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Abstract
Heavy fuel oils (HFO) are produced from the refining of crude oils, and have high
specific gravities and high viscosities. In recent years, spills of HFO have increased in the
environment, and are of great concern because they are difficult to clean up. Spilled HFO
is likely to become submerged, and can become stranded if fresh HFO coats benthic
substrates or if weathered HFO sinks as tarballs. Conversely, lighter oils float on the
surface and their components disperse and become diluted in the water column. There is
a research need to assess the unique ecological risks of HFO that can sink and
contaminate spawning shoals of fish. Chronic toxicity of HFO to fish embryos is
correlated with exposure to polycyclic aromatic hydrocarbon (PAH) that become
bioavailable from spilled HFO to identify under which spill conditions fish populations
are at greatest risk.
The results of this research demonstrate that: (1) Stranded HFO is a significant
source of PAH to the receiving environment and causes chronic toxicity to embryonic
fish; (2) Tarballs and weathered HFO cause less toxicity than fresh HFO, likely a
consequence of physical limitations to PAH release; (3) HFO 7102 samples collected
from an HFO spill in Wabamun Lake, Alberta, are less toxic than HFO 6303; (4) HFO is
at least 2-fold more toxic than Medium South American (MESA), a well-studied
reference crude oil, coincident with 3-fold higher concentrations of alkyl PAH, namely
alkyl phenanthrenes.
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Chapter 1
General Introduction and Literature Review

1.1 Oil spills as an environmental concern
1.1.1 Large scale crude oil spills
Oil spills have become a great environmental concern in recent years as global
demand for oil as a primary energy source has risen. Globally, collisions or groundings of
oil tankers, either accidental or caused by human error, are occurring less frequently, but
at a greater scale, than in past decades (Huijer 2005). This means environmental damage
is more profound for a single spill event. As well, the potential for damage differs based
on environmental conditions surrounding a given spill. Widely different fates of oil and
consequent environmental damage are illustrated by comparing the Exxon Valdez Oil
Spill (EVOS) and the BP oil disaster in the Gulf of Mexico.
One of the most well-known and well-studied oil spills was the EVOS that
occurred in Prince William Sound, Alaska in March 1989. The EVOS is the second
largest oil spill in U.S. history, of approximately 42 million liters of Alaska North Slope
Crude (ANSC). The Prince William Sound shoreline was heavily impacted, and 40% of
near-shore environments were contaminated (Boehm et al. 1998); these are spawning
areas for many fish species, such as herring (Clupea spp.) and salmon (Salmo spp. and
Oncorhynchus spp.). Oil from the Exxon Valdez spill is still the largest reservoir of PAH
in Prince William Sound as approximately 100 000 kg of subsurface oil still persists
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(Short et al. 2004), largely due to the prolonged persistence and slow degradation rates in
a cold environment. The long-term chronic exposure levels that remain from subsurface
oil are toxic to early life stages of fish, and so the persistence of ANSC in the area has
contributed to population declines and ecosystem-level damage (Peterson et al. 2003).
The largest oil disaster in the U.S. occurred just recently, from April 20 to July 15
2010, as a result of the Deepwater Horizon oil rig blowout. An estimated 779 million
liters of South Louisiana sweet crude oil was released into the Gulf of Mexico (Crone and
Tolstoy 2010). Environmental damage included a large subsurface oil plume that
persisted near the wellhead where dispersants were injected, and tarball-like water-in-oil
emulsions that contaminated beaches from Louisiana to Florida, USA. While fisheries
were impacted, the full extent of the damage to fish stocks caused by this blowout
scenario is still under investigation. However, the Gulf of Mexico appears to be able to
recover quickly because warmer temperatures and high productivity should enhance
degradation and reduce persistence of the oil.
1.1.2 Small scale spills of crude oils and refined products
The EVOS and 2010 BP spill were large-scale spills that garnered a lot of public
attention and research into consequent ecological effects. Small scale spills occur more
frequently from losses of barges and tankers in saltwater and freshwater environments to
highway and rail accidents and pipeline breaks, but rarely garner as much attention. An
important distinction from the large scale spills aforementioned is that up to 80% of the
volume of smaller scale spills is of heavy fuel oils (HFO), which are refined oils that are
more persistent and difficult to clean up (NRC 1999).
2

1.1.3 Polycyclic aromatic hydrocarbons (PAH) are the toxic component of oil
Polycyclic aromatic hydrocarbons (PAH) are ubiquitous environmental
contaminants composed of two or more fused benzene rings that enter the environment as
products of incomplete combustion of organics or from petroleum sources. Pyrogenic
PAH are mostly unsubstituted three-ringed or larger PAH which result from forest fires,
coal burning, and vehicle exhaust (Wakeham et al. 1980). PAH from petroleum sources
are two- to six-ringed homologs, mainly containing alkyl substitutions. Natural oil seeps
do exist, but petroleum spills continue to provide a large source of alkyl PAH to aquatic
environments. As a result of industrialization and urbanization, urban runoff, wastewater
and industrial effluents, industrial waste incineration, and atmospheric deposition are
joining petroleum spills as the largest sources of aquatic PAH contamination (Douben
2003).
Crude oil is a complex mixture of saturates (straight-chain, branched, and cycloalkanes and alkenes, waxes), aromatics (including the monoaromatics and PAH, often
with alkyl substitution; see Appendix A for some PAH structures), resins, and
asphaltenes (large complex hydrocarbons; Wang et al. 2003). PAH are the likely cause of
toxicity in crude oil, particularly the 3- to 4-ringed alkylated forms (Hodson 2007). It is
the alkylated derivatives that are so characteristic in crude oil, and are much more toxic
than the unsubstituted counterparts (Billiard et al. 1999; Kiparissis et al. 2001; Barron
and Holder 2003; Rhodes et al. 2005; Carls et al 2008). Waxes, resins, and asphaltenes
are less concerning since they are large organic molecules that are very hydrophobic, and
likely too large for rapid uptake into biological tissues.
3

Since a specific class of compounds in petroleum products are known to be
chronically toxic to early life stages of fish (Hodson et al. 2007), the relative risks of
petroleum spills may vary according to alkyl PAH content. HFO contains higher
molecular weight PAH than light crude oils (Wang et al. 2003), and may contain up to
6% total PAH (TPAH; Hollebone et al. 2011), up to 6-fold greater than light crude oils.
Therefore, assuming the availability of these PAH is similar between oils, HFO should be
at least 6-fold more toxic than light crude oil, but such comparison studies are currently
lacking.
1.2 Heavy fuel oils (HFO)
1.2.1 HFO is produced from the refining of crude oil
Crude oil refers to the unprocessed oil as it is pumped out from reservoirs. The
chemical composition of crude oil can vary depending on oil field, production year, and
subsequent processing (Wang et al. 2003). The refining process mostly occurs by
fractionation through distillation, which separates the complex mixture into components
with similar boiling points. The lightest components boil at < 32 ºC, which are the light
gases, such as ethane, propane, butane, and alkenes. Fractions that come off the
distillation column also include light naphtha, heavy naphtha, kerosene, gas oil, and, the
least volatile, the residue, which boils at > 425 ºC. Vacuum distillation is now commonly
used, which prevents chemical degradation with temperature. There are more aggressive
complex refining techniques that now exist, including thermal and catalytic cracking and
coking to provide a better product.
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Residual oils are formed mainly from the residue fraction after the refining
process (Wang et al. 2003). The residue contains large alkanes (C30+), complex
aromatics, resins, and asphaltenes. Additional refining techniques produce a lower quality
residue as a consequence of producing higher quality lighter fractions. Bunker fuel is
technically any type of HFO used aboard ships. Bunker C is the heaviest type of residual
oil, which is a No. 6 fuel oil (on a range of No. 1 – light kerosene, to No. 6 – heavy
residual oil; also called IFO 380). To meet viscosity specifications for shipping and use
as a marine fuel, the residue is often blended with No. 2 diesel fuel or other lighter fuels.
Bunker C exists in a semi-solid state at ambient temperature, is negligibly soluble in
water, and resists flow.
1.2.2 Wabamun Lake incident: Initial response and area affected
Approximately 149 500 L of Bunker C and 46 850 L of pole treating oil entered
Wabamun Lake, Alberta, after a CN train derailment along the Lake’s north shore on
August 3rd, 2005. Shortly after the spill, strong winds induced breaking waves which
caused the slick to break up and water to be entrained into the HFO (Birtwell 2008).
These wind disturbances caused the HFO to travel to and contaminate shores on the
southeast portion of the Lake. Shoreline cleanup assessment technique (SCAT) surveys
identified 52.5% of the total shoreline of the Lake affected (Birtwell 2008). Tarballs are
aggregates of oil that are neutrally buoyant or sink and are subject to extreme weathering
since they can persist for months to years (Goodman 2003). The spilled HFO quickly
formed tarballs that were neutrally buoyant, and 85% of the HFO stranded in near-shore
reed beds (Birtwell 2008). As part of the subsequent cleanup, oiled emergent vegetation
5

was cleared, and this caused increased erosion and sediment release (Evans 2008). The
remaining oil not cleaned up mainly persisted as submerged oil and tarballs in shallow
and deep regions.
1.2.3 Physical and chemical properties of HFO
Crude and refined oils vary considerably in their physical properties and chemical
compositions. HFOs have high specific gravity, close to or above 1.0, meaning they tend
to be denser than freshwater, making them neutrally buoyant or sinking instead of
floating. Weathering is a natural process that occurs after a spill, which includes
evaporation and dissolution of the lighter components, such as small alkanes,
monoaromatics, and some naphthalenes, biodegradation, and photo-oxidation, which can
result in changes to physical properties (Wang et al. 2003), and these effects are included
in Table 1-1.
Heavy oil does not disperse well, and so the physical properties of the oil prevent
rapid dissolution to small droplets, so the oil would instead disperse into larger tarballs
and mats (Short 2008). Some tarballs have a uniform structure throughout, while others
have consolidated shell exteriors and liquid interiors (Goodman 2003). In cases where
there is a rapid temperature change or strong light exposure (based on the fate of the
spilled oil), as may have occurred during the Wabamun Lake spill, the oil may not
weather evenly, and a heavily degraded “skin” can entrain less weathered oil. This
trapped liquid oil can ooze from tar balls long after a spill, which was seen at Wabamun
Lake (Short 2008). Therefore, these unique tarballs can persist as a potential source of
hydrocarbons long after a spill occurs.
6

Table 1-1. Physical properties of a medium crude oil (Alaska North Slope; ANSC)
and a heavy fuel oil (HFO 6303). Values are reported for the fresh oil and for an
artificially weathered fraction. Data adapted from Wang et al. (2003).
Property (unit)

HFO 6303
Fresh

ANSC
Fresh

111

HFO 6303
Weathered
(2.5% loss)
133

< -8

ANSC
Weathered
(30.5 % loss)
115

Flash point (ºC)
Density at 15ºC
(g/ml)

0.9888

0.9988

0.8663

0.9340

Pour point (ºC)

-1

11

-32

-6

Chemical
dispersibility (%)

9

6

47

15

Entrained
24.1

Unstable

Mesostable
72.9

Emulsion type
Entrained
(water content %) 57.7

Chemical fingerprints of heavy and crude oils differ considerably. The relative
contributions of specific hydrocarbon groups to the whole oil of both a heavy residual
and light crude oil are listed in Table 1-2. In general, lighter crudes contain more volatile
saturate compounds and are prone to a greater loss of mass with weathering than heavy
oils that contain more aromatics (Wang et al. 2003). Saturates with similar molecular
weights as select aromatics are preferentially lost (Di Toro et al. 2007), so with
weathering, the light saturates are lost, increasing the relative contributions of heavier nalkanes and aromatics. The oil spilled at Wabamun Lake contained more PAH than
expected (up to 6.0 % TPAH in Wabamun oil compared to 3% expected in HFO;
Hollebone et al. 2011). Therefore, the HFO spilled more resembled an asphalt stock.

7

Table 1-2. Hydrocarbon groups of a medium crude oil (Alaska North Slope; ANSC)
and heavy fuel oil (HFO 6303). Values are reported as % of total for the fresh oil
and for an artificially weathered fraction. Data adapted from Wang et al. 2003.
Component

HFO 6303
Fresh

ANSC
Fresh

42.5

HFO 6303
Weathered
(2.5% loss)
38.8

75.0

ANSC
Weathered
(30.5 % loss)
64.8

Saturates
Aromatics

29.0

26.9

15.0

18.5

Resins

15.5

16.6

6.1

10.3

Asphaltenes

13.0

17.7

4.0

6.4

Waxes

2.5

2.7

2.6

3.6

1.2.4 Sinking behaviour, fate, and habitat effects of heavy oil
Because heavy oil is neutrally buoyant, the oil will sink or at least become
submerged below the water surface in certain conditions. Salinity increases the density of
water, so heavy oils with specific gravity near 1.0 will have more of a tendency to sink in
freshwater. Changes in density that occur after a spill are mostly temperature-dependent
(Fingas et al. 2006). Temperature cycles daily and seasonally, but in general, sinking
behavior will occur at lower temperatures.
Mechanisms of weathering include evaporation, dispersion, dissolution,
emulsification, sedimentation, and the long-term process of biodegradation. Evaporation
occurs first, when the monoaromatics and the most volatile PAH, naphthalenes, are lost.
Heavy oil does not weather to a great extent because of the high density (Table 1-1) and
high resin and asphaltene content (Table 1-2), but some evaporation may be enough to
change the density of oil just enough so that it exceeds that of freshwater. More likely, as
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oil patches are moved by wind and wave action, as well as some submergence, there is
the potential for sediment uptake. Quantitative methods are normally sparse, but some
exist that describe the formation of oil-mineral aggregates (OMAs). Oil will aggregate
with sediments at a critical sediment concentration and small grain size, facilitating
sinking (Ajijolaiya et al. 2006). The HFO that sank at Wabamun Lake likely picked up
extraneous material, such as grass and sand, before entering the water, further
contributing to its sinking behaviour.
Cleanup activities at Wabamun Lake caused harmful alteration, disruption, and
destruction of fish habitat (Evans 2008). Much of the near-shore environment contained
vegetation, namely emergent reed beds, and much of the spilled HFO was contained in
vegetation (Evans 2008). Considerable vegetation was removed during cleanup (Birtwell
2008), which are substrates where fish spawn (e.g., pike, perch, minnows). Offshore
gravel/cobble substrates are also spawning areas for fish (e.g., lake whitefish), which
were areas where sunken HFO remained. While persisting HFO was detrimental to
whitefish growth and survival (DeBruyn et al. 2007), commercial fisheries for lake
whitefish, northern pike, perch, and burbot may have also contributed to stressed
populations in Wabamun Lake (Schindler et al. 2004 as cited by Evans 2008). Short
(2008) examined confounding PAH sources into Wabamun Lake and concluded that
inputs from atmospheric deposition, land use runoff, and small-scale boating,
collectively, contributed little PAH to the lake relative to the HFO spill. Therefore,
exposure to PAH of aquatic species that live and breed in these environments was likely
from sunken heavy oil, the toxicity risks of which remain largely unknown.
9

The ultimate fate of oil after the Wabamun Lake incident was tracked to assess
possible risks. After initial weathering events, the majority of oil was removed during
cleanup efforts for two years after the spill (Short 2008). An estimated 2 000 kg oil was
present in the form of tarballs (Short 2008), many of which are still found in Wabamun
Lake, especially in areas less aggressively cleared during cleanup. Dissolved TPAH
concentrations in oiled regions varied considerably and the same was true for reference
sites sampled during the environmental assessment of whitefish populations (DeBruyn et
al. 2007). Therefore, it is difficult to assess the true partitioning of TPAH from oil to
surrounding waters. There is a need to acquire exposure and toxicity data for heavy oils
that contain more aromatics, including PAH, and that sink and contaminate fish spawning
substrates to better understand the fate of heavy oil and the risks to fish.
1.3 Uptake and metabolism of PAH from oil in fish
Exposure of organisms to chemical contaminants is largely dependent on the
environmental conditions, the availability of contaminant in media, the physicochemical
properties of the chemical affecting uptake, and the various routes of uptake in the
organism. Contaminants can be taken up by direct absorption across the gills and skin, or
can be ingested in food or water.
The hydrophobicity of a chemical is a key determinant of exposure and uptake by
organisms. A simple yet important equilibrium to consider is described by the octanolwater partition coefficient (Kow), which is the ratio of concentration of a chemical in two
phases, octanol and water. The more hydrophobic a chemical, the more it will partition
into the octanol phase, producing a higher Kow. PAH with higher Kow tend to sorb to
10

sediments, which contain organic matter with hydrophobic characteristics, or they are
taken up rapidly by organisms (Di Toro et al. 2000), which are lipid systems, since they
are, themselves, quite hydrophobic. The Kow can only predict the extent of uptake when
the compound is at equilibrium between phases, and the tendency of a hydrophobic
compound to partition between organic and aqueous phases is kinetically driven.
Modifying conditions (e.g., salinity, temperature, and sunlight) strongly affect the
availability of PAH. Therefore, such conditions are important to report when conducting
bioassays to acquire bioavailability and toxicity data of PAH (Sprague 1970). For
example, PAH from dispersed crude oil are most bioavailable at lower salinities, at least
for freshwater rainbow trout and euryhaline mummichog (Ramachandran et al. 2006),
which is likely due, indirectly, to lower PAH solubility in water at high salinities. The
solubility of PAH in water also change with temperature. For a variety of PAH ranging
from 3-6 ringed structures, a 4 ºC decrease in temperature can produce the same decrease
in solubility as a change from 0 to 33 ‰ salinity (Whitehouse 1984). Exposure to
sunlight is another modifying factor to consider. Photo-enhanced toxicity has been
observed in herring eggs exposed to dispersed oil and ultraviolet radiation A (UVA;
Barron et al. 2003). Significant increases in toxicity, by 1.5- to 48-fold over control
lighting, were observed when TPAH concentrations were elevated in fish tissue. Sunlight
also photo-degrades PAH by oxidation reactions to products similar to those produced
during metabolism (McConkey et al. 2002), such that availability of PAH for uptake
decreases. These contradictory findings indicate that there is a trade-off between photo-
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enhanced toxicity of individual PAH and reduced availability of PAH as they photodegrade.
The uptake of select PAH triggers xenobiotic metabolism within cells, mainly in
the liver. PAH are planar or nearly planar hydrocarbons, similar to the planarity of
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), and have a high binding affinity for the aryl
hydrocarbon receptor (AhR; Weis et al. 1998; Di Giulio et al. 1995). PAH containing 3-6
aromatic rings, particularly alkyl homologs of compounds with phenanthrene or
fluoranthene structures with exposed bay regions, have the highest affinity for the AhR
(Barron et al. 2004b).
The AhR is a cytosolic transcription factor that has been highly conserved.
Mammals have a single homolog (AhR1), whereas fish have two (AhR1, AhR2), both
with seemingly different roles (Incardona et al. 2004; Bock and Köhle 2006). Binding of
a ligand to the AhR promotes translocation to the nucleus, where the complex binds with
the AhR nuclear translocator. The resulting complex interacts with the xenobiotic
responsive elements (XREs) in the promoter region of AhR-regulated genes for
transcription. While AhR-regulated genes are not entirely understood, they control the
biotransformation of xenobiotics, and may aid in cell proliferation and differentiation
(Bock and Kohle 2006), which are key processes in ontogeny.
AhR-regulated detoxification of xenobiotics is triggered by phase I enzymes, the
monooxygenase family of enzymes referred to as cytochrome P450. P450 catalyzes
mainly hydroxylation reactions, but also epoxidation, dealkylation, deamination,
sulfoxidation, and desulfuration (Di Guilio et al. 1995). The transcription and translation
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of CYP1A, a member of the cytochrome P450 enzyme family, is triggered by binding of
PAH to the AhR (Di Guilio et al. 1995). Phase II reactions link metabolites to
endogenous water-soluble compounds in the cell, usually by conjugation to sugar
derivatives, amino acids, peptides, and sulfates. Phase II enzymes also act by transporting
conjugated metabolites to cell membranes to exit the cell by way of drug pumps. There
are many mechanisms of PAH toxicity which are believed to be linked to one or more
steps in PAH metabolism (Barron et al. 2004a; Billiard et al. 2008). Figure 1-1 presents a
simplified model to describe the process of Ahr-mediated metabolism of xenobiotics,
using benzo[a]pyrene, a PAH with high AhR affinity, as an example.
Many PAH found in crude oil are potent CYP1A inducers (Gagnon and Holdway
2000; Brinkworth et al. 2003; Barron et al. 2004a). A reliable measure of bioavailability
of oil to fish is to measure the potency of crude oil to induce CYP1A enzymes. The
ethoxyresorufin-O-deethylase (EROD) assay is a measure of hepatic CYP1A
concentrations, and an effective tool to estimate the bioavailability of PAH in crude oil
(Gagnon and Holdway 2000; Hodson et al. 2002). The presence of bile metabolites,
indicative of metabolism and detoxification of PAH, is another sensitive biomarker to
determine exposure to waterborne PAH (Gagnon and Holdway 2000). CYP1A induction
in rainbow trout is initiated between fertilization and hatch, and commonly precedes
signs of embryotoxicity (Brinkworth et al. 2003), making the EROD assay a good
indicator of bioavailability of PAH in crude oil mixtures and the potential for toxicity.
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1.
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3.

