
 

From mine-face to micron-scale investigation of the Cretaceous McMurray Formation at 

Kearl Mine, northeastern Alberta, Canada 

 

by 

 

Trevin Ferens 

 

 

A Thesis  

Submitted to the Faculty of Graduate Studies of  

The University of Manitoba 

in partial fulfillment of the requirements for the degree of 

 

MASTER OF SCIENCE 

 

Department of Earth Sciences 

University of Manitoba 

Winnipeg, Manitoba 

 

 

 

Copyright © August 2024, Trevin Ferens



i 

 

 

ABSTRACT 

River meander-belt morphodynamics are critical to understanding fluvial sedimentology, 

however, the process-to-product relationships are highly complex. Fluvial deposit heterogeneity 

is observed in dense and comprehensive subsurface data sets within hydrocarbon reservoirs 

where accurate subsurface modelling is essential for successful mining and drilling projects. 

Despite the available information, localized modelling discrepancies are still commonplace, 

often occurring between boreholes where data is lacking. Unmodelled mudstone-rich deposits 

are of particular importance, as fine-grained deposits are impermeable and limit hydrocarbon 

saturation and mobility.  

To improve understanding of meander belt heterogeneity and depositional processes this 

thesis investigates the Lower Cretaceous McMurray Formation at Kearl mine, northeastern 

Alberta. The research objectives are to i) utilize extensive mine-face exposures by integrating 

them with related borehole data to reconstruct the local paleoenvironment, ultimately interpreting 

the paleochannel morphodynamic evolution through time; and ii) investigate fluvial mudstone 

microstructure of point-bar mudstones from Kearl mine using scanning electron microscopy 

(SEM).  

The area of interest at Kearl mine is a 1.9 x 1.1 km area that was excavated from May 

2022 to August 2023. The mine-faces here were continuously excavated while on-site geologists 

documented notable geologic features. The studied interval of this research is an approximately 

20-meters-thick channel-belt deposit that comprised nine architectural elements including four 
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point bars, three counter-point bars and two abandoned-channel fills. A focus of the study is the 

atypical channel-belt deposit trends observed in one of the point bars. 

The atypical point-bar deposits comprise inclined heterolithic stratification (IHS) that was 

interspersed with mudstone clast breccias and mudstone-lined trough cross-bedded sandstone. 

The deposits were localized in a segment of the point bar that did not conform to upward- nor 

downstream-fining trends in typical point-bar models. To better understand these peculiar 

deposits, this research produces and utilizes a planform reconstruction to investigate the fluvial 

processes that occurred during the atypical deposition, noting that the upstream cutbank material 

was mudstone-rich and may have influenced the atypical point-bar heterogeneity. Furthermore, a 

mudstone sample downstream from the atypical deposits is analyzed with SEM to observe 

microstructure characteristics, which reveals evidence of sub-mm-sized mudstone aggregates.  

The presence of these micron-scale mudstone aggregates implies that a broader range of 

hydrodynamic conditions should be considered for fluvial mudstone deposition, particularly the 

mudstone component of point-bar IHS. 
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1.1. Research Motivation 

 

Meandering rivers are the driving force behind channel-belt deposits, a dominant 

depositional system on the surface of the Earth (e.g., Sylvester et al., 2017; Shan et al., 2018). 

Therefore, accurately prescribing the 3-D distribution of modern and ancient meander-belt 

deposits is beneficial in several branches of global advancements (Rosenshein, 1988). For 

example, understanding of subsurface lithofacies distributions, and therefore fluid flow 

interactions, helps to investigate water resources (Larkin and Sharp, 1992; Nyberg et al., 2013) 

and the fate of harmful subsurface contaminants (Worman et al., 2007). Additionally, the energy 

industry benefits significantly from precise modelling capabilities that enable efficient planning 

and execution of hydrocarbon resource extraction, and subsequent environmental reclamation 

projects within fluvially-dominated subsurface reservoirs (e.g., Crerar and Arnott, 2007; Willis 

and Tang, 2010; Nardin et al., 2013; Martinius et al., 2017). The motivation for this research is 

improving model building and predictive potential in ancient and modern channel-belt 

sediments. 

The Athabasca Oil Sands Region (AOSR) is a 93,000 km2 area in northeastern Alberta 

comprising hydrocarbon-bearing stacked meander-belt deposits of the Lower Cretaceous 

McMurray Formation (Alberta Energy Regulator, 2023). Dense subsurface data sets are gathered 

here for pre-extraction 3-D modelling (e.g., Hein and Cotterill, 2006; Crerar and Arnott, 2007; 

Peng et al., 2022), but modelling difficulties are still common due to meander-belt heterogeneity 

(e.g., Jordan and Pryor, 1992) and the complex channel-belt stacking patterns in the McMurray 

Formation (Hein and Cotterill, 2006; Peng et al., 2024). Geologists risk potential errors when 

building model frameworks where localized and drastic lithofacies changes are present, and 

when borehole drill grids do not capture rapid transitions. Furthermore, modelling through 
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predictive distributions of lithofacies (i.e., stochastic modelling) may be erroneous if the deposit 

in question is atypical, and therefore not properly understood. Conversely, if the same atypical 

feature is sufficiently documented and subsequently typified by investigating the processes and 

paleoenvironmental conditions that produced its irregularity, it can be predicted in future 

characterizations even when missed by traditional data collection methods. In this research, 

atypical point-bar deposits within the Cretaceous McMurray Formation were examined at Kearl 

mine, northeastern Alberta.  

At Kearl mine the 3-D subsurface model is verified by on-site geologists when the 

deposits are sequentially exposed during excavation. Once exposed the atypical deposits at Kearl 

mine contained segments of unmodelled heterolithic interbeds within high-energy structures 

(e.g., trough cross-bedding). Borehole data provides a 1-D intersection of these features which 

was incorrectly interpreted as fluctuating and low-energy, inclined heterolithic stratification 

(IHS) deposits. The modelling errors resulted in significant ore volume discrepancies from 

inaccurate data-driven geological interpretation. The presence of interbedded mudstone within 

trough cross-bedded deposits is not a well understood, nor documented, phenomenon. 

Furthermore, mudstone-clast dominated breccias are often localized thin packages, however, 

mudstone clast breccia is the dominant lithofacies in the lower 5 ï 10 m of atypical deposits in 

the study. 

The present research looks to investigate the processes leading to the atypical deposition 

described above. A possible explanation comes from growing evidence that suspended muds 

often travel as aggregates and can therefore be deposited in a wider range of hydrodynamic 

conditions (Bennett et al., 1991; Li and Schieber, 2018). Suspended mud-particle aggregation is 

pervasive in aquatic environments (Bennett et al., 1991), and flume experiments show that mud 
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aggregates may also travel as bedload in flowing water (Schieber et al., 2007). There is also 

evidence of mud aggregate deposition in ancient mudstone microstructure analyses using 

scanning electron microscopy (SEM) imaging (Plint, 2014; Laycock et al., 2017). If such 

aggregation exists in terrestrial systems, particularly in fluvial environments, a refinement in 

understanding ancient fluvial mudstone deposition may be needed. This includes the mudstone 

component of IHS (e.g., Thomas, 1987) deposits in point bars.  

1.2. Research Questions 

 

To address the research motivation, the research questions and objectives are as follows: 

1) Using mine-face observations in tandem with subsurface data sets in Kearl mine, 

what methods can we employ to improve the predictive capabilities and understanding of 

depositional processes in the McMurray Formation and analogous fluvial deposits in the 

subsurface? 

2) Can we observe fluvial mudstone microstructure in poorly indurated sediments of 

the Cretaceous McMurray Formation and, if successful, what do our results imply for 

sedimentological processes of fluvial mudstones?  

