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ABSTRACT 

Elevated temperatures and pressures in combination with the possible catalytic effect of 

rock matrix during thermal recovery processes could cause significant changes in the 

physical and chemical properties of the heavy oil and bitumen. A series of simulated 

thermal recovery experiments, under steam present conditions at temperatures of 300°C 

and 350°C and for up to 21 days, using oils sands where the residual bitumen (Athabasca 

and Peace River) was at different levels of biodegradation, were performed in the 

laboratory. The main goals were to; (a) examine the influence of thermocatalytic and 

water mediated reactions on the geochemical conversion of hydrocarbon compounds,  (b) 

determine the potential for geochemical reaction proxies (parameters) to remotely 

monitor (i) in situ chemical reactions to assess the extent of bitumen upgrading and (ii) 

steam chamber growth during thermal recovery processes such as Cyclic Steam 

Stimulation (CSS) and Steam Assisted Gravity Drainage (SAGD) by which steam and/or 

catalysts are involved in the conversion of heavy oil and bitumen. The molecular studies 

of the bitumen extracted from horizontal well cutting samples and from core representing 

an individual oil column from the Peace River study area exhibit small compositional 

changes on lateral scales and large scale compositional and fluid property variations on 

the vertical scale, with several hydrocarbon compounds progressively altered and/or 

removed towards the oil-water-contact caused by the biodegradation process. Simulated 

thermal recovery results suggest that temperature and heating time are the dominant 

control for depleting hydrocarbon compounds and yields. Higher depletions and yields 

occur with longer heating time and dramatically increasing depletions and yields during 

simulated thermal recovery experiments performed at 350°C. The amount and properties 
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of hydrocarbons formed during thermal reactions are also influenced by the nature of the 

original starting composition of the oil with the more biodegraded oil contributing to 

higher yields. Results suggest that thermal stress leads to significant changes in the oil 

composition with vacuum residue, higher end vacuum gas oil fractions and 

concentrations of heavy hydrocarbons such as steranes, terpanes and mono- and 

triaromatic steroid hydrocarbons decreasing, whereas naphtha, atmospheric distillate, 

lower end VGO fractions and lighter hydrocarbons such as n-C9 to n-C17 alkanes, 

isoprenoid alkanes, naphthalenes, phenanthrenes, anthracenes, dibenzothiophenes 

increasing.  

 

Established reaction proxies, which are a variety of molecular ratios used in geochemical 

source rock evaluation procedures, concentration data and vacuum residue fraction show 

strong correlation with the direction of thermal stress (alteration), suggesting they may be 

employed to remotely monitor (a) in situ chemical reactions to assess the extent of 

thermal alteration of heavy oil and bitumen, thus bitumen upgrading, (b) steam chamber 

growth, using produced oil composition during thermal recovery processes such as CSS 

and SAGD. Results also indicate that, without the involvement of catalysts, temperatures 

of at least ~320-330°C during thermal processes are needed to reach the initiation 

threshold for significant cracking reactions and light hydrocarbon generation, thus 

permanent reduction of oil viscosity. The field application of this important work will 

allow companies to alter their operating practices to increase recovery of a better grade of 

bitumen, faster, and at a lower cost than was previously possible. 
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Chapter One: Introduction 

1.1 Introduction to this study 

It is known that the kinetics of cracking reactions control the thermal evolution of oils 

(Tissot and Welte, 1984). This occurs in sedimentary basins at low temperatures (100-

200°C) over geological time scales (typically a few million years). Therefore, it is 

important to understand the alteration of petroleum in relation to hydrocarbon exploration 

and the prediction of oil and gas quantity and especially quality. Petroleum geochemists 

simulate those processes under laboratory conditions at temperatures between 250 and 

600°C, where reactions are rapid enough to monitor chemical reactions within acceptable 

timescales (Tissot and Espitalie, 1975; Braun and Burnham, 1990, 1992; Ungerer, 1990; 

Behar et al., 1991, 1997; Horsfield et al., 1992; Lewan, 1993; Waples, 2000). One way of 

assessing the thermal maturity of petroleum source rocks is through the employment of 

biomarker and non-biomarker hydrocarbon-based molecular parameters (Mackenzie and 

McKenzie, 1983; Mackenzie et al., 1981; Seifert and Moldowan, 1980). In general, an 

ideal molecular maturity parameter works by measuring the ratio of the relative 

concentrations of the reactant (precursor) and its product; in which the reactants and 

products are generally saturated and aromatic hydrocarbons and their isomers. Several 

reactions that occur during source rock maturation in petroleum systems due to increasing 

thermal stress form the basis of molecular maturity parameters; cracking reactions (e.g. 

the cleavage of large molecules into smaller molecules), aromatization reactions (e.g. the 

formation of aromatic rings) and isomerization reaction (e.g. the rearrangement of atoms 

in molecules). This thesis describes the work undertaken to identify geochemical reaction 

parameters and/or individual compounds, such as thermal maturity parameters effective 



 

 

3

at different biodegradation levels in heavy oil and bitumen that can act as reaction proxies 

to remotely monitor chemical reactions encountered in subsurface oil and assess the 

extent of thermal alteration. These can then be assessed for monitoring bitumen 

upgrading by using produced oil composition during in situ thermal recovery processes 

such as Steam Assisted Gravity Drainage and Cyclic Steam Stimulation of heavy oil and 

bitumen. Here, I describe the behaviour of a suite of bitumens with different 

biodegradation levels in artificial heating experiments, in the presence and absence of 

water, to elucidate the impact of thermal alteration of bitumen on the chemical 

composition of the bitumen and the impact of the level of biodegradation on the degree of 

bitumen alteration during thermal recovery processes, such as Cyclic Steam Stimulation 

(CSS), Steam Assisted Gravity Drainage (SAGD) or in situ combustion (ISC).  

 

1.2 Aims of this study 

The main goal of this thesis is to further the understanding of chemical reactions 

encountered in bitumen during high temperature thermal recovery processes of heavy oils 

and bitumens. The aims of this study are as follows. 

 

(a) Examine the lateral variation (~1,000 meters) in oil composition by analyzing 

bitumens extracted from drill cuttings obtained from a horizontal well from the Peace 

River area.  

 

(b) Examine the vertical variation in oil composition by analyzing bitumens extracted 

from core representing an individual ~25 meter oil column from the Peace River area. 
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(c) Investigate the impact of level of biodegradation on the molecular composition of oil 

by comparing the chemical composition and vacuum residue fraction of heavily 

biodegraded Peace River and severely biodegraded Athabasca bitumens. 

  

(d) Examine under laboratory conditions the amount of water, hence the water phase, in 

the reaction tubes on the degree of Peace River bitumen alteration during simulated 

thermal recovery experiments and hence, identify potential geochemical proxies to 

monitor steam chamber growth during SAGD processes. 

 

(e) Simulate CSS processes under laboratory conditions and investigate the impact of 

thermal alteration on the molecular composition and different petroleum cuts defined by 

their atmospheric equivalent boiling point (°C) of Peace River bitumen at temperatures of 

300ºC for up to 3 weeks 

  

(f) Simulate contact metamorphism conditions where organic matter or crude oil is 

gradually heated next to igneous intrusions (e.g. dike, sill) and identify the critical 

(minimum) heating temperature required for cracking reactions to commence, thus 

discover the threshold for significant heavy hydrocarbon cracking and light hydrocarbon 

generation during bitumen alteration. 

 

(g) Identify potential geochemical reaction proxies (parameters), effective at different 

biodegradation levels, to monitor the in situ chemical reactions encountered in subsurface 

oil, to use these to assess the extent of thermal alteration, and thus bitumen upgrading, 

during high temperature (>300°C) thermal recovery processes of heavy oil and bitumen.  
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(h) Establish correlations between proposed reaction proxies and (i) the vacuum residue 

fraction (hydrocarbons and other materials with higher boiling points that have an 

atmospheric equivalent boiling point >545°C) and (ii) saturated and aromatic 

hydrocarbons that are generated during simulated thermal recovery experiments. 

 

1.3 Laboratory work accomplished in this study 

A defining characteristic of heavy oilfields is the variation in fluid properties on a variety 

of spatial scales resulting from variable biodegradation of the petroleum. These variations 

are not only important in assisting to predict fluid properties, but can also be used to 

allocate production from long well bores using simple mixing models and quantitative 

petroleum geochemical data obtained from produced fluids. Several studies in the past 

have shown that geochemical methods can be used to allocate comingled oil production 

via multiple wells from multiple fields into a common pipeline or from multiple pay 

intervals though a single well (Bennett et al., 2009; Hwang et al., 2000; Kaufman et al., 

1990). First, by analyzing bitumen extracted from drill cuttings of a horizontal well 

obtained from the Peace River area, I describe the compositional variations along a 

horizontal well section using classical petroleum geochemical approaches modified for 

the challenging analytical environment of tar sand bitumen. Second, to simulate and 

investigate the impact of high temperature thermal recovery processes such as SAGD and 

CSS on the chemical composition of bitumens with different levels of biodegradation, 

and to develop geochemical reaction proxies to remotely monitor in situ chemical 

reactions encountered in subsurface oils to assess the extent of thermal alteration (i.e. 

thus bitumen upgrading of heavy oil and bitumen) using produced oil composition during 
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thermal recovery processes, I conducted simulated thermal recovery experiments 

(pyrolysis) with varying amounts of water on a suite of bitumens with various 

biodegradation levels: (a) heavily biodegraded Peace River; and (b) severely biodegraded 

Athabasca bitumens from the Western Canada Sedimentary Basin (WCSB). Oil sands 

were thermally altered in stainless steel tubes for periods for up to 3 weeks at 

temperatures of 300ºC and 350°C. This temperature range and residence time is 

particularly important, because it corresponds with many reservoir (e.g. Peace River, 

Athabasca) temperatures that are associated with high temperature, high pressure SAGD 

and CSS processes which have heated fluid residence times up to ~3-4 weeks (steam, 

soak and production periods for CSS operations; steam injection, growth of steam 

chamber and flow of oil by gravity into the production well for SAGD operations) and 

pressures in the range of 5 to 12 MPa (Bennion et al., 2007; Hoffman et al., 1995; Hsu et 

al., 2010; Revana et al., 2007; Taoutaou et al., 2010; Vittoratos, 1986). One bitumen 

sample was thermally altered from 300°C to 350°C at a heating rate of 10°C/day for the 

first five days then maintained at a constant 350°C for two more days until the end of a 

seven-day study. This study was undertaken to identify the heating temperature required 

for significant cracking reactions to commence, and hence discover the threshold for 

significant heavy hydrocarbon cracking and light hydrocarbon generation, during thermal 

recovery processes. Also, this experiment might simulate contact metamorphism 

conditions where organic matter is gradually heated adjacent to an igneous intrusion (e.g. 

dike, sill) which increases the thermal maturation of the organic matter and leads to both 

cracking and renewal of compounds. When the desired reaction time was reached, the 

stainless steel tubes were withdrawn from the oven, air cooled and the oil was extracted 
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with dichloromethane to obtain the residual bitumen fraction. Using the Solid Phase 

Extraction (SPE) method, the extracted bitumen was separated into saturated and 

aromatic hydrocarbon fractions. Maturity parameters that form the basis of this study and 

served as geochemical parameters (reaction proxies) for in situ chemical reaction 

assessments were calculated from the distribution of saturated hydrocarbons, such as n-

alkanes, isoprenoid alkanes (pristane and phytane), terpanes, steranes, and aromatic 

hydrocarbons, such as C0-C5 alkylnaphthalenes, C0-C2 alkylphenanthrenes, C0-C1 

alkylanthracenes, C0-C1 alkyldibenzothiophenes, mono- and triaromatic steroid 

hydrocarbons. Sample descriptions and laboratory work accomplished and experimental 

conditions will be discussed in Chapter 2. 

 

1.4 Biodegradation, heavy oil and oil sand deposits 

Petroleum generation, migration, trapping, oil charge mixing, and finally, but most 

importantly in Alberta, biodegradation process determine the ultimate composition and 

properties of petroleum (Barnard and Bastow, 1991; Horstad and Larter, 1997; Jones et 

al., 2008; Larter et al., 2003, 2006, 2008; Huang et al., 2004; Skaree et al., 2007; Widdel 

and Rabus, 2001; Wilhelms et al., 2001). Biodegradation is a process by which various 

classes of compounds present in oil are altered under certain conditions both aerobically 

and anaerobically by living microorganisms; primarily bacteria (Jones et al., 2008; Head 

et al., 2003; Larter et al., 2003; Wenger et al., 2001, 2002). It is known to reduce 

significantly the quality of petroleum in reservoirs (Aitken et al., 2004; Connan et al., 

1996; Conan, 1984; Edwards and Grbic-Galic, 1992; Head et al., 2003; Hunt, 1979; 

Jones et al., 2008; Larter et al., 2008; Rabus and Widdel, 1995; Skaree et al., 2007; 
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Wenger et al., 2001; Widdel and Rabus, 2001; Winters and Williams, 1969). 

Biodegradation not only increases the density, viscosity, acidity and sulphur content of 

the oil, but also decreases its saturated and aromatic hydrocarbon content, reduces its API 

gravity, making it more difficult to produce (low flow rates), costly to refine (high acidity 

and heavy compounds) and most importantly, it reduces the commercial value of 

petroleum (Connan, 1984; Evans et al., 1971; Jobson et al., 1972; Larter and Di Primio, 

2004; Meredith et al. 2000; Rowland et al., 1986; Wenger et al., 2001; Volkman et al., 

1984). Biodegradation affects oil spills, subsurface seeps and subsurface oil 

accumulations. Biodegradation occurs in reservoirs that have not been heated above 

temperatures of about 80-90ºC during their time of burial, at the oil-water contact (OWC) 

interfaces and proceeds generally under anaerobic conditions over geological timescales 

(Adams et al., 2006; Aitken et al., 2004; Connan et al., 1996; Edwards and Grbic-Galic, 

1992; Head et al., 2003; Jones et al., 2008; Larter et al., 2003, 2006, 2008,; Rabus and 

Widdel, 1995; Rueter et al., 1994; Skaree et al., 2007; Widdel and Rabus, 2001; Winters 

and Williams, 1969). Biodegradation is most active at the OWC and the most viscous 

(most biodegraded) oil is found at the oil-water interface (Gates et al., 2007; Larter et al., 

2003, 2006; Moldowan and McCaffrey, 1995; Huang et al., 2003, 2004; Ross et al., 

2010), and gradually improves farther away from the OWC. Past publications (Adams et 

al., 2006; Head et al., 2003; Huang et al., 2008; Larter et al., 2006a) suggest that mixing 

of fresh and biodegraded oil and maximum temperature reached during the time of 

reservoir burial generally account for the regional scale compositional variations in 

petroleum reservoirs, whereas the height of water column residing below the oil leg, the 

rate of biodegradation versus rate of fresh oil input and the proximity to the water column 
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contribute to local scale compositional variations in petroleum reservoirs (individual 

column). Vertical compositional gradient profiling in the oil column are commonly seen 

around the world (Huang et al., 2006, 2008; Larter et al., 2006), including the WCSB 

(Adams, 2008; Bennett and Larter, 2008; Brooks et al., 1988). Small-scale lateral 

variations in oil composition could be attributed to variable biodegradation, whereas 

large-scale lateral variations could imply compartmentalization due to faulting or 

impermeable shale layers. These vertical and lateral variations have an important effect 

on the total oil production, so they must be fully understood for the implementation of the 

most ideal method. A detailed explanation of oil-water transition zone (OWTZ), oil 

biodegradation, its effects on crude oil composition, vertical and lateral compositional 

variation in petroleum reservoirs and the paleo-pasteurization process will be discussed in 

Chapters 3 and 5.  

 

Worldwide there is ~7 trillion barrels of heavy oil and bitumen, formed almost entirely 

through biodegradation of conventional crude oils, with 1.7 trillion barrels of them hosted 

by Canada alone (Head et al., 2003; Saniere et al., 2007; Wenger et al., 2001). This 

bitumen can not be produced via conventional methods and usually needs to be heated to 

assist production (Creaney and Allan; 1990; Nasr et al., 2005). High viscosity 

complicates the production and processing of heavy oils and bitumens. Though around 

10% of the heavy oil and bitumen is recovered by surface mining and cold production 

methods (primary production), most of the resource is too deep for conventional mining 

(Creaney and Allan, 1990) and too viscous for primary cold production processes, so 

several types of thermal enhanced oil recovery processes, such as CSS, SAGD and to a 
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lesser extent in situ combustion (ISC), serve as primary extraction methods for these 

heavy oil and bitumen deposits (Bennion et al., 2007, Hoffman et al., 1995; Manrique et 

al., 2007; Nasr et al., 2005; Prats, 1986; Putnam et al., 2004; Revana et al., 2007; 

Rottenfusser et al., 2004; Scott, G.R., 2002; Shin et al., 2005; Xia et al., 2002).  

 

1.5 Thermal recovery methods and consequent oil viscosity reduction 

Oil viscosity reduction can be accomplished by heating or introduction of solvents. 

Several studies have shown that viscosity reduction up to several orders of magnitude is 

observed if temperatures are raised above 150ºC (Babadagli, 1996; Moharam et al., 1995; 

Nasr et al., 2004; Oilfield Review, 2006; Puttagunta et al., 1993). Solvent introduction is 

expensive and causes only temporary viscosity reduction, whereas permanent viscosity 

reduction can be accomplished by breaking down high molecular weight constituents 

found in the crude oil into low molecular weight constituents (Akin et al., 2000; Fan, 

2003; Farouq, 2001; Fassihi et al., 1990; Greaves et al., 2000; Hayashitani et al., 1978; 

Mendoza et al., 2010; Monin et al., 1988; Venkatesan et al., 1986). This breakdown is 

possible with (a) the use of catalysts at lower temperatures (<250ºC) or (b) without 

catalysts, but at a much higher temperature (>300ºC). Thermal in situ recovery methods, 

in which, depending on the temperature, temporary or permanent viscosity reduction 

takes place, such as SAGD, CSS or in situ combustion have been successful in the 

production of high viscosity bitumens (Buckles, 1979; Bennion et al., 2007; Revana et 

al., 2007; Fassihi et al., 1985; Omole et al., 1999; Hongfu et al., 2001, 2002; Hyne et al., 

2002; Pahlavan et al., 1995). In general, steam injection occurs at temperatures ranging 

from 190°C for low pressure SAGD, to over to 300°C for high temperature CSS 
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operations, with recovery residence times (e.g. steam injection, shut-in or soak and oil 

production phases for CSS and development of steam chamber with continuous steam 

injection, communication between injector and producer wells and finally oil flow into 

wellbore phases for SAGD operations) of up to 1 month and pressures in the range of 5 to 

12 MPa (Bennion et al., 2007; Hoffman et al., 1995; Hsu et al., 2010; Revana et al., 

2007; Taoutaou et al., 2010; Vittoratos, 1986). Thermal energy (heat) may be generated 

in situ by injecting an oxygen-containing gas and initiating combustion, or by delivering 

it into the reservoir from the surface with carrier fluids such as steam or gas (as in SAGD 

or CSS). The injected steam or gas forms a chamber in the formation to be used as a 

reactor for an in situ upgrading process (Xu et al., 2001). Finally, the viscosity of the oil 

decreases and it flows to the production well. These different thermal recovery methods 

will be discussed in Chapter 4. 

 

1.6 Physical and chemical compositional changes of heavy oil and bitumen during 

thermal recovery processes 

Attempts to explain the physical changes of the petroleum when being treated with heat 

have been made in the past (Bennett et al., 2008; Carbognani et al., 2007; Clark et al., 

1984; Fan et al., 2001a, 2001b, 2004; Fan, 2004; Marcano et al., 2009; Omole et al., 

1999; Pahlavan et al., 1995; 2001b; Shu et al., 1986). Viscosity drops more than four 

orders of magnitude and approaches the value for some conventional crude oils (e.g. 

Redwater) when the temperature is raised to 200ºC (350°F), as in the Clearwater oil 

sands deposit formation in Cold Lake, Alberta (Buckles, 1979). Experiments conducted 

using laboratory conditions on Athabasca oil sands at temperatures of 200ºC and 300ºC 



 

 

12

for up to 30 days showed steady viscosity reduction if the samples were treated at 300ºC, 

attributed to cleavage reactions. Similar experiments were carried out by Chen et al. 

(1991) at 250ºC and 300ºC on Cold Lake, Wabasca and Athabasca oil sands, eliciting a 

reduction in viscosity and asphaltene concentrations, producing light oils and gases. 

Hongfu et al. (2002) using heavy oils obtained from Liaohe oilfields in China, conducted 

aquathermolysis reactions in the laboratory at 240ºC for up to 3 days. The heavy oils 

went visbreaking, thus resulted in an increase of saturated and aromatic hydrocarbons and 

a decrease in resin and asphaltenes. Fassihi et al. (1985) showed that three biodegraded 

oils underwent similar compositional changes when they were heated at 204 to 427°C for 

between 12 and 350 hours. They showed that permanent viscosity and density reduction 

begins at temperatures above 260°C and becomes significant above 343°C. All three 

biodegraded oils showed an increase in the C1 through C15 fractions and a decrease in the 

C30 through C40 and C41+ liquid fractions. When Cold Lake oil sands were treated with 

neutral and caustic brine at 250ºC, they showed an increase in volatile concentrations due 

to generation of saturated and aromatic hydrocarbons, and reduction in asphaltenes 

(Brons et al., 1994; Hongfu et al., 2001). Pahlavan et al. (1995) demonstrated the 

formation of gaseous compounds, such as methane, carbon dioxide and hydrogen sulfide, 

as well as a high conversion of polar components to saturated and aromatic hydrocarbons, 

when oils rich in resin and asphaltene were heated under laboratory conditions at 360ºC 

for up to 24 hours. When Nigerian bitumens were heated at various temperatures and 

reaction times (at 150°C for 24, 96, 168 and 240 hours; at 190°C for 24, 96, 168 and 240 

hours; at 230°C for 24, 96, 168 and 240 hours; and at 270°C for 24, 96, 168 and 240 

hours), the amounts of saturated and aromatic hydrocarbons increased, whereas 
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concentrations of resins and asphaltenes decreased as polar components were transformed 

into hydrocarbon fractions (Omole et al., 1999). Monin and Audibert (1984) showed that, 

during thermal treatment, light hydrocarbons are formed through the cracking of resins 

and asphaltenes. Bennett et al. (2008) heated vacuum residue isolated from Athabasca 

bitumen at 380°C for up to 5.5 hours under visbreaking conditions and investigated 

molecular maturity parameters as reaction proxies to monitor the extent of oil thermal 

conversion. They concluded that maturity parameters showed a strong correlation with the 

level of conversion indicated by removal of light ends from thermal cracking reactions and 

weight loss due to generation. Compositional changes of the different suites of bitumens 

used in my simulated thermal recovery experiments will be discussed in Chapter 5.  

 

1.7 Biomarkers, maturity parameters and their potential application to monitor in 

situ chemical reactions encountered in subsurface oils to assess the extent of bitumen 

upgrading during thermal recovery processes. 

Thermal recovery methods can be improved by understanding and monitoring the in situ 

chemical reactions encountered in the bitumen during thermal recovery processes. 

Research has shown that steam stimulation processes involving water and heat to recover 

the oil from the subsurface not only change the physical properties of the crude oil but 

also its chemical properties (Clark et al., 1984, 1990; Gould, 1983; Hongfu et al., 2001, 

Hyne, 1986). Changing the chemical composition through chemical reactions, by 

breaking down the heavy compounds of the heavy oil or bitumen into lighter compounds 

and monitoring these chemical changes during in situ thermal recovery processes could 

improve productivity and thus improve the economics.  
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Biomarkers that were used to develop geochemical reaction proxies to be used in in situ 

reaction assessments encountered during thermal recovery processes, are a suite of 

complex organic compounds composed of carbon, hydrogen and other elements (with the 

physical and geochemical characteristics thereof) and are found in oil, bitumen, rocks and 

sediments. Biomarkers have a direct structural relationship to biological precursors, 

showing little change in structure from the original biologically derived organic 

molecules. Biomarker ratios are frequently used in the petroleum industry as thermal 

maturity indicators in oils, bitumens, source rocks and coals (Alexander et al., 1983, 

1984, 1985, 1986; Boreham et al., 1988; Espitalie, 1977; Espitalie and Jourbert, 1987; 

Hood et al., 1975; Mackenzie et al., 1980; Mackenzie and Maxwell, 1981; Mackenzie, 

1984; Radke and Welte, 1983; Riva et al., 1988; Radke et al., 1982a, 1982b, 1984, 1986, 

1988; Seifert and Moldowan, 1980, 1986; Strachan et al., 1988; Yueying and Hongshun, 

1991, Wei et al., 2007). Biomarker concentrations in petroleum vary significantly with 

organic matter input, depositional environment, source rock mineralogy, age, thermal 

maturity and biodegradation. Therefore, the response of these molecular parameters can 

differ for different basins. In heavily or severely biodegraded oils, such as our Peace 

River and Athabasca samples, where most of the molecular compounds have been 

depleted, mono- and tri-aromatic steroid hydrocarbons, which have high maturity levels 

and are resistant to microbial attack have been suggested as maturity indicators (Williams 

et al., 1986; Wingert et al., 1992; Chen et al., 1996; Grice et al., 2000; Li et al., 2000; 

Wei et al., 2007). At present, there is no system that can remotely monitor the in situ 

chemical reactions and compositional changes taking place in subsurface oils when steam 

and/or catalysts are involved during thermal recovery processes. The development of 
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reaction proxies, derived from geochemical parameters using biomarker ratios, to monitor 

the in situ chemical reactions (e.g. isomerization, carbon-carbon bond cracking, and 

aromatization reactions) encountered in subsurface oil and bitumen can offer the 

advantage of remotely assessing the extent of thermal alteration of heavy oil and bitumen 

using produced oil composition during thermal recovery processes. Geochemical proxies 

that are proposed and their potential application to remotely assess the extent of thermal 

alteration by monitoring in situ chemical reactions encountered in heavy oil and bitumens 

during thermal recovery processes will be discussed in Chapter 6. 
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Chapter Two: Analytical Methods 

2.1 Sample preparation for drill cuttings obtained from a horizontal well from the 

Peace River area for the lateral variation in oil composition study 

I describe the variations in oil composition along a horizontal well section by analyzing 

bitumen extracted from drill cutting samples through classical petroleum geochemical 

approaches modified for the difficult analytical environment of tar sand bitumen. 

Approximately 200-300 grams of fresh cutting samples have been laid on aluminum foil 

(Fig. 2.1a) and allowed to dry for 48 hours (Fig. 2.1b). Dried cutting samples are crushed, 

put into a flask (Fig. 2.1c), dichloromethane added to extract the residual bitumen 

fraction (Fig. 2.1d), stirred and sonicated for 2 hours in an ultrasonic bath (Fig. 2.1e). 

After sonicating, the bitumen containing solvent was filtered using anhydrous sodium 

sulfate to remove excess water from the system (Fig. 2.1f). Finally, solvent 

(dichloromethane) was removed from the system through the employment of a rotary 

evaporator (Fig. 2.1g); leaving the oil cut (Fig. 2.1h) from the drill cutting samples 

behind for solid phase extraction (SPE) (Fig. 2.1i). The SPE Method is described below. 

Saturated and aromatic hydrocarbons were isolated from the bitumen following the 

procedure described by Bennett and Larter (2000). Figure 2.1 below illustrates the 

preparation steps of extracting the bitumen from horizontal well drill cutting samples as 

explained above.  
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2.2 Samples used for the geochemical reaction proxies study 

The samples used in this study are heavily biodegraded Peace River and severely 

biodegraded Athabasca bitumens from the WCSB (Fig 2.2). It is important to note that 

more than 100 simulated thermal recovery experiments were conducted. Unfortunately, 

many of them failed towards the end of the heating experiment (between days 15 and 21 

of simulated thermal recovery) due to leaks in the reaction tubes. 

a b c

de

h i
Figure 2.1 Extraction of bitumen from drill cutting samples of a horizontal well and preparation 

towards SPE method. 

f

g 
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The Peace River bitumen is from the loosely consolidated Lower Bluesky formation 

(Adams et al., 2006; Riediger et al., 2000; Creaney et al., 1994). The depth of these 

deposits range generally between 460-760 meters with an average porosity of 24%. Oil 

gravities in the range of 7º- 35º API are reported from this interval which was deposited 

in estuarine to shallow marine environments (Creaney et al., 2000; Flach et al.,1985; 

Mossap, 1980; Nasr et al., 2005). Peace River reservoirs were close to the biodegradation 

cut off temperature of ~80ºC (called paleopasteurization) during their maximum time of 

burial and prior to uplift (Adams et al., 2006). Peace River bitumen used in my simulated 

thermal recovery experiments is heavily biodegraded and show biodegradation levels of 5 

on the Peters and Moldowan (1993) biodegradation scale. The TIC, n-alkanes, hopanes, 

Figure 2.2 Map illustrating major heavy oil and oil sand deposits in Alberta (Modified from Mehay et 

al., 2009). Also, sampling locations of Athabasca and Peace River oil sands and horizontal well drill 

cutting samples used in my experiments are illustrated. 

Sampling location of 
Athabasca oil sands for 
simulated thermal recovery 
experiments 

Sampling location of Peace 
River oil sands for 
simulated thermal recovery 
experiments 

Sampling location of 
horizontal well cuttings from 
the Peace River area 
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steranes and phenanthrenes (C0, C1 and C2) molecular distributions of the Peace River 

bitumen are shown in Fig. 5.1 and will be discussed further in Chapter 5. 

 

In contrast to the Peace River, Athabasca reservoirs of the Lower Cretaceous McMurray 

Formation, have never been buried deeper than 1000m (reservoir temperature always 

<45ºC) and contain therefore, severely degraded oils (Adams et al., 2006). Athabasca 

bitumen used in my simulated thermal recovery experiments shows biodegradation levels 

of 8 on the Peters and Moldowan (1993) biodegradation scale. The TIC, n-alkanes, 

hopanes, steranes and phenanthrenes (C0, C1 and C2) molecular distributions of the 

Athabasca bitumen are also shown in Fig. 5.1 and will be discussed further in Chapter 5 

as well. This formation has porosities averaging generally 28%, ranging between 20- 

35% and a bitumen saturation weight range in the 10 to 18% range (Hubbard et al., 1999; 

Mossap, 1980). Reservoir facies recognized are shoreline, shallow marine, marine shelf 

to fluvial (continental) environments (Hubbard et al., 1999). A detailed overview of the 

study area (Western Canada Sedimentary Basin) will be given in Chapter 3. 

 

2.3 Experimental conditions of simulated thermal recovery experiments 

Generally, steam injection occurs at temperatures ranging from 240°C for low pressure 

SAGD to over 300°C for high temperature CSS operations with heated fluid residence 

times up to 1 month (steam, soak and production periods for CSS operations; steam 

injection, growth of steam chamber and flow of oil by gravity into the production well for 

SAGD operations) and in the 5 to 12 MPa pressure range (Bennion et al., 2007; Hoffman 

et al., 1995; Hsu et al., 2010; Revana et al., 2007; Taoutaou et al., 2010; Vittoratos, 
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1986). Therefore, my heating experiments (containing sand bitumen samples from the 

Peace River and Athabasca region), simulating high temperature thermal recovery 

methods (e.g. high temperature SAGD, CSS), were conducted in stainless steel tubes 

(inner diameter: 12 mm, length: 75 mm) under isothermal conditions at temperatures of 

300ºC and 350ºC for up to 1 day, 2 days, 3 days, 5 days, 1 week, 2 weeks and finally 3 

weeks. One sample was thermally altered from 300°C to 350°C at a heating rate of 

10°C/day for the first five days with the final temperature of 350°C maintained constant 

for two more days until the end of the seven-day study. It is important to note that no 

additional pressure was added to the reactor vessels. To emulate thermal recovery 

conditions, water was present in the tubes. The water to bitumen weight ratio for the 

experiments has been chosen as 0 to 1.0, 0.6 to 1.0, 1.3 to 1.0 and 3.9 to 1.0 to resemble 

that observed from field recovered samples. Table 2.1 shows the different experimental 

set-ups used in my simulated thermal recovery experiments. Prior to loading the samples, 

the open-ended tubes were heated to 550ºC for 4 hours to remove any residual organic 

matter. One end of each tube was then sealed. 3 grams of oil sand and varying amounts of 

pre-determined water were loaded into the stainless steel tubes. The tubes were then 

flushed with nitrogen gas for 1 minute to remove excess dry air, but most likely some air 

has leaked into the experimental tubes until the tubes were sealed. The open end of the 

stainless steel tubes were sealed and placed into an oven. When the desired reaction time 

was reached, the stainless steel tubes were withdrawn from the oven and air cooled. After 

24 hours of cooling under ambient conditions, bitumen from the oil sands was extracted 

with dichloromethane to obtain the residual bitumen fraction. Using the SPE Method 
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described below the extracted bitumen was separated into saturated and aromatic 

hydrocarbon fractions.   

 

Sample Amount of water Temperature
Duration of the 

experiment

Peace River oil sand 1 ml 350°C 7 days

Athabasca oil sand 1 ml 350°C 7 days

Peace River oil sand 1 ml 300°C 7 days

Athabasca oil sand 1 ml 300°C 7 days

Peace River oil sand 0.5 ml 300°C 21 days

Peace River oil sand 1 ml  300°C to 350°C 7 days

Peace River oil sand no water 350°C 21 days

Peace River oil sand 0.5 ml 350°C 21 days

Peace River oil sand 3.0 ml 350°C 21 days  

 

 

Condensation heat transfer rate is degraded when any non-condensable gas (e.g. nitrogen) 

is present with the condensing vapour. This is because of the fact that the presence of 

non-condensable gases lowers the partial steam pressure. This decrease in the steam 

pressure changes the steam to liquid ratio in the steam chamber (or sample container). 

Dalton’s law of partial pressures states that in a mixture of gases or vapors, the total 

pressure of the mixture is made up of the partial pressures exerted by each gas or vapor. 

The partial pressure exerted by each is the fraction of the total pressure equal to the 

fraction of the total volume of each. The following equation illustrates this phenomenon: 

Total pressure (Pt) = partial steam pressure (Pv) + partial gas pressure (Pg). If there is no 

gas in the steam, Pt = Pv.  

Table 2.1 Sample description, amount of water in the reaction tubes, reaction temperature and time 

of the simulated thermal recovery experiments.  
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Therefore, I conclude that the water phase behaviour calculations shown in Chapter 2.3.1 

and the results obtained in my thesis may be slightly different, with a very small change 

in liquid water volume present. This is unlikely to have any major impact on the 

conclusions.  

In most cases, the addition of non-condensable gases to steam based recovery processes 

such as CO2 or N2 causes a slight increase in oil recovery for different API gravities. 

Alnoaimi (2010) performed numerical experiments and concluded that the addition of 

nitrogen gas improved slightly the oil recovery over steam alone injection. Hutchinson et 

al. (1983) studied the co-injection of steam and nitrogen, carbon dioxide or air at low 

pressures into Utah tar sands. They observed that the addition of the non-condensable 

gases gives only a slight improvement in oil recovery compared to steam injection alone. 

Using a linear physical model, the performance of steam flood in the presence of carbon 

dioxide and nitrogen on moderately viscous refined oil was investigated by Harding et al. 

(1983). The authors also concluded that the total oil recovery was improved slightly by 

the addition of the gases. Bagci and Gumrah (2004) conducted 1-D cylindrical tube and 

3-D rectangular box physical model experiments to assess the effects of injecting CO2 

and CH4 on the recovery of heavy-oil mixed with unconsolidated limestone by steam 

flooding. They noticed a slight temperature depression of steam due to the presence of 

non-condensable gas (Bagci and Gumrah, 2004).  
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2.3.1 Pressure and water phase conditions in the reaction tubes and relationship to 

thermal recovery processes 

In my experiments, five different experimental setup’s (sample scenarios) were used:  

 

(a) 3 grams of Peace River oil sand + 1.0 ml of water,  

(b) 3 grams of Athabasca oil sand + 1.0 ml of water,  

(c) 3 grams of Peace River oil sand + no added water (called experiment-A),  

(d) 3 grams of Peace River oil sand + 0.5 ml of water (called experiment-B),  

(e) 3 grams of Peace River oil sand + 3.0 ml of water (called experiment-C).  

 

In the no added water case (experiment-A), only residual water in the samples would be 

present in the reaction tubes and would be in a gaseous phase when heated to 300ºC and 

350ºC and pressures of ~10 MPa and ~17 MPa, respectively. Water present in 

experiment-B would be in a gaseous phase as well, whereas water present in experiment-

C would be present in two phases; both liquid and gaseous with mostly liquid phase 

present. In the 1ml of water added case, water would be also present in two phases; both 

liquid and gaseous, however, with mostly gas phase present. The calculations for all 5 

cases are as below:  

 

The total void volume of the empty reaction cell is ~8.5 cm3. Because no additional 

pressure was applied to the reaction cell, the pressure inside the cell is likely caused 

solely by the gas expansion with temperature, therefore, the pressure inside the cell can 

be estimated by P V = n R T if no liquid water is present inside the reaction tube. It would 
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be the saturated steam pressure of water if liquid water is present in the reaction tube. 

Assuming the volume is a constant of ~ 8.5 cm3 and n is the total moles of water and 

organic compounds, when water content is increased from 0.5 ml to 3.0 ml the estimated 

pressure inside the cell increases from ca. 13.5 MPa to ca. 17 MPa at 350 °C. At 17 MPa 

the water present inside the reaction cells is in both liquid and vapor phase as shown in 

equations below, whereas at 13.5 MPa the water is solely in the vapor phase. Table 2.2 

shows the saturated steam and saturated water properties for varying pressures and 

temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Table 2.2 Properties of saturated steam and saturated water for varying pressures and temperatures 
(Farouq Ali, 1979). 
 



 

 

26

Reaction cell –A (experiment A)= 3 g of Peace River oil sand + no added water 

Porosity in oil sand: 30% and bitumen saturation (So): of 85% 

Percent water in oil sand: Sw= 100%- So; Sw= 100% -85% =15%         (1) 

Water in oil sands: (amount of sample) x (porosity) x (Sw)=     

              3g x 30% x 15%= ~0.13g water                      (2) 

Specific volume of liquid water (ύliquid) at 350ºC and ~17 MPa = 0.001741 m3/ kg      (3) 

Specific volume of vapor water (ύvapor) at 350ºC and ~17 MPa = 0.008806 m3/ kg      (4) 

Density of oil sand = ~2,100 kg/ m3; therefore, 3 gram oil sand = 1.42 cm3 oil sand     (5) 

Volume of reaction cell (assuming negligible air and volatile components in oil) =  

8.5 cm3 (void volume of empty reaction cell) - 1.42 cm3 (oil sand) = 7.08 cm3        (6)  

Specific volume of the water in the system (ύsystem) = void volume (m3) / mass (kg) 

= 7.08 x 10
-6 m3/ 0.13 x 10-3 = 5.45 x 10-2 m3/ kg                       (7) 

ύliquid< ύvapor< ύsystem = 1.74 x 10-3 m3/ kg < 8.8 x 10-3 m3/ kg < 5.45 x 10-2 m3/ kg    (8) 

 System is in one phase vapour region                   (9) 

 

Reaction cell –B (experiment B)= 3 g of Peace River oil sand + 0.5 ml of water 

Specific volume of liquid water (ύliquid) at 350ºC and ~17 MPa = 0.0017410 m3/ kg  (10) 

Specific volume of vapor water (ύvapor) at 350ºC and ~17 MPa = 0.008806 m3/ kg    (11) 

Density of oil sand = ~2,100 kg/ m3; therefore, 3 gram oil sand = 1.42 cm3 oil sand   (12) 
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Volume of the reaction cell (assuming negligible air and volatile components in oil) = 

8.5 cm3 (void volume of empty reaction cell) - 1.42 cm3 (oil sand) = 7.08 cm3      (13) 

Specific volume of the water in the system (ύsystem) = void volume (m3) / mass (kg) 

= 7.08 x 10
-6 m3/ 0.5 x 10-3 = 1.42 x 10-2 m3/ kg                     (14) 

ύliquid< ύvapor< ύsystem= 1.74 x 10-3 m3/kg < 8.8 x 10-3 m3/ kg < 1.42 x 10-2 m3/ kg;  (15) 

 System is in one phase vapor region           (16) 

   

Reaction cell –C (experiment C)= 3 g of Peace River oil sand + 3 ml of water 

Specific volume of liquid water (ύliquid) at 350ºC and ~17 MPa= 0.0017410 m3/ kg   (17) 

Specific volume of vapor water (ύliquid) at 350ºC and ~17 MPa= 0.008806 m3/ kg     (18) 

Density of oil sand = ~2,100 kg/ m3; therefore, 3 gram oil sand= ~1.42 cm3 oil sand  (19) 

Volume of the reaction cell (assuming negligible air and volatile components in oil) = 

8.5 cm3 (void volume of empty reaction cell) - 1.42 cm3 (oil sand) = 7.08 cm3      (20) 

Specific volume of the water in the system (ύsystem) = volume (m3) / mass (kg) 

= 7.08 x 10
-6 m3/ 3 x 10-3 = 2.36 x 10-3 m3/ kg          (21) 

ύliquid< ύsystem< ύvapor= 1.74 x 10-3 m3/ kg < 2.36 x 10-3  m3/ kg< 8.8 x 10-3 m3/ kg   (22)  

 System is in a two phase region (both liquid and vapor water present) with mostly 

liquid present                          (23) 
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Reaction cell –D = 3 g of Athabasca oil sand + 1 ml of water 

Specific volume of liquid water (ύliquid) at 350ºC and ~17 MPa = 0.0017410 m3/ kg  (24) 

Specific volume of vapor water (ύvapor) at 350ºC and ~17 MPa = 0.008806 m3/ kg    (25) 

Density of oil sand = ~2,100 kg/ m3; therefore, 3 gram oil sand = ~1.42 cm3 oil sand (26) 

Volume of the reaction cell (assuming negligible air and volatile components in oil) = 

8.5 cm3 (void volume of empty reaction cell) - 1.42 cm3 (oil sand) = 7.08 cm3      (27) 

Specific volume of the water in the system (ύsystem) = void volume (m3) / mass (kg) 

= 7.08 x 10
-6 m3/ 1 x 10-3 = 7.08 x 10-3 m3/ kg                     (28) 

ύliquid < ύsystem < ύvapor = 1.74 x 10-3 m3/ kg < 7.08 x 10-3 m3/ kg< 8.8 x 10-3 m3/ kg (29) 

 System is in a two phase region (both liquid and vapor water present) with mostly 

vapor present                    (30) 

 

Reaction cell -E = 3 g of Peace River oil sand + 1 ml of water 

Specific volume of liquid water (ύliquid) at 350ºC and ~17 MPa = 0.0017410 m3/ kg  (31) 

Specific volume of vapor water (ύvapor) at 350ºC and ~17 MPa = 0.008806 m3/ kg    (32) 

Density of oil sand = ~2,100 kg/ m3; therefore, 3 gram oil sand = ~1.42 cm3 oil sand (33) 

Volume of the reaction cell (assuming negligible air and volatile components in oil) = 

8.5 cm3 (void volume of empty reaction cell) - 1.42 cm3 (oil sand) = 7.08 cm3      (34) 

Specific volume of the water in the system (ύsystem) = volume (m3) / mass (kg) 
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= 7.08 x 10
-6 m3/ 1 x 10-3 = 7.08 x 10-3 m3/ kg                     (35) 

ύliquid < ύsystem< ύvapor = 1.74 x 10-3 m3/ kg < 7.08 x 10-3 m3/ kg < 8.8 x 10-3 m3/kg (36) 

 System is in a two phase region (both liquid and vapor water present) but mostly 

vapor phase present                         (37) 

 
 

2.4 SPE (Solid Phase Extraction) method for compound separation 

The pyrolyzed oil sand was placed on top of a funnel holding a filter with 3 g of Sodium 

Sulphate for the removal of residual water and washed with solvent (dichloromethane; 

CH2Cl2). The bitumen was collected in a vial and solvent was carefully evaporated under 

a nitrogen flow to minimize loss of volatile hydrocarbons. Saturated and aromatic 

hydrocarbons were isolated from the oil following the procedure described by Bennett 

and Larter (2000). Generally, 50-70 mg of crude oil was adsorbed on top of a polar SPE 

cartridge for the removal of asphaltenes and resins as the first step (Fig. 2.3). Known 

amounts of d8-naphthalene, d10-phenanthrene, squalane and 1,1 binaphthyl (internal 

standards) were added to the top of the SPE column after sorption of the oil. The 

hydrocarbon and polar fractions were eluted with 5ml of n-hexane and 3 ml of 

dichloromethane, respectively, and collected into the same vial. The solvent volume was 

reduced to 0.2 ml by careful evaporation in a stream of nitrogen and transferred and 

absorbed onto a pre-weighed C18 non-endcapped (NEC) SPE cartridge. The hydrocarbon 

fraction (saturated and aromatic) was eluted with 5 mL of n-hexane. The solvent volume 

was reduced to 1 ml under a gentle stream of nitrogen gas. The aliphatic and aromatic 

hydrocarbons were analyzed by GC-MS in selected ion monitoring (SIM) mode. 
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2.5 Gas Chromatography–Mass Spectrometry (GCMS) 

The saturated and aromatic hydrocarbons were analyzed using GCMS operated in SIM 

mode, monitoring ions for saturates (n-alkanes, isoprenoid alkanes, steranes, hopanes) 

and aromatic hydrocarbons (anthracenes, naphthalenes, phenanthrenes, 

dibenzothiophenes, mono- and tri-aromatic steroid hydrocarbons). GC-MS analysis was 

performed using an HP-6890 gas chromatograph (GC) equipped with an HP-5 fused 

silica capillary column (95/5% methyl/phenyl silicone, 30m x 0.32mm i.d. x 0.25 mm 

film thickness) and directly connected to an HP-5970 MSD. The GC oven temperature 

program employed was 40ºC (initial hold time 10 min) then 4ºC min-1 to 300ºC (final 

hold time 20 min). Helium was used as carrier gas at a constant rate of 1ml min-1. The 

sample was injected in splitless mode with an injector temperature of 280ºC. The ion 

source of the mass spectrometer is operated at 70 eV. Integration of peak areas was 

performed using Agilent Technologies Chemstation integrator.  

 

Figure 2.3 SPE Tube (Source: Sigma-Aldrich). 
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A mixture of internal standards was used for quantification of individual saturated and 

aromatic hydrocarbons: d8-naphthalene (m/z 136), d10-phenanthrene (m/z 188), squalane 

(m/z 183), and 1,1-binaphthyl (m/z 253). Individual saturated and aromatic hydrocarbons 

were monitored by SIM. The following characteristic ions were monitored: m/z 85 (n- 

and isoprenoid alkanes), m/z 128, 142, 156, 170, 184, 198 (C0-C5 alkylnaphthalenes), m/z 

184, 198 (C0-C1 alkyldibenzothiophenes), m/z 178, 192, 206 (C0-C2 alkylphenanthrenes 

and C0-C1 alkylanthracenes), m/z 217 (steranes and diasteranes), m/z 191 (tri-, tetra- and 

pentacyclic terpanes), m/z 253 (monoaromatic steroid hydrocarbons) and m/z 231 

(triaromatic steroid hydrocarbons). Components in mass chromatograms were identified 

from retention times, mass spectrum, standards and past publications, such as Alexander 

et al., 1984; Budzinski et al., 1998; Gratzer et al., 2011; Kruge, 1999; Obermajer et al., 

2004; and Rowland et al., 1985. It was possible to set up a program that scans for a group 

of ions for a selected time range (e.g. 0-20 minutes) and then have the mass spectrometry 

scan it for a different set of a group of ions for the next time range (e.g. 20-40 minutes) – 

as it is known when each set of compounds will elute, therefore the jump in baseline in 

some of the gas chromatograms (e.g. Fig. 5.19, Fig. 5.20, Fig. 5.58, Fig. 5.84 and Fig. 

5.101) is just due to the mass spectrometer suddenly scanning for a different set of ions. 

 

2.6 High Temperature Simulated Distillation (HT-SimDist) 

High-temperature gas chromatography was performed on an HP-6890 apparatus provided 

with oven modifications and SimDist software by Separation Systems, Inc. A silicone 

capillary column was employed, its length being 5 m, internal diameter (ID) being 0.53 

mm and film thickness being 0.1 µm. The oven temperature was programmed from 40 to 
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425°C at 15°C/min (run time 40.67 min). The on-column injector temperature was 

programmed from 80 to 425°C at 15°C/min. The FID was maintained at 430°C provided 

with 450 ml/ min air, 40 ml/ min H2 and 25 ml/min N2 (make up gas) and the He carrier 

gas flow was set at 20 ml/min. Sample solution was prepared in carbon disulfide (CS2) 

(99.9 % purity) provided by Sigma Aldrich at 2% (weight/volume). 1 g of sample was 

diluted in 50 g of CS2. Closed vials were used and ca. 100-mg samples were weighed to 

the nearest 0.1 mg. 0.2 µl of sample solution was injected for each run. ASTM (American 

Society for Testing and Materials) 5010 standard reference vacuum gas oil was used for 

signal response calibration and quantitation on non-eluted components from heavy oils. 

All calculations of boiling points were carried out as described in ASTM-D-7169. 
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Preface 

Bitumen and heavy oil are products of the microbial degradation of conventional crude 

oil over geological time periods, a process called biodegradation (Head et al., 2003; 

Larter et al., 2003, 2006, 2008; Roadifer, 1987; Wenger et al., 2001). Biodegradation is 

known to reduce significantly the quality of petroleum in reservoirs. It proceeds at the 

oil-water interface where it is most active and is the result of commonly seen vertical 

compositional gradients in biodegraded oil reservoirs around the world (Head et al., 

2003; Larter et al., 2005, 2006; Wenger et al., 2001). Oil sand deposits comprise 

approximately 90% of the world’s heavy oil with seven of the largest oil sand deposits 

containing as much oil in place as the world’s 264 giant oil fields (Demaison, 1977). 

Canada and Venezuela together hold 90% of the world’s heavy oil and oil sand deposits 

(Janisch, 1979; Nasr et al., 2004, 2005). Extra-heavy oil, heavy oil and bitumens account 

for approximately 7 trillion barrels of the reserves (Das and Butler, 1998; Farouq Ali, 

2003). Heavy oil is an asphaltic, viscous oil of low API gravity that is characterized by its 

high asphaltene content (Meyer et al., 2003). Biodegradation increases the density, 

viscosity, acidity and sulfur content of the oil, decreases its saturated and aromatic 

hydrocarbon content, reduces its API gravity, volume and gas-oil-ratio (GOR). These 

changes make the oil more difficult to produce (low flow rates), costly to refine (high 

acidity and heavy compounds) and most importantly reduces the commercial value of the 

oil (Head et al., 2003; Jobson et al., 1972; Larter and Di Primio, 2004; Larter et al. 2005). 

 

This chapter presents an overview of biodegraded oils (heavy oil and bitumen) and the 

geological background of the WCSB (study area) from where Peace River and Athabasca 
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oil sands were obtained. It includes a broad discussion on the crucial effects of 

biodegradation on petroleum (both on physical and molecular level), methanogenesis, 

effects of biodegradation on methane and carbon dioxide stable carbon isotopic 

compositions, biodegradation rates, biodegradation scales used to assess biodegradation 

levels, paleopasteurization of oil reservoirs (biodegradation cut-off process) and the 

different geochemical characteristics of Peace River and Athabasca bitumens.  
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Chapter Three: Geological Background to Study Area 

3.1 Biodegradation Process      

Biodegradation is a biological process in which various classes of compounds present in 

oil are altered under certain conditions by living microorganisms; primarily bacteria and 

archaea (Jones et al., 2008; Head et al., 2003; Larter et al., 2003; Meredith et al., 2000; 

Wenger et al., 2001, 2002; Wilhelms et al., 2001). Biodegradation affects oil spills, 

subsurface seeps and subsurface oil accumulations and is responsible for the heavy oil 

and bitumen deposits around the world (Adams et al., 2006; Jones et al., 2008; Larter et 

al., 2003, 2006; Roadifer, 1987; Wilhelms et al., 2001). 

 

3.1.1 Effect of biodegradation on petroleum properties and assessing the level of oil 

biodegradation (biodegradation scale) 

The quality of oil and gas (chemical compositional characteristics of hydrocarbons) can 

affect the economic viability of hydrocarbon exploration, development or production. Oil 

composition can directly influence the value of the product (e.g., crude valuation relative 

to a benchmark oil), development costs (e.g., additional wells required to deplete the 

reservoir), could cause the oil to be uneconomic to recover or not recoverable at all 

(Wenger et al., 2001; 2002). Biodegradation is known to reduce significantly the quality 

of petroleum in reservoirs by increasing the density, viscosity, acidity and sulphur content 

of the oil and decreasing its saturated and aromatic hydrocarbon content. Furthermore, 

biodegradation not only reduces the API gravity and volume of petroleum, making it 

more difficult to produce (low flow rates), costly to refine (high acidity and heavy 

compounds), but also and most importantly reduces the commercial value of the oil 
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(Barth et al., 2004; Behar and Albrecht, 1984; Connan, 1984; Evans et al., 1971; Head et 

al., 2003; Jobson et al., 1972; Larter and Di Primio, 2004; Meredith et al., 2000; Peters 

and Moldowan, 1993; Pomerantz et al., 2010; Volkman et al., 1984; Wenger et al., 2001; 

Rowland et al., 1986).  

 

Until recently it had been thought that the biodegradation of crude oils was an aerobic 

process (Conan, 1984; Winters and Williams, 1969; Hunt, 1979), despite early thoughts 

indicating anaerobic degradation as the main process (Kartsev et al., 1959). It has been 

proven recently that biodegradation can actually occur by anaerobic mechanism on 

conventional oils over geological times (Aitken et al., 2004; Connan et al., 1996; 

Edwards and Grbic-Galic, 1992; Head et al., 2003; Horstad et al., 1992; Jones et al., 

2008; Larter et al., 2003, 2006, 2008; Rabus and Widdel, 1995; Roling et al., 2003; 

Rueter et al., 1994; Skaree et al., 2007; Stetter et al., 1993; Widdel and Rabus, 2001; 

Wilkes et al., 2001; Zengler et al., 1999). Head et al. (2003) have shown that marine 

basins containing biodegraded oil usually contain saline water, an indication of no major 

influx of fresh waters and therefore, anaerobic conditions. However, it is important to 

note that today’s observation might not explain 60 Ma of evolution. Horstad et al. (1992) 

also have shown through conservative mass balance calculations that the volumes of 

water needed to the transport sufficient amounts of oxygen into reservoirs are 

unrealistically large implying anaerobic degradation. The consistent hydrocarbon 

compositional patterns seen in most biodegraded petroleum reservoirs around the world 

(Aitken at el., 2004; Larter et al., 2003, 2006, 2008) and their association with dry gas 

accumulations encountered in crude oils in subsurface reservoirs can be explained via the 
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occurrence of anaerobic degradation under methanogenic conditions (Larter et al., 2005, 

2006). Biodegradation leads to the formation of methane and carbon dioxide by 

microorganisms such as archaea and bacteria that are capable of living in anaerobic 

conditions; a process called “methanogenesis” and, if sulfate is present in enough 

quantities, the formation of hydrogen sulfide (Head et al., 2003; Holba et al., 1996, 2004; 

Horstad and Larter, 1997; Jones et al., 2008; Larter et al., 1999, 2008; Larter and Di 

Primio, 2005; Mikov and Dzou, 2007; Scott et al., 1994). Heavily and severely 

biodegraded oil reservoirs typically contain dry methane-rich gases, probably originating 

from methanogenic oil biodegradation (Larter et al., 2005), or from biodegradation of C2-

C5 alkanes (Larter et al., 2005). This hydrocarbon degradation process operates under 

anaerobic conditions at the oil-water contact over geological timescales and involves 

syntrophic bacteria and methanogenic archaea (Jones et al., 2008). Reduced sulfur and 

iron species (Holba et al., 1996, 2004) and biologically generated methane via 

methanogens, (Larter and di Primio, 2005; Milkov and Dzou, 2007) indicate that 

anaerobic biodegradation of oil compounds occur via the utilization of a range of 

different electron acceptors. Jones et al. (2008) called the predominant biodegradation 

process in reservoirs as methanogenic alkane degradation dominated by CO2 reduction 

(referred as MADCOR). Jones et al. (2008) have confirmed the sequential removal of 

hydrocarbon compounds and the conversion of oil alkanes to methane in oil-degrading 

microcosms by comparing the yield of methane in control microcosms that were not 

amended with oil (Fig. 3.1). The amount of methane produced in control microcosms and 

the expected methane produced from methanogenic degradation of n-alkanes, using water 

as the co-reactant, were similar, as proposed by Zengler et al. (1999) and Larter et al. 
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(2006), whereas, the mass of methane generated was more compared to that predicted 

from the stoichiometric conversion of only n-alkanes in the crude oil (Fig. 3.1). 

  

 

 

 

 

 
Jones et al. (2008) believed that the additional methane produced was from the 

degradation of other hydrocarbons in the oil. Larter et al. (2003, 2006) showed the 

apparent consecutive removal of n- and isoprenoid alkanes as well as several other 

classes of compounds, but at lower rates. Fig 3.2 illustrates the effect of reducing 

increasing amounts of CO2 to methane with hydrogen on δ13CCH4 and δ13CCO2 and show 

that field data show similar results as MADCOR stoichiometry, confirming no external 

source of hydrogen is required to explain observed gas isotope values or the 

predominance of methanogenic CO2 reduction. 

Figure 3.1 C7-C34 n-alkanes (squares) depletion versus methane production (diamonds) from crude oil 

incubated under methanogenic conditions in laboratory microcosms (100 ml) for 686 days. The 

conversion of oil hydrocarbons to methane was confirmed as well via methane production from 

control microcosms without oil (open circles). Triangle shows the theoretical maximum methane 

production (described in Zengler et al., 1999) if all n-alkanes in the added oil had been converted to 

methane with the stoichiometry (after Jones et al., 2008). 
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Most subsurface biodegraded oils in marine petroleum systems contain methane with a 

carbon isotopic composition (δ13CCH4) in the ranges from -45‰ to -55‰ relative to the 

Pee Dee Belemnite (PDB) standard (Jones et al., 2008). In contrast, the carbon isotopic 

composition of carbon dioxide (δ13CCO2) in biodegraded oils is in general isotopically 

very heavy. It ranges from -25‰ to +25‰ (7 oil fields) which is an indication of closed 

system reduction of carbon dioxide to methane (Boreham et al., 2001; Larter et al., 2005; 

Masterson et al., 2001; Pallaser, 2000). 

Figure 3.2 Figure illustrating modeled methane, carbon dioxide and measured methane and carbon 
dioxide stable carbon isotopic compositions from Gething formation reservoired oils (typically 
degraded to PM levels 1-2), Peace River formation reservoired oils (typically degraded to PM level 5) 
and carbon isotopic composition of carbon dioxide and methane from gases co-produced from the 
Peace River oil sands area. Modeled solid lines indicate trajectories derived theoretically for the 
evolution of gas compositions with increasing levels of biodegradation (PM levels 1 to 9). The isotopic 
composition changes as progressively more CO2 is reduced to methane (grey arrow). Different 
isotropic trajectories show the evolution of gas composition as a function of carbon dioxide 
conversion to methane when crude oil hydrocarbons are degraded to different extents.  The range of 
isotopic composition of methane and carbon dioxide for Peace River and Gething reservoirs, 
assuming that ~80% of the methane is produced from hydrogenotrophic methanogenesis, are 
depicted with the colored boxes (after Jones et al., 2008).  
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Reservoir temperature, the chemical compounds being degraded and the relationship of 

OWC to oil volume are the main factors controlling the net degradation of the petroleum 

in the reservoir. Secondary factors include reservoir water salinity, prior level of 

biodegradation and proportions of oil leg to water leg volume (Larter et al., 2003; 2006). 

Connan (1984) has shown that most biodegraded oils are found at depths of up to ~ 2.5 

km (reservoir temperatures of 80-90ºC) with some biodegraded oils found at depths of up 

to ~4 km. Several authors have shown that biodegradation rates probably reach a 

maximum at temperatures of around 40ºC, decrease with increasing temperature and the 

process ceases at around 80 to 90ºC (Connan, 1984; Head et al., 2003; Pepper and 

Santiago, 2001). Bernard and Connan (1992) analyzed connate water from 24 oil fields 

and suggested that oil reservoirs are sterile if they exceed a temperature of 82ºC. 

Wilhelms et al. (2001) proposed the “pasteurization” temperature to be around 80ºC, 

where living degrading microorganisms and also, therefore, biodegradation rates are 

effectively zero. This implies that once the formation has been sterilized (inactivating the 

microorganisms capable of degrading hydrocarbons) during their time of burial, 

recolonization of bacteria is close to null, even if the current conditions are favorable. 

Basins currently residing at shallower and cooler regions (e.g. Barents Sea, Norway; 

Wessex Basin, UK) that have been uplifted after their burial to higher temperatures than 

80°C could contain non-degraded oils due to this sterilization of the reservoir, a process 

called paleopasteurization. In contrast, reservoirs such as those in the North Sea (e.g. 

Viking Graben) as shown in Fig. 3.3, Venezuela (Faja del Orinoco) or in the Western 

Canada Sedimentary Basin that have never been buried to higher temperatures than 80°C 

almost always contain biodegraded oils (Adams et al., 2006; Wilhelms et al., 2001). 
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Pepper and Santiago (2001) have shown that the probability of finding biodegraded 

marine oils at the Peters and Moldowan biodegradation scale of 5 decreases from 70% to 

zero as the reservoir temperature increases from 50ºC to 80ºC. Bernard and Connan 

(1992) have shown that this cut-off temperature is lower in oil reservoirs containing 

highly saline waters. Although, organisms living and thriving in sediments at higher 

temperatures (>80ºC) and pressures, such as the hyperthermophiles, first discovered in 

1969 by Thomas D. Brock, have been reported (Blochl et al., 1997; Stetter, 1990; Parkes 

et al., 1994), these organisms have been found mostly in environments close to the 

surface rich in nutrients, electron acceptors and reduced electron donors (Stetter et al., 

1996). Stetter et al. (1993) and Wilhelms et al. (2001) have suggested that the 

Figure 3.3 Comparison of continuously subsiding (e.g. North Sea, WCSB) and inverted sedimentary 

basins (Barents Sea, Wessex Basin). Subsiding basins that have never reached the 80ºC temperature 

“paleopasteurization” contain biodegraded oils. In contrast, inverted basins which have exceeded 

80ºC during their burial and uplifted to cooler and shallower regions contain non-degraded oils (after 

Wilhelms et al., 2001). 



 

 

43

hyperthermophiles isolated from reservoirs were most likely the product of surface fluid 

injection operations or introduction via seawater.  

 

Different reservoir environments (aerobic or anaerobic) and microorganisms may have 

different effects on the order of hydrocarbons removed, but the general order of 

susceptibility of various compound classes to biodegradation, from the most susceptible 

to the least susceptible, can be summarized as below. However, it is important to keep in 

mind that this sequence does not mean that one compound class is completely removed 

before another is degraded and does not necessarily always apply (e.g. Goodwin et al., 

1983; Larter et al., 2003; Wenger et al., 2001).  

 

General order of susceptibility of various compound classes to biodegradation: 

C8–C15 n-alkanes (most susceptible to biodegradation) > C8–C15 isoalkanes > C15-C35 n-

alkanes and isoalkanes > isoprenoids > monocyclic aromatic hydrocarbons (MAH’s) > 

low molecular weight polycyclic aromatic hydrocarbons (PAH’s) (10–14 carbons, 2–3 

rings) > alkylcycloalkanes > steranes > C30–C35 hopanes > C27–C29 hopanes > C21–C22 

steranes > tricyclic terpanes > diasteranes > triaromatic & monoaromatic steroid 

hydrocarbons (least susceptible to biodegradation) (Head et al., 2003; Peters et al., 2002; 

Peters and Moldowan, 1993; Volkman et al., 1983; Wenger et al., 2001; Wenger and 

Isaksen, 2002).  