Figure 1-1. Cellular uptake and metabolism of PAH: 1. Non-specific narcosis; 2.
Arylhydrocarbon receptor (AhR) ligand binding by benzo[a]pyrene (B[a]P), nuclear
translocation and cyp1a gene activation; 3. cyp1a RNA translocation to cytosol,
CYP1A protein synthesis, and oxygenation of B[a]P. (heat shock protein (HSP90),
aryl hydrocarbon translocator protein (Arnt), xenobiotic reactive element (XRE),
reactive oxygen species (ROS); Adapted from Di Giulio et al. 1995).

1.4 Embryotoxicity of PAH found in oil
Early life stages of fish are very sensitive to crude oil exposure. Many signs of
embryotoxicity resemble dioxin toxicity, and are collectively called blue sac disease
(BSD). BSD is a non-contagious syndrome first observed as a result of exposure to
ammonia, but is now used to describe the effects of chemical exposure (Solomon and
Weis 1979). BSD is not fish-specific, as chick edema disease describes the avian
syndrome, and wasting syndrome describes similar toxicity in mammals. Common signs
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include craniofacial malformations, fin erosion, body and ocular hemorrhaging, and
reduced growth (Carls et al. 1999).
The toxicity of crude oil is usually assessed using measured TPAH of exposure
solutions. When assessing risk of a contaminated site, the presence of both alkyl PAH
congeners and parent compounds must be considered, otherwise, exposure risks may be
underestimated (Barron and Holder 2003). Herring and salmon embryos exposed to
petroleum hydrocarbons from the Exxon Valdez oil spill developed gross malformations,
reduced growth, and poor survival at concentrations as low as 1.0 ppb TPAH (Marty et
al. 1997a,b; Carls et al. 1999; Heintz et al. 1999). Such early life stage toxicity has been
elevated in herring and salmon eggs at TPAH tissue concentrations of 0.018 to 19.5
mg/kg (Barron et al. 2004). Embryo mortalities and TPAH concentrations accumulated
by salmon embryos were similar between embryos in direct contact with oiled substrate
and those exposed to effluent (Carls et al. 1999; Heintz et al. 1999). Thus, embryos were
exposed to dissolved PAH from oil and not oil droplets. This has been confirmed by
Carls et al. (2008), indicating that PAH exposure is mediated by aqueous transport.
The suggested causes of toxicity are alkyl-homologues of phenanthrene, fluorene,
naphthobenzothiophene, pyrene, and chrysene (Hodson et al. 2007). Retene (7-isopropyl1-methylphenanthrene) is one example of any alkyl phenanthrenes potentially found in
crude oil and likely contributes to crude oil toxicity (Billiard et al. 1999; Hawkins et al.
2002; Brinkworth et al. 2003). Exposure of embryonic rainbow trout to retene
consistently causes CYP1A induction and BSD at concentrations as low as 32 µg/L for
static daily renewal systems (Billiard et al. 1999), or as low as 9 µg/L using continuous
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flow systems, and hatched embryos appear to be most sensitive (Brinkworth et al. 2003).
Dibenzothiophene congeners, 3-ringed PAH similar to phenanthrenes, have been studied
individually, and are also very strong inducers of BSD (Rhodes et al. 2005),
Laboratory exposures frequently define experimental endpoints (eg. mortality) or
enable fish recovery after chemical exposure. Delayed effects of embryonic exposures are
rarely measured in toxicity tests. However, pink salmon exposed to <18.0 ppb TPAH as
embryos showed reduced growth and survival by an additional 15% at maturity than
measured at the end of the exposures (Heintz et al. 2000). Therefore, the true effect of
exposure may be greater than demonstrated by embryos in experimental exposures.
1.5 Potential causes of embryotoxicity
Oil is a complex mixture of PAH and models exist to estimate environmental
risks, assuming additive toxicity of PAH. Narcosis-based models (French-McCay 2002;
Di Toro et al. 2000, 2007) are discussed, along with how cardiovascular dysfunction,
AhR-mediated, and CYP1A-dependent toxicity are not consistent with additive toxicity
models and, instead, suggest the role of synergistic toxicity.
Narcosis is a reversible toxic effect with a non-specific mode of action, caused by
exposure to monoaromatics and low molecular weight PAH (Campagna et al. 2003).
PAH toxicity that increases linearly with Kow of a given compound is assumed to act by
narcosis (Di Toro et al. 2000; McGrath and Di Toro 2009), to a limit of Kow of ~5.60. At
high Kow the compound becomes quite large and is less likely to either cross into the lipid
bilayer of the cell membrane or uptake rates are slowed by higher molecular weights. An
alternative explanation for the relationship between toxicity and hydrophobicity relates to
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partition-controlled delivery of compounds. The more hydrophobic the compound, the
less the amount of compound will be delivered into solution, but the faster it will be taken
up. That is, there is a trade-off between the concentration of compound in solution and
the tendency for rapid uptake. Large PAH are less likely to cross cell membranes, and are
thus much less bioavailable and less concerning. In acute toxicity tests, fish can succumb
to a narcotic effect. Campagna et al. (2003) concluded that narcotics with similar
structures and affinities for lipids produced different biochemical effects, suggesting that
narcosis is a term to label an array of mechanisms of toxicity strongly controlled by
octanol-water partitioning, i.e., controlled by rates of exposure.
The target lipid model (TLM) was developed by Di Toro et al. (2000) to describe
additive toxicity for type I narcotics which considers species sensitivities of fish,
amphibians, arthropods, and other invertebrates to develop more accurate water quality
and sediment criteria. Type I narcotics included in this model were monoaromatics
(including BTEX), as well as 2- to 4-ringed PAH. The TLM derives target lipid acute
LC50 body burdens based on a non-specific mode of action where narcotics accumulate
in target lipids at a rate that follows Kow (Di Toro et al. 2000). Therefore, the toxic
potentials of PAH found in oil can be calculated by comparing the concentration of
compound in water compared to a critical concentration that causes toxicity. Barron et al.
(2004a) cautioned against using the TLM to predict the chronic toxicity of PAH mixtures
because no experimental data had been presented to assess the tissue concentrations of
PAH mixtures associated with chronic toxicity. McGrath and Di Toro (2009) applied
previously published data from other authors to the TLM and concluded that the TLM
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could accurately predict signs of chronic toxicity, such as edemas and hemorrhaging, in
embryonic fish. However, there is still great uncertainty given that the confidence limits
for predicted water concentrations leading to acute or chronic toxicity covered four orders
of magnitude, and the authors noted that there were few toxicity data available to include
in the model.
Modeling acute and chronic toxicity of crude oil is difficult given the complex
nature of oil as a mixture of PAH. Di Toro (2007) used the TLM to predict changes in
toxicity of fresh oil with weathering. The aqueous and sediment concentrations of all
components of the oil mixture were predicted based on equilibrium partitioning, and the
data compiled assuming that toxicity was additive. Low molecular weight compounds
were assumed to have the highest toxic potentials, and these compounds are lost with
weathering. Therefore, weathering lowers the toxic potential of the oil. As well, FrenchMcCay (2002) developed OilToxEx as an oil toxicity and exposure model to predict
impacts from acute exposure to spilled oil while accounting for time and temperature
dependence of toxicity. This model presented a probabilistic approach to assess
environmental risk using TPAH instead of individual compounds because their toxicity
appeared to be additive.
The embryotoxicity of oil components, however, appears to not be additive and
instead occurs via multiple mechanisms (Billiard et al. 2008). The three-ringed
unsubstituted PAH phenanthrene, fluorene, and dibenzothiophene directly affect
cardiovascular function in developing fish embryos (Incardona et al. 2004, 2005, 2009).
Visible signs of toxicity, which are AhR-mediated, included pericardial and yolk sac
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edemas, spinal curvatures, and craniofacial malformations, which appeared to supersede
cardiovascular dysfunction (Incardona et al. 2005). The same signs of PAH toxicity were
observed with zebrafish Sih (silent heart) mutants that have no heartbeat and, therefore,
no circulation (Incardona et al. 2004). This may indicate that cardiovascular defects were
responsible for observed toxicity. Exposure of zebrafish embryos to weathered Alaska
North Slope (ANS) crude oil caused a suite of developmental defects similar to exposure
to individual tricyclic PAH (Incardona et al. 2005, 2009).
The TLM model (Di Toro et al. 2007) and OilToxEx (French-McCay 2002)
assume a narcotic mode of action for 2-4 ringed PAH. While 2-ringed naphthalenes
follow these models, alkyl phenanthrenes and chrysene are AhR agonists (Barron et al.
2004b; Incardona et al. 2006). PAH that also induce CYP1A may cause toxicity by
metabolism to toxic intermediates, which may cause oxidative stress or they themselves
may be more potent AhR agonists than the parent compound (Barron et al. 2004b;
Billiard et al. 2008; Fallahtafti 2011).
AhR-mediated toxicity of compounds that occurs independent of CYP1A
induction pinpoints the process of AhR-ligand complexes binding to the XRE on DNA
and the transcription of downstream genes, only a series of which encode cyp1a. Using
knockdown techniques, Scott et al. (2011) demonstrated that retene toxicity in zebrafish
is AhR-mediated, but CYP1A-independent, and it is largely the cardiovascular system
that is affected. This cardiotoxicity differed from that seen with exposures to
unsubstituted phenanthrene (Incardona et al. 2004), suggesting that the degree of
alkylation influences the specific mode of action, further confounding model predictions.
19

