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ABSTRACT 


The objective of this thesis was to investigate the relationship between reservoir 

properties and petroleum composition in the Athabasca Oil Sands reservoir, and to develop 

concepts for predicting and mapping petroleum properties in different parts of the reservoir. 

To achieve this said objective, several disciplines including geochemistry and sedimentology 

have been integrated. Interpretation of the geochemical results within a geological framework 

allowed an assessment of the impact of sedimentary and other geological features upon the 

bitumen composition and for interpreting reservoir charging and in-reservoir fluid mixing.   

The major conclusions are documented in five consecutive papers:  

1) The downstream translation of tidally influenced meandering river bends was a 

dominant process during the deposition of the McMurray Formation, and that this 

process is responsible for creating a labyrinth of large scale reservoir and non-

reservoir depositional elements that form a complex, but predictable and mappable 

network of reservoir compartments.  

2) The reservoir is compartmentalized by sedimentary features (mud plugs), which has 

resulted in charging via the “fill and spill” mechanism along the network of reservoirs 

leading to the most mature oil encountered in compartments closer to the source and 

the least mature oil accumulating in compartments further from the source.  

3) The stratigraphic dip analysis technique can be applied as a powerful tool for 

mapping the lateral extent of individual point bar deposits as well as for predicting the 

reservoir quality. 
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4)	 The bitumen in the Athabasca Oil Sands Deposit is heterogeneous due to varying 

levels of biodegradation. Qualitative and quantitative analysis of bitumen molecular 

composition demonstrates that each reservoir compartment behaves as an 

independent bioreactor; that the viscosity of bitumen residing at the base of an oil 

column may be an order of magnitude higher than the bitumen located higher up in 

the reservoir; that bitumen is more degraded within more porous and permeable strata 

than within the comparable interbedded sand shale sequences, and that bitumen 

biodegradation is intensified in high water saturated zones within the petroleum 

column.  

5)	 Significant, but systematic and mappable bitumen compositional variations can be 

used as a predictive tool for differentiating between barriers and baffles prior to the 

reservoir developments as well as for production allocation purposes in SAGD 

developments.  

The overall conclusion of this thesis is that thorough knowledge concerning reservoir 

heterogeneity and its impact on reservoir charging, in-reservoir mixing and biodegradation 

processes is necessary to develop an understanding of the bitumen physical and chemical 

property variations in the reservoir and vice versa that geochemical data analyzed in the 

geological context can be used as a powerful tool for deciphering many geological dilemmas 

that impact the recovery of the resource such as reservoir planning and production 

optimization. 
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PREFACE 

This thesis entitled “Geological Controls on Reservoir and Bitumen Heterogeneity in 

Athabasca Oil Sands” consists of five core and seven supplement articles. From the core part 

of the thesis one article is published, one is under the review for inclusion in a special volume 

dedicated to the geology of the Athabasca oil sands deposits, and three will shortly be 

submitted to international journals.  

Seven papers are given as a supplement material. Four of them are published in peer 

reviewed journals and three as extended abstracts. In peer reviewed papers I was not the 

primary researcher and thus I am cited as a co-author. In two out of three extended abstracts I 

was the primary researcher.  

While working on thesis I did numerous oral and poster presentation at national and 

international venues, including the Hedberg Research Conference (Banff, 2007), AAPG 

International Meeting (Athens, 2007, Cape Town, 2008), and annual CSPG Conferences 

(Calgary, 2006, 2007, 2008, 2009) which are published as abstracts. List of all authored and 

co-authored presentations with links to abstracts is given at the end of the preface, following 

the list of the papers included in thesis. 

Paper I deals with debatable origin of predominantly northward dipping depositional 

dips of the middle McMurray Formation. Using data from outcrop and subsurface studies as 

well modern depositional analogs results suggests that dip orientation is inherited from the 
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downstream translating meandering river deposits.  Additionally, this interpretation suggests 

that middle McMurray Formation is comprised of a labyrinth of different architectural 

elements that form a complex network of reservoir and non-reservoir facies, described as 

lateral compartmentalization.  

Paper II using depositional framework (lateral compartmentalization) described in the 

Paper I, and geochemical thermal maturity parameters measured in wells from different 

geographic areas and from different reservoir compartments provides new insights about the 

reservoir charging and petroleum entrapment processes in McMurray Formation. Since the 

concept presented in this paper does not fit in any of the stratigraphic petroleum entrapment 

classifications, and is likely applicable for a number of similar deposits worldwide, the paper 

proposes a need for revising the existing classifications. 

Paper III based on depositional framework described in the Paper 1, and using dipmeter 

data from densely drilled wells, this paper proposes stratigraphic dip analysis as a new 

method for modeling the extend of the point bar deposits as well as for predicting bitumen 

grade as a function of predictable reservoir quality.   

Paper IV integrating depositional framework of reservoir and non-reservoir facies, 

petrophysical analysis and high resolution geochemical results this paper explains the impact 

of oil-water contacts, reservoir (dis)continuity, and reservoir characteristics on spatial 

distribution of water, gas, and high-water – low-bitumen saturated zones as well as 

variability of bitumen properties in Athabasca oil sands deposits. The paper concludes that 
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the dynamic reservoir conditions have controlled not only the reservoir charging history as 

described in Paper II, but also the intensity of the anaerobic biodegradation in space and 

time, suggesting that each reservoir compartment behaved as an independent bio-reactor.  

Paper V Integrating depositional framework and high resolution GCMS results this 

paper demonstrates that geochemistry may be used as a powerful tool for distinguishing 

between barriers and baffles in oil sands reservoir developments. 

Supplement papers 

Paper VI integrates numerous geosciences including sedimentology, palinology, 

ichnology, petrology and petrophysics as well as organic geochemistry to describe the 

heterogeneity of the McMurray Formation reservoirs and bitumen composition. The paper 

mostly deals and provides a background information about the origin of vertical 

compositional gradients of petroleum in the McMurray Formation.  

Paper VII in addition to vertical compositional gradients in continuous petroleum 

column this paper documents the effects of vertical compartmentalization on the bitumen 

heterogeneity in McMurray Formation reservoirs  

Paper VIII demonstrates that the 25-Norhopanes are formed during biodegradation of 

petroleum in the Athabasca oil sands deposit. In addition to collected samples to this study, I 

have provided geological background information.  
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Paper IX deals with methods for recovery of microorganisms and intact polar lipids 

from the McMurray Formation. In addition to assisting in collecting samples in the field I 

have provided geological background information for this study. 

Paper X deals with numerical simulation for using produced oil samples analysis to 

monitor SAGD performance in the Athabasca oil sands deposits. For this paper I have 

prepared background geological information and review on biodegradation concept.  

Paper XI for the first time in scientific literature documents the preservation of the 

counter point bar deposits in the ancient rock record. Study includes modern analog deposits. 

I have recognized and mapped this depositional element in McMurray subsurface and was 

involved in filed study in the Peace- Athabasca delta. The presence of that element is 

diagnostic to downstream translation processes discussed in Paper I.  

Paper XII demonstrates application of reservoir geochemistry principles for production 

allocation purposes in Athabasca oil sands deposits.  
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Summary 

The work reported in this thesis attempts to integrate sedimentological and 

geochemical principles and tools to improve understanding of the reservoir and bitumen 

heterogeneities in the Athabasca Oil Sands Deposit, Alberta, Canada. The focus of the 

research was on the investigation of controls on reservoir and bitumen properties on a 

reservoir development scale. Results shows that an integrated approach allows for predicting 

and mapping reservoir and bitumen properties between drilled holes and that geochemical 

interpretation can be used as an aid for planning and optimizing oil sands InSitu and mining 

recovery processes. 

In this thesis, the interpretation of the depositional processes is based on the dip 

orientation of IHS (inclined heterolithic strata, cf. Thomas et al., 1987) across the basin. IHS 

dip orientation data are interpreted using seismic geomorphology from two oil sands 

properties as well as from datasets collected from published literature dealing with outcrop 

and subsurface studies. This part of the study concluded that the predominant depositional 

processes during the middle McMurray time were downstream translation of meandering 

river bends and their associated sediments. The most common products of these processes are 

a range of large scale depositional elements including downstream translating, asymmetric, 

counter and laterally accreting point bar deposits as well as mud filled abandoned channel fill 

(AC-fill) deposits. Although AC-fill deposits range in shape and size, these deposits 

frequently fully envelop the reservoir facies inside them forming lateral compartmental seals 

or baffles. The thickness of reservoir compartments, enveloped by AC-fill deposits, 
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commonly exceeds 30 meters and their lateral extent commonly exceeds several kilometers. 

For development areas without high-resolution seismic data, a novel approach of 

stratigraphic dip analysis has been proposed for mapping the extent of point bar and AC-fill 

deposits. Stratigraphic dip analysis was also successfully tested for predicting the bitumen 

grade between drilled locations, confirming earlier suggestions (Wightman and Pemberton, 

1997) that the reservoir quality and thus the bitumen grade decreases with the maturity of the 

point bar. 

The study includes geochemical analysis of bitumens from a suite of more than 200 

samples collected from a dozen wells from both the Southern and the Northern Athabasca 

regions. Samples collected from the southern Athabasca region are from depth of more than 

200 meters and samples collected from the northern Athabasca region are virtually from the 

surface to up to a maximum of around 100 meters depth. Studied wells and high-resolution 

geochemical sampling were carefully planned to allow for investigating the impact of a range 

of reservoir configurations (bitumen, oil, gas, and water stacked in various orders) on 

bitumen heterogeneity. Case studies includes the impact of different lithofacies; continuous 

and discontinuous petroleum columns (vertical compartmentalization); absence and presence 

of basal water; contacts with top water, top gas, glacial deposits, high water saturation zones, 

etc. In addition to studying geological controls on bitumen heterogeneity along the individual 

vertical well profiles, detailed geological cross-sections and plan view slice maps were 

created to allow for comparing geochemical data laterally between drilled wells including 

wells from different lateral compartments (defined in the first part of the study). All 

geochemical data were analyzed in geological context first for each well (1D), and within 
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each study area (2D and 3D). Geochemical data were also used to interpret reservoir 

charging history and the effects of petroleum biodegradation in space and time (4D).  

Reservoir charging history was interpreted using molecular maturity indicators such as the 

ratio of triaromatic and monoaromatic steroids. The results obtained demonstrate that at least 

in some areas, the  reservoir was charged via fill and spill between lateral compartments, a 

concept previously employed for structural traps in tilted basins only (e.g. Gussow, 1954). 

Fill and spill charging is evident from the differential entrapment of oils with different 

maturities. Specifically, the least mature petroleum is encountered in compartments further 

from the source and more mature oil in compartments more proximal to the source rock. The 

documented differences were obvious even among neighboring compartments (separated by 

400 m. wide mud plug). This finding is important for understanding and re-interpreting the 

origin of previously documented apparently sharp lateral bitumen zero edge (the term 

commonly used to define the regional lateral oil-contact in the McMurray Formation), as 

well as for employing the same entrapment principles for other reservoirs hosted by 

meandering river deposits worldwide.   

Results of qualitative and quantitative bitumen molecular composition analysis of 

both the saturated and aromatic fractions of bitumen clearly confirms that the present day 

composition of the bitumen is primarily controlled by different levels of crude oil 

biodegradation. Overall, biodegradation is severe, showing the complete removal of light end 

compounds including n-alkanes and isoprenoids, but preserving intact triaromatic and 

monoaromatic steroids. According to the Peters and Moldowan’s biodegradation scale 

(Peters and Moldowan, 1993), biodegradation is assessed to range from 5 to 9 in my studies. 
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Thus, the variation of biodegradation intensity along the petroleum column is commonly 

assessed using concentrations of sterane, diasterane, and tricyclic and pentacyclic terpanes 

from the saturated fraction and methylnaphthalenes and methylphenanthrenes from the 

aromatic fraction. Molecular compositional analysis of these compounds typically shows 

vertical compositional gradients with more degraded oil at the base and the least degraded oil 

at the top of the reservoir. Additionally, the high-resolution sampling along bitumen-

saturated portions of the well shows smoothly downward decreasing concentration gradients 

of compounds affected by the biodegradation. This gradient is in line with observations from 

other heavy oil fields worldwide (e.g. Larter et al, 2003; Huang et al., 2004; Head et al., 

2003), and has been interpreted to be a result of intensified biodegradation along basal 

(paleo) oil-water contacts. Deviation from the smoothly downward decreasing molecular 

concentration gradients appears to be controlled by the effects of the different lithologies, 

high-water – low-bitumen saturated zones, top water zones, etc. Specifically, biodegradation 

intensity is commonly lower in portions of reservoir characterized by lower porosity and 

permeability, and is intensified in areas with increased water saturation as well as in areas in 

the immediate proximity to high water saturation zones. These findings allow for predicting 

and mapping bitumen properties between drilled wells. Considering the strong relationship 

between the bitumen molecular composition and dead oil viscosity, and importance of the 

viscosity for production optimization, this kind of mapping is suggested to play an important 

role in oil sands reservoir development planning and optimization.  

Finally, this thesis suggests numerous applications of reservoir geochemistry tools for 

reservoir developments including a detailed case study about how to distinguish if IHS beds 
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in stacked channel deposits are a barrier or a baffle for steam chamber growth. Essentially, it 

is proposed that when the petroleum (bitumen) column is characterized by being a smooth 

downward trend of decreasing crude oil molecular component concentration the reservoir is 

unlikely to contain a barrier, even if petrophysical log and core data shows the presence of 

mudstone layer(s) within the column. Vice versa, if molecular concentration gradients show 

breaks in oil compositional gradients that coincide with the presence of mudstone layer(s), 

then these layers are most likely extensive enough to impact steam chamber growth. This 

conclusion is based on the analogy with the physical processes occurring during petroleum 

charging and during the in-reservoir mixing processes (e.g. England, 1994, Stainforth, 2004). 

The supplementary part of thesis includes several case studies dealing with oil 

biodegradation processes and products in McMurray Formation, which were published as 

expanded abstracts during the course of this work (Fustic et al., 2006, 2008). It also includes 

published work of other primary researchers that I was involved in to various extents and 

roles. In particular published works includes interpreting the neo-formation of 25 nor

hopanes in McMurray Formation reservoirs (Bennett et al., 1997); detecting polar lipids as 

evidence of present microbiological communities in McMurray Formation reservoirs 

(Oldenburg et al., 2009), geometry and reservoir potential of counter point bar deposits 

(Smith et al., 2009), simulation studies about the applicability of molecular composition for 

production allocation (Li et al., 2008), as well as practical solutions about how to use 

bitumen molecular composition studies for production allocation purposes (Bennett et al., 

2010). 
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The overall conclusion of this thesis is that the bitumen residing in the McMurray 

Formation is very heterogeneous primarily due to various degree of the biodegradation; that 

the integrated study demonstrates that thorough understanding of the reservoir architecture is 

crucial to understand bitumen molecular composition differences across the Athabasca 

deposit, as well as on a reservoir development scale; and vice versa that bitumen molecular 

composition can be used as a powerful tool for deciphering sedimentological interpretation 

difficulties such as reservoir compartmentalization, the extent and effectiveness of shale 

layers as barriers and that can be applied for resolving production issues such as production 

allocation. 
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Conclusions 

The objective of this thesis was to investigate the relationship between reservoir 

properties and petroleum composition in the Athabasca Oil Sands reservoir, and to develop 

concepts for predicting and mapping petroleum properties in different parts of the reservoir.  

Since petroleum biodegradation was indicated as the most important process leading 

to the present day extremely variable nature of the bitumen composition, the focus of the 

research was on investigating geological conditions that control the emplacement and 

particularly the microbial alteration of petroleum in McMurray Formation reservoirs. 

Literature review from heavy oil reservoir studies worldwide suggested a broad range of 

possible geological conditions that may affect the level of biodegradation in McMurray 

Formation reservoirs including impacts of presence and/or absence of basal water – oil 

interfaces, persistence of oil-water interfaces, thickness of basal water zones, isolated and/or 

semi-isolated reservoir compartments, reservoir facies, porosity and permeability, etc.  

While some of the above reservoir conditions are routinely identified from cores 

and/or petrophysical logs others, such as reservoir compartmentalization were poorly defined 

in previous studies of the McMurray Formation. Thus, in the first chapter of the thesis using 

seismic geomorphology and regional paleo-current data a revised depositional model, which 

documents processes leading to lateral compartmentalization in McMurray Formation 

reservoirs was proposed.  
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Detailed, high-resolution geochemical profiling of a dozen wells from different 

geographical regions across the basin was conducted. Study areas and sample locations were 

carefully selected to cover a broad range of reservoir facies and reservoir conditions. From 

each bitumen sample saturated and aromatic hydrocarbon fractions were separated and then 

analyzed by gas chromatography - mass spectrometry (GCMS). Finally, both qualitative and 

quantitative analysis of molecular markers and their concentrations was conducted to 

evaluate and compare level of biodegradation among examined samples.  

Interpretation of geochemical results in a geological context allowed not only for 

identifying the impact of different geological features on bitumen composition, but also for 

interpreting reservoir charging and in-reservoir mixing history.   

The major conclusions of this thesis are:  

1)	 that the proposed concept of downstream translation of tidally influenced 

meandering river bends explains that the predominantly unidirectional nature of 

inclined heterolithic strata (IHS) in the McMurray Formation is consistent with 

the fluvio-estuarine depositional model, and that as a result of these processes, a 

labyrinth of large scale reservoir and non-reservoir depositional elements form a 

complex, but predictable and mappable network of reservoir compartments. The 

size of reservoir compartments commonly exceeds thicknesses of 30 meters and 

lateral extent of up to 5 kilometers.  
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2)	 the proposed concept of differential entrapment of oil of different maturities 

offers an alternate to the existing petroleum entrapment concepts applied for the 

McMurray Formation. The concept suggests that reservoir charging proceeded via 

fill and spill through a network of lateral compartments, which is evident from the 

most mature oil (identified based on ratio of triaromatic and monoaromatic 

steroids) encountered in compartments closer to the source and the least in 

compartments further from the source.  

3)	 in areas without 3D seismic, proposed novel applications of the stratigraphic dip 

analysis technique can be applied as a powerful tool for predicting the size and 

thickness of abandoned channel fill deposits as well as for orientation of IHS beds 

in 3D, and thus the reservoir quality. 

4)	 the bitumen in the Athabasca Oil Sands Deposit is very heterogeneous due to 

varying levels of biodegradation ranging from PM6 to PM9 (cf. Peters and 

Moldowan, 1993). Variations in bitumen composition are evident both vertically 

in a single petroleum column and laterally between adjacent wells, even when 

wells are only several hundreds of meters apart. Lateral variations are pronounced 

when adjacent wells are drilled in separate compartments. In general, the viscosity 

of the bitumen residing at the base of an oil column may be an order of magnitude 

higher than the bitumen located higher up in the reservoir (specifically, viscosity 

at the base of the reservoir commonly exceeds 5 million cP, while at the top, 

viscosity can be as low as 100 000 cP at reservoir temperatures of about 5 °C). 
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While this is a general rule, results also locally show anomalous inverse gradients, 

and steps in compositional trends coinciding with paleo and/or present day 

geological features including the presence and/or absence of oil-water contacts, 

vertical and lateral barriers that create reservoir compartments, lithologies, 

porosity and permeability, etc. Qualitative and quantitative analysis of bitumen 

molecular composition within the sedimentological framework demonstrates that 

each reservoir compartment behaves as an independent bioreactor; that bitumen is 

more degraded within more porous and permeable strata than within the 

comparable interbedded sand shale sequences, and that bitumen biodegradation is 

intensified in high water saturated zones within the petroleum column. These 

complex variations are explained by effects of the biodegradation along the basal 

(paleo) oil water contact, the complex geohistory of the petroleum charge and in-

reservoir fluid (petroleum, water and gas) mixing processes including associated 

variations in oil biodegradation behavior.  

5)	 significant, but systematic and mappable bitumen compositional variations can be 

advantageous for differentiating between barriers and baffles prior to the reservoir 

developments as well as for production allocation purposes. Specifically, 

petroleum columns characterized by breaks in compositional gradients of selected 

molecular compounds are likely to act as barriers to steam growth, and those with 

smooth downward decreasing molecular composition gradients indicate 

continuity of the reservoir. Comparison of mass chromatograms of produced 

fluids with mass chromatograms in baseline studies can be used for assessing the 
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height of steam chamber (assuming baseline geochemical studies are done at high 

resolution).  

The overall conclusion of this thesis is that thorough knowledge about reservoir 

heterogeneity and its impact on reservoir charging, in-reservoir mixing and biodegradation 

processes is needed to understand the bitumen variations in reservoir and vice versa that 

geochemical data analyzed in geological context can be used as a powerful tool for 

deciphering many geological dilemmas including those related to the reservoir planning and 

production optimization. Thus, successful implementation requires collaboration between 

geochemists, sedimentologists and engineers working on oil sands projects.  

Recommendations for future works 

1)	 detailed mapping of mud plug abandoned channel fill deposits may show differences 

in thicknesses of the mud plug deposit (as a function of a pool and riffle depth 

differences in modern meandering rivers). Defining thinner areas under mud plug 

deposit may serve as a model for defining spill points under mud plug deposits.  

2) regional mapping of thermal maturity parameters (i.e. tri and monoaromatic steroids 

ratios) across the Athabasca basin may decipher the secondary migration pathways 

from the source rock to the reservoir and relative age differences of the migration and 

entrapment.  
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3)	 Comparison of biodegradation intensity with bitumen processibility assessments (in 

mine operations also known as butch extraction units (BEU)), should allow for 

defining the meaningful relationship between the two, and thus allow for 

characterizing and mapping bitumen properties in the reservoir prior to the mine 

development. Results can be used to populate numerical models along the grain size 

and bitumen, and thus to be used for production / extraction planning, such as 

bitumen blending and associated bitumen recovery process optimization.    

4)	 Comparison of time-lapse geochemical approaches for determining the steam 

chamber growth with thermocouple data during the commercial life of a SAGD 

project should be used to verify the early success of the production allocation 

approaches, as well as to verify the concept for differentiating between barriers and 

baffles based on geochemical (dis)continuity of geochemical logs.  
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ABSTRACT 


The Athabasca Oil Sands Deposit (AOSD) (Alberta, Canada) has an estimated resource 

of more than one 1.7 trillion barrels of bitumen (ERCB, 2009), the majority of which are 

hosted in the Lower Cretaceous McMurray Formation. Despite its economical 

significance, the depositional environment of the McMurray Formation, and particularly 

of its volumetrically most significant middle McMurray unit, is still a matter of 

considerable debate. Observation that a majority of inclined heterolithic strata (IHS) 

within this unit dip basinward to the north has been difficult to interpret in the context of 

the widely accepted fluvial-estuarine point-bar (meandering river) depositional model.  

Hypothesis that some of the sediments were deposited as part of down-valley

translated tidally influenced channel meander bends is evaluated. Meandering river 

translation and associated down-valley sediment accretion are common processes in 

modern fluvial settings and both flume and simulation studies. However, there is a lack of 

studies interpreting this phenomenon in ancient deposits, including the McMurray 

Formation. Investigations of the current study confirm that: (1) the majority, but not all of 

the IHS surfaces dip northwards (basinward); (2) the upper portion of the middle 

McMurray member was deposited in a sinuous meandering river where translation was a 

dominant process.  

The potential implications for optimization of present oil sands operations and 

future developments of the immense petroleum deposit are significant, particularly in 

terms of better understanding reservoir distribution and architecture. In general, the 
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presented concepts discussed provide insights for interpretation of ancient meandering 

river deposits. 

1. INTRODUCTION 

The Athabasca Oil Sands Deposit is located in northeastern Alberta, Canada (Fig. 

1). It occupies 140,200 km2 (Alberta Energy and Utilities Board, 2007), an area slightly 

larger than England (130,373 km2). The deposit consists of a vast resource of heavily 

biodegraded petroleum referred to as bitumen. The bitumen has a typical API gravity of 6 

to 9 and rarely up to 11, with viscosities at reservoir temperatures ranging from 100,000 

cP – 10, 000, 000 cP (e.g., Seyer and Gyte, 1989; Larter et al., 2006; Larter et al., 2008). 

These extreme and variable petroleum properties require detailed understanding of 

reservoir fluids to extract and upgrade to crude oil. Furthermore, rapid vertical and lateral 

changes between reservoir and non-reservoir facies requires detailed geological 

understanding to effectively produce the bitumen (e.g., Wightman and Pemberton, 1997). 

Despite these fluid and lithological complexities current cumulative production from 

mine and thermal in-situ developments exceeds 1.2 million barrels of bitumen per day, 

which exceeds 40 % of Canada’s oil production (Alberta Energy and Utilities Board, 

2007). 

The majority of the bitumen in the Athabasca oil sands deposit is hosted within 

the Lower Cretaceous McMurray Formation (Fig. 2). After deposition, the formation was 

covered by a thick succession of marine, shale-dominated strata. The widely accepted 

depositional stratigraphy for the McMurray Formation consists of a lower fluvial unit, a 
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middle fluvial-estuarine unit, and an upper shallow marine unit (Carrigy and Kramers, 

1973) (Fig. 2). 

The generally accepted model for the middle portion of the McMurray Formation 

considers broad valleys infilled with tidally influenced meandering channel deposits (e.g., 

Wightman and Pemberton, 1997; Hein et al., 2000; 2001; Hein and Cotterill, 2006; 

Crerar and Arnott, 2007). Inherently with such model, point bar strata comprised of 

inclined heterolithic stratification (IHS) are expected to be characterized by highly 

variable dips as a consequence of the sinuous nature of channels in the depositional 

system. However, there is a notable lack of IHS dip variability in the formation, with 

evidence that a large proportion of IHS dips basinward to the north (Fig. 3); this 

observation has been the basis for much debate (Mossop and Flach, 1983, Flach, 1984; 

Flach and Mossop, 1985; Langenberg et al., 2002; Ranger and Gingras, 2003; Hein et al., 

2003). Our hypothesis is that deposition was dominated by down-valley translation of 

meanderbends, a process widely documented from modern fluvial settings (e.g., Hooke, 

1977, 1984; Brice, 1977; Page and Nanson, 1982; Nanson and Page, 1983; Jones and 

Harper, 1998; Gilvear et al., 1999; Bridge, 2003), theoretical work (e.g., Keller, 1972), 

flume studies (Peakall et al., 2007) and simulation studies (Willis and Tang, 2010). Point 

bar translation is characterized by erosion and accretion in a down-valley direction, as 

opposed to lateral point bar migration, which is more widely documented and interpreted 

in ancient deposits. Morphologically, scroll bars are not aligned parallel to the apex of 

associated meander loops as in laterally migrated point bars, but rather they are parallel 

or subparallel to the channel reach immediately downstream of the apex (generally 
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perpendicular to the paleoslope). However, case studies documenting this process in the 

rock record are very limited.  

The objectives of this paper are to (1) examine and quantify the orientation of IHS 

in the McMurray Formation; (2) consider the significance of point bar down-valley 

translation in the context of McMurray Formation deposition; and (3) contemplate the 

potential impact of the observations and interpretations made on the delineation and 

development of the vast Athabasca Oil Sands deposit. 

2. PREVIOUS WORK 

2.1. Point Bar Reservoir Facies of the McMurray Formation 

The deposits of point bars (c.f. Allen, 1965, Walker and Cant, 1984), which 

comprise the most characteristic geomorphic feature of meandering rivers, are commonly 

divided into lower and upper units (Allen, 1965; Walker, 1992; Jeffrey, 1995). Lower 

point bar deposits are comprised of clean sand characterized by cross-bedding (Fig. 3 and 

4b) while upper point bar deposits are variably heterolithic, comprised of inter-bedded 

sand, silt and mud (Thomas et al., 1987; Muwais and Smith, 1990; Wightman and 

Pemberton, 1997; Strobl et al., 1997) (Fig. 3 and 4b). The contact between the lower and 

the upper point bar generally dips in the direction of the lateral or downstream growth of 

the point bar (Fig. 4a) (e.g., Smith, 1985; Wood, 1989; Wightman and Pemberton, 1997; 

Hubbard et al., 2011). The proportion of upper point bar versus lower point bar deposits 

increases in progressively younger point bar layers, resulting in a wedge shaped geometry 

of the lower point bar deposits (Fig. 4a). Deviations from wedge shaped geometry are 

caused by major flood events that erode part of the point bar, deposit clean sand and 
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commonly re-orient point bar orientation (Thomas et al., 1987). Although both lower and 

upper point bar deposits may contain significant bitumen reserves in the McMurray 

Formation, lower point bar deposits are characterized by more homogeneous reservoir 

properties, making them more conducive to efficient reservoir development (Strobl et al., 

1997) (Fig. 4b). Individual point bar deposits are commonly >30 m thick (Mossop and 

Flach, 1983; Strobl et al., 1997) and up to several kilometers in lateral extent (e.g., Strobl 

et al., 1997; Brekke and Evoy, 2004; Fustic, 2007; Druesne et al., 2007; Hubbard et al., 

2011). 

2.2. Paleoflow in the McMurray Formation – Compilation of Previous Works  

Channels of the McMurray Formation flowed to the north-northwest along a 

broad paleo-valley commonly referred to as the “Main Valley” (Keith et al, 1990; 

MacGillivray et al., 1992; Ranger and Gingras, 2005), which debouched into a shallow 

epicontinental seaway to the north (Flach, 1984; Flach and Mossop, 1985, Wightman et 

al., 1991). Regional studies have demonstrated that the Main Valley was tens of 

kilometers wide, comprised of an amalgam of several nested valleys (Fig. 2). While the 

channel-dominated strata has been largely reworked due to the limited accommodation 

space in the low gradient basin, the deposits of the youngest valley are well preserved in 

the rock record and a gross drainage pattern is mappable (Fig. 5). 

Regional paleo-flow trends have been understudied, except for an early attempt 

by Carrigy (1963), who used cross-beds from thirty two outcrops to calculate the vector 

mean direction for paleoflow at 350 degrees. The utility of the work by Carrigy (1963) is 

limited, since he did not distinguish between cross-beds of sub-tidal bars, meandering 
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river point bar deposits or other units. His data do not include IHS depositional dips, 

which are of particular interest to this study.  

Recently, Hein et al (2001) documented paleo-current data, including the 

orientation of IHS, in individual outcrop descriptions; however, in their study, these data 

were not used for regional paleo-flow interpretation. Subsurface studies dealing with 

depositional dip orientation of IHS obtained from dipmeter logs are documented in 

several detailed case studies dealing with reservoir characterization (Cuddy and Muwais, 

1989; Strobl et al., 1997; Leduc et al., 2003; Brekke and Evoy, 2004; Fustic, 2007). Data 

from Hein et al. (2001), Cuddy and Muwais (1989), Strobl et al. (1997), Leduc et al. 

