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Abstract 

To decipher the complex juxtaposition of laterally adjacent depositional environments 

that occur in the upper member of the McMurray Formation to the Wabiskaw Member, 

detailed sedimentological and ichnological analyses were undertaken. Thirteen facies 

and five facies associations are identified. The study interval consists of shallow-water 

deltaic to embayed shoreface successions, that increase in thickness and marine 

influence upwards. Allogenic and autogenic flooding surfaces were distinguished based 

on sedimentological, ichnological, and geophysical properties. Allogenic flooding 

surfaces were mapped across the study area, to identify the internal stratigraphic 

architecture of the upper member of the McMurray Formation. The thicknesses of 

individual deltaic shingles were identified by mapping their bounding autogenic flooding 

surfaces. Allogenic flooding surfaces were assessed to identify the viability of use as 

localized supplemental datums. During McMurray deposition the paleoshoreline evolved 

from an elongated restricted embayment to a less-confined, open embayment with more 

normal marine processes.  
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Chapter 1. Overview 

Introduction: 

The Oil Sands constitute one of Canada’s major economic assets and underpin a 

multibillion-dollar industry.  In Alberta, the Oil Sands deposits host in-place reserves of 

more than 1.7 trillion barrels of bitumen (Fustic et al., 2012).  The three main 

accumulations are the Athabasca, Cold Lake, and Peace River deposits (Fig. 1.01; Hein 

et al., 2013). The Athabasca region contains the vast majority of the country’s bitumen 

reserves (Flach, 1984; Hein and Cotterill, 2006; Fustic et al., 2012).  The staggering 

amount of available resources contained in the Oil Sands has yielded a surge in interest, 

research, and innovation, which in turn have dramatically increased the viable 

(economic) production of bitumen. 

  

 

Figure 1.01: Locations and names of Alberta’s Oil Sands regions. The Athabasca Oil Sands 

deposit is immensely larger in size and bitumen reserves than both the Peace River and Cold 

Lake Oil Sands deposits combined. This study focuses exclusively on the Athabasca Sub-

Basin (modified from Hein et al., 2013).  
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The McMurray Formation has undergone minimal diagenesis, and as a result, 

reservoir quality is directly linked to primary sedimentary fabric (Nelson and Glaister, 

1978; Wightman and Pemberton, 1997).  Owing to the direct link between reservoir 

quality and primary depositional fabric, detailed facies modeling and resolution of 

geobody architecture constitute crucial aspects of optimizing resource exploitation (e.g., 

Wightman and Pemberton, 1997; Ranger and Gingras, 2003; Smith et al., 2009; 

Hubbard et al., 2011; Brekke et al., 2017; Martinius et al., 2017). The McMurray 

Formation comprises a complex succession of lithofacies and as such, the synthesis of a 

comprehensive stratigraphic model requires detailed mapping of facies in order to 

discern the variability within the succession’s internal architecture. To better understand 

the facies distribution and depositional architecture of the McMurray, the interval has 

been studied by numerous established researchers employing various approaches, 

ranging from core analysis, well log and image logs, through to seismic datasets. 

Seismic studies have attempted to place depositional architectures into a broader 

context (e.g., Smith et al., 2009; Hubbard et al., 2011), while the integration of dip-meter 

and image log datasets with core have attempted to identify facies and map depositional 

architectures (e.g., Brekke and Evoy, 2004; Nardin et al., 2007, 2010; Brekke et al., 

2017; Martinius et al., 2017; Brekke and Roenitz, in review). However, current 

paleoenvironmental and stratigraphic architectural models of the McMurray Formation 

still require further refinement and improvement, in order to facilitate more efficient 

development and exploration of petroleum reservoirs (e.g., Ranger and Pemberton, 

1997; Strobl et al., 1997; Caplan and Ranger, 2001; Fustic et al., 2012). Research on 

the stratigraphy and paleoenvironmental interpretation of the upper part of the McMurray 

Formation has been sparse. Most research has been focused predominantly on the 

Main Valley trend, with research to the north and along the western flank uncommon. 

This research focuses on identifying and modeling the depositional architecture and 

geometry of the upper member of the McMurray within Townships 90–95 and Ranges 

10–14W4, comprising part of the Central-C area (see section 1.3), with the aim of 

furthering our understanding of the evolution of the Early Cretaceous McMurray Sub-

basin.  
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1.1. Background Research: 

The McMurray Formation comprises the basal part of the Mannville Group within 

the Athabasca area, and was deposited during Early Cretaceous (Aptian-Albian) time 

(Fig. 1.02; Carrigy, 1970; Wightman and Pemberton, 1997; Hein et al., 2013). The 

McMurray Fm overlies the Sub-Cretaceous Unconformity (SCU), which is incised into 

Paleozoic-aged carbonates (Carrigy, 1959; cf. Ranger and Pemberton, 1997; Hein and 

Cotterill, 2006). The SCU ranges from a disconformity to an angular unconformity across 

the basin. The McMurray Formation is transgressively overlain by the Wabiskaw Member 

of the Clearwater Formation (Hein et al., 2013).  In past research the first occurrence of 

glauconitic sands and steel-blue coloured, fissile mudstone was taken to mark the base 

of the Wabiskaw Member (e.g., Carrigy, 1970; Hein et al., 2013). However, more 

recently there has been contention as to where the division between the McMurray 

Formation and Wabiskaw Member lies (i.e., the so called “Wabiskaw D” included as a 

part of the McMurray Formation).  

 

Figure 1.02: Stratigraphy of Early Cretaceous strata, McMurray Sub-Basin, northeast 

Alberta. This research focuses on the upper member of the McMurray Formation in the 

McMurray Sub-Basin (highlighted in red; modified from Ranger and Gingras, 2003). 
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Paleotopography on the Sub-Cretaceous Unconformity (SCU) had a significant 

impact on the distribution of the McMurray Formation and, as such, constitutes a major 

control on the distribution of economically exploitable reservoirs. Devonian carbonate 

strata have a southwestward dip, and exposure of the relatively youngest strata occurs 

to the southwest with exposure of the oldest Beaverhill Lake Group occurring to the 

northeast (Leckie and Smith, 1992; Ranger and Pemberton, 1997). Dissolution of the 

underlying Prairie Evaporite Fm resulted in subsidence and development of topographic 

lows, which acted as conduits for the McMurray drainage system and affected the 

resulting distribution of facies (Ranger and Pemberton, 1997; Wightman and Pemberton, 

1997; Broughton, 2015). The general paleocurrent direction of the Early Cretaceous 

McMurray Formation indicates that flow was from south to north (Carrigy, 1963).  

Southward transgression of the Boreal Sea flooded the valley complexes during 

deposition of the McMurray Formation, and ultimately led to the accumulation of the 

more marine deposits of the Clearwater Formation capping the McMurray succession 

(Wightman and Pemberton, 1997). Marine influence generally increases towards the 

north and stratigraphically upwards, whereas the southern, paleo-upstream deposits are 

markedly more fluvial in character (Wightman and Pemberton, 1997; Hubbard et al., 

2011).   

The McMurray Formation is characterized by complex lithofacies variations. The 

vertical and lateral heterogeneity of McMurray lithofacies, coupled with their vertically 

recurrence, pose significant difficulties for regional correlation of stratigraphic units 

(Caplan and Ranger, 2001; Ranger and Pemberton, 1997). The McMurray Formation 

has been informally subdivided into three members, based on the early work of Carrigy 

(1959). These informal subdivisions roughly correlate to interpreted changes in 

depositional environments – the lower member is interpreted as a more fluvially 

dominated system, the middle member regarded as a tidal-fluvial and estuarine-

influenced system, and the upper member as a more strongly wave and marine-

influenced system (e.g., Ranger and Pemberton, 1997).   

Stacked coarsening-upward parasequences occur within the upper part of the 

middle member and the upper member of the McMurray Formation. Where preserved, 

these cycles may enable regional correlation (e.g., Ranger and Pemberton, 1997). 

Coarsening-upward cycles are more commonly preserved in the upper part of the 

McMurray than within the middle McMurray, although this may be a function of erosional 
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removal and stratigraphic dislocation associated with abundant middle McMurray 

channel complexes. The upper McMurray typically consists of two or more stacked 

sanding-upward successions, each ranging from 6–10 m in thickness and bounded by 

shale or paleosol horizons having variable lateral extents (Caplan and Ranger, 2001; 

Ranger et al., 2008). In previous studies, the sanding-upward cycles of the upper 

McMurray Formation have been interpreted to record progradation of mixed river- and 

wave-influenced deltas into a shallow, sheltered brackish-water bay (Caplan and 

Ranger, 2001; Ranger et al., 2008). 

1.2. Notable Previous Work:  

Many researchers have studied the McMurray Formation since the early work of 

Carrigy (1958), and our understanding of the McMurray Formation has improved vastly 

over this time. Although there are far too many excellent publications to summarize, 

some important publications relevant to this study include the AER stratigraphic model of 

Hein and Cotterill, (2006) and Hein et al., (2013), and the upper McMurray work of 

Ranger and Pemberton (1997).  

The Alberta Government and the Alberta Energy Regulator (AER) have complied 

a large volume of McMurray Formation data and used it to create a regional stratigraphic 

model that is commonly regarded to be the “industry standard”. The AER stratigraphic 

model, published in Hein and Cotterill, (2006) and Hein et al., (2013), divides the 

McMurray into channel and regional stratigraphic packages (McM C-A regional and 

channel units; Fig. 1.03). This model has been an effective tool for predicting McMurray 

strata in the Main Valley trend; however, the model is less representative of McMurray 

Formation towards the north and west. A problem that arises with the AER model is the 

subdivision and placement of the “Wabiskaw D” unit within the overall Wabiskaw 

Member. Towards the north and to the west of the Main Valley trend, the “Wabiskaw D” 

has a more variable thickness and lithology, and is separated from both the underlying 

and overlying units by stratigraphically significant surfaces (see Chapter 3, Section 

3.3.2). Further, the facies that comprise the “Wabiskaw D” (Chapter 2 Facies 6,9-10; 

Table 2.01) do not indicate a fully marine depositional environment, like that of the 

Clearwater Formation, but instead represent a stressed-marine depositional environment 

more akin to the upper member of the McMurray Formation. For these reasons the 

“Wabiskaw D” unit should be included in the McMurray Formation. A modified version of 
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the AER model that includes the “Wabiskaw D” is used as the stratigraphic model for this 

research (Chapter 2, Fig. 3.01).  

 

Another regional study of note is that of Ranger and Pemberton (1997), which at 

the time of its release featured the largest study area and densest acquisition of data (up 

to 1 well per section) for the McMurray Fm. The purpose of their study was to provide 

superior understanding of the stratigraphy and sedimentology of the McMurray 

Formation at a regional scale. Ranger and Pemberton (1997) noted three, 8-12 metre-

thick coarsening-upward parasequences separated by flooding surfaces in the middle to 

upper McMurray. They referred to these as the “Blue, Green, and Red parasequences”. 

These parasequences are regionally correlative in the south, but correlation becomes 

more difficult towards the north. The relatively youngest “Red” parasequence shows 

preferential preservation, but its thickness is variable owing to its erosional truncation by 

Wabiskaw units (Ranger and Pemberton, 1997). The older “Blue” and “Green” 

parasequences were likely eroded during periods of regression, and are preferentially 

preserved on paleotopographic highs. Ranger and Pemberton (1997) hypothesised that 

these parasequences were the result of prograding shorefaces that were affected by 

eustatic sea-level changes. Further, due to limited accommodation space, these 

Figure 1.03: AER regional model of McMurray stratigraphy and internal boundaries. The A 

and B sequences comprise the middle to upper McMurray. This model depicts channels 

exclusively subtending from stratigraphic surfaces. Further, channels occurring in the Main 

Valley trend (yellow) are not assigned to any specific unit. Modified from Hein et al. (2013). 
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shorefaces likely were deposited rapidly over large areas. Later in McMurray time, as 

topographic relief lessened, shoreface development likely became widespread and less 

restricted. Based on trace fossil analysis, Ranger and Pemberton (1997) concluded that 

the McMurray Sub-Basin likely did not reach fully marine conditions, owing to the basin 

being restricted by paleotopographic highs (e.g., Grosmont High).  

1.3. Purpose  

The purpose of this study is to identify and model the distribution of individual 

deltaic/shoreface successions in order to define the internal stratigraphic architecture of 

the upper McMurray. This assessment will provide important insights regarding 

deposition in the McMurray Sub-Basin during its progressive transgression. This 

research will be integrated with other McMurray research projects as part of an industry-

sponsored consortium.   

This study is focused on core-based analysis of sedimentological and 

ichnological characteristics, to facilitate process-response based interpretations of 

depositional environments. The accurate mapping of these laterally adjacent shallow-

water/sheltered marine geobodies will further our understanding of the evolution of 

paleoenvironments, shoreline geometries, and the stratigraphic architecture of the Early 

Cretaceous McMurray Sub-Basin. In total, core data from 100 wells were collected and 

analyzed to identify 13 facies contained within 5 facies associations. Cores were logged 

in detail using AppleCORE software (donated by Dr. Mike Ranger). Chapter 2 of this 

thesis focuses on the detailed description of these facies, facies associations, and their 

process-response interpretations.  

Further refinement of the stratigraphic architecture of the upper member of the 

McMurray Formation is required to allow delineation and better evaluation of the internal 

baffles and barriers to hydrocarbon production that occurs within the study interval. In 

the case of the upper McMurray, differentiation of autogenic flooding surfaces (e.g., 

avulsion-driven changes in the position of sediment supply) from more regionally 

extensive allogenic flooding surfaces (e.g., base level rise) may prove to be important in 

the mapping of hydrocarbon-bearing delta-front geobodies and allow for better 

exploration and development strategies for these upper McMurray reservoirs. 

Additionally, such discrimination can be used to improve correlations in this part of the 
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succession and may highlight locally viable datums for stratigraphic correlations.  

Chapter 3 of this thesis focuses on unravelling the internal stratigraphic architecture of 

the upper McMurray. This section of the thesis employs the use of isopach, elevation, 

facies distribution, and cross-section maps to effectively display the distribution and 

lateral extent of shoreface and deltaic geobodies, as well as display the evolution of the 

shoreline.  

1.4. Study Area:  

The study area for this research project resides in the Central-C region of the 

MRC, which is located in the McMurray Sub-basin of the Athabasca Oil Sands Region 

(Fig. 1.04). The Central-C area is located northwest of Fort McMurray, between 

Townships 90–95 and Ranges 10–14, west of the 4th meridian.  There are 8,768 cored 

wells within the Central-C study area and a total of 10,773 wells (based on geoScout 8.6 

database; September 2018). The subsurface depth of the McMurray Fm in the study 

area varies from 0–200 m. The Central-C study area encompasses the surface minable 

area of the McMurray Formation, as reserves are economic to exploit within 75 m of the 

land surface. The Central-C study area includes Suncor’s Voyageur and Mackay River 

mines, Syncrude’s Mildred Lake mine, Shell’s joint-venture mine, Total E.P.’s Joslyn 

Creek mine, and BP’s Terre De Grace mine (Fig. 1.05). Suncor’s Tamarack project site 

occurs just to the east of the study area. Glacial erosion has cut into the Wabiskaw 

Member and locally down into the upper member of the McMurray Formation in the 

north-west corner of the study area, between Townships 95-93 and Ranges 9-11W4.  
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The study area is constrained to the east and west by paleotopographic highs. 

The paleotopographic high referred to as the Grosmont Spur or Grosmont High (note 

that in southern regions of the Athabasca basin it is referred to as the Wainwright Ridge) 

separates the study area from the Ells Paleovalley to the west. To the east, the study 

area is separated from the Main Valley trend by a paleotopographic high (eastern 

paleotopographic high) that extends from Township 92-94 and Ranges 10-11W4 (Fig. 

1.05). In the north to northeast part of the study area, a paleotopographic low is present, 

referred to as the Bitumount Trough or Bitumont Basin (Fig. 1.05; Broughton, 2013a). 

The Bitumount paleotopographic low extends along Township 96 from Range 13W4 

eastward into the Main Valley trend.   

Figure 1.04: Study area locations for the McMurray Research Consortium, modified to 

highlight the Central-C study area (in yellow, outlined in black). The study area resides in 

northeast Alberta, Canada between Townships 90-95; Ranges 9-14; west of the 4th meridian. 

(Modified from McMurray Consortium Study Area Map; courtesy of Shahin Dashtgard). 
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Figure 1.05: McMurray Formation isopach map of the study area, from the top of the 

McMurray (presumed near to horizontal) to the Sub-Cretaceous Unconformity. The map 

depicts the locations and names of major mine sites, and paleogeographically important 

features like the Grosmont High and Main Valley trend (isopach image reproduced with 

permission from Mike Ranger). The isopach is shaded in a continuum from red to blue, 

wherein hot colors depict thinner successions (paleotopographic highs) and cool colors 

depict thicker successions (paleotopographic lows). 



11 

Chapter 2. Facies and Facies Associations 

Introduction: 

To decipher the complex juxtaposition of laterally adjacent depositional 

environments that occur in the upper member of the McMurray Formation, detailed 

sedimentological and ichnological analyses are required. In this study, cores from the 

Central-C study area (T90-95, R09-14W4) were logged and compared. In this area, the 

upper McMurray typically consists of shallow-water deltaic to shoreface successions that 

display a range of fluvial, wave and storm influences. During the summer of 2016, 47 

wells were logged at the AER Core Research Center in Calgary, AB (Fig. 2.01). Further, 

additional data from 63 wells were provided by various secondary sources (e.g., core 

photos and/or AppleCORE logs of wells not personally logged). Based on data from 100 

wells, a total of 13 facies (including 12 sub-facies) are defined. In comparing the facies 

successions of these cored intervals, 5 unique facies associations are identified (Table 

2.01). Chapter 2 of this thesis includes the descriptions of these 13 facies and 5 facies 

associations, process-response based interpretations of the facies and facies 

associations, and a discussion surrounding the differentiation of shoreface and deltaic 

deposits. The facies are roughly ordered from those occurring at the base of the study 

interval to those residing near the top of the study interval. Ichnogenera are listed in 

order of most abundant to least common.  
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Figure 2.01: Locations of primary and secondary core data in the study area. Purple dots depict primary data, 

and blue dots secondary core data (core photographs and/or core logs of wells that were not personally logged). 

The black-dashed line outlines the surface minable area and the solid-black line outlines the study area. Core 

locations are placed on top of a McMurray isopach map from McMurray Fm top to the Sub-Cretaceous 

Unconformity (reproduced with permission from Mike Ranger). The isopach is shaded in a continuum from red to 

blue, where hot colors depict thinner successions, and cool colors depict thicker successions. 
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2.1. Methods:  

This study involves detailed core descriptions integrated with wireline log data 

from wells located within the Central-C study area. Isopach maps of the McMurray 

Formation, the upper McMurray, and the McMurray-Wabiskaw interval were generated 

to identify paleotopography and aid in the selection of cores for the study (discussed in 

Chapter 3). The base of the upper McMurray interval was initially defined using 

geophysical logs to allow for the ordering of cored intervals, and is generally marked by 

a sharp increase in API values on gamma-ray logs (refer to Chapter 3). The geophysical 

features and internal divisions of the upper McMurray and Wabiskaw Member will be 

defined and further discussed in Chapter 3.  

 Cores from 47 wells were logged in detail using AppleCORE software (donated 

by Dr. Mike Ranger). Specific emphasis was placed on documenting the sedimentology, 

ichnology, and facies contacts of the upper McMurray. The study interval logged for this 

research was from 5 metres below the base of the upper McMurray to the base of the 

Clearwater Formation. Cored sections were photographed in detail, with specific focus 

on characterizing primary physical and biogenic sedimentary structures. Bioturbation 

intensity was assessed using a graphic reference key referred to as Bioturbation Index 

(BI; cf. Reineck,1963; Taylor and Goldring, 1993; Bann et al., 2004). 

Core logging was done in two stages. The first stage involved logging 30 wells in 

a four township focus area with higher well density (2–3 km well spacing; with secondary 

wells an average of 12 wells per township, or 1.2 wells per kA), in order to identify and 

map local lithological variations and the extent of autogenic and allogenic stratigraphic 

surfaces. The second stage involved logging 20 wells at a greater well spacing in order 

to identify the stratigraphy of the Central-C area at a more regional scale, and using the 

information gained in stage one as a template. Core photographs and/or core logs from 

additional wells were supplied by consortium members and secondary sources: Orlando 

Vera (42), Cheryl Hodgson (2), James MacEachern (3), and Allan Powers (6).  A total of 

100 wells were used employing core photos and/or AppleCORE logs within the study 

area (average of 1 well per 3.6 kA).  

Flooding surfaces were identified in the succession by a decrease in the 

proportion of sandstone and the juxtaposition of distal facies over more proximal facies 
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(cf. Van Wagoner et al., 1988). Facies and well log characteristics associated with the 

flooding surfaces were examined, in order to establish criteria for differentiating allogenic 

(stratigraphically significant) flooding surfaces from the more localized autogenic 

surfaces (further discussed in Chapter 3).  

2.2 Facies Analysis  

Facies 1: Inclined to horizontal heterolithic bedsets of stratified sandstone, muddy 

sandstone, siltstone and mudstone 

Facies 1 comprises a fining-upwards interbedded succession of low-angle 

stratified to planar and undulatory parallel stratified sandstone, muddy sandstone, 

siltstone, and mudstone (Figure 2.02; Table 2.01). Facies 1 commonly occurs at the 

base of the study interval and is several metres thick. The facies can be subdivided into 

two sub-facies (Sub-Facies 1a and 1b), based on the relative proportion of sandstone 

and mudstone. Sub-Facies 1a is dominated by sandstone beds, whereas Sub-Facies 1b 

is dominated by mudstone beds. Sub-Facies 1a typically occurs at the base of the 

succession and passes gradationally upwards into Sub-Facies 1b.  

Sub-Facies 1a: Low-angle to horizontally stratified, sandstone-dominated heterolithic 

bedsets 

Sub-Facies 1a comprises sandstone-dominated heterolithic bedsets that display 

a general fining-upwards trend. Sandstone beds are bitumen stained and display low-

angle inclined (bedding dips up to 15°) to planar parallel stratification. These are 

interstratified with beds of light-grey silty mudstone. Stratification angles decrease 

upwards through the facies. The proportion of sandstone beds and the bed thicknesses 

vary from the base to the top of the succession. Basal intervals comprise approximately 

90% sand beds, decreasing upwards to approximately 50% sand (lenticular heterolithic 

bedsets; Reineck and Wunderlich, 1968). Sub-Facies 1a composite bedsets are 

decimetre (dm) to metre scale in thickness. 

The sandstone beds are moderately well to well sorted, upper very fine to upper 

fine grained, and consist of sub-rounded to sub-angular grains. Sandstone beds are 

centimetres (cm) to decimetres (dm) thick, and commonly display sharp basal contacts. 

Identification of physical structures is commonly inhibited by bitumen stain. Where 
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physical structures can be identified, the sandstone beds commonly display current 

ripple lamination. Sandstone beds commonly possess discontinuous horizontal to 

inclined, undulatory interlaminae of silty-mudstone, and millimetre-scale (mm) laminae of 

carbonaceous detritus. Mudstone interlaminae commonly display rhythmicity, and occur 

in coupled sets (i.e., double mud drapes). Sandstone beds display localized, irregular to 

elongate, sub-angular mudstone rip-up clasts that range from 1 mm to 3 cm in diameter. 

Moderate to rare numbers of cm-scale, coalified wood fragments occur locally in the 

sandstone beds.  

The silty mudstone beds are dominantly cm-scale in thickness, are horizontal to 

inclined, and drape underlying beds. Mudstone interbeds are dominantly sharp based, 

commonly unburrowed, and locally display normal grading. Mudstones commonly have 

sand, silt and/or carbonaceous interlaminae (mm-scale). Locally, sandstone and 

siltstone interlaminae display current ripple lamination.  Syneresis cracks are 

sporadically distributed. Some mudstone interbeds are pervasively bioturbated, which 

destroys the primary sedimentary fabric. Biogenic homogenization in the mudstone 

interbeds becomes more common stratigraphically upwards. Mudstone and sandstone 

interbedding appears to be rhythmic (alternating between sandstone and mudstone 

dominated).  

Sub-Facies 1a displays marked variability in bioturbation intensity. Mudstone 

beds display Bioturbation Index (BI) values that range from 0-4, and typically BI 1-3. 

Sandstone beds generally display lower intensities of bioturbation (BI 0-3; typically, BI 0-

2). Bioturbation in sandstone beds dominantly occurs as mud-filled burrows that subtend 

from the overlying mudstone beds. Ichnodiversities range from moderate (up to 7 

ichnogenera) to monospecific. The trace fossil suite is dominated by Cylindrichnus (2-4 

mm diameter, ~3 cm long), Planolites (2-4 mm), and locally abundant Gyrolithes (3 mm 

diameter, 3 cm long). Moderate to rare numbers of Skolithos (2-4mm diameter, 2-5 cm 

long), Arenicolites (3 mm diameter, 3 cm long), Thalassinoides (1 cm diameter), 

Teichichnus (5 mm diameter, 1cm long), and rare fugichnia also occur.  

Sub-Facies 1b: Mudstone-dominated inclined to horizontal heterolithic stratification. 

Sub-Facies 1b differs from Sub-Facies 1a mainly by an increase in the proportion 

of mudstone interbeds. Sub-Facies 1b comprises a fining-upwards, mud-dominated 
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succession of interbedded sandstone, muddy sandstone, silty mudstone, and mudstone.  

Sandstone beds constitute less than 50% of the bedset (flaser heterolithic bedsets; 

Reineck and Wunderlich, 1968). Typically, Sub-Facies 1b gradationally overlies Sub-

Facies 1a.  

Beds are horizontal to inclined at a low-angle (<15° bedding orientation), and 

bedding contacts are planar to undulatory. Mudstone and sandstone beds are cm- to 

dm-scale in thickness. Mudstone beds display draped morphologies, with mm-scale 

interlaminae of sand, silt, and carbonaceous debris. Locally, mudstone beds display 

normal grading. Sandstone beds display current ripple lamination and low-angle inclined 

stratification, with mudstone interlaminae. Sandstone and mudstone beds commonly 

occur in repeated heterolithic couplets. Beds with higher and lower BI values also 

commonly occur in alternating layers. In some intervals, the mudstone and sandstone 

interbeds are biogenically homogenized. Sandstone beds generally possess lower BI 

values at the base of the succession, becoming more uniformly burrowed and 

biogenically homogenized upwards.  Locally, the succession fines upwards into massive 

(apparently structureless) mudstone beds with silty mudstone interbeds and very sparse 

bioturbation (BI 0-1). Ichnogenera are comparable to those described in Sub-Facies 1a. 
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Interpretation:  

Facies 1 is a dominant component of the middle part of the McMurray Formation 

in the study interval. Facies 1 generally represents deposition under waning energy 

conditions, as indicated by the decrease in average grain size upwards through the 

succession and the increase in the proportion and thickness of mudstone beds. The 

dominance of current ripple stratification indicates that sand deposition took place under 

quasi-steady traction current flow. The heterolithic interbeds with low-angle dips (10-15°) 

are similar to intervals described as inclined heterolithic stratification (IHS) (cf. Thomas 

et al., 1987). Although IHS may occur in a wide array of settings, the stratification angles 

(5-15°), dominance of sandstone beds near the base of the interval, and the fining-

upwards trend of Sub-Facies 1a are similar to lateral to downstream accretion of point 

bars and interchannel deposits (e.g., Hubbard et al., 2011). The presence of rhythmic 

bedding and double mud drapes support fluctuating depositional energies, and possibly 

indicate the effects of tides on the depositional environment (e.g., Hubbard et al., 2011). 

Mudstone interbeds with sharp bases, draped morphologies, and structureless 

characters or with intercalated silt laminae can be attributed to flocculated mud 

transported as bedload under waning energy conditions (e.g., “dynamic mud”; cf. 

MacKay and Dalrymple, 2011). These sharp-based interlaminated mudstone beds with 

local normal grading are interpreted to have resulted from recurring periods of fluid mud 

deposition, a common occurrence in estuarine and tidal-fluvial environments (Dalrymple 

et al., 2003; Dalrymple and Choi, 2007; MacKay and Dalrymple, 2011; Philips, 2011; La 

Croix and Dashtgard, 2014). The decrease in bedding angles upward through the 

section may also indicate a transition from deposition on a steeper lateral accretion 

surface to a more planar upper surface (cf. Brekke et al., 2017). The presence of 

mudstone rip-up clasts indicates erosion of previously deposited mudstone deposits 

(e.g., Ranger and Gingras, 2003), consistent with erosion along channel margins.   