 

Saturated hydrocarbons have been most intensively studied for biodegradation 

assessments (Huang et al., 2005, 2006; Kim et al., 2005; Larter et al., 2006, 2008). 
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Several authors have shown that n-alkanes in the range from C6 to C15 are among the 

most susceptible components to biodegradation in crude oil, with the first components 

attacked being in the C10 to C13 range followed by the loss of acyclic isoprenoid alkanes 

(Bailey et al., 1973a, b; Blumer et al., 1973; Claret et al., 1977; Connan, 1980, 1984; 

Deroo et al., 1974; Jobson et al., 1972; Palmer, 1993; Schaefer and Leythaeuser, 1980, 

Vieth and Wilkes, 2006). The pristane/phytane, pristane/n-C17 and phytane/n-C18 ratios 

can be used to monitor and indicate the degree of oil biodegradation in light- to 

moderately biodegraded samples (Conan, 1984, Huang et al., 2003). Several authors have 

shown using oil samples from the Liaohe Basin/China, Troll area/Norway and Gullfaks 

oil field/Norway that the pristane to n-C17 and phytane to n-C18 ratios show an increase 

with increasing oil biodegradation and towards the OWC where biodegradation is the 

greatest (Connan, 1984; Huang et al., 2003; Skaree et al., 2007; Vieth and Wilkes, 2006; 

Wenger et al., 2001, 2002). Regular steranes are degraded more readily than rearranged 

steranes (also called diasteranes) and the relative ease of degradation is generally C
27

> 

C
28

> C
29 

(Goodwin et al., 1983; Huang et al., 2008). The “geological” 20S configuration 

of sterane is more resistant than the “biological” 20R configuration (Seifert et al., 1984). 

Sterane biodegradation order has been suggested to be 20R > 20S > 20R > 

20S > diasteranes (Mackenzie et al., 1983; Seifert and Moldowan, 1979). The C29-

sterane ββ/ (αα+ ββ) ratio shows a constant increase with increasing degree of 

biodegradation. The most common pentacyclic terpanes in crude oils are C27-C35 hopanes 

with the C27 Ts and Tm hopanes being relatively resistant to biodegradation even if other 

regular hopanes are degraded (Lin et al., 1989; Chosson et al., 1991). If biodegradation 
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reaches extremely severe levels, some compounds such as 25-norhopanes begin to appear 

on chromatograms (demethylated hopane at the C25 position) can be formed from 

hopanes (Bennett et al., 2006; Bennett and Larter, 2008; Chosson et al., 1992; Goodwin 

et al., 1983; Huang et al., 2003, 2008; Peters et al., 1996, 2005; Peters and Moldowan, 

1993; Philp, 1983; Ross et al., 2010; Seifert et al., 1984; Trendel et al., 1990; Volkman et 

al., 1983a). The co-occurrence of less resistant hydrocarbons (e.g., n-alkanes) with 25-

norhopanes is strong evidence for a multigenerational charge and degradation history, 

where severe biodegradation of an initial charge is followed by later recharge 

(introduction of lighter compounds) and possibly additional biodegradation (Wenger et 

al., 2001). The degradation of hopanes are suggested to follow the order: C35 > C34 > C33 

> C32 > C31 > C30 > C29 with 17(H),21(H) hopanes being more susceptible to 

degradation than 17(H),21(H) hopanes (moretanes) (Goodwin et al., 1983). Wardroper 

et al., (1984) have shown that aromatic steroid hydrocarbons are not easily affected by 

biodegradation until C27-C29 steranes, hopanes and C27-C29 diasteranes have been 

severely altered and that they can be useful tools for correlating heavily and severely 

biodegraded oils (Seifert et al., 1984). Alkylated polycyclic aromatic hydrocarbons 

(PAH) are in general highly resistant to biodegradation. The degree of their 

biodegradation is very much dependent on the number of aromatic rings they contain 

where the rate of biodegradation increases with decreasing number of aromatic rings in 

the molecule (Peters and Moldowan, 1993; Volkman et al., 1984). The extent and 

position of alkylation can affect the rate of biodegradation with the extent of 

biodegradation decreasing with increasing number of alkyl substituents (Peters and 

Moldowan, 1993; George et al., 2002; Volkman et al., 1984). Triaromatic hydrocarbons, 
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like phenanthrene and alkylated phenanthrenes, are more resistant than two ring aromatic 

compounds (e.g. naphthalenes and alkylated naphthalenes), which in turn are more 

resistant than one ring compounds like benzenes (Connan, 1981, 1984; Fedorak and 

Westlake, 1981; Hopper, 1978; Jones et al., 1983; Philp and Gilbert, 1980; Rowland et 

al., 1986, Rubinstein et al., 1977; Snowdon and Powell, 1979; Volkman et al., 1984; 

Walker et al., 1975; Williams et al., 1986). Volkman et al. (1984) have shown that 

alkylated compounds are more resistant than their non-alkylated counterparts with the 

increasing extent of alkylation decreasing the susceptibility to biodegradation. Not only 

are hydrocarbons destroyed during the degradation process, but also non-hydrocarbons 

(Zhang et al., 1988; Huang et al., 2003). Diamond cage structure hydrocarbon 

compounds like adamantanes, a cycloalkane, methyladamantanes and porphyrins are also 

among the most resistant compounds to biodegradation (Connan, 1981; Rubinstein et al., 

1977; Peters et al., 2005; Williams et al., 1986; Wei et al., 2006, 2007a, 2007b).  

 

A biodegradation scale was first proposed by Volkman et al. (1983), based on the 

removal of certain compounds. Later on, several authors like Volkman et al. (1984), 

Connan (1984), Wenger et al. (2001, 2002) proposed biodegradation scales, with the 

Peters and Moldowan scale (1993) currently, being the one most used (table 3.1). Head et 

al. (2003) (modified from Wenger et al., 2002) and Larter et al. (2012) have recently 

proposed other biodegradation scales (table 3.2). The Peters and Moldowan 

biodegradation scale uses a 1 to 10 scale (table 3.1) based on the presence or absence of 

various biomarkers, where “1” indicates early stages of degradation and “10” indicates 

severe degradation. 
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     n-Paraffins       Isoprenoids     Steranes      Hopanes       Diasteranes        

         
      Light 
          1 
 
          2 
 
          3 
 
    Moderate 
          4 
  
          5 
 
      Heavy 
          6 
 
         (6) 
 
          7 
 
  Very Heavy 
          8 
  
          9 
 
     Severe 
         10                 
 

 

 

 

As can be seen from the table 3.1 and table 3.2, the strongest deterioration of petroleum 

quality occurs from slight to moderate biodegradation (Wenger et al., 2001) or between 

biodegradation levels 1 and 4 (Peters et al., 2005). In can be concluded that the resistance 

to biodegradation increases with increasing complexity of the structure, i.e. the higher the 

number of methyl branched substituents or condensed aromatic rings. This suggests that 

fewer microorganisms are able to degrade more complex molecules and hence, the rates 

of oil biodegradation are much lower once the simpler hydrocarbon molecules have been 

Biodegradation      
     Ranking 

Aromatics 
  C26- C29 

Table 3.1 Table illustrating biodegradation scale of Peters and Moldowan (1993). Quasi stepwise scale   

goes from 1 (light biodegradation) to 10 (severe biodegradation). Since it is a complex “quasi 

stepwise” removal process more resistant compound classes can be attacked prior complete removal 

of less resistant compounds.   
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removed from the oil (Connan et al., 1984; Larter et al., 2003, 2006; Head et al., 2003, 

Peters and Moldowan, 1991; Peters et al., 2005; Volkman et al., 1984; Wenger et al., 

2002). 

 

   

  

The impact of biodegradation levels on the appearance of whole oil gas chromatograms 

(GC) and fluid properties is illustrated in Fig. 3.4. All oil samples shown in Fig 3.4 are 

from the same basin, have identical source and maturity, but are from different depths or 

Table 3.2 More recent proposed biodegradation scale from Head et al., (2003) after Wenger et al. 

(2001). BTEX refers to benzene, toluene, ethylbenzene and xylene, whereas ‡ refers to compounds 

believed to be produced or destroyed during biodegradation, dashed lines refer to minor removal. 
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wells (Wenger et al., 2002). In the non-degraded oil, the complete suite of n-alkanes is 

intact and the “unresolved complex mixture” (UCM) is small.  

 

        

 

 

 

As biodegradation progresses, n-alkanes are attacked first and the isoprenoid-to-alkane 

ratio starts to increase. At moderate levels of biodegradation almost all n-alkanes are 

depleted and the UCM hump is larger. If the level of biodegradation is severe as shown in 

Fig. 3.4, the UCM hump dominates the gas chromatogram (Kennicutt, 1988; Ross et al., 

2010; Wenger et al., 2001, 2002), due to the loss of n-alkanes and isoprenoid alkanes. In 

severely and heavily biodegraded oil samples, biomarkers remain unaltered that are 

typically not detected in GCs, therefore, they must be monitored and analyzed using GC-

Figure 3.4 Gas Chromatograms of whole oil depicting the progression of increasing biodegradation 
and decline in oil quality. Increase in Pr/n-C17 ratio affirms that n-alkanes are preferentially attacked 
prior to isoprenoids in biodegradation. UCM hump becomes dominant with increasing 

biodegradation (after Wenger et al., 2002).  

UCM hump 

UCM hump 
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MS. In cases like this, the level or extent of biodegradation can be evaluated through the 

detailed analysis of the less affected “Biomarkers” (e.g. steranes, hopanes, mono- and tri-

aromatic steroid hydrocarbons) by GC-MS.  

 

It is known that solution gases and reservoir gas caps can undergo biodegradation as well. 

It has been shown from the gases present (C2 to C5) that n-alkanes (e.g. butane, pentane) 

are more susceptible to biodegradation than iso-alkanes (branched alkanes such as iso-

butane and iso-pentane). C2 to C5 are preferentially removed from natural gas, making 

biodegraded gases drier through enrichment of methane (C1) (Bailey et al., 1973b; 

Boreham et al., 2001; Connan et al., 1980; Horstad and Larter, 1997; James and Burns, 

1984; Karrick, 1977; Pallaser, 2000; Wenger et al., 2001, 2002). Several molecular 

parameters like C2/C3, n-C4/C3, i-C4/n-C4 or i-C5/n-C5 can be used to identify the extent 

of biodegradation. Studies in nature and laboratories have shown that during 

biodegradation, the residual propane fraction becomes enriched in the heavier 13C 

isotopes, while the CO2 by-product becomes isotopically enriched in 12C isotopes which 

allows the quantification of the extent of oil biodegradation (George et al., 2002; 

Masterson et al., 2001; Meckenstock et al., 1999; Richnow et al., 2003a; Rooney et al., 

2001; Vieth et al., 2005; Vieth and Wilkes, 2006; Wilkes et al., 2000). These changes are 

controlled by bacterial-enzymatic processes and C-C bond energies where less energy is 

needed to break a 12C-12C bond than a 12C-13C bond or even a 13C-13C bond. 
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3.1.2 Biodegradation at the oil-water contact (OWC) 

Petroleum generation, migration, trapping, oil charge mixing, nutrient supply to 

organisms, and finally biodegradation determine the ultimate composition and properties 

of the oil residing in a reservoir (Barnard and Bastow, 1991; Gates et al., 2008; Head et 

al., 2003; Horstad and Larter, 1997; Huang et al., 2004, 2008; Larter et al., 2003; 

Koopmas et al., 1999; Koopmans et al., 2002; Larter et al., 2006; Ross et al., 2010; 

Wilhelms et al., 2001). Biodegraded reservoirs that are commercially significant 

generally have temperatures between 40 and 80ºC and generally have normal reservoir 

pressures (Larter et al., 2005; Pepper and Santiago, 2001). Biodegraded reservoirs that 

are highly over-pressured (>40 MPa) do exist, but it is believed that extreme pressures do 

not significantly affect biodegradation processes (Larter et al., 2005). In an oil-saturated 

reservoir the pore space in the oil leg is filled up to ~80% with oil as the continuous 

phase, with the rest being filled with discontinuous water, whereas below the oil leg 

(below the OWC) lies the oil water transition zone (OWTZ) and the water leg, with the 

pore space filled 100% with water.  

 

Bennett et al. (2012) investigated, through a combined geochemical, geological and 

microbiological analysis, an actively biodegrading 24.5 m thick oil column from the 

WCSB. They have obtained 21 oil sands core samples which were from a well 

penetrating the Lower Cretaceous Bluesky Formation reservoir of the Peace River oil 

sands. They defined the top of the oil water transition zone (OWTZ) at a relative depth of 

15.75 m based on the resistivity log which dropped to a value of 20 Ohm meters at this 

point, indicating the onset of lower oil saturation in the OWTZ, as confirmed by the 
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percent bitumen content (Fig. 3.5). They also observed significant oil staining a further 

8.75 m below the top of the OWTZ with decreasing oil saturation towards the base of the 

reservoir (Fig. 3.5). Significant decrease in oil saturation in the lower part of the reservoir 

was observed as well. The dead oil viscosity increased from 50 kcP (measured at 20 °C) 

at the top of the oil column to 1.4 McP at the top of the OWTZ and continued to increase 

through the OWTZ to a maximum of 10.5 McP at 20.5 m depth (Fig. 3.5). 

       

 

 

 

 

 

A progressive change in colour from black through light brown, fading into the grey 

coloured sandstones was observed oil in the basal 1 m sandstone section of the OWTZ; 

corresponding to the aquifer underlying the oil column. N-alkanes, which are most 

biodegradation-susceptible compounds, disappear first at the highest point within the 

degradation zone at the base of the oil column, followed by the more resistant 

Figure 3.5 Plots of well logs describing lithology, reservoir resistivity (indicating relative oil
saturation), gamma ray (API), dead oil viscosity (McP at 20°C) measured directly following oil
recovery by mechanical extraction (filled squares) and a solvent based extrapolation method (open
diamonds); and weight percent bitumen determined gravimetrically following solvent extraction of
oil sand cores. The depth is tracked relative to the top of the reservoir, directly beneath the top shale

cap rock (Bennett et al., 2012). 
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components such as alkylaromatic species disappearing deeper within the OWTZ (Fig. 

3.6). These patterns indicate that different compound classes are indeed degraded 

simultaneously, but at different rates over a zone of several meters.  

 

Analyzed SARA data show that saturated hydrocarbons, aromatic hydrocarbons and 

resins decrease in abundance down the oil column towards the oil–OWTZ contact, 

whereas the asphaltenes show a gradual and progressive increase with depth within the 

oil column (Fig. 3.7). The onset of extensive degradation appears to be at the interface 

between the oil column and the OWTZ. On the other hand, SARA components show a 

more complex behaviour in the OWTZ, where the saturated hydrocarbons continued to 

decrease in abundance with depth, while the aromatic hydrocarbons, resins and 

asphaltenes showed more stable profiles within the OWTZ. 

       

 

 

 

 

Figure 3.6 Plots illustrating molecular parameters based on hydrocarbon compounds and

concentration profiles (µg/g oil or parts per million) representing saturated (n-C30 = n-C30 alkane

and Pr = pristane) and aromatic (2-MP= 2-methylphenanthrene, 26, 27-DMN= 2,6 + 2,7
dimethylnaphthalene) hydrocarbons. The depth is scaled according to the depth relative to the top of

the reservoir, directly beneath the top shale cap rock (Bennett et al., 2012). 
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Resins AsphaltenesSaturates Aromatics

 

 

Bennett et al. (2012) also have measured bacterial abundance in reservoir core samples 

(Fig. 3.8) using qPCR and have showed that the abundance of bacterial 16S rRNA genes 

determined by qPCR in methanogenic oil degrading sediments is comparable with 

numbers determined by direct cell counts (Gray et al., 2011). Interestingly, the absolute 

quantification of bacterial 16S rRNA genes by qPCR showed that bacteria were most 

abundant within the OWTZ corresponding to the interval in which n-alkanes were 

completely removed (ca. 15.75 m). The bacterial abundance was about 2 orders of 

magnitude higher within the biodegradation zone (Fig. 3.8), consistent with the concept 

that microbial activity and abundance in the deep subsurface is elevated at geochemical 

interfaces (Parkes et al., 2005). However, bacteria were also present in the oil and the 

water legs. The maximum abundance of bacteria and lowest concentrations of 

methylphenanthrenes near 18 m depth, suggests that this is the region of most active 

recent biodegradation of crude oil.  

Figure 3.7 Plot illustrating Iatroscan SARA compositions versus depth (m) for the Peace River oil

sand case study (Bennett et al., 2012). 



 

 

55

                                  

 

 

They concluded that the biodegradation zone, conservatively defined by the zero 

concentration intercept with the depth axis of the most biodegradation-susceptible crude 

oil component (e.g. n-alkanes) (Adams, 2008; Adams et al., 2012), is at least 8.75 m 

thick and that the biodegradation process does not behave in a stepwise, sequential order 

of destruction, but rather, impacts many compounds at the same time, but at different 

rates (Larter et al., 2006; Elias et al., 2007), and over an extended spatial scale.  

 

Head et al. (2003) suggested that nutrients like phosphorus, nitrogen and potassium 

(derived mainly from mineral buffering) found in water, electron donors from oil and 

reactants like water and oxidants are essential for organisms to live, thrive, and to 

Figure 3.8 Bacterial 16S rRNA gene abundance (log 16S rRNA gene abundance/gram of sediment) in

sediment from the oil leg and OWTZ of a Peace River oil sands reservoir (Bennett et al., 2012). The

depths are actual sample locations scaled relative to the top of the reservoir. 
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generate energy and biomass and are all available at the OWC. Several other authors 

have suggested that biodegradation is most active and that the most viscous oil (the most 

biodegraded) is found at the OWC (Gates et al., 2008; Huang et al., 2003, 2008; 

Koopmans et al., 1999, 2002; Larter et al., 2003, 2006, 2008; Moldowan and McCaffrey, 

1995; Ross et al., 2010) and gradually improves further from the OWC.  

 

It is now well known that most petroleum reservoirs are compositionally graded with 

several mechanisms potentially contributing to the compositional grading (Hoier and 

Whitson, 2001; Ratulowski et al., 2003; Stainforth et al., 2004; Wilhelms and Larter, 

2004). Vertical compositional variations can be on a regional or local (individual oil 

column) scale. Past publications (Adams et al., 2006; Betancourt et al., 2009; Head et al., 

2003; Huang et al., 2003, 2008; Khavari-Khorasani et al., 1998; Larter et al., 2003, 

2006a; Mullins et al., 2007a) suggest that the mixing of fresh and biodegraded oil and 

maximum temperature reached during the time of reservoir burial generally account for 

the regional scale compositional variations in petroleum reservoirs, whereas the height of 

water column residing below the oil leg, the rate of biodegradation versus rate of fresh oil 

input and the proximity to the water column contribute to local scale compositional 

variations in petroleum reservoirs (individual column). In addition to the large scale 

variations in the degree of biodegradation observed along an east-west transect across the 

WCSB that is primarily controlled by reservoir temperature regime (Adams et al., 2006); 

it was also noted that the degree of biodegradation also varies vertically within the 

petroleum columns in individual wells due to variations in water leg height, fresh oil 

charge and biodegradation rate (Larter et al., 2006, 2008). There are many reports of 
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reservoirs containing petroleum expelled from source rocks at different maturities (e.g. 

Leythaeuser and Ruckheim, 1989; Larter and Aplin, 1995). Fig. 3.9 shows a series of 

dead oils from a field in which a 53 meter thick individual oil column contains oils with 

compositional variation (Pomerantz et al., 2010). Pomerantz et al. (2010) have 

demonstrated using pressure surveys, petrophysical logs and oil fingerprinting that the 

observed compositional grading exists in a single connected reservoir. They showed that 

the viscosity, density and asphaltenes content increases towards the base of the 53 meter 

thick single oil column which causes a vertical compositional gradient in the oil column. 

The simultaneous presence of unaltered normal and isoprenoid alkanes as well as 25-

norhopanes is interpreted as a mixture of multiple charges with at least one charge having 

experienced extensive biodegradation (Pomerantz et al., 2010).   

 

 

 

            

Koopmans et al. (2002) suggested that the large variation in viscosity of the Liaohe oils is 

the result of mixing of oil charge and degradation. Larter et al. (2003) suggested that 

vertical and lateral compositional gradients are common in degraded oil fields and is a 

result of degraded and fresh petroleum mixing. Khavari-Khorasani et al. (1998) and 

Stainforth et al. (2004) have suggested that restricted vertical mixing and density 

stratification of an evolving oil charge can cause petroleum compositional gradients in 

Figure 3.9 Dead oils from different depths show compositional grading in a single 53 meter thick 

single oil column. Oils are aligned from the shallowest on the left towards the deepest on the right 

(after Pomerantz et al., 2010). 
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heavy oil fields. However, biodegradation at the OWC itself can produce systematic 

compositional gradients in heavy oil fields such as the ones from the Liaohe Basin, China 

and WCSB, Canada (Chan et al., 1992; Bennett et al., 2008; Huang et al., 2004; 2008; 

Larter et al., 2003; 2006; 2008). Compositional gradients reflect this complex charge and 

degradation scenario, with reactive compounds such as normal and isoprenoid alkanes 

(very reactive and easily degraded components) decreasing in concentration towards the 

OWC, while resistant compounds such as hopanes, steranes, mono- and triaromatic 

steroid hydrocarbons (compounds more resistant to biodegradation) increase in 

concentration downward toward the OWC at low and intermediate levels of degradation 

(Huang et al., 2008; Larter et al., 2008). Huang et al. (2008) have shown in a case study 

with three wells from the Liaohe Basin, China that n-C25 alkanes concentration decreases 

in a single ~120 meter thick oil column from ~5,000 μg/g EOM to ~0-20 μg/g EOM, 

whereas C30αβ-hopanes increase in concentration from ~14,000 μg/g EOM to ~23,000 

μg/g EOM and from ~20,000 μg/g EOM to ~23,000 μg/g EOM in well A and well B, 

respectively (Fig. 3.10). The top of the reservoir is charged preferentially with lower 

density fresh oil and oils are degraded at the nutrient-carrying oil-water contact which 

produces a mixing curve for both resistant (e.g. hopanes, mono- and triaromatic steroid 

hydrocarbons) and reactive (n- and acyclic isoprenoid hydrocarbons) oil components 

(Larter et al., 2008). 

 

Tricyclic terpanes, which are compounds that are highly resistant to degradation 

generally, increase in concentration towards the OWC at low and intermediate 

biodegradation levels but decrease towards the OWC at higher levels of biodegradation 
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(level 8-10 on the PM biodegradation scale) as in the case from the Junggar Basin, NW 

China (Huang et al., 2008). The tricyclic terpanes concentration in an oil well from the 

Junggar Basin, NW China decrease in ~18 meters from ~35,000 μg/g oil at the top to 

~12,000 μg/g towards the OWC, where biodegradation is most active (Huang et al., 

2008). 

      

 

 

Bennett et al. (2006) have confirmed that the oil at the top of the ES1 oil column from the 

Liaohe Basin, China is moderately biodegraded (PM level 5) due to the absence of n-

alkanes and acyclic isoprenoids and the presence of 25-norhopanes. In contrast, the oil at 

the base of the column is severely degraded (PM level 8). In this well, the C30 17α(H)-

hopane concentration decreased in 160 meters from ~12,000 μg/g oil at the top to ~4,000 

μg/g towards the base of the OWC, whereas C29 17α(H) 25-norhopane concentration 

increased from 30 μg/g oil within the top of oil column to 1,400 μg/g towards the base 

Figure 3.10 Three wells from a Chinese oil field show an increase in biodegradation levels towards the 

oil-water contact. Gas chromatograms and saturated hydrocarbon content show lack of n-alkanes 

and isoprenoid alkanes towards OWC (after Huang et al., 2008). 
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(e.g. concomitant hopane degradation and 25-norhopane formation). Bennett et al. (2006) 

also have shown, using bitumen extracted from Athabasca wells, a change in the oil 

column from biodegradation levels of 5 on the PM biodegradation scale and to 8 at the 

OWC where even highly resistant diasteranes are attacked in one well. In Athabasca 

well-1 (Bennett et al., 2006), both C28- and C29 17α(H) 25-norhopanes concentration 

increased from ~20 and ~30 μg/g extract at the top to ~200 μg/g and ~225 μg/g extract, 

respectively, towards the base of the oil column. C30 17α-hopanes concentration 

decreased from 2,390 μg/g at the top to 1,040 μg/g extract at the OWC in Athabasca 

well-2. Huang et al. (2003), in a study of oils from the Liaohe Basin, China showed that 

concentrations of C0-C2 alkylphenanthrenes and C0-C5 alkylnaphthalenes decrease while 

concentrations of tri- and monoaromatic steroid hydrocarbons showed the opposite trend 

and increased steadily from the top of the reservoir towards the OWC due to increasing 

degree of biodegradation.  

 

Peace River reservoirs in the Western Canada Sedimentary Basin show similar viscosity 

gradient profiles (Larter et al., 2008). These authors noted a good correlation between 

variations in naphthalene concentrations and distributions through an oil column to the 

corresponding dead oil viscosity data in the Peace River bitumens. Samples analyzed 

from typical Bluesky Formation reveal that viscosities increase by orders of magnitude 

and API units decrease from top to bottom within a single oil column (Fig. 3.11). They 

also show that sensitive fluid tracking components, such as phenanthrene and summed C2 

and C3 naphthalenes concentration, show a decrease towards the OWC in the oil column 

of these oil sands (Fig. 3.11). Adams et al. (2006) have suggested that complete 
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destruction of the Peace River bitumen has been prevented due to the very low reservoir 

temperature (freezing effect), long continuous oil charge, loss of bottom water leg and 

reservoir filling with fresh oil. 

 

       

 

 

 

As can be seen from these case histories, many heavy oil fields including the ones from 

the WCSB have large spatial variations in viscosity and form systematic compositional 

gradients that are a defining characteristic of heavy oilfields (Adams et al., 2006; Gate et 

al., 2008; Huang et al., 2008; Larter et al., 2006, 2008). Such variations can be 

predictably related to the competitive effects of active oil charge contributing to the 

increase of the oil quality, and biodegradation at OWC contributing to a decrease in oil 

quality. This as a final result produces large vertical gradients in composition, API 

gravity and oil viscosity (Huang et al., 2004, 2008; Jones et al., 2008; Larter et al., 2003, 

2006, 2008). Typically, the base of the reservoir contains the most biodegraded, most 

Figure 3.11 Viscosity, phenanthrene and summed C2+C3 naphthalenes concentrations along a vertical 

profile from a typical Bluesky Formation reservoir of the Peace River oil sands. Phenanthrene and 

summed C2+C3 naphthalene concentrations decrease with depth while oil viscosity increases 

significantly towards the oil-water contact; base of the reservoir (after Larter et al., 2008).  



 

 

62

dense and most viscous oils with viscosity increasing up to an order of magnitude or 

more over depths as little as 50 meters (Gates et al., 2007; Huang et al., 2008; Larter et 

al., 2006, 2008). These high viscosities are major constraints in the production and 

processing of heavy oils and bitumens. 

 

3.1.3 Rate of oil biodegradation 

Larter et al. (2003) have assessed biodegradation rates using oil-field charge models and 

observed oil compositions, oil column diffusion-controlled compositional gradients and 

mixed (degraded and non-degraded) oil kinetic models. First order biodegradation rates 

constants were around 10-6 to 10-7 a-1, assuming degradation taking place at the bottom 

2% of the oil column and a temperature of around ~70ºC. Degradation fluxes for fresh 

petroleum in clastic reservoirs are nil around 80ºC, but at the OWC area in general are 

around 10-3–10-4 kg petroleum destroyed/ m2/ year and reach a maximum of less than   

10-3 kg petroleum destroyed/ m2/ year at lower temperatures (<40ºC) (Larter et al., 2003). 

Removing n-alkanes from the oil could take 5 to 15 million years (Ma) depending on the 

initial oil composition (Larter et al., 2003). Larter et al. (2003) have shown that 

disturbing a 100 meter thick oil column through biodegradation could take around 1-2 

Ma for light oil reservoirs and around 10-20 Ma for heavy oil reservoirs. In two 

reservoirs that have a similar burial temperature history, but different charging periods, 

biodegradation risk is higher for the oils that were charged over a longer period compared 

to oils that were charged rapidly and recently (Yu et al., 2002; Larter et al., 2003). 70% 

of the oil volume can be lost due to biodegradation (Larter et al., 2003). Larter et al. 

(2005) have shown using oil charging-biodegradation models that at level 5 on the Peters 
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and Moldowan (PM) biodegradation scale (Peters and Moldowan, 1993) up to 50% of 

crude oils mass has been lost and at level 8 on the PM biodegradation scale an extra 20% 

is consumed due to degradation. 

 

3.2 Heavy oil and bitumen around the world 

Heavy oil is an asphaltic, viscous oil of low API gravity that is characterized by its high 

asphaltene content (Meyer et al., 2003). Although variously defined, heavy oil has a 

viscosity between 100 centipoise (cP) and 10,000 cP and an API gravity of 14º at 

reservoir conditions (~60°F), whereas bitumen, also called oil sands or tar sands has the 

same attributes as heavy oil, but is more dense and has a dead oil viscosity greater than 

10,000 cP at reservoir conditions (Carrigy, 1983; Meyer et al., 2003). Table 3.3 shows 

the classification of oils according to API gravity and viscosity. Most heavy oils and 

bitumens are found in sandstones, limestones, dolomites, conglomerates in poorly 

consolidated sands, with porosities more than 30 percent and permeabilities on the order 

of few darcies (Farouq, 1974). Bitumen is very viscous and will not flow unless heated or 

diluted with lighter hydrocarbons (Butler et al., 2002).  

 

              
Table 3.3 Classification of oils according to API gravity and viscosity.
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Alberta oil sands are "hydrophilic" that are also called "water wet" (Carrigy, 1963). Each 

grain of sand is covered by a film of water, which is then surrounded by a slick of heavy 

oil (bitumen) as shown in Fig. 3.12 (Modified from Hennessey, 1990). The sand is 

composed of 92% quartz with traces of mica, smectite, plagioclase, rutile, zircon, 

tourmaline, pyrite and organic matter such as coals (Hennessey, 2006; Wik et al., 2006).  

 

             

Figure 3.12 Composition of oil sands (modified from Hennessey, 1990). 

The bitumen content in Athabasca deposits varies from 0.5 wt.% to 18 wt.% (Carrigy, 

1963, McRory, 1982). More than 12 wt.% bitumen content is considered rich, and less 

than 6 wt.% is poor and not usually considered economically feasible to mine, although it 

may be mined with a blended stock of higher grade oil sand (McColl et al., 2008). In situ 

recovery is used for bitumen deposits buried too deeply (more than 75 meters). Most in 

situ bitumen and heavy oil production comes from deposits buried more than 400 meters 

below the surface of the earth (Dusseault, 2001).  

 

Oil sand deposits comprise approximately %98 of the world’s heavy oil and seven of the 

largest oil sand deposits contain as much oil in place as the world’s 264 giant oil fields 
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(Demaison, 1977). Extra-heavy oil, heavy oil and oil sands account for approximately 6 

to 13 trillion barrels of the reserves on earth (Hein, 2006), formed almost entirely through 

biodegradation processes of conventional crude oils over geological times, with 1.7 

trillion barrels of them hosted by Canada alone (Head et al., 2003; Wenger et al., 2001). 

Fig. 3.13 shows the heavy oil and bitumen distribution around the world (Carrigy, 1983).  

 

          

 

 

Fig. 3.14 shows the world’s proven oil reserves including heavy oil and bitumen deposits 

(Oil and Gas Journal, 2012; EIA, 2013). So far, only 1% of the world’s heavy oil and 

bitumen resources have been produced and with current production technologies around 

700 Bb of those resources are recoverable (Eschard et al., 2005). According to Farouq et 

al. (2000), unrecoverable oil that is left after primary and secondary recovery is around 2 

trillion barrels. Average oil recovery for these heavy oil deposits remains very low; 

Figure 3.13 Worldwide distributions of heavy oil and oil-sand deposits (Source: PeruPetro 2009 
(Peru), Oil and Gas Journal, Hart Consulting, SPE). 
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between 5 to 15% for cold heavy oil and up to 50% of the original oil in place (OOIP) for 

light oils with primary production, zero to a few percent for heavy oils, 20 to 50% 

recovery of the OOIP for light oils with secondary recovery and finally from 40% to a 

maximum of 85% recovery for thermal operations, such as SAGD and CSS (Dusseault, 

2004). 

 

                  

 

 

3.3 Geological background to the Western Canada Sedimentary Basin (study area) 

3.3.1 Heavy oil and bitumen deposits in the Western Canada Sedimentary Basin 

The Western Canada Sedimentary Basin is a northeast tapering wedge comprised of more 

than 6 km thickness of sedimentary rocks that extends southwest from the Canadian 

Shield into the Cordilleran foreland thrust belt. The sedimentary rocks, dominated by a 

carbonate succession followed by mostly clastic sediments, were deposited over the last 

Figure 3.14 Proven oil reserves including heavy oil and bitumen deposits (modifier from Oil and Gas 

Journal, 2012 and EIA, 2013). Recoveries remain very low (5 to 15% with cold heavy oil production 

and 40 to 85% with thermal recovery methods (after Dusseault, 2001). 

(Includes heavy oil and 
bitumen deposits) 



 

 

67

~450-550 million years in two main episodes; (a) Early Paleozoic to Late Jurassic 

miogeocline-platform stage, during which the main external source of the sediment was 

to the northeast on the present North American craton, and (b) A Late Jurassic to Early 

Eocene foreland basin stage, during which the main source of sediment was to the 

southwest in the emerging Cordilleran mountain belt (Davis et al., 1978; Monger and 

Price, 1979). The weight of the rocks that were displaced caused the subsidence of the 

foreland basin (Beaumont, 1981; Price, 1973), with the associated uplift and erosion 

providing much of the sediment that accumulated in the foreland basin. The Alberta 

Basin and the Williston Basin are the two major sedimentary basins that exist in the 

WCSB (Fig. 3.15).  

 

         
 

 

The WCSB holds approximately 1.7 trillion barrels of severely to heavily biodegraded 8-

12° API gravity crude oil of which only 10% is considered surface mineable (Alberta 

Figure 3.15 Histograms illustrating original in-place for conventional oil reserves versus reservoir age 

and corresponding source rocks for the Western Canada Sedimentary Basin (B.C., Alberta, 

Saskatchewan) (after Creaney et al., 2008).  
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Energy and Utility Board, 2006; Creaney and Allan, 1990; Creaney et al., 1994). Most of 

the heavy oil and oil sand deposits in the WCSB occur at Athabasca, Cold Lake, and 

Peace River (Fig. 3.16). A generalized stratigraphic section of Alberta illustrating 

lithologies and petroleum system elements is shown in Fig. 3.17. More than 70% of the 

oil hosted in these deposits is within formations belonging to the Lower Cretaceous 

Mannville Group (Gingras and Rokosh, 2004) (Fig. 3.17). The accumulations of Peace 

River are mainly in the Bluesky and Gething formations (Vigrass, 1968; Gingras and 

Rokosh, 2004), whereas Athabasca and Cold Lake oil sands occur mainly within the 

McMurray and Clearwater formations and equivalent strata (Vigrass, 1968). 

 

Controversy still exists as to the sources of the immense bitumen accumulation in the 

WCSB. After evaluating petroleum source rocks for Mannville reservoirs based on 

geologic and geochemical characteristics, Creaney and Allan (1990, 1992) listed the 

relative order of contributions from highest to lowest as (a) Nordegg (Gordondale) 

Member of the Jurassic Fernie Group, (b) Devonian–Mississippian Exshaw Formation 

and possibly the (c) Devonian Duvernay Formation of the Woodbend Group, and (d) 

Triassic Doig Formation. Du Rouchet (1985) indicated that Triassic black shales (Doig 

Formation) were the main source of the oil sand accumulations based on their 

geochemical homogeneity, with some contribution from the Devonian Wabamun 

Formation and Cretaceous Colorado Shale. Using biomarkers in their studies, Riediger et 

al. (2001) conclude that the Exshaw Formation was the main source rock.  
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However, they suggested that there may be minor contributions from other source rocks. 

Thode et al. (1958) and Vigrass (1968) suggested that the Devonian (Woodbend Group) 

strata, due to their low-sulfur content, can not be the source of the sulfur-rich oil sands. 

Riediger (1994) concluded that the Nordegg (Gordondale) Member contributed 

petroleum just barely enough for a Mannville Group interval within the Peace River oil 

sands and did not contribute petroleum in significant amounts to fill all the oil sand 

accumulations. 

 

Figure 3.16 Major heavy oil and oil sand deposits in Alberta (modified from Mehay et al., 2009). Blue 

dots represent the sample locations taken for my simulated thermal recovery experiments. 

Sampling location of Peace River and 
Athabasca oil sand for my simulated 

thermal recovery experiments 
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Recent studies confirm that Peace River oil sand accumulations are mainly charged by 

the Gordondale and Exshaw Formations, while Athabasca deposit is largely Exshaw 

Figure 3.17 Generalized stratigraphic section of Alberta (after Higley et al., 2009). Lithologies include 
shale or marl (gray), sandstone (stipple), carbonates (white), and coal (black). Mossop and Shetsen 
(1994) were the primary source for lithofacies distribution across and composition for each model 
layer. 
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Formation charged with possible minor contributions from other source rocks in varying 

proportions (Adams, 2008; Adams et al., 2012; Allan and Creaney, 1991; Creaney and 

Allan, 1992). Peace River bitumens show significantly higher sulfur contents compared 

to Athabasca bitumens. This is most likely due to a major source contribution from the 

Gordondale Member of the Jurassic Fernie Group (Adams et al., 2012; Creaney and 

Allan, 1990; Allan and Creaney, 1991; Higley et al., 2009; Riediger, 1994). Also, the 

distinctive d34S values for Peace River bitumen suggest a large source contribution from 

the Gordondale Member of the Jurassic Fernie Group (Adams et al., 2012; Allan and 

Creaney, 1991; Bennett et al., 2012; Higley et al., 2009; Riediger, 1994). The 

Gordondale Member corresponds to the “Nordegg Member” of the Fernie Group 

mentioned in many publications and was deposited after a major marine transgression in 

the Early Jurassic (Asgar-Deen et al., 2004; Poulton et al., 1990; Riediger et al., 1990a; 

Riediger and Coniglio, 1992). It consists mainly of dark-brown finely laminated calcitic 

mudstones, calcilutites (also known as cementstone), and calcarenites, with variably 

phosphatic content and high radioactivity due to the presence of uranium (Asgar-Deen et 

al., 2004). The Gordondale formation has an average thickness of 25 m (82 ft) and 

reaches maximum values of 67.7 m (222 ft) (Mossop and Shetsen, 1994). It contains 

sulfur-rich type I/II-S marine kerogen, with TOC values up to 28 wt.% (Riediger et al., 

1990a; Asgar-Deen et al., 2004). Generally, Gordondale-sourced unaltered oils 

commonly have S contents of up to 4 wt%. The HI value is variable. It ranges from 26 to 

273 mg HC/g TOC for mature samples (Riediger et al., 1990a; Ibrahimbas and Riediger, 

2004) and reaches up to 800 mg HC/g TOC for immature samples (Creaney and Allan, 

1990; Riediger et al., 1990a; Asgar-Deen et al., 2004).  
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Bennett et al. (2012) have shown that the tri-aromatic steroid hydrocarbons extracted 

from Grosmont Formation bitumen resemble those distributions found in the 

Gordondale/Exshaw type oils, whereas the distributions from a Duvernay type oil is 

clearly different. Also, they were able to resolve Gordondale from Exshaw charge 

components through sulfur and nitrogen whole oil stable isotope data of Grosmont 

bitumens. Higley et al. (2009), using 4-D based modeling, have shown that source rocks 

ranging from the Devonian–Mississippian Exshaw Formation to the Lower Cretaceous 

Mannville Group coals and Ostracode-zone contributed oil to Mannville Group 

reservoirs. Additionally, they concluded that the Gordondale Member and Poker Chip A 

shale (Jurassic Fernie Group) were the initial and major contributors. According to basin 

modelling study, carried out by Berbesi et al. (2012) and based on available data, the 

Gordondale source rock is the contributor of more than 54% of the oil in the Athabasca 

and Peace River accumulations, which is followed by minor amounts from Exshaw 

(15%) and other Devonian to Lower Jurassic source rocks. Furthermore, the proposed 

strong contribution of petroleum from the Exshaw Formation source rock to the 

Athabasca oil sands is only reproduced if a 25m (82 ft) mature Exshaw is in the kitchen 

area, and has an original TOC of 9% or more. 

 

Fig. 3.18 shows a cross section of the WCSB, running west-east, illustrating the location 

of the heavy oil and bitumen deposits and their long migration path in the WCSB (Head 

et al., 2003). Mature source rocks sourced the clastic sediments with oil that migrated 

several hundred kilometers laterally up the sloping strata up to structural and stratigraphic 

traps at the margins of the basin. Afterwards, long biodegradation times at relatively low 
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temperatures formed the heavy oil and oil sand deposits (Adams et al., 2006; Creany and 

Allan, 1990; Demainson, 1977; Head et al., 2003; Larter et al., 2006). 

 

          

 

 

 
The average burial depth for the Athabasca, Peace River and Cold Lake reservoirs range 

from approximately 300m to 760m (Adams et al., 2006; Brooks et al., 1990; Creaney and 

Allan, 1990; Nasr et al., 2005). Only 10% of the total initial volume bitumen in place in 

the Athabasca deposits is surface minable, the remaining reserves require in situ thermal 

operations (Creaney and Allan, 1990; Greaves et al., 2006; Mossop, 1980, 2009; Nasr et 

al., 2005). In reservoirs such as Athabasca, Cold Lake and Peace River, the bitumen is 

very viscous. Therefore, it is very immobile under reservoir temperatures (~12-14ºC for 

Athabasca reservoirs, ~16°C for Peace River reservoirs) and injection of fluids is very 

difficult (Nasr et al., 2005; Butler, 1994).  

Figure 3.18 Map illustrating the Western Canada Sedimentary Basin. Oil migrated laterally up for 

up to several hundred kilometers to structural and stratigraphic traps at the margins of the basin. 

Long biodegradation times at relatively low temperatures formed the heavy oil and oil sand deposits 

(after Head et al., 2003). 
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The Peace River oil sand deposits are found in loosely consolidated Lower Cretaceous 

Ostracode Zone, Bluesky and Gething formations (Adams et al., 2006; Creaney et al., 

1994; Nasr et al., 2005; Riediger et al., 2000; Thomas et al., 2002). The depth of these 

deposits ranges generally between 460 and 760m, with an average porosity of 24% and 

oil gravity of 7º to 35º API. They were deposited in estuarine to shallow marine 

environments (Creaney et al., 2000; Flach et al., 1985; Mossap, 1980; Nasr et al., 2005). 

Peace River reservoirs were buried close to the biodegradation cut off temperature of 

~80ºC (sterilization temperature) during their time of burial and prior to uplift (Adams et 

al., 2006; Wilhelms et al., 2001), hence they contain heavily biodegraded oils and show 

biodegradation levels of around 5 on the PM biodegradation scale (Adams et al., 2006; 

Larter et al., 2008).  

 

In contrast to Peace River oil sand deposits, Athabasca deposits, along with Cold Lake 

and Lloydminster deposits, have never been buried deeper than 1000 m (reservoir 

temperature always <45ºC) during their time of burial and therefore, contain severely 

degraded oils (Adams et al., 2006). Athabasca oil sands were deposited in shoreline, 

shallow marine, marine shelf or fluvial (continental) environments (Hubbard et al., 

1999). Athabasca bitumen shows biodegradation levels of up to 8 on the PM 

biodegradation scale. This formation has porosities generally averaging 28%, but ranging 

between 20 to 35%, with a bitumen saturation weight range of 10 to 18% (Hubbard et al., 

1999; Mossap, 1980).  
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As shown in table 3.4, it has been estimated that Athabasca, Cold Lake and Peace River 

reservoirs contain 259.1 billion m3 or ~1.7 trillion barrels of bitumen (Alberta Energy and 

Utilities Board, 1999; Creaney and Allan, 1990). To put this into an understandable 

context, if only 25% is recovered, it is sufficient to meet 100% of current Canadian and 

American consumption rates (~20 million bbl/day) for ~100 years.  

 

Deposit Initial Volume In Place (109 m3) 
Athabasca 206.7 
Cold Lake 31.9 
Peace River 20.5 

TOTAL 259.1 
 

 

Recovering these bitumens, extra-heavy and heavy oils residing in the Athabasca, Peace 

River, and Cold Lake deposits requires an enormous amount of energy. Due to their high 

viscosity, heating prior to production is needed to recover them. Heating of the crude oil 

will result in temporary or permanent viscosity reduction (depending on the heating 

temperature and residence time, and thus the amount of heavy compounds being cracked) 

so that it can be produced and transported through pipelines (Homayuni et al., 2011; 

Mehrotra and Svrcek et al., 1986). Fig. 3.19 shows the viscosity and temperature 

relationship for Athabasca, Peace River and Cold Lake bitumens (Mehrotra and Svrcek et 

al., 1986). The enormous effect of temperature on viscosity reduction is obvious with 

bitumen having a viscosity of around 1,000,000 centipoise (cp) at reservoir temperature 

(12-14ºC) decreasing to around 100 cp at temperatures of around 100ºC. Viscosity 

reduction, temporary or permanent, depending on the recovery temperature, residence 

time and recovery method used, is possible through chemical methods such as CO2 

Table 3.4 OOIP of Athabasca Bitumen, Peace River and Cold Lake Deposits (after Creaney and 

Allan, 1990). 
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injection or by thermal recovery methods such as SAGD, CSS, THAI, steam flooding or 

in situ combustion.  

 

         

 

 

These processes can cause the reservoirs to reach temperatures greater than ~500ºC (e.g. 

in situ combustion) and change the chemical composition of the oil being treated (Butler, 

1981, 1982, 1985; Butler, 1999; Castanier et al., 2003; Fan et al., 2001a, 2001b; Farouq, 

1974; Gates et al., 2005; Komery et al., 1999; Miller et al., 2002; Mokhatab et al., 2006; 

Moore et al., 1995, 1999; Omole et al., 1999; Satter et al., 2007; Ursenbach et al., 2010; 

Yee et al., 2004). 

 

3.3.2 Biodegradation of petroleum in the Western Canada Sedimentary Basin 

Fig 3.20 shows the mean maximum burial temperatures of the Bluesky formation (Peace 

River area) in thick black lines as well as gas chromatograms for Gething samples. It can 

be seen that biodegradation increases from the west towards the east, due to the decrease 

Figure 3.19 Relationship of viscosity versus temperature for Alberta bitumens (after Mehrotra and 

Svrcek et al., 1989). 
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in maximum burial towards the east (Adams et al., 2006; Creany and Allan, 1990; Issler 

et al., 1999; Larter et al., 2008; Ness, 2001). Samples to the west show minimal 

biodegradation due to their higher maximum burial temperatures. 

 

           

 

 

 

Fig. 3.21 shows that the reservoirs west of the Peace River area were buried deeper than 

2,000 meters and exposed to temperatures over 80ºC during their burial. Therefore, they 

show no loss of biodegradation-susceptible n-alkanes and an intact gas chromatogram 

signature (Fig. 3.20), indicating minimal to no degradation, which corresponds to level 0-

1 on the Peters and Moldowan (1993) biodegradation scale (Adams et al., 2006; Huang et 

al., 2008, Larter et al., 2006). The Peace River reservoirs (9-13° API gravity) were buried 

to ~2,000 meters and barely touched the 80ºC pasteurization temperature and their 

Figure 3.20 Mean maximum burial temperatures of the Bluesky formation, in the Peace River area, 

in thick black lines and gas chromatograms for Gething samples (after Adams et al., 2006). Note the 

intact signature in the saturate fraction GC chromatogram of the sample toward the west and the loss 

of n-alkanes and appearance of the UCM hump in the sample towards the east of the basin. 
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Gething formation samples show loss of n-alkanes, isoprenoids and a slight UCM hump 

in their chromatograms, indicating level 4-5 of biodegradation on the Peters and 

Moldowan (1993) biodegradation scale. In contrast, the Athabasca reservoirs (API< 10) 

were buried to a maximum of 1,000 meters (~45ºC) and never reached the 80ºC 

microbial activity cut-off temperature (Fig. 3.21).  

 

         

 

 

 

 

As a result of shallow burial during their time of subsidence, Athabasca reservoirs were 

subjected to severe biodegradation and show biodegradation levels of 8-9 on the PM 

biodegradation scale (Adams et al., 2006; Huang et al., 2008, Larter et al., 2006). It can 

be concluded that bitumen and heavy oil are products of the microbial degradation (a 

Figure 3.21 (a) Location of heavy oil and oil sand deposits in the WCSB that have undergone  

different levels of biodegradation; (b) diagram showing maximum burial depths and their equivalent 

temperatures for Western, Peace River and Athabasca reservoirs. Athabasca and Peace River 

reservoirs have seen low temperatures, whereas Western Reservoirs have experienced higher 

temperatures shortly after oil charging and (c) comparison of different oil viscosities and average 

viscosity and API gravities (after Larter et al., 2006) for several oils reservoired in the WCSB. Level 

of biodegradation shows a gradual increase from west towards the east in the WCSB. 
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process called biodegradation) of conventional crude oil over geological time periods 

(Head et al., 2003; Wenger et al., 2001). Biodegradation reduces significantly the quality 

of petroleum in reservoirs (Head et al., 2003; Larter et al., 2005; Wenger et al., 2002), by 

increasing the density, viscosity, acidity and sulfur content of the oil, decreasing its 

saturated and aromatic hydrocarbon content, reducing its API gravity and volume, 

making it more difficult to produce (low flow rates), costly to refine (high acidity and 

heavy compounds) and most importantly reducing the commercial value of the oil (Head 

et al., 2003; Jobson et al., 1972; Larter and Di Primio, 2004; Larter et al. 2005). The 

production of heavy oil and bitumen possessing high enough viscosities that will not flow 

under reservoir conditions is possible via thermal oil recovery processes (e.g. CSS, 

SAGD, in situ combustion), where heat is introduced into the reservoir. 
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Preface  

Primary production is the first method used to recover oil from reservoirs, in which three 

processes assist to drive the oil to the wellbore: dissolved gas drive, gas cap drive and 

water drive (Ahmed et al., 2004; Fanchi, 2005). Secondary recovery is the introduction of 

energy into the formation to recover the remaining oil. Commonly, secondary production 

(recovery) techniques are based on waterflooding or gas injection (Farouq, 1974; 

Merdhah et al., 2008; Mokhatab et al., 2006) where, generally, water is injected into the 

production zone or gas is injected into the gas cap to sweep the remaining oil from the 

reservoir. EOR (Enhanced Oil Recovery), also called tertiary recovery, is the ultimate 

method to be applied after primary and secondary production methods have been used to 

recover the remaining oil in place (Brown, 2010; Butler, 2001; Farouq Ali, 1996; 

Gamage et al., 2011). EOR processes can be subdivided into (i) non-thermal and (ii) 

thermal processes. CSS, SAGD, in commercial use since the 1960’s, and in situ 

combustion (ISC) are the main thermal recovery techniques for recovering heavy oils and 

bitumen. The oil is heated to temperatures of 200 to 600ºC, depending on the process 

used, and because of the viscosity drop and pressure from the hot water and gases, the 

heated and less viscous oil is pushed towards the production well (Boberg, 1987; Butler, 

1981, 1982, 1985, 1997, 1998; Butler et al., 1981; Farouq Ali, S.M., 1974; Gates et al., 

2005; Komery et al., 1999; Nasr et al., 2006; Orr et al., 2010; Sah, S.L., 2005; Satter et 

al., 2007; Yee et al., 2004). This chapter describes the various thermal EOR methods, 

especially CSS, SAGD and in situ combustion, for the recovery of heavy oil and 

bitumens, their different characteristics, operating ranges and the effects on oil properties 

when these EOR methods are employed. 



 

 

82

Chapter Four: Enhanced Oil Recovery (EOR) Processes and hydrocarbon 

alteration through chemical reactions 

4.1 Enhanced Oil Recovery (EOR) methods 

Recovery is the production of oil or gas from a reservoir by bringing it up to the surface. 

Several recovery methods, ranging from primary production to enhanced recovery can be 

implemented to recover hydrocarbons from the subsurface (Butler, 1981, 1982, 1985; 

Butler, 1999; Fan et al., 2001a, 2001b; Farouq, 1974; Gates et al., 2005; Komery et al., 

1999; Mokhatab et al., 2006; Omole et al., 1999; Satter et al., 2007, Yee et al., 2004). If 

the underground pressure of the oil-containing reservoir is sufficiently high, oil will flow 

through the pipes to the surface without any extra effort; as a result, primary production 

(recovery) can be simply defined as production from the well with the energy initially 

present in the reservoir at the time of discovery (Howes, 1988; Mokhatab et al., 2006; 

Tzimas et al., 2005, Das et al., 1998; U.S. Department of Energy- EOR/CO2 Injection, 

2008). Primary production is first used to recover oil, in which three processes assist to 

drive the oil to the wellbore: dissolved gas drive, gas cap drive and water drive. Depletion 

of the reservoir over time leads to a pressure drop and at some point the pressure in the 

reservoir will be insufficient to drive the oil. At this point the remaining oil needs to be 

recovered by secondary techniques.  

 

Secondary recovery is the introduction of energy into the formation to recover the 

remaining oil. Commonly, secondary production (recovery) techniques are based on 

waterflooding or gas injection (Farouq, 1974; Mokhatab et al., 2006; U.S. Department of 

Energy- EOR/ CO2 Injection, 2008) where, generally, water is injected into the 
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production zone or gas is injected into the gas cap to sweep the remaining oil from the 

reservoir. The two main objectives of secondary recovery processes are to increase the 

reservoir pressure and to sweep or push the remaining oil towards the production well. 

Recovery efficiencies can vary from reservoir to reservoir, but the efficiency, ranked 

from highest to lowest, is: water drive, gas cap drive and solution gas drive. Successfully 

implemented primary and secondary methods can recover around 10% to 50% of the oil 

from reservoirs (Howes, 1988; Farouq, 1974; Green and Willhite; 2003; Mokhatab et al., 

2006; Tzimas, 2005, U.S. Department of Energy- EOR/ CO2 Injection, 2008).  

 

EOR, also called tertiary recovery, is the ultimate method to be applied after primary and 

secondary production methods have been used (Brown, 2010; Butler, 2001; Farouq Ali, 

1996; Gamage et al., 2011) to recover the remaining oil in place. It is a process that can 

be applied in reservoirs with high viscosity and low gravity oil, when primary or 

secondary recoveries are ineffective or have reached the end of their economic life. Fig. 

4.1 shows the expected sequences of recovery methods for a typical oilfield. 

                 
 Figure 4.1 Expected sequences of recovery methods for a typical oilfield (after Carr et al., 2005).
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According to Hite et al. (2004), EOR processes have two main driving principles: (a) 

increase volumetric sweep efficiency and (b) improve displacement efficiency, and can 

be subdivided into (i) non-thermal and (ii) thermal processes.  

 

4.1.1 Non-thermal recovery processes 

Non-thermal processes rely on flooding with immiscible, miscible and chemical media 

(such as polymer, surfactant or alkaline flooding) and are used for lighter oils, whereas 

thermal processes are applied and work efficiently in heavy oils and bitumen (Sah, 2005; 

Satter et al., 2007). Immiscible floods run at low pressure with nitrogen or flue gases, 

whereas miscible floods run at higher pressures and involve the use of CO2 or 

hydrocarbon solvents (Farouq Ali, 2000; Sah, 2005; Satter et al., 2007). Non-thermal 

recovery processes, such as Cold Heavy Oil Production with Sand (CHOPS), chemical 

methods and gas injection do not cause any chemical reactions in heavy oil or bitumen 

during implementation; thus are outside the scope of this thesis. 

 

4.1.2 Thermal recovery processes 

The world hosts around 7 trillion barrels of extra heavy oil, heavy oil, and bitumen with 

the Canadian oil sand deposits alone hosting 1.6 to 2.5 trillion barrels of hydrocarbon 

fluids of which 90% are too deep to be mined economically (Albahani et al., 2008; Chen 

et al., 2008; Creaney and Allan, 1990; Nenniger et al., 2008). The main problem with 

heavy oil or bitumen recovery is their high viscosities that hinder the easy flow of oil in 

the reservoir to the wellbore (Hongfu, 2002; Howes, 1980; Latil, 1980). Thermal oil 

recovery, the introduction of heat into an oil reservoir, is well suited to unlock these 
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resources. Decreasing the high oil viscosities will increase the mobility of the oil and in 

the end will lead to an increase in oil production. Viscosity reduction can be achieved by 

introducing solvent or by introducing heat electrically or by steam (Fan et al., 2004; 

Farouq Ali, S.M., 2000; Latil, 1980; Sah, S.L., 2005; Satter et al., 2007; Shu et al., 1984). 

CSS, SAGD and in situ combustion are the main thermal recovery techniques for 

recovering heavy oils and bitumen. The oil is heated to temperatures of 200 to 600ºC 

depending on the process used, and because of the viscosity drop and pressure from the 

hot water and gases, the heated and less viscous oil is pushed towards the production well 

(Boberg, 1987; Butler, 1985, 1991, 1997, 1998; Butler et al., 1981; Farouq Ali, S.M., 

1974; Gates et al., 2005; Komery et al., 1999; Nasr et al., 2006; Orr et al., 2010; Sah, 

S.L., 2005; Satter et al., 2007; Yee et al., 2004). Generally, steam injection occurs at 

temperatures ranging from 190°C for low pressure SAGD to over to 350°C for high 

temperature CSS operations with pressures in the 5 to 12 MPa range and heated fluid 

residence times up to 1 month until the oil is hot (Bennion et al., 2007; Hoffman et al., 

1995; Hsu et al., 2010; Revana et al., 2007; Taoutaou et al., 2010; Vittoratos, 1986). If 

high enough temperatures (e.g. > 250ºC) are reached during thermal recovery operations 

(as in high temperature CSS, SAGD or in situ combustion) the oil is subjected to thermal 

stress. This can lead to a series of chemical reactions and thereby to significant chemical 

compositional changes with labile compounds cracking from polar fractions (resins and 

asphaltenes) to produce saturated and aromatic hydrocarbons (Ignasiak et al., 1977; 

Marcano et al., 2010, 2011; Monin and Audibert, 1984; Omole et al., 1999; Pahlavan et 

al., 1995; Payzant et al., 1979; Rubinstein et al., 1979; Rubinstein and Strausz, 1979; 

Strausz et al., 1992; Venkatesan and Shu, 1984).  
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Fig. 4.2 depicts a very general temperature-viscosity relationship for Athabasca crude oils 

(Gates et al., 2008; Mehrotra and Svrecek, 1986; Shu et al., 1984). Heating the crude oil 

decreases the viscosity of the oil dramatically; with the reduction in oil viscosity almost 

always exponential with temperature (Gates, 2007; Latil, 1980; Mehrotra and Svrcek, 

1986; Shu et al., 1984).  

 

         

 

 

As can be seen from Fig. 4.2, the higher the viscosity of a substance, the greater is the 

rate of reduction at any given temperature. Thermal processes are preferred over solvents 

due to the higher costs of solvents and their lesser ability to reduce oil viscosity. Szasz 

and Thomas (1965) have pointed out that several factors need to be considered before 

deciding on a recovery method: type of heat source, relative directions of heat, fluid 

flows and the extent of formation to be heated. 

 

Figure 4.2 Temperature- Viscosity relationship for Athabasca crude oils. Thermal processes operate 
at high temperatures, thereby decrease the viscosity of the oil in place which becomes mobile and 
flows into the production well (after Mehrotra and Svrcek, 1986). 
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Primary or secondary non-thermal recovery methods, such as waterflooding, polymer 

flooding, microemulsion flooding, and carbon dioxide miscible/immiscible flooding do 

not change the chemical composition of the oil. Temporary viscosity reduction is 

achieved with low temperature (~200-250ºC) thermal recovery processes, such as SAGD, 

and permanent viscosity reduction, also known as visbreaking, can be achieved if high 

temperature recovery processes (>300ºC) such as in situ combustion or high temperature 

CSS are employed (Carbognani et al., 2007; Fan et al., 2001a, 2001b; Fassihi et al., 

1990; Greaves et al., 2004; Greaves et al., 2005; Hyne et al., 1984; Jia et al., 2005; 

Omole et al., 1999; Pahlavan et al., 1995; Shu et al., 1986; Venkatesen and Shu, 1984; 

Xia et al., 2006; Xu et al., 2001). Visbreaking, generally involves the cleavage of 

molecular bonds and rupture of ring structures of heavy oil into large numbers of smaller 

and less viscous species at refinery conditions, at around 400ºC (Carbognani et al., 2007; 

Omole et al., 1999). Attempts to study the change in chemical composition of bitumen 

and heavy oil after thermal visbreaking have been undertaken, but are limited (Bennett et 

al., 2008; Fan et al., 2001a, 2001b; Fassihi et al., 1990; Jia et al., 2005; Marcano et al., 

2010; 2011; Omole et al., 1999; Pahlavan et al., 1995). 

  

It is common to observe the production of hydrogen sulfide, carbon dioxide and other 

minor gases during thermal recovery processes, such as SAGD and CSS (Hyne et al., 

1982, 1984, 1988, Thimm, 2005). Hyne et al. (1982, 1984, and 1988) refer to the process 

that produces these gases as “aquathermolysis”. Aquathermolysis reactions, the thermal 

cracking of hydrocarbons in the presence of liquid water, have been carried out in the 

laboratory on Canadian and Chinese heavy oils, in order to study their compositional 
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changes during steam stimulation processes (Clark et al., 1984; Hoffmann et al., 1997; 

Fan et al., 2001a, 2003; Hyne, J.B., 1986, Maity et al., 2010; Wen et al., 2007). It has 

been noted that heating heavy oil with steam, for 24 hours at 240ºC, reduced the viscosity 

of the heavy oil by 37% from 88.5 pascal-second (Pa·s) to 55.8 Pa·s and the molecular 

weight by 20% (Fan et al., 2001). This was related to an increased amount of saturated 

and aromatic hydrocarbons and lower resin and asphaltenes content (Fan et al., 2001; 

Fan, 2003). Larger molecules were broken up into smaller ones with the amount of 

hydrocarbons less than C25 increasing, hence reducing the viscosity of the heavy oil and 

increasing its quality (Fan et al., 2004). Aromatization of some of the cyclic 

hydrocarbons occurred, and some normal and iso-alkyl side chains were broken off 

condensed aromatics in the resin and asphaltene fraction and converted into aliphatic 

hydrocarbons, which all contributed to the viscosity reduction (Fan et al., 2002).  

 

4.1.2.1 CSS (Cyclic Steam Stimulation) 

Cyclic steam stimulation, also called steamsoak, huff`n` puff or cyclic steam injection, is 

a process involving three stages and can be undertaken on horizontal, vertical or deviated 

wells. Generally, steam is injected at temperatures ranging from 190°C for low pressure 

SAGD to over 350°C for high temperature CSS operations, with recovery residence times 

up to 1 month (e.g. steam injection, shut-in or soak and oil production phases for CSS 

and development of steam chamber with continuous steam injection, communication 

between injector and producer wells and finally, oil flow into wellbore phases for SAGD 

operations) and in the 5 to 12 MPa pressure range (Bennion et al., 2007; Farouq et al., 

1979; Gates et al., 1967; Hoffman et al., 1995; Hsu et al., 2010; Kazushi et al., 1990; 
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Revana et al., 2007; Taoutaou et al., 2010; Vittoratos, 1986). If high enough temperatures 

are reached (>~250-300°C) irreversible changes can occur in the chemical composition 

of the heavy oil or bitumen (Carbognani et al., 2007; Fan et al., 2001a, 2001b; Fassihi et 

al., 1990; Greaves et al., 2004; Greaves et al., 2005; Hyne et al., 1984; Jia et al., 2005; 

Omole et al., 1999; Pahlavan et al., 1995; Shu et al., 1986; Venkatesen and Shu, 1984; 

Xia et al., 2006; Xu et al., 2001). Thermal stimulation of heavy-oil wells by cyclic steam 

injection has received attention since the early 1960’s. Currently, steam stimulation is 

being applied on a commercial scale, in particular in Brazil, Venezuela, California and 

Canada (Jelgersma, 2007; Lacerda et al., 2008; Ramlal, 2004). With the advent of 

horizontal well technology, the productivity of heavy and extra heavy oil reservoirs has 

been considerably improved. More than 100,000 m3/d of heavy oil is produced in Canada 

by this method, up to 30% of the oil being produced after 12 to 18 cycles of CSS 

technology (Dusseault, 2008a). This process is comprised of three stages (Fig. 4.3). Stage 

1 is the “injection” phase. A predetermined amount of wet steam (~100 to 200 m3/d with 

a steam quality of around 70 to 85%; meaning 70 to 85% vapor by mass and the rest 

liquid) is injected at fracture pressure and up to 343ºC into drilled or converted injection 

wells, for a period of weeks or months (Farouq et al., 1979; Gates et al., 1967; Kazushi et 

al., 1990). Stage two is the “soak” phase. After injection of the steam, wells are shut in 

for couple days, to allow the steam to heat or soak the producing formation around the 

well. Stage three is the “production” phase. In this phase all wells are put into production 

and heated fluids are recovered. This phase can take from several weeks to several years 

(Farouq et al., 1979; Scott, 2002).  
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In a typical cycle, steam injection takes 10% of the calendar days, the soak period takes 

10% and the production phase takes 80% (Scott, 2002). Recovery is around 15 to 20% of 

the OOIP, depending on the nature of the reservoir, the well spacing and other variables. 

