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Abstract 

In-situ oil sands operations have been the dominant method of bitumen extraction in 

Canada since 2012; however, research on contaminants attributed to this method is limited in the 

peer-reviewed scientific literature, compared to that of open-pit mining. The Cold Lake oil sands 

region operates using exclusively thermal in-situ extraction techniques, raising the issue of 

whether oil sands activity is resulting in petroleum hydrocarbon (PHC) contamination in the 

absence of open-pit mines, upgraders, refineries, tailings ponds, and other bitumen processing 

operations. The lack of baseline contamination levels prior to oil sands development hampers 

debate on contamination from the oil sands industry. We address this shortcoming by using 

regional lake sediment cores to characterize petroleum hydrocarbons and trace their origin within 

the Cold Lake oil sands deposit. Petroleum hydrocarbons are hydrophobic compounds that bind 

to sediments, therefore persisting and accumulating in aquatic environments. 

This thesis examines historical levels of polycyclic aromatic hydrocarbons (PACs), 

petroleum biomarkers, and n-alkanes in radiometrically dated sediment cores collected from the 

depocenter of lakes within the Cold Lake heavy oil field. We used alkylated PACs and a suite of 

petroleum biomarkers to evaluate in-situ operations as potential petroleum-derived 

contamination sources. We predicted that similarly to open-pit mining, concentrations of PHCs 

in lake sediments would increase with industrial activity corresponding to proximity from in-situ 

operations. Like open-pit regions, alkylated PACs in Cold Lake sediments were elevated when 

compared to unsubstituted parent PACs and were significantly enriched in lake sediments 

deposited after the onset of oil sands operations. These findings imply that in-situ oil sands 

activity is driving the enrichment; however, diagnostic ratios and pyrogenic indices confirm a 

strongly pyrogenic origin in both pre-industrial and more recent sediments. When compared to a 

Cold Lake bitumen sample, the principal components driving PHC enrichment do not resemble 

bitumen. Likewise, diagnostic ratios of petroleum biomarkers and n-alkanes do not support 

bitumen as a significant source of hydrocarbons. PHC inputs in lake sediments are instead from 

terrestrial vegetation and plant waxes. These findings suggest that bitumen is not significantly 

contributing to petroleum hydrocarbon enrichment to lakes within the Cold Lake oil field; 

however, emissions from in-situ activity (natural gas burning, diesel trucks, seismic line cutting 

etc.) is increasingly abundant in more recent sediment.  



iii 
 

With >80 % of Canadian bitumen reserves requiring in-situ techniques for extraction, this 

thesis provides the first assessment of the spatial and temporal relationship between contaminant 

loading and proximity to in-situ oil sands operations. Additionally, this study allows for the 

environmental implications of open-pit mining operations to now be compared to that of in-situ 

techniques.  
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Preface  

The following thesis is written as a collection of 2 manuscripts per the guidelines provided by the 

University of Ottawa’s Faculty of Graduate and Postdoctoral Studies. Chapter 1 introduces the 

necessary background concepts and information relevant to this thesis and elaborates on the 

available literature regarding the two manuscripts that follow. Chapter 1 also introduces the 

research objectives, aims, and hypotheses of the thesis. Chapters 2 and 3 each provide brief 

introductory materials as not to be redundant with Chapter 1. The methodologies, results, and 

discussions are covered in-depth for both Chapter 2 and Chapter 3 as per the formatting 

guidelines provided by Elsevier for the journal of Environmental Pollution of each manuscript. 

Chapter 4 summarizes the findings of each manuscript and provides concluding remarks and 

future applications of this research.  
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Chapter 1. General Introduction 

 

1.1 Alberta Oil Sands Operations 

The Canadian oil sands of northern Alberta span an approximate area of 142,200 km2 and 

host a proven crude oil reserve of 170 billion barrels, making it the third-largest crude oil reserve 

in the world (CAPP, 2019). Situated in three primary deposits within Alberta, the Athabasca, 

Peace River, and Cold Lake reserves comprise the Alberta oil sands (Figure 1-1). The largest of 

these reserves is the Athabasca Oil Sands region, spanning an area of ~40 000 km2 within north-

eastern Alberta. To the west of the Athabasca oil sands region is the Peace-River oil sands 

deposit, and to the south is the Cold Lake oil sands deposit. Oil sands operations commenced in 

the mid-1900s and have been expanding rapidly in both extent and innovation ever since (AER, 

2018a; CAPP, 2019). Despite recent constraints on Canadian oil production, projections suggest 

a 3% increase in total annual output until 2021 and an increase in production of 1.27 million 

barrels of bitumen per day (bb d-1) by 2034 (CAPP, 2019). Due to their environmental 

implications, economic significance, and vast geographic extent, the need for proper research 

and monitoring associated with oil sands production is of the utmost importance (Kelly et al., 

2009; Timoney and Lee, 2009). 

Dozens of studies have investigated the environmental implications of oil sands activities 

and their effects on the surrounding region. These studies have assessed the wide-range transport 

of contaminants such as metals, petcoke (a by-product of upgrading bitumen), naphthenic acids 

(NAs), and polycyclic aromatic compounds (PACs) to downstream and down-wind 

environments and have concluded that oil sands operations are releasing contaminants to the 

Athabasca oil sands region in concentrations concerning to human, ecosystem, and organism 

health (Ahad et al., 2013; Crump et al., 2017; Guéguen et al., 2016; Jautzy et al., 2015a; Kelly et 

al., 2009; Kirk et al., 2014; Kurek et al., 2013a; Manzano et al., 2017; Ross et al., 2012; 

Skierszkan et al., 2013; Thienpont et al., 2017; Timoney and Lee, 2014; Zhang et al., 2016). 

Kelly et al. (2009) were the first to establish a concentration gradient between PAC loading and 

proximity to oil sands operations. They found that oil sands operations within the Athabasca area 

were the epicentre of contamination, as evidenced by an exponential decrease in contaminant 

loading in snowpack samples as the distance from the mines increased. This study detected 
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PACs in snowpack samples as far as 50 km downwind from oil sands regions with 391 kg of 

PAC loading over 4 months. Other studies have investigated the implications that these 

contaminants, and their distribution as a result of oil sands operations, had on aquatic and 

terrestrial organisms as well as ecosystem and human health (Arens et al., 2017; Beck et al., 

2015; Clair and Percy, 2015; Crump et al., 2017; Evans and Talbot, 2012; Hebert et al., 2011; 

Hrudey and Xu, 2010; Irvine et al., 2014; Korosi et al., 2017; Ohiozebau et al., 2016; Schuster et 

al., 2015; Timoney and Lee, 2009; Young et al., 2011) 

1.1.1  Oil Sands Monitoring 

Oil sands deposits sometimes form exposed outcrops, typically along the banks of large 

rivers such as the Athabasca River (Hein, 2017). These outcrops can introduce petroleum-

derived contaminants, such as the petrogenic polycyclic aromatic compounds (PACs) and trace 

metals into the surrounding environment (Debenest et al., 2012; Headley et al., 2001; Kelly et 

al., 2009; Thienpont et al., 2017). These natural sources of contamination have prompted debate 

on how Alberta oil sands operations may contribute to environmental pollution. 

Only limited information is available on environmental contaminants reaching back to 

before the start of oil sands operations half a century ago. In 1997, the Regional Aquatics 

Monitoring Program (RAMP) began to monitor the potential cumulative effects of oil sands 

activities on ecosystems, both upstream and downstream of oil sands developments. RAMP was 

established as an industry-funded, multi-stakeholder environmental monitoring program to track 

environmental pollutants from the oil sands. Several experts in the field criticized the RAMP 

program for its lack of transparency, and sampling designs too inadequate to capture the true 

extent of oil sands contamination (Ayles et al., 2004). Despite RAMP’s good intentions, the 

program failed to reproduce baseline environmental conditions and was not available for all three 

of the Alberta oil sands deposits (Ayles et al., 2004; Kurek et al., 2013a; Schindler, 2013).  
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Peace River Oil Sands  

Athabasca Oil Sands  

Cold Lake Oil Sands 

Figure 1- 1: Map of the three Alberta oil sands deposits. 
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In 2011, the RAMP was replaced by the Joint Oil Sands Monitoring Program (JOSM), 

also referred to as the Oil Sands Monitoring Program (OSMP), to implement an integrated oil 

sands environmental monitoring plan. The OSMP aims to track impacts from oil sands 

development and conduct comprehensive and inclusive monitoring to inform management and 

regulatory action (OSMP, 2019). The OSMP data is publicly available and requires that all work 

plans be approved prior to monitoring. Presently, oil sands assessment through the OSMP occurs 

throughout all three of the oil sands regions in Canada. 

1.1.2 Bitumen and the Geologic History of the Canadian Oil Sands 

What distinguishes Alberta’s reserves from other conventional oil deposits is the form in 

which the extra-heavy oil occurs, and the methods to extract it from the ground. The oil sands are 

a viscous mixture of sand, heavy crude bitumen, water, and clay that formed within the 

Clearwater and McMurray Formation during the Late Devonian to Early Cretaceous periods 

(Droppo et al., 2019). The bitumen content within the amalgamation ranges from 1-20 % 

depending on geology, although it is typically around 10 % bitumen, with the remainder being 

~83 % silica sand, ~4 % water, and ~3 % fluvial clays (AER, 2018a; CAPP, 2019; Hein and 

Cotterill, 2006).  At the time of formation, an ancient sea covered Alberta forming the Western 

Canada Sedimentary Basin. Accumulation of marine plant and animal remains compacted over 

hundreds of millions of years and exerted high pressure and temperature conditions that 

transformed the deposited biomass into light oil (Broughton, 2013; Hein and Marsh, 2008). 

Uplifting of the Rocky Mountains, followed by a significant drop in sea level during the 

Laramide Orogeny, forced the organic reserves to migrate north, bringing with them oxygenated 

water and forcing large-scale erosion of the overlying mineralogy (Zhou et al., 2008). Collapse-

subsidence from salt bed dissolution 200 m below the oil deposits caused McMurray fluvial 

sands to fill in the trough and become capped by impermeable Clearwater shales (Broughton, 

2013; Conly et al., 2002). Over time, the petroleum mixed with the sand, and lighter 

hydrocarbons were biodegraded by microbes or evaporated (Head et al., 2003; Hein and 

Cotterill, 2006). This process resulted in the bitumen having lost most of the low molecular 

weight compounds such as paraffins and naphthalenes, leaving dominantly heavy molecules such 

as asphaltenes and maltenes (saturates, aromatics, and resins) (Shahimin et al., 2016). Alberta 

bitumen contains ~18% asphaltenes, giving it a thick viscosity (like honey or molasses) under 
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atmospheric conditions (Broughton, 2013; Head et al., 2003; Zhou et al., 2008). These extra-

heavy crude oil reserves are abundant in large complex molecules containing carbon, oxygen, 

sulfur, and nitrogen, as well as heavy and base metals (Head et al., 2003; Hein, 2017; Meyer and 

Freeman, 2006). The Alberta oil sands deposits are also characteristically enriched in rare earth 

elements (REE), and metals such as vanadium, nickel, titanium, selenium, and tellurium 

providing challenges during the refining and upgrading processes and introducing contaminants 

of concern into the environment (Bata et al., 2016; Hein, 2017; Hein and Cotterill, 2006).  

1.1.3  Oil Sands Processing  

The American Petroleum Institute (API) gravity is a common metric used to quantify the 

gravity or density of liquid petroleum products with respect to their specific gravity in water. The 

API gravity is calculated, as seen in equation 1, where SG is the specific gravity of the oil at 60 

oF.  An API greater than 35 o is reflective of a light hydrocarbon product that will float on the 

surface of the water. Heavy crude oils, such as bitumen, have an API gravity of 8–10 o, 

exemplifying their extremely viscous and thick nature. Any bitumen products with an API below 

15o are considered as an extra-heavy crude oil (Attanasi et al., 2007; Hein, 2017; Jiang et al., 

2010; Mukhametshina and Hascakir, 2014). 

(1)   API = (141.5 / SG) – 131.5 

Upon separation from the sands, bitumen often requires upgrading and refining to 

produce the final synthetic crude oil (SCO) for commercial distribution and to increase the API. 

Regularly, bitumen extracted through in-situ thermal techniques is diluted with condensate, 

paraffinic solvent, or naphthenic solvent to decrease the viscosity to an API of 20–22 o, allowing 

it to flow through pipelines at low temperatures without the risk of erosion or corrosion (Charry-

Sanchez et al., 2014; Wilson and Kriz, 1984). This diluted bitumen (dilbit) product is sold and 

transported directly to high-conversion refineries equipped to handle the heavy/sour product. The 

remaining 35 % of bitumen that requires upgrading is usually a result of a water and solids 

concentration > 2 %. Sour bitumen, with a sulfur and asphaltene concentration above the refining 

threshold of 10 %, also requires upgrading to produce a lighter, sweeter intermediate crude oil 

product before refining. Upgraded SCO is of a higher quality and purity due to the removal of 

sulfur and metals from the product. As a result, SCO sells at a premium (Charry-Sanchez et al., 

2014).  
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Upgrading consists of 5 main steps, transforming the dilbit into SCO through 

fractionation and chemical treatment. Dilbit flows through pipelines from in-situ wells and 

crushing facilities to the upgraders where the diluent is recovered from the bitumen and recycled 

(API 60–80o). The Hydrogen-Carbon (H:C) ratio of the bitumen is then improved by reducing 

the carbon content (coking) and increasing the hydrogen content (hydroconversion) (Charry-

Sanchez et al., 2014; Wilson and Kriz, 1984).  The bitumen then undergoes hydrocracking to 

fractionate the heavy oil into light oil by breaking up complex molecules into shorter 

hydrocarbon chains. Bitumen can also be converted to lighter hydrocarbons through the 

distillation of the crude oils, depending on their boiling points (Charry-Sanchez et al., 2014). 

Sequentially, impurities such as sulfur, nitrogen, and heavy metals are removed, stabilizing the 

final product through catalytic hydrotreating.  Finally, the different recovered fractions of the oil 

are blended to produce the specific SCO products sold to downstream refineries for ultimate 

conversion into consumer products (diesel, gasoline, jet fuel, propane, and other petroleum-based 

crude oils) (Masliyah et al., 2004; Wilson and Kriz, 1984). The final SCO product produced by 

upgraders typically has an API of ~30–35 o (Charry-Sanchez et al., 2014). Canada is responsible 

for ~30 % of refining; however, most of the upgrading occurs in the United States (CAPP, 2019, 

2018a).    

Bitumen upgrading and refining are areas of oil sands production that are drawing 

increasing interest within the scientific community with regards to their environmental impacts. 

Depending on the method of upgrading used, Canadian oil sands processing is estimated to 

release 240.3-433.4 kg of CO2 equivalent greenhouse gasses (GHGs) per m3 of processed 

bitumen, and 7.9-15.7 g of CO2 equivalent per MJ of refined SCO (Nimana et al., 2015). In 

addition to abundant land use and GHG release, thermal conversion of bitumen results in the 

production of petroleum coke (petcoke), a solid carbonaceous residue subject to widespread 

atmospheric and aquatic transport of up to 150 km (Jautzy et al., 2015a; Yeh et al., 2010). 

Research has determined that petcoke is a significant and dominant source of PACs to the 

surrounding environment in addition to metals such as vanadium, nickel, and molybdenum 

(Ahad et al., 2014; Jautzy et al., 2015a; Parajulee and Wania, 2014; Xu, 2018; Zhang et al., 

2016). The 7.3 million metric tons of petcoke produced annually yield fugitive dust and petcoke 

piles. Inhaling petcoke dust may lead to respiratory inflammation and transcriptomic effects in 

animal studies (Camus et al., 2003; Timoney and Lee, 2009; Zhang et al., 2016) and increased 
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occurrences of cardiovascular disease and lung cancer in humans (Crump et al., 2017; Timoney 

and Lee, 2009).   

1.1.4 Oil Sands Extraction 

Across the three Canadian bitumen deposits, the method of oil sand extraction is not 

uniform. The Athabasca Oil Sands region access the bitumen deposits using open-pit mining 

techniques as well as in-situ thermal extraction; however, the Peace River and the Cold Lake 

deposits access their reserves via thermal in-situ techniques. The use of each method is 

dependent on the regional geology and the proximity of the oil sands deposit to the surface 

(CAPP, 2019). A summary of the bitumen production methods and how they have changed over 

time is observed in Figure 1-2.  

 

1.1.4.1 Open-pit Mining 

Open-pit mining is the technique most associated with oil sands extraction in Canada due 

to the magnitude and extent of the operations. Recovery of bitumen deposits within 70 meters 

(200 feet) of the surface requires large-scale excavation, creating large open pits. Currently, the 

Figure 1- 2:Scatterplot tracking the change in bitumen production throughout the Alberta oil 

sands, measured in million barrels of bitumen, as a function of time. 
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footprint of active open-pit mining spans 900 km2, a 133 km2 expansion since 2012, yet 

encompasses less than 5 % of the total 4800 km2 surface mineable area (CAPP, 2019). Open-pit 

mining requires all vegetation, wildlife, and overburden material to be removed from the surface 

of the bitumen deposit so that large trucks, cranes, and digging machines can extract the 

bituminous sands and transport them to crushing and oil processing facilities. The excavated 

material is crushed and mixed into a slurry with naphthenic acids (NAs) and large quantities of 

hot water are used to separate the bitumen from the sand matrix. The slurry flows through 

pipelines to extraction facilities where the bitumen is gravity separated from the solids and water, 

producing an intermediate bitumen froth product (Masliyah et al., 2004). Froth treatment uses 

flocculation and gravity separation of bitumen followed by secondary froth treatment using 

solvent or diluent addition to reduce the bitumen viscosity and eliminate adsorbed water and fine 

solids.  

The remaining mixture of water, sand, clay, inorganic ions, NAs, and organic 

contaminants (also known as oil sands process affected water (OSPW)) from the extraction 

process are discharged into sizeable tailing storage ponds located adjacent to the processing 

facilities. The inorganic solids of the OSPW settle to the bottom of the tailing ponds, and the 

clarified surface water is eligible for recycling. Light-weight silt and clay particles have an 

affinity for remaining in the water column making it difficult to recycle tailing pond water as it 

can take these particles up to 30 years to fall out of suspension (AER, 2018a). In 2018, 75% of 

clarified OSPW was successfully recycled (CAPP, 2019). 

Open-pit mining produces 1.14 million barrels of crude oil per day, as reported by the 

Canadian Association of Petroleum Producers (CAPP, 2018b). Many environmental 

consequences are associated with the sheer extent and magnitude of these operations. Adjacent 

surface water systems, such as lakes and rivers, supply much of the water required for the 

separation process and are in close proximity to these oil sands processing facilities; 65 % of the 

253 000 000 m3 of freshwater used to process oil sands is sourced explicitly from the Athabasca 

River (AER, 2018a). As a result, the Athabasca oil sands region and the Athabasca River 

tributaries have been the focus of many scientific studies that assess the implications of this 

industry. Areas of scientific research include destruction of terrestrial and aquatic habitats, 

leaching and run-off from tailing ponds, dust and petcoke emissions from mining and oil 
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processing, the loading of trace metals and chemicals into surrounding environments, and the 

implications of all these factors on aquatic and terrestrial biota, to name a few (Cheng et al., 

2018; Colavecchia et al., 2004; Debenest et al., 2012; Headley et al., 2001; Hsu et al., 2015; 

Kelly et al., 2009; Manzano et al., 2017, 2016; Parrott et al., 2019; Schiffer and Liber, 2017; 

Timoney and Lee, 2011; Van Wilgenburg et al., 2013; Xu, 2018; Zhang et al., 2016). Kelly et al. 

(2010) recorded heavy metal concentrations within the Athabasca River and its tributaries that 

exceeded the Canadian Water Quality Guidelines (CWQGs) for the Protection of Aquatic Life 

for metals, including cadmium, copper, lead, mercury, nickel, silver, and zinc. Roy et al. (2016) 

assessed the risks that tailings ponds pose to shallow riparian groundwater quality and recorded 

levels of salts, many trace metals, and fluorescence profiles of NAs that exceeded the CWQGs 

for aquatic health. Although “near-pond” sites were not statistically distinct from “non-pond” 

sites, this study corroborated results obtained by Frank et al. (2014), establishing that OSPW 

reached the Athabasca River and tributaries in concentrations detrimental to aquatic health 

(Frank et al., 2014; Roy et al., 2016). 

In addition to the impacts of OSPW and tailing ponds, the oil extraction, refining, and 

upgrading processes associated with open-pit mining activity are responsible for the release of 10 

% of all Canadian GHG emissions and 0.15 % of the global GHG emissions (CAPP, 2018c; IEA, 

2017; WRI, 2018). The Alberta Energy Regulator (AER), the Government of Alberta, and 

industry groups (the Canadian Association of Petroleum Producers (CAPP) and Canada’s Oil 

Sands Innovation Alliance (COSIA)), have identified GHG emissions, air emissions, tailings, 

water, land use, biodiversity, reclamation, and monitoring to be priority areas for assessing 

environmental impacts of open-pit mining (OSMP, 2018).  