The trace fossil suite of Facies 1 displays low diversity and consists solely of 

facies-crossing forms (e.g., Cylindrichnus, Gyrolithes, Planolites, and Skolithos). The 

sporadic distribution of bioturbation and variable bioturbation intensities, coupled with the 

reduced ichnodiversity, the presence of monospecific trace fossil assemblages, and the 

dominance of facies-crossing and morphologically simple trace fossil forms supports a 

physico-chemically stressed depositional environment (e.g., Beynon et al., 1988; Buatois 

et al., 2005; MacEachern et al., 2007a; MacEachern and Gingras, 2007; MacEachern 
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and Bann, 2008; Gingras et al., 2011). The trace fossil suite observed in Facies 1 is 

similar to assemblages associated with brackish-water depositional environments (e.g., 

Pemberton et al., 1982; Beynon et al., 1988; Ranger and Gingras, 2003; MacEachern 

and Gingras, 2007; Gingras et al., 2016). The presence of syneresis cracks further 

supports fluctuating salinity within a marginal marine environment (Burst, 1965; Plummer 

and Gostin, 1981; Moslow and Pemberton, 1988; Ranger and Gingras, 2003). The 

increase in bioturbation intensity upwards through the succession is interpreted to record 

waning depositional energy, probably coupled with reduced deposition rates. Sandstone 

beds with lower bioturbation indices likely indicate more physically and/or chemically 

stressed periods of deposition compared to the intercalated mudstone layers displaying 

higher BI values. The rhythmic interbedding of bioturbated and unbioturbated beds 

displays bed-scale variations in physico-chemical stress, likely caused by variations in 

tidal influence and fluvial discharge (e.g., Ranger and Gingras, 2003; MacEachern and 

Gingras, 2007; Gingras and MacEachern, 2012; Gingras et al., 2012a). Further, the 

common association of interbeds of alternating grain sizes (sandstone and mudstone) as 

well as unbioturbated and bioturbated beds are similar to the modern tidal-fluvial 

deposits of the Fraser River, and may indicate rhythmic and/or seasonal variations in 

sedimentation (cf. Sisulak and Dashtgard, 2012; Johnson and Dashtgard, 2014). 

Based on process-response models and the interpreted processes described 

above, Sub-Facies 1a is interpreted to represent deposition in a brackish-water, tidal-

fluvial environment, possibly within an estuarine or distributary channel. A possible 

interpretation for the depositional environment of Sub-Facies 1a is a tidal-fluvial 

influenced, laterally to vertically accreting bar deposit (either as a channel margin point 

bar or a interchannel bar). The variation in mudstone content, bedding angle, and 

bioturbation intensity within the facies is likely the result of changes in physical energy as 

well as changes in the depositional position of the bar. Such a change may mark a shift 

in position within a bar (middle to upper bar), or a shift in position along the channel 

(updrift/point bar vs. downdrift point bar). Alternatively, such a change may reflect a shift 

in proximity to the turbidity maximum zone (e.g., Smith, 1987; Hubbard et al., 2011; La 

Croix and Dashtgard, 2015). 

The mudstone-dominated Sub-Facies 1b successions may represent an 

abandonment phase of the bar due to up-stream channel cut-off, or to deposition 

proximal to the turbidity maximum zone (e.g., Ranger and Gingras, 2003; Dashtgard et 



20 

al., 2012). Successions of Sub-Facies 1b that are dominated by planar-stratified 

heterolithic rhythmic bedding with higher BI values may represent deposition on a more 

planar (possibly vertically accreting), quiescent environment, such as a cut-off channel 

with less variable salinities (Ranger and Gingras, 2003; Gingras et al., 2012a).  

Facies 2: Carbonaceous mudstones and rhizolith-bearing silty mudstones 

Facies 2 comprises a fining-upwards composite bedset consisting of intercalated 

beds of silty mudstone, siltstone, and carbonaceous mudstone (Fig. 2.03, Table 2.01). 

Facies 2 is uncommon and is dm- to cm-scale in thickness (7-70 cm). Where present, it 

mainly occurs at the base of the study interval and commonly gradationally overlies 

Facies 1. In rare cases, Facies 2 sharply overlies Facies 4 (refer to Facies 4; Table 

2.01).  

The deposits of Facies 2 show a patchy distribution of dull reddish-brown to 

brown and grey to black coloured mudstones. The stratigraphically lowest unit of Facies 

2 comprises a cm- to dm-scale bed of interlaminated silty, very fine-grained sandstone 

and muddy siltstone (mm-laminations; 40:60). Laminae are planar parallel to slightly 

undulatory. Average grain sizes decrease upward. Moderate numbers of vertical root 

traces occur near the top of the facies, subtending from carbonaceous beds (2mm 

diameter and cm’s long). This bed is gradationally overlain by a cm- to dm-scale, fining-

upwards succession of planar parallel interlaminated siltstone and silty mudstone, 

massive (apparently structureless) silty mudstone, and carbonaceous mudstone. This 

bed has common to abundant carbonaceous material (mm-scale planar carbonaceous 

laminations and cm-scale, coalified lenses) and root traces (rhizoliths). Very rare, 

sandstone-filled syneresis cracks occur (mm-scale) and soft-sediment deformation is 

observed locally. Silty mudstones become progressively more carbonaceous (black 

colour) upwards, and coalified lenses are more common. Where complete, the facies is 

capped by a cm-scale bed of coalified material.  

Locally, Facies 2 occurs as a dm-scale bed of massive silty mudstone that fines 

and becomes more carbonaceous upwards. This is gradationally overlain by a dm-thick 

bed of black carbonaceous shale and a cm-scale bed of coal.  

Facies 2 is unburrowed to sparsely bioturbated (BI 0-2). Bioturbation most 

prominently occurs in the interlaminated beds. Carbonaceous mudstone beds are 
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unburrowed and contain rhizoliths. Bioturbation in the interlaminated beds is sporadically 

distributed and displays very low ichnological diversity (1 ichnogenera), consisting of 

with Planolites (2-3mm). Root traces (mm-scale width, mm- to cm-scale length) 

commonly subtend from overlying carbonaceous/coalified beds.  
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Interpretation:  

Facies 2 dominantly occurs in the study interval lying between the middle 

McMurray brackish-water deposits that show limited ichnodiversity, sporadically 

distributed BI, syneresis cracks, and facies-crossing trace fossil elements, and the upper 

McMurray deposits possessing more marine characteristics (e.g., more diverse and 

robust trace fossil suites and higher BI values). Rarely, Facies 2 occurs at the contact 

between the upper McMurray and McMurray-Wabiskaw transition (discussed in 

Chapters 1 and 3). Facies 2 represents deposition under waning energy conditions, as 

indicated by the decrease in average grain size upwards through the succession. 

Additionally, the dominance of finer-grained deposits likely indicates deposition in a 

lower energy environment. The presence of soft-sediment deformation is interpreted to 

indicate sediment disruption that occurred due to sediment dewatering (cf. Mills, 1982). 

The abundance of preserved carbonaceous material indicates a depositional 

environment with abundant organic content and potentially reducing conditions (Kraus, 

1999; Ranger and Gingras, 2003) 

The initial bed of Facies 2 appears very similar to those encountered in Facies 1. 

Further, Facies 2 appears to overprint Facies 1. The initial bed of Facies 2 is interpreted 

to be a pedogenically altered part of Facies 1. Evidence for the alteration of Facies 1 to 

Facies 2 is the presence of subtending root traces from Facies 2 into Facies 1, and the 

overprinting of a reddish discoloration of the pre-existing facies (possibly a product of 

siderite or hematite cementation). The degree of pedogenic alteration appears minimal, 

as features of the pre-existing facies are still visible, siderite formation is rare, and no 

visible pedogenic slickenslides were identified in these incipient paleosols (cf. Leckie et 

al., 1990; Phillips, 2011). It is important to note that deposits interpreted as paleosols are 

a product of alteration of previously deposited sediments; or as the old adage goes, 

“paleosols are made, not deposited” (cf. Retallack, 1983, 1988).  

The rhizoliths are vertical, branching, downward tapering, and subtend from 

overlying carbonaceous beds. These features indicate that the roots are in situ and that 

the depositional substrate could support vegetation (Retallack, 1988). Furthermore, the 

general lack of bioturbation, altered appearance, and the dominance of carbonaceous 

material and root traces are most akin to paleosols or eluviated supratidal deposits 

(Gingras and MacEachern, 2012; Pearson et al., 2012).  
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Facies 2 likely indicates a subaerially exposed depositional environment 

(incipient paleosol), and is interpreted to have formed by prolonged exposure and 

alteration of a brackish-water point bar in a coastal plain or in a restricted bay-marsh 

setting. Where Facies 2 comprises thick, carbonaceous mudstone and coal deposits, a 

marsh or swamp-like environment is interpreted. Depending upon the genetic relation 

between Facies 2 and the overlying facies, the boundary may demarcate a 

stratigraphically significant surface such as a subaerial unconformity (cf. Kraus, 1999; 

Ranger and Gingras, 2003).  

Facies 3: Interbedded bioturbated sandy mudstone and bioturbated muddy sandstone  

Facies 3 comprises a heterolithic, fining- to coarsening-upwards succession of 

moderately to pervasively bioturbated, interbedded muddy sandstone and sandy to silty 

mudstone (Fig. 2.04, Table 2.01). Facies 3 occurrences are decimetre- to metre-scale in 

thickness, and locally comprise two stacked fining-upwards and rare sanding-upwards 

cycles. Facies 3 commonly occurs in the lower portion of the study interval, and typically 

passes gradationally upwards into and interfingers with Facies 1. In rare to moderate 

occurrences, Facies 3 overlies Facies 4 (refer to Facies 4; Table 2.01).  

Facies 3 intervals generally show a slight decrease in average grain size 

upwards. Locally, however, intervals of Facies 3 show an increase in average grain size. 

The relative abundance of sandstone and mudstone differs spatially, but generally is 

approximately subequal, with mudstone beds slightly more abundant than sandstone 

beds (wavy-lenticular heterolithic bedsets; Reineck and Wunderlich, 1968). Sandstones 

and mudstones occur in interbedded couplets. Silty to sandy mudstone beds are cm- to 

dm-scale in thickness (commonly less than 20cm thick). Localized unbioturbated 

mudstone interbeds display mm-scale, horizontal, undulatory parallel laminae of silt. 

Further, mudstone beds locally display cm-scale intercalated lenses of siltstone or very 

fine-grained sandstone with current and combined flow ripple cross-lamination. 

Sandstones are upper very fine to upper fine grained, and beds are cm to dm thick. 

Identification of physical structures is commonly inhibited by pervasive bioturbation. 

Locally, horizontal undulatory to planar parallel laminate of mudstone occur in sandstone 

beds. Biogenic homogenization of interbeds increases upwards. Moderate numbers of 

syneresis cracks, carbonaceous stringers, and mm-scale coal fragments occur locally.   
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Compared to Facies 1, Facies 3 has a higher bioturbation intensity and is more 

uniformly burrowed. Heterolithic interbeds of Facies 3 are dominantly biogenically 

homogenized; however, some mudstone interbeds display slightly reduced BI values. 

Mudstone beds commonly possess BI values of 1-4, whereas associated sandstone 

beds show BI values of 2-5. BI values commonly increase upwards through the 

succession. The trace fossil suite is moderately diverse (up to 8 ichnogenera), but 

dominated by Cylindrichnus (2-4mm diameter, ~3cm long) and Planolites (2-4mm). 

Moderate numbers of Teichichnus (5mm diameter, 1cm long), Siphonichnus (5-7mm 

diameter, 3-4cm long), Skolithos (2-4mm diameter, 2-5cm long), Palaeophycus (2-4mm), 

Thalassinoides (1cm diameter), and Arenicolites (3mm diameter, 3cm long), as well as 

rare fugichnia also occur in the suite. 
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Interpretation: 

Facies 3 dominantly occurs in the study interval near the transition from the 

middle to the upper McMurray Fm. More rarely, Facies 3 occurs within the upper 

McMurray deposits. The heterolithic character of the facies indicates a depositional 

environment subject to varying depositional rates and or physical energy. The recurring 

alternation of mudstone and sandstone beds appears to be rhythmic, and are consistent 

with fluctuating depositional energies associated with tidal influence (cf. Reineck and 

Wunderlich, 1968; Klein, 1971; Hubbard et al., 2011; Rossi et al., 2017). The shifts in 

sandstone and mudstone content may indicate changes from distal to proximal 

subenvironments (e.g., transgression from muddy to sandy tidal flats, or progradation 

from sandy to muddy) or to lateral variations within the depositional environment. 

Additionally, the cyclic thinning and thickening of the heterolithic deposits, coupled with 

the observed variations in the distribution and intensity of bioturbation might also 

represent seasonal deposition within a fringing tidal flat or embayed shoreface 

environment (e.g., Dalrymple et al., 1991; Gingras et al., 1999; Yang et al., 2005).  

The high intensity of bioturbation (BI up to 5) and the dominance of finer grain 

sizes likely indicate an overall low-energy environment coupled with generally slower 

rates of deposition. The differences in bioturbation intensity between sandstone and 

mudstone interbeds may indicate differences in physical and/or chemical stresses acting 

on the environment. The less bioturbated mudstone interbeds may indicate higher 

depositional rates or a less ideal substrate for colonization (e.g., a soupground; cf. 

Ekdale, 1985). The high bioturbation intensities in the facies and diversity of the suite are 

consistent with a setting less prone to physico-chemical stress. The elevated 

bioturbation index is potentially a result of dominantly low rates of deposition and more 

abundant food resources (Gingras et al., 2012a). Even though the facies displays high 

BI values and moderate trace fossil diversities (8 ichnogenera), the trace fossil suite is 

dominated by facies-crossing elements and morphologically simple ichnogenera. The 

overall dominance of facies-crossing forms is evidence for some degree of physico-

chemical stress in the environment (e.g., MacEachern et al., 2007a; MacEachern and 

Gingras, 2007; MacEachern and Bann, 2008; Gingras et al., 2011, 2012). This trace 

fossil suite is similar to those associated with brackish-water depositional environments 

(e.g., Pemberton et al., 1982; Ranger and Gingras, 2003; MacEachern and Gingras, 

2007; Gingras et al., 2011, 2012, La Croix et al., 2015; Gingras et al., 2016). The high 
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intensity of bioturbation and its upwards increase, coupled with the heterolithic character 

of the facies is similar to deposits ascribed to tidal flats (Phillips, 2011; Gingras et al., 

2012a). 

Based on these features, Facies 3 is interpreted to record the deposits of a 

dominantly low-energy, tidally dominated, brackish-water environment, although 

recording more saline conditions compared to Facies 1 (refer to Facies 1; Table 2.01). 

Facies 3 is interpreted as a mixed tidal flat. Further, the fining-upwards succession likely 

indicates progradation of the tidal flat, whereas the coarsening-upwards successions 

may indicate transgression. Thus, Facies 3 indicates stacked progradational cycles of 

the tidal flat, separated by transgressive tidal flat retreat. Deposits with oscillation ripples 

likely indicate a more subaqueous depositional position, where orbital motion from wind-

generated waves was able rework the bed (e.g., Harms, 1969; Komar, 1974; Miller and 

Komar, 1980). These deposits are likely associated with lower parts of the tidal flats 

where subaqueous conditions were more common, particularly during high tide.  

Facies 4: Bioturbated sandstone to sandy mudstone  

Facies 4 comprises metre-scale sanding-upwards successions of bioturbated 

sandy mudstone, muddy sandstone, and sandstone (Table 2.01). Facies 4 is common in 

the study area and is subdivided on the basis of its sand proportion. Sub-Facies 4a 

comprises mainly sandstone to muddy sandstone (Fig. 2.05), whereas Sub-Facies 4b 

consists of predominantly of bioturbated sandy mudstone (Fig. 2.05). The two sub-facies 

are intergradational with one another.  

Sub-Facies 4a: Bioturbated sandstone to muddy sandstone 

Sub-Facies 4a is widespread in the study area and comprises decimetre- to 

metre-scale sanding-upwards successions of bioturbated muddy sandstone to 

sandstone, commonly 1-3m thick. The sub-facies locally forms stacked successions with 

Facies 5 (refer to Facies 5; Table 2.01). Locally, Sub-Facies 4a interfingers with Facies 7 

(refer to Facies 7; Table 2.01). 

The sandstones are very fine to lower fine grained with moderate to common 

amounts of carbonaceous fragments. The facies typically displays moderate to high 

degrees of bitumen staining, limiting the identification of primary physical and biogenic 
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structures. Identification of primary physical structures is further impeded by the high 

intensity of bioturbation, such that the sub-facies commonly displays a mottled texture. 

Locally, combined flow ripples, oscillation ripples, and rare current ripples are identified 

in the sandstone beds and sandy interlaminae. Siltstone to silty mudstone layers locally 

show undulatory parallel laminations. Common to moderate numbers of cm- to dm-scale 

silty mudstone interbeds (2-20cm thick) with undulatory contacts are intercalated. These 

interbeds are commonly homogenized due to bioturbation, and are commonly thicker 

and more abundant lower in the succession. Carbonaceous fragments and 

carbonaceous stringers (mm-scale) are typically common. Very rare, sand-filled 

syneresis cracks are observed in the mudstone interbeds.  

Bioturbation in Sub-Facies 4a ranges from BI 2-4. Silty mudstone interlaminae 

display lower bioturbation intensities (up to BI 2). Trace fossil diversities are moderate to 

high (up to 11 ichnogenera), with the suite consisting of: Planolites (2-4mm diameter), 

Cylindrichnus (2-4 mm diameter, cm’s long), Teichichnus (5mm-1cm), Skolithos (mm 

diameter, cm long), Palaeophycus (2-4mm diameter), Thalassinoides (5- 10mm), 

Arenicolites (3-4mm diameter, cm’s long), Siphonichnus (4-5mm diameter, ~3cm long), 

Gyrolithes (mm burrow width, cm burrow depth), Chondrites (1-2mm diameter, locally 

abundant), rare Psilonichnus (3cm wide, 3cm vertical length), and rare fugichnia.  

Sub-Facies 4b: Bioturbated sandy mudstone 

Sub-Facies 4b consists of bioturbated silty to sandy mudstone in decimetre thick 

intervals. The unit commonly overlies a gradational contact with Facies 5, marked by an 

increase in average grain size. Sand is very fine grained and sand contents increase 

upwards, with Sub-Facies 4b passing gradationally into bioturbated muddy sandstones 

of Sub-Facies 4a.  

 The physical features of Sub-Facies 4b are very similar to those of Sub-Facies 

4a; however, it displays a comparatively greater proportion of intermixed mudstone. The 

sub-facies is dominantly homogenized due to bioturbation. Interbeds 1-10 cm thick of 

muddy sandstone locally occur and are typically pervasively burrowed, although rare 

beds preserve horizontal undulatory stratification. Moderate amounts of carbonaceous 

debris and some syneresis cracks occur locally.  
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Bioturbation in Sub-Facies 4b is relatively uniform and ranges from BI 3-4. The 

ichnodiversity of the suite is relatively high (9-12 ichnogenera) and broadly similar to that 

of Sub-Facies 4a. Trace fossils include Planolites (2-4mm diameter), Cylindrichnus (2-

4mm diameter, ~ 3cm long), Teichichnus (5-10mm), Skolithos (5mm diameter, 2-4cm 

long), Palaeophycus (2-4mm diameter), Thalassinoides (5-10mm), Arenicolites (3-4mm 

diameter, 1-2cm long), Siphonichnus (5-7mm diameter, ~3cm long), Gyrolithes (4mm 

burrow width, 3-5cm burrow depth), Chondrites (mm diameter, locally abundant), and 

diminutive Asterosoma (5mm diameter). 
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Interpretation:  

Facies 4 is a common component of the upper McMurray Fm in the study area. 

The upward decrease in mudstone content likely indicates an increase in physical 

energy during deposition. Furthermore, the presence of undulatory parallel and 

symmetrical ripple laminae are evidence of oscillatory processes in a subaqueous 

environment.  The relative thinness of the coarsening-upwards succession (decimetre to 

metre scale) indicates a depositional environment with a shallow wave-base, and as 

such, an environment characterized by shallow water depths (cf. Boyd, 2011).  

Facies 4 contains diverse trace fossil suites and higher bioturbation intensities 

compared to Facies 1 and 2 (Table 2.01), indicating deposition in a less physico-

chemically stressed environment. The elevated BI values also point to an environment 

where sedimentation rates and depositional energy did not interfere with substrate 

colonization, and is consistent with a setting dominated by slow, uniform sedimentation 

rates and ample food resources (Gingras et al., 2012a). Mudstone and siltstone 

interbeds and laminae displaying lower bioturbation intensities likely represent short-

lived periods of elevated sedimentation rates (Gingras et al., 2011). The trace fossil suite 

is dominated by facies-crossing forms, with only rare diminutive specialized traces (e.g., 

Chondrites and Asterosoma). The presence of these diminutive specialized forms may 

indicate periods of more normal marine conditions.  The prevalence of facies-crossing 

forms and the paucity of specialized trace fossil forms in the facies supports a 

predominantly brackish-water setting (Beynon et al., 1988; cf. MacEachern and Gingras, 

2007 and Gingras et al., 2012a for a review).  

The sedimentological and ichnological characteristics of the facies indicate a 

subaqueous, slightly brackish- and shallow-water depositional environment that was 

dominated by slow, uniform sediment accumulation. The paucity of event beds suggests 

that deposition occurred in a sheltered setting. Sub-Facies 4a likely represents 

deposition in a proximal embayed (or bay margin) shoreface to sandy tidal flat setting. 

Sub-Facies 4b is interpreted to represent a somewhat more distal position in a shallow, 

sheltered bay. The characteristic sanding-upward profile points to overall progradational 

regression, placing proximal deposits over distal.  
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Facies 5: Bioturbated silty mudstone  

Facies 5 consists of bioturbated silty mudstone, occurring in beds cm- to dm-

scale in thickness. Facies 5 commonly occurs in the study area and typically sharply 

overlies Facies 1, 2, or 3 (Table 2.01). The facies is gradationally overlain by Facies 4 

(refer to Facies 4; Table 2.01).  

Facies 5 consists of biogenically homogenized, grey silty mudstone with common 

cm-thick interbeds of dark grey mudstone, and mm- to cm-thick sandy mudstone 

laminae and interbeds (Fig. 2.06, Table 2.01). While the facies is dominantly biogenically 

reworked, some interbeds locally display undulatory parallel lamination. Admixed sand 

grains are upper very fine in grain size and increase in abundance upwards through the 

facies. Carbonaceous detritus is present locally.  

Facies 5 displays BI values of 3-5 (lower BI associated with dark-grey mudstone 

interbeds that show BI 2-3). The trace fossil suite is relatively diverse (9-10 

ichnogenera). The ichnogenera include: Planolites (2-4mm diameter), Teichichnus 

(5mm-1cm diameter), Cylindrichnus (2-5mm diameter, cm’s long), Palaeophycus (2-

4mm diameter), Asterosoma (5mm-1cm diameter), Thalassinoides (1cm diameter), 

Chondrites (1mm diameter, locally abundant), Helminthopsis, and Phycosiphon (1mm 

diameter locally abundant). 
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Figure 2.06: 

Facies 5 core 
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Interpretation:  

 Facies 5 commonly occurs at the base of the upper member of the McMurray 

Formation. The dominantly fine grain size of the facies is an indication of a relatively low-

energy depositional environment. The local occurrence of sandstone interbeds with 

oscillatory ripple laminae and undulatory bedding contacts are an indication of episodic 

higher energy events associated with wave reworking. The upward increase in average 

grain size is interpreted to reflect progradational regression, marked by the deposition of 

proximal facies over more distal ones.  

The facies displays a high Bioturbation Index (BI 5) and a diverse trace fossil 

suite, which indicates deposition in ambient (less physico-chemically stressed) 

conditions commonly attributed to more normal marine environments in distal positions 

(see MacEachern et al., 2007c and MacEachern and Bann, 2008, for reviews). 

Furthermore, the high BI indicates a depositional environment dominated by slow 

continuous sedimentation rates and ample food resources (Gingras et al., 2012a). The 

presence of mudstone interbeds with reduced BI values points to episodic events with 

higher deposition rates, less-favorable substrate consistencies, and/or periods of salinity 

variation that inhibited the colonization of the bed (e.g., Gingras et al., 2007; 

MacEachern et al., 2007a; Gingras et al., 2011). The ichnogenera present in the facies 

are a combination of both facies-crossing ichnogenera and traces associated with more 

specialized behaviors (e.g., Asterosoma, Helminthopsis), indicating a less stressed 

depositional environment (MacEachern et al., 2007a). The trace fossil suite is most akin 

to the Cruziana Ichnofacies; however, compared to the archetypal ichnofacies, the facies 

displays a somewhat reduced ichnodiversity (e.g., MacEachern et al., 2007a; Bann et 

al., 2008; MacEachern and Bann, 2008). Therefore, Facies 5 may contain suites 

reflecting a stressed expression of the Cruziana Ichnofacies.  

Based on the sedimentologic and ichnologic features observed, Facies 5 is 

interpreted to have been deposited in a subaqueous, dominantly low-energy 

environment, below fairweather wave base and probably above storm wave base. The 

facies potentially reflects deposition in a sheltered or embayed shoreface where close to 

normal marine salinities (possibly slightly brackish) occurred and depositional rates and 

energies were dominantly low. Two possible paleoenvironmental interpretations are a 

distal open muddy bay, or an upper offshore environment of a shoreface.  
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Facies 6: Sandstone-dominated interbedded sandstone and mudstone  

Facies 6 comprises a sanding-upwards succession of moderate to intensely 

bitumen-stained sandstone interbedded with undulatory to planar, light-grey to steel-blue 

silty mudstone (10-30% mudstone; cm-scale interbeds). The facies is common in the 

study area, although it is locally absent. It is decimetre- to metre-scale in thickness. 

Facies 6 commonly gradationally overlies Facies 7, and locally occurs in a stacked 

succession with Facies 7 (refer to Facies 7; Table 2.01). Sporadically distributed 

occurrences of Facies 6 interfingers with Facies 4 and 9. Facies 6 is subdivided into two 

sub-facies. Sub-Facies 6a is the most common in the study area and Sub-Facies 6b is 

only rarely encountered.  

Sub-Facies 6a: Interbedded sandstone and mudstone (10-30% mudstone) 

The sandstones in Sub-Facies 6a are very fine to lower fine grained, and 

intercalated with 10-30% undulatory parallel laminated silty mudstone interbeds (flaser 

heterolithic bedsets; Reineck and Wunderlich, 1968; cm scale; Fig. 2.07; Table 2.01). 

Sandstone beds are cm-dm scale, and display oscillation to combined flow ripple 

lamination, with subordinate micro-HCS (5-25 cm beds of low-relief/long wavelength 

undulatory parallel laminae). Carbonaceous mm-scale stringers occur in many 

sandstone beds. The silty mudstone interbeds are horizontal to inclined with undulatory 

contacts, and display mm-scale interlaminae of very fined-grained sand and silt. 

Mudstone interbeds commonly appear to drape the sandstone beds, and typically 

display normal grading. Sporadically distributed sand-filled syneresis cracks occur in the 

mudstone interbeds. Disseminated carbonaceous detritus commonly occurs in the 

mudstone interbeds. Mudstone and coal rip-up clasts are rare, sub-angular, and mm to 

cm scale in diameter. 

Bioturbation in Sub-Facies 6a is sporadically distributed, and ranges from BI 0-3. 

Lower BI values (BI 0-2) are associated with laminated mudstone drapes and micro-

HCS sandstone interbeds. Sub-Facies 6a displays a low-diversity trace fossil suite (~6 

ichnogenera). Common ichnogenera include: Planolites (dominantly in mudstone beds; 

2-4mm diameter), Cylindrichnus (in sandstone beds subtending from mudstone beds; 3-

4 mm diameter, 2-3 cm length), Thalassinoides (occur in both beds; 1-2 cm diameter), 

Teichichnus (dominantly in mudstone beds; mm scale, up to 1cm long), rare 
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Palaeophycus (dominantly in sandstone beds; 2-4mm diameter), Skolithos (dominantly 

in sandstone beds; 3-4 mm diameter, 2-3 cm length), and fugichnia (occurs in both bed 

types). 

Sub-Facies 6b: Sparsely bioturbated, interbedded sandstone and mudstone  

Sub-Facies 6b is only locally encountered in the study area, and most commonly 

occurs in cores in the southeastern part of the study area. Sub-Facies 6b is very similar 

to Sub-Facies 6a in terms of physical features and stratigraphic position.  

Sandstones beds commonly display oscillation, combined flow and current ripple 

laminae. Scour surfaces occur in the facies at the base of some sandstone beds. 

Mudstone interbeds are dominantly planar parallel laminated, with only local undulatory 

parallel laminae. Mudstone interbeds are largely unburrowed and generally thicker (2-6 

cm common) than their counterparts in Sub-Facies 6a. Syneresis cracks typically occur 

in the mudstone interbeds and are infilled with sand. Abundant disseminated 

carbonaceous debris is also present. 

Sub-Facies 6b is only sparsely bioturbated (BI 0-2) and trace fossils sporadically 

distributed. The trace fossil suite is of low diversity (monogeneric to a maximum of 3 

ichnogenera). The suite is dominated by Planolites (dominantly in mudstone beds; 2-

4mm diameter) and fugichnia (mm diameter, mm to cm length), with rare Teichichnus 

(dominantly in mudstone beds; mm scale and up to 1cm long), and Skolithos 

(dominantly in sandstone beds; 3-4 mm diameter, 2-3 cm length). 
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Interpretation:  

Facies 6 is largely restricted to the upper part of the McMurray Formation and in 

the transition into the Wabiskaw Member in the study area. The heterolithic character of 

the succession indicates episodic changes in depositional rates and energies. The 

presence of common escape traces in sandstone and mudstone beds are further 

indication of periods of more rapid deposition. The dominance of oscillation-generated 

structures supports subaqueous deposition above fair-weather wave base, where 

deposition was dominantly influenced by oscillatory flow (Harms, 1969; Komar, 1974; 

Miller and Komar, 1980). Furthermore, the local occurrence of current and combined 

flow ripple laminations indicates the subordinate influence of unidirectional flow. The 

abundance of carbonaceous debris and fragments is potentially an indication of 

persistent terrestrial input into the depositional environment (e.g., Moslow and 

Pemberton, 1988; MacEachern et al., 2005). The presence of syneresis cracks points to 

subaqueous shrinkage of mud layers, commonly taken as an indication that the 

depositional environment was subject to fluctuating salinity levels, particularly where 

intervals are not soft-sediment deformed (Burst, 1965; Plummer and Gostin, 1981; 

Moslow and Pemberton, 1988; Pratt, 1998; Ranger and Gingras, 2003).  