Three to five cycles are typical, but as many as 42 were employed in one instance 

(Chilingarian et al., 1989).  

 

In contrast to steam stimulation, steam flooding is a displacement process similar to 

water-flooding, in which some wells are used to inject the steam and other wells are used 

to produce the mobilized oil (Stosur et al., 1987; Butler, 1997). In some instances 

artificial fracturing is carried out to increase reservoir permeability. Since steam is costly, 

sometimes water needs to be injected at an optimum time to push the steam toward the 

production wells. The heavy oil field in California, Kern River, illustrates the impact of 

steam flooding on heavy oil recovery (Fig. 4.4). The field was producing around 10,000 

barrels per day using primary production methods; however, the production increased 

dramatically to more than 120,000 barrels per day after the introduction of steam 

injection methods (Greaser et al., 2001). Compared to cyclic steam stimulation, steam 

Figure 4.3 Cyclic Steam Stimulation (CSS) process. The process comprises of three stages; steam 

injection, soak and the production phase (Modified after Thomas, 2008). 

Stage 1: Stage 2: Stage 3: 
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flooding is more economical, because the oil is produced immediately. Consumption of 

energy and an increase in greenhouse gases are the main drawbacks.  

 

 

 

 

Three separate zones are created during a CSS process as shown in Fig. 4.5; an inner 

heated zone, a foamy oil zone and a cold zone (Batycky, 1997). The bitumen in the inner 

zone has low viscosity and flows to the wellbore, where gas and steam are segregated 

into the upper zone and heated fluids (oil and water) flow into the lower zone. In the 

inner heated zone, the temperature can vary from the initial reservoir temperature of 13ºC 

up to 343ºC at the injector wellhead (Farouq et al., 1979; Gates et al., 1967; Kazushi et 

al., 1990), potentially causing chemical reactions to take place and thereby, changing the 

chemical composition of the heavy oil or bitumen. 

 

Figure 4.4 Impact of steam flooding in Kern River field, California. Production increased from 10,000 

to 120,000 barrels with the implementation of steam flooding (after Greaser et al., 2001). 
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At present, there is no established method to assess the extent of thermal alteration by 

which steam is involved in the recovery of heavy oil and bitumen using high temperature 

CSS processes. The primary objective of this thesis is to identify geochemical parameters 

effective at different biodegradation levels to act as reaction proxies to remotely monitor 

these chemical reactions encountered in the subsurface and assess the extent of thermal 

alteration of heavy oil and bitumen during thermal recovery processes such as CSS.  

 

4.1.2.2 SAGD (Steam Assisted Gravity Drainage) and SAGP (Steam Assisted 

Gravity Push) 

Low pressure and high temperaturee SAGD techniques are currently considered to be the 

most effective and viable extraction technologies available for in situ recovery of shallow 

heavy oil and bitumen deposits (Boyle et al., 2003; Butler, 1991; Butler et al., 2001; 

Jimenez, 2008; Putnam and Christensen Rottenfuser, 2004; and Ranger, 2004; Sawhney 

et al., 1995; Sadler, 2005; Guerrero-Achonca et al., 2008). 

Figure 4.5 Conceptual model of Cyclic Steam Stimulation (modified after Batycky, 1997). 

I. Heat-stimulated zone 
(>80- 100ºC)

II. Foamy Oil Zone 
(40- 80ºC)

III. Cold Reservoir 
(10- 30ºC)

I. Heat-stimulated zone 
(>80- 100ºC)

II. Foamy Oil Zone 
(40- 80ºC)

III. Cold Reservoir 
(10- 30ºC)

~5 – 30m 

~100- 500 m

(>80- 343°C) 
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Steam Assisted Gravity Drainage (SAGD), developed and patented by Butler in 1982 

(US Patent 4344485) is a thermal recovery process for producing heavy oil and bitumen 

(Butler, 1998). In SAGD, parallel well pairs are drilled horizontally, aligned vertically 

with one another (Brooks et al., 2010; Butler, 1991, 1982). Generally, the strategy is as 

seen in Fig. 4.6, with horizontal wellbores having a vertical separation of the order of 5 

meters, but possibly ranging between 5 and 15 meters, an interwell spacing between 90 

and 120 meters, with the production well a few meters above the bottom of the pay zone 

(Gates et al., 2007; Komery et al., 1999; Nasr et al., 1998; Peacock, 2009; Singhal et al., 

1998). Approximately, 8 kg of oil sand needs to be heated to high temperatures (200- 

260°C) to mobilize 1 kg of bitumen (Nenniger et al., 2008). 

 

    

 

 

Several start-up strategies have been developed to establish communication between the 

injector and the producer (Cordell et al., 1992; Chhina, 1998; Donnely, 1999; Kisman et 

al., 1995; Vincent et al., 2004). Due to the unfavorable ratio between bitumen and steam 

Figure 4.6 Concept of SAGD (Steam Assisted Gravity Drainage). Steam is injected from the upper 
well, forms a chamber and the viscosity reduced oil flows due to gravity into the lower well and is 
produced (modified after Dang et al, 2010). 
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mobility, SAGD is started with a preheating period (Saltuklaroglu et al., 2000; Vincent et 

al., 2004). In the preheating period, as shown in Fig. 4.7, steam is injected into both the 

injection and production wells, providing a line source of heat to the reservoir (Vincent et 

al., 2004). Thin shale layers may act as vertical barriers and can pose a threat to the 

operation. However, as the formation is heated, differential thermal expansion can cause 

fractures to occur, allowing the steam and heavy oil or bitumen and condensed water to 

flow through and attain a recovery rate of up to 70% of OOIP (Brooks et al., 2010; Das, 

2007; Deutsch et al., 2005; O’Rourke et al., 2001). 

 

 

 

 

 

 

 

 
The main elements of this process are energy flow by thermal conduction and drainage of 

the heated oil (viscosity reduction) by gravity (Albahlani et al., 2008; Edmunds et al. 

1991; Nasr et al., 2000). When the region between the injection and production wells is 

heated to above ~80ºC (after thermal communication between the wells has been 

established) steam is injected into the reservoir at temperatures up to 240ºC and pressures 

up to 5-6 MPa through the upper injection well, as seen in Fig. 4.7, and condensed heated 

fluids (both water and oil) will flow along the steam chamber due to gravity, to be 

Figure 4.7 Steam stimulation process for SAGD initialization. 
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produced from the lower production well (Butler, 1991; Gu et al., 2009; Nasr et al., 2006; 

Thimm, 2008; Wang, 2008). Wang (2008) has shown, during analysis of observation 

wells from the Liaohe field in China, that the highest temperature the steam chamber 

reached during the SAGD operation was 240°C. By analyzing Hangingstone reservoir 

SAGD simulation results, Ito and Suzuki (1999) have shown that the optimum 

temperature difference between the injected steam and produced fluids, or subcool, is 

between 30 and 40°C.  

 

Butler (1991) has shown that after SAGD has been initiated, a steam chamber (with low 

density steam and gases) will grow upward to the top of the reservoir and then begin to 

extend horizontally (Fig 4.8). Steam flows through the steam chamber and releases its 

latent heat at the edges of the chamber, resulting in a steam quality gradient (Gates et al., 

2007). Heat transfer at the chamber edge takes the form of convective steam undulations 

and conductive heating (Gotawala and Gates, 2008). Several authors have shown that the 

economics of SAGD processes are controlled by the costs of (a) water treatment and 

recycling and (b) natural gas for the generation of steam (Gates and Chakrabarty, 2005; 

Edmunds et al., 2001). Other authors have shown that due to gas prices, SAGD 

economics is more sensitive to SOR (steam to oil ratio) than oil production rate 

(Edmunds and Chhina, 2001). Scott (2002) has indicated that SOR is not an appropriate 

indicator of energy efficiency due to differences in steam quality and suggested the 

amount of the external gas required to produce 1 m3 of bitumen as an indicator of energy 

efficiency.  
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Butler (1994) has conducted experiments investigating steam breakthrough over a year 

and has shown that bitumens with higher viscosities (100,000 cp or more) do not allow 

for wide separation (max. of ~5-6 meters) between the injector and producer, but 

reservoir oils with viscosities less than 10,000 cp allow quite a wide separation: ~10m for 

10.000 cp and up to ~30 m for 1.000 cp viscosity oils. The length of the wells can be 

from 500 m up to 1000 m (Albahlani et al., 2008; Singhal et al., 1998; Komery et al., 

1999). The wells are operated at around reservoir pressure to eliminate instability 

problems. Steam circulation in each wellbore is carried out for 3 months or more to 

increase the temperature, by conduction in the reservoir formation between the two 

wellbores. The gases released, such as carbon dioxide, methane and some hydrogen 

sulfide, fill the void spaces left by the bitumen and heavy oil and form a thin insulating 

blanket above the steam, but most of the heat is lost to nearby overburden formations. 

Steam loss to the overburden can be prevented if non-condensable gases are co-injected 

during the SAGD process, so that they will rise and occupy the top of the steam chamber 

(Butler, 1997, 1999, 2004; Jiang et al., 2000). To improve the energy efficiency (decrease 

Figure 4.8 Illustration of SAGD mechanism (modified after Albahlani et al., 2008). 

~ 5 meters 
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SOR, increase oil production) of SAGD, several methods such as ES-SAGD (Expanding 

Solvent-Steam Assisted Gravity Drainage) and SAGP (Steam and Gas Push) are being 

investigated, in which both solvent and steam are injected into the formation at different 

times and amounts (Nasr et al., 2006). Nasr et al. (2006) have shown that ES-SAGD 

laboratory experiments results, using Athabasca bitumen, show 17 to 30% increase in oil 

production compared to SAGD, for the same amount of steam injected (Nasr et al., 

2006). The main idea of SAGP is to fill up the reservoir as it becomes depleted, with non-

condensable gas. This process will reduce the heat loss to the overburden, the average 

temperature of the gas chamber at the top, and improve steam-to-oil ratio and bitumen 

recovery, by raising the pressure and pushing the oil downwards. The belief is that this 

process will use only 2/3 of the steam that SAGD has been using. Butler et al. (2001) 

have shown in their model that SAGD and SAGP produce at similar oil rates, but SAGP 

produces at a higher oil-steam-ratio (OSR).  

 

Butler developed energy and flow equations for this process (Butler 1985, 1994). 

According to Butler’s equation, oil production rates vary directly with the square root of 

the height of the steam chamber, and with the permeability of oil, movable oil saturation, 

porosity and thermal diffusivity, and inversely with oil viscosity as shown below: 
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where: 

Qo : oil production rate, m3/ day 

h : effective thickness, m 

K : effective permeability to oil, darcy 

∆So
  : movable oil saturation (initial oil saturation minus residual oil saturation), 

fraction  

Ф   : porosity, fraction   

α : thermal diffusivity, m2/ day 

μo : oil viscosity at steam temperature, cp 

 

The basic mechanism of steam-assisted gravity drainage is shown in Fig. 4.9. Thermal 

conduction is transferring the heat from the chamber, mobilizing the oil around the 

chamber and this mobilized oil drains downward due to gravity.  

 

 

 
 
 
 

 

 

 

Figure 4.9 Basic mechanism of steam- assisted gravity drainage (after Butler, 1994). 
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As the oil drains, the chamber gets larger. The rate of advance of the condensation 

surface (called the interface) is controlled by the material balance; its rate of advance 

depends upon the increase in the flow of oil at the point being considered (Butler, 1994). 

 

In reservoirs where SAGD processes reach high enough temperatures ( >~250ºC) 

chemical reactions in the oil can occur and change the chemical composition of the heavy 

oil or bitumen (Fan et al., 2001; Hyne et al., 1984; Marcano et al., 2009, 2010, 2011; 

Monin and Audibert, 1984; Omole et al., 1999; Pahlavan et al., 1995; Venkatesan and 

Shu, 1984). Geochemical reaction proxies proposed during this study could remotely 

monitor the chemical reaction encountered in the subsurface oil and assess the extent of 

thermal alteration of heavy oil and bitumen, and thus bitumen upgrading during SAGD 

processes. 

 

4.1.2.3 In situ combustion (ISC) 

Also known as “fireflooding”, this recovery process, the second most important process 

over the past decade, is applied to reservoirs containing “heavy” to “extra heavy” viscous 

oil (generally oil viscosity higher than 100 cp) that can not be produced with 

conventional methods (Abuhesa et al., 2009; Ayasse et al., 2002; Burger et al., 1985; 

Butler, 1980; Castanier and Brigham, 1953, 2003; Chatenever, 1966; Collison, 2004; 

Doraiah et al., 2007; Greaves et al., 1997; Greaves et al., 2000; Greaves and Turta, 1997; 

Hocking, 2010; Lake, 1989; Kuhn and Koch, 1953; Lim et al., 2010; Miller et al., 2002; 

Moritis, 2008; Moore et al., 1995; Moore et al., 1997; Orkiszewski, 1968; Panait-Paticaf 

et al., 2006; Pfefferle, 2009; Shu et al., 1984). The in situ combustion method is not 
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constrained by pressure, depth or thickness and therefore, can be applied in a wide range 

of reservoirs (Ursenbach et al., 2010). In this process, a fire-front is created in the 

reservoir and continues to spread, enriched by continuous air, oxygen-air or steam-air 

injection in one or several wells (Abuhesa et al., 2009; Miller et al., 2002; Ursenbach et 

al., 2010). The burning front is created by igniting in situ oil, creating a combustion zone 

that moves through the formation as a narrow band, consuming a small fraction of oil 

(generally the heavier components) in front of it and thereby, generating a heat wave 

leading to vaporization of lighter hydrocarbons that are produced from the production 

well as shown in Fig. 4.10 (Akin et al., 1984; Kok and Karacan, 2000; Lin et al., 1984, 

1987; Ramey, 1954; Ursenbach et al., 2010). Temperatures generated by the combustion 

front reach 400 to 700° C, with pressures in the range of 30 to 50 bars, equal to the 

reservoir pressure, so that severe thermal reactions, such as cracking and coking occur 

and the heavy oil is upgraded by 2º- 6º API (Castanier et al., 2002; Ramey et al., 1992; 

Xia et al., 2001, 2002). For heavy oils, the low-temperature oxidation region is roughly 

from 150 to 300°C, while high-temperature combustion oxidation generally ranges from 

380 to 800°C (Moore et al., 1999). Based on 3-D observations of tests involving THAI 

(Toe-to-Heel Air Injection) as a primary process, Xia et al. (2002) have shown that 

during combustion processes thermal cracking reactions proceed as follow: 

 

i) Aromatics (Ar) cracking: Aromatics  Asphaltenes + light oil 

ii) Resins (Re) cracking: Resins  Asphaltenes + light oil 

iii) Asphaltenes (As) cracking: Asphaltenes  Coke + light oil 
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Temperatures in excess of 380°C are required in the high-temperature combustion zone 

to achieve efficient displacement of Athabasca bitumen from the swept region in an in 

situ combustion process (Moore et al., 1999). The main interactions that occur during this 

process are summarized in Fig. 4.10. 

        

               

 

 
1.- Burned Zone: Also called the burned-out zone, burns out as the combustion front 

advances. No oil is left in this zone and it may contain residual unburned organic solids. 

2.- Combustion Zone: Residual heat turns any water or heat formed in this zone to steam. 

The steam formed flows into the unburned area and assists to heat the formation. Highest 

temperatures are found in this zone (600 to 1200ºF). This zone is several inches thick. 

3.- Cracking Zone: Crude is altered in this zone due to high temperatures, where heavy 

ends pyrolyze, light end compounds vaporize and are transported downstream to mix 

with the original oil in place. 

Figure 4.10 Concept of in situ combustion (after Ursenbach et al., 2010). 
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4.- Coking Zone: High temperatures cause lighter fractions of the crude oil to vaporize 

leading to a coke or carbon with heavy fractions as fuel for the advancing combustion 

front. 

5.- Steam and Vaporizing Zone (~400ºF): The zone that contains combustion products, 

vaporized hydrocarbons, and steam. Cracking of hydrocarbons in this zone reduces the 

oil viscosity. The composition of the oil will change in the steam plateau, (Aksinat, 1983; 

Kuhlman, 2000; Lim et al., 1993;Venkatesan and Shu, 1984). 

6.- Condensing or Hot Water Zone (50º - 200ºF above initial temperature). 

7.- Oil Bank (near initial temperature): zone containing oil, gas and steam (water). Most 

of the oil displaced from upstream and light ends evolved from thermal cracking is found 

in this zone. 

8.- Cold Combustion Gases: This is also called the undisturbed original reservoir. As the 

oil moves towards the production well, temperatures will decrease to initial reservoir 

temperature. 

 

ISC causes two types of oxidation reactions to occur; low temperature oxidation (LTO) 

and high temperature oxidation (HTO) (Burger and Sahuquet, 1972; Fassihi et al., 1984a; 

Mamara et al., 1993; Miller et al., 2002; Ursenbach et al., 2010). LTO reactions take 

place at temperatures less than ~350°C and proceed on lighter hydrocarbons, whereas 

HTO reactions occur at temperatures higher than ~350°C and proceed on coke (Sarathi, 

1999). LTO reactions produce oxygenated compounds like carboxyl acids, aldehydes, 

ketones, alcohols, hyperoxides, water and carbon oxides gases (Burger and Sahuquet, 

1972; Lampene et al., 2009) and can be described as follow: 
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CHx + O2  CHxOy. 

 

It is known that LTO reactions increase the boiling point, viscosity and density of oil 

(Fassihi et al., 1990) and is therefore, not a desirable reaction process. However, it 

facilitates to initiate more easily the bond scission high temperature combustion because 

LTO reactions are the first exothermic reactions to occur (Lampene et al., 2009). From 

the kinetics point of view, it is known that the failure of many heavy oil projects are due 

to operating the oxidation reactions in a low temperature region, where the main reaction 

products are oxidized liquid- and solid-phase hydrocarbons (Moore et al., 1999). HTO 

reactions on the other hand produce carbon monoxide, carbon dioxide and water 

(Lampene et al., 2009; Miller et al., 2002; Ursenbach et al., 2010). Non-oxidation 

reactions encountered are cracking and pyrolysis reactions. HTO reactions can be 

described as follow:  

 

CHx + O2  COx + H2O.   

 

Fig. 4.11 shows oxygen uptake rate versus temperature developed, based on Athabasca 

bitumen, but has been used for other Canadian heavy oils and bitumens as well 

(Ursenbach et al., 2010). It is evident from Fig. 4.11 that the oxygen addition reactions 

are dominant at temperatures below 300°C, while the bond-scission reactions 

predominate at temperatures above 350°C (Miller et al., 2002; Ursenbach et al., 2010). 

The negative temperature gradient region, in which the rate of reaction decreases with 

increasing temperature, lies in between these two ranges. 
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Stimulation of oil production through combustion is suggested for deep reservoirs with 

mobile heavy oil that has relatively high effective permeability. This process can take as 

little as 30 days and as much as ~90 days. Generally, ISC projects are laid out as a 12 

hectare five-spot well pattern or a 16 hectare seven-spot (Fig. 4.12a and 4.12b) 

(Ursenbach et al., 2010). Two variations of ISC exist: (a) Forward and (b) Reverse 

combustion (Adewusi et al., 1989; Dietz et al., 1968; Giguere, 1976; Islam et al., 1992; 

Miller et al., 2002; Thomas, 2008; Trantham et al., 1966; Ursenbach et al., 2010).  

 

 

           

 
Figure 4.12 (a) Five-spot and (b) Seven-spot in situ combustion patterns (modified after Ursenbach et 

al., 2010). Red squares represent injection- and blue triangles production wells. 

Figure 4.11 Typical oxygen reaction rate versus temperature profile and principle reoxidation 

regimes associated with dry in situ combustion methods for heavy oils and bitumens (after Miller et 

al., 2002 and Ursenbach et al., 2010). 

a) b) 

   ~ 350 meters 
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   ~ 400 meters 
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4.1.2.3.1 In situ combustion by forward combustion  

Forward combustion is a process in which the hot front and the injected air are moving in 

the same direction (Castanier et al., 2003; Islam et al., 1992; Moore et al., 1995), so that 

the mobilized oil moves into a colder formation (Fig. 4.13).  

 

 

Forward combustion generates its own fuel for the combustion zone; generally by 

burning the least desirable fraction of the crude, the coke. Producible bitumen is 

generated in front of the combustion front by way of thermal cracking reactions of 

asphaltenes, resins and aromatics, known as the heavy residue (Castanier et al., 2003). 

Approximately 30% of the generated heat in the combustion zone is transmitted, 

therefore lost, into the overlying and underlying formations. 

 

To avoid extinction of the combustion zone, the heat generation rate should be such that 

the temperature stays above the minimum ignition temperature of the crude oils involved. 

Figure 4.13 Concept of dry forward combustion (modified after Islam et al., 1992). 
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Behind the combustion zone lies a region with a temperature greater than 700ºC, 

containing clean “burned” sand (Castanier et al., 2003). This clean sand heats the injected 

air, which recovers some of the heat stored in the sand and delivers it downstream to the 

combustion front. Fig. 4.14 shows the water saturation (Sw), oil saturation (So) and 

temperature profile for a forward combustion (Castanier and Brigham, 2007).  

 

        

 

 

High temperatures (600 to 1200ºC) cause chemical reactions such as thermal cracking, 

oxidation of heavy residue and coke (as shown below) to produce CO, CO2, H2O and 

heavy residue comprised of high molecular weight compounds with high boiling points 

(Xia et al., 2001). 

 

 

Figure 4.14 Oil saturation, water saturation and temperature distribution during forward 

combustion process (modified after Castanier and Brigham, 2007). 
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The main reactions encountered during in situ combustion can be written as: 

(a) Thermal Cracking:  

Heavy residue (asphaltenes, aromatics, resins etc.)  Light oil + Coke 

(b) Heavy Residue Oxidation: 

Heavy residue + O2  CO + CO2 + H2O 

(c) Coke Oxidation: 

Coke + O2    CO + CO2 + H2O  

 

In forward combustion the reservoir is completely cleaned (Islam et al., 1992), because 

air sweeps through the hot formation before reaching the combustion zone (Fig. 4.15). 

The lighter hydrocarbons mobilize and mix with the unheated bitumen. Upgraded 

products are obtained during this process due to the high temperature ahead of the 

combustion front. Coke (heavier hydrocarbons) is left behind as fuel for the combustion 

(Latil, 1980). Since most of the heat in the hot sand is unused or lost to the upper and 

lower formations (Bagci and Kok, 2001), and due to the low heat capacity of air, water 

may be co-injected with air (Lapene et al., 2009; Latil, 1980), a process called “wet-

combustion” (Fig. 4.16). On a volumetric basis (at 3,447 kPa or 500 psi) the heat capacity 

of water is 100 times that of air and therefore, has the capability of transporting more heat 

than air. 
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Figure 4.15 Temperature and saturation profiles in forward combustion (modified from Latil, 1980). 

Figure 4.16 Temperature and saturation profiles for wet combustion processes (modified from 
Ursenbach et al., 2010). 
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4.1.2.3.2 In situ combustion by reverse combustion 

Another version of in situ combustion is the so-called “reverse combustion”, which is 

attractive for reservoirs with low effective permeability. The combustion zone moves in 

the opposite direction to the air flow, so air is injected from the injection well and the 

formation is ignited in a production well (Kok et al., 2001; Latil, 1980; Thomas, 2008). 

Here, the combustion zone moves from the production well to the injection well, towards 

the increasing oxygen concentration, whereas vaporized and mobilized hydrocarbons 

follow the combustion zone through the partially heated formation (Fig. 4.17). Forward 

and reverse combustion burn different portions of the oil (Sarathi, 1999). In forward 

combustion only coke like residue is burned, whereas in reverse combustion more like an 

intermediate molecular weight hydrocarbon is consumed, because the mobile oil has to 

move through the combustion zone and therefore in a greater percent of oil in place is 

consumed compared to forward combustion (Sarathi, 1999).  

              

      
Figure 4.17 Concept of reverse combustion (modified from Latil, 1980). 
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However, the biggest advantage of reverse combustion compared to forward combustion 

is the movement of the oil in place through the high temperature zone and resulting in 

higher gravity oil, due to more cracking of the oil (Sarathi, 1999). In the combustion 

zone, temperatures could reach up to 760ºC, so the produced fluids are cracked, resulting 

in lighter and lower viscosity oil compared to in situ oil, in which some of the cracked 

bitumen is consumed as fuel and residual coke is deposited in between the sand grains. 

 

As has been explained, during both forward and reverse combustion, temperatures in 

excess of 500ºC are reached. These high temperatures produce light hydrocarbons and a 

coke-like residue (Castanier et al., 1997). Using SARA analysis (Saturates, Aromatics, 

Resins, Asphaltenes), Xia and Greaves (2001) showed significant upgrading of the 

bitumen in their three-dimensional experiments. Saturated hydrocarbons increased 

dramatically in the produced oil, gravity of the produced oil increased by 8 API and the 

viscosity decreased from 1 million cP to around 500 cP. Moore et al. (1997) proposed the 

upgrading of Athabasca bitumen by, firstly a low temperature oxidation of the oil, 

forming peroxides, alcohols or ketones (oxidized hydrocarbons), thereby increasing both 

the oil viscosity and oil reactivity at higher temperatures (Moore, 1993; Moore et al., 

1995) followed, secondly by higher temperature oxidation causing cracking of highly 

oxygenated compounds into smaller ones. The high temperature (500ºC to 600ºC) 

combustion zone (a) promotes thermal cracking of heavy weight hydrocarbon molecules 

and (b) reduces the quantity of asphaltenes and resins. Bond-scission reactions do occur 

at these temperatures (Moore et al., 1999). Karacan et al. (1997) have shown that 

asphaltenes are the main contributors to coke production during pyrolysis. Abu Khamsim 
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et al. (1988) showed that fuel formation, mainly composed of the heavy fractions of the 

oil, starts with distillation followed by visbreaking and pyrolysis reactions. Geochemical 

reaction proxies proposed in this thesis could also remotely monitor the chemical 

reactions encountered in the subsurface oil and assess the extent of thermal alteration of 

heavy oil and bitumen and thus bitumen upgrading during in situ combustion processes. 

 

4.1.2.4 THAI (Toe-to-Heel Air Injection) 

THAI, as shown in Figure 4.18, is another combustion process, which combines a 

vertical air injection well with a horizontal production well (Greaves et al., 2000, 2004, 

2006; Xia et al., 2002). The biggest advantage of THAI is its ability to produce light oil 

from heavy bitumen, without addition of catalysts to the reservoir (Greaves et al., 1996, 

1998, 2000).  

 
 

 

 
Figure 4.18 Toe to heel air injection (THAI) bitumen recovery process (modified from Greaves et al., 

2006). 

~100- 500 m 

~10- 50 m 
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A vertical well is placed at the toe of the horizontal well and steam is injected into the 

vertical well for 3 months to condition around the vertical well bore and to heat the 

horizontal well. After 3 months of steam injection, air is injected from the vertical well 

and combustion takes place. Combustion can increase the temperature up to 600ºC, at 

which both thermal cracking and coking occur (Greaves et al., 2000, 2004, 2006; Xia et 

al., 2002, 2005). In principle, around 10% of the oil in place is consumed during this 

process and the remainder is mobilized and upgraded through thermal cracking reactions 

(Burger et al., 1985). Like SAGD, THAI also is a short distance oil displacement oil 

recovery process, where the thermal upgraded oil is produced quickly and preserved in 

the THAI process (Greaves and Al-Shamali, 1995, 2000; Greaves et al., 1998, 1999; 

Turta et al., 2004), whereas conventional ISC is a long distance displacement oil recovery 

process (Greaves et al., 2000; Singhal et al., 2000). 

 

According to a Petrobank financial report, for the second quarter, 2007, the oil produced, 

undergoes continuous upgrading, by mixing mobilized oil draining from the combustion 

front and oil directly affected by combustion. 3-D laboratory tests simulating THAI 

processes have shown that, after 10 to 12 hours at a peak temperature between 650-

700°C, the oils produced have a viscosity of 50 to 1000 mPa.s and a gravity of 16 APIº, 

compared with the original Athabasca bitumen which at 15°C had a viscosity of 

1,000,000 mPa.s and a gravity of 8º API (Xia et al., 2001). The saturate fraction also 

increased from 14.5% up to 70% while aromatics, resins and asphaltenes decreased. 3D 

THAI experiments using Wolf Lake heavy oil were conducted for 12 hours, reached a 

peak temperature between 550- 600°C and resulted in a viscosity decrease from 80,000 



 

 

113

cP down to an average of 50 cP and an API gravity increase from 10.1 to an average of 

20.4° API (Greaves et al., 2005). Greaves et al. (2005) also showed that the 540°C+ 

residue content decreased from 64% in the original heavy oil to 11% in the produced oil, 

that heavy metals (especially Nickel and Vanadium), resins and asphaltenes decreased, 

while the saturated and aromatic hydrocarbon content increased. The advantages of this 

process is that it produces 50% less greenhouse gases, uses less freshwater, has a smaller 

footprint than other production techniques and has recovery rates up to 80% OOIP (Xia et 

al., 2001). Greaves et al. (2004) conducted 3D in situ combustion laboratory tests using 

rectangular low pressure stainless steel cells packed with pre-mixed Heavy Wolf Lake 

crude oil (10.5° API) and wet sand (thereby representing a homogenous oil reservoir) and 

have shown that THAI (thermal) and CAPRI (thermal–catalytic) processes achieved 

substantial upgrading of produced oil (up to 23° API mainly during the CAPRI test) and 

as well as high oil recovery rates, up to 87% OOIP. These laboratory tests were 

conducted up to 10 hours and peak temperatures reached up to 500- 600°C. They also 

attributed the increase in normal alkane generation during the THAI and CAPRI wet 

phases to a hydrous pyrolysis of kerogen (kerogen or oil + H2O → CO2 + H2) or the 

water-gas shift reaction (CO + H2O → CO2 + H2). Wolf Lake oil produced after 10 hours 

via downhole catalytic upgrading, where peak temperatures reached almost 700°C 

showed a 4 to 6 API gravity increase, a significant increase in saturated hydrocarbon 

content (>100%) and reduction in aromatics (~25%), resins (>35%) and asphaltenes 

(>85%) (Greaves et al., 2004). They also showed that asphaltenes are the main source for 

fuel formation and that cracking reactions of aromatics assist in the increase of the 

saturated hydrocarbon fraction. CAPRI, another trademarked process of Petrobank 
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Energy and Resources Ltd., is similar to the THAI process, involving the addition of 

gravel-packed catalysts between the tubing and horizontal wellbore that aims to increase 

the API of the product by 6-8º API above that of the THAI in situ upgrading. At 

refineries, oil upgrading involves the conversion of high molecular weight components to 

lighter distillates (b.p. < 525°C) via cleavage of C-S and C-C bonds, basically primary 

upgrading. If geochemical reaction proxies developed during this study are employed on 

produced oil exposed to the recovery method or on heavy oil or bitumen extracted from 

core recovered from the reaction zone, it could also assist the party employing THAI 

processes to understand the conditions achieved in the subsurface in real time and 

thereby, contribute to optimizing the recovery method implemented. 

 

4.2 Chemical reactions affecting hydrocarbon alteration 

Crude oil is a complex mixture that contains hundreds if not thousands of different 

compounds, which at atmospheric pressure have molecular weights as low as 16 (CH4) 

and up to 2000, with boiling points ranging from -161ºC (CH4) to 1100ºC, respectively 

(Boduszynski, 1987; Speight, 2007). Major refinery products like gasoline, jet fuel, 

kerosene, liquefied petroleum gas (also known as LPG) are generated in the distillation 

tower through distillation cracking of the crude oil constituents. Several theories for the 

decomposition of the organic matter have been studied for some years (Fabuss et al., 

1964; Fitzer et al., 1971). The strength of the weakest bond in the molecule determines 

the thermal stability of an organic molecule (Chow et al., 2007; Johns et al., 1962; 

Speight, 2006). Both the reactivity and the stereochemistry of constituents of the 

petroleum are important for processing behaviors (Eliel and Wilen, 1994). Most 
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hydrocarbons alter thermally at elevated temperatures (>330ºC). Abu-Khamsin et al. 

(1988) and Xia et al. (2001) believe that in general the thermal reactions taking place in 

petroleum are: 

 
i) Aromatics cracking: Aromatics  Asphaltenes + light oil 

ii) Resins cracking: Resins  Asphaltenes + light oil 

iii) Asphaltenes cracking: Asphaltenes  Coke + light oil 

(iv) Heavy Oil   Visbroken oil (less viscous compared to original unheated) + gas 

(v) Visbroken Oil  coke + gas 

 
Research has shown that steam stimulation processes involving water and heat to recover 

the oil from the subsurface, not only change the physical properties of the crude oil, but 

also promote chemical reactions (Clark et al., 1984, 1990; Fan et al., 2001, 2004; Gould, 

1983 Hyne et al., 1984; Marcano et al., 2009, 2010, 2011; Monin and Audibert, 1984; 

Omole et al., 1999; Pahlavan et al., 1995; Venkatesan and Shu, 1984).  

 

4.2.1 Hydrocarbon alteration through cracking reactions  

Cracking is the breaking of higher molecular-weight compounds (boiling point > 525°C) 

into lower molecular-weight compounds by breaking carbon-carbon and carbon-sulfur 

bonds. Cracking reactions can be divided mainly into four sub-categories; Thermal 

cracking (370 to 520°C), catalytic cracking (450 to 480°C), hydrocracking (260 to 

425°C) and visbreaking (450 to 490°C). Figure 4.19 shows the various thermal cracking 

processes used in refineries, such as coking, catalytic cracking, hydrotreating, 

visbreaking, hydrovisbreaking, and hydrocracking, each operating under different 
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temperatures and pressures. It can be seen from Fig. 4.19 that coking and catalytic 

cracking require the highest temperature and lowest pressures of all the processes. 

Hydrogen addition requires lower temperatures, but higher pressures.  

 
 

 

 

 

 

 

 

 

 

 

 

Reaching these high temperatures and pressures in the subsurface, through thermal 

recovery methods, is crucial in accomplishing chemical reactions (e.g. visbreaking, 

cracking) to generate low molecular weight compounds from high molecular weight 

complex compounds. Reaching these high temperatures and pressures, however, is 

almost impractical, so employing catalysts to accomplish the thermal reactions at lower 

temperatures and pressures, while monitoring the chemical reactions accomplished, by 

analyzing produced oil or bitumen extracted from core from the reaction zone, could 

Figure 4.19 Comparison of different refinery processes and their operating pressure and 

temperatures (after Speight, 2006). 
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assist the company employing thermal recovery methods to understand the conditions 

achieved in the subsurface. 

 

4.2.2 Hydrocarbon alteration through thermal cracking reactions 

Thermal cracking processes in modern refineries are mainly in the ranges of temperatures 

and pressures of around 370ºC to 540ºC and 100 to 1000 psi, respectively, with residence 

times of milliseconds (Speight, 2006). Thermal cracking is the process, whereby complex 

organic molecules such as heavy hydrocarbons (higher molecular weight constituents 

having a boiling point of greater than ~525°C) are broken down into simpler molecules 

such as light hydrocarbons (lower molecular weight constituents having a boiling point 

less than ~525°C) by carbon-carbon bond breakages that are thermodynamically favored 

at high temperatures (Egloff, 1937; Speight, 2006; Xia et al., 2001). Beaton and 

Bertolacini (1991) have shown that these light hydrocarbons are entirely a product of 

thermal cracking in the oil phase. Interestingly, not only are molecules broken down into 

smaller ones during cracking reactions, but also molecules with higher molecular weight 

than the original unheated petroleum constituents are produced. The rate of cracking and 

the end products are strongly dependent on the temperature, residence time and presence 

of catalysts (Hulet et al., 2005; Speight, 1986, 2006).  

 
Cracking reactions form products through both primary and secondary reactions. Primary 

reactions involve the initial carbon-carbon bond scission and the immediate neutralization 

of the carbonium ion. The primary cracking reactions can be summarized as follow 

(Jones et al., 2006; Speight, 1999): 
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CnH2n+2 (paraffin or alkane)  CnH2n+2 (paraffin or alkane) + CnH2n (olefin or alkene) 

CnH2(n+1-g) +R (alkyl naphthene)  CnH2(n+1-g) (naphthene or cycloalkane) + CnH2n 

(olefin or alkene) 

CnH2n-6 + R (alkyl aromatic) CnH2n-6 (aromatic) + CnH2n (olefin or alkene)  

; where n is the number of C atoms, g is number of aromatic rings and R is an alkyl 

group. 

 

(a) Primary reactions are reactions, where relatively larger molecules are broken down 

into smaller ones that contribute to overall viscosity reduction and API gravity increase 

of heavy oil or bitumen exposed to high temperature recovery processes, such as CSS, 

SAGD and ISC (Ji et al., 2005; Lemonidou and Stambouli, 1998; Narbeshuber, 1995; 

Speight, 1999; Wang et al., 2004): 

 

C4H10 (butane)  CH4 (methane) + C3H6 (propene) 

C4H10 (butane)  C2H6 (ethane) + C2H4 (ethene) 

 
(b) Secondary reactions are reactions, in which smaller molecules (lower boiling point 

compounds), produced during primary reactions, interact to form larger molecules 

(higher boiling point compounds) (Speight, 1999).  

C2H4 (ethene) + C2H4 (ethene)  C4H8 (butene)    

or 

R · CH= CH + R · CH= CH2   Cracked residuum + Coke + other products  
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Mild cracking reactions yield high quantities of but low quality gasoline components with 

a low extent of gas and coke production, whereas severe cracking conditions yield low 

quantities, but higher quality gasoline components and a low extent of gas and coke 

production (Speight, 2007, 2010; Speight and Ozum, 2002).  

 

It is well known that heavy crudes contain “undesirable” materials such as sulfur, heavy 

metals and nitrogen that decrease the quality of the crude and make processing difficult. 

Therefore, in the refineries it is desirable to remove the unwanted materials. Refinery 

processes, such as thermal or catalytic cracking, hydrocracking and visbreaking convert 

heavy crudes into lower boiling products, remove metals, heteroatoms, cokable material 

and increase the hydrogen/oxygen (H/O) ratio. One possible way of increasing the H/O 

ratio is through the addition of hydrogen. A source of hydrogen atoms could be through 

the dissociation of molecular hydrogen, which could delay or reduce coking by 

promoting bond cleavage reactions. 

 

Several publications have shown that in refineries, thermal and catalytic reactions happen 

simultaneously in the conversion of asphaltenes (Dabrowski et al., 1991; Gollakota et al., 

1985). Catalytic reactions have lower activation energies compared to thermal reactions 

so that thermal reactions become more important at elevated temperatures (Nakata et al., 

1987). Kossiakoff and Rice (1943) proposed that hydrogen atom transfer is internal, by 

which free radical molecules produce aromatic compounds in greater quantities. These 

aromatic compounds are later easily broken from the unheated long chain molecules, 
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producing smaller organic molecules that have lower viscosities, as a result lowering the 

viscosity of the final product. 

 

4.2.3 Hydrocarbon alteration through catalytic cracking reactions 

The thermal alteration of complex hydrocarbon molecules into smaller, more desirable 

molecules in the presence of catalysts, under much less severe operating conditions than 

for thermal cracking is called “catalytic cracking” (Pines, 1981). Generally, temperatures 

in refineries are between 454 and 510°C and pressures are 10 to 20 psi. Catalytic cracking 

has several advantages over thermal cracking, favoring the production of branched 

paraffins, cycloalkanes and aromatics (Mosby et al., 1986; Heck et al., 1993). Therefore, 

catalytic cracking not only decreases the amount of residuals, but also increases the 

quality of the product (e.g. higher octane gasoline). Thermal cracking favors the 

production of ethane and ethylene, whereas catalytic cracking favors the production of 

butanes and butenes. Catalysts being used in refineries are generally silica-alumina, 

zeolite, aluminum chloride, aluminum hydrosilicate, treated bentonite clay and bauxite in 

the form of powders, beads, or pellets. Dispersed catalysts can be introduced as divided 

inorganic powders, or as oil- and water-soluble salts. The constituents used to develop 

active catalysts in metal compounds are mostly transition metals, such as Co, Fe, Mo, Cr 

and Ni. Molybdenum is most preferred, due to its efficacy for conradson carbon 

conversion, desulfurization and low coke yield. 

 

Reaction, regeneration and fractionation are the three basic processes in catalytic 

cracking. The three main types of catalytic cracking are fluid catalytic cracking, moving-
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bed catalytic cracking, and thermofor catalytic cracking. The catalytic cracking process is 

very flexible, and operating parameters can be adjusted to meet changing product 

demand. In addition to cracking, catalytic processes include dehydrogenation, 

hydrogenation, and isomerization.  

 

4.2.4 Hydrocarbon alteration through hydrocracking reactions 

Catalytic cracking processes assisted by the presence of an elevated partial pressure (100 

to 2,000 psi) of hydrogen gas, are known as “Hydrocracking”, and are normally assisted 

by a multi-functional catalyst capable of producing free radicals, rearranging and 

breaking hydrocarbon chains (C-C, C-H and C-heteroatom bonds), and adding hydrogen 

to aromatics to produce naphthenes and olefins to produce alkanes (Komatsu et al., 1985; 

Beaton et al., 1991, Rebick, 1980). Elevated temperatures (>350ºC) increase the cleavage 

reactions compared to the binding reactions. Ovalles et al. (2003), using a batch reactor 

or a continuous bench-scale plant, showed that down-hole upgrading with tetralin as 

hydrogen donor under steam injection conditions (280-315ºC) and residence time of (24 

to 64 hours) in the presence of methane and catalyst, leads to improvements in extra-

heavy crude (14.6º increase in API gravity, three-fold reduction in viscosity and 8% 

decrease in asphaltenes). They suggested that the mechanism was hydrogen transfer from 

tetralin to the extra-heavy crude, by its conversion into 1,2-dihydronaphthalene, and that 

this was subsequently transformed into naphthalene. 
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4.2.5 Hydrocarbon alteration through visbreaking reactions 

Visbreaking, also known as viscosity reduction, is a mild thermal cracking process that 

attempts to reduce the viscosity of the heavy oil, while conversion to distillates is kept as 

low as possible. Visbreaking breaks heavy components (such as asphaltenes) into lighter 

ones that act as internal solvents, reducing the viscosity of the crude. Short residence time 

is essential to avoid coking reactions (Speight, 1999, 2002). Visbreaking conditions in 

refineries are at temperatures and pressures in the range from 450ºC to 510°C and 50 to 

300 psi, respectively, with residence times of milliseconds to seconds (Chen et al., 1987; 

Venkatesen et al., 1986; Speight, 2011). The ability to achieve thermal visbreaking 

conditions at lower temperatures require longer residence times in the subsurface. Several 

laboratory experiments have shown that significant visbreaking occurs at temperatures 

between 260ºC to 371ºC (500 to 700ºF) and that coke starts to form at temperatures 

above 375ºC (McNab et al., 1952; Henderson et al., 1965; Shu et al., 1984). Ball et al. 

(1959) demonstrated the conversion of asphaltic oil, from the Athabasca bitumen, to 

distillate at 400ºC (750ºF) and 620 kPa. Viscosity reductions of 1,000-fold in asphaltic 

crudes in experiments have been observed by Erdman and Dickie (1964). Several studies 

have shown that visbreaking produced low boiling species by way of first-order reactions 

(McNab et al., 1952; Henderson and Weber, 1965). Accomplished reaction versus time 

for different temperatures is plotted in Fig. 4.20 (Shu et al.; 1986). It is clear from Fig. 

4.20 that temperature is the main factor determining the rate of visbreaking, so that less 

time is needed to produce the same amount of visbroken oil at higher temperatures. 
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Also, it can be seen from Fig. 4.20 that 99% of the visbreaking reactions are complete 

after ~10 days if high temperature CSS recovery processes are operated at temperatures 

of around 340 to 300°C, whereas after 10 days of SAGD operations at temperatures of 

200 to 250°C, only about 20% of the visbreaking reactions are complete, and around 60% 

after 60 days.  

 

In the last three decades, research on aquathermolysis of heavy oil under steam injection 

has been carried out (Brons et al., 1994; Clark et al., 1984, 1990; Hyne, 1986). The 

results show that aquathermolysis increases saturated and aromatic hydrocarbon content 

and significantly reduces asphaltenes and resin content, which overall decreases the 

viscosity of the heavy crude. Aquathermolysis, the thermal cracking of heavy oils in the 

presence of liquid water, affects the viscosity of heavy oils in opposite ways due to 

chemical reactions (Clark et al., 1984; Hyne, 1986). Cleavage of weak structures (e.g. C-

S bonds) generates reactive compounds that (a) polymerize to form larger compounds 

315°C 

301°C 

288°C 

274°C 

260°C 

232°C 

Figure 4.20 Effect of temperature and reaction time on visbreaking (Modified from Shu et al., 
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and contribute to the overall viscosity increase or (b) further continue cleavage to form 

smaller compounds and assist in decreasing the overall heavy oil viscosity (Clark et al., 

1984; Hyne, 1986). Several experiments conducted have shown that hydrogen donors, 

such as tetralin, under steam injection conditions (280–315°C and residence times 

between 24- 64 hours) can prevent the polymerization of free radicals that generate larger 

molecules (Ovalles et al., 2003, 2008). It is believed that, in aquathermolysis, hydrogen 

could come from water or hydrogen donors (e.g. tetralin) and upgrade the heavy crude 

oil. The upgrading reaction with tetralin can be described as follows: 

 

 

Crude Oil + tetralin     naphthalene + upgraded crude oil 

 
 

Jiang and Liu (2005) have shown with their aquathermolytic experiments, carried out at 

240°C up to 72 hours using Liaohe and Shengli heavy oils, that adding some metals 

species (Fe[II], Mo[II], Ni[II]) at 0.02M concentration to oil they were able to catalyze 

aquathermolysis of heavy oils under steam injection conditions and consequently, 

decrease the viscosity of the oils, increase the H/C atomic ratio, decrease sulfur, resin and 

asphaltenes content, and accordingly, increase the content of saturated and aromatic 

hydrocarbons. They also showed that if both hydrogen donor (tetralin) and metals as 

catalysts are introduced into the system they have a synergetic effect on aquathermolysis 

under steam injection conditions that results in an enormous effect on viscosity reduction 

(up to 90% for Fe{II}+ tetralin).  

 

H2O, Sand, CH4 
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The half-life of asphaltenes versus steam saturation pressure for a 12.4 API gravity crude 

oil is shown in Fig. 4.21, from Henderson’s (1965) data. It can be clearly seen that 50% 

of the heavy ends and asphaltenes should decompose in 17 years in a reservoir where the 

steam temperature is greater than 544°F (285°C) and steam saturation pressure of 1,000 

psi. Half of the asphaltenes could decompose in only 2 years at steam saturation pressures 

of 1300 psi (300ºC), which is equal to most high-temperature CSS recovery processes. 

However, it could take as long as 800 years, if the pressure is kept at 500 psi (240ºC), a 

common operating temperature for SAGD operations. Over 1500 psi saturation pressure, 

decomposition becomes significant. 

 

         

 

 

Attempts have been made in the past to explain the physical changes of the reactants after 

being treated with heat. Monin et al. (1988) have conducted pyrolysis experiments 

comprising oil-water-mineral to investigate compositional changes during thermal 

Figure 4.21 Half-life of asphaltenes of a 12.4 API gravity crude oil at steam saturation pressure 

(modified after Henderson, 1965). 
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treatment at 350ºC. They have observed the formation of light hydrocarbons (both liquid 

and gaseous) and cracking of resins and asphaltenes. The amount and characteristics of 

the end products formed during thermal alteration depend on the starting material (the 

characteristics of the initial oil), the promotion of cracking reactions, and chemical 

reactions involving water in the presence of a mineral (Monin et al., 1988). Buckles 

(1979) has shown that the viscosity of the crude oil in the Clearwater Formation in Cold 

Lake, Alberta oil sand deposits, drops more than four orders of magnitude and 

approaches that for some conventional crude oils (e.g. Redwater) when the temperature is 

raised to 200ºC (350 °F). Experiments conducted on Athabasca and Venezuelan bitumens 

at temperatures between 200ºC and 300ºC showed steady viscosity reduction with 

treatment time at 300ºC which was attributed to cleavage reactions (Hyne et al., 1986). 

Chen et al. (1991) carried out experiments at 250ºC and 300ºC on Cold Lake, Wabasca 

and Athabasca bitumens and found a reduction in viscosity and asphaltene 

concentrations, and the production of light oils and gases.  

 

4.2.6 Hydrocarbon alteration through isomerization reactions 

It is vital that reformulated gasoline maintain reduced aromatic and olefin content with 

high octane rating to achieve high performance and reduce automotive greenhouse 

emissions (Seddon, 1992; Nocca et al., 1994). Conversion of normal paraffins (especially 

butanes, pentanes and hexanes) to their branched isomers through isomerization reactions 

yields high octane constituents in the heavier gasoline fraction (Absi-Halabi et al., 1997; 

Estrada-Villagrana et al., 2007; Surla et al., 2004; York et al., 1997). Increasing octane 

rating without increasing the aromatic and olefin content can be accomplished through 
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the isomerization of paraffins larger than C6 (Pope et al., 2002). Isomerization is a 

chemical process in which one molecule is transformed into another molecule with the 

same chemical composition, but with a different structure and thus it has different 

chemical and physical properties (Pope et al., 2002; Surla et al., 2004). In fixed bed 

reactors, isomerization reactions take place at temperatures between ~100 and 210°C 

over a bifunctional (acid-metal) catalyst, where carbon deposition on catalysts is 

prevented by hydrogen addition at very low rates (Estrada-Villagrana et al., 2007). 

 

Isoparaffinic hydrocarbons, not only have low setting temperatures and chemical 

stability, but they are also the richest in hydrogen, compared with all other liquid 

hydrocarbons contained in the high-boiling fractions of petroleum oils, and so, they are 

very valuable components of the crude oil; however their amount in crude oil is very 

small (Zherdeva et al., 1961). The significant elements of the isomerization processes in 

petroleum chemistry can be summarized as: (a) migration of alkyl groups, (b) shifting of 

single-carbon bonds in naphthenes, and (c) shifting of double-bonds in olefins. As an 

example, heating butane to 100ºC or higher in the presence of a catalyst converts n-

butane (a straight-chain hydrocarbon) into its isomer, iso-butane (a branched-chain 

hydrocarbon). N-butane has a boiling and freezing point of -0.5ºC and -138.3ºC, whereas 

for iso-butane they are at -11.7ºC and -159.6ºC, respectively. Isobutane then can be 

further converted through dehydrogenation into methyl tertiary butyl ether (MTBE), 

which is used widely as a high-octane component for motor fuel (Kuchar et al., 1993). 

Economically, branched-chain hydrocarbons are preferred over straight-chain 

hydrocarbons. Isomerization of pentane/hexane does increase the octane number of the 
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light gasoline components n-pentane and n-hexane, found in abundance in straight-run 

gasolines. Isomerization processes with platinum-enhanced catalysts, or aluminum 

chloride promoted with hydrochloric acid, are employed in the presence of hydrogen, 

because both are very reactive and could result in undesired side-reactions. The hydrogen 

prevents the formation of coke, meaning it is neither produced nor consumed during the 

reaction. Paraffins and olefins are easily isomerized at room temperatures. Formation and 

rearrangement of carbonium ions isomerizes the paraffins, whereas for the olefins 

isomerization is accomplished via methyl group shift (movement of the position of the 

double bond) or hydrogen-atom shift (skeletal alteration). Naphthenes, depending on the 

compound, isomerize in different ways. Alkyl-aromatics can isomerize through side-

chain configuration, disproportionation of substituent groups, or their migration about the 

nucleus. As can be seen, isomerization reactions may have many potential benefits.  

 

4.2.7 Hydrocarbon alteration through aromatization reactions 

Aromatization is a process in which the conversion of a non-aromatic hydrocarbon 

structure to an aromatic hydrocarbon takes place. There are several ways to accomplish 

this transformation: 

(a) dehydrogenation of naphthenes (cycloalkanes) to aromatics 

(b) dehydrocyclization of aliphatics (alkanes, alkenes or alkynes)to aromatics 

(c) dehydroisomerization of naphthenes (cycloalkanes) to aromatics 

(d) high-temperature condensation of hydrocarbons to aromatics 
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5. COMPOSITIONAL CHANGES OF PEACE RIVER 

AND ATHABASCA BITUMEN DURING 

SIMULATED THERMAL RECOVERY 

EXPERIMENTS AT TEMPERATURES OF 300°C 

AND 350°C FOR UP TO 21 DAYS 
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Preface 

Biodegradation, known to reduce significantly the quality of petroleum in reservoirs, 

proceeds at the oil-water interface where it is most active, and is the cause of commonly 

seen vertical compositional gradients in heavy oil reservoirs around the world (Head et 

al., 2003; Larter et al., 2005, 2006; Wenger et al., 2002). CSS, SAGD and ISC are the 

main thermal recovery processes for recovering heavy oil and bitumens, in which the oil, 

depending on the process used, is heated to temperatures of 200 to 600ºC. These thermal 

processes cause not only physical, but also chemical compositional changes in the oil. 

Using crude oils with different geochemical composition and biodegradation levels and 

varying amounts of water, high temperature thermal alteration experiments simulating 

thermal recovery processes were conducted. The main goals were to examine the 

influence of temperature, the amount of water and the chemical reactions on the 

geochemical conversion of crude oil compounds at temperatures of 300°C and 350°C for 

up to 21 days.  
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Chapter Five: Compositional Changes of Peace River and Athabasca bitumen 

during simulated thermal recovery experiments at temperatures  

of 300°C and 350°C for up to 21 days 

Thermal recovery methods are designed to recover additional oil by reducing the 

viscosity of the remaining oil in place after primary or secondary production has reached 

the end of its economic life by heating the reservoir formation and increasing the 

temperature (Boberg, 1987), or as in the case of the bitumens, where primary production 

is impractical. During thermal oil recovery of heavy oil and bitumen, as shown in Chapter 

4, the elevated reservoir temperatures and pressures, and possibly the catalytic effect of 

rock matrices, could lead to significant changes in crude oils, in not only their physical, 

but also their chemical properties (Fan et al., 2004; Fassihi et al., 1985; Pahlavan et al., 

1995). The main objective of this thesis is to improve the understanding of the basic 

mechanisms responsible for the geochemical alteration of crude oils during thermal 

recovery processes and to use that understanding to identify the conditions under which 

the thermal process can be applied to improve the recovery of bitumens. Therefore, high 

temperature thermal alteration experiments simulating thermal recovery processes were 

conducted using crude oils with different geochemical composition and biodegradation 

levels and varying amounts of water,. Some of the other objectives of this chapter of the 

thesis are: (a) Investigate the lateral variation in oil composition by analyzing bitumen 

obtained from horizontal well drill cuttings samples from the Peace River area, (b) 

Investigate variations in oil composition with depth in an individual oil column from the 

Peace River area, WCSB, (c) Examine under laboratory conditions the impact of level of 

biodegradation on the degree of bitumen alteration during simulated thermal recovery 



 

 

132

experiments at 300°C and 350°C for up to 7 days, (d) Investigate under laboratory 

conditions the impact of thermal alteration on the chemical composition of Peace River 

bitumen, at temperatures of 300ºC and 350ºC for up to 3 weeks, (e) Investigate the 

impact of the amount of water in the reaction tube, thus water phase, on the chemical 

compositional changes of bitumen during thermal alteration and thereby, identify 

geochemical proxies to remotely monitor steam chamber growth during SAGD 

processes, and (f) Identify the heating temperature required for significant cracking 

reactions to commence, thereby, discover the threshold for significant heavy hydrocarbon 

cracking and light hydrocarbon generation, during thermal recovery processes in 

sedimentary situations. 

 

For molecular investigations, hydrocarbon and non-hydrocarbon fractions are isolated 

using solid phase extraction methods. Saturated hydrocarbons (normal alkanes, 

isoprenoid alkanes, steranes and terpanes) and aromatic hydrocarbons (C0-C5 

alkylnaphthalenes, C0-C2 alkylphenanthrenes, C0-C1 alkyldibenzothiophenes, C0-C1 

alkylanthracenes, and mono- and triaromatic steroid hydrocarbons) are analyzed using 

GC-MS. Distillation curves of percent mass yield as a function of boiling point and 

chromatograms obtained by a High Temperature Simulated Distillation (HT-SimDist) 

method for original unheated bitumens and their products thermally altered at 300°C and 

350°C for up to 7 and 21 days are also presented. Petroleum cuts defined by their range 

of atmospheric equivalent boiling points (AEBP) are illustrated on the HT-SimDist 

obtained chromatograms as well. 
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5.1 Vertical and lateral variations in oil composition and fluid properties in the 

Peace River study area 

N-alkanes, if not biodegraded, are commonly the most abundant saturated hydrocarbons 

in crude oils; pristane and phytane are the most frequently occurring isoprenoid 

hydrocarbons in crude oils and sediments (Koopmans et al., 1999; Middleton, 2003; 

Peters et al., 2005; Volkman et al., 1982; Volkman and Maxwell, 1986). Van Graas et al. 

(1981) and Burnham et al. (1982) have shown that isoprenoid hydrocarbons are 

generated mainly in the early stages of the catagenetic process, whereas n-alkanes are 

produced throughout the entire oil and gas window. Shallower burial and lower reservoir 

temperature during subsidence of the eastern-lying Athabasca oil sands, compared with 

that of the westerly Peace River oil sands, suggest that the Athabasca bitumen should be 

more biodegraded (Adams et al., 2006; Allan and Creaney, 1991; Brooks et al., 1988; 

Creaney and Allan, 1990; Larter et al., 2006). The TIC, n-alkanes, hopanes, steranes and 

C0-C2 alkylphenanthrenes molecular distribution of the heavily biodegraded Peace River 

and severely biodegraded Athabasca bitumens from the Western Canada Sedimentary 

Basin, used in my thermal alteration studies are shown in Fig. 5.1. The influence of 

biodegradation on the crude oil composition can be clearly seen from its molecular 

distribution. Identification of the biodegradation levels is made by comparison with the 

Peters and Moldowan (PM) biodegradation scale (1993). The chemical composition show 

distinct differences from one another. Both Peace River and Athabasca bitumens show 

complete removal of n-alkanes, isoprenoid alkanes (pristane and phytane), indicating a 

biodegradation level of at least 5 on the Peters and Moldowan (1993) biodegradation 

scale.  
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Figure 5.1 Gas chromatograms (TIC, m/z 85, m/z 191, m/z 217 and summed m/z 178, 192, 206) 
illustrating distributions of the total ion current (TIC), n- and isoprenoid alkanes, terpanes, steranes 

and diasteranes and C0-C2 alkylphenanthrenes, respectively for the original unheated Peace River 

and Athabasca bitumen feeds used in my simulated thermal recovery experiments. Due to deeper 
burial during subsidence, the Peace bitumens are less biodegraded compared to Athabasca bitumens. 
Identification of the peaks with numbers is shown in table 5.2 for steranes and diasteranes and table 
5.3 for terpanes. 
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Peace River bitumen shows partially affected 2-3 ring aromatic hydrocarbons 

(naphthalenes and phenanthrenes), intact alkylated-phenanthrenes, steranes and hopanes 

providing a maximum biodegradation level of 5 on the Peters and Moldowan (1993) 

biodegradation scale. Compared with the western-lying Peace River bitumen, the easterly 

Athabasca bitumen shows complete removal of n-alkanes, isoprenoid alkanes (pristane 

and phytane), near complete destruction of the more biodegradation resistant steranes 

including diasteranes and variably depleted hopanes implying a maximum biodegradation 

level of 8 on the Peters and Moldowan (1993) biodegradation scale.  

 

Simulated distillation (SimDist), a gas chromatography technique, separates individual 

hydrocarbon components in the order of their boiling points. This technique is very 

beneficial because it simulates the time-consuming laboratory-scale physical distillation 

procedure, known as true boiling point (TBP) distillation (Villalanti and Raia, 2000). The 

SimDist method covers the boiling range between 55-538°C (n-alkane range of about C5-

C44), while the high-temperature simulated distillation (HT-SimDist) method covers the 

boiling range between 36-750°C (n-alkane range of about C5-C120). The main difference 

between SimDist and HT-SimDist is the ability of the latter technique to handle residue-

containing samples (i.e. material boiling >538°C, 1000°F). The weight percent of 

different petroleum cuts (e.g. naphtha, atmospheric distillate vacuum gas oil and vacuum 

residue) of the feedstock, defined by their boiling point, is obtained through HT-SimDist 

method and is shown in table 5.1. 
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 N-alkane range Atmospheric equivalent boiling point (°C) 

Naphtha n-C5 to n-C12 Initial boiling point - 216 

Atmospheric distillates n-C12 to n-C20 216- 343 

Vacuum gas oil (VGO) n-C20 to n-C40 343- 545 

Vacuum residue (VR) > n-C40 >545 

  

 

Fig 5.2 shows the curves of distillable weight percent by boiling point cuts for both the 

original unheated heavily biodegraded Peace River and severely biodegraded Athabasca 

bitumens. Fig. 5.2 reveals that original unheated Athabasca bitumen has approximately 3 

wt.% more VR fraction (hydrocarbons and other materials of higher boiling points that 

have an atmospheric equivalent boiling point >545°C) compared with the original 

unheated Peace River bitumen; 52 wt.% versus 55 wt.% for Peace River and Athabasca 

bitumen, respectively. The boiling point curves also further indicate the presence of 10 

wt.% of compounds with a boiling point lower than 325°C in the original unheated Peace 

River bitumen; corresponding to atmospheric distillate compounds and 10% lower than 

350°C in the Athabasca bitumen; corresponding to VGO compounds. This further 

verifies that severely biodegraded Athabasca bitumen contain greater amounts of material 

with higher boiling points (e.g. higher molecular weight compounds) and less of the 

material with lower boiling points (e.g. lower molecular weight compounds), compared 

to heavily biodegraded Peace River bitumen. The petroleum cuts defined by their range 

of atmospheric equivalent boiling point are given in table 5.1. 

 

Table 5.1 Different petroleum cuts defined by their atmospheric equivalent boiling point (°C). The 

equivalent n-alkane ranges that are used as standards are shown as well.  
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A defining characteristic of heavy oilfields is the variation in fluid properties resulting 

from variable levels of biodegradation of the petroleum. These variations are not only 

important in assisting to predict fluid properties, but can also be used to allocate 

production from long well bores using simple mixing models and quantitative petroleum 

geochemical data obtained from produced fluids. Several studies in the past have shown 

that geochemical methods can be used to allocate commingled oil production via multiple 

wells from multiple fields into a common pipeline or from multiple pay intervals though 

a single well (Bennett et al., 2009; Hwang et al., 2000; Kaufman et al., 1990). Here, I 

describe the compositional variations along a horizontal well section using classical 

petroleum geochemical approaches modified for the difficult analytical environment of 

545°C 
Original unheated  
Peace River bitumen 
 

Vacuum Residue >545°C 

Weight (%) off 

Original unheated  
Athabasca bitumen 
 

Figure 5.2 Distillation curve of percent mass yield as a function of boiling point obtained by HT-
SimDist method for the original unheated Peace River and Athabasca bitumens solvent-extracted 
from cores.  
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bitumen. Studies on bitumen extracted from drill cuttings of a horizontal well, obtained 

from the Peace River area, suggest that subtle variations in biodegradation level and 

thereof, fluid properties exist along the horizontal well section. Fig. 5.3 illustrates several 

m/z 105 and m/z 231 mass chromatograms depicting alkylbenzenes and triaromatic 

steroid hydrocarbon distributions, respectively, along a horizontal well for bitumen 

extracted from drill cuttings obtained from distances along the wellbore. As can be seen 

from Fig. 5.3, resistant hydrocarbons such as triaromatic steroid hydrocarbons are largely 

unaltered and therefore, do not show any significant changes throughout the horizontal 

well section. In contrast, light hydrocarbons such as alkylbenzenes distribution show 

significant variability, implying variable biodegradation of the petroleum. These 

variations in oil composition suggest that they can assist in predicting fluid properties and 

allocation production from long well bores (contribution of heel versus toe). To 

investigate the effect of water washing on oil composition, which is occasionally 

necessary to remove redundant material (e.g. dirt, clay content, plastic material, steel 

thread etc.), bitumens isolated from unwashed drill cutting samples are compared with 

bitumens isolated after drill cutting samples are washed (Fig. 5.4). Fig 5.4 shows m/z 105 

mass chromatograms, illustrating alkylbenzenes distribution for bitumens isolated from 

washed and unwashed drill cutting samples of the horizontal well. As can be seen from 

Fig. 5.4, bitumen isolated from both washed and unwashed drill cutting samples show 

similar results, suggesting almost no deterioration of the compounds due to washing the 

cutting samples. However, there seems to be some loss of the more volatile compounds in 

the washed samples, presumably due to the greater work-up of the samples and 

promoting loss of light ends through evaporation. Fig. 5.5 shows m/z 105 mass 
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chromatograms (aromatic hydrocarbon fraction), displaying alkylbenzenes distribution 

along the horizontal well, for bitumen analyzed 3 months apart. The results are very 

similar for every sample and demonstrate that data can be replicated as long as the drill 

cutting samples with its original mud and water are properly stored in a tight and sealed 

container. These results could have significant implications on production optimization as 

properly stored drilling cuttings obtained from recently drilled wells can be analyzed, 

incorporated into the geochemical database and used in geomodels, reservoir simulation 

workflows and production allocation studies.  