1.1.4.2  In-situ Thermal Extraction 

In-situ extraction techniques are less studied within the scientific community despite 

being the dominant method of oil sands extraction in Canada. In 2012, in-situ thermal extraction 

techniques surpassed open-pit mining as the predominant method of oil sands extraction in 

Canada (AER, 2015). In-situ wells access all bitumen reserves situated deeper than 70 m below 

the surface, which accounts for ~80 % of all Canadian bitumen deposits (CAPP, 2019). In-situ 

thermal extraction operates using two dominant methods, Cyclic Steam Stimulation drilling 
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(CSS) and Steam Assisted Gravity Drainage Drilling (SAGD). Both techniques rely heavily on 

the use of high-temperature steam and solvents (such as propane) to be injected into the 

McMurray formation to decrease the viscosity of bitumen, separating it from the sands and 

allowing it to flow to the surface. Once extracted, large storage tanks collect the bitumen, and 

diluents are used to facilitate transport to upgrading and refining facilities via pipelines. Both 

methods rely on the use of large volumes of water and the combustion of natural gas to generate 

steam for injection (Jiang et al., 2009). 

The original method of thermal in-situ extraction, CSS, relies on one single well drilled 

vertically and horizontally into the McMurray Formation. Superheated steam and solvents are 

injected into the well and left for a soaking period of up to two months. Once the viscosity of the 

bitumen has sufficiently decreased, the injection well is transitioned into a production well and 

pumps the bitumen into collection tanks at the surface (CAPP, 2019). The soaking of the steam 

and solvent into the oil sands below increases the pressure within the geologic formation. CSS 

drilling has resulted in vertical land deformation at a rate of 450 cm year-1. Extreme cases of CSS 

over-pressurization have produced 30 cm of vertical land deformation within a 24-day injection 

cycle (Samsonov and Czarnogorska, 2014; Shen et al., 2015).   

Surface subsidence occurs upon CSS transition into production mode; however, in some 

instances, over-pressurization of the containment rocks results in bedrock fracturing (Samsonov 

and Czarnogorska, 2014; Wong et al., 1992). Fractures within the containment rock provide a 

low-pressure pathway for bitumen to follow, resulting in the release of the bitumen to the surface 

in non-targeted flow-to-surface events (AER, 2018b; Samsonov and Czarnogorska, 2014). In 

January of 2009, a flow-to-surface incident occurred within the Primrose Lake oil field, 20 km 

north of the City of Cold Lake in the Cold Lake oil sands deposit. This flow-to-surface event was 

the first of five to occur within the Primrose region, the following four occurring between May 

20th, 2013, and June 24th, 2013 (AER, 2016). As a result of these non-targeted seeps of bitumen 

releasing at the surface, a water body informally referred to as Lake 9-21 (Korosi et al., 2016a), 

was drained and dredged as a cleanup measure, and steaming operations within 1000 m of the 

seep were suspended (AER, 2016). It is estimated that more than 800 000 m3 of bitumen was 

released into the environment as a product of these five flow-to-surface events within the 

Primrose region of the Cold Lake oil field (AER, 2016).  
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SAGD methods, developed in 1978 by pioneer Roger Butler, consist of an injection well 

and production well that work simultaneously. These two wells run in parallel underground 

within the McMurray formation. The injection well pumps steam and solvent into the sands to 

decrease the viscosity of the bitumen, the same as CSS; however, the recovery well then pumps 

the liquid bitumen to the surface (CAPP, 2019). This method does not require a soaking phase, 

making it the preferred method for in-situ thermal extraction. Although there are no recorded 

incidents of flow-to-surface events attributed to SAGD operations, vertical land deformation 

does still occur at an uplift rate of 2 cm year-1 (Samsonov and Czarnogorska, 2014). SAGD 

allows for simultaneous injection and recovery; however, it involves the use of more steam and 

solvent than CSS methods.  

Contrary to open-pit mining activity, in-situ methods do not require large scale 

excavation of the landscape above the bitumen deposits nor large volumes of surface water to 

separate the bitumen from the host rock. In-situ methods have been successful in using non-

potable groundwater to generate steam and can recycle 85 % of process water, compared to 75 % 

water recycling for open-pit mining (AER, 2018c). Overall, thermal in-situ recovery requires 

about one-tenth of the equivalent land area as that of open-pit mining, does not produce tailings 

ponds, and has a limited need for upgrading. As such, the release of contaminants and the effects 

of in-situ mining on the surrounding environment, however, remain widely unstudied. Areas of 

environmental concern associated with in-situ activity include fossil fuel emissions from gas 

flares, well operation, and steam generation, as well as groundwater contamination, chemical 

loading to the surrounding environment, aquatic and terrestrial organism health, and non-targeted 

releases of bitumen to the surface (AER, 2018c; Korosi et al., 2013, 2016a). 

To date, there have been four scientific studies regarding the influence of in-situ thermal 

oil sands operations and their release of contaminants. Of these four studies, one focused on 

localized enrichment of PACs in lake sediments and spruce needles (Korosi et al., 2013), one 

assessed widespread metal contamination (Skierszkan et al., 2013), one analyzed the cancer risk 

posed to First Nations people through inhalation and ingestion of PACs (Irvine et al., 2014), and 

the final study was in response to the flow-to-surface events that took place in 2013 (Korosi et al. 

2016). These four studies assessed PACs and metals in soils, lake sediments, spruce needles, and 

air samples. Korosi et al. (2013) observed an increase in alkylated PACs in Hilda Lake, one of 
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two lake sediment cores analyzed for their study, suggesting localized enrichment of petroleum-

derived contaminants attributed to in-situ activity with no evidence of widespread contamination. 

Skierszkan et al. (2013) observed no significant enrichment in metal concentrations that would 

suggest bitumen-derived contamination within soils and lake sediments since the onset of in-situ 

oil sands activities in 1985. Irvine et al. (2014) observed negligible cancer risks within the Cold 

Lake First Nations as a result of inhalation and ingestion of PACs (maximum excess lifetime risk 

of 0.1 and 0.02 new cases per 100 000). Korosi et al. (2016a) analyzed a lake sediment core from 

Lake 12-26, which is situated less than 1 km from the Lake 9-21 CNRL flow-to-surface location. 

Lake 12-26, similar to Hilda Lake from Korosi et al. (2013), showed a historical increase in 

alkylated PACs since the onset of oil sands operations. The compositional PAC changes within 

this study differed, suggesting different or multiple sources of PAC pathways into the aquatic 

systems that were not exclusively a result of in-situ operations (Korosi et al., 2016a). 

 The work conducted previously within the Cold Lake region has suggested that the 

absence of bitumen processing facilities and open-pit mining activity can account for the lack of 

metal enrichment within the Cold Lake oil field; however, the enrichment of petrogenic PACs 

within Lake 12-26 and Hilda Lake implicate in-situ activity as a source of PACs. The 

characterization of the origins and the pathways for PAC deposition within the region remain 

unknown. Further research within the Cold Lake area, and specifically on the impacts of in-situ 

operations, is required to facilitate mitigation strategies and supplement monitoring efforts 

(Irvine et al., 2014; Korosi et al., 2013, 2016a). Additionally, it is important to assess the 

distribution of PAC contaminants that are associated with in-situ operations as well as 

characterize their sources so that PAC distribution may be compared to open-pit mining 

operations. 

In 1988, there were only 4 in-situ operations in the Cold Lake deposit with 23 

experimental projects in progress. Presently, there are over 210 in-situ recovery projects 

operating within Alberta with 16 experimental in-situ projects (Brooks et al., 1988; CAPP, 

2019). These operations are responsible for generating 1.51 million barrels of crude bitumen per 

day. In August 2018, the Alberta Energy Regulator approved a 2-billion-dollar Imperial Oil Cold 

Lake expansion project. When the project is complete, it is estimated to increase bitumen 

production of the Cold Lake oil sands by an additional 75 000 bb d-1. This project will include 
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solvent-assisted (SA-SAGD) as well as steam-assisted gravity drainage recovery. The magnitude 

of these operations and the rate of growth within Alberta emphasizes the importance of 

understanding the adverse effects of in-situ activity as well as addresses the current knowledge 

gaps as production continues to grow (AER, 2018c; CAPP, 2018a; Timoney and Lee, 2009).   

1.2 The Cold Lake Oil Sands  

1920 marked the discovery of the Cold Lake oil sands deposit; however, it was not until 

1962 that Imperial Oil drilled the first 10 exploration wells to determine the potential for 

commercial operations within the area. The first pilot plant was built in Cold Lake in 1964, and 

primary in-situ operations began regular service in 1985 at the Maskwa processing plant. 

Presently, extraction projects in Cold Lake are operated by Imperial Oil, Devon Canada, 

Cenovus Energy, Husky Energy, Canadian Natural Resources Limited, and Osum Oil Sands. 

Figure 1-3 depicts the expansion of active oil sands operations within the Cold Lake oil sands 

region since the 1980s. 

The Cold Lake oil sands, located south-east of the Athabasca oil sands region, are unique 

in that they operate exclusively through in-situ thermal extraction techniques and are isolated 

from all upgraders, refineries, tailings ponds, and open-pit mining activities by ~300 km. The 

bitumen deposits within the Cold Lake oil field are situated 300–600 m below the surface and do 

not encounter the open environment, eliminating the potential of the natural introduction of 

bituminous derived contaminants to the landscape or surrounding water bodies (CAPP, 2019; 

Korosi et al., 2013). This region is, therefore, optimal for monitoring the effects of in-situ oil 

sands extraction as any contaminants of bituminous origin would theoretically be introduced as a 

result of anthropogenic activity.  

1.2.1  The Cold Lake Air Weapons Range 

The Cold Lake region also hosts the City of Cold Lake and the Cold Lake Air Weapons 

Range (CLAWR). Developed during the height of the Cold War in the early 1950s, the CLAWR 

was chosen by the Royal Canadian Air Force to train pilots and test air weapons. The designated 

military area of 11 700 km2 across the Alberta-Saskatchewan border is the largest and busiest 

fighter base in Canada and conducts routine fighter pilot training and live ammunition testing 



14 
 

within their perimeter. Due to the nature of the CLAWR, civilian access is strictly limited, which 

also limits oil sands development in that region. Oil sands operations off of the CLAWR began 

in the 1980’s, however development did not reach onto the range until the early 2000’s. Presetly 

there are significant oil sands operations both on and off of the CLAWR allowing for the regions 

to be compared. Development of oil sands activity on the CLAWR and the recent approval of in-

situ expansion projects are accelerating an expansion of the City of Cold Lake. 
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Figure 1- 3: Map of the Cold Lake Oil Field. Map identifying the growth of the active oil sands 

region (OSR) within the Cold Lake oil field since the onset of industrial activity in the 1980s. Growth of 

the region is cumulative. The Cold Lake Air Weapons Range (CLAWR), marked by the black hatched 

line, encompasses the entire northern region of the map, and the airport region to the west of Cold Lake 

(AEP 2019). 



16 
 

1.3  Characterizing Oil Sands Contaminants 

Depending on the conditions of petroleum formation, oil deposits will exhibit unique distribution 

patterns of n-alkanes, biomarkers, and alkylated PAC homologs. As such, these unique 

signatures can be used as tools for chemical fingerprinting the source of petroleum (Wang et al., 

2016).  

1.3.1  Polycyclic Aromatic Compounds (PACs)  

PACs are a large group of organic chemical contaminants formed through the incomplete 

combustion of organic matter. These compounds, comprised of two or more covalently bonded 

aromatic rings, have known mutagenic, carcinogenic, and toxic properties, the degree of which is 

dependent on the molecular weight, the mode of accumulation, and degree of alkylation 

(Barfknecht et al., 1982; Brookes, 1977; Jariyasopit et al., 2016; Lemieux et al., 2015, 2014; Lin 

et al., 2015). Alkylated compounds have different chemical and physical properties that can 

influence exposure pathways and fate within an organism (Thorsen et al., 2004). Heavily 

alkylated compounds are overall more toxic than their unsubstituted parent compounds; 

however, the United States Environmental Protection Agency (US EPA) has identified 16 non-

substituted PACs as priority pollutants as they are found ubiquitously in all environmental 

compartments (Keith, 2014).  

PACs are non-polar, hydrophobic compounds with low ionization potential and therefore 

are only slightly water-soluble.  Low molecular weight (LMW) PACs (e.g., 2 to 3 ring groups of 

PACs such as naphthalenes, fluorenes, phenanthrenes, and anthracenes) have significant acute 

toxicity as they are more readily soluble in water, making them less persistent (Evans et al., 

2016). High molecular weight (HMW) PACs, (4 to 7 ring groups of PACs from chrysenes to 

coronenes), are less readily soluble in water and are therefore more persistent and carcinogenic. 

Although these aromatic compounds have high chemical stability, varying conditions can result 

in alkyl substitutions and the inclusion of other elements into their structure. Organosulfur 

compounds, such as dibenzothiophenes (DBTs) and benzonaphthothiophenes (BNTs), constitute 

an expanded list of PAC compounds contrasted to those purely comprised of hydrogen and 

carbon (Andersson and Achten, 2015).  
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Classifications of PACs fall into three categories (biogenic, petrogenic, or pyrogenic) 

based on their origin and temperature of formation. Biogenic PACs are naturally produced in 

plants, bacteria, and fungi during diagenesis by microorganisms from biological precursors. This 

family of PACs does not contribute significantly to PAC concentrations within the Alberta oil 

sands (Hsu et al., 2015). Pyrogenic PACs are formed in high-temperature, low oxygen 

combustion environments such, as forest fires, volcanos, and the upgrading and combustion of 

fossil fuels. When combustion begins, the organic matter fragments into unstable free radicals 

through a process called cracking. These free radicals then react with each other to create 

aromatic rings which sequentially react with other small hydrocarbon molecules (Andersson and 

Achten, 2015). This series of reactions transform the single aromatic ring compound into a chain 

of multiple aromatic rings that is more chemically stable. These HMW compounds are typically 

unsubstituted and referred to as parent PACs. Their alkylated homologs, also referred to as 

petrogenic PACs, are generally emitted from point sources, such as through oil spills, pipeline 

breaches, or FTS events (Korosi et al., 2013). Petrogenic PACs form under geothermal 

conditions over a geological time scale. These compounds are frequently alkylated as their slow 

formation under low-temperature petrogenesis conditions favor substitution and alkylation of the 

parent molecules (Andersson and Achten, 2015). Petrogenic PACs are typically LMW 

compounds and are common derivatives of petrochemicals. Their origin, health concerns, and 

emission source makes petrogenic PAC contaminants of high importance in oil sands research as 

they are abundantly present in bitumen (Ahad et al., 2015; Evans et al., 2016; Hsu et al., 2015; 

Korosi et al., 2017; Thienpont et al., 2017).  

PACs are mobilized in the environment by adsorbing onto atmospheric particles and 

aerosols. The deposition of these compounds, through wet and dry fallout, follows a density 

gradient concerning their originating source (Kelly et al., 2009). HMW compounds preferentially 

deposit to the ground more readily than LMW compounds and therefore settle closer to their 

originating source. Once deposited onto the landscape, PACs are subject to degradation through 

various chemical and biological processes. Some of these degradation pathways include 

biodegradation, biotransformation, and photooxidation (Andersson and Achten, 2015). The half-

life of PACs undergoing these different processes is largely dependent on the number of rings in 

the compound, the degree of alkylation, and the structural linearity of the molecule (Andersson 

and Achten, 2015; Thorsen et al., 2004).  
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1.3.2 Petroleum Biomarkers 

Petroleum biomarkers are recalcitrant compounds consisting of terpanes, hopanes, and 

steranes. These compounds play a crucial role in identifying sources of petroleum products, as 

they are complex molecules derived from living organisms that synthesized during petroleum 

formation (Brooks et al., 1988; Wang et al., 2016). The process of chemical fingerprinting uses 

petroleum biomarkers as a tool to identify genesis, oil biodegradation, and the maturation of 

petroleum products by comparing their chemical signature to that of their biological precursors. 

Terpanes, hopanes, and steranes are generated and preserved exclusively within petroleum 

deposits and have little or no structural change from their parent biochemicals, as they retain 

most of their original carbon skeleton (Wang et al., 2016). Historically, petroleum biomarkers 

have been used by geochemists to characterize oil in terms of their host rocks and many 

geochemical factors of the oil reservoir (Asif et al., 2009; Jia et al., 2013; Wang et al., 2013, 

2014; Yim et al., 2011). 

Petroleum biomarkers are chemically distinct from their biological precursor and are 

resistant to degradation, making them highly specific for source identification. Biodegradation of 

compound classes generally transitions from n-alkanes > acyclic isoprenoids > steranes > 

hopanes > terpanes, making biomarkers superior compounds for chemical fingerprinting than 

PACs or n-alkanes which have many sources in the environment (Brooks et al., 1988). Many 

crude oils exhibit a characteristic biomarker abundance of C29 & C30 αβ Hopanes and C23 & C24 

terpanes with a sterane dominance of C27, C28, C29 S & R homologs. Biomarker concentrations 

typically decrease with greater thermal maturity of the host reserve; therefore, biomarker 

concentrations in light oils and condensates are deficient when compared to heavy oils such as 

bitumen (Stout and Wang, 2016; Wang et al., 2016).  

n-Alkanes and PACs are subject to specific compositional and physical property changes 

and thus become unreliable tools for chemical fingerprinting as petroleum products weather. 

Conversely, biomarker patterns remain unaffected despite the evaporation and emulsification, 

dispersion, dissolution, biodegradation, and photooxidation of petroleum products (Jia et al., 

2013; Stout and Wang, 2016). As a result, biomarkers are compounds of increasing interest in oil 

forensics and have been used to determine origins of oil spills, types of source rocks, thermal 

maturity of petroleum reserves, depositional conditions of environmental contaminants, and 
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patterns of contaminant deposition (Bieger et al., 1996; Jia et al., 2013; Liao et al., 2012; Wang 

et al., 2016, 2006; Yang et al., 2012; Yu et al., 2012; Yunker and Macdonald, 2003).  

1.3.3 n-Alkanes 

n-Alkanes are chemical compounds consisting of homologous long-chain alcohols, 

aldehydes, esters, and hydrocarbons. Similar to PACs, n-alkanes originate from natural sources 

such as plant waxes and soils as well as anthropogenic sources such as fossil fuel combustion 

(Olajire et al., 2008). During bitumen formation, natural alkanes and light hydrocarbons are 

almost entirely depleted by evaporation, microbial degradation through porous media, or 

weathering, resulting in a distribution of n-alkanes that is both biological and non-biological in 

origin (Andreou and Rapsomanikis, 2009; Grice et al., 1968). Similar to petroleum biomarkers, 

and petrogenic PACs, n-alkanes can be used to help distinguish different petroleum sources 

based on their proportion of odd-to-even numbered n-alkanes. Plant-derived n-alkanes frequently 

have a distinct odd carbon number preference, whereas petroleum-derived n-alkanes tend to 

exhibit a carbon indifference (Grice et al., 1968; Yang et al., 2011). Studies have found that n-

alkanes are usually the predominant compounds of an oil derived product that has not been 

exposed to environmental degradation (Grice et al., 1968; Hostettler et al., 2013).  

Unresolved complex mixtures of n-C10 to n-C40 are indicative of the significant 

biodegradation of the original crude oils, whereas typically, more refined oils will contain a more 

substantial fraction of small chained n-alkanes ranging from n-C9 to n-C36 (Yang et al., 2011). 

Higher viscosity crude oils, such as bitumen, contain less overall n-alkanes, ranging from n-C16 

to n-C36 (Yang et al., 2011).  As many n-alkanes are biogenic in origin, the use of a carbon 

preference index (CPI) can facilitate the differentiation amongst biogenic and petrogenic n-

alkane origins. This CPI is calculated by establishing the ratio of odd to even-numbered n-

alkanes over a fixed range. Petrogenic hydrocarbons sources have a CPI index approaching 1, 

whereas biogenic hydrocarbon sources have higher CPI values ranging from 2–12 (Andreou and 

Rapsomanikis, 2009; Grice et al., 1968; Simoneit, 2005; Zhen Wang et al., 2009). In general, 

carbon numbers greater than n-C27 reflect a carbon signature derived from higher plant waxes 

and fungi, whereas lower carbon numbers (C16 & C17) infer inputs from algae and bacteria. C20 & 

C21 n-alkanes are typical of petroleum origins, including diesel exhaust (Miyake et al., 2005; 

Olajire et al., 2008). 
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1.4 Paleolimnology 

Petroleum hydrocarbons (PHCs) such as PACs, n-alkanes, and biomarkers are present in 

many environmental compartments including, air, water, soils, sediments, and vegetation. As a 

result of their hydrophobicity, most PHCs are adsorbed to solids (Carls, 2006; Hall et al., 2012; 

Hsu et al., 2015). Transportation via surface water, erosion, and run-off, in addition to aerial 

deposition to watersheds, ultimately results in these compounds accumulating in basins at the 

bottom of lakes and rivers (Conly et al., 2002; Korosi et al., 2017). Using accumulated deposits 

within these river and lake basins, we can assess the change in PAC, biomarker, and n-alkane 

loading within environmental systems and can track contaminant changes over time as a result of 

developmental changes within the surrounding area. The study of lake sediment cores as 

historical archives of lake deposits is a concept known as paleolimnology. These changes in 

contaminant quantity and quality can also be related to biological responses (e.g., changes in 

diatom community assemblages); a concept known as paleoecotoxicology (Bell and Blais, 2019; 

Cheney et al., 2020; Kurek et al., 2013a; Rose et al., 2018). 