The paucity of burrows, sporadic distribution of bioturbation, limited 

ichnodiversity, (locally with monogeneric suites), and the dominance of facies-crossing, 

morphologically simple forms are all indications that the depositional environment was 

physico-chemically stressed (e.g., MacEachern and Gingras, 2007; MacEachern et al., 

2007c; MacEachern and Bann, 2008; Gingras et al., 2011). Beds displaying relatively 

higher intensities of bioturbation are interpreted to record periods of reduced 

environmental stress, possibly caused by periods of reduced sedimentation and/or less 

variable and elevated marine salinities (e.g., MacEachern et al., 2005). The 

impoverishment of traces associated with filter-feeding, and dominance of traces 

associated with deposit feeding, are consistent with settings prone to high suspended 

sediment loads (e.g., Moslow and Pemberton, 1988; Gingras et al., 1998; MacEachern 

et al., 2005).  

The paucity of bioturbation and dominance of top-down burrowing associated 

with the mudstone interbeds are likely the result of elevated sedimentation rates, 

wherein colonization of the substrate was inhibited due to event-style deposition and or 
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variable substrate consistencies (e.g., soupgrounds; cf. Ekdale, 1985; MacEachern et 

al., 2005; Bhattacharya and MacEachern, 2009). Furthermore, the presence of 

mudstone interlaminae, graded bedding, and the draped morphology of mudstone 

interbeds support rapid settling and deposition of flocculated mud (e.g., Bhattacharya 

and MacEachern, 2009). This process of mud flocculation and rapid deposition of fluid-

rich mud is common in deltaic environments (Kineke and Sternberg, 1995; Walsh et al., 

2004; MacEachern et al., 2005; MacKay and Dalrymple, 2011; Vakarelov et al., 2012; 

Ainsworth et al., 2015; Collins et al., 2017).  These interbeds may indicate the rapid 

flocculation of mud from hypopycnal plumes due to the mixing of saline and fresh water, 

and their subsequent deposition as graded interlaminated mudstone deposits that drape 

the substrate (Kineke and Sternberg, 1995; Felix et al., 2006; Bhattacharya and 

MacEachern, 2009; MacKay and Dalrymple, 2011).  

Based on the sedimentologic and ichnologic features observed, Sub-Facies 6a is 

interpreted to have been deposited in a subaqueous, salinity stressed depositional 

environment above fair-weather wave base and dominated by high rates of deposition. 

Two possible paleoenvironmental interpretations for this facies include a wave- to storm-

dominated delta front environment in an embayed setting, or a wave- to storm-

dominated embayed shoreface with high sedimentation rates and lying downdrift from an 

active delta.  

Compared to Sub-Facies 6a, Sub-Facies 6b displays a greater dominance of 

planar parallel bedding and may indicate reduced oscillatory influence on deposition. 

The greater proportion of current-generated ripples, gutter casts, scoured surfaces, and 

more abundant carbonaceous silty mudstone interbeds in the facies may indicate a 

greater fluvial input (e.g., Coates and MacEachern, 1999). The sparse bioturbation and 

reduced ichnodiversity indicates a more physico-chemically stressed depositional 

environment compared to that of Sub-Facies 6a. The more sparsely bioturbated deposits 

of Sub-Facies 6b may indicate a depositional environment wherein freshwater from 

fluvial input was not buffered as effectively by wave energy (cf., MacEachern et al., 

2005). Furthermore, the greater proportion of syneresis cracks indicates a depositional 

environment where the mixing of waters of differing salinities was common (Plummer 

and Gostin, 1981; Moslow and Pemberton, 1988; Gingras et al., 1998). Sub-Facies 6b 

likely indicates a depositional environment more affected by non-saline waters, 
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potentially akin to a mixed river- and wave-influenced delta-front environment or a 

protected bayhead delta environment.  

Facies 7: Interbedded sandstone and mudstone 

Facies 7 comprises a sanding-upwards succession of interbedded, moderately 

bitumen- stained, oscillation to combined flow ripple laminated sandstone and light-grey 

to steel-blue undulatory parallel laminated silty mudstone. The facies is decimetre to 

metre scale in thickness, with mudstone beds comprising 30-70% of the interval. Facies 

7 occurs locally in the study area and where present, commonly is interstratified with 

Facies 6. Facies 7 generally gradationally overlies Facies 8. Locally, Facies 7 

interfingers with Facies 4a. Facies 7 is subdivided into two sub-facies, based on the 

relative proportion of sandstone and mudstone beds. Sub-Facies 7a is dominated by 

sandstone interbeds and Sub-Facies 7b is dominated by mudstone interbeds. Sub-

Facies 7a commonly gradationally overlies Sub-Facies 7b.  

Sub-Facies 7a: Interbedded sandstone and mudstone (30-50% mudstone) 

Sub-Facies 7a is a heterolithic unit consisting of very fine- to lower fine-grained 

sandstone beds interstratified with 30-50% silty mudstone beds (flaser-wavy heterolithic 

bedsets; Reineck and Wunderlich, 1968; Fig. 2.08; Table 2.01). Sandstone beds are cm-

dm scale, and commonly display oscillation ripple lamination, combined flow ripple 

lamination, and rare current ripple lamination. In rare, decimetre-thick sandstone beds, 

low-angle undulatory parallel lamination (micro-HCS) is present. The average grain size 

increases upwards through the unit. Sandstone beds display local mm-scale 

carbonaceous-rich interlaminae. Mudstone interbeds show sharp, planar to undulatory 

contacts, are mm-cm scale in thickness, and decrease in abundance upward. Planar 

interbeds are more common lower in the succession and undulatory interbeds become 

more common upwards. Mudstone interbeds commonly possess mm-scale planar to 

undulatory parallel laminae of sand and silt. Locally, mudstone interbeds display normal 

grading. Sand-filled syneresis cracks commonly occur in the mudstone interbeds. 

Mudstone interbeds display moderate amounts of disseminated carbonaceous detritus. 

Locally, mudstone beds have been homogenized due to intense bioturbation.  
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Bioturbation in Sub-Facies 7a is predominantly sparse and sporadically 

distributed. The intensity of bioturbation ranges from BI 0-3 in both sandstone and 

mudstone beds. Locally, some successions display an interbedding of more intensely 

bioturbated beds (BI 3) with very sparsely bioturbated beds (BI 1). The sub-facies 

possesses a moderately diverse trace fossil suite that consists of 5-8 ichnogenera. These 

include: Planolites (dominantly occur in mudstone beds; 2-4 mm diameter), Cylindrichnus 

(occur in sandstone beds but subtending from mudstone beds; 3-4 mm diameter, 2-3 cm 

length), Teichichnus (mm scale width, up to 1 cm vertical length), Thalassinoides (occur 

in both beds; 1-2 cm diameter), Arenicolites (mm diameter and cm burrow width), 

Skolithos (dominantly in sandstone beds; 3-4 mm diameter, 2-3 cm length), fugichnia 

(occurs in both bed types; mm scale diameter), rare Lockeia (5 mm diameter, 5 mm depth), 

and very rare Conostichus (a single occurrence; cm scale width). In sparsely bioturbated 

mudstone beds, Planolites is dominant and locally occurs in monogeneric associations. 

Sandstone beds with limited bioturbation typically only display escape traces (fugichnia). 

Sub-Facies 7b: Interbedded sandstone and mudstone (50-70% mudstone) 

Sub-Facies 7b is a heterolithic unit consisting of very fine- to lower fine-grained 

sandstone beds interstratified with 50-70% mudstone beds (wavy-lenticular heterolithic 

bedsets; Reineck and Wunderlich, 1968; Fig. 2.08; Table 2.01). Sub-Facies 7b 

commonly gradationally overlies Facies 8 and grades upwards into Sub-Facies 7a.  

The physical sedimentary features of Sub-Facies 7b are similar to those 

described above for Sub-Facies 7a. Sandstone interbeds are mm-cm scale and are 

dominated by planar parallel laminae, moderate to common oscillation ripple to 

combined flow ripple lamination, and rare current ripple lamination. Mudstone interbeds 

are cm-scale in thickness, and dominantly planar parallel to undulatory parallel 

laminated. Some mudstone beds display normal grading. Sand- and silt-filled syneresis 

cracks commonly occur in the mudstone interbeds. Moderate amounts of silt-sized, 

disseminated carbonaceous debris occurs in the facies. The ichnological characteristics 

of Sub-Facies 7b are the same as those described above in Sub-Facies 7a.  
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Interpretation:  

Generally, Facies 7 occurs in the upper member of the McMurray Formation, and 

at the transition to the Wabiskaw Member (i.e., the so-called “Wabiskaw D”). The 

heterolithic character of the facies likely indicates variable depositional energies. 

Furthermore, the presence of common escape traces in the facies are an indication of 

periods of more rapid deposition and/or event-style deposition. The dominance of 

oscillatory-generated structures is evidence for deposition from wave propagation in a 

subaqueous environment. Additionally, the moderate occurrence of current ripple and 

combined flow ripple laminae indicate periodic deposition with the influence of traction 

flow. The presence of sandstone beds with low-angle undulatory parallel lamination 

(interpreted as micro-HCS) and very sparse bioturbation are consistent with event-style 

deposition above storm wave base in a wave affected depositional environment. The 

increase in undulatory beds and decrease in mudstone contents stratigraphically 

upwards through the facies is interpreted to record the increase in the effectiveness of 

oscillatory reworking of the substrate due to shallowing. The presence of syneresis 

cracks in otherwise undeformed strata is interpreted to indicate that the depositional 

environment experienced fluctuating salinity (Burst, 1965; Plummer and Gostin, 1981). 

Facies 7 displays moderate to high trace fossil diversities; however, the trace 

fossil suite dominantly consists of facies-crossing and morphologically simple forms. The 

dominance of facies-crossing forms, the reduced intensity of bioturbation, and the 

sporadic distribution of bioturbation in the facies indicates a physico-chemically stressed 

depositional environment (e.g., Frey, 1990; Pemberton et al., 1992; MacEachern et al., 

2005; Gingras et al., 2007; MacEachern and Gingras, 2007; MacEachern et al., 2007a; 

MacEachern and Bann, 2008; Gingras et al., 2011). Beds displaying sparse bioturbation 

and a trace fossil suite of opportunistic forms likely indicate a depositional environment 

wherein colonization of the substrate was inhibited, potentially due to high sedimentation 

rates, variable substrate consistencies and/or fluctuation salinities (e.g., MacEachern et 

al., 2005; Carmona et al., 2009; Carmona and Ponce, 2011; Vakarelov et al., 2012). 

Beds displaying relatively higher intensities of bioturbation may indicate periods of 

reduced environmental stress, possibly caused by periods of reduced sedimentation, 

more uniform salinities, and/or well-oxygenated conditions (e.g., Bann et al., 2008; 

MacEachern and Bann, 2008; Dashtgard et al., 2015; Dashtgard and MacEachern, 

2016). However, these bioturbated beds (BI 3) still display trace fossil suites commonly 
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associated with brackish-water conditions (e.g., Pemberton et al., 1982; Beynon et al., 

1988). Since fairweather deposits commonly display a trace fossil suite associated with 

a physico-chemically stressed depositional environment, the differentiation between 

event style deposits and fairweather deposits is difficult to discern (cf. MacEachern et al., 

2005). 

Based on the sedimentological and ichnological characteristics of Sub-Facies 7a, 

the depositional environment is interpreted to have been a brackish-water subaqueous 

environment dominated by high rates of sedimentation. Brackish-water salinities likely 

occurred during both fairweather, storm, and flood conditions. Event style storm 

deposition likely produced the finely laminated micro-HCS sands. Furthermore, the 

coupling of micro-HCS sands draped by fluid mud deposits is an indication of a linked 

relationship between the two bed types. The storm that produced the micro-HCS 

laminations also likely caused a flood response in the fluvial realm due to concomitant 

precipitation, and ultimately the marked increase in river discharge that resulted in storm 

beds draped by graded fluid mud layers (i.e., storm-flood related beds; MacEachern et 

al., 2005; MacEachern and Bann 2008; Bhattacharya and MacEachern 2009; Collins et 

al., 2017). Two possible interpretations for the paleoenvironment of Sub-Facies 7a are a 

wave- to storm-dominated distal delta front, or a wave- to storm-dominated upper 

offshore to lower shoreface environment within an embayed setting.  

Sub-Facies 7b depicts a more distal expression of Facies 7, within a subaqueous 

brackish-water environment dominated by periods of high sedimentation. The 

abundance of mudstone in the facies and the local occurrence of oscillation to combined 

flow rippled laminated sandstone interbeds indicate that the facies was periodically 

affected by oscillatory flow. Unbioturbated graded mudstone beds are likely the result of 

fluid mud deposition, either by rapid flocculation from buoyant (hypopycnal plumes) 

and/or by bedload transport as mobile mud (Cattaneo et.al., 2003; MacEachern et al., 

2005; Bhattacharya and MacEachern, 2009; MacKay and Dalrymple, 2011). Sub-Facies 

7b is interpreted to record deposition in a proximal prodelta or a wave- to storm-

dominated offshore environment within an embayed setting.  
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Facies 8: Mudstone with planar parallel to undulatory parallel interbeds of combined 

flow ripple laminated sandstone and siltstone    

Facies 8 comprises a mudstone-dominated heterolithic sanding-upwards trend of 

silty mudstone with lenticular beds to lenses of very fine- to fine-grained sandstone and 

siltstone (70-90% mudstone; lenticular heterolithic bedsets; Reineck and Wunderlich, 

1968; Fig. 2.09; Table 2.01). The facies occurs only locally in the study area. Facies 8 

successions are decimetre to metre scale in thickness, commonly with a sharp lower 

contact with Facies 4, 6, or 9. Typically, the facies is intergradational with Facies 5 and 

locally grades upwards into Facies 7.  

Facies 8 predominantly comprises silty mudstone beds that display fine, mm-

scale interlaminae of silt to very fine-grained sand. Mudstone beds are cm-scale, planar 

parallel to slightly undulatory laminated, and commonly are normally graded. Local 

mudstone beds display inverse grading. Mudstone interbeds are commonly sharp-

based, and locally display soft-sediment deformation (e.g., flame structures and loading). 

Rarely, combined flow to current ripples occur in silt and sand with mud draped foresets. 

Syneresis cracks locally occur in the mudstone beds (subtend into mudstone beds and 

are sand filled). Mudstone beds commonly display moderate amounts of disseminated 

carbonaceous debris (>5%) and rare carbonaceous stringers. Locally, mudstone beds 

are dark-grey in color, possibly due to increased carbonaceous contents. Sandstone to 

siltstone interbeds are cm-scale in thickness and commonly display combined flow ripple 

and oscillation ripple lamination.  Current ripples are rare. Sandstone interbeds are more 

common upwards. Rippled sandstone beds are commonly overlain or truncated by 

unbioturbated, graded mudstone beds. 

Facies 8 is largely unburrowed, with BI values varying from 0-3. Interbedding of 

BI 3 and beds of very sparse bioturbation (BI 1) is common. Sandstone beds typically 

have slightly lower bioturbation intensities (BI 2-3) than adjacent mudstone beds (BI 0-

2). The trace fossil suite is of limited diversity (3-6 ichnogenera). The ichnogenera 

present include: Planolites (dominantly in mudstone beds; 2-4mm diameter), 

Teichichnus (2-5 mm diameter and 5-10 mm length), Cylindrichnus (subtends into 

sandstone beds; 2-4mm diameter, cm length), fugichnia (dominantly occurs in 

sandstone beds; 2-4 mm diameter), Thalassinoides (5-10 mm diameter), Chondrites 

(mudstone beds; 1-2 mm diameter), and rare Phycosiphon (mm diameter in mudstone 
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beds). In sparsely bioturbated mudstone beds, Planolites is the dominant form and 

locally forms monogeneric associations. Unbioturbated sandstone beds dominantly only 

display escape traces (fugichnia). 
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Interpretation:  

Facies 8 occurs in the upper member of the McMurray Formation, as well as in 

the transition to the Wabiskaw Member (i.e., the so-called Wabiskaw D). The heterolithic 

character of the facies records the variable depositional energies that dominated 

sedimentation. The occurrence of oscillatory-generated structures (oscillation ripples and 

undulatory parallel laminated beds) and combined flow ripple laminae indicate 

subaqueous deposition periodically affected by waves. Interbeds containing combined 

flow and rarer current ripples indicate episodic deposition under combined to 

unidirectional traction flow. Furthermore, the presence of sharp-based sandstone beds 

with very sparse bioturbation and escape traces are consistent with event deposition. 

Some sandstone beds show truncation of laminae by overlying mudstone beds, 

indicating erosion due to bedload transport of fluid muds. Mudstone beds that are sharp 

based, unbioturbated, and display normal to inverse grading are interpreted to be the 

result of flocculation and deposition of fluid muds, and possibly as hyperpycnites (e.g., 

MacEachern et al., 2005; Bhattacharya, 2006; Bhattacharya and MacEachern, 2009; 

Mackay and Dalrymple, 2011; Vakarelov et al., 2012). The juxtaposition of normal and 

inverse grading is interpreted to reflect the waxing and waning of fluvial flood discharge 

(Bhattacharya and MacEachern, 2009). The common coupling of oscillation to combined 

flow rippled sandstone beds truncated by unbioturbated mudstone beds indicates a 

genetic linkage between the two bed types. This coupling may represent storm deposits 

and post-storm fluvial flood discharge, resulting in the rapid hyperpycnal deposition of 

mud (storm-flood related beds; Mulder and Syvitski, 1995; MacEachern et al., 2005; 

Bhattacharya and MacEachern 2009). The creation of hyperpycnal flows is aided by 

elevated river sediment loads and brackish-water conditions, and as such could occur in 

a delta feeding into a brackish-water restricted embayment (e.g., Mulder and Syvitski, 

1995; Felix et al., 2006) The presence of syneresis cracks suggests that the depositional 

environment exhibited fluctuating salinities (cf. Burst, 1965; Plummer and Gostin, 1981; 

Moslow and Pemberton, 1988; Ranger and Gingras, 2003).  

The facies displays low BI values, sporadically distributed bioturbation, and a 

trace fossil suite dominated by facies-crossing forms, which collectively suggest that the 

depositional environment was physico-chemically stressed. Beds displaying sparse 

bioturbation and a trace fossil suite of opportunistic elements recording grazing and 

deposit-feeding behaviors (e.g., Planolites, and Phycosiphon) likely indicates a 
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depositional environment wherein substrate colonization was inhibited, potentially due to 

high sedimentation rates or soupground conditions (e.g., Ekdale, 1985; MacEachern et 

al., 2005; Bhattacharya and MacEachern, 2009; Vakarelov et al., 2012). Beds displaying 

higher bioturbation intensities are interpreted to record periods of reduced physico-

chemical stress, possibly caused by periods of lower sedimentation rates, and/or more 

normal marine salinities (Pemberton et al., 1995; Gingras et al., 2007; MacEachern et 

al., 2007a,c; Gingras et al., 2011). Facies 8 displays a trace fossil suite of limited 

diversity compared to Facies 5; however, it does contain ichnogenera more commonly 

associated with more normal marine conditions (e.g., Phycosiphon, Chondrites; 

Pemberton et al., 1995; MacEachern et al., 2005; Gingras et al., 2007; Bann et al., 2008; 

MacEachern and Bann, 2008; Gingras et al., 2011). 

Based on the sedimentological and ichnological characteristics of Facies 8, the 

depositional environment is interpreted to be a subaqueous setting dominated by high 

sedimentation rates and periodic salinity fluctuations. The dominance of fluid mud 

drapes and genetically linked sandy tempestites indicate that deposition occurred above 

storm weather wave base. Facies 8 is interpreted to be the prodelta deposits of a wave-

dominated delta. 

Facies 9: Bioturbated sandstone-muddy sandstone with robust ichnogenera 

Facies 9 consists of bitumen-stained, bioturbated muddy sandstone to sandstone 

(Fig. 2.10; Table 2.01). The facies is common in the study area, especially towards the 

north. The facies is metre-scale in thickness and commonly gradationally overlies Facies 

10. Locally (especially towards the western paleotopographic high), Facies 9 overlies an 

erosional contact with Facies 3 and 4. In these occurrences, a firmground trace fossil 

suite subtends from this erosional contact and cross-cuts the primary depositional fabric 

(possible evidence for a Glossifungites Ichnofacies-demarcated discontinuity; further 

discussed in Chapter 3). 

Facies 9 sandstones consist of very fine- to upper fine-grained sand with highly 

variable matrix contents.  Bioturbation is generally pervasive (BI 4-5), largely obliterating 

primary depositional fabrics. The facies commonly sands upwards from muddy 

sandstone to sandstone. Locally, the succession sands upward for several metres, 

followed by a transition back to muddy sandstone. Rare to moderate numbers of 
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oscillation ripples and combined flow ripples occur locally. Rare 5-10 cm thick, low-angle 

undulatory parallel laminated sandstone beds are intercalated, displaying lower BI 

values (1-2). Common cm-scale, steel-blue to grey silty-mudstone interbeds also occur 

and are commonly bioturbated (BI 3-5). Rare, sparsely bioturbated mudstone interbeds 

2-5 cm thick display mm-scale interlaminae of sand and silt, and appear to drape 

underlying sandstone beds. Some unbioturbated mudstone beds display rare syneresis 

cracks. Rare carbonaceous fragments occur in the facies.  

The overall bioturbation intensity of Facies 9 is dominantly high (BI 3-5), with rare 

sandstone beds that display lower BI values (1-2). Mudstone interbeds also tend to 

display lower although more variable bioturbation intensities (BI 1-4). The facies contains 

a relatively diverse traces fossil suite consisting of up to 9 ichnogenera. Ichnogenera 

include: Teichichnus (5-15 mm diameter, 1-10 cm long), Planolites (2-4 mm diameter), 

Thalassinoides (10-15 mm diameter), Asterosoma (1-2 cm diameter), Palaeophycus (2-4 

mm diameter), Skolithos (2-5 mm diameter, 3-7 cm length), Siphonichnus (5-10 mm 

diameter, 4-10 cm vertical length), Cylindrichnus (5 mm diameter, 3-5 cm long), 

Chondrites (locally abundant 1-2 mm diameter), Diplocraterion (0.5-1 cm burrow 

diameter, up to 20cm vertical length), and Rosselia (3 cm diameter, 5 cm length). 
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Interpretation:  

Facies 9 is the most common component of the McMurray-Wabiskaw transition 

in the study area. The character of the ichnological suite and the presence of oscillatory-

generated structures indicates that the facies was deposited subaqueously. The 

common decrease in mudstone content upwards supports a progressive increase in 

depositional energy, potentially caused by gradual shallowing conditions associated with 

progradation. Primary physical structures are rare owing to intense bioturbation. The 

rare occurrence of sandstone interbeds with low-angle undulatory parallel stratification 

and concomitant lowered BI values indicate short-lived periods of higher physical 

energy. These laminated beds are interpreted as micro-HSC, and the result of storm-

event sedimentation (cf. Dott and Bourgeois, 1982).  

Facies 9 contains more robust ichnological forms, a diverse trace fossil suite, and 

dominantly high BI values. These ichnological features indicate a relatively less physico-

chemically stressed depositional environment compared to previous facies (cf. Frey and 

Pemberton, 1985; Pemberton et al., 1992; Gingras et al., 2007; MacEachern et al., 

2007a; MacEachern et al., 2007c; MacEachern and Bann, 2008; Gingras et al., 2011). 

The high intensity of bioturbation indicates a depositional environment wherein 

sedimentation rates and depositional energies did not interfere with the substrate 

colonization and its occupation, and is also consistent with a protected marine 

depositional environment (Gingras et al., 2012a). The trace fossil suite of Facies 9 

comprises both facies-crossing forms and those associated with more specialized 

behaviors. These more specialized ichnological forms (e.g., Asterosoma, Rosselia, 

Diplocraterion) are commonly attributed to ambient, more normal marine conditions, 

while the high BI values and uniform distribution of burrows are consistent with 

essentially slow and continuous sedimentation rates (e.g., Pemberton et al., 1992; 

Gingras et al., 2007; MacEachern et al., 2007a; Gingras et al., 2011). The trace fossil 

suite is similar to a distal expression of the Skolithos Ichnofacies or a proximal 

expression of the Cruziana Ichnofacies (cf. MacEachern et al., 2007a; Bann et al., 2008; 

MacEachern and Bann, 2008). Facies 9 displays a slightly less diverse trace fossil suite 

and some traces are slightly more diminutive, specifically Asterosoma, Diplocraterion, 

and Skolithos compared to Facies 12 (refer to Facies 12; Table 2.01). 
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The mudstone beds locally display syneresis cracks, draped morphologies, and 

lower bioturbation intensities, indicating that these beds were associated with periodic 

salinity fluctuations, higher greater sedimentation rates, and/or episodic deposition, 

rather than typical fairweather conditions (e.g., Moslow and Pemberton, 1988; Gingras et 

al., 1998; Ranger and Gingras, 2003; MacEachern et al., 2005). The mudstone interbeds 

are interpreted to be the result of more rapid deposition of fresh- to brackish-water fluid 

muds. A possible interpretation for the mudstone interbeds is that they are associated 

with hypopycnal (buoyant) plumes from adjacent deltaic environments (e.g., 

MacEachern et al., 2005; Bann et al., 2008; MacEachern and Bann, 2008), which were 

moved along depositional strike.  

The sedimentary and ichnological characteristics indicate a depositional 

environment with predominantly normal marine salinities, dominated by stable and 

uniform depositional rates, and only rare storm events. Facies 9 likely represents the 

deposits of a sheltered marine environment. Two possible paleoenvironmental 

interpretations for Facies 9 are a weakly stressed lower-middle shoreface, or a 

sheltered, broad and shallow marine embayment. Further, the depositional environment 

is likely also affected by sediment input from an adjacent fluvial source along 

depositional strike.   

Facies 10: Bioturbated sandy mudstone-muddy sandstone with robust ichnogenera 

Facies 10 comprises a decimetre to metre-scale sanding-upwards trend of 

interbedded, bioturbated upper very fine- to fine-grained muddy sandstone and sandy 

mudstone. Facies 10 occurs most commonly in the northern part of the study area. The 

facies commonly overlies a sharp and locally erosive contact with Facies 3, 4, or 6.  

The facies dominantly consists of interbeds of bioturbated, dark-grey to steel-

blue sandy mudstone and bioturbated muddy sandstone (Fig. 2.11; Table 2.01). Sandy 

mudstone and muddy sandstone beds are cm- to dm-scale in thickness. Rare, low-angle 

undulatory parallel laminae are present in muddy sandstone beds. Interbeds of sharp-

based, sparsely bioturbated, planar parallel to undulatory parallel laminated dark-grey 

mudstone are common and are cm-dm thick. These interbeds display mm- to cm-scale, 

planar to inclined interlaminae and beds of very fine-grained sandstone. Mudstone 
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interbeds decrease in thickness and abundance upwards, as the facies grades into 

Facies 9. Moderate to common carbonaceous detritus occurs in the facies. 

The bioturbation of Facies 10 is dominantly high with reduced and more 

sporadically distributed bioturbation associated with the mudstone interbeds. 

Bioturbation intensities of the sandy mudstone and muddy sandstone range from BI 3-4, 

with mudstone interbeds displaying BI 0-2. The diversity of the trace fossil suite ranges 

from 9 ichnogenera in the bioturbated muddy sandstone and sandy mudstone beds, to 2 

ichnogenera in the mudstone interbeds. Many trace fossils are relatively robust. The 

trace fossil suite of Facies 10 includes: Teichichnus (1 cm diameter, cm’s long), 

Planolites (2-4 mm diameter), Thalassinoides (1-2 cm diameter), Asterosoma (1-2 cm 

diameter), Palaeophycus (2-4 mm diameter), Siphonichnus (0.5-1 cm burrow diameter, 

4-10 cm vertical length), Chondrites (locally abundant, 1-2 mm diameter), Skolithos (2-4 

mm diameter, 3-7 cm length), Cylindrichnus (5 mm diameter, cm’s long), and 

Phycosiphon (mm diameter). Sparsely bioturbated mudstone interbeds possess only 

Planolites and Thalassinoides.  
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Interpretation:  

Facies 10 occurs in the McMurray to Wabiskaw transition. The intensity of 

bioturbation, diversity of ichnogenera, and presence of rare oscillatory-generated 

structures supports subaqueous deposition. The common decrease in mudstone content 

upwards indicates an increase in depositional energy, potentially caused by an increase 

in effective wave winnowing due to progressively shallowing conditions. The rare 

occurrence of physical structures, coupled with high BI values suggest a protected 

(sheltered) depositional environment.  

Facies 10 displays robust ichnological forms, a more diverse trace fossil suite, 

and greater BI values compared to Facies 1-8. The ichnological features indicate a less 

physico-chemically stressed depositional environment (e.g., Frey and Pemberton, 1985; 

Pemberton et al., 1992; Gingras et al., 2007; MacEachern et al., 2007c; MacEachern 

and Bann, 2008; Gingras et al., 2011). Furthermore, the intensity of bioturbation 

indicates a depositional environment wherein sedimentation rates and physical energy 

did not interfere with the substrate colonization and faunal occupation (e.g., Gingras et 

al., 2012a). The trace fossil suite comprises both facies-crossing forms (e.g., 

Teichichnus, Planolites, Thalassinoides, Cylindrichnus, etc.) and elements associated 

with more specialized behaviors (e.g., Asterosoma, Chondrites, Phycosiphon). These 

more specialized forms are commonly attributed to ambient marine conditions (e.g., 

Frey, and Pemberton, 1985; Pemberton et al., 1992; MacEachern et al., 2007a; Bann et 

al., 2008; MacEachern and Bann, 2008; Gingras et al., 2011). Compared to Facies 12 

(refer to Facies 12; Table 2.01), Facies 10 displays a less diverse trace fossil suite, and 

more diminutive traces (specifically, Asterosoma and Skolithos).   

