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Summary of Findings
PBT Rule and Chemical Action Plans

Persistent, bioaccumulative, and toxic substances (PBTs) are considered the “worst of the worst”
chemical contaminants because they remain in the environment for a long time, and build up
within organisms and/or the food chain. The focus of our work on PBTs is preparing and
implementing Chemical Action Plans. A Chemical Action Plan (CAP) is a plan that identifies,
characterizes, and evaluates uses and releases of a specific persistent, bioaccumulative, toxic
chemical (PBT) or a group of PBTs and recommends actions to protect human health and the
environment (173-333 WAC).

This Polycyclic Aromatic Hydrocarbons (PAHs) CAP estimates releases of PAHs from various
sources to air, land and water. It also describes the physical and chemical properties of PAHs and
why they are considered toxic to humans and other organisms. The recommendations are a set of
actions to reduce and phase out uses, releases, and exposures in Washington in consideration of
current management approaches. An economic analysis on the cost of recommendations and the
most promising options is also included.

PAHs almost always occur as complex mixtures that include many PAH compounds; some of
which meet the PBT criteria and some do not or have unknown characteristics. The overall
toxicity of PAHs is caused by these mixtures and as a result Ecology chose to evaluate available
information on the 16 PAH compounds on the Washington State PBT list as well as additional
PAHs.

Toxic Effects

Both the Environmental Protection Agency (EPA) and the International Agency for Research on
Cancer (IARC) classify several PAH compounds/mixtures as known carcinogens, possible
carcinogens, or probable carcinogens for humans. Cancer has also been the key endpoint for
many other organisms. Other health effects include mortality, heart defects, reduced growth,
immune-suppression, effects on reproduction, and population effects on diversity and abundance
in ecosystems.

Major Sources to the Environment

PAHs form and are released into the environment primarily from incomplete combustion of
organic material including wood burning and vehicle emissions. Most PAHs are first released to
air and then later deposit directly on water or on land and may run off in stormwater. Other large
sources are unburned petroleum and creosote treated wood railroad ties, utility poles and marine
pilings. The largest releases of PAHs to water and land are from creosote treated wood used as
marine pilings or railroad ties.
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Figure 1 Estimated annual releases in Washington by medium and percentage in metric tons
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(a) Industrial point sources do not include releases to landfills.

Figure 2 Summary of annual PAH releases in Washington by media of initial release in metric
tons.

Pathways

The estimates of PAHs released from various sources only tell part of the story. It is important to
consider the different pathways from the sources to receptors. The Puget Sound Toxics Loading
Study, recently published by Ecology, the Puget Sound Partnership and other state and federal
agencies (http://www.ecy.wa.gov/programs/wg/pstoxics/index.html), evaluated PAHs and other
chemicals of concern for releases, pathways to Puget Sound, levels in the environment, and
likelihood of harm to people and other organisms. The major pathways for PAHs to Puget Sound
are air deposition and surface runoff. One challenge to estimating pathways for PAHs is that they
are hydrophobic and adhere tightly to particles, so they are often not detected in water, but are
detected in soil or sediment. The Puget Sound Toxics Loading Study did not attempt to quantify
how much PAH was loaded into Puget Sound from each individual source. We do not have
enough information about the fate and transport of PAHs in Washington to estimate how far
PAHs migrate from each source, but we do know that some sources of PAHs have longer range
impacts than others.
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People’s exposure to PAHs

Everyone is exposed to PAHs, which are present in food and found throughout the environment
in air, water, soil, and dust. The importance of various sources of exposure to PAHs is expected
to differ from person to person due to factors such as diet, the use of wood stoves in the
neighborhood, occupation, and personal habits like smoking.

e Food accounts for 80 to 95% of PAH exposure for people who do not smoke and who do not
have significant exposure on the job. For the average consumer, the three food groups that
contribute most to dietary exposure appear to be cereals, vegetables/nuts, and meat. For
people who regularly eat shellfish, PAH exposure from seafood may contribute 25% or more
of dietary exposure.

e For smokers, PAH exposure from tobacco smoke can equal or exceed that from food. People
who live or work with smokers can have greater than normal exposure to PAHs.

e Inhalation of PAHs in air is estimated account for about 10% of exposure.

e Two major contributors of airborne PAHs in the Puget Sound region of Washington are
exhaust from combustion engines and wood smoke from home heating.

e PAHSs in water and soil are estimated to make only a minor contribution to most people’s
exposure.

Summary table

The table that follows summarizes releases, transport to people and the environment, the current
feasibility and effectiveness of potential actions, and our priorities.

Transport

Since we don’t have numerical estimates of how much PAH is transported from each source to
organisms, the table uses a more subjective approach with high, medium and low transport to
receptors.

e High transport to receptors

Sources with high transport have more direct pathways to receptors, such as marine pilings in
Puget Sound that release PAHs into the water, where they accumulate in the sediment. Releases
onto hard surfaces, where they are transported by stormwater into sediment are also considered
high. An example of a high transport to the environment is PAHs from motor oil leaks and drips
that fall on roads, where a higher percentage of them will be swept by stormwater into sediment.

e Medium transport to receptors
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More general air releases that fall on both pervious and impervious surfaces have an indirect
pathway to receptors and are considered medium. For example, PAHs from residential wood
burning fall on pervious and impervious surfaces, and some fraction of these get into surface
water and eventually reach benthic organisms in the sediment. Since there is more direct
exposure of wood smoke to people who are inhaling the particles, that release has a high
transport to people.

e Low transport to receptors

Sources with low transport are more localized, such as PAHs leaching from railroad ties and
utility poles which are most likely to result in contamination of adjacent soils, although railroad
ties and utility poles near shorelines may also release PAHs into water.

Current feasibility and effectiveness

The table also includes comments on the current feasibility and effectiveness of potential actions.
Over time, with improved technologies and control options, some actions will increase in
feasibility. In the absence of numerical estimates of how much each potential action will either
reduce PAH releases or the exposure to people and other organisms, there are comments on
potential actions. More details are in the section on recommendations and the section on
estimated releases. Briefly, known technologies refer to actions that currently exist that we know
reduce PAHs, such as reducing idling and switching from uncertified wood stoves to other
sources of heat. We also noted that some sources, such as gasoline car engines, have already
become much more efficient and, therefore, it is currently challenging to get further reductions,
while other sources have more opportunities for PAH reductions. Sources that have had large
reductions can be reduced further with additional work, but they are not a high priority at this
time. Several sources are being addressed by other ongoing programs, such as programs to
reduce diesel emissions, due to negative health effects from that complex mixture that includes
PAHs. The need to get people to change their behavior is a common theme for reducing PAHs
and one that is likely to take many years.

Major Sources of Concern

For most individuals, the largest exposures to PAHs are from food and smoking, with a lesser
contribution from air emissions. For wildlife, the largest concern is sediment, since that is where
PAHs collect. Sediment is also where PAHs enter the aquatic food chain, ending up in higher
levels in the food chain, which includes people. Sources that are more than 2% of the total PAHs
released in Washington are shaded in red in Table 2 The largest anthropogenic sources to the
environment come from wood burning stoves, creosote treated wood, and vehicle emissions,
including tire wear, motor oil disposal and leaks.
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Table 1 Summary of releases, transport, potential actions and priorities

Estimated Percent Transport to
Source environmental of total receptors ® Feasibility and effectiveness of potential actions Priorities
releases (kg/yr) | release
Human | Environ.
Known technologies, potential new technologies, and X
Residential wood burning 150,000 27 high med behavior change
Creosote treated wood (total) 270,000 50 low mixed
Localized releases, but there may be ties in sensitive
Railroad ties | 170,000 32 low low areas, such as nearshore areas
Most new uses have been phased out, but existing X
Marine pilings | 54,000 10 low high pilings remain
Most new uses have been phased out. Localized
releases, but there may be poles in sensitive areas,
Utility poles | 42,000 8 low low such as nearshore areas
Vehicles, on-road (total) 84,000 16 [ mixed mixed X
Large reductions in emissions have already taken
Light duty gasoline, air | 47,000 9 med med place in recent years due to federal authority
Large reductions in emissions have already taken
Heavy duty gasoline, air | 17,000 3 med med place in recent years due to federal authority
Heavy duty diesel, air | 2,700 <1 med med Existing technology and other ongoing programs
Light duty diesel, air | 330 <1 med med Existing technology and other ongoing programs
motor oil leaks | 13,000 2 low high Known technologies and behavior change
improper disposal of used <1
motor oil | 2,100 low high Known technologies and behavior change
vehicle tire wear | 1,500 <1 low high Linked to reductions in miles driven
Lawn and recreation
equipment 10,000 <2 med med Known technologies and behavior change
Large reductions from regulations and behavior change
Residential trash burning 9,100 <2 med med have already taken place.
Business equipment, off-road 6,100 <2 med med Known technologies and behavior change
Silvicultural burning 5,200 <1 med med Limited technologies
Locomotives 2,300 <1 med med Known technologies and behavior change
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Estimated Percent Transport to
Source environmental of total a Feasibility and effectiveness of potential actions Priorities
receptors
releases (kg/yr) | release
Larger reductions in emissions have already taken
Industrial point sources 1,800 <1 med med place and these sources are highly regulated
State ban going into effect. Some individuals may have
Coal tar sealants 1,200 <1 med high a high exposure
Petroleum spills 1,000 <1 med med Existing programs to prevent spills
Research is needed in order to determine appropriate
Asphalt roofs and pavement 830 <1 low med actions for this product
Residential yard waste Large reductions from regulations and behavior change
burning 300 <1 med med have already taken place
Residential fuel, non-wood 54 <1 med med Limited technologies
Ongoing programs. Some individuals may have a high
Cigarette smoke 44 <1 high med exposure

“High transport includes sources with more direct pathways to people or the environment, especially in sediment.
Medium transport includes sources with indirect pathways to people or the environment, especially in sediment.
Low transport includes sources that are less likely to be transported to people or other organisms, especially in sediment.
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Recommendations

There are current programs in place in Washington to address the major anthropogenic sources
of concern. These programs can be enhanced to improve or speed up results, but we did not find
that major new programs are needed.

The Departments of Ecology and Health have existing programs to reduce PAH releases from
complex mixtures, such as wood smoke, diesel, and creosote. Many other individuals and groups
are also working to reduce emissions from combustion including businesses, other state and
federal agencies, local air agencies, counties, ports, cities, and not-for-profit organizations.
Creosote treated wood, the largest non-combustion source of PAHs, also differs from other
sources, because it is regulated as a pesticide at the federal and state levels.

The recommendations in this section focus on initial sources of PAHs, but it is also important to
manage pathways through which PAHs from multiple sources reach people and the environment.
Developing more effective strategies for controlling stormwater is an important tool in limiting

the impact of PAHs in Washington.

Recommendations for
Environmental Priorities

Below are recommendations for the sources
predicted to have the most impact on the
environment. We considered opportunities
for reduction for each anthropogenic source
of PAHs (detailed in the section on
Production, Uses and Releases). Options
were evaluated in consideration of: the
effectiveness of the option in reducing
releases and exposures to PAHs, feasibility,
cost, public support, and agency authority.

Wood Smoke Recommendations

1. Increase education and outreach

Ecology and other partners should continue

work to motivate people to reduce all wood
smoke emissions, including PAHs. As the
Puget Sound Clean Air Agency (PSCAA)
found in their outreach to the Tacoma non-

Local Clean Air Agencies

Most areas in Washington State are
protected by local clean air agencies
(listed below). Tribes have authority
over tribal lands. The remaining areas
are protected by Ecology’s regional
offices.

Benton Clean Air Agency - Benton County
Northwest Clean Air Agency - Whatcom,
Island, & Skagit counties

Olympic Region Clean Air Agency -
Thurston, Mason, Pacific, Grays Harbor,
Jefferson, & Clallam counties

Puget Sound Clean Air Agency - King,
Snohomish, Pierce, & Kitsap counties
Southwest Clean Air Agency - Lewis,
Skamania, Clark, Cowlitz, & Wahkiakum
counties

Spokane Regional Clean Air Agency -
Spokane County

Yakima Regional Clean Air Agency -
Yakima County
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attainment area, a sizeable percentage of residents do not see how their individual actions
contribute to poor air quality. Tools like community based social marketing can be used to
change people’s behavior.

(a) Cleaner burning. Changing how people burn wood can reduce PAHs, because how a
wood stove is operated has a significant effect on how much smoke is produced. Ways to
burn cleaner include using seasoned wood, keeping the fire hotter, and following the
manufacturer’s instructions.

(b) Switching to alternative heating sources. Switching to certified wood stoves or pellet
stoves can reduce emissions by 50% to 90%. Switching to non-wood heating alternatives
such as natural gas and electric heat pump will reduce emissions by >90%. Fireplaces are
highly inefficient and should not be used to heat a house. Weatherization can also reduce
fuel use by reducing heating need.

(c) Efforts toward the education and enforcement of restrictions on trash burning and non-
cooking outdoor burning should be expanded.

2. Increase voluntary incentive programs

Voluntary incentives are linked to education and outreach. Getting people to burn cleaner
requires them to change their behavior and incentives are an important part of that. Ecology and
local air agencies should continue to provide incentives for cleaner devices. Public and political
support to require removal of uncertified wood stoves in most parts of the state is unlikely, so
more funding for voluntary actions and education is needed.

(a) Ecology and local air agencies should investigate additional incentives to speed up
results, such as making the purchase of cleaner burning devices exempt from state sales
tax.

(b) Ecology should work with industry to use a technology challenge for businesses, schools,
and other organizations to encourage the development of the next generation of cleaner
burning wood stoves. An example of this is InnoCentive, a company that finds solutions
using crowdsourcing and prizes. This challenge could also be linked to a state eco-
endorsement for the highest performing stoves, similar to the federal Energy Star
program for appliances. An easily identifiable way for consumers within Washington and
in other states to find the most efficient stoves would help both consumers and our local
stove manufacturers.

(c) Education and funding for voluntary replacements should be extended to include
fireplaces. Fireplaces emit more pollution than other wood burning devices and are not
efficient at providing heat.
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One challenge is helping low income residents transition to a cleaner source of heat. The existing
regulations allow people to burn wood, even during a burn ban, if it is their only adequate source
of heat. This is a short term solution that addresses the inability of many people to afford the
monthly utility bills and to instead use free or cheap wood fuel. Renters, especially lower income
renters, are subject to their landlords’ choice of heating methods. In the longer term, we need to
address the use of wood stoves for heat, especially in rental properties and how to encourage
landlords to put in a certified device or another source of heat.

3. Prohibit the use of uncertified wood stoves in specified areas

PSCAA should use their authority to prohibit the use of older, more polluting uncertified wood
stoves when there is an area in nonattainment with the federal air quality standards." This may

include disclosure or removal of devices, or making devices inoperable, but does not currently

include requiring removal at the time of sale of a residence.

After actions have been taken in the Tacoma non-attainment area to lower levels of fine
particulates, other local clean air agencies and Ecology should look at the recommendations of
the Tacoma non-attainment Task Force?, the actions taken in that non-attainment area, and the
resulting levels of particulate, and consider those recommendations and actions for other areas
that become out of attainment with a Federal standard. The agencies should also consider the
Task Force recommendations to reduce wood smoke to keep particulate levels under the federal
limits (i.e., prevent other areas from becoming non-attainment areas) and lower particulate levels
to improve residents’ health. The agencies and the state legislature should consider the
possibility of new legislation for other areas with high levels of fine particulates from wood
smoke.

Other recommendations from the Tacoma Piece County Clean Air Task Force are not
appropriate for reducing overall PAH levels. For example, increased enforcement of burn bans is
expected to reduce levels of fine particulate below the federal limits on those specific days, but
will not reduce fine particulate or PAHs on the majority of days that do not have a burn ban.

4. Support new federal standards

Ecology and the local air agencies should continue to support the EPA in their work to update
the federal standards for wood burning devices to make them consistent with the best performing
stoves now available. There are devices now available with much lower emission rates than
either our 1991 standard for non-catalytic wood burning devices of 4.5 g/hr as well as the current
federal standard of 7.4 g/hr. Ecology should consider lowering the standard for stoves sold and
installed in the state of Washington.

' SHB 2326 passed by Washington State Legislature (2012).

? Tacoma Pierce County Clean Air Task Force Final Report (2011)
? http://www.ecy.wa.gov/washington waters/cars.html

* RaMI7B.DieE21CBRMty Clean Air Task Force Final Report (2011)
> http://www.wsdot.wa.gov/transit/ctr
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Vehicles Recommendations

5. Expand outreach on reducing fuel consumption and eliminating drips and leaks

Ecology and other agencies should continue to educate people on ways to use less fuel, which
both reduces PAH emissions and saves money. This includes proper car maintenance for both
fuel efficiency and to reduce drips and leaks of used motor oil. Used motor oil contains PAHs
both from the original oil and from the combustion in the engine. For example, Seattle Public
Utilities, Ecology, and South Seattle Community College have free workshops for residents to
learn how to prevent, find, and correct leaks.’ Public and political support to start a statewide
inspection program to find and fix automotive drips and leaks is unlikely, so more funding for
voluntary projects is needed.

6. Continue incentives to lower fuel consumption

Another way of reducing fuel use is to encourage different ways to reduce car trips and miles,
such as the use of public transit. Washington has a commute trip reduction law” that works with
local government, state agencies, and large employers to encourage employees to commute
without driving alone each day. The Washington State Department of Transportation currently
oversees the state program.” Washington should also continue to encourage purchase of zero
emission vehicles using financial incentives.