The use of models as tools to predict crude oil toxicity, such as the TLM (Di Toro
et al. 2007) or OilToxEx (French-McCay 2002), is important to estimate ecological risks
when toxicity data are unavailable. Collectively, the uncertainties in the models may
relate to differences in species sensitivities and differences among mechanisms of PAH
toxicity. These problems with predicting oil toxicity emphasize the need to link chronic
toxicity in embryonic fish to specific PAH in oil mixtures.
1.6 Purpose
Heavy residual oils are complex mixtures of hydrocarbons that differ widely from
the composition of crude oils. The toxic constituents of oil have begun to be identified
(Hodson et al. 2007), and the toxicity of heavy oil should reflect the relative contribution
of these same toxic components. However, based on the Wabamun Lake CN derailment
in 2005, the behaviour of oil after a spill can be unpredictable and heavy oil behaves
differently than crude oil (deBruyn et al. 2007; Birtwell 2008; Short 2008). Therefore, the
interactions among environmental behaviour, hydrocarbon partitioning, exposure of fish
to PAH, and toxicity to embryos are critical research needs for realistic assessments of
ecological risks of spilled HFO. Several exposure scenarios of HFO and a reference crude
oil were developed, including: mechanical dispersion of floating HFO (static daily
renewal), continuous partitioning of hydrocarbons from stranded HFO, chemical
dispersion of HFO (static daily renewal), and continuous partitioning of hydrocarbons
from tarballs. The purpose of this research was to address the following broad null
hypotheses: (1) There are no differences in hydrocarbon partitioning from HFO to water
among the different exposure scenarios; (2) There are no differences in exposure to and
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bioavailability of PAH from HFO among the different exposure scenarios; (3) There are
no differences in toxicity of PAH from HFO among different exposure scenarios; (4)
There are no differences in bioavailability and chronic toxicity of PAH from fresh and
weathered HFO and a reference crude oil. The results of this research will indicate that
the amount and nature of hydrocarbons partitioning from oil will vary with the type of oil
tested and the exposure scenario, and assumes that risks to fish will be greatest for those
scenarios that release the highest concentrations of alkyl PAH.
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Chapter 2
The fate of spilled heavy fuel oil influences the release of PAH to water
and embryotoxicity to rainbow trout (Oncorhynchus mykiss)
Abstract
The objective of this research was to assess how the behaviour of heavy fuel oil
(HFO) in water interacts with exposure and toxicity to early life stages of fish. HFO spills
in the environment are unique. While HFO can float on the water surface similar to
lighter crude oils, it more commonly contaminates benthic substrates by sinking,
stranding, or forming tarballs. Several exposure regimes were assessed by comparing the
responses of rainbow trout (Oncorhynchus mykiss) to polycyclic aromatic hydrocarbons
(PAH) partitioned to water. Mechanical dispersion of floating HFO was insufficient to
allow release of PAH from HFO to water. In contrast, stranding and chemical dispersion
of HFO facilitated the release of substituted naphthalenes (2-ringed PAH) and
phenanthrenes (3-ringed PAH) to water, coincident with CYP1A induction and
embryotoxicity. Light coatings of HFO on substrate and HFO dispersions to small
droplets increase surface area to volume ratios, enhancing the release of PAH to water.
Stranded HFO in spawning shoals may be a long-term risk to fish. Highly weathered
HFO in the form of tarballs release hydrocarbons to water that are bioavailable, but the
rate of release may not be sufficient to cause toxicity. Overall, despite widely different
exposure regimes, measurements of PAH in the test solutions were sufficient to explain
CYP1A induction and embryotoxicity to trout of HFO.
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2.1 Introduction
Heavy fuel oils (HFO), specifically No. 6 fuel oils, or Bunker C, are heavy refined
oils used to fuel larger tankers and heating plants. The refining process of crude oil
produces a residue containing large alkanes (C30+), complex aromatics, resins, and
asphaltenes. To lower the viscosity of the residue for use as a marine fuel, it is blended
with a No. 2 diesel or other lighter fuels to produce HFO. In general, heavy refined oils
contain higher components of aromatics and asphaltenes than lighter crude oils (Wang et
al. 2003).
HFO spills in the environment have various fates, which are strongly influenced
by weathering. After an oil spill, the first weathering processes to occur are evaporation
and dissolution of the lightest components. Evaporation of monoaromatics (benzene,
toluene, ethylbenzenes, xylenes; BTEX), and some naphthalenes, 2-ringed polycyclic
aromatic hydrocarbons (PAH), occurs within minutes to hours following a spill (Fingas et
al. 2006). However, only a small portion of HFO is lost by evaporation (2.5% of weight;
Wang et al. 2003), so weathering is not effective in the dispersion and dilution of HFO to
water after a spill, unlike lighter crude oils.
Microbial and photochemical degradation also occurs, mainly of n-alkanes, where
biodegradation indicators, such as n-C17/pristine and n-C18/phytane ratios, provide
information on the loss of hydrocarbons with weathering (Wang and Fingas 1995). HFO
can be resistant to biodegradation if high in resins, asphaltenes, and high molecular
weight PAH. Following the Erika tanker spill of 15 000 000 liters of HFO off the coast of
France on December 12, 1999, the total fuel in the environment was only 11% degraded
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after 80 d compared to a reference crude oil, Arabian light, which degraded 65% under
similar conditions (Guyomarc’h et al. 2001).
Residual oil that continues to weather with time is believed to become less of a
concern as the most acutely toxic, and lightest, fraction is lost (Di Toro et al. 2007).
However, chronic exposure to concentrations as low as 1.0 ppb total PAH (TPAH) from
heavily weathered oil are sufficient to cause genetic damage, mortality, reduced growth,
fin erosion, edema, and craniofacial abnormalities of salmonid embryos (Marty et al.
1997a,b; Carls et al. 1999; Heintz et al. 1999), as well as the induction of cytochrome
P4501A (CYP1A) enzymes, a sensitive indicator of exposure to PAH (Jewett et al. 2002).
Additionally, direct contact with crude oil is not required to cause chronic toxicity
because PAH exposure occurs largely via aqueous transport (Carls et al. 2008).
HFO that sinks in freshwater has a tendency to sink and become stranded, either
by coatings of freshly spilled oil on substrate or sinking of weathered oil in globs or
patches. The behaviour of oil that sinks and strands on near-shore vegetation and benthic
substrates is poorly known. Frequent small spills into freshwater occur when heavy oil is
transported by road or rail, such as the spill of HFO into Wabamun Lake, Alberta, on
August 3rd 2005. Approximately 149 500 L of HFO and nearly 47 000 L of pole treating
oil entered Wabamun Lake after a CN train derailment adjacent to the lake. Nearly 85%
of the spilled oil contaminated sank and became stranded near reed beds where pike and
minnows spawn (Birtwell 2008). The remaining HFO sank, possibly in offshore
whitefish spawning shoals. Mechanisms of sinking behaviour at Wabamun Lake were
believed to be mainly an increase in oil density when the HFO hit the colder water, as
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well as the uptake of water and solid matter when the warm HFO poured over soil before
entering the water (Fingas et al. 2006).
The spilled HFO at Wabamun Lake contained an unusually high proportion of
aromatics (up to 6.0% total weight; Hollebone et al. 2011). Hence, the release of toxic
hydrocarbons from stranded oil was expected to be high near gravel shoals where lake
whitefish spawn. Whitefish embryos that were exposed in situ to HFO-contaminated
substrate on spawning shoals showed reduced growth and survival, consistent with
increased exposure to PAH from stranded HFO (DeBruyn et al. 2007).
The most toxic PAH found in crude oil are alkyl phenanthrenes, fluorenes, and
dibenzothiophenes (Hodson et al. 2007). Low level chronic exposures of fish embryos to
these PAH from artificially stranded crude oil are sufficient to cause toxicity (Carls et al.
1999). Similar oil stranding experiments in the laboratory with HFO have not been done
before, which is surprising given the potential of neutrally buoyant HFO to sink with
weathering or when mixed with sediments. Given the differences in chemical
composition, physical properties, and behaviour of HFO compared to crude oil, it is
uncertain whether residual HFO in the environment represents an equivalent hazard to
fish.
HFO at Wabamun Lake quickly formed tarballs, which often persist in the
environment following a spill (Fingas et al. 2006). Tarballs are oil fragments that have a
solid or semi-solid consistency and formation mechanisms are not entirely known. They
form when oil adheres to sediment or sand, thick oil slicks partially oxidize, or stable
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water-in-oil emulsions form and persist submerged in the environment (Goodman 2003).
Tarballs commonly wash up on shorelines and can originate from natural oil seeps or
petroleum spills (Wang et al. 1998). Tarballs from Wabamun Lake were collected for up
to two years after the 2005 spill. Chemical characterizations suggested that these samples
weathered at different rates (Hollebone et al. 2011). In general, tarballs are subject to
extreme weathering and lose the majority of n-alkanes and lower molecular weight PAH
(Wang et al. 1998). However, there has been little research on whether tarballs lose their
toxic constituents (i.e. PAH) to water at rates sufficient to cause toxicity.
Chemical dispersants are often used following crude oil spills to reduce the
surface tension between the oil/water interface to enhance and facilitate oil spill cleanup.
Dispersion introduces smaller droplets of oil into the water column to reduce impacts on
surface-dwelling wildlife, and enhanced dissolution reduces the persistence of oil
following a spill. While chemical dispersion is effective in eliminating surface slicks, a
large quantity of oil is introduced into the water column. This property of dispersants
allows for up to 100x more efficient dissolution of hydrocarbons to water, increasing the
bioavailability of dissolved constituents to fish (Schein et al. 2009). HFO spills are rarely
cleaned up using chemical dispersants given the dense and viscous properties of the oil.
Dispersion efficacy is influenced by surface tension and viscosity of any given oil (Wang
et al. 2003). HFOs have higher specific gravity and viscosity, and are less effectively
dispersed than lighter crude oils (Wang et al. 2003). While many commercial dispersants
are unable to effectively penetrate the oil to cause dispersion, they are occasionally used
in response to HFO spills, primarily in Europe (Chapman et al. 2007). Nevertheless,
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chemical dispersion provides a convenient means for studying the physical and chemical
interactions of oil in water.
The objective of this research was to assess how the behaviour of HFO in water
interacts with exposure and toxicity of oil to early life stages of fish. Spilled HFO can
float on the surface, be partially mechanically dispersed, become submerged and stranded
on benthic substrates, and form tarballs. We assessed several exposure scenarios by
comparing the responses of embryonic rainbow trout (Oncorhynchus mykiss) to
hydrocarbons (including PAH) released from HFO to water. Specific hypotheses
included: mechanical dispersion of surface oil will result in low release of hydrocarbons
due to low dispersibility and low surface area-to-volume ratios (SA:V), coincident with
low toxicity; stranded HFO coated on gravel substrates has a greater SA:V, which will
increase release of hydrocarbons and cause greater toxicity; tarballs are highly weathered
and viscous and will release few hydrocarbons, and only at rates too low to cause
toxicity; chemical dispersion of HFO will increase the SA:V similar to HFO stranding,
which should result in greater hydrocarbon release and enhanced toxicity. For all
experiments, test solutions were analyzed to determine if measurements of PAH (or total
hydrocarbons) in water were sufficient to explain the toxicity of oil in widely different
exposure scenarios.
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2.2 Materials and Methods
2.2.1 Experimental Designs
The bioavailability and toxicity of hydrocarbons released from HFO was assessed
by bioassays of CYP1A induction and embryotoxicity in rainbow trout under different
exposure scenarios.
To simulate the dissolution of hydrocarbons from spilled oil by wind and wave
action and dispersion facilitated by addition of chemical dispersants, water
accommodated fraction (WAF; undispersed oil) and chemically enhanced WAF
(CEWAF; dispersed oil), respectively, were prepared from HFO following methods for
crude oil outlined by Singer et al. (2000). Chemical dispersants are generally less
effective for dispersing HFO than crude oil because of the higher viscosity of HFO.
However, dispersants have been used in several HFO spills and may be effective if the oil
is fresh and warm in the environment (Chapman et al. 2007).
To simulate leaching of hydrocarbons from “stranded oil”, oiled gravel columns
were prepared to contaminate water by contact with oil coated on gravel substrates (see
Appendix B – adaptation of Marty et al. 1997a). Stranded oil dosing systems were
designed to mimic stranding of oil in fish spawning shoals after environmental spills,
such as the Exxon Valdez oil spill in 1989 (Carls et al. 1999).
To assess the potential hazard of tarballs to aquatic life, hydrocarbon partitioning
from tarball to water was measured in stirred reactors, using tarballs of different ages
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from Wabamun Lake (HFO) and from the Deepwater Horizon (BP) oil spill (Macondo
light crude MC-252).
2.2.2 Oils and Tarballs
Heavy fuel oil #6303 (HFO) was supplied by the Emergencies Science and
Technology Division, Environment Canada, Ottawa, ON. They also provided HFO
tarballs collected from Wabamun Lake 78 – 568 d after the 2005 spill, from August 6th
2005 to February 22nd 2007. All tarballs were viscous, sticky, and black in colour. See
Appendix I for complete physical characteristics.
Stranded tarballs from the Deepwater Horizon spill were collected from May 31st
to October 21st 2010, either collected from the shores of Louisiana, Alabama, or west
Florida, in person or provided by Barbara Albrecht, University of West Florida. These
tarballs formed from Macondo light crude MC-252, were less weathered than HFO
tarballs, appeared reddish brown in colour, were sticky, and contained large amounts of
sand. The ages of these tarballs are unknown at this time because they may have formed
at any time during the three month long spill. See Appendix H for sample locations and
Appendix I for physical characteristics.
2.2.3 Preparation of Test Solutions
The method of Singer et al. (2000) for preparing WAF and CEWAF was not
changed for use with HFO, and HFO did not require heating to prepare solutions. An oil
to water ratio of 1:9 was stirred for 18 h to prepare WAF. To prepare CEWAF, the same
WAF was made, followed by the addition of chemical dispersant Corexit 9500 (Ondeo
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Nalco Energy Services, Sugar Land, TX), a common commercial dispersant, in a
dispersant to oil ratio of 1:10. This was stirred for an additional 1 h. After settling for 1h,
the bottom layers of both solutions were decanted to avoid excess oil remaining after
dispersion. WAF (undispersed oil) and CEWAF (dispersed oil) solutions of oil were
diluted to a range of concentrations (WAF: 0.01 – 1.0 % v/v; CEWAF: 0.0032 – 0.32 %
v/v). Entire preparations and dilutions were prepared fresh daily for static renewal
exposures.
Stranded HFO was prepared by pouring HFO on 1.8 kg washed gravel to a range
of loadings (200 – 3500 µg oil/g gravel). Contaminated gravel was allowed to dry for 24
h in the dark before being loaded into columns and flushed for an additional 24 h prior to
fish exposures. Incoming water was set to one of four flow rates (20, 40, 80, 160
mL/min) to assess differences in hydrocarbon partitioning by flow rate. Test solutions
used in fish exposures were contaminated water from the outflow of the columns, so fish
were in contact with dissolved hydrocarbons, not in direct contact with oiled gravel.
Solutions of hydrocarbons from HFO and Deepwater Horizon tarballs were
prepared by mixing the tarballs with water at a loading of 5.0 g/L in stirred reactors for
48 h.
2.2.4 Fish Stocks
Rainbow trout (Oncorhynchus mykiss) embryos and juveniles (3 – 5 g) were
obtained from Rainbow Springs Hatchery (Thamesford, Ontario). Embryos were
received at the eyed stage and maintained for approximately 14 d at 10 ºC, until hatch,
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when they were transferred to test solutions for experiments. Juveniles were held at 12 ºC
and were fed food pellets daily. Feeding was ceased 48 h prior to use in 48 h bioassays.
All experiments with live fish were carried out under an approved Queen’s University
Animal Care Protocol (Hodson 2007 R32), which followed the Guidelines of the
Canadian Council on Animal Care (www.ccac.ca).
2.2.5 CYP1A induction tests
2.2.5.1 Exposures
To assess the bioavailability of PAH released to water at four flow rates from
stranded HFO, the induction of CYP1A enzymes was measured in juvenile trout (n=12).
Trout were exposed for 48 h in stainless steel bowls (3L capacity; 4 fish per bowl) to
outflow water from stranded HFO.
There was not a sufficient sample mass of HFO tarballs to complete bioassays.
Juvenile trout (n=4) were exposed to 5.0 g MC-252 tarball/L water, in stainless steel
bowls containing 2.5 to 3 L water to achieve desired loading. The only disturbances to
water flow over tarballs were from aeration and fish movement.
For all juvenile trout exposures, β-naphthoflavone (BNF; 10 µg/L) was used as a
positive control, as it is a potent CYP1A inducer (Billiard et al. 2006). At the end of the
exposures, fish were anaesthetized with 100 mg/L tricaine methanesulfonate (MS-222)
and their livers excised for assessment of CYP1A induction.
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2.2.5.2 Ethoxyresorufin-O-deethylase (EROD) Assay
Juvenile trout livers were prepared for EROD analysis by homogenizing in icecold HEPES buffer (5.2 g/l 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid, 11.184
g/l KCl at pH 7.5). Homogenates were centrifuged at 9000 x g for 20 min to obtain the
supernatant above the pellet (S9 fraction).
EROD activity was measured as the rate of deethylation of ethoxyresorufin using
a SpectraMax Gemini Spectrofluorometer (Molecular Devices, Sunnyvale, CA, USA;
λexcitation = 530 nm, λemission = 586 nm) according to Hodson et al. (1996) and
Fragoso et al. (1998). The rate of resorufin production was measured against standard
concentrations of resorufin, which fluoresces at the above wavelengths. Specific EROD
activity (picomoles resorufin per minute per mg protein) was calculated by normalizing
the crude activity to the total protein of the S9s, as measured by absorbance following
reaction with Biorad Reagent (Biorad, Hercules, CA, USA), using a SpectraMax Plus
Spectrophotometer (Molecular Devices, Sunnyvale, CA; absorbanceλ= 600 nm),
standardized to bovine serum albumin.
2.2.6 Chronic toxicity tests
2.2.6.1 Exposures
Batches of rainbow trout embryos (n=25), run in duplicate, were exposed from
hatch to first feeding (swim-up) to a series of dilutions of HFO WAF (undispersed oil) or
HFO CEWAF (dispersed oil). Solutions were prepared fresh daily.
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Rainbow trout embryos (n=45) were exposed to water contaminated by washing
over stranded HFO. Stranded HFO was flushed for 24 h before exposures began.
Duplicates were not performed due to space limitations that allowed for only 24 columns
to run at one time.
For all toxicity tests, retene (7-methyl-1-isopropylphenathrene) was used as a
positive control, as it causes BSD in early life stages of fish (Billiard et al. 1999). Water,
clean gravel, methanol (carrier solvent for retene), 1.0 % v/v mineral oil CEWAF, and
0.0032% v/v Corexit controls were also used as negative controls. All controls were run
in triplicate.
In each experiment, when 100% of control fish reached swim-up (complete yolk
sac absorption), all embryos were anaesthetized with 100 mg/L MS 222. Water quality in
test solutions was measured daily, and was suitable for embryo development (Table 2-1).
Table 2-1. Water quality measurements in test solutions.
Exposure type
Static renewal
(Undispersed, dispersed)
Continuous flow
(Stranded)

Temperature
in ºC (S.D.)
10.3 (0.85)

Dissolved oxygen
in mg/L (S.D.)
13.4 (0.57)

Conductivity
in µS (S.D.)
199.2 (6.48)

pH

9.8 (0.43)

13.3 (0.60)

207.1 (3.69)

8.2 (0.20)

8.2 (0.19)

2.2.6.2 Calculating Blue Sac Disease (BSD) and Severity Indices
Rainbow trout embryos were examined by dissection microscope and scored for
signs of BSD when 100% of control fish had completed yolk sac absorption and had
begun feeding (24 d after hatch). To eliminate bias, scoring was completed blind, with
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exposures in random order. Craniofacial deformities (CD), ocular haemorrhaging (OH),
body haemorrhaging (BH), and fin erosion (FE) were scored based on presence or
absence (0-1). Yolk sac edema (YE) and pericardial edema (PE) were scored 0-3 and 0-2,
respectively, based on severity of fluid accumulated. A severity index (SI) was used to
summarize BSD scores of individual fish at the end of exposures, which included
mortality to illustrate overall toxicity. The SI describes overall chronic toxicity in
embryonic trout on a 0-1 scale (Villalobos et al. 2000), calculated by:

where Ei , Ej , Ek and El equal the number of embryos displaying the presence of CD, OH,
BH, and FE, respectively, Em and Eo equal the number of embryos displaying severity of
YE and PE, respectively, ED equal the number of dead embryos. The maximum SI score
indicated 100% mortality in any given treatment.
2.2.7 Analysis of Hydrocarbons
Three mL samples were taken of all exposure solutions and diluted by 50% in
anhydrous ethyl alcohol. Samples were taken from daily static exposure tanks 0 h and 24
h after solution renewal, and at the same time in the morning from the stranded HFO
columns and test chambers. Samples were collected in 7 ml scintillation vials with
Teflon-lined caps and stored at 4 ºC until analysis.
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All samples were analyzed by scanning spectrofluorometry (Quanta-Master
Fluorescence Spectrometer, Photon Technology International Ltd., London, ON).
Fluorescence of dissolved HFO was measured against a standard curve of HFO diluted in
hexane, ethanol, and water (λexcitation = 302 nm, λemission range = 310 – 460 nm).
These wavelengths were used because they measure the majority of 2- to 3-ringed PAH.
The emission curves produced for each sample were integrated using Felix software
version 1.4 (Photon Technology International Ltd., London, ON). The method detection
limit (MDL) was determined to be 40 ppb, following USEPA 40 CFR 136, Appendix B,
revision 1.11. The MDL was calculated as: MDL = t(9, 1-α=0.99) (S), where t(9, 1-α=0.99) =
students’ t value for a 99% confidence level based on 10 replicates (n-1 degrees of
freedom), and S represents the standard deviation of 10 replicate analyses of 100 ppb
HFO dilutions.
Detailed chemical characterizations of test solutions were completed at the Centre
for Offshore Oil and Gas and Energy Research (COOGER), Bedford Institute of
Oceanography, Dartmouth, NS. During fish exposures, 100 mL water samples were
collected and preserved using 10 mL dichloromethane. At COOGER, samples were
extracted according to USEPA Method 3510C, with silica gel cleanup following USEPA
Method 3630C, and analyzed using gas chromatography and mass spectroscopy
(GC/MS) according to USEPA Method TO-13A (methods described for oil samples in
Wu et al. 2011). Samples were analyzed for 101 hydrocarbons, including a range of nalkanes and 2- to 6-ringed unsubstituted and C1-C4 alkyl substituted PAH.
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2.2.8 Statistical Analysis, EC50, and LC50 Calculations
Multiple treatment comparisons were completed using two- or three-way analysis
of variance (ANOVA), followed by Holm-Sidak post hoc tests (SigmaStat add-on of
SigmaPlot©, vers 11, Systat Software, Inc., San Jose, CA, USA). Comparisons of
waterborne hydrocarbon concentrations and EROD induction in trout were made across
exposure types.
Regressions were used to assess hydrocarbon concentrations compared to nominal
loadings and over time for the various exposure types. Median effective concentrations
(EC50s) were estimated by sigmoidal concentration-response curves (SigmaPlot©, vers
11, Systat Software, Inc., San Jose, CA, USA). Median lethal concentrations (LC50s)
were calculated using probit analysis (LC50 BAS 2.0, 1986). EC50s and LC50s were
compared using a two-sample Z-test comparison of values and standard errors (Zajdlik’s
ad hoc method no. 1, in EPS 1/RM/46; Environment Canada 2005).
2.3 Results
2.3.1 Quantifying Exposure by Hydrocarbon Partitioning
2.3.1.1 Stranded HFO
Hydrocarbon concentrations increased linearly with nominal oil loading in all
flow treatments (Figure 2-1). Overall, slopes decreased proportionally with increasing
flow rate. This indicated that solutions at high flow rates were not in equilibrium with the
stranded HFO.
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Aqueous hydrocarbon concentrations declined over time as water washing
depleted volatile and soluble compounds from stranded HFO (Appendix D). Initial
hydrocarbon concentrations taken from the highest loading (3500 µg/g) in low to high
flow treatments were 440, 350, 180, 100 µg/L, respectively. Concentrations declined in
equal proportions in all treatments by the end of the 24 d exposures (65.4%, 69.6%,

Measured hydrocarbon concentration (µg/L)

70.3%, and 63.2% in high to low flow treatments, respectively).

1000

B Treatment

A

Parameter

Value
(± 95% C.L.)