 

Compositional variations observed in petroleum reservoirs are not only lateral, but also 

vertical (Bennett et al., 2008; Huang et al., 2004, 2006, 2008; Koopmans et al., 1999, 

2002; Larter et al., 2006, 2008; Jones et al., 2008; Ross et al., 2010). Vertical 

compositional variations can be on a regional or local (individual oil column) scale. Past 

publications (Adams et al., 2006; Head et al., 2003; Huang et al., 2008; Larter et al., 

2006a) suggest that the mixing of fresh and biodegraded oil and maximum temperature 

reached during the time of reservoir burial, generally, account for most of the regional 

scale compositional variations in petroleum reservoirs. In contrast, the height of water 

column residing below the oil leg, the rate of biodegradation versus rate of fresh oil input 

and the proximity to the water column, contribute to local scale compositional variations 

in petroleum reservoirs (individual reservoir column). Vertical compositional gradient 

profiling in the oil column are commonly seen around the world, including the Western 

Canada Sedimentary Basins (Bennett and Larter, 2008; Brooks et al., 1988; Larter et al., 

2008; Jones et al., 2008; Ross et al., 2010). 
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Figure 5.3 M/z 105 and m/z 231 mass chromatograms (aromatic hydrocarbon fraction) displaying alkylbenzenes (above well section) and triaromatic 

steroid hydrocarbons (below well section) distribution along a horizontal well for bitumen extracted from drill cuttings obtained from different 

distances along the wellbore. 
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Figure 5.4 M/z 105 mass chromatograms (aromatic hydrocarbon fraction) displaying alkylbenzenes distribution along a horizontal well, for bitumen 

extracted from WASHED (above well section) and UNWASHED (below well section) drill cuttings obtained from different distances along the wellbore. 
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Figure 5.5 M/z 105 mass chromatograms (aromatic hydrocarbon fraction) displaying alkylbenzenes distribution along a horizontal well, for bitumen 

extracted from drill cuttings obtained from different distances along the wellbore and analyzed at 3 months intervals (November 2005 and January 

2006). 

1000 m 1600 m 1800 m 2200 m 

R
el

at
iv

e 
In

te
ns

it
y 

  

Retention time Retention time Retention time Retention time 

R
el

at
iv

e 
In

te
ns

it
y 

  

Retention time Retention time Retention time Retention time 

m
/z

 1
05

 
al

k
yl

b
en

ze
n

es
 

m
/z

 1
05

 
al

k
yl

b
en

ze
n

es
 

S
am

p
le

s 
an

al
yz

ed
 

N
O

V
E

M
B

E
R

 2
00

5 
S

am
p

le
s 

an
al

yz
ed

 
JA

N
U

A
R

Y
 2

00
6 



 

 

143

Small-scale horizontal variations in oil composition could be attributed to variable 

biodegradation, whereas large-scale horizontal variations could imply 

compartmentalization due to faulting or impermeable shale layers. Vertical compositional 

gradients in the oil column, where the low viscosity oil occupies the top of the oil column 

with viscosity increasing towards the oil-water contact, such as in the Liaohe Basin, 

Junggar Basin, McMurray formation, Wabasca Grand Rapids A and Peace River, have 

been demonstrated in the past (Bennett et al., 2008; Brooks et al. 1988, Chan et al. 1992, 

Huang et al., 2003, 2006, 2008; Koopmans et al., 1999, 2002; Larter et al., 2006, 2008; 

Ross et al., 2010). Compositional gradients in heavy oil fields are seen because the easily 

degraded and reactive components such as n-and isoprenoid alkanes and naphthalenes 

decrease in concentration (ppm or μg/g), while neoformed compounds such as 25-

norhopanes tend to increase towards the oil-water contact (OWC), where nutrients are 

supplied for the microorganisms to sustain their metabolism (Bennett et al., 2008; Huang 

et al., 2004, 2008; Larter et al., 2006, 2008). To investigate this, I have analyzed Peace 

River bitumens (study area) solvent-extracted from a core of a vertical well. Fig. 5.6 

shows the variation in naphthalenes concentration (ppm), viscosity (cp), gravity (API) 

and the gas chromatograms (TIC) for different depths of the 25 m thick individual oil 

column investigated. It can be clearly seen that the entire 25 m (82 feet) thick oil column 

has been biodegraded (complete loss of n-alkanes and the appearance of the unresolved 

complex mixture “UCM hump”), with the degree of biodegradation increasing with depth 

(towards the OWC). Both the top and the bottom of the column show biodegradation 

level of 5 on the Peters and Moldowan (1993) biodegradation scale, but the top oil 

column still contains some of the light hydrocarbons, such as naphthalenes, 
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phenanthrenes, dibenzothiophenes, and methyl-dibenzothiophenes, while they are almost 

completely depleted towards the bottom of the oil column. Total summed C0-C5 

alkylnaphthalenes concentration in Peace River bitumen shows a decrease from 3,547 

μg/g at the top to 247 μg/g towards the base of the oil column, due to biodegradation at 

the OWC. Similarly, the API gravity shows a drop from ca. 10 API to ca. 6 API towards 

the base of the column. Dead oil viscosity variation is more dramatic with a 50-fold 

increase towards the OWC observed. At a temperature of 20ºC the viscosity at the top of 

the column is 45,000 centipoise (cp) and shows an increase to 2,190,000 cp towards the 

base of the oil column.  

 

 

     

 

 

 

 

 

 

 

 

 

 

 

Oil/ water contact 

Depleted in light 
hydrocarbons 

Increase in heavy 
hydrocarbons 

Figure 5.6 Gas chromatograms (TIC) from different depths of an individual oil column from the 
Peace River area show us the depletion of light hydrocarbons (e.g. naphthalenes, phenanthrenes) and 
relative increase of the more biodegradation resistant heavy hydrocarbons (e.g. hopanes, steranes) 
with depth towards the oil-water contact(OWC). Naphthalenes concentration is decreasing and 
viscosity (cp) is increasing from the top towards the base of the oil column (oil-water contact) due to 

biodegradation.  

Relative depletion in 
light hydrocarbons 

Relative increase in 
heavy hydrocarbons
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Heavy oil fields, generally, exhibit large scale compositional variations, as shown in Fig. 

5.6, where reservoir geochemistry can be practical in defining (Brooks et al., 1988; Chan 

et al., 1992; Horstad and Larter, 1997; Huang et al.; 2008; Larter et al., 2006, 2008; 

Koopmans et al., 1998, 2002). One of the applications is the prediction of fluid properties 

(API gravity, viscosity etc.) by analyzing oil or bitumen produced from a well, or 

extracted from core or even from drill cuttings. Correlation between fluid properties, 

established from calibration suites of oil obtained from multivariate statistical 

chemometric methods or regression based neural network analysis, and measured oil 

geochemical properties can enable these fluid property (API gravity, viscosity etc.) 

predictions. The first viscosity measurement at rig site can be made available in 2 hours 

(Larter et al., 2006) and can produce proxy viscosity logs such as shown in Fig. 5.6. 

Similar proxy viscosity logs were produced previously (Huang et al., 2008; Larter et al., 

2008). These geochemical fluid property predictions can assist in circumstances where 

quick decisions need to be made such as sidetracking wells and well completion designs 

(e.g. placement of production liner, perforating the sweet spots). 

 

Fig. 5.7 shows the distillation curves of percent mass yield as a function of boiling point 

obtained by the HT-SimDist method for the same Peace River bitumens extracted from 

cores obtained at different depths of the same individual oil column that was shown in 

Fig. 5.6. It can be seen from Fig. 5.7 that the bottom oil, having an oil viscosity of 

2,190,000 cp, has a VR fraction (hydrocarbons and other materials of higher boiling 

points that have an atmospheric equivalent boiling point >545°C) of 60 wt.%, while the 

top oil having an oil viscosity of 44,996 cp has a VR fraction of 54 wt.%. This suggest 
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that the bottom oil has 6 wt.% more VR fraction present, compared with the top oil. I also 

conclude from Fig. 5.7 that the shift of the top oil boiling point curve to lower 

temperatures, compared with bottom oil curve indicates that the top has a greater 

proportion of hydrocarbons and other materials of lower boiling points, compared with 

the bottom oil. The approximate hydrocarbon cut ranges, such as naphtha, atmospheric 

distillate, VGO and VR are shown on the HT-SimDist method obtained chromatograms 

(Fig. 5.8).  

                         

        
 
 
 
 

 

The chromatogram suggests that hydrocarbons and other materials of lower boiling 

points, such as naphtha and atmospheric distillate fractions decrease, while materials of 

higher boiling point, such as VGO and VR fractions increase towards the base of the 

reservoir. These results are expected for biodegraded reservoirs having a water leg 

Figure 5.7 Distillation curves of percent mass yield as a function of boiling point obtained by HT-
SimDist method on bitumen extracted from cores at different depths of an individual oil column from 

the Peace River area. 
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beneath the oil leg where the base of the reservoir contains the most biodegraded, dense 

and viscous oil. The petroleum cuts defined by their range of atmospheric equivalent 

boiling point are given in table 5.1. 

 

Fig. 5.9 depicts the viscosity-VR fraction relationship for the same Peace River bitumens 

that were shown in Fig. 5.6. It can be seen that both the dead oil viscosity and the VR 

fraction increase with increasing depth towards the OWC. This graph suggests that a 

correlation exists between dead oil viscosity and the VR fraction and further suggests that 

dead oil viscosity can be estimated from analyzed VR fractions and vice versa. This 

correlation also confirms that crude oils having higher dead oil viscosity values will, most 

likely, also have higher amounts of the VR fraction present. 
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Figure 5.8 High temperature simulated distillation chromatograms for bitumens extracted from core 
obtained at different depths of an individual oil column from the Peace River area. Petroleum cuts 
defined by their range of atmospheric equivalent boiling points (AEBP) are also shown on the graph. 
Colour of lines represents same samples as Fig 5.7. 

n-C40 (AEBP ~545°C) 

n-C100 (AEBP ~720°C) 

n-C20 (AEBP ~343°C) 

n-C12 (AEBP~ 216°C) 

A
tm

os
p

h
er

ic
 

d
is

ti
ll

at
e Vacuum 

Residue 

Vacuum  
Gas Oil 

N
ap

h
th

a 

Chromatographic retention time (min) 



 

 

148

From these findings, it is concluded that small-scale lateral and large-scale vertical 

chemical compositional variation can be encountered in biodegraded petroleum 

reservoirs, with the level of biodegradation, and hence viscosity, API gravity and the VR 

fraction, increasing towards the OWC. Also, it is concluded that compositional variations 

can be on a regional or on a local (individual oil column) scale. 

 
 

   

 

 

 

 

 

Figure 5.9 Viscosity-Vacuum Residue fraction (%VR) relationship in bitumen extracted from core of 
an individual oil column from the Peace River area. Viscosity (centipoise) and the vacuum residue 
fraction (% VR) in bitumen decreases with increasing depth towards the oil-water contact. 
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5.2 Simulated thermal recovery experiments of bitumens (Peace River and 

Athabasca) with different biodegradation levels at 300°C and 350°C for up to 7 

days. 

 

5.2.1. Generation of normal alkanes (n-C9 to n-C36) and isoprenoid alkanes (pristane 

and phytane). 

In my simulated thermal recovery experiments, Peace River and Athabasca bitumens 

were thermally altered at varying heating temperatures (300ºC and 350ºC) and for up to 7 

days to simulate thermal recovery processes, such as low pressure SAGD or high 

pressure high temperature CSS. Fig. 5.10 and 5.11 show m/z 85 mass chromatograms 

illustrating n-alkanes for original unheated Peace River and Athabasca bitumens and their 

products thermally altered at 300ºC and 350ºC, respectively for up to 7 days. Original 

unheated Peace River and Athabasca bitumens have been heavily to severely 

biodegraded, respectively and are therefore both devoid of n-alkanes and isoprenoid 

alkanes. When Peace River and Athabasca bitumens are thermally altered at 300ºC and 

350ºC for up to 7 days, the neo-generation of n- and isoprenoid alkanes (pristane and 

phytane) is very obvious, but is very different for 300ºC and 350ºC thermally altered 

experiments. Simulated thermal recovery experiments yield n-alkanes and isoprenoid 

alkanes (pristane and phytane) with a uniform pattern up to n-C25 for both bitumens at the 

end of day 7 of thermal alteration at 300°C (Fig. 5.10), whereas the n-alkanes distribution 

goes up to n-C36 if thermally altered constantly at 350ºC for up to 7 days (Fig. 5.11).  
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Figure 5.10 M/z 85 mass chromatograms (saturated hydrocarbon fraction) illustrating n- and 
isoprenoid alkanes distribution for original unheated Peace River and Athabasca bitumens and their 
products thermally altered in the presence of 1 ml of water at 300ºC for up to 7 days. Numbers over 
the peaks correspond to the carbon numbers of n-alkanes; Pr, Ph and I.S. refer to pristane, phytane 
and internal standard (squalane), respectively. 
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Figure 5.11 M/z 85 mass chromatograms (saturated hydrocarbon fraction) illustrating n- and 
isoprenoid alkanes distribution for original unheated Peace River and Athabasca bitumens and their 
products thermally altered in the presence of 1 ml of water at 350ºC for up to 7 days. Numbers over 
the peaks correspond to the carbon numbers of n-alkanes; Pr, Ph and I.S. refer to pristane, phytane 
and internal standard (squalane), respectively. 
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It can clearly be seen that temperature has a dramatic impact on the n-C9 to n-C36 alkanes 

and isoprenoid alkanes (pristane and phytane) generation. Total summed n-C9 to n-C36 

alkanes concentration increases from 0 to 3,335 ppm for Peace River bitumen and from 0 

to 3,575 ppm for Athabasca bitumen when thermally altered at 300ºC for up to 7 days. In 

contrast, there is an almost 15 fold increase to 42,700 ppm in Peace River bitumen and to 

44,710 ppm in Athabasca bitumen if thermally altered at 350ºC for the same period of 

time (Fig. 5.12 and Fig. 5.13).  

 

   

 

 

Similar relationships can be seen for isoprenoid alkanes (summed pristane and phytane), 

another group of saturated hydrocarbons. Isoprenoid alkanes (summed pristane and 

phytane) concentration shows an increase from 0 to 225 ppm for Peace River and from 0 

Figure 5.12 Summed n-C9 to n-C36 alkanes concentration in original unheated Peace River and 
Athabasca bitumens and their products thermally altered at 300ºC for up to 7 days. 
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to 260 ppm for Athabasca bitumen when they are thermally altered at 300ºC for 7 days, 

and from 0 to 1,235 ppm for Peace River and from 0 to 1,280 ppm for Athabasca 

bitumens when they are thermally altered at 350ºC for the same period of time (Fig. 5.14 

and Fig. 5.15). 

 

I believe that two processes are contributing to the increase of n-alkanes and isoprenoid 

alkanes in bitumens during simulated thermal recovery experiments with mainly; (a) the 

cracking of aliphatic groups linked through heteroatoms in cyclic systems present in the 

asphaltene molecular structure and to a lesser extent (b) side chain cracking of aliphatic 

groups from aromatic groups (Ignasiak et al., 1977; Monin and Audibert, 1984; 

Rubinstein et al., 1979; Strausz et al., 1992). 

 

   
Figure 5.13 Summed n-C9 to n-C36 alkanes concentration in original unheated Peace River and 
Athabasca bitumens and their products thermally altered at 350ºC for up to 7 days. 
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Figure 5.15 Summed isoprenoid alkanes (summed pristane and phytane) concentration in original 
unheated Peace River and Athabasca bitumens and their products thermally altered at 350ºC for up 
to 7 days.  

Figure 5.14 Summed isoprenoid alkanes (summed pristane and phytane) concentration in original 
unheated Peace River and Athabasca bitumens and their products thermally altered at 300ºC for up 
to 7 days.  
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Similar results were obtained by Marcano et al. (2009, 2011) as well. Fowler and Brooks 

(1987) have hydrously pyrolysed asphaltenes fractionated from heavy oils obtained from 

the Cold Lake and Lloydminster deposits at 300°C and 330°C for up to 72 hours. They 

obtained the greatest amounts of saturated hydrocarbons in the pyrolysates when hydrous 

pyrolysis was conducted at 330°C for 72 days. N- and isoprenoid alkanes, which were not 

present in the original bitumen due to biodegradation, were present in all pyrolyzates and 

the saturate fraction gas chromatograms showed a smooth distribution with no odd or 

even carbon number predominance. Similar results were obtained by Jones et al. (1987) 

and Xuemin et al. (1987), where they hydrously pyrolysed asphaltenes isolated from 

severely biodegraded bitumens and observed the production of n-alkanes, acyclic 

isoprenoid alkanes, steranes and triterpanes that were not present in the original bitumen. 

They concluded that the asphaltenes isolated from heavy oils or bitumens generated 

compounds (e.g. n-alkanes, isoprenoid alkanes, steranes and triterpanes) that gave gas 

chromatograms similar to those from undegraded or partially degraded oils. They also 

concluded that asphaltenes or at least some parts of them are, in some way, very resistant 

to biodegradation and can “protect” specific structures (e.g. n-alkane and isoprenoid 

alkane, sterane and triterpane moieties) in the oil (Fowler and Brooks, 1987; Jones et al., 

1987; Rubinstein et al., 1979). Jones et al. (1987) showed that the fingerprints of n-

alkanes, steranes and triterpanes recovered from hydrous pyrolysates of asphaltenes and 

corresponding polar fractions isolated from severely degraded crude oils are very similar 

and concluded the existence of a genetic link between asphaltenes and polar fractions of 

oils. They also concluded that n-alkane precursors are more abundant in the asphaltene 

than in the polar fractions. Several other authors also have shown that asphaltenes could 
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be the main source for the newly generated n-alkanes and isoprenoid alkanes due to their 

structures that are rich in aromatic rings interconnected through heteroatomic and 

especially aliphatic chains (Ignasiak et al., 1977; Rubinstein et al., 1979; Rubinstein and 

Strausz, 1979; Strausz et al., 1992). Monin and Audibert (1984, 1985) showed that the 

light hydrocarbons are formed by the cracking of resins and asphaltenes after thermal 

treatment. In my simulated thermal recovery experiments, at both lower (300°C) and 

higher temperatures (350ºC), severely biodegraded Athabasca bitumen yields more 

summed n-C9 to n-C36 alkanes and isoprenoid alkanes (summed pristane and phytane) 

than heavily biodegraded Peace River bitumen. I believe that this is due to the greater 

amount of VR fraction in original unheated Athabasca bitumen compared to original 

unheated Peace River bitumen that is rich in compounds containing abundant aliphatic 

compounds linked through heteroatoms in cyclic systems present in the asphaltene and 

resin molecular structures.  

  

Galarraga (2011) has shown that the increase in distillate fraction and decrease in VR 

fraction (e.g. vacuum residue conversion) is an indication of oil upgrading and that the 

degree of oil upgrading can be assessed by analyzing VR conversion into distillable 

fractions; assuming an increasing in oil quality with decreasing residue content. He 

showed in his work with Athabasca bitumen that bitumen upgrading took place through 

hydroprocessing in the presence of a catalytic emulsion whereby the oil viscosity 

decreased with increasing residue conversion. Fig. 5.16 and Fig. 5.17 illustrate the 

distillation curves of percent mass yield as a function of boiling point and the 

chromatograms obtained by HT-SimDist method for original unheated Peace River and 
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Athabasca bitumens, respectively, and their products thermal altered at 350°C for up to 7 

days. It was shown in Fig. 5.2 that original unheated severely biodegraded Athabasca 

bitumen have 3 wt.% more VR fraction present than original unheated heavily 

biodegraded Peace River bitumen (55 wt.% in Athabasca bitumen versus 52 wt.% in 

Peace River bitumen). It can be seen from Fig. 5.16, Fig. 5.17 and Fig. 5.18, that at the 

end of day 7 of simulated thermal recovery experiments at 350°C, both Peace River and 

Athabasca bitumen have approximately the same amount (37 wt.%) of VR fraction 

present. HT-SimDist obtained chromatograms suggest that the presence of hydrocarbons 

and other materials of lower boiling points (e.g. naphtha, atmospheric distillate fractions) 

increase with increasing thermal alteration in both Peace River and Athabasca bitumens, 

while compounds with higher boiling points (e.g. VGO, VR fractions) decrease with 

increased thermal alteration (Fig. 5.16 and Fig. 5.17). Here, it is important to note that the 

decrease in the VR fraction after 7 days of thermal alteration at 350°C is 18 wt.% (from 

the initial 55 wt.% to 37 wt.%) for Athabasca bitumen, while it is 15 wt.% (from 52 wt.% 

to 37 wt.%) for Peace River bitumen. These results are expected for bitumens thermally 

altered at higher temperatures and are an indication of bitumen upgrading (Galarraga, 

2011). It can be concluded from Fig. 5.16 and Fig. 5.17, that the shift of the thermally 

altered bitumen boiling point curves to lower temperatures compared to the feedstocks 

indicate that Peace River and Athabasca bitumens thermally altered for up to 7 days 

contain greater proportions of hydrocarbons and other materials of lower boiling points; 

with greater bitumen upgrading occurring in Athabasca bitumen compared to Peace River 

bitumen. I believe that this is due to the higher amount of VR fraction present (e.g. higher 

amounts of asphaltene and resin fractions that contain abundant aliphatic compounds 
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linked through heteroatoms in cyclic systems) in original unheated Athabasca bitumen 

compared to original unheated Peace River bitumen that break down into smaller 

molecular weight hydrocarbons and other materials of lower boiling point during thermal 

alteration, consequently contributing to the bitumen upgrading. The greater upgrading of 

Athabasca bitumen compared to Peace River bitumen can also be seen by comparing the 

lower boiling point compounds present in the thermally altered Athabasca and Peace 

River bitumens. Fig 5.16 and Fig 5.17 indicate the presence of 15 wt.% of material with a 

boiling point lower than 270°C in Peace River bitumen and lower than 260°C in 

Athabasca bitumen thermally altered for 7 days; both corresponding to atmospheric 

distillate range compounds. 
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Figure 5.16 (a) Quantitative distillation curves of percent mass yield as a function of boiling point and 
(b) chromatograms obtained by HT-SimDist method on original unheated Peace River bitumen and 
its products thermally altered at 350°C for up to 7 days. Petroleum cuts defined by their range of 
atmospheric equivalent boiling points (AEBP) are also shown on the graph (b).
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These results suggest that Athabasca bitumen thermally altered for up to 7 days has 

slightly more hydrocarbons and other materials of lower boiling points present compared 
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Figure 5.17 (a) Quantitative distillation curves of percent mass yield as a function of boiling point  
and (b) chromatograms obtained by HT-SimDist method on original unheated Athabasca bitumen 
and its products thermally altered at 350°C for up to 7 days. Petroleum cuts defined by their range of 
atmospheric equivalent boiling points (AEBP) are also shown on the graph (b).

Figure 5.18 Days of simulated thermal recovery versus the vacuum residue fraction (%VR) in 
original unheated Peace River and Athabasca bitumens (feedstocks) and their products thermally 

altered at 350°C for up to 7 days. 

(b)(a) 
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to Peace River bitumen thermally altered for the same period of time. This is consistent 

with the higher decrease in the VR fraction and greater n- and isoprenoid alkane 

generation in Athabasca bitumen during thermal alteration compared to Peace River 

bitumen. The petroleum cuts defined by their range of atmospheric equivalent boiling 

points are given in table 5.1. The approximate hydrocarbon cut ranges such as naphtha, 

atmospheric distillate and VGO are also shown on the HT-SimDist obtained 

chromatograms in Fig 5.16 and Fig 5.17. 

 

5.2.2 Generation of C0-C5 alkylnaphthalenes  

Naphthalenes are a class of polycyclic aromatic hydrocarbons (PAH) that have fused-ring 

chemical structures containing two benzene rings. Naphthalenes and alkylnaphthalenes 

are common constituents of petroleum derived from different types of sediments 

(Alexander et al., 1983a; Rossini, 1960; Vandenbroucke, 1980). PAH’s susceptibility to 

biodegradation depends on the number of aromatic rings present in the molecule; the rate 

of biodegradation shows a decrease with increasing number of aromatic rings. Another 

important factor controlling the rate of biodegradation is the degree of alkylation, which 

decreases with increasing alkyl substitution (Alexander et al., 1985; Connan, 1984; 

Volkman et al., 1984; Palmer, 1993).  

 

As illustrated earlier in this chapter, Peace River bitumen has been heavily biodegraded 

(level 5 on the Peters and Moldowan (1993) biodegradation scale), whereas Athabasca 

deposits have reached biodegradation levels of 8 on the Peters and Moldowan (1993) 

biodegradation scale. Biodegradation has completely removed the mono- (alkylated 
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benzenes) and diaromatic hydrocarbons (C0-C5 alkylnaphthalenes) from the Athabasca 

bitumen (Fig. 5.19 and Fig. 5.21). In contrast, only 470 ppm of total summed C0-C5 

alkylnaphthalenes is present in the original unheated Peace River bitumen that I used in 

my studies (Fig. 5.19 and Fig. 5.21). Figs. 5.19 and 5.20 show mass chromatograms 

(summed m/z 128, 142, 156, 170, 184 and 198) displaying C0-C5 alkylnaphthalenes from 

the aromatic hydrocarbon fraction distribution for original unheated Peace River and 

Athabasca bitumens, respectively, and their products thermally altered in the presence of 

1 ml of water at 300ºC and 350ºC for up to 7 days. It is important to note that the 

diagnostic ion for the identification of alkylated C4- and C5-naphthalenes in mass 

chromatograms (m/z 184 and 198) is also employed to identify dibenzothiophenes (DBT) 

and methyldibenzothiophenes (MDBT), respectively. DBT and MDBT elute after 

alkylated C4- naphthalenes and will be discussed later in this chapter. Components in 

mass chromatograms are identified from retention times, mass spectrum, standards and 

past publications, such as Alexander et al., 1984; Budzinski et al., 1998; Gratzer et al., 

2011; Kruge, 1999; Obermajer et al., 2004; and Rowland et al., 1985.  



 

 

162

           

                

           

                    

           

          

Figure 5.19 Mass chromatograms (summed m/z 128, 142, 156, 170, 184 and 198) illustrating C0-C5 

alkylnaphthalenes and C0-C1 alkyldibenzothiophenes distribution in original unheated Peace River 
and Athabasca bitumens and their products thermally altered at of 300ºC for up to 7 days.  
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Figure 5.20 Mass chromatograms (summed m/z 128, 142, 156, 170, 184 and 198) illustrating C0-C5 

alkylnaphthalenes and C0-C1 alkyldibenzothiophenes distribution in original unheated Peace River 
and Athabasca bitumens and their products thermally altered at 350ºC for up to 7 days. 
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When Peace River and Athabasca bitumens are thermally altered at 300ºC and 350ºC for 

up to 7 days, the generation of C0-C5 alkylnaphthalenes is evident, but the amounts differ 

for the simulated thermal recovery experiments carried out at 300ºC and 350ºC. 

Simulated thermal recovery at 300ºC yields total summed C0-C5 alkylnaphthalenes at 

very low concentrations, whereas the yield is much higher for thermal alteration at 350ºC 

(Fig. 5.21 and Fig. 5.22). After 7 days of simulated thermal recovery at 300ºC, total 

summed C0-C5 alkylnaphthalenes concentration increases from 470 ppm to 770 ppm for 

Peace River bitumen and from 0 to 250 ppm for Athabasca bitumen (Fig. 5.21). If 

bitumens are thermally altered at 350ºC, the increase in total summed C0-C5 

alkylnaphthalenes concentration is much greater for both Peace River and Athabasca 

bitumens; from 470 ppm to 5,350 ppm in Peace River and from 0 to 4,760 ppm in 

Athabasca bitumen (Fig. 5.22). It can be seen that higher temperatures (350ºC) contribute 

significantly to the generation of C0-C5 alkylnaphthalenes. After 7 days of simulated 

thermal recovery of Peace River bitumen at 300ºC and 350ºC, the difference in C0-C5 

alkylnaphthalenes concentration is more than 10-fold. However, it is important to 

remember that n-alkanes (saturated hydrocarbons) production was much higher; from 0 

to 3,500 ppm when thermally altered at 300°C for up to 7 days and up to 44,000 ppm 

when thermally altered at 350ºC for the same period of time. Concentration data suggest 

that the biodegradation level of the feedstock (Peace River and Athabasca bitumen) does 

not significantly affect the amount of total summed C0-C5 alkylnaphthalenes generated 

during simulated thermal recovery processes; severely biodegraded Athabasca bitumen 

and heavily biodegraded Peace River bitumen produce approximately the same amount 
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of total summed C0-C5 alkylnaphthalenes. From these findings, it is concluded that the 

generation of C0-C5 alkylnaphthalenes show little or no influence of the initial oil 

composition during the simulated thermal recovery experiments; suggesting the precursor 

pools of these species are likely to be the same (e.g. same source) in both Peace River 

and Athabasca bitumens. C0-C5 alkylnaphthalenes ratios and their potential use as 

geochemical reaction proxies to monitor in situ chemical reactions encountered in heavy 

oil and bitumens and assess the extent of bitumen upgrading during thermal recovery 

processes will be discussed in Chapter 6. 

 

   

 
Figure 5.21 Total summed C0-C5 alkylnaphthalenes concentration in original unheated Peace River 

and Athabasca bitumens and their products thermally altered at 300ºC for up to 7 days. 
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5.2.3 Generation of C0-C2 alkylphenanthrenes and C0-C1 alkyldibenzothiophenes 

To investigate the influence of the chemical environment on the release of the naturally 

occurring compounds, both sulfur-carrying (C0-C1 alkyldibenzothiophenes) and non-

sulfur-carrying (C0-C2 alkylphenanthrenes) compounds have been investigated and 

compared during my simulated thermal recovery experiments. 

 

It is well known that the conversion of residue to lighter products, both in the presence 

and absence of hydrogen and/or a catalyst, is mainly thermally driven (Beaton et al., 

1991; Heck et al., 1994). There is no selectivity in bond cleavage during bitumen 

upgrading because most chemical reactions are thermally driven (Huc, 2010, Hsu and 

Figure 5.22 Total summed C0-C5 alkylnaphthalenes concentration in original unheated Peace River 

and Athabasca bitumens and their products thermally altered at 350ºC for up to 7 days. 
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Robinson, 2006). Therefore, under non-selective thermal reaction conditions, the weakest 

bonds break first. Bond dissociation energies for C-S, S-S and C-C bonds are 259 kJ/mol, 

266 kJ/mol and 347 kJ/mol, respectively; hence cleavages of C-S and S-S bonds are 

easier compared to C-C bonds. Sulfur is present in benzothiophene rings and nitrogen in 

pyrrole (C4H4NH) and pyridine (C5H5N) rings (Hsu and Robinson, 2000). It is well 

known that when sulfur containing compounds are naturally or artificially matured, 

methylbenzothiophenes or dibenzothiophenes (C-S containing bonds) are released much 

earlier than alkylated aromatic hydrocarbons such as naphthalenes and phenanthrenes  

(C-C containing bonds) (Damste et al., 1992; Radke et al., 2001). Hydrocarbon 

generation rates from kerogens or resin-asphaltene complexes are controlled by the 

strength of the bonds within the precursor (Hsu et al., 2006; Orr et al., 1990; Peters et al., 

2005). Several authors have shown that petroleum generation rates increase with 

increasing sulfur content of the thermally immature kerogen, due to the presence of 

weaker C-S bonds compared to C-C bonds (Eglinton et al., 1990; Tomic et al., 1995; 

Lewan, 1998). Lewan (1998) suggested that the concentration of sulfur radicals, rather 

than bond strengths, was the rate-controlling factor in petroleum formation and carried 

out experiments with 1-phenyldodecane (PDD) and varying concentrations of 

diethyldisulfide (DEDS). He concluded that the cleavage of the weaker C–S and S–S 

bonds is not responsible for the generation of many constituents of petroleum, but rather 

provides the initiating free radicals that allow the thermal cracking of C–C bonds to occur 

at a faster rate (e.g. initiation of chain of thermal cracking reactions) and lower thermal 

stress, which means that the greater the concentration of initiating sulfur radicals formed 
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during thermal maturation of sedimentary organic matter, the faster the rate of thermal 

cracking of the organic matter to petroleum.  

 

In my simulated thermal recovery experiments, I used two naturally existing compounds 

(dibenzothiophene; a sulfur bearing compound and phenanthrene) to investigate the 

influence of the chemical environment on the release of sulfur and non-sulfur bearing 

aromatic products during thermal alteration of bitumen. Dibenzothiophene molecules 

might be attached to large asphaltene and resin molecules via sulfur bearing smaller 

compounds that may be cleaved during thermal cracking, thereby releasing (or 

generating) dibenzothiophenes in greater amounts compared to phenanthrenes. I believe 

that I have observed such a generation in my thermal alteration studies, but at different 

rates for different temperatures for dibenzothiophene and phenanthrene compounds. After 

7 days of simulated thermal recovery of the Peace River and Athabasca bitumens at 

300°C, phenanthrene concentration remains almost constant in both bitumens, while 

dibenzothiophene concentration increases from 25 ppm to 44 ppm in Peace River 

bitumen and from 0 ppm to 23 ppm in Athabasca bitumen (Fig. 5.23). In contrast to 

300°C, phenanthrene concentration increases from 50 ppm to 215 ppm in Peace River 

bitumen and from 0 ppm to 80 ppm in Athabasca bitumen, while dibenzothiophene 

concentration increases from 25 ppm to 310 ppm in Peace River bitumen and from 0 to 

202 ppm in Athabasca bitumen when thermally altered at 350ºC for up to 7 days (Fig. 

5.24). As can be seen, dibenzothiophene concentration increases at faster rates compared 

to phenanthrene concentration at both 300°C and 350° during simulated thermal recovery 

experiments. Asphaltenes are composed of aromatic sheets, heterocycles, and aliphatic 
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chains up to C30 (Hsu and Robinson; Yen, 1972). Strausz et al. (1999) proposed a 

hypothetical asphaltene structure that consist mainly of C-C, C-H, C=C and to a lesser 

degree C-O, C-S, S-H, S-S bonds. I believe that dibenzothiophenes may be more weakly 

bonded into the resin/asphaltene fractions through sulfur-bearing bonds compared to 

phenanthrenes. Therefore, dibenzothiophene concentration increases not only at higher 

temperatures (350°C) as phenanthrene does, but also increase at lower temperatures 

(300°C).  

 

    

    

 
It is possible, but not proven, that this relates to weak C-S bonds being involved in small 

sulfur components linking these dibenzothiophenes to the resin/asphaltene structures that 

are cleaved during thermal cracking, thereby releasing dibenzothiophene at higher rates 

Figure 5.23 Phenanthrene and dibenzothiophene concentrations in original unheated Peace River and 

Athabasca bitumens and their products thermally altered at 300ºC for up to 7 days. 
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compared to phenanthrene. Chapter 6 will present how the 

dibenzothiophene/phenanthrene ratio could be used as an effective tool to measure the 

extent of thermal alteration, essentially bitumen upgrading during thermal alteration at 

300°C and 350°C.  

 

    

 

 

Fig. 5.25 and 5.26 show mass chromatograms (summed m/z 178, 192 and 206) displaying 

C0-C2 alkylphenanthrenes and C0-C1 alkylanthracenes distribution for original unheated 

Peace River and Athabasca bitumens, respectively and their products thermally altered at 

300ºC and 350ºC for up to 7 days. The generation of anthracenes will be discussed later 

in this chapter. When Peace River and Athabasca bitumens are thermally altered at 300ºC 

and 350ºC for up to 7 days, the generation of C0-C2 alkylphenanthrenes and C0-C1 

Figure 5.24 Phenanthrene and dibenzothiophene concentrations in original unheated Peace River and 

Athabasca bitumens and their products thermally altered at 350ºC for up to 7 days. 
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alkylanthracenes is evident, but differ for different temperatures (300ºC and 350ºC). 

Original unheated Peace River bitumen contains 550 ppm of total summed C0-C2 

alkylphenanthrenes and 378 ppm of total summed C0-C1 alkyldibenzothiophenes, 

whereas, due to severe biodegradation, original unheated Athabasca bitumen initially 

lacks both C0-C2 alkylphenanthrenes and C0-C1 alkyldibenzothiophenes (Fig. 5.20, Fig. 

5.25 and Fig. 5.26). Simulated thermal recovery at 300ºC yields C0-C2 

alkylphenanthrenes and C0-C1 alkyldibenzothiophenes at very low rates for both 

bitumens (Fig. 5.25, Fig. 5.27 and Fig. 5.29), whereas the yield is much higher if they are 

thermally altered at 350ºC (Fig. 5.26, Fig. 5.28 and Fig. 5.30). After 7 days of simulated 

thermal recovery at 300ºC, total summed C0-C2 alkylphenanthrenes concentration 

increases from 550 ppm to 590 ppm in Peace River bitumen and from 0 to 25 ppm in 

Athabasca bitumen (Fig. 5.27). In contrast, they increase from 550 ppm to 2,120 ppm in 

Peace River and from 0 to 990 ppm in Athabasca bitumens when thermally altered at 

350°C for up to 7 days (Fig. 5.28). Total summed C0-C1 alkyldibenzothiophenes 

concentration increases from 378 ppm to 440 ppm in Peace River bitumens and from 0 to 

47 ppm in Athabasca bitumens (Fig. 5.29). If thermally altered at 350°C for up to 7 days, 

they increase from 378 ppm to 1,456 ppm in Peace River and from 0 to 728 ppm in 

Athabasca bitumens (Fig. 5.30). It is concluded that higher temperatures (350ºC) 

contribute significantly to the generation of C0-C2 alkylphenanthrenes and C0-C1 

alkyldibenzothiophenes.  



 

 

172

           

                    

                  

           

            

                   

 

 

Original unheated  
Peace River bitumen  

Original unheated 
Athabasca bitumen 

300ºC-  
Day 1 

300ºC- Day 1 

300ºC-  
Day 2 

300ºC- Day 2 

300ºC-  
Day 3 

300ºC- Day 3 

R
el

at
iv

e 
In

te
n

si
ty

   

R
el

at
iv

e 
In

te
n

si
ty

   

Retention time 

300ºC-  
Day 5 

300ºC- Day 5 

Retention time 

300ºC-  
Day 7 

300ºC- Day 7 

Figure 5.25 Mass chromatograms (summed m/z 178, 192 and 206) illustating C0-C2 
alkylphenanthrenes and C0-C1 alkylanthracenes distribution in original unheated Peace River and 
Athabasca bitumens and their products thermally altered at 300ºC for up to 7 days.  
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Figure 5.26 Mass chromatograms (summed m/z 178, 192 and 206) illustrating C0-C2 

alkylphenanthrenes and C0-C1 alkylanthracenes distribution in original unheated Peace River and 

Athabasca bitumens and their products thermally altered at 350ºC for up to 7 days.  
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Concentration data also suggest that the biodegradation level of bitumens (Peace River 

and Athabasca bitumen) does not significantly affect the amount of total summed C0-C2 

alkylphenanthrenes and C0-C1 alkyldibenzothiophenes generated during simulated 

thermal recovery processes. Therefore, it is also concluded that the generation of C0-C2 

alkylphenanthrenes and C0-C1 alkyldibenzothiophenes show little or no influence of the 

initial oil composition during the simulated thermal recovery experiments; suggesting the 

precursor pools of these species, as was the case with naphthalenes, are likely to be the 

same (e.g. same source) in both Peace River and Athabasca bitumens. 

 

Fig. 5.27 through 5.30 compare total summed C0-C2 alkylphenanthrenes and C0-C1 

alkyldibenzothiophenes concentrations for original unheated Peace River and Athabasca 

bitumens and their products thermally altered at 300ºC and 350ºC for up to 7 and 21 

days. The effect of temperature on the production of light hydrocarbons, such as 

phenanthrene, dibenzothiophene and their alkylated compounds during simulated thermal 

recovery experiments is evident. It can seen that simulated thermal recovery of both 

Peace River and Athabasca oil sand bitumens at 350ºC produces C0-C2 

alkylphenanthrenes and C0-C1 alkyldibenzothiophenes in much greater amounts 

compared with simulated thermal recovery at 300ºC that does not produce these light 

hydrocarbons in significant amounts, even if simulated thermal recovery experiments are 

conducted for periods up to 21 days. 
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Figure 5.27 Total summed C0-C2 alkylphenanthrenes concentration in original unheated Peace River 

and Athabasca bitumens and their products thermally altered at 300ºC for up to 7 days.  

Figure 5.28 Total summed C0-C2 alkylphenanthrenes concentration in original unheated Peace River 
and Athabasca bitumens and their products thermally altered at 350ºC for up to 7 days.  
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Figure 5.29 Total summed C0-C1 alkyldibenzothiophenes concentration in original unheated Peace 
River and Athabasca bitumens and their products thermally altered at 300ºC for up to 7 days.  

Figure 5.30 Total summed C0-C1 alkyldibenzothiophenes concentration in original unheated Peace 

River and Athabasca bitumens and their products thermally altered at 350ºC for up to 7 days.  
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Phenanthrene and dibenzothiophene ratios and their potential employment as 

geochemical reaction proxies to monitor in situ chemical reactions encountered in heavy 

oil and bitumens and assess the extent of bitumen upgrading during thermal recovery 

processes will be given in Chapter 6. 

 

5.2.4 Generation of C0-C1 alkylanthracenes 

Anthracene, a solid polycyclic aromatic hydrocarbon, consisting of three fused benzene 

rings (linear structure), is derived mainly from coal-tar or other residues of thermal 

pyrolysis. In my studies, anthracene and methylanthracene are absent in original unheated 

Peace River and Athabasca bitumens and start to appear after day 1 of simulated thermal 

recovery at both 300ºC and 350ºC. Their appearance can be seen on the mass 

chromatograms (summed m/z 178+ 192+ 206) displayed in Fig. 5.25 and Fig. 5.26. As 

shown in Fig. 5.32 and Fig. 5.34, there is a constant increase in anthracene and 

methylanthracene concentrations with increasing reaction time at 350ºC, whereas at 

300°C they are still being generated, but in much lower amounts as shown in Fig. 5.31 

and Fig. 5.33. Components in mass chromatograms were identified from retention times, 

mass spectrum, standards and past publications, such as Alexander et al., 1984; 

Budzinski et al., 1998; Gratzer et al., 2011; Kruge, 1999; Obermajer et al., 2004; and 

Rowland et al., 1985. 



 

 

178

   

 

 

    

  

Figure 5.31 Anthracene concentrations in original unheated Peace River and Athabasca bitumens 
and their products thermally altered at 300ºC for up to 7 days. 

Figure 5.32 Anthracene concentrations in original unheated Peace River and Athabasca bitumens 
and their products thermally altered at 350ºC for up to 7 days.  
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Figure 5.33 Methylanthracene concentrations in original unheated Peace River and Athabasca 
bitumens and their products thermally altered at 300ºC for up to 7 days.  

Figure 5.34 Methylanthracene concentrations in original unheated Peace River and Athabasca 
bitumens and their products thermally altered at 350ºC for up to 7 days.  
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The generation of anthracene and methylanthracene, originally absent in unheated Peace 

River and Athabasca bitumens, seem to be potential suitable reaction proxies to monitor 

in situ thermal alteration (thermal stress) during thermal recovery processes (e.g. CSS and 

SAGD) of heavy oil and bitumens. Marcano (2011) has carried out individual hydrous 

pyrolysis experiments, conducted separately on maltenes and asphaltenes fraction 

isolated from the unheated Athabasca bitumen and concluded that both fractions can 

effectively source 2-methylanthracene. Waples (2000) suggested that alkylanthracenes 

and 2-methylanthracene generation may be possible from both maltenes and asphaltenes 

through multiple thermal reactions of unknown mechanisms. At present, the source of 

anthracene and methylanthracene is unknown, but I believe that these light aromatic 

hydrocarbons, not originally present in both Peace River and Athabasca bitumens, are 

also being generated through the cracking of asphaltenes and/or resins that are abundant 

in small ring-size aromatics. The neo-generation of tricyclic condensed aromatic 

molecules (anthracene and methylanthracene), absent in the original unheated Peace 

River and Athabasca bitumens, suggests asphaltene structures with abundant small ring-

size aromatic systems and a lower degree of condensation than is generally claimed. This 

was also pointed out by Ignasiak et al. (1977), and is in general agreement with the 

experiments carried out previously by Marcano et al. (2009, 2011).  

 
5.2.5 Destruction of steranes and diasteranes 

Steranes are constructed from six isoprene subunits (~C30) and are a class of tetracyclic 

hydrocarbons. They are derived from sterols that are important membrane and hormone 

components in eukaryotic organisms such as diatoms, dinoflagellates, algae and higher 
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plants (de Leeuw et al., 1989; Mackenzie et al., 1982; Moldowan et al., 1985). The most 

common steranes studied are in the C26 to C30 range. Very complex mixtures of 

stereoisomers are possible because of the large number of asymmetric centers in sterols 

but only one stereoisomer of cholesterol exist in living organisms due to the highly 

specific biosynthesis of cholesterol (Peters and Moldowan, 1993; Peters et al., 2005). The 

important asymmetric centers during diagenesis of steranes are at C-14, C-17 and C-20 

(capital C followed by a dash and the numbers refers to a particular position within the 

compound; e.g. C-14 refers to the carbon atom at position 14). Laboratory experiments 

and theoretical calculations have shown that the isomerization of 5α(H), 14α(H), 17α(H), 

20R configuration (ααα), which was inherited from living organisms, results in increasing 

amounts of the other possible stereoisomers until the equilibrium reaches around 1: 1: 3: 

3 for αααR, αααS, αββR and αββS (van Graas et al., 1982; Petrov et al., 1976; 

Pustil’nikova et al., 1980; Seifert and Moldowan, 1979). The C27-C28-C29 sterane ternary 

diagrams have been especially used in the past and are still being used, however with 

caution, to identify depositional environments (Moldowan et al., 1985) and to show 

relationship between oils and/ or source rock bitumens (Peters et al., 1989; Grantham et 

al., 1987). Diasteranes, having no biological precursors, are rearranged steranes that are 

most likely formed during diagenesis and catagenesis (Brincat and Abbott, 2001; 

Moldowan et al., 1987; Rubinstein et al., 1975). Diasteranes, once formed, appear to be 

much more resistant and/or stable to biodegradation and thermal alteration than steranes 

(Peters and Moldowan, 1993; Peters et al., 2005; Seifert and Moldowan, 1979 Requejo et 

al., 1989). Peters et al. (1990) have shown, via hydrous pyrolysis experiments that the 

diasterane/sterane ratio increases dramatically past beyond the point of peak oil 
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generation. High temperatures, acidic conditions and clay catalysts in some rocks favor 

the rearrangement and the migration of methyl groups (Rubinstein et al., 1975; Sieskind 

et al., 1979). The C27-C28-C29 ternary diasterane plots are mainly used in: (a) highly 

mature oils and condensates that have low steranes, but more abundant diasteranes 

present and (b) heavily biodegraded oils where steranes are removed, but diasteranes 

remain intact. The data used include [C27 13β,17α (20S+20R) diasteranes]/[C27+ C28+ C29 

13β(H),17α(H) (20S+ 20R) diasteranes], and the analogous ratios for the C28 and C29 

compounds (Peters and Moldowan, 1993; Peters et al., 2005). Steranes, diasteranes and 

their potential employment as geochemical reaction proxies to monitor in situ chemical 

reactions during thermal recovery processes will be discussed in detail in Chapter 6. 

 
 
 
My simulated thermal recovery experiment results show that as reaction temperature and 

time increases, the total summed C27-C29 diasteranes and C27-C29 5α(H), 14α(H), 17α(H) 

and 5α(H), 14β(H), 17β(H) (20S+20R) steranes concentration decreases and disappears 

completely as a result of destruction into other unknown intermediate/end products; most 

likely cracking into lower molecular weight compounds. Fig. 5.35 and 5.36 show m/z 217 

mass chromatograms displaying C27-C29 diasteranes and C27-C29 5α(H), 14α(H), 17α(H) 

and 5α(H), 14β(H), 17β(H) (20S+20R) steranes distribution for the original unheated 

Peace River and Athabasca bitumens and their products thermally altered at 300ºC and 

350ºC, respectively, for up to 7 days. Table 5.2 identifies the peaks in the mass 

chromatograms shown in Fig. 5.35, 5.36, 5.63, 5.89 and 5.105. Original unheated Peace 

River bitumen contain 2,900 ppm of total summed C27-C29 diasteranes and C27-C29 

5α(H), 14α(H), 17α(H) and 5α(H), 14β(H), 17β(H) (20S+20R) steranes (Fig. 5.37).  
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Peak no Compound M+ (m/z) 

1 C27 13β, 17α 20S diasterane 217 

2 C27 13β, 17α 20R diasterane 217 

3 C27 13α, 17β 20S diasterane 217 

4 C27 13α, 17β 20R diasterane 217 

5 C28 13β, 17α 20S diasterane 217 

6 C28 13β, 17α 20R diasterane 217 

7 
C28 13α, 17β 20S diasteranes + 
               C27 5α, 14α, 17α 20S sterane 217 

8 
C29 13β, 17α 20S diasteranes + 
               C27 5α, 14β, 17β 20R sterane 217 

9 
C28 13α, 17β, 20R diasteranes +  
               C27 5α, 14β, 17β 20S sterane 217 

10 C27 5α, 14α, 17α 20R sterane 217 

11 C27 13β, 17α 20R diasteranes 217 

12 C29 13α, 17β 20S diasteranes 217 

13 C28 5α, 14α, 17α 20S sterane 217 

14 
C29 13α, 17β 20R diasteranes + 
               C28 5α, 14β, 17β 20R sterane 217 

15 C28 5α, 14β, 17β 20S sterane 217 

16 C28 5α, 14α, 17α 20R sterane 217 

17 C29 5α, 14α, 17α 20S sterane 217 

18 C29 5α, 14β, 17β 20R sterane 217 

19 C29 5α, 14β, 17β 20S sterane 217 

20 C29 5α, 14α, 17α 20R sterane 217 
 

 

In contrast to original unheated Peace River bitumen, due to their removal by severe 

biodegradation, neither C27-C29 diasteranes nor C27-C29 5α(H), 14α(H), 17α(H) and 

5α(H), 14β(H), 17β(H) (20S+20R) steranes could not be detected with accuracy in the 

original unheated Athabasca bitumen used in this study (Fig. 5.35). When Peace River 

and Athabasca bitumens are thermally altered at 300ºC and 350ºC for up to 7 days, the 

behavior of steranes and diasteranes is quite different. The concentrations of steranes and 

diasteranes stay almost constant in Peace River bitumen if thermally altered at 300ºC for 

Table 5.2 Identification of the peaks labeled in the m/z 217 mass chromatograms shown in Fig. 5.35, 

5.36, 5.63, 5.89 and 5.105. 
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up to 7 days (Fig. 5.35 and Fig 5.37). In contrast to 300°C, after 2 days of simulated 

thermal recovery at 350°C, all steranes and diasteranes in Peace River bitumen are 

completely destroyed into other unknown intermediate/end products; most likely cracked 

into lower molecular weight compounds and can not be detected with accuracy on the 

chromatograms (Fig. 5.36). 

 

From these findings, it is concluded that simulated thermal recovery at 300°C does not 

alter the C27-C29 diasteranes and C27-C29 5α(H), 14α(H), 17α(H) and 5α(H), 14β(H), 

17β(H) (20S+20R) steranes significantly, whereas simulated thermal recovery at 350ºC 

increase the rate of thermal cracking of both steranes and diasteranes, dramatically. The 

destruction is so severe that after 2 days of simulated thermal recovery at 350ºC, neither 

the C27-C29 5α(H), 14α(H), 17α(H) and 5α(H), 14β(H), 17β(H) (20S+20R) steranes nor 

the C27-C29 diasteranes can be detected with accuracy. Concentration data also suggest 

that the biodegradation level of bitumens does not significantly affect the amount of C27-

C29 diasteranes and C27-C29 5α(H), 14α(H), 17α(H) and 5α(H), 14β(H), 17β(H) 

(20S+20R) steranes destroyed during simulated thermal recovery processes. Therefore, it 

is also concluded that the destruction of C27-C29 diasteranes and C27-C29 5α(H), 14α(H), 

17α(H) and 5α(H), 14β(H), 17β(H) (20S+20R) steranes show little or no influence of the 

initial oil composition during simulated thermal recovery experiments. 
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300ºC- Day 5 

300ºC- Day 3 300ºC- Day 3 

300ºC- Day 5 

Figure 5.35 M/z 217 mass chromatograms illustrating steranes and diasteranes distribution in 
original unheated Peace River and Athabasca bitumens and their products thermally altered at 

300ºC for up to 7 days. Identification of the peaks is shown in table 5.2 

300ºC- Day 7 
300ºC- Day 7 
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350ºC- Day 2 350ºC- Day 2 

350ºC- Day 3 350ºC- Day 3 

350ºC- Day 5 350ºC- Day 5 

Figure 5.36 M/z 217 mass chromatograms illustrating steranes and diasteranes distribution in 
original unheated Peace River and Athabasca bitumens and their products thermally altered at 

350ºC for up to 7 days. Identification of the peaks is shown in table 5.2 

350ºC- Day 7 350ºC- Day 7 
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5.2.6 Destruction of tri-, tetra- and pentacyclic terpanes (C23-C35 terpanes) 

Hopanes are pentacyclic triterpanes that are believed to be derived mainly from 

bacteriohopanetetrol that are part in cell and membrane of prokaryotic organisms 

(Ourisson et al., 1982; Peters and Moldowan, 1991). Hopanes having 30 carbon atoms or 

less show asymmetric centers at C-21 and all ring junctures like C-5, C-8, C-9, C-10, C-

13, C-14, C-17 and C-18 (Peters et al., 2005). Homohopanes, which are hopanes with 

more than 30 carbon atoms, show an extended side chain with an additional asymmetric 

center at C-22 that result in two peaks for each homolog (22S and 22R) on the mass 

chromatograms. Three stereoisomeric series exist for hopanes that are 17α(H),21β(H)-, 

17β(H),21β(H)- and 17β(H),21α(H)-hopanes, where compounds in the 17β(H),21α(H) 

series are called moretanes (Peters and Moldowan, 1993; Peters et al., 2005). The α 

Figure 5.37 Total summed steranes and diasteranes in original unheated Peace River bitumens and 
their products thermally altered at 300ºC for up to 7 days.  
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notations indicate the hydrogen atoms pointing below, whereas β notations indicate the 

hydrogen atom pointing above the plane of the rings. Hopanes with a 17α(H), 21β(H) 

configuration are thermodynamically more stable compared to other epimeric (ββ and βα) 

series, C27-C35 hopanes are normally found in crude oils (Peters et al., 2005; Wang and 

Stout, 2007). Van Dorsselear et al. (1977) have described the hopanes as pentacyclic 

triterpanes mainly containing 27 to 35 carbon atoms in a naphthenic structure composed 

of four six-member rings and one five-member ring. The source rock depositional 

environment and organic matter input are reflected in terpane fingerprints. Both tricyclic 

terpanes and hopanes are ubiquitous in oils and source rock extracts (de Grande et al., 

1993). Generally, hopanes, compared to steranes, have a greater thermodynamic stability 

and resistance to biodegradation; therefore, they could be practical tools especially in 

severely biodegraded oils where steranes have been severely or completely altered 

(Farrimond et al., 1998; van Graas, 1990; Lin et al., 1989; Peter and Moldowan, 1991, 

1993; Peters et al., 1990; Williams et al., 1986). Aquino Neto et al. (1983) showed that 

asphaltenes and polar fractions of oils generate greater amounts of tricyclic terpanes than 

hopanes. Peters and Moldowan (1991) have shown that homohopanes distributions are 

affected by thermal maturity, in which the homohopane index, the C35/(C31-C35) 

homohopanes ratio shows a decrease with increasing maturity. 

 

Figs. 5.38 and 5.39 show m/z 191 mass chromatograms illustrating tri-, tetra- and 

pentacyclic hopanes (C23-C35 terpanes) obtained from the saturated hydrocarbon fraction 

of the original unheated Peace River and Athabasca bitumens and their products 

thermally altered at 300ºC and 350ºC for up to 7 days. Table 5.3 identifies the peaks in 
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the chromatograms shown in Fig. 5.38, Fig. 5.39, Fig. 5.65, Fig. 5.90 and Fig. 5.106. The 

total summed tri-, tetra- and pentacyclic terpanes (C23-C35 terpanes) concentration in 

original unheated Peace River and Athabasca bitumens is 12,900 ppm and 17,980 ppm, 

respectively (Fig. 5.40 and Fig. 5.41).  

 

Peak no Compound M+ (m/z) 
1 C23-tricyclic terpane 191 
2 C24-tricyclic terpane 191 
3 C25-tricyclic terpane 191 
4 C24-tetracyclic terpane 191 
5 C26-tricyclic terpane 191 
6 C26-tricyclic terpane 191 
7 C28-tricyclic terpane 191 
8 C28-tricyclic terpane 191 
9 C28-tricyclic terpane 191 
10 C29-tricyclic terpane 191 
11 C27 18α- trisnorhopane (Ts)  191 
12 C27 17α- trisnorhopane (Tm) 191 
13 C28-17α(H)- 28,30 bisnorhopane 191 
14 C29 17α, 21β - 30-norhopane 191 
15 C29 18α- 30- norneohopane (C29 Ts) 191 
16 C30 17α, 21β- hopane 191 
17 C30 17α- 30-nor-29-homohopane 191 
18 C30 17β, 21α–hopane (moretane) 191 
19 C31 17α, 21β 22S homohopane 191 
20 C31 17α, 21β 22R homohopane 191 
21 Gammacerane (C30H52) 191 
22 C32 17α, 21β 22S homohopane 191 
23 C32 17α, 21β 22R homohopane 191 
24 C33 17α, 21β 22S homohopane 191 
25 C33 17α, 21β 22R homohopane 191 
26 C34 17α, 21β 22S homohopane 191 
27 C34 17α, 21β 22R homohopane 191 
28 C35 17α, 21β 22S homohopane 191 
29 C35 17α, 21β 22R homohopane 191 

 
Table 5.3 Identification of the peaks labeled in the m/z 191 mass chromatograms shown in Fig. 5.38, 

5.39, 5.65, 5.90 and 5.106. 
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Figure 5.38 M/z 191 mass chromatograms illustrating tri-, tetra-, and pentacyclic terpanes (C23-C35 

terpanes) distribution in original unheated Peace River and Athabasca bitumens and their products 

thermally altered at 300ºC for up to 7 days. Identification of the peaks is shown in table 5.3. 
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Figure 5.39 M/z 191 mass chromatograms illustrating tri-, tetra-, and pentacyclic terpanes (C23-C35 

terpanes) distribution in original unheated Peace River and Athabasca bitumens and their products 
thermally altered at 350ºC for up to 7 days. Identification of the peaks is shown in table 5.3. 
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When Peace River and Athabasca bitumens are thermally altered at 300ºC and 350ºC for 

up to 7 days, the behavior of tri-, tetra- and pentacyclic terpanes is quite different from 

steranes and diasteranes. The concentration of tri-, tetra- and pentacyclic terpanes stays 

almost constant in Peace River and Athabasca bitumens when thermally altered at 300ºC 

for up to 7 days. Their concentration decreases from 12,900 ppm to 11,700 ppm in Peace 

River bitumen and from 17,980 ppm to 15,800 ppm in Athabasca bitumen after 7 days of 

simulated thermal recovery at 300ºC (Fig. 5.40). In contrast, if thermally altered at 350ºC 

for up to 7 days, total summed tri-, tetra- and pentacyclic terpanes (C23-C35 terpanes) 

concentration decreases dramatically, but do not disappear as quickly as steranes do.  

 

The total summed tri-, tetra- and pentacyclic terpanes (C23-C35 terpanes) concentration 

decreases from the initial 12,900 ppm to 1,900 ppm in Peace River and from the initial 

18,000 ppm to 2,460 ppm in Athabasca bitumens after 7 days of simulated thermal 

recovery at 350°C (Fig. 5.41). C30+ hopanes are almost completely destroyed in both 

Peace River and Athabasca bitumens by the end of day 3 of simulated thermal recovery 

and none of them exist at the end of day 5 (Fig. 5.39). It can be seen that higher 

temperatures (350ºC) increase the rate of terpanes destruction dramatically. From these 

findings, it is concluded that the destruction of C23-C35 terpanes at higher temperatures 

(350ºC) results in a constant reduction in their total concentrations, whereas lower 

temperatures (300ºC) has little affect on their concentration. It is also concluded that both 

the greater initial concentration and the higher thermal stability of terpanes compared to 

steranes prevents them from being destroyed completely into other unknown 

intermediate/end products; most likely smaller compounds. This is in accordance with 
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terpanes being thermodynamically more stable than steranes. Another important 

conclusion made is that the biodegradation level of bitumens does not significantly affect 

the amount of tri-, tetra- and pentacyclic hopanes (C23-C35 terpanes) destroyed during 

simulated thermal recovery experiments. Therefore, it is also concluded that the 

destruction of tri-, tetra- and pentacyclic terpanes (C23-C35 terpanes) show little or no 

influence of the initial oil composition during my simulated thermal recovery 

experiments. It is important to remind that this was the case with the destruction of 

steranes and diasteranes as well.  Fig. 5.40 and Fig. 5.41 compare the total summed C23-

C35 terpanes concentrations in the original unheated Peace River and Athabasca bitumens 

and their products thermally altered for up to 7 days at 300ºC and 350ºC, respectively.  

 

   

 
Figure 5.40 Total summed tri-, tetra-, and pentacyclic terpanes (C23-C35 terpanes) concentration in 

original unheated Peace River and Athabasca bitumens and their products thermally altered at 

300ºC for up to 7 days.  
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5.2.7 Destruction of triaromatic steroid (TAS) hydrocarbons 

Several authors have shown that aromatic hydrocarbons are, in general, more resistant to 

biodegradation than saturated hydrocarbons; therefore, they can also be used for 

correlation studies on severely biodegraded oils where most of the compounds have been 

depleted due to biodegradation (Peters and Moldowan, 1993; Wardroper et al., 1984). 

Tri- and monoaromatic steroid hydrocarbons are extremely resistant to biodegradation 

and thermal stress (Connan, 1984; Lewan, 1986; Peters and Moldowan, 1993, 2005; 

Volkman et al., 1984; Wardroper, 1984). They stay almost unaltered until biodegradation 

levels of 9-10 are reached on the Peters and Moldowan (1993) biodegradation scale, after 

complete removal of steranes and hopanes. C20 and C21 compounds are less resistant to 

biodegradation than their higher homologues, C26-C28 triaromatic steroid hydrocarbons 

Figure 5.41 Total summed tri-, tetra-, and pentacyclic terpanes (C23-C35 terpanes) concentration in 
original unheated Peace River and Athabasca bitumens and their products thermally altered at 
350ºC for up to 7 days.  
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(Peters and Moldowan, 1993). Lin et al. (1989) have shown that monoaromatic steroid 

hydrocarbons appear to be more resistant to biodegradation than the triaromatic steroid 

hydrocarbons.  