7. Continue anti-idling education programs and write an anti-idling rule

(a) Ecology and other agencies should continue the existing education and outreach
programs on anti-idling. For example, the Spokane Regional Clean Air Agency and Puget
Sound Clean Air Agency provides support to school districts to implement no idle zones.
Idling, in addition to its contribution to air pollution, is a waste of fuel and money.

(b) In addition to outreach to reduce idling, Ecology should promulgate a statewide anti-
1dling rule using our existing authority under the Clean Air Act. This would address all
engines in both passenger cars and commercial equipment. According to the American
Transportation Research Institute, 14 states and 17 cities or counties have anti-idling
regulations.

® http://www.ecy.wa.gov/washington waters/cars.html
*RCW 70.94.521-555
> http://www.wsdot.wa.gov/transit/ctr
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8. Continue the current diesel reduction strategy

Ecology has identified diesel exhaust as the air pollutant most harmful to public health in
Washington State and has developed a strategy to reduce diesel exhaust’. Reducing these sources
of diesel emissions will also reduce PAH emissions, since PAHs are part of this complex
mixture. Ecology should continue to work on its diesel reduction strategy to address the most
significant sources: heavy duty highway vehicles, non-road construction equipment, marine
vessels and port related equipment, and locomotive engines. The strategy identifies reducing
idling, installing pollution reducing technologies on engine exhausts, installing technologies that
increase fuel efficiency, and replacing older engines and vehicles as the most effective methods
to reduce diesel emissions. It is important to address existing diesel engines because they
typically have a long life and replacement is expensive. Sharing our successes will influence
private investment on diesel engines in the private sector. An estimated 90% of the 134,000
existing diesel engines that are suitable for reductions are privately owned and operated.

Emissions from many of the public sector fleets, such as school buses, have been addressed by
existing programs. The Washington Clean Diesel Program put 9,100 emission control devices on
6,400 school bus engines, plus helped pay for the replacement of 80 school buses with new buses
equipped with the latest pollution reduction technology. The grant program has also funded
2,200 retrofits on 1,900 engines on public vehicles and equipment (garbage, port, city
maintenance, etc.). The Clean Diesel Grant Program has begun putting anti-idling technology on
emergency vehicles. For example, in Thurston County, a one-time investment of $390,000 for 40
vehicles is projected to save $1 million a year in fuel costs. These programs save money and
reduce diesel emissions and should be expanded, but additional funding is needed to reach all
publically owned diesel engines.

Another anti-idling project is expanding the multi-agency program for electrified parking for
commercial trucks. Currently 76 truck parking spaces in two Washington truck stops have been
electrified to help drivers operate on-board electronics and systems during rest periods. This
program is being done with Oregon in a joint effort to reduce idling along the West Coast. This
is only a small percentage of the available truck parking spaces in Washington and additional
funding is needed to electrify a significant portion of the truck parking spaces.

9. Support new federal actions

(a) Ecology should encourage the EPA to continue to update regulations to require more
efficient cars and cleaner burning fuel. This will continue to reduce air emissions,
including PAHs, from vehicles, while maintaining or increasing the performance of
vehicles. Under existing authorities, Washington can either adopt California or federal
regulations on car emissions, and we have adopted the more strict California emissions in

e Ecology publication 06-02-022. Diesel Particulate Emission Reduction Strategy for Washington State (2006).
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the Washington Clean Car Law. Gasoline engines have become much more efficient and
large reductions in emissions have already taken place. There are few opportunities for
Washington State to make further reductions in emissions in the absence of additional
federal action.

(b) Ecology should encourage the federal government to improve performance standards by
requiring lower emissions for all diesel engines, stationary and mobile, including
locomotives. Locomotives emit fewer pollutants per ton of cargo per mile compared to
trucks but opportunities for further reductions in emissions are possible. For example,
many switching engines used at local cargo yards date from the 1960s and 1970s. The
EPA should also continue other programs, such as its voluntary and collaborative
“SmartWay” program to improve the fuel efficiency of shipping materials.

Creosote Treated Wood and Other Products Recommendations

10. Continue creosote piling removal

The Washington State Department of Natural Resources (DNR) has been leading efforts to
remove creosote treated wood debris and derelict pilings throughout Puget Sound. Projects
include removing debris that washes onto area beaches, lagoons, and estuaries, as well as
removing structures and pilings that line the nearshore and no longer serve a function. New
creosote pilings are generally not installed in marine waters and are not allowed in lakes. These
actions remove a source of PAHs to sediment and are part of restoring Puget Sound. DNR has
removed over 13,000 pilings and is continuing to remove more pilings and other creosote-treated
wood. The DNR Creosote Removal Program webpage has a map of projects in Puget Sound and
summaries of materials removed.” Other groups, such as the Port of Seattle, have also been
removing creosote treated wood pilings and replacing the structures with concrete as part of
regular maintenance and restoration of near-shore facilities. During creosote piling removal care
must be taken to minimize localized increases in PAHs.

11. Map railroad tie locations

Ecology should use GIS mapping to locate creosote treated wood railroad ties near sensitive
habitat such as salmon spawning streams and marine nearshore habitat. Creosote treated wood is
still used for the majority of railroad ties and PAHs from creosote treated wood near aquatic
environments may impact aquatic organisms. PAHs from uses of creosote-treated wood in other
areas have less direct transport pathways to sediments and aquatic organisms and, therefore, we
are not recommending additional actions to remove or replace them at this time.

” http://www.dnr.wa.gov/ResearchScience/Topics/AquaticClean-
UpRestoration/Pages/aqr_creosote removal program.aspx
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12. Monitor uses and environmental fate of PAHs from other products

(a) Ecology should continue to monitor how creosote-treated wood and other PAH
containing products, such as asphalt shingles, are reused such that the beneficial re-uses
do not present a threat to human health or the environment.

(b) Ecology should investigate PAH releases from roofing. The Puget Sound Toxics Loading
Analysis identified roofing materials as one of the largest potential sources of several
toxic chemicals to Puget Sound and recommended that we evaluate roofing materials.®
PAHs were not included in the recommendation from the Puget Sound Toxics Loading
Analysis, but they should be added to that study. A first step is to study chemicals in
runoff from various roofing materials commonly used in Washington to refine the
estimates made in the Puget Sound Toxics Loading studies. If there are significant
contributions of PAHs from roofing materials, then future actions may continue to look
for roofing materials that do not release PAHs or other chemicals of concern.

8 Ecology publication 11-03-055. Control of Toxic Chemicals in Puget Sound: Assessment of Selected Toxic
Chemicals in the Puget Sound Basin, 2007-2011.
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Recommendations for Human Health Priorities

All of the recommendations to reduce PAH releases to the environment will reduce people’s
exposure to PAHs. However, the largest sources of PAH exposure for most people are the foods
they eat and, for smokers, their use of tobacco products.

Tobacco Products and Food
13. Smoking — Continue anti-smoking programs and work to enhance them in the future

Smoking harms people, and public health agencies around the world have programs to help
people quit and to encourage people not to start in the first place. The Washington State
Department of Health monitors tobacco use in the state and provides information on ways to quit
smoking. From 2002 to 2008, Washington ranked in the top 10 states in per capita spending on
tobacco prevention and control, and the decline in the state’s rates of youth and adult smoking
outpaced national rates. More recently, state funding for the program has been significantly
reduced, with a concomitant decrease in activities to reduce smoking. The Department of Health
should continue to discourage tobacco use and to help people quit smoking. Further, the
department should pursue additional funds to make up for recent cuts and ensure that future
efforts will continue the pattern of success experienced in the past.

14. Food — Develop outreach on food preparation methods that reduce exposure to PAHs

Certain preparation methods promote the formation and collection of PAHs in food. In addition,
some cooking methods release PAHs into the air where they can be inhaled. The Department of
Health should develop educational materials that discuss how different food preparation methods
contribute to the production of PAHs and how exposure to PAHs can be reduced by choosing
appropriate cooking methods.
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Summary of Recommendations

Priority Recommendations for the Environment

Wood Smoke

1. Increase education and outreach
a. Cleaner burning
b. Switching to alternative heat sources
c. Include trash and other outdoor burning
2. Increase voluntary incentive programs
a. Additional incentives
b. Technology challenge
c. Include fireplaces
3. Prohibit the use of uncertified stoves in specified areas
4. Support new federal standards

Vehicles

5. Expand outreach on reducing fuel consumption and eliminating drips and leaks

6. Continue incentives to lower fuel consumption
7. Continue anti-idling education and create an anti-idling rule
a. Anti-idling education
b. Anti-idling rule
8. Continue the current diesel reduction strategy
9. Support new federal actions
a. Gasoline engines
b. Diesel engines

Creosote treated wood and other products

10. Continue creosote piling removal of derelict structures

11. Map railroad tie locations

12. Monitor uses and environmental fate of PAHs from other products
a. Monitor reuse of products like shingles
b. Further research on roofing

Priority Recommendations for Human Health

13. Continue anti-smoking programs
14. Develop outreach materials
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Implementation Steps

The PBT Rule requires that Ecology outline steps it will take to implement the CAP
recommendations.

The recommendations outline a set of first steps in a long-term plan to reduce PAH releases and
exposures. Due to the magnitude and diversity of sources of PAHs, many of the approaches will
take significant commitments of time and money to implement effectively. In addition, Ecology
can support other agencies, but it is up to the other agencies to carry out some of the
recommendations.

Ecology focuses on prevention, which is the smartest, cheapest, and healthiest approach to
reducing PBTs. Our priority is actions that result in the biggest reduction in exposure to the most
sensitive receptors. However, sometimes other opportunities to reduce PAHs may arise and it
makes sense to reduce all sources of PAHs where possible.

Ecology will continue our existing programs to reduce the largest sources of PAHs to the
environment, namely wood smoke, diesel, and creosote. Expanding or increasing programs will
require additional funds. Ecology will work on acquiring additional funds, but cannot predict
when we will be able to obtain them.

There are three recommendations with specific plans for new work by Ecology.

Recommendation 7(b) Promulgate a statewide anti-idling rule using our existing authority
under the Clean Air Act. Ecology expects to begin this rulemaking in FY 14.

Recommendation 11 Map railroad tie locations using GIS to locate creosote treated wood near
sensitive habitat such as salmon spawning streams and marine nearshore areas. Ecology will do
this in FY'13.

Recommendation 12(b) Investigate PAH releases from roofing. Ecology has begun a project to
evaluate chemicals in runoff from roofing, based on the recommendations in the Puget Sound
Toxics Loading Analysis.” The project is expected to be completed in fall of 2013.

? http://www.ecy.wa.gov/programs/wg/pstoxics/index.html
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What are PBTs and why are PAHs on our list?
What are PBTs?

Persistent, bioaccumulative, and toxic substances (PBTs) are considered the “worst of the
worst,” chemical contaminants because they remain in the environment for a long time, and
accumulate within organisms and/or within the food chain, in addition to having harmful effects.
PBTs can travel long distances and generally move easily between air, water, sediment, and land,
spanning boundaries of geography and generations. Some PBTs have been banned for decades,
but they remain in the environment and within people. Examples include DDT and PCBs.

Ecology published our Strategy to Reduce PBTs in December 2000 (Ecology 2000a). After
working with an advisory committee and getting input from the public, the PBT Rule (WAC
173-333) was adopted in January 2006. The goal of the PBT Rule is to reduce and phase out the
uses, releases, and exposures to PBTs in Washington to protect human health and the
environment. The PBT rule includes PBT criteria and a list of chemicals (PBTs) that meet these
criteria, as well as procedures to periodically update the list. The focus of our work on PBTs is
preparing and implementing Chemical Action Plans (CAPs). The PBT rule describes the parts of
a CAP, how CAPs are developed, and how PBTs are chosen for a CAP.

What are PAHS?

Polycyclic aromatic hydrocarbons (PAHs) were selected for the next CAP in the 2007 Multiyear
schedule (Ecology 2007). PAHs rated high in most of the criteria ranking which determines the
order of the development of CAPs in Washington State. They are toxic to organisms and are
widespread in Washington’s environment. PAHs are also toxic to humans and are found in
people. PAHs are released during commonplace activities, such as burning wood and driving
cars, and from commonplace objects, like railroad ties. While some of these are regulated,
opportunities for further intervention are still substantial.

PAHs are sometimes called polycyclic organic matter (POM), or polynuclear aromatics (PNAs).
They are a class of organic compounds characterized by two or more fused aromatic rings
composed of carbon and hydrogen. Rings containing nitrogen, sulfur and oxygen are included in
the more general definition of a PAH and are typically referred to as heterocyclic PAHs. There
are hundreds of such compounds and they usually occur as mixtures. They are found in some
natural sources like petroleum oil and coal and are formed during the incomplete burning of
organic matter such as coal, oil, gas, wood, garbage, and other materials, such as tobacco and
meat.

PAHs are not essential for the growth of plants, animals or humans. The effects of PAH
exposure was first noted by English physician and surgeon Percivall Pott in 1775, when he
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observed that exposure to soot might explain the high incidence of scrotal cancer in chimney
sweeps.

Since then, considerable work has been done establishing the carcinogenicity of individual
PAHs, these chemicals have also been found to affect the survival, growth and reproduction of
many species. PAH toxicity in the environment is caused by a complex mixture of PAH
compounds rather than exposure to individual PAHs.

Why are PAHs on our PBT list?

About 30 PAHs were evaluated for inclusion on the PBT list and not all of those met the
inclusion criteria. Even though only16 PAHs are on the PBT list, Ecology evaluated information
available on additional PAHs for this CAP, since PAHs occur as complex mixtures that include
many PAHs. This CAP addresses PAHs as complex mixtures rather than as individual
compounds.

The following section is a brief overview of how PAHs met the criteria for inclusion on the PBT
list during development of the PBT Rule. More details on persistence, bioaccumulation, toxicity,
and chemical properties are also found in other sections.

Persistence

The criterion for persistence in the PBT Rule is the half-life (the time it takes for half of the
chemical to breakdown) of the chemical in water, soil, or sediment is greater than or equal to 60
days. Ecology found a variety of half-lives for individual PAH compounds and the ones that had
half-lives greater than 60 days were further considered for the PBT List. Both the parent
chemical and its degradation products are considered for this and the other criteria.

Bioaccumulation
The criterion for bioaccumulation in the PBT rule is:

1. The bioconcentration factor (BCF) or bioaccumulation factor (BAF) in aquatic species for
the chemical is greater than 1,000, or

2. In the absence of such data, the log-octanol water partition coefficient (log K,y) is greater
than five.

The information gathered for the PBT Rule found BCF values, ranging from 602 - 25,703 and
log K,y values of 3.92 to 6.75 for various PAH compounds.
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Toxicity

In order for a chemical to be considered toxic as defined in the PBT rule, it must meet at least
one of the following criteria:

1. Be a carcinogen, a developmental or reproductive toxicant, or a neurotoxicant.

2. Have a reference dose or equivalent toxicity measure that is less than 0.003 mg/kg/day.

3. Have a chronic no-observed-effect concentration (NOEC) or equivalent toxicity measure that
is less than 0.1 mg/L or an acute NOEC or equivalent toxicity measure than is less than 1.0
mg/L.

There are a wide range of health effects for PAHs. The EPA established reference doses for
some PAH compounds. Both the EPA and IARC classify several PAH compounds as known
carcinogens, possible carcinogens, or probable carcinogens for humans. Cancer has also been the
key endpoint for many other organisms. Other health effects include mortality, heart defects,
reduced growth, immunosuppression, effects on reproduction, and population effects on diversity
and abundance in ecosystems.

PAHs in PBT Rule

Not all PAHs examined met all the criteria to be included in the PBT Rule. For example,
benzo(a)pyrene is a well known carcinogenic PAH, but it was not considered bioaccumulative
under Washington’s PBT rule because the BCF of 912 that was identified at that time is less than
1000. There are also differences among different PBT lists, for example, the EPA did include
benzo(a)pyrene in their list of twelve priority PBTs. Other PAHs, such as fluorene, were not
considered persistent under our PBT Rule criteria.

PAHs occur as complex mixtures, rather than as individual compounds, however, and therefore
it made sense to address mixtures in the CAP. As part of the CAP, we consider mixtures such as
creosote and wood smoke which contain other PAHs as well. The three key lists of PAHs to
consider in this document are Washington’s PBT List (WAC733-333), the Toxics Release
Inventory (TRI), and in the Clean Water Act. See Appendix A for a comparison of different lists
of PAHs. Table 2 lists the most commonly referenced individual PAHs and shows which PAHs
are considered carcinogenic, possibly carcinogenic, or probably carcinogenic by the EPA
Integrated Risk Information System (IRIS) and the World Health Organization (WHO)
International Agency for Research on Cancer (IARC).
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Table 2 PAHs in the PBT Rule and other key lists of PAHs

Washington 1977 Clean Water Act
CAS Name PBT list TRI Priority Pollutants

56-49-5 3-methyl chlolanthrene X X

194-59-2 7H-dibenzo(c,g)carazole + X X

218-01-9 benzo(a)phenanthrene (chrysene)*+ X X X
205-99-2 benzo(b)fluoranthene*+ X X

191-24-2 benzo(g,h,i)perylene X X X
205-82-3 benzo(j)fluoranthene+ X X

207-08-9 benzo(k)fluoranthene* + X X X
189-55-9 benzo(r,s,t)pentaphene + X X

192-65-4 dibenzo(a,e)pyrene X X

189-64-0 dibenzo(a,h)pyrene + X X

226-36-8 dibenzo(a,h)acridine + X X

53-70-3 dibenzo(a,h)anthracene* + X X X
224-42-0 dibenzo(a,j)acridine + X X

206-44-0 Fluoranthene X X X
193-39-5 indeno(1,2,3-cd)pyrene* + X X X
198-55-0 Perylene X

83-32-9 Acenaphthene X
208-96-8 Acenaphthylene X
56-55-3 Benzo(a)anthracene*+ X X
91-20-3 Naphthalene + X
86-73-7 Fluorene X
120-12-7 Anthracene X
85-01-8 Phenanthrene X
129-00-0 Pyrene X
50-32-8 benzo(a)pyrene* ++ X X
5522-43-0 | 1- nitropyrene+ X

3697-24-3 | 5-methyl chrysene+ X

57-97-6 7,12-dimethylbenz(a)anthracene X

5385-75-1 | dibenzo(a,e)fluoranthene X

191-30-0 dibenzo(a,l)pyrene + X

* |listed as a probable human carcinogen by the EPA IRIS
+ listed as probably or possibly carcinogenic to humans by IARC

++ listed as carcinogenic to humans by IARC
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General Chemical Information

The information in this section is compiled from four main references: US Dept. Of Health &
Human Services Agency for Toxic Substances and Disease Registry (ATSDR 1995); National
Park Services (1997); the US National Institute of Health Hazardous Substances Data Bank
(HSDB); and PAHs: An Ecotoxicological Perspective (Douben 2003). Any additional references
are called out specifically in the document.