The mudstone beds display a draped morphology and reduced bioturbation 

intensities, indicating that they are associated with depositional periods of greater 

physico-chemical stress. Mudstone interbeds are likely the result of rapid deposition of 

fluid muds. One possible interpretation for the mudstone interbeds is that they are 

associated with hypopycnal (buoyant) plumes moved along strike from adjacent deltaic 

environments (cf. MacEachern et al., 2005; Bann et al., 2008; MacEachern and Bann, 

2008).  
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The sedimentary and ichnological characteristics of Facies 10 indicate a 

depositional environment with close to normal marine salinities, dominated by stable 

depositional rates, within or near to a zone of wave reworking.  These prevailing 

conditions were periodically interrupted by more rapid mudstone deposition. Two 

possible paleoenvironmental interpretations for Facies 10 are a slightly stressed upper 

offshore to lower shoreface environment, or the distal deposits of a large, open marine 

embayment. Further, the depositional environment is likely also affected by sediment 

input from an adjacent fluvial source along depositional strike.   

Facies 11: Interbedded lenticular bedded silty mudstone and laminated glauconitic 

sandstone 

 Facies 11 comprises a decimetre-scale thick heterolithic sanding-upwards 

succession, consisting of lenticular bedded silty mudstone and finely laminated 

glauconitic sandstone (Fig. 2.12; Table 2.01). Facies 11 commonly interfingers with 

Facies 12.  Facies 11 is subdivided into two sub-facies, based on the relative proportion 

of mudstone and sandstone interbeds. Sub-Facies 11a is dominated by glauconitic 

sandstone beds and Sub-Facies 11b is dominated by silty mudstone beds.  

Sub-Facies 11a: Planar parallel to low-angle undulatory parallel laminated glauconitic 

sandstone  

Sub-Facies 11a comprises a metre-scale thick sanding-upwards succession of 

upper fine-grained sandstone with silty mudstone interlaminae. Sub-Facies 11a may 

gradationally or sharply overlie Sub-Facies 11b.  

Sub-Facies 11a consists of sandstone with planar to low-angle undulatory 

(micro-HCS) parallel stratification and passes upwards into combined flow to oscillation 

rippled sandstone, with silty mud interlaminae and interbeds (mm-cm scale). Sandstone 

beds dominate the succession, display only minor bitumen staining, and are decimetre- 

to metre-scale where amalgamated. Carbonaceous detritus commonly occurs in the 

sandstone beds as laminae marking stratification. Silty mud interlaminae and interbeds 

are mm- to cm-scale, display sharp bases, and drape the sandstone layers. Centimetre-

thick mudstone interbeds possess planar parallel to undulatory parallel sand and silt 

laminae, as well as disseminated, silt-sized carbonaceous detritus. Local, dark-grey 

mudstone interbeds display abundant carbonaceous fragments, soft-sediment 
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deformation features, and normal grading. In rare occurrences, sand laminae are 

truncated by overlying mudstone interbeds.  

Bioturbation of Sub-Facies 11a is scarce and sporadically distributed. 

Bioturbation intensities range from BI 0-3 in both sandstone and mudstone beds. 

Ichnological diversity is moderate (up to 8 ichnogenera). The trace fossil suite consists of 

common escape traces (in stratified sandstone beds, mm-scale diameter), Chondrites 

(locally abundant, most prevalent in mudstone laminae, 1-2 mm diameter), Cylindrichnus 

(subtending into sandstone beds, 3-4 mm diameter, 2-3 cm length), Palaeophycus (2-4 

mm diameter), Planolites (2-4 mm), Thalassinoides (1-2 cm diameter), Teichichnus (5-

10 mm width, 1-4 cm length), and rare Skolithos (<5 mm diameter, 1-5 cm length), and 

Asterosoma (1-2 cm diameter).  

Sub-Facies 11b: Grey to dark grey lenticular bedded silty mudstone and sandstone  

Sub-Facies 11b comprises a decimetre- to metre-scale, heterolithic coarsening-

upwards successions of dark-grey silty mudstone with interbeds of lower fine-grained 

sandstone and muddy sandstone. Sub-Facies 11b locally interfingers with Facies 12. 

The facies commonly overlies a sharp and locally erosional contact with Facies 12.  

Sub-Facies 11b consists of 50-90% mudstone to sandy mudstone with 10-50% 

sand laminae to interbeds. Mudstone beds display common mm-scale planar parallel 

and/or undulatory parallel laminae or discontinuous lenses of sand. Mudstone beds 

contain moderate amounts of silt-sized, disseminated carbonaceous material. Moderate 

numbers of mm- to cm-scale unbioturbated dark-grey mudstone interbeds occur locally. 

Sandstone beds are cm-scale, display combined flow and oscillatory ripple lamination, 

and carbonaceous-rich, mm-scale interlaminae. Locally, the primary fabric of the 

sandstone interbeds has been disrupted by bioturbation. Sandstone bed thicknesses 

and abundances increase upwards as it grades into Sub-Facies 11a. Sand is quartz- 

and lithic-rich with moderate to common glauconite grains. The sand grains are 

subangular and moderately well sorted. Sub-Facies 11b displays local sand-filled 

syneresis cracks.  Rare, cm-scale hematite-cemented beds and shell fragments locally 

occur as well.  
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Bioturbation intensities in Sub-Facies 11b range from BI 0-3. Sandstone and 

dark-grey mudstone beds display BI 0-2. Ichnological diversities range from 

monogeneric (in ripple laminated sandstone and dark-grey mudstone beds) to suites 

comprising 6 ichnogenera (in bioturbated muddy sandstone beds). Ichnogenera Include: 

Planolites (dominantly in mudstone, 2-4 mm diameter), Chondrites (locally abundant, 

mm-scale diameter), Teichichnus (5-10mm width and 1-4 cm length), Thalassinoides 

(dominantly in mudstone, 1-2 cm diameter), Asterosoma (dominantly in mudstone to 

homogenized muddy sandstone; 0.5-10mm diameter), Phycosiphon (mm diameter), and 

Zoophycos (5-7mm diameter). Monospecific interbeds display dominantly only Planolites 

or, in rare cases, Phycosiphon.  
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Interpretation:  

Facies 11 occurs in the Wabiskaw Member (i.e., the so-called Wabiskaw C and 

units higher in the stratigraphy) of the Clearwater Formation. The heterolithic character 

of the facies indicates a depositional environment with variable sedimentation rates and 

physical energy. In Sub-Facies 11a, the dominance of sandstone beds with oscillatory-

generated structures is evidence for subaqueous deposition, probably above fairweather 

wave base. In sandstone beds, the upwards transition from planar parallel to low-angle 

undulatory parallel and combined flow ripple lamination, likely indicates waning energy. 

Furthermore, the moderate occurrence of combined flow ripple laminae indicates the 

subordinate influence of unidirectional flow. Mudstone beds that are sharp-based, 

unbioturbated, and display normal grading may record fluid mud deposition 

(MacEachern et al., 2005; Bhattacharya, 2006; Bhattacharya and MacEachern, 2009; 

Mackay and Dalrymple, 2011; Vakarelov et al., 2012). The abundance of carbonaceous 

debris and fragments are potentially an indication of nearby terrestrial input into the 

depositional environment. 

The paucity of burrows, sporadic distribution of bioturbation, limited ichnological 

diversity, and the dominance of facies-crossing, morphologically simple forms in Sub-

Facies 11a are all indications that the depositional environment was physically stressed, 

likely caused by high sedimentation rates (e.g., MacEachern and Gingras, 2007; 

MacEachern and Bann, 2008; Gingras et al., 2011). Beds displaying a relatively higher 

intensity of bioturbation are interpreted to record periods of lower environmental stress, 

possibly during periods of lowered energy and/or decreased sedimentation rates (e.g., 

Gingras et al., 2007; Gingras et al., 2011). The occurrence of more specialized forms, 

such as Asterosoma, Chondrites, and Phycosiphon, indicate that fairweather deposition 

was likely associated with more fully marine conditions (MacEachern et al., 2007a).   

In Sub-Facies 11b, the coarsening-upwards character of the succession 

indicates an upwards increase in depositional energy, which probably indicates 

progradation of more proximal deposits over distal deposits. Beds in Sub-Facies 11b 

that display sparse bioturbation and a trace fossil suite solely consisting of mobile and 

opportunistic forms of deposit-feeding and grazing behaviors (e.g., Planolites, 

Phycosiphon) likely indicate a depositional environment where colonization of the 

substrate was inhibited, potentially due to event style deposition and or changes in 
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substrate consistency (e.g., soupgrounds; cf. Ekdale, 1985; Gingras et al., 2005; 

MacEachern et al., 2005; Bhattacharya and MacEachern, 2009; MacEachern et al., 

2005; Korus and Fielding, 2015). The coupling of oscillation to combined flow rippled 

sandstone beds draped and locally truncated by unbioturbated mudstone beds likely 

indicate a genetic relationship between the two (cf. Bhattacharya and MacEachern, 

2009). These sandstone and mudstone bedsets are interpreted to represent storm 

deposits and post-storm rapid deposition of flocculated fluid muds, wherein drapes of 

mud are interpreted to record mud flocculation and rapid suspension fall out 

(hypopycnal) and erosionally based mud beds recording bedload transport of fluid muds 

(e.g., Kineke and Sternberg, 1995; Cattaneo et al., 2003; MacEachern et al., 2005, 

Bhattacharya and MacEachern et al., 2009; Collins et al., 2017). The presence of rare 

syneresis cracks in Sub-Facies 11b may indicate that the depositional environment 

experienced fluctuating salinities.  

Based on the gradational association of Sub-Facies 11a and 11b, the two sub-

facies are regraded to be genetically related. The dominance of mudstone in Sub-Facies 

11b likely indicates that it occupied a more distal position with respect to Sub-facies 11a. 

Further the increase in sandstone content upwards from Sub-facies 11b to 11a is 

interpreted to record progradation and a transition from positions below fairweather wave 

base to those above. Based on the sedimentological and ichnological features of Sub-

Facies 11a, two possible interpretations for the paleoenvironment are as a wave- to 

storm-dominated delta front or a storm-dominated lower to middle shoreface lying 

downdrift of an active delta (e.g., Bann et al., 2008; MacEachern and Bann, 2008). Sub-

Facies 11b is interpreted to have been deposited in either a storm-influenced prodeltaic 

environment or a storm-influenced lower to upper offshore environment.  

Facies 12: Bioturbated glauconitic sandstone and sandy mudstone  

Facies 12 comprises a predominantly sanding-upwards succession of 

bioturbated glauconitic sandy mudstone, glauconitic muddy sandstone, and glauconitic 

sandstone (Fig. 2.13). Facies 12 typically occurs near the top of the study interval and is 

decimetre-scale in thickness.  The facies is characterized by the presence of robust 

ichnogenera. Facies 12 can be subdivided into two sub-facies, based on the relative 

proportion of sandstone and mudstone. Sub-Facies 12a is predominantly sandstone, 
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whereas Sub-Facies 12b is dominated by sandy mudstone and mudstone. The two sub-

facies commonly interfinger with one another. 

Sub-Facies 12a: Bioturbated glauconitic sandstone-muddy sandstone with robust 

ichnogenera 

Sub-Facies 12a is characterized by pervasively bioturbated glauconitic 

sandstones and muddy sandstones with robust ichnogenera. Homogenized mudstone 

interbeds are common. Sub-Facies 12a commonly overlies a sharp or gradational 

contact with Sub-Facies 12b, and locally overlies a sharp contact with Facies 11.  

Sub-Facies 12a consists of lower fine- to lower medium-grained, glauconite- and 

lithic-rich sandstone to muddy sandstone. Mud contents vary from moderately sorted to 

a poorly sorted muddy sandstone (10-50% mud content). Sandstones are commonly 

thoroughly bitumen-stained. Mud interlaminae and interbeds (mm- to cm-scale 

respectively) occur widely in the facies, are commonly planar parallel laminated, and 

typically disrupted by bioturbation. Locally, cm-scale mudstone lenses occur. Primary 

sedimentary fabric is typically disrupted by pervasive bioturbation and/or obscured by 

bitumen stain.  

Bioturbation associated with Sub-Facies 12a is predominantly uniformly 

distributed, with intensities ranging from BI 3-5. Ichnogenera are dominantly robust and 

the trace fossil suite is relatively diverse (~12 ichnogenera). The suite consists of: 

Asterosoma (5-30 mm diameter), Diplocraterion ( 5-10 mm diameter, up to 30 cm 

vertical length), Teichichnus ( 5-15 mm diameter, 10 cm vertical length), Thalassinoides 

( 1-2 cm diameter), Skolithos ( 5-10 mm diameter, 3-10 cm length), Chondrites (locally 

abundant, commonly associated with Asterosoma and mud laminations; mm diameter), 

Planolites (2-4 mm diameter), Palaeophycus (2-5 mm diameter), Siphonichnus (mud 

lined; 7-10 mm diameter, up to 20 cm length), Phycosiphon (locally abundant in 

mudstone; 1 mm diameter), rare Zoophycos (5-7mm diameter, 3-5 cm long), and rare 

horizontal spreitenated burrows (5-10 mm diameter, Scolicia or Rhizocorallium). 
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Sub-Facies 12b: Bioturbated glauconitic sandy mudstone 

Sub-Facies 12b comprises metre- to dm-scale, fining- to sanding-upwards 

successions. Sub-Facies 12b commonly gradationally interfingers Sub-Facies 12a. In 

instances where Sub-Facies12b overlies 12a, the facies becomes muddier upwards. 

Additionally, Sub-Facies 12b locally overlies contacts with Facies 7, 8, and 4. In these 

occurrences, a firmground trace fossil suite subtends from the erosional contact, and 

cross-cuts the primary depositional fabric (possible evidence for a Glossifungites 

Ichnofacies-demarcated discontinuity surface; further discussed in Chapter 3).  

Sub-Facies 12b consists of glauconitic sandy to silty mudstone. The sandy 

mudstone has sand grains that range in size from fine to upper medium. Typically, 

biogenically disrupted, mm-scale laminae to 1 cm thick interbeds of very fine- to fine-

grained sandstone and siltstone are intercalated in the facies. Interbeds display rare 

undulatory parallel lamination and soft-sediment deformation. Common, 5-10 cm thick 

calcite (and rare hematite) cemented beds and rare mm-scale shell fragments are also 

present.  

Sub-Facies 12b displays similar BI values and ichnogenera as encountered in 

Sub-Facies 12a. Where trace fossil identifications are possible, Sub-Facies 12b displays 

BI 2-6. Ichnogenera are relatively diverse (8-9 ichnogenera). The trace fossil suite 

includes: Planolites (2-4 mm diameter), Asterosoma (5-20 mm diameter), Teichichnus 

(5-7 mm diameter), Phycosiphon (1 mm diameter, locally abundant), Helminthopsis (1 

mm diameter, locally abundant), Chondrites (1-2 mm, locally abundant), Thalassinoides 

(5-20 mm diameter), Diplocraterion (5-7 mm burrow diameter, 5-15 cm long), rare 

Zoophycos (5-10 mm diameter), Cosmorhaphe (5-7 mm diameter), and Skolithos (5 mm 

diameter, 5-7 cm length).  
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Interpretation:  

Facies 12 is a common component of the Wabiskaw Member of the Clearwater 

Group in the study area. The high BI values indicate generally unstressed, slow uniform 

deposition in a marine environment. The predominance of parallel and undulatory 

parallel lamination in the sandstones is consistent with HCS and micro-HCS, indicating 

subaqueous deposition. The decrease in mudstone content upwards likely indicates an 

increase in physical energy and winnowing of silt and clay, consistent with progressive 

shallowing during progradation in a wave-dominated setting.  

The high intensity of bioturbation and nearly complete disruption of primary 

sedimentary structures indicates a depositional environment wherein environmental 

stresses did not inhibit substrate colonization (e.g., Gingras et al., 2012a). The trace 

fossil suite of Sub-Facies 12a is composed of both facies-crossing forms (e.g., 

Planolites, Teichichnus, Skolithos) and ichnogenera associated with more specialized 

behaviors (e.g., Asterosoma, Helminthopsis, Diplocraterion, Phycosiphon) (cf. Gingras et 

al., 2007; MacEachern et al., 2007a). The ichnogenera are also robust, further indicating 

that deposition occurred under ambient, more normal marine conditions (cf. Frey and 

Pemberton, 1985; Pemberton et al., 1992; Gingras et al., 2007; MacEachern and 

Gingras, 2007; MacEachern et al., 2007a; Gingras et al., 2011). The trace fossil suite is 

similar to that of a proximal expression of the Cruziana Ichnofacies (cf. MacEachern et 

al., 2007a; MacEachern and Bann, 2008). 

Sub-Facies 12b likely represents a more distal expression of Facies 12. The 

fining-upwards successions likely indicate a decrease in physical energy upwards, 

possibly due to deposition in progressively more distal positions, consistent with 

transgression. Alternatively, coarsening-upwards successions of this facies indicate an 

increase in physical energy, consistent with shallowing and overall progradation. The 

high intensity and uniform distribution of bioturbation indicates a depositional setting with 

slow, continuous sedimentation rates (e.g., Gingras et al., 2012a). Furthermore, the 

occurrence of ichnogenera associated with organisms typical of ambient marine 

conditions (e.g., Helminthopsis, Phycosiphon, and ?Scolicia) likely indicates that 

paleoenvironment was characterized by fully marine salinities (e.g., MacEachern and 

Gingras, 2007; Bann et al., 2008; MacEachern and Bann, 2008). The trace fossil suite of 

Sub-Facies 12b is similar to that of Sub-Facies 12a; however, Sub-Facies 12b has a 
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greater proportion of traces associated with surficial grazing and deposit-feeding 

behaviors (e.g., Helminthopsis, Phycosiphon, Asterosoma, and Chondrites; Pemberton 

et al., 1992; Gingras et al., 2007; MacEachern et al., 2007a). The trace fossil suite of 

Sub-Facies 12b is similar to that of the archetypal Cruziana Ichnofacies (cf. MacEachern 

et al., 2007a; MacEachern and Bann, 2008). The occurrence and recurrence of 

firmground trace fossil suites subtending from the basal erosional contact is evidence for 

substrate exhumation, and likely indicates a stratigraphically significant surface (e.g., 

MacEachern et al., 1992; Pemberton and MacEachern, 1995; MacEachern et al., 2007c; 

MacEachern et al., 2012). 

Based on the sedimentological and ichnological features of the facies, it is 

inferred that deposition occurred in a subaqueous fully marine environment. A likely 

depositional environment for Sub-Facies 12a is the lower shoreface. Sub-Facies 12b 

likely represents deposition in a more distal environment than that of Sub-Facies 12a, 

probably an upper offshore environment.  

Facies 13: Dark grey to black shale 

Facies 13 consists of fissile, carbonaceous black mudstone. The facies 

commonly occurs near the top of the study interval, and gradationally overlies and fines 

upwards from Facies 12. Facies 13 locally interfingers with Facies 12. 

The mudstone consists of dark-grey to black fissile shale, with rare to moderate, 

mm-scale, very fine-grained glauconitic sand and silt interlaminae or lenses (Fig. 2.14). 

Rare cm-scale cemented interbeds (unstained to hematite-stained), and replacive pyrite 

nodules (cm in diameter) locally occur. Physical structures are predominantly obscured 

owing to the fissility of the mudstone.  

Details of bioturbation are difficult to discern due to the fissile character of the 

shale. Bioturbation is best identified in cemented beds, which display BI values of 4-6. 

Ichnogenera include: abundant Helminthopsis (mm thickness), Phycosiphon (mm 

thickness), Chondrites, (mm thickness), Zoophycos (5 mm diameter), Planolites (2-4 mm 

diameter), Thalassinoides (1-2 cm diameter, rarely glauconite sand infilled), Asterosoma 

(mm diameter), Cosmorhaphe (4-6 mm diameter), and Diplocraterion (5 mm burrow 

diameter, 5-7 cm long). 
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Interpretation:  

Facies 13 occurs in the Wabiskaw Member and represents the most distal 

paleoenvironment of the study interval. The fining-upwards character of the facies likely 

indicates an upwards decrease in physical energy, and consistent with overall 

transgression. The interfingering relationship with Facies 12a may indicate short-lived 

periods of progradation.  

The high intensity of bioturbation and its uniform distribution indicates a fully 

marine, low-energy environment, dominated by slow continuous rates of sedimentation 

under subaqueous conditions (e.g., Frey and Pemberton, 1985; Pemberton et al., 1992; 

MacEachern and Gingras, 2007; MacEachern et al., 2007a; Gingras et al., 2012a). The 

trace fossil suite is dominated by structures attributed to grazing and detritus-feeding 

behaviors (e.g., Pemberton et al., 1992; Gingras et al., 2007; MacEachern et al., 2007a; 

MacEachern and Bann, 2008). The dominance of ichnological forms associated with 

organisms that are sensitive to physico-chemical stresses (e.g., Helminthopsis, 

Phycosiphon, and Zoophycos) indicates a depositional environment characterized by 

stable, ambient conditions (e.g., Gingras et al., 2007; MacEachern et al., 2007a). The 

trace fossil suite of Facies 13 is similar to a distal expression of the Cruziana Ichnofacies 

(cf. MacEachern et al., 2007a; Bann et al., 2008; MacEachern and Bann, 2008). Facies 

13 is interpreted to have been deposited in a low-energy, distal marine setting below 

fairweather wave base, potentially in the lower offshore.  

 

 

 

 

 

 

Table 1 

Table 2.01 (on following page): a summary of the facies, and facies associations discussed in this chapter. 
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Facies                                         Sub-Facies Facies  Sedimentology  
Bioturbation 

Index 
 (B.I.) 

Trace 
Fossil 
Suite  

Depositional 
Interpretation  

Occurrence Color  
Facies 

Association  

1 

1a  

Interbedded, low-
angle inclined to 
horizontal, and 

undulatory to planar 
parallel stratified 
sandstone and 

mudstone (>50% 
sandstone) 

Interbedded sandstone and mudstone (>50% sandstone), 10-75 cm beds - 
sandstone bed size and abundance decrease upwards, mudstone abundance 
increases. Bedding dips up to 15°. Mudstone beds are silty, display inclined 
parallel laminations, and have moderate amounts of carbonaceous detritus. 
Moderate numbers of current ripples and combined flow ripples observed.  

0-4              
Mudstone 
interbeds 
display 

slightly lower 
BI (0-3) 

Pl, Cy, 
Gy, Sk, 
Ar, Th, 

Te 

Estuarine 
brackish-water 

channel to 
point-bar  

Middle 
McMurray 

  

1 
1b 

Mudstone with 
horizontal to inclined 

parallel stratified 
sandstone to 

siltstone interbeds 
and interlaminae (< 

50% sandstone) 

Interbedded mudstone and sandstone (<50% sandstone) to structureless silty 
mudstone. Cm-dm-scale rhythmic interbeds (<15%) displaying low-angle 
stratification. Increase in mudstone and biogenetic disruption upwards.  

0-4  
0-1 in 

massive 
mudstone  

Pl, Cy, 
Gy, Sk, 
Ar, Th, 

Te 

Abandoned 
estuarine 

brackish-water 
channel 

Middle 
McMurray 

  

2   

Carbonaceous 
mudstone to root-

bearing silty 
mudstone  

Dull reddish brown to grey and black mudstone with moderate to abundant 
carbonaceous debris. Succession fines upward from interbedded silty 

mudstone and sandstone, silty mudstone, and carbonaceous mudstone to 
coal. Upward Increase in carbonaceous content. Moderate numbers of vertical 

roots.  

0-2                  
decreases 
upwards  

Pl, root 
Paleosol-

marsh 
Middle 

McMurray 

  

3   

Interbedded 
bioturbated sandy 

mudstone and muddy 
sandstone   

Interbedded upper very fine- to lower fine-grained sandstone and silty 
mudstone. Sandstone beds are cm-dm scale. Mudstone beds are up to 20cm 

thick.  Rare-moderate mm thick, undulatory interlaminae to lenses of 
sandstone with combined flow ripple lamination, moderate syneresis cracks, 
and rare-moderate amounts of carbonaceous debris.  moving up sandstone 

and mudstone interbeds become more homogenized. 

2-5                                                    
Mudstone 

beds display 
lower values 

(1-4)                                                                       

Pl, Cy, 
Si, Pa, 
Sk, Th, 
Te, Ar, 

fu 

Mixed tidal flat 
to proximal 
embayment  

Middle-
Upper 

McMurray 

  

2 

4 

4a  
Bioturbated 

sandstone and 
muddy sandstone  

 Very fine- to lower fine-grained bioturbated sandstone and muddy sandstone 
with moderate to common carbonaceous debris. Rare-moderate combined 

flow ripples, oscillation ripples, and rare current ripples. Common silty 
mudstone undulatory parallel interbeds (2-20cm thick). 

2-4                      
Dominantly 

uniform                                                                            

Pl, Cy, 
Te, Sk, 
Pa, Th, 
Gy,?Ch  

Proximal 
embayed 
stressed 

shoreface to 
sandy tidal flat 

(Shallow 
subaqueous 
embayment) 

Upper 
McMurray 

  

4b 
Bioturbated sandy 

mudstone  

Bioturbated sandy mudstone and muddy sandstone. Dominantly biogenically 
homogenized, with rare planar parallel to undulatory parallel beds. Moderate 

carbonaceous debris, and moderate-rare syneresis cracks. Succession sands 
upward. 

2-4                       
Uniform                                                                                                      

Cy, Pl, 
Sk, Te, 
Th, Pa, 
Gy, Ar, 

Si  

Distal embayed 
stressed 

shoreface  

Upper 
McMurray 
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5   
 Bioturbated silty 

mudstone  

Grey silty mudstone with moderately homogenized interbeds of dark grey 
mudstone, and sandy mudstone (cm scale). Common-moderate 

carbonaceous detritus. Sandstone increase in abundance upwards.  

3-5                          
(dark grey 

mudstone BI 
2-3)                                                                

Pl,Th, 
Te, Cy, 
Pa, As, 

Ch, 
Ph/H 

Distal embayed 
shoreface to 
open marine 

Upper 
McMurray 

  

6 

6a  

Interbedded 
sandstone and 

mudstone (90-70% 
sandstone) 

 Very fine- to lower fine-grained sandstone with 10-30% undulatory parallel 
laminated silty mudstone interbeds (cm scale). Sandstone beds are cm-dm 

scale, and display oscillation and combined flow ripples, and moderate 
numbers of micro-HCS. Common disseminated carbonaceous detritus. 

Moderate-rare syneresis cracks. Rare mudstone rip-up clasts.  

0-3                                 
(lower BI 

associated 
with 

mudstone 
interbeds BI 

0-2)                                        

Pl, Cy, 
Th, fu, 
Te, Pa, 

Sk 

Delta front 

Upper 
McMurray 
and Upper 
McMurray-
Wabiskaw 

  

3 

6b 

Sparsely bioturbated 
interbedded 

sandstone and 
mudstone  

Interbedded sandstone and mudstone with dominantly planar parallel bedding. 
Moderate oscillation, combined flow, and current ripples. Moderate scoured 

surfaces. Common syneresis cracks and disseminated carbonaceous 
material.  

0-2 
Pl, fu, 
Te, Sk 

Mixed river- 
and wave-
influenced 
delta front   

Upper 
McMurray  

  

7 

7a  

Interbedded 
sandstone and 

mudstone (70-50% 
sandstone) 

 Very fine- to lower fine-grained sandstone with 30-50% silty mudstone. 
Sandstone interbeds are cm-dm scale and display oscillation ripples, 

combined flow ripples, and rare current ripples. Mudstone interbeds are cm 
scale, normal graded, and display moderate-common syneresis cracks, 

moderately abundant carbonaceous detritus. 

0-3 

Pl, Cy, 
Te, Th, 
Ar, Sk, 
fu,?Ph, 

Co 

Distal delta 
front  

Upper 
McMurray 
and Upper 
McMurray-
Wabiskaw 

  

7b 

Interbedded 
mudstone and 

sandstone (50-30% 
sandstone) 

Same physical features as described in Facies 7a with differing sandstone and 
mudstone proportions. Facies 7b contains 50-70 % mudstone interbeds. 

0-3 
Pl, Te, 
Th, Cy, 
fu,?Ph 

Proximal 
prodelta 

Upper 
McMurray 
and Upper 
McMurray-
Wabiskaw   

8   

Mudstone with planar 
parallel to undulatory 
parallel interbeds of 
combined flow ripple 
laminated sandstone 

and siltstone    

Silty mudstone with 10-30% siltstone and sandstone lenses and interbeds. 
Planar parallel to undulatory parallel laminated beds. Mudstone interbeds are 

cm scale, fine-upward and display moderate to common syneresis cracks. 
Moderate carbonaceous detritus. Sandstone-siltstone interbeds are cm scale 

and display combined flow ripples, oscillation ripples, and current ripples. 

0-3 
Pl, Te, 
Th, Cy, 
fu,?Ph  

Prodelta 

Upper 
McMurray 
and Upper 
McMurray-
Wabiskaw 

  

9   

 Bioturbated 
sandstone and 

muddy sandstone 
with robust 
ichnogenera 

 Very fine- to fine-grained pervasively bioturbated sandstone and muddy 
sandstone, with cm scale silty mudstone and mudstone interbeds. Moderate 

carbonaceous fragments. Rare-moderate oscillation and combined flow ripples 
in sandstone.  

