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The Royal Society of Canada Expert Panels

The Expert Panels of the Royal Society of Canada (RSC) are central to the society since its mission
includes a charge to “...advance knowledge, encourage integrated interdisciplinary understandings and
address issues that are critical to Canadians”.

RSC Expert Panels provide independent, timely and authoritative insights and advice to governments,
industry, non-governmental organizations, and citizens. Topics for expert panels are selected, in part, on
the benefit they are likely to receive from a critical assessment of existing knowledge from a wide range
of disciplinary and sectorial perspectives. While the Society does not shy away from controversial topics,
it does insist that there must be room for critical, balanced, scientific analysis that makes it possible to
achieve a consensus document from a diverse group of experts. Topics where differences in opinion are
based on belief systems that are not founded in informed science are not be appropriate for an RSC Expert
Panel.

Not surprisingly, RSC Expert Panels are often commissioned (and funded) by organizations that may
have a strong interest in the conclusions of the report. However, for a variety of reasons, they not only
want to receive a report that is independent, balanced and objective, but they want that report to be seen to
be so by other stakeholders.

To ensure that this is the case, the RSC Committee on Expert Panels has developed a rigorous set of
procedures” that guide their work. These procedures include:

1. Defining the Terms of Reference (TOR): Other than writing a cheque, this is the only part of
the Expert Panel process where the commissioning organization has significant input. The RSC
‘Committee on Expert Panels’ works with the funder to develop draft TOR describing the charge
to the panel, ensuring that it is neither too narrow, nor too broad, and, in particular, that it does
not direct the panel towards a pre-determined conclusion. Before the TOR are approved, they are
discussed with experts from the relevant stakeholder communities and, if appropriate,
modifications are made before final approval by the funder and the RSC.

2. Selection of Panel members. Panel selection is the responsibility of the Committee on Expert
Panels and its Oversight Committee, and does not consult with the commissioning organization.
Explicit effort is made to ensure diversity of both expertise and perspectives (bias) in the subject
area. Prospective panelists are interviewed and complete ‘conflict of interest declarations’ before
being selected. Panelists are not reimbursed for the considerable time and effort that they
contribute to the work of RSC Expert Panels.

3. Deliberations of the Panel and Report Preparation. Panel deliberations are ‘in camera’, with
the exception of planned public hearings that are open to all. The panelists decide on the content
of their submitted report and write it themselves. They are identified as the authors of the report
(not the RSC), since RSC Expert Panels are reports to the RSC not from the RSC to the sponsor.

4. Selection of Reviewers. Selection of a Peer Review Monitor and the Peer Reviewers is also the
responsibility of the Committee on Expert Panels and its Oversight Committee. The monitor
manages the Peer Review process and is selected to ensure they have sufficient expertise to be
comfortable in the content area, but have no conflict of interest or perception of bias. The peer
review monitor works with the Panel Chair to ensure that all feedback from reviewers is carefully
assessed and that appropriate revisions are made.

5. Public Release of the Report. The report is released to the media and public (on the RSC
website?). No opportunity is given to the commissioning organization to request modifications of
the report or its recommendations. However, the commissioning organization does receive a copy

! See http://www.rsc.ca/en/expert-panels/information-about-expert-panels
2 http://www.rsc.ca/en/expert-panels/rsc-reports
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of the report a few days before it is released so they have an opportunity to prepare responses to
its content by the time the report is publically released.

6. Ownership of the report. The report belongs to the RSC. However, the RSC typically gives
written permission to the panelists / authors to rework the document and submit portions of it to
academic journals or other publications if they wish to do so.

Organizations or individuals interested in discussing opportunities for the RSC to carry out an Expert
Panel on a topic of interest to them should contact the Chair of the Committee on Expert Panels at
epsec@rsc-src.ca.
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Preface

Canadians are among the highest per capita consumers of oil in the world, equivalent to about 25 barrels —
or about 4000 litres — of oil per person per year.

Canada is also one of the world’s only developed economies that produces more oil than it demands for
domestic consumption, currently about 1.5 times more (about 6000 L/person/yr). In recent years, the rate
of oil production has been increasing by about 5% per year, primarily through the growth of Alberta’s oil
sands.

To meet both domestic and international demand, the oil must be moved by pipeline, rail, tanker trucks or
ship from where it is recovered to where it will be refined and ultimately used. In recent years, the energy
industries have been developing plans and seeking permission to expand or modify their transportation
networks, especially those involving pipelines. Keystone XL, Northern Gateway, Trans-Mountain, Line 9
Reversal and Canada East are names of pipeline projects that have regularly been a regular feature in the
news.

Hot-button topics at the forefront of those concerned with these pipeline projects include questions about
the consequences of accidental spills of crude oil into aquatic ecosystems. Do we have sufficient
knowledge about how crude oils behave when released into fresh waters, estuaries or oceans to develop
effective strategies for spill preparedness, spill response and remediation? What are the gaps in
knowledge and how should research insights inform policies, regulations and practices in this area?

Among the conditions for the approval of the Gateway project, the National Energy Board required the
applicants to establish ‘a research program regarding the behavior and cleanup (including recovery) of
heavy oils spilled in freshwater and marine aquatic environments’ (Condition 169).> In mid 2014, the
Royal Society of Canada’s (RSCs) Committee on Expert Panels was approached about carrying out an
independent, arm’s length assessment of the state of the science in this area.

Since the prospective funders of this panel (Canadian Energy Pipeline Association (CEPA) and the
Canadian Association of Petroleum Producers (CAPP)) might be perceived to have a strong interest in the
outcome of the work, the Committee on Expert Panels was especially rigorous in following its procedures
(see previous pages) to ensure an independent, balanced and objective report.

CEPA and CAPP suggested the initial Terms of Reference, and were receptive to changes in those terms
following RSC preliminary consultation with diverse experts. Neither CEPA nor CAPP (or their
membership) had any input into the selection of panelists or reviewers, or into the recommendations of
this panel.

The RSC thanks CEPA and CAPP for their support of this project and appreciates their professional
approach that let us go about our work without interference of any kind.

We wish to thank the Panel Chair, Dr. Ken Lee and his fellow panelists (listed on the next page) for
volunteering their time and expertise to prepare this report. This comprehensive and high quality report
did not emerge without exceptional effort. Thank you!

We also want to thank the Peer Review Monitor, Dr. Robie Macdonald, FRSC and eight expert reviewers
(listed on the next page), who provided extensive comments, criticisms and suggestions on the first draft
of this report. The additions and clarifications that resulted from their feedback significantly added to the
quality of the document.

® Report of the Joint Review Panel for the Enbridge Northern Gateway Project (Dec 19, 2013) Conditions 169, 170, and 193
http://gatewaypanel.review-examen.gc.ca/clf-nsi/hm-eng.html
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Finally, a special thank you to Russel MacDonald from the RSC office in Ottawa and Lisa Isaacman from
Bonnyville who provided administrative and editorial support for the work of the panel and to the
members of the Committee on Expert Panels and its Oversight Committee that were involved in selecting

the panelists and reviewers.

o

David B Layzell, PhD, FRSC
Chair, Committee on Expert Panels

Graham Bell, PhD, FRSC
President, Royal Society of Canada

RSC Committee on Expert Panels (2014-15)

David B. Layzell, PhD, FRSC. (Chair) Professor and Director, Canadian Energy Systems Analysis
Research (CESAR) Initiative, University of Calgary, Calgary, Alberta

Christl Verduyn, PhD, FRSC (Academy | Representative) Professor of English Literature and
Canadian Studies, Mount Allison University, Sackville, New Brunswick

John Myles, PhD, FRSC (Academy Il Representative) Emeritus Professor, Sociology and Senior
Fellow in the School of Public Policy, University of Toronto, Toronto, Ontario

Sarah P. Otto, PhD, FRSC (Academy Ill Representative) Professor, Department of Biology,
University of British Columbia, VVancouver, British Columbia

John P. Smol, OC, PhD, FRSC (Member-at-Large) Canada Research Chair in Environmental
Change, Department of Biology, Queen’s University, Kingston, Ontario
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. Stella Swanson is an aquatic ecologist and risk assessment specialist with Swanson Environmental
Strategies that she operates out of Calgary, AB and Fernie, BC. Her 30-year career has included
management of the Aquatic Biology Group at the Saskatchewan Research Council, and consulting
positions with SENTAR Consultants (now Stantec) and Golder Associates Ltd. (where she attained
the position of Principal).

Albert Venosa is the former Director of the Land Remediation and Pollution Control Division
(LRPCD), one of the five divisions within the National Risk Management Research Laboratory
(NRMRL), Cincinnati, OH, in the United States Environmental Protection Agency's (U.S. EPA's)
Office of Research and Development. As an environmental scientist and microbiologist, he managed
EPA's oil spill research program from 1990 until 2014, during which time he became an expert in
bioremediation and dispersant research and other response technologies. Prior to that, he led U.S.
EPA's national program on wastewater disinfection research for 13 years. He is now retired after 45
years of government service.
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LIST OF ACRONYMS

A-Nat: “natural” site on the Athabasca River, AB, unaffected by oil sands development

ACR: acute-chronic ratio

ADEC: Alaska’s Department of Environmental Conservation

AER: Alberta Energy Regulator; Alberta Government agency

AhR: aryl hydrocarbon receptor.

AMOP: Arctic and Marine Oilspill Program; an international technical forum held in Canada since 1978

ANS: Alaska North Slope crude oil

API: American Petroleum Institute

AMRA: Arctic Marine Risk Assessment

ASMB: Alberta Sweet Mixed Blend

ASTM: formerly the American Society for Testing and Materials; an international organization that
publishes consensus technical standards and analytical methods

AUV: autonomous underwater vehicle

BaP: Benzo(a)pyrene, a 5-ringed PAH

BAT: best available technology

bbl: barrel; a unit of volume that varies between countries and for different products. A barrel of crude oil
is equivalent to 159 litres.

BSEE: Bureau of Safety and Environmental Enforcement, U.S. Department of the Interior

BOEM: Bureau of Ocean Energy Management, U.S. Department of the Interior

BSD: blue sac disease

BTEX: benzene, toluene, ethylbenzene and xylene isomers: monoaromatic hydrocarbons commonly
present in petroleum, particularly in light crude oils and diluents

CAPP: Canadian Association of Petroleum Producers

CAT: Catalase

CBBO: Cosco Busan bunker oil

CEPA: Canadian Energy Pipeline Association

CEWAF: chemically-enhanced water-accommodated fraction of oil

CNRL: Canadian Natural Resources Ltd.; an oil sands mining company

CROSEREF: Chemical Response to Oil Spills Ecological Effects Research Forum

CYP1A: Cytochrome P450 1A

DFO: Department of Fisheries and Oceans (Canada)

DNA: deoxyribonucleic acids

DW: Dry weight

DWH: Deepwater Horizon; subsurface blowout of very light crude oil in the Gulf of Mexico in 2010

E-Nat: “natural” site on the Ells River, AB, unaffected by oil sands development

EBSA: Ecologically and Biologically Significant Areas

EC50: median effective concentration

ECOD: Ethoxycoumarin-o-deethylase

ECRC-SIMEC: Eastern Canada Response Corporation, certified by Transport Canada to respond to oil
spills from tankers and oil-handling facilities in the Great Lakes, Quebec and Atlantic regions.

EDCEF: effects-driven-chemical-fractionation

EEM: environmental effects monitoring

EEPP: Energy East Pipeline Project
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EI2V: a microbial isolate from Elrington Island, PWS
EIlA: environmental impact assessment
ERA: ecological risk assessment

ERCB: Energy Resources Conservation Board (Alberta), now replaced by AER

EROD: Ethoxyresorufin-o-deethylase
ESI: environmental sensitivity index

EVOS: Exxon Valdez Oil Spill; spill of Alaska North Slope crude oil into Prince William Sound in 1989

FAC: Biliary fluorescent aromatic compounds
FID: flame ionization detector

GC: gas chromatography

GSI: gonad somatic index

GST: glutathione transferase

GTH: glutathione

HC: hydrocarbon

HEWAF: high energy water-accommodated fraction of oil

Hexaco: hexacosaner

HFO: heavy fuel oil, e.g., Bunker C

HLB: Hydrophilic-lipophilic balance

HMW: high molecular weight

HPLC: high performance liquid chromatography
IFO: intermediate fuel oil, e.g., IFO 180

IP: intraperitoneal

ISB: in situ burning (of oil on water)

ITOPF: International Tanker Owners Pollution Federation; a not-for-profit marine ship pollution

response advisory body
Kow: Octanol-water partition coefficient
LC50: median lethal concentration
LMW: low molecular weight
LOEC: lowest observable effect concentration
LOET: lowest observable effects time
LWO: less weathered oil
MC-252: Macondo crude oil
MDA: malondialdehyde
MESA: Medium South American crude oil
MoA: Mode of action
MOA: Mechanism of action
MMW: medium molecular weight
MNA: monitored natural attenuation
MS: mass spectrometry
MWO: more weathered oil
NAS: National Academy of Sciences (United States)
NAs: naphthenic acids
NEB: National Energy Board (Canada)
NEBA: net environmental benefits analysis

282 Somerset Street West, Ottawa ON, K2P 0J6 ¢ Tel: 613-991-6990 ¢« www.rsc-src.ca

|18



NGP: Northern Gateway Pipeline

NOAA: National Oceanographic and Atmospheric Administration, U.S. Department of the Interior

NOECC: no observable effect concentration

NRC: National Research Council (in both Canada and the United States)

NTSB: National Transportation Safety Board (United States)

OHCB: obligate hydrocarbonoclastic bacteria

OMA: oil-mineral aggregate

OPA: oil-particle aggregate

OWD: oil-water dispersion

PAC: polycyclic aromatic compounds

PAH: polycyclic aromatic hydrocarbon

PBCO: Prudhoe Bay Crude Oil

PDMS: polydimethylsiloxane

PHE: phenanthrene

PHMSA: U.S. Pipeline and Hazardous Materials Safety Administration

ppm: parts-per-million; a unit of concentration; e.g., mg/L or mg/kg.

ppt: parts-per-thousand; a unit of concentration; e.g., g/L or g/kg.

PTO: pole treating oil

PWS: Prince William Sound

RBCC: red blood cell count

RO: response organization

ROS: reactive oxygen species

ROV: remotely operated vehicle

RTG-2: rainbow trout gill (cell line)

S-nat: “natural” site on the Steepbank River, AB, unaffected by oil sands development

SAGD: steam-assisted gravity drainage

SAR: synthetic aperture radar

SARA: an acronym for the four major chemical classes of petroleum constituents: saturates, aromatics,
resins and asphaltenes

SCAT: shoreline cleanup and assessment technique

SCO: synthetic crude oil

SOD: superoxide dismutase

SSD: species sensitivity distributions

TAN: total acid number

TCRA: Transport Canada Risk Assessment

THC: total hydrocarbon (sum of concentrations of all hydrocarbon measured)

TLM: target lipid model

TMPEP: Trans Mountain Pipeline Expansion Project

TPAH: total polycyclic aromatic hydrocarbon

TPH: total petroleum hydrocarbon

TSB: Transportation Safety Board of Canada

TSPS: Tanker Safety Panel Secretariat, Transport Canada

TU: toxic unit

UCM: unresolved complex mixture
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UME: unusual mortality event

U.S. EPA: United States Environmental Protection Agency
USGS: U.S. Geological Survey

v/v: volume to volume (dilution)

VEC: valued ecosystem component

VHS: viral hemorrhagic septicemia

VOCs: volatile organic compounds

WAF: water-accommodated fraction of oil

WCMRC: Western Canada Marine Response Corporation
WSF: water-soluble fraction of oil

WWP: waste water pond
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GLOSSARY OF TERMS

Acute-chronic ratio: the ratio of the acute and chronic toxicity values for a given compound, usually the
average of the ratios for a variety of species; used to estimate the chronic toxicity of a compound
or a mixture of compounds, from the measured or modeled acute toxicity when no chronic
toxicity data are available.

Alberta Sweet Mixed Blend: a major blend of light crude oil exported from Alberta; also used by
Environment Canada as a reference for laboratory tests.

Annual Exceedance Probability: the chance or probability of a natural hazard event (usually a rainfall or
flooding event) occurring annually and is usually expressed as a percentage. Bigger rainfall
events occur (are exceeded) less often and will therefore have a lesser annual probability.

Aromatics: class of hydrocarbons comprising one or more benzene ring structures having alternating
double bonds; may have one or more alkyl side chains in various positions, but no heteroatoms.

Aryl hydrocarbon receptor: a cellular protein that binds planar or plate-like polycyclic aromatic
compounds with a shape and dimensions that resemble 2,3,7,8 tetrachorodibenzo(p)dioxin.

Asphaltenes: class of petroleum compounds of high molecular weight and complexity; defined as the oil
fraction that precipitates in low molecular weight n-alkanes (e.g., C5-C7) but is soluble in
toluene.

Bioaccumulation (or bioconcentration): the tendency of substances to accumulate in the body of
organisms; the net uptake from their diet, respiration or transfer across skin and loss due to
excretion or metabolism. The bioaccumulation factor (BAF) or bioconcentration factor (BCF) is
the ratio of concentrations in tissue to concentrations in a source, i.e., water or diet.

Bioavailability (or biological availability): compound that is in a physical or chemical form that can be
assimilated by a living organism; also, the proportion of a chemical in an environmental
compartment (e.g., water) that can be taken up by an organism.

Biodegradation: a natural process of microbial transformation of chemicals, such as oil under aerobic or
anaerobic conditions; oil biodegradation usually requires nutrients, such as nitrogen and
phosphorus; transformation may be complete, producing water, carbon dioxide and/or methane,
or incomplete, producing partially-oxidized chemicals.

Biomagnification: a food chain or food web phenomenon whereby a substance or element increases in
concentration at successive trophic levels; occurs when a substance is persistent and is
accumulated from the diet faster than it is lost due to excretion or metabolism.

Biomarkers: a term used in two different ways, depending upon discipline. In petroleum chemistry, a
biomarker is a relic chemical relating its presence to the original biological source (microbial,
plant or animal); biomarkers are usually poorly or non-biodegradable and so persist in the oil,
enabling their use as internal standards in petroleum analysis. In environmental toxicology, a
biomarker is a biochemical process, product or cellular response that indicates the organism’s
exposure to a pollutant and/or the toxic effects of the pollutant.

Bioremediation: an intervention strategy to enhance biodegradation of spilled oil (or other
contaminants), ranging from no remedial action other than monitoring (natural attenuation) to
nutrient addition (biostimulation) to inoculation with competent microbial communities
(bicaugmentation).

Bitumen: heaviest class of petroleum, having high viscosity and density; widely considered to represent
the residue from lighter oils that have undergone biodegradation over geological time.

Blue sac disease: a disease syndrome of fish embryos caused by a variety of environmental stresses,
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including exposure to PAH and to alkyl PAH.
Cn: amolecule, such as a hydrocarbon, having n carbon atoms.

Chemically-enhanced water-accommodated fraction of oil (CEWAF): a solution of hydrocarbons and
a suspension of oil droplets created when a chemical dispersant is added to oil and water with
stirring. See also WAF and HEWAF.

Conventional crude oil: commonly defined as liquid petroleum that flows in the reservoir and in
pipelines and is recovered from traditional oil wells using established methods, including primary
recovery and water flooding (e.g., condensates, light and medium crude oils), versus
unconventional crude oils.

Crude oil: synonymous with petroleum; a naturally-occurring and typically liquid complex mixture of
thousands of different hydrocarbon and non-hydrocarbon molecules.

CYP1A: a member of the cytochrome P4so family of proteins; an enzyme of vertebrates, including fish,
birds and mammals, that catalyzes the addition of oxygen to double bonds as a first step in the
metabolism and excretion of PAHSs.

cypla: the gene that codes for CYP1A proteins.

Dilbit: bitumen diluted with a lighter petroleum class, such as condensate or naphtha, typically 70%
bitumen and 30% diluent; also see Synbit.

Dispersion: suspension of oil droplets in water accomplished by natural wind and wave action,
production of biological materials (biosurfactants) and/or chemical dispersant formulations.

Dispersant: a chemical or mixture of chemicals applied, for example, to an oil spill to disperse the oil
phase into small droplets in the water phase.

EC50: the concentration of a substance that causes sublethal effects on the median or 50" percentile
organism tested within a specified exposure time (e.g., 14 d EC50)

Effects-driven-chemical-fractionation (EDCF): the step-wise fractionation, toxicity testing and
chemical analysis of complex mixtures of compounds to isolate and identify the constituents
responsible for the toxic effects of the whole mixture.

Ecological risk assessment: process for analyzing and evaluating the possibility of adverse ecological
effects caused by environmental pollutants.

Emulsification: formation of water droplets in an oil matrix (water-in-oil) or conversely oil droplets in a
water matrix (oil-in-water) achieved by the action of agitation, such as wind and wave activity;
can be unstable, separating into oil and water phases again soon after formation, or stable for
months or years (e.g., ‘chocolate mousse’, a water-in-oil emulsion).

Environmental impact assessment: the process of measuring or estimating the environmental effects of
pollutants, such as oil spills, relative to conditions at a reference site or to a time prior to a spill.

Evaporation: the physical loss of low molecular weight components of an oil to the atmosphere by
volatilization.

Flame ionization detector (FID): used with analytical instruments like gas chromatographs to detect
components of petroleum by combustion ionization, hence GC-FID

Fracking: see hydraulic fracturing.

Gas chromatography (GC): an analytical method used to characterize petroleum components; GC is
combined with different detection methods, hence GC-FID, GC-MS, etc.

HEWAF: A solution of hydrocarbons and a suspension of oil droplets created when oil and water are

282 Somerset Street West, Ottawa ON, K2P 0J6 « Tel: 613-991-6990 » www.rsc-src.ca | 22



mixed by high energy agitation. See also WAF and CEWAF.

Heteroatom: in petroleum, an atom such as nitrogen, sulfur and/or oxygen that is part of a hydrocarbon
skeleton, such as found in the Resins fraction of crude oils

High molecular weight (HMW): relative term referring to the molecular mass of chemicals; in oil,
asphaltenes would be typical of HMW compounds.

High performance liquid chromatography (HPLC): an analytical method for separating chemicals in
solution.

Hydrocarbon: a chemical that is composed of only carbon and hydrogen; chemicals containing
heteroatoms, such as nitrogen, sulfur and/or oxygen, are not hydrocarbons, even though they may
petroleum constituents.

Hydraulic fracturing: also known as fracking’; an unconventional method for recovering liquid
petroleum from shale oil deposits that otherwise would not release the gas and/or fluid in the
reservoir.

Hydrogen sulfide (H,S): a toxic, flammable and corrosive gas sometimes associated with petroleum.

Hydrophilic-lipophilic balance (HLB): a measure of the properties of dispersants and surface-active
agents at the interface of polar and non-polar liquids, such as oil and water. The higher the
surfactant HLB value, the more hydrophilic (water-loving) it is.

Hyporheic flow: the perculating flow of water through the sand, gravel, sediment and other permeable
soils under and beside the streambed.

Intermediate fuel oil: the heaviest commercial class of refined petroleum diluted with a lighter refined
product, commonly burned in furnaces, boilers or ship engines; e.g., IFO 180.

Isomers: chemicals that have the same molecular formula (i.e., elemental composition) but different
structures; may also have different properties, including water solubility, biodegradability and
toxicity.

Kow: the partition coefficient describing the equilibrium concentration ratio of a dissolved chemical in
octanol versus in water, in a two-phase system at a specific temperature; used in prediction of
toxicity.