To address the questions this research utilizes borehole data and McMurray Formation 

outcrop availability in Kearl mine. In the present study Kearl mine was fully accessible for a 16-

month data collection period (May 2022 ï August 2023), during which the removal of over 

400,000,000 tonnes of subsurface material, primarily within the Cretaceous McMurray 

Formation, commenced. A detailed meander-belt reconstruction is created in a 1.9 x 1.1 km area 

of interest within the mine. Spatiotemporal evolution of the channel-belt is interpreted, therefore 
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defining the processes that lead to deposition. Attention was focused on the atypical point-bar 

deposits that are documented within the area of interest. 

To investigate the mudstone microstructure, a mudstone sample was collected from the 

point bar containing atypical deposits and experimental techniques were performed to prepare 

the sample for SEM investigation using methods revised from previous work in Sanchez-Roa et 

al. (2018). The method includes saturating the sample with ultra-low viscosity epoxy resin (LR 

White) to view an undisturbed cross-section of the mudstone with SEM imaging. Furthermore, 

the results are compared and contrasted with previous research and SEM analyses on mudstone 

microstructure. 

1.3. Research Organization 

 

This thesis is organized into four chapters: chapter one is an introduction to the thesis 

topics, chapter two and three are presented as standalone papers that address research questions 

1) and 2), respectively, and chapter four is an encompassing conclusion and discussion of 

potential future work stemming from this research. The overall premise of this thesis involves 

analyzing fluvial processes and resulting deposits in channel-belt sediments of the Early 

Cretaceous McMurray Formation.  

Chapter 2 presents a comprehensive 3-D reconstruction of an approximately 20-meter-

thick, 1.1 x 1.9 km area within Kearl mine, utilizing a data set of borehole and outcrop 

photograph data. Results include typical channel-belt features that strengthen current point-bar 

models. In addition, atypical point-bar deposits are noted and further discussed in detail. Chapter 

3 comprises research based on a sampled mudstone deposited on the same point bar, immediately 

downstream from the atypical deposits discussed in Chapter 2, with an aim to investigate 
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microstructure properties using SEM imaging. Chapter 4 summarized the results of this research 

and organizes them into a fluvial process to sedimentary product evaluation that ranges from 

macro- to micro-scale. Further direction in research is also discussed, suggesting that future 

research can benefit from expanding on the conclusions herein. 
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2.1. Introduction 

 

Meandering river channel evolution exerts a primary control on the distribution of 

sediment in a meander-belt. In ancient meander-belt deposits, understanding the formative 

processes can be difficult from limited and sparse data sets. Therefore, integrating multiple data 

sources to produce channel evolution reconstructions is critical to accurately interpret river 

dynamics from an ancient meander-belt deposit (Willis, 1989; Ghinassi et al., 2014; Ielpi and 

Ghinassi, 2014; Durkin et al., 2015; Durkin et al., 2017; Viseras et al., 2018). The results can 

elucidate and contextualize otherwise enigmatic successions that do not apparently conform to 

our existing meandering river facies models.  

Various data sets have been utilized to produce interpretations concerning channel 

evolution. For example: 1) observing modern channel-belt evolution through satellite imagery 

and in-field measurements (e.g., Smith et al., 2009; Sylvester et al., 2020), 2) well-log and core 

analyses (e.g., Smith et al., 2009; Shan et al., 2018), and 3) three dimensional (3-D) seismic 

surveys (e.g., Hubbard et al., 2011; Smith et al., 2011; Durkin et al., 2017). Findings from these 

studies help to refine the deterministic capabilities in geoforecasting and subsurface modelling, 

particularly within typical point bars, by understanding the evolving characteristics of channel-

belts in 3-D. The necessity of such work is apparent in fluvial deposits that are known for drastic 

facies changes and heterolithic diversity both laterally and vertically. Despite the many 

challenges of fluvial sedimentology, progress has been made to improve deterministic modelling 

by understanding channel-belt evolution and their governing morphodynamics (i.e., 

morphological changes over time). 
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Architectural elements in meander-belts respond to changes in the depositional system 

they are a part of. For example, counter-point bars (also sometimes referred to as downstream-

migrating point bars (e.g., Ghinassi et al., 2016)), are common when meandering channels 

respond to lateral confinement caused by cohesive bank material (Page and Nanson, 1982; Smith 

et al., 2011; Ghinassi et al., 2016; Durkin et al., 2017); and abandoned-channel fills are deposited 

when upstream channel avulsions or meander bend cut-offs occur (Miall, 1981; Toonen et al., 

2012; Bellizia et al., 2021). Furthermore, internal lithofacies distributions within each 

architectural element are influenced by the morphodynamic evolution of the channel. Fining 

upward grain-size trends in migrating rivers are due to a decrease in energy from the thalweg to 

point-bar surface (Allen, 1965; Bridge, 1985), and grain sizes typically decrease downstream 

from the bend apex of a point bar as shear forces and gravity deter energy around a meander 

bend (Labrecque et al., 2011; Hagstrom et al., 2019). Both trends are linked to the fundamental 

relationship between increasing mean grain size with bed shear stress above the depositional 

surface (Bridge, 1985). However, atypical fluvial trends that oppose these models exist as well. 

For example, larger volumes of floodplain muds often exist where energy regimes should dictate 

the deposition of more coarse-grained sediment (Lamb et al., 2020). Atypical sediment 

deposition presents potential challenges to hydrocarbon recovery planning and execution (Musial 

et al., 2012; Nardin et al., 2013; Martinius et al., 2017; Clift et al., 2019) and other predictive 

subsurface fluid flow characterizations for hydrogeological and environmental evaluations 

(Willis and Tang, 2010; Clift et al., 2019). To help mitigate such challenges, a 3-D model that 

directly links deposit to subsurface data is needed.  

A common strategy to understand complex sedimentology in 3-D is outcrop analysis. 

Outcrops supply the most intimate and empirical information of the depositional features for 
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quantitative data input in planform channel-belt reconstruction (e.g., Ielpi and Ghinassi, 2014; 

Durkin et al., 2015; Viseras et al., 2018; Mayo et al., 2023). Outcrops provide analogues for 

subsurface deposit interpretations and environmental context for conventional borehole data. 

They may be utilized to fill the gaps where insufficient information is available or when 

conventional data resolution is larger than the dimensions of the geobody they are meant to 

capture. Nonetheless, a lack of direct comparison between outcrop and conventional data exists. 

To improve understanding of enigmatic features in meander-belt deposits, this study 

integrates a dense subsurface data set in the Lower Cretaceous McMurray Formation with vast 

outcrop availability in the form of mine-face photography at Imperial Oil Ltd.ôs Kearl mine, an 

open-pit heavy bitumen oil sands mine located the Athabasca Oil Sands Region (AOSR) in 

northeastern Alberta. Freshly exposed mine faces were observed and photographed by site 

geologists.  A planform reconstruction with several fluvial architectural elements highlights 

atypical fluvial trends that were revealed during excavation. This study aims to provide direct 

correlation between outcrop and conventional subsurface data, presented in detailed channel-belt 

reconstructions. These findings can optimize modelling capabilities in analogous deposits in the 

future and refine point-bar models. 

2.2. Background Geology 

 

The McMurray Formation was deposited in the Early Cretaceous (Aptian ï Albian) along 

the northeastern edge of the Western Canadian Sedimentary Basin during long-term-sea-level 

rise amid smaller scale relative sea-level oscillations (Mossop and Flach, 1983; Ranger and 

Pemberton, 1992; Hein and Cotterill, 2006; Horner et al., 2019). The Late Triassic Cordillera 

orogeny of western North America created voluminous accommodation in its retro-arc foreland 
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basin, enabling fluvial to fluvial-tidal deposits of the McMurray Formation (Leckie and Smith, 

1992; Mossop and Shetsen, 1994). Dissolution and collapse of underlying Devonian carbonates 

and evaporites formed a network of confined drainage pathways that hosted the basal McMurray 

Formation deposits (Flach and Mossop, 1985; McPhee and Wightman, 1991; Broughton, 2015; 

Barton et al., 2016), and, once the negative topography was infilled, unconfined meander-belt 

deposition continued (Flach and Mossop, 1985; Crerar and Arnott, 2007). The stratigraphy of the 

McMurray Formation therefore comprises relatively thinner, segmented and geologically 

complex stacks of channel, floodplain and lacustrine deposits near the base (Carrigy, 1959; 

Barton et al., 2016), and thicker continental-scale channel-belt sedimentation in the deposits 

above (Carrigy, 1959; Hein and Cotterill, 2006; Benyon et al., 2014; Blum and Pecha, 2014). The 

deposition of the McMurray Formation was subsequently terminated after inundation of the 

southward prograding Boreal Sea, resulting in muddy and glauconitic marine sediments of the 

Wabiskaw Member of the Clearwater Formation (Hein and Cotterill, 2006; Ahmad and Gingras, 

2022).  