20 mL/min
Slope
Y-intercept
R2

0.1444 (0.018)a
91.95 (32.8)
0.87

40 mL/min
Slope
Y-intercept
R2

0.1109 (0.021) a,b
130.5 (38.5)
0.69

80 mL/min
Slope
Y-intercept
R2

100

0.0514 (0.012) b
140.5 (20.8)
0.62

160 mL/min
100

1000

10000

Nominal oil loading (µg oil/g gravel)

Slope
Y-intercept
R2

0.0463 (0.015) b
79.56 (27.1)
0.49

Figure 2-1. Measured concentrations of hydrocarbons (µg/L) versus nominal oil

loadings (µg oil/g gravel) in solutions of stranded HFO (A). Values are shown for d 1
after initial loadings and are the average of triplicate samples. Linear regression
parameters with ± 95% confidence limits (C.L.) are also provided (B). Superscripts
denote significant differences among slopes.
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2.3.1.2 HFO Tarballs
In this study, fluorescence was used as an index of hydrocarbons released from
tarballs to water was measured (See Appendix J for details). Total fluorescence (area
under the curve) was 4.31 x 106, 6.64 x 106, 3.97 x 106, 2.59 x 106, for tarballs collected
78, 204, 385, 586 d, respectively, following the initial spill. Overall, hydrocarbons
partitioned from HFO tarballs, and fluorescence appeared to decrease with estimated
tarball age.
2.3.1.3 Undispersed HFO
Mechanical dispersion of HFO (WAF) did not introduce hydrocarbons to
solution. There was no significant increase in total hydrocarbon concentration with
loading of undispersed HFO solutions (P>0.05), and measurements remained around the
MDL (Figure 2-2).
2.3.1.4 Chemical dispersion of HFO
Chemical dispersion of HFO (CEWAF; dispersed oil treatments) increased the
amount of hydrocarbons in solution relative to undispersed HFO (Figure 2-2).
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Measured hydrocarbon concentration (µg/L)

10000
Dispersed HFO - T0
Dispersed HFO - T24
Undispersed HFO - T0
Undispersed HFO - T24
1000

100

MDL

10
0.001

0.01

0.1

1

Nominal loading of solution in water (% v/v)

Figure 2-2. Measured concentrations of hydrocarbons (µg/L) versus nominal
loadings (% v/v) in solutions of undispersed HFO (water accommodated fraction;
WAF) and dispersed HFO (chemically enhanced WAF; CEWAF). The horizontal
line indicates the method detection limit (MDL). Undispersed HFO (WAF)
treatments were not significantly different from the MDL. Values are shown for the
start (time 0 h) and end (time 24 h) of triplicate daily renewals of exposure solutions.
2.3.1.5 Detailed chemical characterizations of test solutions
PAH composition data for all test solutions can be found in Appendix E. Figure 23 summarizes the array of PAH measured in test solutions of dispersed HFO and stranded
HFO in highly oiled treatments over 20 d of water washing. Dispersed HFO treatments
were dominated by alkyl naphthalenes (28.0% of total) and alkyl phenanthrenes (30.0%
of total), and also contained large contributions of alkyl dibenzothiophenes and alkyl
naphthobenzothiophenes. Fresh (1 d old) stranded HFO treatments were dominated by
alkyl naphthalenes that comprised 83.5% of total PAH in heavily oiled treatments. Alkyl
phenanthrenes were second most common and comprised
44

40

Dispersed HFO
TPAH = 42 µg/L
Total Phen = 13 µg/L

30
20

28.0%

30.0%
0%

10

5.8%

15.0%
17.5%

3.5%

Stranded HFO - 1 day
TPAH = 91 µg/L
Total Phen = 8.5 µg/L

83.5%

20
4.4%

10

9.4%
0%

0%

1.2%

0%

40
30

NPH
C1NPH
C2NPH
C3NPH
C4NPH
FLU
C1FLU
C2FLU
C3FLU
DBT
C1DBT
C2DBT
C3DBT
C4DBT
PHN
C1PHN
C2PHN
C3PHN
C4PHN
PYR
C1PYR
C2PYR
C3PYR
C4PYR
NBT
C1NBT
C2NBT
C3NBT
C4NBT
CHR
C1CHR
C2CHR
C3CHR
C4CHR

0
Stranded HFO - 5 days
TPAH = 70 µg/L
Total Phen = 7.3 µg/L

80.8%

20
5.1%

10

10.4%
1.5%

0%

0%

0%

0
40
30

NPH
C1NPH
C2NPH
C3NPH
C4NPH
FLU
C1FLU
C2FLU
C3FLU
DBT
C1DBT
C2DBT
C3DBT
C4DBT
PHN
C1PHN
C2PHN
C3PHN
C4PHN
PYR
C1PYR
C2PYR
C3PYR
C4PYR
NBT
C1NBT
C2NBT
C3NBT
C4NBT
CHR
C1CHR
C2CHR
C3CHR
C4CHR

Percent of total polycyclic aromatic hydrocarbons

30

NPH
C1NPH
C2NPH
C3NPH
C4NPH
FLU
C1FLU
C2FLU
C3FLU
DBT
C1DBT
C2DBT
C3DBT
C4DBT
PHN
C1PHN
C2PHN
C3PHN
C4PHN
PYR
C1PYR
C2PYR
C3PYR
C4PYR
NBT
C1NBT
C2NBT
C3NBT
C4NBT
CHR
C1CHR
C2CHR
C3CHR
C4CHR

0
40

Stranded HFO - 15 days
TPAH = 45 µg/L
Total Phen = 6.6 µg/L

79.9%

20
6.0%

10

14.6%
0%

0%

0%

0%

40
30

NPH
C1NPH
C2NPH
C3NPH
C4NPH
FLU
C1FLU
C2FLU
C3FLU
DBT
C1DBT
C2DBT
C3DBT
C4DBT
PHN
C1PHN
C2PHN
C3PHN
C4PHN
PYR
C1PYR
C2PYR
C3PYR
C4PYR
NBT
C1NBT
C2NBT
C3NBT
C4NBT
CHR
C1CHR
C2CHR
C3CHR
C4CHR

0
70.8%

Stranded HFO - 20 days
TPAH = 42 µg/L
Total Phen = 8.1 µg/L

20
10

6.3%

19.4%
0%

0%

3.4%

0%

NPH
C1NPH
C2NPH
C3NPH
C4NPH
FLU
C1FLU
C2FLU
C3FLU
DBT
C1DBT
C2DBT
C3DBT
C4DBT
PHN
C1PHN
C2PHN
C3PHN
C4PHN
PYR
C1PYR
C2PYR
C3PYR
C4PYR
NBT
C1NBT
C2NBT
C3NBT
C4NBT
CHR
C1CHR
C2CHR
C3CHR
C4CHR

0

Naphthalenes
Dibenzothiophenes
Pyrenes
Chrysenes
Fluorenes
Phenanthrenes
Naphthobenzothiophenes

Figure 2-3. The composition of PAH in a dispersed oil exposure solution compared
to the changing composition of solutions from stranded oil over time. Total PAH
(TPAH) concentrations are listed, as well as the total percentages of substituted
naphthalenes, fluorenes, dibenzothiophenes, phenanthrenes, pyrenes,
naphthobenzothiophenes, and chrysenes. Total phenanthrene concentrations in
stranded HFO were consistent over time, and are listed as well.
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9.4% of total PAH in heavily oiled treatments. Alkyl fluorenes were also present, while
alkyl dibenzothiophenes and naphthobenzothiophenes were virtually absent. With water
washing, the less substituted naphthalenes were lost to the greatest extent, alkyl
phenanthrenes persisted, and the relative contributions of C2 and C3 naphthalenes
increased.
Despite the fact that the chemical composition of test solutions differed by
exposure scenario and degree of water washing, differences in fluorescence did not
reflect difference in chemical composition. This can be seen in Figure 2-4, where TPAH
was a good predictor of fluorescent hydrocarbons (R2 = 0.88), meaning hydrocarbon
concentrations measured by fluorescence was sufficient to assess exposure to PAH.

log Fluorescent compounds (µg/L)

4.0

3.5

y = 1.5197x + 0.4301

3.0

2

R = 0.88

2.5

2.0

MDL
1.5

1.0
0.0

0.5

1.0

1.5

2.0

log TPAH (µg/L)

Figure 2-4. The relationship between total PAH (TPAH), as measured by GC/MS,
and fluorescent compounds in dispersed HFO and stranded HFO treatments,
combined. All data are log-transformed. Equation of the line and goodness of fit are
provided. The dashed line represents the method detection limit (MDL). Data points
that fell on or around this line were not included in the regression.
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2.3.2 Quantifying Exposure by CYP1A Induction
Hydrocarbons that partitioned from stranded HFO were bioavailable at all flow
rates tested (Figure 2-5). The apparent trend is an increase in EROD induction with
concentration to the same level as caused by exposure to 100 µg/L retene (40-fold greater
than controls), followed by a decrease at the highest concentrations measured. This
decrease in EROD activity was coincident with lethality to trout embryos. However, in
all treatments, EROD activity was significantly elevated (induced) compared to controls
(P<0.05).

100

EROD Induction

100 µg/L retene

10

Stranded HFO - 20 mL/min
Stranded HFO - 40 mL/min
Stranded HFO - 80 mL/min
Stranded HFO - 160 mL/min

water

1
10

100

Measured hydrocarbon concentration (µg/L)