LC50: the concentration of a substance toxic to the median or 50" percentile organism tested within a
specified exposure time (e.g., 96 h LC50).

Lacustrine: relating to lakes.

Low molecular weight: relative terms referring to the molecular mass of chemicals; in oil,
monoaromatics and aliphatics up to C,owould be typical of these compounds.

Mass spectrometry: an analytical method used for detailed characterization of petroleum components,
often in combination with GC, hence GC-MS.

Mechanism of action (MOA): describes a functional or anatomical change at the molecular level.

Medium molecular weight: relative terms referring to the molecular mass of chemicals; in oil, 3 to 6-
ringed PAH and aliphatics up to Cy,would be typical of MMW compounds.

Mineralization: complete oxidation of a compound (e.g., hydrocarbon) to carbon dioxide and water; may
be accomplished by a single species of organism or by a community of microbes.

Mode of action (MoA): describes a functional or anatomical change at the cellular level, resulting from
the exposure of a living organism to a substance.
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Monitored natural attenuation: a remediation strategy in which there is no intervention but the site is
monitored using various parameters.

Monoaromatics: aromatic hydrocarbons having only a single benzene ring; may also have one or more
alkyl side chains.

Naphthenic acids: a class of polar petroleum compounds that contributes to aquatic toxicity and to
petroleum infrastructure corrosion by contributing to TAN.

Natural attenuation: remediation of a contaminated site by natural processes alone, without human
intervention; also see monitored natural attenuation.

Obligate hydrocarbonoclastic bacteria: bacteria that have adapted to use hydrocarbons as their sole
source of carbon and energy for growth and metabolism.

Oil-mineral aggregate (OMA): floc containing oil adhering to mineral particle, which may float, sink or
re-suspend in a water column; a process initially referred to as clay-oil flocculation.

Oil-particle aggregate (OPA): more general term than OMA, describing oil adhering to particles that
may be inorganic (minerals) and/or organic, including microbial cells.

Partitioning: the diffusion of compounds between two immiscible liquid phases, including water and oil
droplets and water and lipid membranes.

Petroleum: synonymous with crude oil; a naturally-occurring complex mixture of thousands of different
hydrocarbon and non-hydrocarbon molecules.

Photooxidation: oxidation due to the influence of photic energy, usually from UV light.
Photo-enhanced toxicity: increased toxicity due to photooxidation in vivo.

Polycyclic aromatic hydrocarbons: (PAHSs) a subclass of aromatic hydrocarbons having two or more
fused benzene rings; may also have one or more alkyl side chains, generating large suites of
isomers; some are considered ‘priority pollutants’ because of their toxicity and/or potential
carcinogenicity.

Reactive oxygen species (ROS): a group of chemicals that can cause cellular damage due to their high
reactivity; are released during reactions that add oxygen to double bonds. In turn, ROS can react
with double bonds in lipids, proteins and nucleic acids to change their structure and function.

Resins: a solubility class of poorly characterized, polar petroleum compounds in which each molecule
contains one or more atoms of nitrogen, sulphur and/or oxygen in a hydrocarbon skeleton.

Riparian: related to being situated on or dwelling on the bank of a river or other body of water, such as a
lake or tidewater.

Riverine: relating to lakes.

SAGD (steam-assisted gravity drainage): an unconventional in situ method to produce bitumen from
deep oil sands deposits without surface mining operations.

Saturates: class of hydrocarbons that may be straight-chain, branched-chain or cyclic, in which all carbon
atoms have single bonds to either carbon or hydrogen.

Shale oil: also known as ‘tight oil’ (but not to be confused with ‘oil shale’); liquid petroleum that is
produced from shale oil reservoirs, typically by hydraulic fracturing methods.

Sour crude: petroleum that has a >1% total sulfur content that may be present as hydrogen sulfide and/or
as organic forms of sulfur in a hydrocarbon backbone.

Species sensitivity distributions (SSD): compare the cumulative proportion of species (percentile)
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affected by a chemical to a toxicity endpoint measured for each species (e.g., 96 h LC50); SSD
model assumes that species sensitivity is randomly distributed.

Sweet crude: petroleum with low total sulphur content, variously defined as <0.5% or <1% sulphur.
Synbit: bitumen diluted with synthetic crude oil, typically at 1:1 ratio.

Synthetic crude oil: a partially-refined fraction of bitumen; may be used as a diluent to make dilbit for
transport.

Target lipid model: estimates the aqueous concentration of organic compounds, or mixtures of organic
compounds, that cause toxicity by narcosis.

Total acid number (TAN): a measure of the acidity determined by the amount of potassium hydroxide
in milligrams that is needed to neutralize the acids (typically naphthenic acids) in one gram of oil;
used by refineries as an indicator of potential corrosion and scale production.

Total petroleum hydrocarbons (TPHSs): the total mass of all hydrocarbons in an oil or environmental
sample, including the volatile and extractable (non-volatile) hydrocarbons; may be further defined
by stating the analytical method used, e.g., GC-detectable TPH or TPH-F (TPH measured by
fluorescence), which vary in their rigour.

Total polycyclic aromatic hydrocarbons (TPAHS): including alkyl-PAHs and parent (unsubstituted)
PAHs; the sum of all concentrations of PAHs measured by GC-MS.

Toxic unit (TU): ratio between the concentration of a compound in water and a toxic endpoint (e.g., 96 h
LC50).

Unconventional crude oils: petroleum that does not flow readily in the reservoir and/or must be
produced by using unconventional methods, such as surface mining of shallow bitumen deposits,
steam-assisted gravity drainage (SAGD) for in situ extraction of deep bitumen deposits, cyclic
steam injection for heavy oils, or horizontal drilling with hydraulic fracturing for recovery of light
shale oils.

Unresolved complex mixture (UCM): petroleum constituents that are not resolved by conventional GC
and appear as a ‘hump’ in the gas chromatogram; comprises many hundreds or thousands of
unresolved isomers.

Unusual mortality event (UME): term coined by NOAA to describe a greater-than-usual rate of
mortality of marine mammals.

Volatile organic compounds (VOCs): chemicals having high vapour pressure at room temperature (and
corresponding low boiling point) that therefore tend to evaporate or sublimate into the air; for
example, BTEX.

Water-accommodated fraction of oil (WAF): hydrocarbons that will partition from oil to water during
gentle stirring or mixing; may contain droplets, in contrast to water-soluble fractions (WSF).

Water-soluble fraction of oil (WSF): aqueous solution of hydrocarbons that partition from oil; does not
include droplet or particulate oil. See also CEWAF and HEWAF.

Weathering: a suite of changes in spilled oil composition and properties brought about by a variety of
environmental processes including spreading, evaporation, photooxidation, dissolution,
emulsification and biodegradation, among others.
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EXECUTIVE SUMMARY

A panel of leading experts on oil chemistry, behaviour and toxicity reviewed the current science relevant
to potential oil spills into Canadian marine waters, lakes, waterways and wetlands. The review, which
examined spill impacts and oil spill responses for the full spectrum of crude oil types (including bitumen,
diluted bitumen and other unconventional oils), is among the most comprehensive of its kind. It surveyed
scientific literature, key reports and selected oil spill case studies, including tanker spills, an ocean rig
blowout, pipeline spills and train derailments. The Panel also consulted industry, government and
environmental stakeholders across the country.

The Panel found that the dozens of crude oil types transported in Canada exist along a chemical
continuum, from light oils to bitumen and heavy fuels, and the unique properties of each of these oil types
(their chemical ‘fingerprints’) determine how readily spilled oil spreads, sinks, disperses, and impacts
aquatic organisms, including wildlife, and what proportion ultimately degrades in the environment.
Despite the importance of oil type, the Panel concluded that the overall impact of an oil spill, including
the effectiveness of an oil spill response, depends mainly on the environment and conditions (weather,
waves, etc.) where the spill takes place and the time lost before remedial operations.

The Panel recommends that this critical research should concentrate on seven general high-priority
research needs:

High-Priority Research Needs Identified by the Expert Panel

1. Research is needed to better understand the environmental impact of spilled crude oil in high-risk
and poorly understood areas, such as Arctic waters, the deep ocean and shores or inland rivers
and wetlands.

2. Research is needed to increase the understanding of effects of oil spills on aquatic life and wildlife
at the population, community and ecosystem levels.

3. A national, priority-directed program of baseline research and monitoring is needed to develop an
understanding of the environmental and ecological characteristics of areas that may be affected
by oil spills in the future and to identify any unique sensitivity to oil effects.

4. A program of controlled field research is needed to better understand spill behaviour and effects
across a spectrum of crude oil types in different ecosystems and conditions.

5. Research is needed to investigate the efficacy of spill responses and to take full advantage of
‘spills of opportunity’.

6. Research is needed to improve spill prevention and develop/apply response decision support
systems to ensure sound response decisions and effectiveness.

7. Research is needed to update and refine risk assessment protocols for oil spills in Canada.

Timeframes for conduct of the recommended studies are provided by the Panel. This executive summary
highlights these central conclusions and other priority research questions identified in the report
chapters.
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What happens when crude oil spills into oceans, into lakes or into the waterways that wind through our
forests, fields and towns? Canada produces some three million barrels of oil every day, importing
hundreds of thousands more, and all of it travels somewhere. In this lake-and-river-rich country with the
world’s longest coastline, crossing water is inevitable when oil is transported. Whether in vast tankers
traversing the sea or in pipelines, trucks and trains passing countless rivers, lakes and wetlands, oil is on
the move. Some is drilled directly from the seabed where offshore rigs perch above ocean waves.

Meanwhile, accidents happen. Headline-grabbing calamities, such as the Deepwater Horizon blowout in
the Gulf of Mexico in 2010, the Exxon Valdez spill off Alaska in 1989 and the Arrow spill off the coast of
Nova Scotia in 1970, are periodic reminders that oil spills can shock the environment, the economy and
the communities affected by them—at least in the short-term. Water is fouled. Wildlife is tarred. Fisheries
and other industries struggle to recover.

The good news is that transporting oil at sea is safer than it has ever been. According to the International
Tanker Owners Pollution Federation, large tanker spills occurred almost 14 times more often during the
1970s on average than they do today. Undersea blowouts during oil production and exploration are also
rare (although Canadian offshore exploration and drilling is expected to increase). Less known is how
much oil spilled from pipelines, trains and trucks reaches our lakes, rivers and wetlands (where oil can
become trapped and remain concentrated causing more harm or creating more concern because towns and
cities are nearby). However, while big oil spills from grounded tankers, oil rigs, pipeline ruptures or train
wrecks are guaranteed newsmakers, in truth most of the oil-related chemicals that make it into our oceans
arrive from natural seepage, routine tanker maintenance and runoff from land.

Even so, the potential impact of spills into Canadian waters during the transport of oil can be profound.

The Royal Society of Canada Expert Panel report addresses this impact. Its purpose is to better
understand what we know and, perhaps more importantly, what we need to find out. Chief among the
report’s aims is to provide a roadmap to research questions concerning how crude oils, including diluted
bitumen and other unconventional oils, behave and how they affect ecosystems and communities after
spilling into the changeable and weather-affected environments of Canada’s vast marine and inland
waters.

The Expert Panel has highlighted hundreds of conclusions and identified a long list of research needs in
its extensive report. This executive summary highlights only the most pressing of these research
priorities. Answers to these research questions are considered by the Panel to be essential for equipping
policy makers, oil industry decision-makers, oil spill responders and other Canadians with critical tools to
better anticipate spills and their consequences and to better protect Canada’s marine and inland waters
from the adverse effects of spilled oil. The Panel has consolidated seven general, high-priority research
needs (see the box above) in this executive summary from hundreds of research priorities identified in the
report chapters. The rationale for these research needs, and more detailed descriptions, can be found
within the report itself.

CHAPTER 1: INTRODUCTION

The Royal Society of Canada (RSC) Expert Panel was established in response to a request from the
Canadian Energy Pipeline Association (CEPA) and the Canadian Association of Petroleum Producers
(CAPP). The request was the result of a widespread recognition within industry, governments and
elsewhere that Canadians should know what to expect in the event of an accidental spill, and that those
who move oil and respond to spills have the information they need to protect our environment, economy
and communities across the country.
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The Panel, composed of international experts on oil chemistry, behaviour and toxicity, reviewed the
current science relevant to crude oils spilled into Canadian marine waters, lakes, waterways and wetlands
(spills of gasoline, diesel and other refined fuels were not considered). The Panel relied on scientific
literature, key reports and selected oil spill case studies, including well-known tanker spills (e.g., the
Arrow spill in 1970 and the Exxon Valdez spill in 1989), the Deepwater Horizon spill of 2010, pipeline
spill ruptures and train derailments.

The Panel’s work also involved extensive consultations with key industry, government and environmental
stakeholders across the country. These included representatives from CEPA and CAPP, government
agencies in Canada (Environment Canada, Natural Resources Canada, Fisheries and Oceans Canada,
Alberta Innovates) and the United States (the National Oceanographic and Atmospheric Administration),
private sector consultants, oil spill response agencies (e.g., the Eastern Canada Response Corporation),
non-government organizations (e.g., Greenpeace), as well as other academics and interested individuals.
Formal consultations included public forums involving open, online access held in Calgary in February
2015 and in Halifax in April 2015. A third Panel meeting in June 2015 included informal discussions with
attendees at the 38" international Arctic and Marine Oilspill Program (AMOP) technical conference in
Vancouver.

These consultations and the scientific review examined spill impacts and oil spill responses for the full
spectrum of oil types, from ultra-light condensates and light oils to bitumen, diluted bitumen and heavy
fuels. Many of the largest knowledge gaps were found to be associated with the chemical composition
and environmental behaviour of emerging petroleum types, including diluted bitumens and other
unconventional oils.

CHAPTER 2: CHEMICAL COMPOSITION, PROPERTIES AND BEHAVIOUR OF SPILLED OILS

While many Canadians think of the oil travelling by pipeline, train, truck or tanker as much the same, the
crude oil crossing the country or plying its offshore waters each day represents dozens of different types.
This may seem trivial to some, but if the oil spills into water, the type of oil involved can make a world of
difference: How much damage it does, how easy it is to cleanup and how readily the oil degrades in the
environment.

Each of the oil types transported in Canada is a complex mixture of thousands of chemicals. While these
different types can be thought as existing along a kind of chemical continuum (from ultra-light oil
condensates and light oils to heavy crude oils and the thick bitumen commonly associated with Canada’s
oil sands), each has its unique ‘chemical’ fingerprint.

The Panel found that this chemical fingerprint is a key predictor of not only the physical properties of the
oil (e.g., how heavy or thick it is), but also its behaviour in the environment (e.g., how it spreads, sinks or
disperses in water), its toxic effects on aquatic organisms and humans, and its susceptibility to
degradation by ‘weathering’ (i.e., changes to the oil caused by exposure to sunlight, waves, weather
conditions and microorganisms in the environment). How the fingerprint of each spilled oil type changes
in the environment is an important tool for spill responders for monitoring cleanup efforts and setting
cleanup goals.

Although the Panel found the chemical composition and behaviour of many oil types have been well-
studied, more research is needed to better understand the chemistry, properties and spill behaviour of
newer, less-familiar oils, such bitumen, diluted bitumen blends and other unconventional oils.

CHAPTER 3: EFFECT OF ENVIRONMENT ON THE FATE AND BEHAVIOUR OF OIL

The unique features of the environment where an oil spill takes place are at least as important as the type
of oil in determining effects on aquatic ecosystems.
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Saltwater straits, freshwater lakes, running rivers and dense wetlands are home to distinctive
combinations of physical characteristics, water and sediment chemistry and natural communities of
microorganisms that can transform oil as it spills and spreads. Microorganisms, for example, degrade
various hydrocarbons found in different oil types to varying degrees, and their impact is often an
important part of oil spill cleanup strategies. Sunlight, wind, waves and weather conditions can physically
and chemically transform a spill. Temperature, dissolved oxygen, nutrient supply, salinity and pH also
alter the composition and behaviour of contaminating oil. These changes to the chemistry of oil are
crucial factors affecting how spilled oil spreads, affects aquatic organisms and people or lingers in the
environment.

Indeed, the Panel found that, despite the importance of oil type, the overall impact of an oil spill,
including the effectiveness of an oil spill response, depends mainly on the environmental characteristics,
the conditions where the spill takes place and the speed of response.

The impact on spilled oil of the characteristics and conditions of a spill site has been carefully studied in
some environments, but knowledge gaps remain. In particular, research is needed to better understand
what happens to oil spilled into the cold, icy, yet ecologically sensitive waters of the Arctic, where
interest in oil exploration, production and shipping is on the rise. Similarly, little is known about the fate
of oil and its impact in permafrost areas or in marine environments covered in ice. Microorganisms that
break down oil are considered less active when temperatures are near freezing, but this relationship may
not be as clear as we think and further study is needed.

High-Priority Research Need #1

Research is needed to better understand the environmental impact of spilled crude oil in high-risk
and poorly understood areas, such as Arctic waters, the deep ocean and shores or inland rivers and
wetlands.

i.  Research is needed to assess the complex interactions among physical, chemical and biological
factors unique to Arctic conditions (e.g., extreme cold temperatures, permafrost ecosystems, snow
and ice) and different types of spilled crude oil. (Timeframe: Within 5 years)

ii.  Research is needed to assess the fate and behaviour of oil spilled into freshwater ecosystems,
especially in northern bogs, fens and areas of permafrost. (Timeframe: Within 5 years)

iii.  Research is needed to evaluate risks associated with the shipment of fuel oil to communities in the
Arctic. (Timeframe: Within 5 years)

iv. Research is needed to assess the risks of deep sea blowouts in the Beaufort Sea and in areas of the
Atlantic coast that support commercial and subsistence fisheries, including research into the
behaviour of oil on the surface with and without ice and the effects of subsurface oil plumes,
residual oil deposited on deep sea sediments, oil stranded along shorelines and in backwater,
marshy areas, and the impact of dispersant additions. (Timeframe: 5-10 years)

v. Research is needed to assess the risks of pipelines in Arctic freshwater environments, with an
emphasis on the Mackenzie River. (Timeframe: 5-10 years)

vi. Research is needed to investigate the fate of unrecovered oil in rivers where it can interact with ice,
substrates, woody debris, bed sediments, groundwater and engineered structures. (Timeframe: 5-10
years)

CHAPTER 4: OIL TOXICITY AND ECOLOGICAL EFFECTS

Oil spills can have significant consequences for aquatic ecosystems. These effects can be both short-lived
and long-lasting. In the days following a spill, floating oil smothers mollusks, plants and other species at
the shoreline. Oil on birds and mammals destroys their thermal insulation and buoyancy. Some chemical
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components of spilled oil dissolve in water and kill fish and other aquatic creatures (before they typically
break down quickly and disappear). Other chemicals, such as polycylic aromatic hydrocarbons (PAHs),
can persist in the water and cause chronic health effects for aquatic species that show up months or years
later.

Light oils contain more compounds that are acutely toxic to aquatic organisms than medium or heavy oils.
On the other hand, heavy oils contain more of the chronically toxic alkyl PAHs. The Panel could not
conclude that diluted bitumens present a greater or lesser health risk to most species than other oils
because there are too few data available on toxicity. However, there may be a greater risk to bottom- and
sediment-dwelling organisms due to the tendency for diluted bitumens to sink in fresh water under certain
conditions.

The characteristics of the oil spill location and its environment determine how spilled oil affects aquatic
biota. Oil spills into fresh water, for example, are generally smaller than marine spills, but they may have
a greater relative impact because the oil can’t be diluted and degraded by the large volumes of water
available at sea. Inland shorelines and sediments are more likely to become fouled, and less time is
available to contain a freshwater oil spill before it contaminates sensitive habitats.

It is not only the spills themselves that threaten ecosystems, but oil spill cleanup can be damaging as well.
Physical cleanup (e.g., removing oiled vegetation or tarred shoreline) destroys habitat and can cause
erosion or the buildup of silt. Habitat damage reduces the abundance and productivity of native species
and fosters invasive species. Using chemicals to disperse spilled oil often means surface oil is transferred
to subsurface water at concentrations that can be toxic to aquatic life (especially to fish embryos). More
research is needed on spill cleanup methods that limit habitat damage and the threats to wildlife.

Oil spill impacts on aquatic ecosystems are difficult to measure. In many cases, information about the
ecology of a site before a spill occurs (i.e., baseline data) is scarce or missing altogether. Baseline
monitoring is typically the responsibility of provincial and federal government departments as part of
environmental and natural resource management. Coordination and collaboration is needed between the
oil industry and these government agencies to ensure that monitoring addresses the needs for data to
assess the distribution and effects of spilled oil in ecosystems most at risks of spills.

Assessment of oil spill impacts on ‘ecosystem services’ should be considered. Ecosystem services are the

benefits provided by ecosystems to humans that contribute to making human life both possible and
fulfilling. Further research is also required to better understand how the toxicity of spilled oil is affected
by its interaction with the environment in which it was spilled.
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High-Priority Research Need #2

Research is needed to increase the understanding of effects of oil spills on aquatic organisms,
populations, communities and ecosystems.

i.  Research is needed to investigate the cumulative and interactive effects of co-exposure to oil and
other human-induced and natural environmental stressors, such as industrial and municipal
pollution, extreme temperatures, salinity, low oxygen concentrations and elevated concentrations
of suspended sediments. (Timeframe: 5-10 years)

ii. Research is needed on the effects of spilled oil on populations and community structure of aquatic
biota. (Timeframe: 5-10 years)

iii. Research is needed to understand the indirect effects of oil spills on ecological processes, such as
interactions within and among trophic levels in aquatic food chains. (Timeframe: 10+ years)

iv. A program of research is needed on the resilience of aquatic ecosystems affected by oil spills,
particularly at sites of past spills and in ecosystems unique to northern Canada (e.g., bogs, fens,
etc.) at a high risk of oil exposure. (Timeframe: 10+ years)

v. Research is needed to investigate the socioeconomic impacts of oil spills as a first step in
implementing an ecosystem services approach to oil spill impact assessments. (Timeframe: 10+
years)

CHAPTER 5: MODELING OIL SPILLS IN WATER

Knowing what to expect and how to respond when oil spills into an ocean, lake or river is no mean feat.
The complex chemistry of each oil type makes it difficult to predict how the oil will act and change when
it meets the equally complex water chemistry, ecology and conditions at the particular site where a spill
takes place. For this predictive work, scientific models are invaluable tools.

Scientific modeling creates conceptual or mathematical representations of complex real-world phenomena
that can’t be readily observed. Scientific models of oil spills use what we know from experiments,
previous spills and other information to approximate what happens when oil of a particular type spills in
particular circumstances. Scientists are constantly adding information and refining these models to
improve their accuracy for predicting spill consequences and for understanding the best spill responses.

Early models of oil behaviour and transport relied heavily on experimental observations. Since the early
1980s, advances in oil spill modeling focused mainly on oil dispersion (the formation of oil droplets), the
formation of oil particle aggregates, emulsification, evaporation and the general transport of oil in open
water as well as in other types of ecosystems. More recently, researchers have developed more advanced
numerical models of these various processes to better predict oil’s behaviour and changes in situations
where no direct measurements can be made, such as in deep water or in the Arctic.
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The Panel found that while scientific modeling has made many advances in predicting how the
environment can influence spilled oil and its behaviour (through dispersion, biodegradation, dissolution,
etc.), more research is needed to improve models of oil-in-ice effects, oil dispersion by waves, oil droplet
formation from blowouts, the formation of oil particle aggregates and the biodegradation of oil droplets
under various environmental conditions (such as temperature, salinity, nutrient availability, light and
chemical dispersants).

