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Abstract

Canada is one of the largest producers and exporters of petroleum products in the world.
With the rapidly increasing petroleum transportation planned through marine routes in
North America, understanding the toxicological repercussions of petroleum exposure and
risk to wildlife is essential. Pacific oysters (Crassostrea gigas) were selected as a model
bivalve species to determine the ecological implications of potential petroleum spills using
marine diesel (MD), crude oil (CO), and diluted bitumen (DB). Toxicity endpoints included
the scope for growth (respiration rates, food assimilation, and clearance rates), condition
index, health assessment index, gonadal and digestive gland histopathology, as well as
larval development. CO water-accommodated fractions (WAFs) contained the highest
initial total polycyclic aromatic compound (TPAC) concentrations (350 ug/L), followed by
MD (150 pg/L) and DB (128 ug/L). Oyster tissue TPAC concentrations reflected these
trends; CO (29 ug/g), MD (4 ug/g), and DB (3 ug/g). No WAF or time-related effects were
observed on the measured endpoints in Pacific oysters following a sub-chronic exposure
to WAFs of CO, MD, or DB. These results suggest that despite being used as a biomonitor
species in the past, Pacific oysters do not retain TPACs for long durations after being
removed from a petroleum spill. Consequently, further studies with different exposure
conditions and bivalve species are required to assess the impact of these contaminants

in a marine environment.

Keywords: Petroleum; Pacific oysters; scope for growth; histopathology; larval

development; morphometric indices
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Chapter 1. General Introduction

1.1. Canadian oil industry

1.1.1. Value and size

Canada has one of the largest energy supplies in the world with high quantities of
natural resources, a large spatial area, and a small population size (NRC, 2022).
Consequently, it is the fourth-largest producer and third-largest exporter of oil in the world,
fulfilling 5.9% of the global requirements (CER, 2022; NRC, 2022). Oil and gas contributed
$133 B to the Canadian gross domestic product (GDP) in 2021 and were responsible for
the direct and indirect employment of 178,000 and 415,000 individuals, respectively
(CAPP, 2023; NRC, 2022). The daily total production of all crude oil resources within
Canada is around 4.4 M barrels, while the total exportation of these oil products is 4.03 M
barrels (Crude Oil, 2023). These products accounted for 16% of Canada’s total exports in
2020, which added $86 B to the Canadian economy (NRC, 2022). Moreover, oil and gas
extraction capital expenditures within Canada was $35 B (Crude Qil, 2023). At the end of
2020, 1,700 B barrels of crude oil were detected in Canada with the largest reservoirs
found in the oil sands at the Western Canada Sedimentary Basin (WCSB), a primary
source of crude oil and oil sands production (CER, 2022; NRC, 2022; Yang et al., 2011).
Rich in oil and gas, the WCSB is 1.4 M km? in area, and covers almost the entirety of
Alberta, along with parts of Manitoba, Saskatchewan, British Columbia (BC), Yukon, and
Northwestern Territories (CER, 2022). The oil produced there is further characterized
based on the chemical composition and physical properties as conventional light and

heavy, field condensate, as well as mined and in situ bitumen (CER, 2022).

The most common processes for extracting these oil products are through mining
or in situ methodologies (Federal Government, 2013; NRC, 2022). The mining process
comprises scooping oil sands and transporting them to extraction plants for separating oil
tailings from sand with the aid of steam. Since crude bitumen can be too viscous, in situ
techniques are utilized that involve drilling horizontally or vertically into the oil wells and
injecting steam to facilitate oil flow. This process is widely used for producing 50% of the
overall petroleum products, as well as 80% of oil sand resources (CAPP Extraction, 2022;

NRC, 2022). Once these crude oil products have been extracted, they are transported to



upgraders for refinement, which alters their physiochemical properties (NRC, 2022).
Within Canada, the total upgrading capacity of such oils is 1.33 M barrels/d (NRC, 2022).
Refinement of over 30% of Canadian oil products occurs within Canada, however, the
remainder is exported to refineries in the United States (CAPP Extraction, 2022). These
crude petroleum products are converted into a wide range of products through processes
such as distillation, product blending, catalytic cracking, hydrotreating, reforming, and
coking (Yang et al., 2011). Subsequently, the refined products are utilized as
transportation fuels (gasoline, marine diesel, and heavy fuel oil), cooking fuel, liquified
petroleum gases (propane and butane), petrochemical feedstock, along with other
products such as kerosene, lubricating oils, greases, waxes, and asphalt (CAPP
Extraction, 2022; CER, 2022; NRC, 2022).

1.1.2. Output and transportation

Among petroleum products, conventional crude oil and refined petroleum,
including marine diesel, can easily flow through wellbores and pipelines, due to their liquid
state at atmospheric temperature and pressure (CAPP Extraction, 2022). This is not the
case with heavier crude oils and bitumen, which require additional processes such as
heating or incorporating diluents, such as condensates, that alter their viscosity and
density to allow transportation through pipelines (CAPP Extraction, 2022; Zhong et al.,
2022). The total conventional crude oil exportation from Canada consists of 957,000
barrels/d, while 2.4 M barrels of diluted bitumen are exported daily (Government of
Canada, 2022). The quantities for distillate fuels such as marine diesel are relatively low,
with 196,000 barrels being exported daily from Canada (Refined Petroleum Products,
2023). Canada has also become one of the largest foreign suppliers of crude petroleum
to the US, accounting for 61% of the total US crude oil and 23% of their refined oil product
imports (NRC, 2020).

Within Canada, 19,000 km of oil pipelines are operated and regulated that cross
provincial or international borders (CER, 2022). While rail and marine transportation
comprised 4.6% and 7.8% of crude oil exports from Canada in 2020 respectively, oil
pipelines were responsible for transporting the remaining 87.6% (CER, 2022). Currently,
there are three pipeline projects (Keystone XL, Kinder Morgan Trans Mountain Expansion,

and Enbridge Line 3 Replacement) being proposed, which will substantially increase the



number of petroleum products being exported from Canada (CER, 2022; Federal
Government, 2013).

Marine tankers are responsible for carrying large quantities of oil from the western
and eastern coasts of Canada every year (CER, 2022; Transport Canada, 2016). Marine
crude oil exports averaged 279 M t/d in 2020 (CER, 2022). These transports from Burnaby,
BC, allow the shipment of 2.2 M t of crude oil to Asia and the US west coast, while the 23
Atlantic Canada ports are responsible for transporting over 82 M t of produced offshore
petroleum products to Europe and the US Petroleum Administration for Defense Districts
(PADDS; CER, 2022; Transport Canada, 2016). Similarly, from the 39 ports in Quebec
about 25 M t of crude and other petroleum products are moved (Transport Canada, 2016).
About 180 large commercial vessels travel within 300 km of Canadian shores daily, which
can considerably increase the risk of petroleum spills occurring in the marine environment
(Transport Canada, 2016). With the expansion of petroleum routes planned for marine
transportation, there is a high potential for accidental spillage of the extensively produced
and exported crude and refined petroleum products to occur in the marine environment,
including conventional crude oils, diluted bitumen, and marine diesel (CER, 2022; Crude
Oil, 2023; Environment Canada, 2021; Refined Petroleum Products, 2023; Transport
Canada, 2016; Zhong et al., 2022).

1.1.3. Marine diesel

Marine diesel (MD) is a heavy gas distillate fuel oil that is typically utilized by
medium to high-speed marine diesel and propulsion engines (Marine Diesel Fuel Oil, n.d.).
Daily, around 746,000 barrels of marine diesel are produced in Canada, with 500,000
barrels being consumed, and 196,000 barrels being exported (Refined Petroleum
Products, 2023). While the constituents for MD could vary based on the origin location
and physiochemical properties, one product for instance, can comprise 88% w/w
saturated, 11% w/w aromatic, 2% w/w resin, and 0% w/w asphaltene hydrocarbons, in
addition to 4.9% waxes in a fresh state (Environment Canada, 2021). Contrary to diluted
bitumen and conventional crude oils, the concentrations of C16.34 are the highest, followed
by Ci1o-16, Ce-10, and (> Cs4) hydrocarbon fractions (Environment Canada, 2021). Some of
the common hydrocarbon classes present in MD include normal, branched, and cyclo-
alkanes, especially naphthalene and biphenyls, as well as isoprenoids, aromatics, and

polar compounds containing sulfur, oxygen, or nitrogen (Mackay et al., 1985; Onwurah et



al., 2007). The high concentrations of two to three-ring polycyclic aromatic hydrocarbons
(PAHSs) in MD can partition readily into the water column (Neff et al., 2000). Additionally,
monocyclic aromatic hydrocarbons (MAHSs) such as benzene, toluene, and xylenes, along
with low concentrations of trimethylbenzenes are present in MD (Neff et al., 2000). Other
non-hydrocarbon components of marine diesel include porphyrins and their derivatives,
biomarker compounds pentacyclic terpenes and steranes, along with metals like nickel,
iron, zinc, vanadium, cobalt, copper, and titanium that form an association with the
porphyrins (Alderman et al., 2017; Callot & Ocampo, 2000; Chicarelli et al., 1990;
Onwurah et al., 2007; Yang et al., 2011).

1.1.4. Conventional crude oil

Conventional crude oil (CO) is one of the primary energy sources in the world, with
a net field production of 3,300,000 barrels/d across Canada in 2022 (CER, 2022; Zhong
et al., 2022). CO can be categorized as light, medium, and heavy-grade crude oils based
on their chemical composition and physical properties (Crude Oil, 2023; Federal
Government, 2013; Neff et al., 2000). Within Canada, around 826,000 barrels of light and
medium-grade crude oil are being produced daily with 701,000 barrels/d being used for
oil refineries (Crude Oil, 2023). Some of the compounds present in high concentrations
within CO include two to five-ring polycyclic aromatic compounds (PACs), such as
naphthalene, anthracene, phenanthrene, dibenzothiophene, fluorene, chrysene, pyrene,
perylene, resin, and asphaltene, along with their alkylated homologs (Lee et al., 2015;
Madison et al., 2017; Philibert et al., 2016; Stoyanovich et al., 2019; Yang et al., 2011).
One such medium-grade CO is Alaska North Slope (ANS) crude, which has a composition
of 58% w/w saturated, 32% w/w aromatic, 6% w/w resin, and 4% w/w asphaltene
hydrocarbons, as well as 4% w/w waxes in an unweathered state (Environment Canada,
2021). Moreover, the highest concentration of hydrocarbon fractions detected in ANS

crude were C1g.34, followed by Cio-16, (> Ca4), and Ce.10 (Environment Canada, 2021).

1.1.5. Diluted bitumen

Canada has one of the largest bitumen reserves in the world, holding almost 70%
of this global resource (Zhong et al., 2022). As a result of depleting CO reserves, the
petroleum oil sand production has substantially increased since 2010, where the daily

production of oil sand products across Canada, including in situ, mined, and non-upgraded



crude bitumen were 1.79 M, 1.76 M, and 2.04 M barrels in 2022, respectively (CER, 2022;
Crude Oil, 2023; Yang et al.,, 2011). One of the heaviest forms of petroleum, 98,000
barrels/d of diluted bitumen (DB) are consumed in Canada for refineries, of which 47%
are upgraded into refined products in Alberta (Crude Oil, 2023; NRC, 2022). Bitumen
refinement is performed with diluents to alter its chemical and physical composition by
converting it into a semiliquid form with reduced density and viscosity (Federal
Government, 2013; Stoyanovich et al., 2019; Yang et al., 2011; Zhong et al., 2022). The
diluents used for its refinement are natural gas condensates composed of BTEX
(benzene, toluene, ethylbenzene, xylene), and naphthalene, along with Cs.4o alkane
hydrocarbons, metals, and naphthenic acids (Alderman et al., 2017; Lee et al., 2015;
Speight, 2010; Stoyanovich et al., 2019; Zhong et al., 2022). Moreover, the addition of
water during the bitumen dilution process makes it easier to transport in pipelines
(Ashrafizadeh & Kamran, 2010). One of the highest-volume diluted bitumen products
transported within Canada is the Cold Lake Winter Blend (CLWB) DB that originates from
Alberta (Environment Canada, 2021; Federal government, 2013). In an unweathered
state, CLWB has 46% w/w saturated, 30% w/w aromatic, 11% w/w resin, 13% w/w
asphaltene hydrocarbons, and 3% w/w waxes. The majority of alkylated and priority PACs
detected in CLWB include naphthalene, phenanthrene, dibenzothiophene, fluorene,
benzonaphthothiophene, and chrysene, while other priority PACs can consist of perylene,
pyrene, biphenyl, acenaphthene, acenaphthylene, fluoranthene, and anthracene
(Environment Canada, 2021). Furthermore, amongst the hydrocarbon fractions detected
in CLWB, C16.34 had the highest concentrations, followed by C1o.16, (> Cs4), and lastly, Ce.
10 (Environment Canada, 2021). Some other non-hydrocarbon compounds present in DB
include sulfur, and nitrogen, along with vanadium and nickel that organically bind to

asphaltene, a high molecular weight hydrocarbon (Chevron, 2021; Hounjet et al., 2018).

1.1.6. Environmental fate

In the aftermath of an oil spill in a marine environment, the fate of oil is dependent
on a complex interplay of various physical and chemical processes that significantly
impact the ecosystem (Federal Government, 2013; Neff et al., 2000; Zhong et al., 2022).
The discharge of petroleum products into aquatic ecosystems results in its weathering,
where processes such as spreading, drifting, partitioning, evaporation, dissolution,

photochemical oxidation, biodegradation, sedimentation, and emulsification can occur



(French-Mccay, 2004; ITOPF, 2021; Lee et al., 2015; Neff et al., 2000; Shiu et al., 1990;
Stoyanovich et al., 2019; Zhong et al., 2022). Additionally, the fate of oil products is
influenced by environmental factors such as weather condition, wind speed, tidal current,
salinity, temperature, solar insolation, geomorphology, available nutrients for microbial
degradation, presence of biota, along with the extent of remediation performed at the spill
site (Mackay & Mcauliffe, 1989; Yim et al., 2002). The major constituents of oil, including
aromatic and alkane hydrocarbons of different molecular weights, as well as volatile
organic compounds (VOCs) can undergo distinct transformations as they interact with the
surrounding water, air, and sediment (Baussant et al., 2001; Cripps & Shears, 1997;
French-Mccay et al., 2019; Stoyanovich et al., 2019; Yim et al., 2002).

Evaporation is one of the initial processes that act upon the oil slick present on the
water surface, particularly with lighter hydrocarbons such as volatile alkanes and
aromatics (French-Mccay, 2004; ITOPF, 2021; Lee et al., 2015; Stoyanovich et al., 2019).
These compounds have low boiling points and readily vaporize into the atmosphere,
forming airborne plumes (French-Mccay et al., 2019; Stoyanovich et al., 2019). During the
initial phases of oil weathering lighter petroleum products can lose up to 75% of their initial
volume, while medium-grade and heavier residual oils can lose up to 40% and 5% of their
respective initial volumes (Federal Government, 2013). This is highly dependent on the
water temperature and wind conditions (Hounjet et al., 2018; ITOPF, 2021; Mackay &
McAuliffe, 1989). It has also been determined that after a week on the sea surface,
between 23-100% of crude and refined oil mass can be lost due to evaporation (Neff et
al., 2000). Weathering of conventional crude oil, diluted bitumen, and marine diesel can
cause a progressive loss of low molecular weight (LMW) and volatile MAHs and PAHSs,
including the C10.13 alkanes, benzene, naphthalene, and their C4; alkyl homologs, while
the less volatile phenols and high molecular weight (HMW) hydrocarbons remain more
persistent (Federal Government, 2013; Neff et al., 2000). The rapid reduction of volatile
BTEX compounds is highest in MD, followed by CO and then DB (Cripps & Shears, 1997;
Environment Canada, 2021; Hounjet et al., 2018; Neff et al., 2000; Zhong et al., 2022).

Spreading occurs concurrently, driven by the oil density, viscosity, as well as
volume spilled (French-Mccay, 2004; ITOPF, 2021; Mackay & Mcauliffe, 1989). Lighter oil
fractions tend to spread rapidly, creating thin surface slicks that can cover large surface
areas, while heavier fractions tend to remain in the water column or sink (ITOPF, 2021;

Lee et al., 2015; Zhong et al., 2022). The higher proportions of heavier molecular weight



resins and asphaltenes present in DB, compared to CO and MD can increase the oil
density and viscosity with the weathering processes (Hounjet et al., 2018; Stoyanovich et
al., 2019; Yang et al., 2011). This further results in DB having a lower and slower spreading
potential relative to the other products after an oil spill (Onwurah et al., 2007; Stoyanovich
et al., 2019; Zhong et al., 2022).

Emulsification is another long-term process that occurs following evaporation,
which can lead to the formation of highly viscous oil-water emulsions (French-Mccay,
2004; ITOPF, 2021; Lee et al., 2015; Stoyanovich et al., 2019). Mixing and turbulence
results in the dispersion of oil into tiny droplets suspended in the water (Mackay &
Mcauliffe, 1989; Stoyanovich et al., 2019; Zhong et al., 2022). Such emulsified oil particles
would be more persistent in the environment after a spill (ITOPF, 2021). Moreover,
emulsification is dependent on petroleum release conditions, including depth, rate, and
volume of oil spilled; environmental conditions, such as wind action, aqueous phase pH,
temperature, and tidal currents; physiochemical properties of oil (Ashrafizadeh & Kamran,
2010; ITOPF, 2021). The proportion of oil remaining afloat on the water surface in the form
of a stable emulsion is found to be higher for DB than CO and MD since it has a lower rate
of dispersion in water due to the presence of resins and asphaltene (Hounjet et al., 2018;
Zhong et al., 2022). Moreover, since CO and MD have a higher proportion of volatile
components than DB, bitumen likely persists longer in an aqueous environment
(Environment Canada, 2021; Hounjet et al., 2018; Stoyanovich et al., 2019).

Meanwhile, dissolution comes into play after a spill, as water-soluble components
such as VOCs and some lighter hydrocarbons dissolve rapidly into the water phase
(French-Mccay et al., 2019; Hodson et al., 2019; Mackay & Mcauliffe, 1989). The rate and
extent of complex dissolved hydrocarbon mixtures being released in the water column are
dependent on the oil composition, viscosity, surface tension, droplet size, water
temperature, wave turbulence, and degree of oil dispersion (French-Mccay, 2004; ITOPF,
2021). Although the dissolved oil fraction is usually smaller than the total oil mass, it can
intimately contact aquatic organisms and have a toxic impact (Shiu et al., 1990). The most
soluble petroleum component is BTEX which rapidly dissolves, whereas PACs partially
dissolve in the water column, while some surface alongside oil droplets (French-Mccay et
al., 2019). Consequently, light petroleum products, such as MD have a higher dissolution
rate as compared to heavier and more viscous CO and DB due to the plateauing PAC

concentrations in the water column (Stoyanovich et al., 2019).



Sinking is also often associated with the heavier components of oil, particularly
high molecular weight hydrocarbons, including resins and asphaltenes (Hounjet et al.,
2018; Stoyanovich et al., 2019; Zhong et al., 2022). Some major mechanisms that can
result in the sinking of petroleum products are evaporation, water temperature,
photooxidation, and water molecule uptake (Federal Government, 2013). These
components can aggregate with suspended particles, sediments, and organic matter,
causing them to settle on the seafloor (Federal Government, 2013; ITOPF, 2021; Zhong
et al., 2022). This could impact the carbon biogeochemical cycling by increasing the
available nutrients and organic matter for sustaining benthic organisms in a marine
ecosystem (Baussant et al., 2001; Mackay & Mcauliffe, 1989; Onwurah et al., 2007; Yim
et al., 2002). It has been determined that petroleum products with an American Petroleum
Institute (API) gravity lower than 6.0 and density exceeding 1.035 g/mL are more likely to
sink, which would suggest that fresh CO, DB, and MD would float on the seawater surface
after a spill (Environment Canada, 2021; Federal Government, 2013; Hounjet et al., 2018;
Zhong et al., 2022). However, the evaporation of lighter PACs and the hydration of oils
can increase their viscosity and density, causing the eventual sinking of heavier oils over

a longer timeframe (Stoyanovich et al., 2019; Zhong et al., 2022).

Additionally, microbial degradation contributes to the loss of PACs from petroleum
spills in the water column (Atlas, 1975; Neff et al., 2000). This biodegradability by
indigenous microbiota is dependent on water temperature and depth; oil surface area,
physiochemical characteristics, and dissolution potential; oxygen and nutrients (primarily
nitrogen and phosphorous) availability (Atlas, 1975; French-Mccay et al., 2019; ITOPF,
2021). Lighter and water-soluble components of oil, such as BTEX are rapidly
biodegraded compared to heavier oils that have greater resistance to microbial
degradation due to the presence of complex and heavier hydrocarbons, such as resin,
hopane, and asphaltene (Atlas & Hazen, 2011; Federal Government, 2013; Zhong et al.,
2022). This results in lighter oils like MD having higher biodegradation rates compared to
heavier CO and DB that tend to persist longer in the marine environment (Cripps & Shears,
1997; ITOPF, 2021; Onwurah et al., 2007).

Another weathering process for petroleum spills is photochemical oxidation that
rapidly degrades terpenes and steranes, along with the alkylated homologs of some PACs
under intense sunlight (Neff et al., 2000; Stoyanovich et al., 2019; Zhong et al., 2022).

Ultraviolet radiation can cause the activation of chemical residues remaining after an oil



spill and increase the bioaccumulation of PACs in aquatic organisms (Calfee, et al., 1999;
Hodson et al., 2019; Onwurah et al., 2007). Photo-oxidation results in the formation of
oxidized compounds, including aliphatic and aromatic ketones, aldehydes, carboxylic
acids, fatty acids, esters, epoxides, sulfoxides, sulfones, phenols, anhydrides, quinones,
along with aliphatic and aromatic alcohols (Lee, 2003). Photolysis can also cause the loss
of petroleum hydrocarbons based on their chemical structure and oil properties, resulting
in MD having the highest photolytic rate of decomposition compared to CO and DB (Zhong
et al., 2022).

Ultimately, knowledge regarding the weathering processes acting on spilled oil is
essential for designing effective spill response strategies and mitigating their ecological
and economic consequences. By studying the environmental fate of oil components,
better predictions on the extent of contamination, potential exposure pathways for aquatic
organisms, and long-term impacts on ecosystem health are made. This understanding
also informs regulatory decisions, risk assessments, and development of remediation

technologies that minimize the adverse effects of oil spills on marine environments.

1.2. Biological impact

1.2.1. Bivalves

Extensive research has been performed on the impact of petroleum products on
numerous aquatic species, but it is essential to understand their effects on bivalves.
Bivalves are a group of aquatic mollusks encompassing clams, mussels, oysters, and
scallops that play pivotal roles in aquatic ecosystems as filter feeders and are crucial
components of food chains, while being economically vital (Lichmann et al., 2011; Orban
et al., 2004; Soniat et al., 2011). Their ecological and economic significance and potential
vulnerability make investigating the impacts of oil spills on bivalves imperative. In 2019,
the aquaculture of these organisms generated approx. $116 M within Canada, based on
the total production of 43,000 t of bivalves (Statistics Canada, 2022). Bivalves provide
several ecological services that include the building of reefs used as a shelter, habitat,
and food resources for various fish and shellfish species, along with stabilizing shorelines
and enriching biogeochemical cycling (Newell, 2004; Powers et al., 2017; Proffitt et al.,
2011; Stefansson et al., 2016; Viginier et al., 2015). The deposition of feces in these reefs

also stimulates bacterial growth, which aids in the denitrification of nitrogen in the water



(Grabowski et al., 2017; Piehler & Smyth, 2011). Additionally, bivalves can improve water
quality through the filtration of suspended particulate that enhances light penetration, as
well as promote the deposition of nutrients in the environment for supplementing the
growth of algae and aquatic plants (Finch et al., 2016; Grabowski et al., 2017; Loh et al.,
2018; Newell, 2004; Stefansson et al., 2016). Bivalves also increase the recruitment and
growth of other ecologically and economically valuable species by providing them
sustenance as prey or releasing suspended particles in the form of excretion or
pseudofeces (Fukuyama et al., 2000; Grabowski et al., 2017; Loh et al., 2018; Proffitt et
al., 2011; Sun et al., 2020).

Bivalves have an expansive distribution around the globe, a sedentary lifestyle,
robust size, and suspension feeding ability that increases their susceptibility to
environmental pollutants (Loh et al., 2018; Mondol et al., 2015; Orban et al., 2004; Peterio
et al., 2007; Soniat et al., 2011; Sun et al., 2020). These broadcast spawners have an
increased likelihood of being exposed to spilled petroleum components during their early
developmental stages since gametes are typically free-floating near the water surface
(Finch et al., 2016). Bivalves have a reduced capacity for the oxidative biotransformation
of petroleum compounds such as PACs, along with a slow metabolism that allows the
retention of higher PAC concentrations in their tissues over time (Baussant et al., 2001;
Loh et al., 2018; Soniat et al., 2011). Consequently, bivalves can be used as biomonitor
organisms for assessing the biological and ecological impacts of petroleum contamination

in an aquatic environment (Lichmann et al., 2011; Orban et al., 2004; Soniat et al., 2011).

1.2.2. Petroleum spill impacts on bivalve ecology

Every year approximately 4.63 M t of petroleum products are discharged into the
marine environment, as a result of accidental spills from tankers, drilling rigs, and oil wells
(Li et al., 2022; Sun et al., 2020). Some notable large-scale spills that induced mass
mortality and had long-term toxicological implications on bivalves were the Exxon Valdez
(EV) spill in 1989 (Downs et al., 2002; Fukuyama et al., 2000; Trowbridge et al., 2001)
and Deepwater Horizon (DWH) oil blowout in 2010 (Atlas & Hazen, 2011; Beyer et al.,
2016; Langdon et al., 2016; Powers et al., 2017; Soniat et al., 2011). During the EV spill,
release of crude oil resulted in a combination of chemically induced toxicity, anoxic
conditions, and smothering that induced a decline in the total abundance, biomass,

richness, diversity, and densities of bivalves in Prince William Sound, Alaska (Driskell et
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al., 1993; Jewett et al.,, 1999; Peterson et al., 2003). In particular, there was a 40%
mortality of blue mussels, Mytilus trossulus (Andre et al., 1993; Soon & Ransangan, 2019).
It was further estimated that 40-60% of bivalves had been sub-lethally affected by oil
exposure (Peterson et al., 2003). Although the quantities of EV spilled oil had reduced to
less than 2% of initial amounts on the Prince William Sound beaches a decade after the
spill, bivalves were still displaying sub-lethal effects (Downs et al., 2002). It was also
proposed that the complete recovery of bivalve populations post the EV spill would take

place over three to six generations, or around 30 years (Fukuyama et al., 2014).

Similarly, the DWH spill caused an impairment in bivalve species richness,
diversity, and evenness in the Gulf of Mexico with improvements observed in these
biological parameters with increasing distance from the oil wellhead (Baguley et al., 2015;
Reuscher et al., 2017; Washburn et al., 2017). The DWH spill resulted in mass mortality
of 77% bivalves in Barataria Bay, Gulf of Mexico (Soon & Ransangan, 2019), while
causing a reduced density in 68% spat, 32% seed, and 24% adult bivalves at Barataria
Bay post-spill (Grabowski et al., 2017; Powers et al., 2017). Moreover, there was a 27%
decline in the abundance of adult bivalves after a year of the spill at four locations in the
peninsular Florida Gulf of Mexico estuaries due to reduced oyster habitat (Grabowski et
al., 2017; Proffitt et al., 2011). The bivalve population in these locations continued to have
a slow recovery 6 years after the blowout with a complete recuperation of their densities

estimated to occur a decade after the DWH spill (Fleeger et al., 2018).

1.2.3. Oil toxicity in bivalves

After an oil spill, bivalves encounter petroleum products through various exposure
routes and pathways (Lichmann et al., 2011; Mondol et al., 2015; Orban et al., 2004;
Soniat et al., 2011). These routes encompass passive exposure via the mantle cavity
during food ingestion (Redmond et al., 2016; Schmutz, 2018) and passive diffusion across
their gill epithelium during respiration due to the extensive surface area and lipid-rich
membranes (Baussant et al., 2001; Li et al., 2022; Luna-Acosta et al., 2011; Redmond et
al., 2016; Schmutz, 2018). Suspended oil particles trapped in bivalve gills can also transfer
to their gut, where they become incorporated into endocytic vacuoles within digestive
glands, ultimately assimilating into tissue lipids (Baussant et al., 2001; Luna-Acosta et al.,

2011). Moreover, bivalves can absorb freely dissolved petroleum constituents from the
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water column through dermal surfaces and cross the biological membranes (Li et al.,
2022; Loh et al., 2018; Shiu et al., 1990).

The biological impact of petroleum products on bivalves is contingent upon oil
constituents, their physiochemical properties, weathering, spill conditions, exposure
duration, and ultimately, bioavailability. The feeding habits, lifestyle, and developmental
stage of the exposed species are also influential factors (Baussant et al., 2001; Lee &
Page, 1997; Mackay & Mcauliffe, 1989; Pathak & Mandalia, 2012; Yim et al., 2002). These
contaminants subsequently induce both lethal and sublethal toxicity in bivalves through
diverse mechanisms, including nonpolar narcosis and activation of the aryl hydrocarbon
receptor (AHR), which can impact gene expression, DNA integrity, enzymatic activity,
histopathology, physiology, morphology, reproduction, and behavior (Baussant et al.,
2001; Cripps & Shears, 1997; Dupuis & Ucan-Marin, 2015; Jesus et al., 2022; Onwurah
et al., 2007; Prescott et al.,, 1996; Soon & Ransangan, 2019; Widdows et al., 1990;
Widdows & Staff, 2006). The direct physical effects of oil exposure can also lead to bivalve

asphyaxiation by clogging gills or binding their velum (Vignier et al., 2015).

Lethal effects

Previous research has linked bivalve mortality resulting from petroleum exposure
to the presence of lighter molecular weight PACs, such as naphthalene and
acenaphthene, along with BTEX compounds (Di Toro et al., 2007; Neff et al., 2000;
Schrandt et al.,, 2018; Stefansson et al., 2016; Vignier et al., 2016). The weathering
process of these oil products leads to the removal of a substantial portion of these acutely
toxic components, causing the persistence of HMW hydrocarbons in the environment,
which exhibit a lower toxic potential (Stefansson et al., 2016). LCso values in bivalves from
field and laboratory petroleum exposures range from 10-247 ug/L in Crassostrea virginica
D-veliger larvae (24 h exposure to crude oil; Laramore et al., 2014), 7.9-2540 pg/L in
Mulinia lateralis to four crude oil products (Pelletier et al., 1997), and 715-2814 pg/L in
three developmental stages of Crassostrea virginica exposed to a high energy water
accommodated fraction (HEWAF) of crude oil (Viginier et al., 2016). Moreover, advanced
bivalve development can increase their tolerance to oil products, since smaller individuals
have a higher surface area to volume ratio that allows a greater uptake of dissolved

petroleum components via passive diffusion (Laramore et al., 2014).
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Molecular and biochemical effects

Exposure to petroleum compounds can have deleterious molecular and
biochemical consequences on bivalves, which can impact their detoxification response
toward PACs (Dos Reis et al., 2020; Gan et al., 2021; Lima et al., 2019; Zacchi et al.,
2019). Given the limited genotoxic studies performed with petroleum mixtures, the
reported impacts on bivalve gene expression are based on individual PAH species.
Exposure to fluorene and pyrene can increase the CYP2AU1, CYP2AU2, GST, and SULT
transcripts in bivalve gills (Dos Reis et al., 2020; Zacchi et al., 2019). Phenanthrene
exposure can also elevate the CYP2AU1 transcripts in the gills, mantle, and digestive tract
(Dos Reis et al., 2020) while reducing the GSTQ transcript (Lima et al., 2019). Moreover,
petroleum contamination can induce the expression and production of many response
genes responsible for PAC metabolism through interactions with the aryl hydrocarbon
receptor nuclear translocator (ARNT; Denison & Nagy, 2003; Jesus et al., 2022). This
induction further alters the CYP1 family metabolic pathways, which are mediated by the
aryl hydrocarbon receptor (AHR) transcription factors (Conney, 1982; Jesus et al., 2022).
The activation of these transcripts can impact biotransformation, which can comprise of
increased ethoxy resorufin-O-demethylase (EROD), aryl hydrocarbon hydroxylase (AHH),
and microsomal GSH transferase (MGST) activity in gill tissue (Dos Reis et al., 2020; Li
et al.,, 2022; Zacchi et al., 2019). Variations in gene expression due to petroleum
contamination can also induce genotoxicity in bivalves, which is enhanced after
biotransformation due to an increased accumulation of toxic PAC metabolites (Baussant
et al., 2001; Capuzzo et al., 1988). Altered gene expression can even cause DNA strand
damage (Baussant et al., 2001; Dupuis & Ucan-Marin, 2015; Sarkar et al., 2017) and
impair DNA replication (Gan et al., 2021; McCarrick et al., 2019; Sarkar et al., 2017).
Exposure to lighter hydrocarbons can also decrease the heat shock protein 90 (HSP90)

levels, causing transcriptional or translational inhibition (Luchmann et al., 2011).

Elevated antioxidant enzyme activity due to petroleum exposure can also allow the
elimination of oxygen radicals in bivalve tissues (Li et al., 2022). This antioxidase response
can result in the upregulation of various respiratory and electron transfer chain enzymes
such as superoxide dismutases (SOD), glutathione S-transferases (GST), and catalases
(CAT) while causing a reduction in the peroxidase (POD) and glutathione reductase (GR)
activity (Downs et al., 2002; Jiang et al., 2017; Lima et al., 2019; Luna-Acosta et al., 2017;

Sarkar et al., 2017). Another oxidative stress reaction that occurs due to metabolic
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impairment in bivalves is lipid peroxidation (Li et al., 2022; Lichmann et al., 2011; Luna-
Acosta et al., 2011). PAC exposure can also induce an immune response with a reduction
in granulocyte counts, phagocytic capacity, and reactant oxygen species (ROS)
production (Bado-Nilles et al., 2008; Donaghy et al., 2010; Volety et al., 2016). These
exposures can further cause alterations in the biochemical composition of bivalve
carbohydrates and proteins while utilizing excessive glycogen reserves to combat stress
related to chemical exposure (Mondol et al., 2015; Patel & Eapen, 1989; Peterio et al.,
2007; Smolders et al., 2004; Stekoll et al., 1980).

Cellular effects

At the cellular level, petroleum exposure has been associated with disturbances in
bivalve immunosuppression (Baussant et al., 2011; Schmutz et al., 2021; Sun et al., 2020;
Widdows et al., 1982). Impairment of the bivalve immune response upon oil exposure can
be attributed to hemocyte apoptosis, syncytia formation, and inflammation, accompanied
by an increased number of agranular hemocytes and a reduction in granular hemocytes
(Croxton et al., 2012; Gan et al., 2021; Vignier et al., 2018). Furthermore, the elevation of
ROS production in hemocyte immune effector cells due to oil exposure can compromise
the cytoskeleton and membrane integrity, leading to disrupted phagocytic capability for
xenobiotic molecules (Sun et al.,, 2020; Tang et al., 2020). This ROS induction
subsequently downregulates immune system-related molecular signaling pathways (e.g.,
NF-kB) and triggers the apoptosis process in cells, impacting their survival, differentiation,
and viability (Dayem et al., 2017; Downs et al., 2002; Jiang et al., 2017; Sun et al., 2020).
Additionally, the absorption of hydrocarbon compounds can influence the permeability and
fluidity of lipid bilayer membranes, as well as induce the enlargement and destabilization
of lysosomal membranes (Hwang et al., 2008; Li et al., 2022; Luna-Acosta et al., 2017;
Moore et al., 1987; Schmutz et al., 2021). Given that lysosomal activity plays a crucial role
in the degradation of ingested contaminants via phagocytosis, these effects can
collectively have a detrimental impact on bivalve immunoreactivity (Li et al., 2022;
Schmutz et al., 2021). Exposure to PACs can also trigger the development of renal cell,
gill filament, circulatory system, gastrointestinal, and gonadal tumors in bivalves (Gan et
al., 2021; Gardner et al., 1991).
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Histopathological effects

Petroleum contaminants have been linked to bivalve tissue damage (Aarab et al.,
2011; Schmutz et al., 2021). Following an oil spill, inflammation, lesions, necrosis, and
atrophy in the digestive gland and gonadal epithelium tissue have been observed in
Ostrea edulis and Crassostrea gigas (Berthou et al., 1987; Neff et al., 1987; Schmutz et
al., 2021; Trowbridge et al., 2001). Mytilus edulis has shown hemocyte cell infiltration into
bivalve follicles, severe neoplasia, and atresia in mussel oocytes with petroleum exposure
(Aarab et al., 2011; Bignell et al., 2011; Schmutz et al., 2021; Smolarz et al., 2017).
Hemocytic infiltration is also observed in the digestive gland and gill tissues (Joshy et al.,
2022). Littleneck and butter clams exhibit histopathological alterations like tubular
vacuolation and granulocytosis of digestive glands, disorganization of lamellar cells,
vacuolization, and hyperplasia of epithelial cells, gill tissue edema, along with increased
susceptibility to parasitosis (Anderson, 1988; Dos Reis et al., 2020; Joshy et al., 2022;
Khan et al., 2015; Trowbridge et al., 2001). Tubular atrophy of the digestive gland occurs
after the enlargement of tubular lumen and thinning of the tubular lining, due to petroleum
stress-induced morphological alterations of the epithelium lining and increased lipid
accumulation (Cajaraville et al., 1992; Joshy et al., 2022; Ogunola, 2017; Wu et al., 2019).