Figure 2-5. Induction of ethoxyresorufin-O-deethylase (EROD) activity in juvenile
rainbow trout (n=10) by 48 h exposure to stranded HFO at different water flow
rates. One curve was fitted to all data because x-data are measured hydrocarbon
concentrations in solution. All values are normalized to water controls (EROD
induction = 1). Error bars are 95% confidence limits, and the top horizontal line
represents induction in control fish exposed to 100 µg/L retene.
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2.3.3 Embryotoxicity
When assessing exposure to dissolved PAH, toxic responses were compared to
measured hydrocarbon concentrations since it was not possible to directly compare
loadings of undispersed HFO (% v/v), stranded HFO (µg oil/g gravel), and dispersed
HFO (% v/v). Measured concentrations were the means of three replicates per treatment
from undispersed HFO and dispersed HFO, and the mean of concentrations from
stranded HFO column and two outflow bowls 24 h after loading.
When EC50s and LC50s for stranded HFO exposures were calculated, the initial,
or peak, concentrations were used and reported (as in Carls et al. 1999 and Heintz et al.
1999). Peak concentrations were defined as the concentrations on the day when embryos
were first exposed to stranded HFO, 24 h after loading. The highest possible
concentrations were reported to avoid overestimating the toxicity of stranded HFO. These
peak concentrations did not account for differential weathering and rate of decline.
All concentrations of undispersed HFO failed to cause BSD or mortality over
controls (Figure 2-6). Chronic exposures to stranded HFO and dispersed HFO caused
concentration-dependent decreases in percent normal fish (Figure 2-6A), with 24-d
EC50s of 200 µg/L and 154 µg/L, respectively. The two EC50s were not significantly
different by two-sample Z-test (|Z| = 0.035, P>0.05). Concentration-dependent increases
in cumulative mortality were observed from exposures to both stranded HFO and
dispersed HFO, with 24-d LC50s of 245 µg/L and 490 µg/L, respectively (Figure 2-6B).
These two LC50s were not significantly different by two-sample Z-test (|Z| = 0.13, P >
0.05).
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Figure 2-6. The toxicity of dispersed, undispersed, and stranded HFO to embryonic trout (n=45-50/ treatment) expressed as
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Chronic exposures to both stranded HFO and dispersed HFO caused
concentration-dependent increases in BSD severity index, with 24-d EC50s of 228 µg/L
and 284 µg/L, respectively (Figure 2-6C). These two EC50s were not significantly
different by a two-sample Z-test (|Z| = 0.035, P > 0.05).
2.4 Discussion
2.4.1 Mechanical dispersion of HFO
To simulate the mechanical dispersion and dissolution of HFO into the water
column by wind or wave action, test solutions were prepared following Singer et al.
(2000) methods. These methods were developed for use with crude oils and did not
provide sufficient energy for dissolution of HFO. TPAH concentrations in test solutions
used in this study of up to 1.0% (v/v) WAF were low and did not surpass the method
detection limits, and thus, did not cause embryotoxicity. The high density and viscous
nature of the oil prevented rapid dissolution (Chapman et al. 2007) and so spilled HFO
that floats on the surface appears to be only a small hazard to aquatic life. The
preparation of high energy WAF, which disperses the oil into droplets, results in a
solution containing dissolved oil components and microdroplets sufficient to cause
embryotoxicity (Hatlen et al. 2010). However, the introduction of high energy to break up
oil may be in excess of that expected in the natural environment.
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2.4.2 Stranding of HFO
The solutions from stranded oil treatments contained mainly C1-C2 naphthalenes
and roughly equal amounts of C0-C3 phenanthrenes. Over the course of the experiment,
the chemical composition of test solutions changed such that C2-C3 naphthalenes and
C0-C3 phenanthrenes became more prominent as C0-C1 naphthalenes were lost. This
change with weathering was similar to that observed by Carls et al. (1999), where TPAH
concentrations were similar to measured waterborne concentrations measured after the
Exxon Valdez oil spill. The effect of water washing effect on the preferential loss of low
molecular weight aromatics followed aqueous solubilities of the respective compounds.
Lower molecular weight compounds are less hydrophobic and partition to water quickly.
Alkyl substitution increases the molecular weight and decreases aqueous solubility
(MacKay and Shiu 1977), favouring the loss of less substituted naphthalenes from oiled
substrate and the retention of the more highly alkylated congeners. Furthermore, the
exponential loss of aromatics measured with weathering may follow biphasic desorption,
i.e., where a fraction of aromatics can readily desorb to the aqueous phase, whereas the
remainder is more resistant to desorption (Beckles et al. 2007). This apparent
sequestration of aromatics on substrate may explain the slow desorption behaviour
following rapid loss during the first week of weathering.
A reliable measure of exposure to bioavailable PAH in test solutions was to
measure CYP1A induction using the EROD assay (Gagnon and Holdway 2000). This
assay is useful for assessing exposure of fish to AhR agonists, i.e., to CYP1A inducing
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compounds, but also to assess environmental damage or recovery following oil spills in
the environment (Hodson et al. 2002). In this study, significant CYP1A induction was
observed in juvenile trout exposed to stranded HFO. While alkyl phenanthrenes, induce
CYP1A (Billiard et al. 1999; Brinkworth et al. 2003), it appears as though highly
substituted naphthalenes may play a similar role since they were present in high
concentrations and did not appear to cause narcosis. However, naphthalenes can
accumulate in the liver (up to 90% of total accumulated PAH) and less naphthalene
metabolites can be found in the bile following chronic exposures (30 d) to crude oil (Aas
et al. 2000), indicating that alkyl naphthalenes may be weak CYP1A inducers.
While CYP1A induction increased with exposure of fish to low concentrations of
PAH, induction decreased at high concentrations, which may be the result of liver
damage (Hodson et al. 1996; Gagnon and Holdway 2000). CYP1A induction was a good
indicator of the uptake of PAH from stranded HFO, especially since the metabolism of
alkyl phenanthrenes may cause toxicity (Hawkins et al. 2002; Barron et al. 2004; Billiard
et al. 2008). Consequently, concentrations of hydrocarbons that appeared to cause liver
damage (not confirmed using histological techniques) in juvenile trout were also lethal to
trout embryos.
Stranded HFO caused embryotoxicity coincident with elevated PAH
concentrations in test solutions and CYP1A induction in juvenile trout. CYP1A induction
occurred at lower concentrations than the onset of embryotoxicity. Calculated LC50s and
EC50s for stranded HFO were based on peak concentrations (as in Carls et al. 1999 and
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Heintz et al. 1999). These reported values do not account for differential weathering and
rate of concentration decline. However, they are an acceptable way of presenting the data
for hazard assessments of oil spills because they include the more volatile oil components
that are lost with weathering. Secondly, brief exposures of post-hatch trout are sufficient
to elicit signs of BSD, including yolk sac edema and haemorrhaging (Brinkworth et al.
2003), and exposures as short as one hour are sufficient to also cause mortality in
embryonic herring (McIntosh et al. 2010).
Embryotoxicity of crude oil is most likely caused by 3- to 4-ringed alkyl PAH,
particularly alkyl fluorenes, phenanthrenes, and naphthobenzothiophenes (Hodson et al.
2007). Signs of embryotoxicity and total PAH concentrations from stranded HFO were
similar to stranded crude oil toxicity from previous experiments (Marty et al. 1997a;
Carls et al. 1999; Heintz et al. 1999). The weathering of crude oil, i.e. “well-aged”
stranded oil, enhances the toxicity, likely due to the presence of highly substituted 3- and
4-ringed PAH (Carls et al. 1999) at concentrations similar to those observed in this study
from fresh HFO. Overall, the high SA:V of stranded HFO allowed for continuous release
of PAH from oil to water to concentrations high enough to cause CYP1A induction and
embryotoxicity. Such conditions cannot be achieved when developing water soluble
fractions of HFO, primarily because the physical properties of the HFO prevent the rapid
release of hydrocarbons, indicating that tests using bulk oil may be misleading.
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2.4.3 HFO tarball formation
HFO tarballs from the Wabamun Lake spill weathered at different rates over two
years (Hollebone et al. 2011). Consequently, tarballs collected 78 – 568 d after the
incident were evidently weathered, but not necessarily consistent with weathering time.
In general, however, the amount of fluorescing compounds that partitioned from oil to
water decreased with tarball age. These data appeared to correlate with PAH
compositions. Tarballs aged 78 d contained 33 mg/g total PAH (TPAH), mainly C3-C4
naphthalenes and C1-C3 phenanthrenes, while tarballs aged 568 d contained less TPAH
(9.9 mg/g), also mainly highly substituted naphthalenes and phenanthrenes (Hollebone et
al. 2011). The results of this research indicated that fluorescence may be a good predictor
of aqueous concentrations of PAH, indicating that the fluorescing compounds found in
tarball test solutions may be bioavailable to fish.
Since HFO tarballs from Wabamun Lake were small and in limited quantity,
Deepwater Horizon (DHW) tarballs collected from the BP oil spill into the Gulf of
Mexico in May and June 2010 were used as surrogates. These samples differed from
HFO tarballs in appearance and were formed from MC-252, a light crude oil. The PAH
compositions of these samples, however, have not yet been measured. There was
measureable fluorescence of hydrocarbons present in test solutions with MC-252 tarballs,
and sufficient sample mass to assess bioavailability to fish. CYP1A induction was
measured in juvenile trout exposed to MC-252 tarballs, on average, 10-fold over controls
(see Appendix J for complete bioassay results). Since significantly more fluorescence of
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test solutions containing HFO tarballs was measured compared to MC-252 tarballs, HFO
tarballs may be a potential hazard. Detailed chemical characterizations of the MC-252
tarballs and test solutions should be completed, though, before any definitive conclusions
are made. These results will be published at a later time.
2.4.4 Chemical dispersion of HFO
Chemical dispersants are only occasionally used after HFO spills because of the
high density and viscosity of the oil. Dispersants may penetrate HFO, making them
effective in response to HFO spills (Chapman et al. 2007). In this study, chemical
dispersion of HFO introduced nearly 100-fold more hydrocarbons to solutions compared
to undispersed solutions. PAH concentrations in test solutions were high enough to cause
embryotoxicity in trout. Similarly, dispersed HFO caused CYP1A induction in juvenile
trout, up to 10-fold over controls (Lemire 2008).
The presence of a diverse range of PAH in dispersed HFO test solutions may be
the result of micro-emulsion formation, and not just enhanced dissolution, which may
explain a relatively high contribution of thiophenes, pyrenes, and chrysenes in solution
(Singer et al. 1998). PAH in particulate HFO could not be distinguished from dissolved
PAH directly, but the use of fluorescence microscopy could confirm the presence of HFO
micelles. Therefore, while exposure of fish to dissolved PAH is sufficient to cause
embryotoxicity in the absence of particulate oil (Carls et al. 2008), toxicity of dispersed
HFO in this study may have been facilitated by exposure of fish to HFO droplets.
Conversely, if test solutions characterized by TPAH contain small oil droplets not visible
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to the eye, the toxicity of the dissolved PAH fraction may have been underestimated.
Overall, the results of this research suggest that in certain test conditions, chemical
dispersants are effective for use during HFO spills in the environment.
2.4.5 Implications for damage assessment
This research has strong implications for damage assessment after oil spills
similar to the Wabamun Lake incident in 2005. Up to 85% of spilled HFO became
entangled in or sunken around near-shore reed beds (Birtwell 2008). The remaining HFO
that became stranded on gravel shoals caused reduced growth and survival of embryonic
lake whitefish, a species that spawns on offshore gravel substrates (DeBruyn et al. 2007).
In systems where water flow is slow, the dissipation of HFO components into
surrounding water is slow and can occur continuously.
The toxicity of dispersed HFO was similar to that of stranded HFO. This may be
attributed to the high SA:V of HFO dispersed into small droplets. Overall, then, the
similarity in toxicity between dispersed and stranded HFO may be simply explained by
the increased presence of PAH in solution, due to increased surface area for release of
PAH from HFO to water. Therefore, different methods were used to arrive at the same
exposure regime. In most oil spill scenarios, a one-time addition of chemical dispersant
produces a pulse of dissolved PAH introduced into the water column (French-McCay
2002), indicating that stranded HFO may be a long-term source of PAH compared to
dispersed HFO, and when stranded in fish spawning areas, concentrations are sufficient
to cause embryotoxicity.
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2.5 Conclusions
The results of this study provide data on the bioavailability and embryotoxicity of
PAH exposure from spilled HFO based on environmental behaviour. Mechanical
dispersion of HFO elicited no toxicity, where the physical characteristics of HFO limited
the release of toxic constituents. Conversely, residual HFO that becomes stranded caused
toxicity to fish similar to the effects of dispersed HFO. These apparent similar toxicities
were correlated with the concentrations of substituted phenanthrenes in test solutions.
Stranding of HFO, however, is an important exposure mechanism for embryonic fish
given that HFO can readily sink after spills in the environment. Overall, ecological risk
was a function of behaviour and fate where any factor that increased the surface area of
oil exposed to water increased the risk to fish. Also, measurements of PAH could be
predicted using total hydrocarbon concentrations by fluorescence, and these
measurements were sufficient to explain toxicity of HFO in widely different exposure
scenarios. These results indicate that in response to a spill, HFO should be removed
before becoming submerged and stranded to minimize risks to fish.
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Chapter 3
Comparative bioavailability and embryotoxicity of fresh and weathered
stranded heavy fuel oils and a medium crude oil to rainbow trout
Abstract
The long term hazard of stranded oil that persists in the environment after a spill
is rarely studied as much as the acute, short-term effects of fresh oil. Highly substituted
3- to 4-ringed PAH degrade slowly, and can partition to water for months after a spill.
Low concentrations of these dissolved PAH can cause gross malformations in embryonic
fish that inhabit benthic substrates. This study used a stranded oil dosing system to
compare hydrocarbon release over time among different heavy fuel oil (HFO) samples
compared to Medium South American (MESA) crude oil. Exposure to stranded oil
resulted in exposure-dependent CYP1A induction in juvenile trout and embryotoxicity.
Toxicity related to PAH composition of source oils, namely the presence of highly
substituted phenanthrenes and possibly dibenzothiophenes and fluorenes. HFO was 2- to
4.5-fold more toxic than MESA crude oil, which may be related not only with the relative
contribution of more alkyl phenanthrenes, but also to nearly 2.5-fold more aromatics
overall. Highly viscous and heavily weathered HFO was not a good source of
hydrocarbons and did not cause embryotoxicity. These results suggest that stranded oil
that persists after a spill is a significant source of PAH, and that specific ecological
effects depend on the oil type and degree of weathering.
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3.1 Introduction
Heavy fuel oil (HFO), or Bunker C, is commonly used as a marine fuel and is
transported in both small volumes and in bulk (NRC 1999). HFO is mainly viscous heavy
residual oil from the refining process of crude oil that is mixed with a lighter fuel, such as
diesel, to meet viscosity requirements. HFO is a complex mixture of hydrocarbons and
the chemical compositions of HFO can differ widely depending on the crude oil used in
refining, the refining process itself, and the amount of lighter fuel cut into the residue
(Wang et al. 2003; Uhler et al. 2007).
The physical characteristics of oil determine environmental behaviour after a
spill. HFO has a tendency to become neutrally buoyant and may become submerged and
sink, which is often facilitated by sediment uptake (Fingas et al. 2006). Conversely,
lighter crude oils float and more readily disperse and become diluted in the water column
(Wang et al. 2003). These different environmental fates primarily relate to density, where
the density of HFO is 0.99, close to that of freshwater, whereas the density of lighter
crudes can be 0.88 (Wang et al. 2003). From Chapter 2, submerged HFO that becomes
stranded can remain a significant source of PAH as the oil persists in the environment
following a spill.
The HFO spill of 150 000 L into Wabamun Lake, Alberta in August 2005 is a
good example of HFO that sank in a freshwater system and persisted for several years. In
the first few d following the spill, black slicks of HFO floating on the water surface were
carried by high winds across the lake (Birtwell 2008), and a large proportion of the HFO
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remained stranded after initial clean-up activities (Evans 2008). Oil became stranded by
coating or sinking around near-shore reed beds where pike and minnows spawn, or
sinking and contaminating deeper gravel shoals where lake whitefish spawn (Evans
2008). Vacuum trucks were able to remove submerged HFO to depths of 2 m, but the true
extent of contamination in deeper regions of the lake was largely unknown because of
difficulties with sampling offshore (Short 2008). Oil persisted for several years following
the spill.
The physical and chemical characteristics of HFO are widely different than lighter
crude oils. While HFO contains high proportions of high molecular weight resins and
asphaltenes, resulting in a more viscous product, they also contain at least 2-fold more
aromatics than crude oils (Wang et al. 2003). Consequently, HFO contains more alkyl
polycyclic aromatic hydrocarbons (PAH), particularly the 3- to 4-ringed alkyl PAH that
are toxic to early life stages of fish (Hodson et al. 2007). In contrast, a crude oil like
Medium South American (MESA) can contain at least 2-fold more saturate hydrocarbons
(Appendix F). Along with the higher aromatic content of HFO, HFO from different
sources and refining processes can also be vastly different. This study compares HFO
7102 from the Imperial Oil Strathcona refinery in Edmonton, Alberta (Hollebone et al.
2011), from a spill in 2005 and HFO 6303 from Imperial Oil, Nova Scotia (Wang et al.
2003). Both are technically considered Bunker C oils, but there are differences in PAH
composition based on differences in the refining process (see Appendix F for
compositions).
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Weathering refers to the physical and chemical changes to oil after a spill. The
most important is arguably the evaporation of the lightest and most volatile components,
such as benzene, toluene, ethylbenzenes, and xylenes (BTEX), as well as low molecular
weight PAH, such as naphthalenes (Wang et al. 1998). Rates of degradation of aromatics
are inversely proportional to the number of aromatic rings; i.e. larger PAH are more
persistent. HFO does not weather to any great extent since only 2.5% of the weight is lost
through artificial weathering (Wang et al. 2003). However, photo-oxidation of submerged
HFO that remains close to the water surface can result in a thick crust forming on the
surface of exposed oil, as was often seen in samples collected from Wabamun Lake
(Hollebone et al. 2011). These unique properties can increase the density of the oil
(Fingas et al. 2006), further facilitating sinking, and may also inhibit the release of PAH
to water. The physical properties of oil affect PAH release will ultimately influence
exposure and toxicity to fish.
The toxicity of oil to fish embryos is caused by exposure to PAH and results in
gross malformations, including haemorrhaging, yolk sac and pericardial edema,
craniofacial defects, spinal curvatures, cardiac defects, and fin erosion (Carls and Rice
2007). An increased prevalence of these malformations has been observed in fish
exposed to weathered versus fresh crude oil, where increased toxicity was linked to a
shift from alkyl naphthalenes to alkyl 3-ringed PAH, including phenanthrenes,
dibenzothiophenes, and fluorenes (Marty et al. 1997; Heintz et al. 1999), at
concentrations as low as 0.4 ppb in test solutions (Carls et al. 1999). This study used
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similar dosing systems (Appendix B) to compare the release of PAH from various oils
with different compositions, where continuous release of PAH to water was achieved
from stranded oil. The partitioning of PAH from the organic phase, i.e. stranded oil, to
the aqueous phases, i.e. water, occurred with water washing, where less hydrophobic
compounds are more readily released (Ortiz et al. 1997).
The purpose of this research was to determine how compositional differences of
HFOs from different sources, with different degrees of weathering, and compared to a
well-studied reference crude oil, MESA, affect exposure of fish to PAH and the toxicity
to early life stages of fish. Fresh HFO 6303 and fresh HFO 7102 collected from the
Wabamun Lake spill, weathered HFO from the Wabamun Lake spill, and MESA crude
oil were used to assess the comparative risk of PAH from oil to fish embryos. Oils
containing higher amounts of total PAH and specifically three- to four-ringed alkyl PAH
should be among the most toxic to fish. This hypothesis was tested with several oils
stranded in oiled gravel dosing systems.
3.2 Materials and Methods
3.2.1 Experimental Designs
To simulate the release of PAH from stranded oil, water washing from oilcontaminated gravel produced contaminated water as described in section 2.2.1. Water
washing allows for partitioning based on solubility limits and Kow partitioning as may be
expected from residual oil that persists after a spill (Carls et al. 1999). The lowest water
flow rate described previously (20 mL/min) was used because it allowed for continuous
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partitioning of PAH without excessive dilution. Continuous flow exposures provided a
more realistic assessment of chronic exposure to oil than static renewal tests (Carls and
Rice 2007), in which exposures are renewed and spiked fresh daily.
3.2.2 Oils
Fresh heavy fuel oil 6303 (HFO 6303) was provided by the Emergencies Science
and Technology Division, Environment Canada (EC). EC also provided HFO 7102
samples collected from Wabamun Lake after the 2005 spill. Samples included: Fresh
HFO collected adjacent to a tank car on land (HFO 7102), HFO submerged in the lake –
5 d post-spill (HFO 5d W), and an HFO sunken tar mat – 385 d post-spill (HFO 385d W).
The Centre for Offshore Oil and Gas and Energy Research (COOGER), Bedford
Institute of Oceanography, Dartmouth, Nova Scotia provided samples of MESA that was
used as a well-studied reference crude to compare to the various HFO samples.
3.2.3 Fish Stock
Rainbow trout (Oncorhynchus mykiss) embryos and juveniles were purchased
from Rainbow Springs Trout Hatchery in Thamesford, Ontario, as described in section
2.2.3. All handling of fish followed the Guidelines of the Canadian Council on Animal
Care (www.ccac.ca) outlined in Queen’s Animal Care Protocol Hodson 2007 R32.
3.2.4 Exposures
Chronic exposures of embryonic trout to hydrocarbons released from stranded oil
began immediately after hatch (n=45/treatment) and lasted 24 d. Experimental treatments
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were continuous flow exposures to stranded HFO 6303, HFO 7102, HFO 5d W, HFO
385d W, MESA, and to water controls. Static daily renewal of100 µg/L retene (7-methyl1-isopropylphenanthrene; n=90/treatment) was used as a positive control. Complete
dose-response curves of HFO Fresh were described in Chapter 2, and are shown here for
comparison with the oils tested here. Replicate HFO 6303 treatments were included in
these experiments to ensure that direct comparisons among experiments could be made.
Acute 48 h exposures of juvenile trout to the same experimental treatments were
conducted to assess CYP1A induction potential of the components of HFO. Static daily
renewal of 10 µg/L BNF (β-naphthoflavone; n=12/treatment) was used as a positive
control. Measurements of water quality of test solutions during fish exposures are
provided in Table 3-1.
Table 3-1. Water quality in test solutions during embryonic exposures.
Exposure type
Continuous flow
exposures
Static renewal
(control) exposures

Temperature Dissolved oxygen
in ºC (S.D.) in mg/L (S.D.)
9.8 (0.5)
13.1 (0.5)

Conductivity
in µS (S.D.)
208.4 (4.4)

pH

9.9 (0.1)

207.0 (0.6)

7.8 (0.2)

13.2 (0.2)

8.0 (0.2)