High-Priority Research Need #3

A national, priority-directed program of baseline research and monitoring is needed to develop an
understanding of the ecological characteristics of areas that may be affected by oil spills in the
future.

i.  Research is needed to collect and evaluate baseline information from high-risk, poorly
understood areas, such as the Arctic and other less-studied Canadian environments. (Timeframe:
Within 5 years)

ii. Research is needed to understand the current status of sensitive and highly-valued species and
vulnerable habitats for specific, pre-defined locations in Canada representing a range of human
disturbance, from relatively undisturbed to highly disturbed. (Timeframe: Within 5 years)

iii.  Research is needed to create ecosystem sensitivity maps, prioritized according to recent relative
risk assessments, the intensity of current and potential future human use, the relative sensitivity
of ecosystems and geographic gaps (e.g., in large areas of inland Canada). (Timeframe.: Within 5
years)

iv. Research is needed to understand the natural variability of population and community metrics
(e.g., abundance, diversity, productivity) across physical and chemical gradients, as well as
across time (seasonal and annual). (Timeframe: Within 5 —10 years)

v. Research is needed to identify other anthropogenic stressors that could influence the effects of oil
spills. (Timeframe.: Within 5—10 years)

CHAPTER 6: A REVIEW OF SPILL RESPONSE OPTIONS

Just as types of crude oil are far from uniform and the environments and conditions where spills occur are
many, effectively responding to oil spills is complicated. Decisions about what response is best and the
likelihood of success depend not only on the oil type, environment and weather conditions, but also on
technical and logistical factors (such as the responders’ knowledge and skills, the availability of personnel
and equipment, time constraints, regulatory approvals, health and safety criteria, etc.), as well as financial
concerns (such as the cost and economic impacts of the spill). Other considerations include the level of
community engagement.

There are three main categories of oil spill responses. The first simply relies on natural processes to
disperse and degrade spilled oil. For instance, naturally occurring microorganisms can remove or break
down some of the hydrocarbons and other chemicals in the oil (called ‘natural attenuation’). Evaporation
can also help remove volatile and lighter weight components of spilled oil, while exposure to sunlight and
oxygen causes the natural photooxidation of some of the oil’s aromatic compounds. The second type of
response involves physically containing and removing spilled oil, often using booms and skimmers on the
water or washing and scraping at shore. Thick slicks of oil can also be burned at a spill site. The third
response type uses biological and chemical methods. This can involve methodologies to enhance the
growth of oil-degrading microbes and/or plants on contaminated sites (phytoremediation) or the
application of chemical dispersants that break up oil slicks into small droplets that become diluted into the
water column where they are eventually also biodegraded.

282 Somerset Street West, Ottawa ON, K2P 0J6 « Tel: 613-991-6990 « www.rsc-src.ca |32



Choosing the best response or combination of responses depends on the unique circumstances of each
spill. Among these are weather, wave height, ice conditions, daylight and ecological factors, including the
risk to fish, invertebrates and other wildlife. Technical and economic factors also play a role, as well as
the inherent effectiveness of the response strategy being considered.

The Panel found that most of what is known about oil spill response technologies has been developed
through laboratory work and case studies. A better understanding of appropriate spill responses in the
Arctic and in snow and ice conditions is vital. The Panel recommends carefully controlled field studies to
help close this knowledge gap (without significant negative impact on the environment). Research is also
needed to better understand less familiar response methods, such as anaerobic biodegradation in
sediments, and emerging technologies (e.g., bioventing, air sparging, etc.) for aiding in the cleanup of
anaerobic or anoxic sea floor and lake bottom environments contaminated by sunken oil. What happens to
chemically-dispersed oil in both the deep sea and on its surface also needs to be studied using controlled
empirical experiments.

High-Priority Research Need #4

A program of controlled field research is needed to better understand spill behaviour and effects
across a spectrum of crude oil types in different ecosystems and conditions.

i.  Controlled field experiments on oil spills (sanctioned by the federal government through a new
permitting system) with rigorous statistical designs are needed at a variety of sites representing
different coastal marine and freshwater ecosystems and conditions. (Timeframe: Within 5 years
and beyond)

ii.  Research is needed at the site of previous oil spills in Canada to increase our understanding of the
effects of spilled oil over the long-term and of the extent of natural cleanup. (Timeframe: Within 5
years)
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High-Priority Research Need #5

Research is needed to investigate the efficacy of spill responses and to take full advantage of ‘spills of
opportunity’.

i.  Research is needed to help develop effective oil spill response measures tailored to the Arctic,
including studies that explore the interactions of oil with permafrost and ice or that examine the
microbial degradation of oil at low temperatures. (Timeframe: Within 5 years and beyond)

ii.  Advanced planning and contingency funds are needed to support research on the fate, behaviour
and effects of real-world oil spills as they occur (“spills of opportunity’) in the short, medium and
long-term, including studies of the relative effectiveness of response measures. (Timeframe: Within
5 years)

iii. Indigenous peoples and their traditional knowledge should be involved in the development of
research protocols, in oil spill preparedness, cleanup and remediation/restoration, including
involvement in the investigations of ‘spills of opportunity’. (Timeframe: Within 5 years)

iv.  Research is needed to address the long-standing remediation question “how clean is clean?”
(Timeframe. 5-10 years)

v. Research is needed to develop and improve methods for remediation, reclamation or restoration of
damaged marine and freshwater habitats following oil spills. (Timeframe: 5-10 years)

vi. Research is needed on the efficacy and environmental impacts of conventional and new oil spill
remediation options, particularly in Arctic and freshwater ecosystems. (Timeframe: 5-10 years)

CHAPTER 7: PREVENTION AND RESPONSE DECISION MAKING

The best way to protect aquatic environments from the sometimes devastating impacts of spilled oil is to
prevent spills from happening in the first place. That is, reducing the likelihood of accidental spills is
always more effective than managing the risks (to the environment or to the economy) after a spill has
occurred. This principle is particularly true in the sensitive ecosystems where spills can cause catastrophic
or irreversible consequences, such as in the Arctic where industrial activities (e.g., offshore oil and gas,
mining), urban growth and climate-related changes to navigation routes are expected to increase tanker
traffic in the years ahead.

All oil spill strategies emphasize prevention as the prior emergency management activity. Effective
prevention combines an understanding of the science and technologies associated with oil operations and
potential oil spills with a clear understanding of the environment and conditions in which these activities
are taking place. For example, properly designed pipelines or tankers can be built to withstand anticipated
conditions (waves, wind, ice, etc.) that increase spill risk. Similarly, established procedures, proper
inspection and maintenance of equipment and training for extreme and adverse circumstances help reduce
the chances of a spill.
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High-Priority Research Need #6

Research is needed to improve spill prevention and develop/apply response decision support
systems to ensure sound response decisions and effectiveness.

i. A national guidance program for post-spill monitoring is needed to collect reliable, adequate,
credible and consistent information on the fate and effects of oil in the environment. This
program should be developed based upon consultations among industry, government,
Indigenous organizations and community stakeholders. (Timeframe: Within 5 years)

ii. Research is needed to develop methods to support the monitoring of oil spill impacts and the
fate of released oil. (Timeframe: 5-10 years)

iii. Research is needed to develop methods for the derivation of comprehensive mass balances for
spilled and recovered oil. (Timeframe: 5-10 years)

iv. Research is needed to develop modeling methods to simulate and optimize individual and
collective cleanup processes (e.g., booming, in situ burning, skimming, dispersion and
bioremediation) for supporting response decision-making. (Timeframe: Within 5 years)

v. Research is urgently required on development and demonstration of oil spill response decision
support systems, which can dynamically and interactively integrate monitoring and early
warning, spill modeling, vulnerability/risk analysis, response process simulation/control, system
optimization and visualization. (Timeframe: Within 5 years)

vi. Research investment is needed on trial tests and field validation of new prevention and decision-
making methods to demonstrate feasibility, increase confidence for implementation and improve
response capabilities. (Timeframe: Within 5 years)

vii. Research is needed to better quantify modeling uncertainties, evaluate their propagation and
mitigate their impacts on spill response decision-making. (Timeframe: 5+ years)

viii. Further research and development are desired on environmental forensics, remote sensing and in
situ measurement, early warning and diagnosis, and biological monitoring to improve spill
prevention and decision-making. (Timeframe: 5+ years)

ix. Special attention of the above research should be given to some emerging issues (e.g., diluted
bitumen, aging/subsea pipelines, railcars and the Arctic) to enhance effectiveness and
confidence of prevention and response strategies and decisions. (Timeframe: Within 5 years)

Prevention policies and measures are often best informed by the timely monitoring and analysis of the
causes and outcomes of spills when they do occur. Importantly, knowing the characteristics and
ecological features of an environment before a spill occurs is central to understanding how it has been
affected. Developing baseline data in areas where oil is transported should be an important priority for
research.

Indeed, despite the best prevention efforts, spills happen, and then making sound and timely decisions
about how to respond is a critical second line of defense. The Panel found that management strategies
should be in place to identify the lead decision-making agencies in the case of a spill and to present
clearly the steps to contain potential damage to human health, businesses and the environment. Decisions
concerning what to do following an oil spill can occasionally mean weighing the potential benefits of a
response against its possible harm or against the pros and cons of another approach altogether. Net
environmental benefit analysis (NEBA) provides a helpful framework and has been widely used for
supporting these decisions. The review also disclosed the limited research efforts in simulating, predicting
and optimizing cleanup processes (e.g., in situ burning, skimming and dispersion) individually and
collectively and evaluating their effects on response decisions. Inadequate decision support is one of the
major challenges that limit the efficiency of current response practices. Due to limited attention and
investment, existing decision support systems are rare and lack dynamic and interactive support from
other modeling tools (risk analysis, spill modeling, NEBA, process simulation, etc.) and field validation.
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In addition, uncertainty is a major hindrance to improving efficiency and confidence of decision-making.
These are especially true for the Arctic waters where the window of opportunity for the application of
some response measures is significantly short. The Panel also noticed that advances in monitoring and
information technologies such as remote sensing, geographic information systems, artificial intelligence
and visualization have provided a set of cost-effective and powerful tools that can play a more important
role in better addressing complexity and dynamics of spills and supporting sound response making and
operations.

High-Priority Research Need #7
Research and work are needed to update, refine and focus risk assessments of oil spills in Canada.

i.  Follow-up relative risk assessments are needed to build upon the Transport Canada assessments of
marine spills, focusing on high-sensitivity areas. (Timeframe: Within 5 years)

ii. Research is needed to update and refine risk assessment methods to include such things as
credible spill scenarios, analyses of seasonal differences in fate, transport and effects of oil
(particularly for spills in winter) and the prediction of chronic toxicity. (Timeframe: Within 5
years)

iii. A comprehensive national database is needed to track the fate, behaviour and effects of various
types of oil spilled and the efficacy of current and emerging oil spill countermeasures over a range
of environmental conditions. (Timeframe: 5-10 years)

iv.  Research is needed to expand species sensitivity distributions (SSDs) for acute and chronic
toxicity of oil to aquatic biota. SSDs should be expressed as measured concentrations of total
petroleum hydrocarbons and total polycyclic aromatic hydrocarbons. (Timeframe: 5-10 years)

v. Research is needed to extend models of chronic toxicity to a wider array of species and
environmental (temperature, salinity, etc.) and life history variables. (Timeframe: 10+ years)

CHAPTER 8: RISKS FROM OIL SPILLS

Learning from history is important to understanding what’s known about the risks posed by potential oil
spills in Canada and, most significantly, what needs further study. The Panel reviewed the circumstances
and outcomes for selected oil spill cases involving tanker accidents (e.g., the Arrow spill in 1970 and the
Exxon Valdez spill in 1989), a major ocean-rig blowout (i.e., the Deepwater Horizon Gulf of Mexico spill
in 2010), pipeline spills and train derailments that occurred in marine and fresh water in Canada and the
United States over the past few decades.

Chief among the Panel’s conclusions is that each case was unique in the combination of different
physical, chemical and biological factors at the spill location, as well as in the cleanup and recovery
measures used in the wake of each accident. These varied combinations of factors were critical for either
increasing or decreasing the overall impact for each spill.

Delays in responding to the spilled oil affected the outcome of all case studies examined. Indeed, despite
the obvious importance of weather, remote location and technological challenges facing each accident,
human error (individuals and organizations) played a dominant role in affecting the impact of the spills
across all case studies. Absent or inadequate planning, limited data analysis, inadequate training, poor
communication, insufficient personnel and equipment, poor or no information sharing, and lapses in
regulatory oversight were common to most, if not all, spill case studies.

From its case study review, the Panel found that the ability of aquatic ecosystems to recover from the
shock of an oil spill may be influenced by the presence of other longer-term environmental stresses (e.g.,
habitat degradation caused by urban development, fishing pressure or water pollution from sewage
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discharges or agriculture). In most cases, the lack of pre-spill baseline data (i.e., information about the
natural environment and ecology of each area) hampered efforts to predict or monitor the long-term
effects of the oil spills on populations and communities of aquatic life. Similarly, monitoring following
spills was not conducted according to any standard or consistent national protocols. The Panel’s review of
risk assessments of oil spills in Canada revealed a number of challenges, notably the lack of readily
accessible data for use in the assessments and the need for increased sophistication of both exposure and
effects analyses. In many cases, even if data were accessible, they were extremely limited, particularly for
the Arctic and large portions of inland rivers, lakes and wetlands. The Panel found that the assumptions
used in the risk assessments sometimes were overly optimistic given the experience gained from oil spill
case studies. This was especially true for the spill response times assumed in the assessments.

CHAPTER 9: CONCLUSIONS

Crude oil spills are infrequent in Canada’s coastal or inland waters. But the consequences of these spills
into sensitive waterbodies can be profound. They can significantly affect not only the environment but
also the economy of affected areas as well as human health and safety.

Canada’s offshore oil and gas industry, meanwhile, is expected to grow. The production and transport of
unconventional oils, such as diluted bitumens and Bakken crude oil, are likely to increase. Spills of these
oils from offshore platforms, pipelines, tankers, rail and other sources will continue to pose risks to
Canadian aquatic environments and the communities that rely on them.

The Royal Society of Canada expert Panel prepared this report—based on a review of the science and
consultations with key stakeholders—to better understand what is behind these risks. Among the Panel’s
many conclusions is a long list of research needs, including seven key research areas that should become
top research priorities.

In particular, the Panel recommends that research needs to identify where most oil spills occur and why (e.g.,
pipeline spills into wetlands are more common than these spills into rivers; oil from truck spills are more likely
to enter storm sewers before reaching rivers; etc.). Researchers need to examine past spill response records,
current risk management processes and regulations to identify their weaknesses. Other critical knowledge gaps
include developing a better understanding of environmental sensitivities that affect the impact of spilled oil.
More research is also needed to understand how the type of oil, its source, the environment and the level of
preparedness of spill responders combines to influence spilled oil’s fate and effects.

These research gaps are significant. The data needed to assess oil spill risks in Canada are often either
absent or widely scattered among government agency, industry and academic sources. Information
needed to reliably assess the environmental sensitivity of areas at risk from oil spills is also very limited
for large portions of Canada. Input of traditional knowledge from Indigenous peoples and other interested
parties is needed.

Examples that demonstrate the need for more research are numerous. Many are documented in the Panel
report. While scientific advances have significantly reduced the threat of oil spills in Canadian waters
over the past few decades, much about the fate and effects of oil spills remains poorly understood.

To meet the research and oil spill response needs identified in the expert report, the Panel recommends
the conduct of coordinated multi-disciplinary research programs between industry, government and
academia to further study the effects of oil spills on various marine and freshwater ecosystems, including
wetlands. The program should also include Indigenous people for the provision of traditional knowledge
and expertise. The science from these studies will provide a much needed database on the interaction and
effects of spilled oil with its surrounding environment that will support science-based decision-making
following future spill incidents to protect our aquatic environment and its living resources.
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CHAPTER 1: INTRODUCTION
Abstract

This chapter describes the rationale and mandate for a Royal Society of Canada Expert Panel established
to provide a scientific review of our current knowledge and understanding of the behaviour and
environmental impacts of a range of crude oils, including diluted bitumen, which may be accidentally
released into Canadian marine or freshwater ecosystems.

To provide context for its evaluation of the risks associated with spills, an overview of global and
Canadian information is provided on the probable causes and predicted frequency and size of crude oil
spills into marine or fresh waters from exploration, production and transport operations. The global
frequency of large spills (>700 tonnes) from oil tankers has decreased significantly in the past four
decades and, fortunately, large spills due to tanker incidents in Canadian marine waters have been rare.
Return periods (i.e., time between spills of a given volume) in Canada range between about 40 and 240
years (depending on spill volume); however, these return periods may not provide a reliable basis for
predicting future occurrences in circumstances where the frequency and/or volumes of shipments are
increasing. Diffuse sources, such as natural seeps and runoff from land-based sources, account for the
majority of petroleum hydrocarbon inputs to oceans. Thus, while continued efforts to reduce tanker spills
are necessary, attention should also focus on sources such as urban runoff and recreational boating
because the spills are chronic and often occur in sensitive ecosystems. While freshwater spills associated
with land-based extraction of crude oils (including the extraction of bitumen) and the transport of
petroleum hydrocarbons (by pipeline, rail tankers and trucks) are expected to be at much smaller volumes
than their marine counterparts, they may cause significant damage because of their higher probability to
occur within populated areas and the proximity to water bodies lacking the dilution and dispersion
capacity typically found within the marine environment.

Notwithstanding the apparent relative infrequency of crude oil spills into agueous environments in
Canada, the consequences of spills into sensitive marine and freshwater systems can be substantial, both
with respect to impacts on human health, safety and the environment and with respect to economic
impacts. Therefore, a primary focus of this Report is on the consequences of spills, no matter how low the
probability may be. This focus is commensurate with the key questions posed by the sponsors and
stakeholders.

1.1 Sponsors and Mandate of the Panel

The Expert Panel was established by the Royal Society of Canada (RSC) in response to a request from the
Canadian Energy Pipeline Association (CEPA) and the Canadian Association of Petroleum Producers
(CAPP) who recognized the need for a scientific review of our current knowledge and understanding of
the behaviour and environmental impacts of a range of crude oils, including diluted bitumens,
accidentally released into Canadian marine or freshwater ecosystems. The Panel was asked to address the
following questions:

1. How do the various types of crude oils, including diluted bitumens, compare in the way they
behave when mixed with fresh, brackish or salt waters under a range of environmental
conditions?

2. How do the various crude oils compare in their chemical composition and toxicity to organisms
in aquatic ecosystems?

3. How do microbial processes affect crude oils in aquatic ecosystems, thereby modifying their
physical and chemical properties, persistence and toxicity?
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4. Are the research and oil spill response communities able to relate, with reliable predictions, the
chemical, physical and biological properties of crudes to their behaviour, persistence, toxicity and
ability to be remediated in water and sediments?

5. How should these scientific insights be used to inform optimal strategies for spill preparedness,
spill response and environmental remediation?

6. Given the current state of the science, what are the priorities for research investments?

1.2 Scope of the Panel’s Review

The terms ‘conventional’ and ‘unconventional’
oils are related to the techniques used to extract
them from reservoirs, not to their chemical
composition. Conventional oils include liquid
crudes that flow in the reservoir and in
pipelines. Such oils (e.g., condensates, light and
medium crude oils) are recovered from
traditional oil wells using established methods
like primary recovery and waterflooding.
Unconventional oils are produced using
unconventional methods, such as surface mining
of shallow oil sands, steam-assisted gravity
drainage of bitumen (SAGD) and horizontal
drilling with hydrofracturing (‘fracking”) for
recovery of light shale oils (‘tight oils’).

The Panel considered accidental releases of
conventional and unconventional light, medium
and heavy crude oils, including diluted bitumens.
The Panel evaluated reports on the environmental
behaviours of these oils and the effectiveness of
current and emerging oil spill response models
and technologies available for use in the event of
accidental releases. Releases of biofuels or refined
petroleum products (e.g., gasoline, diesel, aviation
fuel, heating oil, etc.) were determined to be
outside of the scope of this Report by the project
stakeholders, although spills of Bunker C and IFO
(intermediate  fuel oil) were included for
comparison.

The scope of this Report was intentionally focused
on the accidental release of crude oils at the
exploration and production source or as they are transported to refineries. Thus, the transport of crude oil
by pipeline, ship, rail and truck was considered both with respect to the probability of accidental releases
and consequences in the aqueous environment. Unplanned releases from offshore platforms, including
subsurface blowouts, were included in light of the recent Deepwater Horizon (DWH) blowout and the
expected growth of Canada’s offshore oil and gas industry. The Panel focused on the Canadian
environment; however, it reviewed and considered the applicability of case studies from the United States
and other countries. Case studies were selected to represent different types of crude oil spilled into either
marine or freshwater systems. Efforts were also made to find case studies applicable to cold climates.

This Expert Panel Report is not expected to provide exhaustive overview of previous oil spill research and
case studies that have been cited in numerous existing reviews. While this information is clearly
considered in the response to the above questions, emphasis has been placed on the expertise and
experience of the individual Panel members to identify the most relevant and current literature in
scientific journals and academic, government and consultant reports on current policies and practices in
oil spill prevention and response, including the assessment of environmental impacts and remediation.
The Panel recognizes the existence of humerous review articles related to recent oil spill events and the
large amount of important research currently being conducted (e.g., research on diluted bitumen, and
studies related to Natural Resources Damage Assessment following the DWH spill in the Gulf of
Mexico). The conclusions and recommendations are based on a consideration of the large body of
literature available up to the date of writing.

1.3 Consultation with Stakeholders

The Panel consulted with representatives of CEPA and CAPP, government agencies in Canada
(Environment Canada, Natural Resources Canada, Fisheries and Oceans Canada, Alberta Innovates) and
the U.S. (National Oceanographic and Atmaospheric Administration [NOAA]), private sector consultants,
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first responders (e.g., Eastern Canada Response Corporation [ECRC-SIMEC]), non-government
organizations (e.g., Greenpeace), as well as individuals (e.g., academics). The formal consultations
included public forums with open online access that were hosted by the Panel in February (Calgary, AB)
and April (Halifax, NS) 2015 that involved presentations, as well as question and answer sessions. A third
Panel meeting in June 2015 included informal discussions with attendees at the 38" international Arctic
and Marine Oilspill Program (AMOP) technical conference that included a dedicated session on diluted
bitumens.

Several stakeholders emphasized that the Panel’s work could be used as supporting information for
government and industry policy and practice regarding spill prevention and emergency response. Some
stakeholders were interested in receiving relevant information regarding transportation routing (e.g., to
avoid or minimize risk to highly sensitive environments or species). Considerable interest was expressed
in gaining an understanding of the relative risks associated with the transportation and handling of
different types of crude oil. Some stakeholders wanted to know about the best available and emerging
technologies for spill cleanup, as well as monitoring requirements to track the effectiveness of cleanup.

Stakeholders expected the Panel to take a comparative approach in order to better understand the relative
impacts of conventional crude oils and diluted bitumen. The results of the comparisons among crude oil
types (and impacts in different marine and freshwater ecosystems) would then be useful when making
decisions regarding preparedness and appropriate spill response procedures.

The stakeholders requested that the Panel clearly summarize what is known and not known about the key
issues and make recommendations for actions and further research. Particular interest was expressed in
the performance of different cleanup technologies and the long-term effects of spills.

1.4 Context for Oil Spills in Canada

The Panel delivers the following brief overview of information on the causes, frequency and size of crude
oil spills into marine or fresh waters in Canada to provide context for its evaluation of the risks associated
with spills.