 

Fig. 5.44 and 5.45 show m/z 231 mass chromatograms depicting C20-C21 and C26-C28 

triaromatic steroid (TAS) hydrocarbons distribution for original unheated Peace River 

and Athabasca bitumens, respectively, and their products thermally altered at 300ºC and 

350ºC for up to 7 days. Table 5.4 identifies the peaks in the mass chromatogram shown in 

Fig. 5.44, 5.45, 5.67, 5.92 and 5.108.  

 

Peak no Compound 
Elemental 
Composition M+ (m/z) 

1 C20-Triaromatic steroid hydrocarbon C20H20 231 
2 C21-Triaromatic steroid hydrocarbon C21H22 231 
3 C26(20S)-Triaromatic steroid hydrocarbon C26H32 231 

4 
C26(20R) + C27(20S)-Triaromatic steroid 
hydrocarbons 

C26H32 + 
         C27H34 231 

5 C28(20S)-Triaromatic steroid hydrocarbon C28H36 231 
6 C27(20R)-Triaromatic steroid hydrocarbon C27H34 231 
7 C28(20R)-Triaromatic steroid hydrocarbon C28H36 231 

 

 

 
It has been observed that original unheated Peace River bitumen, compared to Athabasca 

bitumen, have higher amounts of total TAS hydrocarbons (Fig. 5.46 and Fig. 5.47). It has 

also been observed that both original unheated Peace River and Athabasca bitumens 

contain C20 and C21 TAS hydrocarbons in lower concentrations compared to their higher 

molecular weight counterparts (Fig. 5.42 and Fig. 5.43). Original unheated Peace River 

Table 5.4 Identification of the peaks labeled in the m/z 231 mass chromatograms shown in Fig. 5.44, 

5.45, 5.67, 5.92 and 5.108. 
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bitumen contains 50 ppm of total summed C20-C21 TAS hydrocarbons (short-chain 

TAS’s) and 225 ppm of total summed C26-C28 TAS hydrocarbons (Fig. 5.42). Compared 

to the Peace River bitumen, original unheated Athabasca bitumen contains 4 ppm of total 

summed C20-C21 TAS hydrocarbons and 217 ppm of total summed C26-C28 TAS 

hydrocarbons (Fig. 5.43). When Peace River and Athabasca bitumens are thermally 

altered at 300ºC and 350ºC for up to 7 days, the behavior of C20-C21 TAS hydrocarbons is 

different from C26-C28 TAS hydrocarbons at both lower and higher temperatures (300ºC 

and 350ºC). When Peace River bitumen is thermally altered at 300ºC for up to 7 days, the 

concentration of C20-C21 TAS hydrocarbons stays almost constant, whereas total summed 

C26-C28 TAS hydrocarbons concentration decreases from 225 ppm to 190 ppm (Fig. 

5.42). The same observation is made for Athabasca bitumen; the total summed C20-C21 

TAS hydrocarbons concentration stayed almost constant, whereas total summed C26-C28 

TAS hydrocarbons concentration decreases from 220 ppm to 190 ppm (Fig. 5.43). If 

bitumens are thermally altered at 350ºC for up to 7 days, the impact of destruction on 

long-chain C26-C28 TAS hydrocarbons is intense. Their total summed concentration 

decreases from 225 ppm to 68 ppm in Peace River bitumen and from 217 ppm to 50 ppm 

in Athabasca bitumen after 2 days of thermal alteration at 350ºC (Fig. 5.42 and Fig. 

5.43). After 3 days of simulated thermal recovery at 350°C, none of the C26-C28 TAS 

hydrocarbons (long-chain TAS hydrocarbons) remain in both thermally altered Peace 

River and Athabasca bitumens and are destroyed into unknown/end products; most likely 

cracked into lower molecular weight hydrocarbons (Fig. 5.42 and Fig. 5.43). 
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Figure 5.42 Total concentrations of summed C20-C21 and summed C26-C28 triaromatic steroid 

hydrocarbons in original unheated Peace River bitumen and its products thermally altered at 300ºC 

and 350ºC for up to 7 days.  

Figure 5.43 Total concentrations of summed C20-C21 and summed C26-C28 triaromatic steroid 

hydrocarbons in original unheated Athabasca bitumen and its products thermally altered at 300ºC 
and 350ºC for up to 7 days.  
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In contrast, total summed C20-C21 TAS hydrocarbons concentration shows an interesting 

behavior during simulated thermal recovery experiments at 350°C. In Peace River 

bitumen, total summed C20-C21 TAS concentration increases initially from 48 ppm to 66 

ppm until the end of day 3 and then decrease to 42 ppm after 7 days of thermal alteration 

(Fig. 5.42). Similar behavior is observed for Athabasca bitumen as well. Their total 

summed concentration increases initially from 4 ppm to 41 ppm until the end of day 3 

and afterwards decreases to 36 ppm after 7 days of thermal alteration (Fig. 5.43).  

 

The increase in short-chain TAS hydrocarbons may be due to (a) the aromatization of 

short-chain MAS hydrocarbons to short-chain TAS hydrocarbons, (b) the conversion of 

long-chain to short-chain TAS hydrocarbons due to carbon cracking or (c) both 

mechanisms. However, in my simulated thermal recovery experiments, short-chain MAS 

hydrocarbons increase slightly as well for a short period instead of a constant decrease, 

ruling out the possible short-chain MAS hydrocarbons aromatization to form short-chain 

TAS hydrocarbons. Therefore, concentration data suggest a minor conversion of long-

chain to short-chain TAS hydrocarbons due to side-chain carbon cracking for a very short 

period (2-3 days) that is followed by the destruction of both short and long-chain TAS 

hydrocarbons with long-chain TAS hydrocarbons being destroyed at much faster rates 

compared to their shorter homologues. Concentration data also suggest that the 

biodegradation level of bitumens (Peace River and Athabasca bitumen) does not 

significantly affect the amount of total summed C20-C21 and C26-C28 TAS hydrocarbons 

destroyed during simulated thermal recovery processes. Hence, it is also concluded that 

the destruction of C20-C21 and C26-C28 TAS hydrocarbons show little or no influence of 
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the initial oil composition during my simulated thermal recovery experiments. Also, 

simulated thermal recovery at higher temperatures (350ºC) results in reducing the 

concentration reduction of total TAS hydrocarbons, whereas lower temperatures (300ºC) 

do not change them significantly. Fig. 5.46 and Fig. 5.47 show the total summed C20-C21 

and C26-C28 TAS hydrocarbons concentration in the original unheated Peace River and 

Athabasca bitumens and their products thermally altered for up to 7 days at 300ºC and 

350ºC, respectively.  
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300ºC- Day 3 

300ºC- Day 5 

Figure 5.44 M/z 231 mass chromatograms illustrating C20-C21 and C26-C28 triaromatic steroid 

hydrocarbons distribution in original unheated Peace River and Athabasca bitumens and their 

products thermally altered at 300ºC for up to 7 days. Identification of the peaks is shown in table 5.4. 

300ºC- Day 7 
300ºC- Day 7 
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Figure 5.45 M/z 231 mass chromatograms illustrating C20-C21 and C26-C28 triaromatic steroid 
hydrocarbons distribution in original unheated Peace River and Athabasca bitumens and their 
products thermally altered at 350ºC for up to 7 days. Identification of the peaks is shown in table 5.4. 

350ºC- Day 7 350ºC- Day 7 
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Figure 5.46 Total summed C20-C21 and C26-C28 triaromatic steroid hydrocarbons concentration in 
original unheated Peace River and Athabasca bitumens and their products thermally altered at 
300ºC for up to 7 days. 

Figure 5.47 Total summed C20-C21 and C26-C28 triaromatic steroid concentration hydrocarbons in 
original unheated Peace River and Athabasca bitumens and their products thermally altered at 
350ºC for up to 7 days.  



 

 

203

5.2.8 Destruction of monoaromatic steroid (MAS) hydrocarbons 

Monoaromatic steroid (MAS) hydrocarbons are a class of biomarkers in oils, derived 

most likely from sterols (Geines et al., 2009; Killops et al., 2005; Peters et al., 2005; 

Seifert et al., 1983), containing an aromatic ring; usually the C-ring in crude oils. C21-C22 

and C27-C29 MAS hydrocarbons, like C20-C21 and C26-C28 TAS hydrocarbons, are 

extremely resistant to biodegradation and thermal degradation, and therefore stay almost 

unaltered until biodegradation levels of 9-10 are reached on the Peters and Moldowan 

(1993) biodegradation scale (Peters and Moldowan, 1993). Their removal during 

biodegradation happens after complete removal of steranes and hopanes. C21 and C22 are 

more resistant than their higher homologues, C27-C29 MAS hydrocarbons (Peters and 

Moldowan, 1993). 

 

Fig. 5.48 and 5.49 show m/z 253 mass chromatograms illustrating C21-C22 and C27-C29 

MAS hydrocarbons distribution for the original unheated Peace River and Athabasca 

bitumens, respectively, and their products thermally altered at 300ºC and 350ºC for up to 

7 days. Table 5.5 identifies the peaks in the m/z 253 mass chromatograms shown in Fig. 

5.48, Fig. 5.49, Fig. 5.70, Fig. 5.94 and Fig. 5.110.  
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300ºC- Day 5 300ºC- Day 5 

Figure 5.48 M/z 253 mass chromatograms illustrating C21-C22 and C27-C29 monoaromatic steroid 
hydrocarbons distribution in original unheated Peace River and Athabasca bitumens and their 

products thermally altered at 300ºC for up to 7 days. Identification of the peaks is shown in table 5.5.  
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Figure 5.49 M/z 253 mass chromatograms illustrating C21-C22 and C27-C29 monoaromatic steroid 
hydrocarbons distribution in original unheated Peace River and Athabasca bitumens and their 
products thermally altered at 350ºC for up to 7 days. Identification of the peaks is shown in table 5.5. 

350ºC- Day 7 350ºC- Day 7 
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Peak 
no Compound 

Elemental  
Composition 

M+ 
(m/z) 

1 C21- monoaromatic steroid hydrocarbon C21H30 253 

2 C22- monoaromatic steroid hydrocarbon C22H32 253 

I.S. 1,1- binaphthyl (Internal standard) C20H14 253 

3 C27 (5β20S)- monoaromatic steroid hydrocarbon C27H42 253 

4 C27 dia(20S)- monoaromatic steroid hydrocarbon C27H42 253 

5 C27 (5β20R)- monoaromatic steroid hydrocarbon C27H42 253 

6 C27 (5α20S)- monoaromatic steroid hydrocarbon C27H42 253 

7 C28 (5β20S)- monoaromatic steroid hydrocarbon C28H44 253 

8 
C27 (5α20R) + C28 (5α20S)- monoaromatic steroid 
hydrocarbons 

C27H42 + 
       C28H44 253 

9 
C29 (5β20S) + C28(5β20R)- monoaromatic steroid 
hydrocarbons 

C29H46 + 
       C28H44 253 

10 C29 (5β20S)- monoaromatic steroid hydrocarbon C29H46 253 

11 
C29 (5β20R) + C28(5α20R)- monoaromatic steroid 

hydrocarbon 

C29H46 + 

      C28H44 253 

12 C29 (5α20R)- monoaromatic steroid hydrocarbon C29H46 253 

 

 

Concentration data indicate that both original unheated Peace River and Athabasca 

bitumens have lower absolute concentrations of C21 and C22 MAS hydrocarbons 

compared to their higher molecular weight counterparts (C27-C29). Original unheated 

Peace River bitumen contain 710 ppm of total summed C21-C22 and C27-C29 MAS 

hydrocarbons, of which 47 ppm are short-chain C21-C22 MAS hydrocarbons and 663 ppm 

are long-chain C27-C29 MAS hydrocarbons (Fig. 5.50). Compared to the original 

unheated Peace River bitumen, original unheated Athabasca bitumen contain 460 ppm of 

total summed C21-C22 and C27-C29 MAS hydrocarbons, of which 35 ppm are short-chain 

C21-C22 MAS hydrocarbons and 425 ppm are long-chain C27-C29 MAS hydrocarbons 

(Fig. 5.51). In both original unheated Peace River and Athabasca bitumens, summed C27-

Table 5.5 Identification of the peaks labeled in the m/z 253 mass chromatograms shown in Fig. 5.48, 
5.49 5.70, 5.94 and 5.110. 



 

 

207

C29 MAS hydrocarbons concentration decreases at both 300°C and 350°C during 

simulated thermal recovery experiments, whereas short-chain summed C21-C22 MAS 

hydrocarbons concentration decreases only at higher temperatures (350°C) and stay 

almost constant at lower temperatures (300°C) (Fig. 5.50 and Fig. 5.51). This occurs due 

to the higher thermal stability of short-chain C21-C22 MAS hydrocarbons compared to 

long-chain C27-C29 MAS hydrocarbons. When Peace River bitumen is thermally altered 

at 300ºC for up to 7 days, summed C21-C22 MAS hydrocarbons concentration do not 

show any variation, whereas summed C27-C29 MAS hydrocarbons concentration 

decreases from 663 ppm to 408 ppm (Fig. 5.50). The same effects are observed for 

Athabasca bitumen as well; summed C21-C22 MAS hydrocarbons concentration stays 

constant for up to 7 days, whereas summed C27-C29 MAS hydrocarbons decrease from 

425 ppm to 231 ppm (Fig. 5.51). When Peace River and Athabasca bitumens are 

thermally altered at 350ºC for up to 7 days, the impact of destruction on long-chain C27-

C29 MAS hydrocarbons is intense.  

 

The concentration of long-chain C27-C29 MAS hydrocarbons decreases from 663 ppm to 

36 ppm in Peace River bitumen after 3 days of simulated thermal recovery (Fig. 5.50) 

and from 425 ppm to 58 ppm in Athabasca bitumen after 2 days of thermal alteration 

(Fig. 5.51). None of the long-chain C27-C29 MAS hydrocarbons can be detected with 

accuracy on the mass chromatograms in Peace River bitumen at the end of day 4 and in 

Athabasca bitumen at the end of day 3 of simulated thermal recovery experiments (Fig. 

5.49). 
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 Figure 5.51 Concentrations of summed C21-C22 and summed C27-C29 monoaromatic steroid 
hydrocarbons in original unheated Athabasca bitumen and its products thermally altered at 300ºC 
and 350ºC for up to 7 days.  

Figure 5.50 Concentrations of summed C21-C22 and summed C27-C29 monoaromatic steroid 
hydrocarbons in original unheated Peace River bitumen and its products thermally altered at 300ºC 
and 350ºC for up to 7 days.  
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Due to the greater thermal stability of short-chain C21-C22 MAS hydrocarbons compared 

to long-chain C27-C29 MAS hydrocarbons, short-chain C21-C22 MAS hydrocarbons can 

still be detected on mass chromatograms of both Peace River and Athabasca bitumens at 

the end of day 7 of simulated thermal recovery; however, with difficulty (Fig. 5.49). The 

concentration of short-chain C21-C22 MAS hydrocarbons decreases to 17 ppm in both 

Peace River and Athabasca bitumens when thermally altered for up to 7 days, whereas 

stay almost constant if thermally alteration is conducted at 300°C for the same period of 

time (Fig. 5.50 and Fig. 5.51).  

 

These results suggest a preferential destruction of long-chain MAS hydrocarbons 

compared to short-chain MAS hydrocarbons during thermal alteration, instead of side 

chain carbon cracking; a process where short-chain MAS hydrocarbons are formed from 

long-chain MAS hydrocarbons. Concentration data suggest that lower temperatures 

(300°C) have little effect on short-chain C21-C22 MAS hydrocarbons due to their higher 

thermal stability compared to long-chain C27-C29 MAS hydrocarbons. Concentration data 

also suggest that the biodegradation level of bitumens (Peace River and Athabasca 

bitumen) does not significantly affect the amount of C21-C22 and C27-C29 MAS 

hydrocarbons destroyed during simulated thermal recovery processes. Therefore, it is also 

concluded that the destruction of C21-C22 and C27-C29 MAS hydrocarbons show little or 

no influence of the initial oil composition and that these changes are governed by 

response to the thermal stress conditions during my simulated thermal recovery 

experiments. 
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Fig. 5.52 and Fig. 5.53 compare the total MAS hydrocarbons concentration in the original 

unheated Peace River and Athabasca bitumens and their products thermally altered for up 

to 7 days at 300ºC and 350ºC, respectively. When C21-C22 and C27-C29 MAS 

hydrocarbons are compared with C20-C21 and C26-C28 TAS hydrocarbons, it can be 

concluded that both lower (300ºC) and higher temperatures (350ºC) result in the constant 

reduction of total C21-C22 and C27-C29 MAS concentration. In contrast, the total 

concentration of C20-C21 and C26-C28 TAS hydrocarbons show only a reduction at higher 

temperatures (350°C) and stay almost constant at lower temperatures (300°C). 

 
 

   
 
 
 

Figure 5.52 Total summed C21-C22 and C27-C29 monoaromatic steroid hydrocarbons concentration in 
original unheated Peace River and Athabasca bitumens and their products thermally altered at 
300ºC for up to 7 and 21 days.  
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5.3 Thermal alteration of Peace River bitumen at 300°C for up to 21 days. 

Simulating Cyclic Steam Stimulation (CSS) or High Temperature Steam Assisted 

Gravity Drainage (SAGD) processes under laboratory conditions. 

Generally, many reservoirs (e.g. Peace River, Athabasca) are associated with high 

temperatures during thermal recovery processes of heavy oil and oil sand bitumen. Steam 

injection occurs at temperatures ranging from 190°C for low pressure SAGD to over 

300°C for high temperature CSS operations with heated fluid residence times up to 3-4 

weeks (steam, soak and production periods for CSS operations; steam injection, growth 

of steam chamber and flow of oil by gravity into the production well for SAGD 

operations). To simulate these thermal recovery processes, I conducted thermal recovery 

experiments with Peace River bitumen from the WCSB. Peace River oil sands were 

Figure 5.53 Total summed C21-C22 and C27-C29 monoaromatic steroid hydrocarbons concentration in 
original unheated Peace River and Athabasca bitumens and their products thermally altered at 

350ºC for up to 7 and 21 days.  
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thermally altered in stainless steel tubes for periods at temperatures of 300ºC for up to 3 

weeks.  

 

5.3.1. Generation of normal alkanes (n-C9 to n-C36) and isoprenoid alkanes (pristane 

and phytane) 

Fig. 5.54 shows the m/z 85 mass chromatograms displaying n- and isoprenoid alkanes 

(pristane and phytane) distributions for the original unheated Peace River bitumen and its 

products thermally altered at 300ºC for up to 21 days in the presence of 1 ml of water.  

 

          

              

   

 

  
 
 

When Peace River bitumens are thermally altered at 300ºC for up to 21 days, the total 

summed n-C9 to n-C36 alkanes and isoprenoid alkanes (pristane and phytane) 
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Figure 5.54 M/z 85 mass chromatograms (saturated hydrocarbon fraction) illustrating n- and 
isoprenoid alkanes distribution for the original unheated Peace River bitumen and its products 
thermally altered at 300ºC for up to 21 days. Numbers over the peaks correspond to the carbon 
numbers of n-alkanes; Pr, Ph and I.S. refer to pristane, phytane and internal standard (squalane), 
respectively.  
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concentrations increased from 0 to 8,145 ppm and 731 ppm, respectively (Fig. 5.55). It is 

evident that at lower temperatures (300ºC) simulated thermal recovery experiments do 

not generate as high amounts of normal and isoprenoid alkanes as at higher temperatures 

(350ºC). N-alkanes, which are not present in the original unheated Peace River bitumen, 

start to appear on the chromatograms representing day 7 of simulated thermal recovery 

(Fig. 5.54).  

 

   
 
 
 

 
It is very interesting to observe that simulated thermal recovery of Peace River bitumen at 

350ºC for 1 day generates more n- and isoprenoid alkanes than simulated thermal 

recovery at 300°C for 21 days. From this finding, it is concluded that the effect of 

temperature on n- and isoprenoid alkanes (pristane and phytane) generation is significant, 

Figure 5.55 Concentrations of summed n-C9 to n-C36 alkanes and summed isoprenoid alkanes 
(summed pristane and phytane) in original unheated Peace River bitumen and its products thermally 
altered at 300ºC for up to 21 days. 
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with temperatures of 350°C generating n- and isoprenoid alkanes in much higher 

quantities than temperatures of 300°C. 

 
Figures 5.56a and 5.56b illustrate the distillation curves of percent mass yield as a 

function of boiling point and the chromatograms obtained by HT-SimDist method for the 

original unheated Peace River bitumen and its products thermal altered at 300°C for up to 

21 days. Fig. 5.56a illustrates that after 21 days of simulated thermal recovery at 300°C, 

the VR fraction (hydrocarbons and other materials of higher boiling points that have an 

atmospheric equivalent boiling point >545°C) in thermally altered Peace River bitumen 

decreases from the initial 52 wt.% (original unheated Peace River bitumen) to 44 wt.%. 

This corresponds to a decrease of 8 wt.% in the VR fraction (Fig. 5.57). It is not proven 

but suggested that higher amounts of asphaltene and resin fractions are broken down into 

other unknown intermediate/end products; most likely cracked into lower molecular 

weight compounds at higher temperatures (350°C) than at lower temperatures (300°C), 

thereby, contributing to the higher VR reduction. The decrease in the VR fraction in 

Peace River bitumens with increasing thermal alteration corresponds well with the neo-

generation of light hydrocarbons such as n- and isoprenoid alkanes, as well as 

naphthalene, phenanthrene, anthracene, dibenzothiophene and their alkylated compounds 

and the destruction of heavy hydrocarbons such as steranes, hopanes, mono- and 

triaromatic steroid hydrocarbons into other unknown intermediate/end products; most 

likely lower molecular weight hydrocarbons, as it will be shown shortly. Here, it is worth 

mentioning that the decrease in the VR fraction is 15 wt.% when Peace River bitumen is 

thermally altered at 350°C for a short period (7 days), whereas the decrease is only 8 

wt.% if thermally altered at 300°C and for much longer periods (21 days) (Fig. 5.55). 
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From these findings, it is concluded that the temperature during thermal alteration of 

bitumens has a dramatic impact on bitumen upgrading. Bitumens thermally altered at 

300°C, despite being heated for as long as 21 days, generate much less light 

hydrocarbons and other materials of lower boiling points compared to bitumens thermally 

altered at 350°C for shorter periods (7 days). Fig. 5.56a suggests that the shift of the 

thermally altered bitumen boiling point curves to lower temperatures compared to the 

feedstock indicates that the thermally altered Peace River bitumen at the end of day 21 of 

simulated thermal recovery has a greater proportion of hydrocarbons and other 

compounds of lower boiling point compared to the original unheated Peace River 

bitumen (feedstock).  

 
 
 

         
 

 

 

 

Fig 5.56a also indicates the presence of 15 wt.% of compounds with a boiling point lower 

than 380°C in the original unheated Peace River bitumen; corresponding to VGO 

compounds, whereas the presence of 15 wt.% of material boiling below 320°C in the 
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Figure 5.56 (a) Distillation curves of percent mass yield as a function of boiling point and (b) 
chromatograms obtained by HT-SimDist method on original unheated Peace River bitumen and its 
products thermally altered at 300°C for up to 21 days. Petroleum cuts defined by their range of 
atmospheric equivalent boiling points are also shown on the graph (b). 
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Peace River bitumen thermally altered at 300°C for up to 21 days; corresponding to 

atmospheric distillate compounds. The approximate hydrocarbon cut ranges such as 

naphtha, atmospheric distillate, VGO and VR are shown on the chromatograms obtained 

by the HT-SimDist method (Fig 5.56b). The chromatograms indicate that hydrocarbons 

and other materials of lower boiling points (naphtha, atmospheric distillate and lower end 

VGO fraction) increase with increasing reaction time, while hydrocarbons and other 

materials of higher boiling points such as VR and the higher end VGO fraction decrease. 

  
 

   

 

 

These are expected results for bitumens thermally altered at higher temperatures or at 

lower temperatures for longer periods and is an indication of oil upgrading. From these 

results, it is concluded that temperature has a much greater impact on bitumen upgrading 

Figure 5.57 Days of simulated thermal recovery versus vacuum residue fraction (%VR) in original 

unheated Peace River bitumen and its products thermally altered at 300°C for up to 21 days. 



 

 

217

than has reaction time. Thermal alteration of bitumen at 300°C does not generate light 

hydrocarbons in significant amounts, even if simulated thermal recovery is conducted as 

long as 21 days, whereas the generation of light hydrocarbons is significant at 350°C, 

even if simulated thermal recovery experiments are conducted for periods as short as 7 

days. 

 

5.3.2 Generation of C0-C5 alkylnaphthalenes 

Fig. 5.58 shows the mass chromatograms (summed m/z 128+ 142+ 156 +170+ 184+ 198) 

illustrating C0-C5 alkylnaphthalenes for the original unheated Peace River bitumen and its 

products thermally altered with 0.5 ml of water at 300ºC for up to 21 days. As can be 

seen from the chromatograms, no significant change can be observed on the distribution 

of C0-C5 alkylnaphthalenes with increasing reaction time. When Peace River bitumen is 

thermally altered at 300ºC for up to 21 days, total summed C0-C5 alkylnaphthalenes 

concentration increases from 470 ppm to 1,860 ppm in 14 days and to a maximum of 

only 2,470 ppm after 21 days of simulated thermal recovery (Fig. 5.59). As is the case 

with n-alkane generation, temperatures of 300ºC do not generate C0-C5 alkylnaphthalenes 

in significant amounts compared to 350ºC. If Peace River bitumen that is thermally 

altered at 300ºC for up to 21 days is compared to the bitumen that is thermally altered at 

350°C for only 7 days, the latter experiment produces twice as much C0-C5 

alkylnaphthalenes than the simulated thermal recovery at 300ºC for 21 days. As a result, 

it is concluded that temperature as opposed to reaction time has a much greater effect on 

naphthalenes (light aromatic hydrocarbons) generation during simulated thermal recovery 

processes and thus bitumen upgrading.  
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Figure 5.58 Mass chromatograms (summed m/z 128, 142, 156, 170, 184 and 198) illustrating C0-C5 

alkylnaphthalenes and C0-C1 alkyldibenzothiophenes distribution in original unheated Peace River 
bitumen and its products thermally at 300ºC for up to 21 days.  

300ºC- Day 7 

Figure 5.59 Total summed C0-C5 alkylnaphthalenes concentration in original unheated Peace River 

bitumen and its products thermally altered at 300ºC for up to 21 days. 
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5.3.3 Generation of C0-C2 alkylphenanthrenes, C0-C1 alkyldibenzothiophenes and 

C0-C1 alkylanthracenes 

Fig. 5.60 shows mass chromatograms (summed m/z 178+ 192+ 206) illustrating C0-C2 

alkylphenanthrenes, C0-C1 alkylanthracenes for the original unheated Peace River 

bitumen and its products thermally altered at 300ºC for up to 21 days. The distribution of 

C0-C2 alkylphenanthrenes stays almost intact with no significant changes. In contrast, the 

appearance of C0-C1 alkylanthracenes can be seen on the mass chromatograms (Fig. 

5.60).  
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Figure 5.60 Mass chromatograms (summed m/z 178, 192 and 206) illustrating C0-C2 

alkylphenanthrenes and C0-C1 alkylanthracenes distribution in original unheated Peace River 
bitumen and its products thermally altered at 300ºC for up to 21 days.  
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Although not being generated in significant amounts, there is still a constant increase in 

C0-C1 alkylanthracenes concentrations. Anthracene concentration in Peace River bitumen 

is increasing from 0 ppm to 28 ppm when thermally altered at 300°C for up to 21 days. 

The generation of C0-C1 alkylanthracenes, originally absent in original unheated Peace 

River bitumen, seem to be potential suitable reaction proxies to monitor in situ thermal 

alteration (thermal stress) during thermal recovery processes (e.g. CSS and SAGD) of 

heavy oil and bitumens. Also, the neo-generation of tricyclic condensed aromatic 

molecules (C0-C1 alkylanthracenes) suggests asphaltene structures with abundant small 

ring-size aromatic systems and a lower degree of condensation than is generally claimed. 

 

When Peace River bitumen is thermally altered at 300ºC for up to 21 days, the total 

summed C0-C2 alkylphenanthrenes concentration increases from 550 to 880 ppm in 14 

days and to a maximum of only 1,020 ppm in 21 days (Fig. 5.61). The increase in total 

summed C0-C2 alkylphenanthrenes concentration, as is the case with n-alkanes and C0-C5 

alkylnaphthalenes generation, is not significant in Peace River bitumen at lower 

temperatures of thermal alteration, even if simulated thermal recovery experiments are 

conducted for longer periods. Fig. 5.62 illustrates that the phenanthrene concentration 

increases from 50 ppm to only 100 ppm (2 fold increase) when bitumen is thermally 

altered at 300ºC for up to 21 days, while dibenzothiophene concentration increases at 

much higher rates compared to phenanthrene; from 25 ppm to 200 ppm (8 fold increase). 
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As can be seen, not only at higher temperatures (350°C), but also at lower temperatures 

(300°C) of simulated thermal recovery experiments, the concentration of 

dibenzothiophenes increases at much higher rate compared to phenanthrenes. As 

suggested earlier, it is possible, but not proven that this relates to weak C-S bonds being 

involved in small sulfur components that link these dibenzothiophenes to the 

resin/asphaltene structures that are cleaved during thermal cracking, thereby releasing 

dibenzothiophenes at lower temperatures (300°C) and higher rates compared to 

phenanthrenes. It is also concluded from concentration data, which corresponds well with 

boiling point curves, that simulated thermal recovery at lower temperatures (300ºC) does 

Figure 5.61 Total summed C0-C2 alkylphenanthrenes concentration in original unheated Peace River 

bitumen and its products thermally altered at 300ºC for up to 21 days. 
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not generate C0-C2 alkylphenanthrenes, C0-C1 alkyldibenzothiophenes and C0-C1 

alkylanthracenes in significant amounts, compared to higher temperatures (350ºC).  

  

   

 

 

5.3.4 Destruction of steranes and diasteranes 

Fig. 5.63 shows m/z 217 mass chromatograms displaying C27-C29 diasteranes and C27-

C29 5α(H), 14α(H), 17α(H) and 5α(H), 14β(H), 17β(H) (20S+20R) steranes for the 

original unheated Peace River bitumen and its products thermally altered in the presence 

of 0.5 ml of water 300ºC for up to 21 days. It is very interesting to see that when Peace 

River bitumens samples are thermally altered at 300ºC for up to 21 days, distribution of 

C27-C29 diasteranes and C27-C29 5α(H), 14α(H), 17α(H) and 5α(H), 14β(H), 17β(H) 

Figure 5.62 Phenanthrene and dibenzothiophene concentrations in original unheated Peace River 

bitumen and its products thermally altered at 300ºC for up to 21 days. 
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(20S+20R) steranes stay almost intact throughout simulated thermal recovery 

experiments (Fig. 5.63).  

 

           

             

   

 

 

The total summed C27-C29 diasteranes and C27-C29 5α(H), 14α(H), 17α(H) and 5α(H), 

14β(H), 17β(H) (20S+20R) steranes concentration in original unheated Peace River 

bitumen is 2,900 ppm and decreases to 2,800 pm after 7 days, to 2,740 ppm after 14 days 

and to only 2,700 ppm after 21 days of simulated thermal recovery at 300ºC (Fig. 5.64). 

This suggests no significant alteration of C27-C29 diasteranes and C27-C29 5α(H), 14α(H), 

17α(H) and 5α(H), 14β(H), 17β(H) (20S+20R) steranes at 300°C, even if simulated 

thermal recovery experiments are conducted for longer periods (21 days).  
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Figure 5.63 M/z 217 mass chromatograms illustrating steranes and diasteranes distribution in 
original unheated Peace River bitumen and its products thermally altered at 300ºC for up to 21 days. 
Identification of the peaks is shown in table 5.2 

300ºC- Day 7 
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5.3.5 Destruction of tri-, tetra- and pentacyclic terpanes (C23-C35 terpanes) 

Fig. 5.65 shows m/z 191 chromatograms displaying the tri-, tetra- and pentacyclic 

terpanes (C23-C35 terpanes) for the original unheated Peace River bitumen and its 

products thermally altered at 300ºC for up to 21 days. As is the case with steranes and 

diasteranes, when Peace River bitumen is thermally altered at 300ºC for up to 21 days, 

the total summed tri-, tetra- and pentacyclic terpanes concentration stayed almost 

constant (Fig. 5.66). Their concentration decreased from the initial 12,900 ppm (original 

unheated Peace River bitumen) to around 11,210 ppm after 14 days and only to around 

11,000 ppm after 21 days of simulated thermal recovery at 300ºC (Fig. 5.66). From these 

findings, it is concluded that lower temperatures (300°C) do not alter terpanes in 

significant amounts, which is in accordance with terpanes being thermally quite stable. 

Figure 5.64 Total summed steranes and diasteranes concentration in original unheated Peace River 

bitumen and its products thermally altered at 300ºC for up to 21 days.  
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Figure 5.65 M/z 191 mass chromatograms illustrating tri-, tetra-, and pentacyclic terpanes (C23-C35 

terpanes) distribution in original unheated Peace River bitumen and its products thermally at 300ºC 

for up to 21 days. Identification of the peaks is shown in table 5.3. 

300ºC- Day 7 

Figure 5.66 Total summed tri-, tetra-, and pentacyclic terpanes (C23-C35 terpanes) concentration in 

original unheated Peace River bitumens and its products thermally altered at 300ºC for up to 21 

days.  



 

 

226

5.3.6 Destruction of triaromatic steroid (TAS) hydrocarbons 

Fig. 5.67 shows m/z 231 mass chromatograms illustrating C20-C21 and C26-C28 TAS 

hydrocarbons distribution for the original unheated Peace River bitumen and its products 

thermally altered at 300ºC for up to 21 days. As can be seen from the mass 

chromatograms, no significant change can be observed for up to 21 days on the 

distribution of C20-C21 and C26-C28 TAS hydrocarbon with increasing time during 

simulated thermal recovery experiments at 300°C.  

 

           

           

   

 

 

However, the total summed short-chain C20-C21 TAS hydrocarbons concentration shows 

a constant increase, while total summed long-chain C26-C28 TAS hydrocarbons 

concentration shows a constant decrease with increasing reaction time, with total summed 
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Figure 5.67 M/z 231 mass chromatograms illustrating C20-C21 and C26-C28 triaromatic steroid 
hydrocarbons distribution in the original unheated Peace River bitumen and its products thermally 

altered at 300ºC for up to 21 days. Identification of the peaks is shown in table 5.4. 

300ºC- Day 7 
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TAS hydrocarbons concentration staying almost constant (275 ppm) with increasing 

thermal stress (Fig. 5.68 and Fig. 5.69). The total summed concentration of short-chain 

TAS hydrocarbons increases from 50 ppm to 84 ppm, while long-chain TAS 

hydrocarbons decrease slightly from 225 ppm to 190 ppm after 21 days of thermal 

processing (Fig. 5.68). Alternatively, the total summed short-chain MAS hydrocarbons 

concentration stays almost constant for up to 21 days. This suggests that the formation of 

short-chain TAS hydrocarbons through short-chain MAS hydrocarbon aromatization 

most likely does not occur.  

 

   

 

The increase of short-chain TAS hydrocarbons that is accompanied concomitantly by the 

decrease of long-chain TAS hydrocarbons concentration might suggest a conversion from 

long- to short-chain TAS hydrocarbons via side-chain cracking reactions at lower 

Figure 5.68 Concentrations of summed C20-C21 and summed C26-C28 triaromatic steroid 
hydrocarbons in original unheated Peace River bitumen and its products thermally altered at 300ºC 
for up to 21 days.  
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temperatures (300°C). Total summed C20-C21 and C26-C28 TAS hydrocarbons 

concentration in original unheated Peace River bitumen and in its products thermally 

altered at 300°C is shown in Fig. 5.69. As can be seen, their concentration stays fairly 

stable. 

 

   

 

 

5.3.7 Destruction of monoaromatic steroid (MAS) hydrocarbons 

Fig. 5.70 shows m/z 253 mass chromatogram illustrating C21-C22 and C27-C29 MAS 

hydrocarbons distribution for the original unheated Peace River bitumen and its products 

thermally altered at 300ºC for up to 21 days. In contrast to the C20-C21 and C26-C28 TAS 

hydrocarbons distributions on mass chromatograms that do not show any significant 

changes during thermal alteration at 300°C for up to 21 days, the distribution of long-

Figure 5.69 Total summed C20-C21 and C26-C28 triaromatic steroid hydrocarbons concentration in 
original unheated Peace River bitumen and its products thermally altered at 300ºC for up to 21 days. 
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chain C27-C29 MAS hydrocarbons show a decrease in relative abundance compared to 

C21-C22 TAS hydrocarbons with increasing thermal alteration (Fig. 5.70).  

 

          

          

   

 
 

 
 

When Peace River bitumen is thermally altered at 300ºC for up to 21 days, the total 

summed short-chain C21-C22 MAS hydrocarbons concentration decreases slightly while 

total summed long-chain C27-C29 MAS hydrocarbons concentration show a much higher 

reduction. The total summed long-chain MAS hydrocarbons concentration in Peace River 

bitumen decreases from 663 to 266 ppm, whereas short-chain MAS hydrocarbons 

decreases only slightly from 45 ppm to 33 ppm after 21 days of simulated thermal 

recovery (Fig. 5.71). Total summed C21-C22 and C27-C29 MAS hydrocarbons 

concentration in original unheated Peace River bitumen and its products thermally altered 
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Figure 5.70 M/z 253 mass chromatograms illustrating C21-C22 and C27-C29 monoaromatic steroid 
hydrocarbons distribution in the original unheated Peace River bitumen and its products thermally 
altered at 300ºC for up to 21 days. Identification of the peaks is shown in table 5.5. 
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at 300ºC for up to 21 days is shown in Fig. 5.72. Concentration data and mass 

chromatograms suggest that thermal alteration removes long-chain MAS hydrocarbons 

(C27-C29) at much faster rates compared to their short-chain homologues (C21-C22). This 

is due to the higher thermal stability of short-chain MAS hydrocarbons compared to long-

chain MAS hydrocarbons. Concentration data also suggest that at lower temperatures 

(300°C) much longer periods (>21 days) are required to initiate short-chain MAS 

hydrocarbon alteration.  

 

   
  

 

Also, C21-C22 and C27-C29 MAS hydrocarbons decrease at much faster rates compared to 

C20-C21 and C26-C28 TAS hydrocarbons with increasing reaction time during simulated 

thermal recovery experiments. Therefore, it is concluded that C20-C21 and C26-C28 TAS 

Figure 5.71 Concentrations of summed C21-C22 and summed C27-C29 monoaromatic steroid 

hydrocarbons in original unheated Peace River bitumen and its products thermally altered at 300ºC 

for up to 21 days.  
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hydrocarbons are thermally more stable compared to C21-C22 and C27-C29 MAS 

hydrocarbons. 

 

   

 

 

5.4 Thermal alteration of Peace River bitumen with varying amounts of water at 

350°C for up to 21 days. Impact of water phase on light hydrocarbon generation and 

heavy hydrocarbon cracking.  

SAGD and CSS are robust thermal processes that have revolutionized the economic 

recovery of heavy oil and bitumen from the vast oil sands deposits in western Canada, 

which have 1.6 to 2.5 trillion barrels of oil in place (Burton et al. 2005; Peacock, 2010). 

As described in Chapter 4, SAGD consists of two horizontal wells with the upper one 

being the steam injector and the lower one being the oil producer. In practice, a 

Figure 5.72 Total summed C21-C22 and C27-C29 monoaromatic steroid hydrocarbons concentration in 
original unheated Peace River bitumen and its products thermally altered at 300ºC for up to 21 days.  
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preheating period to overcome the difficult steam injection due to the mobility ratio 

between steam and bitumen is required (Saltuklaroglu et al., 2000). In this period steam 

is injected from both wells into the reservoir until the region between the wells is heated 

above ~80°C. After the preheating period, steam is injected from the upper well and 

fluids are produced from the lower well which creates a steam chamber between the wells 

that grows above the wells. As is shown in Fig 5.73, steam grows and releases its latent 

heat at the chamber edges which results in a steam quality gradient within the steam 

chamber (Gates et al., 2007; Peacock 2009; Hubbard et al., 2011). Finally, the mobilized 

oil and steam condensate at the chamber edge drain under gravity toward the production 

well (Fig. 5.73).  

 

              

 

 
The growth of the steam chamber in a SAGD process is determined by (a) the uniformity 

of steam pressure and quality along the length of the perforated interval of the well and 

(b) reservoir geology and fluid properties adjacent to the well. The reservoir might 

contain shale/siltstone interbeds, mud clasts, tight sandstones and even calcite nodules 

Figure 5.73 Ideal steam chamber development during a SAGD process.

100% Liquid- 0% Steam 

100% Steam- 0% Liquid 
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due to varying depositional environments (Peacock, 2009). The presence of those 

shale/siltstone interbeds prevent the vertical steam rise and oil drainage, hence, many 

SAGD operations that target the McMurray Formation suffer in performance. Also, if the 

permeability, and thus the geology, of the reservoir is not uniform (e.g. heterogeneous) 

then the growth of the steam chamber will not be uniform (Fig. 5.74) (Gotawala and 

Gates, 2010; Strobl et al., 1997a, b).  

 

          

 
 

To identify geochemical proxies to monitor steam chamber growth (e.g. location of steam 

chamber boundary) during SAGD processes (Fig. 5.75) by analyzing oil or bitumen 

extracted from varying depths of a core and to understand the effect of the amount of 

water during thermal treatment on the level of bitumen alteration, simulated thermal 

recovery experiments were carried out with three different scenarios of water amounts 

(no water, 0.5 ml of water and 3 ml of water). In my simulated thermal recovery studies, 

experiments conducted with no added water where residual water in the reaction tubes is 

Figure 5.74 Theoretical and actual steam chamber development during a SAGD process (modified 
after Peacock, 2009). 
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in %100 vapor phase might resemble conditions close to the steam injector, experiments 

conducted with 0.5 ml of water where water in the reaction tubes is in both liquid and 

vapor phase with mostly vapor might resemble inside SAGD steam chamber conditions 

and experiments conducted with 3 ml of water where water in the reaction tubes is also in 

both liquid and vapor phase, however with mostly liquid might resemble SAGD steam 

chamber boundary conditions (Fig. 5.73, Fig. 5.74 and Fig. 5.75). 

 

                        

 

5.4.1. Generation of normal alkanes (n-C9 to n-C36) and isoprenoid alkanes (pristane 

and phytane). 

Fig. 5.76 shows m/z 85 mass chromatograms illustrating normal and isoprenoid alkanes 

distribution for the original unheated Peace River bitumen and its products thermally 

altered at 350ºC for up to 21 days with varying amounts of water; Peace River oil sand 

thermally altered with no added water (hereafter referred to as “experiment-A”), Peace 

River oil sand thermally altered with 0.5 ml of water (hereafter referred to as 

Figure 5.75 Liquid-vapor relationship in a steam chamber development during a SAGD process.
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“experiment-B”) and Peace River oil sand thermally altered with 3 ml of water (hereafter 

referred to as “experiment-C”). All m/z 85 mass chromatograms look very similar; with 

the exception that experiment-C is yielding fewer n-alkanes in the C9 to C36 range after 

day 14 and day 21 of simulated thermal recovery. Concentration data indicate that n-

alkanes in the C9 to C36 range increase during simulated thermal recovery from 0 ppm 

(original unheated Peace River bitumen) to 214,300 ppm in experiment-A, to 181,500 

ppm in experiment-B and to only 115,400 ppm in experiment-C after 21 days of 

simulated thermal recovery at 350°C as shown in Fig 5.77. When experiment-A, 

experiment-B and experiment-C are compared, it can be clearly seen that that generation 

of n-alkanes increases with increasing reaction time dramatically, during simulated 

thermal recovery experiments at temperatures of 350ºC compared to 300ºC. However, 

interestingly they show a significant decrease when the amount of water added into the 

reaction tubes is increased; essentially from 0.5 ml to 3 ml of water. Concentration data 

suggest that during simulated thermal recovery experiments at 350°C, the presence or 

absence of water in the reaction tubes does not really affect the amount of n-alkanes 

generated significantly, as long as the water in the reaction tube is mostly in a vapor 

phase, instead of mostly a liquid phase. In contrast, there is a significant decrease in the 

amount of n-alkanes generated with the amount of liquid water phase present in the 

reaction tube increasing; refer to Chapter 2 for phase calculations. The proposed 

mechanism for this phenomenon will be described shortly. In contrast to n-alkanes, 

isoprenoid alkanes (summed pristane and phytane) show a more complex (Fig. 5.78) and 

interesting trend when thermally altered at 350ºC for up to 21 days. 
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Peace River bitumen  

Original unheated  
Peace River bitumen  

PR+3 ml of water-   
350ºC-Day 1 

PR+0.5 ml of water-  
350ºC-Day 1 

PR+no added water-  
350ºC-Day 1 

PR+3 ml of water- 
350ºC-Day 7 
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350ºC-Day 14 

PR+0.5 ml of water-   
350ºC-Day 14 

PR+no added water -  
350ºC-Day 14 

Figure 5.76 M/z 85 mass chromatograms (saturated hydrocarbon fraction) illustrating n- and isoprenoid alkanes distribution in original unheated Peace 
River bitumen and its products thermally with varying amounts of water (Peace River oil sands and no added water, Peace River oil sands+0.5 ml of 
water and Peace River oil sands+3 ml of water) at 350ºC for up to 21 days. Numbers over the peaks correspond to the carbon numbers of n-alkanes; Pr, 
Ph and I.S. refer to pristane, phytane and internal standard (squalane), respectively. 

PR+3 ml of water-   
350ºC-Day 21 

PR+0.5 ml of water-   
350ºC-Day 21 

PR+no added water -  
350ºC-Day 21 
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Total summed isoprenoid alkanes concentration shows an increase from 0 to 3,790 ppm 

until the end of day 14 and decreases back to 2,950 ppm at the end of day 21 of simulated 

thermal recovery experiment for experiment-A, increases to 2,940 ppm at the end of day 

14 and decreases back to 2,170 ppm for experiment-B and increases to a maximum of 

2,430 ppm at the end of day 7 and decreases back to 1,050 ppm at day 21 of simulated 

thermal recovery for experiment-C (Fig. 5.73). At this point it is not proven, but my 

proposed mechanism for the decrease in isoprenoid alkanes (pristane and phytane) after 

they reach a certain concentration level is: (a) cracking of pristane and phytane to smaller 

hydrocarbons; and/or (b) slowing down of isoprenoid alkanes (pristane and phytane) 

generation due to the depletion of the source (e.g. asphaltenes, resins) and dilution by 

other compounds generated. 

 

   

 
Figure 5.77 Total summed n-C9 to n-C36 alkanes concentration in original unheated Peace River 
bitumen and its products thermally altered with varying amounts of water at 350ºC for up to 21 days. 
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Figure 5.79 illustrates the distillation curves of percent mass yield as a function of boiling 

point and the chromatograms obtained by the HT-SimDist method for original unheated 

Peace River bitumen and its products thermally altered at 350°C for up to 21 days with 

no added water, 0.5 ml of water and 3 ml of water. 

   

  

 

Fig. 5.79 indicates that simulated thermal recovery at 350°C for up to 21 days decreases 

the VR fraction from the original 52 wt.% (original unheated Peace River bitumen) to 37 

wt.% (Fig. 5.79a), 28 wt.% (Fig. 5.79c) and 22 wt.% (Fig. 5.79e) when Peace River 

bitumen is thermally altered with no added water, 0.5 ml of water and 3.0 ml of water, 

respectively. Fig. 5.80 compares the VR reduction in Peace River bitumen for all three 

experiments thermally altered with varying amounts of water at 350°C for up to 21 days. 

Figure 5.78 Total summed isoprenoid alkanes (pristane and phytane) concentration in original 
unheated Peace River bitumen and its products thermally altered with varying amounts of water at 
350ºC for up to 21 days. 
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Figure 5.79 Quantitative distillation curves of percent mass yield as a function of boiling point (a, c, e) 
and chromatograms (b, d, f) obtained by HT-SIMDIST method on original unheated Peace River 
bitumen and its products thermally altered at 350°C for up to 21 days. Petroleum cuts defined by 

their range of atmospheric equivalent boiling points are also shown on the graph (b, d, f). 
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As can be seen, the impact of temperature on bitumen upgrading is significant. It is very 

interesting to observe that the decrease in the VR fraction increased with the amount of 

water in the reaction tubes; essentially from no added water to 3.0 ml of water, whereas 

the generation of normal alkanes decreased. The proposed mechanism for this 

phenomenon will be explained shortly. The decrease of the VR fraction in Peace River 

bitumen with increasing thermal alteration corresponds well with both the generation of 

light hydrocarbons such as n-alkanes, naphthalene, phenanthrene, anthracene, 

dibenzothiophene and their alkylated compounds and the destruction of heavy 

hydrocarbons such as steranes, hopanes, mono- and triaromatic steroid hydrocarbons into 

smaller and/or other unknown hydrocarbons. It can also be concluded from Fig. 5.79a, 

Fig. 5.79c and Fig. 5.79e, that the shift of the thermally altered bitumen boiling point 

curves to lower temperatures compared to the feedstock indicates that all Peace River 

bitumens thermally altered with varying amounts of water (no added water, 0.5 ml of 

water and 3.0 ml of water) are composed of hydrocarbons and other materials of lower 

boiling points compared to the original unheated Peace River bitumen. The boiling point 

curves also indicate the presence of 15 wt.% of compounds with a boiling point below 

250°C (±10°C) in all Peace River bitumens when thermally altered at 350°C for up to 21 

days with no water, 0.5 ml of water and 3.0 ml of water; corresponding to atmospheric 

distillate compounds. The approximate hydrocarbon cut ranges such as naphtha, 

atmospheric distillate, VGO and VR are also shown on the HT-SimDist obtained 

chromatograms in Fig. 5.79b, Fig. 5.79d and Fig. 5.79f. The chromatograms for all three 

simulated thermal recovery experiments indicate that hydrocarbons and other materials of 

lower boiling points such as naphtha, atmospheric distillate and lower end VGO increase, 
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while hydrocarbons and other materials of higher boiling points such as VR and higher 

end VGO decrease with increasing thermal stress. All of these results are an indication of 

bitumen upgrading. Noteworthy is the relative increase in the light end VGO fraction 

(retention time between 5-10 min) for the same heating time when the amount of water in 

the experiments increased. 

 

  

Simulated thermal recovery of Peace River and 
Athabasca oil sands at temperatures of 350ºC  

20

25

30

35

40

45

50

55

0 7 14 21

Days of simulated thermal recovery

V
a

c
u

u
m

 R
e

s
id

u
e

 f
ra

c
ti

o
n

 
(%

V
R

) 
in

 b
it

u
m

e
n

PR oil+ no H2O
PR oil+ 0.5 ml H2O
PR oil+ 3 ml H2O

 

 

 

Previous laboratory experiments have shown that water has an influence on the processes 

of generating oil and gas, from source rocks and kerogens and on the types of products 

(Michels et al., 1995; Price 1993). The n-alkanes generated during my simulated thermal 

recovery experiments show a wide carbon number distribution (e.g. n-C9 to n-C36) with 

low concentrations of isoprenoid alkanes which was suggested in previous studies as an 

Figure 5.80 Days of simulated thermal recovery versus vacuum residue fraction (%VR) in original 

unheated Peace River bitumen and its products thermally altered at 350°C for up to 21 days.  
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indication of a free radical mechanism (Eisma and Jurg, 1969; Greensfelder and Voge, 

1945; Beltrame et al., 1989; Lewan, 1997). I believe that I have observed such a 

phenomenon. However, when Peace River bitumen is thermally altered at 350°C for up 

to 21 days with no added water, 0.5 ml of water and 3.0 ml of water, the amount of n-

alkanes that are formed are also quite different. Concentration data suggested that the 

amount of n-alkanes generated during thermal alteration decreases with increasing 

amount of water in the reaction tubes. In contrast, the decrease in the VR fraction is the 

opposite; highest VR reduction is observed when Peace River bitumen is thermally 

altered with 3.0 ml of water and lowest when no additional water is present in the 

reaction tubes. This phenomenon (e.g. decrease in n-alkanes formation with the amount 

of water in the reaction tubes increasing and vice versa) might be explained by a free 

radical reaction mechanism (Huang et al., 1974), where carbon-carbon bonds of alkanes 

are cleaved to generate alkyl radicals. The formed alkyl radicals either combine with the 

available hydrogen to form small molecular weight hydrocarbons (alkanes) or lose 

hydrogen to form alkenes and the combination of dissociated hydrogen with each other 

will form H2. A sketch illustrating the possible free radical reaction occurring in oil 

cracking process is shown in Fig. 5.81 (Huang et al., 1974).   

                       Figure 5.81 Sketch illustrating free radical reactions occurring in oil cracking process (after Huang et 
al., 1974). Carbon-carbon bonds of n-alkanes are broken to generate alkyl radicals. These alkyls lose 

hydrogen to form alkenes or combine with hydrogen to form lower molecular weight alkanes. 
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Jin et al. (2009) conducted hydrous and anhydrous pyrolysis experiments at 370°C and 

times of 1 to 7 days using a crude oil collected from a Triassic reservoir sandstone in the 

Tarim Basin, NW China. Oil cracking under hydrous pyrolysis conditions generated 

higher yields of alkenes and H2 than under anhydrous pyrolysis conditions and suggested 

that water inhibits the combination of alkyl and hydrogen to form alkanes. Pan et al. 

(2009) conducted kerogen pyrolysis studies that showed that relative abundance of 

hydrocarbons other than n-alkanes increases with the amount of water (water/organic 

carbon ratio) added into the reaction system. The authors suggested that an excessive 

amount of water hindered the hydrogen radical transfer from residue kerogen or polar 

components to the released terminal n-alkenes to form n-alkanes.  

 

At this point, it is not proven, but proposed that in my experiments less n-alkanes are 

formed when bitumen is thermally altered with 3.0 ml of water compared to bitumen that 

is thermally altered with no added water and 0.5 ml of water, because the excessive liquid 

water present in the reaction tubes affects the free radical mechanism and inhibits the 

combination of alkyl radicals and hydrogen to form alkanes. As a consequence, this 

results in either (a) greater amounts of gas formation, (b) greater amounts of alkene 

formation relative to n-alkanes formation or (c) both alkenes and gas formation. It is 

obvious that no alkene peaks are observed in any of the gas chromatograms (Fig. 5.76). 

This most likely suggests that gases of different composition, instead of alkenes, are 

formed during my simulated thermal recovery experiments. The necessary hydrogen 

required for the formation of gases is most likely provided by the excessive liquid water 

present in the reaction tubes. Analyzing alkenes and gases was not one of the objectives 
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of this thesis when this work started; therefore, unfortunately they have not been 

analyzed. I also believe that the major source of the newly formed n-alkanes in Peace 

River bitumen, when thermally altered with varying amounts of water, are the asphaltene 

and resin fractions which is consistent with the idea of asphaltene structures rich in 

aromatic rings interconnected through aliphatic chains and heteroatomic bonds (Ignasiak 

et al., 1977; Payzant et al., 1979; Rubinstein et al., 1979; Rubinstein and Strausz, 1979; 

Strausz et al., 1992). This idea was also suggested previously by Marcano et al., 2009; 

2010; 2011. The principal proposed mechanisms are cracking of side chains from 

aromatic groups and cracking of aliphatic fragments linked through heteroatoms in cyclic 

systems.  

 

Both n-C9 to n-C17 alkanes and anthracenes are absent in original unheated Peace River 

bitumen and increase during simulated thermal recovery experiments when thermally 

altered at 350°C for up to 21 days. However, total summed n-C9 to n-C17 alkanes 

concentration, like total summed n-C9 to n-C36 alkanes concentration, increases in Peace 

River bitumen at much higher rate compared with anthracenes and total summed C0-C2 

alkylphenanthrenes concentrations in all experimental setups (e.g. no added water, 0.5 ml 

of added water and 3.0 ml of added water). Both, anthracenes and total summed C0-C2 

alkylphenanthrenes concentrations, do not show any significant increase when thermally 

altered at 350°C with varying amounts of water; essentially almost the same amount of 

anthracenes and total summed C0-C2 alkylphenanthrenes concentrations are generated 

when bitumen is thermally altered at 350 ºC for up to 21 days with no added water, 0.5 

ml of water and 3.0 ml of water. In contrast to anthracenes and total summed C0-C2 
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alkylphenanthrenes concentrations, the difference in the increase of n-alkanes 

concentrations is quite significant when thermally altered with varying amounts of water 

at 350°C for up to 21 days and is shown earlier in this section. Based on these findings, 

two ratios have been identified as potential proxies to monitor steam chamber growth 

during SAGD processes by analyzing oil or bitumen extracted from varying depths of a 

core; total summed n-C9 to n-C17 alkanes over anthracenes concentrations and total 

summed n-C9 to n-C17 alkanes over total summed C0-C2 alkylphenanthrenes 

concentrations (Figs. 5.82 and 5.83). Zero and close to zero values in the ratios might 

imply outside steam chamber conditions due to the absence of n-C9 to n-C17 alkanes and 

anthracenes in original unheated Peace River bitumen. Low values in the ratios might 

imply steam chamber boundary or close to steam chamber boundary conditions, where 

liquid vapour is in contact with the oil sands and generates less n-C9 to n-C17 alkanes 

relative to inside steam chamber conditions due to the presence of liquid water at the 

steam chamber boundary. The presence of liquid water might help quench free radicals 

and inhibit the combination of alkyl radicals and hydrogen to form alkanes which results 

in low amounts of n-C9 to n-C17 alkanes. In contrast, high values in the ratios might imply 

inside steam chamber conditions due to the presence of high amounts of n-C9 to n-C17 

alkanes that are derived most likely from the asphaltene fraction through cracking 

reactions.  
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Figure 5.82 [(Total summed n-C9 to n-C17 alkanes)/(anthracenes)]/100 ratio versus days of simulated 
thermal recovery for original unheated Peace River bitumen and its products thermally altered with 
varying amounts of water at 350ºC for up to 21 days. 

Figure 5.83 (Total summed n-C9 to n-C17 alkanes)/(total summed C0-C2 alkylphenanthrenes) ratio 
versus days of simulated thermal recovery for original unheated Peace River bitumen and its 
products thermally altered with varying amounts of water at 350ºC for up to 21 days. 
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5.4.2 Generation of C0-C5 alkylnaphthalenes  

Fig. 5.84 shows mass chromatograms (summed m/z 128+ 142+ 156+ 170+ 184+ 198) 

displaying C0-C5 alkylnaphthalenes for the original unheated Peace River bitumen and its 

products thermally altered at 350ºC for up to 21 days with varying amounts of water. All 

bitumens produce very similar mass chromatograms (summed m/z 128+ 142+ 156+ 170+ 

184+ 198) after 21 days of thermal alteration experiments and no obvious differences can 

be seen. Total summed C0-C5 alkylnaphthalenes concentration, as shown in Fig. 5.85, 

increases with increasing reaction time from 470 ppm (original unheated Peace River 

bitumen) to 15,140 ppm in experiment-A, to 15,040 ppm in experiment-B and to 14,350 

ppm in experiment-C. Here, it is worth reminding that after 21 days of simulated thermal 

recovery at 350ºC the amount of n-C9 to n-C36 alkanes generated was much higher 

compared to total summed C0-C5 alkylnaphthalenes generated: 214,300 ppm in 

experiment-A, 181,500 ppm in experiment-B and 115,400 ppm in experiment-C. It can 

be clearly seen that, when experiment-A, experiment-B and experiment-C are compared, 

the generation of C0-C5 alkylnaphthalenes is found to increase dramatically with 

increasing reaction time and reaction temperatures. Also, it is concluded based on 

concentration data and mass chromatograms that the generation of C0-C5 

alkylnaphthalenes is little affected by the amount of water during the simulated thermal 

recovery experiments (Fig. 5.85); essentially almost the same amount of C0-C5 

alkylnaphthalenes are generated when bitumen is thermally altered at 350 ºC for up to 21 

days with no added water, 0.5 ml of water and 3.0 ml of water. 
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Figure 5.84 Mass chromatograms (summed m/z 128, 142, 156, 170, 184 and 198) illustrating C0-C5 alkylnaphthalenes and C0-C1 alkyldibenzothiophenes 

distribution in original unheated Peace River bitumen and its products thermally altered with varying amounts of water (Peace River oil sand+no added 

water, Peace River oil sand+0.5 ml of water and Peace River oil sand+3 ml of water) at 350ºC for up to 21 days.  

PR+ no added water- 
350ºC-Day 21 

PR+ 3 ml of water-   
350ºC-Day 21 

PR+ 0.5 ml of water- 
350ºC-Day 21 
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5.4.3 Generation of C0-C2 alkylphenanthrenes, C0-C1 alkyldibenzothiophenes and 

C0-C1 alkylanthracenes 

Fig. 5.86 shows mass chromatograms (summed m/z 178+ 192+ 206) illustrating C0-C2 

alkylphenanthrenes and C0-C1 alkylanthracenes for the original unheated Peace River 

bitumen and its products thermally altered at 350ºC for up to 21 days with varying 

amounts of water. As can be seen, all bitumens produce very similar mass 

chromatograms (summed m/z 178+ 192+ 206) after 21 days of thermal alteration 

experiments and no obvious difference is observable.  

Figure 5.85 Total summed C0-C5 alkylnaphthalenes concentration in original unheated Peace River 

bitumen and its products thermally altered with varying amounts of water at 350ºC for up to 21 days. 
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Figure 5.86 Mass chromatograms (summed m/z 178, 192 and 206) illustrating C0-C2 alkylphenanthrenes and C0-C1 alkylanthracenes distribution in 

original unheated Peace River bitumen and its products thermally altered with varying amounts of water (Peace River oil sand and no added water, 

Peace River oil sand and 0.5 ml of water and Peace River oil sand and 3 ml of water) at 350ºC for up to 21 days.  
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As shown in Fig. 5.87 and Fig. 5.88, the total summed concentrations of C0-C2 

alkylphenanthrenes and C0-C1 alkyldibenzothiophenes, respectively, increase with 

increasing reaction time when thermally altered at 350°C for up to 21 days. Total 

summed C0-C2 alkylphenanthrenes concentration increases from 550 ppm (original 

unheated Peace River bitumen) to 5,010 ppm in experiment-A, to 4,320 ppm in 

experiment-B and to 4,940 ppm in experiment-C (Fig. 5.87). Also, total summed C0-C1 

alkyldibenzothiophenes concentration increases. They increase from 380 ppm (original 

unheated Peace River bitumen) to 4,290 ppm in experiment-A, to 4,600 ppm in 

experiment-B and to 5,150 ppm in experiment-C (Fig. 5.88). 

 

   

 
Figure 5.87 Total summed C0-C2 alkylphenanthrenes concentration in original unheated Peace River 

bitumen and its products thermally altered with varying amounts of water at 350ºC for up to 21 days. 
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It is concluded based on concentration data that the presence or absence of water in the 

reactions tubes does not affect the amount of C0-C2 alkylphenanthrenes and C0-C1 

alkyldibenzothiophenes generated significantly; all samples produce similar mass 

chromatograms (summed m/z 178+ 192+ 206) and contain almost the same amount of 

C0-C2 alkylphenanthrenes and C0-C1 alkyldibenzothiophenes after 21 days of simulated 

thermal recovery at 350°C.  

 

   

 

 

After 21 days of simulated thermal recovery at 350ºC, aromatic hydrocarbons 

(naphthalene, phenanthrene, dibenzothiophene, anthracene and their alkylated 

compounds) concentration in thermally altered bitumen reach a maximum of around 

Figure 5.88 Total summed C0-C1 alkyldibenzothiophenes concentration in original unheated Peace 

River bitumen and its products thermally altered with varying amounts of water at 350ºC for up to 

21 days. 
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30,000 ppm, whereas saturated hydrocarbons (n-alkanes and isoprenoid alkanes; pristane 

and phytane) concentration reaches a maximum of around 240,000 ppm. In contrast, 

temperatures of 300°C generate around 5,000 ppm of aromatic hydrocarbons 

(naphthalenes, phenanthrenes, dibenzothiophenes, anthracenes and their alkylated 

compounds) and around 9,000 ppm of saturated hydrocarbons (n-alkanes and isoprenoid 

alkanes; pristane and phytane) in 21 days. It is concluded that the impact of temperature 

on the thermal alteration of bitumen is significant with higher temperatures (350°C) 

generating light aromatic hydrocarbons in much greater amounts compared to lower 

temperatures (300°C).  