The McMurray Formation is informally sub-divided into three units based on work from 

Carrigy (1959): the lower, middle and upper McMurray units (Fig. 2.1); however, this tripartite 

system has since been improved for chronostratigraphic accuracy (Hein and Cotterill, 2006) and 

continues to be improved incrementally with ongoing study (e.g., Chateau et al., 2019; Horner et 

al., 2019; Hardekopf et al., 2022; Hagstrom et al., 2023; Peng et al., 2024). Nonetheless, the 

informal system is still used for its simplicity in lithologic and environmental delineation. The 

lower McMurray unit comprises fluvial sandstone intervals, often thinner and less laterally 

extensive than middle McMurray units, bounded by finer-grained lacustrine and floodplain 

deposits. Fluvial packages here range from up to 30-meters thick to localized sandstone lenses 
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Figure 2. 1  The location of Kearl mine and the area of interest for the current study and a 

stratigraphic chart for the Mannville Group (McMurray Formation and Wabiskaw Member) and 

bounding units that are present in Kearl mine. 

 

less than 5-meters thick, bounded by terrestrial floodplain mudstones. The overlying middle 

McMurray unit comprises thick (up to 45 m) channel-belt deposits with point bars, counter-point 

bars and abandoned-channel fills that were the result of a continental-scale drainage basin 

comparable to the modern Mississippi River (Benyon et al., 2014). The upper McMurray unit 

comprises regionally correlatable, coarsening upward parasequence sets (PSS) coinciding with 
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prograding paleo-shorelines (Hein et al., 2006; Baniak and Kingsmith, 2018; Chateau et al., 

2019).  

The revised stratigraphy of Hein and Cotterill (2006) is divided by the PSS and the valley 

fills that subtend from them. The PSS are named from oldest to youngest, as C, B1, B2, A1, and 

A2 PSS. The associated valley cut-and-fill deposits are named C-, B1-, B2-, A1- and A2-

channel-belts. C-channel-belt deposits are generally thick fluvial intervals of the lower 

McMurray Formation, while the remainder of the overlying channel fills, from B1 to A2, belong 

to the middle McMurray. The middle McMurray comprises both single- or multi-storied 

meander-belts, where the stacked deposits are observed as two or more fining-upward intervals. 

Finally, each channel-belt interval transitions upwards into regional parasequence sets that 

represent shoreline progradation in the upper McMurray units deposited during cyclic marine 

inundation. 

2.3. Study Area 

 

Kearl mine is located approximately 75 km NNE of Fort McMurray, Alberta, Canada, in 

Townships 95 to 97 and Ranges 7 and 8, 4th meridian west (Fig. 2.1). The 1.9 x 1.1 km  area of 

interest within Kearl mine was excavated during data collection, providing opportunity to 

continuously observe sequential outcrop exposures of the McMurray Formation. The study 

location was chosen because of the ease of accessibility, optimizing the parameters for data 

acquisition and mine safety, and for the presence of heterolithic deposits that caused 

geomodelling issues during excavation (i.e., atypical deposits). The southern and western borders 

of the study area were chosen based on the difficulty of interpreting the increasingly complex 

stratigraphy to the south, and the lack of historic mine-face photographs for relevant geologic 

information. The northern and eastern borders were selected based on mining strategy at the time 
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of the study, where excavation reached the planned limits due to local geology and existing 

mining infrastructure. The targeted stratigraphic interval in the area of interest is the basal 

channel-belts of the middle McMurray unit, averaging approximately 15- to 20-m thick. 

The stratigraphy in Kearl mine contains basal McMurray Formation valley fills (i.e., 

lower McMurray; Carrigy, 1959) with pervasive floodplain fines overlain by at least two 

amalgamated channel-belt deposits (i.e., middle McMurray; Carrigy, 1959; Fig. 2.2A). The 

uppermost channel-belt is often incomplete, top-truncated by marine deposits in the Wabiskaw 

Member or Pleistocene glacial till. Top truncation accounts for the difficulty in identifying the 

correct channel-belt nomenclature derived by Hein and Cotterill (2006). Therefore, this study 

uses adjusted nomenclature based on the chronostratigraphic framework (Hein and Cotterill, 

2006; Fig. 2.2A). The stratigraphy at Kearl mine comprises McMurray 1 PSS (M1PSS), 

McMurray 2 PSS (M2PSS) and McMurray 3 PSS (M3PSS), each with subtending channel-belt 

fills entitled McMurray 1 (M1), McMurray 2 (M2), and McMurray 3 (M3), respectively (Fig. 

2.2A). It is likely that the Kearl area comprises basal C-channel incision-and-fill in the M1, 

overlain by two or more subsequent B- and/ or A-channel deposits in the M2 and M3, each 

subtending from regionally deposited parasequence sets (Fig. 2.2A).  

In Kearl mine the M1 interval ranges from over 40-meters-thick to locally absent and 

comprises an amalgam of fluvial sandstone lenses within a thick succession of floodplain or 

lacustrine mudstone. The M2 deposits contain upward-fining sediments that indicate deposition 

from a relatively smaller-scale channel-belt system compared to the overlying M3. The M2 is up 

to 25-meters-thick and averages 15 ï 20 m of one or more fining-upward sequences. It is unclear 

whether stacked upward fining intervals in M2 are separated by events caused by sea-level 

fluctuations and, therefore, subtending from different PSS; by local channel-belt avulsions and 
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subsequent re-occupations; or by the same channel-belt with a vertical aggradational component. 

Without significant evidence of stratigraphic demarcation for the medial fining-upward interval 

in M2, it is named McMurray 2.5 (M2.5) and includes the possibility of an additional PSS 

(M2.5PPS; Fig. 2.2A). The M3 interval is up to 45-meter-thick, comprising upward-fining 

channel-belt deposits that are comparable to A2 channel descriptions in stratigraphic framework 

studies nearby (e.g., Chateau et al., 2019; Horner et al., 2019; Hardekopf et al., 2022; Hagstrom 

et al., 2023), and are located north of A2 deposits comprising paleoflow data directed towards the 

present study area (Durkin et al., 2020a). 

The interval of interest for this study comprises the M2 and M2.5 channel-belt packages. 

Mining strategies targeted the base of M2 across the majority of the mine, which greatly 

benefited this research. The specific area of interest contains two laterally juxtaposed groups of 

point-bar, counter-point-bar, and abandoned channel-fill deposits, distinguishable by well-log 

character and outcrop. These included M2 deposits that comprised north-migrating bedforms, 

and the subsequently deposited M2.5 comprising south-migrating bedforms. Minimal post-

depositional deformation is present in much of the study area and interval of interest, evidenced 

by low differential relief in the base M2 surface with a standard deviation of less than 2.5 meters 

throughout (calculated from the base M2 elevation in each well in the study area; n = 140; Fig. 