2-4                             
(mudstone 
interbeds 

display lower 
bioturbation 
intensities BI 

1-3)                                                                                             

Te, As, 
Pl, Th, 
Pa, Sk, 
Si, Cy, 
Ch, Di, 

Ro   

Weakly to 
moderately 

stressed lower-
middle 

shoreface 
(large open 
embayment) 

can be 
intergradational 
with delta front  

Upper 
McMurray-
Wabiskaw 
transition 

  

4 
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10   

 Bioturbated sandy 
mudstone and muddy 

sandstone with 
robust ichnogenera 

Bioturbated sandy mudstone to muddy, upper very fine- to fine-grained 
sandstone. Moderate to common planar parallel to undulatory parallel 

lamination, dark grey mudstone interbeds (cm scale).  Common to moderate 
carbonaceous detritus.  

3-4               
(mudstone 
interbeds 

display lower 
BI 1-3)                                                           

Te, 
As,Th, 
Pl, Pa, 
Sk, Si, 
Ch, Cy 

Weakly to 
moderately 

stressed upper 
offshore-lower 

shoreface 
(large open 
embayment) 

can be 
intergradational 
with prodeltaic 

muds  

Upper 
McMurray-
Wabiskaw 
transition 

  

11 

11a  

Planar to low-angle 
undulatory parallel 

laminated glauconitic 
sandstone  

Sandstone with micro-HCS, combined flow and oscillatory ripples, and silty 
mud interlaminae. Moderate to common carbonaceous material. Moderate to 

rare, dark-grey normally graded mudstone interbeds. 
0-3 

 fu, Ch, 
Cy, Pa, 
Pl, Te, 
Sk, As 

Wave- to 
storm-

dominated 
delta front to 
distal delta 

front 

Wabiskaw  

  

3 

11b 

Grey to dark grey 
lenticular bedded silty 

mudstone and 
glauconitic sandstone 

Mudstone to sandy mudstone with cm thick sandstone beds (50-90% 
mudstone). Mudstone beds display mm-scale, planar parallel to undulatory 

parallel interlaminae and discontinuous lenses of sand. Moderate amounts of 
disseminated carbonaceous material present. Moderate mm- to cm-scale 

interbeds of unbioturbated, dark-grey mudstone intercalated. Sandstone beds 
display combined flow ripples and oscillatory ripples, with mm-scale 

carbonaceous-rich interlaminae marking stratification. 

0-3  
Pl, Ch, 
Te, Th, 
As, Ph 

 Prodelta to 
proximal 
prodelta  

Wabiskaw  

  

12 

12a  

Bioturbated 
glauconitic sandstone 

with robust 
ichnogenera 

Lower fine- to lower medium-grained sandstone, with mm-scale mud laminae 
and cm-scale mudstone beds (10-50% mud content) intercalated.  Facies 

pervasively bioturbated. Remnant planar parallel to undulatory parallel 
stratification preserved in some sandstone beds.  

3-5 

As, Di, 
Te, Th, 
Sk, Ch, 
Pl, Pa, 
Si, Ph, 

Sc 

Lower 
shoreface 

Wabiskaw  

  

5 12b 
Bioturbated 

glauconitic sandy 
mudstone  

Mudstone in relatively greater proportion than sandstone (50-90% mud). 
Typically developed as a fining-upwards succession, followed by a sanding-

upward cycle to glauconitic sandy mudstone. Common bioturbated sandstone 
to siltstone interbeds. Rare, remnant undulatory parallel lamination and soft-

sediment deformation present.  

2-6 

Pl, As, 
Te, Ph, 
He, Ch, 
Th, Sc, 
Di, Cs, 

Sk 

Upper offshore Wabiskaw  

  

13   
 Dark grey-black 

shale  

Dark-grey to black highly fissile shale, with mm-scale, very fine-grained 
glauconitic sand and silt interlaminae. Moderate to rare, cm-scale cemented 

interbeds and mm- to cm-scale pyrite nodules. Rare, cm-scale shell fragments 
(bivalve?).  

Dominantly 
not apparent; 
where visible 

(4-6) 

Pl, Ch, 
He, Ph, 
As, Di, 
Cs, Zo 

Offshore Wabiskaw 
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2.3 Facies Associations 

Facies Association 1  

Facies Association 1 (FA1) comprises a fining-upwards succession consisting of 

Facies 1, 2, and or 3 (Table 2.01). FA1 commonly occurs near the base of the study 

interval, and is associated with deposits of the middle McMurray. The internal contacts of 

FA1 are commonly gradational, except where Facies 1 occurs in a stacked sequence. 

The upper contact of FA1 is commonly sharp. As the study was focused on 

parasequences of the upper McMurray, the lower contact of FA1 was not evaluated. The 

upper contact of FA1 is likely associated with a stratigraphically significant surface 

(possibly a regional flooding surface or an erosionally exhumed surface; to be further 

discussed in Chapter 3). FA1 is very similar to facies associations described in Phillips 

(2011) (Facies 6-8 of their FA2) and Martinius et al. (2017) (Facies 4-6, and 12 of their 

FA2).  

FA1 is a muddying-upwards succession that commonly depicts a decrease in 

stratification angle (from <15° to horizontal) and a concomitant increase in BI values 

upwards. This fining-upward trend is represented by a transition from low-angle inclined 

to planar stratified sandstone progressively interbedded with greater proportions of 

siltstone and mudstone.  This is expressed by Sub-Facies 1a gradationally overlain Sub-

Facies 1b, capped by either Facies 2 or Facies 3 (but not both; refer to Table 2.01). The 

increase in bioturbation intensity, decrease in relative stratification angles, and the fining-

upwards trend records a flattening of the depositional surface coupled with a decrease in 

depositional energy upwards. The common gradational internal contacts of FA1 

indicates that these facies are genetically related and internal contacts are autogenic. 

The fining-upward deposits of FA1 dominantly display a trace fossil suite 

commonly associated with brackish-water environments, as well as syneresis cracks, 

current and oscillation ripples, and tidal indicators such as double mud drapes and 

rhythmic heterolithic bedding. Based on these features, FA1 is interpreted to have been 

deposited under waning depositional energy in brackish-water, where sedimentation was 

affected by both currents and waves. Sub-Facies 1b displays a greater proportion of 

mudstone, and likely indicates a depositional environment with lower energy, or 

deposition more proximal to the turbidity maximum zone (e.g., Smith, 1987; Ranger and 



78 

Gingras, 2003; Hubbard et al., 2011; Martinius et al., 2017). Facies 3 displays a higher 

intensity of biogenic disruption, and likely indicates a depositional environment with 

relatively lower physico-chemical stresses, possibly due to generally reduced 

sedimentation rates (Gingras et al., 2012a). It is interpreted that FA1 represents a tidal-

fluvial estuarine channel to point-bar environment, wherein Sub-Facies 1a represents a 

laterally to vertically accreting point-bar to bar top deposit and Sub-Facies 1b an 

abandoned channel or deposition adjacent to the turbidity maximum zone. Facies 2 is 

interpreted as an incipient paleosol with vegetation and indicates subaerial exposure, 

and in some cases may indicate a stratigraphically significant surface. Facies 3 is 

interpreted as a tidal flat deposit and may record somewhat more basinward positions.  

Where FA1 is composed of Facies 1 overlain by Facies 2 or 3, the succession 

likely indicates the natural transition of genetically related strata. Unlike the internal 

contacts of FA1, its upper contact likely indicates a stratigraphically significant (i.e., 

allogenic) surface. In occurrences where Facies 2 separates more brackish-water 

deposits of FA1 from more marine deposits of FA2, the contact may indicate an initial 

period of subaerial exposure, followed by transgression. In occurrences where FA1 is 

erosionally overlain by FA4, a firmground omission trace fossil suite commonly occurs 

between the two associations, and exhumation or ravinement is inferred. In these cases, 

Walther’s Law is not obeyed, and an allogenic change is indicated. 

Facies Association 2  

Facies Association 2 (FA2) comprises metre-scale (~5 meters), sanding-upwards 

successions of Facies 3, 4 (both Sub-Facies 4a and 4b), and 5. Locally, a thin interval of 

Facies 2 occurs at the top of the association (in isolated incidences in the northwest 

portion of the study area near Township 94-95, Range 11-12). FA2 is a common 

component of the upper McMurray in the study area. The internal contacts of FA2 are 

dominantly gradational. By contrast, the association typically overlies a sharp contact 

with FA1. This lower contact is widespread in the study area and is demarcated by a 

marked increase in bioturbation intensity and trace fossil diversity (e.g., a possible 

regionally extensive marine flooding surface between FA1 and FA2; to be further 

discussed in Chapter 3). The upper contact of FA2 is generally sharp and overlain by 

mudstones that pass gradationally into a second occurrence of FA2, or is erosionally 
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overlain by FA4. FA2 is similar to a portion of the regional facies association described in 

Martinius et al. (2017) as Facies 8-10 and 12 of their Facies Association 3.  

The sanding-upwards FA2 succession displays a decrease in both the trace 

fossil diversity and bioturbation intensity upwards, as well as an increase in oscillation 

and combined flow ripples upwards. The common vertical succession (from base to top) 

shows bioturbated silty mudstone (Facies 5), passing into bioturbated sandy mudstone 

(Sub-Facies 4b), bioturbated sandstone to muddy sandstone (Sub-Facies 4a), and 

locally capped by interbedded bioturbated sandy mudstone and muddy sandstone 

(Facies 3). This vertical succession is interpreted to represent the transition from more 

distal to more proximal deposits. The increase in sandstone upwards is interpreted to 

reflect an upward increase in physical energy and winnowing of silt and clay, consistent 

with shallowing in a wave-dominated setting.  The succession sands upwards over a 

relatively short interval (entire succession is 5 metres thick), and the succession 

gradationally sands upward from Facies 5 to Facies 4 over a metre of interval. These 

thin, coarsening-upwards cycles indicate that progradation occurred in a very shallow 

subaqueous environment (e.g., Boyd, 2011).  

Based on the characteristics of FA2, it is interpreted that the facies association 

represents the progradation of a shallow, brackish-water, embayed (or bay margin) 

shoreface. A complete succession of FA2 consists of deposits recording distal muddy 

bay with stronger marine conditions (Facies 5), through a distal shallow embayment 

shoreface (Sub-Facies 4b), to a proximal embayment shoreface to sandy tidal flat (Sub-

Facies 4a and 3, respectively). In very rare occurrences, this is capped by a thin, 

paleosol (Facies 2).  

The gradational internal contacts and common recurrence of the FA2 succession 

likely indicates a close genetic relationship between Facies 4 and 5. The sharp upper 

contact of Facies 4 overlain by Facies 5 in stacked occurrences of FA2 displays the 

abrupt juxtaposition of more distal facies over more proximal facies, and therefore may 

indicate a flooding surface. This stacked occurrence of thin, coarsening-upwards 

successions is interpreted to result from shallow-water progradation interrupted by short-

lived transgressive events marked by mudstones displaying distal ambient marine 

conditions (e.g., Facies 5; cf. Ranger and Gingras, 2003).  
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Facies Association 3  

Facies Association 3 (FA3) is common to the study area and forms metre- to tens 

of metre-thick, coarsening-upwards successions in the upper McMurray, the McMurray-

Wabiskaw transition, and the Wabiskaw Member. In the upper McMurray and McMurray-

Wabiskaw transition, it consists of Facies 6, Sub-Facies 7a and b, and Facies 8. In the 

Wabiskaw Member of the Clearwater Group, FA3 is represented by Facies 11 (both 

Sub-Facies 11a and 11b). FA3 commonly possesses gradational internal contacts and, 

more locally, sharp internal contacts. FA3 generally overlies a sharp contact with FA2 

and FA4. In local occurrences, FA3 occurs in a stacked succession of coarsening-

upward cycles.   

FA3 sanding-upwards successions are markedly heterolithic, consisting of 

sandstone and mudstone, and display a progressive upwards increase in oscillation 

ripples, combined flow ripples, and micro-HCS. Common recurring features include 

syneresis cracks, undulatory parallel laminae, oscillatory ripple laminated interbeds with 

escape traces (interpreted as tempestites), mud-draped event beds, carbonaceous 

debris, low BI values, reduced trace fossil diversities, and trace fossil suites dominated 

by morphologically simple, facies-crossing forms. These recurring features are a strong 

indication that FA3 was deposited in a physico-chemically stressed, subaqueous, 

brackish-water depositional environment subjected to fluctuating sedimentation rates 

and physical energy (e.g., Harms, 1969; Komar, 1974; Miller and Komar, 1980; Moslow 

and Pemberton, 1988; Ranger and Gingras, 2003; MacEachern and Bann, 2008).  

A complete sanding-upwards succession of FA3 consists of a basal mudstone 

with planar parallel to undulatory parallel laminae and interbeds of combined flow rippled 

sandstone and siltstone (Facies 8), passing through mud-dominated heterolithic units 

(Sub-Facies 7b) through sand-dominated heterolithic units (Sub-Facies 7b), and into 

sandstones with mudstone interlaminae and interbeds (Facies 6). The gradual increase 

in sandstone content upwards is associated with a concomitant transition from a trace 

fossil suite dominated by ichnogenera associated with surficial grazing and deposit 

feeding (e.g., Phycosiphon and Teichichnus) to one containing ichnogenera recording 

vertical domiciles (e.g., Skolithos, Arenicolites). This succession likely indicates overall 

shoreline progradation in a shallow-water setting.  
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Based on the features described above, FA3 is interpreted to represent 

progradation of a delta. The common occurrence of oscillation ripples and micro-HCS 

indicates the persistent effects of wave and storm energy. Based on the common 

presence of wave-generated features in both storm and fairweather beds, FA3 is 

interpreted to reflect a wave-dominated delta deposit. The vertical succession in the 

upper McMurray and McMurray-Wabiskaw transition represents progradation from distal 

prodelta (Facies 8), through proximal prodelta and distal delta front (Sub-Facies 7b and 

7a, respectively), capped by more proximal delta-front deposits (Facies 6). Some 

successions are dominated by tempestites and may record more strongly storm-

dominated portions of the shoreline. Storm-dominated FA3 successions are especially 

common in the Wabiskaw Member. There, Facies 11a and 11 are interpreted as 

prodelta to proximal prodelta, and distal delta front to delta front environments, 

respectively in a storm-dominated setting. Local successions display reduced 

bioturbation intensities, more abundant planar parallel lamination, current ripple laminae, 

and carbonaceous debris, interpreted to record greater degrees of fluvial influence on 

the delta (e.g., Facies 6a). This is especially common in the southeast part of the study 

area.  

The internal contacts of FA3 are predominantly gradational and interpreted to 

represent normal progradation. Sharp internal contacts locally occur in FA3, marked by 

the abrupt juxtaposition of more distal deposits over proximal (e.g., distal delta front to 

proximal prodelta). These contacts do not coincide with flooding surfaces in adjacent 

shoreface successions (FA2). Likewise, no increase in bioturbation intensity and trace 

fossil diversity occurs across these contacts suggesting that they the result of autogenic 

delta lobe switching. The sharp lower contact of FA3, by contrast, is regionally extensive 

and extends into laterally adjacent shoreface successions. Correspondingly, the basal 

surface is interpreted to be allogenic. The differentiation between allogenic and 

autogenic contacts will be discussed further later in this chapter.  

Facies Association 4 

Facies Association 4 (FA4) consists of an approximately 10 metre-thick sanding-

upwards succession, manifest by Facies 10 passing into Facies 9. FA4 commonly 

occurs at the McMurray-Wabiskaw transition, although it is less common towards the 

southeastern corner of the study area. The internal contacts between Facies 10 and 9 
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are gradational. FA4 locally overlies Facies Associations 1, 2, and 3. In all locations, the 

basal contact of FA4 is sharp to erosional, and where overlying FA1 or FA2, is locally 

demarcated by firmground omission suites of the Glossifungites Ichnofacies.  

FA4 comprises a gradual sanding-upwards succession, consisting of bioturbated 

sandy mudstone and muddy sandstone (Facies 10), passing into bioturbated sandstone 

and muddy sandstone (Facies 9). Compared to previous facies associations, FA4 

displays more robust trace fossils and more diverse suites. The trace fossil suite 

includes both facies-crossing forms and more specialized forms commonly associated 

with fully marine conditions (cf. MacEachern et al., 2007a for a review). However, the 

trace fossil diversity and sizes of ichnogenera of FA4 are not as well developed as those 

exhibited by FA5 (below), this may indicate that the depositional environment of FA4 

exhibited minor salinity reduction.  

Based on the features described above, FA4 is interpreted to represent the 

deposits of an open and sheltered shoreface characterized by nearly normal marine 

conditions. Facies 10 is interpreted as the distal deposits of a large, open marine 

embayment (similar to those of an upper offshore to distal lower shoreface environment). 

Facies 9 is interpreted as the proximal deposits of a large open embayment (similar to 

that of a proximal lower shoreface to middle shoreface environment).  

The gradational internal contacts within FA4 likely indicate normal progradation 

of adjacent depositional environments. Both the upper and lower contacts of FA4, by 

contrast, are associated with erosion surfaces, locally demarcated by firmground 

omission suites of the Glossifungites Ichnofacies. The widespread persistence of 

erosional conditions and ichnologic evidence of stratigraphic omission associated with 

the basal contact of FA4 are compelling evidence that it is a stratigraphically significant 

surface and likely associated with an allogenic event (see Chapter 3).  

Facies Association 5  

Facies Association 5 (FA5) comprises metre- to tens of metre-scale sanding-

upwards to fining-upwards successions, dominated by of Facies 12 and 13. The internal 

contacts of FA5 are dominantly gradational. FA5 locally overlies FA2, FA3, and FA4. 

The lower contact of FA5 is erosional and locally demarcated by a firmground omission 
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suite of the Glossifungites Ichnofacies. The upper contact of FA5 does not occur in the 

study interval.  

The sanding-upward to muddying-upward succession of FA5 consists of 

bioturbated glauconitic sandy mudstone (Sub-Facies 12b) passing into bioturbated 

glauconitic sandstone with robust ichnogenera (Sub-Facies 12a), and gradationally 

overlain by or interfingered with dark grey to black shale (Facies 13). The facies 

association displays intense bioturbation (BI 4-6), robust trace fossils, and a diverse 

ichnological suite with abundant ichnogenera recording specialized behaviors (cf. 

MacEachern et al., 2007a for a review). Elevated bioturbation intensities have largely 

disrupted primary physical structures. Further, the abundance of glauconite in the facies 

association indicates a depositional environment where glauconite formation occurs and 

remains stable. Glauconite (undifferentiated minerology) requires normal marine 

salinities and decreased sedimentation levels (Cloud, 1955; Odin and Matter, 1981; 

Stonecipher, 1999). Although glauconite may occur in many marine facies as a result of 

autogenic mobilization, the abundance in Facies 12 indicates an environment where 

glauconite has become concentrated, possibly due to lower sedimentation rates and the 

winnowing of marine sediments. Further, glauconite rich intervals are commonly 

associated with transgressions (Odin and Matter, 1981; Stonecipher, 1999).  

Based on the features described above, FA5 is interpreted to record a shoreface 

environment in a fully marine setting. The vertical succession indicates initial deposition 

in the upper offshore (Sub-Facies 12b), which passes into the lower shoreface (Sub-

Facies 12a) during progradation, but eventually gives way to lower offshore conditions 

(Facies 13). The sanding-upward cycle passing into a fining-upwards succession 

indicates a period of progradation that was ultimately overwhelmed by regional 

transgression.  

2.4 Discussion: 

The upper member of the McMurray Formation records a complex history of 

juxtaposed depositional environments, dynamically emplaced during sedimentation into 

the Lower Cretaceous Boreal Seaway. The depositional history of the upper McMurray 

can be unraveled by employing detailed analyses of the primary sedimentary and 

ichnological features. Sedimentological and ichnological analyses of the primary and 
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secondary well datasets led to the identification of 13 facies contained within 5 discrete 

and recurring facies associations. The 5 facies associations are interpreted to represent 

various depositional environments, namely: (1) tidal-fluvial estuary; (2) shallow- and 

brackish-water embayed shoreface; (3) shallow- and brackish-water delta; (4) open 

embayed shoreface; and (5) fully marine shoreface. Differentiating these laterally 

adjacent depositional bodies is crucial for understanding and mapping the upper 

McMurray. Further, mapping the distribution of these facies associations provides 

insights into how these depositional environments responded as the McMurray Sub-

Basin evolved.  

Differentiating shoreface deposit types in the upper McMurray Fm and lower Wabiskaw 

Mbr 

A fundamental aspect of understanding and mapping the upper McMurray Fm is 

to recognize and differentiate the laterally adjacent, genetically related depositional 

environments. Discriminating shallow- and brackish-water embayed shoreface deposits, 

open embayed shoreface, marine shoreface, and shallow-water deltaic deposits is 

possible, based on comparing their discrete facies characteristics (ichnology and 

sedimentology) and how they compare to conventional shorefaces that possess 

archetypal Seilacherian ichnofacies.   

The conventional or archetypal shoreface environment constitutes a clastic 

wedge that grades from a foreshore to upper shoreface subenvironment or “complex” 

distally into a middle- lower-shoreface complex, and finally an offshore depositional 

platform (e.g., MacEachern and Pemberton, 1992; MacEachern and Bann, 2008; 

Dashtgard et al., 2012; see Pemberton et al., 2012 for a summary). Each of these 

environments depict a unique combination of physical sedimentary and ichnological 

features (e.g., MacEachern and Bann, 2008; Dashtgard et al., 2012; Pemberton et al., 

2012). As summarized in Pemberton et al., (2012), the offshore subenvironment or 

“offshore complex” (lower offshore to upper offshore) occurs below fair-weather wave 

base and above storm-weather wave base, and as such is dominated by suspension 

sediment settling with variable but generally subordinate storm-generated interbeds. The 

offshore complex depicts a highly diverse trace fossil suite, dominated by grazing and 

deposit-feeding structures that are attributable to the Cruziana Ichnofacies (distal 

expression to the archetypal; MacEachern and Pemberton, 1992; Pemberton et al., 
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1992; MacEachern and Bann, 2008; Pemberton et al., 2012). The lower to middle 

shoreface complex occurs between the fair-weather wave base and the surf zone 

(Clifton et al., 1971; Reading and Collinson, 1996; MacEachern and Bann, 2008; 

Pemberton et al., 2012). The zone possesses a trace fossil suite that ranges from a 

proximal expression of the Cruziana Ichnofacies to the Skolithos Ichnofacies 

(MacEachern and Pemberton, 1992; MacEachern and Bann, 2008; Pemberton et al., 

2012). The foreshore to upper shoreface complex extends from the surf zone to the 

high-tide limit (Clifton et al., 1971; Reading and Collinson, 1996; MacEachern and Bann, 

2008; Pemberton et al., 2012). The upper shoreface complex typically displays a trace 

fossil suite related to the archetypal Skolithos Ichnofacies (MacEachern and Pemberton, 

1992; Pemberton et al., 2012). 

The varied effects and relative proportion of wave, tidal, storm, and fluvial 

processes can result in features that deviate from those of the archetypal shoreface 

(MacEachern and Bann, 2008; Dashtgard et al., 2012). By comparing the features of a 

typical and atypical shoreface, one can discern which features are unique to the 

shoreface and begin to identify which combination of processes affected sedimentation. 

The effects of fluvial influence on a shoreface are manifest by abundant carbonaceous 

debris, introduction of fluid mud beds, presence of syneresis cracks, and reduced 

bioturbation intensities (Vakarelov et al., 2012). Due to the abundance of wave/storm 

generated features preserved in shallow marine successions, their characteristics are 

widely discussed in the literature. The influence of wave/storm processes on a shoreface 

are typically expressed as a coarsening-upwards succession, characterized by intensely 

bioturbated fair-weather beds interbedded with unbioturbated storm deposits, well-

developed micro-HCS, HCS, and SCS, passing upwards into trough and planar tabular 

cross-stratified and low-angle planar stratified sandstone beds (Clifton et al., 1971; 

Howard and Reineck, 1981; Duke, 1985; MacEachern and Pemberton 1992; Walker and 

Plint, 1992; MacEachern and Bann, 2008; Dashtgard et al., 2012; Vakarelov et al., 

2012). The relative proportion of bioturbated fair-weather beds to unbioturbated 

tempestite beds is a function of the intensity and frequency of storm influence (cf. 

Dashtgard et al., 2012 for a discussion). Tidal processes acting on a shoreface may 

affect sedimentation directly or indirectly by tidal modulation (Dashtgard et al., 2009; 

Dashtgard et al., 2012). The direct influence of tidal energy on a shoreface (e.g., a tidally 

influenced shoreface) is expressed as more uniform grain size distributions from the 
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upper shoreface to the offshore complex, rhythmic sediment packages, the presence of 

tubular tidalites, slack-tide laminations, double mud drapes, primary stratification 

dominated by current-generated structures, and highly bioturbated sands in the lower 

shoreface and offshore environments (Dashtgard et al., 2012; Gingras et al., 2012b; 

Vakarelov et al., 2012). Tidal modulation, by contrast, typically occurs in macro- to 

megatidal settings, and results in the shifting of the positions of wave regimes 

characteristic of various shoreface subenvironments in response to changes in 

bathymetry during the tidal cycle (Dashtgard et al., 2009; Dashtgard et al., 2012). In 

tidally modulated shorefaces, wave processes directly affect sedimentation (wave-

dominated), and tidal processes modulate the location of the wave zone with the 

changing of the tide (high tide leading to a landward shift of wave zones, and low tide 

leading to a seaward shift in wave zones; Dashtgard et al., 2009; Dashtgard et al., 

2012). This results in the interbedding of planar parallel, current ripple, trough cross 

stratified, hummocky cross-stratified and swaley cross-stratified sandstone beds 

(Dashtgard et al., 2009). Further, due to the shifting of shoreface subenvironments and 

the elevated tidal range, an over-thickened foreshore interval is produced, and a 

definitive middle shoreface is obscured, with features of the middle shoreface occurring 

in both the upper and lower shoreface (Dashtgard et al., 2009; Dashtgard et al., 2012).  

Tidally modulated shorefaces also exhibit lower bioturbation diversities and suites 

dominated by patchy distributions of vertical burrows (Dashtgard et al., 2009; Dashtgard 

et al., 2012). 

Based on the facies and facies associations described earlier in this chapter, the 

deposits of the upper McMurray are interpreted to record a mix of wave, tidal, fluvial, and 

storm processes. Compared to a conventional or archetypal shoreface under ambient 

marine conditions, deposits in the upper McMurray commonly display a reduction in 

trace fossil diversity and size (Gingras et al., 2016 for further reading). Further, trace 

fossil suites are commonly dominated by facies-crossing forms. Sanding-upwards 

successions are relatively thin (transition from Facies 5 to Facies 4a occurs over 

~1metre; transition from Facies 10 to Facies 9 occurs over ~5 metres).  These features 

are interpreted to indicate that the upper McMurray successions were deposited in a 

relatively shallow-, brackish-water setting, possibly under sheltered conditions, such as 

an embayed coastal margin. Facies Association 1 depicts both sedimentological and 

ichnological features that are consistent with a tidal-fluvial environment (tidal-
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fluvial/fluvio-tidal estuarine channel to tidal flat environment). Facies Association 2 

displays relatively higher bioturbation intensities and trace fossil diversities. However, it 

still displays a reduction in the size, diversity and proportion of specialized ichnological 

forms compared to that of an archetypal shoreface (cf. Pemberton et al., 2012 for a 

summary). Facies Association 2 expresses evidence for both tidal and wave processes 

(e.g., oscillatory laminae, planar parallel laminae, micro-HCS, combined flow ripples). 

Although wave processes are the most notable and appear to have been the dominant 

process affecting sedimentation, tidal processes are still apparent and likely influenced 

the depositional environment (as evident by the rhythmically heterolithic bioturbated 

deposits of Facies 3). Facies Association 4 comprises a thicker coarsening-upwards 

package (typically 5-10 metres from Facies 10 to Facies 9), and exhibits a more diverse 

trace fossil suite that consists of robust ichnological forms. Facies Association 4 

indicates a less physico-chemically stressed environment in a setting with greater 

accommodation space. Although primary physical structures are dominantly disrupted, 

rare sparsely bioturbated beds exhibiting micro-HCS occur, interpreted as storms 

deposits in a wave-dominated, weakly storm-affected shoreface along an open 

embayment. Facies Association 5 displays diverse trace fossil suites containing robust 

ichnogenera, consistent with more normal marine salinities typical of an archetypal 

shoreface.  

The archetypal or “Seilacherian ichnofacies model” displays the continuum of 

organism responses to the changes in depositional conditions that occur along a 

continuous seafloor slope (Seilacher, 1967; MacEachern et al., 2007a; MacEachern and 

Bann, 2008; Pemberton et al., 2012). Seilacher’s model specifies the predictable 

ethologic groupings that occur under ambient shoreface conditions, and thus provides a 

basis for comparison (MacEachern et al., 2007a).  

Figure 2.15 displays a side-by-side comparison of deposits recording three 

“shoreface” types that occur in the upper McMurray Formation and overlying Wabiskaw 

Member. Although all three of these deposits are composed of bioturbated muddy 

sandstone, each has a unique trace fossil suite, and when compared with one another, 

display varying levels of trace fossil diversity and ethological groupings. Example A is 

interpreted to record a shallow-, and brackish-water embayed shoreface deposit (Sub-

Facies 4a). Example B is interpreted to reflect an open embayment shoreface deposit 
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(Facies 9). Example C corresponds to a shoreface that accumulated along an open 

coast associated with normal marine conditions (Sub-Facies 12a).  