Lake sediment cores have recorded historical changes in contaminants throughout the 

Canadian oil sands and Northern Canada, including the Cold Lake oil sands, (Korosi et al., 2013, 

2016a; Skierszkan et al., 2013), the Athabasca Oil Sands (Jautzy et al., 2013; Kurek et al., 

2013a), the Peace-Athabasca Delta (Hall et al., 2012; Jautzy et al., 2015b) ,Yellowknife (Cheney 

et al., 2020), the Mackenzie Delta Uplands (Thienpont et al., 2013), Cameron Hills (Korosi et al., 

2016b) and the Arctic (Bell et al., 2020). By providing a natural archive of environmental 

conditions, paleolimnology provides insight into spatial and temporal baseline conditions that are 

otherwise unknown. Lake sediment cores, collected from depositional locations within lake 

basins, have been used to infer historical depositional trends in environmental contaminants such 

as persistent organic pollutants and metals as well as fossilized paleobiological indicator species 

such as daphnia and diatoms (Boyle et al., 2015; Korosi et al., 2017, 2015). As these compounds 

of interest are deposited within the environment, they are transported through watersheds until 

they come to settle within lake basins. Over time these sediments accumulate and are compacted, 

creating layers of deposition. These lake sediments are cored and used as paleolimnological 

proxies of regional deposition, providing a historical record of the flux of contaminants to the 

area over time. Targeting a suite of environmentally relevant and chemically stable compounds 
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within these lake sediments (PACs, n-alkanes, and petroleum biomarkers) therefore offers an 

opportunity to characterize temporal patterns in contaminant deposition within the Cold Lake oil 

sands. The use of these paleolimnological profiles can establish pre-industrial conditions and 

quantify (and attribute) increases in contaminant levels associated with oil sands activity.  

 

1.5 Thesis Aims, Objectives, and Hypotheses 

Alberta Oil Sands research has focused strongly on open-pit mining activities within the 

Athabasca Oil Sands Region, determining the contaminant burden associated with thermal in-situ 

oil sands operations has received less attention. With in-situ techniques being the dominant 

method of oil sands extraction in Canada, it is vital to better characterize the contaminant 

footprint associated with this method. This research aims to address the current knowledge gaps 

attributed to PHC production and distribution from in-situ oil sands operations. 

PHCs such as PACs, n-alkanes, and petroleum biomarkers are useful tools for assessing 

the source of environmental contaminants within the Cold Lake region as they are source-

specific compounds originating from petroleum themselves. This study uses lake sediment cores 

to reconstruct historical contaminant profiles of PACs, n-alkanes, and petroleum biomarkers to 

assess petrogenic contamination within the Cold Lake region as it relates to in-situ operations. 

Pinpointing the origin of petrogenic contaminants within the Cold Lake oil sands region will 

allow for the regional impact of oil sands mining to be determined, for the contaminant 

contribution of in-situ thermal extraction operations to be assessed, and for the Cold Lake oil 

sands region to be compared to that of the Athabasca oil sands region.  

This thesis evaluates whether anthropogenically produced PHCs (1) can be detected and 

characterized to distinguish their originating source within the Cold Lake region and (2) are 

produced and distributed significantly because of in-situ oil sands operations. Petroleum 

hydrocarbon sources of primary interest include in-situ oil sand extraction operations (well 

pads), jet fuel from military planes as a result of the Cold Lake Air Weapons Range, local 

emissions from the city of Cold Lake, and vehicular exhaust.  
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This thesis aimed to address the following hypothesis: emissions attributed to thermal in-

situ oil sands operations are significantly altering petroleum hydrocarbon concentrations and 

deposition rates in regional lakes. The predictions for this thesis are three-fold. (1) I predict that 

PHCs detected in modern lake sediments will be elevated when compared to those of pre-oil 

sands lake sediments. Sediments with a radiometric date prior to the onset of oil sands activity in 

Cold Lake (< ~1980) are indicative of pre-industrial background levels and, as such, are deemed 

to represent baseline or reference conditions. (2) I predict that PHC contaminant enrichment will 

increase with proximity to each well pad, like observations in open-pit mining regions regarding 

proximity to upgraders, petcoke piles and open-pit mines. (3) I predict that the PHC contaminant 

profile of Cold Lake bitumen can be used to identify and quantify in-situ PHCs in regional lakes 

by comparing the bitumen PHC fingerprint with pre-industrial and industrially influenced 

sediments.   

The following chapters of this thesis provide a robust analysis of the history of PACs, n-

alkanes, and petroleum biomarkers within the Cold Lake region. Chapter 2 of this thesis assesses 

historical changes in PAC deposition rates within 11 lakes surrounding in-situ oil sands 

operations of Cold Lake, Alberta. Chapter 3 looks at petroleum biomarkers and n-alkanes as 

potential proxies of historical changes in petroleum-derived contaminants. Chapter 4 summarizes 

the findings of this thesis and provides general conclusions, suggestions, and future directions, as 

well as outlines the significance of this work.  
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Abstract:  

Most of the published environmental research on Canadian oil sands focuses on open-pit 

mining and bitumen processing operations. The environmental impacts attributable to in-situ oil 

sands are less well known; however, in 2012, in-situ methods surpassed open-pit mining as the 

dominant technique used for oil sands extraction in Canada. The Cold Lake oil sands deposit in 

Central-Eastern Alberta uses thermal in-situ steam injection to extract bitumen as reserves are 

situated deep below the surface, making them inaccessible to open-pit mining.   

Polycyclic aromatic compounds (PACs) are ubiquitous, toxic contaminants of increasing 

interest in oil sands research because they are produced naturally and from oil sands operations. 

The lack of baseline monitoring prior to industrial development is catalyzing the debate amongst 

researchers and scientists as to whether oil sands operations are significant sources of PACs. 

Within the Cold Lake region, the presence of flow-to-surface events in the absence of exposed 

bitumen outcrops draws the question of whether in-situ activity is leading to regional PAC 

enrichment.  

This thesis chapter examines historical changes in PAC profiles from radiometrically dated 

210Pb sediment cores to track spatial and temporal variations in PAC deposition since oil sands 

activity began in the Cold Lake region. We used alkylated PACs, predominantly petrogenic 

contaminants, to evaluate in-situ operations as potential petroleum contamination sources to 

surrounding lakes. Like open-pit regions, alkylated PACs in Cold Lake sediments were elevated 

compared to unsubstituted parent PACs and increased coeval with Cold Lake oil sands activity. 

Diagnostic ratios and pyrogenic indices provided evidence that PAC sources are strongly 

pyrogenic, however they shifted towards higher petrogenic contributions coeval with expanding 

oil sands extraction at Cold Lake. Both alkylated and unsubstituted PACs exhibit statistically 

significant increases in lake sediments following the development of oil sands operations in Cold 

Lake compared to pre-development PAC levels. PACs in sediment from regional lakes are 

weakly correlated to their proximity to in-situ oil wells, once corrected for lake area. These 

results suggest that in-situ operations are a likely source of PAC contamination to lakes 

surrounded by in-situ activity; however, emissions are more likely originating from natural gas 

combustion for steam generation, and exhaust from vehicles contribute more PACs than Cold 

Lake bitumen itself based on findings from diagnostic ratios. 
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2.1 Introduction  

The Canadian Energy Research Institute (CERI) projected that oil sands production would 

contribute 1 trillion dollars to the Canadian economy between 2019 and 2029 (Romaniuk et al., 

2019). Located 300 km south of the Fort McMurray open-pit mining operations, the Cold Lake 

oil field is responsible for producing 1.51 million barrels of crude bitumen per day using thermal 

in-situ methods (CAPP, 2019). In 2012, thermal in-situ bitumen extraction surpassed open-pit 

mining as the dominant method of oil sands extraction in Canada. Despite this, its environmental 

impact is less often reported in the peer-reviewed literature than open-pit mining (Korosi et al., 

2013).  

Contrary to open-pit mining, in-situ extraction does not require large-scale excavation of all 

vegetation and overburden material above the bitumen deposit. In-situ thermal techniques access 

bitumen reserves situated deeper than 75 m below the surface, approximately 80 % of all 

bitumen deposits in Canada (AER, 2018b). Briefly, in-situ extraction requires the use of vertical 

and horizontal wells drilled deep into the bitumen formation. Superheated steam and solvent are 

injected into the bitumen sands to decrease the molasses-like viscosity, at which point the 

bitumen separates from the sand matrix and flows to the surface through production wells 

(CAPP, 2017; Moorhouse et al., 2010). Collection tanks at the surface receive sixty-five percent 

(65%) of the bitumen, where it is mixed with a light hydrocarbon diluent to facilitate its flow 

through pipelines to refineries. Upgrading facilities process the remaining 35 % of the extracted 

bitumen, where pipelines then transport it to refineries.  

Thermal in-situ oil sands extraction has distinct advantages over open-pit mining. For 

example, in-situ extraction requires 1/10th of the land area compared to an open-pit mine that 

produces the same bitumen equivalent (AER, 2018c). In-situ extraction requires no crushing and 

separating facilities, and it produces no tailings ponds (AER, 2018c). In-situ extraction requires 

only 0.2 barrels of freshwater for every barrel of bitumen equivalent produced compared to 2.6 

barrels of water per barrel of bitumen equivalent produced by open-pit mining (AER, 2018b). 

Also, in-situ techniques can use non-potable, saline water from groundwater, or oil sands process 

affected water (OSPW) to generate steam for injection (Moorhouse et al., 2010). Moreover, in-

situ extraction recycled 86% of the water used for steam generation in 2018 (AER, 2018c).  



26 
 

Despite its advantages, in-situ oil sands extraction also has its costs. It consumes large 

quantities of natural gas for steam generation (AER, 2018c), it contaminates aquifers (CAPP, 

2017), and it can result in vertical land deformation at a rate of 450 cm year-1 by pressurizing the 

bedrock (Samsonov and Czarnogorska, 2014). Shen et al. (2015), recorded 30 cm of vertical land 

deformation after a 24-day injection cycle of Cyclic Steam Stimulation (CSS) drilling. In 

extreme cases, vertical land deformation can fracture the shale containment rock above the 

bitumen deposits, allowing non-targeted bitumen seeps to produce flow-to-surface (FTS) events 

(AER, 2018c). In January of 2009, a flow-to-surface incident occurred within the Primrose Lake 

oil field, 20 km north of the City of Cold Lake in the Cold Lake oil sands deposit. This flow-to-

surface event was the first of five to occur within the Primrose region as a result of the Canada 

Natural Resource Limited (CNRL) in-situ CSS operations (AER, 2016). One such flow-to-

surface event contaminated an unnamed water body (9-21, (Korosi et al., 2016a)), which was 

subsequently drained and dredged as a cleanup measure.  Steaming operations within 1000 m of 

the seep were suspended following this incident (AER, 2016). A conservative estimate of 800 

000 m3 of bitumen flowed to the ground surface as a result of these five flow-to-surface events 

(AER, 2016).   

Bitumen contains several pollutants, including rare earth elements, heavy metals, and organic 

contaminants that may affect human and ecosystem health. In the case of Cold Lake, however, 

Skierszkan et al. (2013) concluded that in-situ bitumen extraction was not a significant source of 

arsenic, cadmium, copper, mercury, nickel, lead, or vanadium to nearby lakes. They also 

observed only minor enrichment of cadmium, arsenic, nickel, and vanadium in soils near in-situ 

operations. All metal concentrations in soil and sediment in the Cold Lake region were well 

below Canadian regulatory guidelines for the protection of aquatic life (Skierszkan et al., 2013). 

In contrast, sediment cores from lakes near open-pit mining operations in the Athabasca oil sands 

region had metal concentrations that exceeded Canadian regulatory guidelines for the protection 

of aquatic life (Cooke et al., 2017; Klemt et al., 2020).  

In addition to metals, organic contaminants such as polycyclic aromatic compounds (PACs) 

are a contaminant of concern associated with Alberta oil sands because they are naturally present 

in bitumen at high concentrations. PACs are of particular interest as they are mutagenic, 

carcinogenic, and toxic. PACs are highly lipophilic with low water solubility, which makes them 
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persistent in aquatic environments and tissues (Neff et al., 2005). Their toxicity depends on their 

chemical structure, molecular weight, and degree of alkylation. PACs are studied broadly within 

the open-pit mining regions of the Alberta oil sands because they are both petrogenic and 

pyrogenic in origin (Timoney and Lee, 2011). Pyrogenic PACs are unsubstituted parent 

compounds formed in high-temperature combustion environments such as that of forest fires. 

Petrogenic PACs form over millions of years under high-pressure and high-temperature 

petrogenesis conditions. The conditions under which they are formed result in petrogenic PACs 

having high degrees of alkylation (Thienpont et al., 2017; Tobiszewski and Namieśnik, 2012). 

Petrogenic and Pyrogenic PACs are traceable to their sources using a range of petroleum 

fingerprinting techniques (De La Torre-Roche et al., 2009; Yunker et al., 2002). As PACs are 

emitted during bitumen extraction and processing, several studies have analyzed alkylated PACs 

in snowpack samples, water, lake sediments, lichen, and moss to trace their presence throughout 

the Athabasca oil sands region. (Galarneau et al., 2014; Kelly et al., 2009; Kurek et al., 2013b; 

Landis et al., 2019; Timoney and Lee, 2009; Zhang et al., 2016).  

In the Cold Lake region, Korosi et al. (2013) cored two lakes east of the City of Cold Lake: 

Ethel and Hilda Lake and recorded an increase in alkylated PACs since the onset of commercial 

in-situ bitumen in Hilda Lake, but not in Ethel Lake. In a follow-up study, Korosi et al. (2016a) 

assessed whether a series of bitumen FTS events had contaminated a nearby lake (Lake 12-26). 

This study recorded increased alkylated PACs in sediments from Lake 12-26 when oil sands 

extraction began in 1985, suggesting a petrogenic origin (Korosi et al., 2016a). These two studies 

show that PAC accumulation differs throughout in-situ regions, suggesting multiple different 

PAC sources are present.  

This study aims to determine whether in-situ oil sands extraction contributes to PAC 

contamination in the environment. We quantified PACs in radiometrically-dated lake sediment 

cores to examine whether or not they increased following in-situ bitumen extraction. Statistical 

interpretations of principal components and regression analyses using parametric and non-

parametric tests, allow us to determine how PAC composition in lake sediments relates to 

petrogenic and pyrogenic PAC sources. If in-situ oil sands operations are not contributing to 

significant environmental contamination, we aim to determine what is driving contaminant 

loading within the Cold Lake area. Potential emission sources can be distinguished using 
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diagnostic ratios, pyrogenic indices, and chemical fingerprinting based on chemical composition. 

Sources of interest include local emissions from the city of Cold Lake, forest fires, traffic 

emissions, jet-fuel, activity associated with the Cold Lake Air Weapons Range (CLAWR).  

 

2.2 Methodology 

2.2.1. Study Area  

Our study area was the boreal forest of Central/North-Eastern Alberta in the Cold Lake 

oil field. The Cold Lake oil sands are unique in that they are the sole oil sands region in Canada 

to operate exclusively through thermal in-situ techniques in the absence of all oil sands 

processing facilities, upgraders, tailings ponds, and open-pit mining. The dominant wind patterns 

in Cold Lake are from the west-northwest and move towards the east-southeast, making the Cold 

Lake oil sands region directly downwind from the open-pit mining of the Athabasca oil sands 

deposit (Imperial Oil Resources Limited, 2016). The isolation of this region by 300 km from the 

influence of other bitumen extraction operations makes the Cold Lake oil field idyllic for 

quantifying petroleum-derived contaminants produced by the in-situ activity.  

 

2.2.2 Study Sites and Core Collection 

We selected eleven lakes throughout the Cold Lake oil sands region based on their size 

and proximity to oil sands well pads (Figure 2-1, Table 2-1). We collected sediment cores from 

the depocenter of each lake with a Uwitec gravity corer (Mondsee, Austria). Cores were 

sectioned on-site into 0.5-cm intervals using a modified Glew vertical extruder (Glew, 1988). 

Extruded samples were stored in pre-labelled Whirl-Pak® bags, frozen, and shipped to the 

University of Ottawa, where they were weighed and stored at -18oC until laboratory analyses 

began. Homogenized subsamples of selected lake sediment intervals were freeze-dried for 

percent water determination, radiometric dating, and elemental analysis.  
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Table 2- 1: Summary of lake parameters and coring locations. Lakes located within the CLAWR are 

marked with a Y, lakes outside of the CLAWR are marked with an N. Depth refers to the deepest 

estimated point of the lake basin where the core was collected. Distance refers to the mean distance of 

each lake from in-situ oil wells to the southwest. Well density refers to the number of wells situated 

within a 7 km radius from the coring location. Unnamed waterbodies have no formal Lake Name. 

Coordinates Lake ID Lake Name  CLAWR Depth (m) Area 

(m2) 

Distance (m) Well Density (#)  

55.0805, -110.5597  RL02  Y 1.00 147.4 1487 23 

55.0673, -110.5645 RL04  Y 1.00 794.3 1299 31 

54.9111, -110.6014 RL06  Y 3.90 44.86 4345 13 

54.8619, -110.5837 RL08  Y 1.10 144.7 2361 35 

54.8028, -110.3778 RL10  Y 1.20 43.10 2809 21 

54.7227, -110.6595 L13 Sinclair Lake  N 9.50 1888 3321 43 

54.7114, -110.3942 L14 May Lake  N 3.40 3117 4688 15 

54.6648, -110.5437 L15 Bourque Lake  N 30.0 9944 1625 >100 

54.6081, -110.4601 L16 
 

N 1.20 252.0 916.5 >100 

54.5895, -110.4753 L17 McDougall Lake  N 3.90 505.6 1009 88 

54.6306, -110.2775 L18 Marie Lake  N 19.0 34 600 6584 5 
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 Figure 2- 1: Map of the Cold Lake Oil Sands Region, the timing of development, and our 11 

study lakes. Also shown are the study lakes of Korosi et al. (2013;2016), and the location of five 

historical flow-to-surface events in the region. The change in the active oil sands region is cumulative 

throughout time since initial development in the 1980s. Ethel and Hilda Lakes analyzed in Korosi et al. 

(2013) were the same lakes studied by Skierskan et al. (2013) and Thienpont et al. (2017). 
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2.2.3 Radiometric Dating 

We calculated age-depth profiles for each sediment core based on 210Pb gamma 

spectroscopy at the University of Ottawa. Freeze-dried sediments were counted for 23 hours 

(82800s) on an Ortec High Purity Germanium Gamma Spectrometer and analyzed using 

MAESTRO version 6.08 software (Advanced Measurement Technology Inc. Oak Ridge, TN, 

USA). Certified Reference Materials (IAEA-312 & IAEA-385) from the International Atomic 

Energy Association (Vienna, Austria) established efficiency calibrations for the gamma 

spectrometer. ScienTissimMe software (Barry’s Bay, ON, Canada) used unsupported 210Pb 

activity, described by Appleby (2001), to model a constant rate of supply (CRS) dating model 

and sedimentation rates (Appleby and Oldfield, 1978) for each lake sediment core. We 

corroborated CRS dates with the 1963 137Cs peak from atmospheric nuclear weapons testing 

(Omelchenko et al., 2005; Taylor et al., 1988). Radiometric dating profiles and sedimentation 

rates are given in the supplementary information (Figure S2-1). 

2.2.4 Elemental Analyses  

Sediment subsamples were freeze-dried and then acidified in an H2O: HCl acid desiccator 

to remove all carbonate content as per Skierszkan et al. (2013).  After 48 hours, acidified 

sediments were rinsed three times with de-ionized water and re-lyophilized. A VarioEL cube 

elemental analyzer (Elementar Americas Inc., New York) determined the % carbon, nitrogen, 

and sulphur (%CNS) in 5–10 mg subsamples of the acidified sediment, combined with 10–15 mg 

of tungsten trioxide (WO3) in a tin capsule. Calibration standards of sulfanilamide and sulfanilic 

acid were analyzed alongside the sediment samples to ensure machine detection efficiency. The 

Ján Veizer Stable Isotope Laboratory (University of Ottawa) performed these analyses. 