2.2B). The southwest of the study area is an exception, where the base of the M2 undulates and 

rises significantly to the southwest corner (Fig. 2.2B). 
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Figure 2. 2  (A) A schematic stratigraphic cross section/ model of the McMurray Formation and 

bounding units in Kearl mine. The McMurray Formation comprises Older PSS to M3PSS and 

the M1 to M3 channel-belts. It is unclear if the M2.5PSS is present. M2.5 is observed as a 

separate meander-belt from M2 in Kearl. The area of interest is commonly excavated to top of 

M1. The gamma-ray type-log was taken from a well-log in the study area (Type-log location 

shown in Fig. 2.3) and displays a floodplain (M1) overlain by two relatively smaller channel-

belts (M2 and M2.5) and a larger channel-belt (M3). (B) A topographic map of the contact 

between M1 and M2/ M2.5 in the area of interest. The black dotted line in the southeast corner 

represents an area of anomalously high positive relief on the M2.5 base. 
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2.4. Data Set and Methods 

 

The study area comprises 140 wells accompanied by well-logs and core photographs that 

were used to derive a lithofacies scheme and delineate facies associations, architectural elements 

and stratigraphic boundaries (Fig. 2.3). LiDAR surveys, drone post-processing kinematics 

surveys and mine-equipment GPS data were utilized for mapping and photograph locations. 

Gamma-ray and dip-meter well-logs were used in tandem to derive spatiotemporal paleo-channel 

evolution. Paleoflow and bar migration directions are determined from dipmeter well logs and 

displayed as scroll patterns that represent sequential evolution of channel meandering over time. 

IHS bedding plane dip directions were used to determine accretion directions. Paleoflow was 

derived from foreset dip directions of trough-cross-bedded sandstones, primarily located near or 

at the base of channel-belt deposits. The perpendicular relationship between paleoflow and 

lateral accretion directions provided further confidence in paleo-environmental interpretations 

and orientation of bar scroll patterns. Boreholes with flat-lying, mudstone-dominant deposits 

were recorded to show interpreted abandoned channel locations. 

On a daily basis, dozens of photographs of vertical mine-face exposures were taken by 

site geologists from May 2022 to August 2023. Photographs were taken based on relevance to 

production (i.e., modelling concerns, ore and waste headings, requests from mine planning staff, 

etc.), for daily documentation of excavated material, and for geologic information in the present 

study. Specific areas of interest were re-visited when mining equipment was clear for further 

observation using binoculars and higher resolution photographs. Photograph locations were 

obtained using weekly LiDAR surveys and real-time GPS coordinates in mining equipment (Fig. 

2.3). Photograph scales were derived by LiDAR and the teeth markings left on mine faces from 

excavation equipment shovel buckets that scrape the deposits during excavation.  
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Figure 2. 3  A topographic map of the study area in Kearl mine. Topography was recorded with 

LiDAR scanning surveys April 2023. Elevation is recorded in meters above sea level (MASL). 

Kearl type-log (star) is displayed in Figure 2.2A. Outcrop locations are displayed with blue and 

green lines. Outcrop for FA5 is shown in Figure 2.5; outcrops 1 ï 5 are shown in Figure 2.8; 

outcrop 6 is shown in Figure 2.11; outcrop 7 is shown in Figure 2.12; outcrop 8 is shown in 

Figure 2.14; outcrop 9 is shown in Figure 2.16; NECOP is displayed in Figure 2.10; cross 

sections A-Aô, B-Bô, C-Cô and D-Dô are displayed in Figure 2.7; cross sections E-Eô, F-Fô and G-

Gô are displayed in Figure 2.9. 

 

Mine-face photographs for M2 deposits were gathered from historic mining photograph 

documentation from January 2016 ï May 2022, before the conception of this study. These 

photographs were collected to document in-situ and placed sediment ore quality, and not always 

beneficial for this research. M2 outcrops are presented as five panoramic and stitched 

photographs chosen from a library of thousands of photographs (Fig. 2.3). Photographs for M2.5 

were taken by the author and site geologists with sedimentological research purposes in mind 

from May 2022 ï August 2023. These photographs are presented as a single 1.6 km-long 
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panoramic exposure of an in-situ, laterally continuous mine face in a single M2.5 point-bar 

deposit, averaging 17-meters thick, called the northeastern combined outcrop photographs 

(NECOP); and six smaller-scale photographs and panoramic photographs of various lengths (Fig. 

2.3). NECOP and several smaller-scale panoramic photographs were stitched together using an 

image editing software. 

Outcrop observations were used to investigate lithofacies distributions and their lateral 

extent. The continuity of point-bar and counter-point-bar IHS observed in outcrop increased 

confidence in demarcating channel-belt architectural elements. Precise locations of disconformal 

boundaries were documented for environmental context including abandoned-channel fill 

locations, intra-point-bar erosional surfaces and stratigraphic boundaries. The majority of on-site 

investigations were made from within a work truck at least 30-meters away from the mine-faces 

to adhere to mine safety standards. 

2.5. Results and Analysis 

 

Borehole data and outcrop observations were utilized for a comprehensive reconstruction 

of the channel-belt in M2 and M2.5 in the area of interest. The IHS generally displays congruent 

bedding planes with gently sloped dips between 3 - 15Á towards the time-equivalent channel 

thalweg. Bar scroll patterns and channel evolution are derived based on the assumption that bar 

surfaces dip perpendicularly to the length of the associated channel upon deposition. Dip 

directions often diverge in planform, representing the arcuate shape of point bars and the lateral 

accretion direction during channel migration. When preserved, IHS deposits directly downstream 

of point bars often decrease in grain size and dip directions may begin to converge in planform. 

These characteristics represent counter-point-bar deposits or concave bank-bench deposits 
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(Taylor et al., 1971; Page and Nanson, 1982; Smith et al., 2009), where lateral bar migration is 

inhibited and down-stream translation of the point bar becomes the primary mobilization method 

(Smith et al., 2009; Ghinassi et al., 2016). Abandoned-channel fills are characterized by 

mudstone-rich sediments that displayed flat-lying or bottom-channel-conforming dips. 

2.5.1. Facies Analysis 

 

Seven lithofacies (F0 to F6) are identified in this study (Table 1). Sedimentary structure, 

grain size and percent-fines (grain-sizes less than 44 Õm are herein termed mud) from well-logs 

and core photograph observations were used for lithofacies classification. The results are broadly 

consistent with previous facies studies of channel-belt deposits in the McMurray Formation, and 

for further information we refer to these facies studies (Hein and Cotterill, 2006; Crerar and 

Arnott, 2007; Musial et al., 2012; Horner et al., 2019; Tang et al., 2019). Based on the proportion 

of interpreted lithofacies, facies associations 1 ï 5 are used to characterize each well (FA1 ï FA5; 

Table 1). 

Facies Association 1 ï Sandstone-dominated upward fining IHS 

 Description 

Facies association 1 (Fig. 2.4A; Table 1) is dominated by medium- to coarse-grained 

sandstone (F1) with trough cross-bedding, variable mudstone-clast distributions (F0b, F0c) and 

local coal and wood debris near the base to middle portion of the interval, approximately 5 - 10 

m thick on average. Outcrop and core of the lower intervals of M2 and M2.5 show trough cross-

bedded sandstone with high-angle bedding planes that are represented by poorly organized dip-

meter responses between 0 - 40Ü.  There is an upwards transition to very fine- to fine-grained 

sandstone (F2) with some sandstone-dominated IHS (F3) and rare intervals of proportionate parts  
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Table 2. 1  Facies and facies associations 
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sandstone and mudstone IHS (F4) with organized and less than 15Ü dip-meter character. IHS 

deposits (F3, F4) are often located 10 ï 20 m above the base of M2 and M2.5 and continue until 

M3 truncation. IHS is locally top truncated lower in the interval by sandstone, mudstone clast 

breccia (F0) or IHS bedding with bedding plane re-orientation. Erosional surfaces are planar and 

shallowly dipping (< 15Ü) or locally shaped as upward concave boundaries up to 60-meters in 

length. 

