well as chemical intermediates for insect repellent,
cosmetics, lacquers, munitions, ceramics, printing inks, adhesives, sealants, and industrial
lubricants.
Once in the environment, DEHP biodegrades in water but may accumulate in aquatic organisms
to some degree (PTI, 1991). It has relatively low solubility and may resist degradation once
bound to soil particles. In the aquatic environment, DEHP is nearly always detectable at
concentrations >0.01 ug/l in freshwater and marine waters, and >0.01 mg/kg (dw) in sediment
(PTI, 1991; Appendices D-3 and D-4).
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Major Releases from Primary Sources
The inventory of phthalate sources in the Puget Sound basin suggests that total phthalate release
is approximately 34,000 kg/yr for the six phthalates assessed (Ecology, 2011). Emissions from
plasticized PVC products are the primary source of phthalates (SPWG, 2007), with DEHP as the
dominant phthalate used as a plasticizer. In addition to releases from polymer use, DEHP
releases occur through non-polymer uses, for a total annual release estimated to be 17,000 kg/yr
(Figure 40).
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Figure 40. Total DEHP Release in the Puget Sound Basin (values shown are thousands kg/yr).
DEHP release from polymer use accounts for approximately 40% of the total annual release,
with large contributions from car undercoating (3,300 kg/yr), coil coated roofing (1,400 kg/yr),
and coated fabric (1,200 kg/yr). Indoor polymer use accounts for approximately 5% of the loss
through polymers.
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Releases of DEHP from non-polymer uses include loss from lacquers, paints, sealants, adhesives,
and printing inks. Combined, these account for approximately 15 - 20% of DEHP release in the
Puget Sound basin. The remaining 40% (6,600 kg/yr) of DEHP releases are through industrial,
commercial, and institutional point-source air emissions.
Total phthalate releases from personal care products combined are approximately 11,000 kg/yr
including releases from fragrances, deodorant, nail polish, hair spray, and body lotion.
According to testing data from U.S. and Swedish non-governmental organizations, diethyl
phthalate (DEP) is the primary phthalate used in cosmetics and personal care products, with
some products also containing di-n-butyl phthalate (DBP). However, there appears to be little if
any use of DEHP in these products (DiGangi and Norin, 2002; Houlihan et al., 2002; EPA,
2009).

Major Delivery Pathways and Loading
Data on major delivery pathways for DEHP loading were obtained from PSTLA loading studies
and are included in Table 22. No effort was made to assess DEHP loads from direct atmospheric
deposition of DEHP to Puget Sound during Phase 3 (Brandenberger et al., 2010). As mentioned
previously, loadings through direct groundwater discharge was estimated from literature values,
whereas loadings through other pathways were estimated from field studies specifically designed
to estimate loads.
Table 22. DEHP Loads (kg/yr) to Puget Sound from Major Pathways.
Groundwater (a)
Air Deposition
Surface Runoff (b)
POTWs
Ocean Exchange

25th %ile
14
NA
1,746
216
NC

Median
227
NA
1,777
439
NC

75th %ile
440
NA
1,863
904
NC

(a) Lowest, highest, and mid-point of estimated loads
(b) Detected in residential areas only during baseflows
NA=not analyzed
NC=not calculated due to insufficient data

The estimated range of groundwater DEHP loads is large (14 – 440 kg/yr). The range in
estimates is due primarily to differences in flows used to establish the possible range of loads;
groundwater discharges used in the groundwater loading study ranged by an order of magnitude.
DEHP load estimates in groundwater should be used with caution since they are based primarily
on non-detect data and numerous assumptions, including unconfirmed assumptions about DEHP
mobility in groundwater.
DEHP loads discharged from POTWs are approximately 220 – 900 kg/yr. Although field blank
contamination and higher-than-desired laboratory quantitation limits for some samples resulted
in uncertainty regarding some of the results, it appears that detection frequencies and
concentrations between seasons (wet and dry) were not substantially different. However,
seasonal first-flush concentrations were evident in agricultural sub-basins.
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Surface water runoff loads for DEHP are estimated to be approximately 1,750 – 1,860 kg/yr for
the entire Puget Sound basin based on the surface runoff study. DEHP was rarely detected
during baseflows (3% frequency of detection) but was detected at a moderate frequency (30%)
during storm flows, mostly in commercial/industrial areas. Although overall concentrations
were slightly higher in commercial/industrial areas, loads generally mirror the amount of land
cover represented by each land cover category; forested areas account for approximately 84% of
the total DEHP load in surface runoff load to Puget Sound.
Loads of DEHP in marine waters were not calculated due to the low frequency of detection.
DEHP was detected in only three samples – two in Hood Canal and one in the northern boundary
waters – at low levels (≤0.06 ug/l).
The net sum of DEHP loads to Puget Sound through the pathways assessed may be calculated by
summing the loads for a specified percentile value for each of the pathways. The net sum for the
25th, median (50th), and 75th percentile values is 2,000, 2,400, and 3,200 kg/yr, respectively.
Under all of these estimates, there is a net DEHP load to Puget Sound.
DEHP loadings from pathways that may represent partially controllable sources of COCs
(i.e. all of the major pathways except ocean exchange) are shown as ranges (25th -75th
percentiles) and medians for each pathway in Figures 41. Each pathway represented as a
contribution to the total load is displayed in Figures 42.
Total DEHP loading from the major pathways assessed is 2,000 – 2,800 kg/yr. Surface runoff
accounts for the largest pathway (58 – 88%), followed by POTWs (11 – 28%) and groundwater
(1 – 14%).
2000
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Total DEHP (kg/yr)
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400
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0
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Analyzed)

Groundwater

Figure 41. Range (25th - 75th percentiles) and Median DEHP Loads to Puget Sound from Each
Major Delivery Pathway.
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Figure 42. Total DEHP Loads to Puget Sound as the Sum of Major Delivery Pathways.

Relationship Between Sources and Pathways/Loading
The conceptual model of DEHP transport and fate following release is limited due to the low
frequency of detection in surface runoff and the lack of data on DEHP in atmospheric deposition.
DEHP depositions to Puget Sound of 310 to 16,000 kg/yr were estimated during the Phase 1
project, but these data were based largely on very limited sampling in an urban area (Hart
Crowser et al., 2007) and may not have been representative for the Puget Sound basin. Data on
atmospherically deposited DEHP loads would have proven particularly useful since the primary
sources of DEHP suggest that volatilization is the principal release mechanism, followed by
attachment to dust particles. In this respect, DEHP may be similar to PBDEs in their transport
and fate in the environment. If DEHP follows a similar mode of fate and transport to that of
PBDEs, the air deposition and POTW pathways would be expected to deliver loads of the same
relative magnitude as those for surface runoff.
A portion of the DEHP emitted from both polymer and non-polymer sources is likely to occur
indoors, and some fraction of these releases is presumably delivered to the sanitary sewer
system. Estimates of DEHP delivered to POTWs through washing machine rinse water were
conducted by the Washington Toxics Coalition and People for Puget Sound during 2009
(WTC/PPS, 2009). They estimated that roughly 960 kg/yr DEHP are delivered to Puget Sound
POTWs each year due to dust-bound DEHP which becomes attached to clothing and is
subsequently rinsed down the drain during the washing process.
As pointed out by the authors of the POTW loading report (Ecology and Herrera, 2010), it is
difficult to draw conclusions regarding seasonal differences in COC loads from POTWs.
However, it appears that POTWs discharge fairly constant DEHP loads between seasons,
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suggesting the presence of a steady source of DEHP. This appears to be consistent with the
indoor emissions of this compound, followed by attachment to dust particles and delivery to
POTWs through sanitary drains. The inventory of sources suggests that approximately 500 kg/yr
DEHP is released indoors through loss from polymers, although some of the DEHP release from
non-polymer use (3,000 kg/yr) may also occur indoors. While neither the WTC/PPS report nor
the present loading studies provide enough information to calculate a mass-balance of DEHP
delivered to, and discharged from, POTWs, the information suggests that the amount delivered to
POTWs is likely on the order of thousands of kg per year.
Some of the DEHP delivered to POTWs is likely to be from stormwater, but the contribution
from this pathway may be comparatively small. Surface runoff DEHP loads in areas where
stormwater is potentially diverted to POTWs (i.e. commercial/industrial and residential areas)
are calculated to be approximately 120 – 230 kg/yr during storm events (Herrera, 2011).
Therefore, the DEHP load in stormwater diverted to POTWs is presumed to be only a fraction of
that amount.

Hazard Evaluation
The hazard evaluation indicates that DEHP is a Priority 1 level of concern for sediments and for
human health (Table 23). Hazard due to tissue residue effects and effects to wildlife were not
evaluated.
In fresh, nearshore marine, and offshore marine surface waters, the 90th percentile of DEHP
concentrations (approx. 4 ug/l, 2 ug/l, and 3 ug/l, respectively) is two orders of magnitude below
the lowest 10% of effects for freshwater, and perhaps even a greater magnitude below 10% of
the effects data for marine waters, although the latter is difficult to assess due to a paucity of
effects data. No water quality criteria are available for comparison.
More than 25% of the DEHP concentrations in freshwater exceed the floating percentile SQS as
well as the CSL, and the median concentration (approx. 120 ug/kg dw) approaches the SQS. In
marine sediments, the 90th percentiles of the nearshore and marine sediments (approx. 10,000
ug/kg organic carbon and 5,000 ug/kg organic carbon, respectively) exceed the SQS, and the
90th percentile of nearshore DEHP concentrations exceed the CSL as well.
DEHP is rarely detected in freshwater or marine fish tissue, but it is detected more frequently in
bivalves and (in the case of freshwater) other invertebrates as well. The 90th percentile of DEHP
concentrations in freshwater bivalves (approx. 240 ug/kg) is slightly above the NTR criterion.
The nearshore marine fish tissue concentration exceeds the NTR criterion as well (at the 90th
percentile level), but this is based on few data (n=8 detected concentrations). The 95th percentile
concentrations in other freshwater invertebrate tissues approach the NTR criterion, and the
median values for freshwater bivalves, other freshwater invertebrates, and marine nearshore
bivalves all exceed the criterion adjusted to the EPA-recommended subsistence rate (142.4 g/d).
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Table 23. Summary of Hazard Evaluation for DEHP.
90th%ile Observed Conc. >

Total N

FOD

10th %ile Effects Conc.
or
Acute WQC
or
Chronic WQC

Freshwater

1,484

84%

No

Priority 2

Nearshore Marine

12

92%

INS

U

Offshore Marine

84

54%

INS

U

Surface
Water

Level of
Concern

th

90 %ile Observed Conc. >

Sediment

Total N

FOD

SQS

Level of
Concern

Freshwater

548

87%

Yes

Priority 1

Nearshore Marine

513

74%

Yes

Priority 1

Offshore Marine

474

67%

Yes

Priority 1

th

90 %ile Observed Conc. >
Tissue Residue
Effects

Total N

10th %ile Effects Conc.
FOD
Not Analyzed
Daily Dose >

Total N

Wildlife

FOD

10% of Lowest Effects Dose

Level of
Concern

Level of
Concern

Not Analyzed
90th%ile Observed Conc. >

Human Health

>57%

NTR Criterion
yes

Level of
Concern
Priority 1

c

>9%

yes

Priority 1

d

>24%

INS

U

Freshwater

Total N
a

Nearshore Marine
Offshore Marine

FOD
b

b

Yellow highlight indicates Priority 1 Level of Concern
FOD=Frequency of detection
INS=Insufficient observed data available for comparison to effects data
a
N range is 9 – 99 and varies for organism type and tissue type
b
FOD=0% for fish tissue
c
N range is 42 – 79 and varies for organism type and tissue type
d
N range is 16 – 33 and varies for organism type and tissue type

Triclopyr
Triclopyr [((3,5,6-trichloro-2-pyridinyl)oxy)acetic acid)] is a broad-leaf herbicide used primarily
for rice, pasture and rangeland, rights-of-way, and turf, including home lawns and gardens
(EPA, 1998). It also has limited use to control nuisance vegetation in freshwater lakes and is
permitted under Ecology’s Aquatic Pesticide General Permit. Triclopyr is applied as the
triethylamine (TEA) salt and butoxyethyl ester (BEE) formulations and is sold under the product
names Garlon® and Crossbow® for terrestrial use and Renovate® for aquatic use.
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Following release in the environment, triclopyr formulations are dissociated to the triclopyr
anion which is readily soluble in water. Half-lives of triclopyr formulations following terrestrial
applications are generally 10 days or less. In terrestrial soils, triclopyr undergoes microbial
degradation with a half-life generally less than 20 days. Once in the aquatic environment,
photolysis is the major degradation mechanism and occurs rapidly, generally with a half-life of
several days or less (EPA, 1998). Although triclopyr half-lives tested under laboratory
conditions suggest little persistence, environmental studies conducted following applications
indicate that actual half-lives may be substantially greater, perhaps on the order of 100 days or
more. Due its solubility, absorption to soil particles is not a major fate process, and triclopyr
does not bioaccumulate in aquatic organisms.

Major Releases from Primary Sources
Total triclopyr release from the seven application categories assessed totaled approximately
150,000 kg/yr (Figure 43). Agricultural uses of triclopyr accounted for 76 – 94% of the total
release, with golf course use accounting for 5 – 22%. The remaining triclopyr use was primarily
for right-of-way maintenance (0.7%), aquatic weed control (0.5%), and domestic use (0.3%).
The small amounts calculated for domestic and forestry use likely underestimate actual usage
rates.
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a

Sum of best estimates. Best estimates are either mid-point, median, mean, or most reasonable estimate for each source.
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Figure 43. Total Triclopyr Release in the Puget Sound Basin (values shown are thousands kg/yr).
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Major Delivery Pathways and Loading
Data on major delivery pathways for triclopyr loading were obtained from PSTLA loading
studies and are included in Table 24. No effort was made to assess triclopyr loads from direct
atmospheric deposition or exchange of ocean waters. Due to the low frequency of detection in
POTW effluent, loads were not calculated (Ecology and Herrera, 2010). No triclopyr data were
found for groundwater, and therefore no attempt was made to calculate loading from direct
groundwater discharge to Puget Sound (Pitz, 2011).
Table 24. Triclopyr Loads (kg/yr) to Puget Sound from Major Pathways.
Groundwater
Air Deposition
Surface Runoff (a)
POTWs
Ocean Exchange

25th %ile
NA
NA
641
NC
NA

Median
NA
NA
652
NC
NA

75th %ile
NA
NA
686
NC
NA

(a) Detected in commercial/industrial and agricultural areas only during baseflows
NA=not analyzed
NC=not calculated due to insufficient data

Surface runoff loads for triclopyr are estimated to be approximately 641 – 686 kg/yr for the
entire Puget Sound basin based on the surface runoff study. Triclopyr was detected more
frequently during storm flows than during baseflows, with the highest rate of detection during
the fall first flush (63%). Overall detection rates were highest in commercial/industrial areas
(47%), followed by residential areas (41%), agricultural areas (31%), and forests (16%).
Detected concentrations varied little across different land covers, with typical levels in surface
water of 0.03 ug/l. Although triclopyr was detected only in commercial/industrial and
agricultural areas during baseflows, overall loads generally mirrored the amount of land cover
represented by each land cover category. As a result, forested areas account for approximately
90% of the total surface runoff load to Puget Sound.

Hazard Evaluation
Triclopyr hazards were difficult to evaluate due to the lack of observed environmental data for
all media except fresh surface waters (Table 25). Over 1,600 measurements of triclopyr are
available for fresh surface waters, with a detection frequency of 33%. The 90th percentile of
these detected triclopyr values is approximately 0.1 ug/l, three orders of magnitude lower than
the 10th percentile of the effects data.
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Table 25. Summary of Hazard Evaluation for Triclopyr.
90th%ile Observed Conc. >

Total N

FOD

10th %ile Effects Conc.
or
Acute WQC
or
Chronic WQC

Freshwater

1,632

33%

No

Priority 2

Nearshore Marine

0

--

INS

U

Offshore Marine

0

--

INS

U

Surface
Water

Level of
Concern

th

90 %ile Observed Conc. >
Total N

FOD

SQS

Level of
Concern

Freshwater

0

--

INS

U

Nearshore Marine

0

--

INS

U

Offshore Marine

0

--

INS

U

Sediment

th

90 %ile Observed Conc. >
Tissue Residue
Effects

Total N

FOD

10th %ile Effects Conc.
Not Analyzed
Daily Dose >

Wildlife

Total N

FOD

10% of Lowest Effects Dose
Not Analyzed
90th%ile Observed Conc. >

Human Health

Total N

NTR Criterion

FOD

Level of
Concern

Level of
Concern

Level of
Concern

Not Analyzed
FOD=Frequency of detection
INS=Insufficient effects or observed data available for evaluation

Nonylphenol
Nonylphenol is a commonly detected organic chemical of particular interest due to its potential
to disrupt endocrine function in aquatic organisms. While there are limited uses for the direct
use of nonylphenol, it has a broad range of applications as a precursor for nonionic surfactants,
particularly alkylphenol ethoxylates which are used in domestic and industrial cleaning products
and emulsifiers. These include uses as domestic and commercial laundry detergents, pulp and
paper processing, and as deicers and in firefighting foams and gels. Annual production in the
U.S. is on the order of 200 to 300 millions of pounds per year (EPA, 2005).
The breakdown of alkylphenol ethoxylates to nonylphenol occurs largely during the sewage
treatment process, although the breakdown process does not require active sewage sludges for
this to occur (EPA, 2005). Nonylphenol is more resistant to further degradation than its parent
compounds. It has low solubility in water and partitions to sediments where its resistance to
degradation is generally increased. Based on log Kow values, nonylphenol’s capacity for
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bioaccumulation is considered moderate, but it is generally found at low concentrations in fish
tissue, possibly suggesting fish have some ability to metabolize nonylphenol (EPA, 2005).

Major Releases from Primary Sources
Total nonylphenol release in the Puget Sound basin totals approximately 180 kg/yr. All of the
inventoried nonylphenol releases were from point-source air emissions. No effort was made to
calculate nonylphenol releases from diffuse sources. Nonylphenol is not a required reporting
requirement under the TRI, and therefore no industrial or institutional nonylphenol releases were
catalogued (Ecology, 2011).

Major Delivery Pathways and Loading
Major delivery pathways for nonylphenol loading are included in Table 26. No effort was made
to assess nonylphenol loads from direct atmospheric deposition. Due to the low frequencies of
detection, nonylphenol was not detected in POTW effluent or in exchange of ocean waters
(Ecology and Herrera, 2010; Gries and Osterberg, 2011). No nonylphenol data were found for
groundwater, and therefore no attempt was made to calculate loading from direct groundwater
discharge to Puget Sound (Pitz, 2011).
Table 26. Nonylphenol Loads (kg/yr) to Puget Sound from Major Pathways.
Groundwater
Air Deposition
Surface Runoff (a)
POTWs
Ocean Exchange

25th %ile
NA
NA
23
NC
NC

Median
NA
NA
23
NC
NC

75th %ile
NA
NA
24
NC
NC

(a) Surface runoff loads based on storm flows only; not detected in any land covers during baseflows and in
commercial/industrial areas only during storm flows
NA=not analyzed
NC=not calculated due to insufficient data

Surface water runoff loads for nonylphenol are estimated to be approximately 23 – 24 kg/yr for
the entire Puget Sound basin based on the surface runoff study. There was a single detection of
nonylphenol among the 126 samples analyzed in surface runoff, and therefore no patterns related
to land cover types or hydrological conditions could be established.

Hazard Evaluation
Nonylphenol hazards were difficult to evaluate due to the lack of observed environmental data in
some media and a lack of effects data for other media (Table 27). For fresh surface waters,
however, there are ample observed data as well as effects data. The 90th percentile of observed
concentrations of 4-nonylphenol (approx. 4 ug/l) is slightly below the chronic water quality
criterion and several times lower than the 10th percentile of effects data; the 95th percentile of
observed values exceeds the chronic criterion.
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Table 27. Summary of Hazard Evaluation for 4-Nonylphenol.
90th%ile Observed Conc. >

Surface
Water
Freshwater

Total N

FOD

10th %ile Effects Conc.
or
Acute WQC
or
Chronic WQC

539

26%

No

Nearshore Marine

11

27%

Offshore Marine

84

17%

a

Level of
Concern
Priority 2

INS

U

No

Priority 2

th

90 %ile Observed Conc. >

Sediment

Tissue Residue
Effects

Freshwater

Total N

FOD

SQS

251

12%

INS

b

U

b

U

b

U

Nearshore Marine

67

15%

INS

Offshore Marine

91

29%

INS
th
90 %ile Observed Conc. >

Total N

FOD

10th %ile Effects Conc.
Not Analyzed
Daily Dose >

Wildlife

Total N

FOD

10% of Lowest Effects Dose
Not Analyzed
90th%ile Observed Conc. >

Human Health

Total N

NTR Criterion

FOD

Level of
Concern

Level of
Concern

Level of
Concern

Level of
Concern

Not Analyzed
FOD=Frequency of detection
a
INS =Insufficient observed data available for comparison to effects data
U=Unknown level of concern due to lack of sufficient data for adequate comparison
b
INS =Insufficient effects data available for comparison to observed data

In marine surface waters, there are few observed data of 4-nonylphenol for the nearshore (n= 11)
dataset. For the offshore marine waters, there are sufficient data (n=84) for comparisons to
effects and criteria. Concentrations for all marine water data are well below the water quality
criteria and at least 95% of the effects data.
Of the guidelines used to assess hazards in sediments, the Canadian TEL was the only guideline
with numerical values for nonylphenol; no SQS was available for freshwater or marine
sediments. In freshwater sediments at least 5% of the values exceeded the TEL and over 10%
of the values exceeded the TEL in marine sediments. However, the TEL was above the
95th percentile values in offshore sediments.
There are no data to assess residue effects levels in aquatic organisms, or to evaluate
nonylphenol hazards to wildlife or humans. This likely reflects nonylphenol’s low to moderate
accumulation potential in fish and macroinvertebrates.
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Oil & Grease and Petroleum Hydrocarbons
Unlike other COCs, oil & grease does not refer to one or more specific chemicals, but instead
refers to a group of chemicals with loosely related chemical and physical properties. These
chemicals include non-volatile hydrocarbons, vegetable oils, animal fats, waxes, soaps, greases,
and related materials. The working definition of oil & grease is based on the analytical method
to determine the concentration in water or soil. More specifically, oil & grease is the fraction of
a sample that is extractable by n-hexane, and is sometimes referred to as hexane extractable
material (HEM).
Like oil & grease, petroleum is not a specific compound, but may instead contain hundreds of
chemicals, with crude oil as the ultimate source. Petroleum hydrocarbons – sometimes referred
to as total petroleum hydrocarbons (TPH) – may further be divided into fractions based on the
number of carbons of the major constituents. Gasoline range organics (GRO) refers to the
methanol extractable fraction of organic chemicals with six to ten carbons, and generally
includes a variety of gasoline alkanes, naphtha, mineral spirits, stoddard solvent, and other
volatile petroleum products. Diesel range organics (DRO) are the fraction extracted with
methylene chloride and have 11 – 28 carbons, and covers semi-volatile petroleum products
(jet fuels through heavy fuel oils). Lube oils are typically characterized by molecules containing
29 – 35 carbons.

Major Releases from Primary Sources
The report on COC sources in the Puget Sound basin (Ecology, 2011) estimated releases of
petroleum from various sources. Oil & grease releases were not estimated. Petroleum releases
in the Puget Sound basin were inventoried by estimating releases from four major categories:
petroleum spills ≥ one gallon, motor oil drips and leaks, minor gasoline spills, and improper
disposal of used motor oil. The total quantity of petroleum released annually in the Puget Sound
basin was estimated to be 9,200 metric tons (t)/yr (Figure 44). Other possible sources of
petroleum including aviation fuel leaks and uncombusted oil and fuel discharged from marine
engines were not estimated.
Petroleum spills ≥ one gallon were estimated to account for releases of 230 t/yr, with
approximately one-half of the releases occurring in freshwaters, much of which occurs in the
Lake Washington-Lake Union-Ship Canal system. Of the remaining spills, most of the volume
was released to soils, followed by unknown receiving media and marine waters. Approximately
one-quarter of the spill quantity was diesel fuel, followed by gasoline (approx. 10%) and jet fuel
(approx. 3%), although these estimates vary depending on the source of information (see
Ecology, 2011).
Although large spills may garner a host of attention, it appears that small motor oil and gasoline
spills, drips, and minor leaks are responsible for approximately 87% of the total petroleum
released annually in the Puget Sound basin. Improper disposal of used motor oil accounts for an
additional 11% of petroleum releases inventoried.
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Figure 44. Total Petroleum Release in the Puget Sound Basin (values shown are t/yr).
Approximately 6,100 t/yr of motor oil is estimated to drip and leak from vehicle crankcases
during the 58 billion kilometers travelled each year on roads in the region. Another 960 t/yr of
motor oil is disposed of improperly following oil changes.
Minor gasoline spills that occur during fueling of vehicles and other motorized equipment, as
well as spills that occur during the transport of portable fuel containers, lead to an estimated
annual gasoline release of approximately 1,900 t, including 570 t released annually during
on-road vehicle fueling at the pump. This estimate only includes liquid spillage; gasoline
released through volatilization of fuel and vapor displacement during fueling was not included in
this estimate.

Major Delivery Pathways and Loading
Data on major delivery pathways for oil & grease and petroleum loading were obtained from
PSTLA loading studies and are included in Table 28. No effort was made to assess oil & grease
or petroleum loads from direct atmospheric deposition, exchange of ocean waters, or POTWs.
As mentioned previously, loading through direct groundwater discharge was estimated from
literature values, whereas loadings through other pathways were estimated from field studies
specifically designed to estimate loads.
Surface runoff was the only major loading pathway where oil & grease was analyzed. Loads
were estimated to be approximately 8,500 – 10,600 t/yr for the entire Puget Sound basin based
on the surface runoff study. Due to the low frequency of detection (<50%) in all land uses under
both base and storm flow conditions, comparisons among land covers and flow conditions are
not meaningful. However, seasonal first-flush elevations in oil & grease concentrations were
evident for all but the forest land covers. Absolute loads calculated from surface runoff were a
reflection of land cover proportions and flows, with forest lands making up the bulk of the load.
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Table 28. Oil & Grease and Petroleum Loads (t/yr) to Puget Sound from Major Pathways.
25th %ile

Median

75th %ile

Groundwater
Air Deposition
Surface Runoff
POTWs
Ocean Exchange

NA
NA
8,469
NA
NA

Oil & Grease
NA
NA
8,469
NA
NA

NA
NA
10,598
NA
NA

Groundwater (a)
Air Deposition
Surface Runoff (b)
POTWs
Ocean Exchange

6.03
NA
320
NA
NA

Lube Oil
34.2
NA
345
NA
NA

62.4
NA
360
NA
NA

Groundwater (a)
Air Deposition
Surface Runoff
POTWs
Ocean Exchange

1.84
NA
ND
NA
NA

Diesel Range
18.0
NA
ND
NA
NA

34.2
NA
ND
NA
NA

Groundwater (a)
Air Deposition
Surface Runoff
POTWs
Ocean Exchange

2.85
NA
ND
NA
NA

Gasoline Range
23.8
NA
ND
NA
NA

44.7
NA
ND
NA
NA

(a) Lowest, highest, and mid-point of estimated loads
(b) Detected in agricultural areas only during baseflows
NA=not analyzed
ND=not detected

Lube oil loads were estimated for the groundwater pathway (6-62 t/yr) and for the surface runoff
pathway (320 – 360 t/yr). The range of estimates for groundwater was due to differences in
flows used to establish the possible range of loads; groundwater discharges used in the
groundwater loading study ranged by an order of magnitude.
For surface water runoff, lube oil was detected at the highest concentrations and frequencies
(75%) in commercial/industrial sub-basins during storm events. Lube oil was also detected in
other land covers during storms – residential and agricultural areas displayed seasonal firstflushes – yet overall detection frequencies were low (<50%) in all but commercial/industrial land
covers. Detections of lube oil were even more infrequent during baseflow sampling, where only
agricultural streams had measurable lube oil.
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Diesel and gasoline loads were estimated for groundwater (1.8 – 34 t/yr and 2.8 – 45 t/yr,
respectively), but neither of these petroleum fractions were detected in surface water. The range
of estimates for the groundwater loads was primarily due to differences in flows used to establish
the possible range of loads.
The net sum of total oil & grease and petroleum loads to Puget Sound through the pathways
assessed may be calculated by summing the loads for a specified percentile value for each of the
pathways. The net sums for the following parameters at the respective 25th, median (50th), and
75th percentile values are: Oil and grease - 8,500, 8,500, and 10,600 t/yr; diesel – 1.8, 18, and
34 t/yr; and gasoline 2.8, 24, and 45 t/yr.
Loads for lube oil, the only form of petroleum with loading estimates available for more than one
pathway, are shown in Figure 45. Total lube oil loads at the respective 25th, median (50th), and
75th percentile values are 330, 380, and 420 t/yr. Surface runoff accounts for 85 – 98% of the
lube oil loads with the remaining 2 – 15% contributed by groundwater (Figure 46).

400
350

Lube Oil (t/yr)

300
250
200
150
100
50
0
POTWs (not analyzed)

Surface Runoff

Air Deposition (Not
Analyzed)

Groundwater

Figure 45. Range (25th - 75th percentiles) and Median Petroleum Lubricating Oil Loads to Puget
Sound from Each Major Delivery Pathway.
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Air Deposition
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0
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Figure 46. Petroleum Lubricating Oil Loads to Puget Sound from Each Major Delivery Pathway.

Relationship Between Sources and Pathways/Loading
The transport of oil & grease and petroleum hydrocarbons is not likely to be complex compared
to many of the COCs addressed in this report. However, the lack of data in a variety of
pathways, particularly the presumed major pathway (surface runoff), leaves little information
on which to develop a conceptual model based on the data specific to this project.
Based on the source inventory, it appears that thousands of metric tons (t) of petroleum are
released in the watershed each year. Most of the petroleum release is in the form of motor oil
from engine drips and leaks (6,100 t/yr) and therefore likely to be directly to pavement. Since
motor oil is only slowly degraded and is non-volatile, most would be expected to remain on the
pavement until entrained by stormwater. Once entrained in stormwater, the oil may be
transported directly or indirectly to surface waters, to POTWs, or become sequestered in
reservoirs such as soil, detection ponds, and roadside ditches. Once bound to soil, lube oil may
not be further transported unless the soil is dislodged.
Overall, it appears that approximately 6% of the motor oil released annually in the Puget Sound
basin is transported to Puget Sound in surface water runoff. Diesel released on land from large
spills (approximately 20 t/yr) or gasoline released during small fueling and transport spills
(1,900 t/yr) was not reflected in measurable surface runoff loads. While it is possible that
surface runoff estimates grossly underestimate petroleum loads due to analytical or sampling
design errors, petroleum indicator PAHs (e.g. fluoranthene, naphthalene, pyrene) were also rare
in surface runoff samples (Herrera, 2011), suggesting limited contribution from petroleum as a
source.
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Of the POTWs sources inventoried, only improper disposal of used oil (960 t/yr) is likely to be
released in a constrained pathway. Petroleum was not assessed in POTWs, so there are no
estimates available for this pathway. As mentioned previously in the PAH section, some of the
PAHs associated with petroleum were frequently detected in POTW discharge samples,
suggesting a possible petroleum source.

Hazard Evaluation
Toxicological evaluation of petroleum mixtures have historically been conducted in the
aftermath of oil spills and similar events, and as a result, the majority of available petroleum
toxicity data for are for crude oils. However, crude oil toxicity data are generally unsuitable for
the Puget Sound basin hazard evaluation since none of the available observed environmental data
are for crude oils.
A large amount of observed oil and grease data were available although these data are nonspecific and do not describe a specific petroleum product; they encompass waxes, greases and
other fatty acid substances from both animal, vegetable and petroleum origins. Because these
environmental data are non-specific, and potentially toxic components may vary within the same
concentration measured by this method; these data were considered unusable for this assessment.
Both toxicity data and environmental data were only available for four petroleum products in
freshwater; heavy fuel/bunker oil, diesel fuel, gasoline, and lube oil. Toxicity data for these
fours products were almost entirely based on lethal concentrations to 50% of the exposed
population (LC50s). Environmental data for these four products were plotted against the
available toxicity data (Appendix D-3).
Only two petroleum product data results were available for marine waters and these were
insufficient to estimate priority levels. No observed or effects data were available for sediment
evaluation. Hazards due to tissue residue effects, effects to wildlife, and effects to human health
were not evaluated.
For fresh surface waters, the median concentration for gasoline (approx. 2.5 mg/l) is above the
10th percentile of effects data, and the 75th percentile of gasoline concentrations exceeds the
median effects concentration. For lube oil, the 90th percentile of concentrations (approx. 4 mg/l)
exceeds at least 95% of the effects data. For heavy fuel oil and diesel, all of the observed
concentrations were two- to five-fold below effects data. In all cases, however, there were not
sufficient effects data for an adequate evaluation.
Only toxicity results assessing the water soluble fraction (without free product) were used to
assess these data. A more complete evaluation of petroleum would require analysis of parent
and alkyl PAHs as well as issues such as phototoxicity which were beyond the scope of this
assessment. In addition to the specific assessment for petroleum described here, a suite of
individual and high/low molecular weight PAHs were evaluated in both the water and sediment
assessments previously described above.
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There are no sediment guidelines to assess the level of concern posed by petroleum in sediments,
and neither effects data nor observed data are available to evaluate hazards due to residues in
aquatic organisms or to evaluate petroleum hazards to wildlife or humans. Due to the
uncertainties discussed above and the lack of effects data, there is a high level of uncertainty for
the petroleum evaluation.
Table 29. Summary of Hazard Evaluation for Petroleum.
90th%ile Observed Conc. >

Total N

FOD

10th %ile Effects Conc.
or
Acute WQC
or
Chronic WQC

Freshwater

a

>8%

INS

Nearshore Marine

0

--

INS

Surface
Water

Offshore Marine

0

--

Level of
Concern

b

U

c

U

c

U

INS
th

90 %ile Observed Conc. >

Sediment

Freshwater
Nearshore Marine
Offshore Marine

Total N

FOD

SQS

0

--

INS

0
0

--

c

U

c

U

c

U

INS

--

Level of
Concern

INS
90 %ile Observed Conc. >
th

Tissue Residue
Effects

Total N

FOD

10th %ile Effects Conc.
Not Analyzed
Daily Dose >

Total N

Wildlife

FOD

10% of Lowest Effects Dose
Not Analyzed
90th%ile Observed Conc. >

Total N

Human Health

NTR Criterion

FOD
Not Analyzed

a

FOD=Frequency of detection N = 17 for heavy fuel oil, N = 295 for diesel, N = 359 for gasoline,
and N = 894 for lube oil
b
INS =Insufficient effects data available for comparison to observed data
c
INS =Insufficient observed or effects data available for comparison
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Summary of Findings
General Considerations
Projects conducted under Phase 3 of the PSTLA which evaluated sources, loading, pathways,
and relative hazards of selected COCs in the Puget Sound basin were the key sources of data
used for this assessment.
The PSTLA focused on the narrow list of COCs shown below. This list was developed during
Phase I of the project based on the COCs’ presence in Puget Sound and their potential to cause
harm, and to ensure that a broad variety of delivery pathways would be represented. There is a
wide variety of chemicals in the Puget Sound basin which have the potential to cause biological
and ecological harm, yet environmental data are lacking for many of them. Therefore, this
assessment should be viewed as the starting point for development of a much larger toxic
chemical assessment.
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Arsenic
Cadmium
Copper
Lead
Mercury
Zinc
Polychlorinated biphenyls (PCBs)
Polybrominated diphenyl ethers (PBDEs)
Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs)
Dichlorodiphenyltrichloroethane (DDT) and metabolites DDD and DDE
Low molecular weight polycyclic aromatic hydrocarbons (LPAHs)
High molecular weight polycyclic aromatic hydrocarbons (HPAHs)
Carcinogenic polycyclic aromatic hydrocarbons (cPAHs)
Diethylhexyl phthalate (DEHP, a.k.a. bis(2-ethylhexyl) phthalate)
Triclopyr
Nonylphenol
Oil and petroleum hydrocarbons

The geographical area addressed in this Assessment Report includes the Puget Sound, the
U.S. portions of the Straits of Georgia and Juan de Fuca, and the entire U.S. watershed for
Puget Sound and the Straits (Figure 1). This is consistent with all of the land-based PSTLA
loading projects (e.g. Hart Crowser et al., 2007; Envirovision et al., 2008a), except the
groundwater loading analysis which excludes loads from the western Strait of Juan de Fuca.

Summary of COC Releases
A summary of the total estimated release and largest potential source for each COC is shown in
Table 30. A complete list of individual sources is shown in Appendix C.
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Table 30. Summary of Estimated Anthropogenic Releases of COCs in the Puget Sound Basin.
Chemical of
Concern
(Release Rate)
Arsenic
(0.8 t/yr)
Cadmium
(1 t/yr)

Major Sources

Modes of Release

Industrial sources
CCA-treated wood, roofing materials

Releases to air.
Leaching from precipitation.