We measured Mercury concentrations in 4 of the 11 lake sediment cores (RL04, L16, 

L13 and L15) at the University of Ottawa LANSET laboratories. Approximately 0.05 g of 

freeze-dried sediments, weighed into an Sp-3D automatic mercury analyzer (Nippon Instrument 

Corp), ran alongside Marine Sediment Certified Reference Material (MESS-3) and NIST-2704 

Buffalo River Sediments from the National Research Council of Canada for instrument 

efficiency corrections. Every 10th sample was analyzed in duplicate with an average relative 

standard deviation of 1.05 ng Hg/g recorded. The method uncertainty was determined to be 
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7.43%. Summaries of all elemental analyses are located in the supplementary information 

(Figure S2-2). 

2.2.5 PAC Extraction and Analysis 

Accelerated Solvent Extraction (ASE) extracted PACs from fresh lake sediments using 

US EPA extraction procedure #3540C. We extracted sediment samples under low light because 

some PACs are susceptible to photodegradation. Briefly, we homogenized sediment samples to 

obtain ~0.5 g of total organic carbon (TOC). Samples were centrifuged in falcon tubes for 30 

minutes at 3000 rpm using an Eppendorf Centrifuge 5810, decanted, and blended with 

Hydromatrix TM diatomaceous earth (Varian Inc. Palo Alto, CA, USA) to eliminate excess water. 

Samples, including a standard reference material of organics in marine sediments from the 

National Institute of Standards and Technology (NIST SRM 1941b), were assembled into 

Dionex ASE-350 cells and spiked with 100 µL of a recovery standard before extraction by ASE 

in 1:1 acetone: hexanes (Thermo Scientific, Dionex Corporation, Sunnyvale, CA, USA). The 

recovery standard contained a deuterated mixture of naphthalene (D8, 99.5 %), acenaphthene 

(D10, 99 %), phenanthrene (D10, 98 %), benz[a]anthracene (D12, 98 %), perylene (D12, 98 %), 

and n-tetracosane (D50, 98 %), (Cambridge Isotope Laboratories Inc. Tewksbury, MA, USA). 

We applied recovery groups to the remaining PACs analyzed. Acenaphylene and fluorene were 

corrected to acenaphthene (D10, 99 %), dibenzothiophene, anthracene, and retene were corrected 

to phenanthrene (D10, 98 %), fluoranthene, pyrene, and chrysene were corrected to 

benz[a]anthracene (D12, 98 %), and benzo[b]fluoranthene, benzo[k]fluoranthene, 

benzo[e]pyrene, benzo[a]pyrene, indeno[1,2,3-c,d]pyrene, dibenz[a,h]anthracene, and 

benzo[g,h,i]perylene were recovery corrected to perylene (D12, 98 %). 

Liquid-liquid extractions of PACs in hexanes eliminated residual water and co-extracts. 

We collected the non-polar, hexane phase in 2 mL of 2,2,4-Trimethylpentane (TMP) and 

evaporated to 2 mL with a gentle 0.4 bar nitrogen stream at 23oC in a Zymark ® TurboVap® II 

(Biotage Charlotte, NC, USA). Samples were centrifuged at 6000 rpm for 10 minutes using a 

fixed rotor and decanted to eliminate residual surficial emulsions. Using a Pasteur pipette, the 

sample was transferred to a glass centrifuge tube and evaporated to precisely 1 mL using a Pierce 

Reacti-VapTM (Model 18780) gentle nitrogen stream. 
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We used silica gel column chromatography to collect the F1 (n-alkanes & biomarkers) 

and F2 (aromatics) fractions. Column cleanup required 50 mL solvent-rinsed columns packed 

with 6 g of grade 644 silica gel (Fisher S7441) to be conditioned with 20 mL of dichloromethane 

(DCM) and hexanes. Air bubbles were removed from the top inch of the column using a Pasteur 

pipette, and 1 g of sodium sulphate was added to the top of the column to ensure the elimination 

of any residual water. The n-alkanes and biomarker (F1) fraction was eluted through the column 

using 22 mL of hexanes, followed by the F2 fraction with 40 mL of 1:1 DCM: hexanes. For this 

chapter, F1 n-alkanes and biomarkers will not be discussed and can be found in Chapter 3. The 

F2 fraction was collected in 2 mL of TMP and evaporated to 1 mL using a 0.4 bar nitrogen 

stream. The sample was filtered into a glass and preparative liquid chromatography (Prep-LC) 

collection vial using a 0.2 µm polytetrafluoroethylene (PTFE) membrane filter (ThermoFisher 

Scientific Inc #721-1320). Following two 1 mL rinses with DCM, the F2 fraction was analyzed 

using Prep-LC to remove large complex molecules and pigments. Each sample was evaporated 

to a final volume of 1 mL in TMP, spiked with 10 µL of p-terphenyl (D14, 98 %) internal 

standard, and analyzed using gas chromatography coupled with mass spectrometry (GC-MS).  

The PAC compounds targeted for analysis included the 16 unsubstituted US-EPA priority 

PACs and their alkylated homologues as well as benzo[e]perylene, pyrene, retene, 

benzo[a]pyrene, benzo[b]napthothiophenes, and dibenzothiophene (Table S2-1). We quantified 

GC-MS chromatographic peaks using MSD ChemStation Data Analysis F.01.03 Software 

(Agilent Technologies, Santa Clara, CA, USA). Mean recoveries for surrogate target compounds 

(+ 1 standard deviation (STDEV)) were 30.9 + 11.7 % for d8-naphthalene, 45.9 +15.4 % for d8-

acenaphthene, 58.0 + 15.0 % for d10-phenanthrene, 113.6 + 17.1 % for d12-benzo[a]anthracene, 

and 98.3 + 18.8 % for d12-perylene. 

2.2.7 Statistical Analyses  

We used the RStudio statistical computing environment, version 3.6.1 (R Core Team, 

2018) to code all statistics, data visualizations, and analyses for this study. Spatial analyses, 

mapping and map generation, was completed using ESRI’s ArcGIS 10.6.1 (ESRI ArcGIS 

Desktop, 2018). All graphical plots were generated using the ggplot2 package and the ggpubr 

package. Historical trends within the data were established by conducting downcore analyses 

with respect to the CRS dating model.  
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To ascertain the sources of PACs within our study lakes, we use diagnostic ratios and 

pyrogenic indices. Diagnostic ratios are commonly applied in oil sands research as they rely on 

comparisons of PACs with similar molecular weights and physicochemical properties to 

distinguish petrogenic and pyrogenic PAC origins (Lima et al., 2003; Tobiszewski and 

Namieśnik, 2012; Yunker et al., 2002).  The diagnostic ratios selected for these analyses were 

used to track historical changes in petrogenic vs. pyrogenic emission sources, to assess fuel 

emission sources, to determine the contribution of wood burning, and to compare traffic and non-

traffic emissions; amongst others. The diagnostic ratios calculated in this chapter include:  

 

1) Fluoranthene  / Pyrene ratio     = FLA / (FLA+PYR),  

2) Indeno[1,2,3-cd]pyrene  /Benzo[g,h,i]perylene ratio  = IcdP / (IcdP + BghiP),  

3) Fluorene / Pyrene ratio      = FL / (FL+PYR),  

4) Anthracene / Phenanthrene ratio     = ANT / (ANT+PHE),  

5) Benzo[a]anthracene / Chrysene ratio    = BaA / (BaA + CHR) 

6) Benzo[b]fluoranthene / Benzo[k]fluoranthene ratio  = BbF / BkF 

7) Benzo[a]pyrene / Benzo[g,h,i]perylene ratio  = BaP/BghiP 

8) Retene / Chrysene ratio      = RET / (RET+CHR) 

9) Benzo[a]pyrene / Benzo[e]pyrene     = BaP / (BaP + BeP) 

10) ΣLMW/ΣHMW    = Σ(2-3ring PACs) / Σ(4-5ring PACs) 

11) ΣCOMB/ΣPACs   =Σ(FLA, PYR, BaA, CHR, BkF, BbF, IcdP, BghiP) 

 Σ(Unsubstituted PACs) 

 

The pyrogenic index, as determined by Wang et al. (1999), was calculated using equation 

1. This index relies on the comparison of the sum of 3–6 ring EPA PACs to the sum of the five 

alkylated PAC homologs to assess the change in PAC origin over time. A pyrogenic index > 

0.05 suggests a pyrogenic influence, 0.02–0.05 suggests a heavy oil/fuel origin, and a pyrogenic 

index < 0.01 implies a light petroleum product source origin (Wang et al., 1999).  

PI = Σ(“other” 3–6 ring EPA PACs)*/ Σ(5 alkylated PAC homologues)**         (1) 

We categorized each core into pre-development and post-development timeframes, based 

on the CRS dating model, to quantify the regional change in deposition since oil sands activity 

began in the southern Cold Lake region. Relative abundances of the means for each compound 

 
* 3–6 ring EPA PACs include: ACY, ACE, ANT, FLU, PYR, BaA, BbF, BkF, BaP, IghiP, DahA, BghiP 
** 5 alkylated PAC homologues include: C0-C4 NAP, C0-C4 PHE, C0-C3 DBT, C0-C3 FL, C0-C3 CHR 
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facilitated chemical fingerprinting to compare the data to that of a Cold Lake bitumen sample. 

Petroleum fingerprinting is a useful tool to classify petroleum source origins and therefore is 

applied in this study to determine whether we can find evidence that Cold Lake bitumen is 

entering regional lakes (Chen et al., 2012; Wang et al., 2014; Yang et al., 2011). Relative 

abundance calculations were also applied to perform principal component analyses (PCAs) to 

assess the variations in the downcore PAC composition in each lake. We created PCA biplots 

using the fviz_pca_biplot() function within the R package factoextra. A Cold Lake bitumen 

sample was scaled and plotted passively onto the PCA biplot using the ggbiplot and devtools 

packages. The US-EPA 16 priority PACs, dibenzothiophene, benzo[e]pyrene, retene, 

benzo[B]naptho(2,3-1,2d)thiophene, and benzo[B]naphtho(2,1d)thiophene are included in the 

unsubstituted PAC, PCA analysis. 

We conducted regression analyses to assess the spatial and temporal relationship between 

PAC flux and proximity to oil sands operations following procedures in Cheney et al. (2020). An 

analysis of variance (ANOVA) assessed the mean PAC flux in pre and post-oil sands 

development sediment groups (as determined by the CRS dating mode). Log transformations of 

the PAC sediment flux and the distance downwind from oil wells were necessary to meet the 

assumptions of parametric tests. Before executing the ANOVA, a Bartlett Test compared the 

variance between pre and post-development groups to assess for homogeneity of variance 

(bartlett.test()). When the normality assumption was not met, we used a Levene Test in place of 

the Bartlett Test to assess the homogeneity of variance amongst the groups (leveneTest()). An 

ANOVA (using the R packages Car and lmtest) followed by a Tukey post-hoc test assessed the 

variation in PAC fluxes amongst groups with homogeneous variance within the datasets.  

Rejection of the null hypothesis from the Levene and Bartlett tests resulted in a non-parametric 

Kruskal-Wallis test and Dunn post-hoc test to be used instead of the ANOVA.  

We used the Breusch-Pagan studentized test for fitted values (bptest()) to verify that the 

residuals of our linear model met the assumptions of homoscedasticity. The assumption of serial 

autocorrelation in residuals was checked using the Durbin-Watson test (dwtest()). The RESET 

test tested the assumption of linearity in the residuals (resettest()), and the Shapiro Wilk 

normality test verified the assumption of normality within the residuals (shapiro.test()). The 

gvlma package confirmed that the assumptions were met and that further transformations were 
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not necessary. The gvlma() function performed a global test on 4 degrees of freedom, a level of 

significance of 0.05, and assessed Global Stat, Skewness, Kurtosis, Link Function, and 

Heteroscedasticity.  

An analysis of covariance (ANCOVA) further assessed the influence that lake area and 

proximity to in-situ oil wells have on PAC flux in each of the development groups (pre vs. post) 

that were deemed statistically significantly significant by the ANOVA. As per the ANOVA 

methods, we tested the residuals of the ANCOVA model to ensure they met the assumptions of 

parametric tests (using the R packages Car, gvlma, and lmtest). If an assumption failed to reject 

the null hypothesis, a non-parametric permutation test from the lmperm package was applied to 

test the validity of the model.  

 

2.3 Results and Discussion  

2.3.1 Historical Changes in PAC Deposition  

Total unsubstituted and alkyl PAC concentrations in lake sediment profiles (ng/g dry 

weight) appeared unaffected by in-situ bitumen extraction (Figure 2-2). Most of the lakes 

exhibited variable sedimentation rates (Figure S2-1). Therefore, we calculated PAC 

accumulation rates (fluxes) and found that alkylated PAC fluxes increased coeval with in-situ 

bitumen extraction in lakes L18, L17, L16, L15, L14, and L13, suggesting recent increases of 

petrogenic PACs in those lakes. Additionally, alkylated PAC accumulation rates were greater 

than unsubstituted PAC accumulation rates, suggesting petrogenic origins. PAC accumulation 

rates, based on CRS model sedimentation rates (Figure S2-1), increased as early as 1960 when 

oil sands pilot projects began in L17, L16, and L15.  

Lakes located south of the CLAWR, in the densest area of in-situ oil sands activity, are 

significantly higher in alkylated (p-value <2e-16) and unsubstituted PAC (p-value <2e-16) fluxes 

than lakes on the CLAWR (Table 2-1). For example, Lake L15 (located south of the CLAWR) 

reached maximum PAC concentration and flux values of 370 ng g-1 and 35 µg m-2 yr-1, over 3x 

higher than the maximum PAC concentrations and fluxes of 95 ng g-1 and 12 µg m-2 yr-1 in Lake 

RL04 located on the CLAWR (Table 2-2).  
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Figure 2- 2: Total alkylated and unsubstituted PAC profiles as a function of depth. Scatter plots of the total concentration (ng g-1 

DW) of the 16 priority PACs (Unsubstituted) and their alkylated homologues (Alkylated) with respect to PAC accumulation rate (ug 

m2 yr-1) down core. All plots have the same Y axis, representing depth downcore in centimeters. Left plots depict the total 

concentration of PACs corrected for dry weight. Plots to the right depict the rate of total PAC flux. Dates were established using the 

CRS dating model. PAC flux was not calculated below the horizon of unsupported 210Pb activity as it exceeds the limitations of the 

CRS dating model. The dashed red line corresponds to the year when oil sands operations began near each lake. “C” indicates lakes 

located on the CLAWR 
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Table 2- 2: Summary statistics from an ANOVA comparing the total PAC accumulation rates in 

lakes located on and off of the Cold Lake Air Weapons Range, measured in µg m-2 yr-1.  On 

CLAWR n = 5 lakes. Off CLAWR n = 6 lakes. 

 Min Max Mean Std. Dev P-Value 

Unsubstituted PACs      

Off CLAWR 0.0907 11.6 2.73 2.34 < 2e-16 

On CLAWR 0.0652 7.84 1.80 1.58 

      

Alkylated PACs      

Off CLAWR 0.2430 31.7 7.37 6.77 < 2e-16 

On CLAWR 0.0872 34.8 3.44 4.56 

 

Activity from the Cold Lake Air Weapons Range began in the 1950s. Since the CLAWR 

has strict regulations limiting industrial development, oil sands activity off the CLAWR has 

expanded more rapidly and extensively than those regions located on the CLAWR (Figure 2-1). 

Unsubstituted PACs increased as early as the late 1940s in RL06, RL04 and RL02, predating in-

situ bitumen extraction to that region by 60 years. However, the increased PACs may be 

attributable to ammunition testing and fighter jet training that began in the 1950s (Figure 2-2). In 

contrast, alkylated PAC fluxes increased more substantially in the early 2000s in RL10, RL06, 

RL04 and RL02, coeval with the start of in-situ extraction in that part of the CLAWR. RL10, 

RL04, RL06, and RL02 are all located close to in-situ facilities, equipment, and roads (around 

200 m or less). These are busy areas (e.g., traffic), which may be significant PAC sources to 

these lakes. 

Lake 12-26, located near the 2013 FTS site 9-21, recorded an increase in PACs since 

1985, reaching a maximum alkylated PAC flux and concentration of 50 µg m-2 yr-1  and 800 ng 

g-1  (Korosi et al., 2016a).  Lake RL08, situated 3 km away from the FTS site, exhibited 

decreases in alkylated and parent PAC fluxes occurring steadily since the 1960s. The lack of 

increasing PAC deposition in RL08 suggests there is considerable spatial heterogeneity in PAC 

deposition in this region. These findings indicate that lake 12-26 is a hot-spot of PAC 

contamination, likely attributed to the FTS event as nearby lakes would have recorded the same 

atmospheric inputs (AER, 2016; Korosi et al., 2016a).   
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2.3.2 PAC Composition and Characterization 

We examined two diagnostic ratios commonly applied in oil forensics to track the 

transition between petrogenic and pyrogenic PAC origins (Figure 2-3) (De La Torre-Roche et al., 

2009). We typically define petrogenic PACs as having fluoranthene (FLA) and pyrene (PYR) 

ratios (FLA/(FLA+PYR)) > 0.4, whereas ratios between 0.4-0.5 suggest contributions from fossil 

fuels. FLA/(FLA+PYR) ratios > 0.5 suggest pyrogenic sources (wood, coal, grass, etc.) 

(Thienpont et al., 2017; Tobiszewski and Namieśnik, 2012). Likewise, an IcdP/(IcdP+BghiP) 

ratio < 0.2 denotes petrogenic origin,  0.2-0.5 represents a petroleum combustion source, and > 

0.5 suggests biomass burning (Thienpont et al., 2017; Yunker et al., 2002).  

We observe a distinct shift—from a strongly pyrogenic origin to that more closely 

reflecting a petrogenic source—in all 11 lakes. In L18 and L15, this transition occurs in the 

1980s. Thienpont et al. (2017) measured stable FLA/(FLA+PYR) ratios of 0.7 throughout the 

Ethyl Lake core, with the IcdP/(IcdP+BghiP) ratio driving the transition to a pyrogenic source. 

Contrarily, the transition towards petrogenic inputs in our study lakes were driven by the change 

in FLA/(FLA+PYR) ratios, confirming that there is spatial heterogeneity in the region (Figure 2-

3). IcdP/(IcdP+BghiP) ratios remained consistently around 0.5 in Lakes L18, L17, L16, L15, 

L14, L13, and RL04. An IcdP/(IcdP+BghiP) ratio of 0.5 in Lakes L18, L17, L16, L15, L14, L13, 

and RL04 suggests PACs from biomass burning or petroleum combustion (Figure S2-4). 

FLA/(FLA+PYR) ratio > 0.5 in these same lakes (Figure S2-5), also suggested forest fires or 

biomass burning (Schuster et al., 2015; Yunker et al., 2002).  

Diagnostic ratios comparing low molecular weight (LMW) to higher molecular weight 

(HMW) PACs (ΣLMW/ ΣHMW)(Figure S2-6)(Zhang et al., 2008), and anthracene (ANT) to 

phenanthrene (PHE) (ANT /(ANT+PHE)) (Figure S2-7) (Pies et al., 2008) provided supporting 

lines of evidence confirming that pyrogenic PACs originating from forest fires are dominant in 

lake sediments. We observed petrogenic PACs becoming increasingly abundant as lakes 

transition towards a petrogenic PAC origin closely resembling a petroleum combustion source.  
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Figure 2- 3: Two-dimensional diagnostic ratio plots depicting the shift in PAC composition throughout time. All plots maintain 

consistent X and Y axes. Data points are connected to show the deposition history of PACs and are categorized regarding their position 

within the core, top interval, bottom interval, and middle intervals. The hatched lines show the separations between petrogenic and 

pyrogenic PAC ratios (Thienpont et al.,2017; Yunker et al.,2002). The red datapoints indicate modern sediments deposited after oil sands 

operations began near each lake, black datapoints are those deposited prior to developments. Diagnostic ratios of 1 indicate pyrene was 

below the method of detection limit within the sediment interval. 
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Katsoyiannis et al. (2007) found benzo[a]pyrene (BaP) / benzo[g,h,i]perylene (BghiP) 

ratio > 0.6 derived from vehicular emissions. All lakes exhibited an increasing traffic emission 

influence; however, these inputs are less significant in more isolated lakes, L14, RL10, RL08, 

and RL06 (Figure S2-8). The input from traffic emissions surpasses 0.6 in Lakes L13, L15, L16, 

RL04, and RL02 with the onset of oil sands operations. Fossil fuel combustion associated with 

growing oil sands operations and the traffic associated with the implementation of infrastructure 

is likely driving this shift.  

To distinguish local traffic emissions from those of in-situ oil sands activity, we analyzed 

fluorene (FL), pyrene (PYR) diagnostic ratios, FL/(FL+PYR) (Figure S2-9) (Ravindra et al., 

2008). FL/(FL+PYR) values < 0.5 indicate a petrol emission source (more likely resulting from 

city traffic and natural gas combustion), whereas FL/(FL+PYR) values > 0.5 denote diesel 

emission sources (more likely from large vehicles operating within oil sands regions) (Ravindra 

et al., 2008). FL/(FL+PYR) ratios > 0.5 in Lakes L16, L15, L13, and RL04 indicate a consistent 

diesel emission source. Throughout time, these lakes transitioned towards FL/(FL+PYR) ratios < 

0.5, especially since the onset of oil sands activity in the late 1980s likely from the increased 

combustion of natural gas by oil sands industries to generate steam for in-situ thermal operations. 