(2003), Brekke and Evoy (2004), and Fustic (2007); are summarized and used for 

regional paleo-flow interpretation in this study.   

Both outcrop and subsurface studies have focused primarily on paleo-current data 

associated with the “Main Valley” (Fig. 5), and paleo-current data outside of this trend 

remains unknown; more regional trends can only be inferred from other types of data 

such as regional isopach and trend maps, paleo-geographic interpretations, and analogies 

with modern meandering river systems (e.g., Ranger and Pemberton, 1997). 

2.3. Down-Valley River Migration and Associated Downstream Accretion in 

Meandering River Systems  

Terminology in fluvial sedimentology and geomorphology is not well 

standardized (Jones and Harper, 1998), so several terms are defined as they are used in 

this study. Translation (meander migration) is defined by Jones and Harper (1998) as 

movement of pre-existing meander bends either down-valley or up-valley, and parallel to 
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the general valley trend. Unlike, in the case of lateral migration where cutbanks are 

located laterally (perpendicular) to the valley trend, in the case of translation, cutbanks 

are located down-valley slope, or basinward. Banks on the down-valley side are 

comprised of sediments of the up-valley limb of the following point bar (Fig. 6). 

Sediment deposition occurs on the down-valley limb, on the inner bank of the preceding 

point bar in a process referred to down-valley accretion or translation.  

Although down-valley translation is a common process demonstrated in studies of 

meandering rivers (Fig. 6; Tiffany and Nelson, 1939; Ackers and Charlton, 1970; Keller, 

1972; Brice, 1977; Hooke, 1977, 1984; Page and Nanson, 1982; Nanson and Page, 1983; 

Jones and Harper, 1998; Gilvear et al., 2000; Bridge, 2003; Peakall et al., 2007; Willis 

and Tang, 2010), it has rarely been interpreted in the rock record. Studies of ancient 

meandering river deposits exclusively interpret laterally accreting point bar deposits (e.g., 

Wood, 1989; Fielding, 1993; Edie and Andrichuk, 2005; Fustic, 2007). Attributing point 

bar IHS to lateral migration processes instead of down-valley translation could result in 

poorly resolved paleo-geographic reconstructions, with paleo meander belts mis-oriented 

up to 90 degrees. 

Theoretical work based on numerous field observations Keller (1972; Fig. 6a) 

showed that at early stages of meander development, channel bends form symmetrical 

sinusoid shapes with lateral migration dominant. Over time, the meander bend migrates 

in both the lateral and downstream directions, resulting in elongated, asymmetric shapes 

in plan view (Fig. 6a); therefore, translation is an important process in most point bars.   

Numerous controlling parameters have been called upon to explain down-valley 

translation of meander bends. A common interpretation is that down-valley translation 
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occurs in confined valleys, where accommodation is not available for meanders to 

laterally expand and therefore are forced to migrate down-valley (Page and Nanson, 

1982; Smith et al., 2009). However, down-valley translation is documented in many 

floodplains unconfined by resistant valley margins. In such instances, it is suggested that 

lateral migration of river channels is limited by more resistant sediments encountered on 

flood plains, such as older muddy abandoned channel or oxbow lake fill and muddy 

floodplain deposits (Fisk 1944; Turnbull et al., 1966), counter point bar deposits (Smith 

et al., 2009), or any other overbank deposits made resistive to erosion by vegetation. 

Point bar deposits created as a result of an inability of a point bar to readily migrate 

laterally are considered confined point bar translation deposits. An alternative 

interpretation for translation is that down-valley growth of meander bends occurs as a 

consequence of widening of the channel and an associated decrease in vertical velocity 

gradient over time (Jeffrey, 1995 and Edie and Andrichuk, 2005). In this case the down-

valley gradient may be sufficient enough to promote slow gravitationally driven 

basinward point bar translation. This type of downstream accretion is considered 

unconfined point bar translation. 

Sedimentation associated with down-valley point bar translation is poorly 

documented. Study of fluvial stream velocity, bed-form development and sediment 

texture on meander bends of the lower Wabash River of Illinois and Indiana by Jackson 

(1975) shows that regardless of the shape of the meander bend, both near surface and 

near bottom current velocities are always the weakest along the inner banks of 

downstream portions (limbs) of point bars. Jackson (1975) noted that this phenomenon 

occurs at all river stages, including flood, low and mean flow. Weak currents along the 
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inner banks of downstream portions (limbs) of point bars are favorable for the deposition 

of the finer grain material relative to other parts of the point bar.  

As in all point bars, the vertical channel flow velocity gradient results in upwards 

grain size fining profiles in the deposits of translated point bars. Hence, the 

differentiation of deposits of point bars associated with lateral versus down-valley 

generation, is difficult in the ancient rock record, particularly at the facies scale.  

3. METHODOLOGY 

This study includes a range of investigations to determine the importance of IHS 

strata ascribed to downstream translation of point bars in the middle McMurray 

Formation. 

A database of IHS dip orientation (azimuth) was created using published data 

from outcrop studies (Hein et al., 2001) (Table 1a), subsurface studies based on dipmeter 

log analysis (Cuddy and Muwais, 1989; Strobl et al., 1997; Langenberg et al., 2002; 

Leduc et al., 2003; Brekke and Evoy, 2004; and Fustic 2007) (Table 1b), and subsurface 

studies using high quality 3D seismic time slices (Druesne et al., 2007; Hubbard et al., 

2011) (Table 2). 

Since compiled data came from different geographic areas, represent different 

thickness intervals (ranging from 2 to more than 20 meters; Table 1a), and are obtained 

by different methodologies (e.g., compass measurements at outcrops [Table 1a], 

dipmeter, FMI and seismic geomorphology interpretation [Table 1b]) comparing them 

requires a careful assessment. To avoid over-representing data from some locations, only 

one value is considered from a single point bar or other architectural element at any given 
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location. Since measurements of IHS belonging to the same point bar have a narrow 

range of dip orientations, in cases where numerous measurements of the same feature 

were made, they were arithmetically averaged into a single point. Azimuth values were 

assigned to as many geographic locations as possible (Table 1a) to be used for paleo

current analysis (Table 1c; Fig. 5). 

Similarly, subsurface studies based on interpreted dipmeter data included up to 

several dozens of data points, but only the average value for each clustered set was 

included. For example, Fustic, (2007) used data from more than 150 wells along a single 

meander belt that clustered in three data sets interpreted as three inter-fingered point bar 

deposits. From this study three averaged values, one from each cluster dataset, is used for 

statistical analysis (Table 1b, Fig 5). 

Plan view morphologies of large-scale depositional elements from 3D seismic 

slices interpreted by Druesne et al. (2007) and Hubbard et al., (2011) were also 

considered (Fig. 7). Depositional dip orientation was visually estimated from scroll bar 

patterns (Fig. 7) and verified by dipmeter data when available (Fig. 8a). For each large-

scale depositional element the scroll patterns (representing IHS) were subdivided into 30 

degree azimuth bin intervals starting from zero (North) and increasing clockwise (Fig. 7c 

and d). ArcGIS 9.3 was used to calculate the area of individual point bars and of their 

sub-division into delineated 30° bin intervals (Table 2). Data from the three largest point 

bars from each of the studied areas were included in statistical analysis (Table 1b and c), 

but for map clarity, only a single averaged value of depositional dip orientation is posted 

on the regional map (T83-84; R5W5; Fig. 5). 
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In assessing the data compiled, we loosely consider data to represent northward 

paleoflow if dip direction azimuths are between 270 and 90, or southward if it is oriented 

90-270. There are some obvious limitations to this simplification, although the raw data 

allows for further constraints on the interpretations made (Table 1). 

4. RESULTS 

The geomorphic depositional elements identified from seismic data represent an 

amalgam of abandoned channel (AC), translated point bar (TPB), laterally accreted point 

bar (PB), asymmetric point bar (APB), and counter point bar (CPB) deposits, as well as 

indeterminable architectural elements (AE). Fifteen large scale depositional elements 

containing IHS beds are identified in both the Long Lake South (Hubbard et al., 2011) 

and Surmont (Druesnce et al., 2007) project areas (Fig. 7, Table 2). Their maximum 

thickness is 30- 45 m (Fig. 8), with lateral extents up to several kilometers (Fig. 7). 

Quantitative dip orientation assessment for large-scale depositional elements from the 

two seismic time slices (Fig. 7, Table 2) shows variable orientation of depositional dips 

(IHS) with northward dips dominant. Ten of fifteen large-scale depositional elements 

containing IHS beds have northerly oriented dips only, including all counter and 

translating point bar deposits, except TPB3, which has a small percentage of apparently 

southerly oriented dips (Fig. 7, Table 2). Various proportions of westerly to south

westerly oriented IHS were also found in all three point bars characterized by lateral 

accretion and in one of the asymmetric point bar deposits, but northerly dips in all these 

five elements were dominant as well (Table 2). All of the apparently westerly to south

westerly dips are associated with lateral accretion (Fig. 7). 
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Results of planimetric measurements shows that the aerial extent of the northward 

(between 270 and 90) oriented strata in Surmont and Long Lake South are 89 and 90 %, 

respectively (Fig. 7, Table 2). The northward predominance of dips is further revealed by 

detail analysis of aerial extent of individual 30 degree azimuth segments which shows 

that 56 to 57 % of dips are oriented between 300 and 360 degrees and 81 % between 300 

and 60 degress (Fig. 7, Table 2). 

The regional dip map generated from IHS beds confirms that the majority of beds 

dip northwards (basinward) (Fig. 5). Thirteen outcrops are characterized by dominantly 

northward dipping beds (azimuth 0-90°and 270-360°), whereas six are characterized by 

southerly dipping strata (90-270°; Table 1a). In the subsurface, eleven areas are 

characterized by northerly oriented dips while two are southwards (Table 1b). A total of 

< 25 % of IHS measurements obtained from outcrops and subsurface studies dips 

southwards, and more than 75 % dips towards the north (Table 1c). Some of the 

subsurface data that is not in line with the general trend is from the Meadow Creek area 

(Fig. 5; Table 2). This is attributed to the fact that Meadow Creek is present within a 

mapped, southeastward-flowing tributary to the northward-flowing Main Valley (Fig. 5; 

Alberta Energy and Utilities Board, 2003; Brekke and Evoy, 2004). 

Our qualitative investigation of satellite images of numerous modern rivers, 

including the Peace River of Canada (Smith et al., 2009; 2011), the Athabasca River of 

Canada (Smith et al., 2011), the Sittang River of Myanmar (Hubbard et al., 2011), and 

the Kolyma River of Russia (Fig. 6c), reveals morphologically similar large scale 

depositional elements to those observed in seismic data from the McMurray Formation.  
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The observations tabulated from the McMurray Formation confirm that a 

significant proportion of point bar strata dips paleo-basinward to the north (Fig. 7). Core 

and wireline log data demonstrate that large scale depositional elements (ie, point bar 

deposits) are comprised of cross-beds in their lower parts and IHS beds in their upper 

parts (Fig. 8). 

5. DISCUSSION 

The middle portion of the McMurray Formation is generally considered a fluvio

estuarine deposit (Pemberton et al., 1982; Flach, 1984; Flach and Mossop, 1985; 

Wightman and Pemberton, 1997; Hein et al., 2000). IHS dip orientations analyzed from 

outcrops and the subsurface, as well as high quality seismic time slices from Hubbard et 

al., (2011) and Druesne et al., (2007) (Fig. 7) provide new insights into the depositional 

model for the formation.  In addition to previously documented lateral accretion, down-

valley river translation was an important depositional process during deposition of that 

unit. Down-valley translation is interpreted based on the predominance of basinward 

oriented depositional (IHS) dips, evidence of preserved point bar translation deposits 

(both confined and unconfined), as well as asymmetric point bar deposits and counter 

point bar deposits (Fig. 7). These types of deposits are diagnostic of downstream 

translated meandering bends (Smith et al., 2009; 2011; Willis and Tang, 2010). 

The dominance of northward (> 75 %) dipping strata, documented in both outcrop 

and subsurface studies (Table 1) and augmented with seismic data (Fig. 7, Table 2), 

suggests consistent processes and resultant large scale depositional element morphologies 

across the “Main Valley” (Fig. 7). Consequently, a revised basin-scale depositional 
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model for the middle McMurray unit is proposed (Fig. 9). Basinward paleo-flow within 

the “Main Valley” was primarily towards the north-northwest (Table 1, Fig. 3, Fig. 7, 

Fig. 8b, Fig. 9). A regional isopach map (Ranger and Gingras, 2005) (Fig. 5) shows that 

the “Main Valley” occupies the central part of the basin, with likely tributaries sourced 

from paleo-topographic-highs to the west and east, as well as from the south (Carrigy, 

1963; Wightman et al., 1995; Ranger, 1994; Ranger and Pemberton, 1997; Hein et al., 

2000; Hein et al., 2001; Leckie, 2009). Although, paleo-current measurements from these 

tributaries are limited to the Meadow Creek area (Fig. 5), based on these data and 

considering the paleo-topography of the basin (Fig. 9), we infer that flow was 

perpendicular or oblique to the “Main Valley” by analogy with modern drainage systems. 

Assuming point sources of sedimentary input from these tributaries we speculate that 

future subsurface studies may encounter dominantly westerly oriented IHS strata in 

eastern part of the basin (Fig. 9). However, the paleo-current data from the western part 

of the basin may be more complicated since tributaries in that region are considered to be 

dominantly filled with northerly derived sediments, from the intracontinental seaway 

(e.g., Caplan and Wu, 2008). In such a case some of the IHS beds may dip up-valley, 

driven by tidal energy; however, fluvial processes would also rework sediment, resulting 

in east-northeast directed paleoflow (Fig. 9). Interplay of up-valley and down-valley 

sediment migration in modern tidally influenced meandering rivers and tidal channels has 

been documented in numerous studies (e.g., Ashley 1980; Zaitlin, 1987; Esterhuysen and 

Rust, 1987; Fagherazzi et al., 2004; Rust, 2008). 

The asymmetric point bar deposits formed from translation documented in this 

study, combined with recently documented counter-point bar and translation-point bar 
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deposits (Smith et al., 2009, 2011; Hubbard et al., 2011), contribute to a broader 

understanding of the common depositional elements and their processes for strata of the 

middle McMurray Formation (Table 3). Sand dominated lithologies and fining-upwards 

sequences are characteristic of all depositional elements, except the abandoned channel-

fill deposits (Table 3). The lateral span of IHS dip orientation ranges is narrow (60 to 90° 

range; Table 2) in all counter and translation point bar deposits with the exception of 

TPB3 (150° range; Table 2). Conversely, the range of point bar deposits characterized by 

lateral accretion exceeds 200° (Table 2). 

Depositional elements not identified in the middle McMurray Formation in this 

study, but recognized in other papers include chute channels, ribbon channels, tie 

channels, anastomosed river reaches (Hein 2000), and sandstone or mudstone filled 

abandoned river reaches and oxbow lakes formed due to avulsion (Hubbard et al., 2011). 

These elements are all consistent with meandering river deposition. The presence of non-

tidal fluvial elements, including bay head delta deposits, are also locally significant 

(Hein, 2000; Hein et al., 2001; Bailleul, 2007; Ranger, 2006; Nielsen 2008). Non-marine 

fluvial-dominated deposits are attributed to temporal sea level drop (Bailleul, 2007) or 

perhaps major flooding events, which occasionally freshened water in upper estuarine 

settings (Ranger, 2006). These processes should be considered as part of the dynamic 

processes active on coastal plains dominated by meandering rivers during deposition of 

the middle McMurray Formation. Notably, marine influence on the McMurray Formation 

is much more significant in the upper portion of the formation (Hein and Cotterill, 2006). 

Evidence of up-valley migration may occur within the “Main Valley” in areas close to the 

paleoshore where flood-tide currents may have locally and/or periodically exceeded the 
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velocity of the fluvial current and/or fluvial coupled with ebb-tide current (Fig. 9). This 

scenario may be supported by the paleocurrent data of Carrigy (1963) collected near the 

Asphalt Creek (Fig. 5). This was the northernmost (basinward) point on his map and the 

only one that suggests the predominant flow was towards the south (up-valley). However, 

it is not known if his data were collected from the middle McMurray Formation or some 

other portion of the formation (i.e., lower or upper). 

Data presented here (Table 1, Table 2, Fig. 5, Fig. 7) demonstrate that the 

majority of IHS in the “Main Valley” dip basinward to the north, interpreted to be a result 

of down-valley translation of point bars. Undoubtedly, local exceptions from our data in 

parts of the Main Valley are possible and perhaps likely; river bifurcations as a result of 

paleo-islands (Fig. 9), bedrock exposed terraces or coasts (e.g., Menier et al., 2010) or 

changing depositional slopes (e.g., Schum and Khan, 1971) all represent plausible causes 

of paleoflow variability. Analysis of perturbations to the regional paleoflow trend is 

beyond the scope of this study. 

6. Implications for Reservoir Development 

Recognition of the depositional processes and products (Table 3) discussed in this 

study has implications for the prediction of various reservoir and non-reservoir 

depositional elements in the middle McMurray Formation. In areas without high quality 

3D seismic data, development geologists using solely well data must consider both point 

bars that accrete laterally and downstream in order to build a robust stratigraphic 

reservoir model. Controlled by the complex amalgam of tidal-fluvial depositional 

elements, rapid lateral facies changes and associated reservoir properties  (over hundreds 
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of meters or less) are ubiquitous in the formation, and should be expected (Figs. 7 and 8). 

Mapping the large-scale depositional elements, which are difficult to differentiate without 

detailed investigation, is critical for optimal horizontal development well placement. This 

is particularly necessary for McMurray Formation projects since the bitumen reservoirs 

require steam injection to be developed in a process sensitive to lithological heterogeneity 

(e.g., Strobl et al., 1997). Three-dimensional mapping provides a framework within 

which to place critical facies distribution information (e.g., contact of the cross-bedded 

sandstone and overlying IHS layers; Fig. 8b); the detailed characterization of each 

depositional element will result in a more comprehensive understanding of reservoir 

potential and risks. Considering that the size of current in-situ oil sands operations ranges 

from several hundred by several hundred meters to more than 2 km2, and that the length 

of individual SAGD well pairs is typically 600 – 1000 meters, the importance of accurate 

reservoir mapping is clear. 

7. Conclusions 

Our analysis of the middle part of the McMurray Formation shows that a 

predominantly unidirectional nature of IHS is consistent with a fluvio-estuarine 

depositional model. This observation is consistent with an interpretation of down-valley 

meander bend translation and associated down-valley accretion of sediments was an 

important process in the ancient meander belt. An abundance of basinward oriented dips 

and presence of depositional elements such as asymmetric, translated and counter point 

bar deposits (Fig. 7, Table 3) all support the notion that down-valley translation was a 
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dominant process during the deposition of the middle portion of the McMurray 

Formation. 

A revised regional-scale depositional model (Fig. 10) builds on earlier work that 

deduced fluvio-estuarine setting for middle McMurray Formation and a revised 

classification of fluvial processes and sedimentary products of the middle McMurray unit 

is provided (Table 3). 

Implications for reservoir development in the Athabasca oil sands area are 

potentially significant. It is expected that the concept of down-valley translation 

emphasized in this work could have an input on re-evaluating depositional models and 

subsequently optimizing reservoirs in fluvial deposits worldwide.  Reviewer 1: These two 

sentences are all poorly written and need to be changed. The first statement is too 

generalized and no details around the implications for the current work. The second 

sentence is a overstatement. The observations in the study area are a new interpretation 

for the deposition of the middle McMurray. Fluvial processes are a complex response to 

different factors including climate, base level, tectonics, etc. Each fluvial system is a 

unique response to these interplaying factors, and its resultant reservoirs and the related 

reservoir optimization tecniques are also different. I Strong suggest the authors rewording 

the last two sentences. 
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Figure Captions 

Figure 1. Location map of the major oil sands deposits in Alberta, Canada, modified 

after Hein and Marsh (2008). Numbers on the right side indicate Townships (one 

Township is 6 miles by 6 miles [1 mile ~ 1.6 km]).  

Figure 2. Stratigraphic context of the McMurray Formation in northeastern Alberta 

including the informal lithostratigraphic sub-division into the lower, middle and upper 

units. On the right, an alternative interpretation based on an incised valley system concept 

is shown, formed in response to relative sea level changes. “Valley C” is the oldest and 

“Valley A” is the youngest (part of Valley “A” shown in Fig. 5). Within “Valley A” 

large-scale depositional elements are indicated with their dominant lithologies and 

schematic architecture. Note the presence of multiple stacked channel deposits within 
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“Valley A”.  Deep incision of the modern Athabasca River and its tributaries exposes 

McMurray Formation outcrops (Fig. 3). 

Figure 3. Steepbank River Outcrop # 7 (UTM 474440E, 6318110N), characterized 

by an outstanding exposure of the middle McMurray unit that has been interpreted as a 

single point bar deposit 45 m thick (Strobl et al., 1997). As in many outcrops, the dip 

direction of IHS bedsets are basinward, to the north. Geological interpretation modified 

from Strobl et al., 1997. Photo courtesy of Rudy Strobl. 

Figure 4. Generalized facies distribution in a point bar deposit. a) The distribution 

of clean sand of the lower point bar deposit (yellow) and interbedded sand and mud of the 

upper point bar (IHS) deposit (orange). Line I-I’ illustrates lateral accretion and line I-I” 

illustrates the downstream accretion. Note the inclined nature of the contact between the 

lower and upper point bar deposits in the direction of both lateral and downstream 

accretion. b) Images of selected oil sands core intervals. Black rectangles in a) indicate 

the hypothetical location of the images in a point bar deposit. Black color in core images 

is bitumen-saturated sand. Clean sand intervals are typically interpreted to be from the 

lower point bar deposit; Inclined Heterolithic Strata (IHS) characterized with interlayered 

sand and mud layers and/or laminae characterizes upper point bar deposits. Mud-

dominated intervals are light gray colored rock; homogeneous mudstone is often 

attributed to abandoned channel (“mud plug”) deposition (see well 6 in Fig. 8). The 

diagram represents a compilation of ideas from previous models by Smith (1985), Wood, 

(1989), and Wightman and Pemberton (1997). 
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Figure 5. Modified regional McMurray isopach map (Ranger and Gingras, 2005) 

juxtaposed with the modern Athabasca River and its tributaries. At the southern part of 

the map the extent of the McMurray Valley “A” is indicated by solid lines (modified after 

Alberta Energy and Utilities Board, 2003, Decision 2003-023). Thick McMurray 

Formation strata (>30 m) is coincident with the “Main Valley”. Capital letters indicate 

the approximate locations of the major commercial in-situ and mining projects; note that 

virtually all of them are located within the “Main Valley”. In-situ operations: SR – 

Surmont (Conoco-Philips and TOTAL), LL – Long Lake (Nexen Inc. and OPTI), HG – 

Hangingstone (Japan Canada Oil Sands), CO – Conacher, MR – MacKay River 

(SUNCOR); and surface mine operations: SU-Suncor, SY – Syncrude – Base Mine, HZ – 

Horizon (Canadian Natural Resources, SA – SHELL Albian Muskeg River Mine, AU – 

Syncrude Aurora mine and KL – Kearl Lake (Imperial). LLS and MC stands for Long 

Lake South (Nexen Inc. and OPTI) and MC for Meadow Creek (SUNCOR). AC – 

Asphalt Creek outcrop location (Carrigy, 1963). Posted on top are dips of IHS 

summarized in Table 1. Arrows represent inferred paleo-flow direction within Valley A. 

Orientation of tidal currents based on Leckie (2009). 

Figure 6. Down-valley migration processes. PB – point bar formed by lateral 

accretion, TPB translation point bar, APB – asymmetric point bar. a) Illustration (not to 

scale) of stages 4 and 5 of development of a meandering river, based on the theoretical 

work of Keller (1972). Black dashed lines shows migration history of the point bar. Over 

time PB2 transforms into an asymmetric geomorphology caused by the simultaneous 
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processes of lateral and downstream meander growth. b) Schematic representation of 

down-valley migrating channel bends and associated lateral and down-valley accretion 

zones based on work on modern rivers by Nanson and Page (1983). c) Satellite image of 

the Kolyma River, Siberia (from Google Earth: 68-42’25” N; 158-17’ 42”) that clearly 

shows the same pattern as shown in Parts a and b. d) Line drawing of point bars in Part c. 

Figure 7. Interpreted large-scale depositional elements traced from seismic time 

slices through the middle McMurray Formation (modified after Druesne et al., 2007 and 

Hubbard et al., 2011). Acronym explanations include AC-fill (abandoned channel fill), 

PB (laterally accreting point bar deposit), APB (asymmetric point bar deposit), CPB 

(counter point bar deposit), TPB (translation point bar deposit), and AE (unrecognized 

element). Dip orientation symbols show the orientation of depositional dips inferred from 

the mapped scroll patterns. c, d) Dip orientations interpreted from scroll bar patterns in 

Parts a and b divided into 30 degree segments starting from 0 (North) and increasing 30 

degrees clockwise. Each 30 degree segment is assigned a different color as indicated in 

inset rose diagrams. I – I’ represents the approximate location of the cross-section shown 

in Fig. 8b. Wells 1 to 8 shows the location of wells in Fig. 8.   

Figure 8. a) Gamma ray and dipmeter logs of 8 wells along a NW-SE transect 

through the Long Lake South study area (see Fig. 7 for location). Dipmeter data is 

displayed as tad poles, west–east oriented stick plots, and for selected IHS intervals as 

rose diagrams (light gray transparent rose diagrams posted on top of tad pole and stick 

plot columns). Continuity of IHS sequences is determined using principles of vertical 
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channel continuity established by Muwais and Smith 1990, Brekke and Evoy, 2004, and 

Fustic et al., 2007 and is verified by information from seismic sections.  Continuous IHS 

sequences in each well are indicated by double headed arrow. IHS intervals are underlain 

by clean sand characterized by scattered dips and interpreted as lower point bar (LPB) 

deposits. Reversed dips at the top of the well 7 are interpreted as muddy abandonment 

plug deposits on the cutbank side of the river, an interpretation supported by seismic data 

(Fig. 7). Wavy dark gray long lines shows erosional surfaces (base and top of studied 

channel) and light gray shorter wavy lines (in well 2, shows point bar reactivation 

surfaces caused by major flood events. A small proportion of south-west oriented dips in 

well 2 could be attributed to a rotational slump, which are common in point bar 

depositional settings. Translucent gray areas shows approximate location of abandoned 

channel fill (AC-fill) deposits b) Schematic (not to scale) geological cross-section 

through Long Lake South study area (I-I’ in Fig. 7b). Reservoir architecture (simplified) 

along the interpreted orientation of downstream translation trend (Fig. 7) shows that the 

majority of IHS dips basinward. Gray areas are non-reservoir quality abandoned channel 

fill (AC-fill) deposits. Wavy line marks the bottom of the channel. Well 1-8 shown in 

detail in Part a. 

Figure 9. Paleogeographic reconstruction for the middle McMurray Formation. 

Rivers and open estuary areas are colored blue, whereas flood plain-dominated regions 

are green. Thin dashed lines show major scroll bar patterns and red dip symbols show dip 

directions of IHS beds. Black dotted lines shows suggested extent of the “Main Valley” 

fairway. Note that the extent of the “Main Valley” is controlled by the westerly extent of 
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the salt dissolution front in the underlying Prairie Evaporites Formation (Wightman and 

Pemberton, 1997). Green arrow shows overall river flow direction within the Main 

Valley; large red arrows show the expected overall flow direction of the eastern 

tributaries; light blue arrow indicates possible up-valley migration of sediments to the 

western tributaries driven by flood-tide currents; dark blue arrow shows direction of 

flood-tide currents (aspects of the diagram are inspired by Carrigy, 1963; Wightman et 

al., 1995; Hein 2000; Hein et al., 2001; Leckie, 2009). 

Table 1. Depositional (IHS) dips from a) outcrop (Hein et al., 2001) and b) 

subsurface studies included in this study. c) Summary rose diagram for all IHS dips 

presented in this Table. 

Table 2. Aerial extent of depositional elements containing IHS strata in studied 

areas and their (30°) subdivisions (shown in Fig 7.). Results from this table are presented 

as rose diagrams (Fig. 7 c and d). Note that the relative spread of depositional dip 

orientation (last column) is narrow in APB, CPB and TPB, and more spread in PB 

deposits. PB (point bar deposit created by dominantly lateral accretion processes), APB 

(asymmetric point bar deposit), CPB (counter point bar deposit), TPB (translation point 

bar deposit). 

Table 3. Summary table showing revised classification of depositional elements 

interpreted in the middle McMurray unit as well as processes leading to their formation. 

PB (point bar deposit created by dominantly lateral accretion processes), APB 
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(asymmetric point bar deposit), CPB (counter point bar deposit), TPB (translation point 

bar deposit), and AC-fill (abandoned channel fill deposits).  AC- fill deposit is colored 

grey to indicate mud-dominated nature of these elements. Graded yellow to grey color for 

PB, APB, CPB, and TPB suggests fining upwards sequence typical for these types of 

deposits. 
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ABSTRACT 

The Lower Cretaceous McMurray Formation is the primary host of the Athabasca 

oil sands deposit, one of the largest petroleum deposits in the world. Regional studies 

show that bitumen saturated reservoir sands are encountered within the western, central 

and northeastern sections of the McMurray Formation within the Athabasca basin, while 

the southeastern part of the basin has never been charged by petroleum. Within the 

McMurray Formation, the lateral contact between petroleum and water saturated 

reservoir sands is characterized by rapid changes in bitumen saturation even between 

closely spaced wells. In the literature, a number of petroleum entrapment schemes have 

been proposed to explain how the bitumen accumulated through different trapping 

mechanisms, however controversy remains.  

This paper reviews the concept of inter-compartmental petroleum charging and 

mixing followed by spilling into neighboring compartments.  Combined with the detailed 

knowledge of reservoir architecture where compartments are clearly defined by mud 

filled channel deposits this comparison allows us to investigate the petroleum “fill and 

spill” concept in detail as part of the trapping mechanism. Classical molecular maturity 

parameters extracted from the bitumen show notable changes between reservoir 

compartments. Relatively higher maturity sourced oil resides in the western compartment 

while maturity decreases across the  eastern, suggesting that the eastern compartment was 

filled by petroleum of low maturity which has been displaced via fill and spill as 

petroleum migration from an increasing maturity source enters compartments to the west. 

Oil saturation and hydrocarbon geochemistry results also suggest oil charge was very 
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limited locally and individual compartments located towards the eastern edge of the 

Athabasca may not have seen the multiple charges evident in the oil sands to the west.  