3.2.5 Calculating BSD and Severity Indices
Blind scoring of embryonic rainbow trout for signs of blue sac disease (BSD) was
completed when 100% of negative control fish reached swim up. A severity index was
calculated to summarize the appearance of BSD, as described in section 2.2.6.2.
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3.2.6 Western Blot Analyses
CYP1A protein in embryonic rainbow trout was measured by Western blot using
an SDS-PAGE/chemiluminescent detection system as described by Sibani (2001),
modified by Qureshi and Dungavell (2004), Scott (2006), and Martin and Simpson
(2010). Five embryos per treatment were homogenized as a group in HEPES buffer (5.2
g/L 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid; 11.184 g/L KCl, pH 7.5) and
centrifuged to obtain an S9 fraction as described in section 2.2.5.2. Sodium dodecyl
sulphate/polyacrylamide gel electrophoresis (SDS/PAGE) preparations of S9 samples
were completed, followed by transfer to nitrocellulose membranes. Mouse anti-fish
CYP1A (C10-7, Cat #173132, Cayman Chemical, Ann Arbor, MI, USA) primary
antibody, followed by HRP (horseradish peroxidase)-goat anti-mouse IgG conjugate (Cat
#10004302, Cayman Chemical, Ann Arbor, MI, USA) were used to bind to CYP1A
protein sites. Chemiluminescent detection of antibodies bound to CYP1A protein sites
were completed by transfer to X-ray film and processing. The densities of protein bands
on processed films were measured using Image J software (National Institute of Health,
USA) and standardized to total protein as measured using Biorad Reagent.
3.2.7 Ethoxyresorufin-O-deethylase (EROD) Assays
Liver S9s from juvenile trout were taken and EROD activity measured by
fluorescence and standardized to bovine serum albumin as described in section 2.2.5.2.
(followed Hodson et al. 1996 and Fragoso et al. 1998).
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3.2.8 Analysis of Hydrocarbons
Over the course of the 24 d exposures, 3.0 mL water samples were taken on nine
d, preserved, and analyzed by scanning spectrofluometry as described in section 2.2.7.
Because all exposures of trout embryos and juveniles were to hydrocarbons released from
stranded oil, water samples were taken from the source column and the receiving test
tanks over the course of the exposures. Fluorescence of HFO samples was measured
against standard curves of HFO (λexcitation = 302 nm, λemission range = 310 – 460 nm)
and fluorescence of crude oil samples was measured against standard curves of MESA
λexcitation = 295 nm, λemission range = 300 – 450 nm), designed to target 2- to 4ringed PAH in solutions to estimate concentrations of hydrocarbons.
Chemical compositions of the source oils were determined by GC/MS. HFO 6303
and MESA were analyzed at COOGER, Bedford Institute of Oceanography, Dartmouth,
Nova Scotia (see Wu et al. 2011 for detailed methods). Characterizations of all heavy oil
samples retrieved from the Wabamun Lake oil spill were completed at Environment
Canada labs, Ottawa, ON.
3.2.9 Statistical Analyses and EC50 and LC50 Calculations
Multiple comparisons of treatment responses included: changes in hydrocarbon
concentrations among oil treatments and over time, EROD induction in juvenile fish, as
well as percent mortality, BSD severity index, and percent normal in embryonic fish,
where treatments were categorized by oil type: HFO 6303, HFO 7102, HFO 5d W, HFO
385d W, and MESA. Data were compared using two-way and three-way ANOVAs and
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multiple treatment comparisons using Holm-Sidak post-hoc tests (SigmaStat add-on of
SigmaPlot©, vers 11, Systat Software, Inc., San Jose, CA, USA).
Linear regression analyses were used to compare CYP1A protein blot results,
EROD induction in juveniles, and hydrocarbon concentrations over time. Median
effective concentrations (EC50s) were calculated using SigmaPlot© vers 11, and median
lethal concentration (LC50s) were calculated using probit analysis (LC50 BAS 2.0,
1986), and compared among oil treatments as described in section 2.2.8.
3.3 Results
3.3.1 Exposure as measured hydrocarbon concentrations in test oils and solutions
Four HFOs and MESA, a well-studied reference crude oil, were coated on gravel
to simulate stranding, allowing water to percolate through oiled substrate and be
contaminated by dissolved hydrocarbons. To assess exposure to toxic aromatic
compounds present in test solutions, total PAH (TPAH) concentrations for the oils tested
are provided in Figure 3-1. HFO 6303 contained similar proportions of alkyl
naphthalenes, phenanthrenes, and chrysenes. In contrast, the field-collected HFO 7102
fresh and weathered consisted mainly of highly alkylated naphthalenes, followed by
phenanthrenes, fluorenes, and dibenzothiophenes. The relative proportions of alkyl
naphthalenes and fluorenes in HFO 7102 was higher than in HFO 6303, and the
proportions of all other groups were substantially lower, and alkyl chrysenes were
virtually absent.
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Figure 3-1. The compositions of polycyclic aromatic hydrocarbons (PAH) in stock
oils used in fish exposures (4 heavy fuel oils (HFO) – Fresh, 3 d Weathered (W), 5d
W, 385d W, 1 reference crude oil – Medium South American (MESA) Fresh. Total
PAH concentrations are listed, as well as total percentages of the following PAH
groups: naphthalenes, fluorenes, dibenzothiophenes, phenanthrenes, and chrysenes.
HFO 7102 and HFO 5d W data adapted from Hollebone et al. (2011).
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Chemical data were unavailable for HFO 385d W, a heavily weathered and
viscous sunken tar mat containing entrained water and pieces of vegetation. However,
because weathering removes the most volatile components (Wang et al. 2003), facilitated
by biodegradation, the highly viscous nature of the oil prevented the release of
hydrocarbons to water. This oil did not evenly coat the gravel substrate, even when
heated to 80 ºC for 15 minutes.
Detailed chemical characterizations of test solutions by GC/MS or GC/FID can be
costly and very time consuming because many hundreds of samples can accumulate over
the course of toxicity experiments. Therefore, scanning spectrofluorometry was used as
the primary method to estimate exposure to total hydrocarbon concentrations during
bioavailability assays and chronic toxicity tests.
Concentrations of hydrocarbons in test solutions were highest when sampled
within one day of oiling of gravel, and these peak concentrations were used to report
exposure to hydrocarbons in CYP1A induction and toxicity tests. Initial high
concentrations decreased in all oil treatments as the most volatile components were
depleted with water washing and weathering over 24 d (Figure 3-2).
Overall, trends in hydrocarbon concentration decline from stranded oil over time
were similar among all oil treatments except HFO 385d W. Total hydrocarbon
concentration declines of 85.7%, 82.5%, 81.4%, 74.5%, and 62.5% were observed in
HFO 6303, MESA, HFO 7102, HFO 5d W, and HFO 385d W, respectively.
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Figure 3-2. Exponential decays describing the loss of hydrocarbons from stranded
oil over time in heavy fuel oil (HFO) Fresh, HFO 7102, HFO 5d W, HFO 385d W,
and Medium South American (MESA) crude oil treatments (A). Horizontal line
represents the method detection limit (MDL). Samples from the highest oil loading
are presented (though the percent decrease is similar for lower oil loadings).
Regression parameters (coefficient in µg/L*d and y-intercept) ± 95% confidence
limits (C.L.) are also provided (B). Different superscripts denote significant
differences.
From Figure 3-2, overall rates of decline were consistent among oil treatments,
where rates of decline are shown for the most heavily oiled treatments. However,
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differences in total hydrocarbon concentrations did exist among treatments. Highest
hydrocarbon concentrations were observed in stranded HFO 6303 treatments, followed
by MESA and HFO 7102, then HFO 5d W. Total hydrocarbon concentrations from HFO
385d W treatments were consistently lower over time when compared to the remainder of
the oil treatments. An outlier was identified and removed based on Cook’s D influence in
HFO 385d W treatments at d 18 (concentration = 338 µg/L), which affected the overall
regression. When regressions were done with and without this outlier, however, the
difference in intercepts between HFO 385d W and all other oils did not change.
3.3.2 Exposure expressed as CYP1A induction
Measured hydrocarbons in test solutions from stranded oil increased with nominal
oil loading for MESA, HFO 6303, HFO 7102, HFO 5d W (Figure 3-3A). When treated as
independent treatments, hydrocarbon partitioning from stranded HFO 385d W was
consistently lower than from all other treatments (P>0.05).
When exposure to oil was expressed as measured concentrations of hydrocarbons,
EROD induction across all treatments increased in an exposure dependent fashion to 35to 40-fold maximum induction (Figure 3-3B). EROD induction was best described by
exposure to total hydrocarbons. The deviations of observed from predicted from the
regression may relate to differences in the relative proportions of different PAH. Detailed
PAH characterizations of test solutions were not completed so there are not enough data
to indicate concentrations of individual PAH that may be responsible for induction.
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Figure 3-3. A. Measured concentrations of hydrocarbons (µg/L) versus nominal
loadings (µg oil/g gravel) in test solutions one day after loading from stranded heavy
fuel oil (HFO) Fresh, 3 d weathered (W), 5d W, 385d W, and Medium South
American (MESA) crude oil. B. Induction of ethoxyresorufin-O-deethylase (EROD)
activity normalized to water controls in juvenile rainbow trout exposed to stranded
oil for 48 h (n=12 pooler/treatment). Error bars are 95% confidence limits, the
upper horizontal line represents induction in positive control fish exposed to 10 µg/L
BNF.
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3.3.3 Toxicity and CYP1A induction in fish embryos
Embryonic rainbow trout exposed for 24 d to stranded oil were also preserved for
Western blot analysis of CYP1A protein. CYP1A protein in fish exposed to MESA is
shown in Figure 3-4A. An exposure-dependent increase in CYP1A protein was observed.
The extent of CYP1A protein measured in embryos correlated with the presence
of signs of toxicity (Figure 3-4B). Embryos exposed to 100 µg/L retene are also included
in the regression to demonstrate the effects of a known alkyl PAH. Overall, BSD score
increased with CYP1A protein measurements, which suggests that toxicity of HFO and
MESA occurs via a similar mechanism as that of retene. CYP1A expression indicates
exposure to PAH, and so the correlation between BSD score and band intensity indicates
that embryos were exposed to PAH in proportion to toxicity, which is consistent with the
known toxicity of PAH.
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Figure 3-4. A. CYP1A protein concentrations plotted as relative band intensities of
embryonic rainbow trout exposed for 24 d to Medium South American (MESA)
crude oil (n=3 reps of 5 pooled fish).. CYP1A is plotted against measured
hydrocarbon concentrations in test solutions. B. CYP1A protein concentrations
versus blue sac disease (BSD) score of chronic toxicity indicate that chronic toxicity
is correlated with CYP1A expression, i.e., to PAH exposure.
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Rainbow trout embryos exposed to HFO 6303, MESA, and HFO 5d W all showed
signs of oil toxicity (Appendix D), namely, yolk sac edema, hemorrhaging, fin erosion,
and craniofacial malformations. Fish with edema and fin erosion were unable to swim
(behavioural signs not scored, but noted by observation). Percent normal fish was a
sensitive endpoint used to show differences in oil toxicity among treatments (Figure 35A). Fish exposed to HFO 7102 and HFO 385d W showed few signs of toxicity
compared to water controls. Toxicity of HFO 7102 was lower than expected, especially
compared to that of HFO 5d W. Estimated EC50s and LC50s were estimated from the
non-linear regressions for treatments where a 50% response was observed. Estimated
EC50s were 144, 1077, and 318 µg/L for HFO 6303, HFO 5d W, and MESA,
respectively. Calculated LC50s were 243, 1109, and 1115 µg/L for the same treatments.
Differences among EC50s (% normal fish) and LC50s (cumulative % mortality; Figure 35B) were calculated from embryonic trout responses for respective stranded oils.
Differences between measured LC50 and EC50 were 99 µg/L, 32 µg/L, and 797 µg/L,
for HFO 6303, HFO 5d W, and MESA, respectively. Evidently, sublethal toxicity
endpoints were more sensitive than lethality, especially for MESA, the reference crude
oil.
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Figure 3-5. Percent normal (A) and cumulative mortality (B) of embryonic rainbow
trout (n=45) exposed to stranded oil for 24 d. Exposure is presented as peak
measured hydrocarbon concentrations during the exposure period. Horizontal lines
represent average responses of control fish. Non-linear regressions used for EC50 or
LC50 calculations are shown for treatments in which there was a 50% response.
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3.4 Discussion
This study found that exposure of fish to PAH and toxicity to fish embryos was
dependent on the relative PAH concentration of the oil. Specifically, HFO 6303 was most
toxic, followed by MESA crude oil, then HFO 7102, which appeared to correlate with the
presence of 3- and 4-ringed alkyl PAH. As well, weathered HFO 7102 was virtually nontoxic at the loadings tested, coincident with low exposure to petroleum hydrocarbons.
The viscous nature of weathered HFO, likely from a consolidated shell that formed from
photooxidation, limited hydrocarbon release. Overall, the broad hypothesis that exposure
to and toxicity of HFO would be dictated by PAH composition was accepted.
Residual oil in sediments from an HFO spill may contain highly substituted
phenanthrenes, dibenzothiophenes, and chrysenes, which persist in the environment
longer than naphthalenes and longer than less substituted homologs of the abovementioned compounds (Lee et al. 2003). The relative contributions of 3- to 4- ringed
PAH that are released to water will depend on the relative composition of the oil. Alkyl
phenanthrene concentrations in HFO 6303 were 3-fold higher than in HFO 7102, which
was predominantly alkyl naphthalenes, which may account for HFO 6303 being at least
3-fold more toxic. Overall, HFO 6303 contained at least 2.5-fold more aromatics, namely
alkyl phenanthrenes and chrysenes than MESA. Consequently, in this study, HFO 6303
was approximately 2-fold more toxic than MESA.
Alkyl phenanthrenes are very embryotoxic compared to the unsubstituted
counterparts (Turcotte et al. 2010). Retene is a well-studied alkyl phenanthrene that
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causes BSD and CYP1A induction at concentrations as low as 9 µg/L in rainbow trout
(Brinkworth et al. 2003) when exposed from fertilization to swim-up (49 d at 10 ºC)
Gross malformations, genetic damage, reduced hatching success, CYP1A induction, and
mortality in fish embryos are common toxic responses to 3- to 4- ringed petroleum
hydrocarbons at concentrations as low as 1 µg/L (Carls et al. 1999). Responses that were
observed when fish were exposed to continuous flow desorption columns of retene
(Brinkworth et al. 2003) were similar to continuous flows of petroleum hydrocarbons
from oil used in this study. Similar malformations caused by exposure to retene appear to
be related to disruption to the cardiovascular system (Incardona et al. 2005).
Alkyl phenanthrenes are potent CYP1A inducers, and toxicity may be related to
the process of metabolism, where the production of reactive oxygen species or reactive
metabolites themselves may be toxic (Hawkins et al. 2002; Brinkworth et al. 2003;
Fallahtafti 2011). CYP1A induction by the EROD assay in this study was most
pronounced in fish exposed to HFO 6303, indicative of exposure to high molecular
weight CYP1A-inducing PAH found in HFO. Consequently, chronic toxicity in fish
embryos occurred more markedly. However, overall, CYP1A induction and BSD were
correlated, indicating that some process related to CYP1A causes early life stage fish
toxicity.
Short-term ecological effects garner more attention after an oil spill than the longterm effects of stranded residual oil that can persist on or in sediments for decades.
Similar to the weathering effects of submerged Alaska North Slope crude oil on
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waterborne PAH concentrations as measured after the Exxon Valdez oil spill (Carls et al.
1999), 3- to 4-ringed PAH were likely released from submerged fresh HFO over the 24 d
exposure period. Exposure to these compounds cause CYP1A induction and a suite of
toxic effects (BSD) similar to that caused by exposure to retene, which was used as a
positive control.
There were several inconsistencies regarding the conclusions of this study.
Measured hydrocarbon concentrations from HFO 7102 and HFO 5d W treatments, and
subsequent PAH compositions of these oils, were similar. However, embryotoxicity was
only observed with exposures to HFO 5d W (though only a 50% response). The error
associated with toxicity endpoints for HFO 5d W was very high since the non-linear
regressions did not encompass the full range of responses (Appendix G). Therefore,
statistically, toxicity differences between these two treatments did not exist. Further
chemical analyses of these samples must be completed to uncover the cause of the
differences in toxicity.
The results of this study provided evidence that 3- to 4-ringed PAH found in
crude oils and HFO are the likely cause of toxicity to early life stages of fish. Measured
waterborne concentrations of petroleum hydrocarbons correlated with early life stage
toxicity and CYP1A induction, where the deviations from predictions appear to be related
to the different PAH compositions of the oils tested. Percent normal fish EC50s were
more sensitive endpoints than lethality, indicating that the emergence of BSD precedes
death. Chronic exposures of surviving fish to oil may lead to delayed effects later in life,
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such as slower development and lower growth rates (Heintz et al. 2000). These sublethal
effects may reduce predator avoidance behaviour and fecundity, which corresponds to
pink salmon population declines following the Exxon Valdez oil spill (Heintz et al.
2000). Correspondingly, HFOs that contain markedly more 3- to 4- ringed PAH should
be more of a risk following a spill.
3.5 Conclusions
Stranding of HFO, as often occurs following a spill, allows for continued release
of hydrocarbons over time. The high surface area to volume ratio of coatings of oil on
substrates is ideal for release of soluble hydrocarbons. This study found that CYP1A
induction and early life stage fish toxicity correlated with 3- and 4- ringed PAH
composition of the oils tested. Also, fresh HFO was more toxic than weathered HFO to
trout embryos exposed over the long-term, which likely related to limitations to
hydrocarbon release based on the viscous nature of the oil that was subject to
photooxidation to create a consolidated shell.
HFO contains a higher proportion of aromatics than most light crude oils.
Specifically, HFO contains nearly 3-fold more substituted phenanthrenes than does
MESA, the reference crude oil used in this study. Consequently, CYP1A induction
occurred in juvenile trout exposed to stranded HFO at lower total hydrocarbon
concentrations than MESA. Similarly, HFO was 2- to 4.5-fold more embryotoxic than
MESA. Overall, stranded oil is a significant source of PAH to fish embryos, which may
be a hazard to embryos from fish that spawn in gravel shoals or near bottom sediments.
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HFO 6303 that may be spilled into the environment and strands soon after appears to be
more toxic than weathered counterparts and more toxic than lighter crude oils. This study
was important because it was the first to make direct comparisons among several HFOs
of widely different compositions to lighter crude oil. Despite widely different physical
characteristics, toxicity appears to be related to the presence of 3- to 4- ringed alkyl PAH.
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Chapter 4
General Discussion and Summary
4.1. Summary of Findings
Heavy fuel oil (HFO) is a viscous marine fuel that has a high specific gravity
compared to lighter crude oils, and when spilled, is difficult to clean up. Approximately
80% of the total volume of oil involved in small spills in the environment is HFO (NRC
1999), which is concerning because the natural process of weathering of HFO results in
only 2-3% loss, much less than a lighter crude oil, such as Alaska North Slope Crude
(ANSC), that loses up to 30% (Wang et al. 2003). Spilled HFO does not dissipate as
quickly as light oil. The tendency of HFO to persist in the environment is attributed to the
low biodegradation potential of the high molecular weight resins, asphaltenes, and
polycyclic aromatic hydrocarbons (PAH) from the heavy residue refining fraction used in
the production of HFO (Guyomarc’h et al. 2001). HFO may contain up to 6-fold more
alkyl PAH, the toxic components of oil (Hodson et al. 2007) than lighter crude oil (Short
2008).
The hazard of HFO to fish relates to the release of alkyl PAH to water, which in
turn is related to the unique behaviour and environmental fate of HFO after a spill. The
HFO that spilled at Wabamun Lake in 2005 sank quickly and became stranded. For the
purpose of this thesis, stranding refers to the process of fresh oil coating benthic
substrates as thin films. Tarballs form from weathered oil and often sink, but can be
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displaced by wind and wave action, which explains why tarballs commonly wash up on
shorelines (Wang et al. 1998). Most of the sinking of HFO at Wabamun Lake was
attributed to an increase in density due to the uptake of solid matter, such as sand and
plant matter, but also to contact with water at lower temperatures (Fingas et al. 2006).
The persistence of HFO, its high concentrations of PAH relative to lighter crudes, and its
tendency to sink and contaminate spawning shoals suggests that there is a greater risk of
toxicity to early life stages of fish than for lighter crudes.
To assess the risk of spilled HFO to fish, exposure to PAH was measured as
hydrocarbon partitioning from HFO to water. This index of exposure, along with the
potential to induce CYP1A, was linked to chronic toxicity to fish, using exposure
scenarios that simulated several possible environmental fates of HFO after a spill. This
research addressed four general null hypotheses: (1) There are no differences in
hydrocarbon partitioning from HFO to water among the different exposure scenarios; (2)
There are no differences in exposure to and bioavailability of PAH from HFO among the
different exposure scenarios; (3) There are no differences in toxicity of PAH from HFO
among different exposure scenarios; (4) There are no differences in bioavailability and
chronic toxicity of PAH among various fresh HFO and weathered HFO and a reference
crude oil. All four null hypotheses were rejected.
Hydrocarbon release from HFO to water appeared to be dependent on surface area
of exposed oil to water; greater surface area allowed for enhanced partitioning, and
resulted in exposure-dependent toxicity to rainbow trout embryos (rejecting null
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hypotheses 1 through 3). Mechanically dispersed floating HFO was non-toxic to fish
embryos, coincident with low PAH exposure. Conversely, stranded HFO provided
greater surface area for hydrocarbon partitioning, and was toxic to fish embryos. There
was an overall loss of low molecular weight PAH, such as naphthalenes, from stranded
HFO over time, but alkyl-phenanthrenes persisted at high concentrations, which may
have caused the observed embryotoxicity. The persistence of 3- to 4-ringed PAH with
extensive weathering has been observed from ANSC (Carls et al. 1999), and caused
toxicity to fish embryos. In general, HFO has a greater PAH content than ANSC (Wang
et al. 2003), and so stranded HFO may be a long-term source of PAH. The toxicity to fish
of stranded HFO was remarkably similar to that of chemically dispersed HFO. The use of
chemical dispersants in North America to combat HFO spills is rare but they are used
extensively in Europe (Chapman et al. 2007). These results suggest that if effective,
dispersion of oil into small droplets results in greater surface to volume ratios that can
allow for enhanced PAH partitioning to water, similar to the stranding of HFO. HFO
tarballs also appear to be an ecological risk because they are very persistent after a spill
(Hollebone et al. 2011) and fluorescing compounds are released to water in stirred
solutions. These compounds were bioavailable to fish, since exposure to tarballs caused a
10-fold increase in the induction of CYP1A over controls.
The partitioning of hydrocarbons also depended on the chemical composition of
the oil (rejecting null hypothesis 4). When the toxicity of HFO was compared to Medium
South American (MESA) crude oil using the same stranding protocol, HFO was 2- to 4.592