Interpretation 

The dominance of coarse-grained lithofacies (F1 ï F3) in facies association 1 represents 

high energy deposits relative to the other facies associations. High angle bedding planes within 

trough cross-bedded sandstone indicate foresets of migrating channel-bottom dunes (Brekke et 

al., 2017; Hagstrom et al., 2019). Intervals upwards of 10-meters from the base of M2 and M2.5 

containing sand-dominated IHS indicate deposition on the mid- to upper-point bar in fluctuating 

and lower energy, shallower water depths relative to the channel thalweg (Bridge, 1995). 

Rhythmic sandstone and mudstone interbeds with consistent bedding thicknesses suggest semi-

stable periods of energy flux, perhaps representing seasonal variations in precipitation and 

episodic periods of deposition and erosion (Bridge et al., 1995; Jablonski and Dalrymple, 2016). 

IHS bedding plane re-orientations suggest periods of significant point-bar erosion, or intra-point-

bar erosion; a process that often involves migration, expansion or rotation and overall bar 

reorientation during flooding events and modifying the shape or mean lateral accretion direction 

of the point-bar deposits (Durkin et al., 2015; Martinius et al., 2017; Hagstrom et al., 2019). The 

accompanied mudstone clasts are interpreted to be from re-working IHS on the point-bar surface 

or eroded mudstone-rich material in the cutbank (Leopold and Wolman, 1960; Labrecque et al., 

2011; Chen et al., 2022). Coal and woody debris are often associated with higher energies in F1 
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and represent the inundation and erosion of channel adjacent woodland growth (Chen et al., 

2022). The overall sandstone-dominance observed in both well data and outcrop represent a 

relatively high energy deposition that is commonly observed in the upstream point bar location 

near the meander bend apex (Labrecque et al., 2011; Hagstrom et al., 2019; Bellizia et al., 2021). 

Facies Association 2 ï Mudstone-dominated upward fining IHS 

 Description 

Facies Association 2 (Fig. 2.4B; Table 1) comprises very fine- to fine-grained trough 

cross-bedded sandstone (F2) with some IHS (F3) or mudstone clasts (F0a, F0b) in the basal 10-

meters of the M2 and M2.5 intervals. Thin units of coarser-grained sandstone (F1) and mudstone 

clast breccia (F0) may be present. Horizontal to shallowly dipping (< 8Ü) bedding plane 

boundaries in F1 and F2 are locally lined with mudstone laminae. FA2 transitions upwards to 

equal proportions of mudstone and sandstone IHS (F4), to mudstone-dominated IHS (F5). IHS 

deposits contain local erosional boundaries with mudstone clast breccia and apparent IHS 

bedding re-orientation. IHS packages are vertically continuous for up to 15-meters. Dip-meter 

character is similar to FA1, comprising unorganized trends in dip directions for F1 and F2 and 

increasing overall organization in bedding orientation in mudstone-rich IHS deposits (F3 ï F5). 

Interpretation 

Facies association 2 contains elevated mudstone content on average relative to FA1, 

indicating a depositional setting with less overall energy conditions. Upward fining IHS indicates 

point-bar deposition and lateral bar accretion (Allen, 1965).  The mudstone laminae within 

trough cross-bedded sandstone (F1, F2) bedding plane boundaries represent dune bottomset and 

lower foreset mudstone preservation in dune troughs (Ferens and Durkin, 2020; Bzdziuck, 2023). 
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Dune trough mudstones deposits are potentially caused by flow separation across the dune apex, 

causing subsequent mudstone deposition and preservation that is restricted within dune trough 

(Becker et al., 2013; Ferens and Durkin, 2020). IHS bedding re-orientation represents point bar 

geometry re-working during elevated energy events (Hagstrom et al., 2018).  FA2 is interpreted 

to represent downstream point-bar deposits located further from the bend apex than FA1, where 

flow energy decreases and results in elevated proportions of fine-grained sediment (Ferguson et 

al., 2003; Labrecque et al., 2011; Hagstrom et al., 2019).  

Facies Association 3 ï Mudstone-dominated IHS 

 Description 

Facies association 3 (Fig. 2.4C; Table 1) comprises mudstone-dominated IHS (F5) with 

lesser proportions of sandstone-rich intervals (F3, F4). Unlike FA1 and FA2, deposits in FA3 do 

not typically fine upwards. Instead, deposits remain mudstone-rich throughout the majority of the 

interval, comprising up to 20-meters of vertically continuous IHS (F4, F5). Thin intervals (< 3 

m) of sandstone deposits (F1, F2) are present locally at the base of FA3. Mudstone proportions 

above 90% (F6) are sometimes present in FA3. Dip-meter character is commonly shallow (< 15Ü) 

and organized throughout, with some thin intervals of elevated dip angles (> 20Á). FA3 wells are 

adjacent to FA2 wells and are differentiated from them by a lack of upward fining trends and IHS 

bedding dip directions that converge in planform. 
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Figure 2. 4  Outcrop and well-log examples of facies associations 1 ï 4. Outcrop scale is derived 

by shovel teeth markings. Elevation well-log scales are equivalent to outcrop scale. Outcrop base 

and top are traced by dotted black lines. Well-logs are taken from boreholes nearest to the 

outcrop locations. Well-log tracks, from left to right, are elevation in meters above base M2; dip-

meter on a scale of 0 - 50Á; gamma-ray on a scale of 0 ï 150 API; lithofacies distributions are 

based on Table 1 lithofacies. (A) Facies association 1 ï Sandstone-dominated upward fining IHS. 

(B) Facies association 2 ï Mudstone-dominated upward fining IHS. (C) Facies association 3 ï 

Mudstone dominated IHS. (D) Facies association 4 ï Mudstone with sandstone interbeds. 
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Interpretation 

The mudstone-rich and shallowly inclined interbedding in FA3 is indicative of lateral 

accretion in low energy conditions similar to FA2. Unlike point-bar deposits in FA1 and FA2, 

these deposits do not fine upwards, representing consistently lower energy with minor 

fluctuations for most or all of the interval (Ghinassi et al., 2016). Planform convergence of IHS 

bedding dip directions indicate downstream bar translation and the preserving of concave bank 

deposition (Page and Nanson, 1982) that is consistent with descriptions of counter-point-bar 

deposits (Ghinassi and Ielpi, 2015; Durkin et al., 2018). These deposits tend to form when flow 

energy is deflected downstream of the bend apex, often due to erosion-resistant material in the 

cutbank (Page and Nanson, 1982; Ghinassi et al., 2016). This hydrodynamic change leads to 

flow-separation and produces reverse-eddy currents that are directed upstream (Taylor et al., 

1971; Ghinassi et al., 2016) where the decreased energy enables fine-grained deposition along 

the outer concave channel bank immediately downstream from a point bar (Durkin et al., 2017). 

Facies Association 4 ï Mudstone with sandstone interbeds 

Description 

Facies association 4 (Fig. 2.4D; Table 1) comprises mudstone-rich interbedded deposits 

(F4, F5) with flat to very-low-angle bedding (< 5Ü) that is not always consistent in dip direction. 

Mudstone content may be above 90% (F6) in some intervals. FA4 deposits can contain a sand-

rich base (F1 ï F2) that sharply transitions to mudstone-rich deposits above. Outcrop exposure 

preserves a concave up base delineating mudstone-rich deposits from coarser material below. In 

planview FA4 is often located adjacent and downdip of IHS in FA1, FA2 and FA3 deposits, and 

occur in a linear channel-form that partially encases FA1 and FA2 IHS deposits. 
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Interpretation 

The relatively horizontal bedding of mudstone-dominated deposits (F5, F6) in FA4 

indicate vertical aggradation in quiescent, channel bottom depositional conditions (Miall, 1981; 

Willis and Tang, 2010; Hubbard et al., 2011; Toonen et al., 2012). Sandstone interbeds suggest 

intermittent pulses of energy, perhaps during seasonally wet conditions (Willis and Tang, 2010). 