The concept of inter-compartmental mixing and fill-and-spill provides new 

insights about overlooked intra-formational geological controls on reservoir charge in the 

McMurray Formation. The concept explains that apparently sharp lateral oil-water 

contacts are in fact due to mud filled channel deposits which at least locally serve as 

lateral seals. Additionally, geochemical gradients can be used as a tool for defining the 

presence and extent of individual compartments as well as the level of fluid 

communication as an aid to well placements. This concept should be applicable to other 

meandering fluvial belt reservoirs worldwide and suggests a necessity to revise existing 

stratigraphic trap schemes by including stratigraphic trap compartmentalization as one of 

the trapping mechanisms.  
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1. Introduction 

The Lower Cretaceous McMurray Formation (Fig. 2) is the primary host of the 

giant petroleum resource encountered in the Athabasca oil sands deposits of northeastern 

Alberta (Fig. 1). The Aptian aged McMurray Formation has been interpreted as an N-NW 

oriented incised valley fill deposit, commonly referred as Main Valley (Keith et al, 1990; 

MacGillivray et al, 1992) overlain by marine deposits of the Albian aged Clearwater 

Formation (Fig. 2) which provides a regional vertical seal for entrapped petroleum 

(Vigrass, 1968; Ranger, 1994). The position of the Main Valley is interpreted to be 

controlled by the salt scarp of the Prairie Evaporate Formation (McPhee and Wightman, 

1991) which provided an overall linear structural low and trunk shaped accommodation 

space for fluvio-estuarine deposits of the McMurray Formation (Keith et al, 1990; 

MacGillivray et al, 1992; Wightman and Pemberton, 1997) (Fig. 1 and 2). 

1.1 Review Previous Trapping Hypotheses for the McMurray Formaiton 

Although there is a very little agreement concerning the source rock(s) which 

have contributed to the Athabasca accumulation, it is agreed that all potential source 

rocks lie geographically southwesterly to westerly (henceforth both will be referred as 

westerly) oriented from the Athabasca oil sands deposit (Brooks, 1988; Creaney and 

Allan, 1992; Allan and Creaney 1991; Creaney et al., 1994; Masters, 1984; Moshier and 

Waples, 1985; Higley et al, 2009; Leenheer, 1984; Mehay et al, 2009). The configuration 

(morphology) of the Western Canadian foreland basin (Wright et al, 1994), allowed for 
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deep burial of sediments along the western part of the basin, where petroleum was 

generated under high temperatures and subsequently expelled into carrier beds. 

Basinwide structural tilting (Wright et al, 1994) allowed for petroleum migration towards 

the shallower sediments residing to the east, including the Athabasca basin (Vigras, 1968; 

Mossop, 1980; Brooks, 1988; Ranger, 1994; Highley et al, 2009). 

The proposed mechanisms for creating the necessary reservoir architecture for 

petroleum trapping for the Athabasca oil sands deposit includes: a structure described as 

a subtle regional anticline (NNW-SSE oriented 150 miles long and 60 miles wide) 

(Vigrass, 1968; Ranger, 1994), a stratigraphic pinch-out (Vigrass, 1968), or 

accommodation space created via vertical collapse movement associated with dissolution 

of the underlying Devonian evaporates (Edmunds, 1978). A further trapping mechanism 

considers the evolving properties of oil as it is migrating towards shallow depths where 

biodegradation produces highly viscous and immobile bitumen which may act as a seal 

(Mossop, 1980; Highley et al., 2009). 

The limitations for defining the trapping mechanism are mainly due to the vast 

size of the deposit and the associated uneven structural elevation of bitumen-water 

contact  (Ranger, 1994; Ranger and Gingras, 2006). The structural elevation of the 

bitumen-water contacts along the west-east transect in southern Athabasca varies from 

low to high, than back to low and to high again before reaching non-bitumen saturated 

parts of the formation. Explaining these phenomena required employing structural 

changes such as westward migration of the anticline crest as the reservoir was charged. 

and bitumen immobilized due to biodegradation (Masters, 1984), or the even more 

complicated explanation that the initial oil-water contact was flat or slightly tilted to the 
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west (direction of petroleum charge), and later, when bitumen immobilized, post-

petroleum emplacement structural changes created uneven structure of the contact along 

and eastwards from the anticline (Ranger, 1994). A basin wide survey incorporating data 

from numerous wells allowed Ranger (1994) and Hein and Marsh (2008) to map the 

regional lateral aspect of the bitumen-water contact, commonly referred to as the bitumen 

zero edge (Fig. 1). Ranger (1994) also described the presence of multiple oil-water 

contacts in some wells which further complicates the mapping of regional fluid contacts.   

1.2 Depositional or Primary Stratigraphic Traps 

The existence of stratigraphic traps has been recognized in subsurface studies 

since the end of the 19th century (Carll, 1880) and since then has been widely 

documented in the literature as one of the foundation principles of the petroleum system. 

Stratigraphic traps are grouped / classified as primary or depositional stratigraphic traps, 

stratigraphic traps associated with unconformities, and secondary stratigraphic traps 

(Ritten-house, 1972). Biddle and Wielchowsky, (1994) have further divided depositional 

stratigraphic traps into two distinct types: traps formed by lateral depositional changes 

and those created by buried depositional relief. Biddle and Wielchowsky (1994) 

suggested that both types “generally require a component of regional dip to be effective”.  

These traditional stratigraphic trap schemes deal with the entire formation, 

neglecting the possible impact of the reservoir heterogeneities within the formation on the 

movement and trapping of petroleum.  
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1.3 Petroleum Charging and Mixing in Reservoirs  

The processes of petroleum charging summarized by England et al. (1987) and 

England (1989, 1994) shows that when petroleum first enters the reservoir trap, it initially 

follows the paths of least resistance which are the sedimentary layers with the largest 

average pore radii and the most accessible pores. During the early stages of individual 

trap filling, petroleum flow is driven by natural buoyancy and controlled by capillary 

pressure differences within reservoir rocks, which is characterized by a dendritic network 

that essentially demarcates the coarser grained parts of the reservoir within the trap 

(England et al. 1987; England, 1989, 1994; Stainforth, 2004). As more petroleum arrives 

into the reservoir, buoyancy forces increase, exceeding capillary entry pressure, thereby 

allowing petroleum to access the smaller pores (England et al. 1987; England, 1989, 

1994; Stainforth, 2004). During the final stages of charging an individual trap (when 

~50% petroleum saturation is achieved) the petroleum behaves like a body of free fluid 

and fills the entire trap, including the finest pore throats (England et al. 1987; England, 

1989, 1994; Stainforth, 2004). At this final stage, only relatively small portions of the 

trap, which are characterized by high capillary pressure may be by-passed, although this 

is uncommon.  

Recent studies suggest that petroleum charge and mixing histories are responsible 

for bitumen heterogeneity in the Alberta’s oil sands deposits (Larter et al., 2006, 2008, 

Adams, 2008, Fustic et al., in press). 
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1.4 Fill and Spill Concept 

At some stage during reservoir filling the pore system of an individual trap 

becomes saturated by the migrating petroleum. With the continuing arrival of the 

petroleum charge, the volume of petroleum exceeds the capacity of pore spaces within 

the trap. Thus the excess petroleum either bypasses the trap or continues to enter the trap, 

forcing previously entrapped petroleum laterally, into the carrier bed and into the next 

following lateral structural trap (Gussow, 1954). This mechanism allowed Gussow (1954) 

to propose the concept of differential entrapment of oil and gas. This model says that in 

structurally tilted basins, oil is generated in the petroleum kitchen, and is then driven by 

buoyancy to migrate via carrier beds to the closest anticline and fill it from the top to the 

bottom. Once the first structural trap is filled, the new and more mature petroleum arrives 

to the same trap and displaces previously arrived petroleum via anticline “spill” point into 

the following trap. Eventually, when gas is generated, then gas displaces oil.  

When petroleum generation stops, the trap closest to the petroleum kitchen 

contains the most mature oil and/or gas, and thus reservoirs located further away from the 

petroleum kitchen contain the least mature petroleum. This concept has been documented 

in many case studies worldwide (Creaney and Allan, 1992; Larter and Horstad, 1992; 

Rattey and Hayward, 1993; Horstad et al., 1995; Larter and Aplin, 1995; Brincat and 

Larter, 1997; Isaksen, 2004). 
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1.5 Application of Petroleum Maturity Indicators  

Petroleum generation follows the burial of source rocks to significant depths, 

where under high temperatures and pressures sedimentary organic matter transforms into 

petroleum (Tissot and Welte, 1984). Transformation of organic matter into petroleum 

starts at 50°C, but most of the oil is generated between 100 and 150°C, a temperature 

range commonly referred to as the “oil window” (Tissot and Welte, 1984; Pepper and 

Corvi, 1995; Pepper and Dodd, 1995). The process is described as thermal cracking of 

complex organic matter compounds into simpler petroleum molecular compounds (Tissot 

and Welte, 1984). The process includes isomerization and/or aromatization of specific 

molecular compounds (Mackenzie, 1984; Peters et al, 2005) and sequential breakdown of 

carbon molecular bonds characterized by losses of carbon-sulfur bonds at the low 

temperatures, carbon-oxygen at intermediate temperatures and carbon-carbon bonds at 

high temperatures  (Lewan et al., 1986; Peters et al., 1990). The first oil expelled at 

temperatures of 50°C undergoes less conversion and isomerization than oil produced at 

higher temperatures (Mackenzie, 1984; Peters et al, 2005). It also contains higher 

proportions of asphaltene compounds characterized by preserved carbon-sulfur and 

carbon-oxygen bonds (Lewan et al., 1986; Peters et al., 1990). Thus, the early generated 

oil from the same source rock is characterized by overall greater proportion of heavy to 

light molecular compounds and lower isomer ratios than oil generated at higher 

temperatures. Based on this criteria Mackenzie (1984) has divided the oil window into 

the early, peak and late maturity zones.  
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Due to the importance of thermal maturity assessment for petroleum system 

analysis, geochemists have developed a range of thermal maturity parameters, including 

numerous molecular isomer ratios and distribution of specific molecular markers 

encountered in entrapped oils (Peters et al., 2005). Commonly used molecular markers 

for thermal maturity assessment includes the C29 sterane isomerization ratio (Seifert and 

Moldowan, 1986), isomerization at C-22 in the C31-C35 17a-hopanes (Ensminger et al., 

1977), ratio of C27 17 α-trinorhopane (Tm) and C27 18 α-trinorhopane (Ts ) often referred 

to as the Ts / (Ts+Tm) ratio (Seifert and Moldowan, 1978), Ts / C30 17 α-hopane 

(Volkman et al., 1983), diasterane / sterane ratio (Mackenzie et al., 1980), aromatization 

of C-ring mono-aromatic (MAS) steroid hydrocarbons to ABC ring tri-aromatic (TAS) 

steroid hydrocarbons (Mackenzie, 1984) (Fig. 3). Although the application of the 

classical molecular parameters has been traditionally based on simple inter-conversion 

reactions between precursor (e.g. C29 20R sterane) and putative product (C29 20S 

sterane), through quantitative analysis it is understood that some ratios are affected by the 

relative extent of compound generation and their subsequent destruction during 

maturation (Abbott et al., 1990; Bennett et al., 2006; Bennett et al., 2008; Bennett and 

Larter, 2008). 

In the Athabasca oil sands deposits, the severity of biodegradation and its effect 

on the hydrocarbon compounds was appreciated in the early work by Brooks et al. 

(1988). Recent studies of the molecular effects introduced due to biodegradation have 

been assessed employing the scale of biodegradation published by Peters and Moldowan 

(1993) which indicates the level of biodegradation in the Athabasca range from PM5 to 

PM9 (Larter et al, 2006; Fustic et al., 2006; Bennett et al., 2006). The severity of the 
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biodegradation alteration has influenced many of common molecular parameters that are 

used to indicate thermal maturity (and also source facies) and thus most of the traditional 

parameters cannot be used for thermal maturity assessment. The exceptions are 

represented by the mono-aromatic steroid hydrocarbons (MAS) and tri-aromatic steroid 

hydrocarbons (TAS). These compounds are highly resistant to biodegradation and appear 

to be intact in the majority of the McMurray deposit. In addition to being highly resistant 

to biodegradation, these compounds are useful indicators of source maturity since the 

parameter represented by TAS / (MAS + TAS) increases from 0 to 100 % spanning the 

early to late oil window levels of maturity  (Peters et al., 2005). Their resistance to 

biodegradation makes them ideal for assessing the oil maturity in the Athabasca oil sands 

deposits. Increase from 0 – 100 % is possible since MAS are formed by transformations 

of sterols during early diagenesis and TAS are formed later, at the higher temperatures, 

presumably by aromatization of earlier formed MAS (Mackenzie, 1984) (Fig. 3). 

Although a recent report by Bennett et al. (2008) shows that conversion of MAS into 

TAS is not a straightforward inter-conversion in terms of mass balance, a very similar 

conversion weight rates of MAS and TAS with increased temperatures still allows for 

using these parameters as maturity indicators.  

1.6 McMurray Formation Reservoir Architecture – Review 

The McMurray Formation is characterized by a labyrinth of reservoir and non-

reservoir facies encountered in a range of large scale depositional elements such as point 

bar and mud plug deposits (Wightman and Pemberton, 1997; Strobl et al., 1997; Flach, 
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1984) as well as counter point bar (Smith et al., 2009) and translating point bar (Fustic et 

al., in press, Hubbard et al., in press) deposits that were accumulated in ancient 

meandering river systems characterized by downstream translations as the dominant 

process (Fustic et al., in press). The typical size of reservoir compartments may exceed 

thicknesses of 30 meters and up to several kilometers laterally, while mud plug deposits 

that are separating lateral compartments are commonly more than 30 meters thick and up 

to 500 meters wide (Strobl et al., 1997; Brekke and Evoy, 2004; Druesne et al., 2008; 

Fustic et al., in press; Hubbard et al., in press). 

1.7 Hypothesis 

The aim of this paper is to propose and evaluate a new concept for petroleum 

entrapment that will honor the principles of reservoir charging and in-reservoir mixing 

processes as well as reservoir architecture in terms of the spatial relationship of reservoir 

and non-reservoir facies in the McMurray Formation. The proposal is based on the 

evidence that large scale non-reservoir facies (i.e. mud plug deposits) within the 

McMurray Formation create a complex labyrinth of lateral reservoir compartments, and 

on the assumption that each compartment delineated by the non-reservoir facies was 

charged as individual trap. Once volumes of petroleum exceeded the capacity of pore 

space in any individual compartment petroleum started to migrate under the seal into the 

following compartment (Fig. 4), resembling fill and spill concept applied for structural 

traps (Gussow, 1954). 
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2. Methodology 

The study area includes data from five closely spaced wells from southern 

Athabasca region (township 85 and range 6) and 2 closely spaced wells from the northern 

Athabasca region (township 95 and range 9) (Fig. 1). The wells from the southern 

Athabasca region are chosen across a west – east geological cross-section that intersects 

the regional lateral bitumen-water contact (bitumen zero edge; Fig. 1 and 5), while two 

wells from the northern Athabasca region are tens of kilometers west from that contact 

(Fig. 1). 

Detailed composite logs (Fig. 6) were created to identify different geological 

intervals along each well. Generally, clean (<60 API gamma ray readings) containing 

more than 12 mass % of bitumen were identified as an excellent (type 1) reservoir (Fig. 

6), while interpreted interbedded units of sand and mud characterized by unidirectional 

dips were identified  as inclined heterolithic strata (IHS, cf. Thomas et al., 1987) (Fig. 6). 

The presence of “top gas” was identified based on the neutron-density cross-over (Fig. 

6b) and low-bitumen – high water saturated zones were interpreted based on reduced 

resistivity log records from clean sand reservoirs (Fig. 6) and reduced bitumen saturation 

(measured in the laboratory by the Dean-Stark method (Dean and Stark, 1920)) as 

measured in the laboratory (Fig. 6). 

Well to well correlation of reservoir facies and bitumen saturation among wells 

was done using 3D seismic and geophysical logs including dipmeter (Fig. 5b). 

Molecular maturity parameters were calculated on high resolution (every 2-3 

meters) vertical profiles (Fig. 6) along five wells (labeled 1-5) shown in Figure 5b and on 
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two wells from the northern Athabasca region (approximate location indicated by yellow 

star along B-B’ cross-section in Fig. 1). Bitumen samples selected for geochemical 

molecular composition analysis was extracted using dichloromethane (DCM) solvent. 

Saturated and aromatic hydrocarbon compounds were separated from the bitumen 

extracts using the procedure described by Bennett and Larter (2000). The saturated and 

aromatic hydrocarbon fractions were analyzed using gas chromatography – mass 

spectrometry (GC-MS) on Hewlett-Packard 5890 GC (using splitless injection) interfaced 

to a HP 5970B quadrupole mass selective detector. 

Finally, interpretation of reservoir charging and petroleum entrapment in space 

and time was done by integrating the data representing the sedimentological framework 

and the petroleum maturity parameter data honoring principles of secondary petroleum 

migration as described by England (1994) and differential entrapment as described by 

Gussow (1954). The data are compared with results from two wells from the northern 

Athabasca region, to interpret relative difference in oil maturity on a regional scale.  

3. Case Study 

3.1. Geological Background 

The McMurray Formation within the study area is comprised of several stacked 

meandering river belt deposits. The sediments of the youngest meandering belt are the 

best preserved and thus easy to map both in plan (Fig. 5a) and in cross-section view (Fig. 

5b). This belt is comprised of about 35 meters thick point bar and mud plug deposits. The 
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mud plug deposits essentially separate the reservoir into three lateral compartments 

identified as A, B and C (Fig. 5). Sediments below the youngest meandering belt deposits 

consist of remnants of older meandering river belt deposits and shale interpreted as 

continental plain flood deposits (Fig. 5b). A sand several meters thick occurs below each 

mud plug deposit providing communication routes for fluid migration between 

compartments via fill and spill (Fig.5 b). 

A structural cross-section (Fig. 5b) shows the gentle dip of the McMurray 

Formation towards the east, which is opposite to the regional tilting to the west. This 

phenomenon  has previously been interpreted as being due to structural rollover caused 

by dissolution of the underlying evaporites (Ranger, 1994) (Fig. 1; Fig. 10a), and 

coincides with the tip of a regional anticline which has been interpreted as being 

responsible for oil entrapment in southern Athabasca (Ranger, 1994; Ranger and Gingras, 

2006). 

The study area presented in this paper offers a unique setting to study the 

application of the Gussow’s differential entrapment of oil concept. Regionally it is 

positioned at the axis of the subtle regional anticline (Fig. 1), of which one side is filled 

by oil, and another side is not. On a reservoir scale, three neighboring lateral reservoir 

compartments, each 50 to 60 meters thick, are covered by regional seal (the Clearwater 

Formation) which prevents vertical migration of oil from the McMurray Formation. The 

effective seal of the Clearwater Formation along the top of the lateral compartments, 

created by the ancient meandering river deposit of the McMurray formation,  provide an 

ideal framework to examine the possible fill and spill concept. The beauty of the study 

area includes the fact that the easternmost compartments have received only a small 
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amount of the oil that has occupied the most porous and permeable connected layers (Fig. 

7c) in the area proximal to the spill point from compartment B which allows comparison 

of the geochemistry of the compartments that have not seen multiple petroleum charge 

fluxes and mixing, reflecting early reservoir (compartment) charge histories.   

3.2. Bitumen Saturation 

The results obtained from Dean Stark analysis shows typically 16 weight % 

bitumen saturation in clean reservoir sands in both compartments “A” and “B” (Fig. 6 

and 7a). The bitumen saturation in IHS parts of the reservoir varies from nil in mud 

laminae, up to several weight percent in silt laminae, and up to 16 weight percent in sand 

layers (Fig. 6 and 7 b and d). The bitumen saturation obtained from samples at the top of 

the compartment “A” and in parts of the compartment “B” (cyan colored interval in Fig. 

6) are less than 8 weight %. These two zones are interpreted as top water and gas in 

compartment A (Fig. 5b) and as low-bitumen, high-water saturation zones in 

compartment B (Fig. 5b and 6 and b). The sand grains in intervals occupied by top water 

and gas and low bitumen – high water saturation zones are characterized by visually 

observable oil stain suggesting that these were previously occupied by oil (Fustic et al., in 

press). The two wells drilled through compartment “C” encountered nil oil staining, 

except in few intermittent bitumen saturated intervals. However, a relatively thick top gas 

was encountered at the top of that compartment (Fig. 5b), in contrast to the top water and 

low-bitumen – high water saturated zones encountered in compartments “A” and “B” that 

are characterized by residual oil stain on sand grains and interpreted as former gas caps 
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(Fustic et al, in press). The water saturated sand in compartment “C” is characterized by 

the absence of oil staining (Fig. 7c). 

3.3 Geochemical Results 

Geochemists traditionally employ a number of molecular maturity parameters 

based on saturated and aromatic hydrocarbons to provide an indication of source maturity 

of petroleum. However, in this study, due to the severe nature of biodegradation in the 

Athabasca deposit (Larter et al., 2006, 2008; Bennett et al., 2006; Adams, 2008) only the 

most biodegradation resistant compounds such as long chained TAS and MAS can be 

utilized (Table 1 and Appendix 1). The irregular concentration profiles of the short 

chained TAS (see Appendix 1), particularly C20 carbon number TAS (see Appendix 1) 

showing reduced concentrations in the deeper parts of the oil columns suggests that these 

compounds have been affected by biodegradation. It appears the short chained MAS (see 

Appendix 1) also show susceptibility to biodegradation in several studied petroleum 

columns (i.e. compartment A and North Athabasca). However, it appears that the side 

chain containing TAS (C26-C28) and MAS (C27-C29) (see Appendix) shows a very narrow 

range of concentrations suggesting that they were not affected by biodegradation, and 

thus can be used as maturity parameters. The molecular ratios of long chained TAS and 

MAS expressed as (TAS / [TAS + MAS]) (Table 1, Fig. 8) within compartments A and B 

shows value ranges between 0.20 and 0.33, while in the northern study area this ratio 

shows a narrow ranges between 0.36 and 0.40 (Table 1, Fig. 8) except at the very top 

sample of well 6 (Table 1, Fig. 8) which has a value of 0.31. 
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Due to the biodegradation effect on C20 TAS (see Appendix 1), the ratio C20 / (C20 

+C28R+S) cannot be used solely to define the level of maturity in this samples suite 

(Bennett et al., 2002), but observed range in all samples is suggestive of low mature 

petroleum indicative of petroleum generation in an early oil window (Mackenzie, 1984). 

While the concentration profile along each well shows a very narrow range of (TAS / 

[TAS + MAS]) ratio (Table 1, Fig. 8), noticeable and consistent changes in these ratio 

occur when comparing data from two adjacent reservoir compartments as well as 

between the reservoir components and data from northern study area (Table 1, Fig. 8). 

For example, the (TAS / [TAS + MAS]) ratio recorded for both wells from compartment 

A is 0.32 while in all three wells from compartment B is about 0.22, indicating oil 

maturity differences between the two compartments. Data from two wells in the northern 

Athabasca region show values of about 0.37 (Table 1, Fig. 8). 

4. Interpretation  

The results based on the geochemical analysis of the bitumen from a west – east 

transect (Fig. 5) provides an opportunity to develop an understanding of the nature the 

petroleum charging process in space and time.  

Firstly, indications based on molecular geochemical parameters (e.g. TAS / 

[TAS+MAS]) indicate that the source maturity is appreciably higher in the oils extracted 

from core recovered from compartment “A” relative to compartment “B”.  Initially both 

compartments may have contained the same oil originating from the single primary 

charge phase, as indicated by narrow range of source rock parameters (Table 2), whereas 
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the higher maturity oil indicated for compartment A was introduced during a contribution 

from a later, relative higher maturity charge. Considering that the potential source rocks 

lie to the west of the reservoir rocks and that petroleum migrated from west to the east, 

the maturity results can be explained by employing the principles described by Gussow’s 

(1954) concept of differential entrapment of oil and gas.  

Secondly, bitumen saturated sand in all wells within reservoir compartments A 

and B, and only minor presence of bitumen in the easternmost wells in compartment C 

suggests that compartments A and B were completely charged by petroleum, while the 

compartment C was only partially and intermittently charged (Fig. 5b). 

The presence of bitumen saturated sand stringers within the oil-stain free sands in 

compartment C (Fig. 5b and Fig. 7c) suggests that the distribution of oil in compartment 

C represents an early stage of petroleum charge in  a dendritic pattern associated with the 

most permeable and accessible layers, a process described by England et al., (1987) and 

England (1989, 1994). Single centimeter to several decimeter wide bitumen saturated 

sand intervals form a dendritic pattern which is indicative of the beginning of trap 

charging (England et al., 1987; England, 1989, 1994). After this initial dendritic charge, 

charging stopped or significantly slowed, perhaps due to the cessation of the orogeny and 

subsequent uplift that lifted the source rock kitchen up out of the thermal petroleum 

generation window. Petroleum in compartment C was biodegraded and immobilized in 

place. 

This interpretation may explain the origin of some of the multiple oil-water 

contacts in a single well. Multiple contacts which  exist in this way are distinct from 

multiple bitumen-water contacts encountered in vertically compartmentalized reservoir 
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and from bitumen-water contacts related to occurrences of high-water saturated zones 

explained as depleted gas caps (i.e. high water saturated zones in compartments A and B, 

Fig. 5 and 6; Fustic et al., in press). The first are characterized by presence of extensive 

barriers between vertical compartments, and the second by presence of heavy oil stain on 

sand grains. In case of compartment C neither barriers between bitumen saturated 

‘stringers of sand” exist nor are sand grains between these stringers coated by oil stain 

(Fig. 7b), like commonly seen in low-bitumen – high water saturated zones.   

The mixing of oil introduced as a result of late charge contributions into a pre

existing accumulation is well documented in many reservoirs worldwide (Curiale and 

Bromley, 1996). For example, despite conflicting opinions concerning the origin of 25

norhopanes (Bennett et al, 2006) , it is widely accepted that crude oil containing n-

alkanes, isoprenoid alkanes, and 25-norhopanes is a mixture of a “fresh oil” and heavily 

degraded oils, where 25 nor-hopanes are indicative of heavily degraded, and n-alkanes of 

fresh oil (Volkman et al., 1983; Philp, 1983; Howell et al., 1984; Blanc and Connan, 

1992; Peters and Moldowan, 1993; Mason et al., 1995; Campos et al., 1996; Rooney et 

al., 1998; Scotchman et al., 1998; Dzou et al., 1999; Nascimento et al., 1999; George et 

al., 1998, 2002; Grimalt et al., 2002; Pan et al., 2003). Since light crude oil compounds 

such as n-alkanes and isoprenoid alkanes are not typically encountered in the Athabasca 

oil sand deposit, oil mixing processes are difficult to detect. Even where such compounds 

may have been introduced during a late charge episode, their depletion may occur during 

the later stages of the reservoir history by continued biodegradation, thereby removing 

evidence for additional charging. In the latter scenario, the components representing the 

“light oil” would be depleted, while more biodegradation resistant TAS and MAS 
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compounds remained in the mixture which may contribute to an enhanced maturity 

signature relative to the oil residing in compartments that have not received late charge 

oil. 

In summary, the data presented (Table 1) allows for creating a schematic diagram 

illustrating reservoir charging in space and time (Fig. 9). Petroleum from the westerly 

source rock initially charged reservoir compartment A (Fig. 9a). Charging proceeded 

according to the steps described by England et al., (1987) and England (1989, 1994; see 

Fig. 4d) until the compartment was fully charged by oil of low maturity generated within 

the early oil window stage. During continued oil charging, increasingly mature (and thus 

lighter) oil arrived from the westerly source rocks and accumulated within the upper 

portions of compartment A, displacing the  less mature and  heavier oil downwards and 

eastwards under the mud plug into compartment B (Fig. 9b). Increasingly mature oil 

arriving at compartment A did not only displace the previously entrapped less mature oil, 

but also mixed with it. The charging processes associated with compartment “B” 

essentially repeated the processes described for compartment A, until compartment “B” 

was fully charged. Once, compartment B was completely charged,  continued inflow of 

oil from the west continued to displace oil from compartment A into compartment B, and 

which in turn caused the oil originally emplaced in  B to be forced out under the mud 

plug and into compartment “C” further to the East (Fig. 9c). 

Biodegradation of the entrapped oil occurred during the charging, after the 

charging was complete, and is continuing at the present day (Oldenburg et al., 2009; 

Hubbert et al., 2010), destroying lighter molecular compounds and producing biogenic 

gas (Fig. 9). Biogenic gas produced along the oil – water contact (Head et al., 2003) 
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moves upwards until encountering low permeability layers where it becomes trapped, 

forcing still mobile oil downwards (Fig. 9c). Over geological time, the gas has escaped 

from some parts of the reservoir (i.e. compartment B, Fig. 9f) thereby promoting water 

migration into the unoccupied void space, forming top water and/or multiple high-water – 

low-bitumen saturated zones. Due to the severity of biodegradation, which is evident 

from complete removal of n-alkanes and isoprenoids and partial removal of steranes, 

methylphenathrenes, naphthalenes, and generation of 25 nor-hopanes (Bennett et al., 

2007; Fustic et al., in press), the bitumen is highly immobile compared to water and 

therefore the previous gas zone was re-occupied by water (Fig. 9f, Fustic et al., in press). 

During the reservoir charging and immediately after petroleum charge shut or 

slowed down, the limited amount of the petroleum that arrived into the compartment C 

was immobilized by biodegradation, leaving a kind of a “frozen in place” image of the 

early charge of the compartment (Fig. 7c and Fig. 9f). The biodegradation rates were 

presumably fast, considering the small amount of petroleum, coupled by an extremely 

favorable size of the oil-water interface and excellent reservoir quality that allowed for 

distribution of other nutrients creating ideal conditions for microbial communities 

(Huang et al, 2004; Oldenburg et al., 2009; Hubbertt et al., 2010; Fustic et al, in press). 

Although biodegradation in the study area was severe, and dynamic mixing 

processes occurred during the reservoir geo-history, TAS and MAS compounds 

remained intact as evident from the narrow range of molecular concentration variation 

within each of studied wells (Table 1, Fig. 8). 

Once petroleum generation stopped, the fluids charging the Athabasca reservoir 

also stopped, but in-reservoir mixing processes continued in each compartment 
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independently from each other, perhaps following the principles suggested for anticlinal 

traps as summarized by Stainforth (2004). 

The results from Wells 6 and 7 (Table 1, Fig. 8) indicate that the oil from the 

northern Athabasca region is of appreciably higher maturity than in compartment A, and 

somewhat higher than in compartment B, suggesting that the most mature and later 

generated oil charged the northern part of the McMurray accumulation. Considering the 

basin configuration this suggests that the northern Athabasca region has been charged via 

different carrier beds than the southern Athabasca region and likely later than the 

southern Athabasca region (Fig. 1). Different mechanisms can be used to explain it, 

including possible regional tilting and re-orientation of migration pathways; oil 

generation from a different, perhaps more westerly part of the source rock that would fill 

the northern part of the basin independently from the southern part of the basin; 

generation from a different but perhaps very similar source rock. 