Example A displays a trace fossil suite that is dominated by traces associated 

with opportunistic behaviors (e.g., Planolites, Cylindrichnus, Teichichnus), 

characteristically regarded as facies-crossing forms (e.g., Beynon et al., 1988; 

MacEachern and Gingras, 2007; MacEachern et al., 2007a; Gingras et al., 2011; 

Gingras et al., 2012b). Further, these traces are diminutive compared to the traces 

occurring in both examples B and C. Common recurring reasons for diminution are due 

to a favourable increase in an organism’s surface area to body volume ratio (i.e., 

facultative diminution), or in response to physiological stress (i.e., enforced diminution; 

cf. Gingras et al., 2012b). The combination of diminution (either by facultative or by 

enforced diminution), and the dominance of ethological generalists likely indicate that the 

depositional conditions were physico-chemically stressed, possibly due to persistent, low 

salinity brackish-water conditions (e.g., Pemberton et al., 1982; Ranger and Gingras, 

2003; MacEachern and Gingras, 2007; MacEachern et al., 2007a; MacEachern and 

Bann, 2008; Gingras et al., 2011; Gingras et al., 2012b).  

Example B displays a diverse trace fossil suite consisting of both specialized 

(e.g., Asterosoma) and facies-crossing ichnogenera (e.g., Planolites, Skolithos, 

Thalassinoides). However, the specialized ichnological forms occur in low proportions 

and display some diminution (e.g., Asterosoma, Diplocraterion, and Skolithos). Example 

B is interpreted to reflect a less physio-chemically stressed depositional environment 

compared to example A, and records deposition under normal marine conditions 

characterized by slow and continuous sedimentation rates. Correspondingly, the slight 

diminution of the more specialized traces likely indicates a minor chemical stress on the 

system, likely due to reduced water salinities (e.g., Pemberton et al., 1992; Gingras et 

al., 2007; MacEachern et al., 2007a; Gingras et al., 2011; Gingras et al., 2012b). 

Example B is interpreted as a shoreface deposited along the margins of a restricted 

embayment with nearly normal marine salinities.  

Example C displays the most robust ichnogenera and the most diverse trace 

fossil suite. The suites are composed of both facies-crossing forms (e.g., Planolites, and 

Thalassinoides) and ichnogenera associated with more specialized behaviors (e.g., 

Asterosoma, Diplocraterion, and Scolicia; cf. Gingras et al., 2007; MacEachern et al., 
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2007a). These ichnological characteristics are commonly interpreted to be an indication 

of deposition under ambient, more normal marine conditions (cf. Frey and Pemberton, 

1985; Pemberton et al., 1992; Gingras et al., 2007; MacEachern and Gingras, 2007; 

MacEachern et al., 2007a; Gingras et al., 2011). Further, the trace fossil suite for 

example C is most akin to that of a proximal expression of the Cruziana Ichnofacies (cf. 

MacEachern et al., 2007a; MacEachern and Bann, 2008). 
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Differentiating brackish embayment shoreface and deltaic deposits in the upper 

McMurray 

Like comparison of shoreface types, differentiating shoreface from deltaic 

deposits relies on recognizing the discrete ichnological and primary sedimentary 

features each display. Figure 2.16 displays a side-by-side comparison of two shoreface 

deposits and two deltaic deposits. These samples are taken from the upper McMurray 

Fm and from the so-called “Wabiskaw D” (or the MWD parasequence, as discussed in 

Chapter 3). Examples A and B are taken from the same stratigraphic interval (within the 

upper McMurray), and examples C and D are taken from the same stratigraphic interval 

(within the so-called “Wabiskaw D”, or MWD). Example A (Facies 4a) is interpreted as a 

shallow-, brackish-water embayed shoreface deposit. Example B (Facies 7a) is 

interpreted as a shallow- brackish-water distal delta-front deposit recording progradation 

into an embayment (possibly a shallow-, and brackish-water embayment). Example C 

(Facies 7a) is also assigned as a distal delta-front deposit, recording progradation into 

an embayment (possibly an open embayment). Example D (Facies 9) is interpreted as 

part of a shoreface associated with an open to sheltered embayment (see Facies 

Analysis section and Table 2.01 for detailed description and interpretation of facies).  

Units associated with accumulation in a shoreface environment display 

significantly higher bioturbation intensities and trace fossil diversities compared to their 

deltaic counterparts (e.g., Gingras et al., 1998; Bann and Fielding, 2004; MacEachern et 

al., 2007c; MacEachern and Bann, 2008). In Figure 2.16, Examples A and D correspond 

to two different shoreface types that occur in the McMurray Formation and in the 

“Wabiskaw D” (A: a shallow embayed shoreface deposit; and B: an open to sheltered 

embayed shoreface). Examples A and D display significantly higher bioturbation 

intensities (A and D have BI values of 3-4, whereas B and C display BI values of 0-2). In 

both shoreface samples, mudstone interbeds are predominantly biogenically 

homogenized and primary sedimentary structures are disrupted owing to pervasive 

bioturbation. Example D displays the highest trace fossil diversity (~6 ichnogenera), 

followed by Sample A (~ 5 ichnogenera). By contrast, the deltaic units in B and C display 

more limited trace fossil diversities (2-3 ichnogenera). The intensity of bioturbation and 

trace fossil diversity in Example D is an indication that it represents the least physico-

chemically stressed depositional environment, followed by example A (cf. Frey and 

Pemberton, 1985; Pemberton et al., 1992; Gingras et al., 2007; MacEachern et al., 
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2007a; MacEachern et al., 2007c; MacEachern and Bann, 2008; Gingras et al., 2011). 

Examples B and C represent a depositional environment with significantly greater 

physico-chemical stresses, possibly due to the influences of fluvial input (reduced 

salinity, elevated depositional rates, etc.,). When compared at the parasequence scale, 

shoreface successions are also typically thinner and form less numerous sanding-

upwards successions within individual parasequence sets compared to stratigraphically 

equivalent deltaic successions. This being said, differentiation of deltaic and shoreface 

deposits is more accurately attained via detailed sedimentary and ichnological analysis, 

than based on geophysical well log comparison (cf. Coates and MacEachern, 2009).   

Deltaic deposits typically display an increase in muddy interbeds and 

carbonaceous detritus, and a decrease in bioturbation intensities and trace fossil 

diversities (cf. Moslow and Pemberton, 1988; Gingras et al., 1998; Bann and Fielding, 

2004; MacEachern et al., 2005; MacEachern et al., 2007c). In Figure 2.16, samples B 

and C are examples of deltaic deposits that occur in the study interval. These samples 

display discrete, largely unburrowed interbeds of mudstone and sandstone, both of 

which contain abundant carbonaceous detritus. Sandstone beds commonly display 

current to combined flow ripple and micro-HCS laminae. Mudstone beds display delicate 

internal laminae, local normal grading, and syneresis cracks attesting to their more rapid 

and dynamic deposition. Examples B and C also display reduced bioturbation intensities 

and trace fossil diversities compared to examples A and D. Further, these units are 

dominated by facies-crossing forms (e.g., Planolites, Thalassinoides, and Cylindrichnus), 

demonstrating a relatively more physico-chemically stressed depositional environment 

(MacEachern and Gingras, 2007; MacEachern et al., 2005; MacEachern et al., 2007c; 

MacEachern and Bann, 2008; Gingras et al., 2011).  

These distinguishing features hold true in both the upper McMurray Fm and in 

the “Wabiskaw D” interval. However, it is important to remember that with greater 

distance from fluvially induced physico-chemical stresses and with greater proportions of 

sedimentary reworking (either by tidal or oscillatory processes), differentiation between 

shoreface and deltaic end members becomes progressively more challenging 

(MacEachern et al., 2005; MacEachern and Bann, 2008).
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Environmental interpretations and implications  

A common occurrence in these facies associations is the gradual shift of 

proximal deposits over more distal deposits. Further, the associations are generally 

packaged by identifying the abrupt placement of more distal deposits over proximal (cf. 

Van Wagoner et al., 1988). When comparing the facies associations, moving upward 

from FA1 to FA5, the bioturbation intensities and the diversities of the trace fossil suites 

generally increase (with the exception of FA3 recording the deltaic facies association). 

This indicates that in moving upwards from the middle McMurray to the Wabiskaw 

Formation, there is an overall decrease in depositional stresses and an increase in more 

ambient marine conditions (when comparing depositionally equivalent deposits; cf. Frey 

and Pemberton, 1985; Pemberton et al., 1992; Gingras et al., 2007; MacEachern et al., 

2007a; MacEachern et al., 2007c; MacEachern and Bann, 2008; Gingras et al., 2011). 

Further, in both deltaic and non-deltaic deposits, the stratigraphically higher successions 

are generally thicker (e.g., 8-12 m deltaic deposits in the upper McMurray compared to 

10-20 m deltaic deposits in the so-called “Wabiskaw D”). The increase in the thickness 

of coarsening-upwards successions upwards may be the result of more complete 

preservation or may record increasing accommodation space and overall progressive 

deepening of the receiving basin (Ranger and Pemberton, 1997; Ranger and Gingras, 

2003; Phillips, 2011). This is consistent with an overall transgressive relationship and 

development of retrogradationally stacked parasequences (see further discussion in 

Chapter 3). 

Petroleum potential  

In the study area, thick packages of continuous bitumen-saturated sands are 

more rarely encountered compared to those in the main Assiniboia Paleovalley. 

However, in the transition between the upper McMurray Fm and Wabiskaw Member 

(“Wabiskaw D”), 5-20 metre-thick packages of bitumen-rich sands (Facies 6 and 9) are 

widespread and could prove to be economically viable reservoirs. In particular, two 

locations in the study area with anomalously thick (15-20m) successions of continuous 

to slightly heterolithic bitumen-rich sands lie in the southwest near MacKay River (T90-

91, R12-14; e.g., wells 1AA/09-29-091-12W4, 1AA/05-27-091-14W4; cf. Broughton, 

2013a,b) and near the Bitumount Trough (T93-95, R10-11; e.g., well 1AA/01-22-093-11; 

Fig. 2.17). 
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2.5 Conclusions:  

Deposits in the upper McMurray Fm are laterally variable and represent a 

complex association of shallow-marine depositional environments. In analyzing cored 

intervals from the upper McMurray Fm and lower Wabiskaw Mbr, 13 facies contained 

within 5 unique and recurring facies associations are identified. Based on process-

response models, these deposits are interpreted to represent deposition in: 1) tidal-

fluvial estuarine to tidal flat environments; 2) shallow-water and brackish-water 

embayments; 3) wave-dominated to mixed river- and wave-influenced shallow-water 

deltas; 4) shorefaces of open embayments; and 5) shorefaces deposited in open 

shoreline normal marine settings. The distinction between shoreface types and their 

differentiation from deltaic deposits are made possible by detailed characterization of the 

sedimentary features (both primary sedimentological and ichnological). The 

differentiation of these deposits assists in accurately mapping the distribution of 

depositional cycles and improves interpretations of the paleoshoreline geometries in the 

study interval.  Chapter 3 of this thesis focuses on stratigraphy, distribution of the 

paleoenvironments, and how these paleoshorelines evolved during deposition of the 

upper McMurray Formation and lower Wabiskaw Member.  
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Chapter 3: Stratigraphy 

Introduction:  

Chapter 3 focuses on unraveling the stratigraphic architecture of the upper 

member of the McMurray Formation by examining flooding surfaces and the facies 

associations they constrain. Flooding surfaces were identified by a decrease in the 

proportion of sandstone and the juxtaposition of distal facies over more proximal facies 

(cf. Van Wagoner et al., 1988). Facies and well log characteristics associated with the 

flooding surfaces were examined in order to establish criteria for differentiating allogenic 

(stratigraphically significant) flooding surfaces from more localized autogenic surfaces. 

Further, focus was placed on mapping individual deltaic and shoreface type deposits. 

Delta-front “shingles” (cf. Bhattacharya and Walker, 1991) that define individual deltaic 

lobes were identified in cored intervals and on geophysical well logs. By identifying the 

stratigraphically significant surfaces and mapping the internal facies distributions of each 

stratigraphic interval, a better understanding of how the paleoshoreline evolved during 

upper McMurray deposition was attained.  

In the study area, the upper McMurray Formation typically consists of a 

combination of 2-3 stratigraphic intervals separated by flooding surfaces. Where 

erosional, the contact between stratigraphic intervals is marked by Glossifungites 

Ichnofacies-demarcated surfaces and denotes a transgressive surface of erosion (TSE). 

This study employs a modified version of the AER sequence stratigraphic model (Fig. 

3.01). In the study area, the A1 and A2 parasequences occur as a single parasequence, 

similar to what is described in Barton 2016, as the MM3 parasequence. Further only one 

of the B parasequences occurs in the study area, and is referred to as the B 

parasequence. Barton 2016, noted that the B1 parasequence occurs more commonly to 

the east of the study area (Barton, 2016). Under this nomenclature, the so-called 

“Wabiskaw D” is referred to as the McMurray-Wabiskaw D (MWD) parasequence, the 

“A1/A2” as the A parasequence (cf. Hein and Cotterill, 2006; Hein et al., 2013). Most 

significantly, the top of the “MWD” parasequence represents a marine flooding surface 

that divides salinity stressed brackish-water deposits below from fully marine deposits of 

the Wabiskaw Member above.  



98 

 

 

 

 

 

Figure 3.01: Modified AER sequence stratigraphic model compared to the commonly used AER 

lithostratigraphic model based on the work of Hein and Cotterill (2006), and Hein et al., (2013). Modified from 

MGC Sequence Stratigraphic Model (courtesy of Shahin Dashtgard). 
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3.1. Methods 

This study is based on detailed core lithologs integrated with wireline log data 

from wells located within the Central-C study area (see Fig. 2.01). A preliminary analysis 

of the geophysical logs in the study area was conducted in 2016 prior to core logging, to 

facilitate the selection of cored intervals. The base of the upper McMurray Fm was 

identified at the time by a sharp increase in the API value on the gamma-ray log, a 

change in neutron density separation (dominantly an increase), and a decrease in 

resistivity values. This surface was commonly seen to be overlain by one or more 

coarsening-upwards successions. The study interval logged for this research extends 

from 5 metres below the base of the upper McMurray to 1m above the Wabiskaw 

Marker.  

Once cores were examined and potential stratigraphically significant surfaces 

were identified, the geophysical properties of these surfaces were compared and used to 

expand outward into adjacent unlogged wells using geoSCOUT software (8.6 database; 

September 2018). The geophysical features of the recurring stratigraphically significant 

surfaces are discussed in the following section of this chapter. Isopach maps and 

elevation maps (both 2-dimensional and 3-dimensional) were created using a 

combination of geoSCOUT 8.6, Microsoft Excel 365, and Surfer 11 software. These 

maps utilize the thickness and elevation of stratigraphically significant surfaces to 

provide relevant details about the contacts, and are based on approximately 2500 wells 

(expanded from the 100 wells with cored intervals and/or core photographs). 

Paleoelevation maps were created using the elevation of stratigraphically significant 

surfaces compared to the elevation of the Wabiskaw Marker. The Wabiskaw Marker was 

used as a datum because it is regional, correlative, and represents a surface with 

minimal relief (refer to Section 3.1.1 for further discussion). Current elevation maps were 

also made to display the modern structure of the surface, and to allow comparison of 

paleoelevation maps. When comparing the modern elevation maps with the 

paleoelevation maps similarities can be seen; in particular, the positions of high and low 

elevations remain constant between both maps. The current elevation maps when 

partnered with isopach maps may provide insights to the depositional environment when 

paleoelevation maps are not available (e.g., when a suitable datum is not available or 

has been removed due to erosion).  
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Three facies distribution maps were created, one for each of the parasequences 

B-MWD. In each parasequence, the geophysical features of shoreface and deltaic facies 

were expanded from “known” wells having both lithologs and wireline logs into 

“unknown” wells possessing only wireline logs. The database consists of 100 wells with 

core and log data to 200 unlogged wells, ranging from 1-40 wells per Township and an 

average of 8 wells per Township, depending upon the availability of suitable logs. These 

logs indicate a thickening of shoreface and deltaic deposits upwards from the B 

parasequence to the MWD parasequence. These maps are further discussed under 

Facies Distribution in Section 3.2 of this chapter.  

Allogenic and autogenic flooding surfaces were compared in core and on 

geophysical logs to determine distinguishable features. It was found that allogenic and 

autogenic flooding surfaces are distinguishable based on sedimentological, ichnological, 

and geophysical features (refer to Section 3.3.1). Delta shingle thickness maps were 

created for the A parasequence in order to identify the direction and extent of 

progradation. Two focus locations of deltaic deposits were chosen, based on the 

proximity of logged well data and available geophysical data. Using wells with available 

core photos, the geophysical properties of autogenic flooding surfaces were identified 

and correlated to adjacent wells (120 geophysical wells were correlated from 40 logged 

wells, and a common ratio of 1:4 logged wells to unlogged wells. Well spacing varies 

from 1 well per 600-900 A. Autogenic surfaces were traced along depositional strike and 

down depositional dip. Using geoSCOUT, the thickness of each delta shingle was 

manually measured and exported into Surfer to produce isopach thickness maps of 

individual delta shingles. The shingle maps were then exported into Adobe Illustrator to 

create a composite map that outlines the extent of each progradational shingle. In 

localities where the mapping of an individual shingle was limited due to the paucity of 

data, the areal extents and amount of progradation observed in the focus locations were 

used as a reference template.  

A comparison of upper McMurray flooding surfaces to the position of the 

“Wabiskaw Marker” was made to evaluate the suitability of these latter surfaces as local 

datums where the Wabiskaw has been removed. The surfaces that occur parallel to 

subparallel with the “Wabiskaw Marker” datum are the surfaces “Top MWD” (where 

present and not subject to Quaternary erosion), “Top A” (where not significantly eroded 
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by the MWD parasequence or the Wabiskaw Member), and the “Top B” (where the 

parasequence has not been subject to erosion).    

Several cross-section maps were created throughout the study area to aid in the 

identification and differentiation of stratigraphic surfaces. Cross-sections were created 

using geoSCOUT software (8.6 database), and annotated in Adobe Illustrator. Cross-

section maps indicate how these stratigraphic surfaces vary across the study area. 

Where preserved, the “Wabiskaw Marker” is used as the datum for the cross sections. 

Where the “Wabiskaw Marker” has been removed, a combination of the stratigraphic 

surfaces “Top MWD”, “Top A”, and “Top B” were used as local datums. This is discussed 

in detail in the subsequent Cross Section and Datum portions of this chapter (Sections 

3.2.4 and 3.3.3).  

3.1.1 Stratigraphic Surfaces: 

The following stratigraphic surfaces and parasequences were encountered in the 

study interval, and are employed throughout this chapter. Each one of the following 

descriptions represent the most common characterizing features, and are based on both 

core and geophysical observations. For reference, Figures 3.02-3.04 depict lithologs 

(including lithology, bioturbation intensity, ichnogenera, facies, and facies associations 

present, and the position of stratigraphic surfaces) in conjunction with geophysical logs 

(gamma-ray, neutron-density, and resistivity). These logs correlate to the core 

photographs of Figures 3.05 and 3.06.  

Wabiskaw Marker: The “Wabiskaw Marker” is a recurring and identifiable feature 

that occurs regionally throughout the study area. It is identified on geophysical logs as a 

sharp shift to the left on the neutron-density log (decrease on neutron log ranges from 

12-24% porosity, and 6-12% on the density log), and corresponds to a decrease in the 

number of ohm’s per meter (ohm-m) on the resistivity log (commonly producing a “C-

shape”, decrease commonly ranges from one to one-half of a logarithmic scale; Fig. 

3.04). In core, the Wabiskaw Marker is indicated by a sharp contact, marking the 

juxtaposition of Facies 12 and the overlying dark bioturbated mudstone of Facies 13 

(Fig. 3.06). The Wabiskaw Marker is used in this study as the principal stratigraphic 

datum, owing to its correlatability and its close proximity to the study interval. The 

Wabiskaw Marker is associated with the introduction of lower offshore marine deposits 
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and represents a relatively flat (horizontal) depositional surface.  As such, it is a good 

candidate for a reference horizon (e.g., Flach, 1984; Keith et al., 1988; Wynne et al., 

1994; Ranger and Pemberton, 1997). Further, the Wabiskaw Marker is associated with 

the most basinal deposits exhibited in the study interval, and marks the top of a fining-

upwards succession (refer to Chapter 2; Facies 13 and Facies Association FA5). The 

Wabiskaw Marker is interpreted as a maximum flooding surface (e.g., Wightman and 

Pemberton, 1997; Phillips, 2011). 

Top MWD: The Top MWD is a stratigraphically significant flooding surface that 

commonly corresponds to the top of the McMurray Formation (Top McMurray). It is 

identified on geophysical logs by an increase in API on gamma-ray logs (an increase of 

20-45 API is common, but towards the Grosmont High, an increase is 60 API is 

apparent), a slight decrease in ohm-m on the resistivity log and, most notably, by an 

increase in neutron-density separation (of 6-9% porosity) immediately followed by 

anomalously high porosity values that increase upwards on the neutron log (increase of 

15% neutron porosity is common; Fig. 3.02-3.04). In core, the Top MWD corresponds 

variably to a flooding surface or a Glossifungites Ichnofacies-demarcated transgressive 

surface of erosion (TSE) that separates Facies 9 of the upper McMurray from Facies 12 

of the Wabiskaw Member (Figs. 3.05, 3.06).  

MWD Parasequence: The MWD parasequence consists of sanding-upwards 

cycles of Facies 9 and 10 (Facies Association FA4; Figs. 3.05,3.06). On geophysical 

logs, the MWD parasequence is identified by an upwards decrease in API values on the 

gamma-ray log, with decreasing separation on the neutron and density logs, coupled 

with a predominance of upwards increasing porosity values on both the neutron and 

density logs (Figs. 3.02,3.04).  

Top A: Where the MWD parasequence is absent, the Top A corresponds to the 

top of the McMurray Formation. On geophysical logs, the Top A is identified as an 

increase in separation between the neutron and density logs (increase in separation of 

6-12% between porosity logs), and an increase in API on the gamma-ray log (an 

increase in 15-45 API is common; Fig. 3.02, 3.04). Where the Top A corresponds to Top 

McMurray, these features are succeeded by anomalously high porosity values on the 

neutron log (Fig. 3.03). In core, the Top A surface represents a flooding surface or a 
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Glossifungites Ichnofacies-demarcated transgressive surface of erosion that separates 

FA2 or FA3 from FA4 or FA5 (Fig. 3.05, 3.06). 

A Parasequence: The A parasequence consists of autogenically stacked 

sanding-upwards cycles of FA3 and coarsening-upwards successions of FA2 (Fig. 3.02-

3.06). The A parasequence has a thicker, more uniform thickness compared to the B 

parasequence. On geophysical logs, the A parasequence is dominantly expressed as a 

sporadic, upwards decrease in API on gamma-ray logs, with an accompanying upwards 

decrease in the separation between the neutron and density logs (Fig. 3.02-3.04).  

Autogenic Flooding Surfaces: Autogenic flooding surfaces resulting from 

avulsion-driven changes in the position of sediment supply and are depicted in core as 

the juxtaposition of more distal over more proximal deposits (Fig. 3.05). These changes 

do not coincide, however, with an increase in bioturbation intensity or trace fossil 

diversity. These tend to be associated with deltaic facies successions (FA3), and are 

expressed by the presence of prodeltaic mudstones and heterolithic units (F8 and F7) 

directly overlying sandy deposits of the delta front (F6).  This demonstrates the general 

persistence of progradational regression, albeit with shifts in the locus of sediment 

delivery.  Autogenic flooding surfaces are more difficult to discern on geophysical logs, 

but are commonly depicted as minor increases in API on gamma-ray logs, subtle 

changes in the separation between neutron and density logs, and a decrease in ohm-m 

on the resistivity logs (Fig. 3.03). These changes are subtle compared to those 

associated with allogenic flooding surfaces. This topic is further elaborated upon in the 

Discussion in Section 3.3 of this chapter.  

Top B: The Top B is a stratigraphically significant flooding surface that is 

recognizable in core by an increase in mudstone content that occurs in conjunction with 

an increase in bioturbation intensity and trace fossil diversity. The Top B commonly 

overlies Facies 5 (Fig. 3.03, 3.05). On geophysical logs, the Top B is recognizable by an 

increase in separation between the neutron and density logs (separation increases by 9-

15%; neutron kicks left, density to the right).  This also corresponds to a decrease in 

resistivity values, and an increase in API on gamma-ray logs (increases to ~75-100 API).  

B Parasequence: The B parasequence represents a fining-upwards to 

coarsening-upwards succession. In core, the B parasequence is dominated by 
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coarsening-upwards successions of FA2 and locally FA3. Rare fining-upwards 

successions consist of progradational tidal flat deposits of Facies 3 (see Chapter 2 

Facies 3; Table 2.01). On geophysical logs, the B parasequence displays the least 

consistent features of any marker. The most notable geophysical characteristic of the B 

parasequence is that the neutron-density logs are parallel to subparallel, with a slight 

increase in the average porosity upwards on both neutron and density logs. 

Top C: The Top C is expressed in core by the transition from more sparsely 

bioturbated sandstone and mudstone (FA1), to sandstone and mudstone showing 

greater bioturbation intensities and trace fossil diversities (FA2, and less commonly 

FA3). Further, the Top C marker typically coincides with a shift from successions that 

dominantly fine upwards, to ones that dominantly coarsen upwards. This surface 

correlates on the geophysical logs to an increase in API (increases to ~95-120 API) on 

the gamma-ray log, an increase in separation between the neutron and density logs 

(increase in separation of 9-15% is common), and a decrease in resistivity values (a 

decrease of 5-10 integers on the logarithmic scale).  
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Figure 3.02: Facies and geophysical log characteristics of well 1AA/14-17-092-10W4: Geophysical logs are 

represented on the left of the figure. Logs represented from left to right are: Gamma-ray log (scale: 0-150 API), 

neutron-density track (scale: 1-60% porosity), and the resistivity log (scale: 0.2-2000 ohm*m). Logs retrieved from 

geoSCOUT (December 2018). Parasequence C is represented in yellow (the stratigraphic surface Top C is 

indicated by a yellow line), parasequence B is represented in orange (the stratigraphic surface Top B is indicated 

by an dark orange line), parasequence A is represented in peach (the stratigraphic surface Top A is indicated by a 

light orange line), the Wabiskaw Member is represented in green (the stratigraphic surface Top MWD / Top 

McMurray is represented by a green line). Litholog was produced using AppleCORE software (donated by Dr. 

Mike Ranger). Bioturbation Index ranges from 0-6 (cf. Reineck,1963; Taylor and Goldring, 1993; Bann et al., 

2004). Facies numbers, and related colors are the same as those represented in Table 2.01 (Chapter 2).  
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Figure 3.03: Facies and geophysical log characteristics of well 1AA/03-28-094-11W4: Geophysical logs are 

represented on the left of the figure. Logs represented from left to right are: Gamma-ray log (scale: 0-150 API), 

neutron-density track (scale: 1-60% porosity), and the resistivity log (scale: 0.2-2000 ohm*m). Logs retrieved from 

geoSCOUT (December 2018). Parasequence C is represented in yellow (the stratigraphic surface Top C is 

indicated by a yellow line), parasequence B is represented in orange (the stratigraphic surface Top B is indicated 

by a dark orange line), parasequence A is represented in peach, the Wabiskaw Member is represented in green 

(the stratigraphic surface Top McMurray is represented by a green line). Autogenic flooding surfaces are indicated 

by a dashed black line. Litholog was produced using AppleCORE software (donated by Dr. Mike Ranger; 

Bioturbation Index ranges from 0-6 (cf. Reineck,1963; Taylor and Goldring, 1993; Bann et al., 2004). Facies 

numbers, and related colors are the same as those represented in Table 2.01 (Chapter 2).  
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Figure 3.04: Facies and geophysical log characteristics of well 1AA/10-02-095-12W4: Geophysical logs are 

represented on the left of the figure. Logs represented from left to right are: Gamma-ray log (scale: 0-150 API), 

neutron-density track (scale: 1-60% porosity), and the resistivity log (scale: 0.2-2000 ohm*m). Facies numbers, 

facies association numbers, and related colors are the same as those represented in Table 2.01 (Chapter 2). 
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3.2. Geological Maps  

3.2.1 Isopach and Elevation Maps  

Isopach maps graphically display the thickness of a given interval or lithesome, 

and in doing so, provide potential insights into accommodation space. In general, thicker 

successions typically indicate a location where ample accommodation space and 

sedimentation led to the buildup of a thicker deposit (e.g., in topographic lows), and 

thinner internals generally indicate a lack of accommodation space and/or paucity of 

sedimentation (e.g., on topographic highs). Paleoelevation maps provide insights into 

the paleotopography and/or paleostructure of a stratigraphic surface, by comparing 

points of elevation to those of a surface that is presumed to be generally flat and planar. 

In doing so, variations in elevation values indicate morphological changes on the surface 

of interest. The stratigraphically significant surfaces used to make these elevation maps 

in the study area all represent allogenic flooding surfaces (based on facies 

relationships).  

The paleoelevation of the SCU (Wabiskaw Marker [inferred to be flat] to SCU) 

and the isopach map of the McMurray Formation (Top McMurray [inferred to be flat] to 

SCU) provides insights into the inferred paleotopography of the SCU (e.g., Flach, 1984; 

Ranger and Pemberton, 1997; Hein et al., 2000; Phillips, 2011; cf. Hauck et al., 2017). 