141 Spills from Qil Tankers in Marine Waters

Although this report considers the full range of Canadian aquatic ecosystems, most of the research,
response and media attention throughout the decades has focused on marine oil spills, particularly large-
scale accidents involving oil tanker vessels. The largest spill due to an oil tanker accident was the Atlantic
Empress in 1979 off the island of Tobago in the West Indies, where 287,000 tonnes of oil were released
after a collision with another vessel, followed by fire and an explosion that sank the tanker in deep waters.
No impact studies were carried out, so it is not known what quantity of oil burned or sank, but only minor
shore pollution was reported on nearby islands (ITOPF 2015a). The Amoco Cadiz grounding off the coast
of Brittany in 1978 resulted in the release of 223,000 tonnes of light Iranian and Arabian crude oil and
4,000 tonnes of bunker fuel into heavy seas—causing the formation of an emulsion that increased the
volume of pollutant by up to five-fold. Numerous shoreline types were affected and much of the oil
became buried in sediments and entrapped in salt marshes and estuaries (ITOPF 2015b). The spill of
37,000 tonnes of Alaska North Slope crude oil into Prince William Sound, AK, from the Exxon Valdez in
1989 was small in comparison, but led to the mortality of thousands of seabirds and marine mammals, a
significant reduction in population of many intertidal and subtidal organisms, and reports of long-term
environmental impacts (Spies et al. 1996). Public and political awareness about the risks involved in the
storage and transportation of oil and oil products as a consequence of this spill resulted in changes to
regulations, including: the enactment of the 1990 QOil Pollution Act by the U.S. Congress, which regulates
spills in the United States; regulations within Canada under the Canada Shipping Act (2001), which
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regulates tankers; and the Canada Arctic Waters Pollution Prevention Act (1985, most recently amended
in 2014), which includes regulations regarding the design of Arctic class ships.

Fortunately, large spills due to tanker incidents in Canadian marine waters have been rare. In terms of
national involvement, one of the largest spills was in 1988 when the tanker Odyssey loaded with over
132,000 tonnes of North Sea Brent crude oil broke into two and sank 700 miles (~1,100 km) off the coast
of Nova Scotia beyond Canada’s Exclusive Economic Zone' (ITOPF 2015c). Fire started on the stern
section as it sank and the surrounding oil caught fire. Due to rough weather, the Canadian Coast Guard
was only able to come within about 2 km of the vessel while it was on fire. No shoreline effects occurred
because of the distance of the spill from the coastline. Another well-known tanker accident off the
Canadian coast occurred in 1970 when the Arrow, hauling 9,500 tonnes of Bunker C fuel oil from Aruba
to Nova Scotia, encountered severe weather and gale force winds near Port Hawkesbury, NS, at the
entrance to Chedabucto Bay. The tanker ran aground on Cerberus Rock spilling most of the fuel oil cargo
and contaminating 75 miles of shoreline with residues of thick black sludge, which can still be found (Lee
et al. 2003; Owens et al. 2008). Within the scientific community, the Arrow spill was unique because a
section of the affected shoreline (Black Duck Cove) was intentionally left ‘untreated’ to enable scientific
assessment of natural recovery processes.

The frequency of large spills (>700 tonnes) from oil tankers has decreased significantly in the past four
decades. According to data from the International Tanker Owners Pollution Federation (ITOPF 2015d),
an average of 1.8 large spills per year occurred internationally in the period 2010-2014 compared to an
average of 24.5 large spills per year between 1970 and 1979. One large spill was recorded in 2014 - the
sinking of a tanker in the South China Sea loaded with a cargo of about 3,000 tonnes of bitumen. The
U.S. Department of the Interior’s Bureau of Ocean Energy Management (BOEM) and Bureau of Safety
and Environmental Enforcement (BSEE) produced a comprehensive summary report on the occurrence
rates for offshore oil spills from U.S. Outer Continental Shelf (OCS) Platform and Pipeline Spill Data
(1964 - 2010), Worldwide Tanker Spill Data (1974 - 2008), and Barge Spill Data for U.S. waters (1974 -
2008) (Anderson et al. 2012). According to this report, the rate of offshore oil spills in the U.S. has been
declining since 1994, due mostly to major regulatory changes in the early 1990s (arising from the Exxon
Valdez spill) that substantially eliminated the use of single-hull tankers by requiring double hulls or their
equivalent. In 2013, a report by the Canadian Tanker Safety Panel Secretariat (TSPS) published two
tables produced by GENIVAR, a professional services firm, showing the risk calculations for the
probability and potential impacts of ship-source oil spills in Canada (Table 1.1) and internationally
(Table 1.2). The significant figures in these two tables are from those reported by the data sources. The
return periods (i.e., time between spills of a given volume) presented in these tables may not be a reliable
basis for predicting future occurrences in circumstances where the frequency and/or volumes of
shipments are increasing (e.g., along the southern British Columbia coastline if the proposed
TransMountain Pipeline Expansion Project, with associated tanker traffic, is approved).

! The exclusive economic zone (EEZ) is an area of the sea adjacent to and beyond the territorial sea, extending out to 200
nautical miles from the baseline. Within the EEZ, a coastal state has sovereign and jurisdictional rights over exploration and
management (e.g., scientific research and protection of the marine environment) and economic exploitation of living and non-
living resources in the waters above the seabed, in the seabed and beneath the seabed.
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Table 1.1 Spill frequency estimates for ship-source spills occurring in Canada, calculated using only previous
Canadian spill occurrences. Data from TSPS (2013)

Return period, years ®

Spill volume, m*

Crude oil

10-100

100-1,000

1,000-10,000

> 10,000

Refined Cargo oil

1.7

10.0

Bunker oil

% estimated average number of years between spills

> probability could not be estimated due to the lack of spills in Canada in this category in the previous 10 years,
indicating that the probability of a spill in this size range and category is remote.

Table 1.2 Spill frequency estimates for ship-source oil spills in Canada, based on international and Canadian
data. Data from TSPS (2013

Return period, years ?

Volume, m® 100-1,000 1,000-10,000 > 10,000
Crude oil 46.4 69.2 51.6 242.3
Refined Cargo oil | 1.7 10.0 42.2 b
Bunker oil 0.5 1.7 154.8 -

& estimated average number of years between spills

® probability could not be estimated due to the lack of spills in the previous 10 years in this category, indicating that
the probability of a spill in this size range and category is remote

“i.e., a crude oil spill of >10,000 tonnes in Canadian waters is predicted to occur once every 242 years, based on
the occurrence of only two such spills worldwide in the past 10 years, both from single-hulled vessels (the Tasman
Spirit spill of ~30,000 tonnes in 2003 in Pakistan, and the Hebei Spirit spill of ~10,500 tonnes in 2007 in South
Korea).

In addition to the estimates above, ITOPF (2014) published actual oil tanker spill statistics, which show a
declining trend in the number of tanker spills greater than 700 tonnes from 1970-2014 (Figure 1.1).
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Figure 1.1 Number of large oil tanker spills (>700 tonnes) occurring worldwide from 1970 to 2014 (grey bars),
and average number of spills per decade (red line). Adapted from ITOPF (2014)

The 1989 Exxon Valdez incident increased public and political awareness about the risks involved in the
storage and transportation of oil and oil products. This awareness resulted in changes to regulations,
including: the enactment of the 1990 Qil Pollution Act by the U.S. Congress, which regulates spills in the
United States; regulations within Canada under the Canada Shipping Act (2001) (http://laws-
lois.justice.gc.ca/eng/acts/s-9/), which regulates tankers; and the Canada Arctic Waters Pollution
Prevention Act (1985, most recently amended in 2014) (http://laws-lois.justice.gc.ca/eng/acts/A-12/),
which includes regulations regarding the design of Arctic class ships.

1.4.2 Accidental Releases from Offshore Qil and Gas Exploration and Production

Spills, blowouts and malfunctions may occur during any offshore oil and gas exploration activity. As
defined by the U.S. NOAA, a blowout occurs when operators of a drilling rig are unable to control the
flow of oil, gas or other fluids from the well, causing it to be released into the underground formation,
marine environment and/or atmosphere. Until recently, the risk of blowouts was considered low in the oil
exploration and development industry and thus of minor concern. For example, from 1979 to 1998,
19,821 wells were drilled within the Gulf of Mexico, with only 118 wells resulting in uncontrolled flows
or blowouts - a 0.6% occurrence rate (APl 2009). The reported blowouts were not considered a significant
source of hydrocarbon releases to the environment due to effective blowout prevention (BOP) systems
and the fact that they often sealed naturally and ceased flowing within a matter of hours or days. In 2004,
the Canada Nova Scotia Offshore Petroleum Board (CNSOPB) predicted a 1-in-1800 chance per year of
having any sort of deep water blowout off the continental shelf during exploratory drilling, with the
probability of shallow water gas blowouts without a release of oil having a three- to four-fold higher
probability of occurrence (Hurley and Ellis 2004). However, the DWH blowout in the Gulf of Mexico,
which resulted in the continuous discharge of petroleum gas and crude oil into surrounding waters (4.2
million bbl [~600,000 m?] over an 87 day period) and impacts on the Gulf shoreline and salt marshes, has
changed the world’s perception of the environmental risk associated with blowouts, with accompanying
changes in regulatory requirements. For example, Canada’s National Energy Board (NEB) is mandating
same-season relief well capability or equivalent for the Arctic because the tracking and cleanup of oil
spills under ice are major challenges in terms of response.
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Only one major oil well blowout has occurred in Canadian offshore waters - the 1984 Uniake G-72 gas
and condensate well off Sable Island approximately 150 nautical miles (~275 km) from Halifax, NS
(Boudreau et al. 1999). In 2004, due to equipment failure, about 170 tonnes of crude oil was accidentally
released from the Terra Nova production, storage and offloading platform on the Grand Banks, about 340
km east-southeast of St. John’s, NL. The primary risk was to seabirds present in relatively high densities
in the area of the spill. It was estimated that about 10,000 seabirds were killed by the spill (Wilhelm et al.
2007) as the oil slick was dispersed by natural physical processes.

Diffuse sources (natural seeps and runoff from land-based sources) account for the majority of petroleum
hydrocarbon inputs to oceans (NRC 2003). The total input of petroleum into the sea worldwide from all
sources over the period 1990-1999 was estimated by the NRC as approximately1.3 million tonnes per
year. Natural petroleum seeps and runoff from land-based sources contributed 46% and 11% of petroleum
hydrocarbon inputs, respectively. Tank vessel spills contributed about 8% of total inputs, while
operational discharges (e.g., bilge discharges and cargo washings) contributed about 3% of inputs.
Furthermore, most spills from tank vessels are relatively small. Data from the ITOPF on oil tanker spills
show that of nearly 10,000 incidents, 81% resulted in releases of less than 7 tonnes (ITOPF 2015d). More
recent comparisons of relative contributions of petroleum hydrocarbons to the world’s oceans confirm
earlier conclusions (Figure 1.2).

Total spillage from tankers Routine annual maintenance
(1970 — 2010) (e.g., bilge cleaning)
6.7 million m3 0.52 million m3

bbb bbbl bbbl
$o00bbbbD  uriririopen
dlbidapps  Covbbide
bbb bedd

bbb e bbbbbbde
bbbibl

Exxon Valdez spill (1989)

. 0.04 million m3
100,000 m3 w

Figure 1.2 Volumes of oil released to marine waters from natural sources and spills. Data from NRC (2003);
Mackenzie (2011)

Examination of the proportion of oil released into North American coastal and offshore marine waters
from natural and human activities reveals that natural seeps and land-based sources accounted for an even
greater proportion of inputs (NRC 2003) (Figure 1.3). The NRC estimated total inputs to North American
waters were 260,000 tonnes per year over the period 1990-1999, with natural seeps contributing 61% of
total inputs. Extraction of petroleum contributed about 1% of total inputs, largely from produced waters.
Transportation of petroleum, including pipeline, tank vessel and coastal facility spills, accounted for 3.5%
of inputs. The category “Consumption of Petroleum” included land-based river and runoff, recreational
marine vessels, operational discharges and jettisoned aircraft fuel; these accounted for 32% of total inputs.
The NRC noted that urban runoff and recreational boating require attention because the spills are chronic
and often occur in sensitive ecosystems.
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Figure 1.3 Average annual releases of oil (in kilotonnes) into North American marine waters from various
sources (1990-1999). Data from NRC (2003)

1.4.3 Inland Freshwater Spills

Compared to marine oil spills, inland oil spills have received less attention, but freshwater spills are
common, with more than 2,000 oil spills, on average, taking place each year in the inland waters of the
continental United States (Owens et al. 1993). Although freshwater spills tend to be smaller volumes than
their marine counterparts, they can have a greater potential to pose risks to the environment because of the
greater likelihood that they occur within populated areas close to waterbodies with much less dilution and
dispersion capacity, and involve shorelines that are often immediately adjacent to or directly impacted by
the spill.

There are several recent examples of the substantial impacts of spills into inland waters. The spill of about
1,500 tonnes of Bunker C heavy fuel oil into Wabamun Lake, AB, in 2005 (due to a train derailment)
resulted in residents being advised to avoid all use of lake and well water, and in impacts to habitat for
numerous aquatic organisms and waterfowl (Thormann and Bayley 2008; Martin et al. 2014). The release
of 26,000 bbl (1 bbl = 3,100 tonnes) of dilbit into Talmadge Creek, a tributary of the Kalamazoo River
near Marshall, Ml, in July 2010, resulted in the largest inland oil spill and one of the costliest spills in
U.S. history. Another major, high visibility inland spill occurred in March 2013, when an Exxon-Mobil
pipeline carrying Canadian Wabasca heavy crude from the Athabasca oil sands ruptured in Mayflower,
AR, releasing 5,000 to 7,000 bbl (600 to 880 tonnes) of oil mixed with water into a residential
neighbourhood. The oil eventually flowed through storm drains into Lake Conway, a recreational fishing
lake.

Data on spills into fresh water in Canada were available primarily from the Transportation Safety Board
of Canada (TSB) and national provincial regulatory agencies, such as the National Energy Board (NEB),
the Alberta Energy Regulator (AER) and the AER’s predecessor, the Energy Resources Conservation
Board (ERCB). The Panel found apparent differences in the level of data processing and archiving
between government agencies within Canada. For example, spill reports in the Government of
Saskatchewan Petroleum and Natural Gas Spill Report Directory (Government of Saskatchewan 2015)
were not filed in a manner amenable to searching by keyword in order to focus on volume, type of spill or
receiving environment (the only search criterion was spill location).
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1.4.4 Spills from Pipelines

The volumes of releases of crude oil from pipeline accidents are usually small and releases are rarely into
waterbodies. The TSB reported that over the 2004-2013 period, 14 pipeline accidents resulting in releases
of crude oil occurred in Canada. Eight of these releases were less than 1 m* (<1 tonne), two were between
1 and 25 m®, three were between 26 and 1,000 m®, and one release was over 1,000 m® (TSB 2013b). The
AER reported that the number of crude oil pipeline incidents per 1,000 km of pipe ranged from 1.5 to 3.1
during the period 1990-2000 and from 1.0 to 1.9 during the period 2001-2012 (AER 2013). The AER
stated that the stable spill frequencies in recent years may indicate that current practices may not result in
further improvements; rather, new technologies or management strategies would be required to achieve
significant spill reductions.

Although the incidence of crude oil releases from pipelines into fresh water have been relatively rare,
spills entering rivers or wetlands have caught the public’s attention due to the potential ecological damage
on sensitive sites. Some of these spills are summarized in Table 1.3 to provide context regarding volume,
the type of receiving environment and environmental effects (if noted by the investigators).
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Table 1.3 Examples of recent larger-volume pipeline spills in Alberta

Volume Type of
Date and and type of Receiving
Location spilled oil Environment Environmental Effects Reference
January 2001, 3,800 m® Permanent 3,760 m” recovered; no TSB (2001)
Enbridge crude oil slough effects noted
pipeline at
Hardisty, AB
April 2011, 4,500 m® Beaver ponds Beaver, amphibian, bird and ERCB (2013)
Plains Midstream | crude oil and muskeg small mammal mortalities;
pipeline near reclamation required
First Nations including re-vegetation
Community of
Little Buffalo,
AB
May 2012, Pace | 800 m? Wetlands No wildlife or aquatic life AER (2014a)
Oil and Gas crude oil mortalities noted; remediation
pipeline near efforts reported as being
Rainbow Lake, effective with vegetative
AB regrowth noted
June 2012, Plains | 460 m® Red Deer River | Effects on water supplies of AER (2014b)
Midstream crude oil two communities and on
pipeline near recreational uses; effects on
Sundre, AB wildlife, soils and riparian
vegetation
July 2015, Nexen | 5,000 m® Muskeg Duck and frog mortalities; AER news release
Energy pipeline | bitumen adjacent to the concerns focus on effects of https://www.aer.ca
at its Long Lake | emulsion pipeline right- high-salinity process water in | /compliance-and-
operations, AB of-way the spilled oil: water emulsion | enforcement/nexen
-long-lake

145

Other Releases from Production Sources into Fresh Water

Crude oil releases to fresh water at production sources can be due to blowouts or ‘flow-to-surface’
incidents associated with hydraulic fracturing (‘“fracking’) or with in situ oil sands production facilities.
Well blowouts can involve releases of oil, produced water, frac fluids and/or gases. A review of
investigation reports by the AER and previously the ERCB showed that the main consequences were to
workers and public safety due to fire, explosion and toxic gases (particularly hydrogen sulphide gas).
Effects on soils and vegetation in the immediate vicinity were also noted. Only one case was found (for
the period 2006-2015) where release to a waterbody was noted; in this case, wellbore fluids (produced
water and diesel fuel) entered an unnamed watercourse about 100 m from the well (ERCB 2011). The
volumes and/or consequence of the release to the watercourse were not discussed.

A documented release of crude oil to a surface waterbody due to a fracking incident was not found in the
record of reports released by the AER or ERCB. The ERCB investigated one incident that resulted in a
‘misting’ of released fluids on trees and soils; however, no release into water was noted (ERCB 2012).

282 Somerset Street West, Ottawa ON, K2P 0J6 ¢ Tel: 613-991-6990 « www.rsc-Src.ca

| 47



https://www.aer.ca/compliance-and-enforcement/nexen-long-lake
https://www.aer.ca/compliance-and-enforcement/nexen-long-lake
https://www.aer.ca/compliance-and-enforcement/nexen-long-lake
https://www.aer.ca/compliance-and-enforcement/nexen-long-lake

The release was caused by hydraulic fracturing operations affecting a nearby producing oil well, resulting
in a release of frac and formation fluids, produced water and natural gas.

The use of high-pressure steam to release bitumen from oil sands formations in situ can result in release
of oil to the surface environment. For example, a series of four bitumen releases occurred at the Canadian
Natural Resources Ltd (CNRL) Primrose high-pressure cyclic steam stimulation operations near Cold
Lake, AB, from 2013-2014. The events were related to the use of high-pressure steam in a situation where
vertical hydraulically-induced fractures could propagate, the cementing of wellbores was inadequate, and
natural fractures and faults contributed additional pathways to the surface (Independent Panel Review
2014). Estimates of the total volume released ranged from about 1,200 to 1,900 m* (volume reports varied
between CNRL, AER and third-party reviewers). Beaver, migratory bird, amphibian and small mammal
mortalities occurred within the affected wetland complexes. A 20-ha portion of a lake had to be drained to
remove bitumen and re-filled. The AER prohibited future high-pressure steaming at specific CNRL
Primrose locations. CNRL reduced steam volumes and implemented enhanced monitoring and response
to any further bitumen releases pending a final report from the AER.

1.4.6 Spills Due to Train Derailments

The recent increase in transport of crude oil by rail has resulted in an accompanying increase in rail-
related spills. The TSB’s most recent report on railway occurrences stated that over the 2004-2014 period,
an increase in accidents involving release of crude oil was concurrent with an increase in shipments of
crude oil by rail, from 500 car loads in 2009 to 160,000 car loads in 2013 (TSB 2015a). Five rail
accidents resulted in the release of crude oil in 2013, including the Lac Mégantic derailment (see below).
One accident involved a release of crude oil in 2014.

According to the U.S. Pipeline and Hazardous Materials Safety Administration (PHMSA), the United
States has also experienced an increase in train-related oil spills. Between 1975 and 2009, no reported oil
spills occurred during eight of those years, and spills of just one gallon or less were reported in five other
years. However, more recently, data compiled by PHMSA reported a total of 3,700 tonnes of crude oil
spilled from rail cars in 2013, greater than the 2,600 tonnes reported during the previous 37 years
combined. A significant portion of the increased crude-by-rail transportation can be related to shale oil
production in North Dakota, which has greatly expanded its output since the discovery of a new oil field
in 2006 (the Parshall Qil Field producing from the Bakken and Three Forks Formations in the Williston
Basin) (LeFever 2008)

Bakken crude oil produced in North Dakota was involved in three crude-by-rail spills during 2013,
including the derailment in Lac-Mégantic, QC, on July 6, where a subsequent explosion and fire killed 47
people. An estimated 100 m* of spilled crude oil entered Mégantic Lake and the Chaudiére River via
surface flow, underground infiltration and sewer systems (TSB 2014b). In November 2013, derailment of
26 tank cars in Aliceville, AL, resulted in the release of nearly 2,400 tonnes of Bakken crude oil; the U.S.
National Transportation Safety Board (NTSB) noted that the crude oil was released into a wetland (NTSB
2014). The third major spill occurred on December 30 near Casselton, ND, where several tank cars
ruptured when a crude oil unit train derailed after striking another derailed freight train, spilling an
estimated 1,300 tonnes of crude oil (NTSB 2013). A post-accident fire created dense, toxic smoke that
forced a temporary evacuation of the town (NTSB 2014). The NTSB preliminary report did not note any
release to surface waterbodies from the Casselton spill, and the online NTSB docket did not include any
references to reports regarding effects on waterbodies (NTSB 2015).

As reported in the public media, releases of crude oil due to rail accidents continued in 2015. In several
cases, the oil caught fire and towns were evacuated. Most spills occurred on land rather than in aquatic
environments, but one entered a river. Examples during the first six months of 2015 include the
following:
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e 16 February — Canada — A Canadian National Railway (CN) freight train transporting crude oil
derailed 80 km south of Timmins, ON. Of the 100 cars in the train, 29 derailed and seven crude
oil tank cars caught fire. No injuries occurred and the burning oil was contained to the area
(Mangione 2015).

o 16 February — U.S. — A CSX freight train hauling 109 tank cars of Bakken crude oil derailed near
Mount Carbon, WV. At least seven crude oil tank cars caught fire, forcing the evacuation of
about 200 people, one injury and no deaths (Van Pelt 2015). About 685 m® of crude oil were
subsequently recovered by CSX and about 9,070 tonnes of soil were removed and shipped for
disposal (Raby 2015).

e 5 March — U.S. — A BNSF oil train derailed in a rural area near Galena, IL. Of the 105 cars being
transported, 21 containing Bakken formation crude oil left the track and caught fire. No injuries
were reported. The U.S. EPA reported that sampling of surface water did not detect any oil in the
Mississippi or Galena Rivers (EPA 2015).

e 7 March — Canada — A CN freight train derailed near Gogama, in northern Ontario. Forty of the
100 cars derailed, with five entering the Makami River and seven carrying crude oil catching fire
and burning for several days (TSB 2015b). Cleanup crews deployed booms to soak up floating
oil, as well as vacuum trucks to recover oil residues in the river. Thousands of tonnes of oily
snow were removed. A drinking water advisory issued for Minisinakwa Lake was lifted on June
10, 2015, after analyses confirmed that hydrocarbon concentrations did not pose a risk to human
health (Gillis 2015).

e 6 May — U.S. — A BNSF train derailed near Heimdal, ND, which ignited a crude oil fire in six
tanker cars and forced the evacuation of approximately 40 nearby residents. No injuries or
fatalities were reported (Riordan Seville et al. 2015).