Results from the top sample of northern well 6 that shows (TAS / [TAS +MAS]) 

ratio of 0.31 indicates the least mature oil at the top of the column, suggesting that later 

arrived oil mixed with the oil in the entire compartment leaving the very top by-passed. 

This further suggests that the initial oil charge in that area was characterized by less 

mature oil which was later was mostly forced towards the east, resembling processes we 

described occurred among compartments A, B, and C.  
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5. Discussion 

Although based on sound petroleum entrapment schemes, previously proposed 

petroleum entrapment concepts for the McMurray Formation are found to be deficient 

and/or inconsistent with our proposed mechanisms, for at least some parts of the 

McMurray Formation. For example, the  regional lateral oil-water contact commonly 

referred as “bitumen zero wedge”, follows the axis of of the subtle anticline suggested by 

Vigrass (1968), Ranger (1994), and Ranger and Gingras (2006) for long distances (Fig. 

1). Encountering the lateral oil-water contact along the axis of an anticline is contrary to 

the anticlinal traps concept, according to which a petroleum column should be the 

thickest under the anticline axis and should form a horizontal oil-water contact (unless 

tilted due to hydrodynamics, cf. Dahlberg, 1995). 

Regional sedimentological studies of the McMurray Formation suggest it is 

composed of tidally influenced meandering river channel deposits (Wightman and 

Pemberton, 1997), which is a depositional style not characterized by stratigraphic pinch-

outs that would form stratigraphic traps as suggested by Vigras (1968). Although the 

McMurray Formation pinches out towards the east against Devonian and pre-Cambrian 

rocks (Vigrass, 1968) this pinch out is far away from the regional oil-water contact 

mapped by Hein and Marsh (2008)  (Fig. 1). Additionally, the interpreted presence of a 

large (tens of kilometers wide) lateral former gas cap (Ranger and Gingras, 2006; Fig. 

10c), eastwards from the bitumen zero wedge is contradictory to Gussow’s (1954) 

principles that suggest thermogenic gas should be found in the parts of the reservoir most 

proximal to the source rock, rather than in the reservoir furthest from the source rock 
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(Fig. 10c). Considering the overall low thermal maturity of oil in Athabasca (Adams et 

al., in press) it is also unlikely that any significant amount of solution gas would be 

produced and carried over distances of several hundreds of kilometers (Head et al., 2003) 

from westerly source rock to McMurray Formation. To the best of our knowledge, 

stratigraphic pinch outs are not reported anywhere along the lateral bitumen-water 

contact. 

Up-dip seal formed by rapidly biodegraded petroleum (Mossop, 1980) is possible, 

but hard to accept and/or inconsistent with reservoir conditions. First, regional tilting is 

evident west of the anticline (Ranger, 1994; Ranger and Gingras, 2006), but commonly is 

absent along the anticline axis, along which contact is mapped. Second, the reservoir is 

highly compartmentalized into a complex network of up to 5 kilometer wide 

compartments (Druesne et al, 2008; Fustic et al, in press; Hubbard et al, in press), each 

having its own biodegradation history and rates controlled by local intra-compartmental 

conditions (Fustic et al., in press) suggesting that formation of the regional, relatively 

linear up-dip seal would be hardly possible. The  1 km thick overburden at the time of 

reservoir charging (Nurkowski, 1985), suggests significantly higher (up to 30°C) 

reservoir temperatures than today, inferring decreased viscosity and thus higher mobility 

of the arriving petroleum that would outpace the biodegradation rates, except in some 

semi-isolated parts of the basin (i.e. compartments).  

In terms of existing stratigraphic trap mechanisms, although detailed in their 

descriptions, all stratigraphic schemes proposed so far cover scenarios dealing with the 

entire formation, inferring that the formation’s internal heterogeneities do not impact the 

reservoir charging and entrapment. However, data and interpretation offered in this study 
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demonstrate that internal reservoir heterogeneities of meandering river deposits result in a 

significant impact on reservoir charging and petroleum entrapment as well as fluid 

distributions. Specifically, mud plug deposits and possibly other non-reservoir large 

scale depositional elements such as counter point bar deposits (Smith et al, 2009) may 

form a labyrinth of lateral reservoir compartments whose charging may proceed via spill 

and fill concept suggested earlier for structural traps (Gussow, 1954). 

This finding allows for re-interpreting commonly employed petroleum entrapment 

schemes for the McMurray Formation. In our interpretation, the eastward petroleum 

migration encounters numerous obstacles in forms of lateral compartments (Fig. 4, 5 and 

9) that at least temporarily interfere with the continuous flow pathways and accumulate 

the oil within the reservoir compartment. The continued migration of the oil is controlled 

by the location of the spill point. 

The modification that we suggest addresses the origin of the lateral bitumen-water 

contact and apparently inclined, southwesterly dipping structural oil – bitumen contact 

(Ranger, 1994) (Fig. 10a). Specifically, the huge, subtle anticline suggested for southern 

Athabasca region serves as a vertical trap, but lateral migration of petroleum was 

controlled, impeded and eventually contained by large scale non-reservoir mud plug 

deposits (Fig. 10b). These mechanisms explain the origin of the apparently inclined, 

southwesterly dipping structural bitumen-water contact (Fig. 10b) that resembles the 

scheme created for structural traps in regionally tilted basins as discussed by Gussow 

(1954). We also agree with the earlier proposal that in the northern Athabasca region 

post-McMurray Formation rocks (Fig. 2) form the vertical seal, and that the McMurray 

Formation is pinching out to east to Devonian and Cambrian rocks (Fig. 10c), but suggest 
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that lateral entrapment of oil in this region does not have anything to do with stratigraphic 

pinch out of the entire formation, but that it is rather controlled by network of lateral non-

reservoir mud plug deposits within the formation that formed numerous barriers to 

laterally migrating fluids (Fig. 10d).  The network of mud plug deposits, similar to those 

shown in Figure 4, in the northern Athabasca study area has been documented by Fustic 

(2007). This type of framework allowed downward filling of the entire compartment, 

rather than commonly visualized continuous and unimpeded migration of oil along the 

contact between carrier sand and the regional seal (Fig. 10d). This concept also does not 

employ a large lateral gas cap towards the east (Fig. 10c). 

Lateral variation in petroleum composition has been observed in many reservoirs 

worldwide and researchers have employed different concepts to explain this 

phenomenon. For example England (1989) explained the lateral variation between the 

main Forties and East Forties fields (North Sea) as a function of very slow lateral mixing 

rate. This concept does not require employing lateral barriers. However, distances among 

studied samples in the Forties Field are an order of magnitude longer than between our 

compartments A and B. Additionally, our results shows virtually no differences in 

maturity ratio among wells from the same compartment (Table 1, Fig. 8), suggesting that 

slow lateral mixing rates should not have any impact on the variation of the bitumen 

between the neighboring compartments. Geological interpretation (Fig. 5) clearly shows 

that compartments are separated by mud plug deposit (Fig. 5). 

Finally, we suggest a concept to explain the occurrence of alternating oil saturated 

and water saturated zones observed in some McMurray Formation cores (Fig. 7c) and 

outcrops (Fig. 11) as well as different type of fluids and/or water saturations encountered 
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in adjacent compartments in McMurray Formation. In this case  non-bitumen saturated 

layers characterized by lack of oil stain are distinct from ancient gas caps characterized 

by oil stain as discussed in detail by Fustic et al (in press). Specifically, depending on 

petroleum migration pathways some compartments may not have been completely 

charged by petroleum or may contain minor zones that were by-passed during petroleum 

charge, perhaps due to high capillary pressure (Fig. 4d iv) (England, 1994). In the IHS 

sequences of some compartments, petroleum may have never reached critical volume to 

behave like a body of free fluid able to overcome capillary pressure in the finer grained 

layers and laminas as shown in Fig. 4d iv, Fig. 7c and Fig. 11. Dendritic petroleum 

charge pattern suggested by England (1989) is evident from partially saturated cores 

characterized by excellent and relatively homogenous porosity (Fig. 7b). However, due to 

the inclined and laminated nature of the IHS layers, it is likely that petroleum charge will 

rather proceed linearly through sand layers and laminae and may possibly expand into the 

finer pores when capillary entry pressures have been exceeded (Fig. 7c and Fig. 11). 

Detailed tomographic scanning of the core images shown in Fig. 7 may help decipher the 

details of the initial entry of petroleum into the reservoir, but this is beyond the scope of 

this paper. 

The concept of petroleum charge via spill and fill among a labyrinth of reservoir 

compartments may also be used to explain the origin of the differential oil entrapment 

among the adjacent lateral compartments created by meandering river deposits in the 

Colony and Ellerslie formations which show a very similar framework as illustrated in 

Figs 4 a and b (Eddy and Andrichuk, 2003, 2005). 
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Additionally, relatively more mature oil from two wells in northern Athabasca 

region suggests that this portion of the basin was charged with a continuous charge 

episode since the source rocks were entering at a higher level of source maturity.  The 

higher maturity oil in the northern area suggests that this oil was not only generated later, 

but may have also by-passed the southern Athabasca area included in this study, 

suggesting a possibility of a different migration pathway (Fig. 1). 

Since more mature, and thus lighter, petroleum driven by buoyancy mixes with 

and expels most of previously entrapped petroleum in each compartment, it is reasonable 

to expect significant mixing in compartments closer to the source, since these 

compartments would experience multiple oil charge fluxes. Thus, making the correlation 

we made may not be possible in western parts of the McMurray Formation. Additional 

difficulties which would impede similar studies in western side of the basin would be the 

lower concentration and/or absence of the maturity parameter characteristic for the lower 

maturity oil generation window. Specifically, TAS are created only in the early 

generation window. Our studies indicate the lack of diamondoids (characteristic for late 

oil generation) in the Athabasca region of the McMurray Formation, suggesting that the 

petroleum encountered in the Athabasca region is generated in the early oil window. 

Specifically, data in Table 1 shows that even the most mature samples from wells 6 and 7 

have TAS / (TAS + MAS) ratio of 0.38, still indicative of the early oil generation 

window, but definitely more mature than the oil in the most eastern studied compartment 

that had have TAS / (TAS + MAS) ratio of 0.22 (Table 1). 
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6. Implications to reservoir developments 

Findings from this study have numerous implications for future reservoir 

development plans. On the regional scale, they provide a tool for understanding and 

mapping the lateral bitumen-water contacts. For example, if a well is drilled through the 

completely water saturated reservoir column, the next well drilled 500 m west from that 

location may encounter a 40 m thick bitumen saturated reservoir column if  a mud plug 

exists between the two drilled locations (Fig. 5b). On a reservoir development scale, 

differences in water saturation and (TAS / [TAS + MAS]) ratios between adjacent wells 

may indicate the presence of lateral barriers to fluid communication (i.e. mud plug), and 

thus help in identifying the extent of individual compartments. Thus, this approach could 

be used to indicate the risk of encountering lateral barriers (i.e. mud plug) if no seismic is 

available. Specifically, if geochemical logs from two wells shows different ratios of (TAS 

/ [TAS + MAS]) it indicates these two wells are most likely separated by a barrier.  

The interpretation provided in this study should be beneficial for re-evaluating 

reservoirs hosted by meandering river deposits worldwide and revisiting the existing 

stratigraphic traps classifications, possibly by employing geochemical tools as 

demonstrated in this study.  

7. Summary and Conclusions 

The previously documented petroleum entrapment mechanisms for the Athabasca 

oil sands deposit are based on the commonly employed stratigraphic and structural 
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schemes dealing with the entire formation. This study shows the benefit of integrating 

geology and geochemistry in deciphering charging and trapping mechanism in the 

McMurray Formation.   

An integrated detailed sedimentological work and geochemical workflow 

demonstrates that the internal reservoir heterogeneities within the McMurray Formation 

could have major controls on reservoir charging and petroleum entrapment mechanisms. 

Specifically, large scale non-reservoir depositional elements such as mud plug deposits 

form a complex network of lateral reservoir compartments that may be recognized on 

seismic slices and interpreted on geological cross-sections (Fig. 4, 5 and 9). 

Petroleum, generated at the westerly source and driven up-dip by buoyancy was 

migrating towards the east, charging first the westernmost compartments. Once these 

compartments were filled, newly generated, more mature and thus lighter oil 

(progressively evolving composition) was displacing previously entrapped oil and forcing 

it to migrate under the mud plugs, at the spill points, into other compartments towards the 

east (Fig. 4, 5 and 9). This is evident from thermal maturity data presented in this study 

that shows that (TAS / [TAS + MAS]) ratios in two adjacent compartments show slight 

but noticeable systematic differences, with evidence of somewhat lighter oil in the 

westerly compartment (Table 1). The mechanism of fill and spill among adjacent 

compartments continued until petroleum charging stopped due to the cessation of the 

orogeny and basin uplifting. Petroleum entrapped by that time could not migrate anymore 

towards the east due to mud plugs that provided lateral seals, and further migration 

processes were restricted to in-reservoir mixing within each individual compartment. 

Exceptions may include possible leaks due to fractures caused by faults related to karst 
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events in the underlying Devonian carbonates, or incisions of the glacial and modern 

Athabasca River and their tributaries. However, by the time later events occurred most of 

the petroleum was already immobilized to bitumen. 

The presented study area provides a unique setting that allows detailed 

investigation of the processes occurring in the reservoir, and visualizing early stages of 

the filling of the complex meandering river deposits. The uniqueness of the area includes 

the position at the axis of the anticline, the presence of large scale depositional elements 

that created up to 35 meter thick lateral compartments, and biodegradation intensity that 

immobilized the petroleum, still leaving preserved crucial biomarkers for thermal 

maturity, such as TAS and MAS, intact.  

The complete understanding of reservoir charging required the integration of 

principles of secondary petroleum migration described by England et al., (1987) and 

England (1989, 1994) and detailed reservoir architecture model of the study area as well 

employment of Gussow ‘s(1954) fill and spill principles (Figs. 4, 9 and 10). 

Considering the global economic importance of the Athabasca oil sands and other 

petroleum reservoirs hosted in meandering river fluvial deposits, the presented concepts 

demonstrate a need for revisiting the existing stratigraphic entrapment schemes. The 

proposed integrated petroleum entrapment model should be applicable to other reservoirs 

characterized by meandering river deposits elsewhere in the western Canadian 

sedimentary basin and worldwide.  
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Figure Caption 

Figure 1. Location map. Highlighted area shows the approximate extent of the 

bitumen saturated parts of the McMurray Formation (grey shade). The red dashed line is 

the salt dissolution collapse edge which is the approximate axis of the Main Valley 

(McPhee and Wightman, 1991) and the axis of the Athabasca anticline in the Southern 

Athabasca region (Ranger, 1994). East of the grey shade is water saturated McMurray 

Formation that has never been charged by petroleum (modified after Ranger and Gingras, 

(2006); and Hein and Marsh, (2008)). The regional lateral bitumen-water contact, 

commonly referred as “bitumen zero edge” is shown as a straight line (Fig. 1), (although 

it is an irregular 3D surface (Hein and Marsh, 2008)), that indicates the easternmost 

occurrence of bitumen, regardless of its thickness. Yellow stars show locations of 

southern and northern Athabasca areas discussed in this paper. A-A’ and B-B’ show the 

approximate locations of cross-section diagrams shown later in Figure 10. Dotted and 

dashed arrows show suggested petroleum migration paths. The inset map shows the 

extent of the Athabasca oil sands deposit (green) within the province of Alberta and 

within Canada. 

Figure 2. Stratigraphic column for northeastern Alberta (modified after Wightman, 

et. al., 1995). The white area indicates the deep incision of the modern Athabasca River 

that forms numerous outcrop exposures. Schematic meandering channel deposits indicate 

complex relationship of reservoir (bright color) and non-reservoir (gray color) large scale 

depositional elements within the middle McMurray.  
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Figure 3. Schematic presentation of aromatization of C-ring monoaromatic (MAS) 

steroids to ABC ring triaromatic (TAS) steroids. Modified after Peters et al, 2005. The 

process occurs during petroleum generation and conversion factor increases with the 

increased temperature, as more and more MAS are transformed (restructured) to TAS.  

Figure. 4. Hypothesis for petroleum entrapment in McMurray Formation. Plan view 

maps of a) one of Nexen Inc. and OPTI Canada’s (modified after Smith et al., 2009) and 

b) Conoco-Philips Surmont oil sands development areas (modified after Druesne et al., 

2008) outlining large scale depositional elements and lateral compartmentalization of 

reservoir sands by mud plug; c) I-I’ schematic cross-section through several compartment 

(for location of cross-section see Fig. 4a). Labels 1-6 shows hypothetical time sequences 

of reservoir filling from the left to the right (i.e. cross-section 1 illustrates reservoir before 

petroleum charge occurred, and 6 when charge is complete). Black arrows show 

hypothetical charging of individual lateral compartments via spill and fill (Gussow, 

1954); d) conceptual diagram showing i) early ii) mid and iii) late stages of petroleum 

charge in compartmentalized McMurray Formation reservoirs (modified from England, 

1994). White areas in diagrams show non-saturated and/or bypassed zones; iv) a 

completely charged compartment. Excess oil finds its way under the spill point into the 

next compartment (indicated by black arrow).  

Figure 5. Lateral compartmentalization of the southern Athabasca study area. 

Approximate location of the study area is indicated by the yellow star along A-A’ cross
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section in Fig. 1 a) plan view map b) geological cross-section view. A, B and C, lateral 

reservoir compartments separated by mud plug deposits. Wells 1-5 shows locations at 

which (TAS / [TAS + MAS]) ratio was calculated (Table 1). Arrows shows inferred 

petroleum migration under the mud plug deposits. Comp. A, Comp. B, and Comp. C – 

lateral reservoir compartments separated by 35 meters thick mud plug deposits. MP – 

well drilled through mud plug deposit. i-iii - three wells without geochemical data, used 

to provide tie for cross-section and illustrate the absence of bitumen east of regionally 

mapped bitumen zero wedge.  

Figure 6. Detailed reservoir characterization of wells 1 and 4 from compartments B 

and A respectively. GR – gamma ray log; Bit % - bitumen saturation (mass percentage); 

Deg. – degrees; Dip. – dipmeter log. Column 5 (GCMS ID – gas chromatography – mass 

spectrometry) shows location of samples analyzed in this study.  

Figure 7. Core images showing different reservoir facies and bitumen saturation: a) 

clean bitumen-saturated reservoir sand with estimated 16 weight bitumen percent; b) 

clean, partially bitumen-saturated reservoir sand, interpreted as partially filled reservoir; 

c) IHS reservoir indicating partially filled IHS sequence; d) bitumen saturated heavily 

bioturbated IHS reservoir. Each core box length is 75 cm. 

Figure 8. Cross-plot of ratios of  (TAS / [TAS + MAS]) and structural elevations for 

all seven studied wells. (TAS / [TAS+MAS]) ratios shows clear clustering of values from 

wells 1-3 (compartment B), wells 4 and 5 (compartment A) and wells 6 and 7 (northern 
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Athabasca wells. Narrow range of values within each well and within each group of wells 

indicates very little maturity variation within, but noticeable differences between wells 

from different compartments and between compartments and the northern Athabasca 

wells. On the scale are presented the most mature oil in northern Athabasca wells, and the 

least mature in compartment A, which is in proximity to lateral oil-water contact.  

Figure 9. Interpretation of charging and filling of reservoir compartments A, B and 

C in space and time. a – e shows cross-sections flattened on the top of the McMurray 

Formation. f – shows the present day structural cross-section and interpreted distribution 

of water, bitumen, and gas. a) early stages of the reservoir filling when only the 

compartment A is charged b) later stages of the reservoir history when compartment B is 

charged c) even later stages when compartment C receives the first oil. d) petroleum 

attacked by microbes e) gas caps produced by biogenic gas produced by in-reservoir 

microbial communities. f) present day distribution of bitumen, gas, and water.  

Figure 10. The existing and revised trapping mechanism schemes for the Athabasca 

oil sands region: a) the scheme of the existing trapping mechanism for the southern 

Athabasca region; b) the revised scheme of the existing trapping mechanism for the 

southern Athabasca region, employing a labyrinth of lateral reservoir compartments; c) 

the scheme of the existing trapping mechanism for the northern Athabasca region; d) the 

revised scheme of the existing trapping mechanism for the northern Athabasca region, 

employing a labyrinth of lateral reservoir compartments; a) and c) modified after Ranger 

and Gingras (2006). 
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Figure 11. a) and b) McMurray Formation outcrop images interpreted as IHS 

sequences, only partially filled by oil, indicating possible early charge stages when 

capillary pressure forces petroleum to migrate through the most porous intervals. Since 

petroleum charge ceased this compartment has never been completely charged by 

petroleum (black areas are highly porous bitumen saturated sand intervals, and brownish 

areas are less porous layers that have never been charged with oil.  

Table 1. Ratios of (TAS / [TAS + MAS]). Results shows low values in all 7 studied 

wells, suggesting low maturity petroleum. Difference in (TAS / [TAS + MAS]) ratios 

even between nearby reservoir compartments are noticeable. For location of wells and 

compartments see Fig. 1 and Fig. 5. 

APPENDIX 1.  Molecular concentration of the monoaromatic and triaromatic 

steroids including their sub-division in short and long chained; a) long chained 

monoaromatic steroids; b) short chained monoaromatic steroids; c) long chained 

triaromatic steroids; d) short chained triaromatic steroids; e) ratio of the long and short-

chained monoaromatic steroids; f) ratio of the long and short-chained triaromatic steroids.  
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ABSTRACT 

The Athabasca Oil Sands Deposit (AOSD), the world’s largest petroleum 

accumulation, contains an estimated 1.7 trillion barrels of heavily to severely 

biodegraded oil with API gravities ranging from 6 to 10 (Strausz and Lown, 2003). While 

reservoir characterization has been the subject of many studies in the region, very little 

attention has been given to petroleum (bitumen) characterization and particularly to its 

reservoir-scale relationship with the host sediments.  

In this study, variation in the bitumen physical and chemical properties were 

measured on a suite of samples. These were obtained from numerous cores from various 

reservoir types and geographic areas of the Athabasca oil sands deposits. The variation in 

bitumen viscosities and changes in the hydrocarbon composition due to varying levels of 

biodegradation were interpreted using molecular markers. These data were integrated into 

the reservoir facies framework and interpreted in the context of various reservoir 

configurations. 

The bitumen composition and physical properties are highly variable on vertical 

and lateral scales. In general, the viscosity of the bitumen residing at the base of an oil  

column may be an order of magnitude greater than the bitumen located shallower in the 

reservoir. While this is a general rule, results also locally show anomalous inverse 

gradients, and steps in compositional trends. These coincide with paleo- and/or present-

day geological features that include the presence and/or absence of oil-water contacts, 

vertical and lateral barriers that create reservoir compartments, and variation in 

lithologies, porosity and permeability. Qualitative and quantitative analysis of bitumen 
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molecular composition within the sedimentological framework demonstrates that each 

reservoir compartment behaves as an independent bioreactor; bitumen is more degraded 

within porous and permeable strata than within the comparable interbedded sand shale 

sequences, and bitumen biodegradation is intensified in high-water saturated zones within 

the petroleum column. In addition to biodegradation along the basal (paleo) oil water 

contact, these complex variations are explained by the complex geohistory of the 

petroleum charge and in-reservoir fluid (petroleum, water and gas) mixing including 

associated variations in oil biodegradation behavior.  

Additionally, our interpretation of the interplay through time and space of 

depositional setting and biodegradation suggests that top water and other highly water-

saturated zones are related to the formation and the subsequent depletion of gas caps, 

likely derived from microbial gas generation that followed petroleum entrapment.  

Implications to reservoir developments are immense. We suggest that integrated 

baseline studies of sedimentological and geochemical variation interpretation allow for 

(1) mapping and (2) prediction away from well control of the extent of top gas, top water 

and high-water – low-bitumen saturated zones, as well as bitumen properties variations 

throughout the reservoir. Geochemical data from integrated baseline studies is a powerful 

tool for identifying barriers or baffles to vertical fluid communication, while they may 

also be applied towards production optimization and allocating production along 

horizontal wells including the assessment of steam chamber growth in oil sands 

operations. 
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1. INTRODUCTION 

The Athabasca oil sands deposit located in northeastern Alberta, Canada (Fig. 1) 

contains an estimated 1.7 trillion barrels (Alberta Energy and Utilities Board, 2007) of 

heavily degraded, largely immobile petroleum, commonly referred to as bitumen (Strausz 

and Lown, 2003). Current exploitation technologies involve surface mining (Kaminsky, 

1974) and in situ extraction methods such as Steam Assisted Gravity Drainage (SAGD) 

(Buttler, 1994). The recovered bitumen is upgraded by thermal or hydro cracking 

treatments to produce a synthetic crude oil. Both extraction and upgrading processes 

require a large amount of energy and water to recover and upgrade the bitumen into 

synthetic oil (Flint et al., 2005). The production exceeds 1.2 million barrels of oil per day, 

which exceeds 40% of the total liquid petroleum production in Canada (Alberta Energy 

and Utilities Board, 2007). 

Bitumen molecular characterization studies in the Athabasca oil sands region have 

been focused on petroleum systems applications, such as oil-oil and oil-source rock 

correlations (Fowler and Brooks, 1987; Brooks et al., 1988; Fowler and Riediger, 2000; 

and Riediger et al., 2000, Higley et al., 2009, Adams et al., (this volume)). Utilization of 

reservoir geochemistry approaches and applications are still in the infant stages of 

development in the Athabasca oil sands region, although they have proved successful in 

many reservoir developments worldwide (Kaufman et al., 1990, 1997; Smalley and 

England, 1992, 1994; Hwang and Baskin, 1994; Nederlof et al., 1994, 1995; Larter and 

Aplin, 1995; McKinney and Bland, 2003; Weissenburger and Borbas, 2004; Milkov et 

al., 2007; Larter et al., 2008), and encouraging results are documented in oil sands 
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reservoirs (Chan et al., 1992). Due to the limited number studies, the potential of 

geochemical analysis for defining the variation in fluid properties in the Athabasca oil 

sands has yet to be realized. 

This study includes and compares bitumen viscosity and molecular composition 

data from seven wells from two geographic areas located approximately 100 km apart 

(Fig. 1). The first study area, referred as the Southern Athabasca deposit is at a depth of 

about 250 meters below the present day surface and as it is too deep for mining 

exploitation is designated for potential thermal in situ development. The second study 

area, referred as the Northern Athabasca deposit, is covered by only a few meters of 

glacial Pleistocene and/or Holocene deposits and extends to a depth of about 100 metres. 

Due to the shallow depth of this deposit, this area is designated for potential mine 

development.   

The primary objective of this study is to indicate controls on present-day 

variations in bitumen viscosity and molecular composition, and the origins of the 

complex spatial distributions of gas, high-water – low-bitumen saturation zones and top 

waters. Biodegradation tends to be associated with close proximity to oil-water contact 

areas, thus the focus of this study is to investigate the oil compositions near oil-water 

contact zones and affect on the scale and timing of degradation. In addition to the basal 

oil-water interface, this study also investigates the origin and impact of top waters and 

high-water – low-bitumen saturation zones (defined as bitumen saturated zones 

containing mobile water, Sw>Sir (water saturation [Sw], irreducible water saturation 

[Sir])on the biodegradation levels of bitumen located within and close to the presence of 
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these zones. An important part of our interpretation deals with in-reservoir fluid mixing 

processes, including water invasion and fresh oil charging at various stages of the 

reservoir history.  The ultimate goal of this study is to construct a baseline reservoir 

characterization program that integrates numerous disciplines including sedimentology, 

petrophysics, and geochemistry to develop an improved understanding of the relative 

spatial distributions of rock and fluid types (i.e. bitumen, water, gas), including the 

subdivision of bitumen according to its own characteristics (i.e. viscosity ranges and/or 

the level of biodegradation). These studies may aid prediction, and mapping bitumen 

properties throughout the reservoir. This information may also present a powerful tool for 

identifying reservoir compartments, distinguishing between barrier and baffles to fluid 

communication to aid production optimization, and for production allocation (i.e., steam 

chamber growth assessment). To achieve the objectives described above, this paper 

examines several case studies which show fluid property variations within a range of 

reservoir settings such as the presence and absence of oil-water contact areas, vertical and 

lateral compartmentalization, bottom and top water, low-bitumen – high-water saturation 

zones, and bitumens encountered in a range of depositional facies. 

2. Geological Setting / Background 

2.1 Basin Setting. The Athabasca oil sands deposit lies on the eastern flanks of 

the Western Canada sedimentary basin (WCSB), which is interpreted as a foreland basin 

( Leckie and Smith, 1992; Stockmal et al., 1992; Wright et al., 1994). Formation of the 

accommodation space in the Athabasca basin and relative sea level rise are due to 

basement flexure caused by accretion of allochthonous terranes during the Colombian 
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Orogeny (Price, 1973; Stott, 1984; Stockmal et al., 1992; Leckie and Smith, 1992). The 

possible impact of Barremian to early Aptian eustatic sea level drop on the formation of 

the incised valleys is a matter of an ongoing research (van Buchem pers. conv. 2010), 

while late Aptian – Albian eustatic sea level rise (Haq et al., 1998; Sahagian et al., 1996) 

resulted in deposition of the marine deposits of the Clearwater Formation, which overlies 

bitumen hosting McMurray Formation (Fig. 2). There is little information on the role of 

tectonic upon sedimentation during the deposition of the McMurray Formation (late 

Aptian) except for studies of structural features associated with the dissolution of the 

underlying Prarie Evaporites Formation (McPhee and Wightman, 1991; Wightman et al., 

1991; Wightman et al., 1995). Westerly progressing salt dissolution formed paleo

topographic lows of northwesterly trending paleo-valley; these are developed on 

Devonian carbonates (Wightman et al., 1989) on which bitumen hosting McMurray 

sediments are deposited. The McMurray Formation is Aptian in age (Leckie and Smith, 

1992). Radiometric dating suggests that the age for the McMurray Formation sediments 

is about 112 MY (Selby and Creasar, 2005, Fig. 2). Reservoir sand intervals are 

unconsolidated. The lack of cementation is due to a shallow burial history, there being 

less then 1 km of overburden removed (Nurkowski, 1985; Moshier and Waples, 1985). 

This shallow burial depth was insufficient to promote quartz dissolution and precipitation 

(Walderhaug, 1996). In addition, oil charged reservoirs reduce the water connectivity 

needed for distributing silica or other cement to the precipitation site, thus eliminating or 

reducing the cementation rates (Marchand et al., 2000, 2001, 2002; Haszeldine et al., 

2003). The lack of the cementation also suggests early petroleum (oil) charge, consistent 
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with observation by Selby and Creasar (2005), but at the Athabasca the low temperature 

means that this conclusion is not definitive.  