The upper McMurray stratigraphic surfaces are diachronous and have experienced post-

depositional erosion as well as possible structural modification. As such, paleoelevation 

maps of these surfaces are likely to display differences from their original 

paleotopography. However, when compared to both isopach maps and the SCU 

paleoelevation maps, accommodation patterns (positions of thick and thin McMurray 

deposits) and elevation highs remain consistent. For example, the Grosmont High and 

the topographic high separating the study area from the Main Valley Trend show general 

agreement on isopach maps (Figs 3.07, 3.09, 3.11; surface in question to Top 

McMurray), Paleoelevation (Figs. 3.08a, 3.10a; surface in question to Wabiskaw 

Marker), and present-day elevation maps (Figs 3.08b, 3.10b, 3.12; surface in question to 

modern sea level). Therefore, it is inferred that although post-depositional modification 

has altered our view of the original paleotopography, relative paleotopographic variation 

may be inferred by the combined use of isopach and paleoelevation maps.  
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Present-day elevation maps display the current structural attitude of the surface, 

and were created using modern sea-level as a reference. Paleoelevation maps indicate 

the relative position of interpreted paleotopographic highs and lows, and were created 

using the Wabiskaw Marker as a horizontal “paleosea-level” reference. The isopach, 

paleoelevation, and current elevation maps presented in this section (Fig. 3.07-3.12) are 

based on between 2000-4500 wells (expanded from the 100 wells with core logs and or 

core photographs), and were created by importing geoSCOUT data into Surfer 

(geoSCOUT 8.6 database; Surfer 11). 

Figures 3.07 is an isopach map of the McMurray Formation from the SCU to the 

Top of the McMurray Formation. Figures 3.08a is a paleoelevation map and a 3D map of 

the SCU, wherein elevations were calculated using the Wabiskaw Marker as a datum. 

Figure 3.08b maps the present-day elevation of the SCU. These elevation maps (both 

current and paleoelevation) provide insights into the relative positions of 

paleotopographic highs and lows. Figures 3.09 is an isopach map of the upper 

McMurray from the Top B to the Top of McMurray Formation (inferred to be flat lying). 

Figure 3.10a indicates a paleoelevation and 3D map of the Top B surface calculated 

using the Wabiskaw Marker as a datum. Figure 3.10b maps the present-day elevation of 

the Top B surface. Figures 3.11 is an isopach map of the Wabiskaw Formation, from the 

Top of McMurray Formation (Top MWD, and Top A where MWD parasequence has 

been removed) to the Wabiskaw Marker (inferred to be flat lying). Figure 3.12 maps the 

present-day elevation of the Top of McMurray Formation (Top MWD, and Top A where 

MWD parasequence has been removed).  

The isopach of the McMurray Formation (Fig. 3.07), paleoelevation and modern 

elevation maps of the Sub-Cretaceous Unconformity (Fig. 3.08) indicate the presence of 

a single paleovalley trending to the northwest, with paleotopography that deepens 

towards the northeast. The isopach map of the upper McMurray (Fig. 3.09) and 

paleoelevation maps of the Top B (Fig. 3.10) indicate that depositional environments 

were restricted on both sides by topographic highs with topography that deepens to the 

northeast. Due to erosion of the A parasequence by ravinement associated with the 

MWD parasequence, the Wabiskaw Member, and later Quaternary glacial scour, the 

elevation maps give the clearest representation of the paleotopography that existed 

during the onset of upper McMurray deposition. The isopach map (Fig. 3.11) and 
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elevation maps (Fig. 3.12) of the Wabiskaw Member of the Clearwater Formation (Fig. 

6,7) indicate a depositional environment with a more even topography, that likewise 

deepens to the northeast, and with has a depositional strike trending southeast to 

northwest. Collectively, these maps indicate an “upwards-healing” and leveling of the 

karstic paleotopography (e.g., Hein et al., 2006; Barton, 2016).  
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Figure 3.07: Isopach map of the McMurray Formation 

Isopach map from the top of the McMurray Formation to the Sub-Cretaceous Unconformity. Thickness varies from 

0-140 m. Map is shaded from red (thick) to blue (thin). The map depicts a thickening to the northeast. Two 

stratigraphic highs occur to the east and west, effectively isolating the study area from both the Ells Paleovalley to 

the west and the Main Valley Trend lying to the east.  

 Figure 3.08a and 3.08b Following Pages: Paleoelevation and 3D elevation map of the Sub-Cretaceous 

Unconformity, and present-day elevation and 3D map of the SCU, respectively 

These maps depict a deepening to the northeast and a highly variable karsted terrain. Maps are shaded from 

green (topographic highs; 20 metres below the Wabiskaw Marker, and 320 m above sea-level) to blue 

(topographic lows; 120 metres below the Wabiskaw Marker, and 140m above sea-level). A single paleovalley 

occurs in the study area from the south-east to the north-west. Maps were created using Surfer 11 software, using 

geoSCOUT data. All ranges are west of the 4th Meridian. 
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Figure 3.09: Isopach map of the A and MWD Parasequences  

Isopach map from the Top B surface to the top of the McMurray Formation, and indicates the thickness of the A 

and MWD parasequences. Thickness varies from 5-31 m. Quaternary erosion affects the thickness of the interval 

in the northeast, and is outlined in a dashed black line. Map is shaded from red (thick) to blue (thin).  

Figure 3.10a and 3.10b (Following Pages): Paleoelevation and 3D elevation map of the upper member of 

the McMurray, and present-day elevation and 3D map of the upper McMurray Fm 

Maps are of the base of the A Parasequence. These maps depict a less variable, more even landscape 

compared to that of the SCU. Map is shaded from green (interpreted as topographic highs) to blue (interpreted as 

topographic lows). The red line depicts the position of the SCU, and the interval between indicates the thickness 

of the middle McMurray. 

Maps were created using Surfer 11 software, using geoSCOUT data. All ranges are west of the 4 th Meridian. 
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Figure 3.11: Isopach map of the Wabiskaw Member  

Isopach map from the Top McMurray Formation to the Wabiskaw Marker. Thickness varies from 1-20.5 m. 

Quaternary erosion affects the thickness of the interval in the northeast, and is outlined in a dashed black line. Map 

is shaded from red (thick) to blue (thin).  

Figure 3.12 (Following Page): Elevation map of Top of the McMurray Formation/ Base of Wabiskaw 

Member 

These maps depict a less variable, more even landscape compared to that shown in both of the previous elevation 

maps. Map is shaded from green (interpreted as topographic highs; 340 m above sea-level) to blue (interpreted as 

topographic lows; 250m above sea-level). The red line depicts the position of the SCU, and the black line the Top 

B parasequence. 

Maps were created using Surfer 11 software, using geoSCOUT data. All ranges are west of the 4th Meridian. 
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3.2.2 Facies Distribution  

The facies distribution maps presented in this section (Fig. 3.13-3.15) depict the 

thickness and distribution of embayed shoreface deposits (FA2 in orange, and FA4 in 

blue) and deltaic deposits (FA3 in purple) that occur in parasequences B-MWD. These 

maps display the variable distribution of both shoreface and delta deposits that occur as 

upper McMurray parasequences. Figure 3.13 displays the distribution of facies in the B 

parasequence. In the B parasequence, the deposits are thin and relatively sparse. 

Further, delta and shoreface deposits are dominantly isolated around inferred 

paleotopographic lows, portrayed on the paleoelevation map (i.e., Top B surface). Figure 

3.14 depicts the A parasequence, and indicates the presence of thicker and more 

dispersed deposits compared to those of B parasequence. Deposits are dominantly 

confined to the northeastern, triangular half of the study area, and occur in 

paleotopographic highs and lows, with the exception of the Grosmont Spur to the west. 

The large deltaic deposit in the southern part of the study area appears to have 

originated from the Main Valley Trend. Figure 3.15 depicts the MWD parasequence. This 

map indicates that both deposit types are substantially thicker and more widely 

distributed compared to those of the MWD and A parasequences. When compared to 

the previous elevation maps, deltaic deposits shift from occurring dominantly in the east 

to occurring predominantly in the west. Further, the deltaic deposits appear to have 

originated from the Ells Paleovalley over the Grosmont Spur, rather than from the Main 

Valley Trend.  

 These maps indicate that both the embayed shoreface and deltaic deposits 

become progressively widespread and thicker upwards from parasequence B to 

parasequence MWD. Although preservation potential may account for a portion of this 

effect, the substantial increases in distribution and thicknesses are likely not solely the 

result of preferential preservation. Even where the upper contacts of parasequences A 

and B are not erosional, the parasequences only rarely reach a maximum thickness of 

10-15m. By contrast, 20-metre successions are not uncommon in the MWD 

parasequence. This upward increase in the thickness and distribution of shoreface and 

deltaic intervals likely indicates that overall accommodation space increased from B to 

MWD, and likely points to transgression and subsequent deepening.  
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Figure 3.13: Delta and shoreface deposit distribution map of the B parasequence  

Map depicts the distribution of shoreface and delta deposits that occur in the entire B 

parasequence. As these deposits occur throughout the B parasequence, they are not taken to 

be time equivalent. Thick black lines demarcate facies boundaries. Shades of purple depict 

the thickness of deltaic deposits (Facies 6-8; 0-5 m), and orange represents the thickness of 

shoreface deposits (Facie 3-5; 0-13 m). Deposits are thin, relatively sparse, and are 

predominantly isolated around inferred paleotopographic lows illustrated in the paleoelevation 

map.  

Map were created with Surfer 11 software, using geoSCOUT data. All ranges are west of the 

4th Meridian. Distribution maps are overlain on top of the Top B paleoelevation map.  
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Figure 3.14: Delta and shoreface deposit distribution map of the A parasequence  

Map depicts the distribution of shoreface and delta deposits that occur in the entire A 

parasequence. As these deposits occur throughout the A parasequence, they are not taken to 

be time equivalent. Thick black lines demarcate facies boundaries. Shades of purple depict 

the thickness of delta deposits (Facies 6-8; 0-16 m), and orange represents the thickness of 

shoreface deposits (Facie 3-5; 0-10 m). Deposits are thicker and more widely distributed 

compared to those of the B parasequence. Deposits are dominantly confined to the 

northeastern triangular half of the study area. The large southern deltaic deposit appears to 

have originated from the Main Valley Trend.  

Map were created with Surfer 11 software, using geoSCOUT data. All ranges are west of the 

4th Meridian. Distribution maps are overlain on top of the Top B paleoelevation map.  
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3.2.3 Delta Shingle Thickness Maps  

Figure 3.15: Delta and shoreface deposit distribution map of the MWD parasequence 

Map depicts the distribution of shoreface and delta deposits that occur in the entire MWD 

parasequence. As these deposits occur throughout the MWD parasequence, they are not 

taken to be time equivalent. Thick black lines demarcate facies boundaries. Shades of purple 

depict the thickness of delta deposits (Facies 6-8; 0-20 m), and shades of orange depict the 

thickness of shoreface deposits (Facie 3-5; 0-26 m). Deposits are thicker and more widely 

distributed compared to those of the MWD and A parasequences. Deposits occur over the 

entire study area. When compared to the previous distribution maps, deltaic deposits shift 

from occurring dominantly in the east to predominantly occupying positions to the west. 

Further, the deltaic deposits appear to have originated from the Ells Paleovalley over the 

Grosmont Spur.   

Maps were created with Surfer 11 software using geoSCOUT data. All ranges are west of the 

4th Meridian. Distribution maps are overlain on top of the Top B paleoelevation map.  
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Delta shingle thickness maps were made to display the extent and direction of 

deltaic progradation during each successive phase of autogenic avulsion. These maps 

were created by mapping the extent of autogenic flooding surfaces bounding intervals of 

FA3, and measuring the thickness of individual deltaic shingles. Two focus locations 

(fs1, fs2) were chosen, based on the core availability and the quality of geophysical well 

log data. Wells with core data were used to identify autogenic surfaces that separate 

individual deltaic shingles, and then correlated to the surrounding geophysical logs. 

Figure 3.17 displays a compound map displaying all the deltaic shingles and how they 

are stacked. Further, at focus locations fs1 and fs2, shingle maps for the first three 

avulsion phases are presented. 

In these maps, arrows indicate the direction towards which successive shingles 

appear to have built, and provides a clear indication of the direction of deltaic 

progradation in the study area. In the south (Tamarack Mine site; fs1), delta shingles are 

typically thicker (2-7m thick). Individual delta shingles are ~5-10 km in width (along 

depositional strike) and ~6-9 km in length (down depositional dip). These delta deposits 

appear to have prograded towards the northwest from the Main Valley trend. Deltaic 

shingles in the rest of the study area (including fs2) are thinner (1-5m thick), have a 

more limited extent (≤ 4km in both length and width), and appear to have prograded 

northeast towards the Bitumount Trough. 

The two delta shingle sizes and progradational directions are likely the result of 

differing amounts of accommodation space or of fluvial-sediment input. The 

southeastern corner of the study area was fed from the Main Valley Trend, and likely 

resulted in the production of larger, more extensive deltaic deposits and shingles. 

Further, these locations correlate to occurrences of Facies 6b that, based on its 

sedimentological features, indicates a depositional environment with greater fluvial 

influence (e.g., compare this with Facies 6a; Chapter 2; Table 2.01). The smaller, 

northeastern prograding delta deposits that occur in the remainder of the study area 

likely represent a depositional environment that experienced reduced fluvial input. 
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Figure 3.16: Delta shingle thickness map of the A parasequence 

Maps depict the distribution and thickness of individual deltaic shingles. Delta shingles are displayed in light to dark purple (corresponding to 1-7m in thickness). Black dashed lines indicate the extent of delta shingles. Arrows 

indicate the direction of progressive shingle development and corresponds to progradation direction. Two focus areas (fs1 and fs2) were chosen, based on core and log availability. Fs1 and fs2 subset maps indicate the progressive 

development of the first 3 shingles in order from left to right. Fs1 indicates deltaic progradation towards the northwest, whereas the rest of the deltaic deposits indicate progradation the northeast.  

Maps were created with Surfer 11 software using geoSCOUT data. All ranges are west of the 4th Meridian. Maps are overlain on top of the Top B elevation map.  
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3.2.4 Cross Sections  

Several intersecting cross sections were created to aid in the correlation of upper 

McMurray stratigraphy.  Cross sections were oriented to best illustrate depositional strike 

and dip expressions, stacking patterns, and the variations in the laterally adjacent deltaic 

and shoreface deposits. Figure 3.18 depicts the location of these cross sections. Primary 

and secondary logged wells were used to correlate geophysical wells. The importance of 

using wells with core data is best illustrated in cross-sections C, D, and E. Along the 

western edge of the study area, the differentiation of stratigraphic surfaces is more 

difficult, and wells with core data are essential to stratigraphic correlation. The following 

eight cross sections display the stratigraphy and internal lateral variability of these upper 

McMurry intervals in the Central-C study area (Figs 3.19-3.26).   

Where preserved, the Wabiskaw Marker is used as the datum for the cross 

sections, as it has high correlatability and likely represents a surface that was relatively 

horizontal at the time of its formation. In localities where the Wabiskaw Marker has been 

removed owing to Quaternary erosion (common occurrence in the surface minable 

area), a combination of the stratigraphic surfaces “Top MWD”, “Top A”, and “Top B” are 

used as local datums to allow the correlation of “floating wells”.  

Regionally, these surfaces are subparallel to the Wabiskaw Marker. However, 

due to erosion, these surfaces locally can display variable relief. Along the Grosmont 

High (south of Township 095, and west of Range 12) and near the Bitumount Trough 

(Townships 093-095, Ranges 09-11W4), the Wabiskaw Member and the MWD 

parasequence are eroded into the underlying units. Consequently, the stratigraphic 

surfaces in these locations display more relief. This is apparent in cross-section C-C’ 

(Fig. 3.21), where the stratigraphic surfaces “Top MWD”, “Top A”, and “Top B” display 

the greatest amount of relief (up to 10 metres on the Top MWD surface, up to 15 metres 

of variation on the Top A surface, and up to 25 metres of variation on the Top B 

Surface).  

The Wabiskaw Member of the Clearwater Group typically maintains a relatively 

uniform thickness of approximately 10 metres between the “Top McMurray” and 

“Wabiskaw Marker” surfaces. However, this Wabiskaw interval is thicker (15-20 metres) 

in the southwest corner of the study area and in a topographic low lying between 
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Townships 091-092 and Ranges 10-12W4 (see Wabiskaw isopach map in Fig. 311 and 

cross section C-C’ in Fig. 3.21).  

The MWD parasequence is thickest towards the west, particularly in the 

southwest corner near the Grosmont High, and thins towards the southeast corner of the 

study area. The MWD succession also thickens along a central paleovalley that is 

oriented between Township 095-092 and Ranges 11-10W4 (along cross-section B-B’; 

Fig. 3.20), and adjacent to the Bitumount Trough (Township 093-095, Ranges 09-

11W4). The MWD parasequence continues along a northwest-southeast orientation and 

displays a more variable thickness towards the northeast.  

Deltaic and shoreface deposits occurring in the MWD parasequence are denoted 

on the cross sections by purple and light blue intervals, respectively (note that these are 

the same facies colours as indicated in Table 2.01). Deltaic successions range in 

thickness from 1-20 metres and typically contain up to 3 cycles bounded by autogenic 

flooding surfaces. Shoreface successions range in thickness from 1-20 metres. The 

MWD parasequence contains thick successions of continuous, bitumen-saturated sand, 

particularly towards the southwest corner of the study area and in the vicinity of the 

Bitumount Trough.  

The A parasequence is thickest towards the southeast and thins towards the 

northwest. Thicknesses range from 1-13 metres. When looking at the cross sections of 

deltaic deposits in the A parasequence, they appear as two discrete types: the deltaic 

deposits in the southeastern corner and those towards the centre of the study area. The 

deltaic successions in the centre of the study area pass laterally into shoreface deposits 

along a southeast-northwest trend, thinning towards the northeast (Figs. 3.19, 3.23). 

Deltaic successions in the southeastern portion of the study have a lenticular shape and 

pass laterally into adjacent shoreface deposits along a southwest-northeast orientation, 

thinning towards the northwest (Figs.3.21, 3.25, 3.24, 3.26). Further, the deltaic 

successions in the southeastern corner of the study area have a larger volume/area of 

distribution. These deltaic deposits and their bounding autogenic surfaces extend 5-

10km along depositional strike (Figs. 3.21, 3.25), whereas the central deltaic 

successions have an along-strike extent of 2-4km (Fig 3.19, and Fig 3.23).  
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Parasequence B thins towards the northwest, and is typically 1-10 metres thick. 

Deltaic deposits in the B parasequence are limited to the southeastern corner of the 

study area, near the Main Valley Trend and the Bitumount Trough. These positions 

coincide with paleotopographic lows (cf. Figs. 3.19, 3.21). In the southwest portion of the 

study area, the B parasequence has been removed due to incision prior to the formation 

of the MWD parasequence (Fig. 3.23). 
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Figure 3.17: Location of cross sections  

Map depicting the position and orientation of cross-sections A-H. These cross sections 

provide insight into how the stratigraphic packages are stacked in the study area, as well as 

the direction and magnitude of delta shingle progradation.  

The positions of the cross sections are displayed over an isopach map of the McMurray 

Formation from Top McMurray (stratigraphic surface “Top MWD”) to the Sub-Cretaceous 

Unconformity (SCU).  

Cross-sections A-A’, B-B’, C-C’, F-F’, and H-H’ are oriented approximately along depositional 

strike, whereas cross-sections D-D’, E-E’, and G-G’ are oriented approximately along 

depositional dip. The variation in the orientation of depositional strike and dip from the 

southeast to the northwest is likely the result of geometry of the paleoshoreline.  
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Figure 3.20: Cross-Section C-C’ 

Cross-section C-C’ is oriented southeast-northwest along the eastern edge of the 

Grosmont High. The cross section is oriented approximately along depositional strike, 

but varies towards the southeastern edge. Cross-section C-C’ intersects dip-oriented 

cross-sections D-D’, E-E, and F-F’. The Wabiskaw Marker is used as the stratigraphic 

datum. The cross section displays a thickening of the MWD parasequence towards the 

northwest, which pinches out towards the southeast. The autogenic surfaces present in 

the A parasequence outline a lenticular shape to the deltaic shingles. A deltaic deposits 

pass along strike into embayed shoreface deposits. Allogenic flooding surfaces extend 

beyond these depositional boundaries. * core that intersects two cross-sections. 
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3.3. Discussion  

3.3.1 Allogenic and Autogenic Surfaces  

Flooding surfaces (both allogenic and autogenic) are denoted by a decrease in 

the proportion of sand and the juxtaposition of more distal facies over more proximal (cf. 

Van Wagoner et al., 1988). Facies and well log characteristics of flooding surfaces were 

examined to establish criteria for differentiating the more stratigraphically significant 

allogenic flooding surfaces from the more localized autogenic surfaces. Mapping of 

allogenic flooding surfaces is essential for defining regionally extensive parasequences, 

systems tracts, and identifying the sequence stratigraphic architecture of the upper 

McMurray.  Autogenic flooding surfaces are useful for determining delta lobe dimensions 

and their depositional architecture. 

Allogenic flooding surfaces are stratigraphically significant surfaces that occur 

regionally, and result from external changes to accommodation space and/or sediment 

supply (e.g. changes to base level; Beerbower, 1964; Miall, 1996; Stouthamer and 

Berendsen, 2007; Hampton 2016). Autogenic flooding surfaces in deltas result from 

avulsion-driven changes in the position of sediment supply (cf. Olariu and Bhattacharya, 

2006). Non-deltaic shoreline successions are prone only to allogenic flooding surfaces. 

By contrast, deltaic successions are prone to both allogenic flooding surfaces (which 

correlate to flooding surfaces in adjacent shoreface successions) and autogenic flooding 

surfaces (which do not correlate to flooding surfaces in adjacent shoreface successions) 

(e.g., Morshedian et al., 2012; 2019). As such, by initiating the stratigraphic correlation of 

flooding surfaces from non-deltaic shoreface successions (FA2, FA4) and then moving 

into deltaic successions (FA2), allogenic and autogenic flooding surfaces can be more 

readily differentiated. 

In core, deposits associated with allogenic transgression are distinguishable on 

the basis of sedimentological and ichnological characteristics (e.g., Morshedian et al., 

2019). These surfaces are marked by abrupt shifts of distal facies over proximal, which 

also correlate to an increase in bioturbation intensity, trace fossil diversity, and 

introduction of specialized ichnological forms that are more characteristic of normal 

marine conditions. This is illustrated in Figure 3.27, where Facies 2 and Facies 3 are 

overlain by Facies 5. In these instances, the contact is recognized by an abrupt increase 



140 

in the proportion of mudstone, higher bioturbation intensity, and a more diverse and 

specialized trace fossil suite (e.g., Asterosoma, Chondrites, Phycosiphon, and 

Helminthopsis). Facies 5 commonly occurs above allogenic flooding surfaces in the 

upper McMurray. Allogenic flooding surfaces may also occur as erosive contacts and 

marked by firmground omission suites of the Glossifungites Ichnofacies.  

Allogenic flooding surfaces are mappable much more regionally and overlie a 

variety of depositional facies associations. Allogenic flooding surfaces are commonly 

recognized on geophysical logs by an increase in API values (~20-40 API change) that 

corresponds with a decrease in resistivity, an increase in photo-electric values, and a 

change in separation between the neutron and density logs (commonly an increase). 

When compared to the geophysical features of autogenic flooding surfaces, allogenic 

surfaces commonly display more significant geophysical log responses (see Figs 3.02-

3.04).  

Autogenic flooding surfaces are also marked by an increase in the proportion of 

mudstone and/or mudstone interbeds, and are shown by a sudden shift of distal facies 

over proximal facies. By contrast, however, the facies transitions are typified by the distal 

facies recording regressive conditions immediately following the flooding surface (e.g., 

prodeltaic mudstone overlying delta front sands). Autogenic surfaces are also 

differentiated from allogenic surfaces by their more limited areal extents, as well as the 

fact that they do not correlate to discrete flooding surfaces in adjacent shoreface cycles. 

Unlike allogenic flooding surfaces, these shifts are not associated with a marked change 

in bioturbation intensity, ichnodiversity, or an increase in specialized ichnological forms. 

Instead, deposits associated with autogenic flooding events display similar BI values and 

ichnological diversities on either side of the flooding surface. Figure 3.27 depicts a side-

by-side comparison of allogenic and autogenic surfaces from the upper McMurray.  

Autogenic flooding surfaces display only subtle increases in API values (~15-20 

API), separation between neutron and density logs, and a less marked decrease in 

resistivity values compared to their allogenic counterparts. Although the differences on 

geophysical logs between allogenic and autogenic surfaces are discernable, they are 

more readily differentiated in core.  
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3.3.2 Stratigraphically Significant Surfaces:  

The identification and analysis of stratigraphically significant surfaces is crucial to 

the development of a sequence stratigraphic framework and for discerning the 

depositional history of the succession. The dominant stratigraphically significant surfaces 

that occur in the upper McMurray are the allogenic flooding surfaces. These flooding 

surfaces bound the upper McMurray parasequences and represent 3rd order 

transgressive events, with smaller-scale changes affecting depositional units within the 

parasequence (e.g., Vail et al., 1977; Van Wagoner et al., 1990; Phillips, 2011; 

Morshedian et al., 2019).  

The Wabiskaw Marker represents a flooding surface that typically separates 

marginal marine deposits (Facies 11 and 12) below from offshore marine deposits 

(Facies 13) above. The Wabiskaw Marker, therefore, records the most distal deposits of 

the succession, directly overlies the more inshore, paralic facies, and is interpreted as a 

maximum flooding surface (MFS; cf. Catuneanu et al., 2011). Further, the overlying 

Facies 13 deposits likely represent a condensed section. 

The “Top McMurray” represents a regionally extensive surface that separates 

stressed marine McMurray deposits from younger fully marine Wabiskaw deposits. The 

surface locally coincides with a Glossifungites Ichnofacies-demarcated discontinuity (cf. 

MacEachern et al., 1992; MacEachern et al., 2012). Commonly, this Glossifungites 

Ichnofacies-demarcated discontinuity occurs below the so-called “Wabiskaw C Sands”. 

The Top McMurray surface is a regionally extensive flooding surface that resulted in the 

back-stepping of the shoreline (TS). This surface corresponds to a base level rise and 

the juxtaposition of distal facies over proximal (as indicated in the facies transitions 

shown in Fig. 3.05-3.06). Locally, the surface is erosional where the Wabiskaw has 

incised into the McMurray, and represent a transgressive surface of erosion (TSE) or 

ravinement surface (cf. Nummedal and Swift, 1987; Catuneanu et al., 2011). This is 

most commonly encountered towards the Grosmont High (e.g., cross-section C; Fig. 

3.21).  

The stratigraphically significant surface “Top A” represents a regionally extensive 

transgressive flooding surface characterized by the juxtaposition of less stressed/more 

marine deposits over more stressed/embayed shoreface deposits. In very rare cases 
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(occurring in 2 of the logged wells), this surface overlies a thin succession of Facies 2 

and indicates a period of autogenic subaerial exposure and paleosol development 

produced during shoreline progradation. Generally, the “Top A” surface is non-erosional 

and is interpreted as a non-erosional marine flooding surface (transgressive flooding 

surface [TS]). Locally, this surface coincides with a Glossifungites Ichnofacies-

demarcated discontinuity and indicates a period of omission, ravinement and 

subsequent transgression (transgressive surface of erosion [TSE]; e.g., Nummedal and 

Swift, 1987; MacEachern et al., 1992; MacEachern et al., 2007b; Catuneanu et al., 2011; 

Phillips, 2011). The ravinement surface appears to have less relief along depositional 

strike and more relief down depositional dip, a common feature of wave ravinement 

surfaces (WRS; cf. Zecchin et al., 2019; see strike-oriented cross-sections A and B; 

Figs. 3.19-3.20, and dip-oriented cross-sections D and E; Fig. 3.22-3.23).  

The stratigraphic surfaces “Top B” and “Top C” represent flooding surfaces that 

resulted from back-stepping of the shoreline. These surfaces are also allogenic and 

regionally extensive. Both represent transgressive surfaces (TS) and are identified by 

the juxtaposition of distal deposits over proximal (cf. Van Wagoner et al., 1988). The 

“Top C” stratigraphic surface, or the “Top B” surface where the C parasequence is 

absent, separate FA1 deposits of the middle McMurray from the overlying, relatively less 

physico-chemically stressed (e.g., more marine) deposits of the upper McMurray (Facies 

Associations 2-4).  

The upper McMurray parasequences are separated by marine flooding surfaces, 

with each successive cycle displaying greater evidence of marine influence (see facies 

association descriptions in Chapter 2). This is interpreted to record the retrogradational 

stacking of parasequences, recording the successive back-stepping of the 

paleoshoreline. As well, upper McMurray parasequences display thinning in the 

depositional dip direction. Further, deltaic shingles record progradation and downlapping 

relations basinward. There, sea-level rise out-paced sedimentation, and shoreline back-

stepping dominated. During transgression, individual parasequences (MWD-B) 

prograded due to elevated sediment supply, but the stratal package, as a whole, 

remains retrogradationally stacked (cf. Catuneanu et al., 2011; Phillips, 2011). These 

features are interpreted to indicate periods of progradation separated by transgressive 

marine flooding in an overall transgressive/retrogradational strata package (Phillips, 

2011). This mix of progradation with retrogradational back-stepping likely places the 
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upper McMurray deposits dominantly in a transgressive system tract (TST; Phillips 

2011). 

3.3.3 Datum Variation 

The Wabiskaw Marker represents a relatively flat surface and as such, is the 

most viable datum in the study area. However, where the Wabiskaw Marker has been 

removed owing to Quaternary erosion, allogenic flooding surfaces serve as viable 

localized datums. The three-potential localized datums are the allogenic flooding 

surfaces “Top MWD”/ “Top McMurray”, “The Top A”/ “Top McMurray” (where the MWD 

parasequence is absent), and the “Top B”. The surface “Top C” is not correlatable 

across the entire study area and has greater paleorelief; therefore it does not serve as a 

viable datum. It can, however, be employed as a key marker horizon. The use of the 

surfaces “Top MWD”, “Top A”, and “Top B” as localized datums must be determined on 

a case-by-case basis.   