Polycyclic aromatic hydrocarbons (PAHs) are a group of chemicals consisting primarily of
numerous fused rings of carbon and hydrogen. They are found in some natural substances like oil
and coal and are formed during the incomplete burning of organic matter such as coal, oil, gas,
wood, garbage, or other organic substances, such as tobacco and meat. More information on the
three major sources of PAHs is found later in this chapter.

The definition of a PAH can vary significantly. The most commonly used definition requires the
fused rings to be based upon benzene. In this instance, six carbon atoms are bonded together in a
ring and each carbon atom contains a double bond to a carbon atom on one side and a single
bond to one hydrogen atom. The aromatic character of the molecule is based on the benzene
ring-shaped structure which makes its carbon-carbon skeleton more stable when compared with
other hydrocarbons. For ease of drawing the molecular structure of benzene, carbons and
hydrogens are not typically shown; it is assumed carbons are found at the intersection of any two
lines and hydrogens are bound to any unsubstituted portion of the carbon atoms. The double
bonds between carbon atoms are shared equally throughout and denoted by a circle within the
ring struction. Therefore, the most commonly used symbol for benzene (C¢Hs) appears below:

Benzene

CAS 71-43-2

Figure 3 Structure of Benzene

Multiple benzene rings can be fused together to form a PAH. This structure repeats throughout
the compound. Naphthalene, a simple PAH, consists of two fused benzene rings and meets this
definition:

Naphthalene (C;oHg)

CAS 91-20-3
Figure 4 Structure of the simple PAH Naphthalene
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Other definitions of PAH include more exotic features such as rings with fewer than 6 carbons,
other elements in place of carbon or rings that do not contain any double bonds. Rings containing
nitrogen, sulfur and oxygen can be included in the more general definition of a PAH and are
typically referred to as heterocyclic PAHs. Some PAHs can be found containing rings of 5 or
fewer carbons. Examples of heterocyclic PAHs, which meet this broader definition, are shown
below:

Dibenzo(a,h)acridine

(C21HisN) ) ©
CAS 226-36-8 O @ O

Dibenzothiophene (C;,HgS)

s
CAS 132-65-0 ‘ ‘

Dibenzofuran (C;,HgO)

CAS 132-64-9
0

Figure 5 Examples of heterocyclic PAHs

More than 100 different PAH compounds exist and theoretically the potential compounds, which
meet the broader definition of PAH, could be in the thousands. Except in specialized applications
or for research purposes, PAHs rarely exist alone but are found in mixtures. As it is impractical
to consider all of the known or potential PAH compounds, several PAH compounds have been
identified for study due to their toxicity and/or their prevalence. Once certain compounds are
identified for study, additional studies tend to be done on the same compounds, instead of on
different ones. Table 2 compares the 16 PAHs in the Washington PBT Rule to the 22 PAHs
reported in the Toxics Release Inventory (TRI) and the 16 PAHs that are priority pollutants in
the Clean Water Act. Appendix A compares PAHs on additional lists.

Table 3 lists the 16 PAHs on the Washington State PBT list with their chemical structures. These
16 PAHs meet the criteria in the PBT rule for persistence, bioaccumulation and toxicity.
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Table 3 PAHs on the PBT list with chemical structures

CAS Name Chemical
structure
56-49-5 3-methyl chlolanthrene @
@
e
194-59-2 7H-dibenzo(c,g)carazole
218-01-9 chrysene OO@@
205-99-2 benzo(b)fluoranthene @O@
191-24-2 benzo(g,h,i)perylene OO,
QIO
O
205-82-3 benzo(j)fluoranthene @.8
207-08-9 benzo(k)fluoranthene 00.8
55 @
189-55-9 benzo(r,s,t)pentaphene 00
QIO
192-65-4 dibenzo(a,e)pyrene Qi%;
O @)
189-64-0 dibenzo(a,h)pyrene Q10
0@
226-36-8 dibenzo(a,h)acridine IGI©K§J
Q-
53-70-3 dibenzo(a,h)anthracene A 9
00@
gj@
224-42-0 dibenzo(a,j)acridine @O O@
206-44-0 Fluoranthene @.@
193-39-5 indeno(1,2,3-cd)pyrene OO
Cete
198-55-0 Perylene
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The Agency for Toxic Substances and Disease Registry (ATSDR 1995) used 17 PAHs to
provide a good approximation of the harmful effects that are representative of the group. One
reason these 17 PAHs were chosen by the ASTDR 1is because there is more scientific and
technical information available on these compounds, including potential health impacts. More
information on the chemical identity of these 17 PAHs can be found in the ASTDR report
(ASTDR 1995). Additional information on specific PAHs is also available from the International
Agency for Research on Cancer (IARC 1998; IARC 2010) and the US National Institutes of
Health Hazardous Substances Data Bank (HSDB 2011).

In 2008, ATSDR announced in the Federal Register it was seeking input on a list of priority
substances to be evaluated for toxicological profile development (ASTDR 2008). This list
included the 17 PAHs mentioned above, added an additional 8, and included a separate entry for
the whole class of PAH compounds (see Appendix A for a comparative list of PAHs).

The US EPA included sixteen common PAHs in their list of 129 priority pollutants (USEPA
1979). Fifteen of these are the same as the ASTDR list except for the omission of
benzo[e]pyrene and benzo[j]fluoranthene while naphthalene was added (see Appendix A for a
comparative list of PAHs).

The US HSDB (HSDB 2011) lists 43 PAHs of concern (see Appendix A for a comparative list of
PAHs). The HSDB list includes coal tar which contains PAHs and a separate Chemical Abstract
Services (CAS) number for the PAH class of compounds. For a more detailed description of coal
tar and related compounds, see below in the section on Formation of PAHs in Industrial Point
Sources. As indicated previously, PAHs most often appear in mixtures and the use of a unique
CAS number for all PAHs is often warranted.

The US Department of Health and Human Services National Toxicology Program (NTP)
indicated in its 11™ Report on Carcinogens (NTP 2005) that 15 PAHs are “reasonably anticipated
to be a human carcinogen.” All but one of these 15 (7H-dibenzo[c,g]carbazole) appear among
the 44 on the HSDB list. Interestingly, only 7 of these compounds are found on the ATSDR
expanded list (see Appendix A for a comparative list of PAHs).

Manufacturing

Purified, individual PAHs are not currently produced in the US for commercial use (NTP 2005).
Historically, most PAHs were primarily manufactured either from oil or as a byproduct of the
generation of coke and coal gas. In both instances, PAHs are present in a complex mix of
chemicals and must be distilled from the source if individual PAHs are required. In many
instances, PAHs are used as a complex mixture and no further process is necessary. Some of the
major sources of PAHs are from combustion byproducts, which are not included as intentional
manufacture.
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Physical and Chemical Properties of PAHSs

As pure chemicals, PAHs appear in a wide range of forms. They can be colorless, white, or pale
yellow-green solids, which often have a faint, pleasant odor. As a rule, they are heavier than
water. Most PAHs are solid at room temperature although some of the lighter molecular weight
PAHs can release vapors at room temperature that have made them useful as pesticides as in the
case with naphthalene historically used in moth balls. In general, PAHs are highly lipophilic and
have very low solubility in aqueous solutions. Their solubility in organic solvents varies
considerably depending upon the size of the PAH molecule. The lower molecular weight PAHs
range from slightly soluble to insoluble in ethanol. Higher molecular weight PAHs are soluble in
toluene, xylene and some are soluble in natural oils such as olive oil and mineral oil. Solubility
should not be assumed however and each unique mixture must be evaluated separately. Some of
the lower molecular weight PAHs have higher vapor pressures that contribute to the odor found
with most PAH mixtures. The higher molecular weight compounds generally have low vapor
pressures and do not readily volatilize.

Because of their structure, PAHs can be effectively targeted for specific reactions and can
function as the precursor for numerous other chemicals. Pyrene, for example, is used as a starting
material in the manufacture of optical brighteners and dyes. Anthracene is used to manufacture
anthraquinone, an important intermediary in the production of dyes and is also used in the
production of synthetic fibers and plastics (HSDB). Many other PAHs serve similar functions.

Some PAHs have alkyl and chlorine groups attached which changes the chemical characteristics,
often in ways that can increase the opportunity for harm to the environment. For example, alkyl
naphthalenes'” are often found in the same petroleum fraction as naphthalene. The alkyl
naphthalenes, due to their mobility and toxicity, are particularly damaging if released into the
aquatic environment (NPS 1997).

More specific details on the physical and chemical properties of the 17 individual PAHs
identified by ATSDR can be found in the ASTDR report (ASTDR 1995). Additional information
on specific PAHs is also available from IARC (IARC 1998; IARC 2010), PAHs: An
Ecotoxicological Perspective (Douben 2003) and the National Library of Medicine’s Hazardous
Substances Database (HSDB 2011).

As mentioned previously, however, except in laboratory research or in a few limited
applications, PAHs rarely exist alone but are most commonly found in mixtures. The chemical
characteristics of the mixtures can vary widely depending upon the source and what PAHs are

10 Alkyl naphthalenes are naphthalenes in which one or more of the hydrogen atoms have been replaced by
another organic compound. For example, methyl naphthalene is naphthalene to which one of the hydrogen atoms
has been replaced by a methyl (-CH3) group.
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included. Most mixtures range from a light brown liquid to a dark black viscous material with
the consistency of molasses.

Fate and transport

PAHs are sensitive to light and undergo extensive photochemical reactions. Although most
PAHs have a low vapor pressure, they readily absorb to particulate matter, which can be easily
transported throughout the atmosphere. Volatile PAHs in the atmosphere have been found to
exist for less than a day. PAHs absorbed onto particles, however, have been shown to remain in
the atmosphere for 1-2 weeks. Suspended PAHs interact with radicals formed in the atmosphere,
particularly hydroxy (OH-), ozone (Os-) and nitro (NOy). PAHs undergo degradation through
formation of a wide range of photochemical reactions. Degradation products include highly
mutagenic nitro-PAHs and nitro-PAH lactones as well as other chemicals for which no toxicity
information exists. (Douben 2003).

Due to their hydrophobic nature, PAHs exhibit a high affinity for particulates in air and water.
PAHs tend to sorb to particles and eventually settle out into sediments, so the highest levels in
the environment are often found in sediments.

Ring Structures Impact on Biological Systems

Ring compounds are common in organic chemistry and many play an important role in biology.
For example, common sugars such as glucose and galactose (see structures below) contain six
member rings of carbon and oxygen.

CH,OH CH,OH
0 OH 0. OH
OH OH
OH OH OH
OH
Fructose (CsH205) Galactose (C¢H206)

Figure 6 Examples of common sugars

Many other biological compounds contain rings including important compounds such as:

e Hemoglobin used to transfer oxygen throughout the body.
e Thyroid hormones such as levothyroxine used to regulate metabolism.
e Neurotransmitters such as serotonin.
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Due to their basic chemistry and stability, ring structures are important to life. Conversely, many
toxic compounds also contain rings such as:

e Pesticides including DDT, the pyrethrins, parathion, etc.

e Flame retardants like the polybrominated diphenyl ethers (PBDEs),
hexabromocyclododecane (HBCD), tetrabromobisphenol A (TBBPA).

e Benzene, itself, which has been identified as a carcinogen and can cause acute myeloid
leukemia after longer-term exposure.

One of the reasons for the widespread appearance of ring compounds is the stability of the ring
structure itself. Ring stability is tied to the ability of carbon to share its four electrons with other
atoms.

Stability of Ring Structure

The simplest hydrocarbon (compounds containing hydrogen and carbon) is methane with four
hydrogen atoms attached to the carbon atom:

|

C"r
7 S 'H
4

Figure 7 3-Dimensional structure of Methane

In this structure, methane forms a tetrahedron where each hydrogen atom is equally distant from
each other and from the central carbon atom. The angle between any two hydrogen atoms is
109.5 degrees. This structure is maintained as the hydrocarbon complexity increases and more
carbon atoms are joined together or the hydrogen atom is replaced with other elements. As long
as this basic structure is maintained, the bond angles remain around the optimal angle of 109.5
degrees. The molecule is not stressed and the compound remains relatively stable.

When multiple chemical bonds are formed as is the case with aromatic compounds such as
benzene, the bond angles decrease and the stress upon the molecule increases. The greater the
stress, the more reactive the compound becomes. The bond angle for hydrogen and a carbon-to-
carbon double bond increases to 121 degrees. The bond angle between hydrogen and a carbon-
to-carbon triple bond increases to 180 degrees. The greater the deviation from the stable 109.5
degree angle, the greater the reactivity as the compound attempts to restore optimal conditions.
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Ring structures, however, have some unique characteristics, which increases their stability.
Cyclohexane is the most basic 6-carbon ring structure and the bonds between all of its carbon
atoms are at 109.5 degrees, equivalent to the optimal angle described earlier for methane. In
order to maintain this stability, cyclohexane does not maintain a flat structure but is arranged in
what has become known as the ‘chair’ configuration:

Figure 8 Chair configuration of cyclohexane

By maintaining this structure, cyclohexane is able to increase its stability by maintaining optimal
bond angles.

As some of the hydrogen atoms are removed from cyclohexane, however, and single carbon-to-
carbon bonds are replaced by double bonds, the structure loses its optimal structure and stability.
For example, cyclohexene (cyclohexane with two fewer hydrogen atoms and one carbon-to-
carbon double bond) is explosive and unstable. Instability increases, however, until three double
bonds are formed within the structure and the compound benzene is formed.

Benzene is the basic building block of PAH compounds (Fig. 3). Benzene (cyclohexa-1,3,5-
triene) ' is cyclohexane with three double bonds equally spaced throughout the molecule. Unlike
previous compounds where the electrons forming the double bonds are localized around specific
carbon atoms, the electrons in benzene’s double bonds are equally shared among all six-carbon
atoms. Benzene is typically represented by chemists as a six-carbon ring with a circle inside to
represent the sharing of all electrons equally among the carbon atoms as shown in Figure 3.

The most common theory currently accepted by chemists is that this sharing of electrons
accounts for the thermodynamic stability of benzene and other aromatic compounds based upon
similar structures like PAHs. Other theories have been promulgated (Cooper et al. 1986) but are
not currently widely accepted. Regardless, the increased stability of benzene and benzene-based
compounds like PAHs can be attributed to the unique ringed structure and sharing of electrons
throughout the molecule.

11
The formal name for benzene describes a cyclical compound (cyclo) with six carbons (hexa) and three (tri) double bonds (ene). The ‘1,3,5
indicates which carbon atoms contain the double bond. Given the structure, the double bonds are between the carbons 1 & 2,3 & 4and 5 & 6.
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PAH Grouping

PAHs are often broken down into two main groups based upon the number of fused carbon rings.
Breaking PAHs into two groups is somewhat arbitrary, since there is a continuum of
characteristics, and different researchers put them in slightly different groupings. One way of
grouping them is to define low molecular weight PAHs as containing three or fewer fused rings
while high molecular weight PAHs consist of four or more fused rings. Examples of low and
high molecular weight PAHs appear in Table 4. There are no low molecular weight PAHs on the
Washington State PBT list, but the high molecular weight examples in Table 4 are on the PBT
list.

Table 4 Low and High Molecular Weight PAHs

Low Molecular weight PAHs High Molecular Weight PAHs

Naphthalene Chrysene (C;sHi,) ‘e
(CioHs) “

Anthracene “‘ Dibenzo(a,h)anthracene O

(Ci4Hi0) (Cx2Hig) OOO
Benzo(g,h,i)perylene

00

There are two additional types of PAHs, parent and alkylated, both related to the general
structure of PAHs. Parent PAHs are primarily unsubstituted PAHs that consist of benzene rings
fused together. Alkylated PAHs are parent PAHs to which an alkyl'? group has been added in
place of one of the hydrogen atoms on a specific ring. It is often difficult to identify the source of

12
Alkyl group — a functional group consisting solely of hydrogen and single-bonded carbon of indeterminate length and structure. The simplest
alkyl group is the methyl group (CHs-) and complexity can increase depending upon the number of carbons and amount of branching involved.
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both parent and alkylated PAHs as both petrogenic and pyrogenic sources can generate both
classes (Burgess 2009). Alkyl substituted PAHs persist in the environment for longer periods of
time and often are more toxic than other PAHs (NPS 1997).