 

5.4.4 Destruction of steranes and diasteranes 

Fig. 5.89 shows m/z 217 mass chromatograms illustrating C27-C29 diasteranes and C27-

C29 5α(H), 14α(H), 17α(H) and 5α(H), 14β(H), 17β(H) (20S+20R) steranes for original 

unheated Peace River bitumen and its products thermally altered at 350ºC for up to 21 

days with varying amounts of water. As can be seen from Fig. 5.89, all bitumens produce 

very similar m/z 217 mass chromatograms after 21 days of simulated thermal recovery 

experiments and no obvious difference can be seen. The total summed C27-C29 

diasteranes and C27-C29 5α(H), 14α(H), 17α(H) and 5α(H), 14β(H), 17β(H) (20S+20R) 

steranes concentration decreases from the original 2,800 ppm in original unheated Peace 

River bitumen to 1,650 ppm after 1 day of thermal alteration and none of them could be 

detected with accuracy at the end of day 7 of my simulated thermal recovery 

experiments. M/z 217 mass chromatograms illustrating day 7, day 14 and day 21 of 
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simulated thermal recovery are not only completely free of C27-C29 5α(H), 14α(H), 

17α(H) and 5α(H), 14β(H), 17β(H) (20S+20R) steranes, but also free of the more 

thermally stable C27-C29 diasteranes. It is concluded that the destruction of C27-C29 

diasteranes and C27-C29 5α(H), 14α(H), 17α(H) and 5α(H), 14β(H), 17β(H) (20S+ 20R) 

steranes show little or no influence by the amount of water during the simulated thermal 

recovery experiments; all three experiments produce similar m/z 217 mass 

chromatograms and bitumens thermally altered at 350°C for 7 days are depleted in C27-

C29 diasteranes and C27-C29 5α(H), 14α(H), 17α(H) and 5α(H), 14β(H), 17β(H) 

(20S+20R) steranes.  
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Figure 5.89 M/z 217 mass chromatograms illustrating steranes and diasteranes distribution in original unheated Peace River bitumen and its products 
thermally altered with varying amounts of water (Peace River oil sand and no added water, Peace River and 0.5 ml of water and Peace River and 3 ml 
of water) at 350ºC for up to 21 days. Identification of the peaks is shown in table 5.2 

Original unheated  
Peace River  
bitumen  

 

Original unheated  
Peace River  
bitumen  

 



 

 

256

5.4.5 Destruction of tri-, tetra- and pentacyclic terpanes (C23-C35 terpanes) 

Fig. 5.90 shows m/z 191 mass chromatograms illustrating tri-, tetra- and pentacyclic 

terpanes (C23-C35 terpanes) for the original unheated Peace River bitumen and its 

products thermally altered at 350ºC for up to 21 days with varying amounts of water. All 

bitumens show very similar m/z 191 mass chromatograms after 21 days of simulated 

thermal recovery experiments and no obvious difference is observable. The total summed 

tri-, tetra- and pentacyclic hopanes concentration in experiment-A, experiment-B and 

experiment-C decrease from the initial 12,900 ppm (original unheated Peace River 

bitumen) to 9,430 ppm, 9,980 pm and to 9,640 ppm, respectively, at the end of the day-1 

of simulated thermal recovery experiments (Fig. 5.91). At the end of day 14 and day 21 

of simulated thermal recovery at temperature, only Ts, Tm, C29 17α(H) 21β(H) and C30 

17α (H) 21β(H) hopanes are present in the mass chromatograms and can be detected with 

difficulty (Fig. 5.90). The total summed concentration of remaining hopanes (Ts, Tm, C29 

17α(H) 21β(H) and C30 17α(H) 21β(H) hopanes) decreases after 14 days of simulated 

thermal recovery to 170 ppm, 100 ppm and 102 ppm in experiment-A, experiment-B and 

experiment-C, respectively and to 64 ppm, 43 ppm, and 62 ppm, respectively, in 

experiment-A, experiment-B and experiment-C, respectively after 21 days of simulated 

thermal recovery at 350°C (Fig. 5.91). From these findings, it is concluded that the 

destruction of tri-, tetra- and pentacyclic hopanes (C23-C35 terpanes) show little or no 

influence with the amount of water during the simulated thermal recovery experiments; 

all three experiments produce similar m/z 191 mass chromatograms and thermally altered 

bitumens are almost depleted in tri-, tetra- and pentacyclic hopanes (C23-C35 terpanes) 

after 21 days of simulated thermal recovery at 350°C. 
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Figure 5.90 M/z 191 mass chromatograms illustrating tri-, tetra-, and pentacyclic terpanes (C23-C35 terpanes) distribution in original unheated Peace 

River bitumen and its products thermally altered with varying amounts of water (Peace River oil sand and no added water, Peace River oil sand and 0.5 

ml of water, Peace River oil sand and 3 ml of water) at 350ºC for up to 21 days. Identification of the peaks is shown in table 5.3. 
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5.4.6 Destruction of triaromatic steroid (TAS) hydrocarbons 

Fig. 5.92 shows m/z 231 mass chromatograms illustrating C20-C21 and C26-C28 TAS 

hydrocarbons for the original unheated Peace River bitumen and its products thermally 

altered at 350ºC for up to 21 days with varying amounts of water. As can be seen from 

Fig. 5.92, all bitumens show very similar mass chromatograms after 21 days of simulated 

thermal recovery experiments and no obvious differences can be observed. All long-chain 

C26-C28 TAS hydrocarbons are destroyed completely into other unknown 

intermediate/end products; most likely cracked into lower molecular weight compounds, 

between day-1 and day 7 of simulated thermal recovery. Therefore, long-chain C26-C28 

TAS hydrocarbons can not be detected in bitumens analyzed at day 7, day 14 or day 21 of  

Figure 5.91 Total summed tri-, tetra-, and pentacyclic terpanes (C23-C35 terpanes) concentration in 

original unheated Peace River bitumen and its products thermally altered with varying amounts of 

water at 350ºC for up to 21 days.  
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Figure 5.92 M/z 231 mass chromatograms illustrating C20-C21 and C26-C28 triaromatic steroid hydrocarbons distribution in the original unheated Peace 
River bitumen and its products thermally altered with varying amounts of water (Peace River oil sand+ no added water, Peace River oil sand+ 0.5 ml of 

water, Peace River oil sand+ 3 ml of water) at 350ºC for up to 21 days. Identification of the peaks is shown in table 5.4. 
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simulated thermal recovery experiments (Fig. 5.92). However, since short-chain TAS 

hydrocarbons are more thermally resistant than their higher homologue TAS 

hydrocarbons, they still can be detected at the end of day 21 of simulated thermal 

recovery experiments, but not with accuracy (Fig. 5.92). Total summed C20-C21 and C26-

C28 TAS hydrocarbons concentration decreases from the initial 275 ppm to 12 ppm, 16 

ppm and 12 ppm for experiment-A, experiment-B and experiment-C, respectively when 

Peace River bitumen is thermally altered at 350°C for up to 21 days (Fig. 5.93). Short-

chain C20-C21 TAS hydrocarbons, initially increase from the original 50 ppm to 80 ppm, 

93 ppm and 80 ppm in experiment-A, experiment-B and experiment-C, respectively for a 

very short period (1 day) and decrease afterwards to 12 ppm, 16 ppm and 12 ppm in 

experiment-A, experiment-B and experiment-C, respectively after 21 days of simulated 

thermal recovery experiments. The increase in short-chain TAS hydrocarbons after a very 

short period (e.g. 1 day) might be due to (a) the formation of short-chain TAS 

hydrocarbons through short-chain monoaromatic steroid hydrocarbons aromatization, (b) 

the conversion of long-chain to short-chain TAS hydrocarbons due to carbon cracking or 

(c) both mechanisms. However, instead of decreasing constantly, short-chain TAS 

hydrocarbons increase slightly for a short period of time, suggesting an initial minor 

conversion of long-chain to short-chain TAS hydrocarbons due to side-chain carbon 

cracking (instead of short-chain MAS hydrocarbons aromatization to form short-chain 

TAS hydrocarbons) that is followed by the destruction of both short and long-chain TAS 

hydrocarbons with long-chain TAS hydrocarbons being destroyed at much faster rates. It 

is also concluded that the destruction of short-chain C20-C21 and long-chain C26-C28 TAS 
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hydrocarbons show little or no influence by the amount of water during simulated 

thermal recovery experiments; all three experiments produce similar m/z 231 mass 

chromatograms. Bitumens thermally altered at 350°C for up to 21 days are completely or 

almost depleted in short-chain C20-C21 and long-chain C26-C28 TAS hydrocarbons. 

 

   

 

 

5.4.7 Destruction of monoaromatic steroid (MAS) hydrocarbons 

Fig. 5.94 shows m/z 253 mass chromatograms depicting C21-C22 and C27-C29 MAS 

hydrocarbons for the original unheated Peace River bitumen and its products thermally 

altered at 350ºC for up to 21 days with varying amounts of water. As can be seen from 

Fig. 5.94, all bitumens show very similar mass chromatograms after 21 days of simulated 

Figure 5.93 Total summed C20-C21 and C26-C28 triaromatic steroid hydrocarbons concentration in 
original unheated Peace River bitumen and its products thermally altered with varying amounts of 
water at 350ºC for up to 21 days.  
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thermal recovery experiments and no obvious difference is observable. All long-chain 

C27-C29 MAS hydrocarbons are destroyed completely into other unknown 

intermediate/end products, most likely cracked into lower molecular weight compounds, 

between day 1 and day 7 of simulated thermal recovery. Therefore, they can not be 

detected in samples analyzed at day 7, day 14 and day 21 of simulated thermal recovery 

(Fig. 5.94). Short-chain C21-C22 MAS hydrocarbons are more resistant than their higher 

homologue MAS hydrocarbons, therefore, still can be detected, however with difficulty 

after 21 days of simulated thermal recovery (Fig. 5.94). Total summed C21-C22 and C27-

C29 MAS hydrocarbons concentration decreases from the initial 710 ppm to 7 ppm, 8 

ppm and 6 ppm for experiment-A, experiment-B and experiment-C, respectively when 

Peace River bitumen is thermally altered at 350°C for up to 21 days (Fig. 5.95). As is the 

case with TAS hydrocarbons, thermal alteration removes long-chain C27-C29 MAS 

hydrocarbons at much faster rate compared to their short-chain C21-C22 homologues 

during simulated thermal recovery experiments.  
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PR+ 3 ml water-   
350ºC-Day 1 

PR+ no added water-   
350ºC-Day 1 

PR+ 0.5 ml water-   
350ºC-Day 1 

PR+ no added water-   
350ºC-Day 7 

PR+ 0.5 ml of water-   
350ºC-Day 7 

PR+ 3 ml of water-   
350ºC-Day 7 

PR+ no added water-   
350ºC-Day 14 

PR+ 0.5 ml of water-   
350ºC-Day 14 

PR+ 3 ml of water-   
350ºC-Day 14 

PR+ no added water-   
350ºC-Day 21 

PR+ 0.5 ml of water-   
350ºC-Day 21 

PR+ 3 ml of water-   
350ºC-Day 21 

Figure 5.94 M/z 253 mass chromatograms illustrating C21-C22 and C27-C29 monoaromatic steroid hydrocarbons distribution in the original unheated 
Peace River bitumen and its products thermally altered with varying amounts of water (Peace River oil sand+ no added water, Peace River oil sand+ 
0.5 ml of water, Peace River oil sand+ 3 ml of water) at 350ºC for up to 21 days. Identification of the peaks is shown in table 5.5. 
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Concentration data and mass chromatograms suggest that the amount of water in the 

reaction tubes does not really affect the thermal alteration of short-chain C21-C22 and 

long-chain C27-C29 MAS hydrocarbons. From these findings, it is concluded that the 

destruction of short-chain C21-C22 and long-chain C27-C29 MAS hydrocarbons show little 

or no influence of the amount of water during simulated thermal recovery experiments. It 

is also concluded that short-chain MAS hydrocarbons are depleted at much faster rates 

compared to short-chain TAS hydrocarbons in bitumens during simulated thermal 

recovery experiments. This is most likely due to the higher thermal stability of TAS 

hydrocarbons compared to MAS hydrocarbons. 

Figure 5.95 Total summed C21-C22 and C27-C29 monoaromatic steroid hydrocarbon concentration in 
original unheated Peace River bitumen and its products thermally altered with varying amounts of 
water at 350ºC for up to 21 days.  
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5.5 Simulated thermal recovery of Peace River oil sand from 300°C to 350°C at a 

heating rate of 10°C/day for the first five days and maintained a temperature of 

350°C constant for two more days until the end of the seven-day study.  

Organic matter is affected by igneous intrusions and therefore has been the subject of 

numerous geochemical and petrological studies (Bostick and Clayton 1986, Robert 

1988). Within the narrow sampling range near the dike, sedimentary organic matter 

(SOM) composition changes little along sample planes while thermal maturation 

increases as measured by vitrinite reflectance and Rock-Eval parameters noticeably as 

temperature increases from ambient to greater than 500°C (Bostick, 1979; Clayton and 

Bostick, 1986; Bishop and Abbott, 1994; Galushkin, 1997, and Barker et al., 1998). 

These studies also indicate that contact metamorphism typically affects biomarker 

compositions. 

 

Li et al. (1998) have analyzed crude oil obtained from the Jedburgh well (location: 16-

14-27-8W2) that was drilled on a small salt dissolution structure in the Williston Basin. 

The crude oils contain significant quantities of a-olefins, making them quite unique in the 

Williston Basin and unusual globally. Analysis of the crude oils revealed that they 

contain just over 50% hydrocarbons, with aromatic hydrocarbons predominating over the 

aliphatics. No other Williston Basin oils have similar gross chemical compositions (e.g. 

Osadetz et al., 1992, 1994). The gas chromatograms of the aliphatic hydrocarbon 

fractions of the oils (Fig. 5.96) illustrate a homologous series of n-alkene/n-alkane 

doublets.  
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According to Curiale (1996), most olefins in condensates and crude oils could result from 

one or more of the following four processes: (1) radiogenic processes, where olefins are 

produced after the oil is trapped in the reservoir rocks due to decay of radioactive species 

in the oil or adjacent rock; (2) high temperature, geologically rapid pyrolysis associated 

with magmatic intrusions; (3) direct inheritance from source rock organic matter, where 

olefins migrate out of the source rock and are trapped in the reservoir rock along with the 

remainder of the oil; (4) migration contamination, where olefins are introduced into the 

mature oil from immature surrounding rocks during and after migration. Li et al. (1998) 

conclude, based on the characterization of aliphatic biomarkers, aromatic hydrocarbons 

and pyrrolic nitrogen compounds in the crude oils, that they were generated by high-

Figure 5.96 Gas chromatograms of aliphatic hydrocarbon fractions of three Jedburgh oils (Li et al., 

1998. 
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temperature, short-term pyrolysis of thermally immature organic matter. Furthermore, 

they also conclude that the composition of these oils indicates that they were not 

generated in situ, but accumulated in the Jedburgh well after lateral migration from areas 

that were influenced by post-Devonian magmatic intrusions.  

 

To simulate these contact metamorphism conditions where organic matter or crude oil is 

gradually heated next to igneous intrusions (e.g. dike, sill) and also to identify the heating 

temperature required for significant cracking reactions to commence, thereby discover 

the threshold for significant heavy hydrocarbon cracking and light hydrocarbon 

generation during thermal recovery processes in sedimentary situations, Peace River 

bitumen was thermally altered from 300°C to 350°C at a heating rate of 10°C/day for the 

first five days and maintained a temperature of 350°C constant for two more days until 

the end of the seven-day study.  

 

 
5.5.1. Generation of normal alkanes (n-C9 to n-C36) and isoprenoid alkanes (pristane 

and phytane) 

Fig. 5.97 shows the m/z 85 mass chromatograms (acyclic alkanes) illustrating n-alkanes 

and isoprenoid alkanes (pristane and phytane) distribution for the original unheated Peace 

River bitumen and its products thermally altered as described in Chapter 5.5. As can be 

seen from Fig. 5.97, the generation of n-alkanes is almost insignificant until the end of 

day 3 (320ºC) of simulated thermal recovery experiments. 
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Total summed n-C9 to n-C36 alkanes concentration increases from 0 ppm (original 

unheated Peace River bitumen) to 3,760 ppm at the end of day 3 of bitumen alteration, 

corresponding to a heating temperature of 320ºC and dramatically increases to 8,500 ppm 

at the end of day 5 of bitumen alteration (Fig. 5.98). However, isoprenoid alkanes 

(summed pristane and phytane) concentration increases from 210 ppm at end of day 3 to 

398 ppm at the end of day 5 of simulated thermal recovery experiments. At the end of 

day 7 of simulated thermal recovery experiments, total summed concentrations of n-C9 to 

n-C36 alkanes and isoprenoid alkanes (summed pristane and phytane) reach 27,000 ppm 

and 870 ppm, respectively. 
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Figure 5.97 M/z 85 mass chromatograms (saturated hydrocarbon fraction) illustrating n- and 
isoprenoid alkanes (pristane and phytane) distribution in original unheated Peace River bitumen and 
its products thermally altered from 300ºC to 350°C at a heating rate of 10ºC/day for the first five days 
and maintained a temperature of 350°C constant for two more days until the end of the seven-day 
study. Numbers over the peaks correspond to the carbon numbers of n-alkanes; Pr, Ph and I.S. refer 
to pristane, phytane and internal standard (squalane), respectively. 
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Fig. 5.99 shows the distillation curves of percent mass yield as a function of boiling point 

obtained by HT-SimDist method for the original unheated Peace River bitumen and its 

products thermal altered from 300°C to 350°C at a heating rate of 10°C/day for the first 

five days and maintained a temperature of 350°C constant for two more days until the 

end of the seven-day study. It can be seen from Fig. 5.99 that original unheated Peace 

River bitumen has a VR fraction of 52 wt.% which decreases to 31 wt.% after 7 days of 

simulated thermal recovery experiments. This is equivalent to a VR reduction of 21 wt.%. 

It can be concluded from Fig. 5.99 that the shift of the thermally altered bitumen boiling 

point curve to lower temperatures compared to the feedstock indicates that the thermally 

altered bitumen at the end of day 7 is composed of hydrocarbons and other compounds of 

Figure 5.98 Total summed n-C9 to n-C36 alkanes concentration in original unheated Peace River 
bitumen and its products thermally altered from 300°C to 350°C at a heating rate of 10°C/day for the 
first five days and maintained a temperature of 350°C constant for two more days until the end of the 

seven-day study. 
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lower boiling points. Fig 5.99 also indicates the presence of 15% of compounds with a 

boiling point lower than 360°C in the original unheated Peace River bitumen; 

corresponding to a VGO fraction, whereas 15% of the compounds in bitumen thermally 

altered for 7 days have a boiling point lower than 300°C; corresponding to atmospheric 

distillate compounds. Fig. 5.100 shows the chromatograms obtained by HT-SimDist 

method for the same original unheated Peace River bitumen and its thermally altered 

products, illustrating the approximate hydrocarbon cut ranges. The chromatograms 

suggest that hydrocarbons and other materials of lower boiling points (e.g. naphtha, 

atmospheric distillate and lower end of VGO) increase with increasing thermal alteration, 

while hydrocarbons and other materials of higher boiling points (e.g. VR, higher end of 

VGO) decrease. These results are expected for bitumens thermally altered at higher 

temperatures and is an indication of oil upgrading. The boiling point curves also suggests 

that there is not any significant bitumen upgrading until after 2-3 days of simulated 

thermal recovery when temperatures of around 320-330°C are reached. These results 

correspond well with the concentration data; observing higher increase of light 

hydrocarbons such as n-alkanes, isoprenoid alkanes, as well as naphthalenes, 

phenanthrenes, dibenzothiophenes and their alkylated compounds when temperatures of 

320-330°C are reached during thermal recovery experiments.  
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Figure 5.99 Quantitative distillation curve of percent mass yield as a function of boiling point 
obtained by HT-SimDist method on the original unheated Peace River bitumen and its products 
thermally altered from 300°C to 350°C at a heating rate of 10°C/day for the first five days and 

maintained a temperature of 350°C constant for two more days until the end of the seven-day study. 
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Figure 5.100 Mass chromatograms obtained by HT-SimDist method on the feedstock (original 
unheated Peace River bitumen) and its products thermally altered from 300°C to 350°C at a heating 
rate of 10°C/day for the first five days and maintained a temperature of 350°C constant for two more 
days until the end of the seven-day study. Petroleum cuts defined by their range of atmospheric 

equivalent boiling points (AEBP) are also shown on the graph. 
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As indicated earlier, Galarraga (2011) has shown that the increase in distillate fractions 

and decrease in VR fraction is an indication of oil upgrading and the degree of oil 

upgrading can be assessed by analyzing VR conversion into distillable fractions; 

assuming an increasing in oil quality with decreasing residue content. From these results, 

it is concluded that temperatures of at least 320-330°C are needed for significant cracking 

reactions to commence and generate light hydrocarbons such as n-C9 to n-C36 alkanes. 

 

5.5.2 Generation of C0-C5 alkylnaphthalenes  

Fig. 5.101 shows the mass chromatograms (summed m/z 128+ 142+ 156+ 170 +184+ 

198) illustrating C0-C5 alkylnaphthalenes for the original unheated Peace River bitumen 

and its products thermally altered as described in Chapter 5.5. As can be seen from Fig. 

5.102, the total summed C0-C5 alkylnaphthalenes concentration is almost constant until 

the end of day 2 of simulated thermal recovery experiment, but then doubles from 1,070 

ppm to 2,180 ppm at the end of day 3; corresponding to a heating temperature of around 

320ºC. Total summed C0-C5 alkylnaphthalenes concentration reaches 3,660 ppm at end of 

day 7 (350°C) of the simulated thermal recovery experiment (Fig. 5.102). This 

concentration data also corresponds well with the boiling point curves obtained from the 

HT-SimDist method. Concentration data and boiling point curves suggest that 

temperatures of at least around 320-330°C are required to achieve significant light 

hydrocarbons generation (e.g. C0-C5 alkylnaphthalenes), and thus bitumen upgrading.  
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Figure 5.101 Mass chromatograms (summed m/z 128, 142, 156, 170, 184 and 198) illustrating C0-C5 
alkylnaphthalenes and C0-C1 alkyldibenzothiophenes distribution in original unheated Peace River 
bitumen and its products thermally altered from as described in Chapter 5.5 

Figure 5.102 Total summed C0-C5 alkylnaphthalenes concentration in original unheated Peace River 
bitumen and its products thermally altered as described in Chapter 5.5 
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5.5.3 Generation of C0-C2 alkylphenanthrenes and C0-C1 alkyldibenzothiophenes 

Fig. 5.103 shows the mass chromatograms (summed m/z 178+ 192+ 206) displaying C0-

C2 alkylphenanthrenes distribution for the original unheated Peace River bitumen and its 

products thermally altered as described in Chapter 5.5. Total summed concentration of 

C0-C2 alkylphenanthrenes shows a constant increase and reaches 2,320 ppm at end of day 

7 of simulated thermal recovery experiment (Fig. 5.104). Their concentration does not 

show a significant increase when the temperature is raised during my simulated thermal 

recovery experiments. These results suggest that finding the heating temperature required 

for significant light hydrocarbon generation based on the change of phenanthrenes 

concentration is not possible. 
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Figure 5.103 Mass chromatograms (summed m/z 178, 192 and 206) illustrating C0-C2 

alkylphenanthrenes and C0-C1 alkylanthracenes distribution in original unheated Peace River 

bitumen and its products thermally altered as described in Chapter 5.5. 
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5.5.4 Destruction of steranes and diasteranes 

Fig. 5.105 shows m/z 217 mass chromatograms depicting C27-C29 diasteranes and C27-C29 

5α(H), 14α(H), 17α(H) and 5α(H), 14β(H), 17β(H) (20S+20R) steranes for the original 

unheated Peace River bitumen and its products as described in Chapter 5.5. All m/z 217 

mass chromatograms look similar, except for the last sample (day 7), where the peaks 

show a reduction in size. The total summed C27-C29 diasteranes and C27-C29 5α(H), 

14α(H), 17α(H) and 5α(H), 14β(H), 17β(H) (20S+20R) steranes concentration stays 

almost constant (2,730 ppm) until the end of day 1, then start to decrease to 2,550 ppm at 

the end of day 2, to 2,110 ppm after day 5 and finally to 2,080 ppm at the end of day 7 of 

simulated thermal recovery experiment. It is concluded that steranes and diasteranes, that 

are known to be quite thermodynamically stable, show a constant decrease with 

Figure 5.104 Total summed C0-C2 alkylphenanthrenes concentration in original unheated Peace 

River bitumen and its products thermally altered as described in Chapter 5.5. 
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increasing reaction time and temperature and do not show any significant reduction when 

the temperature is increased gradually. Steranes and diasteranes and their potential 

employment as geochemical reaction proxies to monitor in situ chemical reactions 

encountered in heavy oil and bitumens and assess the extent of thermal alteration, and 

thus bitumen upgrading, during thermal recovery processes will be given in Chapter 6. 

 

           

                

               

 

 

 

5.5.5 Destruction of tri-, tetra- and pentacyclic terpanes (C23-C35 terpanes) 

Fig. 5.106 shows the m/z 191 mass chromatograms illustrating tri-, tetra- and pentacyclic 

hopanes (C23-C35 terpanes) for the original unheated Peace River bitumen and its 

products thermally altered as described in Chapter 5.5. Total summed tri-, tetra- and 
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Figure 5.105 M/z 217 mass chromatograms illustrating steranes and diasteranes distribution in 
original unheated Peace River bitumen and its products thermally altered as described in Chapter 

5.5. Identification of the peaks is shown in table 5.2 
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pentacyclic hopanes (C23-C35 terpanes) concentration decreased from the initial 12,850 

ppm to 12,700 ppm at the end of day 1, to 11,830 ppm at the end of day 2, to 11,100 ppm 

at the end of day 3, to 9,920 ppm at the end of day 5 and finally to 8,640 ppm at the end 

of day 7 of thermal alteration (Fig. 5.107).  
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The greater decrease of C23-C35 terpanes concentration between day 3 and 5 suggests that 

temperatures of around 340-350°C start to alter C23-C35 terpanes significantly. It is also 

concluded, that the alteration of terpanes is not as fast as steranes with increasing thermal 

stress, and is in accordance with terpanes being more thermally stable than steranes. 

 

R
el

at
iv

e 
In

te
n

si
ty

   

Retention time 

Original unheated  
Peace River bitumen 

320ºC- Day 3 

300ºC- Day 1 330ºC- Day 5 

Figure 5.106 M/z 191 Mass chromatograms illustrating tri-, tetra-, and pentacyclic terpanes (C23-C35 

terpanes) distributions in original unheated Peace River bitumen and its products thermally altered 

as described in Chapter 5.5. Identification of the peaks is shown in table 5.3. 
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5.5.6 Destruction of triaromatic steroid (TAS) hydrocarbons 

Fig. 5.108 shows m/z 231 mass chromatograms depicting C20-C21 and C26-C28 TAS 

hydrocarbons for the original unheated Peace River bitumen and its products thermally 

altered as described in Chapter 5.5. The total summed C20-C21 and C26-C28 TAS 

hydrocarbons concentration decreases from 275 ppm to 169 ppm at the end of day 7 of 

simulated thermal recovery experiment (Fig. 5.109). The total summed concentration of 

short-chain TAS hydrocarbons increases constantly from 48 ppm to 88 ppm until the end 

of day 7 of simulated thermal recovery experiment, while long-chain TAS hydrocarbons 

decrease steadily from 225 ppm to 85 ppm. Again, the increase of short-chain TAS 

hydrocarbons and the concomitant decrease of long-chain TAS hydrocarbons 

Figure 5.107 Total summed tri-, tetra-, and pentacyclic terpanes (C23-C35 terpanes) concentration in 

original unheated Peace River bitumen and its products thermally altered as described in Chapter 

5.5. 
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concentration might imply conversion from long- to short-chain TAS hydrocarbons via 

side-chain cracking reactions.  

 

            

            

            

 

 

 
 

At this stage, it is not well known if the increase in short-chain TAS hydrocarbons is due 

to (a) the aromatization of short-chain MAS hydrocarbons to short-chain TAS 

hydrocarbons, (b) the conversion of long-chain to short-chain TAS hydrocarbons through 

side-chain carbon cracking or (c) both mechanisms. However, the increase in short-chain 

TAS hydrocarbons concentration is not accompanied concomitantly by the decrease in 

long-chain TAS hydrocarbons concentration and short-chain MAS hydrocarbons 

concentration stay almost constant.  
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Figure 5.108 M/z 231 mass chromatograms illustrating C20-C21 and C26-C28 triaromatic steroid 
hydrocarbons distribution in the original unheated Peace River bitumen and its products thermally 
altered 300ºC to 350ºC at a heating rate of 10ºC/day for the first five days and maintained a 
temperature of 350°C constant for two more days until the end of the seven-day study. Identification 

of the peaks is shown in table 5.4. 
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Therefore, I interpret these results as some conversion of long-chain to short-chain TAS 

hydrocarbons due to side-chain carbon cracking, instead of short-chain MAS 

hydrocarbons aromatization to form short-chain TAS hydrocarbons. The faster 

destruction of long-chain TAS hydrocarbons into other unknown intermediate/end 

products; most likely into cracking into lower molecular weight hydrocarbons, compared 

to their shorter homologues is in accordance with long-chain TAS hydrocarbons being 

thermodynamically less stable compared to short-chain TAS hydrocarbons. 

Concentration data suggest that C20-C21 and C26-C28 TAS hydrocarbons start to decrease 

significantly when temperatures of around 340-350°C are reached during my simulated 

thermal recovery experiments. 

Figure 5.109 Total summed C20-C21 and C26-C28 triaromatic steroid hydrocarbon concentration in 
original unheated Peace River bitumen and its products thermally altered from 300°C to 350°C at a 
heating rate of 10°C/day for the first five days and maintained a temperature of 350°C constant for 
two more days until the end of the seven-day study. 
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5.5.7 Destruction of monoaromatic steroid (MAS) hydrocarbons 

Fig. 5.110 shows m/z 253 mass chromatograms illustrating C21-C22 and C27-C29 MAS 

hydrocarbons for the original unheated Peace River bitumen and its products thermally 

altered as described in Chapter 5.5. The total summed C21-C22 and C27-C29 MAS 

hydrocarbons concentration decreases from 709 ppm to 460 ppm after 7 days of thermal 

alteration (Fig. 5.111). Concentration data suggest that C21-C22 and C27-C29 MAS 

hydrocarbons are affected quite significantly compared to C20-C21 and C26-C28 TAS by 

the incremental temperature increase during my simulated thermal recovery experiments.  

 

           

           

           

 

 
  

This is most likely due to the higher resistance to thermal stress of C20-C21 and C26-C28 

TAS hydrocarbons compared to C21-C22 and C27-C29 MAS hydrocarbons. Concentration 
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Figure 5.110 M/z 253 mass chromatograms illustrating C21-C22 and C27-C29 MAS hydrocarbons 
distribution in original unheated Peace River bitumen and its products thermally altered as described 

in Chapter 5.5. Identification of the peaks is shown in table 5.5. 
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data also suggest that long-chain C27-C29 MAS hydrocarbons are destroyed into other 

unknown intermediate/end products; most likely cracked into lower molecular weight 

hydrocarbons, at much faster rates compared to their short-chain homologues (C21-C22 

MAS hydrocarbons) during my simulated thermal recover studies. 

 
 

  
 Figure 5.111 Total summed C21-C22 and C27-C29 MAS hydrocarbons concentration in original 
unheated Peace River bitumen and its products thermally altered as described in Chapter 5.5. 
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6. GEOCHEMICAL REACTION PROXIES 

(PARAMETERS) TO REMOTELY MONITOR IN 

SITU CHEMICAL REACTIONS AND ASSESS THE 

EXTENT OF BITUMEN UPGRADING DURING 

THERMAL RECOVERY PROCESSES  
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Preface 

Steam Assisted Gravity Drainage, Cyclic Steam Stimulation and In Situ Combustion are 

the main high temperature (>250°C) thermal recovery processes for heavy oils and 

bitumens. Elevated temperatures and pressures, in combination with the possible catalytic 

effect of rock matrices, can lead to significant changes in the oil phases and their 

chemical and physical properties. Currently, no methods exist to remotely monitor these 

chemical reactions encountered in the subsurface when steam and/or catalysts are 

involved during thermal recovery processes. The development of geochemical proxies, 

by analysis of the oil produced or bitumen extracted from core samples could assist to 

understand the extent of thermal alteration achieved. The main objective of this chapter is 

to: (a) Identify potential geochemical reaction proxies (parameters), effective at different 

biodegradation levels, to remotely monitor the in situ chemical reactions encountered 

(e.g. cracking, aromatization and isomerization) in heavy oil and bitumen that can assess 

the extent of thermal alteration, and thus bitumen upgrading by using produced oil 

composition during thermal recovery processes and (b) demonstrate that proposed 

geochemical reaction proxies can be correlated with the generation of light saturated and 

aromatic hydrocarbons (e.g. n-C9 to n-C17 alkanes, phenanthrenes, naphthalenes) and the 

reduction of VR fraction in heavy oil and bitumen during thermal recovery processes of 

heavy oils and bitumens. 
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Chapter Six: Geochemical Reaction Proxies (Parameters) to Remotely Monitor In 

Situ Chemical Reactions and Assess the Extent of Thermal Alteration of Heavy Oil 

and Bitumen, And Thus Bitumen Upgrading during Thermal Recovery Processes 

Most of the subsurface petroleum found in the world is biodegraded (Roadifer, 1987; 

Larter et al., 2003, 2006, 2008). Biodegradation not only reduces the quality of the oil, 

but also decreases its saturated and aromatic hydrocarbon content, reduces its volume and 

increases the density, acidity, sulfur, resin and asphaltene content, which all contribute to 

the decrease of API gravity and, depending on the level of biodegradation, to a significant 

viscosity increase of the oil (Barth et al., 2004; Behar and Albrecht, 1984; Connan, 1984; 

Evans et al., 1971; Head et al., 2003; Jobson et al., 1972; Larter and di Primio, 2004; 

Meredith et al., 2000; Peters and Moldowan, 1993; Pomerantz et al., 2010; Rowland et 

al., 1986; Volkman et al., 1984; Wenger et al., 2001). Biodegradation proceeds under 

anaerobic conditions and is most active at the OWC, therefore, the most viscous (most 

biodegraded) oil is found there (Larter et al., 2003, Moldowan and McCaffrey, 1995; 

Huang et al., 2003) and gradually improves away from the OWC. This results in a 

vertical compositional profile of the oil column (Huang et al., 2003, 2004, 2008; 

Koopmans et al., 1999, 2002; Larter et al., 2000, 2006, 2008; Ross et al., 2010) as is 

shown in Chapter 5 of this thesis. This complicates production (reduced flow rates) and 

processing of heavy oils and bitumens and has an important effect on the total production 

(Hongfu, 2002; Latil, 1980). The WCSB holds approximately 1.7 trillion barrels of 

severely to heavily biodegraded 8-12 API gravity crude oil in the Athabasca, Peace 

River, Cold Lake and Wabasca accumulations, of which only 5-10% is considered 

surface-mineable (Creaney and Allan, 1990; Das and Butler, 1998; Farouq Ali, 2003; 
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Meyer et al., 1988, 1990; Strausz et al., 2003). Several recovery methods, ranging from 

primary production to enhanced recovery, can be employed to recover the highly viscous 

hydrocarbons from the subsurface (Butler, 1982, 1985, 1999; Fan et al., 2001a, 2001b; 

Farouq, 1974; Gates et al., 2005; Komery et al., 1999; Mokhatab et al., 2006; Omole et 

al., 1999; Satter et al., 2007; Yee et al., 2004). However, high viscosity bitumen can not 

be produced via conventional production methods and needs heating before production 

(Bennion et al., 2007; Hoffman et al., 1995; Manrique et al., 2007; Putnam et al., 2004; 

Revana et al., 2007; Rottenfusser et al., 2004; Shin et al., 2005; Xia et al., 2002). 

Introduction of heat decreases the viscosity of the oil (Farouq Ali, 2000; Latil, 1980; Sah, 

2005; Satter et al., 2007; Shu et al., 1984).  

 

Thermal in situ recovery methods such as SAGD, CSS or in situ combustion operate at 

various temperatures. Generally, steam injection occurs at temperatures, ranging from 

190°C for low pressure SAGD, to over 350°C for high temperature CSS operations, with 

heated fluid residence times for up to 1 month (steam, soak and production periods for 

CSS operations; steam injection, growth of steam chamber and flow of oil by gravity into 

the production well for SAGD operations) and pressures in the 5 to 12 MPa range 

(Bennion et al., 2007; Hoffman et al., 1995; Hsu et al., 2010; Revana et al., 2007; 

Taoutaou et al., 2010; Vittoratos, 1986). In situ combustion or electric heating operate at 

much higher temperatures (>350ºC) and have been employed commercially in the world 

(e.g. Balol- India, Bellevue Field-USA, Suplacu de Bacau-Romania) and in the WCSB 

(all in Alberta and Saskatchewan) for the production of these high viscosity bitumens 

where temporary or permanent viscosity reductions take place (Abuhesa et al., 2009; 
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Castanier and Brigham, 2003; Collison, 2004; Doraiah et al., 2007; Greaves et al., 2000; 

Greaves, M and Turta, A.T., 1997; Hocking, 2010; Lim et al., 2010; Miller et al., 2002; 

Moritis, 2008; Turta et al., 2007; Ursenbach et al., 2010). Permanent viscosity reduction 

in petroleum can be accomplished if high temperatures (>250°C) are reached in the 

subsurface reservoir with higher molecular weight constituents found in the crude oil 

breaking down into low molecular weight constituents (Fassihi et al., 1990). Visbreaking, 

or viscosity reduction, is a mild thermal cracking process using refinery conditions with 

minimum coke formation that attempts to reduce the viscosity of the heavy oil while the 

conversion to distillates is kept as low as possible (Gray et al., 1994; Speight, 2002). 

Visbreaking, operated at ~450ºC and between 50-100 bars at refinery conditions, 

involves the cleavage of molecular bonds and the rupture of ring structures of compounds 

found in the oil. This process breaks heavy components (e.g. asphaltenes) into lighter 

ones that act as internal solvents and reduce the viscosity of the crude (Chen et al., 1987; 

Venkatesen et al., 1986; Speight, 2011). I use the term visbreaking in my study as an 

analogy with the refining thermal process used for heavy fuel production. As in 

visbreaking, the chemical reactions that are the subject of this study are conducted at a 

lower thermal severity compared with the more severe thermal cracking conditions seen 

in refineries to avoid incipient asphaltene deposition and/or coke production (Gray et al., 

1994; Speight, 2002). Fowler and Brooks (1987) have hydrously pyrolysed asphaltenes 

fractionated from heavy oils obtained from the Cold Lake and Lloydminster deposits at 

300°C and 330°C for up to 72 hours. They obtained the greatest amounts of saturated 

hydrocarbons in the pyrolysates when hydrous pyrolysis was conducted at 330°C for 72 

days. N-alkanes and isoprenoid alkanes, which were not present in the original bitumen 
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due to biodegradation, were present in all pyrolyzates and the saturate fraction gas 

chromatograms showed a smooth distribution with no odd or even carbon number 

predominance. They also observed higher isoprenoid alkane concentrations relative to n-

alkanes at 300°C compared with 330°C pyrolysates, which they attributed to greater 

cracking of isoprenoid alkanes at higher temperatures. Similar results were obtained by 

Fowler et al. (1987) and Xuemin et al. (1987) when they hydrously pyrolysed 

asphaltenes of severely biodegraded Queen Charlotte Island bitumens from British 

Columbia-Canada at 330°C for 24 hours and asphaltenes isolated from severely 

biodegraded Staunton Harold and Mountsorrel bitumen from central England, 

respectively. They concluded that the asphaltenes isolated from heavy oils or bitumens 

generated alkanes that gave gas chromatograms similar to those from undegraded or 

partially degraded oils, which is consistent with the idea that n-alkanes and isoprenoid 

moieties in the asphaltene macromolecule are, in some way, protected from 

biodegradation (Ekweozor, 1985; Rubinstein et al., 1979; Telneas et al., 1986). Marcano 

et al. (2009, 2010, 2011) have pyrolyzed heavy oil sands core samples under hydrous and 

non-hydrous conditions at 350°C for up to 3 and 7 days using water and have shown the 

bitumens generate a relatively uniform pattern of n-alkanes up to C30 and isoprenoid 

alkanes such as pristane and phytane, under simulated thermal recovery experiments 

(Marcano et al., 2009, 2010, 2011). Analyzed SARA (Saturates, Aromatics, Resins and 

Asphaltenes) content showed that severely degraded bitumen (Athabasca) produces more 

saturated and aromatic hydrocarbons compared to heavily degraded Peace River bitumen. 

They suggested that the major source of the newly formed saturated and aromatic 

hydrocarbons are asphaltene and resin fractions, which is consistent with the idea of 
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asphaltene structures rich in aromatic rings interconnected through aliphatic chains and 

heteroatomic bonds (Ignasiak et al., 1977; Payzant et al., 1979; Rubinstein et al., 1979; 

Rubinstein and Strausz, 1979; Strausz et al., 1992). The principal proposed mechanisms 

are cracking of side chains from aromatic groups and cracking of aliphatic fragments 

linked through heteroatoms in cyclic systems. Marcano et al. (2009, 2010, 2011) also 

suggested, that the generation of C0-C5 alkylnaphthalenes, C0-C2 alkylphenanthrenes, 

dibenzothiophenes and methyl anthracene, some of which are not originally present in 

Peace River and Athabasca bitumens, is due to asphaltene structures with abundant small 

ring size aromatic systems and a lower degree of condensation than generally claimed, 

which was also previously pointed out by Ignasiak et al. (1977). Monin and Audibert 

(1984) also investigated the thermal alteration of heavy crudes under high- pressure 

steam conditions and concluded that light hydrocarbons are formed due to the cracking of 

resins and asphaltenes with the saturates/aromatics hydrocarbon ratio of the oil staying 

constant. 

 

There has not been much work has been done on the chemical reactions that can occur 

between the heavy oil and/or bitumen components and injected steam (water) during 

thermal alterations. It is still impossible to assess the degree of in situ thermal alteration 

of petroleum on a molecular scale during thermal recovery processes. Therefore, reaction 

proxies (parameters) are needed that can be utilized even using heavily biodegraded oils 

to remotely monitor subsurface chemical reactions and assess the extent of thermal 

alteration of heavy oil and bitumen, and thus bitumen upgrading by using produced oil 

composition during thermal recovery processes. 
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The primary objective of this chapter is to (a) investigate the changes in hydrocarbon-

based molecular maturity parameters as a function of thermal conversion during thermal 

alterations that could possibly serve as geochemical reaction proxies to remotely monitor 

the chemical reactions encountered in the subsurface oil and (b) apply those geochemical 

proxies to assess the extent of thermal alteration of heavy oil and bitumen, and thus 

bitumen upgrading by using produced oil composition during thermal recovery processes 

of heavy oil and bitumens. Consequently, I have carried out oil-sand bitumen and water 

heating experiments simulating thermal recovery processes. The temperatures and times I 

used, 300ºC and 350ºC for up to 7 and 21 days, are temperatures and reaction times 

commonly used in high temperature CSS and SAGD processes (Bennion et al., 2007; 

Hoffman et al., 1995; Hsu et al., 2010; Revana et al., 2007; Taoutaou et al., 2010; 

Vittoratos, 1986). The geochemical proxies that I have identified could serve as tools for 

the assessment of different chemical reactions that take place in situ and remotely assess 

the extent of bitumen alteration under thermal recovery processes. During this study, I 

have mainly investigated the three following reactions: carbon–carbon bond cracking, 

methyl shift isomerization and aromatization reactions in bitumens (Fig. 6.1) that 

generally occur during source rock maturation in petroleum systems due to increasing 

thermal stress. Several other geochemical parameters that are composed of saturated and 

aromatic hydrocarbons with different thermal stabilities have also been investigated and 

suggested as reaction proxies to remotely assess the extent of bitumen alteration in heavy 

oil and bitumen using produced oil composition during thermal recovery processes. 
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Figure 6.1 Geochemical proxies (reaction proxies) investigated for remotely monitoring the extent of 

thermal alteration (thermal conversion) during thermal recovery processes of heavy oil and bitumen. 

Cracking, isomerization and aromatization are main chemical reactions investigated. 

17α(H)- 22, 29, 30-trisnorhopane- (Tm) 18α (H)- 22, 29, 30- trisnorneohopane- (Ts) 

Monoaromatic steroid (MAS) hydrocarbon Triaromatic steroid (TAS) hydrocarbon 

Triaromatic steroid (TAS) hydrocarbon (I) Triaromatic steroid (TAS) hydrocarbon (II) 
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6.1 Reaction proxies controlled by presumed carbon-carbon bond cracking 

reactions to remotely monitor the extent of bitumen upgrading by using produced 

oil composition during thermal recovery processes 

 

6.1.1 MAS(I)/MAS(I+II) and TAS(I)/TAS(I+II) ratios as reaction proxies 

Side-chain cracking of mono- and triaromatic steroid hydrocarbons (MAS and TAS 

hydrocarbons, respectively) as shown in Figs. 6.2 and 6.3 (side-chain cracking) has been 

used as a thermal maturity indicator in petroleum source rocks (Seifert and Moldowan, 

1978; Mackenzie et al., 1981).  

 

 

X
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Figure 6.2 Monoaromatic steroid (MAS) hydrocarbon side chain cracking during thermal 

maturation.  

Figure 6.3 Triaromatic steroid (TAS) hydrocarbon side chain cracking during thermal maturation. 

MAS 
hydrocarbon 
side-chain 
cracking 

TAS 
hydrocarbon 
side-chain 
cracking 

Monoaromatic steroid hydrocarbon (I) 

Triaromatic steroid hydrocarbon (I) 

Monoaromatic steroid hydrocarbon (II) 

Triaromatic steroid hydrocarbon (II) 
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It has been shown in bitumen extracts that C20 and C21 triaromatic [TAS(I)] and C21 and 

C22 monoaromatic steroid hydrocarbons [MAS(I)] increase relative to the their higher 

homologues, C26 through C28 triaromatic [TAS(II)] and C27 through C29 monoaromatic 

[MAS(II)] steroid hydrocarbons, respectively with increasing maturity (Mackenzie et al., 

1981; Shi Ji-Yang et al., 1982; Schou et al., 1984). The principal aromatic hydrocarbon 

ratios, MAS(I)/MAS(I+II), TAS(I)/TAS(I+II) and TAS/(TAS+MAS) increase in 

sediments and oils from 0 to 100% with increasing thermal maturation. In the case of 

TAS/(TAS+MAS), triaromatic steroid hydrocarbons have one less carbon compared to 

their monoaromatic steroid homologs due to the loss of the asymmetric center at C-5 

during conversion of monoaromatic to triaromatic compounds.  

 

Beach et al. (1989) showed that the TAS(I)/TAS(I+II) ratio increases due to preferential 

destruction of the long-chain triaromatic homologs instead of conversion from long-chain 

to short-chain triaromatic steroid hydrocarbons. In this thesis, after simulated thermal 

recovery experiments of the Peace River and Athabasca bitumens at 300ºC and 350ºC for 

up to 7 and 21 days, the extent of cracking has been measured in the most abundant 

monoaromatic steroid and triaromatic steroid hydrocarbons. The absolute concentrations 

for MAS and TAS hydrocarbons are calculated using the abundance (ppm) of the sum of 

C21 and C22 monoaromatic steroid hydrocarbons as MAS(I) and the sum of C27, C28, and 

C29 monoaromatic steroid hydrocarbons as MAS(II), the sum of C20 and C21 triaromatic 

steroid hydrocarbons as TAS(I), and the sum of C26, C27, and C28 triaromatic steroid 

hydrocarbons as TAS(II). The term ‘absolute concentration’ is used to describe the 
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content of an individual compound within a measured sample quantity. A mixture of 

internal standards was used for quantification of individual saturated and aromatic 

hydrocarbons. Tables 5.4 and 5.5 show the different isomers of TAS and MAS 

hydrocarbons used in my calculations and ratios. The TAS(I) component includes the 

peaks labeled as 1 and 2 on m/z 231 chromatograms and in table 5.4, while the TAS(II) 

component includes the peaks labeled 3 through 7. The MAS(I) component includes the 

peaks labeled as 1 and 2 on m/z 253 chromatograms and in table 5.5, while the MAS(II) 

component includes the peaks labeled 3 through 12.  

 

As presented in Chapter 5, Peace River bitumen, compared with Athabasca bitumen, 

have higher total summed C21-C22 and C27-C29 MAS hydrocarbons and C20-C21 and C26-

C28 TAS hydrocarbons concentration. Another observation that has been made is for both 

original unheated Peace River and Athabasca bitumens is that C21 and C22 MAS and C20 

and C21 TAS hydrocarbons are lower in absolute concentrations compared to their higher 

molecular weight counterparts; essentially C27-C29 MAS and C26-C28 TAS hydrocarbons. 

It was also shown that simulated thermal recovery experiment at 300ºC for up to 21 days 

does not affect the total summed C20-C21 and C26-C28 TAS hydrocarbons concentrations 

significantly, while it decreases the total summed C21-C22 and C27-C29 MAS 

hydrocarbons concentration. If simulated thermal recovery experiments are conducted at 

350ºC, all long-chain MAS (C27-C29 MAS) and TAS hydrocarbons (C26-C28 TAS) are 

destroyed completely into unknown intermediate and/or end products; most likely 
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cracked into lower molecular weight hydrocarbons, while the short-chain counterparts 

increase slightly for a while then subsequently decrease.  

 

As can be seen from Fig. 6.4 and Fig. 6.6, simulated thermal recovery of Athabasca and 

Peace River bitumens at lower temperatures (300°C) cause little change in both 

MAS(I)/MAS(I+II) and TAS(I)/TAS(I+II) ratios, whereas both ratios reach their 

maximum value (=1) after 3 days of simulated thermal recovery at 350ºC (Fig. 6.5 and 

Fig. 6.7). This is due to the cracking of the long-chain MAS and TAS hydrocarbons at 

much faster rates compared to their shorter homologues. These results are in agreement 

with past experiments carried out by Beach et al. (1989) and recent experiments carried 

out by Marcano et al. (2009, 2010, 2011). Bennett et al. (2008) showed that 

MAS(I)/MAS(I+II) and TAS(I)/TAS(I+II) ratios increase due to the preferential 

destruction of the long chain MAS and TAS hydrocarbon homologs, rather than the 

conversion of long- to short-chain homologs.   

 

To simulate contact metamorphism conditions where organic matter or crude oil is 

gradually heated next to igneous intrusions (e.g. dike, sill) and also to identify the heating 

temperature required for significant cracking reactions to commence, thereby discover 

the threshold for significant heavy hydrocarbon cracking and light hydrocarbon 

generation during thermal recovery processes in sedimentary situations, Peace River 

bitumen was thermally altered from 300°C to 350°C at a heating rate of 10°C/day for the 

first five days and maintained a temperature of 350°C constant for two more days until 

the end of the seven-day study. It is observed that both the MAS(I)/MAS(I+II) and 
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TAS(I)/TAS(I+II) ratio start to increase at around 330-340ºC, respectively during thermal 

recovery experiments (Figs. 6.4 and 6.6). From these findings, it is concluded that 

preferential destruction of the long-chain mono- and triaromatic steroid hydrocarbons 

(e.g. cracking of heavy aromatic hydrocarbons) is close to zero until temperatures of 

around 330-340ºC and becomes more significant at higher temperatures. 

 

The molecular parameters, TAS(I)/TAS(I+II) and MAS(I)/MAS(I+II), applied in 

petroleum source rocks to measure the level of maturity were previously attributed to a 

simple conversion of the precursor to product; TAS(II) to TAS(I) and MAS(II) to 

MAS(I), through side-chain cracking (Mackenzie et al., 1981a). Analyzed data from my 

thermal recovery experiments at 350°C show that with increasing reaction time there is 

an enormous decrease in the concentration of long chain C26-C28 TAS and C27-C29 MAS 

hydrocarbons, while simultaneously it is not accompanied by a concomitant increase in 

short chain C20-C21 TAS and C21-C22 MAS hydrocarbons, respectively (refer to Chapter 

5). However, concentrations of short-chain C20-C21 TAS and C21-C22 MAS hydrocarbons 

increase slightly for a while and decrease afterwards. These results indicate that there is 

not a direct and proportionate relationship between the long chain and short chain TAS 

and MAS hydrocarbons. The slight increase of short-chain C20-C21 TAS and C21-C22 

MAS hydrocarbons could imply minor production from long-chain C26-C28 TAS and C27-

C28 MAS hydrocarbons, respectively. These results would also suggest that the long-

chain C26-C28 TAS hydrocarbons are most likely converted or cracked into other 

unknown intermediates/end products; most likely lower molecular weight hydrocarbons. 
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From these findings, it is concluded that at higher temperatures (350°C) of simulated 

thermal recovery of Peace River and Athabasca bitumen, the TAS(I)/TAS(I+II) and 

MAS(I)/MAS(I+II) presumed side-chain cracking proxies are not controlled by the 

interrelation of short- and long-chain components. The proxies appear to be mainly a 

function of preferential destruction (net loss) of long-chain C26-C28 TAS and C27-C29 

MAS hydrocarbons compared to short-chain C20-C21 TAS and C21-C22 MAS 

hydrocarbons (Figs 5.42, 5.43, 5.50 and 5.51). In contrast, at lower temperatures (300°C) 

of simulated thermal recovery, short-chain C20-C21 TAS and C21-C22 MAS hydrocarbons 

are relatively stable and show little or no significant changes, whereas long-chain TAS 

and MAS hydrocarbons concentrations decrease at slower rates compared to simulated 

thermal recovery experiments at 350°C (Figs 5.42, 5.43, 5.50 and 5.51). However, the 

presumed side-chain reaction proxies, TAS(I)/TAS(I+II) and MAS(I)/MAS(I+II), and 

concentration data show a strong correlation with the direction of thermal stress 

(alteration). This suggests that these ratios may be appropriate candidates as reaction 

proxies to remotely monitor the extent of thermal alteration of heavy oil and bitumen 

(e.g. bitumen upgrading) using produced oil composition during thermal recovery 

processes. However, they can only serve until when the heavier components are 

destroyed. 
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Figure 6.4 MAS(I)/MAS(I+II) ratio versus days of simulated thermal recovery for original unheated 
Peace River and Athabasca bitumens and their products thermally altered at 300ºC and from 300°C 
to 350°C at a heating rate of 10°C/day for the first five days and maintained a temperature of 350°C 
constant for two more days until the end of the seven-day study 

Figure 6.5 MAS(I)/MAS(I+II) ratio versus days of simulated thermal recovery for original unheated 
Peace River and Athabasca bitumens and their products thermally altered at 350ºC.  
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Figure 6.6 TAS(I)/TAS(I+II) ratio versus days of simulated thermal recovery for original unheated 
Peace River and Athabasca bitumens and their products thermally altered at 300ºC and from 
300°C to 350°C at a heating rate of 10°C/day for the first five days and maintained a temperature 
of 350°C constant for two more days until the end of the seven-day study. 

Figure 6.7 TAS(I)/TAS(I+II) ratio versus days of simulated thermal recovery for original unheated 
Peace River and Athabasca bitumens and their products thermally altered at 350°C up to 7 days.  
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6.2 Reaction proxies controlled by presumed aromatization reactions to remotely 

monitor the extent of bitumen upgrading during thermal recovery processes 

 

6.2.1 TAS/(TAS+MAS) as a reaction proxy 

The presumed aromatization reaction proxy, measured by the sum of the C27-C29 MAS 

hydrocarbon concentrations relative to the sum of the C26-C28 TAS hydrocarbon 

concentrations [TAS/(TAS+MAS] increases with thermal maturity in sedimentary basins 

(Mackenzie, 1984; Mackenzie et al., 1981a; Palacas et al., 1986; Peters and Moldowan, 

1993; Peters et al., 2005). Aromatization is a temperature-dependent reaction according 

its kinetics; therefore, the aromatization rate should increase relative to isomerization at 

high heating rates (Mackenzie and McKenzie, 1983; Mackenzie et al., 1982, 1984). A 

steady increase in the TAS/(TAS+MAS) ratio might imply that MAS hydrocarbons were 

transformed into TAS hydrocarbons. However, quantitative data from previous studies 

(Bennett et al., 2008) and my simulated thermal recovery experiments show that both 

compound groups decrease with increasing thermal stress, with the thermally less stable 

MAS hydrocarbons altering at much faster rates compared with the more thermally stable 

TAS hydrocarbons. The TAS hydrocarbons include the peaks labeled from 1 through 7 

on m/z 231 mass chromatograms and in table 5.4, whereas MAS hydrocarbons include 

the peaks labeled from 1 through 12 on m/z 253 mass chromatograms and in table 5.5. 

Fig. 6.8 indicates that the TAS/(TAS+MAS) ratio increases from the original 0.32 to only 

0.43 and from 0.28 to only 0.37 in Athabasca and Peace River bitumens, respectively 

when thermally altered at 300ºC for up to 7 days and to a maximum of 0.51 when Peace 

River bitumens are thermally altered for up to 21 days. It is evident from Fig. 6.8 that the 
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TAS/(TAS+MAS) ratio starts to increase significantly at around 320°C for the Peace 

River bitumen that was thermally altered from 300°C to 350°C at a heating rate of 

10°C/day for the first five days and maintained a temperature of 350°C constant for two 

more days until the end of the seven-day study. The behaviour of the ratio is quite 

different and shows a large increase when bitumen is thermally altered at higher 

temperatures (350°C). The TAS/(TAS+MAS) ratio shows an increase from the initial 

values of 0.28 and 0.32 in original unheated Peace River and Athabasca bitumens, 

respectively to 0.7 for both bitumens when thermally altered at 350ºC for up to 7 days 

(Fig. 6.9).  
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Figure 6.8 TAS/(TAS+MAS) ratio versus days of simulated thermal recovery at 300ºC and from 
300°C to 350°C at a heating rate of 10°C/day for the first five days and maintained a temperature of 

350°C constant for two more days until the end of the seven-day study. TAS equals C20, C21 and C26 

to C28 isomer compounds as described in table 5.4, MAS equals the sum of C21, C22 and C27 to C29 

isomers as described in table 5.5. 
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As shown in Chapter 5, simulated thermal recovery of bitumens at 350ºC decreases both 

C21-C22 and C27-C29 MAS and C20-C21 and C26-C28 TAS hydrocarbon concentrations 

(refer to Chapter 5; Figs 5.47 and 5.53). In contrast, at 300°C the decrease in total 

summed MAS hydrocarbons concentration is still quite significant (refer to Chapter 5; 

Fig 5.52), while total summed TAS hydrocarbons concentration does not decrease 

significantly (refer to Chapter 5, Fig. 5.46). These findings also confirm that MAS 

hydrocarbons are thermally less stable compared to TAS hydrocarbons. It is concluded 

from the simulated thermal recovery experiments, that the presumed TAS/(TAS+MAS) 

aromatization reaction proxy is not a simple straight-forward conversion of MAS to TAS 

hydrocarbons and is controlled by the preferential destruction of the compounds, with 

Figure 6.9 TAS/(TAS+MAS) ratio versus days of simulated thermal recovery at 350ºC for up to 7 

days. TAS equals C20, C21 and C26 to C28 isomer compounds as described in table 5.4, MAS equals the 

sum of C21, C22 and C27 to C29 isomers as described in table 5.5. 
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MAS hydrocarbons being destroyed at much faster rates than TAS hydrocarbons during 

simulated thermal recovery experiments. Similar heating experiments were carried out 

previously and are in agreement with the results here (Bennett et al., 2008; Marcano et 

al., 2009, 2010, 2011). Fig. 6.10 shows the percent VR in bitumen versus the 

TAS/(TAS+MAS) ratio in original unheated Peace River and Athabasca bitumens and 

their products thermally altered at 350°C for up to 21 days. It is evident that a correlation 

exists between the vacuum residue fraction (%VR) and the proposed geochemical 

reaction proxy.  
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As can be seen from Fig. 6.10, the increase in the TAS/(TAS+MAS) ratio due to 

increasing thermal alteration is accompanied simultaneously by a decrease in the amount 

Figure 6.10 TAS/(TAS+MAS) ratio versus the vacuum residue fraction (%VR) for original unheated 
Peace River and Athabasca bitumens (feedstock) and their products thermally altered at 350°C for 
up to 7 days. TAS equals C20, C21 and C26 to C28 isomer compounds as described in table 5.4, MAS 

equals the sum of C21, C22 and C27 to C29 isomers as described in table 5.5. 

Increasing days of thermal 
reaction, thus thermal stress 
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of VR in bitumen with increasing reaction time during simulated thermal recovery 

experiments at 350°C. Concentration data, VR fraction and the presumed aromatization 

reaction parameter ratio “TAS/(TAS+MAS)”, even though not controlled by the 

conversion of MAS to TAS hydrocarbons, show a strong correlation with the direction of 

thermal stress. From these findings, it is concluded that the ratio may be an appropriate 

candidate as a reaction proxy to remotely monitor and assess the extent of bitumen 

upgrading using produced oil composition during thermal recovery processes. 

 

 

6.3 Reaction proxies controlled by presumed isomerization reactions to remotely 

monitor the extent of bitumen upgrading during thermal recovery processes 

 

6.3.1 Ts/(Ts+Tm) ratio as a reaction proxy  

Seifert and Moldowan (1978) proposed the Ts/(Ts+Tm) ratio as a thermal maturity 

indicator. 18α-22,29,30-trisnorneohopane (Ts or C27 18α-trisnorhopane) is more 

thermally stable compared with the labile 17α-22,29,30-trisnorhopane (Tm or C27 17α-

trisnorhopane). Kolaczkowska et al. (1990) have shown by molecular mechanics 

calculations that C27 18α-trisnorhopane (Ts) is more stable than C27 17α-trisnorhopane 

(Tm) by 4.4 kcal/mol. In my thermal recovery experiments at 350°C, the presumed 

isomerization reaction proxy measured by the Ts/(Ts+Tm) ratio increases in both Peace 

River and Athabasca bitumens with increasing reaction time during simulated thermal 

recovery experiments at 350ºC, while the ratio stays almost constant at 300ºC (Fig. 6.11, 

Fig. 6.12 and Fig. 6.13).  
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Figure 6.11 Ts (C27 18α-trisnorhopane)/[Ts+Tm (C27 17α-trisnorhopane] ratio versus days of 

simulated thermal recovery at 300°C for up to 7 days. Lower temperatures (300°C) do not affect the 
ratio significantly. 

Figure 6.12 Ts (C27 18α-trisnorhopane)/[Ts+Tm (C27 17α-trisnorhopane] ratio versus days of 
simulated thermal recovery at 350°C for up to 7 days. The ratio increases with increasing reaction 
time during simulated thermal recovery experiments.  
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As shown in Fig. 6.14 and Fig. 6.15, absolute concentrations of both Ts and Tm decrease 

with increasing reaction time during simulated thermal recovery experiments at higher 

temperatures (350°C). They decrease due to the destruction of both compounds (Ts and 

Tm) into other unknown intermediate/end products; most likely cracking into lower 

molecular weight compounds, with labile Tm being destroyed at much faster rate than the 

more thermally stable Ts hydrocarbon. The decrease in the concentration of Tm is not 

accompanied by a concomitant increase in the Ts concentration, suggesting there is not a 

direct and proportionate relationship between the Ts and Tm hydrocarbons.  

 

Figure 6.13 Ts (C27 18α-trisnorhopane)/[Ts+Tm (C27 17α-trisnorhopane] ratio versus days of 

simulated thermal recovery at 350°C for up to 21 days. The ratio increases with increasing reaction 
time during simulated thermal recovery experiments.  



 

 

307

    
 
 
 

    
 

Figure 6.14 Ts and Tm concentrations in original unheated Peace River and Athabasca bitumens and 
their products thermally altered at 350°C for up to 7 days. Both Ts and Tm concentrations decrease 
with increasing reaction time during simulated thermal recovery experiments. 
 

Figure 6.15 Ts and Tm concentrations in original unheated Peace River bitumen and its products 
thermally altered with varying amounts of water at 350°C for up to 21 days. 
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It can be concluded that the Ts/(Ts+Tm) presumed isomerization reaction proxy is not 

controlled by the interrelation of Ts and Tm components and appears to be mainly a 

function of preferential destruction (net loss) of the thermally labile Tm compared with 

the thermally stable Ts hydrocarbon. 