Roofing materials

Leaching from precipitation.
a

Urban lawn & garden use as pesticides
Copper
(180 – 250 t/yr)

Lead
(520 t/yr)
Mercury
(0.5 t/yr)
Zinc
(1,500 t/yr)

Plumbing components, roof material
Brake pads
Vessel anti-fouling paint
Ammunition and hunting shot use, loss of fishing
sinkers, loss of wheel weights
Roofing materials
Aviation fuel
Thermostats, fluorescent lamps, button cells batteries,
other mercury-containing material
Crematoria, industrial plants
Roofing materials
Vehicle tires
a

Electrical equipment
Residential trash burning

Total PCBs
(2 t/yr)
Total PBDEs
(0.7 t/yr)
PCDD/Fs
(9 grams
TEQ/yr)
Total PAHs
(310 t/yr)
DEHP
(17 t/yr)
Triclopyr
(150 t/yr)
Nonylphenol
b
(0.2 t/yr)
Petroleum
(9,200 t/yr)

Building sealant (caulk)

Direct application to soil.
Leaching from precipitation or
directly to POTWs.
Abrasion leading to fugitive dust emission
or loss directly to roadway.
Leaching directly to marine water.
Release of solid metallic lead.
Leaching from precipitation.
Combustion emissions.
Volatilization and leaching following
disposal.
Combustion and other air emissions.
Leaching from precipitation.
Abrasion leading to fugitive dust emission
or loss directly to roadway.
Spills and leaks.
Combustion emissions.
Volatilization, abrasion to dust
and larger particles.

Furniture, computer monitors, and other components
of residential and commercial indoor environments

Indoor air and dust.

Backyard burn barrels

Combustion emissions.

Woodstoves and fireplaces, light and heavy-duty
vehicles
Creosote-treated piling, railroad ties, and utility poles
Industrial, commercial, and institutional point sources
Car undercoating, roofing

Leaching and washout, volatilization.
Air emissions.
Leaching, volatilization.

Crop and golf course use as herbicides

Direct application to plants or soil.

Industrial, commercial, and institutional facilities

Air emissions.

Combustion emissions.

Vehicle and off-road equipment fueling

Motor oil drips, leaks, and improper
disposal of used oil.
Gasoline (minor) spillage.

NA

NA

Vehicle crankcase oil

DDT
t=metric ton (appr. 2.2 tons)
TEQ= Toxic Equivalents
NA=Not analyzed
a
Estimate is highly uncertain
b
Sources were not fully assessed
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Information on COC releases from primary sources in the Puget Sound basin can be summarized
as follows:
•

Petroleum is estimated to be released in the largest quantity, followed by zinc which is the
only other COC estimated to be released at a rate greater than 1,000 metric tons (t) per year.
Lead, PAHs, and copper are estimated to be released at rates greater than 200 t/yr, triclopyr is
released at an estimated rate over 100 t/yr, and approximately 15 t of DEHP is released
annually. PCBs, cadmium, mercury, PBDEs, arsenic, nonylphenol, and PCDD/Fs are
generally released at rates near one t/yr or less.

•

In general, industrial, commercial, and institutional point sources do not account for large
releases of COCs. Instead, a variety of diffuse sources account for a majority of the COC
releases.

•

Runoff and leaching of chemicals from roofing materials is potentially an important source
of metals. For two metals – cadmium and zinc – release from roofing materials were
estimated to account for the majority of total release, and nearly one-third of arsenic is
released through roof runoff. Zinc releases from roof runoff are particularly large
(>1,000 t/yr). There were also estimated to be substantial releases of copper and lead from
roof materials. Leaching of metals from rooftop runoff is likely to be largely in the form of
unconstrained releases. Leaching of metals from plumbing components also accounts for
substantial releases of copper and zinc, but these are likely to be constrained to sanitary
sewer systems and POTWs.

•

Vehicle and road-related COC releases occur primarily through wear of vehicle components,
combustion of fuel, and leaks of motor oil and fuel. Abrasion of brake pads account for up to
one-third of the total release of copper. The second largest source of zinc was estimated to
come from tire wear. Vehicle-related fuel combustion releases large quantities of COCs,
accounting for about 10% of the total PAH release due to gasoline and diesel combustion,
and about 5% of the total PCDD/F release, primarily due to heavy-duty diesel vehicles.

•

Petroleum represents the largest COC quantity released to roadways and other impervious
surfaces. Motor oil lost via drips and leaks appears to account for over 60% of the total
petroleum release and likely occurs along roadways or impervious surfaces – parking lots
and driveways – connected to roadways. In addition, gasoline is released at a rate of
approximately 1,900 t/yr, including 570 t/yr released during on-road vehicle fueling at the
pump. PAHs contained in uncombusted petroleum are also released along with the leaked
petroleum at a rate of approximately 10 t/yr.

•

Emissions from backyard burn barrels account for about three-quarters of the total PCDD/Fs
released, and nearly all of the PCDD/F release is from combustion sources.

•

Woodstoves were estimated to be the largest source of PAHs (about one-third of the total
PAH release), and aside from zinc roof runoff and petroleum leakage, represent the only
COC source exceeding 100 t/yr.
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•

About 10% of the total PCBs released in the basin was estimated to come from residential
trash burning.

•

Since few of the COCs assessed are typically associated with agriculture, releases from
agricultural uses are generally small. Triclopyr, the only COC used exclusively as a pesticide
(herbicide), is an exception with over 100 t/yr applied to crops in the Puget Sound basin.
There are also some releases of metals in fertilizers applied to agricultural crops, with zinc
releases being the largest (>40 t/yr).

•

Copper is used in agriculture as both a pesticide and a micronutrient. Approximately 10 t/yr
of copper is used as an agricultural pesticide alone, with an additional 5 t/yr used as a
micronutrient. Use of copper as an urban pesticide is potentially substantial, as much as
70 t/yr by some estimates, but other estimates put it at a much lower rate (1 t/yr). The high
level of uncertainty in these estimates underscores the limited information available
regarding pesticide use.

•

PAH releases from creosote-treated wood (railroad ties, marine pilings, and utility poles)
appear to account for over one-third of the PAHs released annually in the Puget Sound basin.

•

PCB leakage from electrical equipment appears to be substantial, possibly as much as
2,000 kg/yr. However, this amount may also include indoor leakage or that which is
immediately cleaned up and contained, and so may overestimate actual PCB release in the
Puget Sound basin by a large degree.

•

PBDE and phthalate releases are difficult to assess due to the passive nature of their
emissions from the materials and products in which they are used. For PBDEs, their loss via
air emissions and dust particles into air and dust from commercial offices and homes,
followed by subsequent release to the outdoor environment, appears to be the major release
pathway. Phthalates may be released in the same manner, although releases from domestic
products – including personal care products – may be more important sources. For both of
these COCs, attachment to indoor dust and subsequent release to sanitary sewers may also be
an important release pathway.

COC Loading and Pathways
One component of the PSTLA was to assess chemical loading from various pathways. The
chemical-specific information focused on surface water runoff, atmospheric deposition, and
groundwater discharge directly to marine waters, and POTWs as the major pathways for COC
delivery. The flux of COCs across the Puget Sound – ocean boundary was also assessed where
data were available.
For each of the pathways mentioned above, separate projects were conducted to assess loading.
Descriptions of these projects are described in the introductory sections of this report. Tables 3133 show summaries of the COC amounts loaded from each of the pathways that have partially
controllable sources of COCs (i.e. all of the major pathways except ocean exchange).
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Summaries of the relative COC contributions delivered from each of the loading pathways are
shown in Figures 47 and 48.
Caution should be used interpreting Figures 47 and 48 since load estimates are incomplete for
some COCs. In particular, air deposition and groundwater loading data are not available for
most of the organic COCs.
Table 31. Summary of Metals Loading to Puget Sound through Major Pathways.

Total Arsenic
(t/yr)

25 %ile
Median
75th %ile

NA
NA
NA

Surface
Runoff
13.5
16.9
23.4

Total Cadmium
(t/yr)

25th %ile
Median
75th %ile

NA
NA
NA

0.01
a
0.01
a
0.02

0.03
0.05
0.07

0.01
0.22
0.43

0.05
0.28
0.53

Total Copper
(t/yr)

25th %ile
Median
75th %ile

2.5
4.3
5.5

28.4
35.7
66.1

1.9
2.7
4.1

0.1
2.2
4.3

33
45
80

Total Lead
(t/yr)

25th %ile
Median
75th %ile

0.1
0.2
0.3

2.8
4.7
7.6

0.6
1.1
1.5

0.1
1.1
2.1

3.6
7.0
12

Total Mercury
(t/yr)

25th %ile
Median
75th %ile

NR
b
0.002
NR

0.09
0.14
0.24

0.01
0.02
0.03

0.005
0.05
0.09

0.11
0.21
0.37

Total Zinc
(t/yr)

25th %ile
Median
75th %ile

16
19
24

113
122
134

11
18
26

2
11
20

140
170
200

Metals

POTWs
th

a

Air
Deposition
0.2
0.4
0.5

Groundwater*
0.1
0.4
0.8

SUM
14
18
25

* Lowest, highest, and mid-point of estimated loads
t=Metric ton (appr. 2.2 tons)
NA=Not analyzed
NR=Not reported
a
Surface runoff loads based on storm flows only; not detected in any land covers during baseflows and in
commercial/industrial areas only during storm flows
b
Estimate from Phase 2 (Envirovision et al., 2008b)
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Table 32. Summary of Organic Chemical Loading to Puget Sound through Major Pathways.

Total PCBs
(kg/yr)

25 %ile
Median
75th %ile

0.1
0.3
1.8

Surface
Runoff
2.5
5.3
15.8

Total PBDEs
(kg/yr)

25th %ile
Median
75th %ile

7.0
10.6
20.7

5.1
5.7
10.0

15.7
20.3
23.8

NA
NA
NA

28
37
54

PCDD/Fs
(g TEQ/yr)

25th %ile
Median
75th %ile

NA
NA
NA

NA
NA
NA

NA
NA
NA

NA
NA
NA

NA
NA
NA

25th %ile
Median
75th %ile

ND
ND
ND

a

Total DDT
(kg/yr)

2.2
a
23.9
a
25.1

NA
NA
NA

0.3
3.8
7.3

2.5
28
32

25th %ile
Median
75th %ile

3
8
35

b

LPAH
(kg/yr)

102
b
104
b
190

NA
NA
NA

7
159
311

110
270
540

25th %ile
Median
75th %ile

4
5
7

c

HPAH
(kg/yr)

25
c
36
c
51

49
96
153

6
124
243

84
260
450

25th %ile
Median
75th %ile

NC
NC
NC

d

cPAH
(kg/yr)

18
d
24
d
34

21
43
70

5
83
161

44
150
260

Total PAH
(kg/yr)

25th %ile
Median
75th %ile

8
18
46

119
b
224
b
244

49
96
153

13
284
554

190
620
1,000

DEHP
(kg/yr)

25th %ile
Median
75th %ile

216
439
904

1,750
e
1,780
e
1,860

NA
NA
NA

14
227
440

2,000
2,400
3,200

Triclopyr
(kg/yr)

25th %ile
Median
75th %ile

NC
NC
NC

641
f
652
f
686

NA
NA
NA

NA
NA
NA

640
650
690

Organics

POTWs
th

b

e

f

Air
Deposition
0.7
1.3
3.7

Groundwater*
NA
NA
NA

SUM
3.4
6.9
21

g
25th %ile
NC
NA
NA
23
23
g
Median
NC
NA
NA
23
23
g
75th %ile
NC
NA
NA
24
24
* Lowest, highest, and mid-point of estimated loads.
NA=Not analyzed; ND=Not detected; NC=Not calculated due to insufficient data.
a
Detected in commercial/industrial areas only during baseflows and in commercial/industrial, agricultural, and
forest areas only during storm flows.
b
Detected in commercial/industrial areas only during baseflows.
c
Detected in commercial/industrial areas only during baseflows and in commercial, residential, and agricultural
areas only during storm flows.
d
Surface runoff loads based on storm flows only; not detected in any land covers during baseflows and in
commercial, residential, and agricultural areas only during storm flows.
e
Detected in residential areas only during baseflows.
f
Detected in commercial/industrial and agricultural areas only during baseflows.
g
Surface runoff loads based on storm flows only; not detected in any land covers during baseflows and in
commercial/industrial areas only during storm flows.

Nonylphenol
(kg/yr)
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Table 33. Summary of Petroleum and Oil & Grease Loading to Puget Sound through Major
Pathways.
Petroleum and
Oil & Grease

POTWs

Surface
Runoff

Air
Deposition

Groundwater*

SUM

NA
NA
NA

NA
NA
NA

8,500
8,500
11,000

Oil & Grease
(t/yr)

25th %ile
Median
75th %ile

NA
NA
NA

8,470
8,470
10,600

Lube Oil
(t/yr)

25th %ile
Median
75th %ile

NA
NA
NA

320
a
345
a
360

NA
NA
NA

6
34
62

330
380
420

Diesel
(t/yr)

25th %ile
Median
75th %ile

NA
NA
NA

ND
ND
ND

NA
NA
NA

2
18
34

2
18
34

25th %ile
NA
ND
Median
NA
ND
75th %ile
NA
ND
* Lowest, highest, and mid-point of estimated loads
t=Metric ton (appr. 2.2 tons)
NA=Not analyzed
ND=Not detected
a
Detected in agricultural areas only during baseflows

NA
NA
NA

3
24
45

3
24
45

a

Gasoline
(t/yr)
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Figure 47. Percent Contribution of Major Pathways to Metals Loading in Puget Sound.
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Figure 48. Percent Contribution of Major Pathways to Organic Chemical Loading in Puget
Sound.
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Information on the COC loading and pathways can be summarized as follows:
•

Surface water runoff is the dominant pathway for all metals except cadmium. Metals are
generally found at the highest concentrations in commercial/industrial and agricultural land
covers, followed in decreasing order by residential and forested areas. However, forest areas
account for the bulk of metals loading simply due to the comparatively high proportion of
forest land cover (83% of land area) which generates the majority of the flow entering
Puget Sound.

•

PCBs, PBDEs, and DEHP are present in surface runoff from all land covers at very low
concentrations, but tend to be highest in commercial/industrial areas, particularly during
storm flows. Like most other COCs in surface runoff, the largest absolute loads are from
forested areas as a result of the high proportion of forest cover and associated volume of
water.

•

POTW-delivered loads were comparatively small for all metals assessed. Cadmium and
arsenic were not measured in POTW effluent. To some degree, loads of copper, lead, and
zinc mirrored the discharge volume of POTWs relative to other annual land-based water
discharge (groundwater and surface runoff) to Puget Sound (~4% of total).

•

Groundwater loads directly to marine waters were estimated to constitute approximately
5-10% of the total loading for most metals. The greatest mass of metals loaded annually to
Puget Sound through groundwater are from non-urban ambient areas, followed by urban
ambient areas and impacted areas. The volume of groundwater discharge alone does not
account for the relative contribution of groundwater loads, since groundwater accounts for
only 0.2 – 2% of the total annual land-based water discharged to Puget Sound.

•

Atmospheric deposition directly to the marine waters of Puget Sound is estimated to account
for approximately 5 –15% of the total annual loads of copper, lead, mercury, and zinc.
Lower relative loads were estimated for arsenic (≤3%), and higher loads were estimated for
cadmium (14 – 62%). For all metals, the atmospheric deposition flux measured was much
greater at a particular sampling location within a high-density urban area that was proximal
to a nearby pulp mill, metal refiners, other industrial activities, and also close to major
roadways including interstate highways. In most cases, the flux at this location was at least
five-fold higher than at other locations without these urban influences.

•

PBDE loads deposited directly to marine waters from the atmosphere are roughly equal to
loads from surface runoff and POTWs combined. With the possible exception of HPAH,
PBDEs are the only COC with the predominant load contributed by direct atmospheric
deposition. In addition, PBDEs are the only COC with higher loads delivered through
POTWs compared with surface runoff.

•

Fluxes at the ocean boundary generally show a net export of metals out of Puget Sound.
However, for cadmium and lead, there is a net import to Puget Sound from oceanic waters.
Marine fluxes of cadmium and lead into Puget Sound are greater than loads from all other
pathways combined.
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•

For most organic compounds, patterns of pathway loading are more difficult to assess than
for metals due to inconsistencies in analysis among loading studies and comparatively low
frequencies of detection. For instance, HPAHs were the only organic constituents analyzed
in the four major pathways assessed.

•

For PAHs, accurate delivery patterns and loads are difficult to assess due to infrequent
detection in surface runoff. A cursory examination of loads delivered by surface runoff,
atmospheric deposition, and groundwater does not reveal a clear loading pattern or principal
transport pathway. However, the atmospheric deposition data appear to be the most reliable;
surface runoff and groundwater loading data are derived largely from sample data with nondetect results.

•

Among all of the COCs assessed, oil & grease was estimated to be delivered to Puget Sound
in the largest quantity (>8,000 t/yr) with surface runoff accounting for the entire load.
Although oil & grease is relatively meaningless in terms of chemical specificity – it simply
refers to the fraction of a sample extractable by n-hexane – some portion of the oil & grease
measured in surface runoff may be petroleum product, particularly in urban areas.

Limitations and Uncertainty of Data on COC Sources and
Loads
All of the individual projects in the PSTLA contain a degree of uncertainty in the reported
results, and all have limitations due to study design or due to the nature of the data collected.
Limitations and uncertainty affect the usefulness of the individual projects as well as the ability
to compare results among projects. Some of the most common and intractable issues are
mentioned here. However, the reader is encouraged to review the individual reports in order to
fully gauge uncertainty and understand how results were derived.
The projects were not designed to analyze for an identical suite of COCs. This resulted in a
limited ability to fully gauge each pathway’s contribution to overall loading and to compare
COC quantities released among studies. For instance, air deposition and groundwater loading
data are not available for most of the organic COCs, and the source inventory (Ecology, 2011)
did not fully account for all major sources of zinc, nonylphenol, and petroleum releases.
Appendix B shows a summary of the COCs analyzed for each project.
Much of the uncertainty surrounding the reported results for loading projects is due to sample
results below reporting or detection limits (i.e. non-detects). In many cases, results were derived
using datasets where more than one-half of the concentration values were reported as nondetects. There was a particularly heavy reliance on non-detects in the surface runoff and
groundwater loading projects. For the assessment, this source of uncertainty is compounded by
the lack of consistency in the assumptions and rules for handling data (including non-detects)
among projects. It should be noted, however, that estimates of releases and loads used for this
assessment are those reported in the original projects, and no attempt was made to recalculate or
“normalize” results according to a common set of rules. A summary of project-by-project rules
used to handle non-detects is shown in Appendix B.
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It is also notable that the study conducted to assess loads from surface runoff, the major delivery
pathway for most COCs, did not actually measure COC concentrations at the point of delivery
to Puget Sound. The authors of the surface runoff study (Herrera, 2011) offer a detailed
explanation of this and other potential sources of bias in the surface runoff project.

Relationship between Sources and Pathways/Loading
The relationships between COC sources and loading/pathways discussed in this report
essentially provide a framework for the first step in developing mass-balances for COCs, from
their initial release to their delivery to Puget Sound. Information provided for these conceptual
models include the identification of the primary sources of COCs, mechanisms of release
(e.g. combustion emission), estimates of the quantities released, COC prevalence and levels in
delivery pathways, and characteristics of loading pathways (e.g. land cover) related to COC
prevalence and levels.
Although the conceptual models of the relationships between sources and loading/pathways were
developed on a very broad scale, some patterns appear to emerge. For instance, it appears that
for most of the COCs assessed there is a one to two order of magnitude difference between the
quantity released and the quantity estimated to be loaded to Puget Sound through various
pathways. Notable exceptions are PCBs, triclopyr, and PAHs which have estimated releases
three orders of magnitude higher than loads. However, the loading estimates for PAHs do not
include the estimated release directly to marine waters from creosote-treated marine pilings.
Arsenic is the only COC with estimated loads to Puget Sound larger than releases from primary
sources. This appears to be due to the natural enrichment of soils and surface runoff with
arsenic, coupled with comparatively low arsenic releases from ongoing anthropogenic sources.
Estimated quantities of COCs released do not necessarily translate to equivalent loads in
transport/delivery pathways due to a variety of factors affecting their behavior and fate once
released in the environment. For instance, the case studies of copper mass-balance in small
watersheds (Paulson et al., 2011-Draft) showed a much greater relative difference between
releases and loading at the small (watershed) scale compared to the relative difference between
releases and loading at the large (Puget Sound basin) scale.
In many cases, the specific COC source and the mechanism of release may have more
environmental relevance then the absolute quantity released. The relationships between COC
releases and their presence in specific pathways were therefore examined at finer scales than
simply comparing the total annual mass released to the total annual mass loading to Puget Sound.
The following patterns reveal consistencies between releases and pathways at finer scales:
•

Overall it appears that there is approximately an order of magnitude decrease between the
quantity of a COC discharged to a POTW and the reported load discharged from POTWs to
Puget Sound. This appears to be the case for copper, lead, and DEHP. Sources of PBDEs
suggest a substantial proportion is released to POTWs as well.
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•

Metals (copper, lead, and zinc) and PAHs associated with vehicle sources are highly elevated
in air deposition samples located near high-density urban areas and interstate highways.

•

COCs which are released to air through combustion or volatilization have large load
contributions from atmospheric deposition directly to marine waters compared to other
pathways. PBDEs and PAHs are two primary examples. DEHP and PCDD/Fs might be
expected to follow this pattern as well, but they were not measured in air deposition samples.
Mercury, which is largely emitted to the air through combustion or volatilization, does not
exhibit the comparatively large load from direct deposition as might be expected.

Hazard Evaluation
As noted in the introductory sections of this report, the hazards posed by different COCs are not
simply associated with the quantities released to the environment or loaded to Puget Sound, but
are rather more appropriately evaluated by comparing their concentrations in various
environmental media to reported effects levels. To assess the relative toxic hazard posed by
COCs in various media and for various receptors, the hazard evaluation assessed COCs in
various media by comparing observed concentrations to data on effects or guidelines, standards,
and criteria for the following categories:
•
•
•
•
•

Direct hazard to aquatic life through surface water exposure
Direct hazard to benthic organisms through sediment exposure
Direct hazard to aquatic life based on tissue residue levels
Hazard to wildlife based on ingestion of prey, water, and sediment
Hazard to human health through fish/seafood consumption

The results of these comparisons were grouped into three broad “level of concern” categories:
a Priority 1 level of concern, a Priority 2 level of concern, or unknown (U) level of concern due
to lack of sufficient data for an assessment. Results were classified as a Priority 1 when high
observed concentrations (e.g. 90th percentile values) exceeded low effects concentrations
(e.g. 10th percentile values), selected criteria, or other threshold values. A Priority 2 level of
concern was assigned in cases where high observed concentrations were below threshold values.
In cases where there were not sufficient data to make a meaningful comparison, results were
assigned a U. Appendix D-1 details the thresholds used for comparisons and the minimum data
required for the comparisons. Table 34 provides a summary of the hazard evaluation for all of
the categories and sub-categories assessed.
The hazard evaluation has several limitations that should be considered prior to acting on the
results. In particular, the hazard evaluation is not a risk assessment but is instead designed to
assess the relative level of concern of COCs across the entire Puget Sound basin. Although a
COC may be assigned Priority 2 or U for a particular sub-category, this should not be interpreted
to mean there are no hazards associated with that COC. Locally, concentration hot spots exist
near major sources and may cause localized toxicity to aquatic organisms or lead to violations of
standards.

163

In addition to the systematic methodology used to evaluate relative hazards for each COC, a
review of relevant regional studies was conducted. This review was conducted to capture
information on regionally important biological effects that may not have been included among
the data used for the hazard evaluation. Information from these reviews was not used to assign
the Priority levels summarized in Table 34, but instead was used as an additional line of evidence
for assessing priorities for toxic chemical reduction and control strategies.
Table 34. Summary of the Hazard Evaluation Based on the Priority Levels of Concern for Each
Sub-Category (see text for definitions of Priority levels).
Surface Water

Sediment

Tissue Residue

Wildlife

Human Health

Arsenic

U

U

U

1

2

2

NA

NA

NA

NA

NA

U

U

U

Regional
Effects
Data?
No

Cadmium

2

U

U

1

2

2

NA

NA

NA

NA

NA

NA

NA

NA

No

Copper

1

1

2

1

2

2

NA

NA

NA

NA

NA

NA

NA

NA

Yes

Lead

2

U

2

2

2

2

NA

NA

NA

NA

NA

NA

NA

NA

No

Mercury

1

U

U

1

1

1

U

U

U

1

1

2

2

2

Yes

Zinc

2

U

1

1

2

2

NA

NA

NA

NA

NA

NA

NA

NA

No

PCBs

1

U

2

1

2

1

1/U

2/U

2/U

1

1

1

1

1

Yes

PBDEs

U

U

U

U

U

U

NA

NA

NA

NA

NA

NA

NA

NA

Yes

PCDD/Fs

U

U

U

U

U

U

U

U

U

1/U

2/U

1

1

1

Yes

DDT

1

U

U

U

U

U

2

U

U

1/2

1/2

1

1

2

Yes

PAHs

2/U

U

2/U

1/2

2

2

NA

NA

NA

NA

NA

1/2

1/2

2/U

Yes

DEHP

2

U

U

1

1

1

NA

NA

NA

NA

NA

1

1

U

No

Triclopyr

2

U

U

U

U

U

NA

NA

NA

NA

NA

NA

NA

NA

No

Nonylphenol

2

U

2

U

U

U

NA

NA

NA

NA

NA

NA

NA

NA

No

Petroleum

U

U

U

U

U

U

NA

NA

NA

NA

NA

NA

NA

NA

No

COC
Frsh.

Marine
nr. off.

Frsh.

Marine
nr. off.

Frsh.

1=Priority 1 (highlighted in yellow)
Frsh.=freshwater
nr.=nearshore
off.=offshore
2=Priority 2
U=Unknown
NA=not analyzed
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Frsh.

Marine

Frsh.

Marine
nr. off.

Information on the hazard evaluation and regionally important biological-effects data can be
summarized as follows:
•

All of the COCs except lead, PBDEs, triclopyr, nonylphenol, and petroleum were assigned a
Priority 1 level of concern for at least one category. Of the COCs not assigned a Priority 1,
only lead had sufficient effects data to conduct a meaningful evaluation.

•

PCBs are the only COC assigned a Priority 1 in all five categories evaluated. Mercury and
DDT were the only other COCs evaluated for all five categories, and they were assigned
Priority 1 for four categories and three categories, respectively.

•

COC concentrations in surface waters and sediments – particularly freshwater – resulted in
the most COCs assigned Priority 1. Tissue residue, wildlife, and human health evaluations
resulted in the fewest COCs receiving Priority 1. However, only bioaccumulative chemicals
were evaluated for these latter categories, and so fewer Priority 1 assignments were expected.

•

Reviews of regionally important biological-effects data showed that levels of copper,
mercury, PCBs, PBDEs, PCDD/Fs, DDT, and PAHs found in the Puget Sound basin result in
documented or potentially adverse effects to a variety of aquatic organisms.

Chemical-by-Chemical Summary
Arsenic
Arsenic was found to be a Priority 1 level of concern for freshwater sediments, one of the three
categories for which data were sufficient for an adequate hazard evaluation. Observed data were
lacking to conduct adequate evaluations for surface waters and human health.
Releases of anthropogenic arsenic are small compared to loads. The largest ongoing
anthropogenic source appears to be point-source air emissions, although these are relatively
small on a basin-wide scale. Loading to Puget Sound is substantial, presumably due to natural
sources and possibly from historical releases, and is dominated by surface runoff. The finding
that, unlike most metals, arsenic concentrations in surface runoff decrease during storm events
may support the notion that a substantial portion of the arsenic in surface waters is due to natural
or historic sources.

Cadmium
Cadmium was found to be a Priority 1 level of concern for freshwater sediments, one of the two
categories for which data were sufficient for an adequate hazard evaluation. Observed data were
lacking to conduct adequate evaluations for surface waters.
Both anthropogenic releases and loading of cadmium appear to be small. The largest ongoing
source of cadmium to the environment appears to be leaching of cadmium from roofing material,
constituting more than one-half of the total estimated release. Releases of cadmium from roofing
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material do not appear to translate to appreciable levels in surface runoff, which represents the
smallest delivery pathway.

Copper
Sufficient data were available for full hazard evaluations of copper in surface waters and
sediments. Copper was found to be a Priority 1 level of concern for freshwater sediments,
nearshore marine sediments, and fresh surface waters. Regionally relevant biological-effects
data provide additional lines of evidence to indicate a comparatively high hazard potential for
copper. These regional studies have demonstrated that dissolved copper concentrations
commonly found in urban and agricultural area streams reduce olfactory function in salmonids
(e.g., Hecht et al., 2007).
The source inventory (Ecology, 2011) suggests that large ongoing copper releases occur from a
variety of sources including abrasion of vehicle brake pads, leaching from roofing materials,
leaching of vessel anti-fouling paint, pesticide applications and micronutrient use in agricultural
applications, and possibly pesticide use in urban areas. These releases result in elevated levels
in surface water at locations where they are most likely to occur such as agricultural,
commercial/industrial, and high-density urban areas, as well as nearshore marine waters.

Lead
Sufficient data were available for full hazard evaluations of lead in surface waters and sediments
except nearshore marine waters. Lead was not a Priority 1 level of concern for any of the
categories assessed. There is no indication that lead concentrations in fish and shellfish from the
Puget Sound basin pose a risk to human health, although lead was not evaluated in tissue due to
lack of National Toxics Rule criteria for lead. Lead remains a human health hazard through
exposures from material such as lead house paint (Ecology and WDOH, 2009), but no hazard
emerges from exposures that include an aquatic environment pathway.
Ongoing anthropogenic releases of lead are substantial, largely due to ammunition use, fishing
sinkers, and wheel weight loss. These solid metallic lead sources and mechanisms of release
appear to result in limited enrichment of the aquatic environment except in some localized
instances. Surface water runoff represents the largest delivery pathway, but loads are small
compared to the estimated releases from ongoing anthropogenic sources.

Mercury
Mercury was found to be a Priority 1 level of concern for fresh surface waters, freshwater and
marine sediments, and all freshwater and marine wildlife species evaluated. There were not
sufficient observed data to conduct adequate hazard evaluations for marine sediments or effects
data to evaluate tissue residue effects. Mercury concentrations in freshwater and marine seafood
were generally well below the threshold used to assign a Priority 1 level of concern for the
human health evaluation. However, consumption advisories for various fish species and
locations in the Puget Sound basin have been established by the Washington State Department
of Health due to mercury residues in tissues.
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There appears to be a variety of ongoing anthropogenic mercury releases, although a number of
the regional sources have been addressed in the Mercury Chemical Action Plan (Ecology and
WDOH, 2003) and it is unclear if release estimates accurately portray current releases to the
environment. Mercury releases due to improper disposal of materials appear to be the largest
category of ongoing anthropogenic release, followed by industrial emissions. Surface runoff is
the largest delivery pathway for mercury and to some degree may reflect entrainment of mercury
deposited atmospherically.

Zinc
Zinc was found to be a Priority 1 level of concern for offshore marine surface waters and for
freshwater sediments. Sufficient data were available for surface water and sediment, except
nearshore marine surface waters.
Zinc appears to be released at high rates from a variety of roofing materials and to a lesser degree
in vehicle tire wear. The study of primary sources (Ecology, 2011) indicated that zinc releases
may have been underestimated because many sources (e.g. leaching from galvanized materials)
were not assessed. Surface runoff was the dominant pathway for zinc loading to Puget Sound.
Zinc levels in streams from commercial/industrial areas were found to be highly elevated,
possibly as a reflection of galvanized material leachate and vehicle tires where these sources are
likely to be most prevalent.

Polychlorinated biphenyls (PCBs)
PCBs are a Priority 1 level of concern for all five categories assessed and for nine of the 13
sub-categories where sufficient data were available. In addition, regional data show PCB levels
that may result in adverse effects to locally important fish and marine mammals. Fish
consumption advisories to protect human health have also been issued for both marine and
freshwaters of the Puget Sound basin.
Release estimates are highly uncertain and may overestimate the degree to which PCBs continue
to be released from ongoing anthropogenic sources (Ecology, 2011). Electrical equipment
(capacitors and transformers) leakage is the largest PCB source category, with loss from sealants
and release from residential trash burning also making up a substantial portion. However,
loading is small compared with releases and may support the notion that releases were
overestimated.
Due to their persistence, PCBs that were released from historical sources and continue to be
released from highly contaminated areas, such as the lower Duwamish River, continue to cycle
in the aquatic environment of Puget Sound. The substantial accumulation in biological tissues
may be primarily a result of legacy contamination as opposed to ongoing releases.
While PCBs remain a concern, levels appear to be declining in Puget Sound harbor seals
(Noel et al., 2011) and mussels (Mearns et al., 2009). While temporal PCB trends in fish do not
show a clear trend (West and O’Neill, 2007), modeling results suggest that substantial declines in
English sole should be expected by 2020 at current loading rates (Pelletier and Mohamedali,
2009).
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Polybrominated diphenyl ethers (PBDEs)
PBDEs are an unknown level of concern due to a lack of environmental effects data, criteria,
and guidelines for PBDEs. However, the lack of effects data used in the hazard evaluation
methodology should not be interpreted as a low level of concern since a growing body of
evidence suggests environmental concentrations may cause adverse effects to humans (Ecology
and WDOH, 2006), marine animals (Ross, 2006), and birds (Fernie et al., 2009). The historical
record is generally not adequate to assess PBDE trends in the Puget Sound environment since
PBDEs have not typically been included in sampling investigations prior to the beginning of the
21st century.
Cessation of production through voluntary actions and bans since the mid-2000s has removed
major PBDE formulations from new consumer products such as mattresses, televisions,
computers, and residential upholstered furniture. However, much of the PBDEs produced
historically may remain in consumer products and commercial office products and these
potentially represent substantial diffuse ongoing sources.
PBDE loading patterns are different than for other COCs assessed. Direct atmospheric
deposition represents the largest delivery pathway, followed by POTWs and surface runoff.
The high proportion of PBDE loading through atmospheric deposition and POTWs appears to be
consistent with the major sources and release mechanisms.

Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans
(PCDD/Fs)
PCDD/Fs are a Priority 1 level of concern for a species representing a freshwater mammal (river
otter) and for human health due to residue levels in freshwater and marine seafood. In addition,
regional data show that Puget Sound harbor seal and southern resident killer whale prey items
have higher PCDD/Fs compared to the same prey from the Strait of Georgia and the British
Columbia coast. There were not sufficient data to conduct hazard evaluations for surface waters
or sediments, or to evaluate tissue residue effects.
In the Puget Sound region, the major historical sources of PCDD/Fs – use of elemental chlorine
in pulp bleaching, pentachlorophenol wood treatment operations, and combustion of saltwaterinfused hog fuel – have been eliminated to a large extent (EPA, 1991; Yake et al., 1998;
EPA, 2006), and ongoing releases are from combustion sources such as backyard burn barrels.
Accumulation in biota is likely to be mainly a result of historical releases which continue to
cycle in the aquatic environment, although no loading analyses were conducted to corroborate
the small releases estimated for the Puget Sound basin.
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Dichlorodiphenyltrichloroethane (DDT) and metabolites DDD and DDE
DDT compounds were found to be a Priority 1 level of concern for fresh surface waters, the
freshwater and saltwater bird species evaluated, and human health. There were not sufficient
observed or effects data to conduct hazard evaluations for marine surface waters, sediments
(fresh and marine), or direct effects based on marine tissue residues. Regional data show high
levels in accumulation for a variety of Puget Sound fish and marine mammals, including
evidence to show apparent links between high levels in top-level, marine-mammal predators and
their prey items.
Although a ban on DDT use in the United States has been in effect for decades, DDT compounds
continue to exceed numerous documented effects levels due to their persistence, particularly
in freshwater. DDT also persists in tissues of aquatic biota due to its highly bioaccumulative
nature, but concentrations in Puget Sound basin fish are generally low, particularly when
compared to watersheds with intensive agricultural use outside of the basin, such as watersheds
in eastern Washington (e.g. Schneider and Coots, 2006; Johnson et al., 2010b). There are no
apparent ongoing anthropogenic releases of DDT in the Puget Sound basin, and overall loading
to Puget Sound appears to be low. DDT compounds will likely persist in the aquatic
environment due to mobilization of DDT-bound soil particles and continued cycling in the
aquatic environment due to historical releases.

Polycyclic aromatic hydrocarbons (PAHs)
PAHs are a Priority 1 level of concern for freshwater sediments and human health. There were
not sufficient observed data to conduct adequate hazard evaluations for all individual PAHs in
surface waters or for human health due to residues in offshore marine seafood. Localized areas
with high degrees of PAH-contaminated sediments have also been a historical problem in
Puget Sound, and resulting liver lesions in English sole have been a well-documented pathology
associated with exposure to these sediments (Malins et al., 1987; Landahl et al., 1990; Myers
et al., 1990). Recent evidence suggests that risks of liver lesions dramatically decrease when
PAH-contaminated sediments are capped or removed (PSAT, 2007), and liver disease in
English sole is currently being proposed as a Puget Sound-wide indicator of ecosystem health
(PSP, 2011b).
There appears to be large, ongoing anthropogenic releases of PAHs in the Puget Sound basin.
Generally speaking, PAH sources may be broken down into two categories: combustion
emissions and releases from creosote-treated materials. PAH loads to Puget Sound are three
orders of magnitude lower than estimated releases, but these loading estimates do not take PAH
releases from creosote-treated pilings directly to marine waters into account. Groundwater
appears to be the largest delivery pathway for PAHs, but the groundwater loading estimates
are based largely on estimates derived from non-detects and should be viewed with caution.
Estimated PAH loads through surface runoff are comparatively small due to the infrequency at
which PAHs were detected in surface water samples.
To some degree, the lack of detectable PAHs in surface runoff may reflect the major sources and
release mechanism. Few of the major sources would be expected to release PAHs directly to
impervious surfaces, with the possible exception of PAH releases through motor oil loss.
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Bis (2-ethylhexyl) phthalate (DEHP)
DEHP is a Priority 1 level of concern for freshwater sediments and human health. There were
not sufficient observed data to conduct adequate hazard evaluations for marine surface waters or
human health due to residues in offshore marine seafood.
There appears to be large ongoing anthropogenic DEHP releases in the Puget Sound basin. In
addition to air emissions from point sources, DEHP is released from a variety of materials,
particularly those containing PVC, although DEHP may be released from some non-polymer
products as well. Surface runoff is the largest delivery pathway, although DEHP was not
measured in air deposition samples. The major DEHP sources and mechanisms of release
suggest that atmospheric deposition may be a major pathway. DEHP loads from POTW
discharge are also relatively high and may indicate loss through indoor consumer products, and
subsequent rinsing down the drain is another important delivery pathway.