Physiological effects

The physiological implications of petroleum contamination in bivalves include an
impact on their metabolism and growth potential (Baussant et al., 2001; Mondol et al.,
2015; Widdows & Johnson, 1988). Exposure to petroleum mixtures can result in the
decline of bivalve scope for growth (SFG), a quantitative assessment that incorporates
various energy acquisition and expenditure processes (Kang et al., 2015; Mondol et al.,
2015; Widdows & Donkin, 1991). This includes reduced clearance rates causing starvation
(Jeong & Cho, 2007; Vignier et al., 2019), hindered food assimilation efficiency (Jeong &
Cho, 2007), as well as elevated respiration rates and ammonium excretion (Jeong & Cho,
2007; Kim et al., 2007; Redmond et al., 2016). Nonspecific narcotic action of petroleum
hydrocarbons on ciliary activity and valve closure affects these processes (Donkin et al.,
1989; Jeong & Cho, 2007; Kim et al., 2007; Schmutz, 2018; Trowbridge et al., 2001;
Vignier et al., 2015; Widdows et al., 1990, 2002). Prolonged accumulation of high
hydrocarbon concentrations results from impaired bivalve metabolism (Jeong & Cho,
2007; Schmutz, 2018; Widdows et al., 1990). Byssal threads, crucial for attachment and

settlement, can also be affected, impacting bivalve recruitment success (Chew & Ma,
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1987; Schmutz, 2018; Trowbridge et al., 2001). The impact of petroleum contaminants on
bivalve physiological responses can ultimately influence their growth rate, reproductive

success, and ability to combat xenobiotic stress (Capuzzo et al., 1988).

Morphological effects

The morphological effects of oil include deterioration in the shell and somatic tissue
growth, along with other morphological abnormalities (Bayen et al., 2007; Mondol et al.,
2015; Schrandt et al., 2018). These morphological abnormalities consist of shell
chambering, where the inner valves thicken and become ball-shaped with time, impacting
the health of juvenile and adult bivalves (Bayen et al., 2007). Some other morphological
modifications include alterations to the shell hinge, reduction or inhibition of shell growth
and formation, as well as the development of shell crystallization (Le Pennec & Le Roukx,
1979; Vignier et al., 2015).

Reproductive effects

Petroleum exposure can impact the reproductive output of bivalves, as well as their
population structure and dynamics (Capuzzo et al., 1988; Chu et al., 2003; Mondol et al.,
2015; Onwurah et al., 2007). These impairments include direct cytotoxicity on gonads and
spawned gametes, endocrine disruption, and DNA strand damage, that are also observed
in future generations (Schmutz, 2018; Vignier et al., 2015). Impaired breeding processes
can consist of delayed gonad maturation, sporadic gametogenesis, spawning disruption,
reduced fertilization success rates, lower sperm motility, and stunted bivalve embryo
development (Aarab et al., 2011; Baussant et al., 2011; Gonzalez-Fernandez et al., 2016;
Jeong & Cho, 2005; Laramore et al., 2014; Mondol et al., 2015; Pelletier et al., 2000; Toro
et al.,, 2003; Vignier et al., 2015). Gametogenesis impairment usually coincides with
female gonad atresia, as well as a low proportion of oocyte viability (Schmutz et al., 2021).
Under harsh spawning environmental conditions, gonadal atresia can be triggered after
the ripening of gametes, which can result in their over-maturation and termination of
gametogenic cycle, as well as the eventual degeneration and resorption of the gonadal
tissue (Schmutz et al., 2021; Smolarz et al., 2017). Moreover, transgenerational effects
can occur in bivalves through exposure, maternal transfer, or a combination of both
(Schmutz et al., 2021). In particular, alkylated forms of petroleum hydrocarbons have been
associated with chronic embryotoxicity in bivalves through direct exposure to gametes,

embryos, or larvae (Schmutz et al., 2021; Vignier et al., 2015). These effects can further
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influence the growth, morphogenesis, survival, viability, and settlement success of
exposed larvae since they are more sensitive relative to adults given their limited
capabilities for biotransformation and elimination of petroleum components (Capuzzo et
al., 1988; Choy et al., 2007; Pelletier et al., 2000; Vignier et al., 2015).

Behavioral effects

Exposure to petroleum hydrocarbons can alter bivalve behavior depending on the
degree of oiling in their habitats (Trowbridge et al., 2001; Schmutz, 2018). These effects
may include the impaired ability of bivalves to burrow and close their valves, which can

increase their likelihood of being predated (Pearson et al., 1981; Trowbridge et al., 2001).

1.3. Pacific oysters (Crassostrea gigas)

One bivalve species that may be impacted by the expansion of petroleum marine
transportation along the Pacific Northwest coast of Canada are Pacific oysters,
Crassostrea gigas (Bayen et al., 2007; Cassis et al., 2011; Loh et al., 2018; Luna-Acosta
et al., 2011; Orban et al., 2004; Soniat et al., 2011). These economically relevant species
are cultivated around the world in indigenous, commercial, and recreational fisheries for
human consumption (Fisheries and Oceans Canada, 2023; Gillespie et al., 2012; Orban
et al., 2004; Soniat et al., 2011). On an annual basis, approximately 10,000 t of Pacific
oysters are grown within Canada, with 5,000 t coming from BC while adding $41 M to the
Canadian GDP (Bayen et al., 2007; Cassis et al., 2011; Noakes, 2018; Soniat et al., 2011;
Statistics Canada, 2022).

These organisms were first introduced in BC from Japan for aquaculture in 1912
(Fisheries and Oceans Canada, 2023; Gillespie et al., 2012; Noakes, 2018). Crassostrea
gigas are protandry hermaphrodites and broadcast spawners, where the males initially
spawn during the first reproductive season and can transition towards becoming females
in the winter months (Fisheries and Oceans Canada, 2023; Gillespie et al., 2012; Pauley
et al.,, 1988). These organisms reach sexual maturity in the first year, with gonadal
development initiating in March and fully developing around June before spawning occurs
in September (Gillespie et al., 2012; Pauley et al., 1988). Warmer water temperatures
stimulate their gonadal development, spawning success, and larvae metamorphosis
(Fisheries and Oceans Canada, 2023; Gillespie et al., 2012). The optimal water

temperature and salinity for spawning are 20-25 °C and 35 ppt, however, 11-34 °C and
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20-30 ppt are the optimal conditions for growth (Fisheries and Oceans Canada, 2023;
Gillespie et al., 2012). Pacific oyster larvae have a rapid development, where the veliger
stage is achieved under 28 h at 22 °C, or 72 h at 14 °C (Gillespie et al., 2012; Pauley et
al., 1988). The subsequent developmental stages of the D-hinge, umbo, and eye spots
occur before the settlement, which can occur within 20-30 days of fertilization (Gillespie et
al., 2012). Once the larvae have completely developed and settled on a substrate they
undergo metamorphosis, where they lose their eyespots, foot, and anterior adductor

muscles before developing gills and mantle for adulthood (Gillespie et al., 2012).

Adult Pacific oysters are sessile, and their growth rates depend on environmental
factors such as temperature, substrate, and formation of population aggregates (Gillespie
etal., 2012; Quayle, 1988). The diet of these obligate filter feeders constituents of bacteria,
protozoan, diatom, invertebrate larvae, algae, and other organic detritus present in the
water column (Gillespie et al., 2012; Quayle, 1988). Crassostrea gigas populations tend
to reside on harder substrates in high to mid-intertidal zones that can consist of older
oyster shells, bedrock, and even outcrops (Fisheries and Oceans Canada, 2023; Ruesink
et al., 2005). While the growth rate of oysters is rapid in the earlier life stages, it slows
down considerably with maturity and undergoes senescence at around 4 to 5 y old
(Fisheries and Oceans Canada, 2023; Gillespie et al., 2012; Pauley et al., 1988; Quayle,
1988). The lifespan of Pacific oysters has been known to span decades, with maximum
ages of 40 years being reported at the northern latitudes (Fisheries and Oceans Canada,
2023; Gillespie et al., 2012; Pauley et al., 1988). Additionally, these robust organisms can
reach 30 cm in length as adults (Gillespie et al., 2012).

Pacific oysters are at constant risk of petroleum exposure released in the marine
environment due to accidental spills or oil well leakages (Li et al., 2022; Mondol et al.,
2015; Orban et al., 2004; Peterio et al., 2007; Soniat et al., 2011; Wade et al., 2014). Given
their filter feeding and slow biotransformation capabilities, there is a slight depuration of
petroleum components from the lipid-rich compartments of their tissues (Baussant et al.,
2001; Capuzzo, 1996; Soniat et al., 2011). Consequently, these organisms can be utilized
as a sentinel species to understand the impact of hydrocarbon pollutants in the marine
environment, as well as assist with efficient in situ monitoring and application of
appropriate remediation techniques following an oil spill (Bodin et al. 2004; Lichmann et
al., 2011; Orban et al., 2004; Soniat et al., 2011).
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Chapter 2. Effects of petroleum exposure on Pacific
oysters

2.1. Abstract

With the increase in petroleum product transportation through marine habitats in the
Pacific region of North America, an understanding of the hazards associated with these
mixtures to bivalve species is essential. The sub-chronic effects of crude oil (CO), marine
diesel (MD), and diluted bitumen (DB) water-accommodated fractions (WAFs) on the
scope for growth (including oxygen consumption, food assimilation, and clearance rate),
condition and health assessment indices, gonadal and digestive gland histopathology, and
larval development in Pacific oysters (Crassostrea gigas) were examined. Initial total
polycyclic aromatic compound (TPAC) concentrations in WAFs were ranked CO > MD >
DB and these accumulated in oyster tissues in the same order. Sub-chronic exposures to
different WAF dilutions of three petroleum products did not cause adverse effects to the
measured Pacific oyster endpoints, while the polycyclic aromatic compounds (PACs)

accumulated in oyster tissues had a rapid depuration after the exposure period.

Keywords: Petroleum products; Pacific oyster; scope for growth; morphometric

indices; histopathology; larval development

34



2.2. Introduction

Canada ranks fourth in global petroleum production and third in export volume,
meeting 5.9% of the global oil demand (CER, 2022; NRC, 2022). The oil and gas industry
contributed $133 B to the Canadian GDP in 2021, with estimated capital expenditures of
$35 B in oil and gas extraction (CAPP, 2023; Crude Oil, 2023). The Western Canada
Sedimentary Basin (WCSB) contains the largest crude oil reserves in Canada, comprising
almost the entirety of Alberta, with parts of Manitoba, Saskatchewan, British Columbia
(BC), Yukon, and Northwestern Territories (CER, 2022). Once these crude oil products
have been extracted, they are refined by altering their physiochemical properties, with
around 1.33 M barrels/d being refined within Canada (NRC, 2022).

Each year, Canada transports substantial quantities of petroleum products via
marine tankers along its coasts (CER, 2022; Transport Canada, 2016). In 2020, average
daily marine crude oil exports reached 279 M t, with 2.2 M t sent to Asia and the US from
western Canada ports, and 82 M t of offshore petroleum products exported to Europe and
the US from Atlantic Canada ports (CER, 2022; Transport Canada, 2016). With the
expansion of marine petroleum transportation routes, the potential for accidental spills of
products (e.g., conventional crude oils, diluted bitumen, and marine diesel) increases
substantially (CER, 2022; Crude Oil, 2023; Environment Canada, 2021; Refined
Petroleum Products, 2023; Transport Canada, 2016; Zhong et al., 2022).

Marine diesel (MD) is a heavy gas distillate fuel oil used in marine engines, with a
daily production of 750,000 barrels in Canada (Refined Petroleum Products, 2023). It
consists of hydrocarbon classes including alkanes, polycyclic aromatic hydrocarbons
(PAHSs), isoprenoids, aromatics, and polar compounds containing sulfur, oxygen, or
nitrogen (Mackay et al., 1985; Neff et al., 2000; Onwurah et al., 2007). Monocyclic
aromatic hydrocarbons (MAHs) present in MD include benzene, toluene, xylenes, and
trimethylbenzenes (Neff et al., 2000). Non-hydrocarbon components consist of porphyrins
and metals such as nickel, iron, zinc, vanadium, cobalt, copper, and titanium (Callot &
Ocampo, 2000; Onwurah et al., 2007; Yang et al., 2011). Conventional crude oil (CO)
produced in Canada amounts to 3.3 M barrels/d (CER, 2022; Zhong et al., 2022). It
contains alkyl PAH derivatives, polycyclic aromatic compounds (PACs) like anthracene,
phenanthrene, chrysene, pyrene, and perylene, as well as resin and asphaltene (Yim et
al., 2002; Madison et al., 2017; Philibert et al., 2016; Stoyanovich et al., 2019). Diluted
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bitumen (DB) from oil sands has a daily production of 5.5 M barrels in Canada (CER,
2022; Crude Qil, 2023; NRC, 2022; Yang et al., 2011). It is refined with diluents comprised
of BTEX, naphthalene, alkane hydrocarbons, metals, and naphthenic acids (Lee et al.,
2015; Speight, 2010; Stoyanovich et al., 2019; Zhong et al., 2022). Major DB components
are alkylated and priority PACs including naphthalene, phenanthrene, dibenzothiophene,
fluorene, benzonaphthothiophene, chrysene, perylene, pyrene, biphenyl, acenaphthene,

acenaphthylene, fluoranthene, and anthracene (Environment Canada, 2021).

Understanding the effects of MD, CO, and DB on bivalves such as the Pacific
oyster (Crassostrea gigas) is of paramount importance. Pacific oysters are not only a
commercially valuable species but also a key component of aquatic ecosystems, playing
crucial roles in water filtration, nutrient cycling, and providing habitat for other marine
organisms (Fisheries and Oceans Canada, 2023; Gillespie et al., 2012; Mondol et al.,
2015; Newell, 2004). Bivalves are particularly vulnerable to oil spills due to their filter-
feeding behavior that exposes them to large volumes of water containing dissolved
contaminants, which can accumulate to toxic thresholds (Mondol et al., 2015; Orban et
al., 2004). Understanding the effects of various petroleum products on oysters can provide
insights into the potential impacts on their health, survival, and reproduction, which are
crucial factors for both commercial oyster farming and the maintenance of healthy marine
ecosystems (Gillespie et al., 2012; Luna-Acosta et al., 2011; Mondol et al., 2015).
Furthermore, Pacific oysters are a sentinel species which makes them a valuable indicator
of overall marine environmental health. Changes in oyster populations, growth rates, and
reproductive success can signal shifts in the ecosystem health and provide early warning
signs of potential environmental stressors (Fisheries and Oceans Canada, 2023; Gillespie
et al., 2012). By studying the effects of oil spills on oysters, researchers gain a deeper
understanding of the broader ecological consequences of pollution that can help inform

effective mitigation strategies and resource management decisions.

In addition to their ecological significance, Pacific oysters are widely cultured and
harvested from indigenous, commercial, and recreational fisheries for human
consumption, making them a valuable source of revenue and livelihood around the world
(Fisheries and Oceans Canada, 2023; Gillespie et al., 2012; Orban et al., 2004). On an
annual basis, approximately 10,000 t of Pacific oysters are grown within Canada, with
5,000 t coming from BC while adding $41 M to the Canadian GDP (Bayen et al., 2007;
Cassis et al., 2011; Noakes, 2018; Statistics Canada, 2022). The potential impacts of oil
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spills on oyster populations can lead to substantial economic losses for oyster farmers
and seafood industries. Understanding the effects on oysters is thus, essential for devising

strategies to mitigate economic losses and ensure the safety of the seafood supply.

The current study was aimed at determining the effects of a sub-chronic exposure
of Pacific oysters to water-accommodated fractions (WAFs) of marine diesel, crude oil,
and diluted bitumen using a comprehensive suite of endpoints relevant to oyster fitness
(e.g., scope for growth, condition and health indices, histopathology, larval development),

and to assess the potential short-term recovery of oysters from any petroleum effects.
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2.3. Methodology

2.3.1. Chemicals

The three petroleum products used in the WAF exposures (marine diesel [MD],
Alaska North Slope [ANS] conventional crude oil [CO], and Cold Lake Winter Blend
[CLWB] diluted bitumen [DB]) were obtained from the Centre for Offshore Oil, Gas and
Energy Research (COOGER, Fisheries and Oceans Canada). A summary of the physical
and chemical characteristics of each petroleum product is presented in Table 2.1. Sodium
azide (Sigma), Remel™ Lugol's lodine (Thermo Scientific), ammonium formate (97%
anhydrous; Sigma), sodium sulfite (Sigma), formalin (37%; Sigma), sodium chloride
(Sigma), disodium phosphate (99% anhydrous; Sigma), Mayer's hematoxylin (Thermo
Scientific), Eosin Y (Thermo Scientific), ethanol (Sigma), and formaldehyde (37%; Sigma)

were used in the assays.

Table 2.1. Chemical constituent and properties summary for the petroleum
products used in this study: marine diesel (MD), Alaska North Slope
(ANS) conventional crude oil (CO), and Cold Lake Winter Blend

(CLWB) diluted bitumen (DB; Environment Canada, 2021).

Parameter MD co DB
Origin Newfoundland Alaska Alberta
API Gravity 37.3 31.3 21.5
Density (g/mL) at 15 °C 0.832 0.864 0.922
Dynamic Viscosity (mPa.s) at 15 °C 6 10 360
Mass Loss (% after 48 h) 15.7 36.8 23
Saturated Hydrocarbons (% w/w) 88 58 46
Aromatic Hydrocarbons (% w/w) 11 32 30
Resin (% w/w) 2 6 11
Asphaltene (% wi/w) 0 4 13
Waxes (% w/w) 4.9 4 3

2.3.2. Organisms

Cultivated commercial-sized adult Pacific oysters (Crassostrea gigas) between 2

and 3 y of age were obtained from the Deep Bay Marine Field Station (Bowser, BC), an
operation of Vancouver Island University (VIU) for shellfish husbandry and research. The
male population originated from a hatchery in Chile and the females were sourced from a

hatchery in the USA. This segregation occurred to avoid inbreeding in this population.
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Oyster sizes ranged from 21-94 mm shell length, 19—69 mm shell width, 6-51 mm shell
depth, and 0.7-10.4 g tissue wet weight. Oysters were transported to Simon Fraser
University (SFU) within 24 h of collection, housed inside a cooler filled with ice, and
acclimated for a minimum of 7 d under laboratory conditions. They were placed in 40 L
fiberglass tanks in 1 ym-filtered, UV-sterilized, and aerated seawater (28 %o) held at 10 °C
for the remainder of experiments. Tanks and other glassware were cleaned with 10%
household bleach and DI water. A 100% seawater change was performed twice a week,
where tanks were rinsed 3 times with seawater. Oysters were fed daily with a marine
unicellular algae diet of 100 x 10° /sochrysis galbana cells/L obtained from the Canadian
Center for the Culture of Microorganisms (CCCM; Gerdes, 1983; Widdows & Staff, 2006).

2.3.3. Petroleum exposures

Water-accommodated fractions (WAFs) of each product were generated
according to a standardized protocol (Singer et al., 2000). Several factors were important
in the preparation of consistent WAFs, including the pre-treatment of dilution seawater,
oil-to-water volume ratios, vessel size, headspace height, as well as mixing
speed/duration. Filtered and sterilized seawater (240 L) was obtained from the Vancouver
Aquarium (Vancouver, BC) and added into 500 L fiberglass tanks, along with 8 L of oil
product (1:30 v/v mixture oil:water). The oil/water mixture was covered and mixed with a
voltage-regulated mechanical stainless-steel stirrer at 92 rpm for 24 h. After a 1 h settling
period, the WAF mixture was pumped into each of the 9 L individual glass exposure tanks.
The exposure duration was 7 d and followed by an additional 28 d recovery period in fresh
uncontaminated seawater. Four replicate tanks per treatment concentration were used
and each tank contained 15 oysters. The treatment groups were 0% (control), 25%, 50%,
and 100% WAF dilutions. Tanks were randomly placed in water baths at 10 °C. Tanks
were not aerated, oysters were not fed during the exposure, and a water change was only
done at d 7 to uncontaminated water for the recovery period. Water quality parameters
and oyster mortality or spawning were recorded daily. At each sampling time (d 7, 21, and
35) several endpoints were measured to determine whether sublethal effects occurred (n

= 8, 2 from each replicate tank).
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2.3.4. Water and tissue PAC concentrations

Water samples were taken on 0, 3, and 7 d of the exposure period, and sent to
AXYS Analytical Services for individual polycyclic aromatic compound (PAC) analysis.
Each water sample was collected in a 1-L amber glass bottle in duplicate with no
headspace. For preservation, 0.5 g of sodium azide (Sigma) was added to each sample.
Individual PAC concentrations in oyster tissue were determined by SGS AXYS Analytical
Services from oysters collected at each time point. Oyster tissues from the same WAF
treatment group were pooled to obtain minimal wet weight requirements for analyzing
oyster tissue (without shell; 10 g). These samples were stored at -80 °C before being
shipped frozen on dry ice for analysis. The individual PAC concentrations were quantified
in water and tissue by low-resolution GC/MS analysis. The final chemical concentration
results were blank corrected for each analyte, which were further categorized as alkylated

or parent PAC compound (Hong et al., 2016).

2.3.5. Scope for growth

Scope for growth (SFG) is a value that indicates the overall growth potential of a
bivalve and is calculated from measurements of several physiological processes.
Theoretical SFG values were estimated from a balanced energy equation, where the
obtained energy expended through respiration was deducted from the energy absorbed
through acquired food with the remainder indicating the energy available for their growth
potential. The methodology described in Widdows and Staff (2006) was used for all SFG
calculations, including the measurement of algal clearance rate (CR), particulate

absorption efficiency (AE), and oxygen consumption (MO.).

Isochrysis galbana culture

Pacific oysters were fed a cultured marine unicellular algae, Isochrysis galbana,
(Marcus & Wilcox, 2007). An algae stock solution was obtained from the CCCM (University
of BC, BC) and maintained using a Guillard’s f/2 enrichment (GE) solution (Appendix Table
A.42.) at 16 °C under a 12/12 h light-dark cycle. Seed cultures were diluted every 3-4
weeks to maintain algal density using sterile techniques. A 20 mL algae seed culture was
used to start the large-scale culture production in 20 L autoclavable glass containers.
Twice a week, 3.5 mL of GE solution, along with 2 mL of /2 vitamin mix (Appendix Table

A.43.) and 2 mL of trace metal solution (Appendix Table A.44.) were added to each 1 L of
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culture (Guillard, 1975; Guillard & Ryther, 1962). Culture flasks were placed 30 cm from a
6500 K intensity light and swirled daily to keep the algae suspended in the water column.
After 2-3 weeks, the algae culture reached a peak density determined by the culture color
(greenish-yellow), as well as the cell count (7x10° cells/mL) using a hemocytometer after
preserving them in Remel™ Lugol's lodine (Thermo Scientific). Algae cultures were

diluted twice a week under sterile conditions to maintain their health.

Standard curves were generated that aided in the determination of cell counts in
algal solutions; one was generated for low cell concentrations (15x103-350x103 cells/mL)
and one for high concentrations (1.2x10°~7x10® cells/mL) using a fluorescence
spectrophotometer (Varian Cary Eclipse, Agilent Technologies) based on cell counts
obtained with a hemocytometer. The instrument settings for both standard curves included
the same emission (682 nm) and excitation (341 nm) wavelengths, but variable slit lengths
(low: 20 nm; high: 10 nm) and reading times (low: 3 sec; high: 0.3 sec), due to differences
in their fluorescence detection limit. PS 4-sided polystyrene BRAND® macro-cuvettes
(BR759035; Sigma) were used for all the algae concentration fluorescence readings. New
standard curves were prepared before each petroleum product exposure. Knowing the
algal cell concentrations was integral for determining algal clearance rate values used in

the SFG calculations.

Algal clearance rate

Clearance rate (CR) is defined as the volume of seawater cleared of suspended
Isochrysis galbana cells as a function of time. These measurements were made in semi-
static conditions at 10 °C. Oysters were not fed 24 h before CR measurements to ensure
a maximum feeding capacity and discharge of fecal matter from the mantle cavity. An
individual oyster from one of the WAF treatment groups was placed in a 1.5 L beaker filled
with seawater. In addition, a negative control beaker without an oyster was used to
account for algal settling. Vessels contained air stones that minimally aerated and mixed
algae in seawater without impacting the filtration rate of oysters. An algae solution of 100
x 108 cells/L was added to each beaker (Gerdes, 1983) after an acclimation period of 20
min that allowed time for each oyster to open their valves and resume pumping. The
volume of algae solution (~ 20 mL) added to each beaker was done using a serological
pipette. After 2 min of uniform mixing (to), 7 ml water aliquots (in duplicate) were collected

from the center of the beaker with a serological pipette for algae cell concentration
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measurements using the spectrophotometric method. Two additional algae samples were
collected from each beaker at 45 min intervals (t1 and t.), over a total period of 1.5 h to

determine the overall decline in algae cell concentration due to oyster feeding.
Clearance rates (CR) were measured using Equation 1 (Coughlan, 1969):

(V) x (loge C; - log. C2)

CR (L/h) = :

(Equation 1)

where V is the volume (L) of water in the beaker, and C1 and C; are the cell concentrations

(mg cells/L) at the initial and final time increment t (h).

Absorption efficiency

Absorption efficiency (AE) represents the efficiency of assimilating organic matter
from ingested food material in oysters by measuring the amount of organic matter
absorbed through algae consumption and subtracting the amount of organic matter
excreted through their feces. Following the CR measurements, seawater remaining in the
beakers was vacuum filtered through pre-rinsed Whatman® borosilicate GF/C filter papers
(1.2 um particle retention; Sigma) to collect fecal matter. Once filtered, the pre-weighed
filter papers were rinsed twice with 20 mL of 0.5 M ammonium formate (97% anhydrous;
Sigma) and deionized (DI) water to remove the seawater salts. The initial algae weight
was determined from the culture vessel, where the same algae amount as the CR feeding
volume was filtered through pre-weighed GF/C filter papers. This was done to avoid spatial
and temporal variations in the quantity and quality of food used during the AE
measurements (Widdows & Staff, 2006). Filters were then rinsed twice with 20 mL of 0.5
M ammonium formate (97% anhydrous; Sigma) and DI water. Filter papers containing
algal and fecal samples were placed in pre-weighed aluminum dishes (HS14522; Sigma)
and dried at a constant temperature of 100 °C for 48 h to obtain tissue dry weights. Upon
reweighing, both samples were placed in a muffle furnace for ashing at 450 °C for 1 h to
remove all organic matter. This combustion helped determine the food and feces
particulate organic matter (POM) value, which was calculated based on the difference
between the remaining ash (inorganic) and the total dry weight of both samples. Since the
GF/C filter papers were not pre-combusted, a correction factor was applied based on the
average mass of organic matter lost from 64 blank filter papers. All weight measurements
(g) were done in ftriplicate for precision to the nearest four decimal places using an

electronic microbalance. Some AE values were excluded due to the spawning of oysters,
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presence of pseudo-feces, as well as extremely light algae and feces ash weights

undetected by the electronic microbalance.

AE was measured using the ratio provided by Conover (1966) in Equation 2:

F-E ,
AE = [([—T))J(F] (Equation 2)
where F is the ash-free (organic) dry weight of algae:dry weight of algae and E is the ash-

free (organic) dry weight of feces:dry weight of feces.

Oxygen consumption

The oxygen consumption (MO2) of individual oysters was determined by
measuring the oxygen partial pressure (POz) decline in seawater over time in a static
respirometer. This was done in closed acrylic Loligo® respirometers (CH22400; large
chamber) set in a temperature-controlled water bath (10 °C), where each respirometer
was dedicated to an oyster from one of the treatments. The PO, decline was measured
with the aid of temperature and oxygen equilibrated Loligo® flow-through oxygen cell (10
mm; OX11220) connected to the Witrox 4 oxygen meter (OX11875), which provided
readings to AutoResp™ software version 2.3.0. These sensors were calibrated in 100%
air-saturated deionized (DI) water for 15 min, and 0% air-saturated DI water (PO: zero
solution) for 12 h, which was achieved by adding 21.0 g of sodium sulfite (Sigma) to 1 L
DI water. PO, measurements were performed using 1 um-filtered and UV-sterilized
seawater (28 %o) aerated for a minimum of 1 h before each run at 972.7 hPa. The air-
saturated seawater was carefully added to the respirometer chambers to ensure the
elimination of air bubbles. Oysters were gently placed inside a respirometer after the CR
measurements were performed and allowed 30 min for acclimation. This allowed them to
release deoxygenated water from their valves after opening and initiate pumping of the
aerated seawater, which sometimes caused a spike in the PO: readings during the
acclimation period due to the presence of air bubbles (Widdows & Staff, 2006).
Subsequently, the PO readings were obtained for 1 h, where the initial and final PO
concentrations were selected at 1800 and 5400 sec of the respiration measurement period
to standardize the readings over a 1 h period. The individual MO in oysters was calculated

based on Equation 3:
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_ [C(t) -Ct)] x Vx 60

MO, (t1-t)

(Equation 3)

where MO is the oxygen consumption (umol Oz/h), C; is the concentration of oxygen in
the water (mg O2/L) at time t, V is the volume (L) of water in the respirometer chamber
along with tubes, and ty and t; are the initial and final times (min) of the measurement
duration. Additionally, the C; values were converted to oxygen concentrations in pmol Oz/L

by multiplying a coefficient of 31.26 based on a unit conversion calculation.

Scope for growth

Physiological measurements (CR and MO;) were normalized to oyster tissue dry
weight (DW; g) to correct for variations in oyster size. Oysters were dissected, placed in
pre-weighed aluminum dishes (Z154865; Sigma), and dried in an oven at 100 °C for 48 h.
Individual CR (L/h) and MO- (umol Oz/h) values were converted to their energy equivalents
(J/h/g) to calculate SFG. Maximum clearance rate values were selected from each run for
the SFG calculations to avoid periods where individuals were partially closed (Widdows &

Staff, 2006). Energy consumed or ingested (C) was converted to J/h/g using Equation 4:
C = (maximum clearance rate: L/g/h) x (mg POM /L) x (23 ] f/mg POM)  (Equation 4)

where 23 J/mg represents the energy content of the ash-free particulate organic matter
(POM) in algal food (Slobodkin & Richman, 1961; Widdows et al., 1979).

The absorption energy of oysters was calculated as follows using Equation 5:
A = (C) x (AE) (Equation 5)

The energy lost through respiration (R; MO2/DW) was converted into energy equivalents,
where the heat equivalent of oxygen uptake is 0.456 J/umol Oz, and used as a conversion

factor according to Equation 6 (Gnaiger, 1983):
R = (umol 0z/h/g) x (0.456) (Equation 6)

Thus, based on the calculated absorption and energy lost through respiration, the

theoretical scope for growth (SFG) was estimated using the balanced energy Equation 7:

SFG=(A)-(R) (Equation 7)
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where A is the absorbed food energy and R is the respiratory energy expenditure.

2.3.6. Condition index

The condition index (Cl) is a comparative measure for estimating the impact of
petroleum products on oyster morphology and health by estimating their tissue yield and
prevalence in shell. Morphometric measurements were used to calculate the Cl and
included: the longest shell length (cm), width (cm), depth (cm), and dry weight (g). Dry
weights were measured by removing the tissue from shells, placing them in pre-weighed
aluminum dishes, and drying them in an oven at 100 °C for 48 h (Widdows & Staff, 2006).
The samples were removed and reweighed. The condition index was calculated as below
(Bodoy et al., 1986) in Equation 8:

Tissue Dry Weight (g)
ength x Width x Depth (cm?)

Condition Index (g/cm3) = Shell L x100%  (Equation 8)

2.3.7. Health assessment index

The health assessment index (HAI) is a visual inspection of oyster tissue and organ
health to assess the impact of petroleum products. The HAI criteria used were modified
from one developed for teleosts (Adams et al., 1993). The variables selected for oyster
HAI were mantle tentacle (papilla) responsiveness and firmness, coloration of digestive
glands and gonads, prevalence of tissue in the shell, presence of parasites, and tissue
abnormalities that included degeneration, inflammation, mottling, or granulation. These
variables were assigned a numerical value, where the normal conditions were given a
value of 0, and those that were abnormal were given a value ranging from 1-3 depending
on the severity of deviation from normal conditions. HAI value for each oyster was
calculated by summing the numerical values of all variables. The scoring for this
assessment was subjective but performed in a standardized manner based on
predetermined descriptors assigned to each variable (Table A.45.). A labeled normal

oyster anatomical image is presented in the Appendix Fig. A.3.

2.3.8. Histopathology

Histopathology is an ecotoxicological tool used to assess the impact of petroleum

contaminants on bivalve organs and tissues, which was performed according to standard
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procedures (Howard et al., 2004), where tissue cross-sections between gill filaments and
labial palps were dissected and removed. This 4-5 mm cross-section comprised of oyster
gonad and digestive gland tissue. Tissues were fixed in a 10% neutral buffered formalin
solution (100 mL formalin [37% formaldehyde; Sigma], 900 mL DI H>O, 9.0 g NaCl, and
12.0 g Na:HPO4 [99% anhydrous; Sigmal)). After 24 h, the samples were transferred to
scintillation vials filled with 70% ethanol for dehydration. These samples were then
embedded in paraffin wax, and histological sections (5 um) were cut at an angle of 5°
using the HistoCore BIOCUT microtome (Wetzlar, Germany). The section ribbons were
placed in a warm water bath (45 °C), allowing them to relax before being mounted on
glass slides. These slides were dried on a slide warmer, and treated with xylene and
ethanol, before being stained with Mayer's hematoxylin (Thermo Scientific) and Eosin Y
(Thermo Scientific) using the Leica ST4020 Linear Stainer (Nussloch, Germany).
Prepared slides were visualized using the inverted brightfield microscope Leica DMi8 in
the Leica Application Suite X (LAS X) software at 50x total magnification. A quantitative
histopathological analysis was performed on these slides using a calibrated tool with a
scale in ym, where length measurements were taken for the gonad and digestive gland
tissue samples. Histopathological images of a healthy male (Fig. A.1.) and unhealthy

female (Fig. A.2.) oyster tissue are presented in the Appendix.

The first histopathological analysis was performed on gonadal thickness (um),
which was measured in three different sections of one oyster tissue on the same slide.
Five measurements were taken from different gonadal regions of each section. All the

gonad thickness values were corrected to oyster wet weight and averaged.

The second histopathological analysis was performed on the oyster digestive
gland tissue, where the digestive lumen and tubule thickness (um) were measured in three
different sections on the same slide. In a digestive gland, lumen tissue is the inner
epithelium lining, while a tubule is the external layer. Five measurements of the digestive
lumen and tubule thickness were taken per section from the same digestive gland for a

consistent ratio comparison and averaged before the final analysis.

2.3.9. Larval bioassays

Healthy oyster broodstock was collected from the Deep Bay marine station

(Vancouver Island, BC) to maximize fertilization and developmental success. Five female
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oysters were strip spawned; small incisions were made in their gonads with a scalpel blade
and gametes were released (Lafont et al., 2019; Nordio et al., 2020; Rico-Villa et al., 2009).
The gametes were washed in beakers containing 1 L seawater at room temperature, 1 h
before fertilization. Egg concentrations were determined by adding 1 mL of each egg
solution to a Graticules S50 Sedgewick Rafter Counting Chamber and counting the
number of eggs under a compound light microscope at 100x total magnification. These
egg concentrations ranged between 420-8850 eggs/mL. One viable male control oyster
was used to fertilize all the diluted eggs by strip spawning, where 1 mL sperm was added
to each beaker containing eggs for a minimal spermatozoa:oocyte ratio of 400:1 over a

gamete contact time of 10 min (Song et al., 2009).

Following this period, 1 mL of fertilized egg solution was added to a scintillation
vial filled with 15 mL seawater, where eggs from each female represented a biological
replicate (total n = 5/treatment). For the MD, CO, and DB exposure, 0.5 mL of diluted WAF
treatment groups (100%, 75%, 50%, 25%, 0%) were added to each vial resulting in a final
oil:seawater dilution of 3.2%, 2.4%, 1.6%, 0.8%, and 0%. The incubation was performed
30 min after the exposure at 24 °C for 48 h; vials were placed horizontally in an orbital
shaker at 48 rpm to accelerate larval development (Nordio et al., 2020). These samples
were then fixed in 1 mL formaldehyde (37%; Sigma) to determine the impact of petroleum
WAF treatment groups on larval developmental success, where the trochophore and D-
veliger stages were scored as successful, while unfertilized and fertilized egg stages were
considered unsuccessful. Larval developmental success was assessed by pipetting 1 mL
of the fixed sample into a Graticules S50 Sedgewick Rafter Counting Chamber after gently
mixing the scintillation vials. These samples were observed under a light compound
microscope (BA310E, Motic) at a total magnification of 100x, where the developmental
success of the first 50 viable individuals was counted and scored. Decaying or lysed
eggs/larvae were not included in the final count. Images for the different larvae

developmental stages are provided in the Appendix Fig. A.4.