 

Figure 6.16 shows the total summed concentration of n-C9 to n-C17 alkanes versus the 

Ts/(Ts+Tm) ratio that is proposed as a geochemical reaction proxy to monitor in situ 

chemical reactions to assess the extent of bitumen upgrading during thermal recovery 

processes.  
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Figure 6.16 Total summed n-C9 to n-C17 alkanes concentration versus methylphenanthrene ratio 

(proposed reaction proxy). The ratio and concentration data show a strong correlation with the 

direction of thermal stress during simulated thermal recovery experiments. 
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As shown in Chapter 5, n-alkanes are by far the most abundant hydrocarbons being 

generated during simulated thermal recovery experiments and analyzed in this study (e.g. 

n-alkanes, naphthalenes, phenanthrenes, dibenzothiophenes and their alkylated 

compounds). Therefore, n-C9 to n-C17 alkanes concentration is used for correlation 

purposes. Both the concentration of n-C9 to n-C17 alkanes and the proposed reaction 

proxy increase with increasing reaction time (thermal stress) at 350°C for both Athabasca 

and Peace River bitumens (Fig. 6.16). In contrast, the concentration of n-C9 to n-C17 

alkanes increases slightly with increasing reaction time and the proposed reaction proxy 

stays almost constant at 300°C conducted simulated thermal recovery experiments (Fig. 

6.16). This causes the data to group in one location and no trend can be observed. 

 
Fig. 6.17 and Fig. 6.18 show the VR fraction in bitumens versus the Ts/(Ts+Tm) ratio for 

original unheated Peace River and Athabasca bitumens and their products thermally 

altered at 350°C for up to 7 and 21 days, respectively. It is evident that a correlation 

exists between the vacuum residue fraction (%VR) and the proposed geochemical 

reaction proxy. As can be seen from Fig. 6.17 and Fig. 6.18, the increase in the 

Ts/(Ts+Tm) ratios due to increasing thermal stress is accompanied simultaneously by a 

decrease in the VR fraction in bitumens during simulated thermal recovery at 350°C. 

From these findings, it is concluded that the Ts/(Ts+Tm) ratio, concentration data and the 

VR fraction show a strong correlation with the direction of thermal stress (alteration). 

This suggests that the ratio may be an appropriate candidate as a reaction proxy to 

remotely monitor and assess the extent of bitumen upgrading by analyzing produced oil 

composition during thermal recovery processes. 
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Figure 6.17 Ts/(Ts+Tm) ratio versus percent vacuum residue (%VR) for original unheated Peace 
River and Athabasca bitumens and their products thermally altered at 350°C for up to 7 days. The 
ratio and vacuum residue fraction in bitumen show a strong correlation with the direction of thermal 
stress during simulated thermal recovery experiments. 

Figure 6.18 Ts/(Ts+Tm) ratio versus percent vacuum residue (%VR) for original unheated Peace 
River bitumen (feedstock) and its products thermally altered at 350°C for up to 21 days. The ratio 
and vacuum residue fraction show a strong correlation with the direction of thermal stress during 
simulated thermal recovery experiments. 

Increasing days of thermal 
reaction, thus thermal stress 

Increasing days of thermal 
reaction, thus thermal stress 
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6.4 Reaction proxies controlled by the preferential destruction of individual 

compounds to remotely monitor the extent of bitumen upgrading during thermal 

recovery processes  

 

6.4.1 C27 MAS/(C27-C29 MAS) and C28 MAS/(C27-C29 MAS) ratios as reaction 

proxies  

C27 MAS/(C27-C29 MAS) and C28 MAS/(C27-C29 MAS) ratios are applied to the 

thermally altered Peace River and Athabasca bitumens as shown in Figs. 6.19 and 6.20. I 

referred to the sum of five major C27 MAS hydrocarbon isomers (peak numbers 3, 4, 5, 6 

and 8 labeled on m/z 253 chromatograms and in table 5.5) as C27 MAS, C28βS MAS 

hydrocarbon (peak number 7 labeled on m/z 253 chromatograms and in table 5.5) as C28 

MAS and sum of all major C27-C29 MAS hydrocarbons (peak numbers 3 through 12 

labeled on m/z 253 chromatograms and in table 5.5) as C27-C29 MAS. Table 5.5 shows 

the different MAS hydrocarbon isomers used in my calculations and ratios. When Peace 

River and Athabasca bitumens are thermally altered at 300ºC for up to 7 days, all 

concentration levels (C27 through C29 MAS hydrocarbons) decrease slightly at almost the 

same rate due to their destruction into other unknown intermediate/end products; most 

likely cracking into low molecular weight compounds. 
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Figure 6.19 C27 MAS/(C27-C29 MAS) ratio for original unheated Peace River and Athabasca bitumens 
and their products thermally altered at 300ºC and 350°C for up to 7 days.  

Figure 6.20 C28 MAS/(C27-C29 MAS) ratio for original unheated Peace River and Athabasca bitumens 
and their products thermally altered at 300°C and 350ºC for up to 7 days.  
 



 

 

313

This keeps the C27 MAS/(C27-C29 MAS) and C28 MAS/(C27-C29 MAS) ratios almost 

constant at 300°C, whereas if bitumens are thermally altered at 350ºC the C27 MAS/(C27-

C29 MAS) ratio shows an increase (Fig. 6.19) and the C28 MAS/(C27-C29 MAS) ratio a 

decrease (Fig. 6.20). Compared to the experiment conducted at 300ºC, at 350ºC the 

concentration of all C27 to C29 MAS hydrocarbons in bitumens decreases at much faster 

rates with increasing reaction time. C27 MAS isomers are being destroyed at a slower rate 

due to their higher thermal stability compared with C28 and C29 MAS isomers. The 

concentration of C27 MAS and C27-C29 MAS decreases from 272 ppm to 32 ppm and 

from 660 ppm to 36 ppm, respectively, when Peace River bitumens are thermally altered 

at 350ºC for up to 21 days. However, it is concluded that these C27 MAS/(C27-C29 MAS) 

and C28 MAS/(C27-C29 MAS) ratios and concentration data show a strong correlation 

with increasing thermal stress (alteration). This suggests that these ratios may be 

appropriate candidates as reaction proxies to remotely monitor and assess the extent of 

thermal alteration of heavy oil and bitumen (e.g. bitumen upgrading) by using produced 

oil composition during thermal recovery processes. 

 

6.4.2 C23-C26 tricyclic terpanes/(C23-C26 tricyclic terpanes+17α(H)-hopane) ratio as 

a reaction proxy 

The C23-C26 tricyclic terpanes/(C23-C26 tricyclic terpanes+17α(H)-hopane) ratio could 

increase for two reasons: (a) greater relative generation of C23-C26 tricyclic terpanes 

compared with 17α(H)- hopanes (Peters and Moldowan, 1993) and/or (b) higher thermal 

stability of C23-C26 tricyclic terpanes compared with 17α(H)-hopanes (van Graas, 1990). 
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Seifert and Moldowan (1978) have shown that the tricyclic terpanes to 17α(H)-hopanes 

ratio increases for related oils with increasing maturity. Aquino Neto et al. (1983) proved 

that the ratio increased because proportionally more tricyclic terpanes than hopanes were 

released from kerogen at higher levels of maturity. Hydrous pyrolysis of Monterey shales 

illustrated similar conclusions (Peters et al., 1990).   

 

Original unheated Peace River bitumen used in my simulated thermal recovery 

experiments has 12,900 ppm of C23-C35 terpanes, whereas Athabasca bitumen has 18,000 

ppm of them (Fig. 6.21 and Fig. 6.22). C23-C35 terpanes include all compounds labeled 1 

through 27 on m/z 191 mass chromatograms and in table 5.3. Thermal alteration of Peace 

River bitumen at 350ºC decreases the total summed concentration of C23-C35 terpanes to 

1,850 ppm in 7 days and to 60 ppm in 21 days. If Peace River bitumen is thermally 

altered at 300°C, total summed C23-C35 terpanes concentration decreases slightly to 

11,250 ppm after 7 days and to only 11,000 ppm after 21 days (Fig. 6.21 and Fig. 6.22). 

If Athabasca bitumen is thermally altered at 300ºC for up to 7 days, the total summed 

C23-C35 terpanes concentration decreases from the original 18,000 ppm to only 15,800 

ppm, whereas they show a sharp reduction to 2,460 ppm if heated at 350ºC for 7 days 

(Fig. 6.21 and Fig. 6.22). Original unheated Peace River bitumen contains 1,800 ppm of 

total summed C23-C26 tricyclic terpanes and 1,900 ppm of 17α(H)-hopanes, whereas 

original unheated Athabasca bitumen contains 3,200 ppm and 2,300 ppm, respectively, of 

these compounds. C23-C26 tricyclic terpanes include all compounds labeled 1,2,3,5 and 6 

on m/z 191 mass chromatograms and in table 5.3. After 7 days of simulated thermal 
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recovery at 350ºC, C23-C26 tricyclic terpanes and 17α(H)-hopanes decrease dramatically 

in both Peace River and Athabasca bitumens. The C23-C26 tricyclic terpanes/(C23-C26 

tricyclic terpanes+17α(H)-hopane) ratio has been applied to both the heavily degraded 

Peace River and severely degraded Athabasca bitumens. Results show that the ratio 

increases with increasing reaction times during simulated thermal recovery at 350ºC for 

up to 7 and 21 days and stays almost constant when thermally altered at 300ºC for the 

same period of time (Fig. 6.23 and Fig. 6.24). The C23-C26 tricyclic terpanes/(C23-C26 

tricyclic terpanes+17α(H)-hopane) ratio increases in both Peace River and Athabasca 

bitumens during simulated thermal recovery experiments due to the greater thermal 

stability of tricyclic terpanes compared with 17α(H)-hopane. Concentrations of both C23-

C26 tricyclic terpanes and 17α(H)-hopane decrease with increasing reaction time due to 

destruction into other unknown intermediate/end products; most likely cracking into 

lower molecular weight compounds, with 17α(H)-hopanes being destroyed at much faster 

rates compared with C23-C26 tricyclic terpanes. However, it is concluded that the C23-C26 

tricyclic terpanes/(C23-C26 tricyclic terpanes+17α(H)-hopane) ratio and concentration data 

(e.g. decrease in heavy saturated hydrocarbons such as terpanes) show a strong 

correlation with the direction of thermal stress (alteration). This suggests that the ratio 

may be an appropriate candidate as a reaction proxy to remotely monitor and assess the 

extent of bitumen upgrading by using produced oil composition during thermal recovery 

processes. 
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Figure 6.21 Total summed C23-C35 terpanes concentration in original unheated Peace River and 

Athabasca bitumens and their products thermally altered at 300ºC for up to 21 days and from 300ºC 
to 350ºC at a heating rate of 10ºC/day for the first five days and maintained constant at 350°C for two 

more days. 

Figure 6.22 Total summed C23-C35 terpanes concentration in original unheated Peace River and 

Athabasca bitumens and their products thermally altered at 350ºC for up to 21 days.  
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Figure 6.23 C23-C26 tricyclic terpanes/(C23-C26 tricyclic terpanes+17α(H)-hopane) ratio versus days of 
simulated thermal recovery at 300°C for up to 21 days. Simulated thermal recovery experiments at 
300ºC do not affect the ratio both for Peace River and Athabasca bitumens for up to 7 and 21 days. 

Figure 6.24 C23-C26 tricyclic terpanes/(C23-C26 tricyclic terpanes+17α(H)-hopane) ratio versus days of 

simulated thermal recovery at 350°C for up to 7 days. Simulated thermal recovery increases the ratio 
steadily with increasing reaction time at temperatures of 350ºC.  
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6.4.3 Ts (C27 18α-trisnorhopane)/(Ts+17α(H)-hopane) ratio as a reaction proxy  

Fig. 6.25 and Fig. 6.26 show that the Ts/(Ts+17α(H)-hopane) ratio can be employed as a 

geochemical reaction proxy to monitor the extent of bitumen upgrading during thermal 

recovery processes of heavy oil and bitumen. Concentrations of both Ts and 17α(H)-

hopane decrease in Peace River and Athabasca bitumens when simulated thermal 

recovery experiments are conducted at 350°C for up to 7 and 21 days. As can be seen 

from Fig. 6.25 and Fig. 6.26, the ratio stays almost constant during simulated thermal 

recovery at 300ºC for up to 7 and 21 days and increases constantly with increasing 

reaction time at 350ºC. Peace River bitumen subjected to thermal alteration from 300ºC 

to 350°C at heating rate of 10ºC/day for the first five days and maintained constant at 

350°C for two more days until the end of the seven-day study shows almost no change in 

the ratio until day 4-5 of simulated thermal recovery; corresponding to a temperature of 

around 340-350ºC. The ratio starts to increase slightly at around 340-350ºC, as 

destruction severely affects both compounds (Ts and 17α(H)-hopane) with 17α(H)-

hopanes being destroyed into other unknown intermediate/end products; most likely 

cracked into lower molecular weight compounds, at much faster rates compared with Ts. 

It is concluded that the Ts/(Ts+17α(H)-hopane) ratio and concentration data show a 

strong correlation with the direction of thermal stress (alteration). This suggests that the 

ratio may be an appropriate candidate as a reaction proxy to remotely monitor and assess 

the extent of bitumen upgrading by using produced oil composition during thermal 

recovery processes. 

 



 

 

319

  

Simulated thermal recovery of Peace River and Athabasca 
oil sands at temperatures of 300ºC and 350ºC 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0 1 2 3 4 5 6 7 8

Days of simulated thermal recovery

T
s

  /
 

(T
s

 +
 C

30
 1

7
α

(H
)-

h
o

p
a

n
e

)

PR oil+ 1 ml H2O-350ºC
Athabasca oil+ 1 ml H2O-350ºC
PR oil+ 1 ml H2O-300ºC
Athabasca oil+ 1 ml H2O-300ºC
PR oil+1 ml H2O- 300ºC to 350ºC

 

 

    

 

Figure 6.25 Ts/[Ts+C30 17α(H)-hopane] versus days of simulated thermal recovery at 300°C and 
350°C for up to 7 days. 

Figure 6.26 Ts/(Ts+C30 17α(H)-hopane) versus days of simulated thermal recovery at 300°C and 

350°C for up to 21 days. Concentrations of both tricyclic terpanes and 17α(H)-hopanes decrease with 

the direction of thermal stress during simulated thermal recovery experiments.  
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6.4.4 C29 Ts/(C29 Ts+C29 17α(H)-norhopane) and C30 17α(H)-hopane/(C29 Ts+        

C30 17α(H)-hopane) ratios as reaction proxies 

It has been shown that the abundance of C29 Ts (18α(H)-30-norneohopane) relative to  

C30 17α(H)-hopane is related to thermal maturity (Sofer et al., 1986; Sofer, 1988; 

Cornford et al., 1988). Kolaczkowska et al. (1990) have shown with molecular 

mechanics calculations on thermally mature crude oils that C29 Ts is more stable than 

17α(H)-30-norhopane by 3.5 kcal/mol, therefore the C29 Ts/(C29 Ts+C29 17α(H)-

norhopane) ratio could be used as a maturity indicator. Fowler and Brooks (1990) 

observed the same trend in a study from the Jeanne d’Arc Basin, eastern Canada.  

 

The C29 Ts/(C29 Ts+C29 17α(H)-30-norhopane) ratio shows an increase in both Peace 

River and Athabasca bitumens during simulated thermal recovery experiments at 350°C 

with increasing reaction time (Fig. 6.27) and stays almost constant at lower temperatures 

(300ºC). All compound concentrations decrease with increasing reaction time at 350°C, 

whereas at 300°C their concentration decreases at a much slower but similar rate, 

therefore, keeping the ratio almost constant. Concentrations of both C29 Ts and C29 

17α(H)-30-norhopane decrease in Peace River and Athabasca bitumens with increasing 

reaction time during simulated thermal recovery experiments.  

 

C29 17α(H)-hopanes concentration in Peace River bitumen decreases from the initial 

1,460 ppm to 300 ppm, whereas C29 Ts concentration decreases from the initial 270 ppm 

to 110 ppm after 7 days of simulated thermal recovery at 350°C. Original unheated 
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Athabasca bitumen contains 2,025 ppm and 390 ppm of C29 17α(H)-hopanes and C29 Ts, 

respectively. Thermal alteration of Athabasca bitumen for 7 days decreases the 

concentrations of C29 17α(H)-hopane to 500 ppm and C29 Ts to 150 ppm. As can be seen, 

the increase in the ratio at higher temperatures (350°C) is due to the faster destruction of 

C29 17α(H)-norhopanes into other unknown intermediate/end products; most likely 

cracking into lower molecular weight compounds, compared with 18α(H)-30-

norneohopanes (C29 Ts). 
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The C30 17α(H)-hopane/(C29 Ts+ C30 17α(H)-hopane) ratio versus days of simulated 

thermal recovery is shown in Fig. 6.28. Simulated thermal recovery experiments of Peace 

Figure 6.27 C29Ts/(C29Ts+C29-hopane) ratio versus days of simulated thermal recovery at 300°C and 

350°C for up to 7 days. The ratio increases with the direction of thermal stress during simulated 
thermal recovery experiments. 
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River and Athabasca bitumens at 300ºC keep the ratio almost constant. In contrast to 

300°C, the ratio decreases at 350ºC due to the faster destruction of the thermally less 

stable C30 17α(H)-hopane into other unknown intermediate/end products; most likely 

cracking into lower molecular weight compounds, compared with the more thermally 

stable C29 Ts. Concentrations of both C30 17α(H)-hopane and C29 Ts decrease in Peace 

River and Athabasca bitumens with increasing reaction time during simulated thermal 

recovery experiments.  
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Concentrations of C30 17α(H)-hopane and C29 Ts in Peace River bitumen decrease from 

the initial 1,900 ppm to 250 ppm and from 270 ppm to 110 ppm, respectively after 7 days 

Figure 6.28 C30 17α(H)-hopane/(C30 17α(H)-hopane+C29Ts) ratio versus days of simulated thermal 

recovery at 300°C and 350°C for up to 7 days. The ratio increases with the direction of thermal stress 

during simulated thermal recovery experiments. 
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of simulated thermal recovery experiments at 350°C, while in Athabasca bitumen, C30 

17α(H)-hopane and C29 Ts concentrations decrease from their original 2,350 ppm to 500 

ppm and from 390 ppm to 150 ppm, respectively when thermally altered for the same 

period of time. For the 300°C conducted experiment, both compound concentrations are 

almost constant for up to 7 days, therefore, keeping the ratio constant. From these 

findings, it is concluded that the C30 17α(H)-hopane/(C29 Ts+C30 17α(H)-hopane) and 

C29 Ts/(C29 Ts+C29 17α(H)-norhopane) ratios and concentration data show a strong 

correlation with the direction of thermal stress (alteration). Consequently, these results 

suggest that these ratios may be appropriate candidates as reaction proxies to remotely 

monitor and assess the extent of thermal alteration of heavy oil and bitumen (e.g. bitumen 

upgrading) by using produced oil composition during thermal recovery processes. 

 

6.4.5 Diasteranes/(diasteranes+steranes) ratio as a reaction proxy 

Lithology, maturity and biodegradation can influence the diasterane/(diasterane+ 14β(H), 

17β(H)-steranes) ratio (Seifert and Moldowan, 1978). Generally, the presence of 

diasteranes is attributed to clay-catalyzed rearrangements of sterol and sterane precursors 

during diagenesis (Grantham et al., 1988). Clay-rich source rocks and their hydrocarbon 

derivatives could show high diasterane concentrations relative to regular steranes as well 

(Peters et al., 1999; Gurgey, 1999). It has been shown that the relative amounts of 

diasteranes increase with increasing maturity compared with steranes and therefore the 

diasterane/(diasterane+14β(H),17β(H)-steranes) ratio could be used as a maturity 

parameter (Seifert and Moldowan, 1978).  
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In my simulated thermal recovery experiments, the increase in the 

diasteranes/(diasteranes+ steranes) ratio is not due to the net conversion of steranes into 

diasteranes, but due to the higher resistance of diasteranes to destruction compared with 

steranes (preferential destruction) with absolute concentrations of both diasteranes and 

steranes decreasing with increasing reaction time during simulated thermal recovery 

experiments at 350°C. In my calculations, the (C27 to C29 13β, 17α(H)- and 13α,17β(H) 

20S+ 20R diasteranes)/[C27 to C29 5α, 14β, 17β(H), 5α, 14α, 17α(H) 20S+ 20R steranes) 

+ (C27 to C29 13β, 17α(H)- and 13α, 17β(H) 20S+ 20R diasteranes)] ratio is used as the 

diasteranes/(diasteranes+steranes) ratio. None of the diasteranes and steranes can be 

detected with accuracy after 2 days of simulated thermal recovery experiments at 350°C 

due to their destruction into other unknown intermediate/end products; most likely 

cracking into lower molecular weight compounds, in both Athabasca and Peace River 

bitumens. Therefore, this ratio is ineffective at higher temperatures (350°C). In contrast 

to 350°C, concentrations of all steranes and diasteranes stay almost constant when 

bitumen is thermally altered at 300°C, consequently, keeping the 

diasteranes/(diasteranes+steranes) ratio almost constant the ratio stays constant for up to 

7 and 21 days (Fig. 6.29). The ratio increases from 0.2 to 0.3 in 7 days for Peace River 

bitumen thermally altered from 300°C to 350°C at a heating rate of 10°C/day for the first 

five days and maintained the temperature at 350°C for two more days until the end of the 

seven-day study (Fig. 6.29). The increase in the ratio for the bitumen thermally altered 

from 300°C to 350°C at a heating rate of 10°C/day for the first five days and maintained 

at a temperature of 350°C constant for two more days until the end of the seven-day 

study is due to the higher thermal stability of diasteranes compared with steranes. As a 
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result, it is concluded that the diasteranes/(diasteranes+steranes) ratio and concentration 

data show a strong correlation with the direction of thermal stress (alteration) at lower 

temperatures (<350°C), suggesting that the ratio may be an appropriate candidate as a 

reaction proxy to remotely monitor and assess the extent of thermal alteration of heavy 

oil and bitumen during lower temperature thermal recovery processes (<350°C) such as 

low temperature SAGD processes. This reaction proxy is ineffective at higher 

temperatures (350°C) of thermal alteration, because almost all steranes and diasteranes 

are destroyed in 2-3 days into other unknown intermediate/end products. 
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Figure 6.29 Diasteranes/(diasteranes+steranes) ratio versus days of simulated thermal recovery at 

300°C for up to 21 days. The ratio increases with the direction of thermal stress during simulated 

thermal recovery experiments. Lower temperatures do not affect the ratio for up to 21 days. 
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6.5 Reaction proxies controlled by neoformational generative process to remotely 

monitor the extent of bitumen upgrading during thermal recovery processes 

 

6.5.1 C0-C2 alkylphenanthrenes ratios as reaction proxies 

It is believed that some of the aromatic compounds found in crude oils and sediments 

such as alkylated phenanthrenes (Douglas and Mair, 1965) and alkylnaphthalenes 

(Breger, 1960; Ishiwatari and Fukushima, 1979; Streibl and Herout, 1969) are derived 

through the modification of biologically produced compounds like steroids and 

terpenoids (Bendoraitis, 1974; Laflamme and Hites, 1979). Some aromatic and 

polycyclic aromatic compounds (PAC) are susceptible to biodegradation (Fisher et al., 

1995), whereas other PAC compounds are highly resistant to biodegradation compared to 

their alkane-type biomarkers (Volkman et al., 1983), such as the methylphenanthrene 

isomers (Grice et al., 1999). According to Mair (1964) and Greiner et al. (1976), 

phenanthrenes from sedimentary rocks and petroleum are genetically related to steroids 

and triterpenoids found in biological source materials. In general, isomers with methyl 

substitution on the more ‘externally’ located β positions (2- and 3-methylphenanthrene) 

are more stable than the α-substituted isomers (1- and 9-methylphenanthrene) in which 

the methyl group is closer to the ring juncture (Alexander et al., 1984, 1985, 1986b; 

Boreham et al., 1988; Garrigues et al., 1988b; Radke et al., 1982b, 1984a; Radke and 

Welte, 1983; Radke, 1987).  

 

It has been shown for rock extracts and crude oils that maturity can be assessed using the 

methylphenantherene index (MPI), methylphenantherene ratio (MPR) and 
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methylphenantherene index-3 (MPI3) which are ratios of the sum of the 

thermodynamically more stable β- isomers (2- and 3-methylphenanthrene) to the sum of 

thermodynamically less stable α-isomers (1- and 9-methylphenanthrene) (Alexander 

1986b; Angelin et al., 1983; Cassani et al., 1988; Farrington et al., 1988b; Radke et al., 

1982a; Radke, 1987; Sivan et al., 2008; Yawanarajah and Kruge, 1994). However, it is 

important to note that these ratios are developed for sedimentary basins, but the 

temperatures in my simulated thermal recovery experiments are laboratory experiment 

temperatures (between 300°C and 350°C). The MPI index was developed on the 

assumption that 2- and 3-methylphenanthrene (2-MP and 3-MP) are derived from 

rearrangement of 1- and 9-methylphenanthrene and methylation of phenanthrene (Radke 

et al., 1982a). It has been shown that at low temperatures (<350ºC), methylation is 

favored at the α-position, whereas at higher temperatures (>350ºC) methylation 

preferentially occurs at the β-position (Alexander et al., 1994; Radke et al., 1982a). A 

greater yield of 9-MP relative to 1-MP at 300ºC is due to kinetically controlled 

methylation that thermodynamically favors the 9-position (Dewar, 1952; Radke et al., 

1982b; Smith et al., 1995), whereas at 350ºC the yield of 9-MP and 1-MP is almost the 

same and kinetically-controlled methylation is thermodynamically favored at the 2- and 

3-position. Garrigues et al. (1990) has noted an increase of methyl phenanthrenes relative 

to their higher homologues in kerogen heating experiments. Radke (1987) also showed 

that during maturation of reservoir rocks, α- and β-methylphenanthrenes are dealkylated 

to form phenanthrene. Also, the amount of phenanthrene (or percentage of phenanthrene 

in the tricyclic aromatic fraction) can be used as a maturity parameter (Stojanovic et al., 

2001). 
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In my simulated thermal recovery experiments, original unheated Peace River bitumen 

has a total summed C0-C2 alkylphenanthrenes concentration of 550 ppm, whereas they 

are not present in original unheated Athabasca bitumen due to their severe biodegradation 

(refer to Chapter 5, Fig. 5.1 and Fig 5.27). Simulated thermal recovery of Peace River 

bitumen at 350ºC for up to 21 days increases their concentration to a maximum of 5,000 

ppm, whereas it increases their concentration to only 1,000 ppm if thermally altered at 

300ºC (refer to Chapter 5, Fig. 5.61 and Fig 5.87). In contrast, when Athabasca bitumen 

is thermally altered at 350ºC for up to 7 days, total summed concentration of C0-C2 

alkylphenanthrenes show an increase from 0 ppm to 1,000 ppm, while an increase to only 

25 ppm is seen if thermally altered at 300ºC (refer to Chapter 5, Fig. 5.27 and Fig 5.28). 

Fig. 6.30 shows the total summed C0-C2 alkylphenanthrenes concentration in ppm values 

versus the methylphenanthrene index3, (2-MP+ 3-MP)/(1-MP+ 9-MP). As can be seen in 

Fig. 6.30, both phenanthrenes concentration and the MPI3 ratio increase with increasing 

temperature and reaction time. All concentration levels (2-MP, 3-MP, 1-MP, 9-MP) 

increase with increasing reaction time during simulated thermal recovery experiments at 

both lower (300°C) and higher temperatures (350°C). However, the increase in 

concentration levels is significantly lower when thermally altered at 300°C compared 

with 350°C. In my thermal recovery experiments, a larger increase in absolute 

concentrations of 2- and 3-methylphenanthrene compared with 1- and 9-

methylphenanthrene with increasing temperature and reaction time was observed. 

Concentration data suggest it is not a simple parent to product conversion and indicate 

neoformational generative process; formation of new compounds (phenanthrene, 2-, 3-, 
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1-, and 9- methylphenanthrenes) that are cleaved during thermal cracking most likely 

from asphaltene/resin structures or from the destruction of hopanes and steranes with 2- 

and 3- methylphenanthrenes being released in greater amounts. However, there are 

several other reactions, that may occur which could contribute to the higher increase in 

the methylphenanthrene index-3 ratio such as (a) isomerization of thermally less stable 1- 

and 9-MP to thermodynamically more stable 3- and 2-MP (α-isomer phenanthrenes to β-

isomer phenanthrenes) and (b) faster demethylation of newly formed thermally less stable 

1- and 9-MP (α-isomer) compared with more thermally stable 3- and 2-MP (β-isomer) to 

phenanthrene or other unknown intermediate/end products.  
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Figure 6.30 Total summed C0-C2 alkylphenanthrenes concentration versus the methylphenanthrene 

index-3 (MPI3) for bitumens thermally altered at 300°C and 350°C for up to 21 days. The ratio and 

concentration data show a strong correlation with the direction of thermal stress during simulated 

thermal recovery experiments. 

Peace River bitumen  
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Consequently, from these findings, it is concluded that the methylphenanthrene index-3 

ratio and concentration data show a strong correlation with the direction of thermal stress. 

Therefore, these results suggest that the ratio may be an appropriate candidate as a 

reaction proxy to remotely monitor and assess the extent of thermal alteration of heavy 

oil and bitumen (e.g. bitumen upgrading) during thermal recovery processes at both lower 

and higher temperatures; essentially 300°C and 350°C.  Original unheated Peace River 

bitumens contain 120 ppm of 2-MP and 3-MP, with 60 ppm each.  
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Simulated thermal recovery at 350ºC for up to 21 days increases 2-MP and 3-MP 

concentrations to 850 ppm and 450 ppm, respectively, and as a result increases the 2-

MP/3-MP ratio from 0.9 to 2.0 (Fig. 6.32). In contrast to 350ºC, simulated thermal 

Figure 6.31 2-MP/3-MP ratio versus days of simulated thermal recovery at 300°C and from 300°C to 
350°C at a heating rate of 10°C/day for the first five days and maintained a temperature of 350°C 
constant for two more days.  

No methylphenanthrenes present in 
original unheated Athabasca bitumen 
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recovery of Peace River bitumen at 300ºC for up 21 days increases the  2-MP/3-MP ratio 

only slightly from 0.9 to 1.2 (Fig. 6.31) and the concentrations of 2-MP and 3-MP to 99 

ppm and 116 ppm, respectively.  

 

It was observed that the ratio starts to increase at around 320ºC for Peace River bitumen 

thermally altered from 300ºC to 350ºC at a heating rate of 10ºC/day for the first five days 

and maintained a temperature of 350°C constant for two more days until the end of the 

seven-day study (Fig. 6.31).  
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Concentration data suggest it is not a simple parent to product conversion (3-MP to         

2-MP) and indicate a neoformational generative process (formation of both 2- and          

3-methylphenanthrenes that are cleaved during thermal cracking most likely from 

Figure 6.32 2-MP/3-MP ratio versus days of simulated thermal recovery at 300°C and 350°C for up 
to 21 days. The ratio increase with the direction of thermal stress during simulated thermal recovery 

experiments. 
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asphaltene/resin structures with 2-MP being released at faster rates compared with         

3-MP). 

 

Non-alkylated phenanthrenes are more thermally stable than the alkylated ones (Radke et 

al., 1982b; Smith et al., 1995). The methylphenanthrene index (MPI) ratio, which is 

based on the non-alkylated phenanthrene over the sum of methylated (both α and β 

isomers) phenanthrenes, shows an increase in both bitumens with increasing reaction 

time during my simulated thermal recovery experiments at 350ºC and stays almost 

constant if thermally altered at 300ºC (Fig. 6.33 and Fig. 6.34). All concentration levels 

increase with increasing reaction at 350°C, whereas there is only a slight increase at 

lower temperatures (300°C). As was the case with previous reaction proxies, 

concentration data suggest it is not a simple parent to product conversion and indicate a 

neoformational generative process: e.g. formation of new compounds (phenanthrene, 2-, 

3-, 1-, and 9-methylphenanthrenes) that are cleaved during thermal cracking most likely 

from asphaltene/resin structures with phenanthrene being cleaved at faster rates compared 

with 2-, 3-, 1-, and 9-methylphenanthrenes. However, several other reactions that may 

occur discreetly that could contribute simultaneously to the increase in the P/(3-MP+2-

MP+1-MP+9-MP) ratio during my simulated thermal recovery processes such as (a) 

some dealkylation of methylphenanthrenes (2-, 3-, 1-, and 9-methylphenanthrenes to 

phenanthrene) and (b) generation of all compounds at the same rate and afterwards some 

destruction of all newly formed compounds (phenanthrene, 2-, 3-, 1-, and 9-

methylphenanthrenes) with 2-, 3-, 1-, and 9-methylphenanthrenes being destroyed at 

much faster rate compared with the more thermally stable phenanthrene.  
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Figure 6.33 MPI versus days of simulated thermal recovery at 300°C and up to 21 days. MPI stays 
constant with increasing reaction time during simulated thermal recovery experiments at lower 

temperatures (300°C).  

Figure 6.34 MPI versus days of simulated thermal recovery at 350°C for up to 21 days. MPI increases 
with increasing reaction time during simulated thermal recovery experiments at 350°C. 
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The methylphenanthrene index1 (MPI1) was developed on the assumption that 2- and 3-

methylphenanthrene are derived from the rearrangement of 1- and 9-MP and methylation 

of phenanthrene (Radke et al., 1982a). Fig. 6.35 and Fig. 6.36 show days of simulated 

thermal recovery experiments for up to 7 and 21 days versus the MPI1 ratio that is based 

on the ratios of thermodynamically more stable isomers (β-isomers) to the 

thermodynamically less stable isomers (α-isomers) for Athabasca and Peace River 

bitumens and their products thermally altered at 300°C and 350°C. It can be seen that 

during lower temperatures (300ºC) of simulated thermal recovery experiments of both 

Peace River and Athabasca bitumens the MPI1 stays almost constant for up to 21 days 

(Fig. 6.35), whereas at 350ºC the ratio increases with increasing reaction time (Fig. 6.36). 

Concentration data suggest it is not a simple conversion of compounds (1-MP and 9-MP 

to 3-MP and 2-MP) and indicate a neoformational generation process; formation of 

phenanthrene and 9-, 1-, 2- and 3-MP’s that are cleaved during thermal cracking most 

likely from asphaltene/resin structures with 3- and 2-MP being cleaved at faster rates 

compared with 1- and 9-MP. However, several other reactions that may occur discreetly 

that could contribute simultaneously to the increase in the MPI1 ratio such as (a) some 

isomerization of thermodynamically less stable 1- and 9-MP to thermodynamically more 

stable 3- and 2-MP (α-isomer phenanthrenes to β-isomer phenanthrenes) and (b) some 

cracking of newly formed 9-, 1-, 2- and 3-MP’s, but at different rates with 

thermodynamically less stable 1- and 9-MP’s being cracked into other unknown 

intermediate/end products; most likely into lower molecular weight compounds, at faster 

rates compared with thermodynamically more stable 3- and 2-MP’s.  



 

 

335

  

Simulated thermal recovery of Peace River and 
Athabasca oil sands at temperatures of 300ºC 

0.00

0.50

1.00

1.50

2.00

0 5 10 15 20 25

Days of simulated thermal recovery

 M
e

th
y

lp
h

e
n

a
n

th
re

n
e

 in
d

e
x

-1
=

 
1

.5
* 

[(
3

-M
P

+
 2

 M
P

)]
/ 

(P
+

 1
-M

P
 +

 9
-M

P
)

PR oil+ 0.5 H2O- 300ºC

Athabasca oil+ 1 ml H2O- 300ºC

 

 

   

Simulated thermal recovery of Peace River and 
Athabasca oil sands at temperatures of 350ºC

0.65

0.85

1.05

1.25

1.45

1.65

1.85

0 5 10 15 20 25

Days of simulated thermal recovery

 M
et

h
yl

p
h

en
an

th
re

n
e 

in
d

ex
-1

=
 

1.
5*

 [
( 

3-
M

P
+

 2
 M

P
 )

]/
  

( 
P

+
 1

-M
P

 +
 9

-M
P

 )

PR oil+ no H2O- 350ºC

PR oil+ 0.5 ml H2O- 350ºC

PR oil+ 3.0 ml H2O- 350ºC

Athabasca oil+ 1 ml H2O- 350ºC

 

 

Figure 6.35 MP index-1 versus days of simulated thermal recovery at 300°C for up to 7 and 21 days. 
MP index-1 stays almost constant for up to 7 days for Athabasca and for up to 21 days for Peace 
River bitumen. 

No methylphenanthrenes present in 
original unheated Athabasca bitumen 

Figure 6.36 MP index-1 versus days of simulated thermal recovery at 350°C for up to 7 and 21 days. 
MP index-1 increases with increasing reaction time for both bitumens during simulated thermal 
recovery experiments.  

No methylphenanthrene present in 
original unheated Athabasca bitumen 
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Fig 6.37, Fig. 6.38 and Fig. 6.39 show the total summed concentration of n-C9 to n-C17 

alkanes versus MP ratio, total summed concentration of C0-C2 alkylphenanthrenes versus 

methylphenanthrene index and total summed concentration of n-C9 to n-C17 alkanes 

versus methylphenanthrene index, respectively. N-C9 to n-C17 alkanes concentration, total 

summed C0-C2 alkylphenanthrenes concentration and the proposed reaction proxies 

increase with increasing reaction time at higher temperatures (350°C) for both Athabasca 

and Peace River bitumens. In contrast, at lower temperatures (300°C), neither the total 

summed concentration of n-C9 to n-C17 alkanes nor the proposed reaction proxies 

increase significantly with increasing thermal stress; causing the data to group in one 

location and no trend is observed. 
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Figure 6.37 Total summed n-C9 to n-C17 alkanes concentration versus methylphenanthrene ratio 

(proposed reaction proxy). The ratio and concentration data show a strong correlation with the 
direction of thermal stress during simulated thermal recovery experiments. 
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Figure 6.39 Total summed n-C9 to n-C17 alkanes concentration versus MPI1 (proposed reaction 

proxy). The ratio and concentration data show a strong correlation with the direction of thermal 
stress during simulated thermal recovery experiments. 

Figure 6.38 Total summed C0-C2 alkylphenanthrenes concentration versus methylphenanthrene 
ratio (proposed reaction proxy). The ratio and concentration data show a strong correlation with the 
direction of thermal stress during simulated thermal recovery experiments. 
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From these findings, it is concluded that these phenanthrene ratios and concentration data 

show a strong correlation with the direction of thermal stress (bitumen alteration). 

Therefore, they suggest that they may be appropriate candidates as reaction proxies to 

remotely monitor and assess the extent of bitumen upgrading using produced oil 

composition during thermal recovery processes at 300°C and 350°C. 

 

Fig. 6.40 and Fig. 6.41 show the dimethylphenanthrene (DMP) ratio for Peace River 

bitumen during simulated thermal recovery at 300ºC and 350ºC for up to 7 and 21 days. 

All dimethylphenanthrene (1,3-, 3,9-, 2,10-, 3,10-, 2,5-, 2,9-, 1,6-, 3,5-, 2,6-, 2,7-DMP) 

concentrations increase with increasing reaction time at 350°C, whereas they increase 

only slightly when thermally altered at 300°C.  
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Figure 6.40 Dimethylphenanthrene ratio versus days of simulated thermal recovery at 300°C for up 
to 21 days and from 300°C to 350°C at a heating rate of 10°C/day for the first five days and 

maintained a temperature of 350°C constant for two more days.  
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As can be seen from Fig. 6.40 and Fig. 6.41, the DMP ratio stays constant for up to 7 and 

21 days when bitumens are thermally altered at 300°C (Fig. 6.40). In contrast, the ratio 

increases from 0.2 to a maximum of 0.8 in 21 days if thermally altered at 350°C (Fig. 

6.41). Concentration data suggest that it is not a simple product conversion (1,3-, 3,9-, 

2,10-, 3,10-, 2,5-, 2,9-, and 1,6-DMP to 3,5-, 2,6-, 2,7-DMP) and indicate neoformational 

generation; formation of 1,3-, 3,9-, 2,10-, 3,10-, 2,5-, 2,9-, 3,5-, 2,6-, 2,7 and 1,6-DMP 

that are cleaved during thermal cracking most likely from asphaltene/resin structures with 

3,5-, 2,6-, 2,7-DMP being cleaved at faster rates compared with 1,3-, 3,9-, 2,10-, 3,10-, 

2,5-, 2,9-, and 1,6-DMP. 
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However, there are several other reactions that may occur discreetly which could 

contribute simultaneously to the increase in the DMP ratio such as (a) some isomerization 

Figure 6.41 Dimethylphenanthrene ratio versus days of simulated thermal recovery at 350°C for up to 

7 and 21 days. The DMP ratio increases with increasing reaction time at 350°C. 
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of thermodynamically less stable 1,3-, 3,9-, 2,10-, 3,10-, 2,5-, 2,9-, and 1,6-DMP to 

thermodynamically more stable 3,5-, 2,6-, 2,7-DMP and (b) formation of all compounds 

at the same rate and concomitantly faster cracking of the newly formed and 

thermodynamically less stable 1,3-, 3,9-, 2,10-, 3,10-, 2,5-, 2,9-, and 1,6-DMP into other 

unknown intermediate/end products compared to thermodynamically more stable 3,5-, 

2,6-, 2,7-DMP. Fig 6.42 shows the total summed concentration of n-C9 to n-C17 alkanes 

versus the dimethylphenanthrene ratio. It shows that during simulated thermal recovery 

experiments, both the total summed concentration of n-C9 to n-C17 alkanes and the 

proposed reaction proxy increase at higher temperatures (350°C) with increasing reaction 

time in Athabasca and Peace River bitumens. 
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Figure 6.42 Total summed n-C9 to n-C17 alkanes concentration versus dimethylphenanthrene ratio 
(proposed reaction proxy). The ratio and concentration data show a strong correlation with the 
direction of thermal stress during simulated thermal recovery experiments. 
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In contrast, at lower temperatures (300°C), neither total summed n-C9 to n-C17 alkanes 

concentration nor the proposed reaction proxy increase significantly with increasing 

reaction time, thereby, causing the data to group in one location and no trend can be 

observed (Fig. 6.42). Fig. 6.43 shows the VR fraction in bitumen versus the DMP ratio 

for original unheated Peace River bitumen and its products thermally altered at 350°C for 

up to 7 and 21 days. It is evident that a correlation exists between the VR fraction (%VR) 

in bitumen and the proposed geochemical proxy. As can be seen from Fig. 6.43, the 

increase in the DMP ratio due to increasing thermal stress is accompanied simultaneously 

by a decrease in the VR fraction in bitumen during simulated thermal recovery at 350°C.  
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Figure 6.43 Dimethylphenanthrene ratio versus percent vacuum residue for original unheated Peace 
River and Athabasca bitumens and their products thermally altered at 350°C for up to 7 and 21 days. 
The ratio and vacuum residue fraction in bitumens show a strong correlation with the direction of 
thermal stress during simulated thermal recovery experiments. 
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From these findings, it is concluded that the DMP ratio, n-C9 to n-C17 alkanes 

concentration and the VR fraction show a strong correlation with the direction of thermal 

stress. It is suggested that the ratio may be an appropriate candidate as a reaction proxy to 

remotely monitor the extent of thermal alteration of heavy oil and bitumen (e.g. bitumen 

upgrading) during thermal recovery processes. 

 

6.5.2 Methyldibenzothiophenes (MDBT)/(4- + 1-MDBT) ratio as a reaction proxy 

Generally, sulfur is the most abundant hetero-element in petroleum and other types of 

fossil organic matter (Tissot and Welte, 1984). Thiophene derivatives such as 

benzothiophene (BT), dibenzothiophene (DBT) and methyldibenzothiophene (MDBT) 

are present in crude oils and rock extracts (Ho et al., 1974; Tissot and Welte, 1984). 

Dibenzothiophene and 4-MDBT were the most abundant sulfur compounds among the 

tricyclic sulfur aromatics in the samples examined by Radke et al. (1982a, b) and an 

increase in DBT relative to MDBT has been observed with increasing depth. Hughes 

(1984) showed by analyzing several representative oils derived from carbonate sources 

(Smackover and Sunniland Formations, southeastern United States; Burgan and 

Minagish, Kuwait; and the Khatiyah Formation, Dubai) and crude oils derived from 

siliciclastic sources (Ekofisk, North Sea; McKee, Texas; Muddy/Dakota, Wyoming; 

Beaverhill Lake, Alberta; and Klasaman, Indonesia) that 4-MDBT increases relative to 

2+ 3- and 1-MDBT isomers with increasing maturity. Ho et al. (1974) demonstrated that 

the relative change from BT to DBT could be used as a maturity indicator in crude oils 

and used the BT/DBT ratio as a maturity parameter. Several authors have shown that the 

4-/1-MDBT ratio can be used as a maturity parameter, and as a biodegradation and 
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source rock indicator for crude oil and source rock extracts (Chakhmakhchev et al., 1997; 

El Nady et al., 2009; Radke et al., 1985, 1986; Radke and Willsch, 1994; Requejo et al., 

1996; Sivan et al., 2008; Wang et al., 1994, 1997, 1998). The MDBT ratio [4-MDBT/ (1-

MDBT+ 4-MDBT] ratio is based on the fact that 4-MDBT is more stable than its isomer, 

1-MDBT. Increasing thermal stress also favors 2,4- and 4,6-DMDBT.  

 

In my simulated thermal recovery experiments, original unheated Peace River bitumen 

contain 375 ppm of DBT and methyl-DBT (1- and 4-MDBT), whereas they are absent in 

Athabasca bitumen, due to their severe biodegradation.  
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Thermal alteration of Peace River bitumen at 300ºC for up 21 days increases their total 

concentration to 1,470 ppm (Fig. 6.44), whereas they increase significantly to a max. of 

Figure 6.44 Total summed C0-C1 alkyldibenzothiophenes concentration in original unheated Peace 
River and Athabasca bitumens and their products thermally altered as described in Chapter 5.5. 
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5,150 ppm if thermally altered at 350ºC (Fig. 6.45). Simulated thermal recovery of 

Athabasca bitumen at 300°C for up to 7 days increases the concentration of summed 

DBT and methyl- DBT (1- and 4-MDBT) from 0 ppm to only 44 ppm (Fig. 6.44), while 

they increase to much greater amounts (690 ppm) if heated at 350ºC (Fig. 6.45).  

 

   

 

 

Peace River bitumen thermally altered from 300°C to 350°C at a heating rate of 10°C/day 

for the first five days and maintained a temperature of 350°C constant for two more days 

until the end of the seven-day study shows a significant increase in both DBT and MDBT 

concentration and in the (4-MDBT)/(4-+1-MDBT) ratio when temperatures of  around 

320°C are reached. The 4-MDBT/(4-+1-MDBT) ratio stays constant for up to 7 and 21 

days when Athabasca and Peace River bitumens are thermally altered at 300ºC (Fig. 

Figure 6.45 Total summed C0-C1 dibenzothiophenes concentration in original unheated Peace River 
and Athabasca bitumens and their products thermally altered at 350ºC for up to 7 and 21 days.  
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6.46). In contrast to 300°C, the ratio increases from 0.5 to a maximum of 0.75 in 21 days 

for Peace River and from 0.49 to 0.55 in 7 days for Athabasca bitumen if thermally 

altered at 350°C (Fig. 6.47). Original unheated Peace River bitumen contains 130 ppm of 

both 4-MDBT and 1-MDBT which increase with heating at 350ºC to 550 ppm and 470 

ppm after 7 days and to 2,000 ppm and 1,000 ppm, respectively after 21 days. Original 

unheated Athabasca bitumen contains no 4-MDBT and 1-MDBT due to their severe 

biodegradation but after 7 days of simulated thermal recovery at 350ºC have 190 ppm of 

4-MDBT and 170 ppm of 1-MDBT.  
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Concentration data suggest it is not a simple product conversion (1- to 4-MDBT), 

because the increase in 4-MDBT concentration is not accompanied by a concomitant 

Figure 6.46 4-MDBT/(4-+1-MDBT) ratio versus days of simulated thermal recovery of Athabasca and 

Peace River bitumens at 300°C for up to 7 and 21 days.   

No methyldibenzothiophenes present in 
original unheated Athabasca bitumen 
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decrease in 1-MDBT concentration. This indicates neoformational generative process 

with formation of both 4- and 1-MDBT during thermal cracking most likely from 

asphaltene and resin structures with 4-MDBT being released at faster rates compared 

with 1-MDBT. 

 

 

Simulated thermal recovery of Peace River and 
Athabasca oil sands at temperatures of 350ºC 

0.30

0.40

0.50

0.60

0.70

0.80

0 5 10 15 20 25

Days of simulated thermal recovery

M
e
th

y
ld

ib
e
n

zo
th

ip
h

e
n

e
 (
M

D
B

T
) 
ra

ti
o

=
 

4
-M

D
B

T
/ (

 4
-M

D
B

T
+
 1

-M
D

B
T

)

PR oil+ no H20- 350ºC
PR oil+ 0.5 ml H20- 350ºC
PR oil+ 3.0 ml H20- 350ºC
Athabasca oil+ 1 ml H20- 350ºC

 

 

 

However, several other reactions could occur discreetly that would increase the 4-

MDBT/(4-+1-MDBT) ratio such as (a) some isomerization of thermodynamically less 

stable 1-MDBT to thermodynamically more stable 4-MDBT and (b) faster cracking of 

newly formed and thermodynamically less stable 1-MDBT into other unknown 

intermediate/end products compared with thermodynamically more stable 4-MDBT. 

Figure 6.47 4-MDBT/(4-+1-MDBT) ratio versus days of simulated thermal recovery of Athabasca and 
Peace River bitumens at 350°C for up to 7 and 21 days. The ratio shows an increase with the direction 
of thermal stress during simulated thermal studies. 

No methyldibenzothiophenes present in 
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Fig. 6.48 shows the total summed n-C9 to n-C17 alkanes concentration versus the MDBT 

ratio that is proposed as a geochemical reaction proxy to remotely monitor in situ 

chemical reactions and assess the extent of bitumen upgrading during thermal recovery 

processes. The proposed reaction proxy and the total summed concentration of n-C9 to n-

C17 alkanes increase with increasing reaction time during simulated thermal recovery 

experiments at 350°C for both Athabasca and Peace River bitumens.  
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In contrast to 350°C, at 300°C conducted experiments the total summed concentration of 

n-C9 to n-C17 alkanes and the proposed reaction proxy do not show any significant 

changes and stay almost constant with increasing reaction time. This causes the data to 

group in one location and no trend can be observed (Fig. 6.48). From these findings, it is 

Figure 6.48 Total summed n-C9 to n-C17 alkanes concentration versus methyldibenzothiophene ratio 

(reaction proxy). The ratio and concentration data show a strong correlation with the direction of 

thermal stress during simulated thermal recovery experiments. 
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concluded that the concentration data and proposed reaction proxy show a strong 

correlation with the direction of thermal stress, suggesting this proxy may be employed to 

remotely monitor and assess the extent of bitumen upgrading and predict the amount of 

light hydrocarbons that will be generated (in this case n-C9 to n-C17 alkanes) using 

produced oil composition during thermal recovery processes. 

 

6.5.3 C0-C5 naphthalenes ratios as reaction proxies 

Generally, maturity tends to increase the ratio of the more stable β- (2, 3, 6 or 7) to the 

less stable α-substituted (1, 4, 5 or 8) alkylnaphthalene isomers in petroleum and 

sediment extract (Radke, 1987). Increasing thermal stress therefore, favors the increase of 

the more stable 2-methylnaphthalene, 2,6-, 2,7-dimethylnaphthalenes, 

trimethylnaphthalenes (2,3,6-, 2,3,7- and 2,3,6-) and tetramethylnaphthalenes (2,3,6,7- 

and 2,3,6,7-) compared to their less stable isomers. Radke et al. (1982b) have shown that 

methylnaphthalene (MN) and ethylnaphthalene (EN) isomer ratios can be used as 

maturity indicators, where the increase in the relative abundance of 2-MN is due to the 

rearrangements (e.g. methyl shift) of 1-MN.  

 

In my simulated thermal recovery experiments, original unheated Peace River bitumen 

contains 472 ppm of total summed C0-C5 alkylnaphthalenes, whereas they are absent in 

Athabasca bitumen due to their severe biodegradation (refer to Chapter 5). Simulated 

thermal recovery experiments at 300°C for up to 7 days increases total summed C0-C5 

alkylnaphthalenes concentration in Peace River bitumen to 770 ppm and in Athabasca 

bitumen to 430 ppm. There is a greater increase when they are thermally altered at 
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350°C; to 5,350 ppm for Peace River bitumen and to 4,780 ppm for Athabasca bitumen 

(refer to Chapter 5). The total summed concentration of C0-C5 alkylnaphthalenes 

increases to a maximum of only 2,460 ppm when Peace River bitumen is thermally 

altered at 300°C for up to 21 days, whereas there is an increase to a maximum of 16,000 

ppm when thermally altered for the same time period at 350°C (refer to Chapter 5).  

 

   

Simulated thermal recovery of Peace River and 
Athabasca oil sands at temperatures between 300ºC 

0.50

0.80

1.10

1.40

1.70

2.00

2.30

0 5 10 15 20 25

Days of simulated thermal recovery

M
et

h
yl

n
ap

h
th

al
en

e 
ra

ti
o

=
2-

M
et

h
yl

n
ap

h
th

al
en

e/
 

1-
M

et
h

yl
n

ap
h

th
al

en
e

PR oil+ 0.5 ml H20- 300ºC

Athabasca oil+ 1 ml H20- 300ºC

 

 

 

The methylnaphthalene (MNR) and ethylnaphthalene ratios (ENR), which are ratios 

based on two isomers of methylnaphthalenes (2-MN and 1-MN) and ethylnaphthalenes 

(2-EN and 1-EN) stay almost constant when simulated thermal recovery experiments are 

conducted at 300ºC with Peace River and Athabasca bitumens for up to 7 and 21 days 

(Fig. 6.49 and Fig. 6.51), but show a linear increase with increasing reaction time at 

Figure 6.49 MNR ratio versus days of simulated thermal recovery of Peace River and Athabasca 
bitumens at 300°C for up to 7 and 21 days. The ratio stays almost constant for both bitumens for up 

to 7 and 21 days.  

No methylnaphthalenes present in 
original unheated Athabasca bitumen 
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350ºC (Fig.6.50 and Fig. 6.52). All isomers (2- and 1-MN; 2- and 1-EN) show an 

increase in absolute concentrations with increasing temperature and reaction time during 

thermal recovery experiments with β-substituted 2-MN and 2-EN increasing at much 

faster rates compared with α-substituted 1-MN and 1-EN.  
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Absolute concentrations of 2-MN, 1-MN, 2-EN and 1-EN in Peace River bitumen 

increased from near zero ppm to 2,570, 1,230, 455 and 77 ppm, respectively, after 21 

days of simulated thermal recovery experiments at 350ºC, whereas they increase to only 

81, 60, 26, and 13 ppm, respectively, when thermal recovery experiments are conducted 

at 300ºC for the same period of time. Concentration data suggest it is not a simple 

product conversion (1-MN to 2-MN and 1-EN to 2-EN) and indicate a neoformational 

Figure 6.50 MNR ratio versus days of simulated thermal recovery of Peace River and Athabasca 
bitumens at 350°C for up to 7 and 21 days. The ratio shows an increase with the direction of thermal 

stress during simulated thermal recovery experiments. 
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generation process; formation of 2-MN, 1-MN, 2-EN and 1-EN that are released from 

precursor entities during thermal cracking, most likely from asphaltene/resin structures 

with 2-MN and 2-EN being cleaved preferentially of 1-MN and 1-EN.  
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However, several other reactions that could occur that might contribute simultaneously to 

the increase in the methyl- (MNR) and ethylnaphthalene (ENR) ratios such as (a) some 

isomerization of thermodynamically less stable 1-MN and 1-EN to thermodynamically 

more stable 2-MN and 2-EN, respectively, and (b) faster dealkylation of the newly 

formed and thermodynamically less stable 1-MN and 1-EN into other unknown 

intermediate/end products; most likely lower molecular weight hydrocarbons, compared 

with thermodynamically more stable 2-MN and 2-EN. 

Figure 6.51 ENR ratio versus days of simulated thermal recovery of Peace River and Athabasca 
bitumens at 300°C for up to 7 and 21 days. The ratio stays almost constant for up to 7 and 21 days in 
both Peace River and Athabasca bitumens during simulated thermal recovery experiments.  
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Fig. 6.53 shows the VR fraction (%VR) in bitumens versus the methylnaphthalene ratio 

(2-methylnaphthalene/1-methylnaphthalene) for original unheated Peace River and 

Athabasca bitumens and their products thermally altered at 350°C for up to 7 and 21 

days. It is evident that a correlation exists between the VR fraction in bitumen and the 

proposed geochemical proxy. As can be seen from Fig. 6.53, the increase in the 

methylnaphthalene ratio due to increasing thermal stress is accompanied simultaneously 

by a decrease in the amount of VR in bitumen with increasing reaction time (thermal 

stress) during simulated thermal recovery experiments at 350°C.  

 

Several authors have shown that the dimethylnaphthalene (DMN) isomer ratio (2,6- 

DMN+ 2,7-DMN/1,5-DMN) and tetramethylnaphthalene (TeMN) ratio [(1, 3, 6, 7- + 2, 

Figure 6.52 Ethylnaphthalene ratio versus days of simulated thermal recovery for Peace River and 
Athabasca bitumens at 350°C for up to 7 and 21 days. The ratio shows an increase with the direction 
of thermal stress during simulated thermal recovery experiments. 
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3, 6, 7-TeMN)/(1,2,3,7-TeMN+ 1,2,3,6-TeMN+ 1,2,5,6-TeMN+ 1,3,6,7-TeMN+ 2,3,6,7-

TeMN)] can be used as maturity indicators (Alexander, 1983b, 1985; Chang et al., 2010; 

Radke et al., 1982b, 1984; van Aarssen et al., 1999; Ryan, 1996; Sarmah et al., 2010; 

Skret et al., 2010) based on the increase of more thermally stable β-substituted isomers 

over the thermally less stable α -substituted isomers. 
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Simulated thermal recovery experiments of Peace River and Athabasca bitumens at 

350°C for up to 7 and 21 days increases the absolute concentrations of all isomers; 2,6-, 

2,7-, 1,5-DMN and 1,2,3,7-, 1,2,3,6-, 1,2,5,6-, 1,3,6,7-, 2,3,6,7-TeMN with the more 

thermally stable β-substituted isomers increasing at much faster rates compared with the 

thermally less stable α-substituted isomers. This causes an increase in the DMN and 

Figure 6.53 Methylnaphthalene ratio versus vacuum residue fraction (%VR) for original unheated 
Peace River and Athabasca bitumens and their products thermally altered at 350°C for up to 7 and 
21 days. The ratio and concentration data show a strong correlation with the direction of thermal 
stress during simulated thermal recovery experiments. 
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TeMN ratios as shown in Fig. 6.55 and Fig. 6.57, whereas at lower temperatures (300°C), 

all isomer concentrations and therefore DMN and TeMN ratios stay almost constant (Fig. 

6.54 and Fig. 6.56). Concentration data suggest it is not a simple product conversion (α-

substituted di- and tetramethylnaphthalene isomers to β-substituted di- and 

tetramethylnaphthalene isomers (DMN and TeMN, respectively) and indicate 

neoformational generative process; formation of α- and β-substituted di- and 

tetramethylnaphthalene isomers that are cleaved during thermal cracking, most likely 

from asphaltene and resin structures, with β-substituted di- and tetramethylnaphthalene 

isomers being cleaved at faster rates compared with α-substituted di- and 

tetramethylnaphthalene isomers.  
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Figure 6.54 DMN-1 ratio (2, 6- + 2, 7-DMN)/1, 5-DMN versus days of simulated thermal recovery of 
Peace River bitumen at 300°C for up to 21 days.  
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Simulated thermal recovery of Peace River and
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Figure 6.56 Tetramethylnaphthalene (TeMN) ratio [(1, 3, 6, 7- + 2, 3, 6, 7-TeMN)/(1,2,3,7-TeMN+ 
1,2,3,6-TeMN+ 1,2,5,6-TeMN+ 1,3,6,7-TeMN+ 2,3,6,7-TeMN)] versus days of simulated thermal 

recovery of Peace River and Athabasca bitumens at 300°C for up to 7 and 21 days.  

Figure 6.55 DMN-1 ratio (2, 6- + 2, 7-DMN)/1, 5-DMN versus days of simulated thermal recovery of 
Peace River bitumen at 350°C for up to 7 and 21 days. The ratio shows an increase with the direction 
of thermal stress during simulated thermal recovery experiments. 
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Simulated thermal recovery of Peace River and 
Athabasca oil sands at temperatures of 350ºC 
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However, several other reactions that may occur discreetly that could contribute 

simultaneously to the increase in the DMN and TeMN ratios such as (a) some 

isomerization of thermodynamically less stable α-substituted di- and 

tetramethylnaphthalene isomers to thermodynamically more stable β-substituted di- and 

tetramethylnaphthalene isomers (for both DMN and TeMN isomers), respectively, and 

(b) some dealkylation of newly formed and thermodynamically less stable α-substituted 

di- and tetramethylnaphthalene isomers into other unknown intermediate/end products 

compared with thermodynamically more stable β-substituted di- and 

tetramethylnaphthalene isomers (DMN and TeMN). 

Figure 6.57 Tetramethylnaphthalene (TeMN) ratio [(1, 3, 6, 7- + 2, 3, 6, 7-TeMN)/(1,2,3,7-TeMN+ 
1,2,3,6-TeMN+ 1,2,5,6-TeMN+ 1,3,6,7-TeMN+ 2,3,6,7-TeMN)] versus days of simulated thermal 

recovery of Peace River and Athabasca bitumens at 350°C for up to 7 and 21 days.  
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Fig 6.58, Fig. 6.59 and Fig. 6.60 show the total summed concentration of n-C9 to n-C17 

alkanes versus the MN, DMN and TeMN ratios respectively, that are proposed as 

geochemical reaction proxies to remotely monitor in situ chemical reactions and assess 

the extent of thermal alteration, and thus bitumen upgrading during thermal recovery 

processes. Fig 6.58, Fig. 6.59 and Fig. 6.60 demonstrate that total summed concentration 

of n-C9 to n-C17 alkanes and the proposed reaction proxies increase with increasing 

reaction time (thermal stress) at higher temperatures (350°C) during simulated thermal 

recovery experiments of Athabasca and Peace River bitumens. In contrast, at lower 

temperatures (300°C) these proposed reaction proxies and total summed concentration of 

n-C9 to n-C17 alkanes do not show any significant changes with increasing reaction time 

during simulated thermal recovery experiments, causing the data to group in one location 

and no trend can be observed (Fig. 6.58, Fig. 6.59 and Fig. 6.60). From these findings, it 

is concluded that concentration data, VR fraction (%VR) and the established geochemical 

reaction proxies show a strong correlation with the direction of thermal stress, suggesting 

they may assist in remotely monitoring the extent of bitumen upgrading, using produced 

oil composition during thermal recovery processes. 
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Figure 6.58 Total summed n-C9 to n-C17 alkanes concentration versus methylnaphthalene ratio 
(proposed reaction proxy). The ratio and concentration data show a strong correlation with the 
direction of thermal stress during simulated thermal recovery experiments. 

Figure 6.59 Total summed n-C9 to n-C17 alkanes concentration versus dimethylnaphthalene ratio 
(proposed reaction proxy). The ratio and concentration data show a strong correlation with the 
direction of thermal stress during simulated thermal recovery experiments. 
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6.5.4 n-C17/(pristane+n-C17) and n-C18/(phytane+n-C18) ratios as reaction proxies 

Connan and Cassou (1980) have shown that pristane/n-C17 and phytane/n-C18 ratios can 

be used as thermal maturity indicators if the organic matter type is the same. According 

to Tissot et al. (1971), pristane/n-C17 and phytane/n-C18 ratios decrease with increasing 

thermal maturity as more n-paraffins are generated from kerogen by cracking. These 

ratios depend on different generation and/or survival rates of two different hydrocarbon 

types (normal alkanes and branched alkanes). Van Graas et al. (1981) and Burnham et al. 

(1982) have shown that isoprenoid alkanes are generated mainly in the early stages of the 

catagenetic process, whereas n-alkanes are produced throughout the entire oil and gas 

window. Caution needs to be taken when using these ratios because organic matter input 

and secondary processes (e.g. biodegradation) can affect them. 