Triclopyr
Triclopyr was evaluated only for hazards in fresh surface waters and was assigned a Priority 2
level of concern. There were not sufficient observed or effects data to conduct adequate hazard
evaluations for marine surface waters or sediments.
Unlike other COCs evaluated, triclopyr’s only intended use is as an herbicide, and therefore its
usage equates to environmental release. Major uses in the Puget Sound basin appear to be from
crop and golf course use, with minor applications to road and railroad right-of-ways and for
limited aquatic weed control. Surface runoff was the only delivery pathway where loads were
calculated; loads were estimated to be two orders of magnitude below release estimates.

Nonylphenol
Nonylphenol was evaluated only for hazards in fresh surface waters and marine offshore waters;
it was assigned a Priority 2 level of concern for both. There were not sufficient observed or
effects data to conduct adequate hazard evaluations for nearshore marine surface waters or
sediments. Nonylphenol is not highly toxic, but instead may exert effects at the sub-lethal level,
and has documented endocrine-disrupting effects (King County, 2007). Compared with most
other COCs, little is known about nonylphenol sources and effects in the Puget Sound basin.
There were limited release and loading estimates calculated for nonylphenol. Sources of
nonylphenol were not fully assessed in the study of primary sources (Ecology, 2011), and
loading was calculated only for surface runoff. Although a major source of nonylphenol is
reported to be the breakdown of alkylphenol ethoxylates during the sewage treatment process
(EPA, 2005), it was not detected frequently enough in POTW effluent to calculate loads from
this pathway.
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Oil and petroleum hydrocarbons
Petroleum was not fully evaluated for hazards in surface waters or sediments due to a lack of
effects data (fresh surface waters) or observed data (sediments, marine surface waters).
Evidence suggests that weathered crude oil has specific toxic effects to marine organisms, such
as cardiac impairment and other effects in fish (Incardona et al., 2005; Incardona et al., 2006;
Carls et al., 2008). However, these effects are due to specific components of weathered oil, most
notably PAHs. The complexities of evaluating effects from petroleum exposure are discussed in
the report section dealing specifically with petroleum.
The source inventory indicates that petroleum is released to the Puget Sound basin in much
larger quantities than other COCs addressed, and the loading studies indicate it is loaded in the
largest quantity. Most of the petroleum release is in the form of motor oil from engine drips and
leaks and therefore likely to be directly to pavement. The large lube oil loads in surface water
runoff may be a reflection of these releases. However, the large estimated releases of gasoline
due to small fueling and transport spills did not translate to measurable loads in surface runoff.
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Prioritizing Chemicals of Concern and
Recommendations to Fill Data Needs
Prioritizing COCs
A lines-of-evidence approach was used to move further toward a goal of deciding how best to
prioritize actions and resources for controlling toxic chemicals in the Puget Sound basin. This
lines-of-evidence approach considers information on the four major components of the
assessment (sources, loading, pathways, and the relative hazards), but the approach mostly relies
on COC sources and the relative hazards posed by COCs as determined by the hazard evaluation
and review of other regional studies.
This approach adopts the rationale that chemicals with the greatest potential to elicit toxic effects
at existing concentrations should be an important factor in determining the priority for source
control efforts. Priority was also given to COCs associated with large opportunities for source
control. This reflects the extent to which there are existing regulatory actions to control releases,
such as bans, management of materials, or other permanent actions which reduce releases to the
environment. Given the uncertainty associated with individual estimates of releases or loadings,
this lines-of-evidence approach provides a supportable rationale for establishing relative
priorities for control actions.
Opportunities for source control are considered large where the major sources of a COC have not
been addressed by control actions; where some of the major sources have been addressed,
opportunities may be considered medium. In cases where actions have been implemented to
control and reduce all or most of the major sources and this appears to have resulted in low rates
of loading to Puget Sound, the opportunities for controlling a COC are considered small. This
assessment relies principally on the Sources Report (Ecology, 2011) with limited input by
Ecology staff and management to gauge the opportunities for source control; this assessment was
not intended to be a detailed review of management initiatives. Table 35 summarizes major
sources for each COC and possible opportunities for reducing those sources.
Based on the lines-of-evidence approach, copper, PAHs, DEHP, and petroleum sources were
rated as have the highest priority for early actions. The reasoning for this determination is as
follows:
•

A substantial portion of the fresh and marine water copper data observed basin-wide falls
within concentrations where effects have been documented (including reduced olfactory
function in salmonids). Copper is released in large quantities from a variety of sources which
appear to translate to substantial loads to the Puget Sound ecosystem. The use of copper in
pesticide applications and the release of copper from roofing materials are sources which
warrant further investigation. In addition, the effectiveness of recent legislation to limit
copper in brake pads and vessel anti-fouling paint should be evaluated.

•

A number of individual PAHs surpass (do not meet) freshwater sediment guidelines and
human health criteria. In addition, a variety of studies have demonstrated links between PAH
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exposure and adverse effects to regionally relevant aquatic species. There appear to be
numerous opportunities for control actions, primarily for combustion sources and for
creosote-treated wood.
•

Observed DEHP concentrations in both freshwater and marine environments exceed (do not
meet) criteria for protection of benthic species and human health. Substantial amounts of
DEHP are released in the Puget Sound basin, much of which occurs initially through releases
to air from off-gassing of plasticized polymers and point-source air emissions. Several nonpolymer uses of DEHP may also provide opportunities for source reduction.

•

The relative hazard posed by petroleum in the Puget Sound basin was not able to be
evaluated due primarily to the lack of biological-effects data and the absence of criteria to
protect aquatic organisms, wildlife, or human health. However, some of the COCs addressed
in this assessment are components of petroleum and may be released in substantial quantities
along with the release of petroleum. In particular, substantial releases of PAHs are estimated
to be released from petroleum. The major sources of petroleum are diffuse, such as motor oil
drips and leaks and minor gasoline spillage during vehicle fueling, and therefore offer ample
opportunities for reduction efforts.

Several COCs were found to be a Priority 1 level of concern based on the hazard evaluation but
were not determined to be among the highest priorities for reduction actions since the major
sources have been addressed through regulatory programs or other efforts. For instance, mercury
poses a relatively high hazard to freshwater and marine aquatic organisms and wildlife based on
doses calculated from observed data. However, many of the historical regional sources of
mercury to the Puget Sound basin have been eliminated or are being addressed by the Mercury
Chemical Action Plan (Ecology and WDOH, 2003). Similarly, PCBs are a Priority 1 level of
concern for all hazard evaluation categories, but PCBs have been banned for decades, the major
sources (use in electrical equipment) are highly regulated, and current loads to Puget Sound
appear to be small.
Although the systematic prioritization approach identified four COCs for early actions, other
factors should be considered to determine the need and feasibility for developing control and
reduction strategies for other COCs. For instance, PBDEs are ubiquitous environmental
contaminants, and although voluntary actions and bans have removed major PBDE formulations
from new consumer products, much of the PBDEs produced historically may remain in
consumer products and commercial office products and these potentially represent substantial
diffuse ongoing sources. The hazard evaluation was not able to adequately assess the relative
hazards associated with PBDEs due to a lack of environmental standards, although there is
evidence in the available literature to suggest this COC may pose a hazard at observed
concentrations.
Additional research is needed to assess the relative hazards posed by PBDEs and other COCs for
which there are only limited environmental data. By the same token, COCs with limited source
information should be further evaluated to assess additional opportunities for source control. Of
the COCs addressed in this report, PBDEs and nonylphenol were the COCs that should receive
top attention for further research on potential hazard as well as possible opportunities for source
control.
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Table 35. Summary of Possible Actions to Reduce COCs in the Environment.
COC

Opportunities
for Source
Control

Major Ongoing Anthropogenic Sources

Possible Actions for Reductions

Industrial air emissions
CCA-treated wood leaching

Vehicle tire abrasion
Electrical equipment spills and leakage

Maintain existing permit controls.
Continue ban for most non-structural uses.
Possible opportunity for source control,
but more data needed on extent of releases.
Possible opportunity for source control,
but more data needed on extent of releases.
More data needed on actual pesticide use.
Continue to implement Lead and Copper Rule.
Continue to implement legislation enacted
to reduce source.
Possible opportunity for source control,
but more data needed on extent of releases.
Continue to implement legislation
enacted to reduce source.
Implement CAP and enforce existing regulations.
Implement CAP and enforce existing regulations.
Possible opportunity for source control,
but more data needed on extent of releases.
Implement CAP and enforce existing regulations.
Continue to implement CAP and
enforce existing regulations.
Continue existing permit limits.
Possible opportunity for source control,
but more data needed on extent of releases.
Investigate source where it poses local concern.
Continue programs for management and disposal.

Small

Residential trash burning

Continue enforcing existing ban.

Building sealant (caulk) volatilization and abrasion

Investigate source where it poses local concern.

Total PBDEs

Medium

Furniture, computer monitors, and other components
of residential and commercial indoor environments

Enforce ban on new products but consider control
actions to reduce the release from existing products.

PCDD/Fs

Small

Backyard burn barrels

Continue enforcing existing ban.

Total DDT

Small

None apparent

Investigate source where it poses local concern.
Continue change out programs,
investigate catalysts/capture devices,
promote alternatives to wood heat.
Anti-idling programs, continue/expand engine
retrofits for private section engines,
enforce existing vehicle controls.
Control actions needed, gather information
to identify highest priority areas.
Gather additional information on extent of releases.

Arsenic

Medium

Roofing material leaching
Cadmium

Medium

Roofing material leaching
Pesticides use on urban lawns and gardens
Residential plumbing component leaching
Brake pad abrasion

Copper

Large
Roofing material leaching
Vessel anti-fouling paint leaching
Ammunition and hunting shot use
Loss of fishing sinkers and wheel weights

Lead

Small

Roofing material leaching
Aviation fuel combustion

Mercury

Medium

Consumer product improper disposal
Crematoria and industrial air emissions

Zinc

Total PCBs

Large

Roofing material leaching

Woodstoves and fireplace combustion emissions
Total PAHs

Large

Vehicle combustion emissions
Creosote-treated piling, railroad ties, and utility poles
Polymer (primarily PVC) off-gassing

DEHP

Large

Industrial, commercial, and institutional air emissions
Roofing material leaching

Triclopyr

Medium

Herbicide use on crops and golf courses

Nonylphenol

Unknown

Industrial, commercial, and institutional air emissions

Petroleum

Large

Maintain existing permit controls.
Possible opportunity for source control,
but more data needed on extent of releases.
More data needed on pesticide use.
More information needed on emissions from these
sources and unidentified releases.

Motor oil drips and leaks
Used motor oil improper disposal

Expand existing education/workshop programs.

Gasoline spillage (minor) during fueling

Possible opportunity for source control,
but more data needed on extent of releases.

Bold=Recommended as priority for near-term actions based on lines-of-evidence approach.
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Strategies to control toxic chemicals in the environment may be accomplished using two general
approaches: control at the source and control along the pathway. Source control strategies aimed
at limiting or eliminating the initial release of chemicals may be achieved through education,
chemical alternatives, release prevention technologies, or banning the use of specific chemical
products. Control of a chemical once it has been released in the environment is typically more
difficult and expensive, involving the use of a management actions (e.g. timing of pesticide
application) or physical and technological resources (e.g. grass-lined ditches along roadways,
wastewater treatment plants).
Prevention is the preferred option for controlling toxic chemicals in the environment, but source
control options are not always feasible or necessary. While finding, reducing and eliminating
primary releases of COCs at their source is critical to a clean and sustainable Puget Sound, so too
is ensuring compliance with hazardous waste regulations, inspecting permitting facilities to
ensure air and water quality, responding to spills, and cleaning up toxic messes when COCs are
mismanaged.
The following recommendations provide a mixture of possible source and pathway control
priorities for the target list of COCs addressed in this report.

General Recommendations
•

Use results from the Puget Sound Toxics Loading Analysis (PSTLA) to help develop a
long-term strategy to reduce toxic threats to Puget Sound. This strategy should include a
comprehensive list of actions to prevent and manage chemical releases in conjunction with
cleanup actions to reduce overall contaminant levels.

•

Develop a list of specific control actions or source/pathway investigations to support control
actions that may be incorporated into Ecology’s long-term strategy for control of toxic
chemicals under the National Estuary Program. These actions or investigations should be
consistent with the findings and broader recommendations presented in this report.
Examples of specific actions or investigations might be (1) adopting Low Impact Development Best Management Practices in commercial/industrial areas or (2) assessing the
effectiveness of piling removal programs to reduce PAHs in the aquatic environment.

•

Couple source control actions with effectiveness monitoring to assess if and how source
control actions are actually reducing contaminant levels. This information is needed for an
adaptive management framework to evaluate which actions should continue or be
discontinued in favor of more effective actions.

Specific Recommendations
•

Roofing materials appear to be an important source of metals and possibly DEHP in the
Puget Sound basin. Monitoring should be conducted to further evaluate the release of these
contaminants from roofing materials.
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•

Reduce copper loads to freshwater streams and marine waters, and assess the impacts of
these efforts. The impact of recently passed legislation limiting copper and other metals in
brake pads will not likely be known for at least a decade. In the meantime, the impact of
copper released from pesticide/micronutrient use and vessel bottom paint should be
investigated. One of the largest sources of copper is potentially from the urban use of copper
in agricultural products by homeowners. Better information should be collected to evaluate
the importance of these releases.

•

Strategies to control the release of petroleum should be a high priority. Results of the
Sources study (Ecology, 2011) indicate that over 9,000 metric tons of petroleum is released
annually in the Puget Sound basin. Petroleum is generally released to impervious surfaces,
enhancing its capacity to become mobilized in stormwater. There appears to be considerable
opportunities for controlling sources of lube oil and gasoline since they are primarily released
from crankcase drips and leaks and from minor spillage during fueling operations. The
importance of these sources should be further evaluated.

•

Strengthen existing programs to remove creosote pilings and bulkheads from the aquatic
environment. Information analyzed on PAH sources and loading suggests creosote pilings
may account for the largest overall PAH release to surface waters. The feasibility and need
to remove creosote-treated rail ties that are over water or adjacent to sensitive aquatic areas
should also be evaluated.

•

Evaluate the effectiveness of actions implemented to reduce the amount of mercury released
to the environment. Multiple programs and agencies have been involved with mercury
disposal and recycling programs since the initiation of the Mercury Chemical Action Plan in
2003 (Ecology and WDOH, 2003). Organizing and streamlining information would make it
easier to track ongoing releases to the environment and end-of-life data for mercurycontaining materials.

•

Evaluate the factors that appear to be effectively attenuating metals from roof and road runoff
in low-density residential areas, and consider how to apply these factors in commercial/
industrial areas where there appears to be little attenuation between sources and streams. If
warranted, consider applying these attenuation mechanisms to high-density residential areas.

•

Conduct inspections once every three years at those businesses in Washington that routinely
handle large amounts of COCs. Washington is failing to find and resolve environmental
threats from millions of pounds of hazardous waste in the Puget Sound basin. Hazardous
wastes are toxic, flammable, or reactive, and when mismanaged, they contaminate soil, air,
and water. Ten years ago, hazardous waste inspectors found serious environmental threats at
27% of businesses; the current rate is 63% (Darin Rice, Ecology Hazardous Waste and
Toxics Reduction Program, written communication). Additional resources are needed to
reduce the environmental threat rate to 30% by 2015, resulting in less contamination to soil,
air, and water.
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Data Needs
PSTLA was a four-year effort primarily focused on assessing chemical loads to Puget Sound
from all of the major delivery pathways (groundwater, air deposition, surface water runoff,
publicly-owned treatment works, and ocean exchange). This assessment will be useful in putting
other scientific studies and action priorities into perspective, and possibly helping to shape new
ones. However, there appears to be little value in pursuing further refinements to basin-wide
loading assessments for the chemicals already addressed. This does not preclude the need for
additional loading refinements for particular pathways or basin-wide modeling exercises, but it
appears that current data needs should be conducted at a finer resolution to focus specific actions.
These smaller scales may be geographical (e.g. watersheds, specific land covers, urban bays),
specific pathways (e.g. stormwater), related to specific sources (e.g. the contribution of
emissions sources to chemicals in stream runoff), or assessments of hazards (e.g. local hazard
evaluation).
The following recommendations are provided to fill these finer-scale data needs:
•

Characterize the factors that lead to high COC concentrations in streams draining
commercial/industrial and agricultural areas. Assess runoff in high-density urban areas and,
if warranted, assess the factors leading to high COC concentrations as well.

•

Collect information on agricultural and urban usage of copper-based products in the
Puget Sound basin.

•

Evaluate concentrations of cadmium, copper, lead, zinc, and DEHP released from various
roofing materials.

•

For any work conducted to assess PAHs and petroleum hydrocarbons in surface runoff or
POTWs, include sampling and analytical methods better suited to detection of these
chemicals.

•

Stormwater discharges directly to Puget Sound or to major rivers near their mouths should be
assessed for chemicals to evaluate the importance of this loading pathway. Although the
surface runoff study (Herrera, 2011) theoretically encompassed these conveyances, they were
likely underestimated since high-density urban areas were under-represented in the study.
Much of the information required for such an assessment may soon be available through data
collection and reporting requirements of the Phase 1 municipal stormwater permit. A
detailed analysis of this dataset should be conducted.

•

Incorporate the data collected under PSTLA into the Puget Sound Box Model for the purpose
of evaluating reductions needed to meet the Puget Sound “dashboard indicators” and other
appropriate environmental targets. In addition to PCBs, selected metals, PBDEs, and PAHs
appear to be good candidates for modeling since there are ample opportunities for control
actions and the model may be able to predict conditions needed to meet reduction targets.

178

•

More information is needed to help distinguish natural and legacy sources of contaminants in
environmental pathways such as surface water runoff. This will help gauge the feasibility
and effectiveness of actions taken to reduce releases of chemicals from contemporary
anthropogenic (human-caused) releases.

•

Continue to identify and assess chemicals that may be more detrimental to the Puget Sound
ecosystem than the COCs addressed in PSTLA studies. Current-use pesticides,
pharmaceuticals, and personal care products are examples of chemicals that are delivered to
fresh and marine surface waters of the Puget Sound basin, yet their potential for effects is
poorly understood (Lubliner et al., 2010).

•

In general, industrial, commercial, and institutional point sources do not account for large
releases of COCs. Instead, a variety of diffuse (nonpoint) sources account for a majority of
the COC releases. However, it will be important to ensure that both the results of this
Assessment Report and data on existing prevention and management controls help guide
future actions and investments on Puget Sound clean-up and restoration work.
Lack of investment in existing programs designed to safely manage COCs produced by
commerce can let otherwise controlled and contained COCs “out of their bottle,” where they
become a threat to Puget Sound. For example, Washington ranks near the bottom of states in
the U.S. for safe hazardous waste management (Darin Rice, Ecology Hazardous Waste and
Toxics Reduction Program, written communication). Hazardous wastes are persistent, toxic,
flammable, or reactive, and when mismanaged, they contaminate land, air, and water.
Environmental threats are posed from millions of pounds of hazardous waste and hazardous
products in the Puget Sound basin. Conducting fewer hazardous waste inspections results in
more violations that directly contaminate land and water. So it is not surprising that as state
inspection resources have diminished, the chance of finding spills of COCs and other
significant environmental threats are at historic highs (Darin Rice, Ecology Hazardous Waste
and Toxics Reduction Program, written communication).
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Appendix A. Summary of the Puget Sound Toxics Loading
Analysis (PSTLA) Projects
Project
Phase 1
Initial Estimate of Toxic Chemical Loadings to
Puget Sound

Ref

Preparer

Status

Hart Crowser et al.,
2007

Hart Crowser,
Ecology, EPA,
Partnership

Completed 2007

Loading estimates. Simple model using
available data.

Phase 2
Improved Estimates of Loadings from Surface
Runoff and Roadways

Envirovision et al.,
2008a

EnviroVision,
Herrera,
Ecology

Completed 2008

Loading estimates. Simple model using
available data.

Addendum 1 (related to oil and petroleum)

Ecology, 2009

Addendum 1
- 2009
Addendum 2
- 2010
Completed 2008

Clarification of oil and petroleum definitions.
Revised and improved methodology for
estimating runoff volumes.

Ecology
Addendum 2 (related to loading calculation
method)
Improved Estimates of Loadings from
Dischargers of Municipal and Industrial
Wastewater
Sediment Flux/Puget Sound Sediments
Bioaccumulation Model – Derived
Concentrations for Toxics
Identification and Evaluation of Water
Column Data for Puget Sound and Its Ocean
Boundary
Studies to Support a Human Health Risk
Assessment

Herrera, 2010

Development of Simple Numerical Models –
The Long-Term Fate and Bioaccumulation of
Polychlorinated Biphenyls in Puget Sound
A Toxics-Focused Biological Observing System
for Puget Sound
Phase 3
Characterize Toxic Chemical Loadings via
Surface Runoff
Modeling Surface Runoff in Two Pilot
Watersheds
Study of Atmospheric Deposition of Air Toxics
to the Waters of Puget Sound

Characterization of Toxic Chemicals in Marine
Waters and Selected Tributaries to Puget
Sound
Refine Numerical Model of Toxics in Puget
Sound and Evaluate Pollution Reduction
Scenarios
Priority Pollutant Scans of Ten POTWs

Gries and Osterberg,
2011

Ecology

Under Development

Primary Sources of Selected Toxic Chemicals
and Quantities Released in the Puget Sound
Basin
Pharmaceuticals and Personal Care Products
in Wastewater Treatment Systems
Persistent Organic Pollutants in Three Guilds
of Pelagic Marine Species from the Puget
Sound
Toxic Chemical Loadings via Groundwater
Discharge Directly to Puget Sound
Assessment Report

Type of Study

Envirovision et al.,
2008b

Herrera
EnviroVision,
Herrera,
Ecology

Ecology and
Environment, 2009

Ecology and
Environment

Completed 2009

Criteria Evaluation. Bioaccumulation model
using available data.

Serdar, 2008

Ecology

Completed 2008

Inventory and evaluation of existing data.

EPA/Kissinger

Status
unknown

Pelletier, and
Mohamedali, 2009

Ecology

Completed 2009

Studies using available information to assess
risks to human health from ingestion of
toxicants in seafood.
Fate and bioaccumulation model for PCBs.
Complex model using available data.

Johnson et al., 2010a

NOAA, UC
Davis, WDFW

Completed 2010

Proposal to monitor toxicants. Based on review
of existing data.

Herrera, 2011

Herrera,
Ecology
Under
Development
Battelle,
Ecology

Completed 2011
Under
development
Completed 2010 (PCBs
complete
2011)
Completed 2011

Sampling and loading estimates. Simple model
using newly acquired field data.
Under Development

Under
Development

Under
development

Under Development

Ecology and Herrera,
2010
Ecology, 2011

Ecology,
Herrera
Ecology

Completed 2011
Completed 2011

Sampling and loading estimates. Simple model
using newly acquired field data.
Inventory of chemical releases using available
data.

Lubliner et al., 2010

Ecology, EPA

Completed 2010

West, et al., 2011a
and b; Noel et al.,
2011
Pitz, 2011

WDFW

Completed 2011

Ecology

Present Report

Ecology, King
County DNR

Completed 2011
Completed 2011

Evaluation of POTW treatment efficacy and
sampling. Evaluation based on newly acquired
field data.
Assessment of bioaccumulative chemicals in
plankton, fish, and harbor seals. Based on
newly acquired field data
Loading estimates. Simple model using
available data.
Synthesis of existing PSTLA loading and sources
information, hazard evaluation

Under Development
Brandenberger et al.,
2010
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Loading estimates. Simple model using
available data.

Sampling and loading estimates. Simple model
using newly acquired field data.

Sampling and loading estimates. Simple model
using newly acquired field data.

Appendix B. Chemicals Analyzed for Loading Studies and
Methods Used to Handle Non-Detects
Table B-1. Chemicals Analyzed for Loading Studies.
Chemical Class
Chemical
Metals

Loading Study
Surface
Runoff a

Aluminum
Arsenic
Barium
Beryllium
Cadmium
Cobalt
Copper
Lead
Manganese
Mercury
Monomethyl mercury
Nickel
Selenium
Thallium
Tin
Zinc
Polychlorinated Biphenyls (PCBs)

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

21 "NOAA Status & Trends" Congenersf
209 PCB Congeners
Polybrominated Diphenyl Ethers (PBDEs)

Atm.
Dep.b

Ocean
Exch.d

Groundwatere

X

X

X

X

X

X

X
X

X
X

X
X

POTWsc

X
X

X
X

X

X

X

X

X

X

X

X

X

X
X

14 PBDE Congenersg
38 PBDE Congenersh
X
Polychlorinated Dibenzodioxins and Furans (PCDD/Fs)
Total TCDD
Total TCDF

X

X
X
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Table B-1 (Cont’d). Chemicals Analyzed for Loading Studies.
Chemical Class
Chemical
Chlorinated Pesticides
2,4'-DDD
2,4'-DDE
2,4'-DDT
4,4'-DDD
4,4'-DDE
4,4'-DDT
Aldrin
alpha-BHC
beta-BHC
delta-BHC
gamma-BHC (Lindane)
Chlorpyriphos
cis-Chlordane
trans-Chlordane
Chlordane
Dacthal (DCPA)
DDMU
Dieldrin
Endosulfan I
Endosulfan II
Endosulfan sulfate
Endrin
Endrin Aldehyde
Endrin Ketone
Heptachlor
Heptachlor epoxide
Hexachlorobenzene
Methoxychlor
Mirex
cis-Nonachlor
trans-Nonachlor
Oxychlordane
Toxaphene

Loading Study
Surface
Runoff a

Atm.
Dep.b

POTWsc

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
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Ocean
Exch.d

Groundwatere

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Table B-1 (Cont’d). Chemicals Analyzed for Loading Studies.
Chemical Class

Loading Study

Surface
Atm.
Ocean
Chemical
Runoff a
Dep.b POTWsc Exch.d
Low Molecular Weight Polycyclic Aromatic Hydrocarbons (LPAHs)

Groundwatere

Acenaphthene
X
X
Acenaphthylene
X
X
Anthracene
X
X
X
Fluorene
X
X
Naphthalene
X
X
Phenanthrene
X
X
X
High Molecular Weight Polycyclic Aromatic Hydrocarbons (HPAHs)

X
X
X
X
X
X

X
X
X
X
X
X

Benzo(a)anthracene*
Benzo(a)pyrene*
Benzo(b)fluoranthene*
Benzo(g,h,i)perylene
Benzo(k)fluoranthene*
Chrysene*
Dibenzo(a,h)anthracene*
Fluoranthene
Indeno(1,2,3-cd)pyrene*
Pyrene
Phthalate Esters

X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X

Bis(2-ethylhexyl)phthalate
Butylbenzylphthalate
Diethylphthalate
Dimethylphthalate
Di-N-butylphthalate
Di-N-octylphalate
Herbicides

X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X

X

X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X

X
X

2,3,4,5-Tetrachlorophenol
2,3,4,6-Tetrachlorophenol
2,4,5-T
2,4,5-TP (Silvex)
2,4,5-Trichlorophenol
2,4,6-Trichlorophenol
2,4-D
2,4-DB
3,5-Dichlorobenzoic acid
Acifluorfen

X
X
X
X
X
X
X
X
X
X
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Table B-1 (Cont’d). Chemicals Analyzed for Loading Studies.
Chemical Class
Chemical
Herbicides
Bentazon
Bromoxynil
Clopyralid
Dicamba I
Dichlorprop
Diclofop-methyl
Dinoseb
Ioxynil
MCPA
MCPP (Mecoprop)
Pentachloroanisole
Pentachlorophenol
Picloram
Triclopyr
Semivolatile Organics
1,2,4,-Trichlorobenzene
1,2-Dichlorobenzene
1,2-Diphenylhydrazine
1,3-Dichlorobenzene
1,4-Dichlorobenzene
1,7-Dimethylphenanthrene
1-Methylnaphthalene
2,2'-Oxybis[1-chloropropane]
2,4-Dichlorophenol
2,4-Dimethylphenol
2,4-Dinitrophenol
2,4-Dinitrotoluene
2,6-Dimethylphenanthrene
2,6-Dinitrotoluene
2-Chloronaphthalene
2-Chlorophenol
2-Methylnaphthalene
2-Methylphenol
2-Nitroaniline
2-Nitrophenol

Loading Study
Surface
Runoff a

Atm.
Dep.b

POTWsc

X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X

X
X
X
X

Ocean
Exch.d

X
X

X
X
X
X
X

X
X

X

X
X
X
X

X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X
X

X
X
X
X
X
X
X

X
X
X
X
X
X
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Groundwatere

Table B-1 (Cont’d). Chemicals Analyzed for Loading Studies
Chemical Class
Chemical
Semivolatile Organics
3,6-Dimethylphenanthrene
3,3'-Dichlorobenzidine
3B-Coprostanol
3-Nitroaniline
4,6-Dinitro-2-methylphenol
4-Bromophenylphenylether
4-Chloro-3-methylphenol
4-Chloroaniline
4-Chlorophenyl-Phenylether
4-Methylphenol
4-Nitroaniline
4-Nitrophenol
4-Nonylphenol
Benzoic acid
Benzyl alcohol
bis(2-Chloroethoxy)methane
bis(2-Chloroethyl)ether
Bisphenol A
Caffeine
Carbazole
Cholesterol
Dibenzofuran
Ethanol, 2-chloro, phosphate (3:1)
Hexachlorobutadiene
Hexachlorocyclopentadiene
Hexachloroethane
Isophorone
Nitrobenzene
N-Nitrosodimethylamine
N-Nitrosodi-N-propylamine
N-Nitrosodiphenylamine
Perylene
Phenol
Retene
Triclosan
Triethylcitrate

Loading Study
Surface
Runoff a

Atm.
Dep.b

POTWsc

Ocean
Exch.d

X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X

X
X
X
X

X
X

X
X
X
X
X

X
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Groundwatere

Table B-1 (Cont’d). Chemicals Analyzed for Loading Studies
Chemical Class

Loading Study

Surface
Chemical
Runoff a
Oil & Grease and Petroleum Hydrocarbons
Oil & Grease
TPH-Gas range
TPH-Diesel range
TPH-Lube oil range
Anhydrosugars
Galactosan
Levoglucosan
Mannosan
Perfluorinated Compounds

Atm.
Dep.b

POTWsc

X
X
X
X

Ocean
Exch.d

Groundwatere

X
X
X
X
X
X

Perfluorodecanoate
Perfluoroheptanoate
Perfluorohexanoate
Perfluorononanoate
Perfluorooctanoate
Perfluorooctane sulfonate
Perfluoropentanoate
Perfluorohexane sulfonate
Perfluorobutanoate
Perfluorobutane sulfonate
Perfluorooctane sulfonamide
Perfluoroundecanoate
Perfluorododecanoate

X
X
X
X
X
X
X
X
X
X
X
X
X

Bolded and Shaded cells indicate Chemicals of Concern
a
b
c
d
e
f
g
h

*

Herrera, 2011
Brandenberger et al., 2010
Ecology and Herrera, 2010
Gries and Osterberg, 2011
Pitz, 2011
21 "NOAA Status & Trends" Congeners = PCB-8, -18, -28, -44, -52, -66, -77, -101, -105, -118,
126, -128, -138, -153, -170, -180, -187, -195, -200, -206, and -209
14 PBDE Congeners = PBDE-17, -28, -47, -66, -71, -85, -99, -100, -138, -153, -154, -183, -190,
-209
38 PBDE Congeners = PBDE-7, -10, -15, -17, -28, -30, -47, -49, -66, -71, -77, -85, -99, -100, 119, -126, -138, -139, -140, -153, -154, -156/159, -171, -180, -183, -184, -191, -196, -197/204, 201, -203, -205, -206, -207, -208, -209
Carcinogenic PAHs (cPAHs)
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Table B-2. Methods Used to Derive Representative Chemical of Concern (COC) Concentrations
Where Sample Results Include Non-Detects.

Loading Study

Scenario and Substitution
Methods for Non-Detects
(NDs)
All of data set
NDs

Surface Runoff
(Herrera, 2011)

Atmospheric
Deposition
(Brandenberger
et al., 2010)

Maximum RL
used and the
final derived
values were
presented as
"<" and flagged
with a "U"

Not applicable

Part of data set
NDs
Where ≥ 50% of
results were ND,
½ MRL assigned
to NDs and final
value flagged as
"E"
Where < 50% of
results were ND,
½ MRL assigned
to NDs with no
flag for final
value

For all
parameters
except PCBs,
MDLs assigned
to NDs
For PCBs, zero
assigned to NDs

POTWs
(Ecology and
Herrera, 2010)

No attempt was
made to derive
representative
concentration
where FOD <
50%

Where n ≥ 10
and FOD ≥ 50%,
ROS used to
calculate
representative
concentration
Where n < 10
and FOD ≥ 65%,
½ MRL assigned
to NDs

Rules for
Summing
Constituents
for Groups
(e.g. PAHs,
PCBs)
Only detected
results were
summed (zero
assigned to
NDs)
Where all
results were
ND, the highest
MRL was used
to represent the
sum
For all
parameters
except PCBs,
detected results
and NDs
(assigned
MDLs) were
summed
For PCBs, only
detected results
were summed
(zero assigned
to NDs)

Only detected
results were
summed (zero
assigned to
NDs)
Where all
results were
ND, the highest
MRL was used
to represent the
sum
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Possible Bias as a
Result of Method

COCs Where Substitution
Method Was Used

Substitution of ND with
½ MRL appears to be
reasonable estimate in
cases where up to 70%
a
results are ND . At
higher rates of ND, this
substitution method may
yield conservative results
(biased high)

Arsenic and copper were 0% ND
(detected in 100% of samples)

For summed parameters,
the procedure used yields
minimum or nearminimum possible values

For all parameters except
PCBs, the procedure used
yields maximum possible
values
For PCBs, the procedure
used yields minimum
possible values

Substitution of ND with
½ MRL appears to be
reasonable estimate in
cases where up to 50%
a
results are ND . This
substitution procedure
was not used at higher
FODs. ROS method was
found to yield similar
results when compared to
substitution of ND with
½ MRL.
For summed parameters,
the procedure used yields
minimum or nearminimum possible values

½ MRL assigned to NDs for Lead,
mercury, zinc, total PCBs, and total
PBDEs were <50% ND (detected in
≥ 50% and < 100% of samples)
½ MRL assigned to NDs for
cadmium, total PAHs, cPAH, LPAH,
HPAH, DEHP, triclopyr,
nonylphenol, and lube oil were ≥
50% ND (detected in < 50% of
samples)

MDLs assigned to NDs for PBDEs
Zero assigned to NDs for PCBs

Copper, lead, and zinc were 0% ND
(detected in 100% of samples)
ROS used for some PBDE
congeners, some individual PAHs,
and DEHP
½ MRL assigned to NDs for some
PCB congeners
Representative concentrations not
calculated for DDT compounds,
some individual PAHs, triclopyr,
nonylphenol

Table B-2 (Cont’d). Methods Used to Derive Representative Chemical of Concern (COC)
Concentrations Where Sample Results Include Non-Detects.

Loading Study

Scenario and Substitution Methods
for Non-Detects
(NDs)
All of data set
NDs

Ocean
Exchange
(Gries and
Osterberg,
2011)

Groundwater
(Pitz, 2011)

No attempt was
made to derive
representative
concentrations
where all of data
set were NDs

Two methods
were used: (1) ½
RL assigned to
NDs, and (2) the
minimum RL of
the data set was
assigned to NDs

Part of data set
NDs

When most of
the samples had
detected results,
only detected
values were used
to calculate
representative
concentrations
When few of the
samples had
detected results,
½ RL assigned to
NDs

Two methods
were used: (1) ½
RL assigned to
NDs, and (2) the
minimum RL of
the data set was
assigned to NDs

Rules for
Summing
Constituents
for Groups
(e.g. PAHs,
PCBs)

Possible Bias as a
Result of Method

Using only detected
concentrations yields
maximum possible values
Only detected
results were
summed (zero
assigned to
NDs)
Where all
results were
ND, the highest
MRL was used
to represent the
sum

All values were
summed after
values for
individual
chemicals were
generated using
the ND
substitution
procedures (½
RL or minimum
RL)

Substitution of ND with
½ MRL appears to be
reasonable estimate in
cases where up to 70%
a
results are ND . At
higher rates of ND, this
substitution method may
yield conservation results
(biased high)
For summed parameters,
the procedure used yields
minimum or nearminimum possible values

Results appear to be
biased low when
comparing to results
generated from using
only detected values.
Assignment of the
minimum RL to NDs
generates the most
downward bias.