PAH Categories

PAHSs can be primarily attributed to three categories based upon the way they are generated, 1. e.
biogenic (also called diagenic in some references), petrogenic, or pyrogenic.

/Biogenic: Generated within living organisms. \

Petrogenic: Generated from organic matter in ancient sediments/rocks by geologic
conditions (temperature and pressure) over geologic time.

Pyrogenic: Generated from incomplete combustion (pyrolysis) of organic matter (e.g.,
Qvood, coal, petroleum, wastes). /

Biogenic

Biogenic PAHS, also referred to as diagenic PAHs by some researchers (Crane et al. 2010,
Roush and Maruo 2009; Environment Canada 1994) are the result of biological processes which
generate PAH-like compounds. Examples include compounds like plant terpenes including
retene, perylene and derivatives of phenanthrene and chrysene (Crane et al. 2010). Diagenic
sources constitute a very small fraction of the PAHs generated or released into the environment
(Environment Canada 1994) and, therefore, are often omitted from consideration and, for that
reason, we did not consider biogenic PAHs further in this CAP.

Petrogenic

Petrogenic PAHs are formed in organic matter in ancient sediments/rocks by geologic conditions
(temperature and pressure) over geologic times and thus are found today in crude oil, coal,
organic shales and crude oil derivatives such as gasoline, diesel fuel, heating oil and asphalt
(Burgess 2009; Roush and Maruo 2009). Petrogenic sources contain high levels of aromatic
compounds such as benzene, toluene, ethylbenzene and the three common xylenes (meta-, ortho-
, and para-xylene) and typically also contain the PAH naphthalene.

The single largest use of crude oil is gasoline. Some of the fractions contain PAHs and can be a
major route of PAH release to the environment. The following is the breakdown of products
from a barrel of oil with the approximate percentage of the total (Refining Process Services Inc.
2001):
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Table 5 Oil products

Product Per cent (%)
Motor Gasoline 44
Distillate 17.5
Jet Fuel 8.4
Residual 4.2
Other Products 25.9

Copied from Refining System Resources, Inc, 2001

Petrogenic sources of PAHs characteristically have a higher amount of alkyl substituted PAHs
than pyrogenic sources. Sources of petrogenic PAHs released to the environment include:

e Oil spills, leaks, drips, etc.
e Tire particles
e Asphalt

Pyrogenic

Pyrogenic primarily refers to PAHs generated from the combustion of organic material including
petroleum, coal, wood, forest fires, etc. Pyrogenic PAHs are typically released directly into the
atmosphere, forming soot and carbon black in the process (Burgess 2009). The production of
coke or gas from coal or oil also is also a petrogenic source of PAHs (Roush and Maruo 2009).
More information on the generation of coke and coal gas is provided in the section on the
formation of PAHs in industrial facilities. Typically, pyrogenic PAHs are formed under high
temperatures and low oxygen conditions (NPS 1997). Other factors affect which PAHs are
created including type and amount of fuel, temperature and combustion length and availability of
oxygen (Environment Canada 1994). Sources of pyrogenic PAHs released to the environment
include:

e Wood burning stoves

e Gasoline and diesel combustion from vehicles and equipment

e Coal tar and its products including some consumer products such as shampoos, coal tar
sealant and other products for waterproofing and sealing

e Forest and grass fires

Burning petrogenic PAHs, such as petroleum oil, creates pyrogenic PAHs. For this reason, used
motor oil has pyrogenic PAHs, even though the original motor oil contained a lower
concentration of petrogenic PAHs.

Pyrolysis and PAH Generation

Pyrolysis is a chemical process in which a chemical compound is transformed into a wide range
of products through the use of heat during industrial manufacture and processing. Pyrolysis is
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extensively used to alter organic molecules although inorganic compounds can also be changed
through heat. For the purposes of the following discussion, only the impacts of pyrolysis upon
organic molecules will be discussed with the subsequent generation of complicated molecules
including PAHs.

During pyrolysis, organic molecules undergo three primary reactions (Parker 1993):

1. Dissociation into free radicals.
2. Elimination of a small molecule.
3. Carbon-carbon bond fission.

All three reactions play an important role in the formation of PAHs during pyrolysis.
Dissociation into free radicals

At temperatures ranging from 1,100 - 1,500 degrees Fahrenheit, chemical compounds are
provided with sufficient energy during pyrolysis to break bonds and form free radicals. Free
radicals are primarily charge neutral compounds although free radicals have been identified in
charged species as well. Free radicals are formed when compounds become unstable due to
unfilled electron shells. Most elements have a set number of electrons that can be accepted,
released or shared in order to create a stable structure. In the case of free radicals, specific atoms
or ions within a compound can have electrons that fall into one of these three categories, i.e. they
can be 1) shared, 2) released or 3) added to in order to complete their outermost shell. All three
alternatives will ultimately increase the stability of the compound although some compounds will
undergo further reactions. Radicals, therefore, are very reactive compounds and, in standard
chemical shorthand, are denoted with a simple dot for every electron that is available for
reaction. Radicals exist only for short periods of times and can be used to synthesize a wide
range of compounds depending upon the conditions at the point in which they are generated.

During pyrolysis, radicals form constantly, react and reform until the conditions that led to their
generation no longer exist or they have been reduced to stable compounds. Researchers are not
able to identify all of the free radicals created during pyrolysis due to the complexity of the
reactions involved and technology limitations. Below are several examples to illustrate the most
COmMmon processes.

In the case of simple alkanes (chemicals with single bonds consisting of only carbon and
hydrogen), free radical formation occurs through the loss of hydrogen or cleavage of the
molecule into smaller fractions. For example, the simple alkane, butane (C4H,0), can undergo
various reactions during pyrolysis. Two examples, loss of a hydrogen atom and cleavage into
smaller radicals, are shown below:
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Loss of a hydrogen radical from butane:

CHsCH,CH,CH; ~ ©———">  CH3CH,CH,CHy» + H-

Butane Butane Hydrogen
Radical Radical

Cleaving of butane into smaller radicals:

CHsCH,CH,CHs  ——— 2CH3CHye

Butane Ethane
Radicals

Radicalization of longer chains can also lead to the formation of cyclical compounds that may
ultimately lead to complicated compounds such as PAHs. As described previously, radicals with
6 carbon atoms can easily form cyclical compounds like cyclohexane due to the stability of the
boat structure of such compounds. In addition, small radicals can undergo multiple reactions that
result in ringed compounds.

Pyrolysis of simple aromatic compounds (chemicals comprised primarily of carbon and
hydrogen that contain at least one carbon-to-carbon double bond) also produces radicals that give
rise to other, more complicated compounds. For example, simple aromatic compounds such as
benzene and naphthalene found commonly in fuels can undergo radicalization forming simple
biphenyls as shown below (Parker 1993):

Formation of biphenyl through pyrolysis of benzene:

Benzene Phenyl
Radical Biphenyl

These reactions are only shown to provide an example of the types of reactions possible.
Numerous compounds are formed during any pyrolysis action through radical formation and the
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exact compounds formed are dependent upon a number of criteria including compounds in the
fuel, access to oxygen, temperatures at which the pyrolysis occurs, presence of catalysts, etc.

Elimination of a small molecule

Another mechanism that leads to larger molecules is the release of a portion of the compound as
a separate compound. In this process, a larger molecule can undergo several steps in which one
or more radicals form to ultimately create a carbon-to-carbon double bond and the release of
other compounds. These other compounds are then available for continued radicalization and
reaction. An example of this process is the generation of acrolein, a complicated alkene (organic
compound with at least one carbon-to-carbon double bond) responsible for the smell associated
with cooked meat (Parker 1993). This process cleaves fat at the oxygen bonds and forms the
alkene acrolein:

Creation of the alkene Acrolein from fat

R R R
10 20 30 4 H

H,C —H —Hzé =) H,C=C—C
I
o)

Fat Acrolein

A wide range of compounds based upon the previously attached ‘R’ groups are also formed and
are available for other reactions during pyrolysis.

This process has been shown to be important in the generation of PAHs. Cyclohexane (CAS 110-
82-7) i1s a common component in diesel fuel. During pyrolysis, cyclohexane releases hydrogen,
leading to the formation of the aromatic compound cyclohexene. Cyclohexene has been shown to
be the starting molecule in a series of chain reactions that lead to the formation of PAHs and are
responsible for increased soot generation during diesel combustion (Slavinskaya et al. 2009).

Formation of cyclohexene from cyclohexane:

|::> + 2H.

Cyclohexane Cyclohexene Hydrogen
radicals

The number and types of the compounds created by the elimination of smaller molecules from
larger organic compounds are numerous and the above example was only meant to describe the
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general process. More complicated and detailed reactions are possible including the formation of
PAH compounds.

Carbon-to-carbon bond fission

Lastly, carbon-to-carbon bonds can be broken during pyrolysis including alkanes, alkenes and
cyclical compounds. Carbon-to-carbon bonds are very stable but during pyrolysis, carbon bonds
can be broken and a wide range of chemicals generated. It is outside the scope of this document
to list or discuss all of the possible reactions that occur during pyrolysis. Some common
reactions do occur and will be used to describe potential reactions that occur and lead to the
formation of PAHs.

During pyrolysis, the carbon backbone of organic acids, for example, can lead to the release of
carbon dioxide and the formation of alkenes. Cleavage of ring structures leads to the formation
of complicated compounds, many of which are the precursors of PAHs. Cyclohexene formed
during other pyrolysis steps can be cleaved as shown in the following reaction and used as the
formation for a wide range of PAHs:

Cleaving of cyclohexene

Cyclohexene

Cyclohexene Radical

Through numerous pathways and intermediates, more complicated compounds including a wide
range of PAHs are formed. However, it is important to understand that the pathways that give
rise to PAHs are still being investigated. The possible reactions during pyrolysis are varied and
are dependent upon the fuel source and pyrolysis conditions.

Further information on these and other potential reactions which give rise to PAHs can be found
in the scientific literature (Richter et al. 2000a & 200b; Kidder et al. 2001; Wang et al. 2002;
Britt et al. 2004; Westbrook et al. 2007; Lindstedt and Markaki 2009) and numerous publications
(Parker 1993; Douben 2003; Atkinson et al. 2006). These sources are not exhaustive though
extensive work has been done in this area; however, they are included to show the depth and
breadth of work being conducted in the issue of PAH formation.
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Formation of PAHs in industrial point sources

Incomplete Combustion

Point sources of PAHs found in WA state include petroleum refineries, power plants (coal and
oil), coal-tar production plants, coking plants, bitumen and asphalt production plants, paper
mills, wood products manufacturers, aluminum production plants and industrial machinery
manufacturers. These emissions are usually to air and, other than from petroleum related
industries and aluminum smelters, are typically a result of the combustion of petroleum-based
fuels.

Aluminum smelters

Aluminum smelting uses the Hall- Heroult process to extract aluminum from alumina ore. In this
process, aluminum oxide is combined with sodium hexafluoroaluminate and heated until the
mixture melts. An electrical current is passed through the mixture causing pure aluminum metal
to be deposited at the cathode. The oxygen is combined with carbon from the anode and released
as carbon dioxide. This electrolytic process requires a major source of electrical energy and
consumes anodes in the reaction. The anodes are made from coal tar pitch and carbon and PAHs
are released during forming and baking of the anodes. Both the forming and baking emissions
are controlled using EPA required Maximum Achievable Control Technology (MACT).
Unbaked anode, scrap that is not remade into new anodes, is disposed of as a state-only
hazardous waste as required by Washington State’s Dangerous Waste Regulations (WAC 173-
303; see regulatory section for more details) due to PAHs. Until recently, there were 7 major
aluminum smelters in Washington. Currently, only 2 smelters are still operating.

Coal Tar

The production of coal tar is another source of PAHs. Coal tar is the liquid material left over
after coal has been processed to form coke or coal gas. Coke is created when volatile
components are driven from coal either in an oxygen-free furnace or at high temperatures in the
vicinity of 2,000 degrees Celsius. Coke is primarily used either as a fuel or as an ingredient in the
smelting of iron ore to produce steel and other iron alloys.

Coal gas is produced by distilling coal to generate a gaseous mixture of hydrogen, methane,
carbon monoxide and other flammable gases. Coal gas was used extensively in the late 19
century as a fuel source for lighting prior to the introduction of electricity and several coal
gasification plants were built throughout the US. A major coal gas facility was build on the
North shore of Lake Union in Seattle and operated for many years to provide gas to the
developing community. The plant closed down in 1956 after the demand for coal gas decreased
due to the development of natural gas supplies. The site was eventually purchased by the City of
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Seattle and converted into Gas Works Park. To this day, however, the land around Gas Works
Park remains heavily contaminated with PAHs from these processes (Ecology 2003).

Typically coal tar is a highly viscous black or brown sludge-like material that has a strong
organic smell. It can be used as a fuel source and historically was used in the manufacture of
‘tarmac’ roads. This use has decreased recently and coal tar is no longer widely used on roads in
the United States.

Coal tar has also been used in some medical applications, particularly shampoos, soaps or salves.
Coal tar has been used to treat skin diseases such as psoriasis and dandruff. It has also proven to
be useful in the treatment of head lice. Concerns have surfaced, however, over the increased
carcinogenicity risks and adverse dermal and respiratory effects of coal tar and its use is
decreasing for these applications.

Coal tar undergoes fractionation through distillation and has numerous uses. The separation of
coal tar into three primary fractions (Carbon Pitch and Refined Tar, Coal Tar Distillates and Coal
Tar Chemical Oil) and the use of each fraction are shown in the following figure:
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Copied from Koppers’, a leading distiller of coal tar, website (http://www.koppers.com/htm/PandS_Proc_Main.html), accessed 2/28/2011

Figure 9 Coal Tar Fractions
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Coal tar is used directly in the manufacture of products such as anodes used in aluminum
smelting process and as a feedstock for a wide range of plastic resins.

Creosote

Creosote is a distillate of coal tar used as a wood preservative (Figure 9). Its chemical
composition varies depending on the source, distillation, and fraction removed. Stratus
Consulting summarized several studies of coal tar composition for NOAA Fisheries (Stratus
2006), focusing on the EPA priority pollutants. The World Health Organization includes more
individual PAHs in its report (WHO 2004). Creosote is a mixture of hundreds of chemicals, but
PAHs are the major class of compounds present. Creosote can be up to 90% non-heterocyclic
PAHs by weight (WHO 2004) and are at least 75% PAHs (ATSDR 2002). Other classes of
compounds in creosote include alkyl-PAHs, phenolics, heterocyclic PAHs, and aromatic amines
(Stratus 2006).
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PAHs and Human Health

Exposure

Everyone is exposed to chemical mixtures that contain PAHs

The combustion or pyrolysis of organic material results in the formation of mixtures that contain
many different chemicals including polycyclic aromatic hydrocarbons (PAHs). These mixtures
often contain numerous distinct PAHs, PAH derivatives, other chemicals, and materials such as
particulates (USEPA 2002; Fowles and Bates 2000; and ATSDR 2002). Many of these
individual components contribute to the toxicity of the mixture. Examples of common activities
that produce PAHs are the use of gasoline and diesel engines, wood burning, and smoking
cigarettes (ATSDR 1995). People are exposed to PAH-containing mixtures such as vehicle
exhaust or coal tar, and not to individual PAHs (ATSDR 1995).

Everyone is exposed to PAHs, which are present in food and found throughout the environment
in air, water, soil, and dust (ATSDR 1995). PAHs are lipid soluble and readily absorbed through
the skin, respiratory tract, and gastrointestinal tract (ATSDR 1995). Exposure to four PAHs
(fluorine, naphthalene, phenanthrene, and pyrene) was evaluated in a representative sample of
the U.S. population, and metabolites indicative of exposure were found in 99 - 100% of those
tested (CDC 2009). Although none of these is on the Ecology’s list of persistent,
bioaccumulative, and toxic chemicals (PBTs), they are found in PAH-containing mixtures such
as wood smoke, diesel exhaust, and power plant emissions that also contain many of the PAHs
on the list. People who smoke and workers in certain occupations tend to have greater than
normal exposure to PAHs (ATSDR 1995).

Many common human activities release PAHs into the environment

Many human activities cause PAHs to be released into the air where people can breathe them in.
The main sources of exposure can be different for different people. Some of the more significant
environmental airborne exposures (ATSDR 1995) may come from:

Burning of wood for home heating and other purposes.
Gasoline and diesel motor vehicle emissions.
Emissions from oil- and coal-fired power plants.
Emissions from certain industrial facilities.

Burning of organic material for disposal.

Residential cooking and heating.

Tobacco smoke.
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People who live or work near PAH-emitting power plants or industrial facilities, or heavily used
transportation corridors are likely to have greater exposure to airborne PAHs than people who
don’t (ATSDR 1995). People who burn wood for home heating (and their neighbors), are likely
to have more exposure to airborne PAHs than those who don’t (ATSDR 1995). People who
smoke tobacco products, and people who live or work with smokers, are likely to have more
exposure to PAHs than those who don’t (ATSDR 1995).

Natural events such as volcano eruptions and forest fires also release PAHs into the atmosphere.

Some PAHs that become airborne can later fall to earth, contaminating the ground, water bodies,
and food. People can be exposed to these PAHs by ingesting the contaminated soil, dust, water,
or food.

A discussion of major sources responsible for the release of PAHs to the environment in
Washington can be found in the section of this document entitled “Production, Uses and
Releases.”

Some consumer and industrial products contain PAHs

PAHs are present in many consumer and industrial products, usually as contaminants that serve
no useful function. They are formed during manufacturing when organic materials are heated.