2.3.10. Statistical analysis

A linear-mixed model design was used to test for differences in mean endpoint
values between WAF dilutions (0, 25, 50, 100%) for each petroleum product, at each
sampling time point (d 7, 21, 35), and their interaction effects (combination of WAF dilution

and time). Interaction effects tested for significant differences between the treatment
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groups on any given sampling day and whether these differences changed over time. If
there were differences between sampling days, there was an interaction impact between
the treatment groups and sampling time. The average responses of 2 oysters per
exposure tank were used to remove pseudo-replication from the analysis with a final
sample size of n = 4, before any outlier exclusion. Tanks in water baths (blocks) were
considered as a random factor in the model, while the dilutions, sampling time points, and
their two-way interaction were considered to be fixed effect variables. Given the presence
of a confounding effect caused by the placement of tanks in the water bath, a two-way
ANOVA analysis was performed for that particular factor without including the random
effect variable. Fixed effect tests were followed by the Tukey Kramer posthoc tests to
determine whether differences in mean endpoint values for all levels of WAF dilutions,
time points, and their interaction existed. The larval development analysis was performed
using a one-way ANOVA, followed by Tukey Kramer posthoc test to determine if
significant variation between individual petroleum WAF treatment groups (0, 25, 50, 75,
100%) existed. The normality assumption for all these models, including Shapiro-Wilk’s
test (p-value > 0.05) and uniform distribution within normal quantile-quantile plots were
verified, where the data points were centered about zero and had constant variance. A
natural logarithm transformation of the data was applied, whenever required, to satisfy
model assumptions of normal distribution for those endpoints (CR and SFG). Finally,
potential outliers with absolute studentized residual values greater than + 3.5 were
removed and the models were re-fit to see whether the data points were influential (Blatna,
2006). A significance level of p = 0.05 was used to determine the statistical significance
of all the endpoint analyses that were expressed as mean + SEM and carried out in the
JMP® statistical software version 16.0 (SAS Institute Inc., Cary, NC).
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2.4. Results

2.4.1. Water PAC concentrations

Individual PAC profile concentrations for each petroleum product WAF during the
7 d exposure period are shown in Appendix Figs. A.5-A.7, A.8-A.10, and A.11-A.13.
Total, parent, and alkylated PAC concentrations in water for each WAF dilution of the three
petroleum products on sampling d 0, 3, and 7 are displayed in Fig. 2.1. For each oil type,
there was a decline in the individual (Table A.46.) and total (Tables A.28, A.29, A.30) PAC
concentration over time. This resulted in an altered oil composition, where all three
products had greater proportions of alkylated relative to parent PAC forms, which

comprised of the longest hydrocarbon chains.

On d 0 of WAF exposure, CO had the highest TPAC concentrations at all dilutions
(25%: 148 pg/L; 50%: 240 ug/L; 100%: 350 pg/L), followed by MD (25%: 24 pg/L; 50%:
52 pg/L; 100%: 150 pg/L) and DB (25%: 32 ug/L; 50%: 60 ug/L; 100%: 128 ug/L). Across
the three oils, TPAC concentrations in control WAFs ranged from 0.001-0.49 pg/L. Over
the 7 d exposure, the greatest decline in TPAC concentrations occurred in MD (99.9%),
followed by CO (93.1%), and DB (78.1%), with parent PAC concentrations declining faster
than the alkylated PACs.

The initial PAC composition for all three WAFs mostly comprised of low molecular
weight (LMW) 2-3 ring hydrocarbons. MD WAFs had naphthalenes, biphenyls, and
fluorenes; CO comprised of naphthalenes and biphenyls; DB constituents included
naphthalenes, phenanthrenes, anthracenes, fluorenes, and dibenzothiophenes. After the
7 d exposure, the proportion of 3-4 ring PACs increased, while the proportions of 2-ring
PACs, such as naphthalenes and biphenyls decreased in all three petroleum WAFs. This
resulted in MD WAFs mainly comprising of fluorenes, with some phenanthrenes,
anthracenes, and naphthalenes; CO consisting of phenanthrenes, anthracenes,
dibenzothiophenes, fluorenes, and naphthalenes; DB having phenanthrenes,
anthracenes, fluorenes, dibenzothiophenes, and naphthalenes at the end of the exposure

period.
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Figure 2.1. Total, parent, and alkylated polycyclic aromatic compound (PAC)
concentrations in seawater during the sub-chronic exposure of oysters to
0%, 25%, 50%, and 100% dilutions of crude oil (CO), diluted bitumen (DB),
and marine diesel (MD) water accommodated fractions atd 0, 3, and 7.
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2.4.2. Tissue PAC concentrations

Individual PAC profile concentrations in oyster tissues exposed to the three
petroleum products at each sampling time point (d 7, 21, 35) are presented in Appendix
Figs. A.14-A.16, A.17-A.19, and A.20-A.22. The total, parent, and alkylated PAC
concentrations in oyster tissue exposed to WAF dilutions (%) at each sampling day are
shown in Fig. 2.2. There was a decline in individual (Table A.47) and total (Tables A.31,
A.32, A.33) PAC concentrations in tissues for all three products over time, which

corresponded with the decline in water PAC concentrations.

Post-exposure, CO had the highest accumulation of PACs in oyster tissues (25%:
4.5 ug/g; 50%: 15 pg/g; 100%: 29 ug/g), followed by MD (25%: 1 pg/g; 50%: 2.3 pg/g;
100%: 4 pg/g) and DB (25%: 1.5 ug/g; 50%: 2 ug/g; 100%: 3 ug/g). The TPAC
concentrations accumulated in control oysters ranged from 0.07-0.38 ug/g. On d 7 of
exposure, TPAC concentrations detected in oyster tissue compared to WAFs were much
higher for MD (18 fold) and slightly greater for CO (1.2 fold), while the water TPAC
concentrations were higher than tissue concentrations for DB (9 fold). The comparison
between tissue and water TPAC concentrations on exposure d 7 are presented in
Appendix Fig. A.23. Over the four week recovery period in uncontaminated water, TPAC
concentrations in tissues declined by 97.8% (CO), 93.5% (MD), and 92.3% (DB), with

parent PAC concentrations declining faster than the alkylated forms.

Following the 7 d exposures, MD exposed oysters mainly accumulated LMW PACs
such as naphthalenes, biphenyls, phenanthrenes, anthracenes, and fluorenes; CO mostly
accumulated naphthalenes, phenanthrenes, anthracenes, and dibenzothiophenes; DB
oysters majorly consisted of naphthalenes, phenanthrenes, anthracenes,
dibenzothiophenes, and fluorenes. A 4-week recovery in uncontaminated water, resulted
in oysters exposed to all three products having lower proportions of 2-ring PACs, while
increasing the proportions of 3-6 ring PACs in tissues. Oysters exposed to MD had higher
proportions of phenanthrenes, fluoranthenes, and pyrenes, along with some anthracenes,
fluorenes, dibenzothiophenes, and naphthalenes; CO tissues majorly comprised of
phenanthrenes, anthracenes, dibenzothiophenes, fluorenes, and naphthalenes; DB
exposed oysters accumulated phenanthrenes, anthracenes, dibenzothiophenes,

naphthalenes, fluoranthenes, pyrenes, benzo[alanthracenes, and chrysenes.
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Figure 2.2. Total, parent, and alkylated polycyclic aromatic compound (PAC)
concentrations in tissues of oysters exposed to 0%, 25%, 50%, and 100%
dilutions of crude oil (CO), diluted bitumen (DB), and marine diesel (MD)
water accommodated fractions at d 7, 21, and 35.
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2.4.3. Mortality

The cumulative percent mortality of oysters exposed to each petroleum product
over the 7 d exposure period is shown in Appendix Fig. A.24. The mortality observed in
controls across all exposures were 0.6% (MD), 6.7% (CO), and 3.9% (DB). No significant
differences in percent mortality between treatment groups were seen for CO (Fz44: 1.12;
p-value: 0.3511) and MD (Fs44: 0.64; p-value: 0.5948). Although significant percent
mortality differences were observed between oysters exposed to 25% and 100% DB
treatment groups during the 7 d period (Fs44: 4.79; p-value: 0.0057*), no differences

relative to the control oysters and no concentration-dependent effects were observed.

2.4.4. Scope for growth

Clearance rate

Marine Diesel

The natural log-transformed CR values for control oysters ranged from 1.08-2.28
L/h/g and did not change over time (Fig. 2.3). While some significant differences were
found between WAF dilutions at certain time points (Fs3s: 3.20; p-values: 0.0131*; Fig.
2.3), no concentration-dependent effects were present. At d 21, CR values for control
oysters (1.08 £ 0.03 L/h/g) were significantly lower than the 25% (2.37 £ 0.19 L/h/g) and
50% (2.37 £ 0.17 L/h/g) treatment groups; at d 7, oyster CR values in the 25% (1.34 +
0.04 L/h/g) and 50% (1.00 = 0.21 L/n/g) WAF treatment groups were significantly lower
than at d 21.

Crude Oil

The natural log-transformed CR values for control oysters ranged from 1.75-3.03
L/h/g and did not change over time (Fig. 2.3). No significant differences were found
between WAF dilutions at any time points and at any given WAF dilution CR did not
change over time (Fe33: 0.50; p-values: 0.8066; Fig. 2.3).

Diluted Bitumen

The natural log-transformed CR values for control oysters ranged from 1.53-2.91

L/h/g and did not change over time. No significant differences were found between WAF
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dilutions at any time points and at any given WAF dilution CR did not change over time
(Fe,34: 0.23; p-values: 0.9625; Fig. 2.3).
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Figure 2.3. Mean natural log-transformed clearance rates (CR) of oysters following a
7 d exposure to 0%, 25%, 50%, and 100% dilutions of crude oil (CO),
diluted bitumen (DB), and marine diesel (MD) water accommodated
fractions (WAFs) and recovery through d 35. Boxplots represent median
CR values (lines within the box), 25" and 75" percentiles (boundaries of
the box), as well as minimum and maximum data points (whiskers),
exclusive of any outliers. n = 3-4 oysters. Similar superscript symbols
indicate significant differences between treatment groups at p = 0.05.
Similar superscript letters indicate significant differences across time at p
= 0.05.

Absorption efficiency

Marine Diesel

The AE values for control oysters ranged from 0.75-0.81 and did not change over
time (Fig. 2.4). No significant differences were found between WAF dilutions at any time
points and at any given WAF dilution AE did not change over time (Fs29: 0.11; p-values:
0.9941; Fig. 2.4).

Crude Oil

The AE values for control oysters ranged from 0.73-0.79 and did not change over
time (Fig. 2.4). No significant differences were found between WAF dilutions at any time
points and at any given WAF dilution AE did not change over time (Fs2s: 1.05; p-values:
0.4200; Fig. 2.4).

Diluted Bitumen

The AE values for control oysters ranged from 0.47-0.73 and did not change over
time (Fig. 2.4). No significant differences were found between WAF dilutions at any time
points and at any given WAF dilution AE did not change over time (Fs23: 0.72; p-values:
0.6382; Fig. 2.4).
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Figure 2.4 Mean absorption efficiency (AE) values of oysters following a 7 d exposure
to 0%, 25%, 50%, and 100% dilutions of crude oil (CO), diluted bitumen
(DB), and marine diesel (MD) water accommodated fractions (WAFs) and
recovery through d 35. Boxplots represent median AE values (lines within
the box), 25" and 75" percentiles (boundaries of the box), as well as
minimum and maximum data points (whiskers), exclusive of any outliers. n
= 1-4 oysters. Significant differences between treatment groups across
time were compared at p = 0.05.

Oxygen consumption

Marine Diesel

The MO- values for control oysters ranged from 14.71-21.85 umol O»/h/g and did
not change over time (Fig. 2.5). No significant differences were found between WAF
dilutions at any time points and at any given WAF dilution MO did not change over time
(Fe,36: 0.80; p-values: 0.5743; Fig. 2.5).

Crude Oil

The MO- values for control oysters ranged from 10.86-18.98 umol O»/h/g and did
not change over time (Fig. 2.5). While some significant differences were found between
WAF dilutions at certain time points (Fsss: 1.64; p-values: 0.1646; Fig. 2.5), no
concentration-dependent effects were present. At d 35, MO, for the 50% oysters (25.52 +
3.34 ymol O2/h/g) were significantly higher than the 100% (11.32 £ 1.43 pmol Oz/h/g) WAF
treatment group; at d 7, MO, values for oysters in the 25% (25.02 £ 1.36 pmol O2/h/g)
WAF treatment group were significantly higher than at d 21 (16.53 £ 2.59 umol O2/h/g).

Diluted Bitumen

The MO- values for control oysters ranged from 18.44-21.11 umol O2/h/g and did
not change over time (Fig. 2.5). No significant differences were found between WAF
dilutions at any time points and at any given WAF dilution MO did not change over time
(Fe,36: 0.42; p-values: 0.8588; Fig. 2.5).
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Figure 2.5. Mean oxygen consumption (MO) in oysters following a 7 d exposure to
0%, 25%, 50%, and 100% dilutions of crude oil (CO), diluted bitumen (DB),
and marine diesel (MD) water accommodated fractions (WAFs) and
recovery through d 35. Boxplots represent median MO, values (lines within
the box), 25" and 75" percentiles (boundaries of the box), as well as
minimum and maximum data points (whiskers), exclusive of any outliers. n
= 4 oysters. Similar superscript symbols indicate significant differences
between treatment groups at p = 0.05. Similar superscript letters indicate
significant differences across time at p = 0.05.

Scope for growth

Marine Diesel

The natural log-transformed SFG values for control oysters ranged from 1.08-2.28
J/h/g and did not change over time (Fig. 2.6). While significant differences were found
between SFG values at WAF dilutions at certain time points (Fes35: 3.33; p-values: 0.0107%;
Fig. 2.6), no concentration-dependent effects were present. At d 21, SFG for the 50%
(4.16 £ 0.18 J/h/g) treatment group were significantly higher than the control oysters (2.68
1 0.06 J/h/g); at d 7, oyster SFG values in the 25% (2.96 + 0.08 J/h/g) treatment group
were significantly lower than at d 21 (4.13 £ 0.19 J/h/g) and SFG values in the 50% (2.32
+ 0.37 J/h/g) treatment group were significantly lower than at d 21 (4.16 £ 0.18 J/h/g) and
d 35 (3.74 + 0.24 J/h/g).

Crude Oil

The natural log-transformed SFG values for control oysters ranged from 3.66-5.01
J/h/g and did not change over time (Fig. 2.6). No significant differences were found
between WAF dilutions at any time points and at any given WAF dilution SFG did not
change over time (Fe33: 0.57; p-values: 0.7532; Fig. 2.6).

Diluted Bitumen

The natural log-transformed SFG values for control oysters ranged from 2.09-4.50
J/h/g and did not change over time (Fig. 2.6). No significant differences were found
between WAF dilutions at any time points and at any given WAF dilution SFG did not
change over time (Fe32: 0.52; p-values: 0.7902; Fig. 2.6).
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Figure 2.6. Mean natural log-transformed scope for growth (SFG) of oysters following
a 7 d exposure of 0%, 25%, 50%, and 100% dilutions of crude oil (CO),
diluted bitumen (DB), and marine diesel (MD) water accommodated
fractions (WAFs) and recovery through d 35. Boxplots represent median
SFG values (lines within the box), 25" and 75" percentiles (boundaries of
the box), as well as minimum and maximum data points (whiskers),
exclusive of any outliers. n = 3-4 oysters. Similar superscript symbols
indicate significant differences between treatment groups at p = 0.05.
Similar superscript letters indicate significant differences across time at p
= 0.05.

2.4.5. Condition index

Marine Diesel

The Cl values for control oysters ranged from 1.60-1.68 cm®/g and did not change
over time (Fig. 2.7). No significant differences were found between WAF dilutions at any
time points and at any given WAF dilution Cl did not change over time (Fs33: 0.22; p-
values: 0.9668; Fig. 2.7).

Crude Oil

The Cl values for control oysters ranged from 1.36-1.78 cm?®g but did not change
over time (Fig. 2.7). No significant differences were found between WAF dilutions at any
time points and at any given WAF dilution Cl did not change over time (Fs2s: 1.26; p-
values: 0.3096; Fig. 2.7).

Diluted Bitumen

The Cl values for control oysters ranged from 0.90-1.10 cm®/g but did not change
over time (Fig. 2.7). No significant differences were found between WAF dilutions at any
time points and at any given WAF dilution Cl did not change over time (Fs3s: 0.69; p-
values: 0.6630; Fig. 2.7).
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Figure 2.7. Mean condition index (Cl) of oysters following a 7 d exposure to 0%, 25%,
50%, and 100% dilutions of crude oil (CO), diluted bitumen (DB), and
marine diesel (MD) water accommodated fractions (WAFs) and recovery
through 35 d. Boxplots represent median Cl values (lines within the box),
25" and 75" percentiles (boundaries of the box), as well as minimum and
maximum data points (whiskers), exclusive of any outliers. n = 4 oysters.
Significant differences between treatment groups across time were
compared at p = 0.05.

2.4.6. Health assessment index

Marine Diesel

The HAI values for control oysters ranged from 1.00-2.25 and did not change over
time (Fig. 2.8). No significant differences were found between WAF dilutions at any time
points and at any given WAF dilution HAI did not change over time (Fs35: 0.76; p-values:
0.6036; Fig. 2.8).

Crude Oil

The HAI values for control oysters ranged from 0.00-0.38 and did not change over
time (Fig. 2.8). No significant differences were found between WAF dilutions at any time
points and at any given WAF dilution HAI did not change over time (Fs21: 1.95; p-values:
0.1209; Fig. 2.8).

Diluted Bitumen

The HAI values for control oysters ranged from 0.50-1.13 and did not change over
time (Fig. 2.8). No significant differences were found between WAF dilutions at any time
points and at any given WAF dilution HAI did not change over time (Fs3s: 0.40; p-values:
0.8725; Fig. 2.8).
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Figure 2.8. Mean health assessment index (HAI) of oysters following a 7 d exposure
to 0%, 25%, 50%, and 100% dilutions of crude oil (CO), diluted bitumen
(DB), and marine diesel (MD) water accommodated fractions (WAFs) and
recovery through 35 d. Boxplots represent median HAI values (lines within
the box), 25" and 75" percentiles (boundaries of the box), as well as
minimum and maximum data points (whiskers), exclusive of any outliers. n
= 3-4 oysters. Significant differences between treatment groups across
time were compared at p = 0.05.

2.4.7. Gonad thickness

Marine Diesel

The wet weight corrected gonadal thickness for control oysters ranged from 291.5-
376.0 um/g and did not change over time (Fig. 2.9). No significant differences were found
between WAF dilutions at any time points and at any given WAF dilution gonad thickness

did not change over time (Fs3s5: 1.41; p-values: 0.2374; Fig. 2.9).

Crude Oil

The wet weight corrected gonadal thickness for control oysters ranged from 523.8-
694.4 um/g and did not change over time (Fig. 2.9). No significant differences were found
between WAF dilutions at any time points and at any given WAF dilution gonad thickness

did not change over time (Fs35: 0.83; p-values: 0.5571; Fig. 2.9).

Diluted Bitumen

The wet weight corrected gonadal thickness for control oysters ranged from 609.8-
910.2 uym/g and did not change over time (Fig. 2.9). No significant differences were found
between WAF dilutions at any time points and at any given WAF dilution gonad thickness

did not change over time (Fs23: 0.63; p-values: 0.7052; Fig. 2.9).
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Figure 2.9. Mean wet weight corrected gonadal thickness of oysters following a 7 d
exposure to 0%, 25%, 50%, and 100% dilutions of crude oil (CO), diluted
bitumen (DB), and marine diesel (MD) water accommodated fractions
(WAFs) and recovery through 35 d. Boxplots represent median corrected
gonadal thickness values (lines within the box), 25" and 75" percentiles
(boundaries of the box), as well as minimum and maximum data points
(whiskers), exclusive of any outliers. n = 4 oysters. Significant differences
between treatment groups across time were compared at p = 0.05.

2.4.8. Digestive lumen to tubule thickness

Marine Diesel

The digestive lumen to tubule thickness for control oysters ranged from 0.88-1.75
and did not change over time (Fig. 2.10). While significant differences were found between
WAF dilutions at certain time points (Fsss: 1.92; p-values: 0.1039; Fig. 2.10), no
concentration-dependent effects were present. At d 7, the digestive gland thickness ratio
for the 25% oysters (0.35 £ 0.01) was only significantly higher than the 100% (0.27 £ 0.01)

treatment group.

Crude Oil

The digestive lumen to tubule thickness for control oysters ranged from 0.50-0.75
and did not change over time (Fig. 2.10). While significant differences were found between
WAF dilutions at certain time points (Fs3s: 2.08; p-values: 0.0806; Fig. 2.10), no
concentration-dependent effects were present. Atd 21, the digestive gland thickness ratio
for control oysters (0.36 + 0.02) was significantly higher than the 25% (0.28 + 0.01), 50%
(0.29 £ 0.00), and 100% (0.28 £ 0.01) WAF treatment groups.

Diluted Bitumen

The digestive lumen to tubule thickness for control oysters ranged from 0.63-0.88
and did not change over time (Fig. 2.10). No significant differences were found between
WAF dilutions at any time points and at any given WAF dilution digestive gland thickness
ratio did not change over time (Fs36: 1.60; p-values: 0.1751; Fig. 2.10).
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Figure 2.10. Mean digestive lumen to tubule thickness ratio of oysters following a 7 d
exposure to 0%, 25%, 50%, and 100% dilutions of crude oil (CO), diluted
bitumen (DB), and marine diesel (MD) water accommodated fractions
(WAFs) and recovery through 35 d. Boxplots represent median digestive
gland thickness values (lines within the box), 25" and 75" percentiles
(boundaries of the box), as well as minimum and maximum data points
(whiskers), exclusive of any outliers. n = 4 oysters. Similar superscript
symbols indicate significant differences between treatment groups at p =
0.05.

2.4.9. Larvae developmental success

Marine Diesel

The proportion of larvae development ranged from 0.19 in the 100% treatment
group to 0.40 in the control oysters (Fig. 2.11). No significant effects were observed
between WAF dilutions (F420: 1.66; p-value: 0.1992; Fig. 2.11).

Crude Oil

The proportion of larvae development ranged from 0.24 in the 75% treatment
group to 0.49 in the 25% treatment group oysters, while the control oysters had a larval
development proportion of 0.43 (Fig. 2.11). No significant effects were observed between
WAF dilutions (Fs20: 1.38; p-value: 0.2768; Fig. 2.11).

Diluted Bitumen

The proportion of larvae development ranged from 0.21 in the 100% treatment
group to 0.36 in the control oysters (Fig. 2.11). No significant effects were observed
between WAF dilutions (Fs20: 1.22; p-value: 0.3330; Fig. 2.11).
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Figure 2.11.

Mean developmental success proportion of oyster larvae following acute
exposure to 0%, 25%, 50%, 75%, and 100% treatment groups of crude oil
(CO), diluted bitumen (DB), and marine diesel (MD) water accommodated
fractions (WAFs). Boxplots represent median larval developmental
success values (lines within the box), 25" and 75" percentiles (boundaries
of the box), as well as minimum and maximum data points (whiskers),
exclusive of any outliers. n = 5 oysters. Significant differences between
treatment groups were compared at p = 0.05.
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2.5. Discussion

With a rise in the production and transport of petroleum products across the Pacific
region of North America, there is an elevated risk of contaminating marine environments
due to accidental spills. The toxicological repercussions of exposure to three petroleum
products with different hydrocarbon constituents in Pacific oysters were examined to
provide information regarding hazards posed to marine bivalves. In this study, a
comprehensive suite of endpoints was utilized to measure toxic effects that included
physiological processes, morphology, histopathology, and development. Additionally, a
recovery period in uncontaminated seawater was used to determine if any observed

effects were short-term in nature and whether recovery was possible.

PAC water concentrations

The three petroleum products investigated in this study have variable PAC
compositions and concentrations (Environment Canada, 2021; EPA, 2003; King et al.,
2017). Fresh marine diesel (MD) has TPAC concentrations ranging from 25-40 mg/g oil
and is primarily comprised of naphthalenes with smaller proportions of phenanthrenes,
biphenyls, and fluorenes (EPA, 2003; Neff et al., 2000; Onwurah et al., 2007). Fresh crude
oil (CO) has a TPAC range between 5-15 mg/g oil, with a composition of low molecular
weight (LMW; 2-3 ring) and high molecular weight (HMW; 4-6 ring) hydrocarbons that
include naphthalenes, phenanthrenes, dibenzothiophenes, fluorenes, and chrysenes
(EPA, 2003; Lee et al., 2015; Philibert et al., 2016; Stoyanovich et al., 2019; Yang et al.,
2011). Fresh diluted bitumen (DB) has the lowest TPAC concentration range amongst the
three oil products (2-6 mg/g oil) and is composed of LMW naphthalenes, phenanthrenes,
fluorenes, and dibenzothiophenes, as well as HMW naphthobenzothiophenes, pyrenes,

and chrysenes (Environment Canada, 2021; King et al., 2017).

Initial WAFs had lower TPAC concentrations and greater proportions of LMW
PACs in their constitution, compared to the parent oil products. MD WAFs had a TPAC
concentration of approximately 150 ug/L, predominantly consisting of naphthalenes, with
some biphenyls and fluorenes. Similarly, CO WAFs had a TPAC concentration of around
350 pg/L, which was mostly comprised of naphthalenes. DB WAFs exhibited the lowest

TPAC concentration (approximately 130 pg/L) among the three oils while having an even
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distribution of naphthalenes, phenanthrenes, anthracenes, dibenzothiophenes, and
fluorenes. The reduced TPAC concentrations in all three WAFs are a result of dilution with
water and are influenced by factors including water solubility, oil-to-water ratios, speed
and duration of mixing, settling period, as well as seawater temperature and salinity
(Bilbao et al., 2022; Faksness et al., 2008; Forth et al., 2017; Singer et al., 2000).
Moreover, the greater proportion of LMW PACs found in all the initial WAFs could be a
result of their increased water solubility and dissolution, relative to the HMW hydrocarbons
(Faksness et al., 2008; French-Mccay, 2004; Neff et al., 2000; Yim et al., 2002).

The composition and TPAC concentrations of all three WAFs generated in this
study were similar to those found in the literature. Previous studies have determined that
TPAC concentrations in WAFs prepared from different crude oils ranged from 0.1-390
Mg/L (Couillard et al., 2015; Forth et al., 2017; Langdon et al., 2016; Loh et al., 2018;
Ramachandran et al., 2004; Stefansson et al., 2016). These studies also found that
naphthalenes were the most abundant semi-volatile hydrocarbons being released in
WAFs due to their higher water solubility, while phenanthrenes, dibenzothiophenes,
fluorenes, and fluoranthenes were present in lower proportions (Bilbao et al., 2022;
Faksness et al., 2008). Additionally, in their WAFs, HMW hydrocarbons did not contribute
much to the TPAC concentration, resulting in PACs with molecular weights greater than
chrysene remaining undetected (Faksness et al., 2008). These findings encompass the
TPAC concentrations found in the three WAFs (150-350 ug/L) while having similar

proportions of individual LMW hydrocarbons in all the initial WAF compositions.

Studies following marine petroleum spills have also reported similar TPAC
constituent proportions and concentrations in water. For example, TPAC concentrations
measured after the Deepwater Horizon spill of crude oil in the Gulf of Mexico ranged from
0.01-150 pg/L (Boehm et al., 2011; Liu et al., 2014; Sammarco et al., 2013; Wade et al.,
2011). Other spills, such as the Prestige oil spill near Spain, released 77,000 t of heavy
fuel oil with an average TPAC concentration of 100 ug/L (Gonzalez et al., 2006), while the
North Cape barge spill in the US resulted in an average concentration of 115 pg/L from
over 2700 metric t of spilled No. 2 Fuel Oil (Reddy & Quinn, 1999). Within h or d of an oil
spill there is a rapid loss of LMW and volatile PACs (e.g., naphthalenes and biphenyls),
while HMW PACs (e.g., pyrene, fluoranthene, benzo[alanthracene) tend to persist longer
in seawater (Federal Government, 2013; Forth et al., 2017; Neff et al., 2000; Reddy et al.,

2012). Despite having similar TPAC composition and concentration as our laboratory-
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prepared WAFs, naturally occurring oil spills have some variations that can be attributed
to the type, volume, and distribution of the spilled oil, oil-water mixing conditions, as well

as the weathering of oil products (Forth et al., 2017).

For all the WAFs, there was a rapid reduction in the TPAC concentration over 3 d
which continued to slowly decline till d 7. This was mainly due to the gradual loss of the 2-
ring naphthalenes and biphenyls, with an increase in proportions of the 3-ring
phenanthrenes, anthracenes, dibenzothiophenes, and fluorenes. This variation in TPAC
concentration and composition of WAFs over the 7 d exposure period could be attributed
to weathering processes that include evaporative loss, dissolution, photolysis, and
biodegradation (Forth et al., 2017; French-Mccay, 2004; Loh et al., 2018; Uno et al., 2009).
This resulted in LMW PACs having reduced persistence in water during our WAF
exposures and natural oil spills due to their high rates of volatilization (Bilbao et al., 2022;
Forth et al., 2017; Neff et al., 2000; Reddy et al., 2012). The loss of these hydrocarbons
from water could also be a result of their potential accumulation in oyster tissues given
their hydrophobicity and lipophilicity (Baussant et al., 2001; Loh et al., 2018), as well as

potential binding to the exposure glass tanks.

PAC tissue concentrations

On d 7 of MD and CO exposures, greater concentrations of TPACs were detected
in oyster tissues compared to water. The major PACs detected in tissues included LMW
hydrocarbons such as naphthalenes, biphenyls, and fluorenes. DB-exposed oyster
tissues had a lower TPAC concentration than water but a similar composition that included
naphthalenes, phenanthrenes, anthracenes, dibenzothiophenes, and fluorenes. Similar
PAC compositions have also been measured in the tissues of other bivalves exposed to
WAFs of different crude oils (Al-Saad et al., 2011; Ito et al., 2015; Li et al., 2021; Onozato
et al., 2016; Oros & Ross, 2005). The higher accumulation of LMW PACs in tissues is
likely due to their greater solubility in water, which makes them more bioavailable for
uptake than HMW hydrocarbons (French-Mccay et al., 2019; Hodson et al., 2019; Li et al.,
2021; Loh et al., 2018; Mackay & Mcauliffe, 1989). Additionally, while lower concentrations
of HMW PACs are found in petroleum WAFs, their bioavailable components tend to
accumulate more in bivalve tissues due to their high Kow values and lipophilicity (Baussant
et al., 2001; Ito et al., 2015; Uno et al., 2009).
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Numerous reports of TPAC concentrations in bivalve tissues following oil
exposures are similar to those found after the oyster exposures to CO (29 pg/g), MD (4
Ma/g), and DB (3 pg/g). For example, after a 24 h crude oil WAF exposure, average TPAC
concentrations of 35 ug/g were measured in C. gigas tissues (Loh et al., 2018). Similarly,
TPAC concentrations in C. gigas tissues after the Wu Yi San crude oil spill (China) over
60 d were 0.52-110 ug/g (Loh et al., 2017), and during the Hebei Spirit spill (South Korea)
were 8-100 pg/g (Yim et al., 2012). The background TPAC concentrations detected in C.
gigas tissues found in the San Francisco Bay were 0.2—-6.9 ug/g (Oros & Ross, 2005) and
the coastal areas in China were 0.05 ug/g (Li et al., 2021). TPAC concentrations measured
in other bivalve species included 0.1-25 pg/g in C. virginica tissue after the Apex barge
spill (United States) of No. 5 Fuel Oil over 110 d (Wade et al., 1993) and 4.7-234 ug/g in
the M. trossulus tissue following the Exxon Valdez spill (Neff & Burns, 1996; Short &
Babcock, 1996). These studies suggest that the TPAC concentrations detected in oyster
tissues in our study mirrored the accumulation patterns of PACs in bivalve tissues during
historical oil spills in a marine environment. Moreover, the accumulation pattern of PACs
in bivalve tissues can be influenced by the type, extent, and duration of the oil exposure
(Ito et al., 2015; Mason, 1988).

During the depuration period, TPAC concentrations in oyster tissues declined.
Between d 7 and 21, there was a rapid loss of accumulated hydrocarbons, followed by a
slower reduction from d 21 to 35. Similar depuration rate patterns have been found in other
studies, where most of the hydrocarbons are eliminated from bivalve tissues within two
weeks of the exposure period (Al-Saad et al., 2011; Baussant et al., 2001; Li et al., 2021;
Mason, 1988; Schmutz, 2018). These results suggest that Pacific oysters can potentially
biotransform parent PACs, which allows for easier elimination of the contaminant
metabolites through diffusion or excretion (Baussant et al., 2001; Ertl et al., 2016; Gan et
al., 2021; Kim et al., 2007; Loh et al., 2018). Additionally, during the depuration period, the
proportions of LMW PACs decreased in oyster tissues, while the HMW hydrocarbons
increased for all three petroleum types. This indicates that the biotransformation of
different PACs could be based on their molecular weight and structure, which would

influence the depuration rates of their metabolites from oyster tissues.
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Scope for growth

Scope for growth (SFG) is a quantitative measure of contaminant-induced stress
to determine the overall growth potential of oysters using a balanced energy equation
(Widdows & Staff, 2006), which is calculated based on the energy difference expended
through oxygen consumption (MO;) and absorbed through acquisition (clearance rate;

CR) and assimilation (absorption efficiency; AE) of organic matter from food.

The CR of algae in Pacific oysters was measured by assessing the amount of
seawater cleared of suspended Isochrysis galbana cells as a function of time. CR values
for control oysters in the current study (2.94-20.7 L/h/g) fell within the range (0.002-5.02
L/h/g) measured for control bivalves in other studies (Guzman-Aguero et al., 2012;
Hutchinson & Hawkins, 1992; Jeong & Cho, 2007; Widdows et al., 1995; Widdows & Staff;
2006). In our study, WAF exposures did not impact oyster CR for any oil type. These
results are contradictory to several studies which showed a negative correlation between
CR values and hydrocarbon accumulation in bivalves (Guzman-Aguero et al., 2013;
Hutchinson & Hawkins, 1992; Jeong & Cho, 2007; Kim et al., 2007; Schmutz, 2018;
Widdows & Johnson, 1988; Widdows et al., 1982, 1985, 2002). Other studies found that
reduced CR could be attributed to oyster shell closure as a biological response to minimize
the intrusion of PACs during petroleum exposures, which can cause variation in their gill
ciliary action to procure food particles due to narcotic effects (Donkin et al., 1989; Jeong
& Cho, 2007; Kim et al., 2007; Schmutz, 2018). However, the absence of alterations in
the current CR measurements could be a result of the short sub-chronic exposure
duration, which did not allow high bioavailability of HMW PACs to be accumulated in

oysters, which could impact their CR measurements.

AE measured the efficiency of assimilating organic matter from consumed food.
The AE values for control oysters in the current study ranged between 0.47-0.81, which
was similar to the range (0.24-0.59) reported for C. gigas and M. edulis (Guzman-Aguero
et al., 2012; Hutchinson & Hawkins, 1992; Jeong & Cho, 2007; Kim et al., 2007; Widdows
et al., 1995; Widdows & Staff, 2006). While no impacts on AE values were found in the
present study, other studies have found a reduction in AE with increasing PAC
concentrations (Jeong & Cho, 2007; Redmond et al.,, 2016; Toro et al., 2003). The
decrease in AE values has been attributed to the impairment of oyster digestive gland

pathology and stability of their lysosomal membranes due to petroleum exposure (Jeong
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& Cho, 2007; Lowe & Clarke, 1989; Schmutz, 2018; Toro et al., 2003; Wang et al., 2005).
In the current study, however, it is possible that the accumulation of PAC concentrations
in oyster tissues after the three oil exposures was not high enough to induce such
alterations, which would elucidate the absence of variation in AE values across the

different treatment groups and sampling times.

MO; was used to estimate the amount of energy expended through respiration in
a static respirometer. The MO- values for control oysters in this study ranged from 10.86-
21.85 pmol O2/h/g, which fell within the range (7.19-53.75 pymol Oz/h/g) reported for control
C. gigas and M. edulis (Guzman-Aguero et al., 2012; Jeong & Cho, 2007; Widdows et al.,
1995; Widdows & Staff; 2006). Oyster MO- values were not impacted by WAF exposure,
which was contradictory to the findings of previous studies. Several studies have shown
that bivalve MO, values can be reduced with increasing hydrocarbon body burdens
(Hutchinson & Hawkins, 1992; Kim et al., 2007; Schmutz, 2018), while others have found
higher MO, values with exposures (Jeong & Cho, 2007; Toro et al., 2003). It has been
suggested that reduced MO, rates could be due to the narcotic impact of PACs on the
ciliary activity of their gill epithelium (Donkin et al., 1989; Hutchinson & Hawkins, 1992;
Schmutz, 2018), while others have suggested an increase in oxygen consumption is due
to the biotransformation and elimination of PACs (Jeong & Cho, 2007; Stekoll et al., 1980;
Widdows et al., 1982). While no variations were observed on oyster MO in this study, it
could be attributed to the short exposure duration for all three oils that did not allow HMW
PACs to accumulate in high concentrations within oyster tissues due to their potentially
lower bioavailability. Moreover, the concentrations of LMW PACs accumulated on d 7 for
all three petroleum exposures may not have been elevated enough to induce or inhibit

oxygen consumption in oysters.