COCs Where Substitution
Method Was Used

Arsenic, cadmium, copper, and
zinc were 0% ND (detected in
100% of samples)
Only detected values were used to
calculate representative lead
concentrations
½ MRL assigned to NDs for PCBs
and PBDEs
Representative concentrations not
calculated for DDT compounds,
PAHs, DEHP, nonylphenol

All procedures applied to all COCs

ND=non-detected
RL=reporting limit
MRL=maximum reporting limit
MDL=method detection limit
FOD=frequency of detection
ROS=regression on order statistics
a
Antweiler, R.C. and H.E Taylor, 2008. Evaluation of statistical treatments of left-censored environmental data using coincident uncensored
data sets: I. Summary statistics. Environmental Science and Technology 42: 3732-3728.
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Appendix C. Summary of Release Estimates for All COCs
(from Ecology, 2011)
Table C-1. Summary of Release Estimates for All COCs.

COC
Arsenic

Activity/Source
Category

Specific
Source

COC Release
Mechanism

Form of
Release

Initial
Receiving
Medium

Best
Estimate of
Release
(Range)

Unit

Percent
of Total
(Range)

0.79
(0 - 1.7)

t/yr

100%

Air

0.28

t/yr

36%
(0% - 100%)

Soil, Surface
water

0.27
(0.04 - 0.5)

t/yr

34%
(0% - 100%)

Surface water,
POTWs,
Groundwater

0.15
(0 - 0.84)

t/yr

19%
(0% - 100%)

TOTAL
Industrial and
Institutional Point
Sources
Pesticides and
Wood Preservation

Ind, Comm, Inst
Sources
(primarily Title V)
CCA-treated
wood

Arsenic

Buildings and
Grounds

Roofing
materials asphalt shingle

Leaching,
Corrosion

Arsenic

Miscellaneous
Material Use

Fertilizers

Direct
application to
soil

Solid, Liquid

Soil

0.06

t/yr

8%
(0% - 100%)

Arsenic

Industrial and
Institutional Point
Sources

Wood-Treatment
Facility

Unknown
release

Unknown
form

Water

0.01

t/yr

2%
(0% - 100%)

Arsenic

Buildings and
Grounds

Residential Fuel
Use, except
Wood

Combustion
emissions

Aerosols,
Particulate
matter,
Vapor

Air

0.01

t/yr

1%
(0% - 100%)

Cadmium

TOTAL

0.96
(0.84 - 1.2)

t/yr

100%

Arsenic
Arsenic

Unknown
release
Leaching

Unknown
form
Solubilized in
water
Solubilized in
water,
Particulate
matter in
water

Cadmium

Buildings and
Grounds

Roofing
materials - total

Leaching,
Corrosion

Solubilized in
water,
Particulate
matter in
water

Cadmium

Miscellaneous
Material Use

Fertilizers

Direct
application to
soil

Solid, Liquid

Soil

0.26

t/yr

27%
(22% - 31%)

Cadmium

Industrial and
Institutional Point
Sources

Ind, Comm, Inst
Sources
(primarily Title V)

Fugitive air
release

Dust, Vapor

Air

0.06

t/yr

6%
(5% - 7%)

0.03
(<0.01 - 0.06)

t/yr

3%
(<1% - 6%)

0.03
(<0.01 - 0.06)

t/yr

1%
(<1% - 7%)

air

0.01

t/yr

<1%

Air

0.01

t/yr

<1%

Cadmium

Vehicles and Roads

Tire wear

Abrasion

Particulate
matter

Cadmium

Vehicles and Roads

Brake pad wear

Abrasion

Particulate
matter

Cadmium

Buildings and
Grounds

Residential Fuel
Use, except
Wood

Dispersal of
dust following
wear

Cadmium

Buildings and
Grounds

Woodstoves and
Fireplaces

Combustion
emissions
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Particulate
matter,
Fugitive dust
Aerosols,
Particulate
matter,
Vapor

Surface water,
POTWs,
Groundwater

0.59
(0.5 - 0.7)

t/yr

61%
(53% - 68%)

Impervious
surfaces,
Roadside
areas, Air,
POTWs
Impervious
surfaces,
Roadside
areas, Air,
POTWs

Table C-1 (Cont’d). Summary of Release Estimates for All COCs.

COC

Activity/Source
COC Release
Category
Specific Source Mechanism

Cadmium

Non-Point Combustion
Sources

Locomotive
Emissions

Cadmium

Industrial and
Institutional Point
Sources

Specialty Glass
Manufacturer

Copper

TOTAL

Copper
Copper

Form of
Release

Aerosols,
Particulate
matter, Vapor
Dust, Vapor,
Fugitive air release,
Aerosols,
Combustion
Particulate
matter
Combustion
emissions

Air

<0.01

t/yr

<1%

Air

<0.01

t/yr

<1%

180 - 250
(120 - 390)

t/yr

100.0%

Soil, Vegetation

1.1 - 73

t/yr

0.6% - 29%
(0.3% - 38%)

POTWs

39
(8.6 - 130)

t/yr

16% - 22%
(4% - 45%)

Particulate
matter

Impervious
surfaces, Roadside
areas, Air, POTWs

37

t/yr

15% - 21%
(10% - 31%)

Solubilized in
water,
Particulate
matter in water

Surface water,
POTWs,
Groundwater

27
(12 - 43)

t/yr

11% - 16%
(3% - 29%)

Unknown release

Unknown form

Unknown

25

t/yr

10% - 14%
(6% - 21%)

Urban lawn &
Direct application
Buildings and Grounds
garden use of
Solid, Liquid
to soil or vegetation
pesticides
Plumbing fixtures,
Solubilized in
Buildings and Grounds
Leaching
pipes, and solder
water

Copper

Vehicles and Roads

Copper

Buildings and Grounds

Copper

Industrial and
Institutional Point
Sources

Copper

Pesticides and Wood
Preservation

Antifouling paint Leaching, Ablation
total

Solubilized in
water,
Particulate
matter in water

Marine surface
water, Marine
sediment

23
(12 - 54)

t/yr

9% - 13%
(3% - 34%)

Copper

Pesticides and Wood
Preservation

Agricultural use of Direct application
pesticides - total to soil or vegetation

Solid, Liquid

Soil, Vegetation

10

t/yr

4% - 6%
(2% - 8%)

Copper

Miscellaneous Material
Use

Solid, Liquid

Soil

5.4

t/yr

2% - 3%
(1% - 5%)

Copper

Industrial and
Institutional Point
Sources

Naval Shipyard

5.1

t/yr

2% - 3%
(1% - 4%)

Copper

Vehicles and Roads

Tire wear

t/yr

<1% - 1%
(<1% - 4%)

t/yr

<1% - 1%
(<1% - 1%)

Copper

Brake pad wear

Initial
Receiving
Medium

Best
Estimate
of
Percent of
Total
Release
(Range) Unit (Range)

Abrasion

Roofing materials Leaching, Corrosion
total

Army Base

Micronutrients

Direct application
to soil

Dust, Vapor,
Fugitive air release,
Undefined form Air, Surface water,
Undefined release
released to
Other
to surface water
surface water
Abrasion

Direct application
Aquatic-use
to water in
Pesticides and Wood algaecides in pools,
contained pools
Preservation
fountains, spas,
(swimming pools,
etc.
fountains, etc.)
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Particulate
matter

Solid, Liquid

Impervious
1.9
surfaces, Roadside
(0.02 - 5.4)
areas, Air, POTWs

POTWs, Soils

1.5

Table C-1 (Cont’d). Summary of Release Estimates for All COCs.

COC

Activity/Source
Category
Specific Source

Copper

Industrial and
Institutional Point
Sources

Copper

Industrial and
Institutional Point
Sources

Copper
Copper

Industrial and
Institutional Point
Sources
Pesticides and Wood
Preservation

Other Industrial
and Military
Facilities

Best
Estimate of
Release
(Range)

Unit

Percent
of Total
(Range)

COC Release
Mechanism

Form of
Release

Initial
Receiving
Medium

Unknown release

Unknown form

Unknown

0.83

t/yr

<1%

Dust, Vapor,
Aerosols,
Particulate
matter

Air

0.44

t/yr

<1%

0.22

t/yr

<1%

Ind, Comm, Inst
Fugitive air release,
Sources (primarily
Combustion
Title V)
Metal Foundries

Fugitive air release

Dust, Vapor

Air

CCA-treated wood

Leaching

Solubilized in
water

Soil, Surface water

0.06
(0.04 - 0.08)
520
(150 - 1,000)
370
(27 - 820)

t/yr

<1%

t/yr

100%

t/yr

72%
(13% - 87%)

Lead

TOTAL

Lead

Outdoor Product Use

Ammunition,
Hunting shot use

Intentional loss

Soilid metal

Soil, Surface water

Lead

Industrial and
Institutional Point
Sources

Army Base

Unknown release

Unknown form

Unknown

39

t/yr

8%
(4% - 25%)

Lead

Outdoor Product Use

Fishing sinker loss

Unintentional loss

Soilid metal

Surface water,
Aquatic sediment

36
(32 - 54)

t/yr

7%
(3% - 31%)

Lead

Vehicles and Roads

Wheel weight loss

Unintentional loss

Solid metal

Impervious
surfaces, Roadside
areas

28
(20 - 29)

t/yr

5%
(2% - 18%)

Lead

Buildings and Grounds

Surface water,
POTWs,
Groundwater

18
(15 - 20)

t/yr

3%
(2% - 12%)

Lead

Non-Point
Combustion Sources

Air

16

t/yr

3%
(2% - 10%)

Unknown form

Unknown

2.3

t/yr

<1%
(<1% - 2%)

Unknown

1.8

t/yr

<1%
(<1% - 1%)

2.6
(0.04 - 13)

t/yr

<1%
(<1% - 8%)

1.2
(0.01 - 1.8)

t/yr

<1%
(<1% - 1%)

Water

0.66

t/yr

<1%

Air

0.53

t/yr

<1%

POTWs

0.21
(0.2 - 0.9)

t/yr

<1%

Lead

Lead

Industrial and
Institutional Point
Sources
Industrial and
Institutional Point
Sources

Roofing materials Leaching, Corrosion
total
Aviation fuel
combustion

Combustion
emissions

Various Industrial
Unknown release
Facilities, not
including pulp mills

Solubilized in
water,
Particulate
matter in water
Aerosols,
Particulate
matter, Vapor

Naval Shipyard

Unknown release

Unknown form

Lead

Vehicles and Roads

Brake pad wear

Abrasion

Particulate
matter

Lead

Vehicles and Roads

Tire wear

Abrasion

Particulate
matter

Lead

Lead

Lead

Undefined
form released
to surface
water
Dust, Vapor,
Industrial and
Ind, Comm, Inst
Aerosols,
Fugitive air release,
Institutional Point
Sources (primarily
Particulate
Combustion
Sources
Title V)
matter
Plumbing fixtures,
Solubilized in
Buildings and Grounds
Leaching
pipes, and solder
water
Industrial and
Institutional Point
Sources

Pulp and Paper
Mills

Undefined release
to surface water

207

Impervious
surfaces, Roadside
areas, Air, POTWs
Impervious
surfaces, Roadside
areas, Air, POTWs

Table C-1 (Cont’d). Summary of Release Estimates for All COCs.

COC

Activity/Source
Category
Specific Source

COC Release
Mechanism

Form of
Release

Initial
Receiving
Medium

Best
Estimate
of
Release
(Range)

Solid, Liquid

Soil

0.04

t/yr

<1%

Air

0.02

t/yr

<1%

Air

0.01

t/yr

<1%

0.54
(0.47 - 0.61)

t/yr

100%

Air, Groundwater,
0.13
Soil
(0.11 - 0.16)

t/yr

24%
(20% - 31%)

Lead

Miscellaneous
Material Use

Fertilizers

Direct application
to soil

Lead

Buildings and Grounds

Residential Fuel
Use, except Wood

Combustion
emissions

Lead

Non-Point
Combustion Sources

Locomotive
Emissions

Combustion
emissions

Mercury

TOTAL

Mercury

Miscellaneous
Material Use

Thermostat
Disposal

Miscellaneous
Material Use
Industrial and
Institutional Point
Sources
Industrial and
Institutional Point
Sources
Industrial and
Institutional Point
Sources
Miscellaneous
Material Use
Industrial and
Institutional Point
Sources
Personal Care
Products
Miscellaneous
Material Use
Industrial and
Institutional Point
Sources
Industrial and
Institutional Point
Sources
Personal Care
Products

Fluorescent Lamp
Disposal
Ind, Comm, Inst
Sources (primarily
Title V)

Mercury
Mercury

Mercury

Mercury
Mercury
Mercury
Mercury
Mercury
Mercury

Mercury
Mercury
Mercury

Mercury
Mercury

Buildings and Grounds
Industrial and
Institutional Point
Sources
Miscellaneous
Material Use

Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor

Volatilization,
Vapor, Liquid,
Leaching, Washout Particle-bound
Volatilization

Vapor

Air

0.10

t/yr

18%
(16% - 20%)

Unknown release

Unknown form

Air

0.05

t/yr

9%
(8% - 11%)

t/yr

9%
(4% - 12%)

t/yr

8%
(7% - 9%)

t/yr

7%
(4% - 12%)

t/yr

6%
(5% - 7%)

Aerosols,
0.05
Particulate
Air
(0.02 - 0.07)
matter, Vapor
Vapor, Aerosols,
Volatilization,
Cement Plants
Particulate
Air
0.04
Combustion
matter
Auto Convenience
Volatilization,
Vapor, Liquid, Air, Groundwater,
0.04
Switch Disposal Leaching, Washout Particle-bound
Soil
(0.02 - 0.06)
Vapor, Aerosols,
Petroleum
Volatilization,
Particulate
Air
0.03
Refineries
Combustion
matter
Dental Amalgam
POTWs,
Human Excretion
Excrement
0.02
Excretion
Groundwater
Button Cell
Volatilization,
Vapor, Liquid, Air, Groundwater,
0.02
Batteries
Leaching, Washout Particle-bound
Soil
Crematoria
Emissions

Unit

Percent
of Total
(Range)

Combustion
emissions

t/yr
t/yr

4%
(3% - 4%)
4%
(3% - 4%)

Steel Mills

Unknown release

Unknown form

Unknown

0.02

t/yr

3%

Residual Fuel Oil
Combustion

Combustion
emissions

Aerosols,
Particulate
matter, Vapor

Air

0.01

t/yr

2%

Dental Office
Amalgam Waste

Wastewater

Liquid

POTWs,
Groundwater

0.01

t/yr

2%

0.01

t/yr

1%

0.01

t/yr

1%

<0.01

t/yr

<1%

Residential Fuel
Use, except Wood
Pulp and Paper
Mills
Thermometers
(Household)

Aerosols,
Particulate
Air
matter, Vapor
Undefined form
Undefined release
released to
Surface water
to surface water
surface water
Volatilization,
Vapor, Liquid, Air, Groundwater,
Leaching, Washout Particle-bound
Soil
Combustion
emissions
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COC
Mercury
Mercury

Activity/Source
Category
Miscellaneous Material
Use
Industrial and
Institutional Point
Sources

Mercury

Vehicles and Roads

Zinc

TOTAL

COC Release
Specific Source Mechanism
Fertilizers
Other Industrial
and Military
Facilities
Gasoline and Diesel
Combustion

Direct application
to soil

Form of
Release
Solid, Liquid

Soil

<0.01

t/yr

<1%

Unknown

<0.01

t/yr

<1%

Air

<0.01

t/yr

<1%

1,500
(300 - 3,200)

t/yr

100%

Unknown release Unknown form
Combustion
emissions

Best
Estimate of
Release
(Range)
Unit

Initial
Receiving
Medium

Aerosols,
Particulate
matter, Vapor

Percent
of Total
(Range)

Zinc

Buildings and Grounds

Roofing materials total

Leaching,
Corrosion

Solubilized in
water,
Particulate
matter in water

Zinc

Vehicles and Roads

Tire wear

Abrasion

Particulate
matter

Impervious
surfaces, Roadside
areas, Air, POTWs

82
(4.8 - 150)

t/yr

Zinc

Miscellaneous Material
Use

Solid, Liquid

Soil

41

t/yr

POTWs

30
(20 - 93)

t/yr

Air

12

t/yr

<1%
(<1% - 4%)

7.9
(5.7 - 8.9)

t/yr

<1%
(<1% - 3%)

Impervious
surfaces, Roadside
areas, Air, POTWs

7.1
(0.22 - 44)

t/yr

<1%
(<1% - 13%)

Air

4.3

t/yr

<1%
(<1% - 1%)

Surface water

3.7

t/yr

<1%
(<1% - 1%)

Air

1.8

t/yr

<1%

Zinc

Zinc

Zinc

Fertilizers and
Direct application
Micronutrients
to soil
Plumbing fixtures,
Buildings and Grounds
Leaching
pipes, and solder
Volatilization,
Industrial and
Ind, Comm, Inst
Fugitive air
Institutional Point
Sources (primarily
release,
Sources
Title V)
Combustion
Motor oil leaks and
Vehicles and Roads
improper disposal

Zinc

Vehicles and Roads

Brake pad wear

Zinc

Industrial and
Institutional Point
Sources

Steel Mills

Zinc

Industrial and
Institutional Point
Sources

Pulp and Paper
Mills

Zinc

Zinc

Zinc

Zinc

Industrial and
Institutional Point
Sources
Industrial and
Institutional Point
Sources
Industrial and
Institutional Point
Sources
Industrial and
Institutional Point
Sources

Naval Shipyard

Abrasion

Solubilized in
water
Vapor, Dust,
Aerosols,
Particulate
matter

Particulate
matter

Aerosols,
Particulate
matter, Vapor
Undefined
Undefined release form released
to surface water
to surface
water
Combustion
emissions

Fugitive air
release

Dust, Vapor

Surface water,
POTWs,
Groundwater

1,330
(210 - 2,800)

t/yr

87%
(37% - 97%)
5%
(<1% - 33%)
3%
(1% - 13%)
2%
(<1% - 25%)

Petroleum
Refineries

Unknown release Unknown form

Unknown

1.1

t/yr

<1%

Other Industrial
and Military
Facilities

Unknown release Unknown form

Unknown

0.77

t/yr

<1%

Steel Galvanizers

Unknown release Unknown form

Unknown

0.73

t/yr

<1%

2,100
kg/yr
(1,500 - 2,800)

PCBs

TOTAL

PCBs

Miscellaneous Material
Use

Large capacitors

Leakage

Liquid

Soil, Impervious
surfaces

1,100

kg/yr

52%
(40% - 75%)

PCBs

Miscellaneous Material
Use

Small capacitors

Leakage

Liquid

Soil, Impervious
surfaces

500
(1 - 1,000)

kg/yr

24%
(<1% - 41%)
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COC

Activity/Source
Category
Specific Source

Unit

Percent
of Total
(Range)

Form of
Release

Air

280

kg/yr

13%
(10% - 19%)

Soil, Impervious
surfaces

130
(7 - 250)

kg/yr

6%
(<1% - 15%)

Volatilization,
Vapor,
Abrasion and
Buildings and Grounds Sealants (Caulking)
Sorption to Air, Fugitive dust
fragmentation from
dust particles
weathering

110
(71 - 140)

kg/yr

5%
(3% - 9%)

680
(220 - 2,300)

kg/yr

100%

Air, Fugitive dust

430
(120 - 750)

kg/yr

64%
(7% - 88%)

Air, Fugitive dust

160
(100 - 320)

kg/yr

23%
(5% - 72%)

Air, Fugitive dust

78
(<0.01 - 1,200)

kg/yr

12%
(<1% - 84%)

Air, Fugitive dust

9.5
(0.6 - 18)

kg/yr

1%
(<1% - 8%)

9.4

g
TEQ/yr

100%

Air

7.3

g TEQ/yr

77%

PCBs

Buildings and Grounds

Residential Trash
Burning

Combustion
emissions

PCBs

Miscellaneous
Material Use

Transformers

Leakage

Liquid

PBDEs

Best
Estimate of
Release
(Range)

COC Release
Mechanism

Aerosols,
Particulate
matter, Vapor

PCBs

Initial
Receiving
Medium

TOTAL

PBDEs

Buildings and Grounds Indoor office space
air

Volatilization

PBDEs

Buildings and Grounds Indoor residential
dust

Volatilization

PBDEs

Buildings and Grounds Indoor office space
dust

Volatilization

PBDEs

Buildings and Grounds Indoor residential
air

Volatilization

PCDD/Fs

TOTAL

PCDD/Fs

Buildings and Grounds

Backyard Burn
Barrels

Combustion
emissions

PCDD/Fs

Vehicles and Roads

Heavy Duty Diesel
Vehicle Emissions

Combustion
emissions

PCDD/Fs

Industrial and
Institutional Point
Sources

Pulp and Paper
Mills

Combustion,
Undefined release
to surface water

PCDD/Fs

Buildings and Grounds

Woodstoves and
Fireplaces

Combustion
emissions

PCDD/Fs

Non-Point
Combustion Sources

Construction
Equipment
Emissions

Combustion
emissions

PCDD/Fs

Vehicles and Roads

Light Duty Gasoline
Vehicle Emissions

PCDD/Fs

Industrial and
Institutional Point
Sources

Cement Plants

Vapor,
Sorption to
dust particles
Vapor,
Sorption to
dust particles
Vapor,
Sorption to
dust particles
Vapor,
Sorption to
dust particles

Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor
Aerosols,
Vapor,
Undefined
form released
to surface
water
Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor

Air

0.81

g TEQ/yr

9%

Air, Surface
water

0.49

g TEQ/yr

5%

Air

0.38

g TEQ/yr

4%

Air

0.18

g TEQ/yr

2%

Combustion
emissions

Aerosols,
Particulate
matter, Vapor

Air

0.08

g TEQ/yr

<1%

Combustion
emissions

Aerosols,
Particulate
matter, Vapor

Air

0.05

g TEQ/yr

<1%

210

Table C-1 (Cont’d). Summary of Release Estimates for All COCs.

COC

Activity/Source
Category
Specific Source

PCDD/Fs

Vehicles and Roads

PCDD/Fs

Non-Point
Combustion Sources

PCDD/Fs

Non-Point
Combustion Sources

Light Duty Diesel
Vehicle Emissions
Industrial
Equipment
Emissions
Commercial
Equipment
Emissions

Industrial and
Institutional Point
Sources
Industrial and
Institutional Point
Sources

Other Industrial
and Military
Facilities

PCDD/Fs

Non-Point
Combustion Sources

Recreational Boat
Emissions

PCDD/Fs

Buildings and Grounds

PCDD/Fs

Non-Point
Combustion Sources

PCDD/Fs

Non-Point
Logging Equipment
Combustion Sources
Emissions

PCDD/Fs

Vehicles and Roads

PCDD/Fs

Non-Point
Combustion Sources

PCDD/Fs

Non-Point
Combustion Sources

PCDD/Fs

Industrial and
Institutional Point
Sources

PAH

TOTAL

PCDD/Fs

PCDD/Fs

PAH

Buildings and Grounds

PAH

Pesticides and Wood
Preservation

PAH
PAH

Petroleum
Refineries

Lawn and Garden
Equipment
Emissions
Agricultural
Equipment
Emissions

Heavy Duty
Gasoline Vehicle
Emissions
Airport Service
Equipment
Emissions
Recreational
Equipment
Emissions

COC Release
Mechanism
Combustion
emissions
Combustion
emissions
Combustion
emissions
Combustion
emissions

Form of
Release
Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor

Initial
Receiving
Medium

Best
Estimate
of
Release
(Range)

Unit

Percent
of Total
(Range)

Air

0.04

g TEQ/yr

<1%

Air

0.03

g TEQ/yr

<1%

Air

0.02

g TEQ/yr

<1%

Air

0.02

g TEQ/yr

<1%

0.02

g TEQ/yr

<1%

Air

0.01

g TEQ/yr

<1%

Air

0.01

g TEQ/yr

<1%

Air

0.01

g TEQ/yr

<1%

Air

<0.01

g TEQ/yr

<1%

Air

<0.01

g TEQ/yr

<1%

Air

<0.01

g TEQ/yr

<1%

Air

<0.01

g TEQ/yr

<1%

Unknown

<0.01

g TEQ/yr

<1%

310

t/yr

100%

Air

110

t/yr

34%

Surface water, Air

54

t/yr

18%

Soil, Air, Surface
water

43

t/yr

14%

Air

29

t/yr

10%

Unknown release Unknown form Air, Surface water
Combustion
emissions
Combustion
emissions
Combustion
emissions
Combustion
emissions
Combustion
emissions
Combustion
emissions
Combustion
emissions

Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor

Wood-Treatment
Facility

Unknown release Unknown form

Woodstoves and
Fireplaces

Aerosols,
Particulate
matter, Vapor

Combustion
emissions

Creosote Treated
Leaching, Washout, Solubilized in
Marine pilings Volatilization
water, Vapor
total
Pesticides and Wood Creosote Treated Leaching, Washout, Solubilized in
Volatilization
Preservation
Railroad ties
water, Vapor
Aerosols,
Light Duty Gasoline
Combustion
Vehicles and Roads
Particulate
Vehicle Emissions
emissions
matter, Vapor
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COC
PAH
PAH

PAH

PAH

PAH

PAH

PAH

PAH

PAH

PAH

PAH

PAH
PAH

Activity/Source
Category
Specific Source
Pesticides and Wood
Preservation

COC Release
Mechanism

Form of
Release

Leaching, Washout, Solubilized in
Volatilization
water, Vapor
Aerosols,
Heavy Duty Gasoline
Combustion
Vehicles and Roads
Particulate
Vehicle Emissions
emissions
matter, Vapor
Vehicles and Roads

Creosote Treated
Utility poles

Petroleum spills,
Leakage, Spillage,
leaks, and improper
Direct release,
motor oil disposal Improper disposal

Liquid

Aerosols,
Particulate
matter, Vapor
Aerosols,
Industrial and
Ind, Comm, Inst
Vapor,
Combustion,
Institutional Point
Sources (primarily
Particulate
Volatilization
Sources
Title V)
matter
Lawn and Garden
Aerosols,
Combustion
Buildings and
Equipment
Particulate
emissions
Grounds
Emissions
matter, Vapor
Vapor, Dust,
Industrial and
Volatilization,
Aerosols,
Institutional Point Pulp and Paper Mills Fugitive air release,
Particulate
Combustion
Sources
matter
Vapor, Dust,
Industrial and
Volatilization,
Aerosols,
Institutional Point
Aluminum Mills Fugitive air release,
Particulate
Combustion
Sources
matter
Dust, Vapor,
Industrial and
Fugitive air release,
Petroleum
Aerosols,
Institutional Point
Volatilization,
Refineries
Particulate
Sources
Combustion
matter
Commercial
Aerosols,
Non-Point
Combustion
Equipment
Particulate
Combustion Sources
emissions
Emissions
matter, Vapor
Aerosols,
Heavy Duty Diesel
Combustion
Vehicles and Roads
Particulate
Vehicle Emissions
emissions
matter, Vapor
Construction
Aerosols,
Non-Point
Combustion
Equipment
Particulate
Combustion Sources
emissions
Emissions
matter, Vapor
Gas Station
Vehicles and Roads
Volatilization
Vapor
Emissions
Buildings and
Grounds

Residential Trash
Burning

Combustion
emissions

Best
Estimate
of
Release
(Range)

Unit

Percent
of Total
(Range)

Soil, Air, Surface
water

17

t/yr

6%

Air

11

t/yr

3%

Impervious
surfaces, Soils,
Stormwater,
POTWs, Landfills

11

t/yr

3%

Air

6.5

t/yr

2%

Air

5.2

t/yr

2%

Air

5.0

t/yr

2%

Air

3.2

t/yr

1%

Air

2.7

t/yr

<1%

Air

2.3

t/yr

<1%

Air

2.0

t/yr

<1%

Air

1.8

t/yr

<1%

Air

1.3

t/yr

<1%

Air

1.2

t/yr

<1%

Initial
Receiving
Medium

PAH

Vehicles and Roads

Tire wear

Abrasion

Particulate
matter

Impervious
surfaces, Roadside
areas, Air, POTWs

0.98

t/yr

<1%

PAH

Non-Point
Combustion Sources

Recreational
Equipment
Emissions

Combustion
emissions

Aerosols,
Particulate
matter, Vapor

Air

0.94

t/yr

<1%

212

Table C-1 (Cont’d). Summary of Release Estimates for All COCs.

COC

Activity/Source
Category
Specific Source

COC Release
Mechanism

Form of
Release

Solubilized in
water,
Leaching, Abrasion
Particulate
matter in water
Aerosols,
Combustion
Particulate
emissions
matter, Vapor

PAH

Vehicles and Roads

Coal tar sealants

PAH

Non-Point
Combustion Sources

Recreational Boat
Emissions

PAH

Industrial and
Institutional Point
Sources

Other Industrial and
Military Facilities

PAH

Buildings and
Grounds

Roofing materials total

Leaching

PAH

Non-Point
Combustion Sources

Locomotive
Emissions

Combustion
emissions

PAH

Non-Point
Industrial Equipment
Combustion Sources
Emissions

PAH

Vehicles and Roads

Light Duty Diesel
Vehicle Emissions

Combustion
emissions

PAH

Buildings and
Grounds

Residential Yard
Waste Burning

Combustion
emissions

Unknown release Unknown form

Combustion
emissions

PAH

Non-Point
Logging Equipment
Combustion Sources
Emissions

Combustion
emissions

PAH

Non-Point
Combustion Sources

Agricultural
Equipment
Emissions

Combustion
emissions

PAH

Buildings and
Grounds

Residential Fuel Use,
except Wood

Combustion
emissions

PAH

Non-Point
Combustion Sources

Cigarette smoke

Combustion
emissions
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Particulate
matter,
Solubilized in
water
Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor
Aerosols,
Particulate
matter, Vapor

Initial
Receiving
Medium

Best
Estimate
of
Release
(Range)

stormwater,
fugitive air, dust

0.92
(0.17 - 1.7)

t/yr

<1%

Air

0.86

t/yr

<1%

Air, Surface water,
Other

0.58

t/yr

<1%

Surface water,
POTWs

0.57

t/yr

<1%

Air

0.49

t/yr

<1%

Air

0.30

t/yr

<1%

Air

0.21

t/yr

<1%

Air

0.15

t/yr

<1%

Air

0.05

t/yr

<1%

Air

0.04

t/yr

<1%

Air

0.04

t/yr

<1%

Air

0.03
(0.02 - 0.03)

t/yr

<1%

Percent
of Total
Unit (Range)
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COC

Activity/Source
Category
Specific Source

PAH

Vehicles and Roads

PAH

Non-Point
Combustion Sources

PAH

Non-Point
Combustion Sources

Phthalates
Phthalates
Phthalates
Phthalates
Phthalates
Phthalates
Phthalates

Asphalt - total

Airport Service
Equipment
Emissions
Railroad
Maintenance
Equipment
Emissions

COC Release
Mechanism

Form of
Release

Best
Estimate
of
Initial Receiving Release
Medium
(Range)

Solubilized in
water,
stormwater, fugitive
Leaching, Abrasion
Particulate
air, dust
matter in
water
Aerosols,
Combustion
Particulate
Air
emissions
matter, Vapor
Combustion
emissions

0.02

t/yr

<1%

0.02

t/yr

<1%

<0.01

t/yr

<1%

Aerosols,
Particulate
matter, Vapor

Air

34

t/yr

100%

Liquid, Vapor

POTWs,
Groundwater, Air

11

t/yr

32%

Air

9.6

t/yr

28%

TOTAL
Personal Care
Products
Industrial and
Institutional Point
Sources

Ind, Comm, Inst
Sources (primarily
Title V)

Unknown release Unknown form

Vehicles and Roads

Car undercoating

Washout, Vapor

Liquid, Vapor

Surface water,
Soil, Air

3.3

t/yr

10%

Lacquers and paint

Volatilization

Vapor,
Sorption to
dust particles

Air, Fugitive dust

1.9

t/yr

5%

PVC Coil coated
roofing

Leaching,
Volatilization
Washout,
Volatilization

1.5

t/yr

4%

1.4

t/yr

4%

Air, Fugitive dust

1.2

t/yr

4%

Air, Fugitive dust

1.1

t/yr

3%

Miscellaneous
Material Use
Buildings and
Grounds
Personal Care
Products

Fragrance

Nail polish

Washout,
Volatilization

Unit

Percent
of Total
(Range)

Liquid, Vapor
Liquid, Vapor
Vapor,
Sorption to
dust particles
Vapor,
Sorption to
dust particles

Surface water,
POTWs, Air
POTWs,
Groundwater, Air

Phthalates

Miscellaneous
Material Use

PVC Coated fabric

Volatilization

Phthalates

Miscellaneous
Material Use

Sealants, adhesives,
etc.

Volatilization

Plastics
Manufacturer

Volatilization

Vapor

Air

0.86

t/yr

3%

Washout,
Volatilization

Liquid, Vapor

POTWs,
Groundwater, Air

0.4

t/yr

1%

Volatilization

Vapor,
Sorption to soil

Air

0.35

t/yr

1%

Deodorant (solid)

Washout,
Volatilization

Liquid, Vapor

0.29

t/yr

<1%

Dust particles

0.2

t/yr

<1%

Air, Fugitive dust

0.14

t/yr

<1%

Surface water,
POTWs, Air

0.14

t/yr

<1%

Air, Fugitive dust

0.1

t/yr

<1%

Air, Fugitive dust

0.1

t/yr

<1%

Phthalates
Phthalates
Phthalates
Phthalates

Industrial and
Institutional Point
Sources
Personal Care
Products
Miscellaneous
Material Use
Personal Care
Products

Hair spray (aerosol
and pump spray)
PVC Cables (outdoor,
above ground)

Phthalates

Miscellaneous
Material Use

Shoe soles

Abrasion

Phthalates

Buildings and
Grounds

PVC Wall coverings

Volatilization

Phthalates
Phthalates
Phthalates

Buildings and
Grounds
Buildings and
Grounds
Miscellaneous
Material Use

PVC Roofing material
PVC Flooring
PVC Films, sheets,
coated products

Leaching,
Volatilization
Volatilization,
Abrasion
Volatilization
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Vapor,
Sorption to
dust particles
Solubilized in
water, Vapor
Vapor, Dust
particles
Vapor,
Sorption to
dust particles

POTWs,
Groundwater, Air
Surface runoff,
POTWs, Fugitive
dust
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COC

Activity/Source
Category
Specific Source

Best
Estimate
of
Release
(Range) Unit

Percent
of Total
(Range)

COC Release
Mechanism

Form of
Release

Initial
Receiving
Medium

Vapor

Air

0.09

t/yr

<1%

Air, Fugitive dust

0.08

t/yr

<1%

Air, Fugitive dust

0.08

t/yr

<1%

Phthalates

Buildings and
Grounds

PVC Hoses and
profiles (outdoor)

Volatilization

Phthalates

Buildings and
Grounds

PVC Cables (indoor)

Volatilization

Phthalates

Buildings and
Grounds

PVC Hoses and
profiles (indoor)

Volatilization

Printing inks

Washout,
Volatilization

Liquid, Vapor

POTWs,
Groundwater, Air

0.08

t/yr

<1%

Boat Manufacturer

Volatilization

Vapor

Air

0.05

t/yr

<1%

Chemicals
Distribution

Volatilization

Vapor

Air

0.04

t/yr

<1%

Paint and Coatings
Manufacturers

Volatilization

Vapor, Sorption
to dust
particles

Air, Fugitive dust

0.03

t/yr

<1%

Other Industrial
and Military
Facilities

Volatilization

Vapor

Air

0.02

t/yr

<1%

150
(63 - 240)

t/yr

100%

Phthalates
Phthalates

Phthalates

Phthalates

Phthalates

Miscellaneous
Material Use
Industrial and
Institutional Point
Sources
Industrial and
Institutional Point
Sources
Industrial and
Institutional Point
Sources
Industrial and
Institutional Point
Sources

Triclopyr

TOTAL

Triclopyr

Pesticides and Wood
Preservation

Triclopyr

Direct application
to vegetation

Liquid

Vegetation and
soils

150
(60 - 240)

t/yr

98%
(95% - 99%)

Pesticides and Wood Forest Herbicide
Preservation
Use - State Forests

Direct application
to vegetation

Liquid

Vegetation and
soils

0.8
(0.4 - 1.2)

t/yr

<1%
(<1% - 1%)

Triclopyr

Pesticides and Wood
Preservation

Direct application
to surface water

Liquid or
granular

Surface water

0.68

t/yr

<1%
(<1% - 2%)

Triclopyr

Pesticides and Wood
Preservation

Direct application
to vegetation

Liquid

Vegetation and
soils

0.5

t/yr

<1%

Triclopyr

Buildings and
Grounds

Direct application
to soil or
vegetation

Liquid

Soil, Vegetation

0.43

t/yr

<1%

Triclopyr

Vehicles and Roads

Direct application
to vegetation

Liquid

Vegetation and
soils

0.3

t/yr

<1%

Triclopyr

Vehicles and Roads

Direct application
to vegetation

Liquid

Vegetation and
soils

0.1

t/yr

<1%

0.18

t/yr

100%

0.18

t/yr

100%

Nonylphenol

TOTAL

Nonylphenol

Industrial and
Institutional Point
Sources

Crop and Golf
Course Use

Vapor, Sorption
to dust
particles
Vapor, Sorption
to dust
particles

Aquatic Weed
Control
Right-of-Way
Maintenance-State Forests
Urban lawn &
garden use of
pesticides
Right-of-Way
Maintenance State Highways
Right-of-Way
Maintenance Railroads
Ind, Comm, Inst
Sources (primarily
Title V)

Unknown release
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Unknown form

Air

Table C-1 (Cont’d). Summary of Release Estimates for All COCs.