2.2. Petroleum system summary. The origin (source rocks) and timing of 

petroleum emplacement in the Athabasca oil sands region is a subject of considerable 

debate. Among many hypotheses, the most widely accepted involve multiple source 

rocks (Creaney and Allan, 1990, 1992; Allan and Creaney, 1991; and Creaney et al., 

1994), with a predominant contribution from the Exshaw Formation shale (Brooks et al., 

1988; Fowler and Riediger, 2000; and Riediger et al., 2001). Recent work by Higley et 

al., (2009) suggests major contribution from the Gordondale Member of the Nordegg 

Formation (Jurassic Fernie Group), while Adams et al., (this volume), suggests that the 

petroleum in the Athabasca oil sands deposit is derived from at least two major source 

rocks, including the Exshaw and Gordondale, with Peace River having a larger 

Gordondale contribution. Estimates for timing of petroleum charge range from 58 MYA 

for all contributing source rocks (Higley et al., 2009), and for the Mississippian Exshaw 

Formation to as early as 112 MYA (Selby and Creasar, 2005), and 110-80 MYA 

(Riediger et al., 2001). 

2.3. Trapping Mechanism. The Clearwater Formation (Fig. 2) provides a 

regional seal for entrapped petroleum (Ranger, 1994, Ranger and Gingras, 2006), but the 

trapping mechanisms are debatable. The trapping mechanism theories include a range 

from the stratigraphic pinch-outs (Vigrass, 1968), a subtle regional anticline (Vigrass, 

1968; Ranger, 1994), and up-dip seals formed by biodegraded viscous petroleum 

(Mossop, 1980). Fustic (2011) suggests “sequential” filling of reservoir compartments 

with progressively more mature oil, process that resembles Gussow (1954) concept of 
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differential entrapment of oil gas. In this work consideration of the spatial variation 

exhibited by the petroleum maturity parameters such as ratios of triaromatic and 

monoaromatic steroids, shows that the trapping mechanism is due to a combination of 

Clearwater Formation acting as a regional vertical seal, and series of large scale (up to 40 

meters thick) mud plug deposits acting as lateral barriers to same extent. 

2.4. Biodegradation processes and products. Consensus exists that the high 

viscosity and low API gravity of the bitumen (6-10 API) in the Athabasca oil sands 

deposit is due to the effects of very severe petroleum alteration by biodegradation (Derro 

et al., 1974; Derro et al., 1977; Tissot and Welte, 1984; Moshier and Waples, 1985; 

Brooks et al., 1988). The API gravities of the initial charged oil were proposed to be 

between 25-30˚ API (Deroo et al., 1977; Fowler et al., 2004), although Adams et al, (this 

volume) suggests that the charged oil was sulphur rich and likely around 25˚API. 

Until recently, severe petroleum biodegradation was believed due to oxygen-

bearing meteoric water incursions associated with the shallow depth of the facilitating 

biodegradation via aerobic mechanisms pathways (e.g. Tissot and Welte, 1984). 

However, the presence of reduced naphthoic acids that are only formed only when 

hydrocarbon degradation is carried out under anaerobic conditions, indicates that 

biodegradation of the Athabasca oils occurred under anaerobic conditions (Aitken et al., 

2004). Recent work on anaerobic biodegradation by Head et al. (2003) and Larter et al. 

(2005) describe several aspects of hydrocarbon degradation via anaerobic pathways. 

These authors also demonstrated that anaerobic biodegradation occurs proximal to oil-

water contact areas and that downwards diffusion of components in the oil column to the 

oil-water contact result in vertical compositional gradients. Evidence for microbiological 
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life occurs as membrane lipids of microorganisms in basal waters of the McMurray 

Formation (Oldenburg et al., 2009) and microbial communities including the 

methanomicrobiales and epsilonproteobacteria indigenous to biodegraded petroleum 

reservoirs (Hubert et al., 2010). 

Adams et al., (2006), explains that the geological conditions in the Athabasca oil 

sands deposit was the most favorable of all the deposits in the western Canadian 

sedimentary basin for destructive anaerobic biodegradation. Increasing reservoir 

temperatures westwards were less favorable for microbial communities resulting in 

progressively less biodegraded oils occuring towards the west of the basin. The 

westernmost reservoirs that have been buried to temperatures in excess of 80ºC are the 

least biodegraded; this is considered a temperature threshold for pasteurization of the 

reservoir microbiota Adam’s et al., 2006, Head et al, 2003, Larter et al, 2006. Thus, 

Adams et al. (2006) concluded that reservoir temperature is a key control on the general 

level of the biodegradation on the basin-wide scale. 

Vertical viscosity gradients in the petroleum columns of the McMurray Formation 

were documented by Seyer and Gyte (1989), but did not attract much attention from the 

oil sands reservoir developers until recent reservoir simulation studies (Gates et al., 2008) 

demonstrated that the variability and ranges in viscosities in the Athabasca oil sands 

deposit are important components for reservoir development planning and optimization.  

Petroleum compositional and viscosity gradients in a single vertical column in 

heavy oil reservoirs worldwide have been interpreted as the effects of anaerobic 

biodegradation (Huang et al., 2004; Larter et al.,2006;  Head et al., 2003), including in 

the Athabasca oil sands deposit ( e.g. Larter et al., 2006, 2008). The biodegradation level 

147 



 

 

 

  

 

 

 

 

  

  

 

is commonly assessed using the Peters and Moldowan (1993) scale (abbreviated to PM) 

that ranks biodegradation level on a scale of 1 to 10, with level PM1 representing slightly 

biodegraded oil and PM10 representing the most severely biodegraded oil. The bitumen 

from the Athabasca oil sands deposit ranges between PM5 and PM9 (Bennett et al., 

2006). 

2.5. Reservoir charging and in reservoir fluid mixing. Fluids in petroleum 

reservoirs are constantly mixing with a tendency to attain equilibrium (England et al, 

1987; England, 1994; Stainforth, 2004). Biodegradation or physical leaking results in 

some fluid components being removed from the reservoir while other components such 

as methane and CO2 are generated in the reservoir, as byproducts of biodegradation 

(Zengler et al., 1999; Larter et al., 2005). These processes are poorly documented in 

studies dealing with the Athabasca oil sands deposits, but it is clear that mixing times 

with these viscous fluids may exceed reservoir age (Adams, 2008). 

2.6. Stratigraphy, sedimentology, and the reservoir architecture. 

Stratigraphically, the Lower Cretaceous McMurray Formation is informally divided into 

the lower, middle and upper McMurray units (Flach and Mossop, 1985) (Fig. 2). These 

units are further sub-divided into the lower and the upper sub-units (members) (e.g. 

O’Donnell and Jodrey, 1984; Paul and Fustic, 2001) (Fig. 2). Although the McMurray 

Formation depositional environments are still a matter of considerable debate, the most 

widely accepted model is that the lower, middle and upper units are comprised of fluvial 

(braided river [lower McMurray 1 – LM1] and associated floodplain deposits [lower 

McMurray 2 – LM2]); fluvio-estuarine (sub-tidal open estuarine bars (middle McMurray 

1 – MM1) and tidally influenced meandering river channel deposits (middle McMurray 2 
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– MM2); and shallow marine shoreface facies (upper McMurray - UM) deposits, 

respectively (Fig. 2). The marine Clearwater Formation overlies the McMurray 

Formation. This overall upward transition from the continental to fully marine deposits is 

interpreted as an overall transgressive setting (Mellon and Wall, 1956; Carrigy, 1959, 

1971; Flach, 1984; Ranger, 1994). 

The lower McMurray Formation occupy the lows on the Devonian unconformity 

(Fig. 2). Both braided river sands (LM1) and associated flood plain deposits (LM2) of 

that unit are characterized by extensive lateral continuity, which is laterally bounded by 

Devonian sub-crops (Fig. 2). Subsurface correlation and mapping of these deposits is 

commonly straightforward using features recognized in gamma ray logs. 

However, the straightforward correlation is not the case with the middle 

McMurray Formation unit open estuarine sub-tidal bars and tidally influenced 

meandering river deposits. The preserved morphology and the extent of the sub-tidal bars 

(MM1) highly depend on the amount of the erosion by later incised meandering rivers 

(Wightman and Pemberton, 1997). In many areas this unit (MM1) is completely eroded. 

The architecture of tidally influenced meandering river deposits comprises several basic 

large-scale depositional elements such as abandoned channel fill (mud plug) deposits, 

sandy lower point bar deposits, and interbedded sand and mud of the upper point bar 

(Wightman and Pemberton, 1997). Interbedded sand and mud of the upper point bar are 

referred to as inclined heterolithic strata (IHS) (Thomas et al., 1987; Smith 1988; Smith 

et al., 2009). Recently documented counter point bar deposits (Smith et al., 2009) and 

translation point bar deposits (Fustic, 2011; Hubbard et al., 2011) are morphologically 

distinct from point bar deposits and are also characterized by lower trough cross-bedded 
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sand and upper IHS. The meandering river depositional elements create a complex 

mosaic of reservoir and non-reservoir facies (Fustic 2011; Hubbard et al., 2011). 

2.7. Reservoir characterization. Reservoir characterization studies commonly 

include lithofacies description, petrophysical analysis, and laboratory measurements of 

the bitumen saturation. Regardless of the interpreted depositional environment, the clean 

sands in all units commonly have porosities exceeding 30% and permeabilities reaching 7 

darcies (Strobl et al., 1997; Fustic et al., 2008; Fustic et al., 2011, this volume). The 

strong relationships between porosity and permeability and sedimentary structures have 

been documented by Strobl et al. (1997) and between porosity and permeability and 

large-scale depositional elements by Fustic et al. (this volume). Strobl et al. (1997), 

Fustic et al., (2008) and Fustic et al. (this volume) suggest that (1) sands of the lower 

point bar deposits are characterized by excellent and relatively consistent reservoir 

properties ranging between 30 and 37 % porosity and from 5 to 7 darcies permeability; 

(2) the IHS deposits show dramatic changes from low to 35% porosity and and low to 7 

darcies permeability over the intervals of a few centimeters; and (3) abandoned channel 

deposits are predominantly mudstone characterized with very low effective porosities and 

permeabilities. The strong correlation between depositional elements and reservoir 

properties allowed to incorporate depositional elements as reservoir flow units for 

mapping oil sands reservoir quality (Strobl et al., 1997; Fustic et al. 2008; and Fustic et 

al., (2011, this volume). The strong relationship between depositional elements and 

reservoir flow units allows the use of these terms interchangeably between disciplines 

(Fig. 2) (Fustic et al. 2011, this volume). 
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3. Methodology 

Data used in this study includes reservoir core descriptions, petrophysical logs 

that include dipmeter logs, laboratory measurements of bitumen weight and viscosity as 

well as bitumen molecular characterization by gas chromatography – mass spectrometry 

(GCMS). The same type of data was used in both sites (Fig. 1), except that 3D seismic 

information was available in the Southern Athabasca study area. 

For each case study, (1) a geological (depositional elements) framework was 

created; (2) the distribution of water, gas and bitumen was mapped within the each 

geological framework; and (3) high resolution sampling and measurement of bitumen 

saturation, dead oil viscosity and oil molecular composition on core from seven wells. 

Finally, (4) bitumen characterization results were analyzed within the context of each 

geological framework in order to determine the origin of bitumen heterogeneity as well 

as the occurrences of water, gas, and low-bitumen – high-water saturation zones.    

To build the geological framework, the first step is to define depositional 

environments and large scale depositional elements as well as presence of water, gas, and 

low-bitumen – high-water saturation zones in each well location and then to correlate 

them among wells into conceptual 3D objects (geobodies). Unlike series of cross-sections 

and plan view maps, conceptual 3D geobodies allows for easy visualization and analysis 

of various datasets (Fustic et al., 2011, this volume) including geochemical analysis. 

Geobodies types are (1) reservoir flow units type 1 (clean, bitumen-saturated sand of the 

lower point bar deposits); (2) reservoir flow unit type 2 (sandy IHS of the upper point and 

breccia of the channel-lag deposits), (3) non-reservoir or reservoir flow barrier units (mud 
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plug and muddy floodplain and/or overbank deposits); and (4) reservoir flow 

impairments (a) top gas; (b) bottom water; (c) top water; and (d) low-bitumen – high-

water saturated zones). 

Fluid characterization studies consisted of laboratory measurements of mass 

fractions of bitumen, water and solids in each reservoir sample. These were obtained by 

routine Dean Stark analysis (Dean and Stark, 1920). Sampling was continuous through 

the bitumen-saturated sand intervals and results were posted as histograms at 10 cm 

intervals along the wellbore.  

Samples that were selected for viscosity measurements were obtained from 

recently drilled, quickly frozen cores which minimizes post drilling storage effects on the 

bitumen composition and properties, principally caused by evaporation of volatile 

compounds (Adams et al, 2008). Representative samples were selected from various 

reservoir facies to interpret the relationship between the reservoir facies and petroleum in 

the reservoir. In each well, three to six samples were selected through the petroleum 

column for viscosity measurements. The dead oil viscosity was measured on bitumen 

recovered from core samples by mechanical extraction using a compaction based device 

referred to as a plunger (Gushor Inc.). The dead oil viscosity was measured using 

Brookfield viscometers at several temperatures, generally between 20 and 80 ºC.  

Core samples selected for molecular composition analysis of the bitumen were 

obtained from four recently-drilled and three previously-drilled wells. Approximately ten 

to fifteen samples were taken per well at a 2-3 meters spacing. Bitumen from oil-sand 

samples selected for geochemical molecular composition analysis were extracted using 

dichloromethane (DCM) solvent. Saturated and aromatic hydrocarbon compounds were 
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separated from bitumen extracts using the procedure described by Bennett and Larter 

(2000). The saturated and aromatic hydrocarbon fractions were analyzed using gas 

chromatography – mass spectrometry (GC-MS) on a Hewlett-Packard (HP)5890 GC 

(using splitless injection) interfaced to a HP 5970B quadruple mass selective detector. 

The effects of biodegradation were assessed on both saturated and aromatic hydrocarbon 

compounds.  

Geochemical and oil viscosity results were posted on interpreted geological cross-

sections and analyzed in the context of present day reservoir conditions. Finally, a 

schematic summary diagram was created for both case studies to illustrate the relative 

influence of reservoir charging, in-reservoir biodegradation, and fluid mixing histories in 

space and time on oil composition and distribution.  

4. Results 

4.1 Southern Athabasca Study Region 

The oil sands in this study area in the southern Athabasca region, within township 

85 and ranges 6 and 7 (Fig. 1) are interpreted to consist of the series of lateral reservoir 

compartments separated by mud plug deposits, which are 400-500 m wide, curvilinear 

features (Fig. 3). The mud plug deposits (Figs. 3 b, c, 4, 11, 19) create lateral 

compartmentalization of the reservoir sands.   
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4.1.1 The Southern Athabasca – Compartment B 

a) Geology and present day fluid distribution  

The study area was characterized using data obtained from three closely-spaced 

wells. The distance between well 1 and well 3 is about 650 meters (Fig. 4), which is a 

common length for SAGD well-pairs in oil sands reservoir developments.  

The McMurray Formation is approximately 60 meters thick. Based on seismic, 

dipmeter and core information we interpreted to consist of portions of three stacked 

and/or inter-fingered meandering channel deposits. The oldest to the youngest, channel 

deposits are identified as A, B and C (Fig. 4). Channel A occupies the bottom 13-17 

meters of each well. Well 1 penetrated through the sandy lower point bar portion of the 

channel A, but wells 2 and 3 penetrated the non-reservoir muddy IHS portion of the 

channel A. Lateral changes in the lithology of channel A from being sandy in well 1 to 

muddy in wells 2 and 3 are typical feature ascribed to the laterally accreting deposition in 

meandering river environment. In the absence of reliable dipmeter data in the case of 

channel A lateral accretion processes can be interpreted from left towards the right. The 

thickness of channel “B” exceeds 40 metres  (Fig. 4). Clean sand characterized by trough 

cross-beds at the lower part and the IHS at the upper part of the deposit are interpreted as 

lower and upper point bar deposits, respectively. Seismic and dipmeter data reveal that 

this channel was accreting towards the WNW (Figs. 3 and 4). The proportion of the lower 

and the upper point bar deposits decrease in the direction of the channel accretion (Fig. 

4). Channel C deposit (well 3 above 285 meters) is sandy, and depositional dips show the 

easterly oriented lateral accretion. The contact of channel C with channel B has been 

interpreted as an erosional avulsion surface.  
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Interpreted stacking patterns of the large-scale depositional elements (Fig. 4d) 

shows that stacked lower point bar deposits of A and B (well 1 in Figs. 4a and d) as well 

as lower point bars of B and C (well 3 in Figs. 4c and d) form a thick type 1 reservoir 

flow units. Other reservoir flow units include the type 2, non-reservoir flow units and a 

low-bitumen – high-water saturation flow unit (Table 1). The low-bitumen – high-water 

saturation flow units are encountered between reservoir flow unit types 1 and 2 in wells 1 

and 2, while it has not been detected as a distinct unit in well 3. Water saturation and 

porosity cross plots for each reservoir flow unit (Fig. 5) show clear clustering of data 

points. The low-bitumen – high-water saturation zone has the same range of porosities as 

type 1 reservoir flow unit ranging from 30 to 37%, while sandy and muddy IHS reservoir 

flow units shows a wide range of porosities from 10 to 37 % (Fig. 5 and Table 1). 

Although characterized by the same range of porosities, the type 1 and the low-bitumen – 

high-water saturation zone have different water saturations (Fig. 5 and Table 1). Water 

saturation in sandy and muddy IHS is influenced by clay-bound water.  Core photographs 

(Fig. 6) and geophysical logs (Fig. 4) do not show any evidence of sedimentological 

break between the type 1 reservoir flow unit and the low-bitumen – high-water saturation 

zone. 

Data from three wells show that three stacked channels (A, B and C) form the 

continuous petroleum column comprised of reservoir flow units type 1 and 2, with base 

of petroleum column in well 1 being significantly lower than in wells 2 and 3 (Fig. 4). 

Non-reservoir (impermeable) flow units are laterally to the left and at the base of wells 2 

and 3 (Fig. 4). 
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b) Fluid property variations within the geological framework – results  

Oil viscosity measurements were obtained from three-metre thick composite samples 

(Fig. 4 and Table 2). Based on their relative position in the well, samples are named 

bottom (B), middle (M) and top (T) (Fig. 4 and Table 2). Results are generally downward 

increasing dead oil viscosity in wells 2 and 3. This is not the case for well 1, in which the 

most viscous oil is found in the middle sample, adjacent to the overlying low-bitumen – 

high-water saturation zone (266-272 m.) (Fig. 7 and Table 2). 

Molecular analysis of the bitumen include data from sixteen samples obtained 

from wells 2 and 3 and fourteen samples from well 1 (Fig. 4). Samples were selected 

from all 3 reservoir flow units.  

The concentration of the selected molecular markers is from saturated (regular 

sterane, diasterane, pregnane, and tetracyclic and pentacyclic terpanes) and aromatic 

fraction (alkylnaphthalenes, methylphenanthrenes, and dimethyl and ethyl

phenanthrenes) shows different profiles (Fig. 8, 9 and 10). Sequential removal of 

biodegradation-susceptible molecular compounds and downhole preservation of the more 

resistant compounds is due to the different levels of biodegradation through the oil 

column. For example, the biodegradation-susceptible acyclic isoprenoid and n-alkanes, 

C0-C3-naphthalenes, C0-C2-dibenzothiophenes, alkylbenzenes and alkyltoluenes was not 

detected in any of the analyzed samples, while the biodegradation is limited for the very 

resistant triaromatic and monoaromatic steroid hydrocarbons (Fig. 10). Sterane and 

diasterane concentration profiles show two distinct clusters of data (Fig. 8a), while the 

biodegradation-more-resistant pregnane (C21 sterane) has narrow ranges of concentration 

variation along all three columns (Fig. 8a). Dramatic changes in the concentration of 
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steranes and diasteranes coincide with the boundary between the low-bitumen – high-

water saturation flow unit, and the reservoir type 2 flow unit  (Fig. 8a) in wells 1 and 2. 

The well 3 boundary coincides with that between reservoir type 1 and the reservoir type 2 

flow units (Fig. 8a). Similarly the bicyclic sesquiterpenes (SST) concentration profiles 

exhibit overall downwards decrease in concentration (Fig. 8b). Deviation from the 

smooth downward-decreasing profile occurs within and in the proximity of the low-

bitumen – high-water saturation zone and at the top of each wells (Fig. 8b). The tricyclic 

terpanes (TT) show very little variation in all 3 well profiles (Fig. 8c), whilst the 

pentacyclic terpanes (PT) show a sharp decrease in concentration at the base of all 3 

wells (Fig. 8c). 

The aromatic molecular markers show similar profiles to those observed from the 

saturated molecular markers. C4-napthalenes (C4N) represent the lightest aromatic 

hydrocarbon compound detected in some samples (Fig. 9a), while other more 

biodegradation-resistant compounds (i.e. methylphenanthrene, dimethylphenanthrenes, 

and trimethylphenanthrenes) are present in a greater number of samples and in higher 

concentrations (Fig. 9b, c and d). All of these compounds show a sharply-defined contact 

along the boundary of the low-bitumen – high-water saturation zone and the overlying 

reservoir type 2 (c.f. trends in concentrations of steranes, diasteranes and SST – see Fig. 

8a) and a relatively consistent downward decreasing concentration gradient in well 3 (c.f. 

SST) (Fig. 8b). 

The depth profiles of long chained tri-aromatic (TAS) and mono-aromatic (MAS) 

steroid hydrocarbons show very little variation (Fig. 10a). However, the ratio of short 

chained TAS and MAS relative to the side (long chain) chain containing TAS and MAS 
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shows dramatic changes along the boundary of the low-bitumen – high-water zone and 

the overlying reservoir type 2 while in well 3 this ratio displays a consistent downward 

decreasing trend (Fig. 10b). 

c) Synthesis – Interpretation  

Biodegradation was the dominant factor leading to the present day molecular 

distributions within the bitumen and the associated physical properties of the bitumen. 

This is indicated by preferential depletion of more biodegradable compounds and 

preservation of the biodegradation-resistant compounds. The primary control of 

biodegradation within the study area was paleo-oil water contact that migrated 

downwards as the reservoir was charging. Vertical gradients in hydrocarbon 

compositions and viscosity are typical of the Athabasca which corresponds to the 

downwards increase in biodegradation intensity (Larter et al., 2008; Bennett et al. 2006; 

and Gates et al., 2008). 

However, in our experience we often see trends in physical property and chemical 

composition that are interrupted or offset from what are viewed as the “typical” vertical 

gradients (Larter et al., 2008). Bitumen in low permeability lithologies have lower levels 

of biodegradation, as shown by dramatically increased concentration of steranes, 

diasteranes and SST, (Fig. 8a); C4N, MP, C2P, and C3P (Fig. 9); and the short chained 

TAS and MAS (Fig. 10) within the type 2 reservoir (IHS) flow unit in wells 1 and 2. 

Specifically, biodegradation level appears to be more intense in the clean, porous sand 

units of reservoir flow unit type 1, and is limited or restricted in the more varying inter-

bedded sand and shale units (IHS) of reservoir flow unit type 2. Significant offsets 

coincides with lithological boundaries in the trends of molecular concentrations of most 
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of the compounds including C3P (Fig. 9d) and SST (Fig. 8b) below 250 meters elevation 

in well 2. This break coincides with the boundary between reservoir flow unit type 1 and 

the underlying muddy non-reservoir flow unit (Fig. 4). Samples from non-reservoir flow 

units were collected from rare and apparently isolated bitumen saturated sand laminae. 

Oil in mud dominated lithologies with associated reduced porosity and permeability and 

thus significantly decreased pore network connectivity may have reduced nutrient supply, 

or as they are thin the reservoir filled more rapidly and lost their internal water legs thus 

retarding the level of biodegradation (cf. Larter et al., 2008). We conclude that low 

permeability thin lithologies preserve oil quality. 

The third subset of bitumen properties are samples in low-bitumen – high-

water saturation flow units in the middle of wells 1 and 2. Stratigraphically, these zones 

are located above the top of the reservoir flow unit type 1 and beneath the overlying 

reservoir flow unit type 2 (IHS unit). Within and adjacent to low-bitumen – high-water 

saturation flow units vertical compositional gradients of some (e.g. bicyclic 

sesquiterpanes [SST] in well 3, Fig. 8b), but not all molecular compounds are 

significantly deviated from the consistently and smoothly increasing with depth normal 

molecular compositional gradients. For instance, the concentration of steranes and 

diasteranes is the same in the low-bitumen – high-water saturation zone and the 

underlying type 1 reservoir flow unit (Fig. 8a), while the concentration of SST shows 

decrease in concentration within the low-bitumen – high-water saturated zones.  

The sample taken in the proximity of the lean zone shows increased viscosity 

(Fig. 7), indicating its increase is related to the intensified biodegradation within and in 

the proximity of the high-water saturated zones. The low-bitumen – high-water saturation 
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flow units are characterized by bitumen concentrations of about 4 wt percent (Fig. 4) and 

oil stain on all sand grains throughout the interval (Fig. 6). The oil stain on sand grains 

(Fig. 6) suggests that this unit was initially saturated with oil.  

Methane generated along the paleo oil-water contact during biodegradation 

migrated up the oil column by diffusion to form a gas phase below local seals (Adams, 

2008; Jones et al., 2008; Larter et al., 2003). This process would occur until the water leg 

was completely expelled by the charging oil. Due to low formation pressures (shallow 

depth) gas phase methane was trapped against the first muddy layer that marks the base 

of reservoir flow unit type 2 (IHS unit) (Fig. 4 and 6). Preserved bitumen (about 4 mass 

percent) suggests that biodegradation was already advanced when biogenic gas “arrived” 

into that zone, while displacing most oil to residual oil saturation. Over geologic time, 

methane likely escaped while high bitumen viscosity prevented oil remigration, leaving 

the space for re-incursion of mobile water, perhaps sourced from the surrounding shale 

layers, nearby aquifer systems or even by percolation from the surface (Barson et al., 

2001). These new incursions of water may have re-stimulated local microbial activity 

resulting through mineral dissolution (Head et al., 2003) resulting in increased depletion 

of SST (Fig. 8b). The impact of the low-bitumen – high-water saturation zone extends to 

the top of the underlying reservoir type 1. This is evident from the increased oil viscosity 

in the middle sample of well 1 (Table 2), and anomalously decreased concentrations of 

SST immediately below that unit (Fig. 8b) as well as changes to a “blocky” 

compartmental profile compared to a smoothly downward decreasing concentration 

gradients of steranes, diasteranes, C4N, MP, C2P and C3P in wells 1 and 2 (Fig. 8 and 9). 

The latter components show quite consistent downward-decreasing gradients through 
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reservoir flow unit type 1 in well 3 (Fig. 8 and 9), suggesting that the blocky profiles are 

due to enhanced biodegradation caused by the low-bitumen – high-water saturation flow 

unit, coupled by relatively unrestricted molecular mixing within the very porous type 1 

reservoir flow unit.  

Deviations from the smooth downwards-decreasing molecular concentration 

gradients are also evident from subtle relative decrease concentration of the SST, C4N, 

MP, C2P, and C3P) (Fig. 8 and 9) at the very top samples of all three wells. These 

samples are taken from the zones of decreased bitumen saturation (decreasing from 14 to 

about 10 mass percent, and increased water saturation (Fig. 4). We speculate that 

increased water saturation is either due to the increased original connate water that has 

not been replaced by petroleum during reservoir charge because of the lower 

permeabilities or more likely due to the water that percolated into the reservoir from the 

overlying units over geologic time (Barson et al., 2001). Although bitumen saturated 

zones are generally considered as aquatards, when water is injected in the formation 

under the high pressure, displacement followed imbibition and subsequent migration 

through the once saturated bitumen zone, may occur even on human time scale (Aherne 

and Maini, 2008). We conclude that another factor controlling biodegradation locally in 

compartment B is increased water saturations in the uppermost part of the reservoir, 

related to gas leakage and mobile water re-injection.   
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4.1.2 Southern Athabasca Deposit – Compartment A 

a) Geology and present day fluid distribution 

This study area includes fluid characterization data from two stratigraphic wells 

(Fig. 3 and Fig. 11) that are approximately 640 meters apart. This is comparable to a 

typical SAGD well pairs lengths in oil sands developments. 

The thickness of the McMurray Formation ranges between 60 and 70 meters (Fig. 

11). Based on seismic, dipmeter and channel scours observed in cores it has been 

interpreted to consist of an approximately 7 meters thick continental floodplain deposit at 

the base of well 5; major stacked meandering river channel deposits X and Y and a 

smaller meandering river channel Z (Fig. 11). The preserved thickness of channel X 

ranges between 25 meters in well 5 and 27 meters in well 4, whilst the thickness of the 

channel Y is about 25 meters at both locations. Channel Z (well 4) is about 7 meters thick 

(Fig. 11). Dipmeter data (Fig. 11) suggests that channels X and Z were accreting to the 

east whilst channel Y was accreting towards the west. The lower part of the each channel 

deposit is characterized by clean sand and data from wells 4 and 5 shows a somewhat 

different order of large-scale depositional units. The base of channel X in well 5 contains 

a several-meters-thick channel-lag breccia deposit, and sandy IHS (type 2 reservoir flow 

unit) of the channel X extends to the base of the channel deposit in the well 4 (Fig. 11). 

The channel Y at well 4 is characterized by clean trough cross-bedded sand through the 

entire preserved thickness, while in well 5, it fines upwards into sandy IHS (Fig. 11). 

Petrophysical and core analysis show that the upper portions of both wells are 

characterized by high-water saturation and the presence of gas (Fig. 11). 
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 Interpreted stacking patterns of the large-scale depositional elements and water 

and gas occupied intervals (Fig. 11c) show that stacked clean sands of the lower point bar 

deposits of the channel X and the channel Y (well 5 in Fig. 11a) form a thick type 1 

reservoir flow unit. Other reservoir flow units include the type 2 (sandy IHS), while non-

reservoir flow units and top water and gas (Fig. 11c). Whereas there is some overlap, 

water saturation versus porosity cross-plots (Fig. 12) show clustering of data points 

within each of the selected reservoir flow units. Sandy IHS at the base of well 4 is 

characterized by porosities exceeding 25%, inferring excellent reservoir properties, while 

gas-occupied IHS units at the top of well 5 are characterized by porosities as low as 15 % 

(Fig. 12 and Table 3). Geological cross-sections between wells 4 and 5 show continuity 

of flow units through the study area, and the lateral trapping of the top water and gas to 

the east by a mud plug deposit (Fig. 3). 

b) Fluid property variations within the geological framework – results  

Oil viscosity measurements were obtained from 6 samples from bitumen-

saturated zones of reservoir type 1 and type 2 (Fig. 11, Table 4) in both studied wells. In 

well 5, the dead oil viscosity (20 °C) results display a linear downward increasing 

gradient from about 4E5cP (at 20 C°) at the top to almost 1E7cP (at 20 C°) at the base 

(Fig. 13). In well 4, the data shows two clusters. The bottom 4 samples increase 

downwards from about 3,6E6cP (at 20 C°) in the middle of the column to almost 9E6cP 

(at 20 C°) at the base (Fig. 13). Results from the top 3 samples are quite uniform ranging 

from 3.3E6cP to 3.7E6cP (Table 3 and Fig. 13). 