The presence of a concave-upward shape in mudstone bedding likely indicates deposition in a 

channel-form container, and suggests that no further channel migration took place due to 

upstream flow cut-off (Willis and Tang, 2010; Toonen et al., 2012).These characteristics are 

consistent with abandoned-channel conditions (Toonen et al., 2012; Bellizia et al., 2021). 

Channel abandonment occurs when the meander bend is cut-off, leaving a channel-form 

container outside of the active channel and below the surrounding floodplain. Meander cut-off 

can occur by neck cut-off, chute cut-off or channel avulsion (Allen, 1965b). Neck and chute cut-

off abandoned-channel fills are often mudstone-dominated similar to FA4 deposits (Allen, 

1965b; Bellizia et al., 2021). 

Facies Association 5 ï Unorganized heterolithic stratification and mudstone clast breccia 

 Description 

Facies association 5 (Fig. 2.5; Table 1) contains various sedimentary features observed in 

each of the previous facies associations. The basal 5 ï 10 m comprises coarse-grained sandstone 

(F1) commonly disseminated with mudstone clasts of various sizes and concentrations (F0a ï 

F0c). The overlying middle and upper intervals contain varying proportions of sandstone, 

mudstone and mudstone clast breccia interbeds. The sandstone layers are fine- to coarse-grained 

(F1, F2) with mudstone layers and laminae lining sandstone bedding plane boundaries. The 



30 

 

mudstone beds range from mmôs to dmôs thick and are inclined and planar or have wavy 

bedforms that are laterally discontinuous. Mudstone clast breccia is common at the base of 

sandstone-rich bedsets. Mudstone clasts are sand- to boulder-sized, elongate and angular to sub-

angular. In core mudstone clasts appear to be randomly oriented and without sorting, however, 

outcrop exposures show mudstone clasts lining trough cross-bedding structures. Local 

horizontally bedded mudstone up to dmôs thick often contain sharp lateral mudstone termination. 

In well-log the gamma profile varies from saw-tooth, upward-fining, or upward-coarsening with 

no consistent trend throughout; and the dip-meter logs often display randomly oriented dip 

direction and inclination. Some wells display short intervals (< 5 m) of organized and shallow 

dips of apparent IHS bedding but dip-meter trends are dissimilar between adjacent wells. FA5 are 

grouped together in a localized portion of the study area, representing eight total wells. 

Interpretation 

The presence of coarse-grained sandstone, mudstone bedding truncation and pervasive 

mudstone clasts throughout FA5 indicates high energy conditions. The common presence of 

mudstone bedding in the upper intervals would indicate regular energy fluctuations, however, the 

lateral and vertical discontinuity of mudstone-rich facies and dominance of trough cross-bedding 

structures indicates elevated energy regimes in the middle to upper portions of the point bar as 

well. Although borehole interpretations would suggest the presence of continuous intervals of 

mudstone-rich IHS, outcrop observations show that large (gravel-sized), horizontally oriented 

mudstone clasts and mudstone-lined foresets and bottomsets in trough cross-bedded sandstone 

may have been mistaken for lower and fluctuating energy IHS facies like F4 and F5. Based on 

outcrop evaluations FA5 deposits are likely located near the bend apex of the point bar where 

energy is elevated. A more detailed analysis of FA5 is discussed later. 
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Figure 2. 5  Facies association 5. (A) Outcrop and well-log of facies association 5 ï Unorganized 

heterolithic stratification and mudstone clast breccia. Outcrop scale is derived by shovel teeth 

markings. Outcrop location is displayed in Figures 2.3 and 2.6B. Elevation well-log is not 

equivalent to outcrop scale. Outcrop base and top are traced by dotted black line. Outcrop 

location is marked in Figure 2.3A and Figure 2.6A. Well-log is taken from borehole near outcrop 

location. Well-log tracks, from left to right, are elevation in meters above base M2.5; dip-meter 

on a scale of 0 - 50Á; gamma-ray on a scale of 0 ï 150 API; lithofacies distributions based on 

Table 1 lithofacies. The white rectangle represents the traced bedding displayed in 2.5B. (B) 

Traced bedding showing major and minor depositional planes and erosional surfaces. Note the 

peculiar trough-shaped bedding consistently lined with mudstone. 

 

2.5.2. Channel-belt Reconstruction 

 

The following section combines facies association distributions, paleoflow and bar 

migration direction interpretations, with maps and outcrop to build a planform reconstruction of 

the paleoenvironment and describe the spatiotemporal evolution of the channel-belt(s). The area 

of interest is divided into nine architectural elements (AE) based on facies associations 

distributions, macroform migration trends, and the dominant depositional processes (AEI ï 
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AEIX; Table 2.2; Fig. 2.6A). The elements include four point bars (AEI, AEIV, AEVI, AEVIII), 

three counter-point bars (AEII, AEV, AEVII) and two abandoned-channel fills (AEIII, AEIX). 

Point Bars 

AEI, AEIV, AEVI and AEVIII contain upward-fining IHS deposits (FA1, FA2) and 

diverging IHS bedding dip directions in planform (Table 2.2; Fig. 2.6A). Paleoflow 

measurements are often perpendicular to IHS dip direction. Lateral fining from FA1 to FA2 

occurs down-depositional-dip, and, based on paleoflow indicators, downstream. The deposits 

transition downstream to FA3, and, in AEI and AEVIII, transition down-dip into FA4. Trends 

down-dip of AIV and AVI occur outside of the area of interest to the west and north, respectively. 

In planform point bars contain scroll patterns with towards-channel convexity. Therefore, these 

features describe laterally accreting point bars caused by lateral channel migration. 

Counter-Point Bars 

AEII, AEV, and AEVII contain mudstone-dominant IHS deposits (FA3) with converging 

bedding dip directions in planform (Table 2.2; Figs. 2.6A, 2.6B). Paleoflow indicators are often 

perpendicular to IHS dip directions, but lack of sandstone-rich intervals in FA3 relative to FA1 

and FA2 makes paleoflow data difficult to interpret in some locations. These architectural 

elements are shaped as elongate geobodies that form immediately downstream of point bars. 

They transition down-dip into FA4 and the up-dip direction points towards and/ or obliquely to 

the edge of the meander-bend deposit. In planform these deposits contain scroll patterns with 

towards-channel concavity, providing evidence of downstream meander bend translation (Smith 

et al., 2009; Ghinassi and Ielpi, 2015; Ghinassi et al., 2016). Due to their FA3 features and 

planform locations and geometries, these architectural elements are defined as laterally accreting 
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counter-point bars with downstream translation of the bar (2009; Ghinassi and Ielpi, 2015; 

Ghinassi et al., 2016). 

Abandoned-Channel Fills 

AEIII and AEIX contain mudstone-dominant flat lying or very low angle bedding of FA4 

(Table 2.2; Fig. 2.6A). Based on well locations these architectural elements form elongated and 

consistently 150 ï 200 m-wide, channel-form geometries when mapped. They occur parallel to 

scroll patterns, down-dip and adjacent to IHS in FA1, FA2 and FA3 deposits. FA4 morphology 

and lithology indicate that they are vertically aggrading abandoned-channel fills that partially 

encase point-bar deposits (Toonen et al., 2012). 

Architectural Elements 

Architectural Element I: Point Bar 1 

AEI is an 800 x 800 m point-bar deposit located in the south-midwestern portion of the 

area of interest (Fig. 2.6A). AEI transitions to AEII and AEIII to the northeast and north, 

respectively. Dip-meter measurements indicate flow was primarily north-northwest to north-

northeast, with northwest bar accretion and lateral point-bar migration. An increasing arc in 

radial dip-meter measurements during migration indicates that the bar was expanding and 

increasing in curvature (Fig. 2.6B). Upward fining trends are observed in cross section (Fig. 2.7), 

and both down dip and downstream fining trends are evident in planform and outcrop (Figs. 