COC

Activity/Source
Category
Specific Source

COC Release
Mechanism

Form of
Release

Initial
Receiving
Medium

Best
Estimate
of
Release
(Range)

Unit

Percent
of Total
(Range)

9,300

t/yr

100%

Petroleum

TOTAL

Petroleum

Vehicles and Roads

Motor oil drips and
leaks

Leakage

Liquid

Impervious
surfaces

6,100

t/yr

66%

Petroleum

Vehicles and Roads

Minor gasoline
spills from fueling
vehicles and nonroad equipment

Spillage

Liquid

Impervious
surfaces, Soils

1,900

t/yr

21%

Petroleum

Vehicles and Roads

Improper disposal
of used oil
following oil
changes

Direct release,
Improper disposal

Liquid

Stormwater, Soils,
POTWs, Landfills

960

t/yr

10%

Petroleum

Miscellaneous
Material Use

Petroleum spills
(large)

Spillage

Liquid

Surface water, Soil,
228
Impervious
(223 - 233)
surfaces

t/yr

3%
(2% - 3%)
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Appendix D. Hazard Evaluation Summary
Appendix D-1. Description of Methodology and Data Assessed (see the following pages)
The following sections of Appendix D are available only online as links to this Assessment
Report: www.ecy.wa.gov/biblio/1103055.html
Appendix D-2. Hazard Evaluation – Results of Prioritization
Appendix D-3. Hazard Evaluation – Plots of Observed and Effects Data for Surface Waters
Appendix D-4. Hazard Evaluation – Plots of Observed Data and Threshold Values for
Sediments
Appendix D-5. Hazard Evaluation – Plots of Observed and Effects Data for Tissue Residues
Appendix D-6. Hazard Evaluation – Plots of Estimated and Effects Doses for Wildlife
Appendix D-7. Hazard Evaluation – Plots of Observed Data and Criteria for Human Health
Appendix D-8. Hazard Evaluation – Summary Statistics for Environmental (Observed) Data
Appendix D-9. Hazard Evaluation – Water Effects Summary Data
Appendix D-10. Hazard Evaluation – Sediment Guidelines
Appendix D-11. Hazard Evaluation – Tissue Residue Effects Data
Appendix D-12. Hazard Evaluation – Wildlife Effects Data
Appendix D-13. Hazard Evaluation – ECOTOX QA Summary

Description of Contents for Appendix D
Appendix D-1
Description of the methodology and data assessed for the hazard evaluation. Includes a narrative
summary of the results.
Appendix D-2
Tables showing results for the hazard evaluation. Each table shows a summary of whether the
observed concentrations exceed threshold values, and notes on the data used for the comparisons.
Appendix D-3
Plots comparing observed environmental concentrations to effects concentrations for surface
water.
Appendix D-4
Plots comparing observed environmental concentrations to guidelines for sediment.
Appendix D-5
Plots comparing observed environmental concentrations to effects concentrations for tissue
residue.
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Appendix D-6
Plots comparing calculated environmental doses to effects doses for wildlife.
Appendix D-7
Plots comparing observed environmental tissue concentrations to criteria for human health.
Appendix D-8
Tables showing summary statistics for the observed environmental concentrations used in the
hazard evaluation.
Appendix D-9
Folder containing tables with summaries of ECOTOX data used in the hazard evaluation (the
petroleum effects data are not from ECOTOX). A file containing ECOTOX codes is also
included in this folder.
Appendix D-10
Table showing guidelines and other threshold values for sediment.
Appendix D-11
Tables showing summaries of the tissue residue effects for Lower Willamette River and the
Lower Duwamish River Remedial Investigations
Appendix D-12
Folder containing tables with summaries of wildlife effects data. A list of references reviewed
for the wildlife evaluation is also included in this folder.
Appendix D-13
Folder containing tables with summaries of the quality assurance (QA) review of the ECOTOX
data and units.
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Appendix D-1
Hazard Evaluation for Chemicals of Concern
in the Puget Sound Basin –
Description of Methodology and Data Assessed
Introduction
This chapter outlines the methods and results of the assessment conducted to estimate the relative
hazard posed by exposure to the chemicals of concern (COCs) assessed in the Puget Sound
Toxics Loading Analysis (PSTLA) studies. The primary purpose of this assessment was to
provide a general overview of the potential for these COCs to cause adverse effects (to aquatic
life and select wildlife species), and to a lesser extent, human health effects through seafood
consumption within the Puget Sound basin. The assessment described here was not intended to
identify specific ecological effects or quantify risk. The primary purpose of the assessment was
to provide an additional weight of evidence (WOE), along with the loadings and sources
information (documented in the main body of this report), to prioritize COCs for further action.
The large scale regional focus was intended to evaluate COCs at a broad level. A key goal of
this effort was to provide information to help prioritize COCs based on their potential to cause
adverse effects. The assessment used some of the chemical concentration data generated by the
PSTLA studies discussed in this report; however, readily available environmental data for water,
sediment and tissue from other sources were the primary basis of this prioritization process. To
estimate the potential for effects, environmental data were compared to readily available toxicity
data obtained primarily from established databases, sources and regulations. The outcome of this
process was used to establish a general “priority” for management of each of the COCs.
This assessment included the following evaluations:
• Direct hazard to aquatic life through surface water exposure
• Direct hazard to benthic organisms through sediment exposure
• Direct hazard to aquatic life based on tissue residue levels
• Hazard to wildlife based on ingestion of prey, water and sediment
• Hazard to human health through fish/seafood consumption
Although some elements of the “Risk Assessment” process were applied to the hazard
prioritization presented here, this effort is not intended to serves as a risk assessment.
Conducting such an assessment for the Puget Sound region was beyond the scope of this effort.
The remainder of this section describes the process used to acquire both the observed
environmental data and toxicity data, in addition to the assumptions used to access and use this
information. The section also documents the methods used to conduct the effects prioritization,
including a description of the process used to determine the priority for each COC. Finally, the
results of the assessment (organized by COC) and a discussion of the uncertainty and limitations
associated with this process are presented.
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Methods
The following sections describe the process used to identify and acquire both the observed
environmental data and the toxicity data used for this assessment. Also described is the approach
used to assess effects to wildlife, including selection of representative species (“receptors”) and
appropriate COCs, derivation of daily doses (to estimate toxicity from ingestion pathways) and
the model used to estimate exposure to COCs by wildlife. Lastly, the processes used to
summarize the environmental and effects data, determine the potential for effects and priority are
described.

Environmental Data Collection
Environmental data, collected from a variety of sources, were used to estimate the general range
of possible exposure concentrations to COCs. With the exception of a few specific sources, data
collection was limited to readily available public databases and only those data collected
between January 1, 2000 and July 2010 were considered “recent” and included. When available,
surface water, sediment and tissue data were collected from the sources outlined in Table 1. Due
to the different purposes for which some of these data were collected, not all sources included
data for all matrices in both fresh water and marine environments.
Table 1. Summary of data sources and data types used in this assessment. All data were
accessed from their respective sources in July 2010.
Data Source
Ecology's EIM System

1

2

King County's LIMS

US Geological Survey

3

Puget Sound Ambient Monitoring Program
Regional EMAP

4

ENNVEST Study

5

Toxics Loading Studies
7

WDFW

6

Water
Fresh
Marine

Matrix
Sediment
Fresh
Marine

X

X

X

X

X

X
3

Tissue
Fresh Marine

X

X

X

X

X

X

X

N/A

See Footnote

N/A

X

N/A

N/A

N/A

N/A

N/A

N/A

X

N/A

N/A

N/A

X

N/A

X

N/A

N/A

N/A

N/A

N/A

X

X

X

N/A

N/A

N/A

X

N/A

N/A

N/A

N/A

N/A

X

N/A – data not available
1 ‐ EIM – Ecology’s Environmental Information Management System
2‐ LIMS ‐ Laboratory Information Management System, King County data not previously submitted to EIM
3 ‐ USGS data obtained from online database. Sediment data were obtained but not used; USGS only analyzes the <63µ
sediment fraction, which is not comparable to the remainder of the data used in this assessment.
4 ‐ Includes NOAA's mussel watch data (Valerie Partridge, Environmental Assessment Program, written communication, 2010).
5‐ US Department of Defense (Johnston, R.K. 2007)
6 ‐ Includes Ecology's Ocean Exchange/River Mouth Loading study, Fish Tissue Assessment and Surface Runoff studies discussed
in this document.
7 – Washington Department of Fish and Wildlife (West et al. 2011).

The datasets described in Table 1 were combined into a composite database. This process
required a number of “rules” and assumptions to ensure that data were consistently formatted
(similar naming conventions, units etc.) and in a chemical form appropriate for later comparison
to effect concentrations. Table 2 outlines the key rules and assumptions used to combine and
process the environmental data.
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Table 2. Summary of rules and assumptions used to acquire and summarize observed
environmental data.
All Data
• The COC list was expanded to include all forms of these chemicals.
• Data from all sources were standardized to reflect parameter and qualifier names as defined by
EIM. When no EIM parameter (for certain co-eluting PBDE congeners) was available the closest
match was selected.
• Only data collected between January 1, 2000 and July, 2010 were acquired.
• All data were standardized to common units.
• Qualified ”B” qualified data and “estimated data” were included. Data with the following
qualifiers were not included in the assessment:
 “Rejected Data”
 The following “U” qualified non-detect data - “U”, “U?”, “UJ”, “UJG”, “UJK”,” UJL”.
• Summing - Polychlorinated biphenyl’s (PCBs), polycyclic aromatic hydrocarbons (PAHs) and
dioxins in all matrices were summed based on SMS rules:
 For summed compounds, only compounds detected in a sample were summed.
• PAHS
 LPAHs include naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene,
anthracene
 HPAHs include fluoranthene, pyrene, benz(a)anthracene, chrysene, total
benzofluoranthenes (B, J and K), Benzo(a)pyrene, indeno(1,2,3-c,d)pyrene,
dibenzo(a,h)anthracene, and benzo(g,h,i)perylene.
 cPAHs were not summed for any media because standards and toxicity information for the
sum of cPAHs whereas not available for water, sediment, tissue, or in the NTR.
• Petroleum Compounds – data for the following petroleum related compounds were identified
and collected: TPH as heavy fuel oil, Diesel range TPH, Gasoline range TPH, Lube oil range TPH.
Sediment Data
• Organic carbon (OC) normalization was conducted for marine sediment data when the
corresponding sediment quality value was OC-normalized. Otherwise, all sediment data were
dry-weight normalized.
• USGS freshwater sediment data were presented as the chemical concentration in the <63 µm
fraction. These sediment data were not used due to incompatibility with the majority of the
available sediment data.
Tissue Data
• Tissue data were grouped into common tissue type designations for the tissue residue, wildlife
and human health assessments. For example, mussel tissue data labeled as “somatic” and
“visceral” were categorized as “whole body no shell”. Whole body tissue data labeled as “nogut”, “no exoskeleton” were classified as “whole body”. Fillet data classified as “skin on”, “no
skin” were combined and classified as “fillet”. Lipid-normalized tissue data were not used in
this assessment due to the inconsistencies and availability of lipid data for all tissue
concentrations.
The majority of data used in the assessment were obtained from EIM, followed by the King
County LIMs. The remaining datasets were relatively small in comparison, but were included
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because the parameters and matrices measured complemented the EIM and LIMS datasets.
While it is recognized that there may be other sources of environmental data (e.g., various
research publications, NOAA, USFW) that could have been included in this assessment, due to
the scope and timeline associated with this task, it was necessary to focus on the largest and most
readily available electronic sources of primarily ambient data that did not require significant data
review or re-entry. Since the intent of this effort was to better understand general regional
conditions and not identify “hot spots”, these data are assumed to provide reasonable estimates
of exposure.
A review of the NOAA database
(http://response.restoration.noaa.gov/type_subtopic_entry.php?RECORD_KEY%28entry_subtop
ic_type%29=entry_id,subtopic_id,type_id&entry_id(entry_subtopic_type)=751&subtopic_id(ent
ry_subtopic_type)=5&type_id(entry_subtopic_type)=1) indicated that a significant proportion
the applicable data were already included in EIM and LIMs and much of the data had been
collected before 2000. A large proportion of the remaining data were primarily collected from
the Duwamish River CERCLA site. It was decided that inclusion of these data in the assessment
would possibly skew the results.
The primary goal of this assessment was to provide a high level summary evaluation of relative
hazard; therefore, the data were differentiated into three course spatial scales; (1) freshwater,
(2) marine nearshore, and (3) marine offshore. The freshwater to nearshore boundary was
defined by the original data. If data were classified as “freshwater” by the original data source,
they were retained as such; if classified as marine/saltwater the data were further parsed between
near and offshore. Nearshore was defined as all marine areas less than 10 meters deep (based on
MLLW); offshore was defined as all other marine areas.
Data records not meeting the intent of the nearshore/offshore designation were adjusted
accordingly (e.g., marine locators >10m in depth in estuaries like the Duwamish were classified
as nearshore). Some sample depths varied due to tidal influences. However, relatively few
samples were attributed close enough to the 10m depth (e.g. 9m or 11m) to potentially fall into a
different marine area based on depth of tide at the time of sampling.
Comparison of sediment data to sediment guidelines (described below) required that the marine
sediment data for nonionic/non-polar organic chemicals be organic carbon (OC) -normalized.
Dry-weight concentrations were used for marine sediment samples when OC was outside the
range of 0.5 to 3.0%. No associated OC data were available for approximately 35% of the
sediment samples. To utilize these samples, these data were OC-normalized using the mean
nearshore (2.22%) or mean offshore (1.74%) OC percentages from the remaining sediment
results. The process of correcting sediment data for OC resulted in some differences in the total
number of measurements (N) for OC and dry weight normalized data presented in the summary
tables and figures. For example, for a given COC the N for dry weight-based measurements may
be 5, while the N for the OC-normalized measurements is 1.
Tissue data were grouped differently depending on which assessment was being conducted.
Tissue samples were segregated into fresh, nearshore and offshore samples based on the location
they were collected. Table 3 attributes tissue to freshwater or marine species for informational
purposes.
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Table 3. Fish and invertebrate tissues and their groupings for the assessments using tissue data.

Common name

Latin Name

Fresh
vs
Marine

Tissue Assessment

Human Health
Assessment

Wildlife
Assessment

Asian clam

Corbicula fluminea

FW

Bivalve + other
invertebrates

Bivalve-clam

Invertebrate

Bay ghost shrimp

Neotrypaea
californiensis

SW

Decapod

Other invertebrate

not included

Bay mussel

Mytilus trossulus

SW

Bivalve-clam

Invertebrate

Bent-nose macoma

Macoma nasuta

SW

Bivalve-clam

Invertebrate

Black bullhead

FW

Fish

Fish

FW

Fish

Fish

Fish

Blackmouth (Resident)
Chinook salmon

Ameiurus melas
Pomoxis
nigromaculatus
Oncorhynchus
tshawytscha

Bivalve + other
invertebrates
Bivalve + other
invertebrates
Fish

SW

Fish

Fish

Fish

Blue mussel

Mytilus edulis

SW

Bivalve + other
invertebrates

Bivalve-clam

Invertebrate

FW

Fish

Fish

Fish

FW
FW
SW
FW

Fish
Fish
Fish
Fish

Fish
Fish
Fish
Fish

Fish
Fish
Fish
Fish

FW

Fish

Fish

Fish

SW

Bivalve + other
invertebrates

Bivalve-clam

Invertebrate

Black crappie

Bluegill
Brook trout
Brown bullhead
Brown Rockfish
Brown trout
Bull trout
Butter clam

Lepomis
macrochirus
Salvelinus fontinalis
Ameiurus nebulosus
Sebastes auriculatus
Salmo trutta
Salvelinus
confluentus
Saxidomus
giganteus
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Table 3. Fish and invertebrate tissues and their groupings for the assessments using tissue data.

Common name

Latin Name

Fresh
vs
Marine

California mussel

Mytilus californianus

SW

Catworm genus

Nephtys

SW

Channel catfish

FW
SW

Common carp
Copper rockfish
Cutthroat trout
Dabs
Dock shrimp
Dungeness crab
English sole

Ictalurus punctatus
Oncorhynchus
tshawytscha
Oncorhynchus keta
Oncorhynchus
kisutch
Cyprinus carpio
Sebastes caurinis
Oncorhynchus clarkii
Pleuronectidae
Pandalus danae
Cancer magister
Parophrys vetulus

Bivalve + other
invertebrates
Bivalve + other
invertebrates
Fish

Fat gaper

Tresus capax

SW

Flathead sole

Hippoglossoides
elassodon

SW

Gaper clam

Tresus sp.

SW

Graceful rock crab
Hake

Cancer gracilis
Merluccius

SW
SW

Chinook salmon
Chum salmon
Coho salmon

Human Health
Assessment

Wildlife
Assessment

Bivalve-clam

Invertebrate

Other invertebrate

not included

Fish

Fish

Fish

Fish

Fish

SW

Fish

Fish

Fish

SW

Fish

Fish

Fish

FW
SW
FW
SW
SW
SW
SW

Fish
Fish
Fish
Fish
Decapod
Decapod
Fish
Bivalve + other
invertebrates

Fish
Fish
Fish
Fish
Other invertebrate
Other invertebrate
Fish

Fish
Fish
Fish
Fish
not included
Invertebrate
Fish

Bivalve-clam

Invertebrate

Fish

Fish

Fish

Bivalve-clam

Invertebrate

Other invertebrate
Fish

Invertebrate
Fish

Tissue Assessment

Bivalve + other
invertebrates
Decapod
Fish
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Table 3. Fish and invertebrate tissues and their groupings for the assessments using tissue data.

Common name

Latin Name

Fresh
vs
Marine

Tissue Assessment

Human Health
Assessment

Wildlife
Assessment

Bivalve-clam

Invertebrate

Fish

Fish

productus
Japanese littleneck

Tapes philippinarum

SW

Kokanee

Oncorhynchus nerka
Micropterus
salmoides
Catostomus
macrocheilus
Ophiodon elongatus
Catostomus
catostomus

FW

Bivalve + other
invertebrates
Fish

FW

Fish

Fish

Fish

FW

Fish

Fish

Fish

SW

Fish

Fish

Fish

FW

Fish

Fish

Fish

Other invertebrate

not included

Bivalve-clam

Invertebrate

Bivalve-clam

Invertebrate

Other invertebrate

not included

Bivalve-clam

Invertebrate

Largemouth bass
Largescale sucker
Lingcod
Longnose sucker
Lumbriculus oligochaete

Lumbriculus

FW

Macoma clams

Macoma sp.

SW

Mediterranean mussel
Melita amphipods
Milky venus
Mountain whitefish
Northern pikeminnow
Pacific Dover sole

Mytilus
galloprovincialis
Melitidae
Compsomyax
subdiaphana
Prosopium
williamsoni
Ptychocheilus
oregonensis
Microstomus

SW
SW
SW

Bivalve + other
invertebrates
Bivalve + other
invertebrates
Bivalve + other
invertebrates
Decapod
Bivalve + other
invertebrates

FW

Fish

Fish

Fish

FW

Fish

Fish

Fish

SW

Fish

Fish

Fish
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Table 3. Fish and invertebrate tissues and their groupings for the assessments using tissue data.

Common name

Latin Name

Fresh
vs
Marine

Tissue Assessment

Human Health
Assessment

Wildlife
Assessment

Bivalve-clam

Invertebrate

Fish

Fish

Bivalve-clam

Invertebrate

Bivalve-clam

Invertebrate

Fish

Fish

pacificus
Pacific geoduck

Panopea abrupta

SW

Pacific herring

Clupea pallasii

SW

Pacific littleneck

Protothaca staminea

SW

Pacific oyster

Crassostrea gigas

SW

Pacific staghorn sculpin

SW
SW

Fish

Fish

Fish

FW
SW

Fish
Fish

Fish
Fish

Fish
Fish

SW

Fish

Fish

Fish

SW

Fish

Fish

Fish

Prickly sculpin
Pumpkinseed sunfish

Leptocottus armatus
Microgadus
proximus
Mylocheilus caurinus
Rhacochilus vacca
Oncorhynchus
gorbuscha
Theragra
chalcogramma
Cottus asper
Lepomis gibbosus

Bivalve + other
invertebrates
Fish
Bivalve + other
invertebrates
Bivalve + other
invertebrates
Fish

SW
FW

Fish
Fish

Fish
Fish

Purple mahogany-clam

Nuttallia obscurata

SW

Bivalve-clam

Invertebrate

Pygmy whitefish
Quillback rockfish

Prosopium coulterii
Sebastes maliger
Oncorhynchus
mykiss

FW
SW

Fish
Fish
Bivalve + other
invertebrates
Fish
Fish

Fish
Fish

Fish
Fish

FW

Fish

Fish

Fish

Pacific Tomcod
Peamouth
Pile perch
Pink salmon
Pollock

Rainbow trout

226

Table 3. Fish and invertebrate tissues and their groupings for the assessments using tissue data.

Common name

Latin Name

Ratfish
Red rock crab

Hydrolagus colliei
Cancer productus
Richardsonius
balteatus
Cottus perplexus
Ambloplites
rupestris
Lepidopsetta
bilineata
Psettichthys
melanostictus
Scorpaeniformes
Molpadia
intermedia
Cymatogaster
aggregata
Pacifastacus
leniusculus
Hexanchus griseus
Eopsetta exilis
Micropterus
dolomieui

Redside shiner
Reticulate sculpin
Rock bass
Rock sole
Sand sole
Scorpion fishes (Order)
Sea cucumber
Shiner perch
Signal crayfish
Sixgill shark
Slender sole
Smallmouth bass

Fresh
vs
Marine
FW
SW

Tissue Assessment

Human Health
Assessment

Wildlife
Assessment

Fish
Decapod

Fish
Other invertebrate

Fish
Invertebrate

FW

Fish

Fish

Fish

FW

Fish

Fish

Fish

FW

Fish

Fish

Fish

SW

Fish

Fish

Fish

SW

Fish

Fish

Fish

SW

Fish
Bivalve + other
invertebrates

Fish

not included

Other invertebrate

Invertebrate

SW
SW

Fish

Fish

Fish

FW

Decapod

Other invertebrate

Invertebrate

SW
SW

Fish
Fish

Fish
Fish

not included
Fish

FW

Fish

Fish

Fish

Bivalve-clam

Invertebrate

Other invertebrate

not included

Softshell clam

Mya arenaria

SW

Spot prawn

Pandalus platyceros

SW

Bivalve + other
invertebrates
Decapod
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Table 3. Fish and invertebrate tissues and their groupings for the assessments using tissue data.

Common name

Latin Name

Staghorn Sculpin
Starry flounder
Striped seaperch

Leptocottus armatus
Platichthys stellatus
Embiotoca lateralis
Margaritifera
falcata
Perca flavescens

Western Pearlshell
Yellow perch

Fresh
vs
Marine
SW
SW
SW
FW
FW

Tissue Assessment
Fish
Fish
Fish
Bivalve + other
invertebrates
Fish
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Human Health
Assessment

Wildlife
Assessment

Fish
Fish
Fish

Fish
Fish
Fish

Bivalve-clam

Invertebrate

Fish

Fish

Summary Statistics
All environmental data were combined by matrix (water, sediment, tissue) and spatial location
(freshwater, marine near- and offshore). Tissues were also grouped into “bivalve”, “fish” and
“other invertebrate” categories for the human health assessment. Both fillet and whole-body
samples were used for the human health assessment. For the tissue residue assessment, tissues
were divided into “fish”; “non-decapod invertebrates”, and “decapods” (crabs and shrimps); all
tissue residue comparisons were based on whole-body tissue concentrations. Summary statistics
(min, max, mean, median, total number of samples, and frequency of detection) for these data
were calculated using MSAccess and Total Access Statistics. Summary statistics for each matrix
are presented in Appendix E.

Identification of Effects Concentrations
Unless noted otherwise, all toxicity data used in this assessment were obtained from readily
available databases. A literature search was conducted to identify studies of contaminant
impacts to northwest regional species which may not have been included in available toxicity
databases. In many cases the regional data were not dose-response effects data and inappropriate
to directly compare with observed environmental concentrations (i.e. data were lipid normalized,
study included multiple chemical exposures, field based studies, etc.). These data are primarily
discussed as an additional WOE when evaluating the overall hazard for each COC. The
following sections describe the process used to obtain the effects data and any assumptions used
in their selection.

Surface Water – Direct Effects to Aquatic Life
To determine the potential for effects to aquatic life from direct exposure to COCs in surface
water, relevant effects concentrations were identified to compare with the observed
environmental data. EPA’s ECOTOXicology (ECOTOX) database (http://cfpub.epa.gov/ecotox)
was the primary source of surface water effects data. The “Advanced Database Query” option in
ECOTOX was used to obtain the majority of the data which allows for selection of specific
taxonomic, chemical, result, condition, publication, and report formats to suit the project needs.
The following rules were used to identify the appropriate toxicological effects data.
• Both aquatic plant and animal data were included in the search process (animal data were
accessed in July 2010; plant data were accessed and added in June 2011).
• Effect concentrations classified as EC0, LC0, NOEC, NOEL, and NR-ZERO were not
included because they were considered “no effect” results.
• Concentration units based on area (e.g., AI kg/ha, ae kg/ha), or any unit other than volume
were excluded. Molar-type units (i.e., M, uM, nM) were converted to ug/L.
• The following endpoint types were included from the ECOTOX database: Lethal
Concentration (LC)/Lethal Dose (LD), Effect Concentration (EC)/Effect Dose (ED), Lowest
Observable Effect Concentration (LOEC), Lowest Observable Effect Level (LOEL), and
NR-LETH (Near Lethal) values, and all effect measurements for both fresh and saltwater
organisms. Endpoint types such as bioaccumulation factor, inhibition concentration, and
time to mortality were not used. Bioaccumulation was addressed to some degree in the tissue,
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•

•

wildlife and human health assessments described below. A detailed evaluation of the
potential for effects associated with bioaccumulation was beyond the scope of this
assessment.
Washington State water quality criteria were included for comparison when available.
Concentration types were selected to match the water quality criteria where available. Thus,
for most metals, effects associated with the dissolved concentration type were used for
comparison to freshwater and marine observed data. Total and dissolved mercury were used
due to the different forms used by the acute and chronic WQC. Formulation type (F) was
excluded for COCs except triclopyr, DDTs, and PCBs.
If “NR” (not reported) was the result for concentration or media type (freshwater or
saltwater), then that effect value was excluded.

A summary of the data derived from the ECOTOX database used in this assessment can be found
in Appendix D-9.
Although efforts are made by EPA to accurately represent toxicity data in the ECOTOX
database, the data are not thoroughly vetted through a detailed quality control process. It was
beyond this effort’s capacity to review each of the thousands of original papers and documents
from which ECOTOX was derived. However, to provide additional confidence in the quality of
the ECOTOX data, 125 randomly selected documents were obtained and reviewed for accuracy
and correspondence with ECOTOX. These papers represented approximately 5% of those
identified by this assessment.
To evaluate the accuracy of molar unit conversions by ECOTOX, 25 papers were reviewed.
Molar units were found to be converted correctly by 24 of the 25 randomly selected papers. One
paper did not measure metallic zinc as reported by ECOTOX, it was instead evaluating zinc
pyrithione, an organic zinc antifouling compound. If this paper is considered as reporting error
the “unit error” rate is 3%.
To evaluate the ability of the ECOTOX database to accurately represent the data presented in the
original source, 100 journal articles were reviewed representing 821 individual toxicity values.
The review resulted in identification of 171 values that were incorrectly represented by
ECOTOX (20% error rate) and would have an impact on the outcome of the assessment. A
number of other errors were identified (e.g., misclassification of effects types and test species),
but they did not impact the outcome of this assessment. The majority of errors were associated
with use of the salt concentration of a COC to represent the effect concentration, rather than the
active ingredient concentration.
Other common errors were associated with the classification of NOEC values as effect
concentrations and the use of mixture concentrations to represent a single chemical exposure.
Use of the salt concentration as the effect concentration rather than the active ingredient would
likely underestimate the potential for effects, while use of NOEC values would likely
overestimate the potential. A summary of the results of the ECOTOX QA/QC process can be
found in Appendix D-13.
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Sediment – Direct Effects to Benthic Organisms
To determine potential hazard to benthic organisms from direct exposure to sediment COCs,
relevant sediment guidelines and thresholds were identified for comparison with the observed
environmental data. The primary standards and guidelines used in this assessment were the
Washington State Marine Sediment Management Standards (SMS) and the Floating Percentile
(FP) based freshwater sediment guidelines developed by Ecology (Avocet Consulting 2003;
Avocet Consulting and SAIC 2002; RESET 2009). A number of other sediment guidelines were
also used to provide additional context to assess the sediment data. Because this effort was not
exhaustive, not all available guidelines were included.
Three sets each of freshwater and marine sediment guidelines (total of 6 sets of guidelines) were
selected for comparison to observed sediment concentrations. It is acknowledged that sediment
pore water may be an additional important route of exposure for benthic organisms; however,
readily accessible pore water toxicity data and observed pore water concentration data for the
Puget Sound regional were not available. In addition, variability in the methods used to extract
and analyze pore water makes comparison across studies challenging.
Marine sediment data were compared to the following guidelines/standards:
•

The Washington State SMS (Chapter 173-204 WAC), which consist of two levels, a
“Sediment Quality Standard” (SQS) and “Cleanup Screening Level” (CSL) and the
“Apparent Effects Thresholds” (AETs) including the “Lowest AET” (LAET) and the
“Second Lowest AET” (2-LAET)

•

The Canadian Marine Sediment Guidelines (CCME 2001) which consist of a “threshold
effect level” (TEL) and a “probable effects level” (PEL).

The SMS SQS was the primary standard used to evaluate the marine sediment data; the
remainder of the guidelines presented and described here were intended to provide additional
context and included as part of the WOE discussion.
The SMS SQS represents the concentration below which no adverse effects to biological
resources are expected; the CSL is less stringent and corresponds to the concentration at which
minor adverse effects to biological resources are expected. For comparison to the SMS, all
nonionic/nonpolar organic compounds were normalized to percent total organic carbon (TOC)
content. However, if TOC content was outside the range considered appropriate for
normalization, (i.e., less than 0.5 or greater that 3.0 percent), these data were only compared with
the Puget Sound AETs. An AET represents the chemical concentration above which adverse
biological effects have been demonstrated to always occur. The LAET was used as the
equivalent of the SQS, and the 2LAET was used to represent the CSL.
The Canadian Marine Sediment Guidelines consist of two thresholds. The TEL represents the
concentration below which adverse biological effects are expected to rarely occur, while the PEL
defines the level above which adverse effects are expected to frequently occur. The TELs and
PELs represent three effect ranges:
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•

The minimal effect range within which adverse effects rarely occur (i.e., fewer than 25% of
samples have adverse effects occur below the TEL)

•

The possible effect range within which adverse effects occasionally occur (i.e., the range
between the TEL and PEL)

•

The probable effect range within which adverse biological effects frequently occur (i.e., more
than 50% of samples have adverse effects above the PEL) (CCME 2001).

The freshwater sediment data were compared to three sets of sediment guidelines. Ecology’s FP
based freshwater sediment guidelines Avocet Consulting 2003; Avocet Consulting and SAIC
2002; RESET 2009, the Canadian Freshwater Sediment Guidelines (CCME 2001, Smith et al.
1996), and the Consensus-based Guidelines (MacDonald et al. 2000) were used; all guidelines
consist of a set of two thresholds.
The 2003 Draft Washington FP guidelines obtained from Ecology’s EIM database were used in
this assessment and include the “Sediment Quality Standard” (FP-SQS) and a “Cleanup
Screening Value” (FP-CSL). The FP-SQS was the primary threshold used to evaluate the
freshwater sediment data; the remainder of the thresholds/guidelines described here were used to
provide additional context and included as part of the WOE discussion. The FP thresholds were
developed based on bioassay hit definitions from Washington’s marine SQS and the CSL. The
FP thresholds include a third guideline based on a statistically significant difference (STAT); the
STAT guideline was not used in this prioritization process.
The FP SQS defines a biological effect when the difference between the mortality rate in the test
and control is greater than 10%, when the growth test/control ratio is less than 0.8 and when the
decrease in Microtox® luminescence test/control ratio is less than 0.85. The FP CSL defines a
biological effect when the test results for the same bioassays are greater than 25%, less than 0.7,
and less than 0.75, respectively. A more detailed description of the derivation of these thresholds
can be found in Avocet Consulting (2003) and Avocet Consulting and SAIC (2002).
Similar to the marine guidelines described above, the Canadian Freshwater Sediment guidelines
(CCME 2001) consist of a “Threshold Effect Level” or TEL that represents the concentration
below which effects are infrequently observed and a “Probable Effects Level” or PEL, which
represents the concentration above which effects are frequently observed.
The Consensus Based Freshwater Sediment Guidelines (MacDonald et al. 2000) consist of a
“Threshold Effects Concentration” or TEC, the level below which effects are not expected and a
“Probable Effects Concentration” or PEC, the level above which effects are expected. In this
context the term “consensus” does not mean agreement among scientists on the best guideline,
but rather that a variety of sediment quality guidelines from different sources were combined to
generate the thresholds. A more detailed discussion of the derivation of all of these sediment
thresholds (except the FP’s) can be found in Wenning et al. 2005. A summary of the sediment
guidelines used in this assessment are presented in Appendix D-10,
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Tissue – Direct Effects to Aquatic Life
To determine the potential for effects to aquatic life via waterborne or dietary exposure to the
COCs, relevant tissue residue effect concentrations were identified for comparison with the
observed environmental tissue residue data described above. Initially, the Environmental
Residue Effects Database (ERED) (http://el.erdc.usace.army.mil/ered/) was identified as the
source of effects data for the tissue assessment.
Due to the complexities associated with tissue residue data and concern for using data
appropriate for this assessment, 25% of the 100 original papers on which the ERED data were
based were reviewed for accuracy. Review of the original literature resulted in an unacceptable
error rate (~50%). Numerous errors were identified and included use of the dose concentration
to represent the effect concentration, a value not represented by a statistically significant effect,
and incorrect values (e.g., paper did not measure concentration in tissue, a lipid normalized value
presented as a wet weight value). Due to the high error rate, use of the ERED database would
require review of all original data sources, which was beyond the scope of this project. A
summary of the results of the ERED QA/QC process can be found in Appendix D-13.
As an alternative, two regional efforts that evaluated tissue residue effects were identified. Both
the Lower Duwamish Waterway Group and the Lower Willamette Group recently completed
final and draft, Remedial Investigation Baseline Ecological Risk Assessments respectively,
which included review and evaluation of tissue residue effects data (Windward 2010, Windward
2009). Both groups identified numerous tissue residue effects concentrations that were
subsequently reviewed by toxicologists from various agencies and groups. Since these data had
been previously reviewed and vetted by numerous professionals, they were identified as a readily
available reliable source of tissue residue effects data for this assessment.
The tissue residue effects concentrations are intended to estimate the direct effect of a COC on
an organism via waterborne or dietary exposure. Although considerable effort has been
expended over the years to relate tissue metal residues to effects, with the exception of selenium,
mercury and tributyl-tin, these efforts have achieved only limited success (Adams et al. 2010).
Due to the disparate physical/chemical characteristics of metals, their environmental presence in
multiple forms and states, the fact that some are essential micronutrients and some are controlled
by metabolic processes, metals and inorganics as a group continue to be more toxicologically
challenging than organics when trying to apply the tissue residue approach. Residue approaches
for metals require detailed consideration of metal specific and species specific details and
determination of the toxicologically active fraction of the total body/organ tissue residue
(Luoma and Rainbow 2005 in McCarty 2010).
The development of the Biotic Ligand Model (BLM) for some metals demonstrates the
successful use of a tissue residue based approach for metals that can be used when the target
organ and receptors have been identified and the amount of metal necessary to produce toxicity
has been established. However, this is not necessarily the case for whole-body tissue residue
concentrations for most metals. Aquatic organisms use a variety of storage, detoxification and
excretion mechanisms to address metal exposure. As a result, measuring the total metal in an
organism provides limited information regarding the biologically active metal concentrations
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within an organism (Adams et al. 2010; Meador et al. 2008). Due to the complexity of this type
of assessment, a meaningful evaluation of metal tissue residues requires a much more detailed
evaluation of the available toxicity data than could be conducted here. Therefore, tissue residue
data for metals were not evaluated in this hazard prioritization process.
Although there are similar limitations in the use of tissue residue effects concentrations for
organic chemicals, the relationships for some compounds (e.g., bioaccumulative and persistent)
are much more established (Meador et al. 2008). Thus, the tissue assessment was restricted to
bioaccumulative organic compounds that are not readily metabolized and for which data (effects
and observed environmental) were available (mercury, PCBs, PBDEs, DDTs, and dioxins).
When available, whole-body tissue residue effects data for fish, non-decapod invertebrates and
decapods were used in the assessment. All of the available tissue residue effects data were based
on wet weight concentrations. Where possible, a qualitative assessment of regionally based lipid
normalized effects thresholds are discussed as part of the WOE discussion. A summary of the
effects data used in this assessment can be found in Appendix D-11.