fold more toxic than MESA, when measured as total hydrocarbon concentrations. HFO
contained nearly 2.5-fold more aromatics than MESA, primarily more alkylphenanthrenes, which may be responsible for increased toxicity in HFO treatments. HFO
does not weather to any great extent, so the chemical composition of HFO should not
change significantly over time, which is expected to result in little change in toxicity. The
HFO samples from Wabamun Lake contained 71% naphthalenes, and only 10%
phenanthrenes (Hollebone et al. 2011), whereas the HFO 6303 contained less
naphthalenes and 31% phenanthrenes. General assessments of risk of HFO toxicity to
fish cannot be made because the PAH composition of HFO differ based on source and
refining processes. Therefore, based on PAH composition alone, HFO toxicity to fish
embryos appears to be related to the presence of alkyl-phenanthrenes, consistent with
Hodson et al. (2007).
4.2. Significance of Findings and Future Work
There is an inherent research need to acquire bioavailability and toxicity data for
HFO that can sink and contaminate spawning shoals of fish. There has been a push to
standardize toxicity test methods to allow for more comparisons among the literature
(Singer et al. 2000). Based on standard methods that generate a water accommodated
fraction (WAF) and chemically enhanced WAF (CEWAF), the toxicity of HFO should be
low because HFO is not very dispersible compared to crude oils (Wang et al. 2003).
However, these experiments showed the opposite, in that if the dispersant can penetrate
the HFO, it will be effective at dispersing oil to smaller droplets, enhancing dissolution of
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petroleum hydrocarbons. Additionally, studying HFO is important because using a
stranded oil dosing system shows that petroleum hydrocarbons are released continuously
over time. This indicates that HFO that sinks after a spill is a risk to fish, especially when
HFO is spilled in spawning shoals of fish.
Experiments using the oil stranding system similar to that described in this thesis
have been used with crude oils to model submerged oil in Prince William Sound, Alaska,
after the Exxon Valdez oil spill (Marty et al. 1997; Carls et al. 1999). After the 2005 spill
of HFO in Wabamun Lake, in situ toxicity tests with caged lake whitefish embryos were
used to assess whether gravel substrates that make up one third of the entire lake were
sufficiently contaminated to impair recruitment (DeBruyn et al. 2007). Reductions in
growth and increased mortality were observed in embryos from oil-exposed regions, and
toxicity was correlated with the highest concentrations of oil-associated PAH as
measured by passive samplers. This study prompted further investigation into the
mechanisms of exposure of early life stages of fish to HFO.
The present study provided the first-ever assessment and comparison of risk
associated with several fates of HFO after a spill. Risk was a function of behaviour and
fate, relating primarily to surface area of oil exposed to water that allowed for
partitioning of PAH. Conversely, toxicity comparisons of different oils appeared to be a
function of PAH composition, and not simply total hydrocarbon concentrations. The
emergence of yolk sac edema, craniofacial malformations, hemorrhaging, and fin erosion
as signs of toxicity in exposed fish embryos were similar among oils tested, which
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suggested a common mechanism of toxicity. Past studies of alkyl phenanthrene toxicity
(Hawkins et al. 2002; Scott et al. 2008), support the association between HFO toxicity
and high concentrations of alkyl phenanthrenes. due to resource and time limitations, the
PAH compositions of test solutions used in this set of toxicity tests were not completed.
The results of this research also provided a first look into the potential for
bioavailability and toxicity of tarballs that persist for months to years following a spill.
Tarballs commonly wash up on shorelines, and chemical compositions suggest that in
any given area, tarballs are generated from multiple sources, including oil spills and
natural seeps (Wang et al. 1998). HFO tarballs from Wabamun Lake weathered at
different rates, and some existed as a consolidated shell with liquid oil inside (Hollebone
et al. 2011). The MC-252 tarballs collected from the 2010 BP oil spill were used as
surrogates for preliminary assessments of risk to fish, and this report is one of the first to
consider tarballs as possible hazards to aquatic life. We are currently awaiting results of
chemical analyses to confirm the sources and identity of PAH in solutions that were
contaminated by tarballs and that caused a 10-fold EROD induction in exposed fish.
These results indicate that components of tarballs are bioavailable to fish, and further
testing is required to assess their chronic toxicity to fish embryos.
The partitioning of bioavailable hydrocarbons from tarballs is important because
large tar mats exist in near-shore intertidal regions along the Gulf of Mexico as a result of
the 2010 spill, and segments detach during storms and strong wave action, possibly
exposing less weathered sections that may be a significant source of hydrocarbons.
95

Similarly, HFO tarballs from the Wabamun Lake incident have persisted for years, likely
contain more PAH than the MC-252 tarballs, and are confined to a smaller body of water.
Thus, they may be more of a risk to fish. However, further testing with more sample
mass, if available, is required to tests this hypothesis.
4.3. Summary of Findings
1. The toxicity of HFO to fish was dependent on environmental fate.
2. The ecological risk of HFO was a function of surface area. Stranded HFO or
chemically dispersed HFO provided the greatest surface area for hydrocarbon
partitioning, and hence, greater toxicity than oil floating as a slick on the surface.
The surface area phenomenon may also explain why undispersed, floating HFO
was relatively non-toxic.
3. Tarballs may present a risk of toxicity, dependent on the extent of weathering and
the nature of the oil, but further research is required to make sound conclusions.
4. The toxicity of HFO to fish is dependent on its composition of polycyclic
aromatic hydrocarbons (PAH), which differ with the source of oil and the degree
of weathering.
5. The water-washing of stranded oil depleted PAH over time from contaminated
substrate; alkyl phenanthrenes, the likely cause of oil toxicity, remained at high
concentrations in oil and interstitial water because they partitioned to water more
slowly.
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6. HFO was 2- to 4.5-fold more toxic than Medium South American (MESA) crude
oil, which correlated with 2.5-fold higher concentrations of alkyl phenanthrenes in
HFO.
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Appendix A
Structures of PAH and examples of alkyl derivatives found in crude oil

Naphthalene

1-methylnaphthalene

Phenanthrene

9-methylphenanthrene

Fluorene

1-methylfluorene

Dibenzothiophene

4-methyldibenzothiophene

Chrysene

5-methylchrysene

S

8-methyl
Naphthobenzothiophene

naphthobenzothiophene
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Appendix B
Stranded oil incubator design
Incubators were designed as oiled gravel columns where the release of oil
components from contaminated gravel to interstitial water could occur. Stranded oil
treatments were produced, and the release of PAH over time was measured. The design
was loosely based on a scaled-down version by Marty et al. (1997)1, and can be seen in
Figure B-1.

Figure B-1. Schematic of oiled gravel column design, as adapted from Marty et al.
1997. Illustration credit J. Adams.

1

Marty GD, Heintz RA, Hinton DE. 1997. Histology and teratology of pink salmon larvae near the time of
emergence from gravel substrate in the laboratory. Can J Zool 75:978-988.
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Columns were constructed out of a 35 cm long (10.8 cm diameter) segment of
PVC piping fitted with a PVC cap at one end. A 1.27 cm inflow tube was inserted
through a hole drilled 3 cm from the bottom. Plastic egg crating covered by a piece of
aluminum screen was cut to fit the diameter of the pipe and laid directly above the intake,
which was supported by a 3.5 cm piece of PVC. This provided a stand for oiled gravel
that prevented the water flow from channeling through the gravel substrate. A 1.27 cm
outflow tube was inserted through a hole drilled 3 cm from the top, opposite to the intake.
Approximately 1.8 kg of contaminated pea gravel, ranging from 5-20 mm
diameter, was loaded on top of the suspended aluminum screen in the column. The
column was closed and attached to inflow tubes. Needle valves were used for accurate
flow control, which were sensitive enough to allow continuous flows of as low as 20
ml/min.
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Appendix C
Comparison of materials used for incubator construction
Stranded oil in flow-through columns contained oiled gravel that contaminated
water for use as test solutions in fish bioassays was described by Marty et al. (1997)1 and
Carls et al. (1999)2. This system was originally developed to simulate the composition of
oil stranded on Prince William Sound beaches in 1989 following the Exxon Valdez oil
spill. Fish exposed directly to oiled gravel in these columns, or indirectly, by exposure to
contaminated water percolating through the oiled gravel, simulated exposure conditions
in benthic spawning areas for salmonids (Carls et al. 1999).
Marty et al. (1997) and Carls et al. (1999) used polyvinyl chloride (PVC)
cylinders to construct the columns. While PVC is a cost-effective option, PVC is a plastic
capable of adsorbing and absorbing hydrophobic contaminants (PAH) found in crude oil.
Stainless steel may be an alternative, but is more expensive and may require professionals
for construction.
To assess any biases due to the use of PVC, a set of stainless steel columns were
used in experiments alongside PVC columns at loadings of 3500 g oil/kg gravel and flow
rates of 40 mL/min. Measured hydrocarbon concentrations from stranded HFO did not
differ between type of column over 25 d (P>0.05; Figure C-1). EROD induction in trout
exposed to solutions from both columns were also not significantly different (P>0.05;

2

Carls MG, Rice SD, Hose JE. 1999. Sensitivity of fish embryos to weathered crude oil: Part I. Low-level
exposure during incubation causes malformations, genetic damage, and mortality in larval Pacific herring
(Clupea pallasi). Environ Tox Chem 18:481-493.
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Figure C-2.). These results support the interchangeable use of either PVC or stainless
steel columns as reservoirs for PAH in bioassays.

Measured HC concentration (ug/L)

800
700

Treatment

PVC
Stainless steel

Parameter

600

Value
(± 95% C.L.)

PVC
Slope
Y-intercept
R2

500
400

0.488 (0.194)
161.8 (45.53)
0.98

300

Stainless
steel

200

Slope
Y-intercept
R2

100
0
0

5

10

15

20

25

1.050 (1.30)
146.3 (95.17)
0.68

Time (days)

Figure C-1. Exponential decay describing the partitioning of aromatic hydrocarbons
from oiled gravel in PVC and stainless steel columns over 25 d. Coefficients of
regressions are also provided (± 95% confidence limits).

EROD induction

100

10

1

Stainless steel

PVC

Figure C-2. Induction of ethoxyresorufin-O-deethylase (EROD) activity in juvenile
rainbow trout by 48 h exposure to soluble hydrocarbons from oiled gravel in
stainless steel and PVC columns. Error bars are 95% confidence limits, n = 6 – 10
per treatment. Treatments were not significantly different (P>0.05).
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Appendix D
Hydrocarbon partitioning from stranded HFO
From Chapter 2, the partitioning of hydrocarbons from stranded heavy fuel oil
(HFO) was measured over 24 d. To assess how partitioning was affected by continuous
water flow rates, four flow rates were compared, each at five loadings of HFO on gravel.
Figure D-1 indicates that hydrocarbons were lost at similar rates over 24 d, but initial
concentrations were different between low and high flow rates.

Treatment
Parameter

M e a su re d h yd ro ca rb o n co n ce n tra tio n (µ g/L )

1000

20 mL/min
20 ml/min
40 ml/min
80 ml/min
160 ml/min

Slope
Y-intercept
R2

40 mL/min
Slope
Y-intercept
R2

100

80 mL/min
Slope
Y-intercept
R2

160 mL/min
Slope
Y-intercept
R2

10
0

5

10

15

20

Value
(± 95% C.L.)
0.0575 (0.0270)a
329.3 (57.29)a
0.88
0.0663 (0.0280)a
413.8 (34.56)a
0.90
0.0970 (0.0643)a
236.7 (57.93)b
0.89
0.0735 (0.0541)a
84.59 (12.71)c
0.74

25

Time (d)

Figure D-1. First order exponential decay describing the partitioning of
hydrocarbons from stranded heavy fuel oil (HFO) over time and at different flow
rates. The highest oil loading treatments are shown (similar to changes over time in
less oiled treatments). Coefficients of regressions are provided (± 95% confidence
limits of coefficients) as well as goodness of fit. Superscripts denote significant
differences.
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Figure D-2 indicates the hydrocarbon concentrations of effluent over stranded
HFO at all loadings and at 4 sampled time points. Differences between high and low flow
rate treatments were most evident during the first week after loading.
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20 ml/min
40 ml/min
80 ml/min
160 ml/min

Measured hydrocarbon concentration (µg/L)
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Figure D- 2. Four-panel graph of hydrocarbon profiles in four flow treatments,
sampled 1 - 25 d after oil loading. Measured hydrocarbon concentrations (µg/L) are
in interstitial water, and are compared to nominal loadings of oil on gravel. Scaling
is equal for all graphs for visual comparison to note the overall loss of hydrocarbons
with time at all four flow rates.
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From Chapter 3, the toxicity of stranded HFO 6303 and at different degrees of
weathering, compared to the toxicity of Medium South American (MESA) crude oil, was
expressed as cumulative percent mortality. Figure D-3 outlines the blue sac disease
(BSD) severity index of these oils to supplement BSD data shown against CYP1A
protein concentrations in Figure 3-4.

1.0

BSD Severity Index

0.8

100 µg/L retene
0.6
HFO Fresh
MESA Fresh
HFO 3d W
HFO 5d W
HFO 385d W

0.4

0.2

water
0.0
10

100

1000

10000

Measured hydrocarbon concentration (µg/L)

Figure D-3. The toxicity of stranded heavy fuel oil (HFO) Fresh, Medium South
American (MESA) crude oil, HFO 7102, HFO 5d W, and HFO 385d W expressed
as measured hydrocarbon concentrations in water. Reported concentrations were
based on peak concentrations and toxicity is reported as blue sac disease (BSD)
severity index.
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Appendix E
Total polycyclic aromatic hydrocarbons (TPAH) in exposure solutions
Table E-1. TPAH in low loading of stranded oil on gravel (200 µg/g) at weathering
times of 1, 5, 15, 20 d (Nbenzothiophene = naphthobenzothiophene, ND = none
detected). Values are in µg/L.
PAH class
C0 naphthalenes
C1 naphthalenes
C2 naphthalenes
C3 naphthalenes
C4 naphthalenes

LOW
D1
ND
ND
1.95
1.58
ND

LOW
D5
ND
ND
ND
ND
ND

LOW
D 15
ND
ND
ND
ND
ND

LOW
D 20
ND
ND
ND
ND
ND

C0 fluorenes
C1 fluorenes
C2 fluorenes
C3 fluorenes

ND
1.03
ND
ND

ND
ND
ND
ND

ND
ND
ND
ND

ND
ND
ND
ND

C0 phenanthrenes
C1 phenanthrenes
C2 phenanthrenes
C3 phenanthrenes
C4 phenanthrenes

ND
1.13
1.23
1.05
ND

ND
ND
ND
1.01
ND

ND
ND
1.18
1.49
1.21

ND
ND
ND
1.51
1.27

C0-C4
dibenzothiophenes

ND

ND

ND

ND

C0 Nbenzothiophenes
C1 Nbenzothiophenes
C2 Nbenzothiophenes
C3 Nbenzothiophenes
C4 Nbenzothiophenes

ND
ND
1.08
ND
ND

ND
ND
1.20
ND
ND

ND
ND
2.99
ND
ND

ND
ND
3.43
ND
ND

C0-C4 chrysenes

ND

ND

ND

ND

∑ Alkyl-PAH
% Alkyl-PAH
Total PAH

8.02
100
8.02

2.21
100
2.21

6.87
100
6.87

6.21
100
6.21
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Table E-2. TPAH in mid loading of stranded oil on gravel (1750 µg/g) at weathering
times of 1, 5, 15, 20 d (Nbenzothiophene = naphthobenzothiophene, ND = none
detected). Values are in µg/L.
PAH class
C0 naphthalenes
C1 naphthalenes
C2 naphthalenes
C3 naphthalenes
C4 naphthalenes

MED
D1
6.99
11.64
16.44
6.33
1.04

MED
D5
ND
1.68
6.58
4.41
ND

MED
D 15
ND
ND
1.67
2.42
ND

MED
D 20
ND
ND
ND
1.69
ND

C0 fluorenes
C1 fluorenes
C2 fluorenes
C3 fluorenes

1.27
1.23
ND
ND

ND
1.04
ND
ND

ND
ND
ND
ND

ND
ND
ND
ND

C0 phenanthrenes
C1 phenanthrenes
C2 phenanthrenes
C3 phenanthrenes
C4 phenanthrenes

2.43
2.21
1.28
ND
ND

1.55
2.03
1.31
1.00
ND

ND
1.57
1.28
1.08
ND

ND
1.22
1.22
1.18
ND

C0 dibenzothiophenes
C1 dibenzothiophenes
C2 dibenzothiophenes
C3 dibenzothiophenes
C4 dibenzothiophenes

ND
ND
ND
ND
ND

ND
ND
ND
ND
ND

ND
ND
ND
ND
ND

ND
ND
ND
ND
ND

C0 Nbenzothiophenes
C1 Nbenzothiophenes
C2 Nbenzothiophenes
C3 Nbenzothiophenes
C4 Nbenzothiophenes

ND
ND
ND
ND
ND

ND
ND
1.02
ND
ND

ND
ND
1.43
ND
ND

ND
ND
1.63
ND
ND

ND
ND
ND
ND
ND
40.17
81.0
49.59

ND
ND
ND
ND
ND
19.07
92.5
20.62

ND
ND
ND
ND
ND
9.45
100
9.45

ND
ND
ND
ND
ND
6.94
100
6.94

C0 chrysenes
C1 chrysenes
C2 chrysenes
C3 chrysenes
C4 chrysenes
∑ Alkyl-PAH
% Alkyl-PAH
Total PAH
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Table E-3. TPAH in high loading of stranded oil on gravel (8000 µg/g) at weathering
times of 1, 5, 15, 20 d (Nbenzothiophene = naphthobenzothiophene, ND = none
detected). Values are in µg/L.
HIGH
D1
6.33
32.77
27.04
8.56
1.33

HIGH
D5
1.42
22.08
24.13
7.73
1.22

HIGH
D 15
ND
9.43
18.38
7.08
1.07

HIGH
D 20
ND
5.81
15.60
7.09
1.23

C0 fluorenes
C1 fluorenes
C2 fluorenes
C3 fluorenes

2.15
1.87
ND
ND

1.91
1.65
ND
ND

1.29
1.39
ND
ND

1.09
1.55
ND
ND

C0 phenanthrenes
C1 phenanthrenes
C2 phenanthrenes
C3 phenanthrenes
C4 phenanthrenes

3.27
2.69
1.52
1.10
ND

3.27
2.62
1.41
ND
ND

2.77
2.44
1.37
ND
ND

2.54
2.55
1.82
1.25
ND

C0 dibenzothiophenes
C1 dibenzothiophenes
C2 dibenzothiophenes
C3 dibenzothiophenes
C4 dibenzothiophenes

ND
ND
ND
ND
ND

1.03
ND
ND
ND
ND

ND
ND
ND
ND
ND

ND
ND
ND
ND
ND

C0 Nbenzothiophenes
C1 Nbenzothiophenes
C2 Nbenzothiophenes
C3 Nbenzothiophenes
C4 Nbenzothiophenes

ND
ND
1.12
ND
ND

ND
ND
ND
ND
ND

ND
ND
ND
ND
ND

ND
ND
1.42
ND
ND

C0 chrysenes
C1 chrysenes
C2 chrysenes
C3 chrysenes
C4 chrysenes
∑ Alkyl-PAH
% Alkyl-PAH
Total PAH

ND
ND
ND
ND
ND
78.00
89.04
87.60

ND
ND
ND
ND
ND
60.84
88.86
68.47

ND
ND
ND
ND
ND
41.16
91.02
45.22

ND
ND
ND
ND
ND
38.32
91.35
41.95

PAH class
C0 naphthalenes
C1 naphthalenes
C2 naphthalenes
C3 naphthalenes
C4 naphthalenes

109

Table E-4. TPAH in undispersed and dispersed HFO, and weathered (20 d)
stranded oil at high flow. (Nbenzothiophene = naphthobenzothiophene, ND = none
detected). Values are in µg/L .
WAF
(Undispersed)
ND
1.20
ND
ND
ND