1.4.7 Spills Due to Truck Transport Accidents

The total volume of crude oil transported by truck in Canada is an order of magnitude smaller than
transport by pipeline, but the number of incidents per million m® of crude transported is four-fold greater
(Table 1.4). The rate of incidents per volume transported was lowest for rail transportation. This disparity
remained consistent in 2014, when only one crude-by-rail spill occurred while transporting a total volume
of 9,339,576 m° of oil (significant figures are those reported by the data sources), an incident rate of 0.11
per million m® (data from National Energy Board [2015] and TSB [2015a]) versus a thirteen-fold greater
rate for oil transport by truck in 2011 (Table 1.4).

Table 1.4 Number of accidents, volume shipped and accident rate by mode of crude oil transport *° . Data from
Young (2014)

Number of Volume Shipped (m®)  Rate

Accidents (per million m3)
2011 Truck 45 31,459,085 1.43
2011 Pipeline 259 736,285,714 0.35
2012 Rail 1 3,908,266 0.26

a, Volume data from Statistics Canada and Transport Canada; accident numbers from Transport Canada for rail
and truck and from provincial governments and NEB for pipeline. Volumes were estimated using crude oil density of
0.9 kg/l. There were no in-transit rail accidents in 2011; therefore, 2012 data were used for comparison. Pipeline
volume includes some diluent.

b. The number of significant figures in the table are those reported by Young (2014)

Data from the U.S. indicate a similar pattern. The volume of oil spilled per distance transported has been
greatest for tanker trucks among all modes of transport since 1996 (Figure 1.4). However, this metric has
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decreased over the same time period for all spills from all modes of transportation, including oil spills
from trucks.
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Pipelines Tank Vessels/Barges M Tanker Trucks Rail

Figure 1.4 Average volumes of crude oil and petroleum product spilled per distance transported by all modes in
the United States. Notes: Pipelines include onshore and offshore pipelines. The time periods were chosen based on
the available annual data for both spill volume and ton-miles. The values for each time period are averages of
annual data for each six-year period. Source: Frittalli et al. (2014)

Although the incident rate is highest for truck transport, the average spill volume per incident is much
smaller and mainly on land. Unlike other modes of transport, trucks are primarily used to transport oil for
relatively short distances. However, a recent increase in truck oil shipments has occurred, which is not
reflected in the historic data shown in Figure 1.4. Shipment of oil by truck from shale formations in North
Dakota and oil sands in Canada to U.S. refineries increased by 38% between 2011 and 2012
(Christopherson and Dave 2014). Risks to public health and safety from a tanker truck spill would be
greater in the event of a fire and explosion if the spill occurred close to inhabited areas, and risks to the
environment would be greater if the spill was released directly into waterbodies. For example, in 2013 a
tanker truck carrying 35 m® of jet fuel tipped over into Lemon Creek, BC (a tributary of the Slocan River)
resulting in an evacuation order affecting about 1,500 people, a “do not drink” water order that lasted a
week, some fish and bird mortalities, and effects on water and sediment quality (CBC 2013; Executive
Flight Centre 2014). While this incident did not involve crude oil, it illustrates the effects of hydrocarbon
spills directly into waterbodies. A release of crude oil would be expected to have longer-term impacts due
to the persistence of the non-volatile components of the spill in water, sediments and biota.

1.4.8 Summary of Crude Oil Spills in Canada

Spills of crude oil into marine or freshwater systems in Canada from oil production facilities, tankers,
pipelines, rail and truck transport are infrequent, and the probability of spills decreases with increasing
spill size (Table 1.5). However, as pointed out by SL Ross Environmental Research (2014), while
statistics for spills into the marine environment are readily available in Canada, statistics for inland spills
into fresh water are not. The difficulty in locating inland spill data produced the “no data” results for rail
and road incidents in Table 1.5. The Panel’s review confirmed the difficulty of obtaining clear and
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reliable data on crude oil spills into fresh water. For example, the information presented in the sections
above on spills from production facilities, rail and truck transport had to be gleaned from details within
statistical reports on all incidents, whether involving oil transport or not (e.g., the TSB [2015] report on
railway occurrences), by laborious searching through individual investigation reports (e.g., individual
TSB or AER reports) and/or from media reports. Even when reports were available on spill incidence and
volume (e.g., the AER [2013] report on pipeline performance), spills of crude oil were not always
distinguished from refined product spills; instead, statistics were presented on “hydrocarbon liquids”.

Table 1.5 Annual frequency of oil spills in Canada by source and volume. Source: SL Ross Environmental
Research (2014)

Spill Volume (m°)

SO <1 1-10 10-100 100-1,000 > 10,000
Offshore

explorationand  20.9 1.7 0.4 0 0 0
production®

Vessel Spills®

Crude nd® nd 0.02 0.01 0.19 0.004
Refined nd nd 0.60 0.10 0.024 0.00
Fuel nd nd 1.90 0.60 0.01 0.00
Total nd nd 2.52 0.71 0.05 0.004
Pipelines®

Release into 0.56 0 0.20 0 0 0
Total 0.75 3.8 1.89 0.94 0

Rail nd nd nd nd nd nd
Road nd nd nd nd nd nd

2 2004 to 2013. Canada-Nova Scotia Offshore Petroleum Board (http://www.cnsopb.ns.ca/environment/incident-
reporting) and http://www.cnsopb.ns.ca/environment/incident-reporting

® WSP Canada Inc. (2014).

©. 2008 to April 2013. https://www.neb-one.qgc.ca/sftnvrnmnt/sft/dshbrd/index-eng.html

% nd, no data; information was not publically available or was not immediately accessible.

Notwithstanding the apparent relative infrequency of crude oil spills into aqueous environments in
Canada, the consequences of spills into sensitive waterbodies can be substantial, both with respect to
impacts on human health, safety and the environment and with respect to economic impacts. Therefore, a
primary focus of this Report is on the consequences of spills, no matter how low the probability may be.
This focus is commensurate with the key questions posed by the sponsors and stakeholders.

15 Organization of This Report

The relationships among the chapters of this report and the key questions posed by the sponsors and
stakeholders are illustrated in Table 1.6. There is overlap in the subject matter among the chapters but the
Panel strove to avoid duplication. In some cases, topics are discussed from a different perspective, or in
more or less detail, depending upon the primary focus of the chapter. Chapter 8 considers all of the major
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topics within a risk framework and uses case studies to examine the importance of physical, chemical and
biological factors, as well as cleanup and recovery measures in determining short-term and long-term risk

of spills. The final chapter (Chapter 9) presents the Panel’s recommendations.

Table 1.6 Relationship between chapters and key questions

Chapter

2:
Composition,
Properties
and
Behaviour

Question
1:

Behaviour
of Crude
Oil Types

Question 2:
Chemical
Composition
and Toxicity
of Crude Qil
Types

Question 3:
Microbial
Processes
Affecting
Crude QOil
Toxicity and
Characteristics

Question 4:
Relationship
Among Crude
Oil Behaviour,
Toxicity,
Characteristics
and
Remediation

Question
5:

Research
Priorities

Question 6:
Spill
Prevention,
Preparedness
and
Response

3: Effects of
Environment
on Oil Fate
and
Behaviour

4: Toxicity
and

Ecological
Relevance

5: Modeling
Spill
Behaviour

6: Spill
Response
Options

7: Prevention
and Response
Decision
Making

8: Risks from
Oil Spills
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CHAPTER 2: CHEMICAL COMPOSITION, PROPERTIES AND BEHAVIOUR OF SPILLED OILS
Abstract

The chemical composition of petroleum® is of utmost importance for understanding oil spills in aquatic
environments because the chemistry of the oil dictates its physical properties (e.g., density and viscosity),
behaviour (e.g., spreading, sinking, dispersion), biological impacts (e.g., toxicity, susceptibility to
biodegradation) and ultimate fate in the environment. Thus, petroleum chemistry is important to oil spill
responders for predicting hazards, such as fire and explosion, and for selecting suitable cleanup and
remediation approaches. It is also important to regulators for forensic purposes, monitoring and
determining acceptable endpoints for spill remediation.

The petroleum hydrocarbons transported within Canada range from ultra-light condensates and light oils
to heavy oils and bitumens, as well as blends like diluted bitumens and heavy fuel oils. Each oil is a
complex mixture of thousands of chemicals, not all of which are hydrocarbons, and every oil has a unique
chemical ‘fingerprint’. Conventionally, petroleum is separated into four major fractions for analysis:
saturates, aromatics, resins and asphaltenes. Whereas the structures of many saturated and aromatic
petroleum compounds are known and have been studied individually or within an oil matrix, the
chemically diverse, high molecular weight resins and asphaltene fractions have resisted characterization.
Additional minor constituents in oil may include sulphur (e.g., as hydrogen sulphide gas), naphthenic
acids, metals and minerals.

Spilling oil onto water progressively changes its chemical fingerprint through physical, chemical and
biological processes collectively called ‘weathering’. As oil spreads on the water surface, small molecules
evaporate, others may be oxidized by sunlight, and the oil may form emulsions with water. In the water
column oils may disperse as droplets and/or sink and/or form ‘tar balls’ after interacting with suspended
particles, light components may dissolve in the water and others may be selectively biodegraded by
microbes. Oil that reaches the shoreline or sediments may become sequestered and/or re-emerge over
time, but oil interactions with ice are currently not well known. Measurable changes in the ‘fingerprint’ of
spilled oil over time reflect its initial chemistry and the magnitude of weathering processes and therefore
can be used to monitor remediation progress and determine endpoints. Importantly, just as each crude oil
is chemically unique, each oil spill reflects the specific environmental conditions at the spill site acting on
a particular oil over a given time period. The diverse petroleum types form a continuum of chemical
compositions, physical properties and spill behaviours.

To provide background for later chapters on oil fate (Chapter 3), toxicity (Chapter 4), modeling (Chapter
5) and remediation of oil spills (Chapter 6), as well as spill response decision-making (Chapter 7), this
chapter summarizes the common chemical components of crude oils, describes a suite of crudes
representing the compositional range of oils commonly transported in Canada, and briefly outlines the
general behaviour of oil spilled in marine and freshwater environments. Further research is needed to
fully characterize the properties and spill behaviours of emerging oil types, including diluted bitumen
blends and unconventional oils such as shale oil.

Y The terms ‘petroleum’ and ‘crude oil’ are considered here to be synonyms and are used interchangeably.
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2.1 Chemical Composition of Oils

Crude oils are naturally-occurring complex

mixtures of thousands of individual compounds, | crude oils are highly complex, diverse mixtures
but  primarily they comprise hydrocarbons | of chemicals. Each oil has a unigque composition
(molecules  consisting of only carbon and | or ‘chemical fingerprint’ that usually consists of
hydrogen) and lesser proportions of compounds | four major classes of chemicals: Saturates,

containing heteroatoms (e.g., nitrogen, sulphur | Aromatics, Resins and Asphaltenes (SARA) and

andfor oxygen) in addition to carbon and | sometimes minor constituents like metals,
hydrogen. Commonly, small amounts of metals, | sy|phur, solids and water.

minerals and sometimes inorganic sulphur are also
present. The majority of petroleum components
are derived from organic matter from ancient
aquatic plants, animals and microbes, and their proportions in the oil reflect the source(s) and geological
history of that oil during its formation.

21.1 Four Major Chemical Fractions of Crude Oil

Most crude oil constituents can be divided into four major chemical classes known by the acronym
SARA: Saturates, Aromatics, Resins and Asphaltenes, as described below and illustrated in Table 2.1.
Historically, these groups are defined as solubility fractions by liquid-solid chromatography, as explained
in Appendix A (Figure Al). Appendix A also presents an overview of analytical methods commonly
used to chemically characterize oils. Together these fractions contribute to the bulk properties of
petroleum, such as viscosity, specific gravity and susceptibility to biodegradation, as discussed in detail
below (Section 2.2).

It is important to note that Table 2.1 presents only a few examples of the thousands of possible structures
of petroleum components. Indeed, the presence and positions of one or more alkyl groups (e.g., —CHs, —
C,Hs) on parent structures, whether saturated or aromatic, can produce myriad ‘isomers’ (chemicals
having the same chemical formula but different structures) and ‘homologous series’ of similar chemicals
that differ by the number of alkyl substituents. Isomers and members of homologous series may have very
different adsorption properties, water solubility and susceptibility to biodegradation. A paraffin with four
carbon atoms can exist in only two isomer forms, but one with 14 carbon atoms theoretically can exist as
60,523 isomers (Speight 2014). Multiple isomers cause technical problems for peak resolution by gas
chromatography (GC) and contribute to the unresolved complex mixture (UCM) or ‘hump’ in gas
chromatograms (Appendix A).

2.1.1.1 Saturates

This chemical class is typically the major
component of petroleum. It exclusively comprises
hydrocarbon molecules having single carbon-
carbon bonds, with all remaining bonds being
saturated with hydrogen atoms (i.e., no double- or
triple-bonded carbon). Three subclasses are
defined within this fraction: paraffins and
isoparaffins having straight or branched chain
structures, respectively; naphthenes
(cycloparaffins, also called alicyclic hydrocarbons) having one or more saturated ring structures; and
fused-ring aliphatics, including hopanoids and steroids, having large, complex structures combining
paraffinic and naphthenic structures (Table 2.1). Olefins (partially unsaturated hydrocarbons), such as
alkenes and alkynes, are scarce or absent in petroleum (Speight 2014).

The saturate fraction is considered the least
toxic of the four major petroleum fractions and
the most readily biodegradable, with the
exception of steroids and hopanoids that tend to
resist biodegradation.
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Petroleum paraffins range from gases and vapours of one to five carbon atoms (C;-Cs) under normal
pressure (e.g., methane gas, CH,) to liquids of Cs-Cys, to crystalline waxes of C.,,. Normal (n-)alkanes
have straight chains with no branching (i.e., no alkyl substitutions on the hydrocarbon backbone) and
therefore have the general formula C,H,,.. iso-Alkanes are branched structures with alkyl substitutions at
single or multiple points on the backbone, creating numerous series of isomers having the same molecular
weight but different structures.

In general, n-alkanes <Cs are highly volatile (and therefore not likely to remain in the water column for
biodegradation, except at high pressures in deep water), and those between Cs and ~Cz are biodegradable
when present in crude oil. Therefore, n-alkanes of < Cs are unlikely to persist in the environment and
pose little toxicological risk to aquatic life, unless they are ingested in oil droplets, because they are
essentially water-insoluble. iso-Alkanes tend to be more persistent in the environment because they are
more slowly degraded than their n-alkane counterparts; in fact, pristane (Table 2.1) and phytane, which
are common and often prominent iso-alkanes in petroleum (Appendix A, Figure A2), have been used as
short-term petroleum biomarkers because they usually resist biodegradation until the n-alkanes have been
depleted (Head et al. 2006). Therefore, petroleum biomarkers can be used as internal standards to monitor
the biodegradation rates of susceptible oil components, or for forensic evidence to identify sources of
contamination in the environment. For example, triaromatic steroids containing aromatic and aliphatic
moieties (Table 2.1) were used to distinguish naturally-occurring background hydrocarbons from diluted
bitumen (dilbit) contamination in the Kalamazoo River spill (US-EPA 2013a; Chapter 8). See Chapter 7
for a more complete discussion of petroleum biomarkers.

The term ‘biomarker’, as used in petroleum chemistry, designates a chemical compound originally
derived from living organisms that is poorly biodegradable and therefore persists over geological time
in the oil. This differs from the definition of ‘biomarker’ used in environmental toxicology (Chapter
4). Commonly used petroleum biomarkers include certain iso-alkanes and complex cyclic alkanes.

Naphthenes, or cyclo-alkanes, have the general formula C,H,, and can exist in multiple fused ring
structures with single or multiple alkyl substitutions. Low molecular weight (LMW) cyclo-alkanes (< Cs)
are volatile and can cause toxic effects (e.g., US-EPA 1994; Sikkema et al. 1995) because they can
partition into biological membranes. As with iso-alkanes, cyclo-alkanes tend to be more resistant to
biodegradation than n-alkanes of the same molecular weight (Head et al. 2006). Diamondoids (based on
the adamantane structure; Table 2.1) are examples of multicyclic aliphatics, having cage-like structures
with or without alkyl side-groups (Wei et al. 2007). They are found in significant concentrations in
bitumen and are less susceptible to biodegradation than their polycyclic aromatic hydrocarbon (PAH)
counterparts (Government of Canada 2013).
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Table 2.1 Major chemical classes comprising petroleum, and structures of some example molecules
Name of chemical Example of class or Structure of example compound(s) Properties and relevance of

class or fraction fraction class or fraction

Usually the most abundant
SATURATES chemical class in petroleum;
highly water-insoluble; typically
are biodegradable and generally
non-toxic

n-Alkanes n- Hexadecane n-Alkanes <Cg are light liquids
or gases and may be toxic; Ce-
/\/\/\/\/\/\/\/ Cys are readily biodegradable;
>C,p are waxes and more
difficult to biodegrade
iso-Alkanes Pristane iso-Alkanes are more resistant to
biodegradation than n-alkanes;
some, such as pristane and
phytane, are used as short-term

biomarkers for aerobic
biodegradation

cyclo-Alkanes and | Cyclohexane; More resistant to biodegradation
Diamondoids Adamantane than n-alkanes; diamondoids
may be used as robust
biomarkers during
biodegradation (de Araujo et al.
2012)

Many are non-biodegradable
and therefore are used as long-
term biomarkers for forensics
and biodegradation assessment

Hopanoids and 17a(H),21B(H)-Hopane
Steroids (30ap)
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Name of chemical Example of class or Structure of example compound(s) Properties and relevance of

class or fraction  fraction class or fraction
The examples shown below are strictly hydrocarbons; however,| A hydrocarbon class that is
AROMATICS some aromatics having heteroatoms (i.e., S-, N- and O- generally more toxic than

heterocycles) fractionate with the aromatic hydrocarbons and | saturates; many isomers and
are often considered together functionally. Examples of such homologous series are possible
aromatic heterocycles are shown in the resins fraction below. | when aliphatic groups are
attached to the aromatic rings.

Monoaromatics BTEX: Benzene, The BTEX series is volatile,
Toluene, Ethylbenzene more water-soluble than other

and Xylene isomers hydrocarbons, acutely toxic

(ortho-xylene shown) and/or carcinogenic, and
relatively biodegradable under
aerobic and anaerobic

conditions
Polycyclic 2-Methylnaphthalene and Large number of isomers are

aromatic Benzo[a]pyrene possible due to multiple
hydrocarbons positions for alkyl side chains;
(PAHSs) and some PAHSs are toxic and/or
alkylated series carcinogenic; many persist in the
(alkyl PAH) environment because they resist
biodegradation; benzo[a]pyrene

is a US-EPA ‘Priority Pollutant’

Naphtheno- Acenaphthene and a Combination of saturated and
aromatics; triaromatic steroid unsaturated cyclic hydrocarbons;
aromatic steroids acenaphthene is a US-EPA
. ‘Priority Pollutant’; triaromatic
O. steroids have been used for
forensic attribution of
O‘ environmental contamination
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Name of chemical
class or fraction

Example of class or
fraction

Structure of example compound(s)

Properties and relevance of
class or fraction

RESINS

The structures of individual resin compounds have not been
determined, but they contain one or more S-, N- and/or O-
heteroatoms; examples of aromatic S-, N- and O-moieties that
may form part of resin structures are shown below. The
individual chemicals below are commonly considered to be part
of the Aromatics fraction (despite being heterocycles rather
than hydrocarbons).

A solubility class related to
asphaltenes (below), but of
lower molecular weight, lower
aromatic content and greater
polarity; poorly detected and
resolved by most GC-based
methods

Examples of S-
containing
moieties that may
be constituents of
resin molecules

Moieties may include:
Dimethylbenzothiophene
and 2-Methyldibenzo-
thiophene

o O

Organic sulphur moieties such as
these may contribute to total
sulphur content of sour crude
oils

Examples of O-
containing
moieties that may
be constituents of
resin molecules

Moieties may
include:Benzofuran;
Benzo[b]naphthofuran

ooy

Organic oxygen-containing
groups in resins may be
generated from PAHSs by
photooxidation or partial
biodegradation

Examples of N-
containing
moieties that may
be constituents of
resin molecules

Moieties may include:
Benz[a]acridine;Dibenzo[
a,iJcarbazole

N-containing groups contribute
to polarity of the resins fraction

ASPHALTENES

The structures of individual asphaltene molecules have not
been determined; they are related to resins (above) but have
higher molecular weight, greater aromatic content and are less
polar than resins.

A solubility class of complex
high molecular weight (HMW),
polar compounds that are
water-insoluble; contribute to
heavy oil viscosity; non-
biodegradable
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Name of chemical
class or fraction

Example of class or
fraction

Structure of example compound(s)

Properties and relevance of
class or fraction

Hypothetical asphaltene
molecules, after Hoff and
Dettman (2012) and Boek
etal. (2010)

Numerous models of asphaltene
structures have been proposed of
different size, aromaticity and
degree of condensation; different
subclasses of asphaltenes with
different chemical properties
have been proposed recently

MINOR ORGANIC COMPONENTS

Petroporphyrins C28 Etio vanadium
(organometals) porphyrin;

Nickel deoxophyllo-
erythroetioporphyrin (D
PEP)

CH,

CH; y

CH3 \

CH;
HyC

Vanadium and nickel are
common metals coordinated in
centre of the porphyrin structure;
the core derives from
(bacterio)chlorophyll molecules
transformed over geological time
by pressure and heat

Naphthenic acids | Ethylcyclopentane-3-
propanoic acid;

Diamondoid acid

Heterogeneous class of O-
containing polar compounds
associated with acute toxicity to
aquatic life; may be products of
partial biodegradation of
hydrocarbons; many resist
biodegradation
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Fused complex alicyclic hydrocarbons include hopanoids and steroids that are derived from microbial,
animal and plant sterols and terpenes. Some of these compounds are extremely resistant to biodegradation
and therefore are ideal oil biomarkers that persist for thousands or even millions of years (Peters et al.
2005). Others, such as cholestane and possibly hopane, are less stable and may slowly biodegrade (Prince
and Walters 2007).

Waxes (linear alkanes >C,), which can represent a substantial proportion of certain crudes, may
precipitate out of petroleum at low temperature and can also form coatings on surfaces, affecting the
interfacial properties of the oil (Hollebone 2015). They are non-toxic but resist biodegradation due to low
bioavailability in water.

2.1.1.2 Aromatics

Aromatic hydrocarbons are cyclic, planar,
unsaturated compounds having structures based
on a single benzene ring or multiple fused
benzene rings. They can have one or more alkyl
groups in various isomeric arrangements. The
most common  (alkyl)-monoaromatics  in
petroleum are the BTEX series (benzene, toluene,
ethylbenzene and the three xylene isomers; Table
2.1). Benzene, ethylbenzene and toluene are on
the US-EPA list of toxic ‘Priority Pollutants’
(http://water.epa.gov/scitech/methods/cwa/pollut
ants.cfm). They are also light enough to be volatile, presenting flammability and breathing hazards.