Wildlife
Four wildlife receptors were selected for evaluation by this assessment; harbor seal, osprey, river
otter and great blue heron (A detailed description of species selection is described in the
subsequent section on wildlife receptor and COC selection). The wildlife effects thresholds are
based on the daily dose (mg chemical/kg-body weight/day) of a COC known to cause adverse
effects to test species of birds or mammals. There are no state or federal standards to evaluate
contaminants in wildlife; wildlife effects doses were obtained from published dose-response
studies. These studies typically expose test animals to a COC through ingestion of food or water
containing known contaminant concentrations and observe any effects on growth, reproduction,
development or survival.
Effect doses for this assessment were obtained from multiple publications, some being
compilations of effect doses from EPA efforts and included the Great Lakes Water Quality
Initiative Criteria Documents (EPA 1995), the Ecological Soil Screening Levels (EPA 2007),
Toxicological Benchmarks for Wildlife (Sample et al. 1996), the Draft Lower Willamette River
Remedial Investigation Baseline Ecological Risk Assessment (Windward 2009) and the Lower
Duwamish Waterway Remedial Investigation Baseline Ecological Risk Assessment (Windward
2010). Individual publications supplemented these sources as available. Effects doses were
applied as they were presented in the source documents unless errors of interpretation were
found (e.g., the dose causing an effect is incorrect, typographical errors, unit conversion errors).
Safety or uncertainty factors were not used to estimate potentially hazardous levels in the
assessment.
Due to data availability issues, it is common to use data from published dose-response studies
conducted on test species (birds or mammals) other than those of interest in an assessment. All
daily doses associated with either bird or mammal species were grouped for use with the
appropriate bird or mammal receptor identified for this study. For the effects daily doses
calculated directly from published data, safety factors were not applied to adjust for interspecies,
lowest effect to no effect value, or any other uncertainty. This decision was made because there
is no knowledge of which direction, and to what magnitude uncertainty would be biased. For
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example, the sensitivity of one species to chemical exposure may be greater or lesser than
another. Until each species is tested, it is impossible to predict which species will be more
sensitive and the degree of difference in sensitivity between species. In addition, safety factors
are not standardized and therefore, when applied, are not consistent in magnitude.
A number of field studies have documented bioaccumulation of PCBs and dioxins/furans in
Puget Sound harbor seals and orcas, conducted biopsies and examined immune suppression in
these organisms (Ross et al. 1995, de Swart et al. 1996, Ross et al. 1996, Ross et al. 2004,
Levin et al. 2005, Cullon et al. 2009). However, to date, a dose-response study has not been
conducted to provide the necessary information to develop a toxicity-based daily ingestion dose
for marine mammals. Because these results are not dose-response studies, they could not be
used in the quantitative part of this assessment. They are instead discussed qualitatively as part
of the WOE discussion. Published research on wildlife exposure and effects to COCs conducted
in or near Puget Sound are summarized in the Results Section. A summary of the quantitative
effects data used in the wildlife assessment can be found in Appendix D-12.

Human Health
The effect threshold used for the human health assessment was based on the National Toxics
Rule (NTR) 40CFR§131.36. A number of national and regional fish consumption rates (Table 5)
were calculated using the same methods to provide additional perspective and because the NTR
specified rate is considered under protective for certain populations and ethnic groups such as
Asians, Pacific Islanders and Native Americans. The tissue thresholds were derived by back
calculating intake rates from existing water quality criteria using the applicable bioconcentration
factors (BCFs) presented in the original water quality criteria development documents. COCs
not part of the NTR were not assessed for human health hazards, e.g. lead, triclopyr, and the sum
of cPAHs although individual PAHs were prioritized.
Table 5. List of consumption limits assessed in this document.
Guidance/Reference
Rate
NTR Standard Rate(64 FR 61184)
6.5 gm/day
EPA Recreational Rate (EPA 2000)
17.5 gm/day
EPA Subsistence Rate (EPA 2000)
142.4 gm/day
Tulalip Tribal/King County Asian Pacific Islander 242.5 gm/day
Rate (Toy 1996; Sechena 1999)
Suquamish Tribal Rate (Suquamish Tribe 2000) 769 gm/day
There are no applicable human health standards for sediment. Both the Washington Sediment
Management Standards and the Model Toxics Control Act (MTCA) use site specific assessments
of exposure to assess human health risk; however, this process was not practical to conduct on a
Puget Sound regional scale. Potential effects associated with exposure to sediment through
recreational, shell fishing, or beach use would require parameterizing a human health risk
assessment which was beyond the scope of this project. Similarly, water was not evaluated
because recreational or consumptive water uses would require developing regional estimates of
lifetime human water exposures which was also beyond the scope of this project.
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Petroleum
Total petroleum hydrocarbons (TPH) is a term used to describe a large family of chemical
compounds that originate from crude oils, coal tars, oil shales, and similar materials. The
specific composition of petroleum products varies depending upon (1) the source of the crude oil
and (2) the refining practices used to produce the product. TPH and “TPH gasoline” represent a
mixture of petroleum compounds and serve as coarse estimates of the presence of the individual
constituents that may cause toxicity to aquatic organisms. The ECOTOX database used for the
water assessment only includes data for individual chemical components and does not include
toxicity data for complex mixture compounds such as TPH. As a result, it was necessary to use a
slightly different approach to assess TPH mixtures.
Toxicological evaluation of petroleum mixtures have historically been conducted in the
aftermath of oil spills and similar events. Sources consulted for toxicity information on TPH and
petroleum products were API, 1994; Barron, et al. 1999a; Barron, et al. 1999b; Tsvetnenko,
1998; and Woodward et al. 1983. The majority of the available toxicity data were for crude oils;
however, these studies were deemed unsuitable since none of the available observed
environmental data were for crude oils.
Based on availability of both observed and effects data, four classifications of petroleum
products from the available environmental data were evaluated: heavy fuel/bunker oil, diesel
fuel, gasoline, lube oil. Only toxicity results assessing the water soluble fraction (without free
product) were used to assess these data. A more complete evaluation of petroleum would require
analysis of parent and alkyl PAHs as well as issues such as phototoxicity which were beyond the
scope of this assessment. In addition to the specific assessment for petroleum described here, a
suite of individual and high/low molecular weight PAHs were evaluated in both the water and
sediment assessments previously described above.

Selection of Wildlife Receptors and COCs
The following section describes the process used to select wildlife species and COCs evaluated
in the wildlife assessment. When conducting a wildlife effects assessment, it is necessary to
select a finite number of species or “receptors”. In part, this is due to the impracticality of trying
to assess effects to all wildlife species that reside in the Puget Sound region.
Receptors are generally assumed to be conservative representatives of other species with similar
diets, trophic status and biology. A bird and a mammal species were evaluated in freshwater
habitats and marine habitats. Two bird (osprey and great blue heron) and two mammal species
(harbor seal and river otter) were selected based on their position as top level predators, a diet
consisting primarily of fish, and their use of different feeding strategies, all of which make them
at greatest risk of exposure. In addition, a substantial amount of ecological information has been
published about these species allowing reasonable exposure modeling assumptions.
The four selected receptors are not intended to represent all wildlife species that may be exposed
to COCs in the Puget Sound area. However, these receptors do represent other piscivorous
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species which tend to bioaccumulate chemicals to a greater degree than lower trophic level
species.
The great blue heron was selected as the freshwater bird species because it is a common,
piscivorous bird in Puget Sound freshwater and marine habitats. Some populations exclusively
reside and feed in freshwater habitats as evidenced by large, established heron rookery sites on
lakes and rivers. This large wading bird consumes fish of a variety of sizes and species including
large predatory fish such as largemouth bass and trout. Also, some are year-round residents of
this region. The river otter was selected as the freshwater mammal species because it is a
common mammal in freshwater habitats and consumes primarily fish (EPA 1993). There is also
evidence that river otter in Washington State accumulate mercury, PCBs, and dioxins/furans
(Grove and Henny 2008). Although river otter may migrate between marine and freshwater
habitats, some are exclusive to freshwater habitats. For the purposes of this assessment, it was
assumed that both the great blue heron and river otter consume 100% of their prey from
freshwater habitats and reside year-round in the Puget Sound region.
Osprey and harbor seal were selected as marine habitat receptors. The osprey was selected over
the bald eagle, another common top predator of fish, for a number of reasons. Osprey primarily
consume fish as compared to the bald eagle with consumes a large portion of birds and
mammals; the osprey is much smaller than the bald eagle, making their relative ingestion rate
and exposure higher. Osprey consistently hunt by diving or grasping prey from the water,
whereas the bald eagle may scavenge for food, exclusively hunt salmon during salmon runs, or
hunt for birds. Osprey migrate south during the winter, but breed in western Washington.
The harbor seal was selected to represent an aquatic marine mammal because it is a top predator
feeding exclusively on aquatic prey, primarily fish, and has been reported to have elevated tissue
concentrations of PCBs. The harbor seal was selected over the orca because the harbor seal is a
smaller mammal with relatively higher ingestion rate and exposure, and because much more
ecological information is available for the harbor seal. For the purposes of this assessment, it
was assumed that the diet of both the osprey and harbor seal was 100% fish and that they reside
only in Puget Sound.
The COCs evaluated by the wildlife assessment were limited to bioaccumulative compounds for
which sufficient effects and environmental data were available and included mercury, PCBs,
DDTs, and dioxins/furans. Many of the COCs are neither detected in fish (wildlife prey) nor
bioaccumulative. PAHs are metabolized by fish, and therefore are not bioconcentrated (or
analytically detected very frequently). Triclopyr is broken down quickly in the environment,
and is not bioaccumulative. Bis(2-ethylhexyl)phthalate (DEHP) was infrequently detected
(<10% FOD) in only two species of fish collected from nearshore habitats. Nonylphenol is also
not considered to be bioaccumulative. Although nonylphenol is a potential endocrine disruptor,
describing the potential endocrine disruption of nonylphenol to wildlife populations has never
been done before.
Metals have naturally high FOD in the environment; however, the toxicity of some metals is
complicated by their need as essential trace minerals. At the same time, many metals are
moderately bioaccumulative and toxic to wildlife. Lead poisoning of birds exposed to lead shot
and fishing weights has been a long standing concern. Although lead shot was banned for use in
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waterfowl hunting in 1991, it continues to be used in upland game hunting, posing risk to nonwaterfowl bird species (USGS 2009). Because this assessment is focused on the aquatic
environment, assessment of upland exposure of birds to lead shot was outside the scope of this
assessment and not evaluated. Based on the chemical characteristics of these COCs, it was
assumed that the potential for chronic wildlife exposure was very low and effort was focused on
the more persistent and bioaccumulative COCs.

Exposure Model for Wildlife Receptors
Daily doses of COCs were estimated using a simple exposure model that included a body weight
normalized sum of daily food intake, drinking water intake and incidental sediment ingestion
during foraging and other behaviors. This is represented by the following algorithm:
[Cw * IRw ] + [Cs * IRs ] + [C f * IR f ]
TDD =
BW
Where:
TDD = Total daily dose (mg/kg-BW/d)

C w = 95% UCL of mean chemical concentration in water (mg/L)
C s = 95% UCL of mean chemical concentration in sediment (mg/kg)
C f = 95% UCL of mean chemical concentration in food (mg/kg)

IRw = Ingestion rate of water (L/day)
IRs = Incidental ingestion rate of sediment (kg/day)
IR f = Ingestion rate of food (kg/day)

BW = Body weight (kg)
The 95% upper confidence limit of the mean (95% UCL) concentration of COCs in water,
sediment and food was used to estimate the amount of each COC ingested by wildlife. The
datasets from which the 95% UCL statistic was calculated were the same as those used in the
water, sediment, and tissue assessments with the exception of the fish tissue dataset. The 95%
UCL fish tissue concentrations are summarized in Appendix D-8. The diet of each receptor was
conservatively assumed to be 100% fish. Although a proportion of the receptor’s actual diet may
include invertebrates, the 95% UCL fish tissue concentration is higher than the invertebrate
tissue concentration. Therefore, assuming a diet of 100% fish results in a conservative approach,
and meets the screening goal of this wildlife assessment. Data for all fish species, with the
exception of six gill sharks, were assumed to be prey. A number of sources were reviewed to
characterize the harbor seal (Cullon et al. 2005, EPA 1993), osprey (EPA 1993), great blue heron
(EPA 1993, Butler 1992, Alexander 1977), and river otter (EPA 1993) diets.
The wildlife receptors used in this assessment prey on a wide variety of species; based on
published information on their prey consumption, none show consistent preference for some prey
species over others. Because prey size data were unavailable for observed concentrations, size
was not a criterion used to screen fish tissue data for inclusion in the assessment.
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The daily food ingestion rates were estimated using the allometric equations of Nagy (1987)
which relate food ingestion rate to body weight. These equations are:
Birds:
FI = 0.0582 * BW 0.651
Mammals:
FI = 0.0687 * BW 0.822
Where:
FI = food ingestion rate (kg/day dry weight)
BW = body weight (kg)
Calder and Braun (1983) also use this type of relationship to estimate water ingestion rates.
These allometric equations were used to estimate drinking water intake for receptors and are
presented below.
Birds: WI = 0.0598 * BW 0.67
Mammals: WI = 0.099 * BW 0.90
Where:
WI = water intake (L)
BW = body weight (Kg)
Sediment ingestion rates have not been empirically measured in wildlife studies, but have been
estimated using acid-insoluble ash measurement in scat or digestive tracts of animals. Beyer
et al. (1994) used ash measurements in scat to estimate the relative proportion of inorganic solids
(i.e. sediments and soils) in the diet of multiple wildlife species. None of the four wildlife
receptors were subjects of the Beyer et al. study; however, these data are useful to develop rough
estimates of sediment ingestion rates for species that share similar feeding strategies. Empirical
measurement of sediment ingestion rate is challenging and difficult to model due to ecological
variability between and within species. Thus, the sediment ingestion rates were established
using best professional judgment and relied heavily on the Beyer et al. (1994) which published
estimates varying from <2% to 9% of the daily food ingestion rate for mammals 1 and <2% to
30% of total food ingestion rate for birds 2.
Since total exposure is sensitive to sediment ingestion, separate daily doses for the species
evaluated in this assessment were estimated assuming a low and high sediment ingestion rate
based on their similarities in feeding strategy and foraging habitat to species from Beyer et al.
(1994). Best professional judgment was used to select a low and a high sediment ingestion rate
intended to bound the range of realistic potential sediment ingestion rates for each receptor
(Table 6).
Where possible, the body weight assumed for each receptor was based on local information
summarized in Table 6. The average body weight for the smaller sex, if applicable, was used in
the model, because food intake for smaller-bodied animals is proportionately greater than for the
larger-bodied cohorts resulting in a larger daily dose and a more conservative estimate. Body
weights and ingestion rates for adult life stages were applied to represent the majority of the
animal’s reproductive lifetime. However, effects dose studies included dosing of immature
1

Only four species of mammals were included in the study and only one, the raccoon, forages in aquatic habitat.
Most species of birds in the study were either shorebirds or herbivorous birds. Sediment ingestion rates for
dabbling and diving ducks ranged from <2 to 3% of food ingestion.

2
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individuals. Therefore, the effects doses reflect the most sensitive lifestage and should be
protective of younger lifestages.
Table 6. Wildlife body weights and ingestion rate assumptions.
Osprey
Harbor Seal

Body
weight (kg)
1.45
77.0

Great Blue Heron

2.1

River Otter

7.9

Receptor

Source
EPA 1993
Assuncao et al. 2007
Simpson 1984 as
cited in Butler 1992
EPA 1993

Food IR
(kg/day dw)
0.075
0.985

Sediment IR
(% of Food IR)
1 (4)
2 (4)

Water IR
(L/day)
0.078
1.098

0.094

2 (4)

0.098

0.376

4.5 (9.0)

0.636

IR = ingestion rate. Two different sediment ingestion rates were applied for each receptor while holding all other variables constant because
this variable is the greatest source of uncertainty in the daily dose model. The higher rate is in parentheses.
Food ingestion rates are from Nagy (1987); sediment ingestion rates are from Beyer et al. (1994); water ingestion rates are from Calder and
Braun (1983).

Hazard Assessment
As previously discussed, the intent of this assessment was to provide a general, high level
overview of the potential for the COCs to cause deleterious effects in the matrices evaluated. To
conduct the quantitative portion of the hazard evaluation, the observed environmental data were
compared to the respective effects concentrations. It should be noted that these comparisons are
based on single chemical exposures in a single matrix (water, sediment and tissue) and do not
account for any effects associated with exposure to chemical mixtures or other physical stressors
or conditions (i.e., temperature, dissolved oxygen, hardness etc.) that may be present and
influence bioavailability. Sufficient data for both effects and observed environmental
concentrations were not available to evaluate the priority for every COC for each type of
evaluation.

Water – Direct Effects to Aquatic Life
To assess potential effects to aquatic life through direct exposure to surface waters, observed
surface water concentrations for COCs were presented as box plots of percentiles (5th, 10th, 25th,
50th, 75th, 90th and 95th %iles) plotted adjacent to box plots of percentiles representing the
available effects concentrations in a series of figures. If water quality criteria (WQC) were
available, these values were also presented. In some cases (e.g., DDT and mercury), the WQCs
are well below the available effect concentrations.
Some WQC, particularly those for bioaccumulative chemicals, are derived based on a “final
residue value” and the potential to bioaccumulate which typically results in a value that is lower
than effects concentrations based on direct exposure. In some cases (e.g., nonylphenol) chronic
effects data are limited and the chronic WQC is derived using an acute to chronic ratio (ACR).
Use of the ACR can also result in a value that may be below effects concentrations presented in
ECOTOX. For a more detailed description of how WQC were derived for these COCs see
http://water.epa.gov/scitech/swguidance/waterquality/standards/criteria/aqlife/index.cfm. It is
also important to note that water quality criteria are not derived to protect aquatic organisms
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through the bioaccumulation pathway. The tissue residue assessment described below was
intended to help address this pathway for a select group of COCs.
The total number of analytical measurements and number of observed detected concentrations
are also presented on each figure. Most freshwater and marine (near- and offshore) data were
presented on the separate figures; results for some COCs for which data were limited are
combined into a single figure. If a COC was not detected (or measured), or effects data were not
available, a figure was not prepared. All data were plotted on a log scale.

Sediment – Direct Effects to Benthic Organisms
To assess the potential for effects to benthic organisms, sediment COC concentrations were
presented as box plots of percentiles plotted against the sediment guidelines (represented as
horizontal lines on each figure). The standard or guideline use as the primarily comparison is
presented as a solid red line, while the remainder of the guidelines provided for additional
context are presented as dotted blue lines. When appropriate, based on the guidelines used for
comparison, both dry weight and OC normalized concentrations were presented. In general,
separate graphics were generated for marine and freshwater sediment data; results for some
COCs for which there were limited data are combined into a single figure. If a COC was not
detected (or measured), or effects data were not available, a figure was not prepared. All data
were plotted on a log scale.

Tissue Residues – Direct Effects to Aquatic Life
The tissue assessment was similar to that described above for water. Observed tissue residue
concentrations were presented as box plots of percentiles along with the available tissue residue
effects concentrations; all data were plotted on a log scale. Graphics were generated for wholebody tissue types (fish, non-decapod invertebrates, and decapods) where both effects and
observed environmental data were available. Marine and freshwater tissue data were graphed
separately. If a COC was not detected, or effects data were not available, a figure was not
prepared. As discussed above, the tissue residue assessment was limited to four PBTs (DDTs,
dioxins, PCBs and mercury). Although PBDEs were not assessed quantitatively, the current
effects literature and regional studies are reviewed in the WOE discussion.

Wildlife
The wildlife assessment compared literature-based daily effects doses for birds and mammals to
the estimated daily doses of COCs for the four receptors (great blue heron, osprey, river otter and
harbor seal). The literature-based daily effects doses were rank ordered and plotted against the
estimated daily doses; data were plotted separately for birds and mammals. Two estimated daily
doses were calculated for each receptor based on a low and a high estimate of sediment ingestion
rates. Both estimates are shown on the figures.
Observed PCBs, DDTs and dioxins/furans data were assessed as sums. PCBs were assessed as
Aroclor® sums for tissue and sediment and as PCB congener sums in water because too few
Aroclor® detections occurred in the observed water data. DDT sums included DDT, DDE, and
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DDD isomers. Dioxins and furans were converted to TEQs and summed to a total TEQ. The
effects doses included individual Aroclors®, or DDTs, DDEs, and DDDs and their mixtures.
Dioxin and furan effects doses were treated the same as observed data by converting to TEQs
and summing to a total TEQ.

Human Health
The human health assessment utilized the National Toxics Rule (NTR) (40CFR§131.36) to
establish default assumptions of body weight, toxicity and daily fish/shellfish consumption rates.
The NTR uses a national average fish tissue consumption rate of 6.5 gm/day; this consumption
rate was used to calculate a screening threshold and used as the primary basis of this assessment.
However, this rate is suspected to be under-protective of various other users and ethnic groups
(EPA 2007).
To account for different groups who may consume fish/shellfish at higher rates, five
consumption rates were also used to derive alternative levels for informational purposes.
Two consumption rates (242 gm/day King County API (Sechena 1999) and 243 gm/day Tulalip
Tribe (Toy 1996) were almost identical so they were averaged to create one consumption
scenario of 242.5 gm/day. In addition to the NTR standard rate and the average of the King
County API/Tulalip rate, the EPA recommended recreational and subsistence consumption rates
(EAP 2000) and the Suquamish ingestion rate (Suquamish Tribe 2000) were also used. The
levels calculated based on these additional consumption rates are presented to provide additional
context and are discussed as an additional WOE.
This methodology was used to evaluate bivalve, fish (whole-body and filet) and other
invertebrate tissue data for human health consumption risks. The NTR is the only regulatory
standard in Washington State applicable for human health risks related to consumption of surface
water. However the surface water standards in the NTR are predominantly influenced by
bioaccumulation by fresh water fish tissue and not the consumption of water alone.
Consumption and/or dermal exposure to water alone would require development of a human
health risk assessment for the entire Puget Sound region. A water risk assessment would need to
include an estimate of freshwater exposure point concentrations or probabilistic estimates of
exposure; such an evaluation was deemed to be beyond the scope of this assessment.
Tissue criteria were backcalculated from the NTR based water quality criteria as shown below in
Table 7. The bioconcentration factors (BCFs) shown are from the original criteria
documentation. These BCFs and the applicable fresh and marine water quality criteria were
used along with the original 6.5 gm/day and modified consumption rates to derive tissue
concentrations deemed protective at a range of tissue consumption rates as shown in Table 5.
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Table 7. Summary of NTR water quality criteria and bioconcentration factors (BCF) used in the
human health assessment.
NTR Freshwater
NTR Marine Water
Human Health
Human Health
COC
BCF
Criteria ‐ Water
Criteria ‐ Organisms
and Organisms
Only (μg/L)
(μg/L)
0.018
0.14
Arsenic
44
n/a
0.15
Mercury (estuarine)
3765
0.14
n/a
Mercury (freshwater)
5500
1.8
5.9
Bis(2‐Ethylhexyl)Phthalate
130
0.000000013
1.4E‐08
2,3,7,8‐TCDD (Dioxin)
5000
0.00017
0.00017
Total Polychlorinated Biphenyls (PCBs) 31,200
0.00059
0.00059
4,4'‐DDT
53,600
0.00059
0.00059
4,4'‐DDE
53,600
0.00083
0.00084
4,4'‐DDD
53,600
9600
110,000
Anthracene
30
0.0028
0.031
Benzo(a)Anthracene
30
0.0028
0.031
Benzo(a)Pyrene
30
0.0028
0.031
Benzo(b)Fluoranthene
30
0.0028
0.031
Benzo(k)Fluoranthene
30
0.0028
0.031
Dibenzo(a,h)Anthracene
30
300
370
Fluoranthene
1150
1300
14,000
Fluorene
30
0.0028
0.031
Indeno(1,2,3‐cd)Pyrene
30
960
11,000
Pyrene
30
To account for potential rounding errors and changes in estimates of cancer toxicity since the
NTR was adopted; cancer slope factors or reference doses were first derived from the NTR
calculations for both freshwater and marine waters. These slope factors, or dose for mercury,
were then used in the following formulas to derive tissue thresholds.
Following is the calculation of the human health criterion for freshwater organisms along with
2L of drinking water per day consumption:
Fresh

HH

µg
RF x BW x 1,000 mg
q1 x WC
FC x BCF

Where:
Fresh-HH = Freshwater criterion in ug/L
RF = Risk Factor = 1 x 10 (-6)
BW = Body Weight = 70 kg
q1* = Cancer slope factor/toxicity (Hg only), chemical specific
WC = Water Consumption = 2 L/day
FC = Fish and Shellfish Consumption varied according to Table 5
BCF = Bioconcentration Factor
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Following is the calculation of the human health criterion for marine water organism only
consumption:

Marine

HH

µg
RF x BW x 1,000 mg
q1 x FC x BCF

Where:
Marine-HH = Marine criterion in ug/L
RF = Risk Factor = 1 x 10 (-6)
BW = Body Weight = 70 kg
q1* = Cancer slope factor/toxicity (Hg only), chemical specific
FC = Fish and Shellfish Consumption varied according to Table 5
BCF = Bioconcentration Factor

For COCs not included in the NTR, a hazard evaluation was not conducted to evaluate their
hazard level for the same reasons that water and sediment hazard evaluation were not conducted.

Petroleum
As previously discussed, due to issues associated with the non-specific nature of petroleum
product measurements in surface waters, this COC was evaluated using a slightly different
process than the remainder of the COCs in water. Petroleum in freshwater was evaluated using
data associated with the release of products to water (spills).
Most available toxicity data were for crude oils, which were not considered applicable for this
assessment because no crude oil environmental data were available. Similarly, a large amount of
observed oil and grease data were available from the EIM and King County LIMS databases.
However, these data do not describe a specific petroleum product; they encompass waxes,
greases and other fatty acid substances from both animal, vegetable and petroleum origins.
Because these environmental data are non-specific, and potentially toxic components may vary
within the same concentration measured by this method; these data were considered unusable for
this assessment. Thus, toxicity data and environmental data were both only available for four
petroleum products: heavy fuel/bunker oil, diesel fuel, gasoline, and lube oil. Toxicity data for
these fours products were almost entirely based on lethal concentrations to 50% of the exposed
population (LC50s).
Environmental data for these four products were plotted against the available freshwater toxicity
data. Only two petroleum product data results were available for marine waters and these were
insufficient to estimate hazard priority levels.

Determination of Priority
Due to the broad screening nature of this assessment, in addition to uncertainties associated with
the available data (see Uncertainty Section), a conservative approach was used to determine the
potential hazard posed by each COC. While an effort was made to use a consistent approach to
classify the priority for each component of the assessment, due to the nature and availability of
the data used and variability of methods used for each component, there are differences between
some of the approaches.
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The reader is urged to use caution when comparing priorities across matrices and type of
assessment. The potential for ecological effects for COCs classified as Priority 1 is much higher
than that for Priority 2. However, the specific type of ecological effect is not defined for Priority
1 COCs and can vary from mortality to more subtle impacts like physiological changes. The
following sections describe the process by which the potential for effects was determined for
each element of the assessment. Table 8 summarizes the thresholds used to define priority levels
and sufficiency of data.

Water – Direct Effects to Aquatic Life
A conservative approach was used to determine the potential for effects to aquatic life from
direct exposure to surface waters. If the 90th %ile of the observed environmental concentrations
of a COC was above the 10th %ile concentration of the effect concentrations, the COC was
classified as “Priority 1”. If the 90th %ile of the observed environmental concentrations was less
than the 10th %ile of the effect concentrations, the COC was classified as “Priority 2”. If there
were insufficient data (<15 effects or <50 observed environmental values) to assess a particular
COC, it was classified as “Unknown” or “U”. A classification of Priority 2 or “U” is not
intended to suggest that this COC is not important. It is assumed that all of these COCs are
priorities at some level.
In freshwaters, hardness can have significant influence on the toxicity of metals. Due to the
large volume of data used for this assessment it was not practical to evaluate the hardness
concentrations associated with each observed or effect metal concentration. The reader is
cautioned to take this factor into account when evaluating the findings of the freshwater metals
assessment. The WQC were calculated for metals with hardness-based standards using a
hardness value of 25 mg/L-CaO3 which is approximately the average freshwater hardness in
Western Washington.
Where available, data from regional studies and other readily available thresholds were used as
an additional WOE to qualitatively assess each COC. In general, the available regional data for
the direct water exposure were limited to copper and PAHs.

Sediment – Direct Effects to Benthic Organisms
To determine the potential for effects to benthic organisms from direct sediment exposure, the
90th %ile concentration for each COC was compared to the marine SQS or freshwater FP-SQS,
in addition to the other sediment guidelines described above.
A process similar to that described above for water was used to assess COC priorities for
sediment. If the 90th %ile of the observed sediment concentrations was above the marine SQS or
the freshwater FP-SQS the COC was classified as Priority 1; if the 90th %ile concentration was
less than the sediment standard/guideline is was classified as Priority 2. COCs for which there
were insufficient data (effects or observed concentrations data) to assess were classified as
“Unknown” or “U”. Sediment COCs were classified as “U” if a FP-SQS or SQS value was not
available or if the number of observed environmental concentrations was low (<30). As
previously discussed, classification of a COC as a Priority 2 or “U” does not indicate the COC is
not potentially important.
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It is assumed that all of these COCs are priorities at some level. Where available, data from
regional studies and other readily available thresholds were used as an additional WOE to
qualitatively assess each COC. In general, the available regional data for the direct sediment
exposure were limited to PAHs and PCBs.
The level of uncertainty associated with data availability for each COC was also summarized.
Data uncertainty was based on the total number of measurements and the availability of sediment
thresholds for each COC. As indicated for water above, this assessment assumes that the
available environmental data are representative of the overall region; however, the lower the
number of measurements for each COC, the greater the uncertainty that these data are
representative.

Tissue –Direct Effects to Aquatic Life
The approach used to determine priorities in the tissue assessment was the same as that described
above for water. The data for this element of the assessment were very limited; when
interpreting the tissue assessment results, the reader is also encouraged to take into account the
amount and type of both tissue residue effects and observed data available. A COC was
classified as “Priority 2” if the 90th %ile observed concentration was below the 10th %ile effects
concentration. A “U” or “Unknown” priority indicates there was insufficient effects data
(<5 effects or >20 observed values) to allow assessment.
Where available, data from regional studies and other readily available thresholds were used as
an additional WOE to qualitatively assess each COC. In general, the available regional data for
tissue residue related impacts was limited to PAHs and PCBs.

Wildlife
A COC was classified as “Priority 1” when the estimated daily dose was greater than or within
0.1 times the lowest effect dose. Because there are far fewer published effects doses for wildlife
than aquatic life, there is greater uncertainty in estimating the lowest effect threshold. For this
reason, a COC was classified as “Priority 2” if its estimated daily dose was less than an order of
magnitude (i.e., a factor of 10) of the lowest effect dose. A “U” or “Unknown” priority indicates
there was insufficient effects data (<5 effects values) to allow assessment. Only one published
effects dose was available for PBDEs in birds (Fernie et al. 2011), and none for mammals. Thus,
a discussion of the estimated total PBDE daily doses for the avian receptors compared to this
published effects dose is included in the WOE discussion in lieu of the full quantitative
evaluation.

Human Health
If the 90th %ile of the observed tissue concentrations exceeded the NTR screening criteria the
COC was classified at Priority 1; if the NTR value was below the 90th %ile concentration, the
COC was classified as Priority 2. Some COCs had many environmental measurements for one
tissue type, but few of other tissue types. In these instances, best professional judgment was
used to determine the adequacy of all the tissue data within the fresh, near, or offshore
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environment to develop a hazard ranking for the COC in tissue on the whole. As discussed
above, classification as a Priority 2 does not indicate that a COC is not a priority. It is assumed
that all COCs are priorities at some level. Results of the comparison to other consumption rate
data were used as an additional WOE and discussed qualitatively below. Most COCs were found
at comparable concentrations across the bivalve, fish, and other invertebrate tissue groups
suggesting that prioritization rankings are relatively robust regardless of tissue type evaluated.
Table 8. Thresholds used to define priorities and sufficiency of data.
Line of
Threshold for Priority
Evidence

Threshold for
Sufficient Data

90th%ile Observed Conc. > 10th %ile Effects Conc.
Surface Water

or
Acute WQC or Chronic WQC

n ≥ 15 for Effects Data
n ≥ 50 for Observed Data

Sediment

90th%ile Observed Conc. > SQS

n ≥ 100 for Observed Data

Tissue Residue
Effects

90th%ile Observed Conc. > 10% of 10th%ile Effects Conc.

n ≥ 5 for Effects Data
n ≥ 20 for Observed Data

Wildlife

Daily Dose >10% of Lowest Effects Dose

n ≥ 5 for Effects Data

Human Health

90th%ile Observed Conc. >NTR Criterion

Best Professional Judgment

Results and Discussion
The following sections provide an overview of the availability of both the environmental
occurrence data and effects data in addition to the outcome of the individual effects assessments
and a summary of the overall outcome of the assessment.

Environmental and Effects Data Availability
Water
Surface water data were used to evaluate direct effects to aquatic life, and in the wildlife
assessment as appropriate to estimate exposure through water ingestion. The number of
measurements for COCs in freshwater ranged from over 5000 for copper to less than 10 for
dioxins. With the exception of PCB and PBDE congeners, dioxins/furans and nonylphenol, there
were more than 1200 measurements for each COC in freshwater.
Relative to freshwater data, the number of measurements in marine (near- and offshore) surface
waters was significantly less; nearshore data were most limited. With the exception of copper,
there were less than 50 measurements (often less than 15) for each COC in nearshore waters. In
general, there were less than 100 measurements for each COC in offshore waters. Marine data
were not available for petroleum, triclopyr and dioxins. The water data are summarized in
Appendix D-8.
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The relatively low number of measurements for many of the COCs in marine waters suggests
that the spatial coverage for these data is limited and these data may not be representative of the
region.
Effects data were considered “sufficient” when a range of values (at least 15 effect
concentrations) representing a variety of endpoint types other than mortality were available. It is
generally uncommon for ambient concentrations of COCs to be present at levels that would
cause mortality; organisms are typically exposed to concentrations likely to cause more subtle
effects (e.g., effects to growth and reproduction). If the effects data were limited to mortality
based endpoints, it is possible that priority rank may have been underestimated because the
potential for effects other than mortality could not be evaluated. For example, most of the
available effects data for PCBs in marine water were based on mortality; and this COC was
classified as Priority 2. However, exposure to low levels of PCBs can result in food web
biomagnification and cause effects to the immune systems of higher trophic level organisms. As
such, it should be noted that direct water exposure is not the most sensitive approach to assess
this COC.
In freshwater, there were sufficient effects data for most of the COCs with the exception of some
individual PAHs, dioxins and PBDEs. Effects data for these COCs were limited, particularly for
endpoints other than mortality.
Effects data for aquatic life in marine waters were sufficient for some COCs, but were limited
(especially non-mortality effect data) for a number of COCs. In marine waters effects data for
arsenic, cadmium, PCBs, PBDEs and a number of individual PAHs were limited.

Sediment
Sediment data were used to evaluate direct effects to benthic organisms and were also
incorporated into the wildlife assessment where appropriate to estimate exposure from incidental
sediment ingestion. Sediment data were available for all COCs with the exception of triclopyr
and petroleum. All sediment data are summarized in Appendix D-8. With the exception of PCB
and PBDE congeners, nonylphenol and a few individual PAHs, there were more than 300
measurements for each COC in both freshwater and marine (near- and offshore) sediments.
Of the 3 sets of freshwater sediment guidelines used in this assessment, threshold values were
available for the majority of sediment COCs. Only one set of freshwater guidelines was
available for a number of individual PAHs, LPAHs, HPAHs and dioxin/furans; two sets of
guidelines were available for DDT and some individual PAHs and only a single threshold was
available for nonylphenol.
Of the 3 sets of marine sediment guidelines used in this assessment, threshold values were
available for the majority of sediment COCs. However, only 2 sets of guidelines were available
for some individual PAHs and one set for dioxins/furans; only one sediment guideline was
available for nonylphenol.
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Tissue
Tissue data were used to evaluate direct effects to aquatic life (limited to PBTs) and wildlife
(select organic chemicals only) and to assess human health (select organic chemicals, mercury
and arsenic only). The different assessments required the various combinations of tissue types.
A summary of the tissue data used for each assessment type can be found in Appendix D-8. The
number of measurements for some COCs and tissue types was very low and limited the degree to
which these chemicals could be assessed.
Effects data to evaluate the direct impact of tissue residues on aquatic life were very limited for
most COCs, particularly for marine fish; effects data for these tissue types were not available for
mercury, dioxins/furans and DDTs. The number of tissue residue effects concentrations for
some tissue types and COCs was often less than 5. The lack of tissue residue effects data poses
limitations on this element of the assessment. As a result, the reader is cautioned to evaluate the
available data when interpreting these results.

Wildlife
Generally, the available environmental data were sufficient to meet the needs of the wildlife
assessment. Far greater uncertainty exists with the effects data due to the limited number of
dose-response data for wildlife species from published studies. The low number of effect doseresponse data available for birds and mammals poses limitations on the assessment, particularly
for dioxins/furans. The lack of dose-response data for PBDEs precludes an estimation of
potential adverse effects to wildlife from exposure to this COC.

Human Health
A number of known or potentially bioaccumulative COCs were not evaluated in the human
health portion of this assessment because they are not part of the human health standards in the
NTR. These chemicals include:
1. Acenaphthene
2. Acenaphthylene
3. Inorganic arsenic
4. Benzo(g,h,i)perylene
5. Cadmium
6. Chrysene
7. Lead
8. Nonylphenol
9. Phenanthrene
10. Polybrominated diphenyl ethers (PBDEs)
Generally, environmental data were sufficient to meet the needs of this assessment. All
chemicals without NTR criteria were classified as “unknown” due to the lack of standards
against which to compare.
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Effects Prioritization
The results of the quantitative assessments for water, sediment, tissue media and effects on
wildlife and human health are presented in Appendix D-2. The remainder of this section
summarizes the results for each COC, including any additional evidence provided by studies of
regional significance.