Molecular analysis of the bitumen was performed on fifteen and sixteen bitumen 

samples, respectively, collected from all identified reservoir flow units including the top 
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water and the top gas zones from wells 5 and 4 (Fig. 11).The concentration of the 

saturated hydrocarbon molecular markers shows different profiles in the studied wells 

(Fig. 14, 15, 16 and 17). Sequential removal of molecular compounds more susceptible to 

biodegradation and preservation of the more resistant compounds is indicative that 

variation in molecular marker concentrations is due to different levels of biodegradation. 

The biodegradation susceptible acyclic isoprenoid and n-alkanes, as well as C0-C3

naphthalenes, C0-C2-dibenzothiophenes, alkylbenzenes and alkyltoluenes were not 

detected in any of the analyzed samples while biodegradation resistant triaromatic and 

monoaromatic steroid hydrocarbons appear to be intact (Fig. 16). Sterane and diasterane 

concentration profiles (Fig. 14a), SST (Fig. 14b) and pentacyclic terpanes (Fig. 14c) 

show different patterns in the two wells. Deviations from the consistently and smoothly 

increasing with depth molecular compositional gradients coincide with reservoir flow 

units contacts and/or sedimentological breaks (i.e. for well 5 at 280 and 304 meters (Fig. 

14a, b and c); and for well 4 at 275 and 290 meters (Fig. 14a, b and c). 

The aromatic hydrocarbon molecular markers are intensely depleted. C0-C2 alkyl

naphthalenes, C0-C2 alkyl-dibenzothiophenes, alkylbenzenes and alkyltoluenes were not 

detected or were present as trace components. C3 alkyl-naphthalenes (C3N) represent the 

lightest aromatic hydrocarbon compound detected at the top of the well 5 only. Other 

more biodegradation resistant compounds (i.e. tetramethylnaphthalenes, 

methylphenanthrenes, and dimethylphenanthrenes) are present in a greater number of 

samples and in higher concentrations, but only at the upper portion of the petroleum 

columns of wells 4 and 5 (Fig. 15a, b, and c).  The molecular concentration profiles of the 

tri-aromatic (TAS) and mono-aromatic (MAS) steroid hydrocarbons (Fig. 16a), as the 

164 



 

 

 

   

  

 

 

most resistant to the biodegradation component, show very little variations in both wells 

(Fig. 16a). The ratio of short chained MAS over long chained MAS shows very little 

variation along both well profiles, whilst the ratio of short chained TAS to long chained 

TAS shows subtle zonation in well 4 and a strong relatively consistent linear downwards 

decreasing vertical gradient in well 5 (Fig. 16b). The ratio between C29 αβ hopane and 

C30 αβ hopane in the very bottom samples of both wells (Fig. 17) dramatically increases 

indicating that C30 αβ hopane is more susceptible to biodegradation than C29 αβ (Bennett 

et al., 2006). 

c) Synthesis – Interpretation  

Preferential depletion of more biodegradable compounds and preservation of 

biodegradation resistant compounds suggests that biodegradation was the dominant factor 

leading to the present day molecular distributions within the bitumen. Vertical 

compositional and viscosity gradients showing an overall downwards increasing 

biodegradation intensity suggests that the primary control on biodegradation within the 

study area was proximity to the paleo-oil water contact. Thus, overall, the most degraded 

and viscous petroleum is typically found at the bottom of the reservoirs, while the least 

degraded is located at the top of the reservoir. 

Major departures from a smoothly downward increasing biodegradation level as 

commonly seen in oil sands reservoirs are locally indicated by the reduced concentrations 

of saturated and aromatic hydrocarbon molecular markers. Examples include reduced 

concentrations of steranes, diasteranes, SST, TT, and PT in sample 15 (Fig. 14), and 

C4N, MP, C2P (Fig. 15), which are taken from the top of the top gas zone in well 5 (Fig. 

11). Sample 14 was taken from the same top gas zone, but it does not show decreased 
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concentration of the analyzed molecular markers. The same zone in well 4 has evidence 

of the virtually complete depletion of all aromatic molecular markers (Fig. 15), and 

noticeable depletion of SST (Fig. 14b). 

Sample 13 in well 5 was taken from the bitumen – gas transition zone (Fig. 11). 

The gas and bitumen – gas transition zones are identified based on decreased neutron log 

readings in the porous interval, which is a diagnostic pattern for pores occupied with gas 

rather than with water and/or oil (low response comes from the reduced density of the 

hydrogen atoms in low-density gas relative to water or oil). Dean Stark analysis results 

(Fig. 11) indicates that the bitumen saturation is still high. Petrophysical logs (Fig. 11) 

and core image investigation (Fig. 18) do not show any evidence of the lithological 

boundary that may have controlled this contact. 

Well 5 show a change in slope at 280 meters of (the slope of the concentrations of 

steranes and diasteranes; Fig. 14) and subtle offset in the vertical gradient for the changes 

in concentrations of pregnanes, TT, PT as well as TAS and MAS. This break does not 

coincide with any interpreted reservoir flow unit or depositional boundary. We speculate 

that even slightly increased water saturation may be responsible for the increased 

biodegradation. The bitumen concentration in that area (at 280 m.) slightly drops from 14 

to 12 mass percent.  

Unlike the integrated results shown in the compartment B case study, the results 

from this study area, show little correlation between bitumen composition and mapped 

reservoir flow units. Bitumen encountered in well 4 has an overall higher degradation 

level than in well 5. This is evident from the 5 to 8 times higher viscosity at the top of 

well 4 (Table 4) than for the top 2 viscosity samples of well 5. It is also seen from the low 
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concentrations of steranes and diasteranes (Fig. 14a), as well as the complete absence of 

C3N and a smaller number of samples with detectable C4N, MP and C2P (Fig. 15). 

In addition to an overall downward decreasing concentration bitumen molecular 

compositional gradient, the similarity between the 2 wells includes, strikingly similar 

viscosity (5.36E6 cP and 5.7E6 cP at 20ºC) at elevation of about 268 meters (Fig. 13, and 

Table 4), and similar concentrations of steranes, diasteranes, SST, TT, PT, TAS and 

MAS from 280 meters to the base of the reservoir (Fig. 14, 15 and 16). 

The above molecular information and physical property data may be employed to 

interpret the reservoir charging and mixing history. We suggest that the reservoir was 

first filled by low maturity oil (Adams et al., this volume) from the same or very similar 

source rocks. In the absence of major barriers, the initial oil-water contact migrated 

downwards as the reservoir filled. Methane generated along the oil-water contact was 

mobilized upwards by buoyancy and trapped against muddy overlying layers (Fig. 11) at 

the top (Clearwater Formation) and mud plug deposits laterally (Fig. 11c). Considering 

the laterally compartmentalized nature of the reservoir (Figs. 3 b, c, and Fig. 4), in the 

study area, it is difficult to accept lateral migration of the large amounts of water 

encountered at the top of this compartment. Leakage of all or a portion of the generated 

biogenic gas through the seal would have allowed the gas to escape upwards and be 

replaced by downward intrusion of meteoric water. Decreased concentrations of SST in 

the top water zone suggest that top water may have encouraged local petroleum 

degradation, since water supports microbial life and nutrient diffusion for their 

metabolism. The increased level of biodegradation is observed within the invaded zones, 

and also in bitumen samples from the underlying layers, likely due to diffusion of 
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nutrients along the mineral – clay grain contacts. The increased level of the 

biodegradation is evident from reduced viscosity and concentration of many compounds 

up to 10 meters below the present day bitumen – top water contact in well 4 (Fig. 14, 15 

and 16.) . 

Gas located at the top of the reservoir suggests the presence of a competent cap 

rock that prevents gas escape from the present day accumulation. Thus, we suggest that 

fissures, that allowed water incursion closed over time and, isolated fluid and bacteria 

within the given compartment.  The origin of the present-day gas may derive from either 

biodegradation at the bottom of the reservoir, or locally generated along the top water – 

bitumen contact or both processes may have contributed. Isolation of a gas zone in well 

4, between two thick water zones, as well as significant amount of solution gas in water 

supports our suggestions for the present day formation of the biogenic gas, which is in the 

line with discoveries of polar lipid membranes (Oldenburg et al., 2009) and the presence 

of the methanomicrobiales (Hubert et al., 2010) in oil sands reservoirs. Because of 

relatively shallow depths, the recently-generated biogenic gas is under-pressure, and even 

a minor permeability barrier results in accumulation.  

4.1.3 Comparison of fluids and processes between A and B compartments  

Molecular maturity parameters that are sensitive to changes in thermal maturity 

(TAS / [TAS + MAS]) shows that the oil in compartment A was charged with oil of 

slightly higher thermal maturity than compartment B (Fustic, 2011).  The molecular 

composition shows that the petroleum in both compartments has been severely altered by 

biodegradation, and thus most of the initial compositional differences are overprinted by 

the effect of the in reservoir biodegradation processes.  
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Similarities between the two compartments include the overall downward trend of 

decreasing concentrations of molecular compounds that are biodegradable under severe 

levels of biodegradation (PM6 to PM9) and decreased concentrations of many 

compounds in and near the low bitumen – high water saturation zones and top waters.  

Differences between two compartments include the stratigraphic position of the 

low-bitumen – high-water saturated zones encountered in the middle of the petroleum 

column in compartment B and at the top of the column in the compartment A. Although 

occurring at different stratigraphic intervals, the origin of the low bitumen – high water 

saturation zones and top waters are interpreted similarly, as former biogenic gas caps, in 

which, after gas escape, the pores were re-occupied by water. Additional differences 

include the strong correlation between reservoir flow units and bitumen molecular 

composition in compartment B, and the associated lack of correlation in compartment A. 

This suggests that the biodegradation in compartment A crossed some lithological 

boundaries a situation previously described in McCaffrey et al. (1996). 

The above information, summarized in Figure 2 illustrates reservoir charging, 

reservoir mixing and biodegradation processes in time and space, including their effect 

on present day spatial distributions and fluid properties of bitumen, water, gas, and low-

bitumen – high-water saturated flow. The reservoir was sequentially filled from the west 

by low maturity oil in compartment A, then reservoir compartment B and finally 

reservoir compartment C (Fig. 19a) (Fustic, 2011). The buoyancy driven oil first 

occupied the most porous and uppermost parts of the each reservoir compartment, and 

then filled the rest of the pores until it spilled into the next compartment (Fustic, 2011). 

When reservoir charging ceased, petroleum did not fill the easternmost compartment C 
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(Fustic, 2011) (Fig. 19a). Initial oil in the reservoir compartments was attacked by 

microbial communities in the formation waters (Fig. 19a). During reservoir charging, the 

oil water contact in each separate compartment migrated downwards. In each 

compartment, the reservoir oil-water contact gets broader and broader as it fills allowing 

more extensive biodegradation.  Generated gas migrated up the column until trapped by 

impermeable layers such as IHS strata in compartment B and caprock mudstones in 

compartment A (Fig. 19b). Over geologic time, some, if not all trapped gas escaped. 

Locally, gas escape might have been via fractures in the overlying rocks caused by 

structural events, such as dissolution of underlying Prarie Evaporite Formation, or glacial 

unloading ( Hein et al., 2011 - this volume), or simply  by the  vertical migration or 

leakage through the matrix pore network/permeability of incompetent top seals either by 

diffusion or bulk vertical flow of trapped petroleum (Jokanola 2007; Jokanola et al, 

2009). This may occur when the accumulated petroleum column exceeds the capillary 

threshold pressure of the caprock especially at shallow burial depths. At the time gas 

escaped, the bitumen was already immobilized and thus not able to re-fill these zones. 

Thus, water occupied previous gas caps (Fig. 19c). These waters, along with the nutrients 

or possibly even new bacterial consortiums probably re-activated biodegradation. The 

above processes likely occurred after the cessation of the reservoir charge associated with 

cessation of the orogeny (Stott, 1984) and subsequent basin uplifting. Although cessation 

of the orogeny stopped petroleum generation and reservoir charging these could not stop 

fluids migration within the compartments, which continuous even today. 

In addition to the overall downward decreasing vertical gradients, caused by 

downward moving oil-water contacts and vertical component redistributions by diffusion, 
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the present day bitumen compositions show departures from that gradient.  Departures 

from gradient includes reduced degradation in zones of reduced porosity and 

permeability and enhanced degradation in proximity to high-water saturation flow units 

regardless of their position in the reservoir (middle or top). The petrophysical data from 

wells drilled in compartment C (not included in geochemical studies) shows the presence 

of a thick gas cap. This is likely biogenic gas generated over geologic time by 

biodegradation which continues today (Fig. 19d). 

4.2 Northern Athabasca Study Region 

This study area is located in the northern Athabasca region, within the mine 

development designated part of the Athabasca oil sands deposit, township 95 and range 9 

(Fig. 1). Data presented in this study were collected from two vertical delineation wells 

(Fig. 20 a and b) positioned about 1 mile (1.6 kilometers) apart. Schematic geological 

cross-sections (Fig. 20d) between two wells were supported with data from a dozen wells 

(not shown) between them. 

a) Geology and present day fluid distribution  

Within the study area, the McMurray Formation is approximately 100 meters 

thick (Fig. 20). Based on facies descriptions from core studies and dipmeter analysis the 

reservoir has been interpreted to consist of stacked braided river channel deposits (LM1, 

Fig. 2), flood plain deposits (LM2, Fig. 2), open estuarine sub-tidal sand bars (MM1, Fig. 

2), and tidally influenced meandering river channel deposits (MM2, Fig. 2). Geological 

interpretation between the studied wells suggests that the braided river and associated 

overlying floodplain deposits are laterally continuous, and that river channel deposits 
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have complex and dramatic lateral facies changes (cf. lateral compartmentalization Fig. 3 

and Fig. 19). The upper McMurray Formation sedimentary deposits in the Southern 

Athabasca case study are absent here, due to Pleistocene glacial erosion. The McMurray 

Formation is covered only by a couple of meters of Pleistocene sediments and/or 

Holocene muskeg deposits. 

Porosity – water saturation cross-plots (Fig. 21) show that despite different 

genetic origins, different depositional units and elements have the same or very similar 

reservoir rock properties. This allows grouping of them into a narrower range of reservoir 

flow units. For instance, lower McMurray braided river channel sand, middle McMurray 

sub-tidal sand bars and lower point bar deposits all have porosities exceeding 30% (Fig. 

20 and Fig. 21). Thus, when saturated by bitumen these units are classified as reservoir 

flow units of type 1 (cf. Fustic et al., 2011, this volume). Non-reservoir flow units (flow 

barriers) are floodplain deposits and muddy IHS deposits. Reservoir flow units type 2 are 

IHS facies saturated by bitumen (Fig. 20). Intervals with increased and high water 

saturation in the lower part of the study area are classified as high-water – low-bitumen 

saturation and bottom water reservoir flow units, respectively (Fig. 20). The laterally 

extensive floodplain deposit separates the reservoir into two vertical compartments 

(compartments M and N in Fig. 20c). Compartment N in well 6 is interpreted to consist 

of stacked open estuarine sub-tidal sand bar and two stacked meandering river channel 

deposits (note two fining upward patterns on the GR log (Fig. 20a), whilst in well 7 (Fig. 

20b) that compartment is interpreted as a single 45 meters thick meandering channel 

deposit as shown by continuous fining upwards pattern on GR log (Fig. 20b). As a result 

reservoir flow units in well 6 show an inter-layered pattern of type 1 and 2 reservoir flow 
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units, while in well 7 the reservoir quality generally deteriorates upwards. With most 

porosity values exceeding 30 %, the reservoir quality of compartment M is consistently 

excellent throughout the unit (Fig. 20 and Fig. 21). However, a significant portion of that 

reservoir compartment is occupied by bottom water and/or high-water – low-bitumen 

saturation flow units (Fig. 20c). In well 6, an 18 meters thick high-water – low-bitumen 

saturation flow unit is identified between thin bottom water and the overlying bitumen 

(Fig. 20a), while in well 7 (Fig. 20b) a 24 meters thick bottom water is overlain with a 7 

meters thick high-water – low-bitumen saturation flow unit (Fig. 20b and c). Reservoir 

properties for each flow unit (Table 5), show narrow range of porosities among bottom 

water, high-water – low-bitumen and type 1 reservoir flow units, while water saturation 

significantly varies among them. 

b) Fluid property variations within the geological framework 

The salinity and water chemistry of formation and bottom water zones were 

determined from resistivity logs and by using Pickett plots. The results show uniform 

salinity of about 1700 ppm in the entire upper compartment. In the lower compartment 

the salinity increases from 2700 ppm in well 6 to 5500 ppm in well 7.   

Oil viscosity measurements were obtained from 5 samples in both studied wells 

(Fig. 20 a and b and Table 6). In the upper compartment (compartment N) in both wells, 

the results show typical vertical viscosity gradients where oil viscosity increases with 

depth (Table 6 and Fig. 22). However, samples from the lower compartment 

(compartment M) show opposing trends in the studied wells. Whilst the bottom two 

samples of well 6 shows somewhat lower viscosity than the lowest sample in the upper 
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compartment, the lowest sample in well 7 shows a dramatic increase in viscosity 

compared to the upper compartment in the same well (Table 6 and Fig. 22). 

Molecular analysis of the bitumen from wells 6 and 7 was performed on eleven 

and twelve samples respectively (Fig. 20). Samples were collected from both 

compartments and from all mapped reservoir flow units saturated by bitumen (Fig. 20). 

The concentration of the molecular markers shows different profiles in the studied 

wells (Fig. 23, 24, 25, and 26). Sequential removal of the biodegradation-susceptible 

molecular compounds and preservation of the biodegradation-resistant compounds 

indicates that the variation in molecular marker concentrations is due to different levels 

of biodegradation. For example, acyclic isoprenoid and n-alkanes as well as C0-C2

naphthalenes, were not detected in any of the analyzed samples, indicating they are 

vulnerable to biodegradation, whereas the triaromatic and monoaromatic steroids appear 

intact due to their high resistance to biodegradation (cf. Peters et al., 2005) (Fig. 26a). 

Additionally, the concentration of steranes, diasteranes and even pregnanes (Fig. 

23a), pentacyclic terpanes (Fig. 23b), as well as C3N, C4N, C5N, (Fig. 24a) and MP, and 

C2P (Fig. 24b) shows systematic downward decrease in concentration within the 

compartment N.  However, the concentration of the molecular markers within the 

compartment M is opposite. While the concentration of the molecular markers from 

compartment M in samples from well 6 shows a relative increase in component 

concentration comparing to the bottom samples of the compartment N,  bitumen samples 

from well 7 show a dramatic decrease in concentration relative to the samples from 

compartment N (Fig. 23 and Fig. 24). 
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The ratio between 9MP and 1MP, used as biodegradation indicator (Peters and 

Moldowan, 1993), shows significant changes at the bottom part of the upper 

compartment in well 6 (Fig. 25a), while these ratios in well 7 shows two distinct clusters, 

coinciding with the reservoir type 1 and 2 flow units, respectively (Fig. 25a and b). 

The ratio of short chained MAS over longer chain MAS shows very little 

variation along both well profiles, whilst the ratio of short-chained TAS over the long 

chained TAS shows some systematic downward increasing trends in the upper 

compartment from both wells (Fig. 26b). 

c) Synthesis – Interpretation  

The study of the source rock thermal maturity parameters from the above samples 

shown suggests that both reservoir compartments are charged with the oil from the same 

or very similar source rocks and of the same thermal maturity Fustic (2011). Thus, the 

present day bitumen heterogeneities are primarily due to different levels of 

biodegradation. Molecular analysis suggests that biodegradation was the dominant factor 

causing present day variations in the molecular composition of the bitumen. Bitumen 

vertical molecular compositional (Fig. 23, 24, 25, and 26) and viscosity (Fig. 22) 

gradients in the upper compartment (N) suggest that the primary control of 

biodegradation was access to the paleo-oil water contact that migrated downwards as the 

reservoir was charged (Figs. 27 b,c,d). Comparison of Figures 27 b and c shows that oil-

water contact within each compartment increases as reservoir charges, and that eventually 

oil-water contacts of different compartents may emerge (Fig. 27c). The same effect and 

explanation applies to the bitumen compositional gradients seen in the lower 

compartment (Fig. 23, 24, 25, and 26), where a present day oil-water contact still exists. 
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However, the comparison of the molecular markers between the upper and the lower 

compartment (Fig. 23, 24, 25, and 26), indicates that the processes occurring within them 

were independent from each other in the two isolated compartments. In both 

compartments, the primary control on the level of the biodegradation was access to the 

paleo-oil water contact that migrated downwards as the reservoir was charged. Thus, 

overall the most degraded petroleum is found at the bottom of the each compartment, 

while the least degraded is at the top of each compartment. The slight differences in 

initially charged petroleum in different compartments are most likely overprinted by 

biodegradation, except differences in concentration of the biodegradation-resistant 

triaromatic and monoaromatic steroids (Fustic, 2011). 

The second level of control on the overall level of the biodegradation appears to 

be the persistence of an oil-water contact in the lower compartment. The biodegradation 

along this contact is intensified in well 7, but is not as evident in well 6. We interpret it as 

a function of the thickness and persistence of the water leg, and increased water 

saturation in the lower compartment (Fig. 20b). Thicker water leg in well 7 (Fig. 20b and 

c) allowed for more intensified biodegradation, as documented by Huang et al., (2004). 

The biodegradation level in compartment N in well 7 is more intense than in well 6 

despite the higher water salinity (2700 ppm in well 6 to 5500 ppm in well 7), which 

suggests that water salinity is not a major factor affecting biodegradation. Alternatively, 

water salinity may have increased in the later stages of the reservoir history, due to the 

westerly progressing salt dissolution of the underlying Prarie Evaporates Formation 

(McPhee and Wightman, 1991), after the oil was already heavily degraded. 
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High resolution geochemical sampling reveals additional compositional 

anomalies, particularly within the upper compartment. Concentration profiles of steranes, 

diasteranes, pregnanes (Fig. 23a), and PT (Fig. 23b) shows slightly anomalous increases 

within the reservoir type 2 flow unit (IHS unit), and within sand laminae of the non-

reservoir muddy IHS deposit and floodplain deposits, suggesting that locally low 

permeability lithologies retard the level of the biodegradation. 

The lower compartment was not fully charged by petroleum. Well 7 reservoir has 

been only partially filled at the top, while the well 6 reservoir contains bitumen almost to 

the base of the reservoir column. The bitumen saturated well 6 situated west of well 7. In 

both wells, the bottom water is overlain by a high-water – low-bitumen saturation zone. 

The base of the high-water – low-bitumen saturated zone is quite flat (Fig. 20c). 

However, the origin of that zone is not clear. We speculate that the zone formed as a 

transition zone during the charging of the lower compartment, but also that water 

saturations might have increased over geologic time, by vertical re-adjustment of the oil-

water, perhaps before oil was completely immobilized by biodegradation.  

Petroleum at the top of the lower compartment in well 6 is less degraded than that 

at the base of the upper compartment, suggesting a more recent charge or shorter 

exposure to the paleo oil-water contact. The same phenomenon is absent in well 7 due to 

the enhanced biodegradation associated with the extremely thick bottom water zone or 

persistence of the oil-water contact. Within the study area, the charging of the upper 

compartment may have been completed when the lower compartment was still receiving 

oil. 
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Summary diagram depicting geological framework and events including reservoir 

charging, in reservoir mixing and biodegradation processes in northern Athabasca study 

area is shown in Figure 27. The lower McMurray (LM1 and LM2 unit in Fig. 2) were 

preserved only in structural and/or erosional lows on unconformity and contains laterally 

extensive braided river sand deposits capped by the laterally extensive floodplain 

mudstone deposits. The floodplainplain mudstone are occasionally breached due to 

erosion. These gaps are providing pathways for communication of fluids between the 

Lower and the Middle McMurray Formation (Fig. 27c). The Clearwater Formation 

sediments provided the overlying seal at the time of reservoir charging (Fig. 27a). Driven 

by buoyancy, petroleum entered the McMurray Formation. Due to the low reservoir 

temperature history, the McMurray Formation waters contained abundant microbial life 

that immediately attacked incoming petroleum. The petroleum occupied the sediments of 

compartment N first, perhaps progressing eastwards and spilling under lateral 

compartment seals such as mud plug deposits (Fustic, 2011). Once biodegradation 

progressed to the point where the incoming petroleum could not force the existing 

petroleum further to the east, it entered the lower McMurray through occasional gaps in 

the otherwise laterally continuous floodplain mudstone deposits. This scenario implies 

charging the lower compartment with fresh oil, which at the same time mixed with the 

petroleum of the middle McMurray Formation and occasionally “refreshed” upper parts 

of the biodegraded columns within the middle McMurray Formation. Petroleum in the 

lower compartment moved laterally under the floodplain mudstone that provided a more 

or less continuous barrier. Intensive biodegradation occurred along the water contact 

resulting in the vertical compositional gradients in that unit too or the contact was more 
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persistent. Biodegradation was particularly intensive in areas where the bottom water was 

thicker. Samples further from the bottom water – bitumen contact are less degraded due 

to limited exposure to microbes and perhaps slow mixing rates. Once the petroleum 

charging had ceased, biodegradation continued along water – bitumen contacts. Oil-water 

contacts may also have moved upwards, pushing portion of undegraded oil upwards and 

leaving resuidual heavy oil (bitumen) in situ, enhancing the thickness of the high-water – 

low-bitumen zone or transition zone.   

Due to regional seals being eroded by Pleistocene glaciations, gas caps has not 

been found in this study area. However, it is worth noting that Oldenburg et al., (2009) 

and Hubert et al., (2010) reported evidence of microbial life from this field area, 

indicating that biogenic gas is still generated in the area, although at slow rates. The slow 

rates of current gas formation are perhaps mitigated by low reservoir temperatures and 

locally increased water salinity in the lower McMurray Formation and any gas that is 

presently produced quickly leaks due to the absence of extensive seals. Increased salinity 

is probably due to salty water influx from the underlying Prairie Evaporite Formation 

(Fig. 27c). 

Additional evidence of gas generation in the area includes bubbling water that 

releases gasses which ignites on in contact with flames; a phenomena that is commonly 

observed on the open pit mine benches in oil sands mine operators (personal experience, 

2006), microbial mats on outcrops along the Athabasca river and bubbling gas in summer 

along river (Hein, pers. conv. 2010). Considering the lack of caprocks in northern study 

area and deep incision of the Athabasca river, one may infer that initially charged gas and 
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early generated biogenic gas would have to leak out, and that present-day gas leaks, are 

indicative of neo-formation of gas.  

Inferred former gas caps, may have provided additional driving mechanism for 

fluid movement within the reservoir. Gas cap expansion due to changes in pressure in 

reservoir caused by decrease in pressure due to regional (basin-wide) uplifting, erosion, 

and/or melting of overlying glaciers would may have allowed pushing oil-gas contacts 

downwards, inferring some oil was still mobile when these events occurred.   

Finally, it is interesting that geochemical data from neither studied well shows 

evidence of enhanced biodegradation at the top of the reservoir; despite being only a few 

meters below the glacial and Holocene sediments, inferring intensive percolation of 

surface waters in these areas, and thus diffusion of nutrients. This suggests that the last 10 

000 – 20 000 years, since glaciers removed the caprock, have not been sufficient for 

bitumen at the top to further degrade. The cold climate in the region during the last 10 

000 – 20 000 years likely contributed to the low biodegradation rates evident from the 

lack of the intensified biodegradation at the top of wells 6 and 7 (Fig. 23, 24, 25, and 26). 

Bottom hole temperatures at the base of the reservoir averages 10 to 15˚C, while the 

optimal reservoir temperature for biodegradation is about 40 ˚C. 

6. Implications to reservoir developments 

The spatial distribution of the water, gas, and low-bitumen – high-water saturated 

zones are predictable when interpreted in a geological context that includes 

understanding biodegradation processes. Results indicate that integrating the data from a 

detailed baseline geochemical study into the context of sedimentological framework will 
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ultimately provide a baseline reference point, that allows for predicting and mapping the 

variations in physical properties and chemical composition. The use of this kind of 

information may be very beneficial for mine operations and for SAGD planning, 

production optimization (Gates et al., 2008) and future in situ production allocation 

studies (Bennett et al., 2010). This study and Fustic (2011) demonstrates that molecular 

composition can also be used for identifying reservoir compartments and mapping their 

geographical extent. 

Anomalies in well vertical compositional gradients may be used for distinguishing 

between barriers and baffles. For example subtle deviations in the compositional 

gradients evident in samples 5 and 6 in well 6 (Figs. 23, and 24) indicates a baffle that 

slows but does not stop the mixing of fluids, inferring that steam advances will behave 

the same way. Dramatically changed compositions between samples 8 and 10, for 

example, in well 6 suggests that there was no communication between the two reservoir 

units, inferring that the mudstone between them is laterally extensive. Thus, geochemical 

data from the integrated baseline studies can be used as a powerful tool for distinguishing 

between barriers and baffles (Bennett et al., 2010; Fustic, 2011). 

Finally, comparison of the molecular composition of produced fluids with 

baseline studies of compositional variations in well profiles may be used as a tool for 

production allocation studies and steam chamber growth assessments (Bennett et al., 

2010). For example, in cases when certain compounds are not identified in a lower part of 

the reservoir column (i.e. C4N in Well 2, Fig. 9), but start occurring in upper parts of the 

reservoir, the first occurrence of that compound in produced fluids may be used along 

with 4D seismic as an indicator that the steam chamber has reached the upper reservoir 
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(280 m. in case of Well 2 – Fig. 9). For more sophisticated and precise assessment a 

multivariate statistic and chemometric study might be employed.  This approach is a 

subject of an ongoing research. 