Lakes L18, L17, L14, and RL02 consistently yield FL/(FL+PYR) ratios < 0.5; therefore, one 

traffic emission type is not outweighing the other.  

The pyrogenic index (PI), modified from Wang et al. (1999) to incorporate pyrene in 

place of perylene, relies on the comparison of the sum of 3-6 ring, unsubstituted PACs to that of 

the 5 alkylated PAC homologues. A pyrogenic index < 0.01 indicates light petroleum product 

origins, PI’s from 0.02-0.05 represent heavy oils and fuels and values > 0.05 denote pyrogenic 

influences. All 11 lakes transition towards a PI resembling petrogenic origin commencing around 

the start of oil sands development (Figure 2-4). Range lakes RL10, RL08, and RL06 exhibit a 

gradual progression to petrogenic origins throughout the entire core. The PI in lakes L15, RL04 

and RL02 increase in the early-mid 1900s; however, all reach a maximum PI value of 

approximately 0.5 and transition back towards petrogenic origins. This peak occurs in the 1980s 

for L15, in the 1950s for RL04, and in the 1960s for RL02. Lake RL02 then increases to a PI of 

1.5 in 2003 before decreasing again towards a petrogenically derived source, coinciding with the 

development of oil sands operations in the northern region of the CLAWR.   
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Figure 2- 4: Scatter plots of the PAC Pyrogenic Index (PI) as a function of core depth. Pyrogenic Indices modified from Wang et al. 

(1999) to represent the transition of petrogenic and pyrogenic inputs throughout time. PI values < 0.01 indicate light petroleum product 

origins, 0.02-0.05 indicate heavy oil and fuel origins, and > 0.05 represents pyrogenic influences. The vertical dashed line provides a 

visual representation of the 0.05 pyrogenic index point. The horizontal, red line corresponds to the year when oil sands operations began 

near each lake. 
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2.3.3 PAC Chemical Fingerprinting for Source Determination 

PACs can enter lakes in the Cold Lake region from a variety of different sources: road 

and air traffic emissions, fossil fuel combustion for steam generation, wildfires or point-sources 

(e.g., FTS events). We created bar plots of the five petroleum-characteristic alkylated PACs for 

each of the 11 lakes and a Cold Lake Bitumen (CLB) sample to compare the PAC distribution in 

pre and post-oil sands lake sediments (Figure 2-5).  

 When compared to a Cold Lake Bitumen sample (CLB), we observe that the lakes in this 

study do not exhibit the marked increase in mean C1-C4 alkylated PAC fluxes indicative of a 

strong petroleum influence; C0<C1<C2<C3<C4 (Wang et al., 2014). The stepwise increase in 

C0-C4 naphthalenes of the CLB sample is weakly reflected in post-development sediments from 

L15, L16, L17, and L18 with no coincident increases in C0-C3 fluorenes. All of the study lakes 

are abundant in C1-C4 phenanthrene/anthracene and C0-C3 chrysene/benzo[a]anthracenes in the 

decreasing order of C0>C1>C2>C3>C4; strongly indicative of forest fire origins (Vila-Escalé et 

al., 2007; Yang et al., 2011). The CLB sample is rich in C0-C3 dibenzothiophenes and C0-C3 

fluorenes; yet, these compounds are nearly depleted in the study lakes. These findings provide no 

evidence to support Cold Lake bitumen as a significant source of PACs to these lakes regardless 

of timeframe before or after oil sands activity began in Cold Lake. Therefore, the transition 

towards petrogenic PAC inputs observed in Figures 2-3 and 2-4 are not driven by bitumen, and 

more likely are a result of fossil fuel combustion. Sediments deposited following the onset of oil 

sands development are abundant in alkylated naphthalenes in a bell-shape distribution from C0-

C4 (better visualized in Figure S2-3). Studies have shown that a bell-shaped distribution of these 

low molecular weight alkylated naphthalenes suggests that there are inputs from lighter 

hydrocarbon products to these lakes, such as natural gas (Stout and Wang, 2016; Wang et al., 

2014). These findings indicate that the combustion of natural gas to generate steam for in-situ 

extraction could drive the naphthalene enrichment observed in our study lakes. Lake sediment 

cores in the Athabasca oil sands region exhibit increasing PAC concentrations and accumulation 

rates that match closely with the composition of Athabasca bitumen (Kurek et al., 2013b), 

however, we can confirm that this is not the case for sediments within the Cold Lake oil field at 

present.
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Figure 2- 5: Bar graphs comparing the mean concentration flux of the five petroleum-characteristic alkylated PACs before and after oil 

sands developments began. Pre-development concentrations represent historical conditions whereas Post-development concentrations are 

indicative of PAC deposition since the onset of oil sands operations near each lake. A cold lake bitumen (CLB) sample, obtained from 

Environment and Climate Change Canada (Ottawa, Ontario, Canada), is used for comparative fingerprinting and is measured in µg g-1 total 

weight of oil extracted. The CLB sample is irrespective of pre/post oil sands operations. 
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Downcore principal component analyses of alkylated PACs recorded the shift in the 

composition of the top 5 contributing compounds compared to a CLB sample (Figure 2-6). PCA 

axes 1 and 2 explain ~62.3 % of the variance in the data. L18 composition in modern sediments 

varied drastically from the oldest recorded sediments, with C4-C3-naphthalenes explaining the 

highest proportion of variation. The composition of L18 began to resemble a Cold Lake bitumen 

sample at the time of oil sands activity in 1984. C1-naphthalenes explained most of the variance 

in RL08, with the directionality shifting away from modern sediments. Samples from ~1996 

closely resembled that of a Cold Lake bitumen sample, coinciding with active oil extraction 

operations that began in 1998 on the CLAWR. Although C4-benzonaphthothiophenes, C1-

naphthalenes and C3-chrysenes explain the most variance towards the bottom of the cores, 

modern sediments are like the Cold Lake bitumen sample and shift in the direction of C2-

phenanthrenes and C3-dibenzothiophenes in ordination space. C2-C3-phenanthrenes and 

benzonaphthothiophenes are among the most abundant PACs recorded Alberta oil sands 

deposits, yet RL08 exhibited a steady decrease in PACs throughout time (Yang et al. 2011). 

Lakes L17, L16, L14, L13, and RL04 approached the Cold Lake bitumen sample in the late 

1980s with C0-C4 benzonaphthothiophenes explaining the most variance. In lakes where C0-C4 

BNTs were dominant, the directionality of the BNTs shifted towards the Cold Lake bitumen 

sample, indicating that the composition of PACs within the lakes became more similar to that of 

bitumen. Modern sediments in L16 and L15 shifted in the opposite direction of the C0-C4 BNTs, 

showing that recent deposits transitioned further away from the Cold Lake bitumen sample. High 

proportions of variance explained by BNTs, DBTs and NAPs imply petroleum-derived inputs of 

alkylated PACs as sediments became more similar to the Cold Lake bitumen sample. Light 

diesel fuels or diluents may also be contributing to the variance explained by alkyl naphthalenes 

(Korosi et al., 2016a; Wang et al., 2014).  
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Figure 2- 6: Ordination biplots showing the changes in principal components along axes 1 & 2 scores throughout time for the 

relative abundance of alkylated PACs in lake sediment cores. Each lake profile depicts sample scores and the top 5 contributing 

alkylated PACs as the explanatory variables. Sediment intervals are connected in order of downcore chronologies (black sold line) 

with a Cold Lake bitumen sample (black triangle) plotted passively.  The contribution gradient indicates the order of individual 

contribution to Axes 1:2 for each of the top 5 alkylated compounds. 
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PCAs of unsubstituted PACs have 73.7% of the variance explained by axes 1 and 2 

(Figure 2-7). Benzo[g, h, i]perylene, dibenzo[a,h]anthracene, indeno[1,2,3-c,d]pyrene, and 

benzo[a]pyrene explain the most variance in the PCAs with low molecular weight compounds 

not significantly contributing. These compositions suggest PACs originated from forest fire 

sources (Bytnerowicz et al., 2016). In all study lakes, PACs approached the passively plotted 

Cold Lake bitumen sample around the start of oil sands operations. The directionality of the 

significant contributing compounds pointed away from the Cold Lake bitumen sample, 

suggesting Cold Lake bitumen is not driving the changes in PAC enrichment in modern 

sediments.  

Korosi et al. (2016a) observed similar PCA trends in Lake 12-26; the composition of 

PACs in the Lake 12-26 exhibited a transition towards a Primrose Lake bitumen sample since oil 

sands activity began. Despite the similarity to a bitumen sample, Korosi reported that bitumen is 

unlikely to be the dominant PAC source to Lake 12-26 since there was no coincident increase in 

vanadium nor was the lake dominated by a petrogenic PI (Korosi et al., 2016a). Additionally, 

Ethyl nor Hilda Lakes from Korosi et al. (2013) nor in 12-26 from Korosi et al. (2016a) 

exhibited metal enrichment. Metal analyses of the 11 lakes sampled in this study could be useful 

to determine whether the shift towards a Cold Lake bitumen sample in the alkylated and 

unsubstituted PCA analyses are resulting from bituminous inputs. 
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Figure 2- 7: Ordination biplots showing the changes in principal components along axes 1 & 2 scores throughout time for 

the relative abundance of unsubstituted PACs in lake sediment cores. Each lake profile depicts sample scores and the top 5 

contributing alkylated PACs as the explanatory variables. Sediment intervals are connected in order of downcore chronologies 

(black sold line) with a Cold Lake bitumen sample (black triangle) plotted passively.  The contribution gradient indicates the order 

of individual contribution to Axes 1:2 for each of the top 5 alkylated compounds. 
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2.3.4 Spatial-Temporal Analyses 

Multiple lines of evidence indicate that fuel burning associated with oil sands activity, 

and not bitumen itself, contributed to PAC enrichment in the Cold Lake region. As petrogenic 

PAC inputs increased in more recent sediments, pyrogenic indices in regional lakes decreased. 

We observed increases in alkylated PAC fluxes that coincided with the beginning of oil sands 

operations in lakes densely surrounded by oil sands infrastructure. Moreover, in all but RL06 and 

RL08, PAC fluxes in post-development lake sediments were significantly higher than in pre-oil 

sands sediments (p-value < 0.05) (Figure 2-8). An ANCOVA tested whether there was a 

statistically significant spatial-temporal relationships between the PAC flux, lake area and 

distance downwind from in-situ wells after accounting for the timing of oil sands development 

(Figure 2-9A). The ANCOVA first evaluated the regression of the covariates (lake area and 

distance) on the dependent variable (PAC flux) (Tables S2-2 and S2-3). The ANCOVA yielded a 

statistically significant association (α=0.05) between alkylated PAC flux and distance downwind 

from in-situ oil wells (F3,138 = 17.89, p-Value =4.24x10-05). The influence of the lake area was 

also significant (F3,138 =23.82, p-Value =2.89x10-06). We observed no statistically significant 

interactions amongst the covariates (lake area and distance) and the grouping variables (pre / 

post-oil sands activity) which is to be expected as these parameters did not change. Although the 

alkylated PAC model deems the relationships between flux and distance, and flux and lake area 

to be statistically significant, the proportion of variance explained by the model is only 43 % 

(Table S2-2). Classification of the data into pre and post-oil sands development groups explained 

the most variation in the alkylated PAC data (R2 = 0.320), with lake area explaining the second 

most variance (R2=0.147) and distance explaining the least variance (R2=0.115).   
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Figure 2- 8: ANOVA and Kruskal-Wallis boxplots comparing the log10 total PAC flux in pre- and post-oil sands development time 

groups. Boxplots represent the flux (ug m2 yr-1) of the US-EPA 16 priority PACs and their alkylated homologues (Alkylated) within each 

of the study lakes. Pre-development PAC levels represent historical levels of PACs prior to the onset of oil sands developments near each 

lake, whereas post-development PAC levels represent the log flux of PACs since oil sands activity began. Outliers are identified by the 

solid black circles. P-values less than an alpha of 0.05 indicate statistically significant changes in pre- and post-development fluxes. 

Statistically significant relationships are depicted by **** = p < 0.0001, *** = p < 0.001, and * = p < 0.05. 
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The unsubstituted PAC flux in lake sediments is weakly related to the distance from oil 

sands infrastructure (F7,135 =5.078, p-Value =0.026) (Figure 2-9 B). Similar to alkylated PACs, 

there is also a relationship between the lake area and the unsubstituted PAC flux (F7,135 =15.86, 

p-Value =1.11x10-04), with a significant interaction between distance and lake area (F7,135 =16.65, 

p-Value =7.65x10-05). There was no interaction between the covariates (lake area and distance) 

and the grouping variables (pre- or post-oil sands development) (Table S2-3). The ANCOVA 

regression model for unsubstituted PACs explained 38 % of the model variance, with the most 

significant proportion of variance explained by the period in which the sediments were deposited 

(R2 =0.23) (Figure 2-9B). Of the two covariates, distance downwind from oil wells explained 2.7 

% of the variability (R2 =0.027) , whereas lake area explained 8.8 % (R2 = 0.088). The 

interaction between distance and lake area explained 10 % of the variance in the model (R2 = 

0.10). 

 

2.4 Conclusion 

Our results suggest in-situ oil sands activities have raised the concentration and 

deposition of PACs across the Cold Lake region. Multiple lines of evidence from diagnostic 

ratios, pyrogenic indices, and principle component analyses indicate that a transition from 

 

 

 

               

                 

   

   

   

   

   

               

                     

                        

 
 
 
  
 
  
   

 
 
  
  
  
  

 
  

  
  

  
 

Figure 2- 9: Linear regression model of the alkylated (A) and unsubstituted (B) log10 total PAC fluxes as 

a function of log10 distance downwind from in-situ oil pads. Red regression lines and datapoints represent 

sediments deposited post-oil sands development whereas black regression lines and datapoints are indicative of 

pre-development sediments.    
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strongly pyrogenic PACs towards petrogenic PACs occurred following the regional onset of oil 

sands activity (~>1980s). This change was driven by increasing alkylated PAC abundances. PAC 

fluxes significantly increased from pre-industrial levels following the development of oil sands 

in the 1980s-2000s. Diagnostic ratios and pyrogenic indices demonstrated that PACs in modern 

sediments closely reflect a petroleum combustion source, most likely from diesel-fueled 

vehicular emissions and the combustion of natural gas used to generate steam for in-situ oil 

extraction. Expanded oil sands operations within the Cold Lake oil field will likely increase the 

burden of petrogenic PACs in regional lakes to a point where alkylated species dominate over 

unsubstituted PACs. Increases in alkylated PAC abundances would have significant 

environmental and human health implications as these PACs are carcinogenic, mutagenic, and 

toxic.  

Linear modelling demonstrated a statistically significant relationship between the 

distance from oil sands wells and PAC flux in surrounding lakes. This model can be used to 

prioritize sampling locations and target regions at risk of being enriched in PACs within in-situ 

oil sands. Kelly et al. (2009) established a gradient of PAC enrichment dependent on the 

proximity to open-pit mining regions. The characteristic bullseye pattern has influenced 

monitoring protocols and environmental remediation efforts throughout the Athabasca oil sands 

region. Our study is the first in the Cold Lake region to apply a statistical model to establish a 

relationship between oil wells and PAC flux.   
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Chapter 2: Supplementary Information 

Table S2- 1: List of alkylated and unsubstituted PACs analyzed in this study, including the 

abbreviations used in the text, the target ion for GC-MS and the number of benzene rings in each 

chemical structure. 

Compound Abbreviation Target Ion # of Rings 

Alkylated PACs    

Naphthalene 

C1 – Naphthalenes 

C2 – Naphthalenes 

C3 – Naphthalenes 

C4 – Naphthalenes 

Fluorene 

C1 – Fluorenes 

C2 – Fluorenes 

C3 – Fluorenes 

Dibenzothiophene 

C1 – Dibenzothiophenes 

C2 – Dibenzothiophenes 

C3 – Dibenzothiophenes 

Phenanthrene 

C1 - Phenanthrenes 

C2 - Phenanthrenes 

C3 – Phenanthrenes 

Fluoranthene 

C1 – Fluoranthenes 

C2 – Fluoranthenes 

C3 – Fluoranthenes 

C4 – Fluoranthenes 

Benzo[B]naptho(2,3-1,2d)thiophene 

Benzo[B]naphtho(2,1d)thiophene 

C1 – Benzo[B]napthothiophenes 

C2 – Benzo[B]napthothiophenes 

C3 – Benzo[B]napthothiophenes 

C4 – Benzo[B]napthothiophenes 

Chrysene 

C1 - Chrysenes 

C2 - Chrysenes 

C3 – Chrysenes 

C0 – NAP 

C1 – NAP 

C2 – NAP 

C3 – NAP 

C4 – NAP 

C0 – FL 

C1 – FL 

C2 – FL 

C3 – FL 

C0 – DBT 

C1 – DBT 

C2 – DBT 

C3 – DBT 

C0 – PHE 

C1 – PHE 

C2 – PHE 

C3 – PHE 

C0 – FLA 

C1 – FLA 

C2 – FLA 

C3 – FLA 

C4 – FLA 

BbN2312dT 

BbN21dT 

C1 – BNT 

C2 – BNT 

C3 – BNT 

C4 – BNT 

C0 - CHR 

C1 – CHR 

C2 – CHR 

C3 – CHR 

128.00 

142.00 

156.05 

170.10 

184.10 

166.05 

180.05 

194.15 

208.15 

183.95 

198.05 

221.10 

226.00 

178.05 

192.10 

206.15 

220.15 

234.15 

202.05 

216.15 

230.15 

244.15 

258.20 

234.20 

234.00 

248.10 

262.10 

276.20 

290.20 

228.00 

242.20 

256.15 

2 

2 

2 

2 

2 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

    

USA EPA Priority PACs 

Naphthalene 

Acenaphthylene 

Acenaphthene 

Fluorene 

Phenanthrene 

 

NAP 

ACT 

ACE 

FL 

PHE 

 

128.00 

152.05 

153.05 

166.05 

178.05 

 

2 

3 

3 

3 

3 
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Anthracene 

Fluoranthene 

Pyrene 

Benz[a]anthracene 

Chrysene 

Benzo[b]fluoranthene 

Benzo[k]fluoranthene 

Benzo[a]pyrene 

Indeno[1,2,3-c,d]pyrene 

Dibenzo[a,h]anthracene 

Benzo[g,h,i]perylene 

 

Additional PACs 

Dibenzothiophene 

Retene 

Benzo[e]pyrene 

ANT 

FLA 

PYR 

BaA 

CHR 

BbF 

BkF 

BaP 

IcdP 

DahA 

BghiP 

 

 

DBT 

RET 

BeP 

178.05 

202.05 

202.05 

228.05 

228.00 

252.10 

252.10 

252.00 

276.15 

278.20 

276.15 

 

 

183.95 

234.15 

252.00 

3 

4 

4 

4 

4 

5 

5 

5 

6 

5 

6 

 

 

3 

3 

5 

 

 

Table S2- 2: Summary of the intercept estimate, standard error (Std.Error), and p-Value for the 

Alkylated PAC ANCOVA regression analysis. The final model p-Value, degrees of freedom (DoF) and 

the Adjusted R2 (Adj.R2) are also present. 

 Intercept Estimate Std.Error P-Value 

Pre-Development (Intercept) 5.05 0.44 <2.2e-16 

Post Development 0.51 0.06 3.13e-13 

Log10(Distance) -0.56 0.13 4.24e-05 

Lake Area 0.02 0.00 2.89e-06 

p-Value <2.2e-16   

DoF 138   

Adj.R2 0.43   

 

 

Table S2- 3: Summary of the intercept estimate, standard error (Std.Error), and p-Value for the 

unsubstituted PAC ANCOVA regression analysis. The final model p-Value, degrees of freedom (DoF) 

and the Adjusted R2 (Adj.R2) are also present. 