To assess how parallel these surfaces are and as such, the relative flatness of 

the upper McMurray allogenic surfaces, isopach thicknesses from the surface in 

question to the Wabiskaw Marker were created. Further, the average thickness and 

standard deviation of the thickness were calculated. A surface with a smaller standard 

deviation from the “Wabiskaw Marker” indicates a surface with a lower variability in 

thickness and therefore effectively parallel to the “Wabiskaw Marker”. Standard deviation 

curves were calculated using GeoScout data of 2500 wells (true vertical depths of the 

stratigraphic surfaces) and Excel to calculate average thickness, normal distribution 

values, and graph the standard deviation curves. Figure 3.27 illustrates standard 

deviation curves of the thickness from the “Wabiskaw Marker” to the “Top McMurray”, 

“Top B”, and SCU surfaces. These curves illustrate both 1 sigma (68.2% of the 

thicknesses occur within 1 standard deviation) and 2 sigma values (95.4% of the 

thicknesses occur within 2 standard deviations).  

The “Top McMurray” (i.e., the “Top MWD” where present, and the “Top A” where 

absent) to Wabiskaw Marker has an average thickness of 11.4 metres with a standard 

deviation of 2.67 metres. The “Top B” to the Wabiskaw marker has an average thickness 

of 24.24 metres and a standard deviation in thickness of 4.81 metres.  By comparison, 

the SCU to the Wabiskaw Marker has an average thickness of 57.40 metres and a 
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standard deviation in thickness of 14.46 metres. In the study area, the “Top McMurray” 

displays the least variation from the Wabiskaw Marker (most parallel) and is the best 

secondary datum, while the “Top B” has a slightly higher standard deviation, and is less 

desirable as a potential datum.  

The surfaces of “Top MWD” and “Top A” represent allogenic, regionally 

correlative flooding surfaces that occur over a less variable, “healed” paleotopography, 

compared to that of the “Top B” surface (see Figs. 3.09-3.12). However, towards the 

Grosmont Spur and the Bitumount Trough, both the “Top MWD” and “Top A” surfaces 

are erosional (TSE and likely WRS).  In those areas, these surfaces may act as viable 

datums along depositional strike, because the surfaces display less relief (as evident on 

cross-sections A and B; Figs. 3.19-3.20). However, down depositional dip these surfaces 

display greater relief and are less suitable as localized datums (as evident on cross-

section E; Fig. 3.23). In these locations, the “Top B” surface acts as a more accurate 

localized datum in the depositional dip direction. The “Top B” represents an allogenic 

marine flooding surface, and for the most part is correlatable across the study area. This 

surface, however, shows moderate amounts of paleorelief, as indicated by Figure 3.10.  

However, the “Top B” surface is not erosional, except where it has been incised into by 

overlying units.  

The use of a combination datums, viz. the “Top McMurray” (i.e., the “Top MWD” where 

present, and the “Top A” where absent) and the “Top B” appears to be reasonable in 

locations where the Wabiskaw Marker has been erosionally removed. Where the base of 

the Wabiskaw Formation is not erosional, the “Top McMurray” has less relief than the 

“Top B” and is a superior datum. Where the Wabiskaw Formation shows an erosional 

contact with the McMurray (e.g., towards the Grosmont spur and the Bitumount Trough), 

the “Top B” is employed as the most reliable secondary datum.  
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Figure 3.27:Standard 
deviation curves  

Standard deviation 
curves of the thickness 
interval from the 
Wabiskaw Marker to 
stratigraphically 
significant surfaces Top 
McMurray, Top B, and 
SCU. Dark blue intervals 
indicate 1 sigma 
distribution, representing 
68.2% of the thickness 
occurring within 1 +/- 
standard deviation. Light 
blue intervals indicate 2 
sigma distribution, 
indicating 98% of the 
thickness occurring 
within 2 +/- standard 
deviations. Curves were 
created using 
geoSCOUT data, 
Windows excel, and 
annotated in Adobe 
Illustrator.  
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3.3.4 Deltaic Successions and Internal Architecture of the Upper McMurray  

Deltaic successions in the B parasequence are uncommon, only occurring near 

the Bitumount Trough and in the southeast corner of the study area. These deltaic 

successions pass laterally into adjacent embayment to tidal flat deposits, and downlap 

towards the northwest and northeast.  

Deltaic successions in the A parasequence occur in two distinct locations: those 

towards the southeast near the Main Valley Trend, and those more central in the study 

area. The southeastern deltaic successions are thicker, more widely distributed, thin 

towards the northwest, and comprise successions containing Facies 6b (interpreted as 

mixed river- wave-influenced delta front deposits; see Chapter 2, Table 2.01). The 

central deltaic deposits are thinner, more localized, and have delta-front deposits 

composed of Facies 6a (interpreted as wave-influenced delta front deposits; see 

Chapter 2, Table 2.01).  

The deltaic successions in the center of the study area display a lenticular shape 

and pass laterally into shoreface deposits along a southeast-northwest trend, interpreted 

to be the depositional strike orientation (Figs. 3.19-3.21). Individual deltaic shingles, 

which are defined by their confining autogenic flooding surfaces, are also lenticular in 

shape. Here, successive shingles offlap one another. The central deltaic successions 

thin and downlap towards the northeast (in the B parasequence, shingles downlap onto 

the Top C surface, whereas in the A parasequence, shingles downlap onto the Top B 

surface). Correspondingly, it is interpreted that these deltaic successions have a 

depositional dip direction towards the northeast (Figs. 3.22).  Based on the facies 

analysis of Facies 6a, the central deltaic deposits are interpreted to be wave- to storm-

influenced.  

Deltaic successions in the southeastern portion of the study area also have a 

lenticular shape and pass laterally into adjacent shoreface deposits, but do so along a 

southwest-northeast orientation, thinning and downlapping towards the northwest. It is 

interpreted that these deltaic successions have a depositional strike that is oriented SW-

NE with a NW depositional dip.  Further, the deltaic successions towards the 

southeastern corner of the study area are thicker and more areally extensive. These 

deltaic deposits and their bounding autogenic surfaces extend 5-10 km along 
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depositional strike (Figs. 3.21, 3.25), whereas the central deltaic bodies extend 2-4 km 

along depositional strike (Fig 3.19, 3.23). Based on the facies analysis of Facies 6b, the 

southern deltaic successions are interpreted be mixed river- and wave-influenced. The 

difference in the depositional size of the southern and northern deltas, is likely the result 

of differences in accommodation space (including lateral confinement), and 

sedimentation rates.  

Deltaic successions in the MWD parasequence dominantly occur in the 

southwestern portion of the study area and in the Bitumount Trough. In both of these 

localities, the MWD deltaic deposits consist of thick successions of bitumen-saturated, 

delta-front sands. Deltaic successions pass laterally into adjacent shoreface deposits 

along a southeast-northwest trend, interpreted as their depositional strike. The deltaic 

cycles thin and downlap onto the “Top A” surface towards the NE, corresponding to their 

depositional dip. By comparing sedimentary structures in parasequences B-MWD, it is 

evident that wave influence increases stratigraphically upward in the system. Barton 

(2016) noted this progressive increase in wave influence over tidal upwards in the 

McMurray in the Shell Albian Sands Lease (Township 095, Ranges 9-10W4), and 

related it to the gradual morphological change from a highly embayed shoreline to a 

more linear to weakly embayed shoreline (cf. Weleschuk and Dashtgard, 2019). 

An interesting point to note is that in the upper McMurray, no deltaic distributary 

channel deposits were found in logged or secondary core sections. This is surprising, 

considering the degree of well coverage throughout the study area. The deltaic deposits 

must have been fed by distributary channels, therefore, one would expect that at least a 

few channel deposits should have been encountered through the study area. Although, 

the grain size of the delta fronts (lower fine sand) does not allow for the formation of 

trough cross-stratification, other sedimentary features indicative of a terminal distributary 

channel should still be evident (e.g., sharp-based structureless to planar parallel 

laminated sand packages, stacked and locally aggradational current ripple cross-

lamination, increased grain size, unidirectional flow structures, variable bioturbation, and 

rip-up clasts; e.g., Olariu and Bhattacharya, 2006). There are several possible reasons 

for this apparent dearth of distributary deposits: 1) the distributary channel deposits were 

erosionally removed by overlying units; 2) the channel deposits were reworked by wave 

and tidal processes and are no longer distinguishable from subaqueous delta-front 

deposits; 3) the distributary channels were rare and shallow, producing thin and spatially 
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limited deposits; and 4) channel deposits are only preserved further upstream, where the 

channels were deeper due to less bifurcation (e.g., Yalin, 1992; Olariu and 

Bhattacharya, 2006).  

Olariu and Bhattacharya (2006) examined modern and ancient examples of 

terminal distributary channels. Their study found that in shallow-water basins with 

multiple coeval river branches, the terminal distributary channels are narrow, shallow, 

and produce thin deposits, typically on too small a scale to be mapped (e.g., 1-5 metres 

deep, and 10 m to 1 km wide). Further, in wave- and tide-dominated deltas, the number 

of terminal distributive channels decreases, due to the dispersive effects of wave and 

tidal activity (Bhattacharya and Giosan, 2003; Olariu and Bhattacharya, 2006). These 

features are consistent with the interpreted deltaic paleoenvironments of the Central-C 

study area, particularly as the area was fed from a diversion off the Main Valley Trend 

into a shallow-water embayment. The lack of distributary channel deposits in the upper 

McMurray is likely a combination of several of these non-mutually exclusive factors. The 

terminal distributary channels are interpreted to have been narrow (tens to hundreds of 

metres scale), shallow (metre scale), limited in number, and readily reworked by wave 

and tidal activity.  

3.3.5 Interpreting the Evolution of Shoreline Geometry  

The geological maps produced in this research permit a high-resolution 

interpretation of the paleoshoreline evolution in the upper McMurray Fm. Figure 3.28 is 

based on the isopach, paleoelevation and inferred paleotopography maps, facies 

thicknesses, and facies distribution maps, coupled with cross sections to characterize 

the evolution of the paleoshoreline. This figure depicts composite maps consisting of 

facies thickness maps and paleoelevation maps in order to indicate the orientation of 

depositional strike and dip within the study area for each stratigraphic interval (B-MWD 

parasequences, and the Wabiskaw Member).  

Deposition of the upper McMurray began with the transgression (3rd order) of the 

middle McMurray shoreline, resulting in a regional flooding surface (TS; Top C). 

Subaerially exposed progradational tidal flats (likely exposed due to normal regression) 

were pedogenically modified (Facies 2), and subsequently flooded during transgression. 

The B parasequence was deposited in paleotopographic lows, as the depositional 
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environment was confined by topographic highs to the west (Grosmont Spur) and to the 

east. The topographic high to the east isolated the study area from the Main Valley 

Trend. This created an elongate, isolated embayment, with a single paleovalley 

connecting the study area to the Main Valley Trend.  A small, shallow channel bifurcating 

from the Main Valley Trend fed into the study area. As channel water met the shallow, 

brackish-water in the study area, unconfined flow ensued, leading to the deposition of 

small deltaic deposits. These deltaic and embayment deposits prograded towards the 

northwest. Towards the north, the embayment deepened towards the Bitumount Trough 

and became less confined. Water in the embayment was likely restricted. Deposition and 

infill of paleotopographic lows resulted in an area possessing less topographic relief.  

A second regional transgressive surface (TS; Top B) resulted in more normal 

marine conditions, followed by the deposition of Facies 5 (allogenic flooding related) and 

the initiation of the A parasequence. Due to transgression, the embayment became less 

restricted and broad. Brackish-water conditions in the embayment resulted in the 

substrate being colonized by a more diverse set of organisms than those present in the 

middle McMurray. This resulted in a trace fossil suite that is more diverse than that of the 

middle McMurray, but still dominated by facies-crossing forms. To the southeast, the 

study area was dominated by the northwestward progradation of small, mixed river- and 

wave-influenced deltas. Avulsion resulted in localized autogenic flooding surfaces where 

subsidence outpaced sedimentation. Wave and tidal remobilization of sediment may 

have limited the number of avulsions that occurred. Progradation in the embayment 

resulted in shore normal sands building out towards the northeastern corner of the study 

area near the Bitumount Trough. 

Normal regression resulted in a period of subaerial exposure on topset beds 

(possibly bay margin supratidal deposits) and the development of localized incipient 

paleosols. Due to ravinement during transgression and colonization of the firmground 

surface, a Glossifungites Ichnofacies-demarcated discontinuity (Top A) developed 

between the two parasequences. Transgression ensued (TSE), and the MWD 

parasequence was deposited. Shoreline back-stepping resulted in the embayment 

becoming less confined and open to more normal marine processes. An increase in 

marine conditions led to a diversely colonized substrate, characterized by trace fossil 

suites containing both specialized and facies-crossing forms. Deltaic deposits fed from 

the southeast (Ells River paleovalley) and prograded towards the northeast. Shore-
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normal sands display a northwest-southeast strike orientation and show progradation 

towards the northeast. A thick succession of the MWD parasequence was deposited and 

preserved in the Bitumount Trough.  

Transgressive allogenic flooding and ravinement (TSE) resulted in the 

development of a Glossifungites Ichnofacies-demarcated discontinuity (Top McMurray). 

This is overlain by a maximum flooding surface (MFS) (Wabiskaw Marker) and the onset 

of a highstand systems tract (HST). Due to marine transgression and shoreface back-

stepping, normal marine conditions prevailed in the study area as the paleoshoreline 

attempted to prograde toward the northeast.  
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Figure 3.28: Paleoevolution of the upper McMurray 

The four isopach and elevation maps from the B, A, MWD, and Wabiskaw Member have 

been overlain with facies distribution thickness maps, and annotated to display how the 

paleoshoreline evolved during the deposition of the upper McMurray. Maps were created 

using geoSCOUT data, Surfer Software, and annotated in Adobe Illustrator. The B 

parasequence map (top left) displays a restricted depositional environment, where deltaic 

and shoreface deposits were isolated in topographic lows (NB: topographic highs highlighted 

in black). There, shore-normal shoreface and deltaic sands prograded dominantly towards 

the north (highlighted in yellow). The A parasequence (top right) displays relatively more 

dispersed shoreface and deltaic deposits (indicated in orange and purple, respectively). 

There, deltaic deposits prograded to the northwest and northeast, and a paleoshoreline runs 

northwest-southeast (highlighted in orange). The MWD parasequence (bottom left) displays 

more widely distributed and thicker deltaic and shoreface deposits. This parasequence 

displays progradation towards the northeast with a paleoshoreline oriented northwest-

southeast (highlighted in brown). The modern elevation of the Wabiskaw Member (bottom 

right) depicts a northwest-southeast depositional strike and a depositional dip towards the 

northeast. A paleoelevation map could not be created due to the lack of a viable datum. The 

Interpreted paleoshoreface positions are depicted as a green line, and black arrows indicate 

the direction of dip and progradation. 
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3.4. Conclusion:   

The internal stratigraphic architecture of the upper McMurray is important, as it 

provides valuable insights into how the paleoshoreline evolved during McMurray 

deposition. Through understanding the distribution of allogenic and autogenic surfaces, 

the upper McMurray can be differentiated into 3 stratigraphic parasequences: the B, A, 

and MWD. Each of these parasequences are separated by regionally extensive 

allogenic flooding surfaces that resulted in the transgressive back-stepping of the 

paleoshoreline. Deltaic and shoreface deposits were mapped, and the distribution of 

individual deltaic shingles was examined to determine paleoshoreline evolution during 

the upper McMurray. Deltaic deposits in the upper McMurray show progradation towards 

the northwest in the southern part of the study area, and towards the northeast in the 

northern and central parts of the study area. These deltaic deposits differ in size, shape, 

and progradation direction. This is likely due to a connection to the Main Valley Trend in 

the southeastern corner of the study area. The progradation and geometry of the 

shoreline shifted from a shallow, isolated and elongated embayment favouring 

progradation of the shoreline northward, through a restricted embayment typified by 

northeastern progradation, into an open embayment that favored northeastern 

progradation, and finally to a fully marine shoreface that prograded towards the 

northeast. A stutter-stepped relative sea level rise resulted in overall retrogradation of 

the shoreline with a concomitant increase in marine conditions and of wave influence 

upwards.  
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Chapter 4 

Introduction:  

The objectives of this Thesis were to: 1) investigate and define the internal 

stratigraphic architecture of the upper member of the McMurray Formation, 2) identify 

facies distribution and to differentiate deltaic and non-deltaic shoreline deposits, 3) 

identify individual deltaic shingles, the extent of bounding autogenic flooding surfaces, 

and how autogenic flooding surfaces compare to allogenic surfaces, 4) compare 

allogenic surfaces to the Wabiskaw Marker to assess their viability as supplemental 

localized datums, and 5) interpret the paleoshoreline geometry and how it evolved 

during upper McMurray deposition. This section of the thesis will summarize the 

outcome of these objectives.  

4.1 Internal stratigraphic architecture of the upper member 
of the McMurray Formation 

The identification of regionally occurring, stratigraphically significant, allogenic 

flooding surfaces is crucial to the identification of the internal stratigraphic architecture of 

the upper McMurray. These flooding surfaces bound the upper McMurray 

parasequences and represent 3rd order transgressive events, with smaller-scale 

changes affecting depositional units within the parasequence (e.g., Vail et al., 1977; Van 

Wagoner et al., 1990; Phillips, 2011; Morshedian et al., 2019). The stratigraphically 

significant flooding surfaces that occur in the upper McMurray are the “Top C”, “Top B”, 

“Top A”, “Top MWD/Top McMurray”, and the “Wabiskaw Marker” (refer to Chapter 3, 

Section 3.1.1; Fig. 3.01). 

The stratigraphic surfaces “Top C” and “Top B” represent regionally extensive 

flooding surfaces that resulted from back-stepping of the shoreline. Both of these 

allogenic surfaces represent non-erosional transgressive surfaces (TS) and are 

identified by the juxtaposition of distal deposits over proximal (cf. Van Wagoner et al., 

1988).   

The surface “Top A” represents a regionally extensive transgressive flooding 

surface characterized by the juxtaposition of less stressed/more marine deposits over 
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more stressed/embayed shoreface deposits. Generally, the “Top A” surface is non-

erosional and is interpreted as a non-erosional marine flooding surface (transgressive 

flooding surface [TS]). Locally, this surface coincides with a transgressive surface of 

erosion (TSE) and a Glossifungites Ichnofacies-demarcated discontinuity (cf. 

MacEachern et al., 1992; MacEachern et al., 2012). 

The Top McMurray surface is a regionally extensive flooding surface that 

resulted in the back-stepping of the shoreline, and separates the stressed marine 

McMurray deposits from the fully marine Wabiskaw deposits. The “Top McMurray” 

surface occurs as both a non-erosional transgressive surface (TS) and as a 

transgressive surface of erosion (TSE) that coincides with a Glossifungites Ichnofacies-

demarcated discontinuity. 

The Wabiskaw Marker represents a flooding surface that typically separates 

marginal marine deposits (Chapter 2; Table 2.01, Facies 11 and 12) below from offshore 

marine deposits (Chapter 2; Table 2.01, Facies 13) above. The Wabiskaw Marker 

records the most distal deposits of the succession, and is interpreted as a maximum 

flooding surface (MFS; cf. Catuneanu et al., 2011). 

The upper McMurray parasequences are separated by marine flooding surfaces, 

with each successive cycle displaying greater evidence of marine influence. This is 

interpreted to record the successive back-stepping of the paleoshoreline. Individual 

parasequences (MWD-B) display evidence of progradation, however the stratal 

package, as a whole, remains transgressive.   

4.2 Differentiating deltaic from non-deltaic shoreline 
deposits and facies distribution  

The discrimination of deltaic and non-deltaic shoreline deposits is one of the 

primary objectives of this study. The recognition of deltaic and non-deltaic shoreline 

deposits relies on producing a detailed ichnological and sedimentological examination of 

deposit features. The ichnological and sedimentological features of non-deltaic shoreline 

and deltaic deposits are listed in Chapter 2 Table 2.01.  

The differences between deltaic and non-deltaic shoreline deposits identified in 

this study were: 1) units associated with accumulation in a non-deltaic shoreline 
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environment display significantly higher bioturbation intensities and trace fossil 

diversities compared to their deltaic counterparts (e.g., Gingras et al., 1998; Bann and 

Fielding, 2004; MacEachern et al., 2007c; MacEachern and Bann, 2008), 2) deltaic 

deposits typically display an increase in muddy interbeds and carbonaceous detritus (cf. 

Moslow and Pemberton, 1988; MacEachern et al., 2005; MacEachern et al., 2007c), 3) 

when compared at the parasequence scale, non-deltaic shoreline successions are 

typically thinner and form less numerous sanding-upwards successions within individual 

parasequence sets compared to stratigraphically equivalent deltaic successions.  

The facies distribution of deltaic and non-deltaic shoreline successions were 

outlined in Chapter 3 (refer to Figs. 3.13-3.16). Deltaic and non-deltaic shoreline 

deposits that occur in the B parasequence are relatively thin and sparse. Further, both 

deltaic and non-deltaic shoreline deposits are dominantly isolated around inferred 

paleotopographic lows. Deltaic and non-deltaic shoreline deposits in the A 

parasequence are thicker and more dispersed compared to those of B parasequence. 

Deposits occur in both inferred paleotopographic highs and lows. Southern deltaic 

deposit appears to have originated from the Main Valley Trend. In the MWD 

parasequence both deltaic and non-deltaic shoreline deposits are substantially thicker 

and more widely distributed compared to those of the A and B parasequences. Deltaic 

deposits shift from occurring dominantly in the east to occurring predominantly in the 

west. Further, the deltaic deposits appear to have originated from the Ells Paleovalley 

over the Grosmont Spur, rather than from the Main Valley Trend. 

Facies distribution of deltaic and non-deltaic shoreline deposits become 

progressively widespread and thicker upwards from parasequence B to parasequence 

MWD. This upward increase in the thickness and distribution of deltaic and non-deltaic 

shoreline intervals likely indicates that overall accommodation space increased from B to 

MWD, and likely points to transgression and subsequent deepening. 
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4.3 Identifying individual deltaic shingles, the extent of 
bounding autogenic flooding surfaces, and how 
autogenic flooding surfaces compare to allogenic 
surfaces 

Allogenic and autogenic are denoted by a decrease in the proportion of sand and 

the juxtaposition of more distal facies over more proximal (cf. Van Wagoner et al., 1988). 

Facies and well log characteristics of flooding surfaces were examined to establish 

criteria for differentiating the more stratigraphically significant allogenic flooding surfaces 

from the more localized autogenic surfaces (refer to Chapter 3, Section 3.3.1 For further 

reading). Mapping of allogenic flooding surfaces is essential for defining regionally 

extensive parasequences, systems tracts, and identifying the sequence stratigraphic 

architecture of the upper McMurray.  Autogenic flooding surfaces are useful for 

determining delta lobe dimensions and their depositional architecture. 

Allogenic flooding surfaces have a more regional extent and overlie a variety of 

depositional facies associations. In core, deposits associated with allogenic 

transgression are distinguishable on the basis of sedimentological and ichnological 

characteristics (e.g., Morshedian et al., 2019). These surfaces are marked by abrupt 

shifts of distal facies over proximal, which also correlate to an increase in bioturbation 

intensity, trace fossil diversity, and introduction of specialized ichnological forms that are 

more characteristic of normal marine conditions. On geophysical logs allogenic flooding 

surfaces are indicated by an increase in API and photo-electric values, and correspond 

to a decrease in resistivity values, and a change in separation between the neutron and 

density logs (commonly an increase). When compared to the geophysical features of 

autogenic flooding surfaces, allogenic surfaces commonly display more significant 

geophysical log responses.  

Autogenic flooding surfaces have a more limited areal extent compared to 

allogenic flooding surfaces, and do not correlate to discrete flooding surfaces in adjacent 

non-deltaic shoreline deposits. Unlike allogenic flooding surfaces, deposits associated 

with autogenic flooding events are not associated with a marked change in bioturbation 

intensity, ichnodiversity, or an increase in specialized ichnological forms. Instead, 

deposits associated with autogenic flooding events display similar BI values and 

ichnological diversities on either side of the flooding surface. On geophysical logs, 
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autogenic flooding surfaces display only subtle increases in API values, separation 

between neutron and density logs, and a less marked decrease in resistivity values 

compared to their allogenic counterparts. 

Deltaic shingles are defined by their confining autogenic flooding surfaces, by 

mapping these autogenic surfaces the extent of individual deltaic shingles may be 

identified (refer to Chapter 3; Fig. 3.17). This research indicated that deltaic shingles in 

the north and south differed in width, thickness, and progradation direction. To the 

southeast of the study area individual deltaic shingles are typically 2-7m thick, and 

extend ~5-10 km in width along depositional strike, and ~6-9 km in length down 

depositional dip. These delta shingles display progradation towards the northwest from 

the Main Valley trend. Deltaic shingles towards the north of the study area are thinner at 

1-5 m thick, have a more limited extent of ≤ 4km along depositional strike and dip, and 

display northeastern progradation towards the Bitumount Trough.  

The differences between deltaic shingles occurring in the south and north is likely 

the result of differences in accommodation space and/or fluvial-sediment input. The 

southeastern deltaic deposits were fed from the Main Valley Trend. This produced 

larger, more extensive deltaic shingles. Further, these shingles comprise deltaic deposits 

that have a greater proportion of features associated with fluvial influence (when 

compared to the northern deltaic deposits).  The more northern deltaic shingles are 

relatively smaller in size and thickness, and contain facies that are interpreted to be 

more wave- to storm-dominated.  

4.4 Viability of allogenic flooding surfaces as supplemental 
localized datums 

The Wabiskaw Marker was used as the primary stratigraphic datum for this 

research. The Wabiskaw Marker represents a relatively flat surface and as such, is the 

most viable datum in the study area (refer to Chapter 3, Section 3.1.1, 3.3.2). However, 

where the Wabiskaw Marker has been removed owing to Quaternary erosion, allogenic 

flooding surfaces serve as viable localized supplemental datums. The allogenic flooding 

surfaces that have potential to serve as localized datums are the “Top MWD”/ “Top 

McMurray”, “The Top A”/ “Top McMurray” (where the MWD parasequence is absent), 

and the “Top B”. 
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The “Top McMurray” surface (compound surface of “Top MWD”, and “Top A”) 

represents a regionally correlative flooding surface that occurs over a over a relatively 

flat, “healed” paleotopography (refer to Chapter 3, Fig. 3.09-10b). However, towards the 

Grosmont Spur and the Bitumount Trough, the “Top McMurray” is dominantly erosional 

(TSE and likely WRS).  In these areas, the surface displays less relief along depositional 

strike, and may still act as a viable datum (refer to Chapter 3, Figs. 3.19-3.20; Section 

3.3.3). However, down depositional dip this surface displays a greater amount of relief 

and is less suitable as a localized datums (refer to Chapter 3; Fig. 3.23). In these 

locations, the “Top B” surface acts as a more accurate localized datum in the 

depositional dip direction. The “Top B” represents an allogenic marine flooding surface, 

and is commonly correlatable across the study area. This surface, however, displays a 

greater amount of paleorelief compared to the “Top McMurray” surface (refer to Chapter 

3, Figure 3.10; Section 3.3.3). However, the “Top B” surface is rarely erosional, and may 

act as a reliable secondary datum.  

The use of a combination of the “Top McMurray” and the “Top B” appear to act 

as reasonable localized supplemental datums in locations where the Wabiskaw Marker 

has been erosionally removed. Where the base of the Wabiskaw Formation is not 

erosional, the “Top McMurray” has less relief than the “Top B” and is a superior datum. 

Where the Wabiskaw Formation shows an erosional contact with the McMurray (e.g., 

towards the Grosmont spur and the Bitumount Trough), the “Top B” is employed as the 

most reliable secondary datum.  

4.5 Paleoshoreline geometry and evolution  

The paleoshoreline geometry and how it evolved during upper McMurray 

deposition, was investigated and an interpretation of the paleoshoreline was made 

based on the geological maps presented in Chapter 3. The upper McMurray is 

composed of shoreline depositional cycles stuttered by 3rd order transgressive events, 

that resulted in allogenic flooding surfaces (e.g., Vail et al., 1977; Van Wagoner et al., 

1990; Phillips, 2011; Morshedian et al., 2019). 

Deposition of the upper McMurray began with the transgression of the middle 

McMurray shoreline, that resulted in production of the regional non erosional flooding 
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surface “Top C”. This was followed by deposition of the B parasequence in an elongated 

isolated embayment fed from the Main Valley Trend.  

A second non-erosional, regional transgressive surface is represented by the 

“Top B” surface. This resulted in the embayment becoming broader and less restricted. 

Further, based on facies analysis, a decrease in depositional stresses occurs in the A 

parasequence (compared to parasequences B and C). This is likely due to Brackish-

water conditions becoming more saline. During the A parasequence, shore normal sand 

built out towards the northwest from the Main Valley Trend and northeast towards the 

Bitumount Trough.  

Transgression resulted in the deposition of the MWD parasequence and the 

formation of the “Top A” surface. Shoreline back-stepping resulted in the embayment 

becoming less confined and open to more normal marine processes. An increase in 

marine conditions led to a diversely colonized substrate, characterized by trace fossil 

suites containing both specialized and facies-crossing forms. Transgressive allogenic 

flooding and ravinement (TSE) resulted in the development of a Glossifungites 

Ichnofacies-demarcated discontinuity (Top McMurray). This is overlain by a maximum 

flooding surface (MFS) (Wabiskaw Marker) and the onset of a highstand systems tract 

(HST). 
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