2.6A, 2.8A, 2.8B). The lateral fining towards the northeast demonstrates the hydrodynamic 

response to increased channel sinuosity (Allen, 1965; Willis, 1989; Hagstrom et al., 2019) as the 

paleochannel migrates further away from center valley, increasing in mudstone content towards 

eventual abandonment (Miall, 1981; Durkin et al., 2015). 
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Table 2. 2  Architectural elements. 

 

 

 

 

 

Architectural Element II: Counter-Point Bar 1 

AEII is an elongated counter-point-bar deposit that trends northwest-southeast, 

subparallel to an erosional boundary to the northeast, and adjacent to AEI to the southwest (Fig. 

2.6A). AEII gradually transitions to AEIII to the northwest. Paleoflow measurements indicate 

flow towards the northeast and north, and IHS bedding suggests north-northwest bar accretion. 

Due to the planform concavity of scroll patterns in AEII, it is interpreted that the counter-point 

bar is translating downstream towards the north-northwest (Page and Nanson, 1982; Ghinassi et 

al., 2016). The inflection of scroll pattern curvature between AEI and AEII (Fig. 2.6B) indicates 

a change in depositional style and demarcates point-bar from counter-point-bar deposits 

(Sylvester et al., 2021).  

Architectural Element III: Abandoned-Channel Fill 

AEIII is an abandoned-channel fill that lies adjacent to AEI and AEII to the north as an 

east-to-west elongated mudstone-dominant geobody (Fig. 2.6A). It is truncated by M2.5 deposits 

to the north and transitions to AEV to the west. The AEIII geobody is up to 24-meters thick 

(Figs. 2.7, B-Bô, C-Cô, D-Dô; 2.8D), however, some underlying basal sandstone packages up to  
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Figure 2. 6  Map analysis of the area of interest. Map colours display facies associations 

according to well-log and outcrop data. (A) Map that displays the dominant dip direction of 

sandstone-rich foresets for paleoflow measurements, dominant dip direction of IHS bedding 

planes for bar migration direction measurements. I ï IX represent architectural elements. M2 and 

M2.5 are separated by the erosional boundary diagonally transecting the map. (B) Map that 

displays the interpreted scroll patterns derived from dip-meter data in (A). Phase 1 and Phase 2 

are equivalent to M2 and M2.5, respectively, and are separated by the erosional boundary 

diagonally transecting the map. Outcrop locations are displayed with lines. Outcrop for FA5 is 

shown in Figure 5; outcrops 1 ï 5 are displayed in Figure 2.8; outcrop 6 is displayed in Figure 

2.11; outcrop 7 is displayed in Figure 2.12; outcrop 8 is displayed in Figure 2.14; outcrop 9 is 

displayed in Figure 2.16; NECOP is displayed in Figure 2.10; cross sections A-Aô, BôBô, C-Cô 

and D-Dô are displayed in Figure 2.7; cross sections E-Eô, F-Fô and G-Gô are displayed in Figure 

2.9. 

 

10-meters thick are present, providing additional context for paleochannel morphology and size 

before abandonment. Dip-meter paleoflow measurements in basal sandstone in well 5 of D-Dô 

(Fig. 2.7) suggest, on average, eastward flow. Conversely, well 1 of B-Bô (Fig. 2.7) shows 

paleoflow to the south or southeast. The diverging flow directions are interpreted to represent the 

locations of the southern (upstream) limb, and northern (downstream) limb of the meander bend 

before cut-off (Figs. 2.6A, 2.7, B-Bô, D-Dô).  

Well 4 in B-Bô (Fig. 2.7) is located near the meander bend apex of the AEI point bar 

before abandonment. The bend apex in a channel meander (i.e., point-bar pool; Milne, 1982; 

Dietrich and Whiting, 1989) is often the deepest point of the channel due to the generation of 

maximum erosive forces along the outer bank when flow energy is forced through a curved 

channel (Milne, 1982; Dietrich and Whiting, 1989; Willis and Tang, 2010; Forst, 2019). With 

subsequent cut-off, the abandoned-channel fill in AEIII preserved upwards of 20-meters of 

mudstone-dominant sediment here (Fig. 2.7, B-Bô, wells 3, 4), suggesting that the M2 

paleochannel was up to, or over 20-meters deep in some locations. 
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Figure 2. 7  Cross sections A-Aô, B-Bô, C-Cô, and D-Dô. Each cross-section location is labelled in 

Figures 2.2 and 2.6B. Cross section datums are aligned with the base of M2 (0 m in elevation 

logs). Well-log tracks, from left to right, are elevation in meters above base M2; dip-meter on a 

scale of 0 - 50Á; gamma-ray on a scale of 0 ï 150 API; lithofacies distributions based on Table 1 

lithofacies. Illustrated bold black lines represent stratigraphic boundaries for base M2, M2.5 and 

M3. Pick 1 and pick 2 represent possible base M3 picks that are discussed in 2.6.1. Outcrop 

locations are illustrated on cross sections by vertical lines, representing general locations on the 

cross section and the exposed mine face elevation. Dotted concave-up lines represent interpreted 

locations of abandoned-channel fills. Each well-log is labelled by facies association and 

architectural element above the well-log. 

 

Evidence of a neck cut-off avulsion in AEIII channel abandonment is present in 1) the 

increasing sinuosity of scroll patterns and fining grain size towards the northwest in AEI (i.e., 

towards abandonment; e.g., Durkin et al., 2015); 2) the proximity of the interpreted north and 

south limbs of the abandoned-channel fill, based on basal paleoflow directions, in AEIII; and 3) 

the thick (> 20 m) mudstone-dominant fill (F5, F6) in AEIII. Mudstone-dominated abandoned-

channel fills are common in neck cut-off style avulsions when there is a high-angle of connection 

with the active channel, promoting rapid plug bar deposition at the entrance to the avulsed 

meander loop (Toonen et al., 2012; Bellizia et al., 2021). Although a complete meander-fill 

geometry (i.e., oxbow lake-shape) is not observed to the northeast, it is interpreted that 

subsequent channel erosion (i.e., M2.5 processes) replaced the northeastern portion of the AEIII 

abandoned-channel fill (Fig. 2.6A). 

Architectural Element IV: Point Bar 2 

AEIV is a point bar located along the west and northwestern corner of the area of interest 

(Fig. 2.6A), bordered by AEV to the northeast, AEI to the southeast and continues outside of the 

area of interest to the west. AEIV comprises paleoflow indicators and IHS dip orientations that 

describe a low curvature meander flowing northeast and migrating northwest. A downstream 

fining component is evident from south to north, continuing grain-size trends observed in AEI. 
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Based on the lithology and bedding orientation continuity between the AEI and AEIV contact, it 

is interpreted that AEIV deposition was subsequent to the meander cut-off and termination of 

AEI deposition.  

Architectural Element V: Counter-Point Bar 2 

AEV is a thin south-to-north-northwest elongated counter-point-bar deposit that 

transitions west to AEIV, and east to both AEIII and AEI (Fig. 2.6A). FA3 in AEV comprise 

mudstone-dominant bedding (Fig. 2.8E) with dip orientations converging in planform towards 

the west (Fig. 2.6A; Fig. 2.7). No discernable contact is observed during the transition between 

AEI (FA2) and AEIV (FA3; Fig. 2.8E), however, along the AEIII-AEV contact a vertical 

transition from FA3 to FA4 can be observed in B-Bô (wells 1 and 2) and D-Dô, (wells 4 and 5; 

Fig. 2.7). Each of these wells contain sandstone-rich basal deposits with eastward paleoflow 

indicators, with the exception of B-Bô, well 2 (Fig. 2.7), which weakly suggests southward 

paleoflow. Wells with basal deposits indicating eastward paleoflow were likely deposited during 

AEI, before channel cut-off occurred and overlying deposition of AEIII and AEV began, 

demarcating a significant adjustment in channel orientation and flow direction in overlying 

deposits. 