Monoaromatics are the most water-soluble of
the hydrocarbons and thus the most mobile in
the water phase by diffusion. They may cause
acute toxicity because of their ability to partition
into biological membranes. PAHs having two or
more fused aromatic rings are less volatile and
commonly more persistent than monoaromatics.

PAHs have two or more fused aromatic rings and may additionally have alkyl side-groups (alkyl PAH).
Many of the smaller PAHs are of intermediate biodegradability that is inversely proportional to the
number of fused rings in the structure. Several ‘parent’ PAHs (i.e., unsubstituted PAHs such as
benzo[a]pyrene; Table 2.1) are on the US-EPA list of ‘priority pollutants’ because of their toxicity,
carcinogenicity (typically via inhalation) and/or resistance to biodegradation (van Hamme et al. 2003),
even though these parent PAHSs typically represent <15% of the total PAH (TPAH) in the oil. The bulk of
PAHs have one or more alkyl substituents in various positions (e.g., 2-methylnaphthalene; Table 2.1),
generating many homologous series of alkyl PAH with different physical and chemical properties and
sometimes very different biological effects and biodegradability (Wang et al. 1998). The chronic toxicity
of oil is attributed primarily to alkyl PAHs having 3-5 rings (discussed in detail in Chapter 4).

Naphthenoaromatic structures are combinations of saturated and unsaturated rings, with or without alkyl
groups. Their concentrations, along with the naphthenes, tend to be greater in heavier oils (Speight 2014)
and contribute to the overall resistance of these oils to biodegradation. An example is acenaphthene
(Table 2.1), which is also a US-EPA ‘priority pollutant’.

Some heterocycles (e.g., those shown in Table 2.1 as moieties potentially found in resin structures),
including dibenzothiophenes, furans, carbazoles and their alkyl-substituted homologues, fractionate with
the aromatics even though they are not hydrocarbons. Some of these aromatic heterocycles are
biodegradable, whereas some isomers resist enzymatic attack (Kropp et al. 1996) or are only partially
oxidized, yielding dead-end products that are more water-soluble than the parent compound and have
different toxicity.
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2.1.1.3 Resins

Unlike saturates and aromatics that can be defined by their
chemical structures, petroleum resins (and asphaltenes, Section
2.1.1.4) are defined on the basis of their solubility in hydrocarbon
solvents rather than on discrete structures (Appendix A, Figure
Al), with the resins fraction being soluble in n-pentane or n-
heptane but insoluble in liquid propane (Speight 2004). The
structures of individual petroleum resins have not been
determined, although they all have one or more heteroatoms that
may be incorporated into ring structures that are saturated, partially saturated or aromatic, and/or long-
chain paraffin residues, with or without heteroatoms. Resins are chemically related to the asphaltenes
(Section 2.1.1.4), but are smaller (molecular weights estimated at 500 — 1,000 daltons [Da]; Bertoncini
2013), have lower aromaticity and are more polar® than asphaltenes. In the petroleum industry, resins are
considered the smallest of the polar compounds in oil (versus hydrocarbons that are non-polar). Light
paraffinic crude oils may comprise >97% hydrocarbons and <3% resins, whereas heavy oils and bitumen
may be only ~50% hydrocarbons with the remainder being resins, asphaltenes, naphthenic acids and
metals (described below). In general, the resins constitute a greater proportion of petroleum mass than the
other non-hydrocarbon components, although this is not apparent by GC methods because the resins
either tend to be poorly resolved, contributing to the UCM ‘hump’ in chromatograms (Appendix A), or
not to be resolved at all by GC.

Resins are not hydrocarbons
since their chemical structures
include elements other than
carbon and hydrogen, i.e., the
heteroatoms S, N and/or O.

The polarity of resins is contributed by the presence of heteroatoms in diverse moieties within the resin
structure, such as those shown in Table 2.1, i.e., S-containing aromatic thiophenes, benzothiophenes,
dibenzothiophenes, naphthobenzothiophenes and aliphatic alkyl sulphides; N-containing pyrroles, indoles
and carbazoles; and/or O-containing hydroxyl, ester, carboxylic acid, carbonyl, furan and
sulfoxide/sulfone functional groups. These heteroatoms make resins more polar than hydrocarbons
(Speight 2004) and in some cases more toxic because of their water solubility (Melbye et al. 2009).
Because of the dominant effect of these moieties on the resins fraction, the resins are also sometimes
called the ‘Polar’ or ‘NSO’ fraction of petroleum.

Resins typically resist biodegradation, although some may be partially oxidized by microbes to generate
products of greater polarity and water solubility and thus potentially greater mobility, toxicity and
environmental persistence. In fact, some resins may represent the dead-end products of incomplete
biodegradation of organic matter over geological time, which are resistant to further enzymatic attack, or
that may have been generated from hydrocarbons in spilled oil by poorly-understood photooxidative
processes (Section 2.4.1.3).

2.1.1.4 Asphaltenes

Asphaltenes are the most complex, most
diverse and highest molecular weight
components of petroleum. They are also the
least susceptible to biodegradation.
Asphaltenes comprise a small proportion of
light crude oils and greater proportions of
heavier oils and bitumens, conferring increased
viscosity and density, among other properties.

Asphaltenes are not hydrocarbons because they
contain S-, N- and O-heteroatoms, like the resins, but
they have greater average molecular weight (>400
Da, mean weight ~1,200 Da [Gray 2015]). This
chemical class (Speight 2004) represents myriad
individual chemicals and is defined on the basis of
insolubility in n-alkanes, such as pentane and
heptane, but solubility in toluene (Appendix A,

Figure Al). Thus, petroleum can be separated into

2 Polarity refers to the distribution of electric charge across a molecule. Simplistically, polar compounds dissolve better in water
(a polar solvent) than do non-polar compounds.
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two major fractions simply by diluting it in 40 volumes of n-pentane (Speight 2004) or similar solvent,
whereupon the asphaltenes precipitate and the nCs-soluble fraction (known as the maltenes or de-
asphalted oil) remains dissolved. The proportion of asphaltenes in a crude oil affects its properties by
causing it to adhere to and affect the wetting characteristics of surfaces it attaches to, including pores and
channels in sediments, earning this class the nickname ‘the cholesterol of crude oil’ (Boek et al. 2010).

Despite considerable research (e.g., Strausz et al. 1992; Peng et al. 1997; Sheremata et al. 2004; Dettman
et al. 2005; Hoff and Dettman 2012), the structure of individual molecules within the asphaltene class has
remained controversial due to their HMW, complexity, heterogeneity and propensity to intimately
associate with other petroleum components like resins (Speight 2004). Asphaltene molecules are
proposed to exist as hanoaggregates (Boek et al. 2010) and/or as colloidal micelles in the bulk petroleum,
with resins forming the outer layer and preventing asphaltene aggregation (Petrova et al. 2011). Such
properties and interactions make chemical characterization technically difficult. Asphaltenes are neither
resolved nor detected by conventional GC but instead are subjected to alternative analyses, such as gel
permeation chromatography, nuclear magnetic resonance and high-temperature simulated distillation
(Appendix A). Speight (2004) considered that the predominant chemical groups in asphaltenes are
aromatic (sometimes >50% of the total carbon) with saturated hydrocarbon linkages. Hoff and Dettman
(2012) have isolated and defined different subclasses of asphaltenes having varying degrees of
condensation and differing alkyl substitutions (Table 2.1) and therefore different properties. Yang et al.
(2015) have further inferred and differentiated structural features of asphaltenes that stabilize oil:water
emulsions through interfacial activity (Yang et al. 2014). Thus, the structures and properties of
asphaltenes are gradually emerging with advances in analytical techniques but consensus has yet to be
achieved.

Recommendation: Continued fundamental research is needed into the composition of the
high molecular weight, polar components of oil, and standardized analytical methods for
characterizing these fractions should be developed and published. Characterization of the
resins and asphaltenes classes is presently incomplete because of current analytical
technical limitations preventing comprehensive, detailed monitoring and prediction of the
behaviour and fate of many spilled oils, particularly heavy oils and bitumen blends that are
rich in these fractions.

Because of their size and complexity, asphaltene molecules are extremely resistant to biodegradation
(despite a small number of questionable literature reports purporting to demonstrate asphaltene
degradation). Their stability in the environment is shown by their preservation for thousands of years in
ancient artifacts and their modern use in asphalt roads and roof shingles.

2.1.2 Minor Components of Crude Qils

Some of the minor constituents of crude oils

In addition to SARA fractions, petroleum may include  organometallic compounds, such as
contain small and variable concentrations of petroporphyrins (Caumette et al. 2009) containing

non-hydrocarbon components derived from vanadium (V), nickel (Ni), iron (Fe) or copper (Cu)
biological or geological sources, such as derived from plant and microbial sources and

metals, organometals, sulphur, naphthenic dissolved in the bulk oil, as_well as.inorganic sqlts
acids, mineral particles and /or water. of these metals and others in colloidal suspension
(Speight 2014). Metalloporphyrin structures (Table
2.1) are often associated with the asphaltenes;
therefore, metals are more abundant in heavier
petroleum fractions and in heavy bituminous crudes at concentrations up to hundreds of parts per million
(Fingas 2015b).
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Whether metal atoms that are strongly associated with their organic ligands in petroleum actually become
water-soluble and bioavailable after oil spillage into water is a matter of debate (Joung and Shiller 2013).
Thus, reports of environmental impacts of heavy metals from oil contamination vary. For example,
concentrations of Ni and V in Saudi Arabian coastal sediments contaminated by massive volumes of
Kuwait oil during the 1991 Gulf War were only slightly elevated above background values, and may have
resulted from oil combustion as well as spillage (Fowler et al. 1993). In contrast, tonnes of Cu, Ni and V
were estimated to have been released to the Atlantic Ocean during fuel oil leakage from the sinking of the
Prestige oil tanker (Santos-Echeandia et al. 2008). Seawater concentrations of Cu and Ni (but not V) were
elevated in the upper water column (0-50 m depth), associated with upward movement of escaping fuel,
and in deep waters that had longer contact time with the oil (Santos-Echeandia et al. 2008). Similarly,
Wise Jr. et al. (2014) detected increased concentrations of chromium (Cr) and Ni in floating oil and tar
balls associated with the Deepwater Horizon (DWH) blowout in the Gulf of Mexico and elevated
concentrations in sperm whale tissue samples collected in the Gulf versus control samples. In contrast,
Joung and Schiller (2013) found that samples of surface waters near the DWH blowout site did not show
unusual concentrations of Ni or several other metals, but deep water samples collected near the well had
higher concentrations of cobalt (Co). Elevated barium (Ba) concentrations detected in deep water were
likely associated with the drilling mud used to contain the blowout rather than the oil plume itself. Thus,
the magnitude and effects of metal contamination from individual spills require additional study, whereas
the accumulation of metals in chronically hydrocarbon-contaminated water and sediments (e.g., those
impacted by refineries or shore-to-ship oil transfer) is well-known (e.g., Gonzalez-Macias et al. 2006).

Inorganic S present in elemental form (S°) or as gaseous H,S may be a minor component by mass (often
<1%), but H,S is toxic to humans even at parts per million levels. H,S is also a major concern regarding
corrosion to infrastructure (e.g., pipelines and surface handling facilities) and explosion potential in
confined spaces, including rail cars. Depending on the water content of the oil and its pH, H,S may exist
as a gas or may be dissolved in the water phase. H,S may represent only a fraction of the total S in sour
crudes, which can contain significant quantities of organic S compounds (Table 2.1) that contribute to
total S. The organic S compounds have different chemical properties than H,S, and are more problematic
in refineries than in the environment. Qils with a significant proportion of total S (usually >1%) are called
‘sour’ crudes, as opposed to ‘sweet’ crudes with <0.5% S (Section 2.3.6). Sweet oils are generally more
valuable than sour, as the presence of S imposes a price penalty at the refinery, and H,S concentrations
must be reduced before transportation for safety reasons.

Naphthenic acids (NAs; Table 2.1) comprise a large, diverse group of alkyl-substituted cyclic and
noncyclic carboxylic acids, historically defined as having the chemical formula C,H,,+70,, where z
reflects the number of rings in the structure (Clemente and Fedorak 2005; Johnson et al. 2011). Thus, they
share similarities with the resins fraction, being composed of both hydrocarbon and heteroatom moieties
and being polar. NAs have also been defined by the extraction methods used to recover them from
samples and by their infrared (IR) absorbance spectra, but the range of possible structures has been
controversial, currently precluding a definition accepted by both industry and academia (Grewer et al.
2010; Rowland et al. 2011). Whereas NAs were previously considered to be saturated compounds with a
single acidic group, this class has expanded to include aromatic NAs (Jones et al. 2012) and NAs with
multiple oxidized functional groups (i.e., carboxylic acids plus hydroxyl groups). Definition of NAs has
become even more nebulous (Grewer et al. 2010) with the development of sophisticated analytical
methods (such as ESI FT-ICR-MS and multi-dimensional GC-MS; Appendix A) that detect more isomers
and analogues than previously recognized. NAs have been used industrially as components of wood
preservatives and mixtures are commercially available. However, application of new analytical methods
has shown that the component NAs in those mixtures differ significantly from naturally occurring suites
of NAs in petroleum-impacted waters (Grewer et al. 2010), throwing into question some of the early
research on NA biodegradation conducted using commercial mixtures.
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NAs are ubiquitous, but have been associated particularly with biodegraded oil reservoir fluids and oil
sands process waters in western Canada where they may represent the accumulation of dead-end products
of incomplete microbially-mediated oxidation of cyclo-alkanes (naphthenes; Table 2.1) (Rowland et al.
2011) over geological time. This view is supported in part by NA persistence in the environment, as many
resist further biodegradation (Whitby 2010). Current environmental interest in NAs arises from their
reported acute toxicity to aquatic life (Allen 2008; Zhang et al. 2011), contribution to Total Acid Number
(TAN; the petroleum acidity parameter), and accretion of precipitates (scale) that increase corrosion of
pipelines, refinery units and other oil-handling infrastructure. Due to their acidic group(s), they are more
polar than hydrocarbons, and this water solubility makes them more mobile in the environment than the
oil itself. In fact, petroleum that has been ‘water-washed’ in the reservoir or the environment may become
depleted in NAs as they dissolve into the water fraction. Conversely, spilled oil having high NA contents
may be a source of toxicity in aquatic environments as the NAs dissolve in water. However, attribution of
toxicity to specific NA compounds within a complex mixture of NAs is currently in flux due to the
expanding definitions of NA structures, discussed above. Further discussion of NA toxicity in oil sands-
associated environments is available (Gosselin et al. 2010).

Crude oils may also contain small amounts of minerals, such as clays, and emulsified water originating
either from the geological formation (connate water) or from water injected into the reservoir during oil
recovery (produced water). The great majority of entrained or emulsified water is removed from the oil to
meet pipeline specifications (typically <0.5% water plus sediments).

It is clear that the chemical composition of crude oils is extremely complex and variable, and the
structures of many oil components, including the UCM, are currently cryptic. The limitations of resolving
and identifying individual molecules in the resins and asphaltenes fractions, particularly, are slowly being
addressed with renewed scientific interest and development of new techniques. However, improved
analytical methods for chemical characterization are still needed to gain a better understanding of the
persistence and behaviour of these components in spilled oil. Additionally, the quality of data in different
oil property archives varies according to methodology. Development and adoption of standardized
methodology with data quality indices would allow for comparisons among studies.

Recommendation: Additional analytical research is needed over the long-term to address gaps in
fundamental knowledge of asphaltenes, resins and naphthenic acids, and to populate oil-property
databases with verified data. Such knowledge provides insight into criteria that affect
emulsification, photooxidation, biodegradation, toxicity, adhesion, etc., particularly for heavy oils
and bitumens that have high proportions of such chemical classes.

2.2 Bulk Properties of Oil

Complex mixtures, such as petroleum, exhibit complex chemical and physical properties requiring suites
of analytical methods to discern important differences between oils. Several properties are discussed
below; they are interrelated because all are affected by oil composition. Appendix B (Table Bl)
comprises a summary of major oil properties, associated analytical methods and the relevance of those
properties to oil spill cleanup (discussed fully in Chapter 7).

221 Density, Specific Gravity and API Gravity

Density is the mass of a given volume of oil, variously expressed in units of g/mL or g/cm® or kg/m®. Two
measures of density are commonly applied to petroleum: specific gravity and API (American Petroleum
Institute) gravity. Specific gravity is the density of a substance compared to that of water (and as a ratio is
dimensionless). Because most oils are lighter than water, they float on it. For example, fresh water has a
density of 1.0 g/mL and sea water a density of 1.03 g/mL at 4 °C. Therefore, an oil of specific gravity
<1.0 (e.g., gasoline at 0.8) will float on water at that temperature and one with specific gravity >1.0 will
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sink at that temperature. As the temperature increases, the density (and thus the specific gravity) of oil
decreases (Nmegbu 2014). Thus, bitumen and certain heavy fuel oils may have densities greater than
water at some temperatures and may submerge (Section 2.4.2.3).

API gravity (measured in degrees; ° API), devised by the American Petroleum Institute, is an inverse
measure of density that is used to compare different petroleum types (Table 2.2; Figure 2.1; Appendix C,
Table C1). Fresh water is assigned a gravity of 10° API at 15 °C; ‘light’ crude oils have API gravity of
>31.1°; ‘medium’ crudes are 22.3-31.1° API; ‘heavy’ crudes <22.3° API (or, more stringently, 10-15°);
and bitumens 5-10° API (Speight 2014). API gravity can also be considered a rough indicator of crude oil
quality, since more valuable light oils have higher ° API values.

Oils of API >10° will float on fresh water at 15 °C whereas bitumen, defined as <10° API (Speight 2014),
will sink. However, the sinking or floating of oil on water is additionally affected by salinity (e.g.,
seawater density 1.03 g/ml), by temperature and by interactions with particles (Section 2.4.2.3).
Weathering of spilled oil, particularly diluted bitumen, can have a profound effect on the oil’s density
because evaporation (Section 2.4.1.2) of the LMW components (‘light ends’) leaves residual oil of higher
density that may no longer be buoyant. Thus, the decrease in specific gravity (increase in ° API) of spilled
oil at higher temperatures may gradually be overcome by faster evaporation rates, resulting in an oil that
is more dense.

Dynamic Viscosity, cP or mPa s
10t 102 10° 104 10° 108

Light and medium Undiluted
crude oils i Bitumens

| l |

0.884 0.934 0.966 1.000 Density, g/ml

35 20 15 10 Gravity, “API

Figure 2.1 Relationship among viscosity, density and API gravity over a range of petroleum types. Adapted from
Speight (2014).

2.2.2  Viscosity and Pour Point

Viscosity, defined as resistance of a liquid to
deformation by shear or flow (WSP 2014), is also
informally described as resistance to flow, or the
‘thickness’ of a fluid. The lower the viscosity, the
more easily it flows. Two types of viscosity may be
reported: 1) dynamic viscosity (resistance to shear,
where adjacent layers move parallel to each other but
at different speeds), expressed as centipoise (cP) or
milliPascal second (mPa s); and 2) kinematic
viscosity (the ratio of the dynamic viscosity to the
density of the fluid) reported in centiStokes (cSt) or m?/s. The significance of viscosity in oil spill
response is discussed in Chapter 6.

Oil viscosity, like density, is determined in
large part by its chemical composition. Higher
proportions of ‘light’ components, such as
LMW alkanes and aromatics, contribute to
lower viscosity; whereas, heavier components,
such as asphaltenes and resins, increase
petroleum viscosity.
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Gasoline has a dynamic viscosity of 0.5 mPa s, light crude viscosity may be 5-50 mPa s, whereas
‘conventional’ crude oils have viscosity up to 10,000 mPa s (similar to that of molasses) and “ultraheavy’
oils and bitumen usually have viscosity >50,000-100,000 mPa s (Speight 2014), similar to peanut butter.
The relationships between viscosity, density and API gravity are shown in Figure 2.1. Increased viscosity
decreases oil spreading on water (Section 2.4.1.1), dispersion (formation of oil droplets in water; Section
2.4.2.2) and the efficacy of chemical dispersants during remediation (Chapter 6).

As shown in Figure 2.2, kinematic viscosity is not only a function of the average molecular weight of the
oil, it also declines exponentially as temperature increases (Nmegbu 2014). Thus, temperature impacts the
extent of oil spreading on surfaces and penetration of shoreline sediments. Temperature also defines the
oil’s pour point - the temperature below which an oil will not flow but rather starts to solidify or gel.
Bitumen, for example, does not flow in the reservoir and must be heated or, alternatively, bitumen must
be diluted with light oils for transport (Section 2.3.7). The interrelatedness of viscosity, pour point and
temperature then becomes particularly important when considering the release of heavy oil or diluted
bitumen from a heated pipeline or flow of an oil spilled onto ice or cold water.

350
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g 250 -
g A Medium Heavy crude
L 200
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@ 150 - ¥
3 y
2 100 | S &
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Figure 2.2 Relationship between temperature and kinematic viscosity (reported in centiStokes [cSt]) for four oil
types (Table 2.2). Adapted from Tsaprailis (2014)

2.2.3  Volatility and Flash Point

High  concentrations of  light, volatile

The ‘light” components of petroleum that hydrocarbons contribute to the flammability

contribute to decreased viscosity and density potential of an oil by lowering the flash point, the
(e.g., LMW saturates and aromatics) also tend to | lowest temperature the fuel must experience to
evaporate (volatilize) readily. Volatility is achieve ignition m_the air. Notably, these Il_ght
particularly important when considering diluted | hydrocarbons, particularly ' the - monoaromatics,
bitumen blends, which contain substantial also correlate with acute toxicity to life forms (as

proportions (=30%) of light petroleum products discussed in Chapter 4). Thus, vapours from an oil
that pose a flammability hazard, even though the | SPill can pose a hazard to spill responders, as well
majority of the oil mass (the bitumen) is as to wildlife exposed to the fumes.

considered non-flammable.
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After volatilization of some or most of the light components through weathering processes in open
conditions (Section 2.4), the oils will have decreased flammability and acute aqueous toxicity.
Temperature is obviously a primary factor affecting volatility and flash point, with higher temperature
speeding volatility losses from spilled oil, but the thickness of the oil layer (which will also respond to
temperature via viscosity changes) will also affect the rate of evaporation.

2.2.4 Water Solubility

In general, the saturates are highly water-
insoluble compared with aromatics of a similar | st petroleum hydrocarbons are virtually
carbon number (e.g., the aqueous solubility of | jysojuble in water. Only the LMW aromatics (e.g.,
naphthalene, a Cio PAH, is approximately 600- | BTEX), very small saturates and small polar

fold greater_ than the Cy, saturate n-decane). compounds (some resins) have appreciable
Monoaromatics are the most water-soluble of the solubility in water, typically in the range of parts-
hydrocarbons, whereas (alkyl-) PAHs are poorly | her_million (ppm). Water solubility makes these
soluble (e.g., at parts-per-billion concentrations) | mqjecules potentially more toxic because they are
yet retain their toxic properties. For example, the | 0. <pioavailable’ to aquatic life if they

aqueous solubility of benzene (Table 2.1), the | g psequently partition into biological membranes.
most soluble BTEX compound, is 1.8 g/L water

at 15 °C; solubility of n-hexane is 0.0013 g/L at

20 °C; naphthalene is 0.031 g/L at 25 °C; and n-hexadecane (C;5) and cyclohexane (Cs) (Table 2.1) are
considered water-insoluble. Small aromatic heterocycles and resins, being polar, may be more soluble
than their hydrocarbon counterparts. For example, whereas the hydrocarbon benzofuran (Table 2.1) is
considered water-insoluble, its S-containing analog benzothiophene is soluble at 0.13 g/L at 25 °C and
indole, its N-containing analog, is soluble at 3.6 g/L at 25 °C. However, large resin compounds and
asphaltenes, despite their polarity, are water insoluble and the resins in particular tend to partition to the
interface between oil and water.