Figure 6.60 Total summed n-C9 to n-C17 alkanes concentration versus tetramethylnaphthalene ratio 

(proposed reaction proxy). The ratio and concentration data show a strong correlation with the 
direction of thermal stress during simulated thermal recovery experiments. 
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As is shown in Chapter 5, neither isoprenoid nor n-alkanes are present in original 

unheated Peace River and Athabasca bitumens due to biodegradation (refer to Chapter 5; 

Fig. 5.1) however, they are present in thermally altered samples due to neo-generation 

(refer to Chapter 5). In Chapter 5, it is illustrated that n-C9 to n-C36 alkanes are formed in 

much higher amounts than isoprenoid alkanes (pristane and phytane) in Peace River and 

Athabasca bitumens during thermal recovery experiments at 350ºC for up 7 and 21 days. 

The n-C17/(pristane+n-C17) and n-C18/(phytane+n-C18) ratios versus days of simulated 

thermal recovery for the Peace River and Athabasca bitumens are displayed in Fig. 6.61 

and Fig. 6.62, respectively. As can be seen, simulated thermal recovery at 300ºC do not 

change the n-C17/(pristane+n-C17) and n-C18/(phytane+n-C18) ratios for up to 21 days  
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Figure 6.61 n-C17/(pristane+n-C17) ratio versus days of simulated thermal recovery of Peace River 
and Athabasca bitumens at 300°C and 350°C for up to 7 and 21 days. The ratio shows an increase 
with the direction of thermal stress during simulated thermal recovery experiments.  
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(Fig. 6.61), whereas at temperatures of 350°C increase both ratios constantly with 

increasing reaction time (Fig. 6.62). I believe that both ratios increase with increasing 

reaction time during simulated thermal recovery experiments due to several reasons: (a) 

higher generation rates of n-alkanes that are cleaved from asphaltene and resin fractions 

compared with isoprenoid alkanes as originally proposed by Tissot et al. (1971), (b) 

decrease of isoprenoid alkanes concentration after some reaction time, caused most likely 

due to faster destruction of pristane and phytane to other unknown intermediate/end 

products compared with n-alkanes and (c) slowing down of isoprenoid alkanes formation 

as illustrated in Chapter 5. 

Figure 6.62 n-C18/(phytane+n-C18) ratio versus days of simulated thermal recovery of Peace River 

and Athabasca bitumens at 300°C and 350°C for up to 7 and 21 days. The ratio shows an increase 
with the direction of thermal stress during simulated thermal recovery experiments. 
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Fig. 6.63 and Fig 6.64 show the vacuum residue fraction in bitumen versus the n-

C17/(pristane+n-C17) and n-C18/(phytane+n-C18) ratios respectively, for original unheated 

Peace River Athabasca bitumen and their products thermally altered at 350°C for up to 7 

and 21 days. It is evident that a correlation exists between the vacuum residue fraction 

(%VR) in bitumens and the proposed geochemical proxies. As can be seen from Fig. 6.63 

and Fig. 6.64, the increase in the n-C17/(pristane+n-C17) and n-C18/(phytane+n-C18) 

ratios, due to increasing thermal stress, is accompanied simultaneously by a decrease in 

the amount of VR fraction in bitumen with increasing reaction time during simulated 

thermal recovery experiments at 350°C.  
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Figure 6.63 n-C17/(pristane+n-C17) ratio versus percent vacuum residue for original unheated Peace 
River and Athabasca bitumens and their products thermally altered at 350°C for up to 7 and 21 days. 
The ratio and VR fraction show a strong correlation with the direction of thermal stress. 
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Fig. 6.65 and Fig. 6.66 show the total summed n-C9 to n-C17 alkanes concentration versus 

n-C17/(pristane+n-C17) and n-C18/(phytane+n-C18) ratios respectively, that are proposed 

as geochemical reaction proxies to remotely monitor in situ chemical reactions and assess 

the extent of bitumen upgrading during thermal recovery processes. These proposed 

reaction proxies and total summed n-C9 to n-C17 alkanes concentration increase with 

increasing reaction time at higher temperatures (350°C) during simulated thermal 

recovery experiments of Athabasca and Peace River bitumens.  

 

Figure 6.64 n-C18/(phytane+ n-C18) ratio versus percent vacuum residue for original unheated Peace 
River and Athabasca bitumens and their products thermally altered at 350°C for up to 7 and 21 days. 
The ratio and VR fraction show a strong correlation with the direction of thermal stress. 

Increasing days of thermal 
reaction, thus thermal stress 
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In contrast, at lower temperatures (300°C) both the proposed reaction proxies and total 

summed n-C9 to n-C17 alkanes concentration do not show any significant changes with 

increasing reaction time, which causes the data to group in one location and 

consequently, no trend is observed (Fig. 6.65 and Fig. 6.66). From these findings, it is 

concluded that these n-C17/(pristane+n-C17) and n-C18/(phytane+n-C18) ratios, 

concentration data and the VR fraction (%VR) show a strong correlation with the 

direction of thermal stress (alteration). These results suggest that these ratios may be 

appropriate candidates as reaction proxies to remotely monitor and assess the extent of 

thermal alteration of bitumens (e.g. bitumen upgrading), using produced oil composition 

during thermal recovery processes. 

Figure 6.65 Total summed n-C9 to n-C17 alkanes concentration of versus n-C17/(n-C17+pristane) ratio 

(proposed reaction proxy). The ratio and concentration data show a strong correlation with the 
direction of thermal stress during simulated thermal recovery experiments. 
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6.5.5 Dibenzothiophene/(phenanthrene+dibenzothiophene) ratio as a reaction proxy 

Sulfur is the most important hetero-element that can be found in petroleum (Tissot and 

Welte, 1984) and it can be present either in organic or inorganic compounds such as H2S 

in compounds such as thiols, thiophenes, benzothiophenes, and alkylbenzothiophenes or 

as elemental sulfur (Radke et al., 1986; Simanzhenkov and Idem, 2003; Wang et al., 

2007). Immature oils contain high amounts of relatively unstable sulfur compounds (e.g. 

benzothiophenes, nonthiophenic sulfides), whereas, mature crudes have a high abundance 

of the more stable sulfur compounds such as dibenzothiophenes, and fewer of the 

unstable nonthiophenic sulfur compounds (Morais et al., 2010). Asphaltenes contain 

smaller polynuclear aromatic systems that have a much more open (rather than highly 

condensed) structure instead of a mostly aromatic system, and therefore an important 

Figure 6.66 Total summed n-C9 to n-C17 alkanes concentration versus n-C18/(n-C18+phytane) ratio 

(proposed reaction proxy). The ratio and concentration data show a strong correlation with the 
direction of thermal stress during simulated thermal recovery experiments. 
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thermally altered at 300°C  

Increasing days of thermal 
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structural feature of asphaltenes is the occurrence of n-paraffins, polynuclear aromatic 

systems, benzothiophenes and dibenzothiophenes (Speight, 2007) all within their 

structure. A hypothetical Asphaltene structure consists mainly of C-C, C-H, C=C and to a 

lesser degree C-O, C-S, C-N, S-H, S-S and O-H bonds.  

 
It is well known that the conversion of residue to lighter products, both in the presence 

and absence of hydrogen and/or a catalyst, is mainly thermally driven (Beaton et al., 

1991; Heck et al., 1994). There is no selectivity in bond cleavage during bitumen 

upgrading because most chemical reactions are thermally driven (Huc, 2010; Hsu and 

Robinson, 2006), therefore, under non-selective thermal reaction conditions, the weakest 

bonds break first. Bond dissociation energies for C-S and C-C bonds are 66 Kcal/mol and 

83-85 Kcal/mol, respectively, therefore cleavage of C-S bonds is easier than C-C bonds. 

Hydrocarbon generation rates from kerogens or resin-asphaltene complexes are 

controlled by the strength of the bonds within the precursor (Hsu et al., 2006; Orr et al., 

1990; Peters et al., 2005). Alkylated benzothiophenes (C-S containing bonds) are often 

released earlier than alkylated aromatic hydrocarbons such as naphthalenes and 

phenanthrenes (C-C containing bonds) during natural and artificial maturation from 

sulfur containing precursors (Damsté et al., 1992; Radke et al., 2001). Benzothiophenes 

(BT) and dibenzothiophenes (DBT) are among the most variable parameters in crude oils 

(Ho et al., 1974).  

 

In my simulated thermal recovery experiments, I used two naturally existing compounds 

(dibenzothiophenes; a sulfur bearing compound and phenanthrene) to investigate the 

influence of the chemical environment on the release of sulfur and non-sulfur bearing 
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aromatic products during simulated thermal recovery. Dibenzothiophene molecules might 

be attached to large asphaltene and resin molecules via sulfur bearing smaller compounds 

that may be cleaved during thermal cracking, thereby releasing (or generating) 

dibenzothiophenes in higher amounts compared to phenanthrenes. I believe that I have 

observed such an effect in my thermal alteration studies, but at different rates for 

different temperatures. During simulated thermal recovery experiments of Peace River 

bitumen at 300ºC, the phenanthrene concentration (50 ppm) remains constant and 

dibenzothiophenes only increase in concentration from 25 to 45 ppm over 7 days and to 

195 ppm bitumen over 21 days. I believe that this phenomenon is most likely due to the 

thermal cracking of asphaltene molecules and releasing dibenzothiophenes that are 

attached to the asphaltenes structure through smaller sulfur bearing components 

compared with phenanthrene compounds. It is possible but not proven that this relates to 

weak C-S bonds being involved in small sulfur components linking these 

dibenzothiophenes to the resin/asphaltene structures that are cleaved during thermal 

cracking, thereby releasing dibenzothiophenes at faster rates compared with phenanthrene 

and alkylated phenanthrenes. In contrast, at higher temperatures (350ºC) of simulated 

thermal recovery experiments both dibenzothiophene and phenanthrene tend to increase 

due to neo-generation with dibenzothiophene concentration increasing at much higher 

rates; from 25 to 522 ppm after 7 days and to 1,400 ppm after 21 days of simulated 

thermal recovery, compared with phenanthrene that increase from 50 to 210 ppm after 7 

days and to 550 ppm after 21 days. The DBT/(DBT+PHE) ratio is the only ratio 

(proposed proxy) that shows a steady increase in both Peace River and Athabasca 
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bitumens during simulated thermal recovery experiments at both lower and higher 

temperatures; essentially 300ºC and 350ºC, as is shown in Fig. 6.67. 
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Fig. 6.68 and Fig. 6.69 show the dibenzothiophene/(phenanthrene+dibenzothiophene) 

ratios versus total summed n-C9 to n-C17 alkanes concentration for simulated thermal 

recovery experiments conducted at 300°C and 350°C, respectively. It is evident that the 

developed reaction proxy and the total summed n-C9 to n-C17 alkanes concentration 

increases with increasing reaction time (thermal stress) during simulated thermal 

recovery of Peace River and Athabasca bitumens at both higher (350°C) and at lower 

temperatures (300°C). 

Figure 6.67 Dibenzothiophene/(dibenzothiophene+phenanthrene) ratio versus days of simulated 
thermal recovery at 350°C for up to 7 and 21 days. Simulated thermal recovery increases the ratio 
with increasing reaction time during simulated thermal recovery experiments at both 300ºC and 

350ºC.  

No phenanthrene and dibenzothiophene  
present in original unheated Athabasca bitumen 
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Figure 6.68 Total summed n-C9 to n-C17 alkanes concentration versus dibenzothiophene/ 
(dibenzothiophene+phenanthrene) ratio. The ratio and concentration data show a strong correlation 
with the direction of thermal stress during simulated thermal recovery experiments. 

Figure 6.69 Total summed n-C9 to n-C17 alkanes concentration versus dibenzothiophene/ 
(dibenzothiophene+phenanthrene) ratio (developed reaction proxy). The ratio and concentration data 
show a strong correlation with the direction of thermal stress during simulated thermal recovery 
experiments. 

Increasing days of thermal 
reaction, thus thermal stress 

Increasing days of thermal 
reaction, thus thermal stress 



 

 

370

Fig. 6.70 shows the VR fraction in bitumens versus the dibenzothiophene/(phenanthrene+ 

dibenzothiophene) ratio for original unheated Peace River bitumen and its products 

thermally altered at 350°C for up to 7 and 21 days. It is evident that a correlation exists 

between vacuum residue fraction (%VR) in bitumen and the proposed geochemical 

proxy. As can be seen from Fig. 6.70, the increase in the 

dibenzothiophene/(phenanthrene+dibenzothiophene) ratio due to increasing thermal stress 

is accompanied by a decrease in the amount of VR in bitumen during simulated thermal 

recovery at both 300°C and 350°C. These results reveal that dibenzothiophene/ 

(phenanthrene+dibenzothiophene) ratio, concentration data and the VR fraction show a 

strong correlation with the direction of thermal stress (bitumen alteration).  
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Figure 6.70 DBT/(DBT+PHE) ratio versus percent vacuum residue for original unheated Peace River 
and Athabasca bitumens and their products thermally altered at 350°C for up to 7 and 21 days. The 
ratio and vacuum residue fraction show a strong correlation with the direction of thermal stress 
during simulated thermal recovery experiments. 
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These results suggest that the DBT/(DBT+PHE) ratio may be an appropriate candidate as 

a reaction proxy to remotely monitor and assess the extent of thermal alteration of heavy 

oil and bitumen, and thus bitumen upgrading, by using produce oil composition during 

thermal recovery processes at both lower (300°C) and higher 350°C temperatures. 

 

6.6 Summary and Conclusions 

This chapter summarizes the results of the work undertaken to identify potential 

geochemical reaction parameters and/or individual compounds, such as thermal maturity 

parameters effective at different biodegradation levels in heavy oil and bitumens, to act as 

reaction proxies to remotely monitor in situ reactions encountered in the subsurface oil to 

assess the extent of thermal alteration, and thus bitumen upgrading, during in situ thermal 

recovery processes such as SAGD, CSS and in situ combustion of heavy oil and bitumen. 

Several reactions that occur during source rock maturation in petroleum systems due to 

increasing thermal stress such as cracking reactions (e.g. break of large molecules into 

smaller molecules), aromatization reactions (e.g. formation of aromatic rings) and 

isomerization reactions (e.g. rearrangement of atoms in molecules) form the basis of the 

molecular maturity parameters. Several other reaction proxies composed of isomers with 

different thermal stabilities have also been established and suggested as useful in 

assessing the extent of thermal alteration of heavy oil and bitumen during thermal 

recovery processes. 

 

The molecular parameters, TAS(I)/TAS(I+II) and MAS(I)/MAS(I+II), routinely applied 

in petroleum source rocks to measure the level of maturity is attributed to a simple 
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conversion of the precursor to product; TAS(II) to TAS(I) and MAS(II) to MAS(I), 

through side-chain cracking reactions (Mackenzie et al., 1981; Shi Ji-Yang et al., 1982; 

Schou et al., 1984). In my simulated thermal recovery experiments with Peace River and 

Athabasca bitumen at 350°C, concentration data indicate that there is a significant 

decrease in long chain C26-C28 TAS and C27-C29 MAS hydrocarbons concentration with 

increasing reaction time, which is not accompanied by a concomitant increase in short 

chain C20-C21 TAS and C21-C22 MAS hydrocarbons, respectively. In contrast, short-chain 

C20-C21 TAS and C21-C22 MAS hydrocarbons concentrations increase slightly for a while 

and then decrease. This suggests that there is not a direct and proportionate relationship 

between the long chain and short chain TAS and MAS hydrocarbons while the small 

increase of short-chain C20-C21 TAS and C21-C22 MAS hydrocarbons could imply initial 

minor production from long-chain C26-C28 TAS and C27-C28 MAS hydrocarbons, 

respectively. These results would also suggest that the long-chain C26-C28 TAS 

hydrocarbons are converted or cracked into other unknown intermediates/end products; 

most likely cracked into lower molecular weight hydrocarbons. It is concluded that the 

TAS(I)/TAS(I+II) and MAS(I)/MAS(I+II) presumed side-chain cracking proxies are not 

controlled by the interrelation of short-chain and long-chain components and appear to be 

mainly a function of preferential destruction (net loss) of long-chain C26-C28 TAS and 

C27-C29 MAS hydrocarbons compared with short-chain C20-C21 TAS and C21-C22 MAS 

hydrocarbons, respectively, at higher temperatures (350°C) of simulated thermal 

recovery. In contrast, at lower temperatures (300°C) of simulated thermal recovery, short-

chain C20-C21 TAS and C21-C22 MAS hydrocarbons are relatively stable and show little 
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or no significant changes, whereas long-chain TAS and MAS hydrocarbon concentrations 

decrease at slower rates compared with simulated thermal recovery at 350°C. It is 

concluded that, although these side-chain cracking proxies are controlled by the 

preferential destruction of the thermally less stable component. An interrelation of short-

chain and long-chain components, concentration data, VR fraction and the presumed 

side-chain cracking reaction proxies show a strong correlation with the direction of 

thermal stress. Therefore, the ratio might serve as reaction proxies, until the time when 

one of the components is destroyed and depleted completely, to assess the extent of 

thermal alteration of heavy oil and bitumen during higher temperature (≥350°C) thermal 

recovery processes such as high temperature high pressure CSS and ISC. 

 

The maturation proxy measured in petroleum source rocks by the TAS/(TAS+MAS) ratio 

increases with the direction of thermal stress and is attributed to a simple conversion of 

the precursor to product; e.g. monoaromatic steroid (MAS) to triaromatic steroid (TAS) 

hydrocarbon, through aromatization reactions (Mackenzie, 1984; Palacas et al., 1986; 

Peters and Moldowan, 1993; Peters et al., 2005). A steady increase in the aromatization 

reaction proxy might imply that MAS hydrocarbons were transformed into TAS 

hydrocarbons. However, quantitative data from my simulated thermal recovery 

experiments with Peace River and Athabasca bitumen reveal that both compound groups 

decrease with increasing thermal stress with the less thermally stable MAS hydrocarbons 

degrading at much faster rates than the more thermally stable TAS hydrocarbons. 

Concentration data also suggest that MAS hydrocarbons are thermally less stable 

compared to TAS hydrocarbons. These results can be interpreted to suggest that the 
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presumed TAS/(TAS+MAS) aromatization reaction is not a simple straight-forward 

conversion from MAS hydrocarbons to TAS hydrocarbons and is controlled by the 

preferential destruction of the compounds, with MAS hydrocarbons being cracked at 

much faster rates than TAS hydrocarbons during heating. My simulated thermal recovery 

experiments are in agreement with similar heating experiments that were carried out 

previously (Bennett et al., 2008; Marcano et al., 2009, 2010, 2011). It is concluded that 

concentration data, VR fraction and the presumed TAS/(TAS+MAS) aromatization 

reaction proxy show a strong a correlation with the direction of thermal stress. Therefore, 

the results suggest that the ratio may be used as a reaction proxy to remotely monitor and 

assess the extent of thermal alteration of heavy oil and bitumen, using produced oil 

composition during higher temperatures (≥350°C) thermal recovery processes such as 

high temperature high pressure CSS and ISC. 

 

The maturation proxy measured in petroleum source rocks by the Ts/(Ts+Tm) ratio 

increases with the direction of thermal stress and is attributed to a simple conversion of 

the precursor to product; Tm (C27 17α-trisnorhopane) to Ts (C27 18α-trisnorhopane), 

through isomerization reactions (van Graas, 1990; Mackenzie, 1984; Mackenzie et al., 

1980; Palacas et al., 1986; Peters and Moldowan, 1993; Peters et al., 2005; Seifert and 

Moldowan, 1978, 1980; Waples and Machihara, 1990; Waseda and Nishita, 1998). In my 

simulated thermal recovery experiments at 350ºC with Peace River and Athabasca 

bitumens, the Ts/(Ts+Tm) ratio increases with increasing reaction time, whereas it stays 

almost constant at temperatures at 300ºC for up to 21 days. The decrease in Tm 

concentration is not accompanied by a concomitant increase in Ts concentration, 
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confirming there is not a direct and proportionate relationship between the Ts and Tm 

hydrocarbons. These results would also suggest that the Ts and Tm hydrocarbons are 

converted or cracked into other unknown intermediates/end products; most likely cracked 

into lower molecular weight hydrocarbons. It is concluded that the Ts/(Ts+Tm) presumed 

isomerization reaction proxy is not controlled by the interrelation of Ts and Tm 

components and appears to be mainly a function of preferential destruction (net loss) of 

thermally labile Tm compared with the thermally stable Ts hydrocarbons. However, 

concentration data, VR fraction and the Ts/(Ts+Tm) presumed isomerization proxy show 

a strong correlation with the direction of thermal stress, suggesting that the Ts/(Ts+Tm) 

ratio may be used as a reaction proxy to assess the extent of thermal alteration of heavy 

oil and bitumen, and thus bitumen upgrading by using produced oil composition during 

higher temperature (≥350°C) thermal recovery processes such as high temperature high 

pressure CSS and ISC. 

 

Several other reaction proxies of saturated and aromatic hydrocarbons (e.g. naphthalenes, 

phenanthrenes, dibenzothiophenes, terpanes, steranes and diasteranes) that are composed 

of isomers or compounds with different thermal stabilities have also been established and 

proposed as reaction proxies. Concentration data suggest that they are controlled by 

neoformational generative processes or by the preferential destruction of the compounds 

during simulated thermal recovery experiments. However, these proposed reaction 

proxies, VR fraction (VR%) and concentration data show a strong correlation with the 

direction of thermal stress. Therefore, the results suggest that these ratios, which are 

composed of isomers or compounds with different thermal stabilities, may also be used as 
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reaction proxies to remotely monitor and assess the extent of thermal alteration of heavy 

oil and bitumen, and thus bitumen upgrading by using produced oil composition during 

thermal recovery processes. Reaction proxies controlled by neoformational generative 

process are especially useful due to the continuous formation and presence of the 

measured compounds throughout thermal processes. 

 

Two naturally existing compounds (dibenzothiophene, a sulfur bearing compound and 

phenanthrene) have been used to investigate the influence of the chemical environment 

on the release of sulfur and non-sulfur bearing aromatic products during my simulated 

thermal recovery experiments. During higher temperature (350°C) simulated thermal 

recovery experiments, both phenanthrene and dibenzothiophene concentrations show an 

increase with dibenzothiophenes increasing at much faster rates, whereas at lower 

temperatures (300°C) only dibenzothiophene concentration shows an increase while 

phenanthrene concentration remains almost constant with increasing thermal alteration. It 

is suggested that dibenzothiophene precursors might be attached to large asphaltenes and 

resin molecules via much smaller sulfur containing bonds that may be cleaved during 

thermal cracking, thereby releasing (generating) dibenzothiophenes at higher rates 

compared to phenanthrene. It is also suggested that this relates to relatively weak C-S 

bonds (compared to C-C bonds) being involved in small sulfur bearing structures 

possibly linking these dibenzothiophene precursors to the resin/asphaltene fraction 

compared to phenanthrene precursors. From these findings, it is concluded that 

concentration data, VR fraction and the dibenzothiophene/(phenanthrene+ 

dibenzothiophene) ratio all show a strong correlation with the direction of thermal stress 
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(alteration). This suggests that the dibenzothiophene/(phenanthrene+ dibenzothiophene) 

ratio is a very significant reaction proxy to monitor and assess the extent of bitumen 

upgrading, and thus bitumen upgrading, for both higher temperature (350°C), and lower 

temperature (300°C) thermal recovery processes. 

 

Concentration data and proposed reaction proxy results of the Peace River bitumen 

thermally altered from 300°C to 350°C at a heating rate of 10°C/day for the first five 

days and maintained a temperature of 350°C constant for two more days until the end of 

the seven-day study have revealed that without the involvement of catalysts, temperatures 

of at least ~320-330°C are required to achieve significant initiation of chemical reactions 

and generation of light hydrocarbons, and thus bitumen upgrading. No significant 

chemical reactions or light hydrocarbon generation will occur at 300°C within a short 

residence time (3 weeks).  
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Chapter Seven: Overall Summary, Conclusions and Future Work 

7.1 Overall Summary and Conclusions 

This chapter summarizes the results and conclusions from (a) the work undertaken to 

further the understanding in lateral and vertical variation in oil composition by analyzing 

bitumen obtained from well cores and drill cutting samples from the Peace River area and 

(b) the simulated thermal recovery experiments conducted with Peace River and 

Athabasca bitumens at temperatures of 300°C and 350°C for up to 7 days and 21 days. I 

will first summarize the variability in chemical compositional analysis of original 

unheated Peace River and Athabasca bitumens used in my simulated thermal recovery 

experiments. Second, I will summarize the results of the compositional variation along a 

horizontal well section using bitumen obtained from drill cuttings through classical 

petroleum geochemical approaches modified for the difficult analytical environment of 

tar sand bitumen. Third, I will present the vertical compositional changes in an individual 

25 meter thick oil column from the Peace River area. Fourth, I will present the results of 

a series of simulated thermal recovery experiments carried out at temperatures of 300°C 

and 350°C for up to 7 days and 21 days. These experiments were conducted to (a) 

investigate the impact of thermal alteration on the chemical composition of bitumen with 

different biodegradation levels and their different petroleum cuts defined by their 

atmospheric equivalent boiling point, (b) identify geochemical proxies to monitor the 

steam chamber growth (e.g. location of steam chamber boundary) during SAGD 

processes by analyzing oil or bitumen extracted from varying depths of a core and to 

understand the effect of the amount of water during thermal treatment on the level of 

bitumen alteration, (c) simulate contact metamorphism conditions where organic matter 
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or crude oil is gradually heated next to igneous intrusions (e.g. dike, sill) and identify the 

heating temperature required for significant cracking reactions to commence, thereby 

discover the threshold for significant heavy hydrocarbon cracking and light hydrocarbon 

generation during thermal recovery processes in sedimentary situations and most 

importantly, (d) identify geochemical reaction proxies, effective at different 

biodegradation levels, to remotely monitor in situ chemical reactions that can assess the 

extent of thermal alteration of heavy oil and bitumen, and thus bitumen upgrading, using 

produced oil compositions during thermal recovery processes such as CSS, SAGD and 

ISC, that use oxygen, steam and/or catalysts to deliver the heat needed into subsurface. 

Specifically, chemical reactions such as carbon-carbon bond cracking (e.g. breaking large 

molecules into smaller molecules), aromatization (e.g. formation of aromatic rings) and 

isomerization (e.g. rearrangement of atoms in molecules), all of which occur during 

source rock maturation in petroleum basins due to increasing thermal stress, have been 

monitored using molecular maturity parameters on original unheated and thermally 

altered bitumens. Several other thermal maturity indicators have also been established in 

this study and proposed as geochemical reaction proxies to assess the extent of bitumen 

upgrading during thermal recovery processes using produced oil composition. 

 

Oil sands from the Peace River and Athabasca area were used as feedstock in my 

simulated thermal recovery experiments. The results show that original unheated Peace 

River and Athabasca bitumens, due to differences in burial during subsidence and 

biodegradation, are distinctly different in composition before thermal treatment and 

behave differently during my simulated thermal recovery experiments. Both original 
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unheated Peace River and Athabasca bitumens display complete removal of n- and 

isoprenoid alkanes (e.g. pristane, phytane) indicating a biodegradation level of at least 5 

on the Peters and Moldowan (1993) biodegradation scale. Peace River bitumen shows 

partially affected 2-3 ring aromatic hydrocarbons (naphthalenes and phenanthrenes) and 

intact methyl-phenanthrenes, steranes and hopanes, giving a maximum biodegradation 

level of 5 on the Peters and Moldowan (1993) scale. Compared with the western-lying 

Peace River bitumen, the easterly Athabasca bitumen was buried shallower during their 

time of subsidence. This exposed the Athabasca bitumen to cooler temperatures and 

longer periods of biodegradation. Hence, they show complete removal of n-alkanes, 

isoprenoid alkanes (pristane and phytane), near complete destruction of the more 

biodegradation-resistant steranes, including diasteranes, variably depleted hopanes and 

intact mono- and tri aromatic steroid hydrocarbons implying a maximum biodegradation 

level of 8 on the Peters and Moldowan (1993) biodegradation scale. Distillation curves of 

percent mass yield as a function of boiling point obtained by the HT-SimDist method for 

original unheated heavily biodegraded Peace River and severely biodegraded Athabasca 

bitumens used in my simulated thermal recovery experiments suggest that original 

unheated Athabasca bitumen has approximately 3 wt.% more VR fraction (hydrocarbons 

and other materials of higher boiling points that have an atmospheric equivalent boiling 

point >545°C) than original unheated Peace River bitumen; 55 wt.% (Athabasca) versus 

52 wt.% (Peace River). The boiling point curves also further indicate the presence of 10 

wt.% of material boiling below 325°C in original unheated Peace River bitumen; 

corresponding to atmospheric distillate compounds and boiling below 350°C in original 

unheated Athabasca bitumen; corresponding to vacuum gas oil (VGO). These results 
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illustrate that variability in the molecular composition of petroleum do exist on a regional 

scale due to biodegradation and are in accordance with previous studies (Adams et al., 

2006; Huang et al., 2008, Larter et al., 2006). 

 

Bitumen obtained from drill cuttings of a horizontal well from the Peace River area 

suggests that subtle lateral variations in biodegradation level and fluid properties exist 

along the horizontal well section (~1,000 meters). Resistant hydrocarbons such as 

triaromatic steroid hydrocarbons are largely unaltered. Therefore, they do not show any 

significant changes throughout the horizontal well section, whereas light hydrocarbons 

such as alkylbenzenes seem ideal to track changes and show significant variability. These 

findings suggest a variable degree of biodegradation of the petroleum. From these results, 

I conclude that petroleum biodegradation can cause lateral small scale variations in the 

molecular composition of petroleum such as for the Peace River oils analyzed in this 

study. These variations in oil composition suggest that they are not only important in 

assisting to predict fluid properties, but can also be used to allocate production from long 

well bores using simple mixing models and quantitative petroleum geochemical data 

obtained from produced fluids. Bitumen extracted from both washed and unwashed drill 

cuttings show similar results (e.g. almost no deterioration of the compounds). I conclude 

that washing drill cuttings carefully to remove redundant material (e.g. clay particles, 

plastic, dirt etc.) has some, but limited effect on the chemical composition of the bitumen. 

This shows that bitumen extracted from washed and unwashed drill cuttings yield similar 

conclusions. Analyzed data also demonstrates that the same bitumen samples examined at 

3 months intervals are very similar in every sample studied at each interval. From these 
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results, I conclude that the bitumens will be similar as time lapses and the data can be 

replicated as long as the drill cuttings are properly stored in a tight and sealed container 

with water and mud to keep the samples moist. Thus data from stored drilling cuttings 

obtained from recently drilled wells can be incorporated into the geochemical database 

and used in geomodels, reservoir simulation workflows and production allocation studies.  

 

Data from the analysis of bitumens obtained from different depths of a core representing 

an individual oil column from the Peace River area indicate that chemical compositional 

changes in a petroleum reservoir are not only lateral, but also vertical. In the 25 meter 

thick Peace River oil column it is observed that the low viscosity oil (42,000 cP) occupies 

the top of the reservoir, while the viscosity gradually increases (more than 50-fold) to 

2,190,000 cP towards the base of the reservoir at the oil-water contact zone, where 

biodegradation is most active. The API gravity of the oil also decreases from 10 API at 

the top of the reservoir to 6 API towards the oil-water interface. Both viscosity and API 

gravity correlate well with C0-C5 alkylnaphthalenes concentration. C0-C5 

alkylnaphthalenes concentration decreases from 3,500 ppm levels in the bitumen that 

occupies the top of the oil reservoir, to 0 ppm (complete depletion) in bitumen close to 

the oil-water interface at the base of the reservoir. The distillation curves of percent mass 

yield as a function of boiling point obtained by HT-SimDist indicate that the bottom oil, 

having an oil viscosity of 2,190,000 cp and a gravity of 6 API, has a VR fraction of 

around 60 wt.%. In contrast, the top oil, having an oil viscosity of 44,996 cp and a gravity 

of 10 API, has a VR fraction of around 54 wt.%. This suggests a VR fraction difference 

of 6 wt.% from top to bottom oil. These results confirm that petroleum biodegradation 
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can cause large scale variability in the molecular composition of oils at different depths 

within individual oil columns with the most viscous, dense and biodegraded oil being 

located near oil-water contact, where microbial life is most active. Similar observations 

were made by Huang et al. (2003, 2008), Koopmans et al. (1999, 2002), Larter et al. 

(2003, 2006, 2008) and Moldowan and McCaffrey (1995). An understanding of the 

lateral and vertical variability of oil quality in individual reservoirs will assist in optimum 

well placement and enhance thermal and non-thermal recovery methods. 

 

My simulated thermal recovery results indicate that the thermal alteration of bitumen is 

influenced by many factors, such as the chemical composition of the unprocessed 

(original unheated) oil, heating time and temperature with the latter two being the 

dominant control factors for hydrocarbon yields. This is indicated by higher yields with 

longer heating time and dramatically increasing yields occurring at 350°C compared to 

300°C. Results indicate that the chemical composition of the original unheated oil has a 

strong influence on hydrocarbon yield with severely biodegraded Athabasca bitumen 

producing lighter hydrocarbons (n-alkanes and isoprenoid alkanes) in higher yields 

compared to heavily biodegraded Peace River bitumen at both lower (300°C) and higher 

(350°C) temperatures. This will mostly likely result in greater oil viscosity reduction after 

thermal treatment. Total summed n-C9 to n-C36 alkanes concentration increases from 0 

ppm (in both original unheated bitumens) to 42,700 ppm in Peace River and to 44,710 

ppm in Athabasca bitumen after 7 days of simulated thermal recovery. Not only light 

saturated hydrocarbons such as n-alkanes and isoprenoid alkanes are being generated, but 

also light aromatic hydrocarbons such as C0-C2 alkylphenanthrenes, C0-C5 
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alkylnaphthalenes, C0-C1 alkylanthracenes and C0-C1 alkyldibenzothiophenes. 

Anthracenes and methylanthracenes are not typically found in oils unlike the other 

compounds and hence are important reaction proxies. The generation of light 

hydrocarbons, such as n-C9 to n-C39 alkanes, isoprenoid alkanes (pristane and phytane), 

C0-C2 alkylphenanthrenes, C0-C5 alkylnaphthalenes, C0-C1 alkylanthracenes and C0-C1 

alkyldibenzothiophenes, originally not abundant or present at all in original unheated 

bitumens due to removal by biodegradation, is a good indication of new hydrocarbon 

generation. Measuring their abundance is thus a reliable thermal stress indicator during in 

situ thermal processing and hence the progress of thermal alteration. Alkylated hetero-

atomic and multiple-ringed components, such as steranes, terpanes, mono- and 

triaromatic steroid hydrocarbons, originally abundant or present in low quantities in the 

bitumen, are completely or mostly destroyed after ~3 days into other unknown 

intermediate/end products; most likely cracked into smaller low molecular weight 

hydrocarbons and gas (not measured in this study), when thermally altered at 

temperatures of 350°C. In contrast, they stay almost constant for up to 21 days when 

thermally altered at 300°C. The destruction of alkylated hetero-atomic and multiple-

ringed components, such as steranes, terpanes, mono- and triaromatic steroid 

hydrocarbons will be discussed later in this chapter.  

 

HT-SimDist results indicate that the VR and higher-end VGO fractions decrease, whereas 

naphtha, atmospheric distillate and lower-end VGO fractions increase with increasing 

reaction time during my simulated thermal recovery processes. Distillation curves of 

percent mass yield as a function of boiling point obtained by the HT-SimDist method 
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indicate a decrease of 18 wt.% (from the original 55 wt.% to 37 wt.%) in the VR fraction 

for Athabasca bitumen and 15 wt.% (from 52 wt.% to 37 wt.%) for Peace River bitumen 

when thermally altered at 350°C for 7 days. There is a considerable reduction of the VR 

fraction in the Athabasca bitumen with increasing thermal alteration compared to the 

Peace River bitumen. This suggests greater bitumen upgrading for Athabasca bitumen 

relative to the Peace River bitumen and correlates well with Athabasca bitumen 

generating more n-alkanes compared with Peace River bitumen during the experiments. 

Comparing the lower boiling point compounds present in the thermally altered Athabasca 

and Peace River bitumen indicates the presence of 15 wt.% of material with a boiling 

point below 270°C in the Peace River bitumen and below 260°C in the Athabasca 

bitumen thermally altered for 7 days. This also confirms the greater bitumen upgrading 

for Athabasca bitumen. Galarraga (2011) has shown that the increase in distillate 

fractions and decrease in VR fractions (vacuum residue conversion) are indications of oil 

upgrading and that the degree of oil upgrading can be assessed by analyzing vacuum 

residue conversion into distillable fractions; assuming an increasing in oil quality with 

decreasing residue content.  

 

It is known that asphaltene structures are very resistant to biodegradation and rich in 

aromatic rings interconnected through aliphatic chains (Jones et al., 1987; Fowler and 

Brooks, 1987; Strausz et al., 1992; Rubinstein et al., 1979; Igansiak et al., 1977). 

Therefore, I believe that neo-formed saturated (e.g. n-alkanes) and aromatic 

hydrocarbons are most likely derived from the asphaltene fraction, which is also in 

agreement with previous studies (Jones et al., 1987; Fowler and Brooks, 1987; Fowler et 
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al., 1987; Marcano et al., 2011; Xuemin et al., 1987). Additionally, I conclude that the 

generation of n-C9 to n-C36 alkanes and isoprenoid alkanes (pristane and phytane) in 

greater amounts from severely biodegraded Athabasca bitumen compared with heavily 

biodegraded Peace River bitumen when thermally altered at both 300°C and 350°C for up 

to 7 days is most likely attributable to the original unheated Athabasca bitumen having 3 

wt.% more of the VR fraction than original unheated Peace River bitumen. Concentration 

data also suggest that the biodegradation level of original unheated bitumen (Peace River 

and Athabasca bitumen) does not significantly affect the amount of naphthalenes, 

phenanthrenes, anthracenes and their alkylated compounds generated. These compounds 

are not originally present or are present in very low concentrations in original unheated 

heavily and severely biodegraded bitumen. However, they display very similar 

concentrations in heavily and severely biodegraded bitumen pyrolyzates. These results 

indicate that their generation shows little or no influence of the initial oil composition 

during my simulated thermal recovery experiments. Therefore, suggesting the precursor 

pools of these species are likely to be the same (e.g. same source) in both Peace River 

and Athabasca bitumens. These neo-generated compound groups, which appear to be 

generated independently from the initial oil composition, also offer the potential to act as 

reaction proxies to monitor the extent of thermal alteration of heavy oil and bitumen (e.g. 

bitumen upgrading) during thermal recovery processes such as CSS and SAGD. 

Modelling and monitoring the thermal history of the thermal reaction zone (reservoir) 

may be achieved by developing kinetic models for these produced compounds through 

the analysis of produced oil composition. Ultimately, these reactions proxies can be 

included into reservoir simulation models to obtain more precise results. 
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To simulate CSS processes, Peace River oil sands from the Western Canada Sedimentary 

Basin were thermally altered in stainless steel tubes for periods at temperatures of 300ºC 

for up to 21 days. Compared to simulated thermal recovery experiments conducted at 

350°C for 7 days, that generated 42,700 ppm of n-C9 to n-C36 alkanes, laboratory 

experiments at 300°C do not generate n-alkanes in significant amounts, even if the 

reaction is longer, such as 21 days. Total summed n-C9 to n-C36 alkanes concentration in 

Peace River bitumen increases from 0 to only 8,000 ppm after 21 days of simulated 

thermal recovery. It likely requires months or even years to generate light hydrocarbons 

such as n-C9 to n-C36 alkanes in significant amounts at lower temperatures (300°C) of 

thermal alteration. Boiling point curves and the chromatograms obtained by HT-SimDist 

method for original unheated Peace River bitumen and its products thermally altered at 

temperatures of 300°C for up to 21 days indicate that the VR fraction decreases from the 

52 wt.% in the original unheated Peace River bitumen to 44 wt.% in the thermally altered 

Peace River bitumen. This corresponds to a decrease of only 8 wt.% in the VR fraction. 

The boiling point curves also indicate the presence of 15 wt.% of material with a boiling 

point lower than 330°C in the Peace River bitumen thermally altered at 300°C for up to 

21 days, whereas 15 wt.% of the pyrolyzate in the Peace River bitumen thermally altered 

at 350°C for up to only 7 days have a boiling point below 270°C. From these findings, I 

conclude that the effect of temperature on bitumen upgrading is significant with higher 

temperatures (350°C) giving rise to lighter hydrocarbons in much greater amounts 

compared to lower temperatures (300°C). 
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To simulate contact metamorphism conditions where organic matter or crude oil is 

gradually heated next to igneous intrusions (e.g. dike, sill) and to identify the heating 

temperature required for significant cracking reactions to commence, thereby discover 

the threshold for significant heavy hydrocarbon cracking and light hydrocarbon 

generation during thermal recovery processes of heavy oil and bitumen in sedimentary 

situations, Peace River bitumen was thermally altered from 300°C to 350°C at a heating 

rate of 10°C/day for the first five days and maintained a temperature of 350°C constant 

for two more days until the end of the seven-day study. Concentration data indicate that 

the light hydrocarbons increase and heavy hydrocarbons decrease significantly when 

temperatures of around 320-330°C are reached. At that temperature range, most 

geochemical reaction proxies, depending on the reaction proxy used, start to increase or 

decrease significantly as well. From these findings, it is concluded that without the 

involvement of catalysts, temperatures of at least around 320-330°C are required to 

achieve significant initiation of chemical reactions that will cause a reduction of oil 

viscosity during thermal processes. No significant chemical reactions or light 

hydrocarbon generation will occur at 300°C within a residence time of 3 weeks. These 

results suggest that additional bitumen upgrading can be accomplished if SAGD and CSS 

processes that currently operate at ≤300°C can change their operating practices to 

temperatures of around 320-330°C, as long as cap rock integrity is maintained. 

 

Simulated thermal recovery experiments were carried out with three different scenarios 

of water amounts (e.g. no water, 0.5 ml of water and 3 ml of water) to identify 

geochemical proxies to monitor steam chamber growth (e.g. location of steam chamber 
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boundary) during SAGD processes (Fig. 5.75) by analyzing oil or bitumen extracted from 

varying depths of a core and to understand the effect of the amount of water during 

thermal treatment on the level of bitumen alteration. The results have shown that the 

amount of water in the reaction tubes during thermal recovery processes does not 

significantly influence the thermal alteration of oil as long as the water in the system is 

mostly in the vapor phase. N-alkanes, the main light hydrocarbons generated during 

thermal alteration at higher temperatures of 350°C, show a significant decrease when the 

water in the reaction system is mostly present in liquid phase, which is the case in those 

experiments with 3 ml of water in the reaction tubes. Total summed n-C9 to n-C36 alkanes 

concentration increases from 0 ppm to 214,300 ppm, to 181,500 ppm and to 115,400 ppm 

when Peace River bitumen is thermally altered at 350°C for up to 21 days with no water, 

0.5 ml of water and 3.0 ml of water respectively. In contrast, when simulated thermal 

recovery experiments were conducted at temperatures of 350°C for up to 21 days, 

distillation curves of percent mass yield as a function of boiling point obtained by HT-

SimDist method indicate that the VR fraction decreased from the original 52 wt.% 

(original unheated Peace River bitumen) to 37 wt.% with no water, to 28 wt.% with 0.5 

ml of water and to 23 wt.% with 3.0 ml of water. This indicates a negative correlation 

between the level of VR and the amount of water present in the reaction tubes. At this 

stage, it is hypothesized that the amount of gases, as opposed to n-alkanes, increases with 

the amount of water increasing in the reaction tubes. This is most likely due to the 

excessive liquid water (source of hydrogen) present in the reaction tubes. The lower n-

alkanes formation with the addition of water might be explained with free radical reaction 

mechanism (Huang et al., 1974), where carbon-carbon bonds of alkanes are broken via 
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cracking reactions to generate alkyl radicals. The presence of water in the reaction system 

might help quench free radicals. This inhibits the combination of alkyl radicals and 

available hydrogen to form smaller molecular weight alkanes, resulting in greater 

amounts of gases formation. However, this has not been proven. Also, concentration data 

indicate that the destruction of diasteranes, steranes, hopanes, mono- and triaromatic 

steroid hydrocarbons and the generation of naphthalenes, phenanthrenes, anthracenes and 

their alkylated compounds show little or no influence with the amount of water present in 

the reaction tubes. Hence, there were similar concentrations of these compounds in 

pyrolyzates thermally altered with no water, 0.5 ml of water and 3.0 ml of water. Based 

on these findings, two ratios; total summed n-C9 to n-C17 alkanes over anthracene 

concentration and total summed n-C9 to n-C17 alkanes over total summed C0-C2 

alkylphenanthrenes concentrations, have been identified as potential proxies to monitor 

steam chamber growth during SAGD processes by analyzing oil or bitumen extracted 

from varying depths of a core. Zero and close to zero values in the ratios might imply 

outside steam chamber conditions due to the absence of n-C9 to n-C17 alkanes and 

anthracenes in original unheated Peace River bitumen. Low values in the ratios might 

imply steam chamber boundary or close to steam chamber boundary conditions, where 

liquid vapour is in contact with the oil sands and generates less n-C9 to n-C17 alkanes 

relative to inside steam chamber conditions due to the presence of liquid water at the 

steam chamber boundary. High values in the ratios might imply inside steam chamber 

conditions due to the presence of high amounts of n-C9 to n-C17 alkanes that are derived 

most likely from the asphaltene fraction through cracking reactions.   
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A series of simulated thermal recovery experiments were conducted at temperatures of 

300°C and 350°C for up to 7 and 21 days, respectively, to identify geochemical reaction 

proxies (parameters), effective at different biodegradation levels, to remotely monitor in 

situ reactions in the subsurface oil and to assess the extent of thermal alteration of heavy 

oil and bitumen, and thus bitumen upgrading, using produced oil compositions during 

thermal recovery processes such as CSS and SAGD that use oxygen, steam and/or 

catalysts to deliver the heat needed into subsurface. Several reactions, such as side-chain 

cracking (e.g. break of large molecules into smaller molecules), aromatization (e.g. 

formation of aromatic rings) and isomerization (e.g. rearrangement of atoms in 

molecules), that occur during source rock maturation in petroleum systems due to 

increasing thermal stress form the basis of molecular maturity parameters. Conducted 

experiments demonstrate that geochemical reaction parameters, such as thermal maturity 

parameters, can act as reaction proxies to remotely monitor in situ chemical reactions 

encountered in the subsurface oil and thus can assess the extent of bitumen upgrading by 

using produced oil compositions during thermal recovery processes for optimizing 

thermal recovery. However, it can be concluded that, in all classical reaction proxies, the 

presumed precursor-product relationship does not hold and is it actually the destruction of 

compounds at different rates that is really being measured.  

 

The molecular parameters, TA(I)/TA(I+II) and MA(I)/MA(I+II), routinely applied in 

petroleum source rocks to measure the level of maturity, are attributed to a simple 

conversion of the precursor to product “TA(II) to TA(I) and MA(II) to MA(I)” through 

side-chain cracking reactions. Concentration data indicate that there is a significant 
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decrease in long chain C26-C28 TAS and C27-C29 MAS hydrocarbon concentrations with 

increasing reaction time that is not accompanied by a concomitant increase in short chain 

C20-C21 TAS and C21-C22 MAS hydrocarbons, respectively. In contrast, concentrations of 

short-chain C20-C21 TAS and C21-C22 MAS hydrocarbons first increase slightly and then 

decrease with temperature or time. This confirms that there is not a direct and 

proportionate relationship between the long chain and short chain TAS and MAS 

hydrocarbons. The slight increase of short-chain C20-C21 TAS and C21-C22 MAS 

hydrocarbons could imply minor production from long-chain C26-C28 TAS and C27-C28 

MAS hydrocarbons, respectively. These results would also suggest that the long-chain 

C26-C28 TAS hydrocarbons are converted or cracked into other unknown 

intermediates/end products; most likely smaller molecular weight hydrocarbons. It is 

obvious that the TA(I)/TA(I+II) and MA(I)/MA(I+II) presumed side-chain cracking 

proxies are not controlled by the interrelation of short-chain and long-chain components 

and appear to be mainly a function of preferential destruction (net loss) of long-chain 

C26-C28 TAS and C27-C29 MAS hydrocarbons compared with short-chain C20-C21 TAS 

and C21-C22 MAS hydrocarbons, respectively, at higher temperatures (350°C) of 

simulated thermal recovery. In comparison, at lower temperatures (300°C), short-chain 

C20-C21 TAS and C21-C22 MAS hydrocarbons are relatively stable and show little or no 

significant changes, whereas long-chain TAS and MAS hydrocarbons concentration 

decrease at slower rates. Although, these side-chain cracking proxies are controlled by 

the preferential destruction of the thermally less stable component, instead of an 

interrelation of short-chain and long-chain components, concentration data, VR fraction 
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and the presumed side-chain cracking reaction proxies show a strong correlation with the 

direction of thermal stress. From these findings, it is concluded that these geochemical 

parameters may serve as reaction proxies to assess the extent of thermal alteration of 

heavy oil and bitumen, and thus bitumen upgrading, using produced oil composition 

during thermal recovery processes. However, they can only serve until the time when one 

of the components is destroyed and depleted completely.  

 

The maturation proxy measured by the TAS/(TAS+MAS) ratio increases with the 

direction of thermal stress and is attributed to a simple conversion of the precursor to 

product (MAS to TAS hydrocarbon) through aromatization reactions (Mackenzie, 1984; 

Palacas et al., 1986; Peters and Moldowan, 1993; Peters et al., 2005). A steady increase 

in the aromatization reaction proxy might imply that MAS hydrocarbons were 

transformed into TAS hydrocarbons. However, quantitative data from my simulated 

thermal recovery experiments with Peace River and Athabasca bitumen indicate that both 

compound groups decrease with increasing thermal stress, with the thermally less stable 

MAS hydrocarbons degrading at much faster rates than the more thermally stable TAS 

hydrocarbons. These results can be interpreted to indicate that the presumed 

TAS/(TAS+MAS) aromatization reaction is not a simple straight-forward conversion 

from MAS hydrocarbons to TAS hydrocarbons. Rather, it is controlled by the preferential 

destruction of the compounds, with MAS hydrocarbons being cracked at a much faster 

rate than TAS hydrocarbons. These results are in agreement with similar heating 

experiments that were carried out previously (Bennett et al., 2008; Marcano et al., 2009, 

2010, 2011). However, concentration data, VR fraction and the presumed 
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TAS/(TAS+MAS) aromatization reaction proxy show a strong correlation with the 

direction of thermal stress. This suggests it may be used as a reaction proxy to assess the 

extent of thermal alteration, and thus bitumen upgrading of heavy oil and bitumen using 

produced oil composition during thermal recovery processes. 

 

The maturation proxy measured by the Ts/(Ts+Tm) ratio increases with the direction of 

thermal stress and is attributed to a simple conversion of the precursor to product (Tm to 

Ts) through isomerization reactions (van Graas, 1990; Mackenzie, 1984; Palacas et al., 

1986; Peters and Moldowan, 1993; Peters et al., 2005; Mackenzie et al., 1980; Seifert 

and Moldowan, 1978, 1980; Waples and Machihara, 1990; Waseda and Nishita, 1998). 

During my experiments, the Ts/(Ts+Tm) ratio increases with increasing reaction time, 

whereas it stays almost unchanged at temperatures at 300ºC. The decrease in Tm 

concentration is not accompanied by a concomitant increase in Ts concentration which 

verifies there is not a direct and proportionate relationship between the Ts and Tm 

hydrocarbons. These results would also suggest that the Ts and Tm hydrocarbons are 

destroyed into other unknown intermediates/end products; most likely cracked into lower 

molecular weight hydrocarbons. It is obvious that the Ts/(Ts+Tm) presumed 

isomerization reaction proxy is not controlled by the interrelation of Ts and Tm 

components and appears to be mainly a function of preferential destruction (net loss) of 

thermally labile Tm compared with thermally stable Ts hydrocarbons. However, 

concentration data, VR fraction and the Ts/(Ts+Tm) presumed isomerization proxy show 

a strong correlation with the direction of thermal stress. From these findings, it is 

concluded that the ratio, although not controlled though isomerization reactions, still may 
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be used as a reaction proxy to assess the extent of thermal alteration of heavy oil and 

bitumen, and thus bitumen upgrading by using produced oil composition during thermal 

recovery processes. 

 

Several other reaction proxies of saturated and aromatic hydrocarbons, such as 

naphthalenes, phenanthrenes, dibenzothiophenes, terpanes, steranes and diasteranes, that 

are composed of isomers or compounds with different thermal stabilities have also been 

established and proposed as reaction proxies. These reaction proxies appear to be 

controlled by neoformational generative process or by the preferential destruction of the 

compounds during my experiments. However, results reveal that these proposed reaction 

proxies, concentration data and VR fraction show a strong correlation with the direction 

of thermal stress, suggesting reaction proxies based on these compounds may also be 

employed to remotely monitor and assess the extent of thermal alteration of heavy oil and 

bitumen, and thus bitumen upgrading by using produced oil composition during thermal 

recovery processes such as CSS and SAGD. Reaction proxies that are controlled by 

neoformational generative process are especially useful due to their continuous formation 

and presence of the compounds throughout the thermal processes.  

 

In my studies, I used two naturally existing compounds, dibenzothiophene, a sulfur 

bearing compound, and phenanthrene, to investigate the influence of the chemical 

environment on the release of sulfur and non-sulfur bearing aromatic products during 

simulated thermal recovery experiments. It was observed that both dibenzothiophene and 

phenanthrene concentrations show an increase with increasing reaction time at 
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temperatures of 350°C due to neo-generation, with dibenzothiophenes being produced in 

greater amounts. In comparison, at temperatures of 300°C, phenanthrenes production is 

very low, while dibenzothiophenes are still being generated in significant amounts. It is 

suggested that dibenzothiophene precursors may be more weakly attached into the 

resin/asphaltene fractions through weaker sulfur bearing bonds compared to 

phenanthrene precursors that may be cleaved through C-C bond thermal cracking, thus 

releasing (generating) dibenzothiophenes at higher rates compared to phenanthrene. It is 

hypothesized that this relates to weak C-S bonds being involved in dibenzothiophene 

linkage to resin/asphaltene structures, releasing dibenzothiophenes at higher rates 

compared to phenanthrenes during thermal alteration of the oil. However, concentration 

data, VR fraction and the developed dibenzothiophene/ 

(dibenzothiophene+phenanthrene) ratio show a strong correlation with the direction of 

thermal stress (alteration). From these findings, I conclude that this parameter may be 

used to determine whether bitumen upgrading is operating in the underground reservoir 

by monitoring produced oil molecular composition during thermal recovery of bitumen at 

temperatures of both 300°C and 350°C. This proxy may also be sensitive at lower 

temperatures such as 250°C and even 200°C.  

 

The proposed geochemical reaction proxies to (a) remotely monitor in situ reactions to 

assess the extent of bitumen upgrading during thermal recovery processes of heavy oil 

and bitumen and (b) remotely monitor steam chamber growth during SAGD processes 

are as below: 
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 Reaction proxies controlled by preferential destruction of the individual compounds: 

o MA(I)/MA(I+ II) and TA(I)/TA(I+ II) 

o TAS/(TAS+MAS) 

o Ts/(Ts+ Tm) 

o C27 MAS/(C27-C29 MAS) and C28 MAS/(C27-C29 MAS) 

o C23-C26 tricyclic terpanes/(C23- C26 tricyclic terpanes+ 17α(H)-hopane) 

o Ts (C27 18α-trisnorhopane)/(Ts+ 17α(H)-hopane) 

o C29 Ts/(C29 Ts + C29 17α(H)-norhopane) and C30 17α(H)-hopane/  

      (C29 Ts+ C30 17α(H)-hopane) 

o Diasteranes/ (diasteranes+ steranes) 

 

 Reaction proxies controlled by neoformational generative process 

o MDBT/(4- +1-MDBT) 

o C0-C2 phenanthrene ratios: (2-MP+ 3-MP)/(1-MP+ 9-MP), 2-MP/3-MP, P/(3-

MP+2-MP+1+MP+9-MP), 1.5*(3-MP+2-MP)/(P+1-MP+9-MP), (3,5-, 2,6-, 

2,7-DMP)/ (1,3-, 3,9-, 2,10-, 3,10-, 2,5-, 2,9-, and 1,6-DMP),  

o n-C17/(pristane+ n-C17) and n-C18/(phytane+ n-C18) 

o Dibenzothiophene/(phenanthrene+dibenzothiophene) 

o C0-C5 naphthalene ratios: 2-MN/1-MN, 2-EN/1-EN, (2,6- DMN+ 2,7-

DMN/1,5-DMN), [(1, 3, 6, 7- + 2, 3, 6, 7-TeMN)/(1,2,3,7-TeMN+ 1,2,3,6-

TeMN+ 1,2,5,6-TeMN+ 1,3,6,7-TeMN+ 2,3,6,7-TeMN)] 

 



 

 

399

 Steam chamber growth observation proxies during SAGD processes 

o   (N-C9 to n-C17 alkanes)/anthracenes 

o   (N-C9 to n-C17 alkanes)/total summed C0-C2 alkylphenanthrenes 

 

As a conclusion, the study conducted with drilling cuttings has significant implications 

on optimizing both non-thermal and thermal recovery processes such as (a) locating and 

perforating sweet spots by analyzing bitumen obtained from drill cuttings on horizontal 

wells and (b) allocating oil production by comparing produced oil composition and 

bitumen obtained from drill cuttings and targeting unproductive zones. The simulated 

thermal recovery study has also significant implications on enhanced oil recoveries such 

as (a) remotely monitoring in situ chemical reactions during thermal recovery processes 

and assessing the extent of thermal alteration of heavy oil and bitumen (e.g. bitumen 

upgrading) using produced oil composition, (b) remotely monitoring steam chamber 

growth during SAGD processes and (c) optimizing thermal recovery operating conditions 

such as temperature, reaction time and steam quality. SAGD and CSS are the main 

thermal recovery processes employed in the petroleum industry to extract heavy oil and 

bitumen, where they utilize steam or both steam and gas to lower the viscosity of 

bitumen, which increases ultimately oil productivity. Large volumes of steam and 

treatment facilities are required to sustain enhanced oil production. However, large 

amounts of natural gas are consumed to maintain steam generation and increased steam 

quality. This not only decreases the profitability of thermal operations, but also leads to 

higher CO2 emissions and thereby has a negative impact on the environment. The oil 

industry is in a constant search for higher profit margins and minimal negative impact to 



 

 

400

the environment, which can be achieved by having higher oil production for the same 

level of steam consumption; essentially lowering steam oil ratio (SOR). By analyzing oil 

fluid composition prior to the thermal recovery process and comparing it with produced 

oil molecular composition or bitumen extracted from post-steam cores, oil composition 

variations (e.g. light hydrocarbon generation, heavy hydrocarbon depletion), and thus 

bitumen upgrading may be tracked and the growth of steam chamber in SAGD and CSS 

operations may be remotely monitored effectively. This may assist reduce energy input 

and greenhouse gas emissions. Also, by analyzing molecular compounds in bitumen 

extracted from post-steam cores obtained from the thermal reaction zone and comparing 

it to the juvenile bitumen (original unheated bitumen), possible reservoir 

compartmentalization and the extent of lateral inter-bedded shale beds in reservoirs may 

be identified. Consequently, well placement and perforation (both vertical and horizontal) 

may be optimized. It is evident that the field application of this work will enable 

companies to alter their operating practices (e.g. optimize steam injection temperature 

and time) to increase recovery of a better grade of bitumen than was previously possible.  
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7.2 Recommendations for Future Work 

 
Hydrous pyrolysis experiments may not mimic reservoir conditions. It is known that many 

factors contribute the thermal alteration of heavy oil and bitumen during thermal recovery 

processes. Some of the factors that were not investigated during this study include the 

effect of mineral matrix and type of water (e.g. fresh vs. saline) on the rate of compound 

generation. It is recommended to assess the extent of thermal alteration of heavy oil and 

bitumen by carrying out simulated thermal recovery experiments that take these factors 

into consideration. 

 

In ideal reservoir conditions, water, oil and gas co-exist. The recovery of water and gas 

was not possible in my simulated thermal recovery experiments. It is recommended to 

carry out experiments and recover all three phases (e.g. oil, water and gas) to perform 

accurate mass balance calculations. Therefore, an experimental design considering these 

issues is highly recommended. 

 

This study has shown that lower temperatures (300°C) do not generate significant 

amounts of light saturated and aromatic hydrocarbons. Some of the current thermal 

recovery processes such as SAGD have been operating at bottomhole temperature ranges 

between 180°C and 300°C and fluid residence times of up to ~2 months. Therefore, it is 

recommended to carry out simulated thermal recovery experiments at lower temperatures 

(<300°C) for longer periods (>2 months). Also, employing different kind of catalysts 
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during these experiments is highly recommended to investigate the degree of bitumen 

upgrading. 

 

Generation of light hydrocarbons (saturated and aromatic) increases with increasing 

reaction time at temperatures of 350°C during my simulated thermal recovery 

experiments. It is recommended to run the experiments for much longer periods (>21 

days) to investigate in more detail the behaviour of light saturated and aromatic 

hydrocarbons. It is anticipated that after a certain period of time, resins and asphaltenes 

that contribute to the formation of light hydrocarbons (e.g. source for light hydrocarbons) 

should be depleted in bitumen, and thus light hydrocarbons production should cease. 

They should start to decrease due to their cracking into other intermediate/ end products, 

most likely into smaller molecular weight hydrocarbons and/or gas. Identifying the 

optimum reaction time (e.g. maximum amount of light hydrocarbons concentration) 

would enable the optimization of the production strategy while achieving maximum 

degree of bitumen upgrading.  

 

Over 100 simulated thermal recovery experiments were conducted but unfortunately 

many of them failed due to leaks in the reaction tubes. There was not enough bitumen 

extracted from the experiments to run viscosity measurements on. It is highly 

recommended to carry out heating experiments with higher amounts of oil sands and take 

viscosity measurements during the study of those experiments. 
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COMPOUNDS USED IN THE DEVELOPMENT OF GEOCHEMICAL PROXIES 

TO MONITOR IN SITU CHEMICAL REACTIONS 

 

N-alkanes and Isoprenoid alkanes 

 

   

 

 

Naphthalenes 

       

 

 

 

     

 

 

2,3,6 -Trimethylnaphthalene 

1,3,5 -Trimethylnaphthalene 1,4,6 -Trimethylnaphthalene 

1,3,7 -Trimethylnaphthalene 2,3,6 -Trimethylnaphthalene 

n-alkanes (C9- C36) 

Isoprenoid alkanes (pristane and phytane)
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Phenanthrenes 

     

 

 

        

1,3,5 -Trimethylnaphthalene 1,4,6 -Trimethylnaphthalene 

1,3,6,7-Tetramethylnaphthalene 1,2,5,6-Tetramethylnaphthalene 1,2,3,5-Tetramethylnaphthalene 

2 -Methylphenanthrene 9 -Methylphenanthrene 1 -Methylphenanthrene 

3 -Methylphenanthrene Phenanthrene 

1,2,4,6,7- Pentamethylnaphthalene 1,2,3,5,6- Pentamethylnaphthalene 
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2 -Methylphenanthrene 

2,6 -Dimethylphenanthrene 2,7 -Dimethylphenanthrene 3,5 -Dimethylphenanthrene 

1,3 -Dimethylphenanthrene 1,6 -Dimethylphenanthrene 2,5 -Dimethylphenanthrene 

2,9 -Dimethylphenanthrene 2,10 -Dimethylphenanthrene 3,9 -Dimethylphenanthrene 

2,10 -Dimethylphenanthrene 

9 -Methylphenanthrene 
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Methyldibenzothiophenes (MDBT) 

S   S      

S

  

   

 

S

    
S

     

 

 

S

    
S

     

 

 

 

Sterane and Diasterane Compounds 

     

 

 

1 -Methyldibenzothiophene 4 -Methyldibenzothiophene 

2,4 -Dimethyldibenzothiophene 4,6 -Dimethyldibenzothiophene 

1,4 -Dimethyldibenzothiophene 2,4 -Dimethyldibenzothiophene 

Sterane Diasterane

Dibenzothiophene 
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Tricyclic Terpane and Hopanes 

 

     

 

 

 

      

 

 

 

Monoaromatic (MA) and Triaromatic (TA) Hydrocarbons 

     

 

         

17α (H)-Hopane Tricyclic Terpane 

18α (H)- 22, 29, 30- trisnorneohopane- (Ts) 17α(H)- 22, 29, 30-trisnorhopane- (Tm) 

Monoaromatic Steroid-I Monoaromatic Steroid-II 

Triaromatic Steroid -I Trioaromatic Steroid -II 
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