6. Summary and conclusions 

We have incorporated detailed case studies of fluid property variations in a range 

of reservoir settings including the presence and absence of oil-water contacts, vertical and 

lateral compartmentalization, bottom and top water, low-bitumen – high-water saturation 

zones, and bitumens encountered in a range of depositional facies, and intra-bitumen and 

top gas. Our integrated geoscience approach used sedimentological interpretation and 

petrophysical analysis to define the depositional units and reservoir flow units and 

qualitative and quantitative geochemistry to assess and compare the levels of 

biodegradation across the reservoir. Finally, geochemical results were integrated and 

analyzed in the geological context. Results show, that the bitumen in the Athabasca Oil 

Sands Deposit is very heterogeneous on vertical and lateral scales. Heterogeneity is a 

defining characteristic of oil sands reservoirs which is derived or a function of the 

geological framework, varying levels of fluid properties in terms of biodegradation, and 

multiple phases of charging and mixing, with changes in water chemistry (i.e. salty) 

introducing additional complexities. The geological framework generation/migration, 

changing water chemistry etc.. In the study area, biodegradation was controlled by 

interplay of reservoir facies framework, petroleum charging histories and post-

depositional changes. These factors controlled the availability and distribution of 

nutrients in space and time, and also perhaps biodegradation pathways.   
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Commonly, in heavy-oil petroleum system studies, including the Western Canada 

sedimentary basin, the most important control on degree of biodegradation is reservoir 

temperature history (Adams et al., 2006). In the case of the Athabasca area, the 

temperature range was low enough to be favorable for growth of microbial communities 

throughout its history. Thus, biodegradation occurred and persisted for the entire 

Athabasca area even today (Oldenburg et al., 2009; Hubert et al., 2010). 

Results from this study suggest that controls on the level of the biodegradation in 

studied areas may be grouped into several process settings. The most important control 

factor on biodegradation level was the presence or absence of an oil-water contact 

through space and time. Areas with extensive present-day or paleo oil-water contacts 

contain more biodegraded bitumen. When saline instead, of fresh or brackish, water was 

be in contact with bitumen, biodegradation intensity may have been mitigated, but our 

examples do not show it as a major factor (Fig. 27c). This implies that salinity here is not 

sufficient to offset biodegradation, or that salinity increased later in the reservoir history 

when biodegradation level was already intense. 

Vertical and lateral compartmentalization is the second most important control on 

bitumen heterogeneity. Results show that after charging is complete, each reservoir 

compartment behaves as an independent bioreactor resulting in correlatable and 

mappable spatial distributions of water, gas, high-water – low-bitumen saturated zones 

and bitumen composition variation within each compartment. However, adjacent 

compartments may exhibit very different behavior (Fig. 19 and 27). 

Lithology and associated reservoir porosity and permeability properties also 

played an important role on the bitumen biodegradation (Figs. 7, 8, 9 and 10). In general, 
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bitumen in less porous and less permeable layers is less biodegraded, probably a function 

of the tortuosity associated with restricted diffusion / mixing of fluids during reservoir 

mixing processes, hence limited nutrient availability  

The third most important control are post-accumulation changes that have 

affected the bitumen composition. The main reason is occasional incursion of fresh water, 

perhaps with renewed nutrient supply that changed fluid distributions and possibly even 

brought new microbial communities locally into the shallow reservoirs (Fig. 19 and 27). 

The recent water incursions which are probably related to glacial erosion (~ 10 000 years 

ago), do not noticeably alert the level of the biodegradation in our study area (Fig. 27), 

while those documented in the Southern Athabasca (Fig. 19) case had more significant 

impacts on the bitumen composition. This suggests that the fresh water encountered in 

them is likely not related to (post) glacial events, but rather meteoric water percolation 

over longer periods of geologic time (Barson et al., 2001). 

Evidence from both saturated and aromatic compounds shows that biodegradation 

was the main process shaping the present-day composition of the bitumen. However, as 

variations in level of biodegradation of aromatic compounds are more profound and 

variable, and these compounds should be the primary targets for production allocation 

studies. Saturated and aromatic compounds results suggest that biodegradation level 

varies from 6 to 9 PM at the top and at the base of the reservoir, respectively. 

Biodegradation is not complete. Present-day reservoir temperatures coupled with a 

dynamic hydrogeological system are still favorable for microbial communities growth. 

The origin of the low-bitumen – high-water saturated zones and top water intervals 

appears to result from the formation and the subsequent depletion of gas caps. Since the 
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oil is highly viscous it cannot naturally move buoyantly into the pore spaces, while water 

is much more  mobile fluid and thus more readily imbibes into once oil (and gas) 

saturated pore spaces. This is based on the assumption that most gas generation followed 

petroleum entrapment. A conceptual diagram for the occurrence of the gas and low-

bitumen saturation zones in the McMurray Formation reservoirs is given in Fustic et al. 

(Fig. 3, 2011, this volume). 

Implications for reservoir developments are important. We recommend that 

baseline studies integrating sedimentological and geochemical characterization will allow 

for predicting and mapping bitumen properties in the reservoir. Geochemical data from 

the integrated baseline studies can be used as a powerful tool for production optimization 

and production allocation analysis including assisting with distinguishing between 

barriers and baffles (Bennett et al., 2010). Finally, present-day biodegradation may be 

enhanced by groundwater providing nutrients to microbes which then produce biogenic 

methane (Larter et al., 2008). 
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APPENDIX  

TAS 	  triaromatic steroids 

MAS 	  monoaromatic steroids 

TAS / (TAS+MAS) 	thermal maturity parameters describing the molecular 

concentration ratios between triaromatic steroids (TAS) and 

monoaromatic steroids (MAS)  

C3N 	trimethylnaphthalene 

C4N 	tetramethylnaphthalene 

C5N 	pentamethylnaphthalene 

MP 	methylphenanthrene 

C2P 	dimethylphenanthrene 

C3P 	trimethylphenanthrene 

C4P 	tetramethylphenanthrene 

1, 2, 3, and 9MP 	 methylphenanthrene isomers (the same composition but the methyl 

group attached at the different position on the molecule).  

9MP / 1MP 	 The molecular ratio based on the 9-methylphenanthrene and 1

methylphenanthrene has been applied to indicate relative levels of 

the biodegradation 

TT 	 tricyclic terpanes 

PT 	 pentacyclic terpanes 

C29 αβ Hopane / C30 αβ Hopane ratio 
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Figure Captions 

Figure 1. Location of study area, including selected sites presented in this paper 

(indicated by stars). Inset map shows the location of the Athabasca Oil Sands Deposit in 

Alberta, Canada (modified after Wallace-Dudley, 1981). Key: Township [T] and Ranges 

[R]. The length of townships and ranges is 6 miles (9.7 km.). 

Figure 2. Stratigraphic column for northeastern Alberta (modified after Wightman, 

et. al., 1995, and O’Donnell and Jodrey, 1984). LM1, LM2, MM1 and MM2 indicate the 

lower and upper sub-units of the lower and middle McMurray Formation respectively. 

Depositional elements indicate dominant lithologies and architecture of each unit (i.e. 

lower McMurray 1 [LM1] is dominantly sand, lower McMurray 2 [LM2] is laterally 

extensive floodplain mud deposits, middle McMurray 1 [MM1] is sub-tidal sand bars, 

middle McMurray 2 [MM2] consists of meandering river deposits comprising cross-

bedded sand, inclined heterolithic strata [IHS] and mud-plug deposits, and the upper 

McMurray contains coarsening upwards shoreface deposits). Strong correlation between 

large scale depositional elements and their reservoir potential allows for using them to 

define reservoir flow units. Generally, large scale depositional elements dominated by (1) 

sand lithologies are classified as reservoir type 1 flow units, (2) interbedded sand and 

mud as reservoir type 2, and (3) mud-dominated as non-reservoir flow units or reservoir 

flow barriers (Fustic et al., 2011d - this volume). 
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Figure 3. The southern Athabasca study area with interpreted lateral compartments. 

a) 3D seismic depth slice flattened on the McMurray, (slice is 10 m. below the top of the 

McMurray); b) interpreted extent of the mud plug deposits in plan view suggests the 

lateral compartmentalization of the reservoir sands; c) geological cross-section shown in 

Fig. 3b. displays the present day distribution of the bitumen-saturated reservoir sands, 

water and gas, as well as non-reservoir depositional elements. Comp. A, B and C are 

interpreted lateral compartments; Numbers 1-5 shows locations of wells used in this 

study; AC is abandoned channel-fill deposit, filled with mud and classified as non-

reservoir flow unit; MP (mud plug) is well location drilled through the abandoned 

channel-fill. i-iii location of three tie wells (not characterized by geochemistry) used to 

complete the eastern part of the cross-section showing dramatic changes in bitumen / 

water saturation between adjacent compartments separated by mud plug 2. Arrow points 

out interpreted reservoir charge pathway below spill point (Fustic et al., 2011a, - in 

review). 

Figure 4. Geology and reservoir flow units within the compartment B. Upper part 

(a-d): composite logs of wells 1, 2 and 3. Gamma ray log (GR), has colored yellow cut

off at 60 API. The resistivity log is logarithmic scale with green color cut-off on 20 ohms. 

Viscosity and GCMS ID columns show sample locations analyzed in this study. 

Viscosity sample intervals are labeled in red letters B (bottom), M (middle), and T (top). 

The Bit. % column shows laboratory measured bitumen saturation using Dean Stark 

method. The scale is 0-20 mass %. The last two column shows dipmeter log, used for 

determining the vertical continuity of channel deposits, direction of lateral point bar 
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growth and well-to-well correlations. A, B and C show the thickness and the lateral 

extent of each of the stacked channel deposits. LPB and UPB indicate the lower and the 

upper point bar deposits, respectively. Core image shown in Fig. 6. is located by a box 

labeled “core”. e) schematic cross-section between three studies wells.   

Figure 5. Cross-plots of porosity – water saturation and corresponding reservoir 

flow units. Yellow dots – reservoir type 1; cyan dots -  high-water – low-bitumen 

saturated zones or reservoir impairment; orange dots – sandy IHS; grey dots – muddy 

IHS. 

Figure 6. Core images of depth interval from 197-220 m from Well 1 with posted 

locations of GCMS sample 6-11. Each tube is about 75 cm long. In each tube the bottom 

is on the right side and the top is on the left side. White lines shows interpreted contacts 

between the type 1, the low-bitumen – high water saturation and the type 2 reservoir flow 

units. Note the apparent lack of any sedimentological barrier between type 1 and low-

bitumen – high-water saturation zone. The border of these two units is indicated by 

changes in color of sand from black (type 1) to brown (low-bitumen – high-water 

saturation zone). This point is indicated by a sharp break on the resistivity log (Fig. 4b). 

Residual oil stain on all sand grains in low-bitumen – high-water saturation suggests that 

this zone was probably previously occupied by oil. 

Figure 7. Bitumen  viscosity (cP) profiles measured at 35°C superimposed on the 

interpreted reservoir flow units. 
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Figure 8. Concentration (μg/g oil) profiles of the selected saturated molecular 

compounds posted on interpreted reservoir flow units (see legend): a) Concentration 

profile of regular steranes, diasteranes and pregnanes; b) concentration profile of 

sesquiterpenes (SST); c) concentration profile of tetracyclic (TT) and pentacyclic (PT) 

terpanes; d) selected mass chromatogram (mz) 217 traces from well 1 shows downward 

decreasing concentration of steranes and diasteranes (i.e. C, D, E, and F) and intact 

pregnanes (i.e. traces A and B), indicative for the sequential removal of to the 

biodegradation more susceptible molecular compounds.  Key for identification of C21-C30 

steranes: ααα βββ 

A - C21 ααα + αββ pregnane 

B – C22 ααα + αββ pregnane 

C – C27 βα 20R diasterane 

D – C29 βα 20R diasterane 

E – C29 αα 20S sterane 

F – C29 αα 20R sterane 

1-14 are relative location of geochemical samples sorted by elevation. The deepest 

sample labeled 1 is from 239 m above sea level (ASL) and the shallowest sample (14) is 

from 294 m ASL.   

Figure 9. Concentration (μg/g oil) profiles of the selected aromatic hydrocarbon 

compounds posted on the top of the interpreted reservoir flow units a) C4 

alkylnaphthalenes (C4N); b) methylphenanthrenes (MP); c) dimethylphenanthrenes and 

ethylphenanthrenes (C2P), d) trimethylphenanthrenes (C3P). e) selected mass 
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chromatograms (m/z 184) from well 3 showing systematic changes of C4 alkyl

naphthalenes. Key for identification of C4N: 


1 – 1,3,5,7 TeMN; 


2 - 1,3,6,7 TeMN; 


3 - 1,2,4,6+1,2,4,7+1,4,6,7 TeMN; 


4 - 1,2,5,7 TeMN; 


5 - 2,3,6,7 TeMN; 


6 - 1,2,6,7 TeMN; 


7 - 1,2,3,7 TeMN; 


8 - 1,2,3,6 TeMN; 


9 - 1,2,5,6+1,2,3,5 TeMN. 


1-16 are relative location of geochemical samples sorted by elevation. The deepest 


sample labeled 1 is from 238 m above sea level (ASL) and the shallowest sample (14) is 


from 295 m ASL.   


Figure 10 a) Concentration (μg/g oil) profiles of the triaromatic (TAS) and 


monoaromatic (MAS) steroid hydrocarbons posted on top of the interpreted reservoir 


flow units b) ratios of short side chain versus long side chain containing TAS and MAS 


steroid hydrocarbons. 


Figure 11. Geology and reservoir flow units defined in compartment A. Composite 


logs of (a) wells 5 and (b) 4. Key to description of log columns is in Figure 4. X, Y and Z 


shows the thickness and the lateral extent of each of the stacked channel deposits c) 
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geological cross-section with interpreted large scale depositional elements and top water 

and gas interval. 

Figure 12. Cross-plots of porosity – water saturation shown for each interpreted 

reservoir flow unit.  

Figure 13. Bitumen  viscosity (cP) profiles measured at 20 °C superimposed on the 

interpreted reservoir flow units. 

Figure 14. Concentration (μg/g oil) profiles of saturated hydrocarbons posted on 

interpreted reservoir flow units (see legend) a) steranes, diasteranes, pregnanes; b) SST; 

c) TT and PT terpanes d) partial reconstructed mass- chromatogram (m/z 217) 

chromatogram displaying the systematic removal of biodegradation sensitive sterane and 

diasterane compounds in well 5. See Fig. 8 for key for identification of compounds. 

Peaks A-B same is in Fig. 9. 1-16 are relative location of geochemical samples sorted by 

elevation. The deepest sample labeled 1 is from 252 m above sea level (ASL) and the 

shallowest sample (14) is from 305 m ASL.   

Figure 15. Concentration (μg/g oil) profiles of selected aromatic hydrocarbons posted 

on interpreted reservoir flow units (see legend): a) tetramethylnaphthalenes (C4N); b) 

methylphenanthrenes (MP); c) dimethylphenanthrenes (C2P); d) mz 192 from well 5 

shows systematic removal of methylphenanthrene isomers. Peaks 3, 2, 9 and 1 point 

different isomers.  
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Figure 16. a) Concentration (μg/g oil) profiles of TAS and MAS posted on 

interpreted reservoir flow units (see legend); b) ratio of short side chain TAS over side 

chain containing TAS and ratio of short side chain MAS over chain containing MAS 

posted on interpreted reservoir flow units (see legend). 

Figure 17. Plot of the a) ratio of C29 αβ hopane / C30 αβ hopane posted on interpreted 

reservoir flow units (see legend); b) C29 αβ hopane / C30 αβ hopane with selected m/z 191 

mass-chromatograms showing the changes in relation  peak heights between C29 and C30 

hopanes, in the very bottom sample of both wells.  

Figure 18. Location of top 3 samples in well 5. Samples 14 and 15 are from low-

bitumen saturation zone filled up by gas. Sample 13 is from high bitumen saturation zone 

in which the neutron-density cross-over indicates the presence of gas.  

Figure 19. A schematic diagram representing the key geological events associated 

with reservoir charging, in-reservoir mixing and biodegradation processes in a) early 

stages of reservoir charging; b) early stages of reservoir mixing with biogenic gas trapped 

under low permeable layers; c) later escape of entrapped gas with subsequent re-

occupation by water; d) the present day distribution of the bitumen, water and gas. 

Figure 20. Geology and reservoir flow units in the northern Athabasca wells. 

Composite logs representing (a) well 6 and b) well 7  (key for description of log columns 

same as in Figure 4.) c) schematic (not to scale) geological cross-section outlining the 
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extent of the major interpreted reservoir flow units between two studied wells. M and N 

are interpreted as two vertically  stacked reservoir compartments separated by 

impermeable continental floodplain mud deposit (CFP).  

Figure 21. Cross-plots of porosity and water saturation for wells (a) 6 and (b) 7. 

Yellow dots are sample points from the reservoir type 1, orange are from the reservoir 

type 2, blue represents bottom water, white is from the high-water – low-bitumen 

saturation zone, and dark grey from floodplain deposit and light grey from non-reservoir 

muddy IHS unit. 

Figure 22. Bitumen viscosity (cP) profiles measured at 20ºC superimposed on the 

interpreted reservoir flow units. Arrows indicate downward increasing viscosity gradients 

in each compartment. 

Figure 23. Concentration (μg/g oil) profiles superimposed on interpreted reservoir 

flow units (see legend) for (a) steranes, diasteranes and pregnanes and (b) TT and PT in 

wells 6 and 7. 

Figure 24. Concentration (μg/g oil) profiles superimposed on interpreted reservoir 

flow units (see legend) for (a) superimposed on interpreted reservoir flow units (see 

legend) for (a) of C3N, C4N and C5 and b) MP and DMP (C2P) in wells 6 and 7. 
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Figure 25. a) Profile of 9MP / 1MP ratios posted on interpreted reservoir flow units; 

b) a schematic presentation of selected chromatograms (m/z 192) representing 

methylphenanthrene distribution in compartments M and N separated by floodplain 

deposits. 1, 2, 3, and 9 represent MP isomers. M and N are two vertically stacked 

reservoir compartments.  

Figure 26. a) Concentration (μg/g oil) profile of TAS and MAS posted on interpreted 

reservoir flow units (see legend); b) ratios of long and short chained TAS and MAS. 

Figure 27. Summary diagram depicting major geological features and events 

contributing to the present day bitumen accumulation including reservoir charging, in 

reservoir mixing and biodegradation processes in northern Athabasca study area. a) early 

stages of reservoir charging b) later stages of reservoir charge (note suggested gas caps 

and merging oil-water contacts between compartments) c) present day distribution of 

bitumen and water (including existing microbial life along the present day oil-bitumen 

contact identified in study area by Oldenburg et al., 2009 and Hubert et al., 2010. 

Table 1. Summary table showing thicknesses and porosity and water saturation 

values of interpreted reservoir flow units in wells 1-3.  

Table 2. Wells 1, 2 and 3 bitumen viscosity (cP) values measured at 35, 55 and 75 

˚C, respectively. 
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Table 3. Summary table showing thicknesses and porosity and water saturation 

values of interpreted reservoir flow units in wells 4 and 5.  

Table 4. Wells 4 and 5 bitumen viscosity values measured at 20, 54 and 80 °C.  

Table 5. Summary table showing thicknesses (m.) and porosity and water 

saturation values of interpreted reservoir flow units in wells 6 and 7.  

Table 6. Wells 6 and 7 bitumen viscosity (cP) values measured at 38, 54 and 80 °C.  
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ABSTRACT 

Steam Assisted Gravity Drainage (SAGD) is a commonly employed thermal 

recovery technology to produce bitumen (highly viscous petroleum) from the Lower 

Cretaceous McMurray Formation oil sands reservoirs that are too deep to mine at surface. 

Generally, at least fifteen meters thick, and several hundred meters laterally extensive 

reservoirs, characterized by absence of extensive low-permeable layers are considered 

favorable for SAGD developments. The injected steam to produced oil ratio (SOR) is a 

key parameter in determining the economic viability of a SAGD project. The steam 

chamber growth and SOR are very sensitive to both reservoir vertical permeability 

heterogeneities and bitumen viscosity variations commonly encountered in the 

McMurray Formation reservoirs.  

The significant portion of the McMurray Formation is comprised of tidally 

influenced meandering channel deposits, characterized by presence of clean sand in the 

lower portions of point bar deposits (highly permeably intervals - the best reservoir flow 

units); mud plug deposits (low-permeable intervals - reservoir flow barrier units); and 

inclined heterolithic strata (IHS) of upper point bar deposits (on a centimeter to decimeter 

scale interbedded high and low-permeable strata and/or laminae debatably reported as 

reservoir flow units [baffles] and barriers). 

Meandering channel deposits are commonly vertically stacked forming up to 80 

m thick reservoir columns. In stacked channel deposits of the McMurray Formation, IHS 

may occur in multiple intervals in petroleum column, potentially vertically 

compartmentalizing the reservoir. Thus, the identification of IHS intervals and the 
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 mapping of their extent is one of the critical steps in evaluating the reservoir development 

potential and designing the reservoir development strategy. While the presence of IHS 

intervals is routinely identified in cores and geophysical logs at drilled locations, 

determining their effectiveness as baffles or barriers to steam growth and mapping their 

lateral extent has proven difficult. Geochemical log profiling may provide an answer!  

In this case study an application of bitumen geochemistry for assessing the 

effectiveness and extent of IHS deposits as potential barriers for steam chamber growth 

are evaluated. The applied methodology consists of several steps. First, the high-

resolution bitumen molecular composition profiles of core extract petroleum, obtained by 

gas chromatography – mass spectrometry (GCMS), is used to assess if the IHS intervals 

interpreted from logs and core data were barriers or baffles. Second, bitumen molecular 

composition data coupled with detailed geological cross-sections are used as a framework 

to assess the lateral extent of the identified barriers. Interpretation included assessment of 

reservoir charging and in reservoir fluid mixing geo-histories within the interpreted 

reservoir architecture and on the geologic time scale.   

Results from this study show that in combination with detailed sedimentological 

studies bitumen geochemical profiles and qualitative analysis of mass chromatograms can 

be used as a powerful tool for distinguishing between barriers and baffles prior to 

positioning SAGD well-pairs. Inferring that effects of identified barriers and baffles on 

in-reservoir diffusion of oil, water and gas shall have the same or very similar effect on 

induced steam, we conclude potentially significant implications of described approach to 

SAGD reservoir developments.  

249 



 

 

 

 

 

 

 

 

 

 

1. Introduction 

The Athabasca Oil Sands Deposit (AOSD), one of the world’s largest petroleum 

accumulations, contains an estimated 1.7 trillion barrels of heavily to severely 

biodegraded, largely immobile petroleum at reservoir conditions (Fig. 1; Alberta Energy 

and Utilities Board, 2007). This super heavy oil (API gravity 5 to 11o) is trapped in 

highly permeable, unconsolidated sand reservoirs varying in thickness from 10 to 70 m or 

more, with the bulk of the resource buried too deeply to be economically exploited by 

surface mining methods (Kaminsky, 1974). The rest of the AOSD is exploited using in-

situ extraction methods involving subsurface stimulation to significantly increase the 

mobility (i.e. ratio of effective permeability to fluid viscosity) of the highly viscous oil. 

This is done by lowering bitumen viscosity via heating, solvent dilution, in-situ 

upgrading, gasification or combustion, which are most economic in fully bitumen-

saturated, high permeability, thick and vertically continuous reservoirs.  

While numerous emerging technologies are being evaluated, Steam Assisted 

Gravity Drainage (SAGD) (Butler, 1994) is currently the most widely applied method for 

producing bitumen from non-surface-mineable reservoirs. Because the SAGD process 

relies on upward buoyant flow of steam to expand the steam chamber and mobilize the 

bitumen, it is very sensitive to changes in vertical permeability (Butler, 1987; Cody et al., 

2001). In this technology, pairs of horizontal wells are used; steam injected into the upper 

well moves upwards, driven by buoyancy, through the porous and permeable sands 

forming an ever expanding steam chamber as it heats the bitumen which flows via gravity 

drainage down the outside of the chamber into perforations in the lower well, where it is 

pumped to the surface (Butler, 1987; Butler, 1994). The velocity of steam chamber rise 
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is proportional to the vertical reservoir permeability and is dependent upon the oil 

viscosity and steam temperature relationship (Butler, 1987). The steam will stop rising 

when it encounters lower permeability strata (Butler, 1994) that it cannot penetrate or 

bypass (i.e., laterally continuous barrier). The economic success of a SAGD operation is 

contingent on highly vertically connected, fully bitumen-saturated reservoirs at least 10 m 

in thickness. While SAGD has been widely deployed, viscosity gradients and reservoir 

heterogeneities severely impact actual reservoir performance (Larter et al., 2008) and 

thus will limit the applicability and effectiveness of this technology in poorer quality 

reservoirs. Thus, prior to positioning SAGD well-pairs major challenges are to identify 

and map barriers and baffles, characterize the bitumen (i.e. viscosity), and define 

reservoir architecture and associated reservoir properties.    

1.1 Barriers and Baffles for SAGD Recovery Process. Effects of vertical 

permeability distributions on steam chamber growth have been the subject of many 

simulation studies (Pooladi-Darvish and Mattar, 2002; Chen et al., 2008; Ipek, et al., 

2008; Li et al., 2008; Shin and Choe, 2009; La Ravalec et al., 2009; Heidari et al., 2009), 

and a limited number of laboratory studies (Yang and Butler, 1992) and field case 

examples (Strobl et al., 1997; Ito et al., 2001). In these studies, the low permeability 

layers within the reservoirs are commonly referred to as barriers or baffles to steam 

chamber growth. Baffles are commonly considered low permeability layers that inhibit or 

impede, but do not stop the steam chamber growth (i.e., mud clast breccias (Yeung, 2009; 

Fig. 2a), or extremely low permeability mudstone layers of limited extent that steam can 

bypass laterally at its outer limits (Ito et al., 2001; Li et al., 2008; Fig. 2a). Unlike baffles, 

barriers are considered impermeable layers over the time scales of typical SAGD 
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operations, i.e., steam cannot penetrate through or laterally bypass a barrier; however 

conductive heating may reduce the bitumen viscosity above the barrier. Some simulation 

studies report the possibility of steam dehydrating and fracturing the overlying 

impermeable barriers over some extended periods of time (i.e., after several years of 

injecting steam; Li et al., 2008; Fig. 2b), but no subsurface studies have confirmed these 

observations. The integrity of impermeable barriers under various reservoir conditions is 

a matter of ongoing research by industry and academia (e.g., Ito et al., 2001). Generally, 

reported studies do not define the minimum lateral extent of an impermeable layer for it 

to act as a barrier, but Shin and Choe (2009) have suggested that barriers are 

impermeable layers having a cross-well lateral extent greater than 50 metres. 

1.2 Bitumen Quality Characterization. The bitumen is characterized as 

having low API gravity (6 to 11o) and high viscosity values, ranging from 100 000 cP to 

up to over 10 000 000 cP at reservoir temperatures (Seyer and Gyte, 1989; Erno et al., 

1991; Strausz and Lown, 2003). Over an order of magnitude viscosity variation within a 

single petroleum column is commonly seen and has been explained by varying degrees of 

anaerobic oil biodegradation (Aitken et al., 2004; Head et al., 2003; Larter et al., 2006; 

Larter et al., 2008; Adams, 2008). These authors also demonstrated that anaerobic 

biodegradation occurs along a zone close to the location of the oil-water contact and that 

diffusion of components down the oil column to the oil-water contact is responsible for 

vertical compositional gradients observed in the Athabasca oil sands deposit. Larter et al. 

(2006, 2008), Adams (2008), and Fustic et al. (in press), document the strong relationship 

between the vertical molecular compositional variations and viscosity gradients.  
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1.3 Reservoir Architecture. Tidally influenced meandering river channel 

deposits (Wightman and Pemberton, 1997), are commonly described as large scale (up to 

40 m thick) single channel deposits (e.g. Underground Test Facility (UTF) case study, cf. 

Strobl et al., 1997), or more frequently as two or more stacked channel deposits 

(Wightman and Pemberton, 1997; Strobl et al., 2004) (Fig. 3a). When fully preserved in 

subsurface, the meandering channel deposits may be subdivided into large scale 

depositional elements such as mud plug, lower point bar, and upper point bar deposits 

(Fig. 3a). Upper point bar deposits are more commonly referred as inclined heterolithic 

strata (IHS; cf. Thomas et al., 1987). 

IHS are essentially defined as interbedded sand and mudstone layers with varying 

proportions of sand and mudstone interbeds, degrees of bioturbation and inclinations 

(commonly 4 to 12 degrees) of the depositional bedding (Thomas et al., 1987).  In the 

McMurray Formation, IHS are up to 40 metres thick (Strobl et al., 1997; Wightman and 

Pemberton, 1997; Brekke and Evoy, 2004; Fustic, 2007) and mappable using high 

resolution seismic imaging (Druesne et al., 2007; Smith et al., 2009) and/or dipmeter data 

(Strobl et al., 1997; Brekke and Evoy, 2004; Fustic, 2007). In early studies, IHS were 

called epsilon cross-strata (Mossop, 1980; Mossop and Flach, 1983; Flach, 1984). IHS 

sequences of the upper point bar deposits overlie genetically related cross-bedded sands 

of the lower point bar deposits (Fig. 3a), but in some instances may extend to the base of 

the channel (Wightman and Pemberton, 1997). 

Although basin-wide IHS deposits host significant bitumen resources, their 

reservoir development potential is controversial. According to some reported studies, 

when rising steam encounters the low permeability mudstone strata and/or laminae 
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(centimeter to decimeter thick) within the IHS sequence, steam chamber growth is 

stopped and steam is forced to migrate sideways following the natural paths of least 

resistance (Strobl et al., 1997; Strobl, 2007; Ito et al., 2001). This leaves the bitumen 

entrapped in overlying sandy sections of the IHS inaccessible to steam, and thus 

potentially stranded (Strobl et al., 1997; Strobl, 2007; Ito et al., 2001). How far steam 

must be re-directed laterally depends on the integrity and geomechanical properties of 

mudstone strata/laminae within the IHS sequence and the SAGD operating conditions. 

The lateral extent of the mud laminae depends on many factors including the presence 

and/or absence of erosional surfaces (Strobl et al., 1997), and the size of the channels (i.e. 

large channels tend to have more extensive IHS).  The geomechanical properties also 

depend on the thickness of the mud strata, the level of the bioturbation (Cody et al., 2001; 

Lettley and Pemberton, 2003a, 2003b), and the mineralogical composition of clay (i.e. 

smectite expands and fractures more easily than other clay minerals  (pers. comm. Yang 

Yanguang). 