SFG has been suggested as a sensitive indicator of petroleum exposure, which
can be influenced by the exposure duration and contaminant concentration (Jeong & Cho,
2007; Kim et al., 2007; Schmutz, 2018; Toro et al., 2003; Widdows & Johnson, 1988;
Widdows et al., 2002). In the current study, SFG values for control oysters were between
8.08-149.90 J/h/g, which were similar to literature values for control C. gigas and M. edulis
that ranged from 43.63-163 J/h/g (Guzman-Aguero et al., 2012; Hutchinson & Hawkins,
1992; Jeong & Cho, 2007; Widdows et al., 1995; Widdows & Staff; 2006). Other studies
have found decreased SFG values with increasing PAC concentrations in bivalve tissues
(Toro et al., 2003; Widdows et al., 1987, 2002; Widdows & Johnson, 1988). However, in
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the current study, oyster SFG values were not impacted by exposure to the three
petroleum WAFs. Since SFG is largely dependent on the loading concentrations used
during oil WAF studies, the PAC concentrations used in this study may not have been
substantial enough to cause significant physiological changes to the overall oyster SFG,
which uses the preserved energy for combating contamination related stress (Bayen et
al., 2007; Kim et al., 2007; Schmutz, 2018). Oysters also tend to adapt to varying PAC
concentrations, where they can maintain their metabolic rates at low exposure levels
(Jeong & Cho, 2007). Moreover, adult bivalves have been known to show resilience to
short petroleum exposures (Schmutz, 2018), which could potentially explain the absence

of effects observed on oyster physiological responses after the 7 d petroleum exposures.

Condition index

Condition index (Cl) is a physiological parameter for addressing potential
alterations in the health status, growth, tissue yield, and sexual maturity of bivalves, due
to the presence of environmental stressors (Lundebye et al., 1997; Sasikumar &
Krishnakumar, 2011; Zeng & Yang, 2020). Cl can be utilized for determining the efficiency
of tissue growth in oysters exposed to contaminants and their ability to utilize shell space
(Lawrence & Scott, 1982). The control Cl values in this study ranged from 0.9-1.78 g/cm?3.
Exposing oysters to the WAFs of three petroleum products did not affect their Cl. As
different methodologies are used for calculating bivalve CI given their non-uniform shell
morphology and varied thickness, making comparisons with previous studies was not
possible (Zeng & Yang, 2020). This could potentially be a result of the short 7 d exposure
where minimal time had passed for the oils to cause measurable changes to the tissue or
shell morphometrics. Consequently, additional studies with longer exposure periods might
be required to observe the long-term impacts of petroleum products on bivalve

morphology and Cl values.

Health assessment index

Health assessment index (HAI) is a field necropsy method that assigns a numerical
value to various oyster tissues and organs to assess their health, based on the severity of
damage incurred due to environmental stressors, such as petroleum products (Adams et
al., 1993; Goede & Barton, 1990). This visual inspection of gross changes occurring in the

oyster mantle, digestive gland, gill, adductor muscle, and gonadal tissue can provide a

81



rapid and cost-effective assessment of their health (Adams et al., 1993). HAI values for
control oysters in the current study ranged from 0.00-2.25. As there is limited literature
available for bivalve HAI values, making comparisons with the current study was
challenging. The HAI score analysis revealed no WAF-dependent differences in oysters
or time-related effects. This could be a result of the short exposure duration, where the
PACs did not alter the visual health of oyster tissues and organs. However, longer
exposures might induce adverse impacts on the oyster HAI, which could be observed with

chronic studies.

Gonad histopathology

One tool for assessing the impact of petroleum exposure on bivalve reproductive
health is gonad histopathology (Aarab et al., 2011; Smolarz et al., 2017; Schmutz, 2018).
This can be achieved by measuring their gonadal structures to ascertain differences in
their gametogenesis and development (Aarab et al., 2011; Schmutz, 2018). Robust
gonads are an indicator of a successful gametogenic cycle since oysters have a higher
success rate for spawning and continuing their progeny (Joseph & Madhystha, 1982; Kang
et al., 2010). In the present study, the gonadal thickness of control oysters was normalized
to their wet weight and had values between 291.5-910.2 um/g. Given the limited literature
available for these values, making comparisons with the current study was not possible.
Oyster gonadal thickness in this study was not influenced by all three WAF exposures.
These results could potentially be due to the short exposure periods and lower
accumulated PAC concentrations in their tissues, which might have prevented alterations
in their gonadal thickness. Oyster gonads also have high lipid content (Wang et al., 2020)
that can reduce the rate of elimination due to increased accumulation of PACs, which

might take longer to elicit changes in oyster gonadal tissue.

Digestive gland histopathology

Another tool for assessing ecotoxicity due to petroleum exposure is the digestive
gland histopathology of bivalves (Aarab et al., 2011; Smolarz et al., 2017; Schmutz, 2018).
This can be achieved by observing and measuring the somatic tissue structures, including
the digestive lumen and tubules to assess the impact of oil products on oyster metabolism
and energy utilization (Schmutz, 2018). The ratio of these measurements provides

information regarding oyster health, where thinner digestive lumen to tubule proportions
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would indicate greater PAC-related stress due to overt utilization of stored glycogen
resources (Aarab et al., 2011; Bignell et al., 2011; Kang et al., 2010; Peterio et al., 2007;
Smolders et al., 2004). In this study, the digestive tubule histopathology ratios for control
oysters ranged from 0.29-0.36. As limited studies have been performed for such
measurements, making comparisons with the present study was challenging. However,
histopathological analysis of digestive tubule to lumen (epithelial tissue) thickness
revealed no significant changes in their digestive gland anatomy due to all three WAF
exposures. This could be a result of the short exposure duration where not enough time
had passed to drastically affect the inner epithelium layer of digestive glands. Hence,
additional chronic studies might be required to assess the long-term impacts of petroleum
exposure on such tissues, along with quantifying the time associated to regain used

glycogen resources and rejuvenate the epithelium tissue lining.

Larval development

The developmental success of oyster larvae was selected as the criteria for
determining the impact of petroleum WAFs on oyster reproduction. The proportion of
developmental success for control oysters ranged from 0.36-0.43. Given the limited
literature available for these values, comparisons with the current study could not be
performed. After conducting the WAF exposures, no significant variations in the
developmental success of oyster larvae were observed. There are a few factors that might
have influenced these results. Firstly, high levels of pCO. could be present in the
potentially hypoxic seawater used for exposures, which would cause a delay in gamete
fertilization and larval development (Nordio et al., 2020; Parker et al., 2012; Ventura et al.,
2016; Waldbusser et al., 2015). Since most larvae developed to the trochophore stage,
where the velum had started to form, they might have required additional time and small
quantities of food to help develop further (Parker et al., 2012; Ventura et al., 2016;
Waldbusser et al., 2013; Widdows, 1991). However, since 48 h is an acceptable period
for oyster larvae to reach the D-veliger stage given the mineral precipitation of calcium
carbonate from 90% of the total larval mass (His & Maurer, 1988; Song et al., 2009;
Waldbusser et al., 2013), the delayed development of oyster larvae could have been
induced by other factors. These could include the low fertilization success rate due to

reduced sperm motility, oocyte density, seawater volume, gamete contact time, incubation
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temperature, as well as the spermatozoa-to-oocyte ratio present during the exposure
(Jeong & Cho, 2005; Parker et al., 2012; Rico-Villa et al., 2009; Song et al., 2009).

Conclusion

This study assessed the effects of MD, CO, and DB WAFs on several aspects of
the physiology, morphology, histopathology, and reproduction of Pacific oysters. During
the exposure, CO WAFs released the highest TPAC concentrations, followed by MD and
DB, which accumulated within oyster tissues in the same order. This suggested that CO
spills can have a longer presence in a marine environment since their volatilization rate is
not as rapid as lighter fuel oils like MD while having a higher dissolution rate compared to
heavier petroleum such as DB. This can result in greater spreading of crude oil during
spills while impacting the remediation strategies required to mitigate them. Moreover, after
being placed in uncontaminated seawater there was a rapid decline in the oyster tissue
PAC concentrations, potentially due to the biotransformation of parent hydrocarbons and
elimination of their metabolites. These results were antithetical to other studies that found
a slower biotransformation rate of PACs in bivalves. Although oysters have been
previously used as a biomonitor species due to their ability to accumulate hydrocarbons
for long periods, the current results recommend an immediate tissue sampling after being
extracted from a polluted environment. This would provide environmentally realistic

petroleum concentrations and be representative of bivalve responses after an oil spill.

In the present study, short-term petroleum exposures to the three petroleum
products did not alter the measured endpoints in Pacific oysters. Although this species
accumulated PACs initially, no adverse impacts of oil were found. This might not hold true
for all bivalve species since many studies have shown the detrimental impacts of
petroleum products. Consequently, in future studies, longer WAF exposure experiments
with other bivalve species might be required to evaluate the ecotoxicological impacts of
petroleum spills since continuous exposures to varying concentrations of PACs could
potentially have detrimental impacts on their survival, growth, and reproduction. These
findings can help guide targeted conservation and remediation efforts through
understanding the impact of oil spills on multiple bivalve species, as well as developing
appropriate monitoring and management plans to protect and restore marine habitats

following petroleum spills of varying lengths under different conditions.
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Chapter 3. General Conclusions and Future
Recommendations

3.1. General Conclusion

Petroleum product spills in the environment have been extensively studied and are
known to cause lethal and sublethal effects on exposed bivalves due to the presence of
PACs, alongside other contaminants. Consequently, this study was designed to assess
the ecotoxicological impact of three petroleum product (MD, CO, and DB) sub-chronic
exposures, followed by a four-week recovery period. Endpoints assessed in this study
included SFG, inclusive of CR, AE, and MO, measurements, gonad and digestive gland
histopathology, larval developmental success, along with the Cl and HAI of Pacific oysters
(Crassostrea gigas). After analyzing the WAFs and oyster tissues exposed to the three
products, the highest TPAC concentrations were detected in the CO exposure, followed
by MD and DB. However, these exposures did not induce any significant impacts on the

physiology, morphology, histopathology, or development of Pacific oysters over time.

The current study suggested that during the 7 d exposure period, oysters were
able to retain bioavailable PACs in their tissues. However, after being placed in
uncontaminated water, TPAC concentration in their tissues rapidly declined. One potential
reason for this could be the biotransformation of parent PACs resulting in their fast
depuration through gut egestion or passive diffusion from gills. Another possible reason
could be that after being removed from petroleum WAFs, there was an absence of
continuous PAC exposure that reduced the tissue TPAC concentrations over time and

prevented adverse toxicological impacts.

Over the years, a multitude of studies have used bivalves as biomonitors to inform
decisions regarding the monitoring, regulation, and remediation of oil spills. Previous
studies have stated that the sedentary lifestyle, robust size, filter-feeding ability, and slow
biotransformation of hydrocarbons within this species make them viable candidates to
study the impact of petroleum in the marine environment. However, given the results from
the current study, it is pertinent that this species may be used for testing the mechanisms
of hydrocarbon uptake, depuration rates, and biotransformation capacity in bivalves, but

within a time-sensitive manner of being removed from a marine oil spill.
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3.2. Future Recommendations

Given the present results, some additional research might be required to ascertain
the use of Pacific oysters as biomonitors for assessing the environmental impact of
petroleum products. Alterations in their populations, growth rates, and reproductive
success are indicators of ecological health that can assist with the proper management of
these contaminants in a marine environment. While the current study did not provide
evidence regarding the detrimental effects of the three petroleum products on Pacific
oysters, extensive research is still required, with additional resources and endpoints being
allocated to the experimental system. Based on their economic and cultural significance,
caution needs to be taken while establishing acceptable daily human intake
concentrations by federal and provincial agencies. Moreover, with the global expansion of
petroleum mining and transportation, it is important to understand the ecotoxicological
ramifications of oil spills. While some PACs have high volatilization rates, significant
portions of the chemicals can remain in the environment for long durations and have
adverse impacts on the exposed biota. Hence, additional chronic studies with different
bivalve species should be utilized to determine the long-term exposure effects of such
contaminants, especially on endpoints related to their morphology, such as CI, HAI, and
histopathology that might require continuous exposure to demonstrate substantial
alterations. These studies could utilize different oil types and concentrations, exposure
durations and conditions, while also assessing the effects of weathering on petroleum
toxicity. Information obtained from these experiments can be utilized for developing oil spill
models and response strategies, environmental risk assessments, and monitoring plans
for managing marine organisms in the event of potential spills that can allow the protection

of sites and organisms more prone to petroleum exposure over a long duration.
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Appendix. Supplemental information

Additional results

Algal clearance rate

Algal concentration in the negative control did not change over time and therefore
a standard rate of decline was not needed to calculate clearance rate (CR) values. To
meet the normality assumptions for oysters exposed to CO, one outlier (S4-50%-D35) was
omitted from the dataset. There was also a random effect of 2.76% produced because of
the placement of exposure tanks in the waterbaths. Similarly, for DB, one outlier (S1-25%-
D35) was omitted from the dataset and there was a random effect of 6.09% produced due
to the placement of exposure tanks in the waterbaths. Finally, for MD no outliers had to
be omitted from the dataset but there was a random effect of 38.55% produced because

of the placement of exposure tanks in the waterbaths.

Absorption efficiency

Based on the average algae ash-free (organic) weights, the same particulate
organic matter (POM) concentrations were used for all oysters exposed to a petroleum
product, where values for DB, CO, and MD were 0.3277 mg/L, 0.4667 mg/L, and 0.3896
mg/L, respectively. For all biological replicates, the same mean absorption efficiency (AE)
values per petroleum treatment group were used in the SFG calculations to remove
influential data noise. To meet the normality assumptions for oysters exposed to CO, 10
outliers were omitted from the dataset. There was also a random effect of 23.41%
produced because of the placement of exposure tanks in the waterbaths. Similarly, for
DB, 12 outliers were omitted from the dataset and there was a random effect of 13.03%
produced due to the placement of exposure tanks in the waterbaths. Finally, for MD, 5
outliers had to be omitted from the dataset and there was a random effect of 12.49%

produced because of the placement of exposure tanks in the waterbaths.

Oxygen consumption

For the oysters exposed to CO, DB, and MD no outliers were required to be

excluded for meeting the model normality assumptions. There was also a random effect
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of 0.00% produced due to the placement of the exposure tanks in the waterbaths for all

three products.

Scope for growth

One outlier (S4-50%-D35) was excluded from the dataset to meet the model
normality assumptions for oysters exposed to CO, while there was also a 3.65% random
effect produced due to the placement of exposure tanks in waterbaths. Similarly, no
outliers were removed for MD, which had a 45.54% random effect produced due to the
experimental tank placement, while two outliers (S1-50%-D7, S1-25%-D35) were
excluded from the dataset for oysters exposed to DB, with a 3.01% random effect

produced due to the tank placement.

Condition index

No outliers were excluded from the dataset to meet the model normality
assumptions for oysters exposed to all three petroleum products. Also, there was a
random effect of 0.00% produced due to the placement of the exposure tanks in the
waterbaths for CO and DB, while there was a 33.37% effect produced for MD.

Health assessment index

Two outliers (S2-0%-D7, S1-50%-D35) were excluded from the dataset to meet
the model normality assumptions for oysters exposed to CO, while no random effect was
produced due to the exposure tank placement in the waterbaths. For oysters exposed to
DB, no outliers were required to be excluded and 0.00% tank random effects were
produced. Similarly, no outliers were excluded for MD oysters, but there was a 32.49%

random effect because of the tank placement in the waterbaths.

Gonad thickness/oyster wet weight

For oysters exposed to CO, no outliers were excluded for meeting the model
normality assumptions, and there was a random effect of 4.29% produced due to the
placement of exposure tanks in the waterbaths. Similarly for DB exposed oysters, no
outliers were excluded from the dataset, but there was a 0.00% random effect induced
due to the waterbath tank placement. Finally, for oysters exposed to MD, no outliers were
removed but there was a 33.35% random effect produced because of the exposure tank

placement in the waterbaths.
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Digestive lumen/digestive tubule thickness

No outliers were excluded from the CO dataset to meet the model normality
assumptions but there were 7.17% random effects produced due to the placement of
exposure tanks in the waterbaths. For DB and MD, no outliers were excluded, while
producing a 0.00% random effect due to the placement of exposure tanks in the

waterbaths.

Larvae developmental success

This analysis was performed on an average of five biological replicates (prior to
the outlier exclusion) per petroleum product WAF concentration (0%, 25%, 50%, 75%,
100%). The normality assumption of this model was achieved with no data transformation
required. No outliers were required to be excluded for meeting the model normality

assumptions in oysters exposed to all three petroleum products.
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Figures

Figure A.1.
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Gonad, digestive lumen, and digestive tubule thickness (um)
measurement in a healthy control (0%) male oyster on day 7 of the
diluted bitumen exposure at 50x total magnification with the inverted
brightfield microscope Leica DMi8. Micrograph taken of a 5 ym
section stained with hematoxylin and eosin.
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Figure A.2.
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Gonad, digestive lumen, and digestive tubule thickness (um)
measurement in an unhealthy 100% female oyster on day 7 of the
diluted bitumen exposure at 50x total magnification with the inverted
brightfield microscope Leica DMi8. Micrograph taken of a 5 ym
section stained with hematoxylin and eosin.
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Figure A.3. Oyster anatomy with labels used for the health assessment index.
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.

Figure A.4. Different larval developmental stages (A) Unfertilized egg; (B)
Fertilized egg; (C) Trochophore; (D) D-veliger larvae at 100x total
magnification with the inverted brightfield microscope Leica DMi8.
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Figure A.5.
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PAC profile of water concentrations (0%, 25%, 50%, 100%) in ng/L post-diluted bitumen exposure on Day 3.

Figure A.6.
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Figure A.7.
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PAC profile of water concentrations (0%, 25%, 50%, 100%) in ng/L post-crude oil exposure on Day 0.

Figure A.8.
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PAC profile of water concentrations (0%, 25%, 50%, 100%) in ng/L post-crude oil exposure on Day 3.

Figure A.9.
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Figure A.10. PAC profile of water concentrations (0%, 25%, 50%, 100%) in ng/L post-crude oil exposure on Day 7.
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PAC profile of water concentrations (0%, 25%, 50%, 100%) in ng/L post-marine diesel exposure on Day 0.

Figure A.11.
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Figure A.12. PAC profile of water concentrations (0%, 25%, 50%, 100%) in ng/L post-marine diesel exposure on Day 3.
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Figure A.13. PAC profile of water concentrations (0%, 25%, 50%, 100%) in ng/L post-marine diesel exposure on Day 7.
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Figure A.14. PAC profile of tissue concentrations (0%, 25%, 50%, 100%) in ng/g post-diluted bitumen exposed oysters on

Day 7.
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Figure A.15. PAC profile of tissue concentrations (0%, 25%, 50%, 100%) in ng/g post-diluted bitumen exposed oysters on

Day 21.
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Figure A.17. PAC profile of tissue concentrations (0%, 25%, 50%, 100%) in ng/g post-crude oil exposed oysters on Day 7.
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Figure A.18. PAC profile of tissue concentrations (0%, 25%, 50%, 100%) in ng/g post-crude oil exposed oysters on Day 21.
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Figure A.19. PAC profile of tissue concentrations (0%, 25%, 50%, 100%) in ng/g post-crude oil exposed oysters on Day 35.
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Figure A.20. PAC profile of tissue concentrations (0%, 25%, 50%, 100%) in ng/g post-marine diesel exposed oysters on Day

122



=X

=)

S

-

|

=X

S

LN

||

=x

(Ua]

~

=X

S

]

o ©o o o o o o o
T N © ® ® %+ N
- - -

(3/8u) uonesuad’uo)

sauashdozuag fsauayjuelo nyozuag-z)
sauasAdozuag fsauayjuelo nyozuag-1)
sauasAy) fssusoeapue[e] ozuag-g)
sauasAiy) fsauadeipuefe] ozuag-gd
auashiydAylain-9/s
sauaild/sauayjuelonjj-td
sauaild/sauayjuelonj4-7d
sauaifd/sauayjuelonj4-1d

aualey
saudlelyuy/sauaiyiueuayd-g
auaJyjueuaydjApawig-£ T
auaJyjueuaydjAypawig-9‘e
aualpueuaydiAylaN-v/6
auaJayeuayd AYyle -z

saua ydoylozua qig-d
auaydo i ozuaq IpjAtpawig-9‘y
saua ydoylozua qig-zd

saua ydoylozua qig-1d
saualon|4-g)

auaJonjjApawiqg-LT
sauaydeuady-1d
ausjeyiydeujAypawiil-s'e‘z
sauajewpydeN-£)
susjeyiydeuAyzawig-z‘c
shuaydig-

[Auaydig

ausjeyydeu Ays N-1
auajAiad[iyd]ozuag
aualeayue[y‘ejzuaqig
auaiAd[e]ozuag

sauatueony[y Tlozuag

auashuy

auaJid

SaUIIBILRUY/SIUA LRUEBUBY] TD
auaJlyueuayd
sauddeILuUY/saualLlpueuayd o
auayydeuady

auajeyyden

PAC profile of tissue concentrations (0%, 25%, 50%, 100%) in ng/g post-marine diesel exposed oysters on Day

21.

Figure A.21.
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Figure A.22. PAC profile of tissue concentrations (0%, 25%, 50%, 100%) in ng/g post-marine diesel exposed oysters on Day
35.
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Figure A.23. The bioconcentration of PAH in oyster tissue (ng/g) based on the water concentration (ng/L) on day 7 of the
exposure to A) crude oil, B) diluted bitumen, and C) marine diesel.
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Figure A.24. Cumulative curve for percent mortality of Pacific oysters exposed to 0%, 25%, 50%, and 100% A) crude oil, B)
diluted bitumen, and C) marine diesel WAF concentrations during a 7-d exposure.
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Tables

Table A.1. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for natural log-transformed
clearance rate (L/hr/g) values of Pacific oysters exposed to 0%, 25%,
50%, 100% crude oil concentrations at 7, 21, and 35 recovery days.

Concentration % - Recovery Day Mean Standard Deviation Sample Size SEM
0% - 7d 1.75 0.61 4 0.31
25% - 7d 2.39 0.64 4 0.32
50% - 7d 1.74 0.42 4 0.21

100% - 7d 1.83 1.15 4 0.58
0% - 21d 1.76 0.76 4 0.38
25% - 21d 1.84 047 4 0.24
50% - 21d 1.99 0.68 4 0.34
100% - 21d 1.97 0.39 4 0.20
0% - 35d 3.03 1.37 4 0.68
25% - 35d 3.51 0.56 4 0.28
50% - 35d 2.27 0.11 3 0.07
100% - 35d 2.60 0.88 4 0.44

Table A.2. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for natural log-transformed
clearance rate (L/hr/g) values of Pacific oysters exposed to 0%, 25%,
50%, 100% diluted bitumen concentrations at 7, 21,and 35 recovery

days.

Concentration % - Recovery Day Mean Standard Deviation Sample Size SEM
0% - 7d 1.53 0.85 4 0.43
25% - 7d 1.58 0.51 4 0.25
50% - 7d 1.46 0.63 4 0.32
100% - 7d 2.02 0.44 4 0.22
0% - 21d 1.96 0.51 4 0.26
25% - 21d 2.13 0.82 4 0.41
50% - 21d 1.99 0.49 4 0.25
100% - 21d 2.84 0.74 4 0.37
0% - 35d 2.91 1.08 4 0.54
25% - 35d 2.54 1.85 3 1.07
50% - 35d 2.28 0.53 4 0.26
100% - 35d 2.72 0.70 4 0.35
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Table A.3. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for natural log-transformed
clearance rate (L/hr/g) values of Pacific oysters exposed to 0%, 25%,
50%, 100% marine diesel concentrations at 7, 21, and 35 recovery
days.
Concentration (%) - Recovery Day Mean Standard Deviation Sample Size SEM
0% - 7d 1.10 0.51 4 0.25
25% - 7d 1.34 0.09 4 0.04
50% - 7d 1.00 0.41 4 0.21
100% - 7d 1.23 0.44 4 0.22
0% - 21d 1.08 0.06 4 0.03
25% - 21d 2.37 0.38 4 0.19
50% - 21d 2.37 0.35 4 0.17
100% - 21d 1.99 0.28 4 0.14
0% - 35d 2.28 0.63 4 0.31
25% - 35d 1.74 0.58 4 0.29
50% - 35d 1.92 047 4 0.24
100% - 35d 1.83 0.28 4 0.14
Table A.4. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for average oxygen
consumption (umol O2/h/g) values of Pacific oysters exposed to 0%,
25%, 50%, 100% crude oil concentrations at 7, 21, and 35 recovery
days.
Concentration % - Recovery Day Mean Standard Deviation Sample Size SEM
0% - 7d 18.98 3.15 4 1.57
25% - 7d 25.02 2.73 4 1.36
50% - 7d 21.07 3.44 4 1.72
100% - 7d 16.73 4.09 4 2.05
0% - 21d 10.86 2.1 4 1.05
25% - 21d 16.53 5.18 4 2.59
50% - 21d 15.99 8.04 4 4.02
100% - 21d 12.78 3.32 4 1.66
0% - 35d 18.03 1.01 4 0.51
25% - 35d 20.62 4.69 4 2.34
50% - 35d 25.52 6.68 4 3.34
100% - 35d 11.32 2.86 4 1.43




Table A.5. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for average oxygen
consumption (umol O2/h/g) values of Pacific oysters exposed to 0%,
25%, 50%, 100% diluted bitumen concentrations at 7, 21, and 35
recovery days.

Concentration % - Recovery Day Mean Standard Deviation Sample Size SEM
0% - 7d 19.93 13.19 4 6.60

25% - 7d 24.02 6.94 4 3.47

50% - 7d 23.35 5.18 4 2.59

100% - 7d 24.34 9.18 4 4.59

0% - 21d 21.11 8.18 4 4.09

25% - 21d 23.03 7.51 4 3.76

50% - 21d 21.07 7.10 4 3.55

100% - 21d 21.72 6.58 4 3.29

0% - 35d 18.44 7.38 4 3.69

25% - 35d 11.79 8.41 4 4.20

50% - 35d 19.09 8.72 4 4.36

100% - 35d 15.63 5.26 4 2.63

Table A.6. The mean, standard deviation, standard error of means, and sample

size (exclusive of outliers) presented for average oxygen
consumption (umol O2/h/g) values of Pacific oysters exposed to 0%,
25%, 50%, 100% marine diesel concentrations at 7, 21, and 35

recovery days.

Concentration (%) - Recovery Day Mean Standard Deviation Sample Size SEM
0% -7d 18.14 3.44 4 1.72
25% - 7d 13.96 5.15 4 2.57
50% - 7d 12.68 1.60 4 0.80
100% - 7d 11.28 6.40 4 3.20
0% - 21d 14.71 6.44 4 3.22

25% - 21d 16.12 7.52 4 3.76
50% - 21d 18.25 5.29 4 2.65
100% - 21d 13.18 3.92 4 1.96
0% - 35d 21.85 3.83 4 1.92
25% - 35d 20.33 6.11 4 3.05
50% - 35d 16.19 5.48 4 2.74
100% - 35d 16.94 0.53 4 0.26
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Table A.7.

The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for natural log-transformed
scope for growth (J/hr/g) values of Pacific oysters exposed to 0%,
25%, 50%, 100% crude oil concentrations at 7, 21, and 35 recovery
days.

Concentration % - Recovery Day Mean Standard Deviation Sample Size SEM
0% - 7d 3.66 0.74 4 0.37

25%-7d 4.30 0.74 4 0.37

50% - 7d 3.56 0.50 4 0.25

100% - 7d 3.73 1.27 4 0.64

0% - 21d 3.69 0.83 4 0.41

25% - 21d 3.54 0.55 4 0.28

50% - 21d 3.86 0.7 4 0.35

100% - 21d 3.65 0.46 4 0.23

0% - 35d 5.01 1.46 4 0.73

25% - 35d 5.54 0.57 4 0.28

50% - 35d 4.29 0.17 3 0.10

100% - 35d 4.20 0.94 4 0.47

Table A.8. The mean, standard deviation, standard error of means, and sample

size (exclusive of outliers) presented for natural log-transformed
scope for growth (J/hr/g) values of Pacific oysters exposed to 0%,
25%, 50%, 100% diluted bitumen concentrations at 7, 21, and 35

recovery days.

Concentration % - Recovery Day Mean Standard Deviation Sample Size SEM
0% - 7d 2.09 1.09 4 0.55
25%-7d 244 0.70 4 0.35
50% - 7d 1.98 0.95 3 0.55

100% - 7d 2.24 0.57 4 0.28
0% - 21d 3.37 0.59 4 0.29
25% - 21d 3.42 1.01 4 0.51
50% - 21d 3.29 0.78 4 0.39
100% - 21d 4.26 0.80 4 0.40
0% - 35d 4.50 1.16 4 0.58
25% - 35d 4.02 1.94 3 1.12
50% - 35d 3.23 0.64 4 0.32
100% - 35d 4.24 0.76 4 0.38
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Table A.9.

The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for natural log-transformed
scope for growth (J/hr/g) values of Pacific oysters exposed to 0%,
25%, 50%, 100% marine diesel concentrations at 7, 21, and 35
recovery days.

Concentration (%) - Recovery Day Mean Standard Deviation Sample Size SEM
0% -7d 243 0.72 4 0.36

25%-7d 2.96 0.15 4 0.08

50% - 7d 2.32 0.74 4 0.37

100% - 7d 2.75 0.39 4 0.20

0% - 21d 2.68 0.13 4 0.06

25% - 21d 413 0.38 4 0.19

50% - 21d 416 0.35 4 0.18

100% - 21d 3.81 0.29 4 0.14

0% - 35d 4.08 0.73 4 0.36

25% - 35d 3.30 0.67 4 0.34

50% - 35d 3.74 0.49 4 0.24

100% - 35d 3.56 0.34 4 0.17

Table A.10. The mean, standard deviation, standard error of means, and sample

size (exclusive of outliers) presented for average condition index
(g/cm?®) values of Pacific oysters exposed to 0%, 25%, 50%, 100%
crude oil concentrations at 7, 21, and 35 recovery days.

Concentration % - Recovery Day Mean Standard Deviation Sample Size SEM
0% - 7d 1.46 0.34 4 0.168
25% - 7d 1.91 0.90 4 0.451
50% - 7d 1.54 0.78 4 0.390

100% - 7d 1.51 0.40 4 0.198
0% - 21d 1.78 0.36 4 0.179
25% - 21d 1.28 0.11 4 0.056
50% - 21d 1.48 0.18 4 0.090
100% - 21d 1.26 0.35 4 0.174
0% - 35d 1.36 0.26 4 0.131
25% - 35d 1.33 0.27 4 0.133
50% - 35d 1.14 0.23 4 0.114
100% - 35d 1.62 0.26 4 0.129
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Table A.11. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for average condition index
(g/cm?®) values of Pacific oysters exposed to 0%, 25%, 50%, 100%
diluted bitumen concentrations at 7, 21, and 35 recovery days.

Concentration % - Recovery Day Mean Standard Deviation Sample Size SEM
0% - 7d 1.10 0.35 4 0.177
25% - 7d 1.37 0.34 4 0.168
50% - 7d 1.15 0.32 4 0.162
100% - 7d 0.99 0.28 4 0.139
0% - 21d 0.90 0.16 4 0.080
25% - 21d 1.30 0.17 4 0.086
50% - 21d 1.07 0.20 4 0.099
100% - 21d 1.19 0.36 4 0.180
0% - 35d 1.03 0.16 4 0.080
25% - 35d 1.09 0.07 4 0.034
50% - 35d 0.95 0.29 4 0.146
100% - 35d 0.88 0.30 4 0.150

Table A.12. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for average condition index
(g/cm?®) values of Pacific oysters exposed to 0%, 25%, 50%, 100%
marine diesel concentrations at 7, 21, and 35 recovery days.

Concentration (%) - Recovery Day Mean Standard Deviation Sample Size SEM
0% - 7d 1.65 0.27 4 0.135
25% - 7d 1.79 0.06 4 0.030
50% - 7d 1.64 0.25 4 0.126
100% - 7d 1.63 0.32 4 0.162
0% - 21d 1.68 0.38 4 0.191
25% - 21d 1.75 0.45 4 0.223
50% - 21d 1.43 0.14 4 0.072
100% - 21d 1.68 0.35 4 0.175
0% - 35d 1.60 0.26 4 0.128
25% - 35d 1.70 0.27 4 0.135
50% - 35d 1.53 0.14 4 0.071
100% - 35d 1.69 0.09 3 0.050
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Table A.13.

The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for mean health assessment
index (scope for growth analysis) values of Pacific oysters used for
scope for growth analysis exposed to 0%, 25%, 50%, 100% crude oil
concentrations at 7, 21, and 35 recovery days.

Concentration % - Recovery Day Mean Standard Deviation Sample Size SEM
0% - 7d 0.00 0.00 3 0.00
25% - 7d 0.13 0.25 4 0.13
50% - 7d 0.25 0.29 4 0.14

100% - 7d 0.75 0.65 4 0.32
0% - 21d 0.38 0.25 4 0.13
25% - 21d 0.75 0.50 4 0.25
50% - 21d 0.63 0.25 4 0.13
100% - 21d 0.63 0.25 4 0.13
0% - 35d 0.00 0.00 4 0.00
25% - 35d 0.38 0.25 4 0.13
50% - 35d 0.67 0.29 3 0.17
100% - 35d 0.13 0.25 4 0.13

Table A.14. The mean, standard deviation, standard error of means, and sample

size (exclusive of outliers) presented for average health assessment
index (scope for growth analysis) values of Pacific oysters used for
scope for growth analysis exposed to 0%, 25%, 50%, 100% diluted
bitumen concentrations at 7, 21, and 35 recovery days.

Concentration % - Recovery Day Mean Standard Deviation Sample Size SEM
0% - 7d 113 0.25 4 0.13
25%-7d 1.00 0.71 4 0.35
50% - 7d 1.25 0.96 4 0.48
100% - 7d 1.88 0.75 4 0.38
0% - 21d 0.50 0.41 4 0.20
25% - 21d 0.75 0.29 4 0.14
50% - 21d 1.50 0.58 4 0.29
100% - 21d 1.38 0.75 4 0.38
0% - 35d 0.88 0.48 4 0.24
25% - 35d 1.13 0.63 4 0.31
50% - 35d 1.75 0.96 4 0.48
100% - 35d 1.88 0.63 4 0.31
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Table A.15. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for average health assessment
index (scope for growth analysis) values of Pacific oysters used for
scope for growth analysis exposed to 0%, 25%, 50%, 100% marine
diesel concentrations at 7, 21, and 35 recovery days.

Concentration (%) - Recovery Day Mean Standard Deviation Sample Size SEM
0% - 7d 2.25 1.19 4 0.60
25% - 7d 2.75 0.29 4 0.14
50% - 7d 213 0.95 4 0.47
100% - 7d 2.50 0.71 4 0.35
0% - 21d 1.63 0.48 4 0.24
25% - 21d 1.25 0.65 4 0.32
50% - 21d 1.63 0.48 4 0.24
100% - 21d 1.38 0.25 4 0.13
0% - 35d 1.00 0.71 4 0.35
25% - 35d 1.38 0.63 4 0.31
50% - 35d 1.63 0.95 4 0.47
100% - 35d 1.75 1.19 4 0.60

Table A.16. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for average gonadal
thickness/wet weight (um/g) values of Pacific oysters exposed to 0%,
25%, 50%, 100% crude oil concentrations at 7, 21, and 35 recovery
days.

Concentration % - Recovery Day Mean Standard Deviation Sample Size SEM
0% -7d 523.80 163.95 4 81.98
25%-7d 489.74 261.75 4 130.87
50% - 7d 549.05 44.24 4 22.12
100% - 7d 592.80 181.16 4 90.58
0% -21d 694.38 193.81 4 96.90
25% - 21d 645.59 73.03 4 36.52
50% - 21d 594.24 178.97 4 89.49
100% - 21d 645.36 168.53 4 84.27
0% - 35d 618.55 161.53 4 80.77
25% - 35d 677.45 34.64 4 17.32
50% - 35d 636.89 195.78 4 97.89
100% - 35d 473.36 140.56 4 70.28
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Table A.17. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for average gonadal
thickness/wet weight (um/g) values of Pacific oysters exposed to 0%,
25%, 50%, 100% diluted bitumen concentrations at 7, 21, and 35
recovery days.

Concentration % - Recovery Day Mean Standard Deviation Sample Size SEM
0% - 7d 609.82 189.94 4 94.97
25% - 7d 674.55 198.16 4 99.08
50% - 7d 622.31 117.25 4 58.62
100% - 7d 794.75 192.14 4 96.07
0% - 21d 902.53 231.50 4 115.75
25% - 21d 695.89 132.01 4 66.00
50% - 21d 933.04 187.22 4 93.61
100% - 21d 739.68 316.36 4 158.18
0% - 35d 910.17 473.63 4 236.81
25% - 35d 793.80 320.71 4 160.36
50% - 35d 603.83 275.74 4 137.87
100% - 35d 666.75 323.51 4 161.76

Table A.18. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for average gonadal
thickness/wet weight (um/g) values of Pacific oysters exposed to 0%,
25%, 50%, 100% marine diesel concentrations at 7, 21, and 35
recovery days.

Concentration (%) - Recovery Day Mean Standard Deviation Sample Size SEM
0% -7d 375.98 102.53 4 51.26
25% - 7d 274.33 65.36 4 32.68
50% - 7d 251.70 7213 4 36.07
100% - 7d 21210 86.97 4 43.49
0% - 21d 291.48 115.25 4 57.63
25% - 21d 26417 35.27 4 17.64
50% - 21d 378.20 64.64 4 32.32
100% - 21d 347.45 123.61 4 61.80
0% - 35d 331.07 153.03 4 76.51
25% - 35d 383.67 197.70 4 98.85
50% - 35d 410.22 125.11 4 62.56
100% - 35d 351.79 99.25 4 49.62
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Table A.19. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for average lumen/digestive
tubule thickness values of Pacific oysters exposed to 0%, 25%, 50%,
100% crude oil concentrations at 7, 21, and 35 recovery days.