 Intercept Estimate Std.Error P-Value 

Pre-Development (Intercept) 4.04 0.62 5.61e-11 

Post Development 0.33 0.87 0.7044 

Log10(Distance) -0.41 0.18 0.0258 

Lake Area -0.38 0.095 1.11e-04 

p-Value 6.57e-12   

DoF 135   

Adj.R2 0.35   
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 Figure S2- 1: Scatter plots showing radiometric dating profiles, and the sedimentation rate profiles 

for all 11 study lakes. All sedimentation rates and dates are modeled as per the CRS dating models with 

the applied Binford rule. The plot on the left represents the activity in Becquerels per kilogram of dried 

sediment versus depth for 210Pb, 214Pb and 137Cs.  The plot on the right depicts the sedimentation rate in 

grams per m2 yr-1 as a function of depth and the associated CRS model error. Sedimentation rates were not 

calculated below the horizon of unsupported 210Pb activity indicated as per the CRS model. 
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Figure S2- 2A: Scatter plots of stable isotope data as a function of core depth for Lakes 

L18, L17, and L14. All elemental data, obtained through stable isotope analyses, and plotted 

downcore as per the CRS dating models. All lakes include %C, %N, %S, %H, Carbon: 

Nitrogen ratios, and Carbon: Sulfur ratios. 
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Figure S2-2B: Scatter plots of stable isotope data as a function of core depth for 

Lakes RL10, RL08, RL06 and RL02. All elemental data, obtained through stable 

isotope analyses and plotted downcore as per the CRS dating models. All lakes 

include %C, %N, %S, %H, Carbon: Nitrogen ratios, and Carbon: Sulfur ratios. 
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Figure S2-2C: Scatter plots of stable isotope data as a function of core depth for Lakes 

L16, L15, L13, and RL04. All elemental data, obtained through stable isotope analyses and 

plotted downcore as per the CRS dating models. All lakes include %C, %N, %S, %H, Carbon: 

Nitrogen ratios, Carbon: Sulfur ratios, and total mercury (ng g-1). 
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 Figure S2- 3: Bar graph distribution of the mean flux concentrations of all Alkylated PACs when compared to a Cold Lake bitumen sample 

(CLB). All mean alkylated PAC concentrations are categorized based on the time in which they were deposited Pre (Grey) and Post (Black) -oil sands 

development. The CLB sample is measured in µg g-1 of the total weight of bitumen extracted whereas the remainder of the plots are recorded as mean 

concentration of alkylated PACs per m2 of sediment deposited per year within each lake. CLB sample is irrespective of pre/post conditions. 
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Figure S2- 4: Scatter plots of the IcdP/(IcdP+BghiP) PAC diagnostic ratio as a function of depth to test for dominant regional 

emission sources. The vertical dashed lines indicate diagnostic ratios of 0.2 and 0.5. A ratio of < 0.2 suggest a petrogenic source, a 

ratio of 0.2-0.5 suggest a petroleum combustion source and a ratio > 0.5 suggests a grass, wood and coal combustion source (Yunker 

et al., 2002; Tobiszewski et Namiesnik, 2012). The horizontal, red line corresponds to the year when oil sands operations began near 

each lake. 
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Figure S2- 5: Scatter plots of the FLA/(FLA+PYR) PAC diagnostic ratio as a function of depth to assess potential regional 

emission sources. The vertical dashed lines indicate diagnostic ratios of 0.4 and 0.5. A ratio of < 0.4 suggest a petrogenic source, 

ratios of 0.4-0.5 suggest fossil fuel combustion sources, and a ratio > 0.5 suggests a grass, wood or coal combustion source (De La 

Torre-Roche et al., 2009; Tobiszewski et Namiesnik, 2012). The horizontal, red line corresponds to the year when oil sands operations 

began near each lake. 
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 Figure S2- 6: Scatter plots of the ΣLMW/ΣHMW PAC concentrations as a function of depth to assess the transition between 

petrogenic and pyrogenic emission sources. ΣLMW compounds are the sum of two and three ring PACs, ΣHMW compounds are 

the sum of four and five ring PACs. The vertical dashed line indicates a ratio of 1. Datapoints < 1 suggest a pyrogenic source. Data 

points > 1 suggest petrogenic sources (Zhang et al., 2008; Tobiszewski et Namiesnik, 2012). The horizontal, red line corresponds to 

the year when oil sands operations began near each lake. 
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Figure S2- 7: : Scatter plots of the ANT/(ANT+PHE) PAC diagnostic ratio as a function of depth to assess the transition 

between petrogenic and pyrogenic emission sources. The vertical dashed line indicates a diagnostic ratio of 0.1. A ratio of < 0.1 

suggest a petrogenic source whereas a ratio > 0.1 suggests a pyrogenic source (Pies et al., 2008; Tobiszewski et Namiesnik, 2012). 

The horizontal, red line corresponds to the year when oil sands operations began near each lake. 
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Figure S2- 8: Scatter plots of the BaP/BghiP PAC diagnostic ratio as a function of depth to test for potential traffic emission 

sources. The vertical dashed line indicates a diagnostic ratio of 0.6. A ratio of < 0.6 suggest non-traffic emission sources whereas a 

diagnostic ratio > 0.6 suggests a traffic emission source (Katsoyiannis et al., 2005; Tobiszewski et Namiesnik, 2012). The horizontal, 

red line corresponds to the year when oil sands operations began near each lake.   
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Figure S2- 9: Scatter plots of the FL/(FL+PYR) PAC diagnostic ratio as a function of depth to distinguish fuel emission 

sources. The vertical dashed line indicates a diagnostic ratio of 0.5. A ratio of < 0.5 suggest a petrol emission source whereas a ratio > 

0.5 suggests a diesel emission source (Ravindra et al., 2008a; Tobiszewski et Namiesnik, 2012). The horizontal, red line corresponds 

to the year when oil sands operations began near each lake. 
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Figure S2- 10: Scatter plots of the BaA/(BaA+CHR) PAC diagnostic ratio as a function of depth to test for potential emission 

sources. The vertical dashed lines indicate diagnostic ratios of 0.2 and 0.35. A ratio of < 0.2 suggest a petrogenic source, a ratio of 0.2 

-0.35 suggest a coal combustion source and a ratio > 0.35 suggests a vehicular emissions source (Yunker et al., 2002; Tobiszewski et 

Namiesnik, 2012). The horizontal, red line corresponds to the year when oil sands operations began near each lake. *CHR also 

included triphenylene. 
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Figure S2- 11: Scatter plots of the RET/(RET+CHR) PAC diagnostic ratio as a function of depth to test for potential forest fire 

emission sources. The vertical dashed line indicates a diagnostic ratio of 1.0. A ratio of ~ 1.0 suggest a wood burning source (Yan et 

al., 2005; Tobiszewski et Namiesnik, 2012). The horizontal, red line corresponds to the year when oil sands operations began near 

each lake. *CHR also included triphenylene. 



68 
 

 Figure S2- 12: Scatter plots of the ΣCOMB/ΣPACs PAC concentrations as a function of depth to test for potential combustion 

sources. ΣCOMB compounds consist of FLA, PYR, BaA, CHR, BkF, BbF, IcdP and BghiP. ΣPACs compounds are the sum of total 

non-alkylated PACs. The vertical dashed line indicates a ratio of 1. A ratio of ~1 suggest a combustion source (Ravindra et al., 2008a; 

Tobiszewski et Namiesnik, 2012). The horizontal, red line corresponds to the year when oil sands operations began near each lake. 
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Figure S2- 13: Scatter plots of the BbF/BkF PAC diagnostic ratio as a function of depth to test for potential aluminum smelter 

emission sources. The vertical dashed lines indicate diagnostic ratios of 2.5 and 2.9. A ratio between 2.5 and 2.5 suggest aluminum 

smelter emission sources (Callen et al., 2011; Tobiszewski et Namiesnik, 2012). The horizontal, red line corresponds to the year when 

oil sands operations began near each lake. 
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Figure S2- 14: Scatter plots of the BaP/(BaP+BeP) PAC diagnostic ratio as a function of depth to test for potential particle 

degradation. The vertical dashed lines indicate diagnostic ratios of 0.35 and 0.5. A ratio of ~ 0.5 suggest a fresh particle source 

whereas a diagnostic ratio < 0.5 suggests a photolysis emission source (Oliveira et al., 2011; Tobiszewski et Namiesnik, 2012). The 

horizontal, red line corresponds to the year when oil sands operations began near each lake. 
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Abstract 

This study applies petroleum hydrocarbon (PHC) fingerprinting of n-alkanes and 

petroleum biomarkers (steranes, hopanes, terpanes) in lake sediments cores form the Cold Lake 

oil sands region to track temporal changes in chemical composition following the onset of 

thermal in-situ activity. We recorded statistically higher concentrations of n-alkanes and 

petroleum biomarkers in sediments deposited following the onset of oil sands activities (1980s -

2000s) in lakes surrounded by in-situ infrastructure.  

n-alkanes exhibited odd-carbon number preferences over even-number carbon, indicating 

plant waxes and biogenic PHC sources dominated the composition of n-alkanes in this region. 

The carbon preference index, diagnostic ratios and principal component analyses established that 

C17 algal n-alkanes and C23, C25, C27 and C29 n-alkanes (indicative of higher plant matter and 

macrophytes) dominate the study lakes. The presence of short-chained, even-numbered n-alkanes 

from thermal degradation of biomass during combustion indicated inputs from forest fires, 

vehicle emissions and fossil fuel combustion sources in addition to biogenic sources.  

Low abundances of steranes and the absence of C33-35 hopanes suggest that biomarker 

origins were not bitumen derived. The depletion of steranes and longer chain hopanes recorded 

in lake sediments indicated that petrogenic hopenoids originated from the aerosol deposition of 

fossil fuel emissions such as traffic exhaust and natural gas combustion. These findings suggest 

that petroleum biomarker composition in lake sediments near Cold Lake is influenced 

increasingly by the operations of oil sands infrastructure, but not from a raw bitumen source. 

This study evaluated historical patterns of n-alkanes and petroleum biomarkers in radiometrically 

dated lake sediment cores, allowing for comparisons between open-pit mining regions and in-situ 

oil sands regions to be determined.  
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3.1  Introduction 

The Canadian oil sands are the largest reserve of bitumen and the third-largest crude oil 

reserve in the world (CAPP, 2018b). The formation of the Alberta bituminous sands occurred 

during the Cretaceous period because of the petrogenesis of ancient sea deposits. As the sea 

retreated, the petroleum reserves migrated north, becoming trapped by Clearwater shales, and 

mixed with fluvial sands that were concurrently deposited (Droppo et al., 2019). Light 

hydrocarbons, such as paraffins and naphthalenes, were evaporated or metabolized by microbes, 

yielding heavy crude bitumen reserves dominated by large molecules such as asphaltenes and 

maltenes (saturates, aromatics, and resins) (Broughton, 2013; Conly et al., 2002).  

Petroleum hydrocarbons (PHCs) encompass a broad range of aromatic and saturated 

compounds such as polycyclic aromatic hydrocarbons (PACs), natural alkanes (n-alkanes), 

terpanes, hopanes, steranes, asphaltenes, and resins  (Yang et al., 2011). Depending on the 

conditions of petroleum formation, oil deposits exhibit unique compound distribution patterns 

that can be applied to determine PHC sources through chemical fingerprinting (Evans et al., 

2016; Hall et al., 2012; Wang et al., 2016; Yang et al., 2011).   

n-alkanes are chemical compounds consisting of homologous long-chain alcohols, 

aldehydes, esters, and hydrocarbons. Similar to PACs, n-alkanes originate from natural sources 

(plant waxes and soils) as well as anthropogenic sources (fossil fuel combustion) (Olajire et al., 

2008). During bitumen formation, n-alkanes and light hydrocarbons are almost entirely depleted 

by evaporation, microbial degradation through porous media, or weathering, resulting in a 

distribution of n-alkanes that is both biological and non-biological in origin (Andreou and 

Rapsomanikis, 2009; Grice et al., 1968). n-alkanes can help distinguish different petroleum 

sources based on their proportion of odd-to-even numbered compounds. Plant-derived n-alkanes 

frequently have a distinct odd carbon number preference, whereas petroleum-derived n-alkanes 

exhibit a carbon indifference (Grice et al., 1968; Yang et al., 2011).  

Chemical characterization is dependent on the distinct signature of the petroleum product. 

Petrogenic n-alkanes have signatures that are indicative of their origin and, therefore, can be used 

in environmental forensics to determine their originating source. Alberta oil sands are 

significantly biodegraded and exhibit large chromatographic regions of unresolved complex 

mixtures (UCM) from n-C10 to n-C40 (Yang et al., 2011).  Typically, refined oils will contain a 
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substantial fraction of small chained n-alkanes ranging from n-C9 to n-C36 (Yang et al., 2011). 

Higher viscosity crude oils, such as bitumen, contain less overall n-alkanes, ranging from n-C16 

to n-C36 (Yang et al., 2011).   

The carbon preference index (CPI) can facilitate the differentiation amongst biogenic and 

petrogenic n-alkane origins. This CPI establishes the ratio of odd to even-numbered n-alkanes 

over a fixed range. Petrogenic hydrocarbon sources have a CPI index approaching 1, whereas 

biogenic hydrocarbon sources have higher CPI values ranging from 2–12 (Andreou and 

Rapsomanikis, 2009; Grice et al., 1968; Simoneit, 2005; Zhen Wang et al., 2009). In general, 

carbon numbers greater than n-C27 reflect a carbon signature derived from higher plant waxes 

and fungi, whereas lower carbon numbers (C16 & C17) infer inputs from algae and bacteria. C20 & 

C21 n-alkanes are typical of petroleum origins, including diesel exhaust (Miyake et al., 2005; 

Olajire et al., 2008). A caveat to using n-alkanes for petroleum fingerprinting is that n-alkanes 

are subject to specific compositional and physical property changes and thus become unreliable 

tools for chemical fingerprinting as petroleum products weather (Wang et al., 2016). 

Petroleum biomarkers are complex molecules derived from living organisms synthesized 

during petrogenesis (Brooks et al., 1988; Wang et al., 2016). Biomarker patterns remain 

unaffected despite the evaporation and emulsification, dispersion, dissolution, biodegradation 

and photooxidation of petroleum and, as such, are compared to their biological precursors for 

chemical fingerprinting (Jia et al., 2013; Stout and Wang, 2016).  Terpanes, hopanes, and 

steranes are generated and preserved exclusively within petroleum deposits and have little or no 

structural change from their parent biochemicals, as they retain most of their original carbon 

skeleton, making them highly specific for source identification (Wang et al., 2016). 

Biodegradation of compound classes generally transitions from n-alkanes > acyclic isoprenoids > 

steranes > hopanes > terpanes, making biomarkers superior compounds for chemical 

fingerprinting than PACs or n-alkanes which have many sources in the environment (Brooks et 

al., 1988). Petroleum biomarkers have been used to determine origins of oil spills, types of 

source rocks, thermal maturity of petroleum reserves, depositional conditions of environmental 

contaminants, and patterns of contaminant deposition (Bieger et al., 1996; Jia et al., 2013; Liao et 

al., 2012; Wang et al., 2016, 2006; Yang et al., 2012; Yu et al., 2012; Yunker and Macdonald, 

2003). Many crude oils exhibit a characteristic biomarker abundance of C29 & C30 αβ hopanes 
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and C23 & C24 terpanes with a sterane dominance of C27, C28, C29 S & R homologs. Biomarker 

concentrations typically decrease with greater thermal maturity of the host reserve; therefore, 

biomarker concentrations in light oils and condensates are deficient when compared to heavy oils 

such as bitumen (Stout and Wang, 2016; Wang et al., 2016).  

PHC characterization and chemical fingerprinting have been applied within the northern 

Alberta oil sands region where bitumen outcrops introduce petroleum to the environment 

naturally (Roy, 2018; Salat, 2019; Wang et al., 2014). Alberta bitumen, Athabasca oil sands 

samples and Peace-Athabasca Delta samples have been analyzed to identify petroleum inputs 

and distinguish natural and anthropogenic petroleum sources in environmental matrices (Roy, 

2018; Salat, 2019; Wang et al., 2014; Yang et al., 2011). Biomarker distributions in water, soil, 

lake sediment and tailings pond sediment samples are consistent with the typical features of 

bitumen in regions as far north as the Peace Athabasca Delta indicating bitumen from the Alberta 

oil sands deposits are present in these environments (Roy, 2018; Salat, 2019; Wang et al., 2014).  

The Cold Lake region is isolated from bitumen processing facilities, tailings ponds and 

open-pit mining operations by more than 300 km. The Cold Lake bitumen deposit does not incise 

the surface and therefore has no known mechanism for natural bitumen introduction to the 

surrounding environment (Baturin-Pollock et al., 2010). The Cold Lake oil field relies on thermal 

in-situ oil sands extraction to access the deep bitumen reserves. High-temperature and high-

pressure steam and solvent are injected into the bitumen reserves through cyclic steam 

stimulation drilling (CSS) and steam-assisted gravity drainage drilling (SAGD) to decrease the 

bitumen viscosity and separate it from the sand matrix for collection (AER, 2018c). Over-

pressurization of the shale containment rock during these operations have resulted in 5 non-

targeted flow-to-surface (FTS) events to occur since 2009 (AER, 2016). One such flow-to-

surface event contaminated an unnamed water body (9-21, (Korosi et al., 2016a)), which was 

subsequently drained and dredged as a cleanup measure.  A conservative estimate of 800 000 m3 

of bitumen spilled into the environment as a result of these five flow-to-surface events (AER, 

2016).      

The objective of this study is to determine whether in-situ oil sands operations have 

altered the PHC composition in the Cold Lake region, specifically n-alkanes and petroleum 

biomarkers. We quantified PHCs in radiometrically-dated lake sediment cores to determine 
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whether or not they increased following in-situ bitumen extraction or if evidence exists of non-

reported flow-to-surface events. Principal component analyses, CPI analyses, and diagnostic 

ratios allow us to determine how PHC composition in lake sediments relates to petrogenic or 

biogenic sources.  

 

3.2  Methodology 

3.2.1  Study Area 

This study examines lake sediment cores collected throughout the Cold Lake oil field of 

Central/North-Eastern Alberta, Canada. The Cold Lake oil field is the only oil sands region in 

Canada to rely exclusively on thermal in-situ oil extraction techniques to access the bitumen 

deposits 300 – 600 m below the surface (Imperial Oil Resources Limited, 2016). The Cold Lake 

region provides an ideal environment to quantify PHC inputs from in-situ activity as it is located 

~300 km southeast from all major bitumen processing facilities, open-pit mines and tailings 

ponds (CAPP, 2019).  

 3.2.2  Study Sites and Core Collection 

We cored lake basins at their depocenter using a Uwitec gravity corer (Mondsee, Austria) 

and sectioned them into 0.5-cm intervals with a modified Glew vertical extruder (Glew, 1988). 

Sediments were stored in pre-labelled Whirl-Pak® bags, frozen, and shipped to the University of 

Ottawa, where they were stored at -18oC until analysis. The eleven lakes, cored in late August 

and early September of 2017, were selected based on lake size and proximity to oil sands 

developments (Table 3-1, Figure 3-1).  
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Table 3- 1: Summary of lake parameters. Lakes marked with a Y are within the Cold Lake Air 

Weapons Range (CLAWR), lakes marked with an N are off the CLAWR. Distance refers to the mean 

distance of each lake from in-situ oil wells to the southwest. Well density refers to the number of wells 

situated within a 7 km radius from the coring location. 

Sample 

Coordinates Lake ID Lake Name CLAWR 

Area 

(m2) Distance (m) Well Density (#) 

Start 

of Oil 

Sands 

55.0805, -110.5597  RL02  Y 147.4 1487 23 2007 

55.0673, -110.5645 RL04  Y 794.3 1299 31 2007 

54.9111, -110.6014 RL06  Y 44.86 4345 13 1998 

54.8619, -110.5837 RL08  Y 144.7 2361 35 1998 

54.8028, -110.3778 RL10  Y 43.10 2809 21 1998 

54.7227, -110.6595 L13 Sinclair Lake  N  1888 3321 43 1980 

54.7114, -110.3942 L14 May Lake  N  3117 4688 15 1980 

54.6648, -110.5437 L15 Bourque Lake  N  9944 1625 >100 1980 

54.6081, -110.4601 L16  N  252.0 916.5 >100 1980 

54.5895, -110.4753 L17 McDougall Lake  N  505.6 1009 88 1980 

54.6306, -110.2775 L18 Marie Lake  N  34 600 6584 5 1980 
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Figure 3- 1: Map of the 11 study lakes within the active oil sands region (OSR) of the Cold Lake Oil 

Field (AEP, 2019).*Not shown are in-situ well pads surrounding Lakes RL02 and RL04 
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3.2.3  Radiometric Dating 

Using ScienTissimMe software (Barry’s Bay, ON, Canada) and gamma spectrometry, we 

created age-depth profiles for each sediment core using a constant rate of supply (CRS) model 

from unsupported 210Pb gamma activity, described by Appleby (2001). Briefly, we compacted 1–

3 cm3 of homogenized, freeze-dried sediment into Sarstedt polypropylene 8mL gamma tubes 

using an Eppendorf Centrifuge 5810 at 2000 rotations per minute (rpm) for 15 minutes. We 

recorded precise heights and weights for density and volume determinations. Tubes were sealed 

with a septum and 1 inch of clear Devcon® 2-Ton Epoxy # 14260 to prevent the loss of 222Rn 

(Appleby et al., 1986). Following a 21-day equilibration period, an Ortec High Purity 

Germanium Gamma Spectrometer counted each sample for 23 hours (82800s) using MAESTRO 

version 6.08 software (Advanced Measurement Technology Inc. Oak Ridge, TN, USA). 