People can be exposed directly to the PAHs when they use certain products. For example, many
foods contain PAHs that are ingested when the food is consumed (ATSDR 1995; EFSA 2008);
coal tar medications contain PAHs that are absorbed through the skin (ATSDR 2002); new and
used motor oil contain PAHs that can be absorbed when oil gets on the skin (ATSDR 1997); coal
tar pavement sealers contain PAHs that can be inhaled or absorbed through the skin (ATSDR
2002).

For other products, exposure to PAHs is not from the use of the product by the consumer.
Instead, PAHs from the product first enter the environment where they contribute to the overall
contaminant load to which people are exposed. For example, coked coal that is burned for power
generation releases PAHs into the air where they are inhaled; motor oil that leaks from vehicles
can contaminate soil and water with PAHs that can be ingested or absorbed through the skin;
PAHs in dust generated from motor vehicle tires can be ingested or inhaled.

Some workers are at risk of greater-than-normal exposure to PAHs

People in some occupations have greater than normal exposure to PAHs because their work
involves greater than normal exposure to vehicle exhaust, to certain industrial processes, or to
certain products or byproducts that contain significant amounts of PAHs (ATSDR 1995 and
2002; TARC 2010). Those workers include, but are not limited to:

50



aluminum workers,

asphalt workers,

carbon black workers,

chimney sweeps,

e coal-gas workers,

e coke oven workers,

e graphite electrode workers,

e machinists,

e mechanics (auto and diesel engine),

e printers,

e road (pavement) workers,

e roofers,

e steel foundry workers,

e tire and rubber manufacturing workers, and
e workers exposed to creosote, such as

o carpenters,

farmers,

railroad workers,

tunnel construction workers, and
utility workers.

o O O O

The toxicity to people of several PAH-containing mixtures has been established by studying
workers in some of these occupations.

Comparing the amount of PAH exposure from major sources

The importance of various sources of exposure to PAHs is expected to differ from person to
person due to factors such as diet, personal habits like smoking, occupation, and location relative
to industrial emissions. Estimates of typical exposures from various sources and media have been
published (EFSA 2008; Menzie et al. 1992; Philips 1999; Lioy et al. 1988).

Food accounts for 80 to 95% of PAH exposure for people who do not smoke and who do not
have significant exposure on the job (EFSA 2008). Many foods are heated during processing or
preparation, resulting in the formation of PAHs (EFSA 2008). Some foods may acquire PAHs
when they are smoked, charbroiled, or are exposed to environmental contamination (EFSA
2008). For the average consumer, the three food groups that contribute most to dietary exposure
appear to be cereals, vegetables/nuts, and meat (EFSA 2008). For people who regularly eat
shellfish, PAH exposure from seafood may contribute 25% or more of dietary exposure (EFSA
2008). PAHs are commonly detected in breast milk, which may be a source of exposure for
newborns and infants (ATSDR 1995).

Inhalation of PAHs in air is estimated account for about 10% of exposure (EFSA 2008). Two
major contributors of airborne PAHs in the Puget Sound region of Washington are exhaust from
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internal combustion engines and wood smoke from home heating (Ecology 2010e). Industrial
emissions, outdoor burning, small engine use, and creosote-treated wood may also contribute to
the atmospheric load (ATSDR 1995).

PAHs in water and soil are estimated to make only a minor contribution to most people’s
exposure (ATSDR 1995; EFSA 2008). However, soil, sediment, and water can become
contaminated from spills and industrial releases, resulting in increased exposure for some people
who live, fish, or work nearby.

Ointments and shampoos that contain coal tar are sometimes recommended for the treatment of
certain skin conditions. The medicinal use of these products increases exposure to PAHs
(ATSDR 2002).

For smokers, PAH exposure from tobacco smoke can equal or exceed that from food. People
who live or work with smokers can have greater than normal exposure to PAHs (EFSA 2008;
Philips 1999). In 2009, 14.8% of adults (about 750,000 people) in Washington were cigarette
smokers (WDOH 2010). A 2010 survey found that 1.7% of 6™ graders and 19.6% of 12" graders
in Washington had smoked in the previous 30 days (WDOH 2010).

As noted in the previous section, some occupations can be associated with greater than normal
PAH exposure. If appropriate worker protection is not employed, exposures can be significantly
greater than those from food.
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Toxicity
Some individual PAHs are toxic

There are hundreds of different PAHs, but only some of these individual compounds have been
evaluated for toxic effects. Although few studies of the toxicity of individual PAHs have been
conducted in humans, many such have been performed in laboratory animals and in vitro test
systems.

Several PAHs have been found to cause cancer in animals. All 16 individual chemicals that are
included on the WA PBT list have been assessed for carcinogenicity by one or more independent
scientific bodies. Their conclusions are presented in Table 6.

Table 6 Carcinogenicity of selected PAHs

NTP * IARC # IRIS + Prop 65 &
3-Methyl chlolanthrene - - - carcinogen
7H-Dibenzo(c,g)carbazole Anticipated ** 2B - carcinogen
Chrysene - 2B B2 carcinogen
Benzo(b)fluoranthene Anticipated 2B B2 carcinogen
Benzo(g,h,i)perylene - 3 D -
Benzo(j)fluoranthene Anticipated 2B - carcinogen
Benzo(k)fluoranthene Anticipated 2B B2 carcinogen
Benzo(r,s,t)pentaphene Anticipated 2B - carcinogen
Dibenzo(a,e)pyrene Anticipated 3 - carcinogen
Dibenzo(a,h)pyrene Anticipated 2B - carcinogen
Dibenz(a,h)acridine Anticipated 2B - carcinogen
Dibenz(a,h)anthracene Anticipated 2A B2 carcinogen
Dibenz(a,j)acridine Anticipated 2B - carcinogen
Fluoranthene - 3 D -
Indeno(1,2,3-cd)pyrene Anticipated 2B B2 carcinogen
Perylene - 3 - -

Classification by scientific organizations of the likelihood that the chemicals on the PBT list could cause
cancer in humans. (*) NTP = National Toxicology Program 2011. (**) = Reasonably anticipated to be a
human carcinogen. (#) IARC = International Agency for Research on Cancer 1973, 1983, 2010. (+) IRIS =
United States Environmental Protection Agency Integrated Risk Information System. (&) Prop 65 =
California Environmental Protection Agency Proposition 65 List of Chemicals Known to the State to
Cause Cancer or Reproductive Toxicity.

All but three of the chemicals on the PBT list (benzo(g,h,1)perylene, fluoranthene, and perylene)
have been classified as carcinogens by at least one of these bodies. Much of the evidence for
carcinogenicity for the remaining 13 chemicals on the list comes from studies where the
chemical was introduced topically by spreading on the skin, direct application to the trachea, or
injection into tissues (ATSDR 1995). However, there is evidence that some of these compounds
can cause tumors when ingested (ATSDR 1995). Also, while there are few studies that examined
the effects from inhalation of these chemicals, intratracheal application of dibenz(a,h)anthracene
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or 7H-dibenzo(c,g)carbazole induced respiratory tumors, suggesting that these compounds may
be carcinogenic when inhaled (ATSDR 1995).

Compared to the data on cancer, information about other toxic effects of the 16 chemicals on the
PBT list is limited and the implications for human health are less clear. In one study, several of
the listed chemicals appeared to have immunosuppressive properties (Silkworth et al. 1995). In
other studies, relatively large oral doses of few of the compounds affected the livers of laboratory
animals (ATSDR 1995). When injected into laboratory animals, 3-methylcholanthrene affected
reproductive parameters (Konstandi et al. 1997), and dibenz[a,h]anthracene caused increased
fetal death and reduced growth rate (IARC 1983).

One of the best studied PAHs, benzo(a)pyrene, is not on the WA PBT list because Ecology
determined that it does not meet the criterion for bioaccumulation. However, it is usually present
in PAH mixtures and is often used as the index PAH to which the carcinogenicity of other PAHs
is compared (USEPA 2010b). Benzo(a)pyrene has been found to induce tumors when inhaled,
ingested, or applied topically (ATSDR 1995). Compared to benzo(a)pyrene, one of the PAH
PBTs appears to have greater cancer potency while ten others have less (USEPA 2010b).

There are many unanswered questions and data gaps in our knowledge of PAH toxicity because
most of the compounds have not undergone extensive toxicity testing and many potential
noncancer effects have not been adequately evaluated. However, the carcinogenicity of the
several of the chemicals on the PBT list has been well documented.

Some mixtures that contain PAHs are toxic to humans

Many activities and processes result in the formation of complex mixtures that contain PAHs and
other toxic chemicals and materials. Health problems have been documented in people and
laboratory mammals exposed to some of these mixtures.

The types and concentrations of the individual chemicals (including PAHs) that are formed
depend on factors such as the composition of the starting materials, the temperature at which the
process occurs, and the amount of oxygen available, which can be different for each mixture. For
substances such as coal tar or creosote, the chemical composition can vary significantly from
batch to batch (ATSDR 2002).

Several PAH-containing mixtures have been assessed for carcinogenicity by one or more
independent scientific bodies. Their conclusions, based mostly on studies in workers and
laboratory animals, are presented in Table 7.
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Table 7 Carcinogenicity of selected PAH mixtures

NTP* IARC# IRIS+ Prop 65 &
Coal tar Known 1 - carcinogen
Coal tar pitches Known 1 - -
Coke oven emissions Known 1? A carcinogen
Creosote - 2A Bl carcinogen
Diesel exhaust Anticipated ** 2A Likely to be carcinogen

carcinogenic to
humans

Gasoline engine exhaust - 2B - carcinogen
Mineral oils (untreated Known 1 - carcinogen
and mildly treated)
Smokeless tobacco Known 1 - carcinogen
Tobacco smoke Known 1 - carcinogen

Classification by scientific organizations of the likelihood that the PAH-containing mixtures could cause
cancer in humans. (*) NTP = National Toxicology Program 2011. (**) = Reasonably anticipated to be a
human carcinogen. (#) IARC = International Agency for Research on Cancer 1987, 1989. (+) IRIS =
United States Environmental Protection Agency Integrated Risk Information System. (&) Prop 65 =
California Environmental Protection Agency Proposition 65 List of Chemicals Known to the State to
Cause Cancer or Reproductive Toxicity.

There are thousands of variations on these mixtures and only a few have been evaluated for
toxicity. Since many of the individual PAHs in these mixtures have been shown to cause cancer,
it is assumed that they contribute to the carcinogenicity of the mixtures as a whole. But while
PAHs are expected to play a role in tumor development, their exact contribution to the
carcinogenicity of any particular mixture is usually not known since the mixtures also contain
many other cancer-causing chemicals. This applies both to PAHs in general and to the 16
specific PAHs and PAH derivatives on the WA PBT list.

Noncancer effects have been documented for some of these mixtures, but there is little or no
overlap between these effects and the health outcomes that have been documented for the 16
compounds on the PBT list. For example, inhalation of particulate matter from common sources
such as diesel exhaust and wood smoke can reduce lung function and contribute to
cardiovascular disease (Ling and Eeden 2009; Sun and Wold 2010). However, the role of PAHs
in these effects, if any, is not known.

IARC has evaluated certain occupations where workers are exposed to PAH-containing mixtures
and concluded (IARC 1987, 2010) and :

e There is sufficient evidence in humans for the carcinogenicity of occupational exposures
during coal gasification. (lung cancer)

e There is sufficient evidence in humans for the carcinogenicity of occupational exposures
during coke production. (lung cancer)

e There is sufficient evidence in humans for the carcinogenicity of occupational exposures
during coal-tar distillation. (skin cancer)
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e There is sufficient evidence in humans for the carcinogenicity of occupational exposure as a
chimney sweep. (cancer of the lung, esophagus, bladder, skin, scrotum, and hematolymphatic
system)

e There is sufficient evidence in humans for the carcinogenicity of occupational exposures
during paving and roofing with coal-tar pitch. (cancer at several sites)

e There is sufficient evidence in humans for the carcinogenicity of occupational exposures
during aluminium production. (lung and bladder cancer)

e There is limited evidence in humans for the carcinogenicity of occupational exposures during
carbon electrode manufacture.

Summary — Would controlling PAH releases benefit
human health?

All people in Washington are exposed to PAHs from a variety of sources, and there is concern that
they contribute to cancer and, potentially, other health problems. When the 16 PAHs on the WA
PBT list are formed by combustion or pyrolysis, they represent an inseparable component of a
complex mixture. In practical terms, controlling the human and environmental health hazards of
the16 PBTs can be accomplished only by reducing exposure to the mixture as a whole. Many
common mixtures that contain these 16 chemicals have been shown to cause a variety of health
problems. Food is the largest exposure source for most people, but food-related health effects from
PAHs have not been adequately investigated and the true health hazard, if any, is not understood. On
the other hand, particulate matter from common sources such as diesel exhaust and wood smoke is
known to be harmful, reducing lung function and increasing the risk of cardiovascular disease and
lung cancer. While the carcinogenicity of PAHs suggests that they play a role in the development of
lung cancer from exposure to particulate matter, the contribution to other health effects is not clear.
However, controlling exposure to mixtures such as diesel exhaust and wood smoke would reduce
the occurrence of many different health problems and therefore have public health benefits that
go beyond addressing only the PAHs.
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PAHs and Environmental Health

Introduction

PAH toxicity in the environment is caused by a complex mixture of PAH compounds rather than
exposure to individual PAHSs in isolation (Mount et al. 2003). While considerable work has been
done on the carcinogenicity of individual PAHs, PAH mixtures have also been shown to affect
the survival, growth and reproduction of many species. For example, PAH contamination is
known to adversely affect the viability of benthic species and the diversity of aquatic, estuarine,
and marine ecosystems (Valle et al. 2007).

This brief review will focus on mechanisms of toxicity, exposure (including bioaccumulation,
trophic transfer, and bioavailability), and ecotoxicity to several taxa.

Mechanisms of Toxicity

PAHs have four mechanisms of toxicity (van Brummelen et al. 1998):

(1) Nonpolar narcosis (non-specific toxicity) from the physical disturbance of the structure of
biological membranes by accumulation of non-reactive, non-electrolyte organics in the
membrane.

(2) Phototoxicity from exposure to UV light which increases the toxicity of certain PAHs via
free radical formation.

(3) Macromolecule adduct formation (e.g., DNA, protein) which may generate mutations and
ultimately lead to carcinogenesis and teratogenesis.

(4) Disturbance of hormonal regulation directly through PAH metabolites that mimic hormones,
and indirectly through induction of the Mixed Function Oxidase (MFO) system.

The MFO system consists of enzymes that catalyze reactions between specific chemicals and
oxygen which lead to an oxygen atom being incorporated into the structure of the chemical.
These chemical reactions play an important part in the metabolism of natural and foreign
compounds and can lead to metabolites with decreased or increased toxicity compared with the
parent compound.

The MFO system and its cytochrome P450 enzymes are important for PAH toxicity. Elevated
levels of PAHs and other toxic chemicals (e.g., PCBs) cause an increase in the activity of the
MFO system. Cytochrome P450 mediated biotransformation of PAHs is well established in
mammals, birds, and many fish species. Most invertebrates have a less well developed MFO-
system, with higher activity in terrestrial invertebrates than in aquatic invertebrates (van
Brummelen et al. 1998). Organisms that effectively metabolize PAHs generally have lower
levels in their tissues and are less likely to suffer from narcosis and phototoxicity. However,
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induction of MFO system is more likely to cause DNA adduct formation or disturbance of
hormone regulation.

Phototoxicity

There have been a number of studies documenting the fact that UV light can greatly increase the
toxicity (generally by one to two orders of magnitude) of PAHs in a broad range of aquatic
species in different taxa (reviewed in Ankley et al. 2003). Aquatic organisms in deep and turbid
waters and shaded areas may not be affected by this phototoxicity. However, juveniles of most
fish are found in the shallow areas of the littoral zone and are subject to photo-induced toxicity
of PAHs. Phototoxicity has also been seen in invertebrates that live in sediment.

Summary of Cellular Interactions

Figure 10, which is Figure 16.1 in Altenburger et al. (2003) summarizes the known cellular
interactions of PAHs. The figure summarizes uptake, distribution, photoactivation, DNA adduct
formation, ROS formation, Ah receptor binding, cytochrome p450 induction and reactions, and
excretion from the cell.
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Figure 16.1 Schematic illustration of different modes of cellular interaction of PAHs
(according to Ma 2001; Nie et al. 2001; Safe 2001; Klinge et al. 1999; Van Brummelen et al.
1998: Stegeman and Hahn 1984; Winston and Di Giulio 1991). AhR, ary! hydrocarbon
receptor; Arnt, arylhydrocarbon nuclear translocator; HSP, heat shock protein; ROS, reactive
oxygen species

Figure 10 Cellular interactions of PAHs

58



Exposure

PAHs are most prevalent in sediment, and therefore benthic organisms (biota living on or in the
bottom of water bodies) have the greatest exposure to PAHs. Species that live in sediments are
exposed to PAHs by direct contact and ingestion of PAH-contaminated sediment and pore
waters, and by ingestion of PAH-contaminated biota. For these reasons, bottom fish (which have
more contact with sediment) display the higher levels of PAH contamination compared to other
fish. Species that live in the water column are exposed to PAHs by direct exposure to PAH-

contaminated water, as well as via trophic transfer. Terrestrial species are primarily exposed
through diet. Direct contact exposure is important in some instances, such as oil spills.

Bioaccumulation, trophic transfer, and bioavailability are important aspects of exposure. These

dynamic processes are reviewed below.