Concentration % - Recovery Day Mean Standard Deviation Sample Size SEM
0% - 7d 0.34 0.004 4 0.002
25% - 7d 0.34 0.025 4 0.012
50% - 7d 0.31 0.020 4 0.010
100% - 7d 0.30 0.016 4 0.008
0% - 21d 0.36 0.030 4 0.015
25% - 21d 0.28 0.028 4 0.014
50% - 21d 0.29 0.005 4 0.003
100% - 21d 0.28 0.027 4 0.013
0% - 35d 0.32 0.053 4 0.026
25% - 35d 0.31 0.037 4 0.019
50% - 35d 0.30 0.035 4 0.018
100% - 35d 0.29 0.030 4 0.015

Table A.20. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for average lumen/digestive
tubule thickness values of Pacific oysters exposed to 0%, 25%, 50%,
100% diluted bitumen concentrations at 7, 21, and 35 recovery days.

Concentration % - Recovery Day Mean Standard Deviation Sample Size SEM
0% - 7d 0.29 0.063 4 0.032
25% - 7d 0.26 0.025 4 0.013
50% - 7d 0.24 0.043 4 0.021
100% - 7d 0.21 0.013 4 0.006
0% - 21d 0.29 0.035 4 0.018
25% - 21d 0.20 0.039 4 0.019
50% - 21d 0.27 0.042 4 0.021
100% - 21d 0.26 0.024 4 0.012
0% - 35d 0.29 0.056 4 0.028
25% - 35d 0.29 0.057 4 0.029
50% - 35d 0.28 0.059 4 0.030
100% - 35d 0.28 0.059 4 0.030
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Table A.21. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for average lumen/digestive
tubule thickness values of Pacific oysters exposed to 0%, 25%, 50%,
100% marine diesel concentrations at 7, 21, and 35 recovery days.

Concentration (%) - Recovery Day Mean Standard Deviation Sample Size SEM
0% - 7d 0.34 0.029 4 0.014
25% - 7d 0.35 0.023 4 0.012
50% - 7d 0.30 0.025 4 0.013
100% - 7d 0.27 0.018 4 0.009
0% - 21d 0.30 0.032 4 0.016
25% - 21d 0.31 0.018 4 0.009
50% - 21d 0.30 0.052 4 0.026
100% - 21d 0.32 0.030 4 0.015
0% - 35d 0.33 0.046 4 0.023
25% - 35d 0.30 0.064 4 0.032
50% - 35d 0.32 0.003 4 0.001
100% - 35d 0.30 0.034 4 0.017

Table A.22. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for mean health assessment
index (gonad histopathological analysis) values of Pacific oysters
used for histopathological analysis exposed to 0%, 25%, 50%, 100%
crude oil concentrations at 7, 21, and 35 recovery days.

Concentration (%) - Recovery Day Mean Standard Deviation Sample Size SEM
0%-7d 0.63 0.48 4 0.24
25% - 7d 0.75 0.65 4 0.32
50% - 7d 0.88 0.48 4 0.24
100% - 7d 1.00 0.82 4 0.41
0% - 21d 0.50 0.41 4 0.20
25% - 21d 0.88 0.25 4 0.13
50% - 21d 1.13 0.63 4 0.31
100% - 21d 1.13 0.85 4 0.43
0% - 35d 0.75 0.29 4 0.14
25% - 35d 0.50 0.41 4 0.20
50% - 35d 1.25 0.87 4 0.43
100% - 35d 0.88 0.85 4 0.43
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Table A.23. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for mean health assessment
index (gonad histopathological analysis) values of Pacific oysters
used for histopathological analysis exposed to 0%, 25%, 50%, 100%
diluted bitumen concentrations at 7, 21, and 35 recovery days.

Concentration (%) - Recovery Day Mean Standard Deviation Sample Size SEM
0% -7d 0.75 0.50 4 0.25
25% - 7d 1.38 0.48 4 0.24
50% - 7d 1.13 1.03 4 0.52
100% - 7d 1.75 0.87 4 0.43
0% - 21d 0.63 0.63 4 0.31
25% - 21d 0.88 0.25 4 0.13
50% - 21d 1.88 0.48 4 0.24
100% - 21d 1.63 0.95 4 0.47
0% - 35d 0.88 0.75 4 0.38
25% - 35d 1.13 0.25 4 0.13
50% - 35d 1.50 0.41 4 0.20
100% - 35d 1.75 0.65 4 0.32

Table A.24. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for mean health assessment
index (gonad histopathological analysis) values of Pacific oysters
used for histopathological analysis exposed to 0%, 25%, 50%, 100%
marine diesel concentrations at 7, 21, and 35 recovery days.

Concentration (%) - Recovery Day Mean Standard Deviation Sample Size SEM
0% -7d 1.75 0.96 4 0.48
25% - 7d 1.63 0.75 4 0.38
50% - 7d 1.75 0.65 4 0.32
100% - 7d 2.88 1.18 4 0.59
0% - 21d 1.63 0.48 4 0.24
25% - 21d 1.25 0.65 4 0.32
50% - 21d 1.63 0.48 4 0.24
100% - 21d 1.38 0.25 4 0.13
0% - 35d 0.88 0.63 4 0.31
25% - 35d 1.25 0.50 4 0.25
50% - 35d 1.38 0.48 4 0.24
100% - 35d 1.25 1.04 4 0.52
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Table A.25.

The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for development proportion of
Pacific oyster larvae exposed to 0%, 25%, 50%, 100% crude oil
concentrations at 7, 21, and 35 recovery days.

Concentration (%) Mean  Standard Deviation Sample Size SEM
0% 043 0.24 5 0.11
25% 049 0.26 5 0.12
50% 0.32 0.21 5 0.09
75% 0.24 0.14 5 0.06
100% 0.26 0.15 5 0.07
Table A.26. The mean, standard deviation, standard error of means, and sample

size (exclusive of outliers) presented for development proportion of
Pacific oyster larvae exposed to 0%, 25%, 50%, 100% diluted bitumen
concentrations at 7, 21, and 35 recovery days.

Concentration (%) Mean  Standard Deviation Sample Size SEM
0% 0.36 0.19 5 0.08
25% 0.35 0.15 5 0.07
50% 0.31 0.10 5 0.04
75% 0.25 0.12 5 0.06
100% 0.21 0.07 5 0.03
Table A.27. The mean, standard deviation, standard error of means, and sample

size (exclusive of outliers) presented for development proportion of
Pacific oyster larvae exposed to 0%, 25%, 50%, 100% marine diesel
concentrations at 7, 21, and 35 recovery days.

Concentration (%) Mean  Standard Deviation Sample Size SEM
0% 0.40 0.20 5 0.09

25% 0.34 0.18 5 0.08

50% 0.22 0.12 5 0.05

75% 0.22 0.12 5 0.06

100% 0.19 0.13 5 0.06
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Table A.28. The total, parent, alkylated, and dibenzothiophene PAH
concentrations (ng/L) in the water samples collected from 0%, 25%,
50%, 100% crude oil WAFs on sampling days 0, 3, and 7 of the
exposure period are presented.
WAF (%) Time YtoralPAH (ng/L)  FearentPAH (NG/L)  SawviPAH (ng/L) IoerPAH (nglL)
0 0 day 485.46 55.591 429.869 66.31
25 0 day 147684.536 38618.401 109066.135 3780.1
50 0 day 240165.356 26016.141 214149.215 8347
100 0 day 353620.476 20684.901 332935.575 15266
0 3 day 89.69 8.925 80.765 21.844
25 3 day 12537.266 420.511 12116.755 3707.6
50 3 day 18587.171 5664.776 12922.395 944 .1
100 3 day 145821.896 16434.421 129387.475 23080
0 7 day 59.366 4.761 54.605 6.577
25 7 day 282.253 14.626 267.627 55.2
50 7 day 625.639 22.714 602.925 105.45
100 7 day 24182.856 6520.311 17662.545 3844
Table A.29. The total, parent, alkylated, and dibenzothiophene PAH
concentrations (ng/L) in the water samples collected from 0%, 25%,
50%, 100% diluted bitumen WAFs on sampling days 0, 3, and 7 of the
exposure period are presented.
WAF (%) Time StoralPAH (ng/L)  SearentPAH (ng/L)  SauviPAH (ng/L) 3oerPAH (ng/L)
0 0 day 58.961 9.377 49.584 2.376
25 0 day 32374.557 3155.877 29218.68 6430.866
50 0 day 60733.637 6133.557 54600.08 11703.866
100 0 day 127609.457 12790.427 114819.03 26561.866
0 3 day 390.19 59.85 330.34 59.616
25 3 day 14800.969 1252.489 13548.48 3940.666
50 3 day 32787.797 2323.997 30463.8 9574.866
100 3 day 70549.417 5346.087 65203.33 20657.866
0 7 day 96.843 6.019 90.824 20.112
25 7 day 1060.694 25.968 1034.726 382.639
50 7 day 3467.022 65.205 3401.817 1433.967
100 7 day 28132.807 1896.157 26236.65 8981.866
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Table A.30. The total, parent, alkylated, and dibenzothiophene PAH
concentrations (ng/L) in the water samples collected from 0%, 25%,
50%, 100% marine diesel WAFs on sampling days 0, 3, and 7 of the
exposure period are presented.
WAF (%) Time YtoralPAH (ng/L)  FearentPAH (NG/L)  SawviPAH (ng/L) IoerPAH (nglL)
0 0 day 99.116 24.008 75.108 3.418
25 0 day 24207.33 4703.178 19504.152 12.401
50 0 day 52612.516 8863.853 43748.663 34.811
100 0 day 150880.268 18621.541 132258.727 174.291
0 3 day 1.506 0.572 0.934 0.567
25 3 day 1675.248 545.253 1129.995 8.354
50 3 day 2502.339 562.733 1939.606 14.669
100 3 day 10940.349 2076.465 8863.884 81.851
0 7 day 8.323 3.707 4.616 0.836
25 7 day 14.951 3.662 11.289 0.967
50 7 day 29.883 4.765 25118 0
100 7 day 224.698 5.738 218.96 3.091
Table A.31. The total, parent, alkylated, and dibenzothiophene PAH
concentrations (ng/g) in the pooled oyster tissue samples exposed to
0%, 25%, 50%, 100% crude oil WAFs on sampling days 7, 21, and 35
post-exposure are presented. The samples were corrected based on
the tissue wet weight.
WAF (%) Time StoralPAH (nglg)  SearentPAH (nglg)  SauviPAH (ng/g)  SoerPAH (ng/g)
0 7 day 117.924 21.788 96.136 21.85
25 7 day 4517.453 502.922 4014.531 350.40
50 7 day 14720.817 1639.078 13081.739 787.00
100 7 day 28792.06 3551.37 25240.69 1877.30
0 21 day 381.745 19.797 361.948 107.43
25 21 day 620.003 26.458 593.545 175.41
50 21 day 721.341 35.23 686.111 214.96
100 21 day 821.792 26.501 795.291 265.55
0 35 day 307.445 21.777 285.668 105.38
25 35 day 463.731 27.059 436.672 147.76
50 35 day 325.615 25.038 300.577 86.22
100 35 day 652.031 32.242 619.789 209.20
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Table A.32.

The total, parent, alkylated, and dibenzothiophene PAH
concentrations (ng/g) in the pooled oyster tissue samples exposed to
0%, 25%, 50%, 100% diluted bitumen WAFs on sampling days 7, 21,
and 35 post-exposure are presented. The samples were corrected
based on the tissue wet weight.

WAF (%) Time StoralPAH (nglg)  TearentPAH (Ng/g)  SawviPAH (ng/lg) SoerPAH (ng/g)
0 7 day 67.96 14.28 53.68 14.73
25 7 day 1470.00 82.74 1387.26 304.31
50 7 day 1921.33 139.88 1781.45 345.85
100 7 day 2936.34 130.83 2805.50 635.63
0 21 day 278.00 21.09 256.91 90.06
25 21 day 636.37 33.45 602.92 203.94
50 21 day 593.27 23.01 570.25 220.68
100 21 day 588.60 2047 568.13 233.42
0 35 day 21213 25.06 187.07 67.34
25 35 day 172.78 1217 160.61 59.36
50 35 day 305.82 20.34 285.48 113.18
100 35 day 229.58 32.79 196.80 63.94
Table A.33. The total, parent, alkylated, and dibenzothiophene PAH
concentrations (ng/g) in the pooled oyster tissue samples exposed to
0%, 25%, 50%, 100% marine diesel WAFs on sampling days 7, 21, and
35 post-exposure are presented. The samples were corrected based
on the tissue wet weight.
WAF (%) Time StoralPAH (nglg)  ZrarentPAH (Ng/g)  SawviPAH (ng/lg) SoerPAH (ng/g)
0 7 day 94.14 20.28 73.86 7.82
25 7 day 1020.62 91.00 929.62 13.37
50 7 day 2322.36 231.84 2090.52 27.97
100 7 day 3949.80 319.58 3630.22 18.98
0 21 day 102.47 19.40 83.07 14.01
25 21 day 267.79 1747 250.32 16.08
50 21 day 387.75 28.46 359.29 22.81
100 21 day 766.00 22.16 743.84 29.62
0 35 day 90.88 20.91 69.96 23.75
25 35 day 138.99 20.28 118.71 27.19
50 35 day 174.52 18.14 156.38 19.38
100 35 day 258.65 23.82 234.83 33.59
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Table A.34. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for absorption efficiency values
for Pacific oysters exposed to 0%, 25%, 50%, 100% crude oil
concentrations at 7, 21, and 35 recovery days.

Concentration (%) — Recovery Day Mean  Standard Deviation Sample Size SEM
0%-7d 0.7895 0.1484 8 0.05
25% - 7d 0.7397 0.1794 8 0.06
50% - 7d 0.7368 0.3143 6 0.13
100% - 7d 0.7655 0.2533 7 0.10
0% - 21d 0.7317 0.2330 7 0.09
25% - 21d 0.6310 0.2997 5 0.13
50% - 21d 0.6960 0.2516 7 0.10
100% - 21d 0.5842 0.3509 7 0.13
0% - 35d 0.7377 0.2029 7 0.08
25% - 35d 0.7377 0.2223 8 0.08
50% - 35d 0.8032 0.1993 7 0.08
100% - 35d 0.5033 0.2708 8 0.10

Table A.35. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for absorption efficiency values
for Pacific oysters exposed to 0%, 25%, 50%, 100% diluted bitumen
concentrations at 7, 21, and 35 recovery days.

Concentration (%) - Recovery Day Mean  Standard Deviation Sample Size SEM
0% - 7d 0.4708 0.3190 6 0.13
25% - 7d 0.6149 0.3264 6 0.13
50% - 7d 0.4771 0.2460 6 0.10
100% - 7d 0.3535 0.2076 6 0.08
0% - 21d 0.7211 0.2228 6 0.09

25% - 21d 0.6734 0.2502 7 0.09
50% - 21d 0.7028 0.3206 6 0.13
100% - 21d 0.6321 0.2552 7 0.10
0% - 35d 0.7291 0.3468 7 0.13
25% - 35d 0.6483 0.3586 7 0.14
50% - 35d 0.4661 0.3143 8 0.11
100% - 35d 0.6818 0.2185 7 0.08
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Table A.36.

The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for absorption efficiency values
for Pacific oysters exposed to 0%, 25%, 50%, 100% marine diesel
concentrations at 7, 21, and 35 recovery days.

Concentration (%) — Recovery Day Mean  Standard Deviation Sample Size SEM
0% -7d 0.7464 0.2712 7 0.10
25%-7d 0.7483 0.2401 6 0.10
50% - 7d 0.6905 0.2003 6 0.08
100% - 7d 0.6598 0.2025 8 0.07
0% - 21d 0.8110 0.1478 8 0.05
25% - 21d 0.7192 0.2540 8 0.09
50% - 21d 0.7524 0.2296 8 0.08
100% - 21d 0.7785 0.2616 8 0.09
0% - 35d 0.8017 0.2489 8 0.09
25% - 35d 0.7164 0.3031 8 0.11
50% - 35d 0.8041 0.2332 8 0.08
100% - 35d 0.7739 0.2863 8 0.10
Table A.37. Results summary (p-values) of the concentration, recovery period,
and interaction effects for clearance rate, rate of oxygen uptake,
scope for growth, condition index, health assessment index of Pacific
oysters (Crassostrea gigas) exposed to crude oil, diluted bitumen,
and marine diesel over recovery period days 7, 21, and 35.
Petroleum Endpoint Concentration Recovery Period Interaction Effect
Crude QOil Clearance Rate 0.3010 0.0015* 0.8066
Diluted Bitumen Clearance Rate 0.3162 0.0089* 0.9625
Marine Diesel Clearance Rate 0.1561 <0.0001* 0.0131*
Crude Qil Rate of Oxygen Uptake <0.0001* 0.0002* 0.1646
Diluted Bitumen  Rate of Oxygen Uptake 0.9701 0.0595 0.8588
Marine Diesel ~ Rate of Oxygen Uptake 0.1965 0.0320* 0.5743
Crude Oil Scope for Growth 0.2779 0.0018* 0.7532
Diluted Bitumen Scope for Growth 0.3092 <0.0001* 0.7902
Marine Diesel Scope for Growth 0.0979 <0.0001* 0.0107*
Crude Oil Condition Index 0.7898 0.2796 0.3096
Diluted Bitumen Condition Index 0.1108 0.2080 0.6630
Marine Diesel Condition Index 0.6357 0.8857 0.9668
Crude Oil Health Assessment Index 0.1371 0.0216* 0.1209
Diluted Bitumen  Health Assessment Index 0.0054* 0.2533 0.8725
Marine Diesel ~ Health Assessment Index 0.7172 0.0006* 0.6036
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Table A.38.

Results summary (p-values) of the concentration, recovery period,
and interaction effects for gonad thickness relative to wet weight,
digestive lumen relative to tubule thickness, health assessment
index, and larvae development success (one-way ANOVA) of Pacific
oysters (Crassostrea gigas) exposed to crude oil, diluted bitumen,
and marine diesel over recovery period days 7, 21, and 35.

Petroleum Endpoint Concentration Recovery Period Interaction Effect
Crude Qil Gonad/Wet Weight 0.9679 0.2011 0.5571
Diluted Bitumen Gonad/Wet Weight 0.8742 0.3790 0.7052
Marine Diesel Gonad/Wet Weight 0.6235 0.2534 0.2374
Crude Qil Digestive Lumen/Tubule 0.0045* 0.1057 0.0806
Diluted Bitumen  Digestive Lumen/Tubule 0.0627 0.0516 0.1751
Marine Diesel ~ Digestive Lumen/Tubule 0.0225* 0.8961 0.1039
Crude Qil Health Assessment Index 0.2297 0.9209 0.9375
Diluted Bitumen Health Assessment Index 0.0043* 0.9484 0.6732
Marine Diesel ~ Health Assessment Index 0.3790 0.0130* 0.5755
Crude Qil Larvae Development 0.2768
Diluted Bitumen Larvae Development 0.3330
Marine Diesel Larvae Development 0.1992
Table A.39. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for proportion of Pacific oyster
mortality exposed to 0%, 25%, 50%, 100% crude oil concentrations.
CO WAF (%) Mean Standard Dev  Sample Size ~ Standard Error of Mean
0 0.16 0.08 12 0.02
25 0.15 0.11 12 0.03
50 0.12 0.06 12 0.02
100 0.11 0.07 12 0.02
Table A.40. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for proportion of Pacific oyster
mortality exposed to 0%, 25%, 50%, 100% diluted bitumen
concentrations.
DB WAF (%) Mean Standard Dev  Sample Size  Standard Error of Mean
0 0.11 0.07 12 0.02
25 0.07 0.05 12 0.01
50 0.10 0.08 12 0.02
100 0.18 0.11 12 0.03
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Table A.41. The mean, standard deviation, standard error of means, and sample
size (exclusive of outliers) presented for proportion of Pacific oyster
mortality exposed to 0%, 25%, 50%, 100% marine diesel
concentrations.

MD WAF (%) Mean Standard Dev ~ Sample Size  Standard Error of Mean
0 0.03 0.04 12 0.01
25 0.02 0.03 12 0.01
50 0.04 0.05 12 0.01
100 0.04 0.04 12 0.01

Table A.42. The recipe for Guillard’s f/2 enrichment solution for growth of the
Isochyrisis galbana culture.

Component Stock Solution Quantity Molar Concentration
NaNOs 75 g/L dH.0 1mL 8.82x 104 M
NaH,PO4.H,0 5g/L dH:0 1mL 3.62x105M
Na,Si03.5H,0 22.4 g/lL dH,0 1mL 1.06 x 104 M
Trace metal solution Recipe Below 1mL -
Vitamin solution Recipe Below 0.5mL

Table A.43. The recipe for f/2 vitamin solution for growth of the Isochyrisis
galbana culture.

Component Stock Solution Quantity Molar Concentration
Thiamine HCI (Vit. By) - 200 mg 296x107M
Biotin (Vit. H) 0.1 g/L dH20 10 mL 205x10°M
Cyanocobalamin (Vit. B12) 1.0 g/L dH0 1mL 3.69x 1010 M

Table A.44. The recipe for the trace metal solution for growth of the Isochyrisis
galbana culture.

Component Stock Solution Quantity Molar Concentration
FeCI3 - 1.89¢ 117 x10°M
Na,EDTA.2H,0 - 4.36 g 117 x10°M
CuS04.5H.0 9.8 g/L dH:0 1mL 3.93x10%M
Na;Mo004.2H;0 6.3 g/L dH,0 1mL 260x108M
ZnS04.7H0 22.0 g/L dH:0 1mL 765x108M
CoCl2.6H20 10.0 g/L dH20 1mL 420x10°M
MnCl; 114.5 g/L dH>0 1 mL 9.10x 107 M
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Table A.45.

selected variable based on the severity of abnormality.

Scoring criteria for the oyster health assessment index of each

Variable

Variable Condition

HAI Score

Mantle Tentacle (Papilla)
Responsiveness

Quick movement upon stimulus

Slight movement upon stimulus
Slow movement upon stimulus
No movement - Discolored

0

Mantle Tissue Firmness

Mantle Tissue is Firm and Dark Colored
Mantle Tissue is Thin and Colored
Mantle Tissue is Thinner and Opaque
Mantle Tissue is Absent and Translucent

Digestive Glands Brown Reddish Color — Oval Shaped
Light Brown Colored
Cream Colored
Irregular Shaped - Discolored
Gonads Large white tissue mass

Gonadal Tissue with slight discoloration (Darker)
Gonadal Tissue with prevalent discoloration (Darker)
Irregular with extreme discoloration/translucent

Tissue Prevalence in Shell Cavity

Large tissue inside shell
Slightly reduced tissue inside shell
Extremely reduced tissue inside shell
Non-existent tissue inside shell

Parasite Load

No observed parasites
Few observed parasites
Moderate parasite infestation
Numerous parasites

Mottled or Granular Tissue

Normal tissue with no spots or granular texture
Tissue with few light spots or granular texture
Tissue with prevalent darker spots or granular texture

Tissue completely covered with spots or granular
texture

W N 2 O0WN 2 O0OWN 220 WN 20N 2O0OWN 20N —~

Tissue Degeneration or
Inflammation

Normal tissue with no degeneration or swelling

Tissue with slight degeneration or swelling
Tissue with prevalent degeneration or swelling
Tissue with extreme degeneration or swelling
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Table A.46.

MD measured on exposure day 0, 3, and 7.

The concentration (ng/L) for all the PAH components for the 0%, 25%, 50%, 100% WAF samples of DB, CO, and

Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Naphthalene 0 0 1.61 10.86 22.4
Acenaphthylene 0 0 0.314 0.239 1.28
Acenaphthene 0 0 0.482 1.03 1.53
2-Methylfluorene 0 0 0.189 0.262 2.62
C2 Phenanthrenes/Anthracenes 0 0 0.204 0.625 15.6
Fluorene 0 0 0.809 1.65 3.45
Phenanthrene 0 0 2.544 2.939 11.733
Anthracene 0 0 0.166 0 0
C1 Phenanthrenes/Anthracenes 0 0 0.986 1.16 17.8
Fluoranthene 0 0 0.642 0.685 1.129
Pyrene 0 0 0.848 0.448 1.567
Benz[aJanthracene 0 0 0.081 0 0
Chrysene 0 0 0.149 0.175 0.822
Benzo[b]fluoranthene 0 0 0 0 0
Benzo[j k]fluoranthenes 0 0 0 0 0
Benzo[e]pyrene 0 0 0 0 0
Benzo[a]pyrene 0 0 0 0 0
Perylene 0 0 0 0 0
Dibenz[a,h]anthracene 0 0 0 0 0
Indeno[1,2,3-cd]pyrene 0 0 0.246 0 0
Benzo[ghi]perylene 0 0 0.266 0 0
2-Methylnaphthalene 0 0 1.22 6.64 23.46
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)

1-Methylnaphthalene 0 0 0.851 6.725 20.725

C1-Naphthalenes 0 0 2.08 13.39 44.19
Biphenyl 0 0 0.774 5.33 5.22
C1-Biphenyls 0 0 1.13 3.44 4.55
C2-Biphenyls 0 0 0.82 1.44 2.94
C2-Naphthalenes 0 0 3.66 13.81 60.7
1,2-Dimethylnaphthalene 0 0 0.29 1.13 4.49
2,6-Dimethylnaphthalene 0 0 0.815 3.064 11.5
C3-Naphthalenes 0 0 2.03 8.939 34.9
2,3,6-Trimethylnaphthalene 0 0 0.622 2.549 10.5
2,3,5-Trimethylnaphthalene 0 0 0.426 1.716 8.05
C4-Naphthalenes 0 0 0.971 0.332 12.8

C1-Acenaphthenes 0 0 0 0 0

C1-Fluorenes 0 0 0.688 1.36 7.7
1,7-Dimethylfluorene 0 0 0 0 1.28
C2-Fluorenes 0 0 0.895 2.33 12.2
C3-Fluorenes 0 0 245 0.586 12.4
Dibenzothiophene 0 0 0.446 0.652 6.46
C1-Dibenzothiophenes 0 0 0.456 0.895 121
2/3-Methyldibenzothiophenes 0 0 0.161 0.247 3.84
C2-Dibenzothiophenes 0 0 0.577 1.04 21.3
2,4-Dimethyldibenzothiophene 0 0 0.09 0 1.51
4,6-Dimethyldibenzothiophene 0 0 0.068 0.168 2.77
C3-Dibenzothiophenes 0 0 0.393 0.416 14.1
C4-Dibenzothiophenes 0 0 0.185 0 4.23

149




Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
3-Methylphenanthrene 0 0 3.7 0.365 3.63
2-Methylphenanthrene 0 0 0.406 0.283 4.19

2-Methylanthracene 0 0 0 0.007 0
9/4-Methylphenanthrene 0 0 0.333 0.316 5.68
1-Methylphenanthrene 0 0 0.247 0.199 4.27
3,6-Dimethylphenanthrene 0 0 0.059 0 1.13
2,6-Dimethylphenanthrene 0 0 0.053 0 1.06
1,7-Dimethylphenanthrene 0 0 0.066 0 1.65
1,8-Dimethylphenanthrene 0 0 0 0 0.649
C3-Phenanthrenes/Anthracenes 0 0 0.039 0.494 10.6
1,2,6-Trimethylphenanthrene 0 0 0 0 0.394
Retene 0 0 0 0 0.969
C4-Phenanthrenes/Anthracenes 0 0 0 0.504 10.7
C1-Fluoranthenes/Pyrenes 0 0 -0.018 0 1.68
3-Methylfluoranthene/Benzo[a]fluorene 0 0 0.058 0.15 0.704
C2-Fluoranthenes/Pyrenes 0 0 0.228 0.151 2.93
C3-Fluoranthenes/Pyrenes 0 0 0 0 0
C4-Fluoranthenes/Pyrenes 0 0 0 0 0
C1-Benzo[a]anthracenes/Chrysenes 0 0 0 0 1.54
5/6-Methylchrysene 0 0 0 0 0.256
1-Methylchrysene 0 0 0 0 0.241
C2-Benzo[a]anthracenes/Chrysenes 0 0 0 0 1.42
5,9-Dimethylchrysene 0 0 0 0 0.557
C3-Benzo[a]anthracenes/Chrysenes 0 0 0 0 0.524
C4-Benzo[a]anthracenes/Chrysenes 0 0 0 0 0
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C1-Benzofluoranthenes/Benzopyrenes 0 0 0 0 2.15
7-Methylbenzo[a]pyrene 0 0 0 0 0
C2-Benzofluoranthenes/Benzopyrenes 0 0 0 0 2.53
1,4,6,7-Tetramethylnaphthalene 0 0 0.106 0.375 2.16
Naphthalene 25 0 2057.89 2538.16 34797.6
Acenaphthylene 25 0 1.38 -0.119 63.7
Acenaphthene 25 0 115 18.2 118
2-Methylfluorene 25 0 453 445 200
C2 Phenanthrenes/Anthracenes 25 0 841.665 37.6 776
Fluorene 25 0 156.679 209 484
Phenanthrene 25 0 319.394 41.769 768.333
Anthracene 25 0 19.7 3.4 5.35
C1 Phenanthrenes/Anthracenes 25 0 813 62.9 1130
Fluoranthene 25 0 13.67 0.643 5.619
Pyrene 25 0 18.238 2.935 14.397
Benz[a]anthracene 25 0 10.2 0.132 4.22
Chrysene 25 0 35.016 0.187 34.422
Benzo[b]fluoranthene 25 0 6.74 0 3.28
Benzolj k]fluoranthenes 25 0 3.49 0 0
Benzo[e]pyrene 25 0 10.2 0 9.13
Benzo[a]pyrene 25 0 6.54 0 0
Perylene 25 0 20 0 0
Dibenz[a,h]anthracene 25 0 1.32 0 0
Indeno[1,2,3-cd]pyrene 25 0 2.74 0 0
Benzo[ghi]perylene 25 0 543 0 2.62
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
2-Methylnaphthalene 25 0 1548.97 2557.75 17698.56
1-Methylnaphthalene 25 0 1139.301 2029.535 15199.325

C1-Naphthalenes 25 0 2688.28 4587.29 32897.89

Biphenyl 25 0 140.384 1888.98 1688.73

C1-Biphenyls 25 0 88.14 1049.1 898
C2-Biphenyls 25 0 77.19 468.95 339
C2-Naphthalenes 25 0 2908.04 3796.91 16797.4
1,2-Dimethylnaphthalene 25 0 228 137 1010
2,6-Dimethylnaphthalene 25 0 611.795 846.694 3100
C3-Naphthalenes 25 0 2568.77 1679.469 5820
2,3,6-Trimethylnaphthalene 25 0 761.771 534.859 1630
2,3,5-Trimethylnaphthalene 25 0 535.834 320.856 1280
C4-Naphthalenes 25 0 1530 485 1590
C1-Acenaphthenes 25 0 24.1 0 19.8
C1-Fluorenes 25 0 320.498 244 619
1,7-Dimethylfluorene 25 0 65.7 31.6 84.9
C2-Fluorenes 25 0 729.595 281 800
C3-Fluorenes 25 0 861 154 634
Dibenzothiophene 25 0 211.866 -0.109 619
C1-Dibenzothiophenes 25 0 713 0 775
2/3-Methyldibenzothiophenes 25 0 219 0 264
C2-Dibenzothiophenes 25 0 1840 478 939
2,4-Dimethyldibenzothiophene 25 0 141 0 91.1
4,6-Dimethyldibenzothiophene 25 0 226 4.96 132
C3-Dibenzothiophenes 25 0 1910 2.77 699
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C4-Dibenzothiophenes 25 0 1170 0 261
3-Methylphenanthrene 25 0 159 17.7 238
2-Methylphenanthrene 25 0 176 20 269

2-Methylanthracene 25 0 24.6 -0.199 8
9/4-Methylphenanthrene 25 0 286 12.1 366
1-Methylphenanthrene 25 0 167 13 253
3,6-Dimethylphenanthrene 25 0 61.2 4 58.1
2,6-Dimethylphenanthrene 25 0 453 4,79 55
1,7-Dimethylphenanthrene 25 0 120 4.46 102
1,8-Dimethylphenanthrene 25 0 34.3 1.09 31.2
C3-Phenanthrenes/Anthracenes 25 0 730.789 20.6 504
1,2,6-Trimethylphenanthrene 25 0 40.2 0.816 26.2
Retene 25 0 94.2 0 43.3
C4-Phenanthrenes/Anthracenes 25 0 1280 10.2 640
C1-Fluoranthenes/Pyrenes 25 0 133.705 2.37 77.5
3-Methylfluoranthene/Benzo[a]fluorene 25 0 57.587 0.296 32
C2-Fluoranthenes/Pyrenes 25 0 211 0.806 118
C3-Fluoranthenes/Pyrenes 25 0 142 0 56.2
C4-Fluoranthenes/Pyrenes 25 0 50.2 0 19.1
C1-Benzo[a]anthracenes/Chrysenes 25 0 123 0 75.8
5/6-Methylchrysene 25 0 14.8 0 9.48
1-Methylchrysene 25 0 20.8 0 10.6
C2-Benzo[a]anthracenes/Chrysenes 25 0 176 0 74.7
5,9-Dimethylchrysene 25 0 42.7 0 15.3
C3-Benzo[a]anthracenes/Chrysenes 25 0 67.6 0 18.7
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C4-Benzo[a]anthracenes/Chrysenes 25 0 30.5 0 2.67
C1-Benzofluoranthenes/Benzopyrenes 25 0 59.1 0 30
7-Methylbenzo[a]pyrene 25 0 3.65 0 4.11
C2-Benzofluoranthenes/Benzopyrenes 25 0 34.5 0 17.2
1,4,6,7-Tetramethylnaphthalene 25 0 227 30.6 226
Naphthalene 50 0 4057.89 4658.16 18997.6
Acenaphthylene 50 0 1.33 -0.119 0
Acenaphthene 50 0 229 27.3 234
2-Methylfluorene 50 0 102 93.7 446
C2 Phenanthrenes/Anthracenes 50 0 1399.665 87.2 1600
Fluorene 50 0 296.679 412 919
Phenanthrene 50 0 601.394 81.769 1489.333
Anthracene 50 0 419 0 14.8
C1 Phenanthrenes/Anthracenes 50 0 1530 132 2440
Fluoranthene 50 0 20.57 0.568 11.669
Pyrene 50 0 28.238 5.155 31.097
Benz[a]anthracene 50 0 16.7 0 9.11
Chrysene 50 0 63.816 0.149 79.922
Benzo[b]fluoranthene 50 0 10.5 0 7.64
Benzolj k]fluoranthenes 50 0 5.87 0 0
Benzo[e]pyrene 50 0 19.2 0 22.2
Benzo[a]pyrene 50 0 1.1 0 0
Perylene 50 0 36.7 0 5.69
Dibenz[a,h]anthracene 50 0 2.33 0 0
Indeno[1,2,3-cd]pyrene 50 0 4.89 0 0
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Benzo[ghi]perylene 50 0 10.2 0 5.35
2-Methylnaphthalene 50 0 3108.97 4757.75 34798.56
1-Methylnaphthalene 50 0 2319.301 3799.535 29699.325
C1-Naphthalenes 50 0 5428.28 8557.29 64397.89
Biphenyl 50 0 270.384 3678.98 2998.73
C1-Biphenyls 50 0 179.84 2259.1 1540
C2-Biphenyls 50 0 156.69 1137.95 650
C2-Naphthalenes 50 0 5348.04 9696.91 32297.4
1,2-Dimethylnaphthalene 50 0 432 372 2000
2,6-Dimethylnaphthalene 50 0 1119.795 2199.694 5910
C3-Naphthalenes 50 0 4868.77 4899.469 10400
2,3,6-Trimethylnaphthalene 50 0 1439.771 1549.859 2850
2,3,5-Trimethylnaphthalene 50 0 1029.834 928.856 2340
C4-Naphthalenes 50 0 3010 1390 3520
C1-Acenaphthenes 50 0 47.5 0 41.8
C1-Fluorenes 50 0 613.498 522 1280
1,7-Dimethylfluorene 50 0 112 63.1 195
C2-Fluorenes 50 0 1359.595 600 1780
C3-Fluorenes 50 0 1560 339 1440
Dibenzothiophene 50 0 404.866 -0.109 1190
C1-Dibenzothiophenes 50 0 1330 0 1640
2/3-Methyldibenzothiophenes 50 0 418 0 563
C2-Dibenzothiophenes 50 0 3380 15.7 2150
2,4-Dimethyldibenzothiophene 50 0 265 0 227
4,6-Dimethyldibenzothiophene 50 0 416 1.3 301
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)