High molecular weight components of bitumen, such as asphaltenes and most resins, are thought not to be
toxic because they have extremely low solubility in water and do not readily cross biological membranes.
However, diluents added to bitumens contain LMW compounds that can dissolve in water and contribute
to acute aqueous toxicity before they are lost by weathering. In addition, heterocycles (e.g.,
dibenzothiophenes; Table 2.1) and 3-to-5-ringed alkyl PAHSs detected in dilbit are derived from bitumen.
Their concentrations in dilbit are similar to those of conventional crude oils and are thought to be the
components causing chronic toxicity to fish embryos (Madison et al. 2015); see Chapter 4.

A measure of water solubility that is particularly pertinent to biological effects of petroleum is the
octanol-water partition coefficient, which describes the concentration of a chemical in the solvent octanol
(CgH1s0H, a mimic for biological lipid membranes) versus its concentration dissolved in water, in a two-
phase system at equilibrium for a given temperature. This ratio is usually expressed as the logarithm of
the ratio (i.e., as log K,y). The greater the K, value, the less polar and less water-soluble the chemical.
Thus, K, helps predict the propensity of a petroleum constituent to dissolve into water and subsequently
partition into a biological lipid membrane, an important factor in toxicity (Sikkema et al. 1995). K, and
toxicity are discussed in detail in Chapter 4.

2.25 Surface Tension and Interfacial Tension

At liquid-air interfaces, surface tension is the measure of attraction (cohesion) between the surface
molecules of a liquid rather than to molecules in air (adhesion). Information on the surface tension of
different crude oils at various temperatures is available in Environment Canada’s Oil Properties Database
(http://www.etc-cte.ec.gc.ca/databases/oilproperties/). In the case of two immiscible liquids such as oil
and water, the force between their surfaces is referred to as interfacial tension. The higher the interfacial
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tension, the less the oil will spread on water; whereas, if the interfacial tension is low, the oil will spread
evenly without help from wind and water currents. Because higher temperature reduces interfacial
tension, oil is more likely to spread in warmer waters than in cold waters. However, interfacial tension has
less effect on oil spreading than viscosity.

2.2.6 Adhesion

Oil adhesion is the property of petroleum sticking to a surface, whether it is the rock formation
comprising the oil reservoir, the production equipment or environmental surfaces after a spill. It is not
included in the standard suite of oil properties reported by petroleum producers and is rarely discussed in
the oil spill literature, but might be a predictor of oil spill cleanup needs if further measured and calibrated
against a variety of oil types and their behaviour in the environment. A semi-quantitative gravimetric
method has been proposed (Jokuty et al. 1995) in which a stainless steel needle is dipped in oil that is then
allowed to drain, and the mass of oil adhering to the needle after 30 minutes of draining is weighed to
produce a measurement with units of mass per surface area (g/m®). However, the method has been neither
adopted as a standard nor vetted. The relationship between evaporative weathering and adhesion is
discussed in Section 2.4.1.2.

2.3 Examples of Oil Types

This section introduces a selection of oil types that are relevant to petroleum transport in Canada (Table
2.2) and/or to this Report. Within each oil type, one or more specific crude oils or blends is presented to
highlight the differences between oils in terms of their chemical and physical properties, known or
predicted behaviour and fate in the environment, timelines of weathering processes, and expected residues
and spill response strategies (discussed in detail in later chapters).

With few exceptions this Report does not consider refined products, such as jet fuel, gasoline or diesel,
nor liquefied natural gas or biofuels. The exceptions include products used to dilute bitumen for
transportation and selected refined heavy fuel oils, for comparative purposes. The information presented
in Table 2.2, and Appendix C (Table C1) has been collated from many different sources and is
representative but not comprehensive. Two major online sources of information for oils transported in
Canada are the Environment Canada  Oil  Properties  Database  (http://www.etc-
cte.ec.gc.ca/databases/oilproperties/) and the Crude Quality Inc. industry website (crudemonitor.ca).
However, both are incomplete in scope and compositional information. The Environment Canada website
hosts a valuable catalogue of various chemical and physical data for 450 oils produced and transported
globally but, regrettably, it lacks entries for many of the emerging unconventional oil types transported in
Canada (e.g., dilbit, synbit, shale oil). The crudemonitor.ca website provides monthly analyses of oils
currently transported inter-provincially in Canada, including unconventional oils, but publishes chemical
composition data only for the light ends (<Cg) and general parameters, such as TAN, metals and sulphur
content (and High Temperature Simulated Distillation curves [HTSD; Appendix A]) for heavy oils and
blends. These data are relevant for achieving pipeline transportation specifications but not necessarily for
oil spill response. Full spectrum analyses of heavier components that are predominant in heavy oils and
bitumens and highly relevant to environmental cleanup are not available on this website.

Recommendation: Online public databases with compositions and properties of oils transported in
Canada should be expanded to provide support for oil spill preparedness, response decisions and
for the safety of first responders to a spill. To enable collection of relevant chemical data, expanded
and standardized analytical methods must be developed, particularly for characterizing bitumen
blends, such as dilbit and synbit.
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Table 2.2 Properties of some oil types commonly transported in Canada and/or relevant to this Report.?

Oil type and examples

Region of origin

Relevance

Natural condensates and refined products used as diluents for transport

Sable Island condensate | Nova Scotia 40° API; Naturally occurring sweet ultra-light crude
oil, often produced in conjunction with natural gas;
predominantly volatile hydrocarbons

Fort Saskatchewan Alberta 68° API; Refined products, predominantly LMW

condensate blend aliphatics (Cs-Cg), with minor BTEX; used as diluent
for oil sands processing and for bitumen transport

Cold Lake Diluent Alberta 69° API; Natural gas condensate used as a bitumen
diluent

Naphtha Alberta 57° API; Refined product, predominantly <Ci,
saturates and monoaromatics used as diluent for oil
sands processing and for bitumen transport

Southern Lights us 80° API; US condensate shipped to Alberta;

Condensate Diluent predominantly Cs-C,, saturates

Suncor Synthetic Crude | Alberta 33° API; Refined product derived from partially

Oil (SCO) upgraded bitumen and used as diluent in synbit

Light crude oils

Alberta Sweet Mixed Alberta 36° API; Blended aggregate of light, sweet

Blend (ASMB)
Reference #4

conventional crude oils shipped from Alberta; used
as a benchmark and laboratory reference oil by
Environment Canada

Macondo (MC252)

Gulf of Mexico,
USA

35° API; Oil released during DWH blowout; rich in
LMW saturates that are gases or light liquids at
atmospheric pressure

Norman Wells Northwest 38° API; Light crude from Canadian Arctic; wells
Territories drilled from artificial islands in Mackenzie River

Statfjord Norway 38° API; North Sea offshore light oil

Arabian Light Saudi Arabia ~32° API; Sample from St. John, NL, refinery

West Texas Texas, USA 36-41° API; Benchmark oil for North American oil

Intermediate (WTI) market pricing

Medium crude oils

Alaska North Slope Alaska, USA 29° API; Conventional oil from Arctic; spilled from

(ANS)

Exxon Valdez oil tanker into Prince William Sound,
AK, in March 1989

Atkinson Point

Beaufort Sea,
Canada

24° API; Oil from an onshore discovery well on
Tuktoyaktuk Peninsula, NWT; no current production

Prudhoe Bay-A
(PBCO)

Alaska, USA

29° API; Alaska North Slope crude; Used as
reference oil by US-EPA in 1995
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Qil type and examples
Gullfaks and Troll

Region of origin

Norway

Relevance

29° API; typical North Sea oils; used for oil spill
research in Arctic regions e.g., Svalbard

Shale oils (Tight oils)

Bakken

North Dakota and
Montana (USA),
Saskatchewan
and Manitoba

42° API; unconventional light crude produced by
fracking; may contain H,S (23,000 ppm in an
exceptional case); flammable agent in the 2013 Lac-
Mégantic QC, derailment and explosion

Waxy crude oils

Hibernia and Terra
Nova

Newfoundland

34° API; Offshore Atlantic oils transported to
mainland by tanker ship

Sour crude oils

Midale Saskatchewan, 31° API; 2.4% S; Benchmark for Canadian medium
Manitoba sour crude oils
BC Light British Columbia | 41° API; sour light crude spilled into Pine River, BC,

in 2000

Western Canadian
Blend (WCB)

Alberta

22° API; 3.1%S; A blend of heavy sour crude oils,
deliberately undiluted with butane that is co-
produced with the crudes (to reduce explosion
hazard) but instead diluted with condensate or light
crude for transport

Heavy oils and diluted bitumen (See Table 2.3 for definitions of various bitumen blends)

Bunker C fuel oil (No.
6 Fuel oil) including
HFO 7102

International

11° API; Common refined fuel oil class, often diluted
with lighter petroleum for transportation; heavy
component of oil spill in Lake Wabamun AB, 2005

Cold Lake Blend (CLB) | Alberta 23° API; Qil sands bitumen diluted with lighter

dilbit petroleum; highest volume dilbit type transported in
Canada; tested in wave tank trials for sinking and
emulsification; one of the dilbits in the Kalamazoo,
M, oil spill in 2010

Albian heavy synthetic | Alberta 20° API; Partially upgraded heavy crude oil,

crude (AHS) transported as dilsynbit; used as refinery feedstock

Access Western Blend | Alberta 23° API; sour heavy oil (3.9% S) produced by

(AWB) SAGD; tested in wave tank trials (Government of
Canada 2013) for sinking and emulsification;
composition of pipelined oil changes with season

Wabasca Heavy Alberta 16° API; Heavy oil spilled near Mayflower, AR, in
2013

Western Canadian Alberta 19-22° API; Considered the benchmark for heavy,

Select (WCS)

acidic (high TAN) crudes blended with bitumen
streams to maintain TAN <1; diluted 10-50% with
sweet synthetic crude oil and/or condensates; a
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Oil type and examples Region of origin  Relevance
component of the Kalamazoo, M, dilbit spill in 2010

Synbit Blend Alberta 21° API; Blend of several synbits plus heavy oils;
evaporation behaviour differs from dilbit because of
lower concentration of light ends in diluent

Athabasca/Cold Lake Alberta 8-10° API; Density > 1.0; must be diluted or heated
undiluted bitumen for transport
Orimulsion™ Venezuela 8° API; A proprietary emulsion of Orinoco bitumen

with 26% fresh water and surfactant, density > 1.0;
must be maintained above 30 °C to prevent gelling;
limited production at present

®Additional data including composition, specific gravity, sulphur content, adhesion and dispersability, where
available, are given in Appendix C, Table C1. Note that the composition of several oils, particularly blended oils
and dilbits, changes seasonally to maintain pipeline specifications for viscosity.

2.3.1 Condensates and Refined Products Used as Diluents for Bitumen

Condensates are rich in LMW saturates and, if
spilled, would experience rapid evaporation,
losing a high proportion of the spilled mass of

natural gas (methane). For example, Sable Island oil. Because of the high saturate content, after
Condensate is produced from natural gas fields evaporation and  dissolution ~a weathered
(e.g., Thebaud and Venture) off Nova Scotia and condensate ~ would  typically ~be  highly

shipped to the mainland (Point Tupper, NS) by biodegradable: given_ appropriate conditions,
pipeline. and little residual oil would be expected to

persist in an open water spill.

Condensates are conventional naturally-occurring
ultra-light crude oils, often co-produced with

Historically, natural condensate from western
Canadian gas fields was used to dilute bitumen and heavy oils from the Athabasca and Cold Lake regions,
but more recently the diluents are blends of light oils and/or refinery fractions, including naphtha and
synthetic crude oil that is itself derived from bitumen (Segato [no date]; Crude Quality Inc. 2015).
Although the diluents are predominantly composed of LMW materials far lighter than the bitumen, it
should be noted that most diluents also contain appreciable proportions of the same HMW compounds
found in bitumen that may not be detected by conventional GC (GC-FID or GC-MS), but are revealed
using HTSD (Appendix A).

2.3.2 Light Crude Qils

Light crudes with API gravity >31.1° (Speight 2014) are conventional oils found throughout the world.
Examples include Arabian Light, WTI (used as a pricing benchmark in the oil market), Statfjord from the
North Sea and Norman Wells from northern Canada. Alberta Sweet Mixed Blend (ASMB), a major crude
shipped from Alberta, has been used as a reference oil by Environment Canada for chemical composition,
biodegradability and emulsification studies. Perhaps the most infamous light oil is Macondo (MC252)
from the DWH oil well in the Gulf of Mexico that suffered a catastrophic blowout in 2010 (Section
2.4.2.1, Section 2.4.2.3 and Chapter 8), injecting not only liquid oil into deep seawater, but also light
saturates that are gases at atmospheric pressure (methane, ethane, propane and butane).
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2.3.3 Medium Crude Oils

Oils between 22-31° API are considered ‘medium’ crudes (Speight 2014). These conventional crudes
include many of the ANS oils, Prudhoe Bay crude oil from the Arctic, and Norwegian North Sea oils
produced from offshore wells. The latter oils have been used for research projects in the Arctic to
determine the behaviour and fate of oil spills onto Arctic beaches. ANS oil was spilled in the highly
publicized 1989 grounding of the Exxon Valdez in Prince William Sound, AK (Chapter 8), where up to
25% of spilled oil mass was lost by weathering and another ~30% was estimated by some researchers to
have biodegraded within a few weeks of the spill (Atlas and Hazen 2011).

2.34 Shale Qils (Tight Oil or Light Tight Oil)

Shale oils® are unconventional liquid crudes that have only recently entered the North American oil
markets in substantial volumes. As opposed to being newly ‘discovered’, many shale oil reservoirs were
already known but were inaccessible pending recent technological advances afforded by horizontal
drilling and hydrofracturing (‘fracking’) to release liquid oil that otherwise cannot flow because of ‘tight’
pores in the formation. One large known reserve is the Bakken formation straddling North Dakota,
Montana and parts of southern Saskatchewan and Manitoba. Although Bakken oil is generally considered
‘sweet’ (i.e., low organic S and low H,S), occasional samples have had high H,S concentrations
(American Fuel & Petrochemical Manufacturers 2014). Bakken shale oil was the flammable product in
the Lac Mégantic, QC, rail disaster in 2013 and H,S was implicated as a possible contributor to the
explosion.

2.35 Waxy Crude Qils

These crudes contain the typical suite of petroleum fractions but also significant proportions of waxes
(HMW linear paraffins, typically >C,,) and large naphthenes (cyclo-alkanes; Table 2.1). When present at
high concentrations in petroleum, waxes may crystallize (‘freeze’) and form micro- or macroscopic
deposits in the reservoir or infrastructure, depending on temperature and pressure. Because HMW
saturates are less biodegradable than those of <Cis, spills of waxy oils may persist in the environment
longer than non-waxy oils, although the wax residues have low chemical toxicity to aquatic life. QOils
produced from the Hibernia and Terra Nova fields off the coast of Newfoundland are considered waxy
crude oils.

2.3.6 Sour Crude Oils

A crude is considered ‘sour’ if it has more than 0.5 wt% total S content (>1% in some markets), as
opposed to ‘sweet crude’ that has <0.5 wt% S. Most S in petroleum is included within aromatic or
saturated structures in resins or asphaltenes (e.g., in heterocycles; Table 2.1) or is S°, in which case it is
not considered hazardous but is removed in the refinery at considerable expense. However, where oils
contain highly toxic and potentially explosive H,S gas, the H,S concentration is reduced to safe
concentrations before transport. The amount of H,S varies considerably with the crude oil source (Hess
2012). Thus, both conventional and unconventional oils can be ‘sour’, regardless of the concentration of
H,S, with the unconventional oils more likely to contain organic S compounds that may resist
biodegradation. Examples include the conventional medium sour crude Midale, and the WCB and AWB
dibits; the latter was a component of the dilbit spill in Kalamazoo, MI (Chapter 8).

8 Shale oil (‘tight 0il’) should not be confused with oil shale. The latter is a sedimentary rock that harbours kerogen, a solid
immature organic material that can be thermally processed at surface facilities into a shale oil that differs from the natural shale
oil.
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2.3.7 Heavy Oils, Bitumen and Diluted Bitumen Products

Heavy oils are defined as being <22° API or, more stringently, 10-15° API, with bitumens being semi-
solids having density >1.0 g/cm® or 5-10° API (Speight 2014). Some heavy oils are refinery products and
represent the ‘heavy ends’ that remain after

. . distillation of lighter fractions like gasoline and

Heavy oils and bitumen are at the end of a kerosene from lighter oils. Bunker C fuel oil

continuum of increasingly heavy, viscous oils (also called No. 6 fuel oil or residual fuel oil;

with increasing proportions of HMW resins and Table 2.2) is one such refined product that can

asphaltenes and decreasing proportions of light be blended with lighter fractions to make an oil

molecules. for combustion or used undiluted to make
asphalt.

The distinction between heavy oil and bitumen is blurred by their similar chemical and physical
properties and obscured by the working definitions and colloquial terms used by industry. Thus, different
entities may assign the same oils to different categories. As noted by Winter and Haddad (2014), Exxon
and CrudeMonitor.ca both identified the Wabasca Heavy Crude that spilled in Mayflower, AR, in 2013
(Chapter 1) as a ‘diluted heavy crude’, but the Canadian Government, Battelle (acting for API) and
Penspen (acting for Canadian Energy Pipelines Association, CEPA) initially labeled it a ‘diluted bitumen’
(later corrected). The WCS blend that spilled in Kalamazoo, MI, in 2013 (Chapter 8) was called ‘heavy
oil’ by Enbridge, but ‘dilbit’ by environmental agencies, such as Environment Canada (Government of
Canada 2013). According to Yang et al. (2011), bitumen products have unique chemical markers that
distinguish them from conventional crude oils. These fingerprints include the distribution of PAH, which
is generally skewed towards the smaller multi-ringed structures (e.g., naphthalenes; Table 2.1) in
conventional crudes versus larger PAHs (e.g., chrysenes) in bitumens, and have different distribution
profiles within the alkyl PAH isomer series. However, in practice the two types of oil may be conflated in
definition.

Regardless of nomenclature, it is generally accepted that both heavy oil and bitumen represent former
conventional crude oils that have been extensively biodegraded and thermally altered in situ over
geological time during uplifting or migration of the petroleum (Strausz et al. 2010; Fustic et al. 2012).
Biodegradation depleted the lighter saturate fraction of the crude oil first, leaving poorly-degradable,
complex, heavy molecules as residues. In addition, the products of incomplete microbial oxidation over
geological time likely contributed to an increased resins fraction, yielding an extremely viscous, heavy
petroleum (bitumen and extra-heavy oil) that cannot flow to production wells under normal reservoir
conditions. This concept of liquid oil biodegradation to semi-solid bitumen over geological time is
supported by the chemical compositions of heavy oils and bitumen, which have small proportions of light
compounds known to be biodegradable (such as n-alkanes, iso-alkanes, BTEX and LMW PAH) and
correspondingly higher proportions of poorly or non-biodegradable components (resins, asphaltenes and,
of course, biomarkers like hopanoids, steroids and diamondoids; Table 2.1). Canada and Venezuela have
the world's largest deposits of these highly viscous extra-heavy oils. However, Venezuela’s Orinoco Belt,
which is sometimes described as oil sands, has lower viscosity than the Canadian oil sands bitumen and
can be transported as a 70:30 oil:freshwater emulsion (Orimulsion®; McGowan 1990) rather than being
heated or diluted with light hydrocarbons. Whether natural or refined, extra-heavy oils contain much less
biodegradable material than lighter crude oils.

There is a variety of diluted bitumen blends (Table 2.3). The most common diluents for bitumen transport
include condensate (ultra-light oils partitioned from natural gas wells) or naphtha (a refined product),
often at a ratio of 30% diluent to 70% bitumen for transport by pipeline (Crosby et al. 2013; Dew et al.
2015), whereas railbit for transport by rail tanker car is diluted half as much (i.e., ~15% diluent and 85%
bitumen; Fingas 2014-2015). Synbit is a blend of bitumen and synthetic crude oil, a product of partial
upgrading of bitumen that is heavier than condensate, at a ratio of approximately 50:50 (Crosby et al.
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2013). Synbit has different properties than dilbit because of the heavier nature of the diluent. Dilsynbit is
bitumen diluted with synthetic crude oil plus diluent.

In addition to seasonal changes in dilbit blends,

Whereas some heavy oils may be suitable for the composition and proportions of diluents may
shipping without alteration, bitumen does not flow | differ in blends transported by inter- versus
unless it is heated and/or diluted. Therefore, intra-provincial - pipelines. This is because
bitumen is diluted with various light petroleum producers must conform to regulations when
products to make it less viscous for different types | SNiPping oil outside the province, but may use
of transport (rail, ship, pipeline). specific blqn_d_s to move bitumen between their

own facilities.  Notably, although the

CrudeMonitor.ca database provides information
on oils that are transported inter-provincially, it does not cover intra-provincial pipelines or those internal
to an operator’s facilities, which may have different specifications. For example, a paraffinic nCs-nCs
solvent used for bitumen extraction from oil sands ores by Shell Albian Sands in northern Alberta is also
used as a diluent to pipeline the bitumen to the upgrading facility near Edmonton, but the solvent is too
expensive to use as diluent for shipping to the U.S.; instead it is recovered and returned by pipeline to the
extraction facility (NRC 2013). Another example is the bitumen:water emulsion that spilled from an intra-
facility pipeline at Nexen’s Long Lake operation in July 2015 (Chapter 8). It is also important, as noted
previously, to be aware of the limited petroleum characterization published by Crude Quality Inc.
(crudemonitor.ca), specifically alkanes <Cq and BTEX contents. These light hydrocarbons are important
for safety and viscosity reasons during transport, but represent only a small proportion of heavy oils and
bitumen blends in which the predominant heavy components are more relevant to oil behaviour and post-
spill cleanup. Thus, there is a need for more internet-accessible oil composition data for emerging and
unconventional oils to assist with planning, preparedness and response to spills.

Table 2.3 Definitions of diluted bitumen products. Data from Fingas (2014-2015; 2015d), Dew et al. (2015) and
Crude Quality Inc. (2015)

Product Description

Bitumen, Neatbit Undiluted extremely heavy oil extracted from oil sands. Must be heated to
be shipped

Diluent Any light petroleum used to dilute bitumen for transportation by pipeline or

rail; traditionally a condensate or ultra-light crude oil but now often a
refinery cut such as naphtha

Synthetic crude oil (SCO) | A liquid product made by partial upgrading or refining of bitumen; used as
a diluent in synbit

Dilbit Bitumen diluted with ~30% diluent, such as condensate or naphtha, for
pipeline transportation

Railbit Bitumen diluted with ~15% diluent (i.e., half as much diluent as dilbit),
typically for transport by rail tank car

Synbit Bitumen diluted ~50% with SCO

Dilsynbit Bitumen diluted with SCO plus another diluent, usually a condensate

(currently Albian Heavy Synthetic is the only dilsynbit transported)

Lightened Dilbit or C4/Cs | Bitumen blended with a diluent supplemented with LMW alkanes such as
enhanced Dilbit C., (butane) and Cs (pentane)

% For some examples of condensate sources, see ISCO report #457, p. 8 (Fingas 2014-2015)

® Condensate is often in short supply in western Canada, in which case C, and Cs may be used to replace a portion
of the diluent while maintaining pipeline viscosity specifications. Potential problems with this supplement are that
asphaltenes may precipitate during transport (Appendix A), and volatility and flammability increase (Section 2.2.3)
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Blends, such as dilbit and diluted Bunker C, may exhibit ‘bimodal’ properties that are non-linear with
conventional crudes and therefore their behaviour can be difficult to predict based on chemistry alone. In
fact, diluted bitumen may have the most variable composition of any transported petroleum product
(Fingas 2015d) because of the composition and proportions of various diluents (hatural condensates and
ultra-light oils, butane-enhanced condensate, naphtha, synthetic crude, etc.) that are used to achieve
pipeline transportation specifications of <300 mPa s and specific gravity <0.94 (Tsaprailis 2014; Fingas
2014-2015). Seasonal differences in diluent proportions and compositions (formulated to achieve
regulated viscosity at ambient temperature) make chemical definition of diluted bitumens even more
convoluted. This compositional variability gives the blends new properties that may not fully correlate
with volume proportions and further confounds prediction of their behaviour in the environment.