Unsupported 210Pb activity profiles established sedimentation rates and sediment ages when 

corrected to 214Pb and constant rate of supply (CRS) dating models (Appleby and Oldfield, 

1978). 

We measured 137Cs activities from the 661.66 keV gamma spectroscopy peak as an 

independent chronostratigraphic marker to corroborate the CRS dates.137Cs is a common isotope 

used in gamma spectroscopy as it was widely distributed as a result of above-ground nuclear 

weapons testing in the 1960s, producing a peak abundance in 1963 (Omelchenko et al., 2005; 

Taylor et al., 1988). Spectrometer efficiency calibrations using Certified Reference Materials 

(IAEA-312 & IAEA-385) from the International Atomic Energy Association (Vienna, Austria) 

were applied to corroborate the 210Pb dates (Figure S2-1).  

3.2.4  Elemental Analyses  

Total organic carbon (TOC), nitrogen, hydrogen, and sulphur content (% CNS), were 

established at the Ján Veizer Stable Isotope Laboratory (University of Ottawa, Ottawa, Ontario, 

Canada) using a VarioEL cube elemental analyzer (Elementar Americas Inc., New York, NY, 

USA), described by Skierszkan et al. (2013). Machine detection efficiency was calibrated using 

standards of sulfanilamide and sulfanilic acid.  
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We selected four lakes for total mercury analyses based on their size and proximity to in-

situ wells. 0.05 g of freeze-dried sediments were analyzed using an Sp-3D automatic mercury 

analyzer (Nippon Instrument Corporation, Singapore) and ran alongside Marine Sediment 

Certified Reference Material (MESS-3) and NIST-2704 Buffalo River Sediments from the 

National Research Council of Canada for instrument efficiency corrections. Every 10th sample 

was analyzed in duplicate producing an average standard deviation of 1.05 ng Hg/g. All total 

mercury analyses were conducted through the University of Ottawa LANSET laboratories 

(Ottawa, Ontario, Canada). Summaries of all elemental analyses are in the supplementary 

information (Figure S2-2). 

3.2.5  Petroleum Hydrocarbon Extraction and Analysis 

Petroleum biomarkers and n-alkanes were extracted from homogenized lake sediments 

using the US EPA extraction procedure #3540C, adapted for Accelerated Solvent Extraction 

(ASE) as per the methodologies outlined in Chapter 2. Before ASE extraction, samples were 

spiked with an internal standard of n-tetracosane (D50, 98 %) (Cambridge Isotope Laboratories 

Inc. Tewksbury, MA, USA) and C8-C40  n-alkanes in dichloromethane (DCM), purchased from 

Supelco (Bellefonte, PA, USA) and were used for n-alkane recovery determinations. National 

Institute of Standards and Technology (NIST), Standard Reference Material (SRM) #2233, 

biomarker standards of hopanes and steranes in 2,2,4 trimethylpentane (TMP), were obtained 

from Sigma-Aldrich (Oakville, ON, Canada). Target analytes for n-alkanes and petroleum 

biomarkers are summarized in the supplementary information (Tables S3-1 & S3-2).  

The n-alkane and petroleum biomarker (F1 fraction) column cleanup used 22 mL of 

hexanes through a 6 g, 644 silica gel (Fisher S7441) column. The F1 fraction was collected in 1 

mL of TMP and evaporated to 1 mL using a 0.4 bar nitrogen stream. A 10x dilution sample was 

then spiked with 10 µL of p-terphenyl (D14, 98 %) internal standard and analyzed using gas 

chromatography coupled with mass spectrometry (GC-MS). We interpreted GC-MS 

chromatograms using MSD ChemStation Data Analysis F.01.03 Software (Agilent 

Technologies, Santa Clara, CA, USA). The mean recovery for the n-tetracosane (D50, 98 %) 

surrogate target compound (+ 1 standard deviation (STDEV)) was 60.2 + 19.5 %. 

3.2.6  Statistical Analyses 
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We executed all data transformations, statistical analyses, and visualizations in the 

RStudio statistical environment, version 3.6.1 (R Core Team, 2018). We generated all plots using 

the ggplot2 and the ggpubr packages. Mapping and distance determinations were completed 

using ESRI’s ArcGIS 10.6.1 (ESRI ArcGIS Desktop, 2018). CRS dating models allowed us to 

categorize sediments in each core based on their time of deposition (before or after the onset of 

in-situ oil sands development).  

 

We calculated petroleum hydrocarbon diagnostic ratios for source determination and 

chemical characterization. The diagnostic ratios selected for these analyses were used to track 

historical changes in PHC sources and ascertain whether bituminous inputs are influenced in the 

Cold Lake region as a result of oil sands activity. The diagnostic ratios calculated in this chapter 

include: 

• n-C14 / Phytane  

• n-C17 / Pristane  

• n-C18 / Phytane 

• n-C23 / Phytane 

• n-C29 / Phytane  

• Pristane / Phytane 

• C21 T / C22 T 

• C21 T / C21+23 T 

• C21 T / C23 T 

• C23 T / C24 T 

• C23 T / C30 αβ H  

• C24 T / C30 αβ H 

• C27 Ts / C27 Tm 

• Σ C27-29 αββ S / Σ C21-24 T 

• C27 αββ S / C29 αββ S 

• C29 αβ H / C30 αβ H  

• C30 αβ H / ΣC31-35 (S+R) H 

• C31 (S) H / C31 (R) H  

• C31 (R) H / C29 αβ H  

• C32 (R) H / C31(R) H 

• C33(R) H / C32 (R) H 

• C33 (S) H / C33 (R) H 

• C31 (S) H / C31 (S+R) H 

• C34 (S) H / C35 (S) H 

• C34 (R) H / C35 (R) H 

• ΣSteranes / ΣTerpanes 

• Gammacerane /C30 αβ H 
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The carbon preference index (CPI), as determined by Wang et al. (2009), was calculated 

using equations 1 and 2 to identify petrogenic or biogenic n-alkane origins in the sediments and 

to track the change in CPI over time. This index compares the sum of odd-numbered n-alkanes to 

the sum of even-numbered n-alkanes in the range of C8-C40. Similarly, the CPI can be calculated 

based on equation 2, comparing the sum of the odd carbon number n-alkanes in the C23-34 range 

to the sum of the even-carbon-number C23-34 n-alkanes. Petrogenic hydrocarbons sources have a 

CPI approaching 1, whereas biogenic hydrocarbon sources have higher CPI, ranging from 2–12 

(Andreou and Rapsomanikis, 2009; Grice et al., 1968; Simoneit, 2005; Zhen Wang et al., 2009).  

CPI8-40 = Σ (odd-numbered n-alkanes) / Σ (even-numbered n-alkanes)         (1) 

CPI23-34 = (C23 + C25 + C27 + C29 + C31 + C33) / (C24 + C26 + C28 + C30 + C32 + C34)        (2)  

Principal component analyses (PCA) using relative abundances of n-alkanes and 

biomarkers assessed the transition in PHC composition through each core. Sediments were 

compared to a passively plotted Cold Lake Bitumen Sample, obtained from Environment and 

Climate Change Canada (Ottawa, Ontario, Canada). PCA biplots were created within the 

factoextra R package, using the function fviz_pca_biplot(). Passively plotted points were added 

to the PCA biplot using the ggbiplot and devtools R packages. 

The change PHC burden in each lake following the onset of oil sands activity was tested 

using an ANOVA as per the method outlined in Chapter 2, modified from Cheney et al. (2020). 

Residuals of the analysis of variance (ANOVA) were tested using the R packages Car, gvlma, 

and lmtest. When the assumptions of a parametric test were not met, permutation tests assessed 

the validity of the model. In cases when permutation tests did not corroborate the findings of the 

ANOVA models, non-parametric tests were applied using the lmperm package.  

 

3.3  Results and Discussion 

3.3.1 Petroleum Biomarkers  

Total biomarker concentrations fluctuated substantially throughout each lake sediment 

core. Variable sedimentation rates explain these fluctuations within each lake as petroleum 

biomarker accumulation rates remained relatively consistent (Figure 3-2) (Eickmeyer et al., 
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2016). Total biomarker accumulation rates in Lakes L18, L17, L16, and RL02 all increased at 

the onset of oil sands development in their surrounding regions. Lake L13 is distinct from the 

other study lakes because it exhibited elevated total biomarker accumulation rates compared to 

the others, reaching a peak concentration of 582 µg m-2 yr-1 in 1994 before returning to ~178 µg 

m-2 yr-1 in the early 2000s. L13 borders two oil sands development regions. The area to the north 

of L13 began in-situ oil sands operations in the mid-1990s. To the south, in-situ activity started 

in the 1980s. The spike in L13 biomarkers appears to be associated with oil sands development 

in the northern region beginning in the mid-1990s. Total biomarker accumulation rates increase 

slightly in Lakes L15 and RL10 following the onset of oil sands operations. The accumulation 

rates of petroleum biomarkers in L18, L16, L15, L14, RL10, RL06, and RL02 are very low 

indicating that natural introductions of bitumen are unlikely. RL08 and RL10 are the lakes 

located closest to the historical FTS events that occurred in the Cold Lake region. Neither lake 

exhibits a spike in petroleum biomarkers between 2009 and 2013, indicating that petroleum from 

these flow-to-surface events did not contribute to petrogenic enrichment in these lakes. 

We conducted an ANOVA to compare total biomarker accumulation rates in sediments 

deposited before and after oil sands operations began and observed statistically higher 

accumulation rates (p-value < 0.001) in L17, L16, L15, L14, RL10, RL06, and RL02 (Figure 3-

3). Lakes L13 and RL04 also exhibited statistically significant changes (p-value < 0.05). RL08 

and L18 did not change significantly following the onset of oil sands activity. These findings 

indicate that oil sands activity is likely contributing to the petroleum biomarker enrichment 

observed in these lakes. Note that petroleum biomarker concentrations in these lakes are 

consistently very low; therefore, increases that occurred post-development are driven more by an 

increase in non-petroleum biomarkers (Yang et al., 2011).   
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                    Figure 3- 2: Total petroleum biomarkers profiles as a function of depth.  Scatter plots of the total concentration (ng g -1 DW) of the targeted 

petroleum biomarker compounds with respect to biomarker accumulation rate (ug m2 yr-1) down core. All plots have the same Y axis, 

representing depth downcore in centimeters. Left plots depict the total concentration of biomarkers corrected for dry weight. Plots to the right 

depict the rate of total biomarker flux. Dates were established using the CRS dating model. Biomarker flux was not calculated below the horizon of 

unsupported 210Pb activity as it exceeded the limitations of the CRS dating model. The dashed red line corresponds to the year when oil sands 

operations began near each lake. 
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 Figure 3- 3: Boxplots showing the change in log transformed total biomarker accumulation rates (log µg m2 yr-1) between sediments 

deposited before and after oil sands operations began. (p-value < 0.05 (**), p value < 0.001 (****)). 
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C27 terpanes, C29-30 αβ hopanes, and C31-33 R and S hopanes dominated the total 

petroleum biomarker abundances in all study lakes (Figure S3-1). Typically, crude oils exhibit a 

characteristic biomarker abundance of C29 & C30 αβ hopanes and C23 & C24 terpanes with a 

sterane dominance of C27 -29 αββ (Stout and Wang, 2016). The study lakes were mostly depleted 

of C33 (R) – C35 (R and S) hopanes as well as C21-C27 terpanes. C27-29 αββ steranes accounted for 

less than 5% of the relative biomarker abundance in the study lakes however were most abundant 

in lakes L18, L17, L16, L15, L14 and RL06. Terpanes and steranes are abundant in oils and 

extracts from source rocks; therefore, the low abundances present in our lake sediments indicate 

that bitumen deposits are not introducing petroleum biomarkers to these lake systems (Yu et al., 

2012). We removed C32 (S) Hopanes from the suite of biomarkers examined in this study as they 

were unresolvable from co-extracted oleanane compounds (Wang et al., 2016). 

Low abundances of steranes and the absence of C33-35 hopanes suggest that biomarker 

origins are not bitumen derived. The elevated abundance of C27 terpanes, C29-30 αβ hopanes, and 

C31-33 R and S hopanes mimics that of the Cold Lake bitumen sample. The depletion of steranes 

and longer chain hopanes implies that these petrogenic hopenoids are likely from aerosol 

deposition from fossil fuel combustion emissions such as traffic exhaust / natural gas combustion 

(Rogge et al., 1993) and forest fires (Radzi Bin Abas et al., 2001). Biomarker distribution 

corroborates the findings from Chapter 2, suggesting that traffic emissions and natural gas 

combustion for steam generation are likely driving the PHC enrichment in regional lakes and not 

the introduction of raw bitumen.  

Yang et al. (2011) identified biomarker diagnostic ratios in raw Alberta bitumen, diluted 

crude bitumen, upgraded heavy synthetic crude oil and in an Alberta sweet mixed blend. We 

applied the same diagnostic ratios to the lakes in this study and determined that they are not 

receiving inputs from bitumen (Figures S3-2 -S3-21). Since the start of oil sands developments 

in Cold Lake, we observed increasing diagnostic ratios in all lakes except L15 for C23 T /C30 αβ 

H, C24T /C30 αβ H, C30 αβ H /∑C31-35 H, C31(S) /C31(R), and ∑Steranes /∑Terpanes (Figures S3-6, 

S3-7, S3-10, S3-13, and S3-21). Although these increases coincided with the start of oil sands 

activity C21 T /C22 T ratios indicated that these transitions are likely a result of light oils as 

opposed to crude oil inputs (Figure S3-2) (Rogge et al., 1993). Similarly, we did not record 
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decreasing C31(R) H /C29 αβ H, and C33(R) H /C32(R) H ratios in the sediments that would 

indicate petroleum influences (Figures S3-14 and S3-16). 

Diagnostic ratios of C31 (S) H /C31 (R) H, C32 (R) H /C31 (R) H, C33 (R) H /C32 (R) H, 

C33(S) H /C33 (R) H, C34(S) H /C35(S) H, and C34(R) H /C35(R) H comparing S and R hopanes did 

not approach a ratio of one meaning that these lakes have inputs from unstable petroleum sources 

such as fuels. S/R ratios of 1 are indicative of a thermally mature and stable petroleum source 

such as bitumen (Dastillung and Albrecht, 1976). These findings indicate that petrogenic PHCs 

are not dominant in these lake systems and are more likely influenced by biomass and fossil fuel 

emissions (Figures S3-13, S3-15, S3-16, S3-17, S3-18, and S3-19) (Dastillung and Albrecht, 

1976).  

Downcore principal component analyses of petroleum biomarker abundances recorded 

the shift in the composition of the top 5 contributing compounds compared to a CLB sample 

(Figure 3-4). PCA axes 1 and 2 explain ~66.5 % of the variance in the data. Biomarker 

composition in modern sediments varied from the oldest recorded sediments, with C33 (S), C31 

(S), and C32 (R) hopanes explaining the highest proportion of variation in the direction opposite 

modern sediments. C21-23 terpanes explained a substantial portion of the variance in all lakes 

except L16, L15, RL08, RL04 and RL02, with the directionality shifting towards modern 

sediments. These findings indicate light oils such as natural gas and fuels increasing in 

abundance in lakes densely surrounded by oil sands activity. C29-30 αβ hopanes and C27-29 αββ 

steranes in Lakes L18, L16, L15, and RL08 point towards modern sediments indicating an 

increased influence of petroleum biomarkers that are commonly associated with crude oils (Stout 

and Wang, 2016). Throughout time, the lake profiles do not exhibit a distinct shift towards or 

away from the Cold Lake bitumen sample; however, Lakes L17, L14, and RL10, most closely 

resemble the composition of bitumen compared to the other study lakes. These findings indicate 

that petroleum biomarker composition in regional lake sediments is increasingly influenced by 

fossil fuel and combustion emission sources, suggesting that the implementation of oil sands 

infrastructure is contributing to PHC enrichment, but raw bitumen is not.   
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Figure 3- 4: Ordination biplots showing the changes in principal components along axes 1 & 2 scores throughout time for the relative 

abundance of petroleum biomarkers in lake sediment cores. Each lake profile depicts sample scores and the top 5 contributing biomarkers as the 

explanatory variables. Sediment intervals are connected in order of downcore chronologies (black sold line) with a Cold Lake bitumen sample 

(black triangle) plotted passively. The contribution gradient indicates the order of individual contribution to Axes 1:2 for each of the most abundant 

compounds. 
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3.3.2  n-Alkanes 

Total n-alkane concentrations and accumulation rates in Lakes L15 and RL02 increased 

steadily at the onset of oil sands operations implying in-situ activities are driving these changes 

(Figure 3-5). We recorded a spike in L16 and L13 coinciding with oil sands development in the 

1980s and 1990s; however, concentrations subsequently decreased, potentially a result of n-

alkane enrichment from the implementation of the oil sands infrastructure that subsequently 

dropped once wells were constructed and operational. 

We conducted an ANOVA to compare total n-alkane accumulation rates in sediments 

deposited before and after oil sands operations began and observed statistically higher 

accumulation rates (p-value < 0.001) in all lakes except RL04 which decreased in modern 

sediments (Figure 3-6). Oil sands operations around RL04 did not begin until 2007; therefore, 

too few data points are available to test the change in PHC composition since oil sands 

operations began near that lake. These trends suggest that in addition to abundant leaf waxes and 

plant residues commonly found in sediments, oil sands activity is a likely contributing to the n-

alkanes composition in all lakes except RL04 (Ficken et al., 2000).  
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Figure 3- 5: Total n-alkane profiles as a function of depth. Scatter plots of the total concentration (mg g-1 DW) of the targeted n-alkanes 

with respect to sediment n-alkane flux (ug m2 yr-1) down core. All plots have the same Y axis, representing depth downcore in centimeters. Left 

plots for each lake depict the total concentration of n-alkanes corrected for dry weight. Plots to the right for each lake depict the accumulation rate 

of total n-alkanes (not calculated below the horizon of unsupported 210Pb activity). The dashed red line corresponds to the year when oil sands 

operations began around each lake as determined by the CRS dating model. 
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Figure 3- 6: Boxplots showing the change in log transformed total n-alkane accumulation rates (log µg m2 yr-1) between sediments 

deposited before and after oil sands operations began. (p-value < 0.05 (***), p-value  < 0.001 (****)). 
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The carbon preference index indicated strong biogenic PHC origins when accounting for 

C8-C40 and C23-C34 n-alkanes (Figures 3-7 and S3-1). A CPI of ~1 shows a petrogenic n-alkane 

source whereas a CPI from 2-12 suggests biogenic origins, likely from aquatic and terrestrial 

plant biomass (Ahad et al., 2011; Zhendi Wang et al., 2009). RL04 exhibited the lowest CPI of 

3.9 in 1950. The CPI in L16 peaked at 11 in 2003 and has since been decreasing in modern 

sediments to 5.1. Although n-alkane profiles in Figure 3-4 showed increasing concentrations and 

accumulation rates since the onset of oil sands activity in Lakes L15 and RL02, the CPI 

established that they were not from petroleum sources. The CPI in all lakes ranged from 3.9 to 

11.4, indicating epicuticular leaf waxes as the dominant n-alkane source (Ahad et al., 2011). 

C8-C40 n-alkane distribution confirms biogenic origins as there is a strong odd-numbered 

carbon dominance in all sediment cores (Figure S3-22).  The concentration of short-chained n-

alkanes (C11 – C16) in Lakes L16, L15, L13, RL04, and RL02 were near 0 whereas these are the 

dominant n-alkanes present in the CLB sample. Elevated C21 and C22 abundances characterize n-

alkanes in petroleum sources. In all of the study lakes, we observed slight enrichment in C21 and 

phytane indicating an influence of diesel emissions (Miyake et al., 2005; Olajire et al., 2008). 

The spike in C17 recorded in all lakes is attributed to algae in the sediments, as C17 is a common 

algae biomarker (Fang et al., 2014; Ficken et al., 2000).  C23, C25, C27 and C29 dominate the 

composition of n-alkanes in the study lakes in a bell-shaped distribution. This pattern of odd-

numbered n-alkanes corroborated the findings of the CPI and suggested that higher plant matter 

and macrophytes are the dominant sources of n-alkanes to these lake basins (Fang et al., 2014). 

Similar distributions of C23 and C29 n-alkanes indicate both terrestrial and aquatic organic matter 

inputs (Ficken et al., 2000).  Observations recorded during sample collection confirmed the 

presence of submerged aquatic macrophytes and terrestrial leaf litter in all 6 of the lake basins.    
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 Figure 3- 7: Scatter plot profiles of the Carbon Preference Index (C8-40) as a function of depth as per Wang et al. (1999). The vertical dashed 

line indicated a CPI of 1, at which point n-alkanes transition from petrogenic to biogenic in source. The dashed red line corresponds to the year when 

oil sands operations began near each lake. 
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Diagnostic ratios comparing heptadecane (C17) to pristane commonly assess the relative 

contribution of petrogenic hydrocarbons in sediments (Ahad et al., 2011). C17 /pristane ratios < 1 

reflect petroleum contamination whereas ratios > 2 reflect significant contributions from algae. 