C3-Dibenzothiophenes 50 0 3420 5.92 1670
C4-Dibenzothiophenes 50 0 2070 2 606
3-Methylphenanthrene 50 0 299 38.6 526
2-Methylphenanthrene 50 0 331 39 565
2-Methylanthracene 50 0 443 1.941 15.1
9/4-Methylphenanthrene 50 0 548 25.6 772
1-Methylphenanthrene 50 0 305 26.2 560
3,6-Dimethylphenanthrene 50 0 107 9 127
2,6-Dimethylphenanthrene 50 0 77.8 111 129
1,7-Dimethylphenanthrene 50 0 199 12.5 212
1,8-Dimethylphenanthrene 50 0 57 2.84 64.3
C3-Phenanthrenes/Anthracenes 50 0 1309.789 46.6 1100
1,2,6-Trimethylphenanthrene 50 0 33.8 1.86 60.3
Retene 50 0 156 0 90.2
C4-Phenanthrenes/Anthracenes 50 0 2180 255 1340
C1-Fluoranthenes/Pyrenes 50 0 215.705 5.1 170
3-Methylfluoranthene/Benzo[a]fluorene 50 0 94.787 0.469 72.3
C2-Fluoranthenes/Pyrenes 50 0 345 212 237
C3-Fluoranthenes/Pyrenes 50 0 231 0 169
C4-Fluoranthenes/Pyrenes 50 0 80.8 0 47.4
C1-Benzo[a]anthracenes/Chrysenes 50 0 244 0 183
5/6-Methylchrysene 50 0 29.2 0 25.1
1-Methylchrysene 50 0 38.2 0 28
C2-Benzo[a]anthracenes/Chrysenes 50 0 319 0 167
5,9-Dimethylchrysene 50 0 75.1 0 39.4
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C3-Benzo[a]anthracenes/Chrysenes 50 0 129 0 52.5
C4-Benzo[a]anthracenes/Chrysenes 50 0 50.8 0 9.44

C1-Benzofluoranthenes/Benzopyrenes 50 0 115 0 73.9
7-Methylbenzo[a]pyrene 50 0 8.15 0 10.2
C2-Benzofluoranthenes/Benzopyrenes 50 0 721 0 45.1
1,4,6,7-Tetramethylnaphthalene 50 0 440 79.9 476
Naphthalene 100 0 8047.89 8858.16 8167.6
Acenaphthylene 100 0 1.8 45.581 0
Acenaphthene 100 0 475 107 413
2-Methylfluorene 100 0 245 338 828
C2 Phenanthrenes/Anthracenes 100 0 2649.665 394 2870
Fluorene 100 0 626.679 1210 1920
Phenanthrene 100 0 1629.39%4 243.469 2779.333
Anthracene 100 0 725 0 23.7
C1 Phenanthrenes/Anthracenes 100 0 3440 512 4280
Fluoranthene 100 0 36.67 -0.345 19.669
Pyrene 100 0 50.638 18.625 51.897
Benz[a]anthracene 100 0 421 0 18.3
Chrysene 100 0 149.916 0.18 143.822
Benzo[b]fluoranthene 100 0 28.3 0 14.1
Benzolj k]fluoranthenes 100 0 10.5 0 0
Benzo[e]pyrene 100 0 45.6 0 41.4
Benzo[a]pyrene 100 0 28.3 0 0
Perylene 100 0 90.2 0 0
Dibenz[a,h]anthracene 100 0 5.89 0 3.15
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Indeno[1,2,3-cd]pyrene 100 0 14.2 0 0
Benzo[ghi]perylene 100 0 27.6 0 10.2
2-Methylnaphthalene 100 0 6118.97 10797.75 65398.56
1-Methylnaphthalene 100 0 4509.301 8739.535 57299.325
C1-Naphthalenes 100 0 10598.28 19597.29 122997.89
Biphenyl 100 0 551.384 8138.98 4788.73
C1-Biphenyls 100 0 393.84 7219.1 2400
C2-Biphenyls 100 0 369.69 5217.95 976
C2-Naphthalenes 100 0 10898.04 28796.91 25397.4
1,2-Dimethylnaphthalene 100 0 861 1050 1050
2,6-Dimethylnaphthalene 100 0 2289.795 6769.694 3220
C3-Naphthalenes 100 0 9878.77 20699.469 7700
2,3,6-Trimethylnaphthalene 100 0 2929.771 6339.859 1620
2,3,5-Trimethylnaphthalene 100 0 2059.834 3629.856 1270
C4-Naphthalenes 100 0 6790 4250 1740
C1-Acenaphthenes 100 0 103 258 71.6
C1-Fluorenes 100 0 1369.498 1870 2100
1,7-Dimethylfluorene 100 0 284 253 379
C2-Fluorenes 100 0 3149.595 2650 3180
C3-Fluorenes 100 0 3790 1640 2520
Dibenzothiophene 100 0 855.866 -0.109 2290
C1-Dibenzothiophenes 100 0 2950 0 2630
2/3-Methyldibenzothiophenes 100 0 934 0 1080
C2-Dibenzothiophenes 100 0 7660 69.2 4020
2,4-Dimethyldibenzothiophene 100 0 599 0 425
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
4,6-Dimethyldibenzothiophene 100 0 953 56 561
C3-Dibenzothiophenes 100 0 7650 38.7 3080
C4-Dibenzothiophenes 100 0 4960 10.5 1180
3-Methylphenanthrene 100 0 680 146 699
2-Methylphenanthrene 100 0 763 155 1020
2-Methylanthracene 100 0 96 -0.199 225
9/4-Methylphenanthrene 100 0 1200 107 1280
1-Methylphenanthrene 100 0 700 104 1030
3,6-Dimethylphenanthrene 100 0 197 38.5 216
2,6-Dimethylphenanthrene 100 0 146 51.5 236
1,7-Dimethylphenanthrene 100 0 372 53.4 373
1,8-Dimethylphenanthrene 100 0 107 12.5 113
C3-Phenanthrenes/Anthracenes 100 0 2509.789 223 2030
1,2,6-Trimethylphenanthrene 100 0 64.7 8.12 106
Retene 100 0 284 0 169
C4-Phenanthrenes/Anthracenes 100 0 3880 142 2410
C1-Fluoranthenes/Pyrenes 100 0 410.705 20 305
3-Methylfluoranthene/Benzo[a]fluorene 100 0 178.887 1.99 129
C2-Fluoranthenes/Pyrenes 100 0 669 9.49 458
C3-Fluoranthenes/Pyrenes 100 0 444 2.65 328
C4-Fluoranthenes/Pyrenes 100 0 160 0 110
C1-Benzo[a]anthracenes/Chrysenes 100 0 603 0.163 347
5/6-Methylchrysene 100 0 69 0 44.8
1-Methylchrysene 100 0 90.1 0 49.7
C2-Benzo[a]anthracenes/Chrysenes 100 0 732 0 304
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
5,9-Dimethylchrysene 100 0 185 0 98.2
C3-Benzo[a]anthracenes/Chrysenes 100 0 317 0 90.2
C4-Benzo[a]anthracenes/Chrysenes 100 0 17 0 24.5
C1-Benzofluoranthenes/Benzopyrenes 100 0 254 0 141
7-Methylbenzo[a]pyrene 100 0 16.8 0 19.5
C2-Benzofluoranthenes/Benzopyrenes 100 0 160 0 80.9
1,4,6,7-Tetramethylnaphthalene 100 0 979 219 225
Naphthalene 0 3 19.49 -0.53 0.52
Acenaphthylene 0 3 14 0.247 1.24
Acenaphthene 0 3 2.53 0 0.819
2-Methylfluorene 0 3 1.33 0 0.736
C2 Phenanthrenes/Anthracenes 0 3 12.665 0 6.11
Fluorene 0 3 4.989 0 1.39
Phenanthrene 0 3 13.394 -0.068 0.703
Anthracene 0 3 0.508 0 0
C1 Phenanthrenes/Anthracenes 0 3 15.2 0 4.23
Fluoranthene 0 3 2.27 0.522 0.689
Pyrene 0 3 2.138 0.27 1.227
Benz[aJanthracene 0 3 0.123 0 0
Chrysene 0 3 2.856 0.1 0.397
Benzo[b]fluoranthene 0 3 0 0 0
Benzo[j klfluoranthenes 0 3 0 0 0
Benzo[e]pyrene 0 3 0.152 0 0
Benzo[a]pyrene 0 3 0 0 0
Perylene 0 3 0 0 0
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Dibenz[a,h]anthracene 0 3 0 0 0
Indeno[1,2,3-cd]pyrene 0 3 0.085 0 0

Benzo[ghi]perylene 0 3 0.085 0 0.17
2-Methylnaphthalene 0 3 11.77 -1.574 0.27
1-Methylnaphthalene 0 3 10.301 -0.028 0.625

C1-Naphthalenes 0 3 22.08 -1.6 0.9
Bipheny! 0 3 2.754 0.13 0.35
C1-Biphenyls 0 3 2.83 -0.029 0.79
C2-Biphenyls 0 3 243 -0.58 1.01
C2-Naphthalenes 0 3 26.54 -1.61 2.32
1,2-Dimethylnaphthalene 0 3 2.44 0 0
2,6-Dimethylnaphthalene 0 3 4,825 -0.306 0.726
C3-Naphthalenes 0 3 28.27 0.314 7
2,3,6-Trimethylnaphthalene 0 3 8.171 -0.141 2.25
2,3,5-Trimethylnaphthalene 0 3 6.664 -0.144 1.73
C4-Naphthalenes 0 3 13.6 1.91 2.48
C1-Acenaphthenes 0 3 0.41 0 0
C1-Fluorenes 0 3 8.268 0 2.29
1,7-Dimethylfluorene 0 3 1.1 0 0.66
C2-Fluorenes 0 3 12.295 2.32 3.74
C3-Fluorenes 0 3 19.1 1.2 5.8
Dibenzothiophene 0 3 7.076 -0.109 1.42
C1-Dibenzothiophenes 0 3 11.7 0 2.81
2/3-Methyldibenzothiophenes 0 3 3.9 0 0.843
C2-Dibenzothiophenes 0 3 16.3 0.486 8.11
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)

2,4-Dimethyldibenzothiophene 0 3 1.39 0 0.657
4,6-Dimethyldibenzothiophene 0 3 1.62 0.19 0.924
C3-Dibenzothiophenes 0 3 12.3 0 5.35
C4-Dibenzothiophenes 0 3 5.33 0 1.73
3-Methylphenanthrene 0 3 3.06 0 0.719
2-Methylphenanthrene 0 3 3.7 0 0.917
2-Methylanthracene 0 3 0.203 -0.199 0
9/4-Methylphenanthrene 0 3 5 0 1.39
1-Methylphenanthrene 0 3 3.2 0 1.2
3,6-Dimethylphenanthrene 0 3 0.883 0 0.397
2,6-Dimethylphenanthrene 0 3 0.742 0 0.364
1,7-Dimethylphenanthrene 0 3 1.76 0 0.776
1,8-Dimethylphenanthrene 0 3 0.62 0 0
C3-Phenanthrenes/Anthracenes 0 3 11.389 0.317 4.36
1,2,6-Trimethylphenanthrene 0 3 0.649 0 0
Retene 0 3 0.533 0 0
C4-Phenanthrenes/Anthracenes 0 3 17.6 0 4.17
C1-Fluoranthenes/Pyrenes 0 3 3.585 0 0.817
3-Methylfluoranthene/Benzo[a]fluorene 0 3 1.437 0 0.416
C2-Fluoranthenes/Pyrenes 0 3 4.37 0 0
C3-Fluoranthenes/Pyrenes 0 3 1.91 0 0
C4-Fluoranthenes/Pyrenes 0 3 0.682 0 0
C1-Benzo[a]anthracenes/Chrysenes 0 3 2.36 0 0.599
5/6-Methylchrysene 0 3 0.203 0 0
1-Methylchrysene 0 3 0.39 0 0
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C2-Benzo[a]anthracenes/Chrysenes 0 3 0.98 0 0
5,9-Dimethylchrysene 0 3 0.215 0 0
C3-Benzo[a]anthracenes/Chrysenes 0 3 0 0 0
C4-Benzo[a]anthracenes/Chrysenes 0 3 0 0 0
C1-Benzofluoranthenes/Benzopyrenes 0 3 0 0 0
7-Methylbenzo[a]pyrene 0 3 0 0 0
C2-Benzofluoranthenes/Benzopyrenes 0 3 0 0 0
1,4,6,7-Tetramethylnaphthalene 0 3 2.04 0.408 0.549
Naphthalene 25 3 802.89 211.16 4777.6
Acenaphthylene 25 3 1.39 0.723 2.67
Acenaphthene 25 3 45 4.94 29.3
2-Methylfluorene 25 3 17.2 145 53.8
C2 Phenanthrenes/Anthracenes 25 3 462.665 19.9 239
Fluorene 25 3 55.879 56.4 128
Phenanthrene 25 3 126.39%4 14.269 177.333
Anthracene 25 3 12.6 0 3.14
C1 Phenanthrenes/Anthracenes 25 3 359 23.3 349
Fluoranthene 25 3 8.96 0.945 3.539
Pyrene 25 3 11.838 2.085 7.727
Benz[a]anthracene 25 3 6.47 0 1.79
Chrysene 25 3 24.616 0.1 14.722
Benzob]fluoranthene 25 3 4.4 0 1.11
Benzolj k]fluoranthenes 25 3 2.07 0 0
Benzo[e]pyrene 25 3 7.27 0 3.27
Benzo[a]pyrene 25 3 3.08 0 0
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Perylene 25 3 11.5 0 0
Dibenz[a,h]anthracene 25 3 0.932 0 0
Indeno[1,2,3-cd]pyrene 25 3 2.31 0 0
Benzo[ghi]perylene 25 3 3.94 0 0.845
2-Methylnaphthalene 25 3 592.97 153.75 1278.56
1-Methylnaphthalene 25 3 455,301 157.535 1679.325
C1-Naphthalenes 25 3 1048.28 311.29 2957.89
Biphenyl 25 3 40.384 270.98 405.73
C1-Biphenyls 25 3 30.64 130.1 141
C2-Biphenyls 25 3 21.09 54.25 44.6
C2-Naphthalenes 25 3 1078.04 322.91 1857.4
1,2-Dimethylnaphthalene 25 3 86.5 14.2 136
2,6-Dimethylnaphthalene 25 3 214.795 36.594 180
C3-Naphthalenes 25 3 811.77 193.469 784
2,3,6-Trimethylnaphthalene 25 3 242771 64.359 225
2,3,5-Trimethylnaphthalene 25 3 171.834 46.356 212
C4-Naphthalenes 25 3 392 72.6 258
C1-Acenaphthenes 25 3 8.05 0.44 5
C1-Fluorenes 25 3 104.498 71.3 163
1,7-Dimethylfluorene 25 3 221 8.66 19.3
C2-Fluorenes 25 3 218.595 93.5 213
C3-Fluorenes 25 3 391 64 183
Dibenzothiophene 25 3 80.566 1.121 108
C1-Dibenzothiophenes 25 3 255 2.13 148
2/3-Methyldibenzothiophenes 25 3 80.3 0.902 45.8
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C2-Dibenzothiophenes 25 3 975 498 255
2,4-Dimethyldibenzothiophene 25 3 69.8 0.383 22.8
4,6-Dimethyldibenzothiophene 25 3 103 1.9 32.1
C3-Dibenzothiophenes 25 3 1390 2.41 233
C4-Dibenzothiophenes 25 3 987 0.843 99.4
3-Methylphenanthrene 25 3 65.6 6.24 66.6
2-Methylphenanthrene 25 3 72.4 7.02 83.3
2-Methylanthracene 25 3 115 -0.199 4.81
9/4-Methylphenanthrene 25 3 131 5.18 122
1-Methylphenanthrene 25 3 78.4 4.82 72.9
3,6-Dimethylphenanthrene 25 3 32.4 2 16.7
2,6-Dimethylphenanthrene 25 3 26.5 243 17
1,7-Dimethylphenanthrene 25 3 68.3 3.06 344
1,8-Dimethylphenanthrene 25 3 19.2 0.792 10.8
C3-Phenanthrenes/Anthracenes 25 3 522.789 15.9 168
1,2,6-Trimethylphenanthrene 25 3 12.7 0.616 9.29
Retene 25 3 64.3 0 12.8
C4-Phenanthrenes/Anthracenes 25 3 965 9.6 226
C1-Fluoranthenes/Pyrenes 25 3 93.905 1.79 35.9
3-Methylfluoranthene/Benzo[a]fluorene 25 3 41.087 0.224 15.3
C2-Fluoranthenes/Pyrenes 25 3 163 0.872 49.3
C3-Fluoranthenes/Pyrenes 25 3 110 0 31.2
C4-Fluoranthenes/Pyrenes 25 3 38.5 0 10.3
C1-Benzo[a]anthracenes/Chrysenes 25 3 84.7 0 28.8
5/6-Methylchrysene 25 3 10.4 0 3.33
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
1-Methylchrysene 25 3 14.1 0 4.04
C2-Benzo[a]anthracenes/Chrysenes 25 3 118 0 23.7
5,9-Dimethylchrysene 25 3 28.3 0 5.84
C3-Benzo[a]anthracenes/Chrysenes 25 3 43.7 0 4.13
C4-Benzo[a]anthracenes/Chrysenes 25 3 15.3 0 0
C1-Benzofluoranthenes/Benzopyrenes 25 3 39.3 0 8.43
7-Methylbenzo[a]pyrene 25 3 29 0 1.16
C2-Benzofluoranthenes/Benzopyrenes 25 3 26.3 0 4.59
1,4,6,7-Tetramethylnaphthalene 25 3 59.7 12.7 36.8
Naphthalene 50 3 1347.89 77.96 5.9
Acenaphthylene 50 3 1.73 0.71 2.13
Acenaphthene 50 3 94.1 9.37 26.7
2-Methylfluorene 50 3 41 21.3 78.6
C2 Phenanthrenes/Anthracenes 50 3 1199.665 22.8 790
Fluorene 50 3 125.679 86 134
Phenanthrene 50 3 289.39%4 4,709 6.983
Anthracene 50 3 29 0 2.79
C1 Phenanthrenes/Anthracenes 50 3 1010 17.9 224
Fluoranthene 50 3 18.67 0.735 5.989
Pyrene 50 3 26.038 3.295 23.697
Benz[a]anthracene 50 3 15.1 0.122 10.1
Chrysene 50 3 59.916 0.195 82.922
Benzob]fluoranthene 50 3 12.7 0.1 9.36
Benzolj k]fluoranthenes 50 3 449 0 0
Benzo[e]pyrene 50 3 17.6 0.176 21.8

166




Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Benzo[a]pyrene 50 3 9.06 0 0
Perylene 50 3 32.3 0 0
Dibenz[a,h]anthracene 50 3 2.46 0 1.87
Indeno[1,2,3-cd]pyrene 50 3 5.52 0 0
Benzo[ghi]perylene 50 3 10.7 0 6.34
2-Methylnaphthalene 50 3 1018.97 4.33 5.41
1-Methylnaphthalene 50 3 790.301 17.435 3.565
C1-Naphthalenes 50 3 1808.28 21.79 8.99
Biphenyl 50 3 67.784 361.98 61.83
C1-Biphenyls 50 3 62.04 74.6 62.1
C2-Biphenyls 50 3 44.69 39.35 30.5
C2-Naphthalenes 50 3 1998.04 99.91 21.8
1,2-Dimethylnaphthalene 50 3 166 422 1.93
2,6-Dimethylnaphthalene 50 3 370.795 -0.306 2.66
C3-Naphthalenes 50 3 1618.77 145.469 341
2,3,6-Trimethylnaphthalene 50 3 480.771 60.659 54.1
2,3,5-Trimethylnaphthalene 50 3 352.834 54.656 169
C4-Naphthalenes 50 3 846 108 514
C1-Acenaphthenes 50 3 17.9 1.22 8.85
C1-Fluorenes 50 3 243.498 103 240
1,7-Dimethylfluorene 50 3 67.4 13.7 82.7
C2-Fluorenes 50 3 718.595 136 596
C3-Fluorenes 50 3 1210 88.2 840
Dibenzothiophene 50 3 153.866 -0.109 18.1
C1-Dibenzothiophenes 50 3 711 1.38 93.5
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
2/3-Methyldibenzothiophenes 50 3 223 0 24.7
C2-Dibenzothiophenes 50 3 2690 1.45 1030
2,4-Dimethyldibenzothiophene 50 3 193 0 77.3
4,6-Dimethyldibenzothiophene 50 3 324 2.27 172
C3-Dibenzothiophenes 50 3 3210 2.42 1600
C4-Dibenzothiophenes 50 3 2070 0.943 692
3-Methylphenanthrene 50 3 188 3.69 17.2
2-Methylphenanthrene 50 3 218 8.07 139
2-Methylanthracene 50 3 29.3 -0.199 5.18
9/4-Methylphenanthrene 50 3 363 3.74 61.6
1-Methylphenanthrene 50 3 213 2.37 6.76
3,6-Dimethylphenanthrene 50 3 88.6 1.69 52
2,6-Dimethylphenanthrene 50 3 65.9 3.1 79.9
1,7-Dimethylphenanthrene 50 3 170 3.86 144
1,8-Dimethylphenanthrene 50 3 49.9 1 45.6
C3-Phenanthrenes/Anthracenes 50 3 1229.789 204 997
1,2,6-Trimethylphenanthrene 50 3 30.8 0.878 55.6
Retene 50 3 144 0 81.5
C4-Phenanthrenes/Anthracenes 50 3 2060 14.8 1210
C1-Fluoranthenes/Pyrenes 50 3 213.705 2.46 159
3-Methylfluoranthene/Benzo[a]fluorene 50 3 89.487 0.38 61.1
C2-Fluoranthenes/Pyrenes 50 3 345 1.26 244
C3-Fluoranthenes/Pyrenes 50 3 246 0 189
C4-Fluoranthenes/Pyrenes 50 3 87.1 0 66.6
C1-Benzo[a]anthracenes/Chrysenes 50 3 224 0 199
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
5/6-Methylchrysene 50 3 27.3 0 25
1-Methylchrysene 50 3 35.8 0 29.9
C2-Benzo[a]anthracenes/Chrysenes 50 3 307 0 168
5,9-Dimethylchrysene 50 3 69.5 0 48.9
C3-Benzo[a]anthracenes/Chrysenes 50 3 129 0 40.8
C4-Benzo[a]anthracenes/Chrysenes 50 3 47.3 0 9.71
C1-Benzofluoranthenes/Benzopyrenes 50 3 994 0 68.1
7-Methylbenzo[a]pyrene 50 3 7.67 0 7.7
C2-Benzofluoranthenes/Benzopyrenes 50 3 69.7 0 34.9
1,4,6,7-Tetramethylnaphthalene 50 3 129 19.8 105
Naphthalene 100 3 2987.89 678.16 10097.6
Acenaphthylene 100 3 1.35 -0.119 2.25
Acenaphthene 100 3 184 214 132
2-Methylfluorene 100 3 114 87.9 492
C2 Phenanthrenes/Anthracenes 100 3 2149.665 192 4290
Fluorene 100 3 272.679 238 720
Phenanthrene 100 3 767.39%4 39.669 2129.333
Anthracene 100 3 55.1 0 16.7
C1 Phenanthrenes/Anthracenes 100 3 2500 144 5490
Fluoranthene 100 3 30.67 -0.345 27.169
Pyrene 100 3 42.338 10.725 72.597
Benz[aJanthracene 100 3 29.1 0 35.9
Chrysene 100 3 117.916 0.104 294.822
Benzob]fluoranthene 100 3 22.7 0 30.4
Benzolj k]fluoranthenes 100 3 8.38 0 0
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Benzo[e]pyrene 100 3 34.8 0 76.7
Benzo[a]pyrene 100 3 21 0 0

Perylene 100 3 67.6 0 21.2

Dibenz[a,h]anthracene 100 3 4.62 0 6.12
Indeno[1,2,3-cd]pyrene 100 3 10.2 0 0
Benzo[ghi]perylene 100 3 211 0 22.9
2-Methylnaphthalene 100 3 2278.97 312.75 10498.56
1-Methylnaphthalene 100 3 1759.301 433.535 11399.325
C1-Naphthalenes 100 3 4048.28 746.29 21897.89
Biphenyl 100 3 179.384 1088.98 1198.73
C1-Biphenyls 100 3 126.84 494 1 601
C2-Biphenyls 100 3 107.69 256.95 310
C2-Naphthalenes 100 3 4018.04 972.91 11397.4
1,2-Dimethylnaphthalene 100 3 332 50.9 832
2,6-Dimethylnaphthalene 100 3 810.795 51.694 1740
C3-Naphthalenes 100 3 3398.77 987.469 4630
2,3,6-Trimethylnaphthalene 100 3 977.771 343.859 1240
2,3,5-Trimethylnaphthalene 100 3 733.834 270.856 1070
C4-Naphthalenes 100 3 2930 669 2740
C1-Acenaphthenes 100 3 34.2 2.98 26.7
C1-Fluorenes 100 3 695.498 401 1430
1,7-Dimethylfluorene 100 3 217 92.5 353
C2-Fluorenes 100 3 2139.595 873 3520
C3-Fluorenes 100 3 2820 843 4160
Dibenzothiophene 100 3 487.866 -0.109 1550
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C1-Dibenzothiophenes 100 3 2070 0 3270
2/3-Methyldibenzothiophenes 100 3 658 3.59 1150
C2-Dibenzothiophenes 100 3 5950 29.9 8020
2,4-Dimethyldibenzothiophene 100 3 469 0 608
4,6-Dimethyldibenzothiophene 100 3 743 24.6 982
C3-Dibenzothiophenes 100 3 6410 19.8 5320
C4-Dibenzothiophenes 100 3 3870 4.07 2180
3-Methylphenanthrene 100 3 485 37.4 996
2-Methylphenanthrene 100 3 545 499 1170
2-Methylanthracene 100 3 71.2 5.251 107
9/4-Methylphenanthrene 100 3 856 29.3 1810
1-Methylphenanthrene 100 3 544 27.5 1410
3,6-Dimethylphenanthrene 100 3 165 20.1 326
2,6-Dimethylphenanthrene 100 3 120 27 355
1,7-Dimethylphenanthrene 100 3 309 29.2 580
1,8-Dimethylphenanthrene 100 3 87.8 5.9 178
C3-Phenanthrenes/Anthracenes 100 3 1979.789 128 3230
1,2,6-Trimethylphenanthrene 100 3 103 443 175
Retene 100 3 248 0 304
C4-Phenanthrenes/Anthracenes 100 3 3280 57.5 4060
C1-Fluoranthenes/Pyrenes 100 3 333.705 11.6 485
3-Methylfluoranthene/Benzo[a]fluorene 100 3 147.887 1.06 208
C2-Fluoranthenes/Pyrenes 100 3 562 6.69 731
C3-Fluoranthenes/Pyrenes 100 3 369 1.27 539
C4-Fluoranthenes/Pyrenes 100 3 131 0 185
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C1-Benzo[a]anthracenes/Chrysenes 100 3 470 0.13 722
5/6-Methylchrysene 100 3 534 0 93
1-Methylchrysene 100 3 68.4 0 104
C2-Benzo[a]anthracenes/Chrysenes 100 3 601 0 634
5,9-Dimethylchrysene 100 3 143 0 202
C3-Benzo[a]anthracenes/Chrysenes 100 3 261 0 182
C4-Benzo[a]anthracenes/Chrysenes 100 3 92.9 0 38.3
C1-Benzofluoranthenes/Benzopyrenes 100 3 219 0 277
7-Methylbenzo[a]pyrene 100 3 15 0 36.3
C2-Benzofluoranthenes/Benzopyrenes 100 3 125 0 192
1,4,6,7-Tetramethylnaphthalene 100 3 455 113 410
Naphthalene 0 7 -0.45 0.05 0.12
Acenaphthylene 0 7 1.22 0.423 1.58
Acenaphthene 0 7 0.198 0 0
2-Methylfluorene 0 7 0.491 0 0.537
C2 Phenanthrenes/Anthracenes 0 7 3.875 0.401 2.52
Fluorene 0 7 0.072 0.373 0.459
Phenanthrene 0 7 0.252 0.11 0.228
Anthracene 0 7 0.127 0 0
C1 Phenanthrenes/Anthracenes 0 7 0.958 0 0
Fluoranthene 0 7 1.12 0.685 0.719
Pyrene 0 7 1.368 1.595 0.402
Benz[a]anthracene 0 7 0 0 0.109
Chrysene 0 7 1.636 0.16 0.255
Benzo[b]fluoranthene 0 7 0 0 0
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Benzo[j k]fluoranthenes 0 7 0 0 0
Benzo[e]pyrene 0 7 0.25 0 0
Benzo[a]pyrene 0 7 0 0 0
Perylene 0 7 0 0 0
Dibenz[a,h]anthracene 0 7 0 0 0
Indeno[1,2,3-cd]pyrene 0 7 0 0 0
Benzo[ghi]perylene 0 7 0.183 0 0.359
2-Methylnaphthalene 0 7 0.07 -1.443 0.09
1-Methylnaphthalene 0 7 0.101 -0.012 0.278
C1-Naphthalenes 0 7 -0.02 -1.45 0.38
Biphenyl 0 7 -0.09 0.42 0.15
C1-Biphenyls 0 7 0.12 0.14 0.438
C2-Biphenyls 0 7 0.62 0.31 0.436
C2-Naphthalenes 0 7 0.37 1.7 0.27
1,2-Dimethylnaphthalene 0 7 0 0 0
2,6-Dimethylnaphthalene 0 7 0.106 -0.306 0.328
C3-Naphthalenes 0 7 1.37 0.448 2.48
2,3,6-Trimethylnaphthalene 0 7 0.464 0.172 1.06
2,3,5-Trimethylnaphthalene 0 7 0.543 0.235 0.506
C4-Naphthalenes 0 7 4.42 1.77 1.64
C1-Acenaphthenes 0 7 0.196 0 0
C1-Fluorenes 0 7 1.628 0.844 2.13
1,7-Dimethylfluorene 0 7 0.5 0 0
C2-Fluorenes 0 7 5.305 2.33 6.57
C3-Fluorenes 0 7 17.9 1.46 23.2
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Dibenzothiophene 0 7 0.133 -0.109 0.38
C1-Dibenzothiophenes 0 7 1.25 0 0.531
2/3-Methyldibenzothiophenes 0 7 0.457 0 0
C2-Dibenzothiophenes 0 7 6.67 0.945 3.58
2,4-Dimethyldibenzothiophene 0 7 0.377 0 0
4,6-Dimethyldibenzothiophene 0 7 0.835 0 0.466
C3-Dibenzothiophenes 0 7 6.82 0 1.62
C4-Dibenzothiophenes 0 7 3.57 0 0
3-Methylphenanthrene 0 7 1.53 0 0
2-Methylphenanthrene 0 7 0.339 0 0
2-Methylanthracene 0 7 0.138 -0.199 0
9/4-Methylphenanthrene 0 7 0.436 0 0
1-Methylphenanthrene 0 7 0.184 0 0
3,6-Dimethylphenanthrene 0 7 0.313 0 0.385
2,6-Dimethylphenanthrene 0 7 0.223 0 0.3
1,7-Dimethylphenanthrene 0 7 0.572 0 0.229
1,8-Dimethylphenanthrene 0 7 0.32 0 0
C3-Phenanthrenes/Anthracenes 0 7 5.739 0.305 1.65
1,2,6-Trimethylphenanthrene 0 7 0.151 0 0
Retene 0 7 0.421 0 0
C4-Phenanthrenes/Anthracenes 0 7 10.8 0 0
C1-Fluoranthenes/Pyrenes 0 7 2.395 0 0
3-Methylfluoranthene/Benzo[a]fluorene 0 7 0.847 0 0
C2-Fluoranthenes/Pyrenes 0 7 29 0 0
C3-Fluoranthenes/Pyrenes 0 7 0.715 0 0
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C4-Fluoranthenes/Pyrenes 0 7 0.331 0 0
C1-Benzo[a]anthracenes/Chrysenes 0 7 1.49 0 0
5/6-Methylchrysene 0 7 0.163 0 0
1-Methylchrysene 0 7 0.271 0 0
C2-Benzo[a]anthracenes/Chrysenes 0 7 0.643 0 0
5,9-Dimethylchrysene 0 7 0 0 0
C3-Benzo[a]anthracenes/Chrysenes 0 7 0.244 0 0.391
C4-Benzo[a]anthracenes/Chrysenes 0 7 0 0 0
C1-Benzofluoranthenes/Benzopyrenes 0 7 0 0 1.07
7-Methylbenzo[a]pyrene 0 7 0 0 0
C2-Benzofluoranthenes/Benzopyrenes 0 7 0 0 1.17
1,4,6,7-Tetramethylnaphthalene 0 7 0.865 0.366 0.35
Naphthalene 25 7 -0.29 0.17 0.71
Acenaphthylene 25 7 2.08 1.161 2.74
Acenaphthene 25 7 1.83 0 0
2-Methylfluorene 25 7 1.36 0 0
C2 Phenanthrenes/Anthracenes 25 7 45.865 0.616 7.55
Fluorene 25 7 0.429 0.219 0.373
Phenanthrene 25 7 0.424 0.028 0.157
Anthracene 25 7 4.4 0 0
C1 Phenanthrenes/Anthracenes 25 7 15.9 0 0
Fluoranthene 25 7 1.82 -0.009 0.064
Pyrene 25 7 3.618 2.245 2.707
Benz[a]anthracene 25 7 0.867 0.079 0
Chrysene 25 7 5.376 0.018 4.942
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Benzob]fluoranthene 25 7 0.896 0 0.431
Benzo[j k]fluoranthenes 25 7 0.395 0 0
Benzo[e]pyrene 25 7 1.44 0 1.27
Benzo[a]pyrene 25 7 0 0 0
Perylene 25 7 1.16 0 0
Dibenz[a,h]anthracene 25 7 0 0 0
Indeno[1,2,3-cd]pyrene 25 7 0.474 0 0
Benzo[ghi]perylene 25 7 0.85 0 0.395
2-Methylnaphthalene 25 7 0.27 1.4 0.84
1-Methylnaphthalene 25 7 0.132 0.063 0.655
C1-Naphthalenes 25 7 0.41 -1.33 1.5
Biphenyl 25 7 0.04 0.2 -0.05
C1-Biphenyls 25 7 0.71 -0.146 0.546
C2-Biphenyls 25 7 1.67 0.15 1.36
C2-Naphthalenes 25 7 1.69 -1.47 1.41
1,2-Dimethylnaphthalene 25 7 0.32 0 0
2,6-Dimethylnaphthalene 25 7 0.274 -0.306 0.608
C3-Naphthalenes 25 7 8.08 0.223 2.29
2,3,6-Trimethylnaphthalene 25 7 0.871 0.3 0.838
2,3,5-Trimethylnaphthalene 25 7 2.884 0.114 0.908
C4-Naphthalenes 25 7 34.6 0.884 8.13
C1-Acenaphthenes 25 7 0.957 0 0
C1-Fluorenes 25 7 4.548 0.473 1.55
1,7-Dimethylfluorene 25 7 4.01 0 0
C2-Fluorenes 25 7 34.395 4 22.7
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C3-Fluorenes 25 7 65.4 4.25 331
Dibenzothiophene 25 7 0.159 -0.109 0.887
C1-Dibenzothiophenes 25 7 2.98 0 0
2/3-Methyldibenzothiophenes 25 7 1.09 0 1.66
C2-Dibenzothiophenes 25 7 834 0.383 5.55
2,4-Dimethyldibenzothiophene 25 7 3.81 0 0
4,6-Dimethyldibenzothiophene 25 7 1.2 0.196 0.703
C3-Dibenzothiophenes 25 7 158 0.497 27.1
C4-Dibenzothiophenes 25 7 122 0 19.3
3-Methylphenanthrene 25 7 0.741 0 0
2-Methylphenanthrene 25 7 1 0 0
2-Methylanthracene 25 7 4.46 -0.199 0
9/4-Methylphenanthrene 25 7 0.748 0 0
1-Methylphenanthrene 25 7 8.98 0 0
3,6-Dimethylphenanthrene 25 7 1.89 0 0
2,6-Dimethylphenanthrene 25 7 2.21 0 0
1,7-Dimethylphenanthrene 25 7 10.6 0 0.642
1,8-Dimethylphenanthrene 25 7 3.41 0 0.848
C3-Phenanthrenes/Anthracenes 25 7 76.189 2.04 25.8
1,2,6-Trimethylphenanthrene 25 7 4.49 0.116 1.43
Retene 25 7 10.6 0 2.63
C4-Phenanthrenes/Anthracenes 25 7 167 1.1 43.7
C1-Fluoranthenes/Pyrenes 25 7 18.105 0.419 8.97
3-Methylfluoranthene/Benzo[a]fluorene 25 7 7.497 0.183 2.7
C2-Fluoranthenes/Pyrenes 25 7 29.3 0.133 12.7
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C3-Fluoranthenes/Pyrenes 25 7 15.5 0 6.93
C4-Fluoranthenes/Pyrenes 25 7 4.37 0 1.04

C1-Benzo[a]anthracenes/Chrysenes 25 7 14.4 0 7.74
5/6-Methylchrysene 25 7 1.98 0 1.07
1-Methylchrysene 25 7 243 0 0.98
C2-Benzo[a]anthracenes/Chrysenes 25 7 15.5 0 7.3
5,9-Dimethylchrysene 25 7 3.91 0 1.71
C3-Benzo[a]anthracenes/Chrysenes 25 7 5.87 0 0.829
C4-Benzo[a]anthracenes/Chrysenes 25 7 0 0 0
C1-Benzofluoranthenes/Benzopyrenes 25 7 5.66 0 2.31
7-Methylbenzo[a]pyrene 25 7 0 0 0
C2-Benzofluoranthenes/Benzopyrenes 25 7 3.06 0 0
1,4,6,7-Tetramethylnaphthalene 25 7 8 0 0
Naphthalene 50 7 -0.04 0.63 0.69
Acenaphthylene 50 7 1.55 0.551 1.41
Acenaphthene 50 7 4.8 0 0
2-Methylfluorene 50 7 4.01 0 0.861
C2 Phenanthrenes/Anthracenes 50 7 174.665 0.752 15.8
Fluorene 50 7 1.239 0 0.752
Phenanthrene 50 7 1.464 0.309 0.573
Anthracene 50 7 14 0 0
C1 Phenanthrenes/Anthracenes 50 7 41.3 0 0
Fluoranthene 50 7 3.53 -0.044 0.12
Pyrene 50 7 6.658 2.265 6.567
Benz[a]anthracene 50 7 2.75 0 0