24 Weathering of Oil Spilled in Aquatic Environments

Weathering is a general term encompassing the

changes in petroleum properties brought about
by physical, chemical and biological processes
when oil is exposed to environmental conditions
such as in aquatic systems (Figure 2.3). These
combined processes, along with the original oil
chemistry and the time elapsed since the spill,
affect the behaviour, fate, chemical composition

Interactions of complex non-biological and
biological processes lead to different fates of oil
spilled in the environment. All of these are
influenced by oil chemistry, environmental
conditions and time, making prediction
complicated and unique for each oil spill.

and mass of residual oil after a spill event.
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Figure 2.3 Overview of processes affecting the fate and behaviour of oil spilled in freshwater and marine environments. The insets show processes at
different scales. Adapted from Daling et al. (1990), Tonina and Buffington (2007, 2009), McGenity et al. (2012), AOSRT (2014), NRC (2014), WSP
(2014) and Dew et al. (2015). Additional details on oil interactions with ice can be found in Figure 2.10.
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Weathering processes occur at different rates and with different onset times, resulting in progressive
changes in oil composition and behaviour after the spill (Figure 2.4). Some weathering processes, such as
evaporation, begin immediately and are most significant in the short-term (within hours or days); others
such as biodegradation occur after a delay or more slowly (over months or years). Therefore, gross
weathering rates are not constant following a spill and are generally highest immediately after the spill.
Moreover, weathering processes are not constant in all areas of a spill site. Oil at the surface of a
waterbody will experience certain processes more severely than oil below the water surface, beneath ice,
on the shoreline or at the edges of the spill compared to the thicker slick centre (as discussed below). As a
corollary, certain environmental factors are key to the rate of weathering, such as temperature, wave
action (energy), sunlight, suspended sediment in the water and microbial activity (as discussed in
Chapters 3 and 6).

0 Hours 1] 10| 100] 1000] 10000|
Day| Week | Month | Year

Dissolution
vispersion | —

Water-in-0il | ypstable”

Spreading
and mixing

Evaporation

Emulsification |emulsion \
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Figure 2.4. Time of onset and relative importance of weathering processes over time after an oil spill onto water.
The onset and magnitude of effect will vary with temperature and for different oils (note the time scale, which
emphasizes the early onset of most processes). Figure adapted from AOSRT (2014).

It is also important to note that weathering is influenced greatly by the type of oil spilled. For example,
light crude oils with high proportions of LMW hydrocarbons spread on water more readily and therefore
are more susceptible to evaporation at the surface, whereas heavier oils have lower proportions of volatile
hydrocarbons and are more likely to sorb to suspended sediments and subsequently sink (Section 2.4.2.3).

General short-term physical and chemical weathering effects on oil (Table 2.4) are organized below
according to processes occurring at the water surface (fresh or marine water), in the water column, and
along the shoreline (riverbank or beach) or in underlying sediments. Notably, discussion of some
processes is skewed by the availability of data for certain well-studied oil spills (e.g., DWH blowout and
Exxon Valdez QOil Spill [EVOS]). Specific processes that depend on environment type and local factors at
the impacted sites, including biodegradation and remedial intervention, are discussed in Chapters 3 and 6.
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Table 2.4. Effect of natural weathering processes on oil properties (NRC 2014).

Oil property Natural weathering process Effect on oil property
Viscosity Loss of LMW components by evaporation and/or Increased viscosity
dissolution and/or biodegradation
Formation of water-in-oil emulsions, including Increased viscosity
‘mousse’
Specific gravity Loss of LMW components by evaporation and/or Increased specific gravity
dissolution and/or biodegradation
Volume of oil at Loss of LMW components by evaporation and/or Decreased volume
surface dissolution and/or biodegradation
Loss of small droplets by dispersion Decreased volume
Emulsification and/or biodispersion Increased volume
Potential toxicity Loss of LMW components by evaporation and/or Decreased acute toxicity
dissolution and/or biodegradation
Formation of photooxidation products at surface, or | Increased toxicity
of partially oxidized metabolites from incomplete
biodegradation

24.1 Weathering Processes at the Water Surface
2.4.1.1 Spreading

When oil is spilled onto water and is allowed to spread unhindered, it moves away from the source where
the oil layer is thicker (a ‘slick’), forming a thin ‘sheen’ at the edges (Figure 2.3), e.g., the familiar
‘gasoline rainbow’ of 5-10 um thickness to nearly invisible sheens of <1 um. As it thins, the slick may
form patches or ‘ribbons’ (AOSRT 2014). Thus, spreading increases the spill area and decreases the
average thickness of the oil layer. In the case of a sheen, the area of oil contamination can appear to be
very large, but the actual mass of oil involved can be far smaller than in a slick. Spreading is influenced
by the oil viscosity, water and air temperature, and wind, wave and/or current action; in turn, spreading
affects evaporative losses (discussed below).

However, spreading is typically non-uniform, thicker ‘windrows’ (streaks of floating oil) separated by oil-
free water or sheen are commonly observed as the spill progresses (Simecek-Beatty and Lehr 2007).
These are understood to arise from mixing forces (Langmuir circulation) in the surface water (discussed
in Chapter 5). The action of such vortices (Langmuir cells) producing patchy oil slicks will affect the
efficiency of mechanical recovery of floating oil (Chapter 8).
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2.4.1.2 Evaporation, Aerosolization and Atmospheric Re-deposition

Evaporation can account for 75% of mass lost
from condensates and ultra-light oils and 20-
30% of losses from light oils, but <10% from
heavy oils (NRC 2003), reflecting the different
concentrations of volatile hydrocarbons in these
different  oil  types.  Saturates  <Cis,
monoaromatics (BTEX) and some small PAH
are particularly subject to evaporative loss
(AOSRT 2014) and 50% of hydrocarbons < Cy were lost within 1 hour of an experimental oil spill by a
combination of evaporation and dispersion/dissolution (Gros et al. 2014). The thickness of the oil layer
also affects the rate of evaporation, with sheens evaporating more quickly than thick slicks and typically
following an exponential curve (Fingas 2015e). Thus, evaporation can significantly reduce the total spill
volume of a light oil. It also dynamically changes the composition of the surface oil which, subsequently,
changes behaviour of the residual oil. For example, because volatile hydrocarbons, such as BTEX, tend to
be the most acutely toxic, evaporation can reduce the acute toxicity of the spilled oil, but volatilization
creates a potential explosion hazard above the spill and potential breathing hazards for oil spill
responders. Simultaneously, with the loss of ‘light ends’, the residual oil becomes enriched in the HMW
compounds and therefore becomes more viscous and dense, as well as becoming enriched in alkyl PAH
that increase the chronic toxicity of the residual oil (Chapter 4). When the oil is unable to spread due to
confinement or low wind/wave action, such as on a pond, a ‘skin’ of resins and asphaltenes can form on
the surface, decreasing further evaporation of lighter components.

Among the significant weathering processes
occurring at the water surface, evaporation is
usually the most immediate and rapid and has the
greatest effect on the mass of spilled light and
medium crude oils.

There is currently debate about the influence of surface winds over an oil spill. Fingas (2015c) pointed
out that the air boundary layer above an oil spill theoretically can regulate the rate of evaporation, but that
evaporative losses from light oils (e.g., ASMB, diesel, gasoline) in laboratory trials appeared to be limited
more by slick thickness (affecting diffusion of volatile molecules to the oil surface) than by simulated
wind speed. A previous report (Fingas 2004) indicated that temperature and time were greater factors in
oil evaporation than surface wind velocity or oil layer thickness for a wide range of crude oils in which
the bulk of hydrocarbons are >Ci,. In contrast, Gros et al. (2014) determined that wind speed strongly
influenced evaporation (as well as dispersion and dissolution) very early in an experimental spill of a
Norwegian crude in the North Sea.

Recommendation: More information is needed for early evaporation and dissolution processes in
actual oil spills to resolve present debate.

Whereas evaporation from a light or medium crude can be substantial (>30-50%), heavy oils experience
far less evaporative loss. AWB and CLB dilbits lost only 15-18 % mass under quiescent conditions in an
outdoor flume tank (King et al. 2014), and under laboratory conditions the latter lost a maximum of
17.4% mass at 22 °C (Waterman and Garcia 2015). Synbit blends should experience even less
evaporative loss than dilbits because the diluent (synthetic crude) has higher average molecular weight
than the condensates or naphtha used in dilbit (Dew et al. 2015; Fingas 2015e). Diluted bitumen blends
show bimodal behaviour, with light diluent components evaporating at a rate that decreases with time as
the spilled oil becomes more viscous, slowing losses of volatile hydrocarbons. For example, elevated
benzene levels measured in the air after dilbit spilled into the Kalamazoo River, Ml (Crosby et al. 2013)
(Chapter 3) represented evaporative losses from the diluent fraction. Dilbit that is initially buoyant
(specific gravity <1.0) becomes denser (>1.0) during evaporation, increasing the potential for sinking
through the water column and subsequently contaminating sediments (Winter and Haddad 2014).
Therefore, the early period of a diluted bitumen spill may be very important for efficient recovery and
cleanup (Winter and Haddad 2014).
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Yarranton et al. (2015) recently showed in
laboratory tests that evaporation of diluent from
Cold Lake Winter Blend dilbit was comparable
regardless of whether it occurred from the
surface of a glass slide or fresh water; i.e.,
contact with quiescent water had no additional
effect on evaporative losses and, furthermore, air
flow had little effect on evaporation rate. They
determined that ambient temperature (5 °-25 °C)
and dilbit film thickness (1.6-5.4 mm) were key
parameters and that evaporation rate was limited
by diffusion of the light diluent components
through the dilbit film, which, in turn, correlates
with changing density and viscosity of the
product during weathering. In contrast, the evaporation rate of the light reference oil ASMB was limited
by convective mass transfer of volatile components. This highlights the concern that existing evaporative
models of dilbit spills may not adequately predict evaporative behaviour of dilbit, and that further testing
using a range of diluted bitumen products is required for validation or refinement of evaporation models.
Additionally, these laboratory observations highlight the potential for sinking of diluted bitumen products
that reach densities >1 g/cm® by evaporative weathering, and may inform prediction of adhesion of the
weathered product to surfaces or suspended sediments.

Evaporative losses from dilbits are substantially
less than from light crude oils, but have a greater
effect on physical properties. As dilbit weathers, it
exhibits bimodal behaviour as diluent volatilizes
and bitumen dominates the chemistry of the
weathered oil. Current questions include whether
blending bitumen with a diluent yields a
homogeneous fluid equivalent to a conventional
heavy oil and, conversely, whether loss of diluent
restores dilbit to the original bitumen composition
and properties.

There is debate whether 100% of the diluent component of bitumen blends can be lost by natural
evaporation (Fingas 2015e) or whether the residual bitumen/heavy oil will retain some of the diluent
components as intimately blended constituents, conferring novel properties on the partially weathered oil
(Winter and Haddad 2014). This is particularly important for predicting if weathered dilbit, synbit, etc.,
will float or sink in water (Section 2.4.2.3). It seems plausible that some higher molecular weight
components of the diluent would be retained in the weathered oil, but at concentrations too low to
significantly change the physical behaviour of the residual oil compared with the original bitumen or
heavy oil stock. Although research has been initiated recently into the evaporative behaviour of various
bitumen blends under actively mixed conditions (King et al. 2015a), these data are not yet published and
further scrutiny is warranted. The observation of evaporative mass losses of <20% after rigorous
weathering at environmentally-relevant temperatures for dilbits nominally comprising >30% diluent
suggests that a substantial proportion of diluent remains intimately associated with bitumen.

The effect of evaporation on adhesion by dilbit is significant during the initial weathering phase when
diluent is being lost at the fastest rate. For example, AWB dilbit showed a rapid increase in adhesion
during the first 24 hours of natural weathering on seawater in open-air flume tanks (Figure 2.5). The
effect on intermediate fuel oil (IFO 180) adhesion was less and after 24 hours there was little change in
adhesion (or composition) of either oil.
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Figure 2.5 Effect of progressive natural weathering on adhesion. Unpublished data for Access Western Blend
(AWB) dilbit and an intermediate fuel oil (IFO 180) provided by Fisheries and Oceans Canada. Natural weathering
was achieved in an open-air seawater flume tank, and adhesion of the recovered oil was determined using the semi-
quantitative method of Jokuty et al. (1995).

Hollebone (2015) measured adhesion for several oils that experienced progressive evaporation in the
laboratory. A range of semi-quantitative adhesion values for selected oils is given in Appendix C, Table
C1 and a comparison of adhesion by selected light, medium and waxy crudes, CLB winter blend dilbit
and Bunker C fuel oil during controlled weathering is shown in Figure 2.6. Adhesion affected by
evaporative loss follows a continuum, with near-linear responses by light crude oils having high
proportions of saturates (Hollebone 2015) versus exponential responses by heavy oils with high resins
and asphaltene contents, consistent with observations by Jokuty et al. (1995). As expected, the sole dilbit
sample showed bimodal behaviour, with little initial change in adhesion followed by an exponential
increase similar to that of the heavy oils.

Recommendation: Further study on a range of oils under varied environmental conditions is
needed to resolve the current uncertainty around evaporative losses experienced in surface spills,
including the effect of oil layer thickness and surface winds, the role of photooxidation and
formation of weathered ‘skin’. Field work especially, but also lab work, are essential to determine
the extent and kinetics of diluent evaporation from various bitumen blends, and the resultant
behaviour of such blends due to weathering processes.
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Figure 2.6 Correlation between adhesion and evaporation of selected oils. Data compiled from Hollebone (2015)
and unpublished data from Environment Canada (dilbit values); trend lines were drawn in Excel v.14.4.6.
Evaporative loss was achieved using rotary evaporation in a laboratory and adhesion was measured using the semi-
quantitative gravimetric method of Jokuty et al. (1995). Blue symbols, light crude oils; red, medium crude oils;
green, waxy crude oils; black, heavy crude oils; purple, dilbit (Cold Lake Blend-Winter); grey, Bunker C.

Aerosolization is a recently proposed dispersal route for atmospheric transport of crude oil spilled onto
water. Laboratory studies have shown that bubble bursting (e.g., due to ebullition of gases from a shallow
subsea blowout) and/or wave action (e.g., simulated white caps) can create hydrocarbon aerosols by
mechanisms similar to those that generate ocean spray (Ehrenhauser et al. 2014). Likewise, hydrocarbon
aerosols are formed by the impact of raindrops on an oil slick (Murphy et al. 2015). In both cases, the
presence of dispersant, such as Corexit 9500 used in the DWH spill (Section 2.4.2.1), enhanced the effect.
Notably, this dispersion route could also significantly increase evaporation from air-borne droplets.

Atmospheric re-deposition of the aerosolized oil (SL Ross 2012) onto water or land could distribute the
hydrocarbons beyond the extent of the main spill. Anecdotally, during the 1984 Uniacke G-72 surface
blowout off Sable Island, NS, which ejected a plume of condensate into the atmosphere, responders
reported ‘hydrocarbon rain’ near the spill site (K. Lee, pers. comm. 2015); a similar phenomenon
occurred during the 1982 onshore blowout of a sour condensate well near Lodgepole, AB (J. Foght, pers.
comm. 2015). However, literature on the magnitude and impacts of atmospheric hydrocarbons on water
and land is sparse (NRC 2003), warranting further study.

2.4.1.3 Photooxidation

In a poorly understood free-radical-generating process, aromatic hydrocarbons (particularly PAHs and
including aromatic N-, S- and O-heterocycles) react with oxygen in the presence of sunlight, yielding
oxygenated products that are more water-soluble and usually more resistant to biodegradation than the
parent compounds. Whereas removal of PAH from the oil is beneficial, as some PAHs contribute to its
potential carcinogenicity and embryotoxicity, the increased mobility and persistence of the photooxidized
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products in the water column are likely detrimental. The full suite of photooxidation products is currently
unknown, although they are known to have impacts on aquatic life (Chapter 4). Notably, the susceptibility
of PAH to photooxidation is the opposite of biodegradation potential: the smaller the PAH the more
biodegradable and less susceptible to photooxidation. Conversely, the more aromatic rings, the less
biodegradable but more susceptible to photooxidation.

It is likely that photooxidation is most important relatively early in the weathering process. Recent
laboratory studies with fresh and weathered oils from the Heibei Spirit spill (a mixture of light and heavy
crudes; Yim et al. 2012) used ultra-high resolution GC to show that photooxidation preferentially
increased the proportion of oxygenated compounds in fresh oil versus weathered oil (Islam et al. 2005).
The N-containing resins (Table 2.1), particularly compounds with secondary and tertiary amine groups,
such as phenylamines, were most vulnerable to photooxidation. S-containing resins, such as aromatic
dibenzothiophenes, were also photooxidized, with unknown environmental consequences for toxicity and
persistence of the weathered oil.

Photooxidation is obviously affected by sun angle and season, particularly at higher latitudes in the
Arctic. However, even at lower latitudes the process appears to be slow, accounting for <0.1% of total
losses per day (WSP 2014). Although photooxidation may not directly achieve significant mass losses, it
can have indirect effects on subsequent weathering processes. For example, oxidized products may
contribute to emulsification (Fingas 2015¢) and crust or ‘skin’ formation on the surface of an oil slick
(Bobra and Tennyson 1989) that decreases evaporative losses, as discussed above. Unexpectedly,
ultraviolet irradiation of light Macondo oil from the DWH oil spill affected formation of microbial flocs
in seawater compared with fresh Macondo oil (Passow 2014). This ‘photo-chemical aging’ appears to
have promoted subsequent sinking and sequestration of some of the oil in the Gulf of Mexico seabed
(discussed in detail in Section 2.4.2.3).

It appears that there may be only a small window of time for oil spill response to reduce the effects of
photooxidation on other weathering processes, but further research into the products and magnitude of
photooxidation is required, especially for emerging, unconventional oils and blends.

2.4.1.4 Emulsification

Formation of emulsions (Figure 2.7) is important for several reasons. By incorporating up to 60-80%
water, stable emulsions increase the effective volume of the spilled oil up to two to five fold and increase
the oil’s viscosity by up to 1,000-fold (Fingas and Fieldhouse 2015). This decreases evaporation of
volatile components and reduces oil spreading. Oil entrained in mousse emulsions resists dispersion with
chemicals and biodegradation due to its viscosity, low bulk surface area and hindered nutrient
replenishment (AOSRT 2014). Emulsions tend to move from floating on the water surface to being
submerged in the water column, where physical recovery may be hampered. All of these behaviours
affect cleanup and remediation response options (Chapter 6).

The type of emulsion formed, whether water-in-oil (w/0) or oil-in-water (o/w), depends on the
environmental conditions (temperature, mixing) and on the mass and chemical composition of the oil.
Some crude oils form w/o emulsions rapidly but soon revert to two discrete oil and water phases; others,
such as heavy fuel oils, form w/o emulsions poorly or only slowly. Some w/o emulsions can be stable for
months or years (Fingas and Fieldhouse 2015), likely stabilized by sub-fractions of asphaltenes (Yang et
al. 2014, 2015), waxes acting synergistically with asphaltenes (Kokal 2002), resins (WSP 2014), or even
by bacterial cells (Dorobantu et al. 2004) that prevent coalescence of the oil by aligning at the oil:water
interface (Figure 2.7). Eventually the emulsions may separate into oil and water again by natural
processes, including additional weathering, oxidation and/or freeze-thaw action (Fingas 2014).
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In light of the proposed roles of asphaltenes and

resins in stabilizing emulsions, it is both | \when sufficient mechanical energy (e.g., wind
interesting and unexpected that bitumen and | and/or wave activity) is applied to mix oil and
severely weathered diluted bitumen that have a water, unstable or stable emulsions may be
high content of both classes do not appear to form generated; the latter may take the form of oil
stable emulsions (Fingas and Fieldhouse 2015), | droplets dispersed in the bulk water phase or,
although lightly weathered bitumen blends can | conversely, water droplets in a bulk oil phase

incorporate  water droplets given sufficient | commonly known as ‘chocolate mousse’.
mixing energy. During outdoor wave-tank tests

where two weathered dilbit products (AWB and

CLB, Table 2.2) were applied to seawater at an average temperature of 8 °C with and without artificial
sediment (fine clay minerals), breaking waves caused the oil to form unstable w/o emulsions and large
submerged droplets that readily coalesced into a surface slick (Government of Canada 2013). This
observation was confirmed by another study of fresh and weathered Cold Lake dilbit and ASMB light oil
(Table 2.2) agitated at 15 °C in an indoor wave tank with river water containing natural floodplain
sediment (Zhou et al. 2015). The ASMB immediately dispersed into the water column whereas the dilbit
formed an unstable emulsion that subsequently separated and remained floating for eight days or became
stranded on the apparatus ‘beach’; no formation of mousse was observed with the dilbit. Poor emulsion
formation by heavy oils and weathered dilbits may occur because high viscosity limits dispersion and
therefore the amount of water incorporated, and such water is only transiently entrained not actually
emulsified. It is notable that this unanticipated behaviour was revealed only by experimentation rather
than from first principles, highlighting the importance of research on unconventional oils. Further studies
on the fundamental mechanisms of dilbit interactions with water are underway to help address this
knowledge gap (e.g., Dettman and Irvine 2015), including the effects of emulsification on adhesion
properties (Section 2.2.6).

Recommendation: Laboratory and field trials are needed to determine the conditions under which
fresh and weathered diluted bitumen blends will form stable or unstable emulsions in fresh water
and seawater. A variety of bitumen blends would be essential to investigate under various agitation
conditions and salinities to inform modeling and response to spills.
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Figure 2.7 Emulsification of oil and water. Upper panel: Generation of stable and unstable water-in-oil (w/o0) and
oil-in-water (o/w) emulsions in seawater. Lower panel: Stabilization of o/w and w/o emulsions in artificial fresh
water by cells of hydrocarbon-degrading bacteria. Lower panel adapted from Dorobantu, L.S., Yeung, A.K.C.,
Foght, J.M. and M.R. Gray. 2004. Stabilization of oil-water emulsions by hydrophobic bacteria. Applied and
Environmental Microbiology 70(10): 6333-6336.Copyright © American Society for Microbiology.

2.4.2 Weathering Processes in the Water Column
2.4.2.1 Dissolution

Evaporation and dissolution are interrelated and competing processes. In the former process, petroleum
constituents are moved to the atmosphere from the surface of the slick, and in the latter, they are diluted
in the water 