Bioaccumulation and Trophic
Transfer

As with other hydrophobic organic compounds,
PAHs can become concentrated in the fat
tissues of animals and accumulate along the
food chain (Valle et al. 2007). However, many
animals have the ability to metabolize and
eliminate PAHs, leading to biodilution in some
instances. Following uptake, PAHs are subject
to internal distribution to tissues and organs, to
biotransformation, and to elimination
(Altenburger et al. 2003). The balance between
these toxicokinetic processes determines the
net bioaccumulation. Many different species of
bacteria, fungi, yeasts, and algae are known to
degrade PAHs (Volkering et al. 2003). Among
different groups of invertebrates, the ability to
metabolize PAHs is highly variable (Meador
2003), but tends to be lower than in vertebrates.
The uptake of PAHs is highly species-specific,
being higher in algae, mollusks, and other
species which are incapable of metabolizing

ﬁioaccumulation is defined in the PBT Ruh
as the process by which substances increase in

concentration in living organisms as they take
in contaminated air, water, soil, sediment or
food. The bioaccumulation factor (BAF) is
defined in the PBT Rule as the ratio of the
concentration of a chemical in an organism to
the concentration in the surrounding
environment.

Bioconcentration is the uptake and
accumulation of a substance within an aquatic
organism from water. The bioconcentration
factor (BCF) is defined in the PBT Rule as the
ratio of the concentration of a chemical in an
aquatic organism to the concentration of a
chemical in water.

Biomagnification is the increase in the
concentration of a substance with an increase
in trophic level.

Biodilution is the decrease in the
concentration of a substance with an increase

(ﬁophic level. /

PAHs, while PAHs are rapidly metabolized in most vertebrates (Eisler 1987). Seasonal changes
in physiology, behavior, and environmental inputs may also affect accumulation (Meador 2003).
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While bioaccumulation varies among PAH compounds and species, PAHs are considered
bioaccumulative under the PBT Rule. Only individual PAHs that met all the criteria in the PBT
Rule were put on the PBT List, although PAHs occur in mixtures and it is typically difficult to
attribute the hazards associated with a mixture to one specific PAH compound.

The PBT Rule (WAC 173-333) considers a chemical to have a high potential to bioaccumulate
if:

1. Based on credible scientific information, the bioconcentration factor (BCF) or
bioaccumulation factor (BAF) in aquatic species for the chemical is greater than 1,000.

2. In the absence of such data, the log-octanol water partition coefficient (log K,y) is greater
than five.

The information gathered for the PBT Rule found BAF/BCF values, ranging from 602 - 25,703
and log K, values of 3.92 to 6.75 for various PAH compounds.

Although PAHs are lipophilic (i.e. more soluble in fat than in water), these compounds do not
tend to accumulate at high concentrations in vertebrates, as PAHs are rapidly metabolized.
Therefore, biomagnification is not expected for food webs involving fish. However, species from
lower trophic levels that do not effectively metabolize these compounds may exhibit food web
transfer. For example, predatory mollusks and polychaetes (segmented bristle worms) that prey
on other polychaetes and mollusks would likely have higher PAH tissue residues than other
similar species that only ingest sediment(Meador 2003).

Bioavailability

The toxicity of PAHs is dependent on their bioavailability in different organisms and different
environments (van Brummelen et al. 1998). The uptake of PAHs in aquatic organisms is
influenced greatly by differences in the bioavailability of PAHs in sediment (Besten et al. 2003).
In general, bioavailability is related to the physiochemical characteristics of the substance, the
physiochemical characteristics of the environmental medium, the type and physiological state of
the organism, along with other factors such as temperature (Volkering and Breure 2003). The
aging or weathering of PAHs also affects bioavailability. Aging may render PAHs less
bioavailable, but not less toxic, due to the formation of toxic degradation products (Achazzi and
Van Gestel 2003).

Organism physiology is also an important variable for the resulting levels of PAHs in tissues.
Factors, including lipid levels and the rates of uptake and elimination, are key determinants of
total tissue accumulation (Meador 2003). As mentioned earlier, there is a wide variation in
metabolism of PAHs between and within different species, likely due to the variable amount or
activity of the cytochrome P450 dependent mixed-function oxidase system (Eisler 1987).
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Ecotoxicity

The ecotoxicity of PAH compounds is reviewed for several ecological receptor groups, including
aquatic invertebrates, terrestrial invertebrates, fish, mammals, birds, and plants.

Phytoplankton and Zooplankton

Phytoplankton and zooplankton ingest PAHs from contaminated water and through their diet.
Studies have evaluated the effects of creosote on communities of phytoplankton and
zooplankton. One series of studies looked at the effects of marine-grade creosote either applied
once at concentrations of 0.06 to 109 ng/L or from treated pilings (Stratus 2006). These studies
included about 200 species of phytoplankton and 80 species of zooplankton. Creosote initially
caused a concentration-dependent reduction in zooplankton abundance, with most taxa later
recovering. The authors calculated a NOEC for total PAHs for zooplankton community effects
at 3.7ug/L in one study and 11.1 ug/L in another. No effects on the phytoplankton community
were observed.

Aquatic Invertebrates

Aquatic invertebrates ingest PAHs from contaminated sediments and water and through their
diet. Many aquatic invertebrates in diverse locations can accumulate PAHs, often to high
concentrations. For example, bivalves can accumulate high levels of PAHs due to their high rate
of filtration and low metabolic capacity for these compounds (Meador 2003).

Wide ranges of tissue concentrations have been reported due to variations in environmental
concentrations (spatial and temporal), physical and chemical properties of the sediment, time of
exposure, and species ability to metabolize these compounds. Tissue concentrations appear to
follow seasonal cycles, which may be related to variations in lipid content, spawning cycles, or
changing environmental properties. Organisms can also alter their exposure through behavior,
e.g., a bivalve can close its shell when contaminants are detected.

Effects of PAHs on aquatic invertebrates include inhibited reproduction, delayed emergence, and
mortality (Mahler et al. 2005). There are several studies on contaminated sites in Canada and
toxic effects on aquatic invertebrates (reviewed Environment Canada 1994). PAH contaminated
sediment from Hamilton Harbour (Canadian Great Lakes region) induced nearly 100% mortality
in nymphs of the may fly Hexagenia limbata.

Surveys of benthic fauna in a Canadian harbor in Nova Scotia known to be contaminated with
PAHs showed more diversity and abundance farther from the source of contamination
(Environment Canada 1994). The more contaminated part of the harbor had 13-2800 ug/g (d.w.)
PAHs compared to 2.5-8.2 ug/g in the less contaminated part. Species such as hermit crabs,
limpets and amphipods were not present in the more contaminated arm of the harbor.
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Changes in populations of benthic invertebrates have also been found to be correlated with
concentrations of PAHs in sediments in Ontario (Environment Canada 1994). Areas with more
than 80 ug/g (d.w.) had fewer benthic fauna compared to areas with 12-40 or less than 9 ug/g
(d.w.).

Fish

PAHs can have biochemical, histopathological, genetic, immunological, reproductive,
developmental, and behavior effects on fish (Payne et al. 2003). Cancer has been the key
endpoint looked at for PAH exposure in fish.

Fish embryos exposed to complex mixtures of PAHs from petrogenic sources (such as oil) show
characteristic abnormalities, including cardiac dysfunction, edema, spinal curvature, and
reduction in the size of the jaw and other craniofacial structures (Incardona et al. 2004). Later
work (Carls et al. 2008) showed that zebrafish embryos exposed to Alaska North Slope crude oil
are affected by PAHs. This study agreed with previous studies showing sublethal effects at low
concentrations (1-20 ug/L) of total PAHs. Physical contact with oil droplets was not necessary
for embryotoxicity. This study looked at several endpoints and found the heart was the most
sensitive indicator of toxicity. Hicken et al. (2011) exposed zebrafish embryos to low levels of
weathered Alaska crude oil (24-36 ug/L total PAHs) and found changes in adulthood in heart
shape and a significant reduction in swimming speed.

Vines et al. (2000) studied the effects of diffusible chemical compounds from weathered
creosote-treated pilings on embryonic development in Pacific herring. These researchers
observed complete lethality for all embryos adhering directly to creosote-treated wood. In
addition, approximately 40—-50% of embryos not adhering to the creosote-treated wood failed to
develop beyond the first few days of incubation. For surviving embryos, significant effects on
cardiac function were noted, along with lower hatching rates and higher rates of incomplete
hatching. The authors calculated an LC50 for hatching success to be 0.05 mg/L and found a
sublethal exposure of 0.003 mg/L significantly reduced hatching success and increased
abnormalities in morphology and cardiac function.

Considerable research has been done on the relationship between PAHs and liver lesions in
English sole in Puget Sound. There is a strong and consistent statistical association across
separate studies. The researchers complemented this epidemiological evidence with long-term
laboratory exposure studies to confirm the causal link. Results from a summary of a series of
eight studies on sediment and liver lesions in English sole from 45 sites within Puget Sound from
1979-1986 showed a consistent association between prevalence of liver lesions in English sole
and levels of PAHs in sediments, which ranged from 0.005 ppm dry weight at an
uncontaminated site to 540 ppm dry weight at Eagle Harbor (Landahl et al. 1990). The first
study in the series looked at a wide range of chemicals, and the strongest correlation was
observed between PAHs and occurrence of liver lesions. This led subsequent studies to focus on
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PAHs. Up to 86% of English sole had liver lesions, with the highest prevalence consistently
found at the Eagle Harbor site (Landahl et al. 1990). Liver lesions have been found in other
bottom fish within Puget Sound, but with lower prevalence (Myers et al. 1991).

The liver lesions seen in Puget Sound English sole are similar to those induced experimentally
by carcinogens in mammals and fish and are known to be essential early steps in hepatic
carcinogenesis (Myers et al. 1991). In a laboratory study, sole were injected with a PAH-
enriched sediment fraction from Eagle Harbor which induced the same types of liver lesions seen
in wild fish.

Eagle Harbor was contaminated by creosote from a wood treatment facility. The EPA began
investigating the site in 1971 and it was listed as a Superfund site in 1987 (USEPA 2007). The
Eagle Harbor Superfund site has undergone extensive remediation since 1991, including removal
of creosote sludges and other contaminated materials and capping contaminated sediments
(USEPA 2007). Since these actions, the incidences of liver lesions in English sole from that site
have been drastically reduced (Myers et al. 2008).

Several laboratory studies have been performed on the effects of PAHs on salmon. Meador et al.
(2006) fed PAHs to juvenile Chinook salmon at levels that mimicked exposure from Puget
Sound urban estuaries during their transition from freshwater to seawater. These investigators
observed differences in growth, plasma chemistry, and lipids (termed “toxicant-induced
starvation” by the study authors) which have the potential to affect mortality during the salmon’s
first winter.

Mammals

There are numerous studies on PAH toxicity to laboratory mammals, while fewer studies exist
on PAH effects on wild mammals. Field mice exposed to PAHs have reduced food consumption,
and there are also DNA-adducts seen in wild species (Malcolm and Shore 2003). One of the
most well studied wild marine mammals is the beluga whale of the St. Lawrence estuary in
Canada. As with other chemicals and locations, it is difficult to draw a direct link between PAHs
and their effects on beluga whales, because of co-contaminants like PCBs and metals (Malcolm
and Shore 2003). Low levels of PAHs have been measured in other marine mammals, such as
seals, whales, dolphins, and porpoises (HSDB 1994).

While some of the data on human health effects are based on epidemiology, much of the data are
from studies on other laboratory mammals. By 1918, it was shown that topical applications of
coal tar produced skin tumors in mice and rabbits (Eisler 1987). The ATSDR toxicological
profile on PAHs summarizes studies on laboratory animals (ATSDR 1997). Several PAHs have
caused tumors in laboratory mammals through different routes of exposures (dermal, inhalation,
and oral). Studies in mice have also shown reproductive effects, birth defects, and decreased
body weight. Other effects on skin, body fluids, and the immune system have been reported for
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laboratory mammals. For example, laboratory studies on mice have shown that many
carcinogenic PAHs adversely affect the immune system (Eisler 1987, ATSDR 1997). In general,
the tissue affected is determined both by the route of exposure and species (ATSDR 1997).

Birds

Birds are primarily exposed to PAHs through their diet, but direct contact is important with an
oil spill. PAHs are rapidly metabolized in birds, so they are often not detectable. PAHs and fuel
oils applied to chicken and mallard eggs can cause adverse effects, including liver necrosis, renal
lesions, extensive edema, growth retardation, and other birth defects (Malcolm and Shore 2003).
Herring gull nestlings have also been reported to have reduced growth after being exposed to
Prudoe Bay crude oil (Malcolm and Shore 2003). There are interspecific differences in
sensitivity, while the amount, timing, and mixture of PAHs influence toxicity.

Terrestrial Invertebrates

PAHs in soil and litter (i.e. layer of decayed organic matter) may be transferred to soil
invertebrates by soil and litter ingestion, as well as porewater contact and ingestion. In species
that live on top of the soil, such as springtails and isopods (small crustaceans), uptake occurs
mainly with contaminated food and transfer via the gaseous phase (Achazzi and Van Gestel
2003).

There are negative effects on survival, growth and reproduction. Sensitivity varies across
species, compounds, and different soil matrices. PAHs may also affect other physiological traits,
making organisms more susceptible to additional stresses, such as reduced tolerance to drought
stress (Achazzi and Van Gestel 2003).

Plants

Plant roots have a high capacity for hydrophobic compounds and can assimilate PAHs from soil,
water, or air. Uptake rates are governed in part, by PAH concentration, water solubility, vapor or
particulate form, as well as soil type (Eisler 1987). Because of airborne deposition, the
aboveground parts of plants tend to contain more PAHs than belowground parts and plants with

broad leaves tend to contain more PAHs than those with narrow leaves (Environment Canada
1994).

Most plant species are sensitive to PAHs to some degree, but they appear to be less sensitive than
aquatic organisms (Stratus 2006). PAH impairment of plant growth and/or development limits
primary productivity, constraining total biological activity in an ecosystem. Accumulation of
PAHs in plants represents a portal into the food web (Greenberg 2003).
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PAHs in Washington’s environment

Ecology monitors for PAHs as part of its work on PBTs and our state Toxics Monitoring
Program has included PAHs in some studies. Ecology also tests for PAHs to determine
impairment levels of state water bodies (303d list), identify the extent of contamination at
cleanup sites and conduct other toxics studies. Ecology’s main database for environmental
monitoring is the Environmental Information Management (EIM) system. EIM contains data on
PAHSs in soil, water, sediment, and animal tissue. Some sites have elevated levels of PAHs and
there are about 375 confirmed PAH cleanup sites in groundwater, surface water, drinking water,
air, soil, and sediment, with some sites having contamination in multiple media.

Ecology studies have focused on 16 PAH compounds that were designated as priority pollutants
in the Clean Water Act. There is some overlap between these 16 PAHs and the 16 PAHs on the
Washington PBT list (see Table 2). Because PAHs are found as mixtures in the environment, this
CAP uses the data available, which is mostly on the 16 priority pollutants, to provide insight on
PAHs in Washington’s environment.

Puget Sound Toxics Loading Studies

PAHs were included in the list of chemicals of concern in the Puget Sound Toxic Loading
Studies. This multi-year, three phase project was done in collaboration with the Puget Sound
Partnership and other agencies. The project focused on sources, loads and pathways, rather than
presence in environmental media, http://www.ecy.wa.gov/programs/wq/pstoxics/phase3.html. As

part of this project, environmental concentrations were evaluated using EIM as the largest source
of data (Ecology 2011b). Limited data suggest that typical freshwater concentrations for total
PAHs are in the 0.1 — 1.0 pg/l range, with marine water column concentrations slightly lower.
Total PAHs in freshwater and marine sediments are typically 100 — 1,000 pg/kg (dry weight)
although mean concentrations in urban bays may be up to ten-fold higher.

Water

Ecology assesses water bodies in the state to determine which areas are so polluted that further
discharges of certain chemicals into these waters can no longer take place. For the highest
priority sites Ecology conducts a TMDL analysis or total maximum daily load and develops a
cleanup plan for meeting water quality standards. These waterbodies are placed on the 303(d) list
of impaired waters. There are no waterbodies in Washington on the 303(d) list due to elevated
levels of PAHs. Due to their hydrophobic properties, PAHs have low solubility in water and are
associated with particles.

Other Ecology studies have assessed PAHs in lake and river monitoring to evaluate trends in
PBTs using semi-permeable membrane devices (SPMDs) for passive water quality sampling
over a month period. SPMDs are a standardized way to mimic the bioconcentration of organic
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pollutants by aquatic organisms without the variability of living organisms. Ecology’s
monitoring involves sampling two times a year at 11 major rivers and one lake. Sampling in
2008 and 2009 found low levels of PAHs in rivers and lakes (Ecology 2010a and 2011a). At
least one PAH was found in all samples. Total PAHs ranged from 11-6,500 pg/L (ppq) in 2008
and 130 to 5,300 pg/L (ppq) in 2009. The Queets River had the lowest concentrations of PAHs
found in both studies and reflect the Queets River’s remote location in the Olympic National
Forest near the Pacific Coast. The highest concentrations were observed in the urban sites of
Lake Washington, the Spokane River, and the Lower Columbia River.

Soll

There are many soil samples in EIM that were collected for investigation and cleanup of
hazardous sites and therefore do not represent background samples. There are two studies of
background PAH concentrations in soil in Washington; one study on urban soil in Seattle
(Ecology 2011d) and one study on rural soil in state parks throughout the state (Hart Crowser
2011). PAHs were found in all samples from all study areas. The studies expressed PAHs using
benzo(a)pyrene toxicity equivalents (TEQs) based on the EPA’s seven carcinogenic PAHs (see
Table 2) and using the Model Toxics Control Act (MTCA) method in WAC 173-340-708. cPAH
TEQs concentrations in soil varied among the Seattle neighborhoods. They ranged from 1.9 parts
per billion (ppb) to 8,851 ppb, with an average of 260 ppb. PAH levels in the soils from
Washington state parks ranged from 0.16 to 24 ppb with an average concentration of 2.3 ppb.