Architectural Element VI: Point Bar 3 

AEVI is a small, wedge-shaped point-bar deposit in the north-central-west edge of the 

area of interest, and transitions to AEVII to the south (Fig. 2.6A). Paleoflow and IHS bedding 

well-log data suggest that AEVI is a north-northeastern migrating point bar with eastern flow 

(Fig. 2.6A). Data here is sparse as the northern portion of the point bar is located outside of the 

study, however, some evidence of downstream fining is present from north to south (Fig. 2.6A). 
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Figure 2. 8  Outcrops in phase 1 (i.e., M2). Each outcrop location is labelled in map-view in 

figures 2.3 and 2.6B, and in cross sections, showing outcrop elevations, in figure 2.7. Outcrop 

scales are derived from shovel teeth markings. (A) An outcrop of FA1 located in AEI. (B) An 

outcrop of FA2 located in AEI (right-side and middle of outcrop) transitioning north into FA4 

located in AEIII (far left-side of outcrop). (C) An outcrop of FA3 located in AEII. (D) An outcrop 

of FA4 located in AEIII. (E) An outcrop of FA2 and FA4 located in AEI and AEIII, respectively. 
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Figure 2. 9  Cross sections E-Eô, F-Fô, and G-Gô. Each cross-section location is labelled in 

figures 2.3 and 2.6B. Cross section datums are aligned with the base of M2.5 (0 m in elevation 

logs). Well-log tracks, from left to right, are elevation in meters above base M2.5; dip-meter on a 

scale of 0 - 50Á; gamma-ray on a scale of 0 ï 150 API; lithofacies distributions based on Table 1 

lithofacies. Illustrated bold black lines represent stratigraphic boundaries. Pick 1 and pick 2 

represent possible base M3 picks that are discussed in section 2.6.1. Outcrop locations are 
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illustrated on cross sections by vertical lines, representing general locations on the cross section 

and the exposed mine face elevation. Dotted concave-up lines represent general locations of 

abandoned-channel fills. Each well-log is labelled by facies association and architectural element 

above the well-log. 

 

Wells 1 and 2 of E-Eô (Figs. 2.6A, 2.9) show acute relationships between IHS bedding and 

paleoflow dip directions, suggesting association with the downstream translation of the AEVII 

counter-point-bar deposit. 

Architectural Element VII: Counter-Point Bar 3 

AEVII is a west-to-east elongated counter-point-bar deposit that transitions from AEVI in 

the north and erosionally juxtaposes the 20-meter-thick abandoned-channel fill in AEIII to the 

south. There are no wells that penetrate the interpreted AEVII geobody. However, as stated 

above, wells 1 and 2 of E-Eô (Fig. 2.9) are potentially located on the transition of AEVI and 

AEVII. These well-log data are extrapolated southward to suggest that AEVII comprises the 

counter-point-bar deposits immediately downstream of AEVI, forming an eastward translating 

bar with eastward paleoflow. The IHS bedding dips obliquely away from the erosional contact to 

the south where thick, erosionally resistant mudstone of AEIII is preserved (Fig. 2.6A). This is 

similar to description of down-valley translating meander-bend deposits confined by resistant cut 

bank material in Durkin et al. (2020b). Forced downstream translation has been documented 

elsewhere when a laterally migrating bar encounters erosionally resistant deposits like the 

mudstone-dominant abandoned-channel fill observed in AEIII (e.g., Smith et al., 2009; Ghinassi 

et al., 2016). 
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Figure 2. 10  Panoramic photograph of a continuous mine face outcrop in phase 2, named the 

south-migrating macroforms outcrop panoramic photograph (NECOP). Outcrop location is 

marked in figures 2.3 and 2.6B. Outcrop scale is derived from shovel teeth marking and LiDAR 

surveys of the outcrop. Grid scale is in meters. Outcrop base overlies the base of M2.5. 

Photographs are edited to align the base of outcrop (base M2.5) at 0-meters on the vertical grid-

scale. Black squares represent locations of outcrop photographs displayed in figures 2.13A, 

2.13C, 2.15A, 2.15C and 2.15D. Mudstone sample collected for Chapter Three is marked by a 

grey star at the 1296-m-point of the NECOP. 

 

Architectural Element VIII: Point Bar 4 

AEVIII is a 1000 x 800 m point-bar deposit in the northeastern portion of the area of 

interest, and the only architectural element containing FA5 deposits in the study (Fig. 2.6A). 
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Eastward paleoflow indicators are present in sandstone packages (Fig. 2.9, F-Fô, G-Gô), and IHS 

bedding suggest southern bar migration (Figs. 2.6A, 2.9). Flow and IHS orientations are 

relatively consistent throughout AEVIII, indicating low sinuosity in the meander bend. AEVIII 

transitions to the southwest to AEXI. Down-dip fining is observed from the north-south trending 

exposure in NECOP (Fig. 2.10, 450 ï 1000 m). A downstream fining trend is not consistently 

observed in AEVIII. Instead, heterolithic deposits are observed throughout the west-east trending 

exposure in NECOP (Fig. 2.10, 1000 ï 1600 m). AEVIII deposits generally host upward fining 

trends, with the exception of FA5 and some FA1 deposits. 

In the northern portion of AEVIII, where FA1 is dominant, upward-coarsening trends are 

observed. Sandstone-dominant bedsets with depositional planes dipping southward (< 15Ü), or 

with concave upward scour surfaces for 10ôs of meters laterally, locally truncate mudstone-rich 

IHS deposits 10 ï 15 m above the base of M2.5 (Fig. 2.10, NECOP, 120 ï 700 m; Figs. 2.11, 

2.12). Outcrops show that the sandstone geobodies are continuous for up to 100ôs of meters 

laterally and dip orientations of their bedset plane boundaries often appear equivalent to the 

underlying IHS bedding. When traced laterally and down-dip, the sandstone beds amalgamate 

with coarse-grained deposits at the base of M2.5 (e.g., Fig. 2.10, NECOP, 120 ï 185 m, 430 ï 

490 m, 585 ï 650 m; Figs. 2.11, 2.12). To the south, the FA5 deposits do not adhere to typical 

upward-fining, nor downstream fining trends. 

The FA5 deposits are localized to an approximately 600 x 300 m area on the western-

central portion of AEVIII (Fig. 2.6A). Due to pervasive mudstone clasts and mudstone 

interbedding in FA5, gamma-logs typically display a saw-tooth profile throughout the M2.5 

interval (e.g., Figs. 2.5, 2.9, F-Fô, G-Gô). The lower 10 meters are commonly mudstone clast-

rich, and outcrop observation shows that mudstone clast breccias can be laterally continuous for  
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Figure 2. 11  Outcrop 6. Outcrop location is labelled in map-view in figures 2.3 and 2.6B, and in 

cross section, showing outcrop elevation, in figure 2.9. Outcrop scales are derived from shovel 

teeth markings. (A) Outcrop photograph of FA1 (B) Traces of major and minor bedding planes 

and erosional surfaces in outcrop 6. (C) Two-times vertical exaggeration applied to 2.11B. Traces 

are colour-coded by relative age of successive major erosional stratal packages. 

 

upwards of 200-meters in FA5 (Fig. 2.10, NECOP, 890 ï 1110 m; Figs. 2.13, 2.14D, 2.14E, 

2.14F). The basal mudstone clast breccias are sand- to boulder-size, elongate, angular and 

sometimes contain internal structure of mudstone-sandstone interbeds. The pebble- to granule-

sized mudstone clasts frequently cluster sub-parallel to one another in stratified, cm-scale 

foresets and bottomsets in trough cross-bedded structures (Figs. 2.13A, 2.13B, 2.14E), occurring 

consistently from 930 ï 1290 m in NECOP (Fig. 2.10). From 5 ï 10 m above the base of M2.5, 

boulder- to pebble-sized, angular mudstone clasts are observed lining trough-shaped scours and 










































































































































