178




Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Chrysene 50 7 12.916 0.053 8.372
Benzob]fluoranthene 50 7 212 0 0.7
Benzo[j k]fluoranthenes 50 7 0.805 0 0
Benzo[e]pyrene 50 7 3.27 0 1.97
Benzo[a]pyrene 50 7 1.2 0 0
Perylene 50 7 5.36 0 0
Dibenz[a,h]anthracene 50 7 0 0 0
Indeno[1,2,3-cd]pyrene 50 7 0.954 0 0
Benzo[ghi]perylene 50 7 1.85 0 0
2-Methylnaphthalene 50 7 0.7 -1.404 0.21
1-Methylnaphthalene 50 7 0.481 0.23 0.385
C1-Naphthalenes 50 7 1.19 -1.17 0.6
Biphenyl 50 7 0.262 1.11 0.32
C1-Biphenyls 50 7 1.72 0.23 0.588
C2-Biphenyls 50 7 3.21 0.38 2.22
C2-Naphthalenes 50 7 4.42 -1.46 0.91
1,2-Dimethylnaphthalene 50 7 0.781 0 0
2,6-Dimethylnaphthalene 50 7 0.536 -0.306 0
C3-Naphthalenes 50 7 17.97 -0.531 5.33
2,3,6-Trimethylnaphthalene 50 7 2.781 0.386 1.59
2,3,5-Trimethylnaphthalene 50 7 6.114 -0.144 0.916
C4-Naphthalenes 50 7 91 0 27.6
C1-Acenaphthenes 50 7 1.86 0 0
C1-Fluorenes 50 7 12.498 0 3.02
1,7-Dimethylfluorene 50 7 17.6 0 0
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C2-Fluorenes 50 7 131.595 2.74 86.8
C3-Fluorenes 50 7 229 19 108

Dibenzothiophene 50 7 0.517 -0.109 1.24
C1-Dibenzothiophenes 50 7 14.1 0 1.36
2/3-Methyldibenzothiophenes 50 7 5.15 0 1.36
C2-Dibenzothiophenes 50 7 374 0 9.79
2,4-Dimethyldibenzothiophene 50 7 20.6 0 0
4,6-Dimethyldibenzothiophene 50 7 53.6 0 0
C3-Dibenzothiophenes 50 7 589 0 50.5
C4-Dibenzothiophenes 50 7 377 0 41.2
3-Methylphenanthrene 50 7 1.18 0 0
2-Methylphenanthrene 50 7 5.59 0 0
2-Methylanthracene 50 7 11.6 -0.199 0
9/4-Methylphenanthrene 50 7 241 0 0
1-Methylphenanthrene 50 7 0.955 0 0
3,6-Dimethylphenanthrene 50 7 9.39 0 0
2,6-Dimethylphenanthrene 50 7 10 0 0
1,7-Dimethylphenanthrene 50 7 34.5 0 0.845
1,8-Dimethylphenanthrene 50 7 10.6 0 1.28
C3-Phenanthrenes/Anthracenes 50 7 245.789 3.62 45.4
1,2,6-Trimethylphenanthrene 50 7 6.42 0 2.15
Retene 50 7 29.2 0 4.03
C4-Phenanthrenes/Anthracenes 50 7 437 1.78 91.5
C1-Fluoranthenes/Pyrenes 50 7 44.605 0.956 18.6
3-Methylfluoranthene/Benzo[a]fluorene 50 7 19.987 0 4.48
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C2-Fluoranthenes/Pyrenes 50 7 76.4 0.258 25.6
C3-Fluoranthenes/Pyrenes 50 7 49.4 0 135
C4-Fluoranthenes/Pyrenes 50 7 15.5 0 2.64

C1-Benzo[a]anthracenes/Chrysenes 50 7 40.9 0 12.7
5/6-Methylchrysene 50 7 4.77 0 1.4
1-Methylchrysene 50 7 6.12 0 1.54
C2-Benzo[a]anthracenes/Chrysenes 50 7 493 0 11.6
5,9-Dimethylchrysene 50 7 12.9 0 2.8
C3-Benzo[a]anthracenes/Chrysenes 50 7 19.5 0 0
C4-Benzo[a]anthracenes/Chrysenes 50 7 7.75 0 0
C1-Benzofluoranthenes/Benzopyrenes 50 7 17.2 0 3.82
7-Methylbenzo[a]pyrene 50 7 1.48 0 0
C2-Benzofluoranthenes/Benzopyrenes 50 7 11.9 0 0
1,4,6,7-Tetramethylnaphthalene 50 7 209 0 0
Naphthalene 100 7 1027.89 0.68 5077.6
Acenaphthylene 100 7 1.11 0.558 2.61
Acenaphthene 100 7 64 0 43.8
2-Methylfluorene 100 7 45 0.813 142
C2 Phenanthrenes/Anthracenes 100 7 1149.665 4.34 836
Fluorene 100 7 95.079 0 245
Phenanthrene 100 7 282.39%4 0.619 385.333
Anthracene 100 7 42.8 0 7
C1 Phenanthrenes/Anthracenes 100 7 1080 0 1040
Fluoranthene 100 7 17.67 -0.011 6.419
Pyrene 100 7 23.738 3.445 15.497
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Benz[a]anthracene 100 7 12 0 4.61
Chrysene 100 7 50.416 0.046 42.622
Benzob]fluoranthene 100 7 8.95 0 3.99
Benzo[j k]fluoranthenes 100 7 3.28 0 0
Benzo[e]pyrene 100 7 14.5 0 11.2
Benzo[a]pyrene 100 7 7.68 0 0
Perylene 100 7 27.6 0 0
Dibenz[a,h]anthracene 100 7 1.82 0 0
Indeno[1,2,3-cd]pyrene 100 7 3.83 0 0
Benzo[ghi]perylene 100 7 8.45 0 2.9
2-Methylnaphthalene 100 7 498.97 1.4 73.76
1-Methylnaphthalene 100 7 509.301 0.079 1369.325
C1-Naphthalenes 100 7 1008.28 -1.32 1447.89
Biphenyl 100 7 29.084 0.51 274.73
C1-Biphenyls 100 7 36.24 0.056 113
C2-Biphenyls 100 7 34.39 0.5 68.4
C2-Naphthalenes 100 7 1198.04 0.83 1277.4
1,2-Dimethylnaphthalene 100 7 100 0.431 102
2,6-Dimethylnaphthalene 100 7 215.795 -0.026 81.9
C3-Naphthalenes 100 7 1208.77 3.969 970
2,3,6-Trimethylnaphthalene 100 7 354,771 1.709 258
2,3,5-Trimethylnaphthalene 100 7 259.834 0.789 261
C4-Naphthalenes 100 7 1040 13 570
C1-Acenaphthenes 100 7 11.9 0 8.1
C1-Fluorenes 100 7 253.498 1.74 426

182




Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
1,7-Dimethylfluorene 100 7 80.8 0.627 89.1
C2-Fluorenes 100 7 864.595 24.9 826
C3-Fluorenes 100 7 1210 131 724
Dibenzothiophene 100 7 173.866 -0.109 397
C1-Dibenzothiophenes 100 7 849 0 719
2/3-Methyldibenzothiophenes 100 7 267 0 298
C2-Dibenzothiophenes 100 7 2630 0 1030
2,4-Dimethyldibenzothiophene 100 7 194 0 100
4,6-Dimethyldibenzothiophene 100 7 318 0 138
C3-Dibenzothiophenes 100 7 2850 2.16 832
C4-Dibenzothiophenes 100 7 1700 1.04 330
3-Methylphenanthrene 100 7 200 0 196
2-Methylphenanthrene 100 7 231 0 272

2-Methylanthracene 100 7 38.3 -0.199 13

9/4-Methylphenanthrene 100 7 391 0 355
1-Methylphenanthrene 100 7 222 0 202
3,6-Dimethylphenanthrene 100 7 88.3 0 61.8
2,6-Dimethylphenanthrene 100 7 64.3 0 63.6
1,7-Dimethylphenanthrene 100 7 171 0.546 118
1,8-Dimethylphenanthrene 100 7 46.6 0 36.9
C3-Phenanthrenes/Anthracenes 100 7 1049.789 14.4 599
1,2,6-Trimethylphenanthrene 100 7 48.3 0.606 32.3
Retene 100 7 127 0 48.3
C4-Phenanthrenes/Anthracenes 100 7 1770 15.1 738
C1-Fluoranthenes/Pyrenes 100 7 187.705 213 94.7
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
3-Methylfluoranthene/Benzo[a]fluorene 100 7 81.187 0 39.8
C2-Fluoranthenes/Pyrenes 100 7 300 1.14 144
C3-Fluoranthenes/Pyrenes 100 7 205 0 90.3
C4-Fluoranthenes/Pyrenes 100 7 69.6 0 25.9
C1-Benzo[a]anthracenes/Chrysenes 100 7 183 0 93.6
5/6-Methylchrysene 100 7 219 0 13.1
1-Methylchrysene 100 7 274 0 14.6
C2-Benzo[a]anthracenes/Chrysenes 100 7 248 0 92.5
5,9-Dimethylchrysene 100 7 55.8 0 18.4
C3-Benzo[a]anthracenes/Chrysenes 100 7 97.9 0 18.5
C4-Benzo[a]anthracenes/Chrysenes 100 7 36.2 0 4.88
C1-Benzofluoranthenes/Benzopyrenes 100 7 84.5 0 34.2
7-Methylbenzo[a]pyrene 100 7 6.12 0 4.49
C2-Benzofluoranthenes/Benzopyrenes 100 7 55.9 0 20.5
1,4,6,7-Tetramethylnaphthalene 100 7 161 0 86.3
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Table A.47.

to 0%, 25%, 50%, 100% WAF samples of DB, CO, and MD on sampling day 7, 21, and 35.

The concentration (ng/L) for all the PAH components measured for tissue samples from the C. gigas exposed

Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Naphthalene 0 7 0.495 0.785 1.385
Acenaphthylene 0 7 0.023 0.087 0.075
Acenaphthene 0 7 0.704 0.475 0.538
2-Methylfluorene 0 7 0.293 0.358 0.421
C2 Phenanthrenes/Anthracenes 0 7 1.973 1.663 5.773
Fluorene 0 7 0.781 1.199 1.189
Phenanthrene 0 7 3.092 3.322 5.392
Anthracene 0 7 0 0.209 0.252
C1 Phenanthrenes/Anthracenes 0 7 0.752 3.127 7.427
Fluoranthene 0 7 3.613 6.613 4.873
Pyrene 0 7 2.953 3.413 2.833
Benz[a]anthracene 0 7 0 0.178 0.227
Chrysene 0 7 1.128 1.098 1.338
Benzolb]fluoranthene 0 7 0.385 0.314 0.556
Benzolj k]fluoranthenes 0 7 0 0177 0.304
Benzo[e]pyrene 0 7 0 0.48 0.415
Benzo[a]pyrene 0 7 0 0 0
Perylene 0 7 0 0 0
Dibenz[a,h]anthracene 0 7 0 0 0
Indeno[1,2,3-cd]pyrene 0 7 0 0 0
Benzo[ghi]perylene 0 7 0 0.084 0.09
2-Methylnaphthalene 0 7 0.662 1.45 2.18
1-Methylnaphthalene 0 7 0.575 1.248 2.008
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C1-Naphthalenes 0 7 1.239 2.699 4189
Biphenyl 0 7 0.229 1.236 0.664
C1-Biphenyls 0 7 0.194 1.551 0.664
C2-Biphenyls 0 7 0.116 1.855 0.401
C2-Naphthalenes 0 7 3.155 7.135 6.555
1,2-Dimethylnaphthalene 0 7 0 0.517 0.548
2,6-Dimethylnaphthalene 0 7 0.453 0.895 1.035
C3-Naphthalenes 0 7 5.51 9.59 549
2,3,6-Trimethylnaphthalene 0 7 1.79 3.15 1.46
2,3,5-Trimethylnaphthalene 0 7 1.23 1.96 1.15
C4-Naphthalenes 0 7 2.556 4.376 2176
C1-Acenaphthenes 0 7 0.062 0 0.041
C1-Fluorenes 0 7 1.392 2172 1.792
1,7-Dimethylfluorene 0 7 0.194 0.424 0.312
C2-Fluorenes 0 7 3.72 4.29 3.76
C3-Fluorenes 0 7 3.69 3.87 5
Dibenzothiophene 0 7 0.878 0.611 1.657
C1-Dibenzothiophenes 0 7 2.618 1.568 3.988
2/3-Methyldibenzothiophenes 0 7 0.623 0.428 1.252
C2-Dibenzothiophenes 0 7 5.089 2.599 7.029
2,4-Dimethyldibenzothiophene 0 7 0.433 0.344 0.694
4,6-Dimethyldibenzothiophene 0 7 0.715 0.538 0.898
C3-Dibenzothiophenes 0 7 3.3 1.41 4.69
C4-Dibenzothiophenes 0 7 1.07 0.322 1.64
3-Methylphenanthrene 0 7 -0.025 0.857 1.635

186




Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
2-Methylphenanthrene 0 7 -0.037 0.747 1.653
2-Methylanthracene 0 7 -0.026 0.121 0.029
9/4-Methylphenanthrene 0 7 -0.028 0.885 2.372
1-Methylphenanthrene 0 7 0.842 0.494 1.757
3,6-Dimethylphenanthrene 0 7 0.272 0.274 0.501
2,6-Dimethylphenanthrene 0 7 0.194 0.181 0.472
1,7-Dimethylphenanthrene 0 7 0.263 0.159 0.705
1,8-Dimethylphenanthrene 0 7 0 0.061 0.237
C3-Phenanthrenes/Anthracenes 0 7 1.52 1.05 4.02
1,2,6-Trimethylphenanthrene 0 7 0.071 0 0.191
Retene 0 7 0.501 1.32 0.842
C4-Phenanthrenes/Anthracenes 0 7 3.45 3.03 4.15
C1-Fluoranthenes/Pyrenes 0 7 1.03 1.41 1.51
3-Methylfluoranthene/Benzo[a]fluorene 0 7 0.431 0.577 0.709
C2-Fluoranthenes/Pyrenes 0 7 0.664 0.461 1.07
C3-Fluoranthenes/Pyrenes 0 7 0.28 0 0.225
C4-Fluoranthenes/Pyrenes 0 7 0.041 0.197 0
C1-Benzo[a]anthracenes/Chrysenes 0 7 0 0.935 0.802
5/6-Methylchrysene 0 7 0.042 0.581 0.094
1-Methylchrysene 0 7 0 0.142 0.098
C2-Benzo[a]anthracenes/Chrysenes 0 7 0.257 0 0.14
5,9-Dimethylchrysene 0 7 0 0 0
C3-Benzo[a]anthracenes/Chrysenes 0 7 0 0 0
C4-Benzo[a]anthracenes/Chrysenes 0 7 0 0 0
C1-Benzofluoranthenes/Benzopyrenes 0 7 0 0 0

187




Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
7-Methylbenzo[a]pyrene 0 7 0 0 0
C2-Benzofluoranthenes/Benzopyrenes 0 7 0 0 0
1,4,6,7-Tetramethylnaphthalene 0 7 0.535 0.837 0.351
Naphthalene 25 7 2.905 5.555 282.455
Acenaphthylene 25 7 -0.014 -0.014 0.071
Acenaphthene 25 7 4.32 1.16 4,96
2-Methylfluorene 25 7 4.75 6.03 7.48
C2 Phenanthrenes/Anthracenes 25 7 48.423 6.643 57.023
Fluorene 25 7 8.469 15.369 25.169
Phenanthrene 25 7 31.012 9.112 61.912
Anthracene 25 7 1.44 0.317 0.574
C1 Phenanthrenes/Anthracenes 25 7 79.077 13.477 116.877
Fluoranthene 25 7 4.033 5.263 4193
Pyrene 25 7 4.003 3.783 3.693
Benz[a]anthracene 25 7 0.414 0.21 0.344
Chrysene 25 7 2.228 1.168 3.378
Benzob]fluoranthene 25 7 0.551 0.278 0.387
Benzo[j k]fluoranthenes 25 7 0.383 0.127 0.176
Benzo[e]pyrene 25 7 0.545 0.468 0.457
Benzo[a]pyrene 25 7 0 0 0
Perylene 25 7 0.17 0 0
Dibenz[a,h]anthracene 25 7 0 0 0
Indeno[1,2,3-cd]pyrene 25 7 0 0 0
Benzo[ghi]perylene 25 7 0.104 0 0.08
2-Methylnaphthalene 25 7 19.21 25.51 458.71
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
1-Methylnaphthalene 25 7 12.788 21.288 378.788
C1-Naphthalenes 25 7 31.999 46.799 837.499
Biphenyl 25 7 3.216 47.116 62.616
C1-Biphenyls 25 7 4.631 69.351 45.451
C2-Biphenyls 25 7 4515 43.225 17.925
C2-Naphthalenes 25 7 131.565 196.565 751.565
1,2-Dimethylnaphthalene 25 7 9.58 7.62 41.6
2,6-Dimethylnaphthalene 25 7 28.505 40.905 155.905
C3-Naphthalenes 25 7 205.85 168.85 270.85
2,3,6-Trimethylnaphthalene 25 7 63.6 55.2 75.8
2,3,5-Trimethylnaphthalene 25 7 43.1 33.7 58.2
C4-Naphthalenes 25 7 90.946 51.846 54.746
C1-Acenaphthenes 25 7 1.45 0.234 1.25
C1-Fluorenes 25 7 25.902 29.902 41.802
1,7-Dimethylfluorene 25 7 5.02 3.61 6.14
C2-Fluorenes 25 7 56.7 36 56.7
C3-Fluorenes 25 7 47.6 21.8 52.5
Dibenzothiophene 25 7 18.957 1.087 52.457
C1-Dibenzothiophenes 25 7 66.578 2.398 87.178
2/3-Methyldibenzothiophenes 25 7 20.082 0.749 33.082
C2-Dibenzothiophenes 25 7 105.979 4.839 96.779
2,4-Dimethyldibenzothiophene 25 7 8.41 0.399 10.2
4,6-Dimethyldibenzothiophene 25 7 11.8 1.21 10.4
C3-Dibenzothiophenes 25 7 59.1 2.02 49
C4-Dibenzothiophenes 25 7 13.4 0.666 1.3
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
3-Methylphenanthrene 25 7 15.175 3.685 24175
2-Methylphenanthrene 25 7 19.063 4123 28.263

2-Methylanthracene 25 7 1.314 0.173 0.346
9/4-Methylphenanthrene 25 7 26.972 2.802 37.272
1-Methylphenanthrene 25 7 16.467 2.637 26.767
3,6-Dimethylphenanthrene 25 7 3.7 0.816 4.45
2,6-Dimethylphenanthrene 25 7 2.59 0.714 413
1,7-Dimethylphenanthrene 25 7 7.245 0.808 7.885
1,8-Dimethylphenanthrene 25 7 2.07 0.249 2.6
C3-Phenanthrenes/Anthracenes 25 7 23.9 3.23 28.8
1,2,6-Trimethylphenanthrene 25 7 1.25 0 1.35
Retene 25 7 1.87 1.26 1.26
C4-Phenanthrenes/Anthracenes 25 7 25.6 2.73 26.1
C1-Fluoranthenes/Pyrenes 25 7 7.24 1.49 7.81
3-Methylfluoranthene/Benzo[a]fluorene 25 7 3.76 0.584 3.94
C2-Fluoranthenes/Pyrenes 25 7 6.54 1.67 7.85
C3-Fluoranthenes/Pyrenes 25 7 1.47 0 2.08
C4-Fluoranthenes/Pyrenes 25 7 0.235 0.055 0.485
C1-Benzo[a]anthracenes/Chrysenes 25 7 2.22 1.89 3.08
5/6-Methylchrysene 25 7 0.283 1.44 0.429
1-Methylchrysene 25 7 0.33 0.139 0.409
C2-Benzo[a]anthracenes/Chrysenes 25 7 0.876 0.146 1.26
5,9-Dimethylchrysene 25 7 0.19 0 0.252
C3-Benzo[a]anthracenes/Chrysenes 25 7 0 0 0.044
C4-Benzo[a]anthracenes/Chrysenes 25 7 0 0 0
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C1-Benzofluoranthenes/Benzopyrenes 25 7 0.14 0 0.374
7-Methylbenzo[a]pyrene 25 7 0 0 0
C2-Benzofluoranthenes/Benzopyrenes 25 7 0 0 0
1,4,6,7-Tetramethylnaphthalene 25 7 16.2 8.14 8.37
Naphthalene 50 7 34.755 26.055 082.455
Acenaphthylene 50 7 -0.014 -0.014 0.162
Acenaphthene 50 7 7.5 212 15.6
2-Methylfluorene 50 7 5.29 10.5 244
C2 Phenanthrenes/Anthracenes 50 7 51.823 12.223 128.923
Fluorene 50 7 10.369 27.469 78.169
Phenanthrene 50 7 37.312 12.812 181.912
Anthracene 50 7 1.87 0.34 1.42
C1 Phenanthrenes/Anthracenes 50 7 83.477 22.877 285.877
Fluoranthene 50 7 6.063 5.643 4,723
Pyrene 50 7 6.643 4543 5.603
Benz[a]anthracene 50 7 0.6 0.277 0.534
Chrysene 50 7 2.658 2.008 6.018
Benzolb]fluoranthene 50 7 0.711 0.643 0.476
Benzo[j k]fluoranthenes 50 7 0.385 0.353 0.108
Benzo[e]pyrene 50 7 0.734 0.701 0.884
Benzo[a]pyrene 50 7 0 0.085 0
Perylene 50 7 0.268 0 0
Dibenz[a,h]anthracene 50 7 0 0 0
Indeno[1,2,3-cd]pyrene 50 7 0 0.048 0
Benzo[ghi]perylene 50 7 0.103 0.139 0.141
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
2-Methylnaphthalene 50 7 59.21 110.71 1579.71
1-Methylnaphthalene 50 7 45.788 90.488 1289.788

C1-Naphthalenes 50 7 104.499 200.499 2879.499

Biphenyl 50 7 6.666 146.916 208.916

C1-Biphenyls 50 7 6.761 161.851 153.851
C2-Biphenyls 50 7 6.175 96.025 66.125
C2-Naphthalenes 50 7 197.565 454.565 2749.565
1,2-Dimethylnaphthalene 50 7 15.3 17.8 0
2,6-Dimethylnaphthalene 50 7 41.905 100.905 591.905
C3-Naphthalenes 50 7 247.85 339.85 1009.85
2,3,6-Trimethylnaphthalene 50 7 74.7 108 282
2,3,5-Trimethylnaphthalene 50 7 51.2 67.1 215
C4-Naphthalenes 50 7 112.946 17.646 224.946
C1-Acenaphthenes 50 7 1.78 0.381 3.68
C1-Fluorenes 50 7 28.002 51.202 133.902
1,7-Dimethylfluorene 50 7 5.83 7 16.9
C2-Fluorenes 50 7 60.3 69.4 155
C3-Fluorenes 50 7 51.3 38.3 109
Dibenzothiophene 50 7 23.257 1.697 151.957
C1-Dibenzothiophenes 50 7 73.978 2.348 212.978
2/3-Methyldibenzothiophenes 50 7 23.282 1.192 78.082
C2-Dibenzothiophenes 50 7 116.979 7.969 190.979
2,4-Dimethyldibenzothiophene 50 7 9.45 0.682 20.2
4,6-Dimethyldibenzothiophene 50 7 13.5 2.03 23.6
C3-Dibenzothiophenes 50 7 67.6 8.05 88.3
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C4-Dibenzothiophenes 50 7 17.8 4 20.9
3-Methylphenanthrene 50 7 16.375 6.285 60.175
2-Methylphenanthrene 50 7 20.263 7.163 70.863

2-Methylanthracene 50 7 1.684 0.319 1.154
9/4-Methylphenanthrene 50 7 27.972 4.692 89.272
1-Methylphenanthrene 50 7 17.167 4427 64.167
3,6-Dimethylphenanthrene 50 7 4.03 1.22 10.3
2,6-Dimethylphenanthrene 50 7 3.15 1.48 8.82
1,7-Dimethylphenanthrene 50 7 7.825 1.755 17.745
1,8-Dimethylphenanthrene 50 7 2.22 0.449 5.7
C3-Phenanthrenes/Anthracenes 50 7 254 8.44 57.1
1,2,6-Trimethylphenanthrene 50 7 142 0.365 2.84
Retene 50 7 1.96 2.19 2.09
C4-Phenanthrenes/Anthracenes 50 7 28.4 10.3 59.8
C1-Fluoranthenes/Pyrenes 50 7 7.77 2.9 14.9
3-Methylfluoranthene/Benzo[a]fluorene 50 7 3.95 1.15 7.24
C2-Fluoranthenes/Pyrenes 50 7 7.28 4.44 15.8
C3-Fluoranthenes/Pyrenes 50 7 2.86 0.447 4.7
C4-Fluoranthenes/Pyrenes 50 7 0.498 0.192 2.1
C1-Benzo[a]anthracenes/Chrysenes 50 7 3.24 5.77 8.16
5/6-Methylchrysene 50 7 0.759 413 1.95
1-Methylchrysene 50 7 047 0.367 1.15
C2-Benzo[a]anthracenes/Chrysenes 50 7 1.48 0.641 3.5
5,9-Dimethylchrysene 50 7 0.276 0.107 0.592
C3-Benzo[a]anthracenes/Chrysenes 50 7 0 0 0.336
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C4-Benzo[a]anthracenes/Chrysenes 50 7 0 0 0
C1-Benzofluoranthenes/Benzopyrenes 50 7 0.209 0 1.16
7-Methylbenzo[a]pyrene 50 7 0 0 0.12
C2-Benzofluoranthenes/Benzopyrenes 50 7 0 0 0.335
1,4,6,7-Tetramethylnaphthalene 50 7 20.5 17.7 34.7
Naphthalene 100 7 6.199 19.955 2149.455
Acenaphthylene 100 7 -0.045 -0.014 0.234
Acenaphthene 100 7 5.311 3.23 32.7
2-Methylfluorene 100 7 6.553 235 52.7
C2 Phenanthrenes/Anthracenes 100 7 128.953 29.023 281.923
Fluorene 100 7 10.462 52.969 171.969
Phenanthrene 100 7 52.995 21.412 413.912
Anthracene 100 7 2.037 0.7 3.59
C1 Phenanthrenes/Anthracenes 100 7 161 50.077 699.877
Fluoranthene 100 7 4139 4.893 6.313
Pyrene 100 7 4.528 5.573 9.263
Benz[aJanthracene 100 7 1.17 0.236 0
Chrysene 100 7 5.11 1.258 12.888
Benzolb]fluoranthene 100 7 0.668 0.493 0.868
Benzolj k]fluoranthenes 100 7 0.421 0.277 0.19
Benzo[e]pyrene 100 7 0.956 0.591 1.73
Benzo[a]pyrene 100 7 0.333 0 0
Perylene 100 7 1 0 0.184
Dibenz[a,h]anthracene 100 7 0 0 0
Indeno[1,2,3-cd]pyrene 100 7 0.178 0.042 0
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Benzo[ghi]perylene 100 7 0.206 0.088 0.201
2-Methylnaphthalene 100 7 29.427 104.71 2929.71
1-Methylnaphthalene 100 7 21.067 81.488 2449.788
C1-Naphthalenes 100 7 50.493 186.499 5379.499
Biphenyl 100 7 4.576 206.916 411.916
C1-Biphenyls 100 7 7.153 284.851 273.851
C2-Biphenyls 100 7 5.552 194.625 85.225
C2-Naphthalenes 100 7 220.881 720.565 5459.565
1,2-Dimethylnaphthalene 100 7 16.5 271 0
2,6-Dimethylnaphthalene 100 7 46.209 157.905 1129.905
C3-Naphthalenes 100 7 349.875 654.85 1969.85
2,3,6-Trimethylnaphthalene 100 7 107.952 211 0
2,3,5-Trimethylnaphthalene 100 7 74.739 134 429
C4-Naphthalenes 100 7 164 229.946 338.946
C1-Acenaphthenes 100 7 1.99 0.971 7.73
C1-Fluorenes 100 7 44.697 112.902 305.902
1,7-Dimethylfluorene 100 7 1.1 15.5 39.1
C2-Fluorenes 100 7 124.841 163 382
C3-Fluorenes 100 7 104 91.7 249
Dibenzothiophene 100 7 30.59 0.949 335.957
C1-Dibenzothiophenes 100 7 140 0.587 496.978
2/3-Methyldibenzothiophenes 100 7 42 0.656 179.982
C2-Dibenzothiophenes 100 7 279 8.469 478.979
2,4-Dimethyldibenzothiophene 100 7 20.9 0 49.8
4,6-Dimethyldibenzothiophene 100 7 335 4.15 60.7
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C3-Dibenzothiophenes 100 7 1" 2.93 228
C4-Dibenzothiophenes 100 7 78.637 1.24 46.9
3-Methylphenanthrene 100 7 31.7 13.875 144.975
2-Methylphenanthrene 100 7 38.5 16.363 180.963

2-Methylanthracene 100 7 3.06 0.373 3.524
9/4-Methylphenanthrene 100 7 54.3 9.892 218.972
1-Methylphenanthrene 100 7 33.8 9.617 152.967
3,6-Dimethylphenanthrene 100 7 9.168 3.09 21.6
2,6-Dimethylphenanthrene 100 7 6.75 3.65 19.5
1,7-Dimethylphenanthrene 100 7 19.6 4195 38.445
1,8-Dimethylphenanthrene 100 7 5.09 1.05 12.6
C3-Phenanthrenes/Anthracenes 100 7 84.9 15.5 127
1,2,6-Trimethylphenanthrene 100 7 3.72 0.67 6.31
Retene 100 7 5.89 1.71 3.26
C4-Phenanthrenes/Anthracenes 100 7 110 10.9 121
C1-Fluoranthenes/Pyrenes 100 7 18.9 342 314
3-Methylfluoranthene/Benzo[a]fluorene 100 7 8.55 0.806 16.1
C2-Fluoranthenes/Pyrenes 100 7 21.3 1.78 354
C3-Fluoranthenes/Pyrenes 100 7 11.9 0.086 10.8
C4-Fluoranthenes/Pyrenes 100 7 215 0.244 2.72
C1-Benzo[a]anthracenes/Chrysenes 100 7 10.4 1.36 15.5
5/6-Methylchrysene 100 7 1.36 0.795 2.24
1-Methylchrysene 100 7 1.48 0.23 2.21
C2-Benzo[a]anthracenes/Chrysenes 100 7 6.59 0.169 7.75
5,9-Dimethylchrysene 100 7 1.56 0 1.67

196




Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C3-Benzo[a]anthracenes/Chrysenes 100 7 1.5 0 1.04
C4-Benzo[a]anthracenes/Chrysenes 100 7 0.125 0 0

C1-Benzofluoranthenes/Benzopyrenes 100 7 1.99 0 2.41
7-Methylbenzo[a]pyrene 100 7 0.122 0 0.314
C2-Benzofluoranthenes/Benzopyrenes 100 7 0.777 0 0.61
1,4,6,7-Tetramethylnaphthalene 100 7 28.3 38.2 54.5
Naphthalene 0 21 -0.046 0.526 0.216
Acenaphthylene 0 21 0.028 0.024 0.004
Acenaphthene 0 21 0.297 0.392 0.267
2-Methylfluorene 0 21 0.571 0.246 0.563
C2 Phenanthrenes/Anthracenes 0 21 18.623 3.223 26.653
Fluorene 0 21 0.716 0.757 0.682
Phenanthrene 0 21 7.482 4.715 4735
Anthracene 0 21 0.359 0.241 0.172
C1 Phenanthrenes/Anthracenes 0 21 22.277 3.77 244
Fluoranthene 0 21 3.813 5.649 3.819
Pyrene 0 21 3.123 3.618 3.258
Benz[a]anthracene 0 21 0.284 0.138 0.226
Chrysene 0 21 1.808 1.1 2.78
Benzob]fluoranthene 0 21 0.33 0.441 0.324
Benzo[j k]fluoranthenes 0 21 0 0.194 0.158
Benzo[e]pyrene 0 21 0.479 0.526 0.591
Benzo[a]pyrene 0 21 0 0 0
Perylene 0 21 0 0 0
Dibenz[a,h]anthracene 0 21 0 0 0
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Indeno[1,2,3-cd]pyrene 0 21 0 0 0
Benzo[ghi]perylene 0 21 0.049 0.108 0.053
2-Methylnaphthalene 0 21 0.108 0.6 0.425
1-Methylnaphthalene 0 21 0.074 0.396 0.324
C1-Naphthalenes 0 21 0.184 0.993 0.753
Biphenyl 0 21 0.111 0.2 0.142
C1-Biphenyls 0 21 0.325 0.658 0.627
C2-Biphenyls 0 21 0.586 1.012 1.172
C2-Naphthalenes 0 21 2.715 2.071 4.211
1,2-Dimethylnaphthalene 0 21 0.273 0.135 0.291
2,6-Dimethylnaphthalene 0 21 0.401 0.204 0.491
C3-Naphthalenes 0 21 11.65 4515 14.875
2,3,6-Trimethylnaphthalene 0 21 3.59 1.632 4.352
2,3,5-Trimethylnaphthalene 0 21 245 0.883 3.479
C4-Naphthalenes 0 21 9.666 418 14.6
C1-Acenaphthenes 0 21 0.056 0 0.076
C1-Fluorenes 0 21 3.032 1.397 4.087
1,7-Dimethylfluorene 0 21 0.991 0.209 1.67
C2-Fluorenes 0 21 1.5 4.071 17.241
C3-Fluorenes 0 21 12.2 5.05 22.6
Dibenzothiophene 0 21 2.257 0.771 2.37
C1-Dibenzothiophenes 0 21 15.578 2.73 16.5
2/3-Methyldibenzothiophenes 0 21 3.582 0.662 413
C2-Dibenzothiophenes 0 21 33.079 5.02 38.3
2,4-Dimethyldibenzothiophene 0 21 2.79 0.535 4.07
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
4,6-Dimethyldibenzothiophene 0 21 4.49 0.881 7.03
C3-Dibenzothiophenes 0 21 22.8 2.66 26
C4-Dibenzothiophenes 0 21 548 0.746 9.027
3-Methylphenanthrene 0 21 4.315 1.31 5.27
2-Methylphenanthrene 0 21 4.483 1.09 5.01
2-Methylanthracene 0 21 0.33 0.111 0.195
9/4-Methylphenanthrene 0 21 8.752 1.38 9.41
1-Methylphenanthrene 0 21 4.337 0.737 448
3,6-Dimethylphenanthrene 0 21 1.52 0.369 2.088
2,6-Dimethylphenanthrene 0 21 1.09 0.247 2.07
1,7-Dimethylphenanthrene 0 21 2.575 0.305 3.72
1,8-Dimethylphenanthrene 0 21 0.956 0.077 1.68
C3-Phenanthrenes/Anthracenes 0 21 1 2.34 20.8
1,2,6-Trimethylphenanthrene 0 21 0.493 0.081 1.05
Retene 0 21 1.18 1.2 1.23
C4-Phenanthrenes/Anthracenes 0 21 12.3 10.5 274
C1-Fluoranthenes/Pyrenes 0 21 3.57 1.87 5.88
3-Methylfluoranthene/Benzo[a]fluorene 0 21 1.69 0.564 2.44
C2-Fluoranthenes/Pyrenes 0 21 3.15 0.394 6.71
C3-Fluoranthenes/Pyrenes 0 21 0.905 0.094 2.76
C4-Fluoranthenes/Pyrenes 0 21 0 0 0.445
C1-Benzo[a]anthracenes/Chrysenes 0 21 1.84 5.91 3.75
5/6-Methylchrysene 0 21 0.265 4.08 0.708
1-Methylchrysene 0 21 0.255 0.929 0.528
C2-Benzo[a]anthracenes/Chrysenes 0 21 0.722 0.277 212
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
5,9-Dimethylchrysene 0 21 0.184 0 0.397
C3-Benzo[a]anthracenes/Chrysenes 0 21 0 0 0.377
C4-Benzo[a]anthracenes/Chrysenes 0 21 0 0 0
C1-Benzofluoranthenes/Benzopyrenes 0 21 0 0 0.618
7-Methylbenzo[a]pyrene 0 21 0 0 0.067
C2-Benzofluoranthenes/Benzopyrenes 0 21 0 0 0.088
1,4,6,7-Tetramethylnaphthalene 0 21 1.93 0.721 2.71
Naphthalene 25 21 -0.067 0.326 0.291
Acenaphthylene 25 21 0.013 0.014 0
Acenaphthene 25 21 0.5 0.194 0.271
2-Methylfluorene 25 21 0.857 1.643 0.577
C2 Phenanthrenes/Anthracenes 25 21 34.123 8.703 50.553
Fluorene 25 21 1.299 1.422 0.788
Phenanthrene 25 21 11.812 3.695 6.765
Anthracene 25 21 0.57 0.178 0.239
C1 Phenanthrenes/Anthracenes 25 21 46.877 10.1 37.3
Fluoranthene 25 21 4.833 4.949 4.699
Pyrene 25 21 4.903 3.888 4.218
Benz[a]anthracene 25 21 0.471 0.17 0.353
Chrysene 25 21 2418 1.1 4.66
Benzolb]fluoranthene 25 21 0.595 0.224 0.489
Benzo[j k]fluoranthenes 25 21 0.365 0.131 0.181
Benzo[e]pyrene 25 21 0.588 0.432 0.737
Benzo[a]pyrene 25 21 0.053 0 0
Perylene 25 21 0.21 0 0.063
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Dibenz[a,h]anthracene 25 21 0 0 0
Indeno[1,2,3-cd]pyrene 25 21 0.063 0 0