SAGD pay criteria vary among oil sands operators, but most operators define it 

based on the thickness of individual mudstone layers within the IHS interval, or shale 

volume (Vsh) over certain thickness interval. Although the economic cut off thickness of 

mudstone layers varies from operator to operator (Strobl, 2007), a major effort is given to 

characterizing the lateral and vertical dimensions of the mudstone layers within the IHS 

intervals for the purposes of assessing the effectiveness of these layers as baffles or 

barriers to steam chamber growth (Cody et al., 2001). Assessment of IHS lateral extent 

by correlation and mapping of IHS mud laminae between delineation wells has proven 

difficult (Fustic, 2007). Therefore, evaluation of the effectiveness of IHS mud laminae as 
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barriers or baffles to steam rise and understanding of the spatial distribution of the IHS 

sequences is crucial for the optimal positioning of well-pairs (Strobl, 2007; Cody et al., 

2001), and subsequent production optimization (Byerley et al., 2009). 

1.4 Reservoir Permeability Properties. Generally, cross-bedded sands of the 

lower point bar deposit are characterized with a vertical permeability ranges of 2 to 6 

Darcy (D) units, while mudstone in mud plug deposits in laminae within the IHS units 

show a 2 to 3 order of magnitude decrease in permeability (Strobl, 2007), making their 

intrinsic permeabilities in the micro to nanodarcy range (Jokanola, 2007), effectively 

making the mudstone barriers for SAGD operations. The distribution of these barriers 

and baffles, in terms of lateral extent, gross thickness and vertical position within the 

reservoir column determines the economic viability of SAGD recovery operation.   

In a stacked channel environment, each younger channel removes the uppermost 

parts of the underlying channel often causing removal of undesirable IHS. The complete 

erosion of laterally continuous IHS may result in desirable, very thick sand reservoirs 

with only the youngest sequence (channel) having preserved IHS (Strobl et al, 2004; Fig. 

3a). However, frequently, only portion of the IHS is removed and portions remains 

preserved in the subsurface (Fig. 3a). In cases, when two or more stacked channel 

deposits are preserved, the characterization of the IHS is not only important for exploiting 

the bitumen within the IHS sequence, but also for defining the strategy to deplete 

bitumen from all stacked reservoir intervals, including bitumen from clean sand reservoir 

portion located in younger channel deposits overlying IHS intervals of an older channel 

deposits (Fig. 3). 
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1.5 Objectives. The ultimate goal of IHS mud laminae classification as 

barriers or baffles (Fig. 3b) is to maximize bitumen recovery and reduce the steam to oil 

ratio (SOR) through optimized well placements and production operation strategies.  

The purpose of this study is to evaluate the ability of geochemical logs across 

multiple stacked meandering channel deposits to define the effectiveness of IHS layers 

within the reservoir column as potential discontinuities for fluid diffusion on geological 

time scale.  Layers identified as potential barriers to geological diffusion of light 

hydrocarbon compounds may also inhibit steam chamber growth and prematurely curtail 

or impact SAGD operations. Likewise, identification of petroleum mixing through a mud 

layer and/or IHS deposit using geochemical profiling could be used as an indication that 

the layer can be classified as a baffle (Fig. 3b). We also discuss how molecular 

compositional gradients can be integrated with sedimentological studies for positioning 

SAGD well-pairs. 

2. Previous Works  

2.1 Tools and Techniques for Identifying IHS in Reservoir. The presence 

and the extent of the IHS in oil sands developments are assessed with a range of 

methodologies prior to the reservoir development or during the reservoir production life 

cycle. Before reservoir development, geostatistical deterministic and stochastic methods 

of facies and reservoir properties distributions are used (McLennan and Deutsch, 2005; 

Card et al., 2005), sedimentological studies including detailed petrophysical analysis of 

rock properties are conducted and dipmeter data is interpreted (Strobl et al., 1997; Cody 

et al., 2001; Brekke and Evoy, 2004; Fustic, 2007) to detect the presence and extent of 
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IHS.  When available, high quality three-dimensional seismic data allow for identifying 

and mapping large scale depositional elements including IHS packages (Druesne et al., 

2007; Smith et al., 2009; Hubbard et al., in press). However, these seismic data still do 

not allow for mapping individual mudstone layers in a IHS sequence (Byerley et al., 

2009), or for evaluating the IHS properties without the integration of the petrophysical 

data. 

During reservoir production, methodologies for assessing reservoir 

heterogeneities and their impact on steam chamber growth include time lapse (4D) 

seismic and temperature measurements along observational wells. Although an indirect 

qualitative measurement method, four dimensional (4D) seismic over the life of the 

SAGD field allows for visualizing the steam chamber growth in space and time which 

can be a powerful technique for identifying geological impedance of the steam chamber 

growth in oil sands developments (Byerley et al., 2009). Other methods for monitoring 

steam chamber growth are direct measurements using thermocouples placed along 

selected well profiles (Strobl et al., 1997; Birrell, 2001). Unlike 4D seismic, this method 

provides direct and continuous measurements at specific points. Therefore, numerous 

wells must be equipped with thermocouples to establish correlations between drilled 

wells which is costly. Information obtained from 4D seismic and temperature recorders 

along observational wells can be used for optimizing well operating strategy to improve 

the conformance and recovery from “underperforming” parts of the field (i.e. by 

managing heel/toe injection and steam splits (Byerley et al., 2009). However, the 

negative impact of some other heterogeneities cannot be resolved by changing the 
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production strategy thus re-drilling parts of the reservoir might be considered depending 

on the economics of the resource.  

2.2 Geochemistry as a tool for Defining Reservoir Compartments. The 

reservoir geochemistry has been traditionally utilized as a powerful and inexpensive 

techniques employed in conventional oil exploration and developments. The principles of 

in reservoir mixing processes suggest that the processes of in-reservoir fluid mixing are 

driven by gravity, temperature and buoyancy, and guided by the capillary pressure 

differences of host rocks. These processes cause molecular diffusion and convection that 

given sufficient time, produce continuous and thus predictive vertical and lateral 

compositional differences in continuous (not compartmentalized) reservoirs / traps 

(England et al., 1987; England, 1989 and 1994; Stainforth, 2004). 

There is a long history of using variations in petroleum composition for 

identifying and evaluating reservoir compartments (Kaufman et al., 1990, 1997; Smalley 

and England, 1992, 1994; Hwang and Baskin, 1994; Nederlof et al., 1994, 1995; Smalley 

and Hale, 1996; Noyau et al., 1997; Larter et al., 1997; Beeunas et al., 1999; Edman and 

Burk, 1999; Westrich et al., 1999; Murty et al., 2005; Larter and Aplin, 1995), as well as 

for monitoring reservoir performance during production from  compartmentalized 

reservoirs in conventional oil reservoirs (McKinney and Bland, 2003; Weissenburger and 

Borbas, 2004; Milkov et al., 2007). 

The utilization of petroleum composition for identifying reservoir compartments 

in McMurray Formation reservoirs is addressed by Fustic et al. (in press) and Adams 

(2008). Fustic et al., (in press) demonstrated the impact of laterally mappable and 

continous mudstone layers (interpreted as floodplain deposits) on vertical 
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compartmentalization of reservoir, and impact of large scale mud plug deposits on lateral 

compartmentalization of the reservoir, while Adams (2008) used 1D advection / diffusion 

models to show the impact of variable transmission baffles on compositional gradients in 

biodegraded oil fields. At high transmission continuous gradient develop (Fig. 4a). It’s 

the baffle because of lower transmissivity the compositional profiles become bent (Fig. 

4b), where two separate compartments fill separate compositional gradients develop and 

a step in composition and viscosity is seen (Fig. 4c). 

3. Study Area - Geology 

The reservoir characterization within the study area (located in southern Athabasca (Fig. 

1) at one of Nexen Inc. and OPTI Canada joint venture properties) is based on 

sedimentological studies conducted on drill cores, qualitative geophysical log 

interpretation including dipmeter logs, quantitative petrophysical analysis, laboratory 

measurements of bitumen saturation (Fig. 5) and high quality 3D seismic information 

(Fig. 6), as well as by applying sound geological principles (Fig. 5 and Fig. 6). The 

reservoir of interest lies within the McMurray Formation and consists of three stacked 

meandering channel belt deposits underlain by remnants of laterally extensive continental 

flood plain deposits and Devonian carbonates and shales (Fig. 6b). The seismic data can 

only resolve the architecture of the youngest meander belt (Fig. 6) thus the two lower 

channel deposits are interpreted from core and log data only. 

Youngest meander belt is comprised of several point bar and mud plug deposits 

that separate the upper part of the reservoir into lateral compartments, A and B (Fig. 6a). 

Interpretation suggests that the youngest meander belt (channel 3, shown in Fig. 5 and 
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6b) has eroded the upper parts of meander belt 2, and that meander belt 2 has also eroded 

the upper parts of meander belt 1 (Fig. 5 and 6b). Each stacked meandering channel is 

characterized by clean cross-bedded sand in the lower parts (lower point bar deposits) 

with fining upwards sequences characterized by inclined heterolithic strata (IHS) in the 

upper parts of the deposit. In a stacked channel environment, such as the one in this case 

study (Fig. 5 and Fig. 6b), each younger channel removes the uppermost parts of the 

underlying channel often causing removal of portion of undesirable IHS. Within the 

study area, interbedded sand and mud strata and laminae in core intervals (see Fig. 7a and 

b), with fining upwards portions of the studied wells (Fig. 5) coupled with unidirectional 

orientation of dips through these sequences (Fig. 5), are indicative of partial preservation 

of IHS strata in the upper point bar deposits (Muwais and Smith, 1988; Brekke and Evoy, 

2004). Thus, although the top portion of the IHS strata is removed by erosion by younger 

channels, the lower portion of IHS is still preserved in the rock/stratigraphic record (Fig. 

5, Fig. 6b and Fig. 7). 

Using visual core investigation and log analysis interpretation, it is however not 

possible to predict their lateral extent and permeability to fluid migration and molecular 

diffusion through them. In addition the lower two meander belt layers (2 and 3) are below 

seismic resolution and thus seismic cannot be utilized for interpretation of the lateral 

extent and continuity of the IHS. 

Data from wells drilled between two studied wells (Fig. 6b) show no evidence of 

preserved mud plugs in meander belts 2 and 3, suggesting that these are eroded. IHS 

layers between stacked channels 2 and 3 were identified as potential barriers for steam 

chamber growth by considering the reservoir architecture (Fig. 5, Fig. 6b, and Fig. 7). To 

260 



 

 

  

 

 

 

 

 

   

verify this interpretation of the IHS strata between meander channels belts 2 and 3, the 

bitumen composition was mapped along two selected well profiles to identify any 

discontinuities indicative of vertical compartmentalization.  

4. Methodology 

The core from the most recently drilled well locations penetrating the potential 

barriers was sampled for bitumen molecular compositional analysis by GCMS and 

viscosity measurements. The most recently drilled core were chosen to minimize the 

“aging” effects on bitumen composition and viscosity, principally caused by evaporation 

of volatile compounds during storage (Adams et al., 2008). Fifteen geochemical and 

eight viscosity samples were taken along the 60 meter long well profiles (Fig. 5) to 

provide high resolution bitumen composition “logs”. Bitumen from oil sand samples 

selected for geochemical molecular composition analysis was extracted using a 

dichloromethane (DCM). Saturated and aromatic hydrocarbon compounds were 

separated from bitumen extracts using the procedure described by Bennett and Larter 

(2000). The saturated and aromatic hydrocarbon fractions were analyzed using gas 

chromatography – mass spectrometry (GC-MS) on a Hewlett-Packard 5890 GC (using 

splitless injection) interfaced to a HP 5970B quadrupole mass selective detector. 

Geochemical data from each sample point were quantified and results are posted on 

corresponding elevation intervals to create geochemical logs. In addition, qualitative 

comparison of mass chromatograms of methylphenanthrene isomers illustrates the 

applicability and simplicity of this geochemical diagnostic tool. 
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Dead oil viscosity was measured at temperatures of 20, 38, 54 and 80 ºC using a 

Brookfield viscometer. Then, results from both wells were interpreted in the context of 

the previously defined depositional reservoir architecture.  

5. Results 

Concentrations of selected saturated and aromatic compounds in the bitumens 

show distinctly different patterns in the two studied wells. For example the concentration 

profile or geochemical log of methylphenanthrene (MP) isomers of well 1 (Fig. 8a) show 

two stacked downward decreasing trends separated by the contact between channels 2 

and 3 while well 2 (Fig. 8b) is characterized by a single downwards decreasing profile. 

The mass chromatograms (m/z 192) along these profiles show preferential biodegradation 

removal of more sensitive (MP3 and MP1) isomers with increasing depth (Fig. 9). In well 

1, MP1 and MP3 isomers are not detected in the lowermost portions of each stacked pay 

zone, while MP2 isomer is detected in all of them and MP9 in all of them except in the 

deepest sample (Fig. 9a). Similarly, traces from well 2 (Fig. 9b) show removal of MP3 

and MP1 in the bottom two samples, where MP2 and MP9 are present throughout. The 

contact between channels 2 and 3 corresponds to changes in the chromatograms in well 1, 

but this same contact does not affect the systematic downward decreasing concentration 

of methylphenanthrene isomers in well 2 (Fig. 9). 

Molecular composition break in well 1 is also evident from analysis of saturated 

molecular markers (steranes, diasteranes, tricyclic and pentacyclic terpanes and 

sesquiterpenes) and other aromatic compounds including alkyl-naphthalenes and C2 
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alkyl-phenanthrenes. The viscosity and API gravity data (Table 1 and Fig. 10) show very 

similar trends consistent with the concentrations of methylphenanthrenes. 

6. Interpretation  

The preferential removal of less resistant compounds from different molecular 

groups and their isomers as shown in Fig. 9 is characteristic of biodegradation (Huang et 

al., 2004), particularly preferential removal of MP1 over MP9 is diagnostic of 

biodegradation (Volkman et al., 1984; Rowland et al., 1986), although in some instances 

faster depletion of MP9 may occur in the Athabasca oil sands deposits, inferring different 

biodegradation pathways (Bennett and Larter, 2008). Because biodegradation removal of 

more susceptible compounds is systematic in a downwards direction (Fig. 8 and Fig. 9) 

one can interpret the cause being a downward migrating oil-water contact along which 

biodegradation occurs and due to the diffusion of components down the oil column to the 

oil-water contact (Head et al., 2003; Larter et al., 2008). Gradual monotonic changes of 

methylphenanthrene molecular isomer concentrations (Fig. 9) in well 2 (Fig. 8), coupled 

with a continuous viscosity profile (Fig. 10) suggests that bitumen at the bottom is more 

degraded than the bitumen at the top and thus charging most likely was to the top of the 

reservoir which pushed the oil-water contact downwards. In contrast well 1 has two 

separate, stacked molecular compositional and viscosity gradients (Figs. 8, 9 and 10) 

indicating that the reservoir column in that area is not vertically connected. The 

comparison with interpreted geology shows that the break in the molecular bitumen 

composition found in well 1 coincides with the contact between channel 2 and 3, which is 

underlain by IHS strata found at the top of channel 2 (Fig. 5, Fig. 6b and Fig. 7). 
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However, the IHS at the top of channel 2 in well 2 did not have the same effect on 

bitumen molecular compositional and viscosity gradients. Instead, compositional and 

viscosity gradients through this well are continuous.  

Case studies from the McMurray Formation document the impact of reservoir 

compartmentalization at discontinuities in bitumen molecular composition (Fustic et al., 

in press) and allow for interpreting the IHS at the top of well 2 either as an ineffective 

barrier for fluid migration (baffle), or as a barrier of limited lateral extent. Using the same 

principles, the data from well 1 that shows a significant break in molecular composition 

can be interpreted confidently as an effective and laterally extensive barrier for petroleum 

mixing through geological time.  

The strong correlation between oil viscosity (Fig. 10) and the selected molecular 

composition concentration profiles (Fig. 8) in both studied wells is consistent with the 

conclusion that present day viscosity gradients in the Alberta oil sands deposits are 

primarily function of various levels of biodegradation (Larter et al. (2008); Gates et al. 

(2007); Gates et al., (2008); Adams (2008); Fustic et al. (in press). 

Geochemical profiles presented can be explained as a function of reservoir 

charging and in-reservoir petroleum mixing processes (England et al, 1987; England, 

1989, 1994; Stainforth, 2004), as well as principles of biodegradation processes and 

products (Larter et al, 2008; Bennett and Larter, 2008; Fustic et al, in press) in geological 

context in space and time (Fig. 11). In the early stages of petroleum charging, petroleum 

arriving in the McMurray Formation, driven by buoyancy, filled up the upper portions of 

the reservoir first (Fig. 11a). In the area of well 1, due to the physical separation by IHS, 

deposits of the upper meander belt (meander belt 3) were filled separately from deposits 
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in the underlying meander belt (meander belt 2) penetrated in that well. As a result two 

independent oil–water contacts were established in each of the stacked deposits (Fig. 

11a). As new petroleum arrived it occupied the upper parts of the reservoir forcing 

already entrapped petroleum and thus the oil-water contact downwards (Fig. 11a). At the 

same time, microorganisms residing in formation waters (Oldenburg et al., 2009; Hubbert 

et al., 2010) (Fig. 11a) were attacking selected petroleum compounds and producing 

methane (Jones et al., 2008). Later (Fig. 11b), as new, fresh petroleum arrived it forced 

earlier entrapped petroleum further to the east (right).  Since the new, fresh petroleum 

was lighter than the previously arrived and already partially biodegraded petroleum, it 

occupied the upper parts of the reservoir (Fig. 11b), again forcing the oil–water contact to 

move downwards (Fig. 11b). At the later stages (Fig. 11c), when petroleum charging 

stopped or slowed due to the cessation of the orogeny and subsequent uplift, petroleum 

mixing in the oil column and extensive biodegradation along the oil–water contact 

continued. Vertical diffusion driven by concentration gradients (England et al, 1987; 

England, 1989, 1994) dominated in reservoir mixing processes that produced bitumen 

molecular compositional and viscosity gradients (Fig. 8, 9, and 10). 

The detailed geological cross-section shows that meander belt 3 has incised 

several meters deeper in areas defined as lateral compartment “B” (Fig. 6b) than it did in 

areas underlain by lateral compartment A of meander belt 3.  One could infer that 

meander belt 3 has likely eroded larger amounts of the IHS strata of the underlying 

meander belt 2 under compartment B than under compartment A (Fig. 6b or Fig. 11). 

Smoothly downward decreasing molecular concentration gradients of 

methylphenanthrene (Fig. 8) shows that the removal of IHS in areas underlain by 
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compartment B (penetrated by well 2) was sufficient to allow charging of the reservoir as 

a single unit with a continuous, un-interrupted in-reservoir filling and mixing processes. 

Somewhat shallower erosion under the lateral compartment “A” (Fig. 6b or Fig. 11) lead 

to preservation of a thicker portion of IHS in the underlying deposits of meander belt 2. 

This thicker IHS sequence has effectively separated the reservoir into two stacked 

reservoir compartments in that area, as evident from molecular composition and viscosity 

gradients (Fig. 8, Fig. 9, Fig. 10 and Table 1). The diagrams (Fig. 6b and Fig. 11) indicate 

that a large mud plug that separates lateral compartments A and B has acted as a lateral 

seal in meander belt 3 (Fig. 6b or Fig. 11) to the compartmentalization of the upper part 

of the reservoir penetrated in well 1. This mud plug acted as a seal by impeding further 

eastward migration of the petroleum entrapped west of the mud plug (Fig. 11), and 

petroleum mixing across the mud plug.  

The above interpretation suggests that the area (channel 3 deposit) northwest of 

the mud plug is compartmentalized (yellow stripes in Fig. 12) and isolated from the rest 

of the reservoir, and thus the majority of the reservoir (east and below mud plug) is 

continuous (solid yellow in Fig. 12). 

Coupled core, gamma ray and dipmeter data analysis shows that the IHS in well 1 

is about 10 meters thick, of which the top 5-6  meters are mud dominated (Figs. 5a, and 

7a) while the IHS thickness in well 2 exceeds 16 meters and contains about 10 meters 

thick mud dominated sequence (Fig. 5b) including an almost a 1.5 meters thick solid mud 

at the top of the sequence (Figs. 5b, and 7b). Contrary that one may infer, our 

interpretation shows that IHS in well 1 is an effective barrier and IHS in well 2 is a 

baffle, or a barrier of a limited extent. Unlike industry standards, that suggests using 
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specific cut off values for thickness of mud, IHS, and/or shale volume to define barriers, 

our results demonstrate that the effectiveness of IHS and/or any other low permeable 

strata as barrier or baffle is not necessarily related to their thickness defined from core 

data alone. 

7. Implications to Reservoir Developments  

Although additional drilling and bitumen analysis will be done prior to 

developing the area shown in this case study, the interpretation of oil column connectivity 

and discontinuities in terms of bitumen composition can be used to assess reservoir 

quality and provide indications of where to optimally place horizontal wells.  Typically, 

SAGD wells pairs would be located immediately above base of pay but the barrier / 

baffle interpretation (Fig. 12) in this study suggests several non-standard options for 

locating well-pairs to maximize recovery. In the area characterized by well 2, continuous 

bitumen stacked meander belts (1, 2 and 3) ~60 meters thick show no indication of 

barriers thus the reservoir could be developed by locating well-pairs at the base of the oil 

column (Fig. 12). This, traditional well-pair placement will maximize ultimate recovery, 

but may lead to low initial production rates due to high viscosities (>6,000,000 cP) at the 

base of pay (Gates, et al., 2008). Another option, given the very high viscosity along the 

base of the column as well as the extreme thickness (> 50 m) and lateral extent (> 2 km) 

(Fig. 12) of the porous and permeable bitumen saturated sand, is that the reservoir could 

be developed in several stages, depending on economics, with well-pairs placed higher up 

in the reservoir in the early stages of development and then redrilled into the highest 

viscosity zones later on (Gates et al., 2007, 2008). 
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Vertically compartmentalized parts of the reservoir, such as seen in well 1, require 

a different development strategy. Since both the lower and upper compartment contain 

more than 20 meter thick reservoir columns, they could be developed independently of 

each other using two independent sets of horizontal well-pairs to develop each 

compartment separately (Fig. 12). 

Well-pairs may also be placed within the transition zone, in which case water may 

assist in establishing fast communication between producer and injector (Peterson et al., 

2009), mitigating the impact of the high viscosity at the base. However, this option would 

have to be carefully evaluated and operated to ensure that induced pressures are lower 

than the pressure in bottom water, to avoid steam losses.  

8. Conclusions 

Detailed, high-resolution geochemical logs of bitumen hydrocarbon 

concentrations and/or qualitative comparison of selected mass chromatograms (i.e., m/z 

192, Fig. 9), correlated to geological reservoir architecture are a powerful tool for 

identifying barriers and baffles to oil mixing, under reservoir conditions on geological 

time scales. Geochemistry can identify laterally continuous barriers between drilled wells 

and in areas below seismic resolution.  

If IHS mud laminae or other low permeability layers have acted as barriers on 

geologic time scales, it is possible that these layers will act as barriers to steam chamber 

expansion in a SAGD operation. Likewise, if petroleum mixing occurred through and/or 

around IHS mud laminae or other potential barriers, then this interval can be classified as 

a baffle rather than a barrier to flow for SAGD developments.  
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Geochemical log data clearly shows that thickness of IHS or any other interval 

containing low permeable layers and/or laminae is not a key for defining examined 

interval as a barrier, and that thinner intervals may be more efficient barriers than thicker 

intervals.  

The integration of the geochemistry with seismic and geological interpretation 

shows that there is a great heterogeneity and that described approach allows for 

distinguishing IHS intervals as barriers or baffles for SAGD reservoir developments, and 

mapping reservoir connectivity prior to positioning well pairs.  

This process requires collaboration between sedimentologists, geochemists, and 

engineers familiar with steam chamber growth to integrate tools and concepts from their 

disciplines.  

Geochemical sampling of oil sands cores is easy and detailed molecular 

compositional analysis of bitumen and dead oil viscosity measurements are inexpensive 

in comparison to all other reservoir characterization tools.  While geochemistry is 

proving to have a great potential for reducing risks in early stages of SAGD reservoir 

planning (before positioning horizontal well-pairs) it is still underutilized in oil sands 

developments.  
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Figure Captions 

Figure 1. Location map of the Athabasca and other major oil sands deposits in 

Alberta, Canada, modified after Hein and Marsh, (2008). Approximate location of study 

area is indicated by star. 

Figure 2. Impact of baffles and barriers (low-permeability mudstone layers) on 

steam rise in SAGD operations (modified after Li et al., 2008) a) baffle temporarily stops 

and forces steam to detour to the overlying layers b) barrier, stops and does not allow 

steam to go through for certain period of time. In this case, simulated geomechanical 

conditions allowed for breaking the barrier and making a conduit to the overlying strata 

of the limited extent. Decreased viscosities of produced fluids over time are function of 

accessing and producing the less viscous bitumen encountered at the upper portions of 

the reservoir.  

Figure 3 Schematic diagram of three stacked meandering channel deposits and 

impact of reservoir architecture on steam chamber growth (modified after Strobl et al., 

2004). a) Channel 2 has completely eroded away undesirable IHS layers of channel 1, 

while channel 3 has partially removed them IHS layers of channel 2. b) In areas where 

IHS are removed, a thick clean reservoir allows steam to rise with no obstacles. In areas 

where clean sand is separated by IHS layers (above the second to the right well-pair), 

steam may (baffle) or may not (barrier) be able to rise through IHS to heat and drain 

bitumen from clean reservoirs at the base of channel 3. Geochemical log through well 
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drilled in area may provide an answer on that question ! Key: right hachure shows 

hypothetical steam growth through clean reservoir, and left oriented hachure shows 

anticipated further growth of steam chamber in case IHS layers act as a baffle rather than 

a barrier. Black and red circles shows injecting and producing SAGD well-pairs, 

respectively. 

Figure 4 Schematic compositional bitumen gradients modified after subsurface 

studies (Fustic et al., in press) and from one dimensional advection / diffusion models 

(Adams, 2008) in a) vertically connected transmissive reservoirs, b) reservoirs with 

baffles and c) reservoirs with barriers. 

Figure 5. Composite logs of two wells included in this study. GR – gamma ray log 

track; El. – depositional elements such as lower and upper point bars; V. – location of 

viscosity samples; G. – location of GSMS samples; Bit. – bitumen weight percent 

measurements and displayed as histogram on a scale 0-20; Dip. – dipmeter log; red wavy 

lines shows interpreted base of meandering belts (channels), inclined dashed lines 

indicate coarsening upwards sequences in each channel, and double headed arrows 

indicate thickness of each stacked channel deposits. Numbers 1, 2 and 3 indicate stacked 

meandering river belts as discussed in text. Shown are portion of logs through the 

bitumen saturated interval of the reservoir only. Boxes shows locations of core intervals 

shown in Fig. 7 a) well 1 b) well 2; Note 1: If IHS / Upper Point Bar deposit are 

subdivided into mud (> 60 API gamma ray) and sand (<60 API gamma ray) dominated 

intervals, than mud dominated interval in well 2 is about 4 meters thicker than in well 1. 
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Note 2: dipmeter azimuth re-orientation and steepening that occurs at the elevation of 244 

meters is interpreted to be erosional surface caused by major flood event that have eroded 

part of the point bar and after that deposition was re-activated in somewhat different 

direction and under the steeper angle. Possible analog for that event is document on Han 

River in South Korea (Choi et al., 2004). 

Figure 6. Geological interpretation of studied area a) abandoned channel mud plug 

(green) and point bar deposits (brown) of the ancient meandering river interpreted on 

seismic slice maps about 10 meters below top of the McMurray Formation with posted 

location of studied wells. Note, that at this elevation mud plug separates reservoir in two 

lateral compartments “A” and “B”; b) schematic, not to scale geological cross-section 

between two studied wells and with posted approximate locations of other wells used in 

making correlation. Interpretation shows the preservation of several stacked meandering 

river channel deposits underlined by flood plain deposits and Devonian carbonates and 

shales. Wavy red lines shows the interpreted base of each of three stacked channel 

deposits, blue areas are water occupied intervals and yellow reservoir sand saturated by 

bitumen. Note that top of each channel is characterized by preservation of IHS of various 

thicknesses. 

Figure 7. Core images from selected intervals in two studied wells. The location of 

core images is posted on well logs in Fig. 5. Numbers posted on cores shows location of 

selected sample points analyzed by GCMS as shown in Fig. 5, a) depth interval between 
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254.75 and 270.30 m. in well 1; and, b) depth interval between 295.00 and 305.30 meters 

in well 2. 

Figure 8. Concentration profile of total methylphenanthrene (1-MP + 2-MP + 3-MP 

+ 9-MP) compounds in two studied wells in micro-grams per gram (μg/g). GR – gamma 

ray log. Wavy red line indicates the base of interpreted meandering channel belts in each 

well. Upwards oriented arrows indicate fining upwards sequences interpreted from 

gamma ray logs. Downward oriented arrows shows concentration gradients of 

methylphenanthrene compounds. 

Figure 9. a and b) Chromatogram traces of m/z 192 ion showing recorded 

abundance of four different methylphenanthrene isomers are stacked from bottom to the 

top (i.e. the lowest one is chromatogram from sample 1 and the highest from sample 15). 

Peaks in chromatogram traces from left to right shows methylphenanthrene isomers 3, 2, 

9 and 1. Arrows shows the direction of depletion (downwards) of each isomer until they 

are completely depleted. c) Schematic presentation of molecular structures of 

methylphenanthrene isomers 3, 2, 9 and 1.  

Figure 10. Viscosity measurements results at 20 ˚C from two studied wells versus 

depth. 

Figure 11. Summary diagram of interpreted reservoir charging, in reservoir mixing 

and biodegradation processes including their effects on bitumen viscosity and molecular 
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compositional gradients. Black arrows show arrival of fresh petroleum, red arrows 

downward migration of previously arrived petroleum and two-headed arrows in-reservoir 

mixing processes, a) early stages of reservoir charging when oil driven by buoyancy, 

filled up the upper portions of the reservoir first, and oil is being attacked by 

microorganisms along the oil-water contact; b) later stages of reservoir charging; as new, 

fresh oil arrived it forced earlier entrapped oil further to the east (right) and since the 

new, fresh oil was lighter than the previously arrived and already partially biodegraded 

petroleum, it occupied the upper parts of the reservoir forcing the oil–water contact to 

move downwards and; c) reservoir after petroleum charging stopped when, in absence of 

new charge fluxes, the dominant processes in reservoir are restricted to biodegradation 

and vertical mixing by buoyancy and diffusion.    

Figure 12. Geochemical solutions for reservoir development are illustrated with three 

possible sets of SAGD well-pair configurations. Configuration A, shows traditional 

approach of placing wells as close as possible to the base of the pay. Configurations B 

and C shows alternative approaches suggested by integrated geochemistry and 

sedimentology.  

Table 1. Dead oil viscosity (in cP at 20, 54, 80, 149, and 185 degrees C) and API 

gravity measurements (at 15.9 ˚C) from 8 sample points in two studied wells.  
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