Sediment

PAHs adhere to particles in sediments and new sediment is overlaid each year, making it
possible to assess the current status and history of PAH deposition by examining sediment core
samples.

Puget Sound was included in a national study on trends in the accumulation of chemicals in US
coastal and estuarine sediments (Lefkovitz et al. 1997). Age-dated sediment cores were collected
from the main basin of Puget Sound and analyzed for several chemicals, including PAHs in three
of the cores. Total PAH concentrations ranged from about 100 ug/kg in the deepest and oldest
sediments to a maximum of 6,788 ug/kg in the 1940s. The more recent concentrations were
around 1,000 ug/kg. Similar results were found in a more recent study (Kuo et al. 2011). PAHs
peaked in the 1930s and 40s with a maximum of 5,144 ug/kg. The more recent concentrations
were around 500-1,000 ug/kg. In the Kuo et al. (2007) study, lower levels were found in a Hood
Canal sediment core, consistent with the more rural area.

The US Geological Survey looked at PAHs in sediments in the last 20-40 years in ten lakes
across the nation (Van Metre et al. 2000). The study included Lake Ballinger, an urban lake
located north of Seattle. While older sediments have shown a peak earlier in the 20" century, this
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study on more recent sediments showed increasing PAH concentrations that are correlated with
increasing vehicle use. PAH levels in Lake Ballinger ranged from 4,810 to 49,000 ug/kg.

Ecology completed two studies of PAHs in age-dated sediment cores in lakes (Ecology 2009 and
2010b). In the first study (Ecology 2009) PAHs were detected in sediments at concentrations
ranging from 33-1,117 ug/kg (ppb). As seen in the figure below, the time profiles for the three
lakes were dissimilar. The higher levels of PAHs in Lake Washington sediment may be a
reflection of the dense urban land use in Lake Washington’s drainage area. Previous studies
identified a relationship between PAH concentrations and proximity to urban regions (such as
Hafner et al. 2005). Using fluoranthene/(fluoranthene + pyrene) ratios, all three lakes are
dominated by combustion-derived sources. Lake Washington was also included in a national
USGS study on sediment cores (Van Metre 2004). In that study concentrations ranged from 19-
285 mg/kg, peaking during the mid-1970s. Lake Washington is in King Co, Lacamas Lake is in
Clark Co., and Offutt Lake is in Thurston Co.
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Figure 11 PAHSs in lake sediments from Ecology 2009.

In the second Ecology study (Ecology 2010) PAHs were found in two of the three lake sediment
cores. American Lake in Lakewood, Pierce Co. had the highest levels of PAHs and the report
was able to describe trends. By 1900 elevated levels of PAHs are seen, with the maximum level
of 1,825 ug/kg in the first half of the 20" century. After the maximum there is an erratic pattern
with an overall decline. This study used fluoranthene/(fluoranthene + pyrene) ratios to suggest
earlier sources of grass, wood, and coal combustion, with petroleum combustion associated with
vehicular traffic after 1950.
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Figure 12 PAHs in American Lake sediments from Ecology 2010.

Puget Sound Assessment and Monitoring (PSAMP)

PAHs are included in the Puget Sound Assessment and Monitoring Program (PSAMP)
monitoring efforts. The PSAMP has provided a scientific foundation for the conservation,
recovery, and management of the Puget Sound Ecosystem since 1989. PSAMP is an extensive,
network of regional scientists from numerous agencies, including Ecology. They monitor key
indicators of water and sediment quality, near shore habitat, and the health or abundance of fish,
seabirds, shellfish, and marine mammals.

In 2005 samples from ten long-term monitoring stations collected from 1989 through 2000 were
summarized (Ecology 2005b). In general, detections of PAHs and PAH concentrations were
higher in 2000 than in 1998-1996. There were significant overall increases at four stations, and a
significant decrease at the Point Pully station. Mean total PAH concentrations (not normalized by
sediment criteria values) ranged from a low of 46 ppb (range 17 to 76 ppb) at North Hood Canal
to a high of 7,727 ppb (range 4,495 to 14,319 ppb) at Thea Foss Waterway, which is part of the
Commencement Bay Superfund Site. PAH concentrations at the Thea Foss Waterway station
near Tacoma were one to two orders of magnitude greater than at the other sediment monitoring
locations and persistently exceeded sediment quality standards. Sources and pathways of PAHs
to the Thea Foss Waterway have been identified and addressed, including a coal gasification site,
stormwater, and releases from marinas.

Cross media

Western Airborne Contaminants Assessment Project (WACAP)

PAHs were one of the airborne contaminants studied in the Western Airborne Contaminants
Assessment Project (WACAP), a multi-agency project to assess airborne contaminants in
ecosystems and food webs in western national parks. The study included two primary parks in
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Washington State, Mt. Rainier National Park and Olympic National Park, and one secondary
park, North Cascades National Park. Analysis of the concentration and biological effects of
airborne contaminants in air, snow, water, sediment, lichen, conifer needles, and fish was
conducted from 2002 through 2007. These seven ecosystem components were chosen to present
a more complete picture of current contamination, historical patterns, spatial gradients, and
biomagnification.

PAHs were identified as one of the six contaminants of highest concern for the study’s eight core
parks, which include the Mt. Rainier (MORA) and Olympic National Parks (OLYM). These six
were emphasized because of the high concentrations detected, bioaccumulation, or persistence.

In the Washington parks PAHs were one of the dominant semi-volatile organic compounds in
vegetation and decreased with increasing elevation. Other parks, most notably Glacier National
Park, had high concentrations of PAHs from local sources, such as an aluminum smelter. Overall
total PAH concentrations were lowest in the Arctic (<10 ng/g lipid) and in parks in central
Alaska (<500 ng/g lipid), increasing in concentration and number of compounds with decreasing
latitude along the Pacific Coast from southeastern Alaska (<5,000 ng/g lipid) to southern
California (<20,000 ng/g lipid), peaking in Glacier National Park (up to 200,000 ng/g lipid), and
lower in the rest of the Rockies (<1,100 ng/g lipid). The number of PAH compounds detected
generally increased with total PAH concentration from 2 in the arctic to 17 in Glacier National
Park. PAHs were also detected in sediments and snow. See Figure 12 for a summary of PAHs in
vegetation, snow and sediment in all of the parks.
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Figure 13 Figure 4-5 from WACAP report. PAHs: Average Concentrations and Fluxes of Sum
PAHs across Parks and Media. MORA is Mt. Rainier National Park and OLYM is Olympic National
Park.
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The full 350 page report can be accessed on the National Park Service website at
http://www.nature.nps.gov/air/Studies/air_toxics/wacap.cfm.

Cleanup Sites

There are about 375 sites on Ecology’s hazardous site list with confirmed PAH contamination in
air, water, soil, and/or sediment. These sites include former gas stations, wood mills, creosote
treatment facilities, coal gasification plants, railway yards, tire pile fires, and other sites that are
being cleaned up and converted to new uses. There are also landfills, gun clubs, military
facilities, and other types of sites. Many of the sites are also contaminated with petroleum
products, metals, and/or other chemicals.

Some large and complex cleanup sites are in urban bays. PAHs are often found accumulated in
the sediment in these areas. The Urban Waters Initiative
(http://www.ecy.wa.gov/urbanwaters/index.html) was created to address the special challenges
of concentrated human activity. The 2007 legislature provided money to work in Elliot
Bay/Lower Duwamish Waterway (Seattle), Commencement Bay (Tacoma), and Spokane River
(Spokane). Chemicals, including PAHs, were measured in surface sediments and the
composition of the organisms that live at the bottom of the bay (in the sediment) was also

assessed. One of the tasks was to look at the conditions in urban bays over time to see how
effective the localized clean up actions have been. For example, from 1998 to 2007 in Elliott Bay
levels of most of the higher molecular weight PAHs and some of the lower molecular weight
PAHs improved or stayed the same (Ecology 2009b). There was, however, an increase in the
level of acenaphthylene. In the 2007 samples, PAHs were detected in all samples. The mean of
each compound ranged from 16-1,500 ppm. The highest PAH detected was 40,500 ppm for
fluoranthene.

The chemistry section describes how PAHs are created during several industrial processes, such
as coal gasification. As mentioned in that section, Gas Works Park on the North shore of Lake
Union in Seattle is on the site of a major coal gas facility that closed down in 1956. To this day,
however, the land around Gas Works Park remains heavily contaminated with PAHs from these
processes, as measured by bioassays (Ecology, 2003).

The Wykoft/ Eagle Harbor former creosote wood treatment site is mentioned in the section on
the toxics effects of PAHs on fish. A 1989 study by Ecology found variable levels of PAHs
contaminants in 18 sediment samples near the Wyckoft facility (Ecology pub 89-E-03). The
median level of LPAHs was 17 ppm dry weight, with a maximum of 180 ppm dry weight. The
median level of HPAHs was 55 ppm dry weight, with a maximum of 868 ppm dry weight. The
Eagle Harbor Superfund site has undergone extensive remediation since 1991, including removal
of creosote sludges and other contaminated materials and capping contaminated sediments
(USEPA 2007).
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Brenner et al. (2002) examined ten sediment cores at the Wyckoff/Eagle Harbor Superfund site.
All the upper sediments, representing the most recent depositions, had relatively lower levels of
PAHs from urban runoff, with total PAH levels around 50 mg/kg. The deeper sediments,
representing older depositions when the Wyckoft facility was in use, had higher levels of PAHs
from creosote with varying amounts of weathering and total PAH levels around 6,000-20,000
mg/kg. One core, in an area that has since been capped, had unweathered creosote and the
highest levels of PAHs (142,000 mg/kg dry weight). The deepest and oldest sediments had
natural background PAHs of less than 1 mg/kg.

Biota

Mussel Watch is a national program conducted by the National Oceanic and Atmospheric
Administration (NOAA) designed to monitor the status and trends of chemical contamination of
US coastal waters, including the Great Lakes. The program is based on alternate year collections
in winter of oysters, blue mussels and zebra mussels, but only blue mussels are sampled in
Washington State. Mollusks, such as blue mussels, are not able to metabolize PAHs, thus PAHs
accumulate in them. A report on two decades of monitoring showed PAH concentrations in
Washington, specifically in Puget Sound, in the context of the national monitoring program
(Kimbrough et al. 2008). They found that sites in Puget Sound have PAH concentrations that are
among the highest in the nation with nearly 2/3 of the sites in the Puget Sound characterized as
medium to high, nearly double what is observed nationally. They did not find a significant trend
in Puget Sound or in the Northwest region for PAH levels changing over time. The 16 sites in
Washington were mostly in Puget Sound with some sites on the Pacific Coast. PAHs ranged
from 134 to 6,962 ppb. Eight sites were low, seven medium and one high. Low was considered
63-1,187 ppb, medium 1,188-4,434 ppb, and high was 4,435-7,561 ppb. It is unknown as to why
the Puget Sound PAH samples are among the highest the nation. It may be due to the sampling
protocol (winter sampling), the relatively lower level of flushing of Puget Sound, or it may be
due to a larger number of sources or other factors.
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Hazard Evaluation

The Assessment of Selected Toxic Chemicals in the Puget Sound Basin, 2007-2011 (Ecology
2011b) included a hazard evaluation to estimate the relative hazard posed by the chemicals of
concern assessed in the Puget Sound Toxics Loading Analysis studies. This was not a risk
assessment, but part of the effort to prioritize efforts on pollutants in Puget Sound. The hazard
evaluation was for the entire sound, not for hot spots where there are higher levels of
contamination, such as in cleanup sites. PAHs were found to be the highest level of concern for
freshwater sediments and for human health, with variation among PAHs (note that generally
eating seafood is not the major source of exposure to PAHs for people). A summary is presented
here and more details are included in the Assessment report (Ecology 2011b).

The assessment included:

e Direct hazard to aquatic life through surface water exposure
e Direct hazard to benthic organisms through sediment exposure
e Hazard to human health through seafood consumption

The evaluation included the 16 PAHs on the Clean Water Act Priority Pollutant list, which
includes some of the PAHs on the PBT list (see Table 2). Figures for the PAHs that are on the
PBT list are found in Appendix B, while additional figures are in the Assessment report (Ecology
2011b).

Environmental data from January 2000 to July 2010 were collected from a variety of sources,
and the largest source of data was Ecology’s Environmental Information Management (EIM)
system.

Surface water levels and direct effects to aquatic life

The primary source of surface water effects levels was the EPA ECOTOX database. Washington
State water quality criteria were included when available.

The box plots in Appendix B are from the Assessment report (Ecology 2011b). Each shows a
box plot of observed environmental concentrations in surface water (yellow) against a box plot
of effects concentrations (blue). All concentrations are presented on a log scale and N represents
the number of available measurements.

The box plots show that the observed environmental concentrations are lower than the effects
levels. However, for some PAHs, there are some observed environmental concentrations that are
close to the lowest effects levels.
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Sediment and direct effects to benthic organisms

Observed environmental levels were compared to sediment guidelines to determine potential
hazard to benthic organisms. Although pore water can be an exposure route, it was not
considered because of lack of data.

Marine sediment data were compared to six guidelines (when available):

e The Washington State Sediment Management Standards (SMS) (173-204 WAC), which
consist of
o Sediment Quality Standards (SQS) and
o Cleanup Screening Levels (CSL).
e The Apparent Effects Thresholds (AET), which includes
o Lowest AET (LAET) and
o Second Lowest AET (2LAET)
e The Canadian marine Sediment Guidelines, which consist of
o Threshold effect level (TEL) and
o Probable effects level (PEL)

The SQS represents the concentration below which no adverse effects are expected, while the
CSL is less stringent and corresponds to the concentration at which minor adverse effects are
expected.

An AET represents the concentration above which adverse effects have been demonstrated to
always occur.

The TEL represents the concentration below which adverse effects are expected to occur in
fewer than 25% of samples, while the PEL defines the level above which adverse effects are
expected to occur in more than 50% of samples.

Freshwater sediment data were compared to three guidelines (when available):

e Ecology’s 2003 Draft floating percentile (FP) based freshwater sediment guidelines
o Sediment Quality Standards (FP-SQS)
o Cleanup Screening Levels (FP-CSL)

e Canadian Freshwater Sediment Guidelines

e (Consensus-based guidelines from MacDonald et al. 2000

The definition of each freshwater guideline is similar to the marine water guidelines described
above.

The box plots in Appendix B are from the Assessment report (Ecology 2011b). Each shows a
box plot of observed environmental concentrations in surface sediments against sediment



thresholds. All concentrations are presented on a log scale and N represents the number of
available measurements.

The box plots show that the 90™ percentile of observed sediment concentrations was above the
freshwater FP-SQS. The 90" percentile of observed sediment concentrations was not above the
SQS for marine sediments, but was above other sediment guidelines.

Human Health

The effect threshold for human health was based on the National Toxics Rule (NTR)
40CFR131.36 water quality criteria and several national and regional fish consumption rates
compared to observed tissue concentrations. Tissue criteria were back calculated from the NTR
based water quality criteria. Only chemicals that are part of the NTR were assessed for human
health. People’s exposure to PAHs in water or sediment was not included in the assessment.

The box plots in Appendix B are from the Assessment report (Ecology 2011b). Each shows a
box plot of observed tissue concentrations in offshore bivalves, fish (whole-body and filet) and
other invertebrate tissues compared to five different human consumption scenarios derived from
the NTR. The five daily fish consumption rates are NTR (6.5g), EPA recreational (17.5g), EPA
subsistence (142.4 g), Tulalip Tribal/King County Asian Pacific Islander (242.5 g), and the
Suquamish Tribal (769 g).

The box plots show levels of some PAHs in seafood tissue above threshold effects for human
health. As discussed in the earlier section on human health, seafood consumption is not generally
a major pathway of PAH exposure for people.
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Production, Uses and Releases
General information on estimates that applies to the entire section

Many of these PAH releases were first estimated for the report on sources of selected toxic
chemicals in the Puget Sound basin (Ecology 2011c¢), which estimated primary sources of
selected toxic chemicals for Puget Sound as part of the Toxics Loading Studies. Several sections
of this chapter have a high degree of similarity to that report, except source estimates are now
included for the entire state.

There are hundreds of PAHs and they usually occur as mixtures, but many studies have focused
on 16 compounds that were designated as priority pollutants in the Clean Water Act. Many
estimates of PAHs in this report refer to these 16 PAHs or these 16 plus perylene, which were
estimated in the 2007 report on sources of PAH in NY/NJ Harbor (Valle et al. 2007). The Clean
Air Act includes polycyclic organic matter (POM), which are different PAH compounds, but are
often the 7 PAHs that have been designated as probable human carcinogens by the EPA or a
group of 15 PAHs that is the same as the 16 PAHs in the Clean Water Act, minus naphthalene.
Another source of information was the Toxic Release Inventory (TRI), which collects
information on releases of a different set of PAHs. The PAHs in the TRI are detailed below with
the TRI data. See Table 2 for a comparison of the PAHs on the Washington PBT list, the TRI list
and the Clean Water Act. Appendix A has a larger comparison of different lists of PAHs.