Benzo[ghi]perylene 25 21 0.073 0.053 0.059
2-Methylnaphthalene 25 21 0.72 0.397 0.657
1-Methylnaphthalene 25 21 0.444 0.253 0.34

C1-Naphthalenes 25 21 1.169 0.649 0.993
Biphenyl 25 21 0.218 0.217 0.135
C1-Biphenyls 25 21 0.539 5.463 1.003
C2-Biphenyls 25 21 1.045 8.082 2.312
C2-Naphthalenes 25 21 9.965 6.191 6.551
1,2-Dimethylnaphthalene 25 21 0.851 0.289 0.421
2,6-Dimethylnaphthalene 25 21 1.965 1.119 1.099
C3-Naphthalenes 25 21 39.55 40.175 23.575
2,3,6-Trimethylnaphthalene 25 21 12.4 13.352 6.802
2,3,5-Trimethylnaphthalene 25 21 7.68 9.399 4.919

C4-Naphthalenes 25 21 33.646 27.3 27.6

C1-Acenaphthenes 25 21 0.162 0.111 0.072
C1-Fluorenes 25 21 6.622 10.897 4.947
1,7-Dimethylfluorene 25 21 2.22 3.1 2.48
C2-Fluorenes 25 21 26.7 32.741 25.541
C3-Fluorenes 25 21 329 19.3 35
Dibenzothiophene 25 21 4,537 0.48 2.51
C1-Dibenzothiophenes 25 21 34.078 2.6 23
2/3-Methyldibenzothiophenes 25 21 7.812 0.651 5.42
C2-Dibenzothiophenes 25 21 75.779 6.34 65.5
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
2,4-Dimethyldibenzothiophene 25 21 6.63 0.463 7.24
4,6-Dimethyldibenzothiophene 25 21 10.3 1.75 11.3

C3-Dibenzothiophenes 25 21 52.7 3.23 453
C4-Dibenzothiophenes 25 21 12.1 0.563 15.137
3-Methylphenanthrene 25 21 9.835 2.84 8.19
2-Methylphenanthrene 25 21 8.463 2.92 6.96
2-Methylanthracene 25 21 0.529 0 0.19
9/4-Methylphenanthrene 25 21 18.472 2.51 14.6
1-Methylphenanthrene 25 21 9.547 1.82 7.33
3,6-Dimethylphenanthrene 25 21 2.81 0.913 3.918
2,6-Dimethylphenanthrene 25 21 1.97 0.873 4.27
1,7-Dimethylphenanthrene 25 21 4,905 0.991 6.77
1,8-Dimethylphenanthrene 25 21 1.86 0.308 2.81
C3-Phenanthrenes/Anthracenes 25 21 221 4.39 40.9
1,2,6-Trimethylphenanthrene 25 21 1.19 0.141 2.04
Retene 25 21 1.97 1.09 2.01
C4-Phenanthrenes/Anthracenes 25 21 27.7 547 447
C1-Fluoranthenes/Pyrenes 25 21 7.15 1.93 9.74
3-Methylfluoranthene/Benzo[a]fluorene 25 21 3.47 0.625 3.98
C2-Fluoranthenes/Pyrenes 25 21 6.95 0.936 10.4
C3-Fluoranthenes/Pyrenes 25 21 2.3 0.041 3.38
C4-Fluoranthenes/Pyrenes 25 21 0.406 0.216 0.415
C1-Benzo[a]anthracenes/Chrysenes 25 21 2.66 1.11 5.27
5/6-Methylchrysene 25 21 0.336 0.645 0.737
1-Methylchrysene 25 21 0.365 0.168 0.776
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C2-Benzo[a]anthracenes/Chrysenes 25 21 1.17 0.124 2.54
5,9-Dimethylchrysene 25 21 0.265 0 0.499
C3-Benzo[a]anthracenes/Chrysenes 25 21 0 0 0.309
C4-Benzo[a]anthracenes/Chrysenes 25 21 0 0 0
C1-Benzofluoranthenes/Benzopyrenes 25 21 0.31 0.245 0.564
7-Methylbenzo[a]pyrene 25 21 0 0 0.077
C2-Benzofluoranthenes/Benzopyrenes 25 21 0 0 0.131
1,4,6,7-Tetramethylnaphthalene 25 21 6.35 5.14 4.4
Naphthalene 50 21 0.194 0.52 0.287
Acenaphthylene 50 21 -0.021 0.024 0.048
Acenaphthene 50 21 0.226 0.211 0.536
2-Methylfluorene 50 21 0.353 2.133 1.04
C2 Phenanthrenes/Anthracenes 50 21 42.353 10.753 42.823
Fluorene 50 21 0.437 1.562 1.379
Phenanthrene 50 21 6.475 8.535 10.412
Anthracene 50 21 0.299 0.265 0.468
C1 Phenanthrenes/Anthracenes 50 21 34.7 12.3 54577
Fluoranthene 50 21 3.819 8.889 6.213
Pyrene 50 21 3.738 4.698 4.733
Benz[aJanthracene 50 21 0.566 0.218 0.36
Chrysene 50 21 2.99 1.37 3.778
Benzolb]fluoranthene 50 21 0.607 0.327 0.47
Benzo[j k]fluoranthenes 50 21 0.388 0.177 0.211
Benzo[e]pyrene 50 21 0.777 0.604 0.692
Benzo[a]pyrene 50 21 0.125 0 0




Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Perylene 50 21 0.406 0 0
Dibenz[a,h]anthracene 50 21 0 0 0
Indeno[1,2,3-cd]pyrene 50 21 0.062 0 0
Benzo[ghi]perylene 50 21 0.096 0.071 0.076
2-Methylnaphthalene 50 21 0.283 0.495 1.37
1-Methylnaphthalene 50 21 0.121 0.302 0.828
C1-Naphthalenes 50 21 0.403 0.793 2.199
Bipheny! 50 21 0.038 0.293 0.45
C1-Biphenyls 50 21 0.253 6.473 1.361
C2-Biphenyls 50 21 0.468 20.072 3.495
C2-Naphthalenes 50 21 2171 6.411 16.465
1,2-Dimethylnaphthalene 50 21 0.205 0.464 1.08
2,6-Dimethylnaphthalene 50 21 0.39 1.109 3.095
C3-Naphthalenes 50 21 15.575 50.075 43.25
2,3,6-Trimethylnaphthalene 50 21 5122 16.152 12.6
2,3,5-Trimethylnaphthalene 50 21 3.109 11.239 8.72
C4-Naphthalenes 50 21 18.5 61.5 29.946
C1-Acenaphthenes 50 21 0.054 0.094 0.125
C1-Fluorenes 50 21 3.367 12.097 1472
1,7-Dimethylfluorene 50 21 1.53 4.05 3.04
C2-Fluorenes 50 21 19.741 40.541 30.5
C3-Fluorenes 50 21 28 315 41.3
Dibenzothiophene 50 21 1.79 0.696 5117
C1-Dibenzothiophenes 50 21 22.8 3.27 36.078
2/3-Methyldibenzothiophenes 50 21 4.5 0.942 10.082




Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C2-Dibenzothiophenes 50 21 78.5 8.93 78.879
2,4-Dimethyldibenzothiophene 50 21 6.85 0.687 8.9
4,6-Dimethyldibenzothiophene 50 21 12.3 2.32 12.8
C3-Dibenzothiophenes 50 21 66.1 453 51.2
C4-Dibenzothiophenes 50 21 27.837 1.437 11.9
3-Methylphenanthrene 50 21 6.97 3.34 12.075
2-Methylphenanthrene 50 21 6.04 3.68 10.463
2-Methylanthracene 50 21 0.437 0.082 0.199
9/4-Methylphenanthrene 50 21 145 3.12 20.372
1-Methylphenanthrene 50 21 6.73 217 11.467
3,6-Dimethylphenanthrene 50 21 3.398 1.028 3.8
2,6-Dimethylphenanthrene 50 21 242 1.07 3.5
1,7-Dimethylphenanthrene 50 21 5.76 1.26 5.975
1,8-Dimethylphenanthrene 50 21 2.04 0.377 2.37
C3-Phenanthrenes/Anthracenes 50 21 33.9 5.71 29.1
1,2,6-Trimethylphenanthrene 50 21 1.41 0.195 1.45
Retene 50 21 2.66 1.59 1.6
C4-Phenanthrenes/Anthracenes 50 21 46.1 7.37 32.3
C1-Fluoranthenes/Pyrenes 50 21 8.73 2.44 7.02
3-Methylfluoranthene/Benzo[a]fluorene 50 21 3.62 0.815 3.45
C2-Fluoranthenes/Pyrenes 50 21 9.98 1.32 8.31
C3-Fluoranthenes/Pyrenes 50 21 3.85 0.119 2.7
C4-Fluoranthenes/Pyrenes 50 21 0.621 0.376 0.538
C1-Benzo[a]anthracenes/Chrysenes 50 21 5.05 1.36 4.47
5/6-Methylchrysene 50 21 0.511 0.756 0.689
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
1-Methylchrysene 50 21 0.77 0.204 0.586
C2-Benzo[a]anthracenes/Chrysenes 50 21 3.11 0.142 1.91
5,9-Dimethylchrysene 50 21 0.625 0 0.401
C3-Benzo[a]anthracenes/Chrysenes 50 21 0.625 0 0.206
C4-Benzo[a]anthracenes/Chrysenes 50 21 0 0 0
C1-Benzofluoranthenes/Benzopyrenes 50 21 0.833 0 0.529
7-Methylbenzo[a]pyrene 50 21 0.066 0 0.046
C2-Benzofluoranthenes/Benzopyrenes 50 21 0.282 0 0
1,4,6,7-Tetramethylnaphthalene 50 21 3.63 10.1 5.46
Naphthalene 100 21 0.117 0.469 0.203
Acenaphthylene 100 21 -0.045 0.015 -0.014
Acenaphthene 100 21 0.195 0.264 0.305
2-Methylfluorene 100 21 0.332 5413 0.961
C2 Phenanthrenes/Anthracenes 100 21 36.153 36.153 54.423
Fluorene 100 21 0.373 1.692 0.753
Phenanthrene 100 21 4.845 4.955 5.722
Anthracene 100 21 0.215 0.442 0.209
C1 Phenanthrenes/Anthracenes 100 21 23.7 30.6 41177
Fluoranthene 100 21 3.399 5.099 4.203
Pyrene 100 21 3.058 6.568 3.903
Benz[a]anthracene 100 21 0.667 0.219 0.609
Chrysene 100 21 3.7 1.23 6.178
Benzo[b]fluoranthene 100 21 0.624 0.246 0.612
Benzolj k]fluoranthenes 100 21 0.265 0.173 0.082
Benzo[e]pyrene 100 21 0.932 0.508 1.14
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Benzo[a]pyrene 100 21 0.167 0 0
Perylene 100 21 0.614 0 0.129
Dibenz[a,h]anthracene 100 21 0 0 0
Indeno[1,2,3-cd]pyrene 100 21 0.062 0 0
Benzo[ghi]perylene 100 21 0.115 0.07 0.108
2-Methylnaphthalene 100 21 0.252 0.566 0.85
1-Methylnaphthalene 100 21 0.139 0.314 0.367
C1-Naphthalenes 100 21 0.39 0.883 1.219
Biphenyl 100 21 0.034 0.272 0.192
C1-Biphenyls 100 21 0.221 10.323 0.84
C2-Biphenyls 100 21 0.335 25.872 2.855
C2-Naphthalenes 100 21 2.581 8.301 4.825
1,2-Dimethylnaphthalene 100 21 0.215 0.442 0.392
2,6-Dimethylnaphthalene 100 21 0.396 1.849 1.045
C3-Naphthalenes 100 21 10.375 86.275 20.95
2,3,6-Trimethylnaphthalene 100 21 3.312 27.952 5.94
2,3,5-Trimethylnaphthalene 100 21 2.169 20.039 4.71
C4-Naphthalenes 100 21 10.1 99.5 26.446
C1-Acenaphthenes 100 21 0.044 0.106 0.061
C1-Fluorenes 100 21 2137 28.397 4.872
1,7-Dimethylfluorene 100 21 1.07 14.2 3.54
C2-Fluorenes 100 21 13.341 131.841 30.7
C3-Fluorenes 100 21 24.3 69.1 495
Dibenzothiophene 100 21 113 -0.058 2.167
C1-Dibenzothiophenes 100 21 15.1 3.07 26.278
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
2/3-Methyldibenzothiophenes 100 21 2.89 0.82 6.542
C2-Dibenzothiophenes 100 21 69.6 12.6 91.879
2,4-Dimethyldibenzothiophene 100 21 6.06 0.567 9.78
4,6-Dimethyldibenzothiophene 100 21 11.8 5.73 16.7
C3-Dibenzothiophenes 100 21 82.7 5.67 87
C4-Dibenzothiophenes 100 21 44137 1.217 25.2
3-Methylphenanthrene 100 21 4.83 7.91 8.685
2-Methylphenanthrene 100 21 411 10.6 8.713
2-Methylanthracene 100 21 0.362 0.256 0.21
9/4-Methylphenanthrene 100 21 9.69 7.04 15.072
1-Methylphenanthrene 100 21 4.67 5.08 8.487
3,6-Dimethylphenanthrene 100 21 2.838 3.418 415
2,6-Dimethylphenanthrene 100 21 2.18 3.4 4.31
1,7-Dimethylphenanthrene 100 21 4.94 4.68 8.345
1,8-Dimethylphenanthrene 100 21 1.85 1.32 3.29
C3-Phenanthrenes/Anthracenes 100 21 38.9 17.6 57.1
1,2,6-Trimethylphenanthrene 100 21 1.89 0.566 2.91
Retene 100 21 3.63 1.53 3.17
C4-Phenanthrenes/Anthracenes 100 21 66.5 16.4 70.7
C1-Fluoranthenes/Pyrenes 100 21 9.82 4.14 10.6
3-Methylfluoranthene/Benzo[a]fluorene 100 21 3.91 0.866 5.18
C2-Fluoranthenes/Pyrenes 100 21 14.5 2.75 19.7
C3-Fluoranthenes/Pyrenes 100 21 7.08 0.228 6.97
C4-Fluoranthenes/Pyrenes 100 21 113 0.981 1.95
C1-Benzo[a]anthracenes/Chrysenes 100 21 8.7 4.64 15.1
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
5/6-Methylchrysene 100 21 0.777 3.16 5.1
1-Methylchrysene 100 21 1.26 0.682 1.92
C2-Benzo[a]anthracenes/Chrysenes 100 21 5.09 0.191 6.45
5,9-Dimethylchrysene 100 21 1.03 0 1.03
C3-Benzo[a]anthracenes/Chrysenes 100 21 0.875 0 0.509
C4-Benzo[a]anthracenes/Chrysenes 100 21 0.066 0 0
C1-Benzofluoranthenes/Benzopyrenes 100 21 1.28 0 1.41
7-Methylbenzo[a]pyrene 100 21 0.088 0 0.129
C2-Benzofluoranthenes/Benzopyrenes 100 21 0.388 0 0.249
1,4,6,7-Tetramethylnaphthalene 100 21 1.89 18.6 4.8
Naphthalene 0 35 0.161 0.549 0.146
Acenaphthylene 0 35 0.007 0.092 -0.014
Acenaphthene 0 35 0.214 0.45 0.43
2-Methylfluorene 0 35 0.175 0.207 0.361
C2 Phenanthrenes/Anthracenes 0 35 14.553 4573 28.053
Fluorene 0 35 0.459 0.915 0.719
Phenanthrene 0 35 9.515 6.175 3.845
Anthracene 0 35 0.147 0.281 0.23
C1 Phenanthrenes/Anthracenes 0 35 11.6 6.95 15.5
Fluoranthene 0 35 4.509 5.789 5.079
Pyrene 0 35 3.648 3.808 4.598
Benz[a]anthracene 0 35 0.383 0.129 0.332
Chrysene 0 35 2.21 0.905 41
Benzo[b]fluoranthene 0 35 0.553 0.18 0.38
Benzolj k]fluoranthenes 0 35 0.437 0.146 0.136
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Benzo[e]pyrene 0 35 0.788 0.334 0.728
Benzo[a]pyrene 0 35 0.136 0 0

Perylene 0 35 0.271 0 0

Dibenz[a,h]anthracene 0 35 0.275 0 0
Indeno[1,2,3-cd]pyrene 0 35 0.292 0 0
Benzo[ghi]perylene 0 35 0.366 0.051 0
2-Methylnaphthalene 0 35 0.211 0.496 0.383
1-Methylnaphthalene 0 35 0.157 0.385 0.258
C1-Naphthalenes 0 35 0.367 0.883 0.64
Biphenyl 0 35 0.071 0.218 0.118
C1-Biphenyls 0 35 0.187 0.506 0.186
C2-Biphenyls 0 35 0.111 0.34 -0.087
C2-Naphthalenes 0 35 1.301 2.021 2.461
1,2-Dimethylnaphthalene 0 35 0.125 0 0.208
2,6-Dimethylnaphthalene 0 35 0.119 0.22 0.23
C3-Naphthalenes 0 35 2.745 2.835 4.205
2,3,6-Trimethylnaphthalene 0 35 0.81 0.721 1.212
2,3,5-Trimethylnaphthalene 0 35 0.558 0.595 1.089
C4-Naphthalenes 0 35 2.69 0.995 2.52
C1-Acenaphthenes 0 35 0.028 0 0
C1-Fluorenes 0 35 1.117 1.337 1.917
1,7-Dimethylfluorene 0 35 0.321 0 0.474
C2-Fluorenes 0 35 5.451 2.971 7.681
C3-Fluorenes 0 35 9.63 2.99 10.7
Dibenzothiophene 0 35 0.618 0.89 0.95
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C1-Dibenzothiophenes 0 35 6.37 3.99 10.3
2/3-Methyldibenzothiophenes 0 35 1.02 0.811 2.09
C2-Dibenzothiophenes 0 35 24.7 9.38 42.2
2,4-Dimethyldibenzothiophene 0 35 2.58 0.785 4.65
4,6-Dimethyldibenzothiophene 0 35 4.88 1.65 9.07
C3-Dibenzothiophenes 0 35 20.1 4.83 30.4
C4-Dibenzothiophenes 0 35 7.067 1.417 6.667
3-Methylphenanthrene 0 35 2.49 1.78 3.25
2-Methylphenanthrene 0 35 1.83 1.56 2.88
2-Methylanthracene 0 35 0.161 0.103 0.103
9/4-Methylphenanthrene 0 35 4.91 2.15 6.38
1-Methylphenanthrene 0 35 2.26 1.36 2.91
3,6-Dimethylphenanthrene 0 35 1.498 0.522 2.428
2,6-Dimethylphenanthrene 0 35 0.827 0.37 1.9
1,7-Dimethylphenanthrene 0 35 1.72 0.493 3.49
1,8-Dimethylphenanthrene 0 35 0.845 0.122 1.85
C3-Phenanthrenes/Anthracenes 0 35 12.9 2.48 243
1,2,6-Trimethylphenanthrene 0 35 0.815 0.081 1.15
Retene 0 35 1.34 0.749 0.664
C4-Phenanthrenes/Anthracenes 0 35 17.2 2.46 21.6
C1-Fluoranthenes/Pyrenes 0 35 4.71 1.54 6.72
3-Methylfluoranthene/Benzo[a]fluorene 0 35 1.91 0.545 2.39
C2-Fluoranthenes/Pyrenes 0 35 3.99 0.761 7.14
C3-Fluoranthenes/Pyrenes 0 35 1.76 0.103 3.03
C4-Fluoranthenes/Pyrenes 0 35 0.3 0 0.239
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C1-Benzo[a]anthracenes/Chrysenes 0 35 2.81 0.411 4.62
5/6-Methylchrysene 0 35 0.609 0.1 0.488
1-Methylchrysene 0 35 0.52 0.053 0.553
C2-Benzo[a]anthracenes/Chrysenes 0 35 1.08 0.1 2.05
5,9-Dimethylchrysene 0 35 0.315 0 0.406
C3-Benzo[a]anthracenes/Chrysenes 0 35 0 0 0.393
C4-Benzo[a]anthracenes/Chrysenes 0 35 0.06 0 0
C1-Benzofluoranthenes/Benzopyrenes 0 35 0.453 0 0.667
7-Methylbenzo[a]pyrene 0 35 0.111 0 0
C2-Benzofluoranthenes/Benzopyrenes 0 35 0.171 0 0.222
1,4,6,7-Tetramethylnaphthalene 0 35 0.504 0.223 0.477
Naphthalene 25 35 -0.092 0.385 0.267
Acenaphthylene 25 35 -0.014 0.068 -0.002
Acenaphthene 25 35 0.181 0.45 0.472
2-Methylfluorene 25 35 0.188 0.488 0.468
C2 Phenanthrenes/Anthracenes 25 35 9.563 7.393 35.753
Fluorene 25 35 0.293 0.992 0.803
Phenanthrene 25 35 2.992 5.605 5.705
Anthracene 25 35 0.135 0.334 0.283
C1 Phenanthrenes/Anthracenes 25 35 7.957 8.73 23.3
Fluoranthene 25 35 2.923 5.519 6.129
Pyrene 25 35 2.313 3.988 5.708
Benz[a]anthracene 25 35 0.221 0.14 0.388
Chrysene 25 35 1.578 113 4.26
Benzo[b]fluoranthene 25 35 0.308 0.147 0.479
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Benzo[j k]fluoranthenes 25 35 0.13 0.102 0.195
Benzo[e]pyrene 25 35 0.444 0.332 0.745
Benzo[a]pyrene 25 35 0 0 0
Perylene 25 35 0.148 0 0
Dibenz[a,h]anthracene 25 35 0 0 0
Indeno[1,2,3-cd]pyrene 25 35 0 0 0
Benzo[ghi]perylene 25 35 0.044 0.064 0.07
2-Methylnaphthalene 25 35 0.06 0.403 0.437
1-Methylnaphthalene 25 35 0.034 0.261 0.243
C1-Naphthalenes 25 35 0.095 0.662 0.679
Biphenyl 25 35 0.047 0.209 0.147
C1-Biphenyls 25 35 0.14 0.792 0.715
C2-Biphenyls 25 35 0.235 0.852 1.092
C2-Naphthalenes 25 35 1.375 1.941 2.731
1,2-Dimethylnaphthalene 25 35 0.143 0.14 0.186
2,6-Dimethylnaphthalene 25 35 0.249 0.227 0.415
C3-Naphthalenes 25 35 4.55 6.205 9.565
2,3,6-Trimethylnaphthalene 25 35 1.47 1.952 2.762
2,3,5-Trimethylnaphthalene 25 35 0.944 1.439 2.229
C4-Naphthalenes 25 35 3.436 6.06 10.4
C1-Acenaphthenes 25 35 0 0 0
C1-Fluorenes 25 35 0.932 2.727 3.107
1,7-Dimethylfluorene 25 35 0.285 0.651 1.14
C2-Fluorenes 25 35 418 10.441 16.341
C3-Fluorenes 25 35 7.88 9.65 26.5
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)

Dibenzothiophene 25 35 0.517 0.815 1.41
C1-Dibenzothiophenes 25 35 4638 4.74 15.9
2/3-Methyldibenzothiophenes 25 35 0.859 1.11 3.62
C2-Dibenzothiophenes 25 35 20.079 10.3 54
2,4-Dimethyldibenzothiophene 25 35 1.94 0.921 6.19
4,6-Dimethyldibenzothiophene 25 35 3.89 2 10.5
C3-Dibenzothiophenes 25 35 20.9 5.46 419

C4-Dibenzothiophenes 25 35 6.54 1.847 14.237
3-Methylphenanthrene 25 35 1.625 2.3 4.86
2-Methylphenanthrene 25 35 1.393 2.37 4,58
2-Methylanthracene 25 35 0.108 0.147 0.13
9/4-Methylphenanthrene 25 35 3.232 247 9.52
1-Methylphenanthrene 25 35 1.567 1.44 4.25

3,6-Dimethylphenanthrene 25 35 0.897 0.769 3.058
2,6-Dimethylphenanthrene 25 35 0.61 0.611 2.8
1,7-Dimethylphenanthrene 25 35 1.285 0.77 4.41
1,8-Dimethylphenanthrene 25 35 0.655 0.26 2.1
C3-Phenanthrenes/Anthracenes 25 35 10 4.6 33.1
1,2,6-Trimethylphenanthrene 25 35 0.579 0.123 1.37
Retene 25 35 1.15 0.876 2.05
C4-Phenanthrenes/Anthracenes 25 35 18.3 6.09 413
C1-Fluoranthenes/Pyrenes 25 35 3.55 1.9 8.61
3-Methylfluoranthene/Benzo[a]fluorene 25 35 1.54 0.622 3.25
C2-Fluoranthenes/Pyrenes 25 35 434 1.28 9.58
C3-Fluoranthenes/Pyrenes 25 35 1.52 0.256 3.27
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C4-Fluoranthenes/Pyrenes 25 35 0.326 0.204 0.71
C1-Benzo[a]anthracenes/Chrysenes 25 35 2.45 1.43 549
5/6-Methylchrysene 25 35 0.187 0.682 0.544
1-Methylchrysene 25 35 0.368 0.173 0.749
C2-Benzo[a]anthracenes/Chrysenes 25 35 1.27 0.557 2.73
5,9-Dimethylchrysene 25 35 0.231 0.084 0.589
C3-Benzo[a]anthracenes/Chrysenes 25 35 0 0 04
C4-Benzo[a]anthracenes/Chrysenes 25 35 0 0 0
C1-Benzofluoranthenes/Benzopyrenes 25 35 0.171 0 0.674
7-Methylbenzo[a]pyrene 25 35 0 0 0.077
C2-Benzofluoranthenes/Benzopyrenes 25 35 0 0.079 0.241
1,4,6,7-Tetramethylnaphthalene 25 35 0.694 1.22 1.81
Naphthalene 50 35 -0.09 0.229 0.391
Acenaphthylene 50 35 0.025 0.042 0.005
Acenaphthene 50 35 0.219 0.336 0.395
2-Methylfluorene 50 35 0.205 0.679 0.538
C2 Phenanthrenes/Anthracenes 50 35 18.323 8.523 22.953
Fluorene 50 35 0.438 0.911 0.895
Phenanthrene 50 35 6.632 4.545 6.555
Anthracene 50 35 0.289 0.222 0.327
C1 Phenanthrenes/Anthracenes 50 35 13.577 8.55 14.4
Fluoranthene 50 35 3.833 5.049 6.029
Pyrene 50 35 3.383 3.948 4.668
Benz[aJanthracene 50 35 0.304 0.142 0.261
Chrysene 50 35 2.448 1.04 3.09
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Benzob]fluoranthene 50 35 0.613 0.254 0.306
Benzo[j k]fluoranthenes 50 35 0.294 0.147 0.17
Benzo[e]pyrene 50 35 0.652 042 0.655
Benzo[a]pyrene 50 35 0.072 0 0
Perylene 50 35 0.283 0 0
Dibenz[a,h]anthracene 50 35 0 0 0
Indeno[1,2,3-cd]pyrene 50 35 0.049 0 0
Benzo[ghi]perylene 50 35 0.093 0.048 0
2-Methylnaphthalene 50 35 0.068 0.359 0.621
1-Methylnaphthalene 50 35 0.044 0.228 0.337
C1-Naphthalenes 50 35 0.113 0.585 0.953
Biphenyl 50 35 0.071 0.16 0.161
C1-Biphenyls 50 35 0.166 1.603 0.59
C2-Biphenyls 50 35 0.274 3.282 0.852
C2-Naphthalenes 50 35 0.915 2.541 2.441
1,2-Dimethylnaphthalene 50 35 0.151 0.171 0.225
2,6-Dimethylnaphthalene 50 35 0.1 0.334 0.346
C3-Naphthalenes 50 35 4.2 15.075 5.385
2,3,6-Trimethylnaphthalene 50 35 1.28 4812 1.512
2,3,5-Trimethylnaphthalene 50 35 0.84 3.289 1.179
C4-Naphthalenes 50 35 5.436 15.6 6.64
C1-Acenaphthenes 50 35 0 0 0
C1-Fluorenes 50 35 1.362 4.817 2.447
1,7-Dimethylfluorene 50 35 0.59 1.8 0.723
C2-Fluorenes 50 35 7.1 21.641 10.141
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C3-Fluorenes 50 35 12.7 14.4 22.3
Dibenzothiophene 50 35 0.733 0.646 113
C1-Dibenzothiophenes 50 35 7.768 3.48 8.18
2/3-Methyldibenzothiophenes 50 35 1.442 0.908 1.82
C2-Dibenzothiophenes 50 35 36.879 7.55 30.6
2,4-Dimethyldibenzothiophene 50 35 3.41 0.579 3.71
4,6-Dimethyldibenzothiophene 50 35 6.75 1.95 6.77
C3-Dibenzothiophenes 50 35 39.7 3.44 24.3
C4-Dibenzothiophenes 50 35 16.5 0.828 9.707
3-Methylphenanthrene 50 35 2.665 24 3.21
2-Methylphenanthrene 50 35 2473 244 2.91
2-Methylanthracene 50 35 0.171 0.064 0.107
9/4-Methylphenanthrene 50 35 5.512 2.3 5.6
1-Methylphenanthrene 50 35 2.737 1.41 2.55
3,6-Dimethylphenanthrene 50 35 1.59 0.94 2.158
2,6-Dimethylphenanthrene 50 35 1.05 0.818 1.64
1,7-Dimethylphenanthrene 50 35 2.405 0.902 2.71
1,8-Dimethylphenanthrene 50 35 1.13 0.282 1.33
C3-Phenanthrenes/Anthracenes 50 35 20 4.22 23
1,2,6-Trimethylphenanthrene 50 35 113 0.095 0.966
Retene 50 35 2.29 1.34 1.93
C4-Phenanthrenes/Anthracenes 50 35 32.8 4.57 33.3
C1-Fluoranthenes/Pyrenes 50 35 6.11 1.75 5.76
3-Methylfluoranthene/Benzo[a]fluorene 50 35 2.46 0.568 1.8
C2-Fluoranthenes/Pyrenes 50 35 8.26 0.803 7.6
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C3-Fluoranthenes/Pyrenes 50 35 2.94 0.077 2.87
C4-Fluoranthenes/Pyrenes 50 35 0.518 0.069 1.42

C1-Benzo[a]anthracenes/Chrysenes 50 35 3.94 0.727 9.54
5/6-Methylchrysene 50 35 0.435 0.398 417
1-Methylchrysene 50 35 0.616 0.095 1.21
C2-Benzo[a]anthracenes/Chrysenes 50 35 2.32 0.107 2.27
5,9-Dimethylchrysene 50 35 0.436 0 0.457
C3-Benzo[a]anthracenes/Chrysenes 50 35 0.149 0 0.262
C4-Benzo[a]anthracenes/Chrysenes 50 35 0 0 0
C1-Benzofluoranthenes/Benzopyrenes 50 35 0.4 0 0.691
7-Methylbenzo[a]pyrene 50 35 0 0 0
C2-Benzofluoranthenes/Benzopyrenes 50 35 0 0 0.406
1,4,6,7-Tetramethylnaphthalene 50 35 1.05 2.98 1.04
Naphthalene 100 35 5.555 0.669 0.215
Acenaphthylene 100 35 0.251 0.088 -0.008
Acenaphthene 100 35 0 0.486 0.45
2-Methylfluorene 100 35 0.448 0.906 1.043
C2 Phenanthrenes/Anthracenes 100 35 6.863 19.553 51.153
Fluorene 100 35 1.129 0.955 1.202
Phenanthrene 100 35 14.312 5.675 7.615
Anthracene 100 35 0 0.29 0.351
C1 Phenanthrenes/Anthracenes 100 35 4.017 13.7 411
Fluoranthene 100 35 3.273 5.569 5.679
Pyrene 100 35 2413 5.948 5.308
Benz[aJanthracene 100 35 0.394 0.174 0.492
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
Chrysene 100 35 2.088 1.38 5.35
Benzob]fluoranthene 100 35 0.31 0.38 0.437
Benzo[j k]fluoranthenes 100 35 0 0.228 0.191
Benzo[e]pyrene 100 35 0.681 0.548 0.827
Benzo[a]pyrene 100 35 0 0 0
Perylene 100 35 0 0 0.091
Dibenz[a,h]anthracene 100 35 0 0 0.032
Indeno[1,2,3-cd]pyrene 100 35 0 0 0
Benzo[ghi]perylene 100 35 0 0.081 0.069
2-Methylnaphthalene 100 35 3.86 0.678 0.569
1-Methylnaphthalene 100 35 2.628 0.447 0.271
C1-Naphthalenes 100 35 6.489 1.123 0.843
Biphenyl 100 35 1.636 0.528 0.231
C1-Biphenyls 100 35 1.921 1.713 1.623
C2-Biphenyls 100 35 4.335 2472 0.582
C2-Naphthalenes 100 35 7.655 3.501 18.081
1,2-Dimethylnaphthalene 100 35 0 0.232 1.18
2,6-Dimethylnaphthalene 100 35 0.975 0.622 3.009
C3-Naphthalenes 100 35 3.83 14.275 28.475
2,3,6-Trimethylnaphthalene 100 35 1.19 4.452 8.242
2,3,5-Trimethylnaphthalene 100 35 0.955 3.499 6.929
C4-Naphthalenes 100 35 1.546 16.8 1.4
C1-Acenaphthenes 100 35 0 0 0.097
C1-Fluorenes 100 35 1.752 5.367 6.967
1,7-Dimethylfluorene 100 35 0 3.01 1.74

219




Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C2-Fluorenes 100 35 0 34.341 21.941
C3-Fluorenes 100 35 0 22.6 221

Dibenzothiophene 100 35 0.743 0.817 3.7
C1-Dibenzothiophenes 100 35 1.318 4.7 29.3
2/3-Methyldibenzothiophenes 100 35 -0.018 1.3 7.9
C2-Dibenzothiophenes 100 35 11.779 13.5 79.3
2,4-Dimethyldibenzothiophene 100 35 0.996 0.744 8.95
4,6-Dimethyldibenzothiophene 100 35 2.72 4.29 14.4
C3-Dibenzothiophenes 100 35 29.1 6.53 53
C4-Dibenzothiophenes 100 35 17.3 1.707 12.637
3-Methylphenanthrene 100 35 0.854 3.58 8.35
2-Methylphenanthrene 100 35 0.973 4.03 9.3
2-Methylanthracene 100 35 0.356 0.237 0.19
9/4-Methylphenanthrene 100 35 1.452 3.51 15.4
1-Methylphenanthrene 100 35 0.733 2.31 7.85
3,6-Dimethylphenanthrene 100 35 0.661 1.938 3.818
2,6-Dimethylphenanthrene 100 35 0.576 1.75 3.53
1,7-Dimethylphenanthrene 100 35 0.995 2.37 6.89
1,8-Dimethylphenanthrene 100 35 0.419 0.729 2.99
C3-Phenanthrenes/Anthracenes 100 35 14.1 12.3 37.8
1,2,6-Trimethylphenanthrene 100 35 0.971 0.381 1.84
Retene 100 35 2.81 0.993 1.16
C4-Phenanthrenes/Anthracenes 100 35 31 8.15 41.2
C1-Fluoranthenes/Pyrenes 100 35 3.37 3.41 10
3-Methylfluoranthene/Benzo[a]fluorene 100 35 1.51 0.846 4.08
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Analyte WAF (%) Sampling (d) DB PAH Conc (ng/L) MD PAH Conc (ng/L) CO PAH Conc (ng/L)
C2-Fluoranthenes/Pyrenes 100 35 9.34 1.49 11.3
C3-Fluoranthenes/Pyrenes 100 35 4.32 0.177 4.14
C4-Fluoranthenes/Pyrenes 100 35 0.347 0.105 0.742

C1-Benzo[a]anthracenes/Chrysenes 100 35 5.06 0.721 7.04
5/6-Methylchrysene 100 35 0.431 0.184 1.21
1-Methylchrysene 100 35 1.02 0.075 0.896
C2-Benzo[a]anthracenes/Chrysenes 100 35 2.93 0.143 3.12
5,9-Dimethylchrysene 100 35 0.91 0 0.575
C3-Benzo[a]anthracenes/Chrysenes 100 35 0 0 0.464

C4-Benzo[a]anthracenes/Chrysenes 100 35 0 0 0

C1-Benzofluoranthenes/Benzopyrenes 100 35 0 0 0.829
7-Methylbenzo[a]pyrene 100 35 0 0 0.103
C2-Benzofluoranthenes/Benzopyrenes 100 35 0 0 0.21
1,4,6,7-Tetramethylnaphthalene 100 35 0 3.34 1.93
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