Metals
With the exception of mercury, the assessment of metals was limited to water, sediment and
human health. The availability of NTR criteria for metals limited the assessment to mercury and
arsenic. Due to data availability and scope limitations, metals were not evaluated in wildlife and
tissue residue.
Arsenic
Water
Freshwater
Arsenic was classified as ”U” because there were limited effects data for dissolved arsenic. The
90th %ile observed freshwater arsenic concentration is below both the acute and chronic WQC.
Marine Water
Arsenic in nearshore and offshore waters was classified as “U” because no effect data were
available for arsenic in marine waters.
Sediment
Freshwater Sediment
Arsenic was classified as Priority 1 based on comparison of the 90th %ile observed sediment
concentration to the FP-SQS. The 50th %ile observed sediment arsenic concentrations is below
all additional guidelines used in this assessment, suggesting that only the highest concentrations
are of greatest concern.
Marine Sediment
Arsenic was classified as Priority 2 based on comparison of the 90th %ile observed near and
offshore sediment copper concentrations to the SMS SQS. The 90th %ile observed arsenic
concentrations in both near and offshore sediment are below additional guidelines evaluated
except for the TEL.
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Tissue
Arsenic was not assessed in tissues.
Wildlife
Arsenic was not assessed for wildlife.
Human Health
The NTR is based on inorganic arsenic however; most of the environmental data were for total
arsenic which includes less toxic organic forms like arsenobetaine. Both inorganic and total
arsenic exceeded the NTR by several orders of magnitude; however, the inorganic dataset was
extremely limited with only 15 measurements in all tissue type. Thus, arsenic was classified as
“U” in both fresh and marine tissue.
Cadmium
Water
Freshwater
Cadmium was classified as Priority 2 because the 90th %ile observed freshwater concentration is
below the 10th %ile of the effects data. The 95%ile observed cadmium concentration was above
the chronic WQC.
Marine Water
There were insufficient observed data to prioritize cadmium in nearshore and offshore marine
waters and it was categorized as “U”.
Sediment
Freshwater Sediment
Cadmium was classified as Priority 1 based on comparison of the 90th %ile observed sediment
concentration to the FP-SQS. The 50th %ile observed sediment cadmium concentration is below
all additional guidelines used in this assessment, suggesting that only the highest concentrations
are of concern.
Marine Sediment
Cadmium was classified as Priority 2 based on comparison of the 90th %ile observed near and
offshore sediment concentrations to the SMS SQS. The 90th %ile observed concentration of
cadmium in both near and offshore sediment are below all of the additional guidelines evaluated.
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Tissue
Cadmium was not assessed in tissue.
Wildlife
Cadmium was not assessed for wildlife.
Human Health
Cadmium was not assessed for human health because it is not included in the NTR.
Copper
Water
Freshwater
Copper in freshwater was classified as Priority 1 because the 90th %ile copper concentration
exceeded both the 10th %ile effects concentration and the chronic copper WQC. The 95th %ile
observed copper concentration also exceeds the acute WQC.
Marine Water
Copper in offshore waters was classified as Priority 2 because the 90th %ile observed offshore
concentration is below the 10th %ile concentration of the effects data. Copper in nearshore
waters was classified as Priority 1 because the 90th %ile observed nearshore concentration is
above the 10th %ile effect concentration. In addition the acute and chronic water quality criteria
exceeded the 90th %ile observed concentration. The 95th %ile observed offshore copper
concentration was above the chronic WQC.
Sediment
Freshwater Sediment
Copper was classified as Priority 1 based on the comparison of the 90th %ile observed sediment
concentration to the FP-SQS. The 50th %ile observed sediment copper concentration is below all
additional guidelines used in this assessment, suggesting that only the highest concentrations are
of greatest concern.
Marine Sediment
Copper was classified as Priority 2 based on comparison of the 90th %ile observed near and
offshore sediment concentrations to the SMS SQS. The 90th %ile observed copper
concentrations in both near and offshore sediment are below all of the additional guidelines
evaluated.
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Tissue
Copper was not assessed in tissue.
Wildlife
Copper was not assessed for wildlife.
Human Health
Copper was not assessed for human health because it is not included in the NTR.
Additional Evidence from Regional Studies
Aquatic Life
Copper is one of the most far-reaching potential priority toxicants in the Puget Sound region.
This is due to its ability to alter the sensory capacity and behavior of a wide variety of aquatic
organisms. A number of researchers have documented effects on regional species. Tierney et al.
(2010) reviewed over 150 papers and found that avoidance behaviors were common in a variety
of fresh and salt water fishes at less the 1 ug/L to concentrations ranging up to 20-30 ug/L.
Tested species included coho and Chinook salmon, as well as rainbow trout and golden shiner.
Hecht et al. (2007) compiled a similar body of evidence for the disruptive effects of copper on
juvenile salmonids. They used US EPA methodologies to calculate benchmark concentrations
predicted to represent 10% and 50% reductions in chemosensory response at 0.18 ug/L and
2.1 ug/L respectively. These concentrations bracket a variety of other regional primary literature
sources which confirm that the environmentally relevant range of <1.0 ug/L to 5.0 ug/L copper
adversely impacts a variety of Puget Sound basin fish, particularly salmonids. Similar
neurologic impacts were found by Linbo et al. (2006) on the mechanosensory lateral line of fish.
Sandahl et al. (2004) found copper concentrations of 4.4 ug/L produced sublethal neurotoxicity
in coho salmon. In this laboratory study, copper reduced the ability of coho salmon to detect the
natural oderants taurcholic acid and L-serine. Further study by Sandahl et al. (2007) confirmed
that concentrations as low as 2 ug/L copper are not only affecting the neurologic systems of fish
but also alter their behavioral responses to alarm pheromones. Baldwin et al. (2003) also found
olfactory inhibition at the comparable, environmentally relevant, concentration of 2.3 ug/L.
Hansen et al. (1999) produced a seminal work which was utilized by several of the subsequent
reviews discussed above. In it they documented Chinook salmon avoidance behaviors at
concentrations as low as 0.7 ug/L dissolved copper. However, Chinook also failed to avoid
concentrations >44 ug/L due to the extensive neural saturation. This window of affect
potentially contributes to mortality from prolonged copper exposure or impairment of olfactory
dependent behaviors such as homing.
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Additional local studies by McIntyre et al. (2008) found that water hardness had little impact on
copper’s ability to alter olfactory function in coho salmon despite water hardness being a
variable influencing the Washington State water quality standards. These regional reviews and
studies provide an additional line of evidence suggesting that copper is a very important toxicant
at concentrations well within the range found it the Puget Sound regional environment.
Lead
Water
Freshwater
Lead was classified as Priority 2 because the 90th %ile observed freshwater concentration is
below the 10th %ile of the effects data.
Marine Water
Lead in offshore marine waters was classified as Priority 2 because the 90th %ile observed
concentrations are below the 10th %ile of the effects data. In nearshore marine waters, lead was
classified as “U” due to the insufficient amount of observed data.
Sediment
Freshwater Sediment
Lead was classified as Priority 2 because the 90th %ile observed freshwater sediment
concentration is below the FP-SQS.
Marine Sediment
Lead was classified as Priority 2 based on the comparison of the 90th %ile observed near and
offshore sediment concentrations to the SMS SQS. The 90th %ile observed lead concentrations
in both near and offshore sediment are below all of the additional guidelines evaluated.
Tissue
Lead was not assessed in tissue.
Wildlife
Lead was not assessed for wildlife.
Human Health
Lead was not assessed for human health because it is not included in the NTR.
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Mercury
Water
Freshwater
The 90th %ile mercury concentration was below the 10th %ile of the effects concentration, and
also exceeded the chronic WQC. Mercury in freshwater was classified as Priority 2.
Marine Water
Mercury in nearshore and offshore waters was classified as “U” because there were a limited
number of environmental measurements (n = 13 and 7, respectively).
Sediment
Freshwater Sediment
Mercury was classified as a Priority 1 COC based on the comparison of the 90th %ile observed
sediment concentration to the FP-SQS. The 50th %ile observed sediment lead concentrations is
below all additional guidelines used in this assessment, suggesting that only the highest
concentrations are of greatest concern.
Marine Sediment
Mercury was classified as Priority 1 based on comparison of the 90th %ile observed near and
offshore sediment concentrations to the SMS SQS. The 90th %ile observed mercury
concentrations in both near and offshore sediments are below all of the additional guidelines
evaluated.
Tissue
Freshwater
Mercury is classified as “U” for freshwater non-decapod invertebrates and fish because
insufficient observed and effects data are available for the assessment.
Marine Water
Mercury is classified as “U” for all three tissue types in near and offshore marine waters mainly
due to a lack of effects concentrations. No marine effects concentrations were available for nondecapod invertebrates and fish and only one marine decapod effect concentration was available.
There are observed concentrations for all tissue types although only five for offshore decapods.
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Wildlife
Mercury was classified as Priority 1 for all four wildlife receptors because the estimated daily
doses are at or above the lowest effect doses. Estimated daily doses of mercury to great blue
heron and river otter are above 2 or more effects doses, whereas those of osprey and harbor seal
are at or just above the lowest effect dose. Generally, mercury is estimated to bioaccumulate
more in receptors living in freshwater habitats than marine habitats around Puget Sound.
Human Health
Freshwater
Mercury was classified as Priority 2 because the 90th percentile tissue concentration for bivalves,
fish and other invertebrates did not exceed the NTR.
Marine Water
Mercury was classified as Priority 2 because the 90th percentile tissue concentration for bivalves,
fish and other invertebrates did not exceed the NTR.
Additional Evidence from Regional Studies
Wildlife
Regional evaluations of mercury residues in Puget Sound wildlife in the Puget Sound are limited.
Johnson et al. (2009) measured mercury concentrations in osprey eggs from the Lower
Duwamish River in 2003 and again in 2006/2007. These data demonstrated that mercury
concentrations in osprey eggs decreased between these sample periods.
Grove and Henny (2008) measured contaminants in the livers of river otter carcasses collected
by trappers in western Oregon and western Washington, including Puget Sound. Mercury liver
concentrations were higher in adult river otters from Puget Sound (mean of 7.89 mg/kg dry) than
those from the northwest Washington area (mean of 5.85 mg/kg dry weight), located just east of
Puget Sound and including the greater Seattle urban area. Mercury levels in Willamette River
otter livers and coastal Oregon were slightly higher (mean of 9.2-9.3 mg/kg dw), but similar to
Puget Sound levels. This study demonstrates that river otters living in the Puget Sound area are
exposed to and bioaccumulate mercury.
Zinc
Water
Freshwater
Zinc was classified as Priority 2 because the 90th %ile observed freshwater concentration is below
the 10th %ile of the effects data.
Page 256

Marine Water
Zinc in offshore waters was classified as Priority 1 because the 90th %ile observed nearshore zinc
concentrations is above the 10th %ile concentration of the effects data. Insufficient observed data
for zinc in nearshore waters was available; zinc in nearshore waters was classified as “U”.
Sediment
Freshwater Sediment
Zinc was classified as Priority 1 based on the comparison of the 90th %ile observed sediment
concentration to the FP-SQS. The 50th %ile observed sediment zinc concentration was below all
additional guidelines used in this assessment, suggesting that only the highest concentrations are
of greatest concern.
Marine Sediment
Zinc was classified as Priority 2 based on comparison of the 90th %ile observed near and
offshore sediment concentrations to the SMS SQS. The 90th %ile observed sediment zinc
concentration is above the TEL; the 90th %ile observed nearshore concentration was below the
TEL.
Tissue
Zinc was not assessed in tissue.
Wildlife
Zinc was not assessed for wildlife.
Human Health
Zinc was not assessed for human health because it is not included the NTR.

PCBs
The potential for effects associated with PCB exposure was assessed for all media and pathways
(water, sediment, tissue, human health and wildlife). Observed environmental PCB
concentrations were assessed as the sum of Aroclors® and the sum of congeners. In general, the
majority of the available toxicity data were based on individual Aroclor® exposures. It was not
practical to compare observed individual Aroclor® and congener data to available effects data
for individual compounds. Caution is advised in the use of Aroclor® data; these data may not be
optimal due to shifts in the congener composition associated with weathering. It is also
important to note that the PCB WQC is not protective of aquatic life through the
bioaccumulation pathway.
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Water
Freshwater
The 90th %ile observed concentrations of both PCB congeners and Aroclors® were below the
10th %ile concentration of the available effects data. However, the 90th %ile PCB Aroclor®
concentration exceeded the chronic WQC. PCB Aroclors® were classified as Priority 1;
PCB congeners were classified as Priority 2.
Marine Water
Extremely limited PCB concentration data are available for marine nearshore waters, with only
11 PCB Aroclor® concentrations and no PCB Congener data available; PCBs in nearshore
waters were classified as “U”. Similarly, PCB Aroclor® data in offshore marine waters were not
available. However, sufficient PCB Congener data were available in marine offshore waters,
where the 90th %ile concentration of total PCB congeners was below the 10th %ile of the
available effects concentrations; PCB congeners in offshore marine waters were classified as
Priority 2.
Sediment
Freshwater Sediment
PCB Aroclors® in freshwater sediments were classified as Priority 1. The 90th %ile observed
concentrations of both PCB congeners and Aroclors® were above the FP-SQS, in addition to
3 of the 5 additional guidelines evaluated. Only the PEC fell above the 90th %ile concentration
of both PCB congeners and Aroclors®. With the exception of the TEL, the 50th %ile PCB
Aroclor® concentration was below all remaining guidelines evaluated. In general, this suggests
that areas with the highest concentrations are of concern. Sediment congener data were limited
(n=26); as such they were classified as “U”.
Marine Sediment
PCB Aroclors® in marine offshore sediment were classified as Priority 1 because the 90th %ile
OC normalized PCB Aroclor® concentrations in marine offshore sediments exceeded the marine
SQS. The 90th %ile concentrations of OC normalized PCB Congeners in offshore sediments and
PCB Aroclors® in nearshore sediments did not exceed the SQS, resulting in a Priority 2
classification. Insufficient data were available to evaluate PCB congeners in nearshore
sediments.
Tissue
Freshwater
PCB Aroclors® and PCB congeners in freshwater non-decapod invertebrates are classified as
Priority 1 because the 90th %ile observed concentrations are higher than the 10th %ile of the
effects data. All other freshwater tissues are classified as “U” for both PCB Aroclors® and
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congeners due to the limited number of effects values and/or environmental concentrations.
There were no observed data available for PCB congeners in decapods.
Marine
PCB Aroclors® and congeners in nearshore decapods are classified as Priority 2 because the
90th %ile observed concentration is below the 10th %ile effects concentration. PCB Aroclors®
and congeners in nearshore non-decapod invertebrates are also classified as Priority 2. PCBs in
fish are classified as “U” due to the limited amount of available effects data.
PCB Aroclors® and congeners in offshore decapods and fish were classified as “U” due to a lack
of effects values or insufficient quantity of observed concentrations. PCB Aroclors® in offshore
non-decapod invertebrates were classified as Priority 2 but PCB congeners are classified as ”U”
because of insufficient numbers of observed and effect concentrations in non-decapod
invertebrates (< 20 and < 5 respectively).
Wildlife
PCBs were classified as Priority 1 for all four wildlife receptors because the estimated daily
doses are more than 10 times lower than the lowest effect doses. Generally, PCBs are estimated
to bioaccumulate to a greater degree in receptors living in marine habitats than freshwater
habitats around Puget Sound. Estimated daily PCB doses to osprey, river otter and harbor seal
are above several effects doses. Those of the great blue heron hover near the three lowest effect
doses.
Human Health
PCBs were classified as a Priority 1 human health concern; multiple freshwater and near- and
offshore tissues types exceeded the NTR PCB concentration standard. The range of observed
PCB concentrations analyzed by Aroclor® and congener methods vary from one another. This
variability is likely the result of multiple projects using different analytical methods for different
suspected levels of contamination.
Additional Evidence from Regional Studies
Aquatic Life
PCBs have been detected in outmigrant juvenile salmon (Johnson et al., 2007) from multiple
northwest estuaries and hatcheries, including three in the Puget Sound. Whole-body juvenile
Chinook salmon from the Duwamish River contained the highest PCB concentration (103 ng/g
wet weight or 3100 ng/g lipid) of any of the locations tested. Johnson et al. (2007) note that this
concentration is higher than NOAA’s estimated threshold for adverse health effects of 2400 ng/g
lipid. Separately, juvenile salmonid PCB exposures were documented as occurring via food
source by an analysis of stomach content of outmigrants at three locations in Puget Sound
(Stein et al. 1995). Meador et al. (2010) found that PCB tissue concentrations in outmigrant
juvenile Chinook from the Duwamish estuary varied by time and location within the estuary,
suggesting that localized heterogeneity of sediment concentrations may substantially impact
accumulation in fishes.
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PCB concentrations in adult Puget Sound Chinook salmon tissues were found to be 3 – 5 times
higher than those measured in six other populations of Chinook salmon on the West Coast of
North America (O’Neill and West 2009). O’Neill and West note that these elevated tissue
concentrations have resulted in consumption advisories, and have implications for the viability of
these fish and southern resident killer whales. Cullon et al. (2009) found PCBs in adult Chinook
returning to the Duwamish River, as well as in Puget Sound Chinook smolts.
PCBs concentrations in Puget Sound herring and Puget Sound flatfish have also been evaluated.
Puget Sound herring were found to contain 3 to 9 times higher concentrations of PCBs than
herring from the Strait of Georgia, with Puget Sound whole-body concentrations ranging from
about 120 to 160 ng/g wet weight (West et al. 2008). Analyses of various biomarkers of
pollution exposures in benthic flatfish were shown to successfully differentiate between sites
with differing degrees of sediment contamination (Stein et al. 1992). Cullon et al. (2005) also
found about seven times higher levels of PCBs in a mixture of fishes designed to represent the
diet of Puget Sound harbor seals than in a similar mixture of fish designed to represent the diet of
harbor seals from the Strait of Georgia. Sol et al. (2008) found a statistically significant
correlation between PCB concentrations in English sole livers and two biological effects
parameters.
Wildlife
A number of studies have been conducted in the Puget Sound region investigating exposure
and/or effects of PCBs and other persistent and bioaccumulative contaminants on wildlife,
particularly marine mammals. The salient information on PCBs in wildlife is summarized here.
Johnson et al. (2009) measured PCB concentrations in osprey eggs from the Lower Duwamish
River and compared them to those sampled from the upper Willamette River. Total PCB
residues were significantly higher in Lower Duwamish River osprey eggs (geometric mean =
897 ug/kg wet weight) compared to those from the Willamette River (geometric mean = 182
ug/kg ww). These results demonstrate that adult osprey bioaccumulation and maternal transfer
of PCBs is occurring in osprey nesting in PCB contaminated areas of Puget Sound. This study
also compared egg residues over time and determined that PCB concentrations in osprey eggs
from the Lower Duwamish River had decreased 53% between 2003 and 2007.
Grove and Henny (2008) also demonstrated the bioaccumulation of PCBs in river otter livers
from Puget Sound. The Puget Sound area river otters accumulated more PCBs (as total PCBs)
than otters from other areas in western Washington.
PCBs and other organochlorines have been shown to cause immunosuppression, thyroid
disruption and possibly cancer in harbor seals (Tabuchi et al. 2006, Ylitalo et al. 2005; Simms
et al. 2000; Ross et al. 1996; Ross et al. 1995; de Swart et al. 1996; de Swart et al. 1995; Van
Loveren et al. 1994). Vitamin A disruption has also been observed in harbor seal pups found on
the Washington State coast whose mothers contained high PCB residues in their blubber (Simms
et al. 2000). This effect on seal pups is suspected to result from exposure to contaminated milk.
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There is substantial evidence that Puget Sound harbor seals and killer whales are
bioaccumulating PCBs at very high concentrations in their blubber. The prey items of Puget
Sound harbor seals were measured to have 7 times higher concentrations of PCBs than prey from
Strait of Georgia on a lipid basis (Cullon et al. 2005), which corresponds to PCB concentrations
measured in harbor seal blubber.
PCB tissue concentrations are often reported as dioxin toxicity equivalents (i.e. TEQs) which
represent the toxicity of dioxin-like PCBs, dioxins and furans relative to the most toxic dioxin 2,3,7,8-TCDD. Puget Sound harbor seals have significantly higher TEQs in blubber (158 ng/kg
lipid weight) compared to seals from the Strait of Georgia (33 ng/kg lipid weight) (Ross et al.
2004); the TEQ contribution was greater from PCBs than dioxins and furans. Levin et al. (2005)
also found that the majority of TEQs in harbor seal pups (from southern B.C.) were from PCBs,
not dioxins and furans.
Ross et al. (2000) reported measured mean total PCB concentrations in transient and Southern
resident male killer whales of 251 and 146 mg/kg -lipid, respectively. The authors concluded
these marine mammals are among most contaminated in the world. Further research on the
northern, southern and transient killer whale communities have discovered that males
bioaccumulate more PCBs than females; female offload a portion of their tissue burden to their
young through maternal transfer (Krahn et al. 2007; Krahn et al. 2009). PCB concentrations in
the blubber of mothers decrease temporarily during nursing and can reach concentrations below
those in their calves. Mothers initiate bioaccumulation again after calves are weaned. Total
PCB concentrations in southern resident killer whales range from about 5,000 to 180,000 µg /kg
lipid. For all but three recent mothers, the measured concentrations exceed a marine mammal
threshold for blubber concentrations (17,000 µg /kg lipid) (Krahn et al. 2007).
Although environmental concentrations of PCBs are gradually declining, one modeled estimate
of southern resident killer whale recovery projects that blubber concentrations will not decrease
to the marine mammal threshold until 2063 (Hickie et al. 2007). The reviewed studies suggest
that marine mammals in Puget Sound are accumulating PCBs in their blubber to very high
concentrations. The results of the quantitative assessment are congruent and classify PCBs as
Priority 1.

PBDEs
The PBDE assessment was limited due to the lack of effects data, guidelines or criteria. While
PBDEs have been measured in a variety of media, appropriate effects data were insufficient to
fully asses this COC.
Water
Surface water data for PBDEs in freshwater (n=255) and marine offshore waters (n=126) were
available; however, appropriate effects data were not available in the ECOTOX database, nor is
there a WQC for PBDEs. Due to the lack of effects data, PBDEs in both fresh and marine waters
were classified as “U”.
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Sediment
PBDEs in freshwater and marine sediments were classified as “U”. A limited number of
observed concentration data for PBDEs in marine (n=46) and freshwater (n=77) sediments were
available. However sediment guidelines are not available for PBDEs in either fresh or marine
sediments.
Tissue
PBDEs were not assessed in tissue due to a lack of effects thresholds.
Wildlife
PBDEs were not assessed quantitatively in wildlife due to a lack of effects doses. See the
Additional Evidence from Regional Studies below for a discussion of available effects
information.
Human Health
PBDEs are prioritized as unknown, “U” because NTR criteria are not available.
Additional Evidence from Regional Studies
Aquatic Life
Sloan et al. (2010) detected PBDEs in outmigrant Chinook salmon tissue and stomach content
from four sites in Puget Sound. Concentrations in wild outmigrant juveniles were higher than in
hatchery fish. PBDE concentrations in Puget Sound juvenile fishes ranged from 67 to 13,000 µg
/kg lipid, which was generally comparable to those measured in the Lower Columbia River and
Estuary. Sloan et al. (2010) conclude that PBDEs may be contributing to reduced health and
fitness in outmigrant juvenile Chinook salmon.
PBDEs have also been detected in adult Chinook salmon returning to the Duwamish River;
however, they were not detected in adult Chinook returning to the Johnstone Strait, Lower Fraser
River, or the Deschutes River (Cullon et al. 2009). Lema et al. (2008) demonstrated that dietary
exposures of certain PBDEs by adult fathead minnows alter thyroid status and thyroid hormoneregulated gene transcription. Arkoosh et al. (2010) found that juvenile Chinook salmon exposed
to moderate doses of PBDEs through their diet may be at increased risk of disease relative to
those exposed to higher or lower doses of PBDEs in their diet potentially indicative of a complex
U-shaped dose response curve for PBDEs in Chinook salmon. PBDE levels in a mixture of
fishes designed to represent the diet of Puget Sound harbor seals were found to be about four to
five times higher than in a similar mixture of fish designed to represent the diet of harbor seals
from the Strait of Georgia (Cullon et al. 2005).
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Wildlife
Because little information on PBDE toxicity to wildlife is available and a quantitative assessment
could not be conducted, the publications available are reviewed here regardless of their
geographic location. Few studies have been conducted examining effects of PBDEs on birds.
The studies reviewed indicate that PBDEs impact the reproduction and endocrine system
similarly to PCBs. Fernie et al. 2005 showed that American kestrel egg injection and oral
gavage exposure to PBDE congeners caused hepatic oxidative stress and altered thyroid hormone
and vitamin A concentrations and glutathione metabolism. Exposure to PBDE congener 71 for
75 days adversely impacted courtship and mating behavior of American kestrels (Fernie et al.
2008). These birds also displayed significant delays in clutch initiation and produced smaller
eggs (Fernie et al. 2009). Eggshell thinning and reduced hatching success also resulted.
A study of species sensitivity to PBDEs (PBDE-71) observed that pentabrominated diphenyl
ether (Penta BDE) exposure to eggs at 0.01 to 20 mg/kg caused decreased pipping and hatching
success in American kestrels but not chickens or Mallard ducks (McKernan et al. 2009).
Species sensitivity was concluded to be Mallard ducks <chickens <American kestrels.
Total PBDE concentrations in osprey eggs and nestling plasma were significantly lower in birds
from the Lower Duwamish River (eggs: 321 ug/kg ww; plasma: 6 ppb ww) compared to
(Johnson et al. 2009) those from the upper Willamette River (eggs: 897 ug/kg ww; plasma:
22 ug/kg ww). The total PBDE concentrations in the osprey eggs did not change significantly
between 2003 and 2007. Reproductive failure was observed in four of nine nests in the Lower
Duwamish area. A small dataset from this study suggests that some nestlings may have
experienced immunosuppression. However, the results were inconclusive due to the small
sample size.
One study (Fernie et al. 2011) was acquired for which a dietary effect dose could be determined.
Fernie et al. (2011) exposed American kestrels to PBDEs (Hexa-BDE) via dietary exposure and
measured reproductive parameters. Adult kestrels exposed to 0.51 mg/kg/d PBDE, an
environmentally relevant dose, through their diet displayed less courtship behaviors, earlier egg
laying, a greater clutch size and smaller eggs; however, there were no significant differences in
the fledging or hatching rates compared to control.
To compare exposures of birds feeding in Puget Sound, a PBDE daily dose was estimated using
the same methods as the other COCs for wildlife. At the higher sediment ingestion rate (4%),
the estimated daily dose of total PBDEs for the osprey is 0.006 mg/kg/d. The estimated daily
dose for the great blue heron is also 0.006 mg/kg/d. If the threshold from Fernie et al. 2011 is
considered an effect dose, piscivorous birds in the Puget Sound watershed are estimated to
experience lower exposure by approximately a factor of 100.
Compared to birds, a larger but still limited number of publications exist on the effects of PBDEs
in mammals. Rodent exposure studies have demonstrated thyroid hormone disruption
(Hallgren et al. 2001, Zhou et al. 2002), developmental neurotoxic and behavioral effects
(Ericksson et al. 2001, Viberg et al. 2003a, Viberg et al. 2003b). A study of grey seal pups and
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juveniles observed a relationship between circulating thyroid hormones, transport proteins and
PBDE uptake (Hall et al. 2003).
Similar to PCBs, there is evidence of PBDE bioaccumulation in the blubber of marine mammals
at high concentrations. However, absolute total PBDEs concentrations appear to be lower than
total PCBs. Cullon et al. (2005) measured PBDE concentrations 5 times higher in harbor seal
prey from Puget Sound than the Strait of Georgia; however, the mean PBDE concentration was
5 times lower than that measured for PCBs. Krahn et al. (2009) and Rayne et al. (2004) found
the same pattern of killer whale blubber concentrations in males, mothers and calves as they
found for PCBs with males having the highest concentrations and females experiencing
fluctuations due to maternal transfer. Krahn et al. (2005) measured total PBDE concentrations in
killer whale blubber ranging from 680 to 15,000 ug/kg lipid. Mean PBDE concentrations in
northern male killer whale blubber have been found to be significantly lower (203 ug/kg lw)
than those of southern resident (942 ug/kg lw) and transient males (1015 ug/kg lw).
Although a full quantitative effects assessment was not conducted for PBDE exposure to
wildlife, published research demonstrates that PBDEs are bioaccumulating to high
concentrations in Puget Sound marine mammals. This coupled with the growing evidence that
PBDE exposure can cause thyroid and developmental effects in mammals strongly suggest that
PBDEs should be classified Priority 1.

Dioxins and Furans
Both observed environmental concentrations and effects data for dioxins and furans (PCDD/Fs)
were limited. As a result the assessment was limited to evaluation of potential effects to wildlife
and human health.
Water
Observed surface water data for PCDD/Fs were limited to 7 measurements in freshwater for
3 compounds (1,2,3,4,7,8 HxCDD, 1,2,3,7,8 PeCDD and 2,3,7,8 TCDD). No observed data
were available for marine waters; effects data for these compounds were very limited. Due to
the lack of data to assess these compounds, dioxins and furans in surface waters were classified
as “U”.
Sediment
PCDD/Fs in freshwater and marine sediments were classified as “U”. A moderate number
(n >700) of observed concentration data for PCDD/Fs in marine and freshwater sediments were
available. However, FP SQS and SQS values are not available for PCDD/Fs. The 90th %ile
observed freshwater sediment concentration exceeded both the PEL and TEL; while the 50th %ile
concentration was below both the PEL and TEL. The 90th %ile observed nearshore marine
sediment concentration was just above the PEL; while the 50th %ile concentration was above the
TEL. The 90th %ile observed offshore was below the PEL, but above the TEL.
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Tissue
PCDD/Fs were not evaluated in freshwater or marine tissues due to the lack of effects data or the
lack of observed concentrations. No observed PCDD/Fs concentrations are available in
freshwater or marine tissues.
Wildlife
PCDD/Fs were classified as Priority 1 for the great blue heron and river otter because the
estimated daily dose was greater than 0.1 times the lowest effects dose. For harbor seal,
PCDD/Fs were classified as Priority 2 because adequate effects data were available and the
estimated daily doses are more than 10 times lower than the lowest effects dose. The osprey
daily doses are estimated to be almost 1,000 times lower than the lowest effects dose; however,
substantial uncertainty exists around the effects of PCDD/Fs on birds so the resulting
classification was “U”. The estimated daily doses for great blue heron are close to one of the
two existing effects doses for birds, so the assumption was made that reproductive effects were
likely occurring.
Human Health
2,3,7,8-Tetrachlorodibenzo-p-dioxin (2,3,7,8 TCDD) was classified as Priority 1; NTR criteria
were not available for other PCDD/Fs. The 90th %ile of the observed 2,3,7,8 TCDD
concentrations exceeded the NTR criteria for all three tissue groups (bivalves, fish and other
invertebrates). Tissue from both near and offshore areas exceeded the NTR criteria for one or
more tissue types, although sample sizes were generally smaller than for freshwater tissues.
Additional Evidence from Regional Studies
Aquatic Life
Generally similar concentrations of PCDD/Fs were found in adult Chinook salmon returning to
the Duwamish River, Johnstone Strait, Lower Fraser River, and the Deschutes River (Cullon
et al. 2009).
Wildlife
PCDD/Fs TEQ residues in river otter livers from Puget Sound contributed one third to the total
TEQs (Grove and Henny, 2008) indicating that PCBs accumulate in river otter livers to a
concentration that is twice as toxic as dioxins and furans.
Studies in Puget Sound of harbor seal and southern resident killer whale prey items have shown
that prey of these marine mammals are higher in dioxins and furans compared to the same prey
from the Strait of Georgia and British Columbia coast (Cullon et al. 2005, Cullon et al. 2009).
PCBs in Harbor seal prey were 3-4 times higher on a lipid basis than prey from the Strait of
Georgia (Cullon et al. 2005). However, Ross et al. (2000) found that dioxin and furan
concentrations in killer whale blubber were much lower than PCBs and there were no differences
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between whales from the northern and southern resident and transient communities. This was
suspected to be due to metabolic removal of dioxins and furans.

DDTs and metabolites
Observed environmental data for DDTs were available for water, sediment and tissue; data in
marine waters were very limited. Effects data were available for water, marine sediment, tissue
residue, wildlife and human health. Freshwater sediment guidelines were not available.
Water
Freshwater
The 90th %ile observed concentration of DDTs and metabolites was below the 10th %ile of the
available effects data; however, the 90th %ile concentration was above both the acute and chronic
DDT WQC. DDTs in freshwater were classified as Priority 1.
Marine
DDTs were measured, but not detected, in a limited number of samples (n=11) in marine
nearshore waters; there were no DDT measurements in offshore waters. DDTs in marine waters
were classified as “U”.
Sediment
Freshwater Sediment
A FP-SQS is not available for DDT in freshwater sediment; as such this COC was classified as
“U”. The 90th %ile observed DDT freshwater sediment concentration was well below both the
PEL and PEC, while the 50th %ile concentration was above both the TEC and TEL.
Marine Sediment
A SQS is not available for DDT; as such, this COC was classified as “U”. The 90th %ile
observed concentration in nearshore marine sediment was above the PEL, 2LAET, LAET and
TEL; the 50th %ile concentration was below all four of these guidelines. In offshore sediments,
both the 90th %ile and 50th %ile were below the PEL, 2LAET and LAET; and above the TEL.
Tissue
Freshwater
Total DDTs are classified as Priority 2 in freshwater non-decapod and fish tissue because the
90th %ile concentration is below the 10th %ile effects data. DDTs could not be assessed in
freshwater decapods due to a lack of observed concentrations.
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Marine
Total DDTs are classified as “U” in all marine nearshore and offshore tissues due to insufficient
(< 5 values) effects data.
Wildlife
DDT and metabolites were assessed as the sum of DDT, DDE, and DDD isomers and were
classified as Priority 1 for great blue heron and osprey because the estimated daily doses are
greater than 0.1 times the lowest effect dose. The mammals, river otter and harbor seal, were
both classified as Priority 2 because the estimated daily doses are more than 10 times lower than
the lowest effect dose.
Human Health
4,4’ DDT was classified as Priority 2 in all freshwater and offshore tissues types. In the
nearshore area, the 90th %ile concentration of 4,4’ DDT for both fish and other invertebrates
exceeded the NTR threshold and were classified as Priority 1. For the DDT metabolite
4,4’ DDE, only the 90th %ile of other invertebrate tissues in freshwater exceeded the NTR
threshold and was classified as Priority 1. All tissues in near and offshore areas were classified
as Priority 2. For the DDT metabolite 4,4’ DDD, other invertebrates tissues in freshwater were
classified as Priority 1, while all other areas and tissues were classified as Priority 2.
Additional Evidence from Regional Studies
Aquatic Life
Total DDT (sum of DDT, DDE, and DDD) concentrations in stomach contents of outmigrant
juvenile Chinook salmon from the Duwamish Estuary and Commencement Bay were found to be
elevated relative to the stomach content concentrations of fish from the Nisqually Estuary
(Stein et al. 1995). Whole-body total DDT (sum of DDT, DDE, and DDD) concentrations in
juvenile Chinook salmon were found to be relatively high (over 1000 ng/g lipid or 25 ng/g wet
weight) in fish from the Nisqually, Duwamish and Columbia River Estuaries (Johnson et al.
2007).
Johnson et al. (2007) also found detectable levels of DDTs in stomach contents, with stomach
content concentrations substantially higher in Columbia River and Grays Harbor juvenile
Chinook than in Duwamish and Nisqually Estuary juvenile Chinook. Johnson et al. (2007)
suggest that at the observed levels, DDTs are unlikely to cause adverse effect by themselves;
however, they may contribute via additive or synergistic effects with other contaminants.
Substantially higher levels of DDTs were found in adult Chinook salmon returning to the
Duwamish River than in adult Chinook returning to the Johnstone Strait, Lower Fraser River, or
Deschutes River (Cullon et al. 2009).
Analysis of DDT concentrations in Pacific herring indicated that concentrations from Puget
Sound herring were 1.5 to 2.5 times higher than those from Strait of Georgia (West et al. 2008),
with Puget Sound concentrations ranging from 19 to 27 ng/g wet weight (240 to 330 ng/g lipid).
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Cullon et al. (2005) found similar levels of DDTs in a mixture of fishes designed to represent the
diets of Puget Sound and Strait of Georgia harbor seals.
Wildlife
Grove and Henny (2008) evaluated DDTs in river otters. They did not detect DDT and detected
only low concentrations of DDE (mean of 0.004-0.28 mg/kg ww) in river otter livers from Puget
Sound which were much lower than those found in animals residing near the Columbia River
(mean of 0.12-1.65 mg/kg ww).
Lipid based concentrations of total DDT concentrations in Harbor seal prey in Puget Sound are
1.6 times higher than those from the Strait of Georgia (Cullon et al. 2005). Puget Sound
Chinook, the primary prey of southern resident killer whales, have higher body residues of DDTs
and lower lipids compared to Chinook from British Columbia coast (Cullon et al. 2009). Krahn
et al. (2009) found the same pattern of killer whale blubber concentrations as found for PCBs in
males, mothers and calves. That is, males have the highest DDT concentrations in their blubber
and female blubber concentrations vary with their maternity status due to maternal transfer.
Total DDT concentrations in killer whales ranged from 1,000 to 160,000 ug/kg lipid.