Many of the estimated releases to air come from Ecology’s Air Quality Program (AQP) air
emissions inventory which contains estimates of air pollution emitted by various sources. Every
year, Ecology and the local air quality agencies inventory releases from large industrial

sources. Every three years, Ecology inventories releases from many additional sources such as
motor vehicles, woodstoves, outdoor burning, agricultural sources, and natural sources. This
CAP uses the most recent more comprehensive inventory in 2005 for estimates of PAHs from
the AQP inventory. Ecology’s AQP estimated PAH air releases with the methods used by the
EPA for its Consolidated Emissions Reporting, supplemented with various local and regional
land use and demographic data to apportion emissions among different source categories,
counties and seasons (Otterson 2007). The estimates were given in tons/yr and converted to kg/yr
for the CAP.
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Anthropogenic Sources

Residential wood fuel combustion

This category includes home heating and residential uses of woodstoves and fireplaces, which
release PAHs through the incomplete combustion of wood. Outdoor wood boilers are not
allowed in Washington since they do not meet our state emission standards.

This estimate was based on a Washington State University telephone survey of wood heating and
outdoor burning habits in Idaho, Oregon, and Washington. The survey included the type of
device, such as whether it was a certified or non-certified woodstove.

How much is in Washington

Woodstoves and fireplaces make up the largest estimated PAH emissions in the AQ inventory,
with 148,266 kg/yr.

Opportunities for Reduction

e Maintain existing state and local programs at current levels

¢ Enhance existing programs to achieve additional PAH reductions

e Create a technology challenge for the next generation of cleaner burning wood stoves

e Increase activities to educate consumers on use and maintenance of wood stoves as well as
the health effects of burning wood

e Increase incentives to encourage consumers to switch to non-wood heat

e Expand incentives to include fireplaces

e Increase programs to encourage users of non-certified wood stoves to switch to certified
devices

e Require replacement of uncertified wood stoves at the time of sale with certified stoves or
non-wood devices

e Ban wood burning stoves in specified areas

e Subsidize existing non-wood heating sources

e Encourage use of solar thermal systems

e Create a statewide number to report violators to enforce existing laws on visible smoke

e Support new federal standards for higher performing wood burning devices

Washington has stricter standards than the federal government for more efficient combustion by
wood stoves and other wood burning devices. New stoves that are certified to meet both
Washington State and federal EPA standards emit fewer PAHs. New technology for cleaner
burning stoves is needed to achieve additional meaningful reductions in PAHs.
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Proper installation, use and maintenance of existing wood stoves will reduce PAH emissions.
Insulation and weather stripping can be used to make a house more energy efficient and reduce
the amount of heat needed. Ecology and local air agencies have programs and incentives to
encourage users to switch to cleaner burning stoves and use stoves more efficiently. Fireplaces
should be included in these programs, since they emit more pollution than other wood burning
devices and are inefficient for heating a house.

Public and political support to require removal of uncertified wood burning stoves in most parts
of the state is unlikely at this time. Oregon passed a law to require this, but there were already
different local laws across Oregon. There is also not currently public support for banning wood
stoves in urban growth areas.

Currently local air agencies and Ecology regulate wood smoke locally, such as calling for burn
bans during periods when wood smoke pollution reaches unsafe levels. Burn bans prohibit wood
burning, except for homes with no other source of heat. There are also statewide regulations on
opacity of wood smoke. It would be helpful for residents if there was a statewide hotline to assist
Ecology and local air agencies in enforcing existing laws. The local air agencies would have to
join together to create and fund this. Anonymous complaints could not be used for enforcement,
but letters could be sent out. Local numbers are already in place in some areas of the state.

Natural gas and electricity are sources of heat that produce fewer PAHs. Electric heat sources do
not emit any PAHs near the house, but there may be PAHs emitted where the electricity is
generated, if combustion is used to generate the electricity. Natural gas and electricity can also
be used for recreational (non-essential) fireplaces. Hydronic heaters and solar hot water heaters
do not produce PAHs and are manufactured in Washington State. Education and financial
incentives would encourage more people to switch to non-wood sources of heat.

In order to completely eliminate PAHs from wood smoke, we would have to stop burning wood
in Washington, including all heating and cooking, which is not a realistic or feasible action.

Creosote treated wood- Railroad ties

Coal tar is a by-product when coal is carbonized to make coke or gasified to make coal gas, and
contains a complex mixture of PAHs (ATSDR 2002). While creosote can be prepared from
woods, creosote from coal tar is the most common form of creosote used in the US and the most
widely used wood preservative (ATSDR 2002). This CAP uses the term “creosote” to refer to
coal tar creosote. About 300 chemicals have been identified in coal tar creosote, but as many as
10,000 other chemicals may be in this mixture (ATSDR 2002). Creosote is an oil-borne wood
treatment and is regulated by the EPA as a restricted use pesticide (see section on regulations).
Creosote is forced into wood under pressure to treat the wood. PAHs are released from creosote
treated wood through volatilization into the air and leaching into water.
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How much is in Washington

Estimates of PAH releases from creosote-treated railroad ties were derived from release rates
published in a 2007 study of PAH sources to New York/New Jersey Harbor and estimates of the
number of railroad ties in the State.

The authors of the New York/New Jersey Harbor study estimated a PAH loss rate from creosote-
treated railroad ties of 16.67 g/tie/yr over the lifetime of a tie (Valle et al. 2007). Assumed
lifetimes were 30 years for railroad ties. Losses modeled by Valle et al. (2007) were equally split
between air emissions and rainwater.

There are 3,196 miles of freight rail lines in Washington (Blake 2007), with an average of 3,249
ties per mile of track (RTA 2010), for a total of 10,384,129 ties. The PAH release rate applied to
the total number of creosote treated railroad ties results in an estimated 173 MT/yr of PAH
released to the State (Table 8). This estimate is likely an underestimate because it does not
include passenger service and double tracks are counted the same as single tracks.

Table 8 Estimates of Total PAH Released from Creosote-Treated Railroad Ties

Number of PAH Release PAH release | PAH release to Total PAH
Product RR ties Rate to air (kg/yr) soil release (kg/lyr)
(kgltielyr) (kglyr)
Railroad 10,384,129 0.01667 86,551.5 86,551.5 173,103
Ties

Opportunities for Reduction

e Substitute railroad tie materials or preservatives.

e Map railroad tie locations to see if they are close to sensitive habitats, such as nearshore
areas.

e Ban secondary uses (such as in home gardens).

Creosote-treating of railroad ties is EPA-approved and this remains the primary treatment option
for railroad ties, although concrete ties now comprise 6.5% of the market share in North America
and the American Wood Protection Association has recently approved ammoniacal copper zinc
arsenate (ACZA) as an accepted preservative for ties (RTA 2010). Amtrak replaced wood ties
with concrete ties in the Northeast corridor for its high speed Acela train, although it found
concrete ties needed to be replaced earlier than expected in some areas. Some countries are
moving towards concrete railroad ties, such as Switzerland and the Netherlands (Dutch
Competent Authorities 2008).

Railroad ties are reused for landscaping and other uses. The EPA has not commented on the
safety of creosote treated wood for these secondary uses. There is not enough information on
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these uses for us to restrict them at this time, but Ecology should continue to monitor re-uses to
ensure they do not present a threat to human health or the environment.

Smith (2007) conducted a study for the Creosote Council which examined the costs of different
alternatives and showed that the initial costs for creosote treated wood are less than for
alternative materials or wood treatment. For example, Smith (2007) estimates that a mile of new
track with creosote ties costs $236,000 compared to $308,000 for concrete or $356,000 for steel
or plastic ties.

Table 9 lists alternatives to pressure-treated wood with advantages and disadvantages. There are
additional products, such as TimberSIL, which combines wood with glass, and Kebony, which
hardens soft wood using agricultural waste. Not all of these alternatives are appropriate for
railroad ties. Compared to the initial costs, the advantages, disadvantages and environmental
impacts of different materials are less agreed upon. In addition, they vary based on region and
use. For example, the presence of natural resources, such as wood, and the need for transport will
affect a life cycle analysis. The Dutch government submitted a life cycle analysis of creosote and
alternatives for an EU consultation on including creosote as a wood preservative under their
directive on biocides (Dutch Competent Authorities 2008). The Netherlands concluded there are
alternatives for both railroad ties and utility poles that are less detrimental to human health and
the environment.

Table 9 Alternatives to creosote treated wood from Valle et al. (2007).

Material Description Advantages Disadvantages
Composites Made of various -Doesn't warp, split, chip, or rot -More expensive
discarded materials, -Available in a variety of colors -Not rated for structural use
including wood fibers, | -Doesn’t need sealing -Susceptible to mildew, mold,
plastics, rubber, and -Low maintenance and stains
steel. -Resists moisture -Color fades in sunlight
Virgin vinyl Hollow building -Doesn't warp, split, chip, or rot -More expensive
material, a -Available in a variety of colors -Not rated for structural use
molecularly bonded -Doesn’t need sealing or staining

blend of 100% virgin,
hi-polymer resin.

Redwood Examples include -Resistant to decay and insects -More expensive
Cedar and Cypress -Dimensional stability -Soft surfaces are susceptible
-Doesn’t need sealing to denting
-Easy to saw and nalil -Susceptible to moisture
Exotic Examples include -Durable -More expensive
hardwood Mahogany and a -Resistant to decay and insects -Difficult workability
variety of Ironwoods -Doesn’t need sealing - Depleting supplies
High Density | Thermoplastic -Weather resistant -Susceptible to stress cracking
Polyethylene -Easy to cut or drill -High mould shrinkage
(HDPE) -No grain to split or chip -Poor UV resistance

-Not rated for structural use
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Material Description Advantages Disadvantages
Rubber Composed of 50% -Durable -Not rated for structural use
lumber plastic and 50% old -Impervious to water

tires -Resistant to insects
-Resistant to UV rays
-Available in a variety of colors
-Uses recycled materials
Steel Can be made from -Durable -More expensive
discarded materials -Can be recycled -High energy use for
-Reduced risk of fire manufacture
Concrete Concrete -Durable -More expensive
-Reduced risk of fire -Higher energy use for cement
manufacture
Fiberglass Fiberglass reinforced | -Low maintenance -More expensive

composite

-Subject to damage

There are other chemical alternatives to creosote that are registered as restricted pesticides with
the EPA. Chemical alternatives include pentachlorophenol and chromate copper arsenate (CCA),

which are restricted use pesticides due to human health concerns and are no longer produced for
residential use. Other chemical alternatives are ammoniacal copper zinc arsenate (ACZA),
alkaline copper quaternary (ACQ), borates, copper azole, and naphthenates. Table 10 lists some
chemical wood preservatives and their typical constituents and is adapted from Dickey (2003).
The EPA considers each of these wood preservative systems as antimicrobial pesticides and
requires that “These pesticides must be supported with a complete scientific analysis and show
that they can be used without causing unreasonable adverse effects to human health or the

environment.”

Table 10 Typical constituents of chemical wood preservatives adapted from Dickey (2003)

Material Constituent Percent
Creosote Coal tar or distillate 50%
Petroleum oil 50%
Pentachlorophenol (PCP) pentachlorophenol >95%
Acid Copper Chromate (ACC) Copper as CuO 31.80%
Hexavalent chromium as CrO3 68.20%
Ammoniacal Copper Arsenate (ACA) Copper as CuO 49.80%
Arsenic as As;Os 50.20%
Chromated copper arsenate (CCA) Hexavalent chromium as CrO3 35.3-65.5%

Copper as CuO

18.10-19.60%

Arsenic as As;0s

16.40-45.10%

Ammoniacal Copper Zinc Arsenate (ACZA) Copper as CuO 50%
Zinc as ZnO 25%
Arsenic as As;Os 25%

Ammoniacal Copper Quaternary (ACQ) Copper as CuO 66.70%
didecyldimethylammonium 33.30%
chlorides

Borates Sodium octaborate, sodium varies
tetraborate, sodium pentaborate, or
boric acid

Copper Azole Copper as CuO 49%
Boron as boric acid 49%

Tebuconazole

2%
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Material Constituent Percent
Copper Naphthenate (CuN) Copper 6-8%
Naphthenic acid varies
Petroleum oil varies
Zinc Naphthenate (ZnN)- not used in pressure Zinc 1.8-8%
treatment of western wood species Naphthenic acid varies
Petroleum oil varies

The city of San Francisco passed an ordinance requiring the use of safer alternatives to arsenic

containing wood preservatives in city projects after June 30, 2003. The alternatives assessment
eliminated pentachlorophenol, creosote and arsenicals as acceptable wood treatments for most
uses. A list of acceptable materials was adopted on 9/10/03 and is divided by uses (Appendix C).
They used the following nine criteria to evaluate potential alternatives to arsenicals:

1.

9.

If the product is pressure treated, treatment must be standardized by AWPA for the intended
use.

Product must not be used in a manner that US EPA prohibits or discourages.

Product or use must not violate state or local law, policy, or published best management
practices.

Product may not result in the release or creation of dioxins during manufacture or disposal.
Product, constituents, or contaminants may not be listed on the EPA Priority PBT list or the
EPAWaste Minimization Priority Chemicals list.

Product (or components) should not contain known, likely, or probable human carcinogens
listed by EPA, IARC, NTP, or State of California.

Product (or components) should not be listed as reproductive or developmental toxicants by
the State of California.

For structures built in or over water, or where significant runoff is likely to occur, the use of
copper should be minimized. If copper-based products are used, products with the lowest
leaching potential should be chosen.

Products must not designate as a hazardous waste using criteria set by the State of California.

Creosote treated wood- Marine pilings

There 1s localized exposure to the environment near creosote treated wood. Kenneth Brooks
conducted several biological studies for the Creosote Council, U.S. Western Wood Preservers
Institute, Department of Agriculture, and other institutions that evaluate the organismal,
population, and community effects associated with the use of creosote-treated wood.
Specifically, Goyette and Brooks (1998) prepared a report on a study sponsored by Environment
Canada, Fisheries and Oceans, British Columbia, and the wood treatment industry on creosote

pilings in Sooke Basin, Vancouver Island, Canada. This study attempted to show what would
happen in a worse case scenario and other conditions within Puget Sound would have lower
effects. They found locally increased levels of PAHs in sediment, with significant biological
effects within 0.65 meters.



Estimates of PAH releases from creosote-treated marine pilings were derived from release rates
published in Valle et al. (2007) and estimates of the number of marine pilings in Puget Sound.

Rate of PAH loss from marine pilings is complex due to differences in exposure media (air,
water, sediment) for each piling, and lack of uniformity in size and age for each piling. Stratus
Consulting reviewed studies on leaching rates for NOAA Fisheries (2006) and found the rate of
PAH leaching is greater:

e in freshwater than in saltwater

e at higher temperatures

e at higher flow rates

e from less dense wood

e from freshly treated wood

e from end grain compared to face grain

e with a higher surface area to volume ratio

e from wood that has not been treated to the industry’s BMPs.

All of these variables introduce uncertainty into our estimates. The rates we used are based on
studies in warmer fresh water, and rates are likely to be lower in Puget Sound. Older pilings
release fewer PAHs than newer pilings, but as pilings age new creosote treated wood is exposed.
There is also uncertainty around the number of creosote treated wood pilings in Washington
State. We did not include any legacy pilings in fresh water, but conservatively estimated derelict
pilings in Puget Sound based on DNR’s experience with removal. The estimates are sufficient to
estimate PAH releases from creosote treated wood pilings in Washington State, as compared to
other sources of PAHs. However, for a specific site, it may be appropriate to use site-specific
parameters.

The authors of the 2007 New York/New Jersey Harbor study estimated a PAH loss rate from
creosote-treated marine pilings based on how much PAH is in creosote treated marine pilings
and lifetime losses of PAH using several different approaches based on two studies by Ingram et
al. 1982 and Bestari et al. 1998. Leaching data from both studies were used in the NY/NJ Harbor
report to estimate long term releases based on a first order decay model and a diffusion-based
model leading to a final estimate of 23% loss. For this report we used the same value of 23% loss
of PAH over the 30 year lifetime of a marine piling.

Dimensions of marine pilings vary due to their application; ranging from small diameter pilings
used for private docks and finger piers in shallow water, to large pilings used for dolphins, wing
walls, and navigation aids in relatively deep waters. Based on Washington State Department of
Transportation’s (WSDOT) Creosote Removal Initiative for state ferry terminals, the average
piling removed was 63.5 ft: (WSDOT 2010).
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According to Valle et al. (2007), 8% of a typical piling is exposed to air (5.1 ft), 62% is exposed
to water (39.4 ft), and 30% is buried below sediment (19.0 ft*). Applying the PAH loss rates
from Valle et al. (2007) to the average size piling in Puget Sound, gives a loss rate of 0.5134 kg
PAH/piling, with 0.062 kg/piling/yr to air and 0.482 kg/piling/yr to water.

No data were found on the numbers of pilings in Washington. According to the U.S. Census
Bureau, there are 79 marinas in the Puget Sound area and 115 in the state. Many of the marinas
still contain creosote pilings, but the sum of these is not known. Creosote pilings used for
commercial, industrial, and recreational piers likely numbers in the tens of thousands. There are
numerous derelict pilings all around Puget Sound.

Permits are required to install marine pilings and creosote treated wood is currently not allowed,
so new use of creosote treated marine pilings is minimal. State regulations exclude the use of
creosote treated wood in lakes. Creosote piling removal is being conducted by a number of
organizations. Washington State Department of Natural Resources has removed 6,756 pilings as
of April 27, 2010 (personal communication with Lisa Kaufman at DNR). WSDOT’s Creosote
Removal Initiative removed 1.5 million board feet of pilings and timber (approximately 2,000

pilings) from its ferry terminals, representing one-tenth of the amount planned for removal the
coming decade (WSDOT 2010).

Given the rate of ongoing piling removal, the number of 