All 6 study lakes exhibited significantly elevated C17 /pristane ratios marking significant algal n-

alkane influences (Figure S3-25) (Readman et al., 2002).  

n-alkane principal component analyses using relative abundances explains 57.4% of the 

variance within axes 1 and 2 (Figure 3-8). Throughout the cores, the sediment n-alkane 

composition does not transition towards the Cold Lake bitumen, despite a distinct change in 

composition from the bottom to the top of the cores. Corroborating the findings of the CPI and 

diagnostic ratio analyses, the compounds explaining the highest proportion of variance in all 

lakes are the odd-numbered n-alkanes. These C25-C31 n-alkanes are from epicuticular waxes in 

terrestrial plant debris. Lake L16 is unique as the C23-C29 n-alkanes all point away from modern 

sediments and the Cold Lake bitumen sample. In late 1990s, the composition of L16 approaches 

that of the Cold Lake bitumen; however, distinctly transitions away in 2003. Modern sediments 

in all lakes do not resemble the composition of a Cold Lake bitumen sample and are transitioning 

to be less similar in composition. Algal biomass in lake L15 outweighs the contribution of 

terrestrial n-alkanes, likely due to L15 being the largest and deepest lake. Short chained, even-

numbered n-alkanes are a result of thermal degradation of biomass during a fire, causing long-

chain hydrocarbons to be reduced (Eckmeier and Wiesenberg, 2009). C16 n-alkanes explain the 

most variance in L15, directionally towards the top of the core, indicating forest fires are playing 

an increasing role in PHC deposition. These findings indicate that petrogenic inputs are not 

resulting in compositional changes in n-alkanes throughout time, potentially as a result of 

petroleum indicators having been degraded or diluted by the abundance of biogenic n-alkanes in 

the sediments (Stout and Wang, 2016). 
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Figure 3- 8: Ordination biplots showing the changes in principal components along axes 1 & 2 scores throughout time for the relative 

abundance of n-alkanes in lake sediment cores. Each lake profile depicts sample scores and the top 5 contributing n-alkanes as the explanatory 

variables. Sediment intervals are connected in order of downcore chronologies (black sold line) with a Cold Lake bitumen sample (black triangle) 

plotted passively. The contribution gradient indicates the order of individual contribution to Axes 1:2 for each of the most abundant compounds. 
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3.4  Conclusions 

This study is the first to analyze petroleum biomarkers and n-alkanes in the Cold Lake oil 

sands region. Total n-alkane and total biomarker profiles exhibited significant increases in PHC 

accumulation rates following the onset of oil sands activity, similar to that observed in polycyclic 

aromatic compound profiles. Diagnostic ratios, carbon preference indices, and principal 

component analyses allowed us to chemically fingerprint n-alkane and biomarker composition in 

lake sediments to determine PHC sources. 

n-alkanes exhibited a strong odd-numbered carbon-chain preference, indicating strongly 

biogenic origins. The CPI and diagnostic ratios corroborated these findings, establishing that C17 

algal n-alkanes and C23, C25, C27 and C29 n-alkanes indicate higher plant matter and macrophytes 

dominate these lake systems. Prevalence of short-chained, even-numbered n-alkanes from 

thermal degradation of biomass during combustion indicated inputs from forest fires, vehicle 

emissions and fossil fuel combustion.  

Petroleum biomarkers are more reliable for chemical fingerprinting as they are resistant 

to weathering and chemical alteration. Low abundances of steranes and the absence of C33-35 

hopanes suggest that biomarker origins are not bitumen derived. The depletion of steranes and 

longer chained hopanes recorded in lake sediments implies that petrogenic hopenoids are from 

aerosol deposition from fossil fuel combustion emissions such as traffic exhaust / natural gas 

combustion. These findings indicate that petroleum biomarker composition in regional lake 

sediments is increasingly influenced by fossil fuel and combustion emission sources, suggesting 

that the implementation of oil sands infrastructure is contributing to PHC enrichment, but raw 

bitumen is not.   

This study confirms that bitumen is confined to the deposits situated deep below the 

surface as we record no evidence to support natural bitumen introduced to the environment. As 

the Cold Lake region is susceptible to non-target bitumen seeps, it would be beneficial to use 

petroleum hydrocarbon fingerprinting to identify petroleum source origins in the event of future 

FTS events. Additionally, this method can be applied to future studies to observe whether 

unreported FTS events have impacted other lakes both in the Cold Lake oil sands region and in 

other in-situ areas.  
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Chapter 3: Supplementary Information 

 
 

Table S3- 1: List of petroleum biomarkers analyzed in this study,  

including abbreviations used in the text and target ions for GC-MS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name Code Target Ion 

Terpanes 

C21 terpane 

 

C21 T 

 

191 

C22 terpane C22 T 191 

C23 terpane C23 T 191 

C24 terpane C24 T 191 

 

Hopanes    

C27 18A-hopane II (Ts) C27 Ts 191 

C27 17A-hopane (Tm) C27Tm 191 

C29 αβ hopane C29 αβ H 191 

C30 αβ hopane C30 αβ H 191 

C31 (R) hopane C31 (R) H 191 

C31 (S) hopane C31 (S) H 191 

C32 (R) hopane C32 (R) H 191 

C32 (S) hopane C32 (S) H 191 

C33 (R) hopane C33 (R) H 191 

C33 (S) hopane C33 (S) H 191 

C34 (R) hopane C34 (R) H 191 

C34 (S) hopane C34 (S) H 191 

C35 (R) hopane C35 (R) H 191 

C35 (S) hopane C35 (S) H 191 

 

Gammacerane GAM 191 

 

Steranes   

C27 αββ sterane C27 αββ S 218 

C28 αββ sterane C28 αββ S 218 

C29 αββ sterane C29 αββ S 218 
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Table S3- 2: List of n-alkanes analyzed in this study,  

including abbreviations used in the text and target  

ions for GC-MS 

Name Code Target 

Ion 

C11 

C12 

C13 

C14 

C15 

C16 

C17 

Pristane 

Phytane 

C19 

C20 

C21 

C22 

C23 

C24 

C25 

C26 

C27 

C28 

C29 

C30 

C31 

C32 

C33 

C34 

C35 

C36 

C37 

C38 

C39 

C40 

C11 

C12 

C13 

C14 

C15 

C16 

C17 

Pristane 

Phytane 

C19 

C20 

C21 

C22 

C23 

C24 

C25 

C26 

C27 

C28 

C29 

C30 

C31 

C32 

C33 

C34 

C35 

C36 

C37 

C38 

C39 

C40 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05  

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 

57.05 
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 Figure S3- 1: Bar graphs of the mean relative abundance distribution of all petroleum biomarkers when compared to a Cold Lake bitumen sample 

(CLB). All mean biomarker abundances are categorized based on the time in which they were deposited Pre- (Grey) and Post- (Black) oil sands 

development. CLB sample is irrespective of pre/post conditions. 
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 Figure S3- 2: Scatter plots of the C21 T / C22 T diagnostic ratio as a function of depth. The dashed red line corresponds to the year when oil 

sands developments began near each lake. 
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Figure S3- 3: Scatter plots of the C21 T / C23 T diagnostic ratio as a function of depth. The dashed red line corresponds to the year when oil sands 

developments began near each lake. Blank plots represent lakes where no C21 nor C23 terpanes were present. 
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Figure S3- 4: Scatter plots of the C21 T / C21+23 T diagnostic ratio as a function of depth. The dashed red line corresponds to the 

year when oil sands developments began near each lake. Blank plots represent lakes where no C21 nor C23 terpanes were present. 
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 Figure S3- 5: Scatter plots of the C23 T / C24 T diagnostic ratio as a function of depth. Diagnostic ratios of 1.9 are indicative of an Alberta 

bitumen source (Yang et al., 2011). The dashed red line corresponds to the year when oil sands developments began near each lake. Blank plots 

represent lakes where no C23 nor C24 terpanes were present. 
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Figure S3- 6: Scatter plots of the C23 T / C30 αβ H T diagnostic ratio as a function of depth. Diagnostic ratios of 0.41 are indicative of an 

Alberta bitumen source (Yang et al., 2011). The dashed red line corresponds to the year when oil sands developments began near each lake.  
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 Figure S3- 7: Scatter plots of the C24 T / C30 αβ H T diagnostic ratio as a function of depth. Diagnostic ratios of 0.22 are indicative of an Alberta 

bitumen source (Yang et al., 2011). The dashed red line corresponds to the year when oil sands developments began near each lake. 
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 Figure S3- 8: Scatter plots of the C27 Ts / C27 Tm diagnostic ratio as a function of depth. Diagnostic ratios of 0.29 are indicative of an Alberta 

bitumen source (Yang et al., 2011). The dashed red line corresponds to the year when oil sands developments began near each lake. 
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 Figure S3- 9: Scatter plots of the C29 αβ H / C30 αβ H diagnostic ratio as a function of depth. Diagnostic ratios of 0.85 are indicative of an Alberta 

bitumen source (Yang et al., 2011). The dashed red line corresponds to the year when oil sands developments began near each lake.  
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 Figure S3- 10: Scatter plots of the C30 αβ H / ΣC31-35 (S+R) H diagnostic ratio as a function of depth. Diagnostic ratios of 0.45 are indicative of 

an Alberta bitumen source (Yang et al., 2011). The dashed red line corresponds to the year when oil sands developments began near each lake. 
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 Figure S3- 11: Scatter plots of the Gammacerane /C30 αβ H diagnostic ratio as a function of depth. The dashed red line corresponds to the year 

when oil sands developments began near each lake. 
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 Figure S3- 12: Scatter plots of the C31 (S) H / C31 (S+R) H diagnostic ratio as a function of depth. The dashed red line corresponds to the year 

when oil sands developments began near each lake. 
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 Figure S3- 13: Scatter plots of the C31 (S) H / C31 (R) H diagnostic ratio as a function of depth. Diagnostic ratios of 1.37 are indicative of an 

Alberta bitumen source (Yang et al., 2011). The dashed red line corresponds to the year when oil sands developments began near each lake. 
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 Figure S3- 14: Scatter plots of the C31 (R) H / C29 αβ H diagnostic ratio as a function of depth. The dashed red line corresponds to the year when oil 

sands developments began near each lake. 
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 Figure S3- 15: Scatter plots of the C32 (R) H / C31(R) H diagnostic ratio as a function of depth. The dashed red line corresponds to the year when oil 

sands developments began near each lake. 
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 Figure S3- 16: Scatter plots of the C33 (R) H / C32 (R) H diagnostic ratio as a function of depth. The dashed red line corresponds to the year when 

oil sands developments began near each lake. Blank plots represent lakes where no C33 nor C32 (R) hopanes were present. 
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 Figure S3- 17: Scatter plots of the C33 (S) H / C33 (R) H diagnostic ratio as a function of depth. The dashed red line corresponds to the year when 

oil sands developments began near each lake. Blank plots represent lakes where no C33 S nor R hopanes were present. 



116 
 

 Figure S3- 18: Scatter plots of the C34 (S) H / C35 (S) H diagnostic ratio as a function of depth. Diagnostic ratios of 0.95 are indicative of an Alberta 

bitumen source (Yang et al., 2011). The dashed red line corresponds to the year when oil sands developments began near each lake. Blank plots 

represent lakes where no C34 nor C35 (S) hopanes were present. 
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 Figure S3- 19: Scatter plots of the C34 (R) H / C35 (R) H diagnostic ratio as a function of depth. Diagnostic ratios of 0.92 are indicative of an 

Alberta bitumen source (Yang et al., 2011). The dashed red line corresponds to the year when oil sands developments began near each lake. Blank 

plots represent lakes where no C34 nor C35 (R) hopanes were present. 
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 Figure S3- 20: Scatter plots of the C27 αββ S / C29 αββ S diagnostic ratio as a function of depth. Diagnostic ratios of 1.15 are indicative of a 

raw Alberta bitumen source. A ratio of 0.85-0.9 indicates an upgraded / refined bitumen origin (Yang et al., 2011). The dashed red line 

corresponds to the year when oil sands developments began near each lake. 
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 Figure S3- 21: Scatter plots of the ΣSteranes / ΣTerpanes diagnostic ratio as a function of depth. Diagnostic ratios of 0.12 are indicative of a 

raw Alberta bitumen source. A ratio of 0.35-0.55 indicates an upgraded / refined bitumen origin (Yang et al., 2011). The dashed red line 

corresponds to the year when oil sands developments began near each lake. 
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 Figure S3- 22: Bar graphs of the mean relative abundance distribution of all n-alkanes when compared to a Cold Lake bitumen sample (CLB). 

All mean n-alkanes abundances are categorized based on the time in which they were deposited Pre- (Grey) and Post- (Black) oil sands development. 

CLB sample is irrespective of pre/post conditions. 
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Figure S3- 23: Scatter plot profiles of the Carbon Preference Index (C23-34) as a function of depth as per Wang et al. (2009). The 

vertical dashed line indicated a CPI of 1, at which point n-alkanes transition from petrogenic to biogenic in source. The dashed red line 

corresponds to the year when oil sands operations began near each lake. 
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Figure S3- 24: Scatter plots of the C14 / Phytane diagnostic ratio as a function of depth. The dashed red line corresponds to the 

year when oil sands developments began near each lake. 
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 Figure S3- 25: Scatter plots of the C17 / Pristane diagnostic ratio as a function of depth. The dashed red line corresponds to the 

year when oil sands developments began near each lake. 
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Figure S3- 26: Scatter plots of the C18 / Phytane diagnostic ratio as a function of depth. The dashed red line corresponds to the year when 

oil sands developments began near each lake 

C18 / Phytane 
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 Figure S3- 27: Scatter plots of the C23 / Phytane diagnostic ratio as a function of depth. The dashed red line corresponds to the 

year when oil sands developments began near each lake. 
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Figure S3- 28: Scatter plots of the C29 / Phytane diagnostic ratio as a function of depth. The dashed red line corresponds to the 

year when oil sands developments began near each lake. 
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Figure S3- 29: Scatter plots of the Pristane / Phytane diagnostic ratio as a function of depth. The dashed red line 

corresponds to the year when oil sands developments began near each lake. 
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Chapter 4: General Conclusions 

This thesis evaluated petroleum hydrocarbons (PHCs) in radiometrically dated lake 

sediment cores to track their distribution and to characterize their sources within the Cold Lake 

oil sands region. This study is the first to chemically fingerprint petroleum biomarkers and n-

alkanes in the Cold Lake region. Additionally, this is the first study to establish a relationship 

between distance from in-situ oil sands operations and petroleum hydrocarbon enrichment in 

regional lakes.  

We hypothesized that the expanding thermal in-situ oil sands operations in the Cold Lake 

region are leading to petroleum hydrocarbon contamination. Firstly, we predicted that PHCs in 

modern lake sediments would be elevated when compared to those deposited before the onset of 

oil sands activity. Secondly, we predicted that PHCs would be enriched in lakes closest to in-situ 

infrastructure, similar to the distribution observed in open-pit mining regions near upgraders, 

petcoke piles and open-pit mines. Lastly, we predicted that petroleum fingerprinting using a Cold 

Lake bitumen sample could characterize bituminous PHCs in regional lakes and facilitate source 

identification. We tested these hypotheses by measuring the concentration and composition of n-

alkanes, petroleum biomarkers, alkylated PACs, and unsubstituted PACs in lake sediment cores 

collected through the Cold Lake oil field. 

4.1 Chapter 2 Outcomes 

Chapter 2 of this thesis aims to determine whether in-situ oil sands extraction contributes 

to PAC contamination in the environment. We used diagnostic ratios, pyrogenic indices, 

principal component analyses, and chemical fingerprinting techniques to track spatial and 

temporal variations in PAC deposition since oil sands activity began in the Cold Lake region. 

Our results indicate that in-situ oil sands activities have raised the concentration and deposition 

of PACs across the Cold Lake region, becoming more petrogenic in composition. Diagnostic 

ratios and pyrogenic indices demonstrated that PACs in modern sediments closely reflect a 

petroleum combustion source, most likely from diesel-fueled vehicular emissions and the 

combustion of natural gas used to generate steam for in-situ oil extraction. Expansions of oil 

sands operations within the Cold Lake oil field will likely increase the burden of petrogenic 

PACs in regional lakes to a point where alkylated species dominate over unsubstituted PACs. 
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Increases in alkylated PAC abundances would have significant environmental and human health 

implications as these PACs may be carcinogenic, mutagenic, and toxic.  

Linear modelling demonstrated a statistically significant relationship between the 

distance from oil sands wells and PAC accumulation rates in surrounding lakes. This model can 

be used to prioritize sampling locations and target regions at risk of being enriched in PACs 

within in-situ oil sands. Kelly et al. (2009) established a gradient of PAC enrichment dependent 

on the proximity to open-pit mining regions. The characteristic bullseye pattern has influenced 

monitoring protocols and environmental remediation efforts throughout the Athabasca oil sands 

region.  

The results from this chapter suggest that in-situ operations are a likely source of PAC 

contamination to lakes surrounded by in-situ activity; however, emissions are more likely 

originating from natural gas combustion for steam generation, and exhaust from vehicles more 

than from Cold Lake bitumen itself. 

 

4.2 Chapter 3 Outcomes 

Chapter 3 uses petroleum hydrocarbon (PHC) fingerprinting of n-alkanes and petroleum 

biomarkers (steranes, hopanes, terpanes) in lake sediment cores from the Cold Lake oil sands 

region to track temporal changes in chemical composition following the onset of thermal in-situ 

activity. This chapter aims to determine whether in-situ oil sands operations have altered the 

PHC composition in the Cold Lake region, specifically n-alkanes and petroleum biomarkers. We 

quantified PHCs in radiometrically-dated lake sediment cores to determine whether or not they 

increased following in-situ bitumen extraction or if evidence exists of non-reported flow-to-

surface events. We applied principal component analyses, carbon preference index analyses, and 

diagnostic ratios to determine how PHC composition in lake sediments relates to petrogenic or 

biogenic sources. Our results indicated that total n-alkane and total biomarker profiles exhibited 

significant increases in PHC accumulation rates following the onset of oil sands activity, similar 

to that observed in polycyclic aromatic hydrocarbon profiles. 

 n-alkanes exhibited odd-carbon number preferences over even-number carbon, 

indicating plant waxes and biogenic PHC sources dominated the composition of n-alkanes in this 
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region. Chemical fingerprinting confirmed higher plant matter, and macrophytes dominated these 

lake systems. Prevalence of short-chained, even-numbered n-alkanes from thermal degradation 

of biomass during combustion indicated inputs from forest fires, vehicle emissions and fossil fuel 

combustion in addition to biogenic sources. Sterane, hopane and terpane profiles indicated 

aerosol deposition from fossil fuel combustion emissions such as traffic exhaust / natural gas 

combustion driving petroleum biomarker enrichment. The results from n-alkanes, petroleum 

biomarkers and PACs all indicate that PHC burden in Cold Lake lakes are influenced 

increasingly by fossil fuel and combustion emission sources, and not raw bitumen.   

Chapter 3 confirmed that bitumen is not introduced into the environment naturally like 

the Athabasca oil sands region. As the Cold Lake region is susceptible to non-target bitumen 

seeps, it would be beneficial to use petroleum hydrocarbon fingerprinting to identify petroleum 

source origins in the event of future FTS events. Additionally, this method can be applied to 

future studies to observe whether unreported FTS events have impacted other lakes both in the 

Cold Lake oil sands region and in other in-situ areas. 

4.3 Concluding Remarks 

This thesis provided a robust analysis of historical PACs, n-alkanes, and petroleum 

biomarkers within the Cold Lake region. All three suites of contaminants indicated that raw 

bitumen inputs are not driving compositional changes in PHCs, nor do they record occurrences 

of unreported flow-to-surface events. More likely, petrogenic PHCs have been introduced into 

these lakes anthropogenically as a result of fossil fuel combustion from vehicles and natural gas 

combustion corresponding with expanding in-situ oil sands operations.  

Alberta Oil Sands research has focused strongly on open-pit mining and bitumen 

processing operations within the Athabasca Oil Sands Region. The results from this study 

confirm that in-situ oil sands activity is also leading to environmental contamination in the Cold 

Lake region in increasing proportions. As such, this method of oil sands extraction and the 

emissions associated with it should receive more attention from the scientific community. The 

Cold Lake oil sands area is  17 834 km2, of which 7415 km2 is dominated by agriculture (ABMI, 

2019). The Cold Lake region also has the highest density of high-quality recreational lakes in 

Alberta (ABMI, 2016). The imperial oil expansion project has proposed to expand in-situ 



131 
 

developments in the southern Cold Lake region, therefore adding to the burden of PHCs. Should 

the proportion of PHCs continue to increase, there will be significant environmental and human 

health implications in this region. Therefore, ongoing monitoring and continual characterization 

of contaminants in this region are of great importance.  
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