PAHs
PAHs were evaluated in water, sediment and for human health.
Water
The majority of the toxicity data available for PAHs in surface waters is based on individual
PAHs. As such, Total PAHs, HPAH and LPAH were not directly evaluated here.
Freshwater
While there were sufficient observed concentration data (N>1500 measurements) for the
individual PAHs evaluated here, there were limited effects data for a number of PAH
compounds. The 90th %ile observed concentrations of acenaphthene, anthracene,
benzo(a)pyrene, fluoranthene, fluorene, naphthalene, phenanthrene, and pyrene were below the
10th %ile of the available effects concentrations; these COC s were classified as Priority 2.
Effects data were insufficient to evaluate benzo(a)anthracene, benzo(k)fluoranthene,
benzo(g,h,i)perylene, chrysene, and dibenzo(a,h)anthracene; these COCs were classified as “U”.
Marine Water
Observed concentrations of individual PAHs in nearshore waters were very limited (N=12). Due
to the lack of sufficient measured concentrations, in addition to the limited availability of effects
data, individual PAHs in nearshore waters were classified as “U”.
While there were sufficient observed nearshore marine concentration data for some individual
PAHs, marine effects data were limited for a number of COCs. The 90th %ile observed
concentrations of acenaphthene, fluoranthene, naphthalene and phenanthrene in nearshore waters
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were below the 10th %ile of the available effects data; these COCs were classified as “U”. The
remainder of the individual PAHs in nearshore waters (anthracene, benzo(a)anthracene,
benzo(a)pyrene, benzo(k)fluoranthene, chrysene, dibenzo(a,h,)anthracene, fluorene and pyrene)
were classified as “U” due to insufficient data to fully assess these COCs. There were
insufficient data to evaluate individual PAHS in offshore waters; these COCs were classified as
“U”.
Sediment
Freshwater Sediment
Both LPAH and HPAHs in freshwater sediments were classified as Priority 1. The 90th %ile
observed LPAH concentration was also above the FP-CSL; however, the 75th %ile concentration
was below both the FP SQS and FP CSL. The 90th %ile HPAH concentration was below the
FP-CSL and the 75th %ile concentration was below .both the FP-CSL and FP-SQS. These data
suggest that only some of the highest detected concentrations are likely to be of concern. With
the exception of benzo(a)anthracene which was classified as Priority 2, all of the individual
PAHs evaluate were classified as Priority 1.
Marine Sediment
Both LPAH and HPAH in near and offshore sediments were classified as Priority 2; the 90th %ile
observed concentrations were below the SQS. All of the individual PAHS in near and offshore
sediments were also classified as Priority 2.
Tissue
Tissue residue concentrations of PAHs were not evaluated because these chemicals typically to
not accumulate in the tissue of vertebrates and are rapidly metabolized in fish. It was beyond the
scope of this effort to evaluate PAHs in those invertebrates that are not capable of metabolizing
PAHs.
Wildlife
PAHs were not evaluated because these chemicals typically do not bioaccumulate in wildlife.
Human Health
Five if the nine individual PAHS (benzo(a)pyrene, benzo(b)fluoranthene, benzo(k)fluoranthene,
dibenzo(a,h)anthracene, and indeno(1,2,3-cd)pyrene) evaluated in freshwater tissue exceeded the
NTR criteria and were classified as Priority 1. Concentrations of the remaining (anthracene,
fluorene, fluoranthene, and pyrene) PAHs evaluated were below the NTR criteria and classified
as Priority 2.
The same pattern of Priority classification was observed in nearshore tissues as was found for the
freshwater tissues. Tissue data from nearshore waters was limited; as a result, five of the
individual PAHS were classified as “U” (benzo(a)pyrene, benzo(b)fluoranthene,
Page 269

benzo(k)fluoranthene, dibenzo(a,h)anthracene, and indeno(1,2,3-cd)pyrene). The remainder of
offshore marine tissue was classified as Priority 2 for human consumption.
Additional Evidence from Regional Studies
Aquatic Life
Multiple investigations have identified biomarkers of PAH exposure in various Puget Sound
fishes.
Bile and stomach content of outmigrant juvenile Chinook salmon were found to contain various
PAHs (Johnson et al. 2007), demonstrating that diet pathways are important PAH exposure
pathways. The authors suggest that exposure may result in immunosuppression and other health
effects. These results expanded and confirmed previously documented PAH exposures (Stein
et al. 1992; Stein et al. 1995). A dietary feeding study on juvenile Chinook documented growth
and physiological responses from dietary exposures to PAHs at concentrations that were
environmentally realistic in the Puget Sound (Meador et al. 2006).
Biomarkers of PAH exposure were confirmed in Puget Sound English sole, rock sole, and starry
flounder collected from up to five sites in Puget Sound (Stein et al. 1992). Stein et al. found that
biomarkers of exposure were related to the degree of sediment contamination. Further field
study (Johnson 2000) resulted in recommended a sediment threshold of 1000 ppb total PAHs to
protect English sole against liver lesions, DNA adducts in liver, and other effects. The causal
relationship between elevated sediment PAH concentrations and English sole liver effects was
confirmed by Meyers et al. (2003). In a study of English sole from the Hylebos Waterway and
Colvos Passage, Sol et al. (2008) found no correlation between PAH exposure and age and little
correlation between reproductive end points and PAH exposure. Pacific herring embryos were
found to be affected by tricyclic PAHs in weathered crude oil (Incardona et al. 2009; Carls et al.
1999).
Several laboratory studies have documented that developmental defects in fish are associated
with exposure to PAHs released by the weathered crude oil, notably the tricyclic-PAHs
(Incardona et al. 2005; Incardona et al. 2006; Carls et al. 2008). Carls and Meador (2009)
developed a description of the oil weathering, PAH toxicity, and embryo exposures to explain
the observed toxicity of PAHs in weathered oil at relatively low levels. Driscoll et al. (2010)
developed a framework for describing PAH exposure as a dose to fishes in order to understand
the mechanisms of exposure and toxicity.

Bis(2-Ethylhexyl) Phthalate
The assessment of bis(2-ethylhexyl) phthalate was limited to water and sediment.
Water
The 90th %ile observed concentration of bis(2-ethylhexyl) phthalate in freshwater was below the
10th %ile of the available effects data; this COC was classified as Priority 2. Insufficient
observed and effects data for bis(2-ethylhexyl) phthalate in marine nearshore waters were
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available; as such it was classified as “U”. The 90th %ile observed concentration of
bis(2-ethylhexyl) phthalate in offshore marine water was below the 10th %ile of the available
effects data; as such it was classified as Priority 2.
Sediment
The 90th %ile observed concentration of bis(2-ethylhexyl) phthalate in freshwater sediments was
above the FP-SQS and the FP-CSL; this COC was classified as Priority 1. The OC-normalized
90th %ile concentrations in both marine nearshore and offshore sediments exceeded the marine
SQS, resulting in Priority 1 classification.
Tissue
Bis(2-ethylhexyl)phthalate tissue concentrations were not evaluated because phthalates typically
do not accumulate to a significant degree in tissues.
Wildlife
Bis(2-ethylhexyl) phthalate was not evaluated.
Human Health
The 90th %ile of the observed freshwater bivalve tissue concentration of bis(2-ethylhexyl)
phthalate exceeded the NTR criteria. While there were a number of measurements (>100) for the
other tissue types in marine and freshwaters, there were too few detections to calculate a 90th
percentile. Thus for freshwater, bis(2-ethylhexyl)phthalate was classified as Priority 1, while for
marine tissues bis(2-ethylhexyl)phthalate was classified as priority “U”.

Triclopyr
The assessment of triclopyr was limited to water.
Water
The 90th %ile observed triclopyr concentration in freshwater was below the 10th %ile
concentration of the available effects concentrations and was classified as Priority 2. No
observed triclopyr data were available in marine nearshore or offshore waters, resulting in a
classification of “U”.
Sediment
No observed concentrations of triclopyr are available in freshwater or marine sediments. This
COC was classified as “U” in sediments.
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Tissue
Tissue concentrations were not evaluated because these types of pesticides typically do not
accumulate in tissues.
Wildlife
Triclopyr was not evaluated because it is not bioaccumulative in wildlife.
Human Health
Triclopyr is not listed in the NTR and was not evaluated.

Nonylphenol
The assessment of nonylphenol was limited to water and sediment. Effects data are limited for
this COC.
Water
Nonylphenol was classified as Priority 2 in freshwater because the 90th %ile concentration is
below the acute and chronic WQC and below the 10th %ile of the available effects data.
However, the 95th %ile observed concentration was above the chronic WQC for nonylphenol.
Nonylphenol was classified as “U” in marine nearshore water because insufficient effects and
observed data were available. Nonylphenol was classified as Priority 2 in offshore marine water
because the 90th %ile concentration is below the acute and chronic WQC and below the 10th %ile
of the available effects data.
Sediment
Nonylphenol was classified as “U” in sediments because no FP-SQS is available for freshwater
sediments and no SQS or CSL are available for marine sediments.
Tissue
Nonylphenol tissue concentrations were not evaluated because this COC does not typically
bioaccumulate to a significant degree in tissues.
Wildlife
Nonylphenol was not evaluated because it is not bioaccumulative in wildlife.
Human Health
Nonylphenol is not listed on the NTR and was not evaluated.
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Petroleum
Water
All four of the individual petroleum products were classified as “U” because the number of
effect concentrations for each product was insufficient (< 15) and the number of observed
concentrations for heavy fuel/bunker oil was insufficient (< 50).
Sediment
Petroleum was not assessed in sediment because there are no sediment guidelines nor observed
sediment data.
Tissue
Petroleum was not assessed for tissue residues because there are no effects nor observed tissue
data.
Wildlife
Petroleum could not be evaluated for wildlife because there are no effects data.
Human Health
Petroleum was not evaluated because it is not listed on the NTR.

Combined Prioritization for all Elements of the Assessment
The specific COCs evaluated in the quantitative assessments varied; a summary of the media and
pathways evaluated for each COC is presented in Table 9. The chemicals assessed in this report
were placed into three groups based on the likelihood that they may currently be causing
widespread environmental effects (Table 10). This grouping was based on a review of the
individual priority classification for each line of evidence evaluated.
COCs with multiple Priority 1 and different lines of evidence
Those chemicals with two or more Priority 1 classifications for the different lines of evidence
were categorized as “Multiple Priority 1”. These chemicals represent the COCs with the most
compelling evidence that they may be causing widespread environmental effects in the Puget
Sound region. Chemicals in “Multiple Priority 1” are likely to warrant action to reduce the
potential for widespread environmental affects.
COCs with a single Priority 1 or line of evidence
Those chemicals with one priority 1 classification were placed in “Single Priority 1”. These
COCs represent those with strong evidence that they may be causing widespread environmental
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effects in the Puget Sound region, but where the evidence is limited to one line evidence from the
many evaluated. Chemicals in “Single Priority 1” are likely to warrant action to reduce the
potential for widespread environmental affects.
COCs with no Priority 1 and no additional lines of evidence
COCs that were not classified in any media for pathway were categorized as “No Priority 1”.
These COCs represent those with ongoing concern about their effects, but for which limited
evidence is available to indicate they may be causing widespread environmental impacts in the
Puget Sound region. Some “No Priority 1” COCs were not evaluated for some lines of evidence
due to limited availability of observed data and/or the lack of effects data. Chemicals in “No
Priority 1” may warrant action based on existing concerns that the current assessment was unable
to capture and the extent and nature of the potential effects from these chemicals.
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Table 9. Summary of COCs Assessed.
COC

Water

Sediment

Tissue

Wildlife

Human Health

Arsenic

X

X

NA

NA

X

Cadmium

X

X

NA

NA

NA

Copper

X

X

NA

NA

NA

Lead

X

X

NA

NA

NA

Mercury

X

X

X

X

X

Zinc

X

X

NA

NA

NA

X

X

X

X

X

PCBs

2

PBDEs
PCDD/Fs

4
5

DDT and Metabolites

3

1

NA

NA

NA

X

NA

X

NA

NA

X

X

X

X

X

X

X

6

LPAHs

NA

X

NA

NA

NA

6

NA

X

NA

NA

NA

Acenaphthene

X

X

NA

NA

NA

Anthracene

X

X

NA

NA

X

Benzo(a) anthracene

X

X

NA

NA

X

HPAH

Benzo(a)pyrene

X

X

NA

NA

X

7

NA

X

NA

NA

X

7

X

X

NA

NA

X

Chrysene

X

X

NA

NA

NA

Dibenzo(a,h) anthracene

X

X

NA

NA

X

Fluoranthene

X

X

NA

NA

X

Fluorene

X

X

NA

NA

X

Indeno(1,2,3)pyrene

X

X

NA

NA

X

Naphthalene

X

X

NA

NA

NA

Phenanthrene

X

X

NA

NA

NA

Pyrene

X

X

NA

NA

X

Bis(2-Ethylhexyl) Phthalate

X

X

NA

NA

X

Triclopyr

X

NA

NA

NA

NA

Nonylphenol

X

NA

NA

NA

NA

Petroleum - Heavy Fuel Oil

X

NA

NA

NA

NA

Petroleum - Diesel Fuel Oil

X

NA

NA

NA

NA

Petroleum - Gasoline

X

NA

NA

NA

NA

Petroleum - Lube Oil

X

NA

NA

NA

NA

Benzo(b) fluoranthene
Benzo(k) fluoranthene

NA - not evaluated in the hazard assessment for one or more reasons.
1
Specifically the inorganic arsenic form was assessed for human health.
2
Assessed as individual Aroclors and/or congeners or total PCBs.
3
In the WOE discussion for PBDEs, limited effects data are discussed in the context of estimated daily doses for wildlife.
4
Assessed as individual congeners, 2,3,7,8-TCDD or TEQs.
5
Assessed as DDT, DDE, and DDD or as a sum.
6
LPAHs and HPAHs are assessed as individual PAHs in all assessments except sediment.
7
Assessed as part of total benzofluoranthenes in sediment assessment.
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Table 10. Overall chemical groupings based on evaluation of all lines of evidence, including
regional studies.
Multiple Priority 1
No Priority 1
Single Priority 1 Classifications
Classifications
Classifications
Copper
Mercury
Zinc

Arsenic
*

Cadmium

*

Chrysene
*

*

Dioxins/Furans

*

*

Benzo(a)pyrene

Naphthalene

HPAHs

Phenanthrene
Pyrene

*

*

Acenaphthene

Dibenzo(ah)anthracene
Indeno(123‐cd)pyrene
Benzo(b)fluoranthene
Benzo(k)fluoranthene

*

*

LPAHs

Benzo(ghi)perylene

ethylhexyl)phthalate

*

Fluorene

*

*

*

Lead

PBDEs

Anthracene

Bis(2‐

*

Fluoranthene

*

PCBs

DDT/DDE/DDD

*

*

*

Benzo(a)anthracene
Triclopyr

*
*

*

*,

Nonylphenol

*
*

Petroleum – Diesel

Petroleum – Heavy Fuel
Oil

*

Petroleum – Gasoline
Petroleum – Lube Oil

*

*

Acenaphthylene

*

*

*

Notes: COCs with an “*” were not prioritized in at least one media or pathway due to insufficient data (observed or effect
data). It is important to note that not all COCs were evaluated in all media or pathways; the reader is encouraged to
review Table 9 which summarizes the assessments that were conducted on each COC.
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Uncertainty
While this hazard evaluation provides a broad general overview of the potential for the COCs
evaluated to cause adverse ecological and human health effects, a number of uncertainties
associated with the assessment process should be taken into consideration when interpreting the
results. The following sections highlight the key uncertainties associated with the various
elements of the assessment.

Environmental Data
This assessment included collection of a large number of environmental measurements for COCs
in sediment, water and tissue from throughout the region. The EIM database likely includes the
majority of observed ambient environmental data available for the Puget Sound region.
Combined with the additional data included in this assessment, the dataset likely represents a
reasonable representation of conditions in the Puget Sound region for many of the COCs.
However, as previously indicated, there are likely data associated with special studies and
research that have not been incorporated into readily accessible databases that were not included
here.
Due to the broad nature of this assessment, the appropriateness of the analytical detection limits
for the available environmental data were not evaluated. It is not anticipated that detection limits
are a significant source of uncertainty for most COCs. However, for some COCs, such as PCB
Aroclors® in surface waters, insufficient detection limits are a likely significant source of
uncertainty. While there were a relatively large number of measurements for PCB Aroclors®
(N>1200 in freshwater) the FOD was very low (3.5%). Based on a comparison to the much
higher FOD for PCB congeners in water (58%), it is likely that Aroclor® measurements in water
may represent an underestimate of the observed water concentration of this COC and PCBs as
congeners better represents PCB concentrations and thus priority.
The assessment methodology is focused on COCs, which due to high concentrations (90th %ile)
in some areas may pose a threat to Puget Sound. Including estimates of non-detected
concentrations (e.g. detection limits, ½ detection limits, or zero) would result in lowering the
90th %ile for infrequently detected compounds, although it would not likely influence 90th %iles
for frequently detected chemicals. Thus, commonly measured but rarely detected COCs such as
DDT/DDD/DDE in water would be less likely to rank as Priority 1, while the rank of commonly
detected COCs such as zinc in water would be unchanged. By considering only detected
concentrations, some COCs with low FODs may be conservatively included in Priority 1.
For the Human Health priority classifications, the greatest source of uncertainty is associated
with COCs that were not evaluated because there are no NTR criteria for these chemicals; the
priority for these COCS is unknown. An additional uncertainty is associated with the exposure
pathways that were not assessed here (e.g., dermal water exposures as well as air, inhalation, and
dust exposures). These various other exposure pathways result in an additive exposure to COCs.
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Ecological Data
The wildlife assessment required a number of ecological parameters to estimate daily doses of
COC s for wildlife receptors. The most important of these parameters are the food and sediment
ingestion rates because bioaccumulation is driven mainly by prey and sediment ingestion.
Although a model was applied to estimate prey ingestion rates, the uncertainty associated with
this parameter is small relative to the sediment ingestion rates. This is due to the significant
relationship between body size and food ingestion rate. However, sediment ingestion is less
predictable from body size and is more dependent on feeding strategies and foraging habitat.
The total daily dose estimated using the upper and lower sediment ingestion rates for each
receptor in the wildlife assessment demonstrated that there is little relative sensitivity to this
parameter. Thus, the high uncertainty associated with sediment ingestion rates appears to have
minimal impact on the results of this assessment.

Effects Data
Due to the variety of effects data used for this assessment there are a number of uncertainties that
should be considered when interpreting the results. The water assessment relied primarily on the
effect data obtained from the ECOTOX database. While an effort was made to screen out effects
data that were inappropriate for use, the sheer volume of effect concentrations precluded a
detailed review of these data. The QA/QC process used to evaluate the accuracy of the
ECOTOX data base suggests that the use of these data is likely a source of uncertainty. It is
unclear if the errors associated with the ECOTOX database would result in an over- or
underestimate of the potential for effects to occur.
Some of the greatest uncertainty in the surface water assessment was associated with lack of
effects data for some COCs, particularly for marine organisms and some dissolved metals.
Uncertainties associated with the effects data used for the surface water assessment include, but
are not limited to differences in the following variables: species sensitivity, exposure conditions
(water quality - hardness and pH, light regime, temperature, feeding regime if any, chemical
form of the COC and whether the test was static or flow through), test duration, appropriateness
of endpoints evaluated and type of endpoint. These differences make comparability of effects
data challenging at best.
An additional source of uncertainty was the lack of non-mortality based effects data for some
COCs; this was especially an issue for some of the marine COCs. Only evaluating effects
associated with COC exposure at concentrations that cause mortality may underestimate the
potential for these COCs to cause more subtle impacts (e.g., growth, reproduction etc.) to some
aquatic organisms. Uncertainty is also associated with the comparison of surface water
concentrations of bioaccumulative COCs (PCBs, mercury, DDTs) to effects data based on direct
water exposure only. This comparison does not account for indirect impacts associated with
bioaccumulation; the potential for adverse effects is likely underestimated for these COCs. The
reader is encouraged to evaluate the types of effects data available for each COC when drawing
conclusions about these results.
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Hardness can have a significant influence on the toxicity of metals in freshwater; however, due
to the large volume of data evaluated here it was not practical to account for study specific
hardness. Due to the large number of effects data that were available for most metals, it is not
expected that this would have a significant impact on the outcome of the assessment. In general,
hardness in the Puget Sound region tends to be low; therefore, it is unlikely that the effects data
would have significantly underestimated metal toxicity.
The sediment assessment relied on a variety of established sediment guidelines thresholds.
While these guidelines have been reviewed by others and some have undergone regulatory
scrutiny, there are still some uncertainties associated with their use. For some COCs the
concentration of OC and sulfides in the sediment can have a significant influence on
bioavailability and toxicity. While some of the thresholds used here incorporated organic
carbon, most did not account for site specific conditions that could influence bioavailability and
toxicity. This assumption could have resulted in both an over- or under estimate of the potential
for effects. The sediment guidelines were developed based on impacts to benthic organisms.
Therefore, they do not provide a direct assessment of how sediment associated COCs can
indirectly impact other aquatic organisms through bioaccumulation.
There are significant uncertainties associated with the effects data used for the tissue assessment.
While use of tissue residues to assess toxicity can be a useful tool in some cases, care must be
taken when using these data to estimate the potential for effects, particularly when used in a
screening approach. In many cases, the available tissue residue data are not based on
experiments designed to directly relate tissue residue to an effect and as a result they lack dose
response data. An additional limitation results from the way much of the residue effects data are
reported; unlike water based toxicity data which is reported in the context of a dose response,
relatively little of the tissue residue data is reported as such (Meador et al. 2008).
For some organisms and COCs, lipid content can be an important factor in interpreting the toxic
response. Due to the nature of this assessment and the limited availability of data, lipid content
was not incorporated into the data interpretation.
In addition, there is also significant uncertainty associated with the number and type of tissue
residue effect concentrations available for some COCs and tissue types; in some cases there were
only one or two tissue residue effects levels available for a COC and tissue type. Some of the
tissue residue effects data were limited to data only for mortality endpoints; which likely
underestimated the prioritization for these COCs and tissue types. Typically, elevated tissue
levels of bioaccumulative compounds will result in more subtle effects to growth or reproduction
before they cause mortality. These factors contribute to the high level of uncertainty associated
with the tissue residue assessment.
The petroleum effects concentrations were limited to fuel and lubricating oils. It is suspected
that actual toxicity can vary substantially based on product additives, weathering, and
phototoxicity. Additionally, the studies that served as a source of effects data utilized various
water-product mixtures. For the purposes of this assessment only dissolved fractions were
utilized. However, there is anecdotal evidence that product spills are common and sheens of
product can often be found in the environment in selected areas. Waters with free product are
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potentially more toxic and/or present physical hazards to organisms. These issues create a high
level of uncertainty for the petroleum assessment.
As previously discussed, the limited number of published effect doses for the wildlife receptors
assessed here poses the greatest level of uncertainty in assessing potential effects in wildlife. In
comparison to the volume of effects data available for aquatic life, the data available for wildlife
may seem very weak; however, it should be noted that the dose-response studies for wildlife are
frequently very comprehensive in examining effects. In comparison to a 30-day aquatic study
that measures lethal doses, wildlife dose-response studies often include exposure over a
reproductive cycle and examine everything from changes in adult body weight to egg size, time
to hatch, female menses, and fertility of offspring. All these observations get lumped into broad
categories. Considering the relative number of effects doses available for wildlife, the greatest
uncertainty is associated with the dioxin/furan effects doses, particularly for birds.
Only about one-half of the COCs in this assessment were also listed in the NTR. The remaining
chemicals were not evaluated, and thus pose a significant uncertainty regarding the potential for
these COCs to cause human health effects. As previously discussed, none of the COCs were
evaluated to estimate potential risk from water ingestion or dermal exposure. The same issue
applies to sediment exposures, as there are no adopted and published standards for human
exposure to sediments. Systemic human toxicity was also not evaluated for any of the COCs.

Data Gaps
It was assumed that the data identified for this assessment would be relatively representative of
the region. However, due to the broad nature of this effort, the spatial distribution of data for a
given COC within an assessment area (freshwater, near and offshore areas) is not well
understood. This is a key gap in the current analytical approach when making broad
generalizations regarding the priority on a sound wide basis.
For some matrices and spatial areas (e.g., freshwater metals where N was >3000) the assumption
that the data are representative is likely true; however, data were limited for some COCs in some
matrices and spatial areas (e.g., offshore COCs where many Ns were <20). This is not to suggest
that thousands of measurements are necessary to provide a reasonable estimate of priority; in
some cases other factors can be taken into account to increase the confidence of this assumption.
For example, since the source of many COCs to offshore waters is via upland or nearshore inputs
it can be reasonably assumed that if a COC is not Priority 1 in the nearshore it is not likely to be
of Priority 1 in the offshore marine waters. There may be some exceptions to this logic; for
example, bioaccumulative and hydrophobic chemicals tend to be present in freshwater streams at
relatively low levels, but are subsequently biomagnified to high levels in upper trophic level
organisms.
Potential gaps in data availability and spatial distribution should be taken into account when
interpreting these data and using them to prioritize future efforts. A spatial analysis of existing
data to identify regions or areas with high and low data densities would be a first step in
understanding the magnitude and distribution of environmental data gaps.
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As presented in the uncertainty discussion above, there were limited effects data for a number of
COCs and matrices. This data gap is particularly significant for a number COCs in marine
matrices. In water, there were limited effects data for many of the COCs evaluated; in some
cases the available data were primarily based on mortality effects. This data gap limited the
ability to fully assess the potential for these COCs to cause effects in marine waters and was
compounded by the limited number of marine surface water measurements, particularly
nearshore waters, for many COCs where the number of measurements was typically less than 15.
Very few surface water PCB measurements in both marine and freshwaters were available; this
limited the ability to fully assess this COC in this matrix.
In comparison to surface water, the sediment dataset (both effects and observed) was more
robust. The most significant sediment data gap was the lack of multiple sediment guidelines for
some COCs and a lack of nonylphenol environmental data. Only one guideline was available to
evaluate nonylphenol in both marine and freshwater sediments. Only one set of guidelines were
available for HPAH and LPAH and a number of individual PAHs in freshwater sediments and
for dioxins/furans in both freshwater and marine sediments. Sediment guidelines were also
lacking for triclopyr and PBDEs.
There were significant data gaps associated with the tissue assessment. Tissue residue effects
data were limited for a number of the COCs and tissue types evaluated. In some cases there
were less than five tissue residue effect values (e.g., mercury in marine tissues; PCBs in
freshwater decapods and marine fish; dioxins/furans in all tissue types except freshwater fish;
DDTs in marine tissues). There were very few measurements of dioxins/furans in tissue; no data
were available for freshwater tissue types. There were limited PBDE tissue data and no readily
available effects data for this COC. These data gaps limited the ability to fully assess the
potential effects of these COCs.
As previously indicated, the lack of NTR criteria limited the number of COCs that could be
evaluated for human health effects. Although there were invertebrate inorganic arsenic data,
there were no inorganic arsenic data for freshwater or marine fish, which limited the ability to
fully assess the human health priority for this COC. Additionally triclopyr, PBDEs and the sum
of cPAHs are not part of the NTR and could not be prioritized.
The limited amount of effects data for PBDEs limited the ability to assess them in tissue and
wildlife.

Recommendations for Further Assessment
•

The spatial distribution of data used in this assessment was not assessed beyond the general
habitat types (freshwater, marine near and offshore). The data for some COCS in all
matrices are not likely evenly distributed throughout the region. As a result it is unknown if
the data used in this assessment are truly representative of the region or only limited areas.
This is of greatest concern for those COCs for which data were limited (see data gaps listed
above). To fully understand if the priority identified for a COC applies on a regional basis,
or is limited to a discrete area, additional data analysis that examines the spatial distribution
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of the data could be done. This analysis would provide additional information to focus future
hazard reduction efforts to areas of greatest concern.
•

Marine surface water data were limited for a number of COCs. Expansion of the number and
type of parameters measured by ambient surface water monitoring programs would provide a
means to fill this environmental data gap. The parameter list should focus on COCs that
were Priority 1 in freshwaters; in addition to those likely to be bioaccumulated in the marine
food web (e.g., nonylphenol, mercury, PCBs, HPAHs, PBDEs, and DDTs).

•

Petroleum product data was not available for marine waters and the degree to which
individual PAHs represent spilled and degraded petroleum products is unknown. Future
investigations targeting a more complete suite of alkylated PAHS, other PAH and petroleum
products, and their degradates could more fully characterize petroleum hazards.

•

Sediment data for nonylphenol, particularly in marine sediment was limited. Sediment data
for PCB congeners and PBDEs was also limited, particularly in marine nearshore areas. PCB
Aroclor data is likely sufficient to identify priority; however additional PBDE and
nonylphenol data would improve the ability to determine the priority for these COCs

•

Tissue data for inorganic arsenic were very limited. Collection of inorganic arsenic data in
edible seafood tissue would provide more certainty in determining human health priority for
this COC.

•

Effects data to assess surface waters were limited for a number of COCs, particularly for
effects other than mortality. It is possible that additional data may be identified through a
literature search and review for those COCs that are of greatest concern (this was beyond the
scope of the current assessment). Additional effects data for some COCs would provide
better certainty in determining the priority.

•

Sediment guidelines were not available or limited for a number of COCs (PBDEs, dioxins,
and nonylphenol). It is possible that additional effects data may be identified through a
literature search. Additional effects data for these COCs would provide better certainty in
determining priority.
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Appendix E. Glossary, Acronyms, and Abbreviations
Glossary
Ambient area: Un-impacted area; away from point sources of contamination.
Anthropogenic: Human-caused.
Aquatic life: Aquatic life refers to any organism which spends all of, the majority of, or
significant portions of its life stage in water.
Attenuation: The reduction in the concentration, mass, toxicity, mobility, or volume of a
chemical due to chemical, biological, or physical processes.
Baseflow: Groundwater discharge to a surface stream or river. The component of total
streamflow that originates from direct groundwater discharges to a stream.
Basin: A drainage area or watershed in which all land and water areas drain or flow toward a
central collector such as a stream, river, or lake at a lower elevation.
Benthic: Bottom-dwelling.
Bioaccumulative chemicals: Chemicals that build up and become concentrated in organisms.
Bivalves: Mollusks having a shell consisting of two hinged valves. Examples are clams,
mussels, and oysters.
Built-up roof: A general term that can be applied to many flat, membrane, or torch-down roof
types.
Catch basin: Large underground container for the collection of sediment and other debris from
stormwater run-off. Designed to catch or collect the dirt and debris, and prevents it from
entering surface water.
Congener: In chemistry, congeners are related chemicals. For example, polychlorinated
biphenyls (PCBs) are a group of 209 related chemicals that are called congeners.
Constrained systems: Physical systems that generally do not allow chemicals to become
mobilized in other environmental compartments or environmental pathways (e.g., sanitary sewer
systems).
Dry season: In this study, May through September.
Effects data: In this study and specifically for the hazard evaluation, data from toxicity testing
or derived otherwise to indicate chemical concentrations where effects are elicited.
Effluent: An outflowing of water from a natural body of water or from a man-made structure.
For example, the treated outflow from a wastewater treatment plant.
Enrichment: Natural or human-caused enhancement of chemical concentrations in
environmental media such as water or soils.
Exceeds (or is above) guidelines or standards: Does not meet guidelines or standards.
First flush: A rain event following an extended dry period. Runoff from a first flush can
contain elevated concentrations of contaminants.
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Flux: Amount that flows through a unit area in a unit of time.
Guilds: In this study, groups distinguished by their trophic level.
Hazard evaluation: A screening-level assessment of relative toxic hazards posed by chemicals
at observed concentrations.
Land cover types: In this study, commercial/industrial, residential, agricultural, and forests.
Load pathways: In this study, groundwater, air deposition, surface water runoff, publiclyowned treatment works, and ocean exchange.
Loading: The input of pollutants into a waterbody.
Marine water: Saltwater
Micronutrient: Nutrients required by organisms at very low concentrations.
Nutrient: Substance such as carbon, nitrogen, and phosphorus used by organisms to live and
grow. Too many nutrients in the water can promote algal blooms and rob the water of oxygen
vital to aquatic organisms.
Observed data: In this study and specifically for the hazard evaluation, data on chemical
concentrations in various media sampled since January 1, 2000.
Ocean boundary: Approximate area or space – theoretically defined by a vertical plane, a
series of planes, or polygons – where Pacific Ocean waters are exchanged with the waters of
Puget Sound.
Ocean exchange: The flux of Pacific Ocean waters and the waters of Puget Sound across the
ocean boundary.
Organics: Shorthand for organic chemicals (those which contain carbon).
Parameter: Water quality constituent being measured (analyte). A physical, chemical, or
biological property whose values determine environmental characteristics or behavior.
Pelagic: Open-water.
Personal care products (or toiletries): Products used for personal hygiene or beautification.
Personal care includes products as diverse as chapstick, colognes, cotton swabs, deodorant,
eye liner, facial tissue, hair clippers, lipstick, lotion, makeup, mouthwash, nail files, pomade,
perfumes, personal lubricant, razors, shampoo, shaving cream, skin cream, toilet paper, cleansing
pads and wipes, lip gloss, toothbrushes, and toothpaste, to give a few examples.
Piscivorous: Fish-eating.
Point source: Sources of pollution that discharge at a specific location from stacks, pipes,
outfalls, or conveyance channels to a surface water.
Salmonid: Any fish that belong to the family Salmonidae. Basically, any species of salmon,
trout, or char.
Sediment: Solid fragmented material (soil and organic matter) that is transported and deposited
by water and covered with water (example, river or lake bottom).
Sill: A relatively shallow area of the seabed.
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Source: For the purpose of the present project, the term source is strictly defined as: the object
or activity from which a COC is initially released to environmental media (air, water, or soil) or
released in a form which can be mobilized and transported in an environmental pathway.
Stormwater: The portion of precipitation that does not naturally percolate into the ground or
evaporate but instead runs off roads, pavement, and roofs during rainfall or snow melt.
Stormwater can also come from hard or saturated grass surfaces such as lawns, pastures,
playfields, and from gravel roads and parking lots.
Study Area: The geographical study area for this Assessments study is Puget Sound, the
U.S. portions of the Straits of Georgia and Juan de Fuca, and the entire U.S. watershed for
Puget Sound and the Straits.
Surface runoff: In this study, surface runoff is broadly defined to include stormwater, nonpoint
source overland flow, and groundwater discharge to surface waters that flow into marine waters.
Toxicant: Toxic contaminant.
Toxics: Shorthand for toxic chemical.
Water column: In a waterbody, a conceptual cylinder of water extending from the top of the
sediment layer to the surface of the water.
Watershed: Basin. A drainage area in which all land and water areas drain or flow toward a
central collector such as a stream, river, or lake at a lower elevation.
Wet season: In this study, October through April.

Acronyms and Abbreviations
a.k.a.
ABS
AOP
API
ATSDR
BEE
CAP
CCA
COC
cPAH
CSL
DBP
DDT
DEHP
DEP
ECB
Ecology
EPA
Hg
HPAH
LAET
LCR

also known as
acrylonitrile butadiene styrene
Air Operating Permit
American Petroleum Institute or [King County] Asian and Pacific Islander
Agency for Toxic Substances and Disease Registry
butoxyethyl ester
Chemical Action Plan
chromated copper arsenate
chemical of concern
carcinogenic polycyclic aromatic hydrocarbon
cleanup screening level
di-n-butyl phthalate
dichlorodiphenyltrichloroethane
di(2-ethylhexyl) phthalate [a.k.a. bis(2-ethylhexyl) phthalate]
diethyl phthalate
European Chemicals Bureau
Washington State Department of Ecology
U.S. Environmental Protection Agency
mercury
high-molecular weight polycyclic aromatic hydrocarbon
lowest apparent effects threshold
Lead and Copper Rule
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LPAH
N
NOAA
NTR
OC
PAH
PBDE
PBT
PCB
PCDD/F
PEC
PEL
POP
POTW
PSP
PSTLA
PVC
SQS
TEA
TEC
TEL
TEQ
TRI
UC
USGS
WAC
WDFW
WDOH
WQC

low-molecular weight polycyclic aromatic hydrocarbon
number
National Oceanic Atmospheric Administration
National Toxics Rule
organic carbon
polycyclic aromatic hydrocarbon
polybrominated diphenyl ether
persistent, bioaccumulative, and toxic substance
polychlorinated biphenyl
polychlorinated dibenzo-p-dioxin and dibenzofuran
probable effects concentration
probable effects level
persistent organic pollutant
Publicly-owned treatment works
Puget Sound Partnership
Puget Sound Toxics Loading Analysis
polyvinyl chloride
Sediment Quality Standards
triethylamine
threshold effects concentration
thresholds effects level
toxic equivalent
Toxics Release Inventory
University of California
U.S. Geological Survey
Washington Administrative Code
Washington Department of Fish and Wildlife
Washington State Department of Health
water quality criteria

Units of Measurement
°C
d
dw
g
kg
kg/d
km
m
mg
mg/kg
mg/l
ng/g
ng/kg
ng/l
pg/l

degrees Celsius
day
dry weight
gram, a unit of mass
kilograms, a unit of mass equal to 1,000 grams.
kilograms per day
kilometer, a unit of length equal to 1,000 meters.
meter
milligrams
milligrams per kilogram (parts per million)
milligrams per liter (parts per million)
nanograms per gram (parts per billion)
nanograms per kilogram (parts per trillion)
nanograms per liter (parts per trillion)
picograms per liter (parts per quadrillion)
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t
t/yr
ug/kg
ug/l
ww

tonne (metric ton, equal to 1,000 kg); appr. 2.2 tons
tonnes (metric tons) per year
micrograms per kilogram (parts per billion)
micrograms per liter (parts per billion)
wet weight
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