CEWAF
(Dispersed)
ND
3.46
4.30
2.88
1.10

MED loading
HIGH flow
ND
ND
ND
ND
ND

LOW loading
HIGH flow
ND
ND
ND
ND
ND

C0 fluorenes
C1 fluorenes
C2 fluorenes
C3 fluorenes

ND
ND
ND
ND

ND
ND
ND
ND

ND
ND
ND
ND

ND
ND
ND
ND

C0 phenanthrenes
C1 phenanthrenes
C2 phenanthrenes
C3 phenanthrenes
C4 phenanthrenes

ND
ND
ND
ND
ND

1.05
2.43
3.42
3.39
2.33

ND
ND
ND
ND
ND

ND
ND
ND
ND
ND

C0 dibenzothiophenes
C1 dibenzothiophenes
C2 dibenzothiophenes
C3 dibenzothiophenes
C4 dibenzothiophenes

ND
ND
ND
ND
ND

ND
ND
1.26
1.16
ND

ND
ND
ND
ND
ND

ND
ND
ND
ND
ND

C0 Nbenzothiophenes
C1 Nbenzothiophenes
C2 Nbenzothiophenes
C3 Nbenzothiophenes
C4 Nbenzothiophenes

ND
ND
1.28
ND
ND

ND
1.03
5.29
ND
ND

ND
ND
1.21
ND
ND

ND
ND
1.30
ND
ND

C0 chrysenes
C1 chrysenes
C2 chrysenes
C3 chrysenes
C4 chrysenes
∑ Alkyl-PAH
% Alkyl-PAH
Total PAH

ND
ND
ND
ND
ND
2.48
100
2.48

ND
1.45
ND
ND
ND
33.50
96.9
34.57

ND
ND
ND
ND
ND
1.21
100
1.21

ND
ND
ND
ND
ND
1.30
100
1.30

PAH class
C0 naphthalenes
C1 naphthalenes
C2 naphthalenes
C3 naphthalenes
C4 naphthalenes
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Appendix F
Chemical characterizations of oil stock solutions
Table F-1. Concentrations of polycyclic aromatic hydrocarbons (PAHs) in heavy
fuel oil 6303 (HFO 6303) and Medium South American (MESA) crude oil. Values
are in µg/g.
PAH class

HFO 6303
FRESH
260
1 137
1 936
1 719
874

HFO 6303
WEATHERED
140
977
1 904
1 823
873

MESA
FRESH
496
1 129
1 516
1 224
553

MESA
WEATHERED
490
1 384
2 026
1 662
739

117
291
515
630

131
333
536
639

83
185
253
336

104
194
299
380

438
1 335
2 029
2 418
1 843

473
1 392
2 118
2 488
1 845

197
446
523
409
225

220
501
614
492
267

139
473
869
951
712

147
492
892
932
713

96
249
368
302
166

129
344
528
436
240

C0 chrysenes
C1 chrysenes
C2 chrysenes
C3 chrysenes
C4 chrysenes

314
1 174
3 565
1 150
745

319
1 180
3 369
1 162
683

34
70
227
92
72

36
77
308
106
74

∑ Alkyl-PAH
% Alkyl-PAH
Total PAH

24 366
95.1
25 634

24 351
95.3
25 561

8 345
90.2
9 251

10 671
91.6
11 650

C0 naphthalenes
C1 naphthalenes
C2 naphthalenes
C3 naphthalenes
C4 naphthalenes
C0 fluorenes
C1 fluorenes
C2 fluorenes
C3 fluorenes
C0 phenanthrenes
C1 phenanthrenes
C2 phenanthrenes
C3 phenanthrenes
C4 phenanthrenes
C0 dibenzothiophenes
C1 dibenzothiophenes
C2 dibenzothiophenes
C3 dibenzothiophenes
C4 dibenzothiophenes
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Table F-2. n-Alkane quantitation results of heavy fuel oil (HFO) Fresh and
Weathered, Medium South American (MESA) crude oil, Fresh and Weathered. N.D
= none detected. Values are in µg/g.
Compounds
n-C10
n-C11
n-C12
n-C13
n-C14
n-C15
n-C16
n-C17
Pristane
n-C18
Phytane
n-C19
n-C20
n-C21
n-C22
n-C23
n-C24
n-C25
n-C26
n-C27
n-C28
n-C29
n-C30
n-C31
n-C32
n-C33
n-C34
n-C35
n-C17/Pri
n-C18/Phy
Pri/Phy
Sum n-alkanes

HFO 6303
FRESH
184
363
596
788
1077
1187
1309
1459
1627
1814
1644
1788
1563
1547
1300
1158
1140
972
753
569
387
295
111
91
55
51
26
22

HFO 6303
WEATHERED
N.D.
57
292
632
1016
1169
1357
1482
1709
1854
1688
1856
1655
1607
1331
1187
1173
1044
811
572
395
298
117
95
65
52
27
17

MESA
FRESH
2688
2857
2938
2855
3137
2971
2796
2632
1789
2562
1914
2382
2009
2027
1761
1682
1598
1519
1571
1380
1247
1366
711
762
805
812
536
470

MESA
WEATHERED
1858
2303
2601
2714
31888
3067
2761
3001
1878
2585
2066
2385
1948
2025
1817
1620
1607
1571
1568
1411
1306
1356
777
858
931
894
669
620

0.90
1.10
0.99

0.87
1.10
1.01

1.47
1.34
0.93

1.60
1.25
0.91

23876

23558

51777

80085
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Table F-3. Concentrations of polycyclic aromatic hydrocarbons (PAHs) in heavy
fuel oil (HFO) stranded fresh and for 20 d. Data from 1750 µg HFO/g gravel
loading. Values in µg/L (N.D. = none detected). Included are percent decline over 20
d, where negative values indicate increases.
PAH class

Stranded
HFO 6303
N.D.
N.D.
1479
2408
1298

Stranded
HFO 20 d
N.D.
N.D.
410
1350
1121

Percent
Decline
72.3
44.0
13.6

C0 fluorenes
C1 fluorenes
C2 fluorenes
C3 fluorenes

N.D.
504
834
1014

N.D.
252
605
815

50.0
27.5
19.6

C0 phenanthrenes
C1 phenanthrenes
C2 phenanthrenes
C3 phenanthrenes
C4 phenanthrenes

631
2209
3624
4099
2852

292
1665
2826
3377
2485

53.7
24.6
22.0
17.6
12.9

C0 dibenzothiophenes
C1 dibenzothiophenes
C2 dibenzothiophenes
C3 dibenzothiophenes
C4 dibenzothiophenes

164
730
1393
1491
1071

72
521
1121
1211
882

56.2
28.7
19.5
18.8
17.6

C0 chrysenes
C1 chrysenes
C2 chrysenes
C3 chrysenes
C4 chrysenes

501
1735
5770
1656
1008

551
1785
4807
1567
794

-10.0
-2.9
16.7
5.4
21.2

∑ C0-PAH
∑ Alkyl-PAH
% Alkyl-PAH
Total PAH (µg/L )
TPH (mg/L)

1296
35174
96.4
36470
1330

915
27593
96.8
28508
791

29.4
21.5
-0.04
21.8
40.5

C0 naphthalenes
C1 naphthalenes
C2 naphthalenes
C3 naphthalenes
C4 naphthalenes
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Table F-4. Concentrations of polycyclic aromatic hydrocarbons (PAHs) in heavy
fuel oil (HFO) 3 d weathered (W; µg/g) and HFO 5d W (µg/L). Data adapted from
Hollebone et al. (2011)3.
PAH class
C0 naphthalenes
C1 naphthalenes
C2 naphthalenes
C3 naphthalenes
C4 naphthalenes

HFO 7102
390
9488
14698
12628
6279

HFO 5d W
17.7
279
275
203
93.0

C0 fluorenes
C1 fluorenes
C2 fluorenes
C3 fluorenes

426
1257
2240
1591

12.0
28.6
39.9
30.0

C0 phenanthrenes
C1 phenanthrenes
C2 phenanthrenes
C3 phenanthrenes
C4 phenanthrenes

1798
3739
1881
538
146

42.2
75.6
42.5
11.0
2.82

C0 dibenzothiophenes
C1 dibenzothiophenes
C2 dibenzothiophenes
C3 dibenzothiophenes

461
1142
1136
481

11.2
22.6
21.3
9.62

C0 chrysenes
C1 chrysenes
C2 chrysenes
C3 chrysenes

7.96
23.7
39.9
25.0

0.09
0.44
0.57
0.44

3083
60415
95.1
63498

83.19
1218
93.6
1301

∑ C0-PAH
∑ Alkyl-PAH
% Alkyl-PAH
Total PAH

3

Hollebone BP, Fieldhouse B, Sergey G, Lambert P, Wang Z, Yang C, Landirault M.
2011. The behaviour of heavy oil in fresh water lakes. In Proceedings of the 34th Arctic and Marine Oil
Spill Program (AMOP) Technical Seminar, Banff, Alberta: Emergencies Science and Technology Division,
Environment Canada.
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Table F-5. n-Alkane quantitation results (mg/g) of heavy fuel oil (HFO) 3 d
weathered (W; mg/g) and HFO 5d W (mg/L) Data adapted from Hollebone et al.
(2011). N.D. = none detected.
Compounds
n-C10
n-C11
n-C12
n-C13
n-C14
n-C15
n-C16
n-C17
Pristane
n-C18
Phytane
n-C19
n-C20
n-C21
n-C22
n-C23
n-C24
n-C25
n-C26
n-C27
n-C28
n-C29
n-C30
n-C31
n-C32
n-C33
n-C34
n-C35
n-C17/Pri
n-C18/Phy
Pri/Phy
Sum n-alkanes

HFO 7102
0.07
0.09
0.18
0.50
0.82
1.07
1.09
1.03
0.35
0.99
0.35
0.93
1.00
0.81
0.49
0.31
0.14
0.06
0.02
0.02
0.02
0.02
0.02
0.01
0.02
0.01
0.01
0.01

HFO 5d W
N.D.
N.D.
0.001
0.005
0.010
0.014
0.016
0.018
0.007
0.016
0.005
0.017
0.018
0.014
0.009
0.005
0.003
0.002
0.001
0.002
0.001
0.001
0.001
N.D.
N.D.
N.D.
N.D.
N.D.

2.97
2.83
0.99
10.6

2.70
2.96
1.20
0.168
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Appendix G
Parameters of non-linear regressions from toxicity data
Table G-1. Regression type, constants and constraints used to measure slopes,
EC50s, and LC50s to describe hydrocarbon partitioning and/or toxicity.
Oil
HFO F
HFO F
HFO F
HFO F
HFO F
HFO F
HFO F
HFO F
HFO F
HFO 3dW
HFO 3dW
HFO 3dW
HFO 5dW
HFO 5dW
HFO 5dW
HFO 385d
HFO 385d
HFO 385d
MESA F
MESA F
MESA F

Exposure
type
Undispersed
Undispersed
Undispersed
Dispersed
Dispersed
Dispersed
Stranded
Stranded
Stranded
Stranded
Stranded
Stranded
Stranded
Stranded
Stranded
Stranded
Stranded
Stranded
Stranded
Stranded
Stranded

Endpoint
% Normal EC50
% Mortality LC50
BSD SI EC50
% Normal EC50
% Mortality LC50
BSD SI EC50
% Normal EC50
% Mortality LC50
BSD SI EC50
% Normal EC50
% Mortality LC50
BSD SI EC50
% Normal EC50
% Mortality LC50
BSD SI EC50
% Normal EC50
% Mortality LC50
BSD SI EC50
% Normal EC50
% Mortality LC50
BSD SI EC50
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Minimum, Hillslope
Maximum
N/A
N/A
N/A
N/A
N/A
N/A
0, 88.9
-2.80
3.5, 100
4.02
0.1, 1.0
26.8
0, 85.7
-1.76
0, 100
6.68
0, 1.0
8.07
N/A
N/A
N/A
N/A
N/A
N/A
0, 96.9
-1.02
3.4, 100
1.01
0, 1.0
12.7
N/A
N/A
N/A
N/A
N/A
N/A
0, 96.9
-1.83
3.4, 100
1.84
0, 1.0
7.07

Endpoint value in
µg/L (± 95 % C.L.)
> 45
> 45
> 45
154 (63)
491 (140)
285 (wide)
200 (very wide)
245 (19)
228 (15)
> 2100
> 2100
> 2100
1077 (very wide)
1109 (very wide)
1286 (very wide)
> 170
> 170
> 170
318 (wide)
1115 (wide)
1022 (wide)

Appendix H
Sample retrieval locations for 2010 BP oil spill tarballs

50 km

Figure H-1. Beach locations where tarball samples from the 2010 BP oil spill were
collected along the Gulf of Mexico between May 31st and June 18th, 2010. The star
indicates the location of the Deepwater Horizon (DWH) oil rig blowout. Included in
the legend are beach access names and distance to the oil source. Map: snapshot
from Google Earth 2011.
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Appendix I
Physical characteristics and images of tarballs
Physical descriptions of the tarballs collected from the 2010 BP oil spill are listed
in Table I-1. Photos of samples taken from each sampling location are also provided. All
samples were assumed to be from the 2010 BP oil disaster, but chemical characterizations
by GC/MS are scheduled to confirm this (analyses to be completed by September 2011).
Consequently, all samples were formed from South Louisiana sweet crude (SLC). The
range of densities of these tarballs was calculated to be 0.93 – 1.40 g/mL, indicating that
the majority of these samples were neutrally buoyant or sunken. The high sand content
likely contributed to the high density.

Table I-1. Physical characteristics and images of tarballs from the 2010 BP oil spill
in the Gulf of Mexico (source oil is South Louisiana Sweet crude). The majority of
samples were roughly cylindrical or coin-shaped, so diameter x height dimensions
are provided.
Sample
Dimensions in
collection site
mm (range)
Grand Isle, LA
24 x 12
(GI)
(10 x 4 –
34 x 16)

Appearance
Dark brown,
solid
consistency

Extraneous
material
Surrounded
by fine
sand/silt

Image

1 cm
Dauphin
Island, AL
(DI)

18 x 5
(9 x 3 – 18 x 5)

Reddishbrown, semisolid
consistency

Coated with
coarse sand
and several
shells

1 cm
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Cotton Bayou,
AL (CB)

Perdido Blvd.,
FL (PB)

Old River
Road, FL
(ORR)

Johnson’s
Beach, FL
(JB)

42 x 8
(8 x 2 –
39 x 16)

Dark
brown/black,
soft, semisolid
consistency

Patchy
coatings of
find sand

32 x 8
(12 x 5 –
32 x 8)

Dark brown,
semi-solid
consistency

Patchy
coatings of
sand, small
shell pieces

15 x 7
(10 x 3 –
15 x 7)

Light
brown/reddis
h brown,
solid
consistency

Coated with
coarse sand

Dark brown,
soft, semisolid
consistency

Patchy
coatings of
coarse sand

20 x 17
(9 x 13 –
35 x 11)

1 cm

1 cm

1 cm

1 cm
Fort Pickens,
FL (FP)

Navarre
Beach, FL
(NA)

N/A
(Samples
collected in
same vessel –
mostly melted
together)

Dark brown,
soft, semisolid
consistency

29 x 7
(13 x 5 –
29 x 7)

Dark brown,
semi-solid
consistency

Some find
sand found
throughout

1 cm
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Patchy
coatings of
find sand,
large shells

1 cm

Physical descriptions and images of HFO tarballs collected from the 2005
Wabamun Lake oil spill are provided in Table I-2. More detailed physical and chemical
characteristics of HFO samples collected for up to two years after the spill are outlined by
Hollebone et al. (2011)4.
Table I-2. Physical characteristics and images of heavy fuel oil (HFO) tarballs from
the 2005 Wabamun Lake oil spill. Diameter x height dimensions are provided.
Sample
age
78 d

Dimensions
in mm
90 x 11

Appearance
Very viscous,
semi-solid,
black

Extraneous
material
None
apparent

Image

1 cm
204 d

45 x 16

Viscous,
flows slowly,
black

None
apparent

1 cm
385 d

38 x 12

Very viscous,
sticky, black

Grass matted
together

568 d

40 x 21

Viscous,
semi-solid,
black

None
apparent

1 cm

1 cm

4

Hollebone BP, Fieldhouse B, Sergey G, Lambert P, Wang Z, Yang C, Landirault M. 2011. The behaviour
of heavy oil in fresh water lakes. In Proceedings of the 34th Arctic and Marine Oil Spill Program (AMOP)
Technical Seminar, Banff, Alberta: Emergencies Science and Technology Division, Environment Canada.
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Appendix J
Hydrocarbon partitioning and bioavailability of tarballs
Hydrocarbon partitioning
To assess the risk to fish of hydrocarbons partitioning from tarballs, solutions
containing 5.0 g tarball/L water were prepared. Fluorescing compounds were measured in
water, and were compared to PAH composition in Figure J-1. The comparison is
between a less weathered HFO tarball and a heavily weathered HFO tarball.

Figure J-1. Comparison of PAH composition and fluorescence curves of less
weathered and heavily weathered heavy fuel oil (HFO) tarballs. Total PAH
concentrations are 3-fold lower in heavily weathered HFO tarballs, but overall
compositions and resulting fluorescence curves are similar.
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A comparison of hydrocarbon concentrations in solutions containing HFO tarballs
and DWH tarballs are provided in Figure J-2. Overall, fluorescence was more intense
from HFO tarballs.

Figure J-2. Integrated areas under fluorescence curves of fluorescing compounds
partitioned from heavy fuel oil (HFO) tarballs and BP oil spill/Deepwater Horizon
(DWH) tarball samples at loadings of 5.0 g tarball/L water. Top panel =
fluorescence curves; bottom panel = total fluorescent units.
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Bioavailability of fluorescing compounds from tarballs
From Figure J-2, there was significant fluorescence in test solutions containing
both HFO tarballs and DWH tarballs. DWH tarballs were used in 48 h bioassays of
juvenile rainbow trout (n=4/treatment) because sample mass of HFO tarballs was too
low. EROD induction in trout was 10-fold higher than negative controls (Figure J-3; see
Appendix H for sample locations). Based on these findings, and since HFO tarballs
fluoresce more, there may be more fluorescing compounds that induce EROD in HFO
tarballs than DWH tarballs. Detailed PAH characterizations of DWH tarballs needs to be
completed to determine what the fluorescing compounds in solutions are.

EROD Induction

100

10

1

CB

FP

GI

JB

NA

PB

Sample location
Figure J-3. Ethoxyresorufin-O-deethylase (EROD) induction in juvenile rainbow
trout (n=4) exposed to tarballs collected from the BP oil spill, at a loading of 5.0g
tarball/L. Significant EROD induction, 10-fold over controls, was observed.
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